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Welcome of ISES
Dear SWC 2011 Participant,
I would like to extend my warmest greetings to all of you attending the International Solar Energy Society’s
Solar World Congress 2011 in Kassel, Germany. This year’s Congress continues a long legacy of providing
the most up-to-date information on renewable energy technology trends and breakthroughs, global and
regional policies, and country-specific statistics.
This year’s Congress theme, as well as the vision of ISES, is “Rapid Transition to a Renewable Energy
World”. We are currently experiencing a true clean energy revolution worldwide with the developing and
„ISES’ vision of the future
is clean energy access to
all populations, including
even the world’s poorest.“

developed world alike accelerating the deployment of renewable energy technologies, while undertaking

Dr. David Renné,
President International
Solar Energy Society

positive steps, much remains to be done. Global carbon dioxide concentrations continue to increase, despite

progressive energy efficiency measures and sustainable energy practices. And the benefits of a renewable
energy economy are already being demonstrated, not only here in Germany but in many places around the
world; these technologies are creating thousands of jobs and rebuilding local economies. But despite these
the dire warnings of scientific experts of the climate consequences for such increases. Energy security is still
problematic in almost all corners of the world. Nearly 1.4 billion people continue to live without any access
to modern energy services at all, and many countries are in competition for global traditional non-renewable
energy supplies. This year’s Congress, through hundreds of technical papers, keynote presentations, plenary
speeches, and numerous side meetings and events, will highlight the developments that are accelerating
progress to a renewable energy future.
ISES’ vision of the future is clean energy access to all populations, including even the world’s poorest. We
know from the readiness of our technologies that such a vision is realistic, but we also know that to achieve
this vision the will of policy makers and the mobilization of public and private finance are needed. And we
know that all levels of societies working together through gender engagement, community involvement, and
public education help make this vision a reality. This year’s Congress offers many examples of these efforts
being put into practice.
I wish to congratulate all of you for making the thoughtful decision to attend the SWC 2011. Many individuals
and committees have worked very hard these past three years to make this Congress a success. I especially
want to thank the Congress organizers, including Kassel University and PSE, and in particular the Congress
Chair, Prof. Klaus Vajen, for their dedication and hard work in bringing to you an outstanding, educational,
and memorable program.

Welcome of Kassel University
Dear Participants,
The ISES Solar World Congresses (SWC) first took place in 1955. This year the global solar community will
meet in Kassel, Germany to share the latest in solar energy research and development. In the long tradition
of biennial symposiums, the SWC is still the most important scientific event on the topics of solar energy
and buildings in particular as well as renewable energies and energy efficiency in general.
The debates about climate change and peak oil, as well as the recent disaster in Fukushima, Japan, have
increased the importance and accelerated the development of renewable energies globally in ways no one
could have foreseen ten years ago.
„The ISES Solar World
Congress 2011 is an
excellent opportunity to
visit the Kassel region,
the centre of the German
renewable energy sector.“

Against the background of dynamic growth and commercial success of renewable energies, the SWC

Prof. Dr. Klaus Vajen
Kassel University
Congress Chair
SWC 2011

t "GPSVNGPSSFTFBSDIFST JOEVTUSZSFQSFTFOUBUJWFT QPMJDZBOBMZTUTBOEUIFJOUFSFTUFEQVCMJDUPEJTDVTT

2011 offers:
t " TDJFOUJGJD QSPHSBN XJUI UIF XPSMET MFBEJOH BVUIPSJUJFT PO SFOFXBCMF FOFSHZ QSFTFOUJOH UIF MBUFTU
research results,
t *OTJHIUJOUPOFXEFWFMPQNFOUTJOUFDIOPMPHJFT NBSLFUT FEVDBUJPOBOEQPMJDFTQSFTFOUFECZUPQFYperts in these fields,
the future of renewable energies.
With almost 600 scientific papers, plus a variety of distinguished plenary and keynote speakers, this
congress provides an important overview in the field of renewable energies, with a special focus on solar
energy. In addition, the SWC 2011 program presents some new, innovative program highlights:
t &OFSHZTVQQMZGPSEFWFMPQJOHDPVOUSJFTIBTCFFOJOUSPEVDFEBTJUTPXOTDJFOUJGJDUIFNF BOEDPOTJderable financial support was made available for the participation of 15 researchers from developing
countries in the Congress
t $PVSTFTGPS.4DBOE1I%TUVEFOUTBSPVOEUIF$POHSFTTBSFBWBJMBCMFUPQSPWJEFOFXMFBSOJOHPQportunities,
t "VOJWFSTJUZGPSVNXJMMTVQQPSUUIFGPSNBUJPOPGHMPCBMQBSUOFSTIJQTBNPOHFEVDBUPST
t "SPVOEUBCMFEJTDVTTJPOXJUINFNCFSTPG(FSNBO1BSMJBNFOUXJMMDVMUJWBUFBOEGVSUIFSUIFJOUFSOBUJonal exchange of ideas regarding progressive energy policy measures,
t 1BSBMMFMFWFOJOHiSFHVMBSTUBCMFTwBUWBSJPVTMPDBUJPOTGPSQBSUJDJQBOUTUPEJTDVTTBWBSJFUZPGTVCKFDUT
will increase the exchange of ideas and foster the formation of networks during the Congress.
In addition, the ISES Solar World Congress 2011 is an excellent opportunity to visit the Kassel region, the
centre of the German renewable energy sector with industry, research and educational sectors. Don’t miss
the opportunity to take part in the technical tours and to experience firsthand the newest developments
in solar industry and research.
On behalf of ISES and Kassel University, the International Energy Agency’s Solar Heating and Cooling as
well as Energy Conservation through Energy Storage programs, we welcome you to Kassel for the ISES
Solar World Congress 2011!
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Education and Training

Evening Events, Tours and Workshops
All details of the Evening Events, Technical Tours, Workshops and Sightseeing Tours can be found in the
Program for Side Events at the download area of our website, www.swc2011.org.
The following list gives a brief overview of these events.
Evening Events:
The University of Kassel has worked out a relaxing evening program. Join one of the numerous evening events.
Date

Time

Event

Venue

Sun, 11-08-28

17:00-18:30

Young ISES Meeting

Fraunhofer IWES

19:00

Welcome Reception

City Hall (Rathaus)

19:30

Regulars‘ Tables

Different bars and restaurants in
Kassel, see detailed program

19:00-20:30

Networking Event for University Lecturers Fraunhofer IWES
/ Professors for Renewable Energies

Tue, 11-08-30

18:25

Departure to the Conference Dinner

Wed, 11-08-31

16:30

10 Hessian Solar Cup „Best Of“

In front of Kongress Palais

19:30

Regulars‘ Tables

Different bars and restaurants in
Kassel, see detailed program

19:30

Young ISES [Networking] Party

FSAVE Solartechnik GmbH

19:30

Round Table Discussion on Energy Policy with German Members of Parliament

Restaurant, see detailed program

19:00

25 years of Solar Electric Mobility with
DGS/AKS in Kassel

Irish Pub

19:30

Regulars‘ Tables

Different bars and restaurants in
Kassel, see detailed program

18:00

Farewell Party

Restaurant „Riverside“

Mon, 11-08-29

Thu, 11-09-01

Fri, 11-09-02

th

Bergpark Wilhelmshöhe

Sightseeing in Kassel
The Sightseeing Tours take place during the conference. Register for the guided tours at:
http://hessen.nethotels.com/kasselweb/english/solar-world-congress2011
Date

Time

Destinations

Meeting Point

Mon, 11-08-29

10:00-12:00

Guided walking tour through city
center of Kassel

Tourist information in front of city
hall (Rathaus)

14:00-17:00

Walking tour Wilhelmshöhe park incl.
gallery of old masters and transfer

Kongress Palais

Tue, 11-08-30

14:00-16:00

Guided walking tour through city
center of Kassel

Tourist information in front of city
hall (Rathaus)

Wed, 11-08-31

13:00-16:00

Ornamental Water Displays

Kongress Palais

10:00-12:30

Sightseeing tour Kassel (doubledecker bus)

Bus park in front of Staatstheater

10:00-13:00

Walking tour Wilhelmshöhe park incl.
gallery of old masters and transfer

Kongress Palais

Thu, 11-09-01

Technical Tours and Workshops
The Technical Tours and Workshops take place on Friday, September 2, 2011, from 8:45 or 9:00 to ca.
18:00. For the exact time and date please check the following list.
The meeting point for all Technical Tours and Workshops (except for Workshop 9 that takes place at Fraunhofer IWES) is the Kongress Palais. For Tours with bus transfer (Tours Nr. 1, 2, 3 and 5) the bus will optionally
drop you off at the site for the Farewell Party or at the Kongress Palais at the end of the Tour.
Remaining seats of Technical Tours 1-9 can be booked during conference registration. For Technical Tour 10,
please register via the University of Paderborn (http://dps.uni-paderborn.de/). The number of participants is
limited, so please register as soon as possible!
All details of the Technical Tours and Workshops can be found in the Program for Side Events on the Conference Program page of our website, www.swc2011.org.

Technical Tour /
Workshop Nr.

Date

Time

Title

1

Fri, 11-09-02

9:00-18:00

Photovoltaics

2

Fri, 11-09-02

8:45-18:00

Solar Thermal Industry

3

Fri, 11-09-02

9:00-18:00

Components for Renewable Energy Systems, Heat Pumps

5

Fri, 11-09-02

9:00-18:00

Solar Architecture and Energy Efficient
Buildings

6

Mon, 11-08-29 or
Wed, 11-08-31 or
Thu, 11-09-01

Mon, 14:00-16:00
Wed, 10:00-14:00
Thu, 14:00-16:00

Solar and Electric Mobility Experience on
Land and on the Water

9

Fri, 11-09-02

9:00-12:30 h

Workshop on Small Wind Turbine Design

10

Fri, 11-09-02

8:00-18:30 h

Decentralized Power Systems (DPS)

Conference Program
08:00

Saturday
2011-08-27

Sunday
2011-08-28

Monday
2011-08-29

Tuesday
2011-08-30

Wednesday
2011-08-31

Thursday
2011-09-01

Friday
2011-09-02

Saturday
2011-09-03

08:30

08:30

09:00

09:00
CEN/
TC312/
WG2 and
CEN/
TC312/
WG3

09:30
10:00
Sightseeing
in Kassel

10:30
11:00

12:00

(Seminar
Room
4th floor,
IWES)

12:30
13:00

14:00
14:30

ISES Board
Meeting
(Seminar
Room 4th floor,
IWES)

Solar Atlas
for the
Mediterranean
(KP)

Meeting
point: Tourist
Info in front
of Rathaus

ISES
Board
Meeting

11:30

13:30

(Uni)

Scientific
Program
Scientific
Program
(KP)

16:00

ISES Section
Forum
(12:45 - 13:45)

(KP)

Meeting
point: bus
park in
front of
Staatstheater

Room H, KP)

Scientific
Program

Sightseeing
in Kassel

Tour 6:
Solar and
Electric
Mobility
Experience

Meeting
point:
Tourist Info
in front of
Rathaus

(Uni)
Tour 6:
Solar and
Electric
Mobility
Experience

Meeting
point:
KP

Young ISES Meeting

18:00

(Seminar Room
4th floor, IWES)

Tour 6:

(IWES)

ISES
Council
„Public
Affairs“
(Room H, KP)

18:30
19:00

20:00

Welcome Reception
(19:00 - 21:00)
City Hall Kassel
(Rathaus Kassel)

SEJ Associate Editors
Meeting
(Hotel Ramada)

Networking
of
Universities
(IWES)

open end

KP | Kongress Palais
Uni | Kassel University (Wilhelmshöher Allee)

(Room J,
KP)

Hessian
SolarCup
„BEST OF“

(Bergpark
Wilhelmshöhe)

Regulars‘ Tables
(different
restaurants in Kassel)

IEA ECES
Annex 23
Apply
Energy
Storage in
Buildings
of the
Future

IEA/SHC
Task 46
„Solar
Resource
Assessment and
Forecasting

Solar and
Electric
Mobility
Experience
Meeting
point:
KP

IEA SWC
2nd Task
49
Definition
Meeting
„Solar
process
heat for
production and
advanced
applications“

Joint ISO/
TC 180
and CEN/
TC 312

(Uni)
Technical
Tours and
Workshops

(Uni)

10:30
IEA ECES
Annex
23 Apply
Energy
Storage in
Buildings
of the
Future
(Uni)

11:00
11:30
12:00
12:30
13:00
13:30
14:00

Meeting
point: KP

14:30

(Uni)

(Uni)

15:00
15:30
16:00
16:30
17:00
17:30

IEA SWC
2nd Task 49
Definition
Meeting
(Uni)

(in front of
Kongress
Palais)

10:00

(Uni)

IEA SHC
Task 43
on Rating
and Certification

CEN/
TC312
14th
plenary
meeting

09:30

ISO/TC
180 „Solar
energy“

(Uni)

18:00
18:30
19:00

Conference
Dinner
Regulars‘
Tables
(different
restaurants
in Kassel)

ISES Council
„Confe-rences“
(KP)

(Campus)

CEN/
TC312/
WG1 and
ISO/TC
180/WG3
„Solar
collectors“
ISES
Europe
Meeting

(Uni)

(Uni)

Meeting
point:
KP

17:00
17:30

(Uni)

(KP)

Meeting
point:
KP

16:30

Sightseeing in
Kassel

ISO/TC
180 SC/4
„Thermal
performance,
reliability
and
durability“

Scientific
Program
Sightseeing in
Kassel

Open
Workshop
on the
DERlab
standard
on PV
Outdoor
Tests

ISO/TC
180 SC/1
„ClimateMeasurements and
data“

Meeting
point:
KP

(12:45 13:45,
Room H, KP)

(KP)

REN
Alliance
Partners
Meeting
Sightseeing
(13:45 in Kassel
16:00,
Room J, KP)
Meeting
point:
KP

15:30

Sightseeing
in Kassel

ISES AGM

IEA Solar
Heating
and
Cooling
Roadmap

15:00

19:30

08:00

Round Table Discussion
on Energy Policy with
German Members of
Parliament (tbd)

Campus | Kassel University (main campus)
IWES | Fraunhofer IWES

Young ISES
Party
(FSAVE
Solartechnik)

Regulars‘ Tables
Different bars and
restaurants in Kassel

Farewell Party

ISES
Corporate
Members
Forum

19:30

Restaurant „Riverside“
at the Fulda River

20:00

(TBD)
open end
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1. Solar Heating and Cooling

1.1 Solar Collectors and PVT

BASICS FOR THE DEVELOPMENT OF A HIGH EFFICIENCY FLAT-PLATE
COLLECTOR WITH A SELECTIVELY COATED DOUBLE GLAZING
Sebastian Föste, Nicole Ehrmann, Federico Giovannetti and Gunter Rockendorf
Institut für Solarenergieforschung Hameln (ISFH)
Am Ohrberg 1, 31860 Emmerthal (Germany), www.isfh.de, ++49 (0)5151 999 506, foeste@isfh.de

1. Introduction
Many future applications of solar thermal energy, like heating with a high solar fraction and solar industrial
process heat or solar cooling will require high collector efficiencies at temperatures above 80°C and/or at a
low irradiance level. Advanced flat-plate collectors show a high potential for these applications, they are less
expensive and mechanically simpler than evacuated tube collectors. To raise the performance of flat-plate
collectors the thermal resistance of the transparent cover has to be increased, while keeping the solar
transmittance at a high level. Within a research project1 ISFH achieved this goal by adding a second glass
pane with a low emitting coating and using argon in the hermetically sealed gap, thus reducing heat losses by
both convection and radiation (see Fig. 1). A high solar transmittance must be realized by using high quality
glass with antireflective coatings and an optimized low-e coating. Long term reliability of the coated glass as
well as of the glazing system for the use in solar thermal collectors has to be assured. The objective of the
project is to assess the technological and scientific basics for this collector concept. This paper gives an
overview of the main project results.

1
2

air / argon / krypton

3
4

positions:
1, 2, 4: antireflective coatings

3:

low-e coating

low-e absorber-coating

Fig. 1: Schematic collector concept, sectional view

2. Development of a low-e coating on glass
Since approximately 20 years low-e coatings are used in architectural double glazing systems to reduce the
heat losses. Compared to architectural glazing the requirements for the coating properties of a collector
glazing are completely different. An architectural glazing is optimized for a very low emissivity and a high
light transmittance (visible wavelength range). For collector applications it is necessary to reach a high
transmittance over the whole solar spectrum, the requirement for a low emissivity becomes less important if
compared to windows, because the heat loss mechanisms are more complex. Furthermore it is essential to
provide for a temperature resistance up to 160°C.
1

The project “Grundlagen für selektiv beschichtete Hochleistungsverglasungen für Flachkollektoren (Basics for selectively coated high
efficiency glazing systems for flat-plate collectors)” FKZ 0329280D, was funded by the German Federal Ministry for the Environment,
Nature Conservation and Nuclear Safety (BMU) based on a decision of the German Federal Parliament. The content of this publication
is in the responsibility of the authors.

2

To fulfill these requirements, we developed a three layer coating system with a functional low-e coating
based on a TCO-material (transparent conductive oxide). As TCO material we have chosen aluminum doped
zinc-oxide (ZnO:Al), because it has good optical and electronic properties, it is comparatively inexpensive
and not toxic. The TCO functional layer is enclosed by two dielectric layers, each with adapted refractive
index and layer thickness, which work as antireflective coatings. Further the upper layer works as a
protective layer against oxygen and humidity. This coating system is currently produced on laboratory scaled
glass surfaces of 10 x 10 cm² by reactive and non-reactive sputter technique. Using a glass substrate with a
low iron content, a solar transmittance of 85% and a solar reflectance of 7% is achieved (Ehrmann and
Reineke-Koch, 2011). By applying an additional antireflective coating on the opposite surface of the glass
pane, the solar transmittance can be increased to 87.5%.
In Fig. 2 the transmittance and reflectance spectra of the developed coating system (ISFH) are compared
with the commercially available TCO-based K Glass™ from Pilkington. K Glass™ was developed for
architectural applications, thus it is optimized for a low emissivity, whereas the solar transmittance of 71% is
to low for collector applications. Moreover the low solar transmittance is caused by a glass substrate with
higher iron content and missing antireflective coatings.

Reflectance R in %

Transmittance T in %

The ISFH coating system shows a lower reflectance in the infrared spectral range if compared to K Glass™,
which results in a significantly higher emissivity of 32% (K Glass™: 17%).

Wavelength λ in nm
Fig. 2: Measured spectral transmittance and reflectance of the ISFH low-e coating system on a glass substrate with a low iron
content, compared to the commercially available K Glass™

Another important requirement for the use of the low-e coating system in double-glazed solar collectors is
the temperature stability due to the high temperatures of the low-e glass pane, which can reach up to 160°C
in case of collector stagnation. Temperature load tests with coated glass specimens (540 h at 160°C) did not
produce any change of the optical properties. Specimens of the new developed coated glass were additionally
subjected to a condense water test for 540 h, which also did not show any change of the optical properties.
According to these results the reliability of the coating may be expected, even if the edge bond of the glazing
should be damaged and moisture would penetrate into the insulated glass unit.
3. Long term reliability of the glazing
The application of low-e coated double glazing in flat-plate collectors leads to significantly higher loads
compared to windows. The increased temperature in operation and during stagnation is the crucial factor.
Ageing effects and thermo-mechanical loads, resulting from the increase in pressure in the gas filled glazing,
have to be considered in the design and material selection. Special high temperature resistant primary and
secondary sealants were used to provide for the necessary durability of the glass unit. To investigate the

3

long-term reliability of the glazing constructions, different tests in laboratory and on the ISFH test-roofs are
carried out. Temperature, UV and humidity loads as well as thermo-mechanical loads are applied to different
specimens and their impacts on the glazing properties are measured by different analysis techniques.
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The temperature stability of double glazing in collector format is investigated in a self-developed test-rig.
This test rig creates a temperature distribution in the glazing, which is to be expected in a stagnating
collector. The load is applied cyclically with 6 h at stagnation temperature and 3 h for cooling down and
heating up. The three specimens are tested each one at a different stagnation temperature in the edge bond of
the glazing of 130°C, 140°C and 150°C for at least 400 h. These temperatures are partially higher than the
expected maximum temperature of the edge bond in a stagnating collector of 135°C. By measuring the argon
concentration of the gas filling and the thickness of the glazing as well as performing a visual inspection no
degradation which affects the performance could be detected. According to our results the temperature
resistance of the sealing materials in the edge bond of the glazing is expected.
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Fig. 2: Collector efficiency curves of a reference collector with a 50 mm back side insulation before the exposure (July 2009) and
after 13 months of exposure (Sept. 2010) of two glazing specimens with K Glass™

Furthermore two glazing specimens are exposed to long-term natural weathering in stagnating collectors on
the ISFH test-roof. The exposure started in July 2009. After 13 months of exposure the solar transmittance
was measured as well as the thickness of the glazing and the dew point temperature in the glazing cavity
(according to EN 1279-2) to detect moisture penetration. The results did not show any degradation, which
could affect the performance of the glazing. This was confirmed by collector performance measurements
with a reference collector. The two glazing specimens were applied to this collector, which was not exposed,
to be able to measure solely ageing effects of the glazing. The collector efficiency curves before and after 13
months of exposition are shown in Fig. 3. The differences in the efficiency curves lie within the
measurement uncertainty.
4. Collector performance
In addition to the optical properties of the low-e coated glass pane, the convective heat transfer in the two gas
filled gaps of the collector affect the collector performance significantly. Experimental investigations
concerning the optimum gap sizes and the influence of different gas fillings in the glazing cavity are
presented in detail in Föste et al. (2010). According to these investigations best results are achieved with an
air gap of approximately 25 mm between absorber and inner glass pane as well as with a hermetically sealed
argon gap between the two glass panes. Krypton could further reduce the heat losses (about 2%), but it is
much more expensive than argon.
As the developed high transmittive ISFH low-e coating system is up to now only produced in a laboratory
scale, the expected collector efficiency parameters can not be obtained by measurements on a test-collector.
Thus it is necessary to build a collector model, which allows predicting the performance of the new collector.

4

This stationary model consists of two parts, one optical and one thermal model. The optical model calculates
the solar radiation transfer between the glass panes and the absorber plate including multiple reflections. It is
possible to use spectrally resolved optical properties, as well as integrated values as input quantities. Outputs
are the effectively absorbed fractions of the incident solar radiation in the absorber plate and in the glass
panes. These are coupled into a thermal model, which calculates the one-dimensional heat transfer through
the collector in normal direction to the collector plane. The model determines the heat transfer between the
different temperature nodes of the collector by an iterative balance of the single heat fluxes. This heat flux
balance method is based on a simplified model presented in (Duffie and Beckman, 2006). Further effects of
thermal bridges in the collector frame and at the edge bond of the glazing are simulated with a finiteelement-method and considered in the calculation. The model outputs are the temperatures of each node, the
collector efficiency at different average fluid temperatures as well as the collector efficiency parameters
(conversion factor η0, heat loss coefficients a1 and a2). The model was validated by measurements with a test
collector using K Glass™ as a low-e coated glass pane. The resulting efficiency curves with K Glass™
(measured and simulated) are shown in Fig. 4.
Further the expected efficiency curve of a double glazed flat plate collector with the ISFH low-e coating
system on position 3 and additional antireflective coatings on position 1, 2 and 4 according to Fig. 1 is
shown. The only difference between the ISFH collector and the K Glass™ collector is the reduced thickness
of the back side insulation (mineral wool) of 80 mm (ISFH) instead of 100 mm (K Glass™). Due to the high
solar transmittance of the ISFH coating system the conversion factor η0 has significantly risen up to 0.78.
However the heat loss coefficients are slightly higher compared to K Glass™. This is due to the decreased
thickness of the backside insulation, the higher emissivity of the low-e coating system and the reduced
absorption of the inner glass pane.

distance between the glass panes: 7.8 mm
distance between absorber plate and glazing: 25 mm
gas filling: argon
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Fig. 4: Simulated collector efficiency curve with the ISFH low-e coating system on pos. 3 and three antireflective coatings
(pos. 1, 2, 4) compared to a measured and a simulated efficiency curve of a collector with K Glass™ as a low-e coated glass
pane

To carry out a simplified economic analysis for the high efficiency flat-plate collector (HFC), the expected
production costs of the new collector are compared to those of the standard products single glazed flat-plate
collector (FPC) and vacuum tube collector (VTC). This cost calculation was carried out by the three collector
manufacturing project partners with support of the project partners Kömmerling and Bystronic.
Using simulations of the annual collector yield for the location Zurich at different constant inlet temperatures
throughout the year, the performance of the three mentioned collector types is assessed. The results are
shown in Fig. 5. For VTC and FPC the mean values of the standard products from the three collector
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manufacturing partners are presented. If the simulated collector yields are referred to the determined
production costs, the optimum inlet temperature range is found to be between 70°C and 110°C, where the
HFC is economically advantageous if compared to the standard industry products FPC and VTC. At inlet
temperatures below 70°C the FPC is economically more efficient, above 110°C the VTC.

Annual collector yield in kWh/(m²a)
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500

mean value VTC
expected value HFC
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300
200
100
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80

100

120

140

160

Collector inlet temperature Tin in °C

Fig. 4: Expected annual collector yield of the HFC compared to the VTC and FPC (mean values using the standard collectors
of the project partners), Location Zurich (Switzerland), orientation south, inclination 45°, reference area aperture

Another comparative TRNSYS simulation concerning the coverage of the heat demand of a single family
house with a high solar fraction based on the system from IEA SHC Task 32 (Heimrath and Haller, 2007)
leads to an economic advantage for the HFC if compared with the FPC at a solar fraction above 37%. In this
solar heating system the collector area of the HFC can be reduced by approximately 30% compared with the
FPC.
5. Summary

The work presents the results of a research project aiming at the development of a high efficiency flat-plate
collector with a selectively coated double glazing. A suitable low-e coating system based on a TCO-material
for the new collector concept has been produced in laboratory scale. This coating system meets the
requirements for the optical properties and shows a sufficient stability for the application in a flat-plate
collector. Up to now we can expect the long term reliability of an insulating glazing working as a transparent
cover in a flat-plate collector. The distances between the two glass panes as well as between the absorberplate and the glazing have been optimized by experimental investigations, to minimize the convective heat
losses. A collector model was developed and validated and could therefore be used to determine the expected
efficiency parameters of the new collector equipped with the ISFH-low-e coating. The new collector is
characterised by a conversion factor η0 of 0.78 and a heat loss coefficient a60 of 2.59 W/(m²K) (temperature
difference between fluid and ambient air ∆T = 60 K). On the basis of annual collector yield simulations for
the HFC an economical operating range between 70°C and 110°C (inlet temperature) is identified, where the
collector is economically advantageous compared to the established collector types single glazed flat-plate
collector and vacuum tube collector. The transfer of this collector concept into a marketable product is
subject of a currently running project, which is carried out at ISFH in cooperation with industry partners.
Aim of the work is the development of industrially produced large scale glazing systems as well as prototype
collectors.
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1. Introduction
Honeycomb structures are a well known device to reduce convective and radiative heat losses in solar
thermal flat-plate collectors, thus improving their efficiency at high temperature and/or low irradiance
(Hollands, 1965). Despite several investigations of the last decades no suitable material has been found so far
which can provide for the requested high performance and durability at reasonable costs. A commercially
available modified cellulose triacetate film, already in use assembled in honeycomb compounds as
transparent insulation, exhibits promising properties. The present work experimentally investigates the
suitability of these compounds for solar thermal applications, focusing on their performance and long-term
reliability. Beside this commercial product, other kinds of acetate films were tested. Special attention is given
to the ageing effects caused by UV radiation and high temperature as well as on outgassing, which are
collector specific occurrences, not considered by the technical specifications of the materials and not yet
reported in the literature.

2. Honeycomb panel material and design
Transparent materials for solar energy applications have to fulfill severe requirements with regards to optical,
thermal and mechanical properties, long-term weatherability as well as to cost efficiency. More than 40 years
intensive research on honeycomb structures and panels for improved solar thermal collectors and transparent
insulation can be summed up as follows:
•

Commodity plastics (PET, PMMA, PC, etc.) exhibit good optical properties and low thermal
conductivity, are cost efficient but cannot withstand temperatures above 80-110 °C or high UV
irradiation level. They are usually implemented for architectural applications with limited maximum
operating temperatures such as daylighting and space heating with transparent insulation or for integrated
storage collector systems.

•

Technical or engineering plastics (fluoropolymers, polyethersulfone, polyestercarbonate, etc.) can
withstand more severe weathering, but are much more expensive (not less than 5 times more than
commodity plastics), so that the superior performance cannot justify their use. Despite promising
theoretical and experimental R&D results (Symon 1984; Van Orshoven et al., 1996) no product has been
commercialized up to now.

•

Glass is comparable to plastic with regards to optical properties and exhibits an outstanding
weatherability. It has been used to manufacture small-celled capillaries both for transparent insulation
and solar thermal collectors. To minimize conductive heat losses thin walls are required which results in a
very fragile structure and laborious handling: The glass capillaries need to be embedded in a double
glazing unit, thus increasing the weight, the manufacturing cost and reducing the optical performance of
the panel. No product is currently available on the market.

In the present work modified cellulose di- and triacetate are investigated. Cellulose triacetate has been
already identified as a very suitable material for the use in transparent insulation, due to its low cost (lower
than PC or PMMA), its optical properties and its long-term durability (Wallner and Lang, 2005). The
following materials are tested:
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•

Commercially available modified cellulose triacetate (CTA-I): This material is already successfully in
use in architecture as well in integrated storage collectors with water (Wacotech, 2010). According to
manufacturer’s data, it exhibits a good temperature stability (long-term 140°C, short-term: 170°C) and
UV durability, promising requirements for the use in improved flat-plate collectors. Honeycomb panels
with a thickness of 7 mm were tested to improve the performance of a stationary, non evacuated CPC
collector, but no information about material weatherability is reported (Pereira et al., 2003).

•

Modified cellulose triacetate with reduced or no plasticizers’ content (CTA-II and CTA-III): Plasticizers
are usually added to soften plastic materials and increase their flexibility. At high temperatures
evaporation occurs which could affect the optical performance or even the reliability of the collector.
Aim of our study is to investigate their influence on outgassing as well on the ageing behavior of the
films.

•

Modified cellulose diacetate with thermal stabilizers (CDA-HT): According to our first calculations,
significant heat loss reductions could be achieved with a compact honeycomb collector design, with a
total collector thickness similar to standard flat-plate collectors. Under stagnation, temperatures between
135 and 160 °C are expected, which are close to or above the declared long-term service range of
commercial cellulose triacetate sheets. Improved temperature stability can provide for prolonged
durability and higher performance. No data regarding the material weatherability were available.

The honeycomb panel is assembled with a cost efficient technology by welding plastic strips with the desired
dimensions of the honeycomb structure. The resulting squared-cell has a rather high lateral size of 9 mm (s.
Figure 1): Large-celled honeycomb panels provide for material and cost saving and can at the same time
effectively reduce heat losses if combined with a spectrally selective solar absorber (Hollands et al., 1992),
which is the case of the application under investigation.

Figure 1: Panel assembly (left, photo credits to Wacotech GmbH)
and simplified cell geometry of the honeycomb structure under investigation (right), specific weight 16 kg/m³

The small specimens for laboratory tests manufactured with all mentioned materials as well as the largesized panels for experimental testing in solar collectors manufactured with materials CTA-I and CTA-III
were supplied by the German company Wacotech GmbH & Co. KG, Bielefeld.

3. Collector design and performance
Most of the previous studies on honeycomb structures for solar thermal applications aimed at the
development of a product which could equal the performance of an evacuated tube collector und made use of
thick panels up to 100 mm. Our main goal is to improve the efficiency of common flat-plate collectors with a
compact design, thus simplifying the architectural integration in the building envelope and at the same time
reducing the maximum operating temperature of the plastic honeycomb. The overall collector thickness was
constrained to about 100 mm, which is still in the range of standard flat plate collectors.
Our investigations have been carried out on a modified flat-plate collector: The honeycomb structure is glued
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to the inner side of the front glass cover, thus avoiding a second glass pane and providing for a minimal
increase of the collector weight (Rommel and Wagner, 1992). A customized aluminum frame enables the
integration of honeycomb panels and insulations of different thicknesses as well as the adjustment of the air
gap size between cover and absorber plate (s. Figure 2). Following design parameters have been varied,
whereas not all possible combinations were tested:
• Honeycomb compound: The large-celled panels were manufactured with a thickness of 15, 20, 25 and 30
mm (corresponding to aspect ratios of 1.7, 2.2, 2.8 and 3.3).
• Glass cover: Panes with different iron content as well as with additional antireflective layers (τs between
0.91 and 0.96) were used. Different panes are not only responsible for a different optical efficiency, but
also for a different transmittance of UV radiation, which could significantly affect the durability of plastic
materials.
• Gluing technique: Gluing the honeycomb panel to the glass pane reduces the collector performance due to
additional solar absorption and reflection of the glue layer. Rommel and Wagner (1992) estimate 6 points
reduction in conversion factor with a similar collector using strips of transparent silicone rubber. Care has
been taken to choose a weatherable type of glue with high solar transmittance. Full gluing is compared
with a strip gluing.
• Air gap between absorber plate and honeycomb panel: The gap is introduced to minimize the coupling
effect between conductive and radiative heat transfer (Hollands et al., 1985) and to reduce the maximum
temperatures of the lower surface of the honeycomb panel. Even though theoretical studies identify 10
mm as optimum to suppress heat losses, larger air gaps (15, 20, 25 and 30 mm) are chosen in order to
prevent the plastic honeycomb panel to come into contact with the hot absorber plate under the weight of
the cover or under typical environmental mechanical loads (snow, wind, etc.).
• Insulation: All prototypes were equipped with 10 mm side insulation consisting of temperature resistant
melamine resin foam. For the back insulation 30 or 50 mm of the same material have been implemented.
1

2

3

4

5

6

7

1.

Glass pane: 3 mm low iron, with/without AR layer (τs = 0.91…0.96)

2.

Honeycomb panel: 15…..30 mm

3.

Air gap: 15…..30 mm

4.

Solar aborber: selective copper plate (ε = 0.05 ± 0.02, α = 0.94 ± 0.02)

5.

Back insulation: resin foam, 30….50 mm

6.

Side insulation: resin foam, 10 mm

7.

Adjustable aluminium frame

Fig. 2: Design of the investigated honeycomb flat-plate collector

We investigated the collector performance by means of different tests and corresponding facilities. Heat
losses have been extensively investigated on collector prototypes without irradiation, according to a well
known calorimetric, time and cost saving procedure. Results are corrected taking the effect of irradiation into
account. Standard indoor and outdoor tests according to EN 12975-2 (2006) were carried out afterwards on
selected collector designs. The results of our experiments can be summed up as follows:
•

10

A heat loss coefficient a60 (referred to a temperature difference between fluid and ambient air of 60 K)
between 2.9 and 3.6 W/m²K was calculated from calorimetric tests without irradiation (s. Figure 3) and

confirmed by standard measurements according to EN 12975-2. The results attest the possibility to
reduce the losses of a standard flat-plate collector by about 30%. The gap size between absorber plate and
honeycomb panel minimally influences the overall heat losses (max. 3%) thus playing a negligible role as
performance design parameter.

3.4
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3.2
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Hc25

30 mm backside insulation

Hc30

Hc15

Hc20

Hc25

50 mm backside insulation

u60 in W/m²K
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2.8

2.6

2.4

2.2

2.0

A25 A30 A20 A25 A30 A15 A20 A25 A15 A20 A25 A30 A25 A30 A20 A25 A20 A25

Collector prototype (Hc: thickness honeycomb panel, A: thickness air gap)
Figure 3: Heat losses of the collector prototypes under investigation at a temperature difference between fluid and ambient
air of 60 K. Experimental results from calorimetric measurements without irradiation. Corresponding heat loss coefficients
a60 under standard reference conditions (EN 12975-2) are estimated to be between 0.3 and 0.4 W/m²K higher, depending on
the collector design

•

Collector efficiency: Depending on collector design we determine a conversion factor η0 between 0.76
and 0.80. These values are about 2-3 points lower than those of flat-plate collectors with a corresponding
glass pane but no honeycomb panel. A fully glued panel leads to a further efficiency reduction of 2.3
points on a collector with low iron glass pane. Higher reductions are expected with antireflective glass
panes. At high temperatures or low irradiation levels (η at ∆T/G = 0.12 Km²/W) the honeycomb collector
can achieve an efficiency of about 0.40, almost 70% better than a standard flat-plate collector.

•

Incident angle modifier (IAM): The honeycomb panel geometry, the specular reflection and the reduced
thickness of the cell walls are designed to achieve an optimum solar transmittance even at high incident
angles. Due to absorption in the structure optical losses cannot be avoided. We measured an incident
angle modifier coefficient b0 of 0.17 on a collector with a low iron glass pane. As comparison standard
flat-plate collectors with a corresponding cover show b0 coefficients of about 0.12-0.13. That results in a
lower transmittance for diffuse radiation, adversely affecting the performance of this kind of collectors
especially at low irradiation levels.

Based on these results the annual yield of two honeycomb collectors representing the performance range of
the investigated prototypes is compared to that of a high efficiency, state-of-the-art flat-plate collector by
means of simulations with the program TRNSYS. The prototype HoneycombMIN consists of 15 mm panel
and 30 mm backside insulation, the prototype HoneycombMAX features 25 mm panel and 50 mm backside
insulation. Prototype and reference collectors are equipped with an antireflective glass cover with low iron
content. Corresponding performance coefficients are reported in Table 1.
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Tab. 1: Performance coefficients used for the calculation of the annual yield of the selected solar collectors with TRNSYS

Collector Type

η0

a1

a2

a60

Reference FPC

0.83

3.95

0.0094

4.52

HoneycombMIN

0.80

2.99

0.0096

3.57

HoneycombMAX

0.80

2.31

0.0106

2.94

The annual collector yield is calculated in dependence of the inlet collector temperature, which is assumed to
be constant over the year. The results are displayed in Figure 4.
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Figure 4: Annual collector yield of two prototype honeycomb collectors compared to a high-efficiency, state-of-the-art flatplate collector. Collector HoneycombMIN consists of 15 mm honeycomb panel and 30 mm backside insulation, collector
HoneycombMAX features 25 mm honeycomb panel and 50 mm backside insulation. All collectors are equipped with
antireflective glass cover with low iron content. Simulation parameter: South orientation, 45° slope, Zürich

The efficiency improvement is especially noticeable at higher temperatures: At 80°C inlet temperature the
honeycomb collectors could increase the annual yield of the reference collector by 20 and 44%, respectively.
The same annual gain of the reference collector at 80°C could be achieved by the prototypes at temperatures
of 88 and 100°C, thus attesting their potential in extending the operating range of a standard flat-plate
collector.

4. Collector reliability
To investigate the long term temperature and UV radiation stability of the honeycomb structures for the use
in flat-plate collectors we carried out extensive indoor and outdoor experiments on the different types of
modified cellulose di- and triacetate films (s. Figure 5):
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•

Short- and long-term temperature stability tests on small honeycomb panels manufactured with all four
supplied materials (150 x 150 mm) have been carried out in a hot cabinet equipped with a cooled receiver
to collect possible outgassing products. The specimens were exposed to temperatures between 80 and 170
°C over a time up to 450 hours.

•

Long-term temperature stability tests on selected large-sized collector covers (honeycomb panels
manufactured with CTA-I and CTA-III glued to a low-iron glass pane, 1844 x 1125 mm) have been
performed with a self-developed test facility, consisting in a climate chamber which enables to simulate
the temperature distribution on the warm and the cold side of the collector cover under operating
conditions. The specimens were exposed to temperatures of 130, 140, 150 and 160 °C over a time of

about 450 h.
•

Laboratory weathering tests combining high temperature with UV irradiation were carried out on small
collector covers (honeycomb panels manufactured with CTA-I and CTA-III glued to an antireflective
low-iron glass pane, 200 x 100 mm). The specimens were exposed to a constant UV irradiance of about
70 W/m² using filtered metal halide lamps with an emitting spectrum similar to AM 1.0 and to
temperatures ranging from 80 to 170°C over a time up to 300 h. The exposure time was defined on the
basis of the observed material degradation.

•

In addition two stagnating collector prototypes (honeycomb panels manufactured with CTA-I and CTAIII glued to an antireflective, low-iron glass pane, 1844 x 1125 mm) were exposed outdoor over a period
of about 2 months in summer at the ISFH test roof (orientation: south, slope: 38°), in order to compare
natural and artificial weathering and to better understand the degradation mechanisms of the materials.

Indoor tests

Outdoor tests

Temp. stability I

Temp. stability II

Temp. + UV stability

Temp. + UV + moisture

Test facility:
Hot cabinet

Test facility:
∆T climate chamber

Test facility:
Filtered UV lamps

Test facility:
Test roof (south, 38°)

Specimens:
Honeycomb panels
150 x 150 x 40 mm

Specimens:
Honeycomb compounds
1844 x 1125 mm

Specimens:
Honeycomb compounds
200 x 100 x 40 mm

Specimens:
Collector protoypes
1844 x 1125 mm

Materials:
CTA-I, CTA-II, CTA III,
CDA-HT

Materials:
CTA-I, CTA III

Materials:
CTA-I, CTA III

Materials:
CTA-I, CTA III

Exposure temp.:
80…170°C

Exposure temp.:
130…170°C

Exposure temp. / UV:
80…170°C / 70 W/m²

Exposure temp. / UV:
natural weathering

Exposure time:
1…450 h

Exposure time:
450 h cycle

Exposure time:
1…300 h

Exposure time:
1190 / 1685 h (CTA-I/III)

Figure 5: Overview of the reliability tests carried out on honeycomb panels and collector prototypes under investigation

Ageing effects are evaluated by means of visual inspection at different exposure time, focusing on the
changing of the mechanical and optical properties of the structures (embrittlement, shrinking, yellowing),
with following results:
•

Temperature stability: modified cellulose triacetate honeycomb specimens (CTA-I) show outgassing
already after 5 hours exposure at 80°C temperature, due to the evaporation of the plasticizers. Similar
occurrences on CTA but at higher temperatures are already reported by the literature (Wallner and Lang,
2005). This effect gradually increases at higher temperatures and with prolonged exposure. After 450
hours ageing at 140°C a reduction of about 3 points of the optical coefficient η0 was measured in an
indoor test, thus proving the adverse effect of outgassing not only on the appearance but also on the
performance of the collector. Noticeable changing in the mechanical properties was observed starting
from temperatures above 140 °C, in agreement with manufacturer’s data. Beside embrittlement, also heat
shrinking occurs: a change in lateral dimensions of the honeycomb composite of about 5% was measured
at 140°C. As a result compression resistance of the honeycomb structure dramatically decreases.
Yellowing is observed as well at temperatures above 140°C.
The presence and the content of plasticizers in cellulose triacetate films do affect as expected the material
behavior under high temperature exposure. Only light outgassing has been detected on specimen and
CTA-III and not below 140 °C. After prolonged exposure, similar yellowing as material CTA-I but more
severe embrittlement was observed, which can be related to the missing plasticizers and the consequent
reduced flexibility of the film.
CDA-HT samples exhibit outgassing effects at low temperatures as well, even though different kinds of
outgassing products could be detected, due to the different chemical composition of this film

13

(plasticizers, thermal stabilizers or other additives). At higher temperatures we observed similar
embrittlement and yellowing as with CTA-I samples. Against our expectations no improvement in the
temperature stability of the material could be assessed.
•

UV radiation stability: Combined stress of UV radiation and high temperature accelerates and intensifies
the ageing processes of cellulose triacetate. Embrittlement could be already detected at temperatures
above 100°C on CTA-I specimens and above 80°C on CTA-III specimens, whereas a much more severe
degradation was detected on the latter samples. At higher temperatures the mechanical resistance of
CTA-III films dramatically decreases and the honeycomb structure gets destroyed under minimum load.
In spite of the positive influence in mitigating outgassing, the lack of plasticizers proves to adversely
affect both temperature and UV radiation durability of cellulose triacetate films.
Outdoor tests on stagnating collector prototypes qualitatively confirm our laboratory results, even though
more intense degradation occurs, most probably due to the prolonged exposure and to the effect of
additional weathering agents like moisture. Degradation level is strongly dependent on the temperature
distribution over the honeycomb panel: At the warmest spots, where stagnation temperatures over 150 °C
were measured, the beginning of a melting process of the honeycomb cells could be observed, below the
declared short-term maximum temperature. This effect is assumed to be partially induced by UV
radiation.

On the basis of our reliability tests none of the investigated materials proves to be suitable for the use in
improved flat-plate collectors. The results attest the more severe operation conditions encountered by plastic
materials in solar thermal collectors if compared to those of standard material test procedures.

5. Conclusion and outlook
We experimentally investigated honeycomb-compounds manufactured with modified cellulose di- and
triacetate films for the use in high efficiency flat-plate solar thermal collectors. Aim of the work was to
reduce the heat losses of a standard-collector of about 30% with a compact and light design, taking the
temperature stability of these promising materials into consideration. Performance results confirm the
expectations and show that a honeycomb-collector with an overall thickness of about 100 mm could achieve
an optical efficiency of 0.80 and a loss coefficient a60 of about 3 W/m². At high temperatures or low
irradiation level (η at ∆T/G = 0.12 Km²/W) the collector efficiency is about 70% better than that of a
standard collector.
Extensive reliability tests with regards to UV-radiation and high temperature durability have been carried out
both on honeycomb-compounds and the collectors. The results show that none of the investigated materials
is suitable for applications in improved flat-plate collectors. Depending on the selected material yellowing
and embrittlement are already observed at temperatures above 100°C, clearly lower than expected according
to manufacturer’s data. Outgassing, affecting the optical efficiency as well as the appearance of the collector,
may occur at temperatures below 100 °C. The lack of plasticizers could mitigate outgassing, but drastically
reduces the material durability. For applications at lower operating temperatures like integrated storage
collectors the use of a glass pane with a moderate transmittance in ultraviolet spectral range is suggested to
extend the long-term durability.
The project results confirm the difficulties to find a suitable plastic material for solar thermal applications at
operating temperatures above 100°C. Considering the promising performance as well the attractive light
design of similar collectors, further efforts are worthwhile to find new durable and cost efficient products or
to develop simple strategies to control the maximum temperature level of collector components.
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Abstract
A parametric study of flat plate natural convection solar air heater was conducted using CFD Analysis.
A solar air heater with single glass cover flat plate solar collector with air gap is selected for the study
under the climatic condition of Addis Ababa, Ethiopia. The study aims at finding optimum inclination
angles taking into account the seasonal variation, finding optimum air gap depth, and characterizing the
effect of incident radiation magnitude and ambient temperature on the collector output. For modeling
the system, the governing continuity, momentum and energy equations were considered in multi
dimensions. The coupled governing equations were simplified by neglecting effect of density in the
continuity equation and by approximating the density difference in momentum equation as a linear
function of temperature. The modeling was conducted by the CFD Software Fluent. By varying the
inclination angle, it was found that the optimum inclination angle that gives maximum energy gain with
better mass flow rate and temperature rise was 450 for November while it was 150 for May. The two
angles of inclinations represent the two extreme seasons of the year. It was also found that a collector
with 50mm channel depth yields better exit velocity and temperature and maximum energy gain but
comparable with 60 mm and 70mm depth for 2 m long collector. The outputs of the simulation are
comparable with the already available reported experimental results found in literatures.

1. Introduction
It is apparent that solar energy has got two major advantages over fossil fuels. The first is in the fact that it is
renewable and the second is it does not emit green house gases and any other pollutants to the environment.
Solar heating of outdoor air is considered as cost effective alternative to meet process heat demand of drying
(Duffie, and Beckman, 1991) This paper focuses on parametric study of natural convection flat plate solar air
heater. Natural convection flat plate solar air heater is a heater where by the flow of air through the rectangular
air channel is derived by the buoyancy force, which in turn comes from the temperature difference between the
heated absorber plate and the ambient temperature. Even though the main problem of such heater is the low
induced mass flow rate, it has got acceptance in the application of small scale food drying. Moreover, the
maintenance requirement and operating cost of the collector is almost nil as there are no moving mechanical
devices such as a fan. In this heater, the flow rate and collector outlet temperature are dependent on different
parameters such as inclination angle, air gap, incident radiation flux, material properties, absorber type and
others.
The objective of this work is to find optimum inclination angles taking into account the seasonal variation, find
optimum air gap depths, and study the effect of the magnitude of incident radiation and ambient temperature on
collector output.
Several works have been done and published on solar air heaters with little emphasis on multidimensional
computational analysis of natural convection solar air heaters (Varun and Siddhartha, 2010; Varun et al. 2009;
Pakdaman et al., 2011; Tiris et al., 1994; Choudhury et al, 1985; Macedo, 1978). Most of the works focus on
either experimental investigation of specific type of solar air heater or dyer or optimization of forced convection
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air heater using one dimensional model and optimization algorithm. Gao et al. (2001) studied using
computational model natural convection between sine wave absorber and glass cover and determined the
convective heat transfer coefficient by varying temperature difference between the absorber and glass cover for
different geometric configurations. The rare literature that reports optimum channel depth (air gap) for
maximizing heat transfer of a natural convection solar air heater is that of Bansal et. al. (1999). The near
optimum duct depths of 50-75mm were recommended for maximum solar energy collection for air heater of
about 1m length.
An optimization of a fixed collector tilt angles, with respect to maximum amount of total isolation on south
facing collector surface has been done by several researchers (Kern and Harris, 1974; Manes, and Lanetz, 1983;
Pericle and Koronakis,1986) for different places. Kern and Harris (1974) recommended that for small
installation, the very simple relationship that the tilt should be equal to the latitude holds. Although, it may
deviate from the latitude up to ± 15 0 without significant loss in total solar gain (Soponronnarit,1 995).
However information regarding collector tilt angle optimization for natural convection solar air heaters is not
available in literatures. For such heaters, not only the radiation incident on the absorber and exit air temperature
are dependent on inclination angle, but also the flow rate that is induced by buoyancy effect.
Although the effect of turbulence as the fluid passes through the channel is important, In case of natural
convection through a channel, for with heated surface facing downwards, the flow remains laminar throughout
(Bansal et. al. 1999), which is the case of the present study.

2. Mathematical Model
The heat transfer and air flow in solar air heater is described by flow and energy equations. The general basic
governing equations in 3D for natural convection problem are:
Continuity equation:

r
∂ρ
+ ∇ ⋅ (ρ v ) = 0
∂t

(eqn. 1)

Naiver Stokes equations:

∂
(ρ vr ) + (vr ⋅ ∇) ρ vr = −∇p + μ ∇2vr + μ ∇(∇ ⋅ vr) + ρ gr
3
∂t

(eqn. 2)

Energy equation:
r
∂
( ρ E ) + ∇ ⋅ (ρ E + p )v = ∇ ⋅ keff ∇T + S h
∂t

(eqn. 3)

S h in the energy equation also includes radiation source terms.
The radiative transfer equation for an absorbing, emitting, and scattering medium at position
r
s using the Discrete Ordinate method is given as

r r r
r r
r r
σ T 4 σ s 4π r r
∇ ⋅ ((r , s ) s ) + a + σ s I (r , s ) = an 2
+
∫ I ( r , s ′) Φ ( s ⋅ s ′ ) d Ω ′
4π 0
π

(

)

r
r in the direction

(eqn. 4)

In case of the natural convection, it is the variation of density (ρ) that gives rise to the flow. The temperature
field is dependent on the flow and all the above equation are coupled through the variation of density( ρ ).The
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Boussinesq approximation simplifies the coupled governing equations with the following two important
conclusions.


The effect density variation in the continuity equations may be neglected.



The density difference, which causes the flow due to an interaction between the gravitational body force
and the hydrostatic pressure gradient, can be approximated as a linear function of temperature.

The instantaneous thermal efficiency of the collector is

η th,i =

Q& u
Aa I

(eqn. 5)

Where the useful net energy gain by the air is defined as
Q& u = c p m& (Te − Ti )

(eqn.6)

The cumulative efficiency of the collector can be expressed as:
t
∫ Q& u dt
0
η th , c =
t
A a ∫ I dt
0

(eqn.7)

3.

Computational Model

FLUENT uses finite volume method for the discretization of the governing equations. Finite volume method is a
discretization technique based on the conservation of a specific physical quantity, such as mass, momentum or
energy. The integral form of the continuity, momentum and energy equations over the domain for laminar steady
state natural convection gives:
r
(eqn. 8)
∫Ω ∇ ⋅ v dΩ = 0
r

r

r

2
∫Ω (−(v ⋅ ∇) ρ v − ∇p + μ ∇ v +

μ
3

r
r
∇(∇ ⋅ v ) + ρ g ) dΩ = 0

r

∫ Ω (− ∇ ⋅ (ρ E + p ) v + ∇ ⋅ k ∇T + S h ) dΩ = 0

(eqn. 9)
(eqn. 10)

By discretizing the domain into finite volumes and approximating the integrals numerically over the finite
volumes, sets of systems of algebraic equation are generated.

Fig. 1. Geometry of flat plate collector for air heating
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Fig. 2. Collector orientation and dimensions considered for simulation

A three dimensional flat plate solar air heater is modeled with the help of FLUENT to obtain realistic results by
accounting side effects. The collector model used for parametric investigation is the flat plate solar air heater
with still air gap and transparent cover shown in Fig. 1. 2mx1m collector geometry was considered, as it is the
most common dimension for flat plate collectors. Different models were generated by varying the air channel
depth. The model is composed of three linked domains: glass domain, enclosed air between glass and absorber,
the air in the absorber channel. The two fluid domains are separated by a surface of finite thickness. For the air
passage, air gap depths of 30mm, 50mm, 60mm, 70mm and 100mm were considered. The absorber considered in
the model was an aluminum sheet of l mm thickness with its sun-facing surface painted black. The single glass
cover of the collector has a thickness of 4mm. The collector was insulated with 50mm thick fiber glass insulation
material at the side and from beneath. Addis Ababa, (9.020 latitude, 38.420 longitude) was selected for inputting
the climate data for the simulation

5. Results and Discussion

The steady state simulation were conducted on May at solar noon thinking that May can be a representative for
six months of the year namely, March, April, June, July, August, and September. The incident radiation on
collector surface Vs inclination angle for the above months shows nearly the same pattern with the peak value in
the range of 0 to 100 inclinations from the horizontal as shown in Fig. 2. To account for the seasonal variation,
simulations were conducted for the month of November varying the inclination angle, which is thought to be
representative of four months namely, October, December, January and February. For the above five months, the
incident radiation is maximum in the range of 200-350 from the horizontal.
Transient analysis was conducted for the representative day of May for a total duration of nine hours with
reasonable heat gain (8:30.-17:30) for three air gap depths of 50mm, 60mm and 70mm based on the results of the
steady state analysis to select the optimum air gap depth.

5.1 Inclination Angle Optimization

Two representative months were selected to see the effect of inclination angles on collector performance for
Addis Ababa, and the results are presented. The simulations for May were done for 8 different inclinations angles
from the horizontal.
Fig. 3 shows that a sharp increase in mass flow for inclination angles up to 15o due to an increase of the
component of buoyancy in the direction of the channel as inclination increases. The flow rate decreases beyond
45 o, because of a very low incident radiation at high inclination angles. Fig. 4 shows a sharp decrease in
temperature as inclination increases up to 20 o because of a decrease in incident radiation on the collector surface
and an increase in mass flow rate as inclination increases.
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Fig. 2. : Variation of incident radiation on surfaces with inclination angles for different months at noon
(for south facing collector, Addis Ababa)

Fig. 3. Variation of exit mass flow rate and exit average velocity of air with inclination angle for different channel depths. (May)
(For south facing collector, Addis Ababa).
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Fig. 4. Variation of exit temperature of air with inclination angle for different channel depths. (May)
(For south facing collector, Addis Ababa).

Fig. 5. Variation of net energy gain with inclination angle for different channel depths. (May)
(For south facing collector, Addis Ababa).
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Fig. 6. Variation of net energy gain with inclination angle for different channel depths. (November)
( For south facing collector at Addis Ababa).

Fig. 5 displays that the net energy gains at 15o and 25o inclination become maximum. It also shows that the net
energy gain in drops at 20o inclination, which has been caused by pockets of reverse flows at the outlet boundary
as shown in Fig. 7. The possible existence of such phenomena for a one sided heated channel was found out
experimentally on vertical channels by Sparrow et. al.(1984) and on inclined channels by Azevedo and Sparrow
(1985). Beyond inclination of 20o, the reverse flow vanishes increasing the effective flow area. As a result the
velocity and mass flow rate increase. Comparing the energy gain at 15 o and 25 o inclination, the energy gain at
15o inclination is accompanied with significant temperature change. For simulations done on November, 45 o
inclination angle gives maximum energy gain as
shown in Fig. 6.

Glass and gap

5.2 Channel Depth Optimization

The objective of optimizing the channel depth is
to maximize the overall outputs of the collector
or conditions necessary for specific applications,
Reverse
which are in the case of drying: the exit air
o
Fig. 7. Reverse Flow at outlet for 5 inclination
temperature, exit velocity and net energy gain.
Hence, the channel depth was optimized
considering transient analysis of solar heaters of 50mm, 60mm and 70mm depth on a representative day of May
for a total duration of nine hours (local time starts from 8:30-17:30), so that the simulation results can correspond
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to actual drying conditions. The ambient air temperature and global radiation data were taken from metrological
data for May 18.The diffuse radiation is predicted using empirical relations.

Fig. 8. Variation of exit temperature of natural convection air heater ( 2mx1m) for different channel depth during the day
obtained by transient CFD analysis (For south facing collector at Addis Ababa in May).

Fig. 9. Variation of exit average velocity of natural convection air heater ( 2mx1m) for different channel depth during the day.
obtained by transient CFD analysis (For south facing collector at Addis Ababa in May).
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Fig. 10. Variation of net energy gain for different channel depth during the day obtained by transient CFD
analysis (For south facing collector at Addis Ababa in May)

The results shown in Fig. 8 indicate that, 50mm channel depth can yield 100C temperature rise from maximum
ambient temperature (Tmax=24.50C) for about 6 and1/2 hours with a relatively large average velocity of exit air
above 0.3m/s. The average velocity at the outlet of the collector is shown in Fig, 9. The net heat gain that can be
achieved by the collector with the three channel depths is comparable as shown in Fig. 10. Therefore, it can be
concluded that a collector depth of 50mm is preferable in the applications like drying, as it meets temperature
and velocity requirements over wide range of time while yielding slightly higher heat gain. The cumulative
efficiency for the total period of this collector was 21.3 %.

6. Conclusion

A parametric study was done on natural convection flat plate solar air heater with aid of three dimensional CFD
model for steady state and transient analysis, and it is found that inclination angles at or around 150 are
recommended in summer month and higher inclination angles around 450 are recommended in winter month for
areas around Addis Ababa. The air gap depth of 50mm is found to give better outputs in terms of high
temperature rise, average velocity, and net energy gain.

Nomenclature

Aa
cp
E
r
g
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- Absorber or cover area
- Specific heat of air at constant pressure
- Energy
- Gravitational force per unit mass of the fluid

I - Radiation intensity,
k eff - Effective thermal conductivity.
m& - Mass flow rate of air

n - Refractive index
p - Static pressure

Qu - Useful thermal energy gain

r
r - Position vector
s - Path length
r
s - Direction vector
r
s ′ - Scattering direction vector
S h - Volumetric heat source
T - Temperature
Te - Exit temperature of air
Ti - Inlet temperature of air
r
v - Velocity vector (vxi +vyj+vzk, in Cartesian coordinates)
Greek

α - Absorption coefficient
α + σ s - Opacity of a medium
β - Inclination angle from horizontal
Φ - Phase function
η th,i - Instantaneous thermal efficiency of the collector

η th,cu - Cumulative thermal efficiency of the collector

μ - Dynamic viscosity

ρ - Density

σs
σ

- scattering coefficient

- Stefan-Boltzmann constant
Ω - Solid angle
Ω - Domain
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DESIGN, MANUFACTURE AND EXPERIMENTAL INVESTIGATION OF
LOW COST PARABOLIC SOLAR COOKER
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Abstract
In this paper theoretical and experimental study was performed on a parabolic solar cooker. A Simply designed
and low cost parabolic type solar cooker was manufactured and tested. In order to reduce the cost of the cooker,
the parabola cage is made from bamboo, which is a locally available material. Experiments were conducted to
determine different figures of merit of the cooker. Temperature of pot contents, Ambient Temperature, Radiation
data during the test and Wind Speed were measured and analyzed to determine Standard Sensible Heating Power,
Standard Heating Time and Instantaneous Energy and Exergy efficiencies of the cooker. Besides, the
experimental results for temperature distribution between pot content and ambient were compared with analytical
result. Economic Analysis was also performed by comparing the solar cooker with equivalent energy supply
from kerosene stove. The Payback period and net present value were determined by considering different
economic parameters and overall cost of the cooker.

1 INTRODUCTION
The fast growing energy requirements, depleting traditional sources of energy and environmental pollution have
forced Scientists to explore alternative energy sources of energy. Solar energy is a best substitute for other
sources of energy due to its decentralized nature.
Ethiopia is situated in the horn of Africa around the equator between latitudes of 3oN and 15oN and longitudes of
33oE to 48o E and characterized by an abundant sunshine for the most periods of the year. The annual average
daily solar radiation in Ethiopia is 5.6 kWh/m2. More than 80% of the population lives in rural areas. Access to
adequate modern energy resources for lighting as well as for cooking is among the critical problems in Ethiopia
(Zenebe, 2007). According to Mulugeta (2009), about 94% of the energy consumption in Ethiopia comes from
biomass energy sources, and 89% of the biomass energy supply is used by households for daily basic needs.
Women and girls suffer extra health hazards from gathering fuel wood, caring heavy loads and indoor smoke
from using low quality biomass fuels for cooking. Solar cooking liberates women from the back-breaking effect
of collecting fuel wood, and from cooking each day for hours over smoky fires which damages eyes and lungs.
Hence, they experience improved health and have more time to pursue education, increase food production and
carry out income generating activities. Therefore, solar cookers help to promote gender equality and empower
women.
According to solar cookers international (2009), Ethiopia is ranked at number four in the world and number one
in Africa with regard to obtaining potential benefits from solar cookers. This ranking is based on total annual
average solar radiation, national cooking fuel shortages or net energy imports, estimated population of the
country by 2020, and an estimated percent of population by 2020 living with ample solar radiation and fuel
shortages [11].
The application, designing and thermal performance of solar cookers studies have been carried out by many
researchers (Habeebullah et al., 1995; Balzar et al., 1996; Clark, 1996; Funk, 2000; Algifri and Al-To-waie,
2001; Ahmad, 2001). In this paper concentrating type point focusing solar cooker is considered. A Point-focusing
solar cooker consists mainly a paraboloid, a pot supporter, a reflector supporter, a regulating and tracking device
and cooking utensils [12]. The use of concentrating type collector permits all operations, such as boiling,
stewing, steaming, roasting, frying, and baking with relatively higher capacity [4]. The point focusing solar
cooker makes the use of the optical characteristics of a paraboloid which concentrates direct solar radiation
falling on a large area onto a smaller area and raises the intensity of the radiation, thus providing a heat focus for
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cooking [12]. The development of the parabolic shape is expected to be accurate to get best reflection for the
collection of the incoming radiation to the focal point. But to some extent, the deviation of the reflected rays
from the focal point does not affect the process rather required for even distribution of heat at the bottom surface
of the pot.
Patel and Philip (2000) conducted stagnation temperature, water- heating and cooking tests to evaluate
performance of three concentrating type domestic solar cookers. Habeebullah et al. (1995) presented work related
to a parabolic concentrating type cooker using bare receiver and an insulated pot with a glazed insulation
window. They showed that the oven – type receiver is highly efficient when compared with the bare type. The
energy and Exergy efficiencies of low-cost parabolic type solar cooker have been determined by Ozturk (2004)
using water heating test.
In this paper a simply designed parabolic type solar cooker was manufactured and tested. In order to lower the
production cost, the parabola cage is made from bamboo which is locally available material. This new and
inexpensive type of solar cooker represents a promising technology because of the following advantages it has:
(i) it can be produced from locally available materials, (ii) it doesn’t require a skilled person to operate (iii) it is
environmentally friendly (iv) it doesn’t require auxiliary controls hence low maintenance is required. The speed
of cooking is practically independent of the heat rate, once the contents of the vessel have been sensibly heated
up to the cooking temperature (Lof,1963), therefore, the testing procedure for the present work is based on the
sensible heating of a known quantity of water up to the boiling point.

2. DESCRIPTION OF THE SYSTEM
2.1 The Parabola Cage
The parabola cage for this cooker is made from bamboo, which is a locally available material. In order to get
parabolic pattern of the bamboo, an iron skeleton was made from angle iron using appropriate dimensions of the
parabola and focal length. After completing the skeleton, the bamboo matt is developed on it. The bamboo matt
is kept on the skeleton by fastening with thin Aluminum wires. The matt is kept on the skeleton until it dries well
and maintains the required parabolic shape. It is then removed from the iron skeleton after it dries well. Finally
the bamboo maintains the required parabolic shape which looks like the image shown in Fig. 1 below.

Fig. 1 Shape of Parabola Cage developed Using Bamboo

In order to mount the reflectors on the bamboo matt, it is first lined with gypsum, and stick paint is glued on the
gypsum to mount reflector strips. Totally 36 small sizes of Aluminum strips were used to obtain the required
parabolic shape on the surface of the bamboo matt. The increase in number of the Strips helps to approximate
the required shape of the parabola. That is, as the size of the strips becomes smaller and smaller (fine) the
parabola shape will be more approximated.
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Fig. 2 Shape of parabola cage after mounting reflector strips

2.2 The Solar-Parabolic Cooker
The parabolic cooker considered for this study has an Aperture diameter of 1.445 m and a focal length of 0.28m.
The Reflective area of the solar cooker is 1.64 m2. A wood support is utilized to reduce the cost of the system.
Iron structures are used to support the pot at the focal point. The use of wood structure to support the pot is
avoided because of danger of burning of the wood itself. Although wood is used as support of the system during
this experiment (From the point of view of reducing the cost of the system), it is proposed to change to steel
structure with extra cost to avoid further consumption of the wood which affects the environment. For this
system, solar tracking is done manually every 30 minutes.

Fig. 3 Final Shape of the Parabolic Solar Cooker with pot

2.3 Testing Procedure and Measurements
The experiments were conducted in Gewane City of Afar Region. It is a small place between the Asab-road and
the Awash-river, in the north east of Ethiopia. . It has got an altitude of 617 meters above sea level. The testing
was done using ordinary cooking Aluminum pot with a capacity of 5 liters of water. The pot is painted black in
the outside surface and put at the focal point without any insulation. The test was performed based on the testing
conditions outlined in the international standard procedure for testing of solar cookers.
The tests were conducted for three consecutive days from 10:00 to 14:00 solar time. The following quantities
were measured during the experiment. Ambient air Temperature, water temperature profiles in the cooking pot,
the instantaneous solar radiation and wind speed. The temperature of the water in the pot was measured by
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averaging the readings of Copper –Constantan thermocouples mounted at two points. The readings were
recorded every ten seconds using Delta-T data logger. The solar radiation was also measured using GS1 dome
Solarimeter.

3. THERMAL FIGURES OF MERIT OF THE COOKER
3.1 Standard Sensible Cooking Power
This Parameter is taken based on the temperature change of the test load under known insolation conditions. The
values are corrected to a standard horizontal insolation of 700 W/m2. The process for calculating this figure is
nearly identical to that developed by Funk et al. in ASAE S580 [2] and is given below.
The temperature change of the water shall be measured over 10-minute intervals, and cooking power shall be
computed by:
m c (T − T1 )
P= w w 2
(1)
600
Where

mw =

Mass of water in cooking pot, c w

= Specific heat of water, T2 = Water temperature at end of

interval, T1 = Water temperature at beginning of interval. Equation 1 is divided by 600 because there are 600
seconds in each 10-minute interval. The standard sensible cooking power is obtained by normalizing the cooking
power by 700 W/m2 through eq. (2) as:

 700 W / m 2 

Pn = P


I


Where, I = Horizontal insolation averaged over the 10-minute interval.

(2)

Finally, these equations must be reduced to a single measure of performance. This is done by plotting Pn against
∆T and performing a linear regression, where ∆T refers to Twater-Tambient (recorded for each interval). Based on
the regression fit (R2 >0.75) the standard sensible cooking power is taken at ∆T = 50 oC.
3.2 Standard Heating Time
Sensible heating time is more important to the user than power and temperature. It is normally the time taken to
perform a cooking function. Therefore, this figure of merit indicates how long it will take the cooker under
investigation to heat a known quantity of water to 50°C above ambient temperature under a horizontal insolation
of 700 W/m2.
The sensible heating time is given by:

t=

mwcw∆T
η0 AI

(3)

Where η0 is the combined optical and heat transfer coefficient.
The standard sensible heating time is obtained by normalizing eq. (3) and given by:
 I∆T0 
t
t 0 = 

 I 0 ∆T 
Where I0 is 700 W/m2. and ∆T0 is 50oC.

30

(4)

4. ENERGY AND EXERGY EFFICIENCY OF THE SOLAR COOKER
Energy efficiency of a solar cooker can be defined as the ratio of energy output (only the increase of the water
energy due to temperature growth) to the energy input (the energy of solar radiation) [8]. Thus the instantaneous
energy efficiency of the cooker is given as:

ηI =

[

mc p T fw − Tiw

]

(5)

IA∆t

Where m is the mass of water in the pot, Tfw and Tiw are the final and initial temperatures of water in the time
interval ∆t, cp is the specific heat of water and A is the area of the reflector.
Petala (1964) examined for the first time the Exergy of solar radiation, and concluded that thermal radiation from
the sun is relatively rich in Exergy. Bejan (1987) presented a unified theory. Exin,solar or Exergy of solar radiation
per unit collection area reaching the ground is [5]:

 T 
Ex in , solar = I 1 − a 
 Ts 

(W/m2)

(6)

Where I is the mean solar radiation intensity between consecutive reading and Ta is the ambient temperature.Ts is
the temperature of the sun and is taken equal to 5600 K.
The second law efficiency or Exergy efficiency is defined as the ratio of cooker output Exergy (increase of
Exergy of water due to temperature rise) to the Exergy input (Exergy of solar radiation). Thus the instantaneous
Exergy efficiency is given by:

T fw 

mc p  T fw − Tiw − Ta ln

Tiw 


(

η II =

)

 T
I 1 − a
 Ts


 A∆t


(7)

5. ANALYTICAL FORMULA FOR SOLAR COOKER DESIGN
In order to design a parabolic solar cooker a few basic equations are sufficient. Normally a parabolic solar cooker
is a storage collector without any power transported out of the system. The energy balance of this system with the
equation of the cooker efficiency is:

mc dθ

dt

= (η 0 I − Kθ )A

(8)

Where: m is the mass of the water in kg, c is the specific heat capacity of water in KJ/kg.k,θ is the temperature
difference between pot content and ambient,ηo is the optical efficiency of the solar cooker, I is the solar radiation
in W/m2, K is the thermal loss coefficient in W/m2.k and A is the cooker aperture area in m2.
The thermal loss coefficient can be calculated from the data of the heat-loss test and given by [10]
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K=

 θ (t
)
mc
ln start 
t end − t start  θ (t end ) 

(9)

After simplification, eq. (8) can be written in simplified form as:

θ (t ) =

K1
1 − e − K 2t
K2

(

)

(10)

Where K1 and K2 are constants to be evaluated as:

K1 =

η 0 IA
mc

and

K2 =

KA
mc

(11)

6. ECONOMIC ANALYSIS OF THE SOLAR COOKER
Solar processes are generally characterized by high first cost and low operating costs. Thus, the basic economic
problem is comparing an initial known investment with estimated future operating costs. Solar energy equipment
is bought today to reduce tomorrow’s fuel bill. The objective of the economic analysis can be viewed as the
determination of the least cost method of meeting the energy need, considering both solar and non solar
alternatives. Here the method of discounted cash flow analysis is used rather than the straight payback period.
6.1. Net Present Value
The net present value NPV of an investment is the difference between the total present value of the future
savings and the capital cost of the investment. i.e.

NPV = ∑ PV − C I Where C I is the initial investment

(12)

By applying the above equation for each year of the life span of the solar system for all future payments on
maintenance and for all future energy savings, the total present worth can be determined. If the calculated net
present value is positive, then money will have been made by installing the solar system.

6.2 Pay Back Period
The payback period (PBP) for the investment is the number of years for which the net present value (NPV) is
zero, or it can be defined as the time needed for the cumulative savings to equal the initial investment.

 C (i − i ) 
ln 1 + I e

Ce


pay back period = n p =
1 + i e 
ln 

 1+ i 
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(13)

Where Ce is the first year energy saving, CI is the initial investment, i is the interest rate on the money,
the inflation rate of the saved energy cost, np is the life span of the project.

ie is

7. RESULTS AND DISCUSSION
As mentioned before, the experiments were conducted in Gewane City of Afar Region. It has latitude of 10.2oN,
Longitude of 40.7oE and altitude of 617 meters above sea level. Different tests were conducted between 10:00
and 14:00 solar time. The measured values for ambient temperature, wind speed and beam radiation satisfy the
required measurement standards. Test results were analyzed and the thermal figures of merit of the cooker were
determined based on the previous equations. The calculated energy and exergy efficiencies are also displayed
here.

7.1 Water Heating Test
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Figure 1 shows the change of water temperature in the pot as a function of time for one of the tests. During the
experiment the solar radiation increased from 467 W/m2 to 596 W/m2 and the water temperature in the pot
increased from 309K to 364K. The maximum temperature was reached approximately after 1 hour. During this
time the ambient temperature varies between 306K and 307K.

460
4000

Fig. 4 Variation of water temperature and solar radiation with time

7.2 Standard Sensible Cooking Power
The standard sensible cooking power provides an insight as to the cooker’s ability to cook food but it also allows
for devices tested under the proposed standard to be compared to devices tested under any other standard. In
order to get this figure, the sensible cooking power was determined using eq. (1) from test results for three

33

consecutive days and normalized using eq. (2). A plot of normalized sensible cooking power (Pn) with
temperature difference between water in the pot and ambient air (∆T) was made as shown in Fig. 5.
The data was analyzed using linear regression. R2 values of 0.88, 0.969 and 0.927 were obtained for test1, test 2
and test 3 respectively. These values are above the lower limit of the recommended regression coefficient for
tests (R2>0.75). The standard sensible cooking power of the three tests was determined using at ∆T values of 50
o
C for all the three tests and has values of 169.77 W, 196W and 223 W for Test 1, Test2 and Test 3 respectively.

Fig.5 variation of sensible cooking power with temperature difference

7.3 Standard Heating Time
The standard heating time was calculated from the sensible heating test. It takes approximately 40 minutes for
water temperature to increase by 50 oC above ambient air. Taking average value of 550 W/m2 of radiation and
employing eq. (4) standard heating time of 40.44 minute was obtained. Hence after approximately 40 minutes,
the water temperature in the pot increased by 50 oC.

7.4 Energy and exergy Efficiency of the cooker
The variation of instantaneous energy and exergy efficiencies as a function of time is presented in fig. 6. The
energy efficiency varied from 15.25% to 49.2%. The exergy efficiency varies from 2.3% to 4.4%. Instantaneous
energy decreases continuously with time due to less heat energy gain as the temperature of water increases.
Whereas, the instantaneous exergy efficiency of the cooker increases reaches a peak value and then decreases
with time, which shows that for maximum instantaneous exergy efficiency, the instantaneous initial temperature
must be optimum.
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Fig 6. Variation of Energy and Exergy efficiency of the solar cooker with time.

The cooker has an average instantaneous energy efficiency of 32.2% and an average exergy efficiency of 3.35%.
Energy and exergy efficiencies are mainly affected by the level of water temperature, solar radiation energy and
ambient temperature. The combination of the three factors generates characteristic maximum exergy efficiency,
whereas the energy efficiency keeps on decreasing during the test.

7.5 Comparison of Values obtained by Analytical equation and Experiment
Experimental results for temperature difference between pot content and ambient air were compared with
Analytical equation given by eq. (10). Summary of the comparison is shown in Table 1 below.

Table 1 Summary of Comparison of analytical and experimental values

Time
[second]

θ (t ) obtained using equation
(11)

[ C]
0

θ (t ) obtained by

Percentage error [%]

[ C]
0

600

24.1815

measurement
26.5500

1200

37.5284

36.8100

1.9143

1800

44.8951

42.9700

4.2881

2400

48.9612

48.6500

0.6356

3000

51.2054

52.4700

2.4101

3600

52.4441

53.9700

2.8273

8.9208
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The data is plotted with time as shown in fig below. From fig. 7 (Table 1) it can be observed that, the Analytical
formula gives reasonable results compared to experimental results. Hence the formula can be used to observe the
time it takes to raise a given amount of water above ambient air temperature.

Fig. 7 Comparison of Experimental and Analytical results

7.6 Net Present Value of the cooker
The economic analysis of the cooker is performed by taking energy of kerosene stove as a base line. The net
present value is computed by assuming that the initial capital is a loan which will be paid in yearly basis. It was
assumed that the cooker can boil 15 liters of water per day. For kerosene stove efficiency of 30% (the efficiency
of kerosene stoves used in most of the households of Ethiopia is 30%), approximately 107.2 liter of kerosene is
required per year. The current price of kerosene is taken as 20 birr. Thus, the yearly cost of kerosene would be
2144 birr. The initial investment cost of the cooker is 800 birr. Maintenance cost of 200 birr, annual kerosene
cost inflation rate of 10% annual maintenance cost inflation rate of 5%, annual interest rate of 10% and a five
year life span of the cooker were assumed for the analysis. (1USD ~ 17.00 Birr)
The Economic parameters of the cooker are summarized in table 2 below.
Table 2 Summary of cash flow of Economic parameters of the cookers

year

Kerosene cost

Present Value of

Maintenance

Present value of

savings per

kerosene cost

cost per

Maintenance cost

year[birr]

savings[birr]

year[birr]

per year[birr]

1

2144.0

2122.8

200.0000

198.0198

2

2358.4

2311.9

210.0000

205.8622

3

2594.2

2517.9

220.5000

214.0151

4

2853.7

2742.3

231.5250

222.4910

5

3139.0

2986.7

243.1013

231.3025

Net present value
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12681.60

1071.691

As summarized in table above the net present values of the Kerosene cost savings and the present value of
maintenance costs are added. Hence using equation (12)

NPV = ∑ PV − C I Where C I is the initial investment
∑ PV = net present value of Kerosene cos t savings − Net present value of Ma int enace cos t
∑ PV = 12681.6 birr − 1071.691birr = 11609.909 birr
⇒ NPV = 11609 . 909 birr − 800 birr = 10809 . 909 birr
Since the net present value is positive, money is saved by using the solar cooker and this shows that the project is
Economical.

7.7 Payback period
The payback period is determined considering the discounted cash flow analysis method using eq. (13). Where
the first year energy saving Ce is 2144 birr, is the initial investment CI is 800 birr, the interest rate on the money i
and

the inflation rate of the saved energy cost

ie are 10% each. Based on this data a payback period of 0.4 year

or approximately five months is obtained. Hence the money invested on the cooker can be returned in
approximately five months period, which is very short, compared to the five year life span of the cooker.

8 CONCLUSION
The solar cooker considered in this study can effectively be applicable in most parts of Ethiopia especially in arid
zones due to its low initial and running costs. The increase in number of Aluminum reflecting panels on the
parabola cage allows approximating the shape accurately and this helps to increase collection efficiency of the
cooker. From experimental results, it was observed that as time goes on the incoming solar radiation is used to
compensate for the heat loss rather than heating the water, which results in lowering the instantaneous efficiency
of the cooker. The exergy efficiency of any solar cooker is low because input solar radiation is rich in exergy and
being utilized in the form of heat at low temperature. The cooker has acceptable energy and Exergy efficiency
when compared to other cookers reported in literature. It was observed from the study that, there is good
relationship between experimental result and results obtained using analytical formula. The economic analysis
performed on the cooker indicates that the cooker has a very short payback period compared to its life span. This
is due to its low initial and running costs.
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1. Introduction
The CCStaR project started in 2006 with the aim to bring to the market a solar collector capable of working
in the range of 100ºC to 200ºC that could, at the same time, be easily integrable into light building roofs. The
two principal target markets for the development were industrial process heat applications and double stage
solar cooling.
For the supply of heat in this range of temperatures mainly two designs are currently used: Parabolic trough
and Fresnel collectors. Although both designs can be efficiently used on ground applications as well as in flat
roofs, capable of resisting moderate to high loads, neither of them are well suited for the light roofs often
found in industrial buildings.
Therefore the possibility of using a different approach, based on the concept of the Fixed Mirror Solar
Concentrator (FMSC), was explored. The main advantage of this kind of solution is that the largest element
of the collector, i.e. the mirror, remains fixed to the building structure thus reducing the wind loads and
simplifying the collector integration.
The original geometry of the FMSC, tested during the seventies by the General Atomic Company (Russell
1976), as well as curved mirror alternatives, were thoroughly analyzed using ray tracing procedures (Pujol et
al. 2006, Martinez et al. 2006). Comparing the different alternatives, both from the point of view of
efficiency and from manufacturing considerations, a reflector based on a single parabolic reflector was
chosen.
It is known that a parabola only has a point focus for normal incidence. Nevertheless, given a high enough
f/W ratio (where f is the focus distance and W the aperture width) the dispersion of the radiation can be kept
in a reduced area for all of the significant (from the energy point of view) sun angles. Furthermore the path
described by the area where the radiation is concentrated is a circular path which can be easily tracked with a
rotating arm (figure 1).

Fig. 1: Geometry of a FMSC based on a parabolic mirror

Although under ideal conditions the f/W ratio should be as high as possible, when the sun size, the mirror
errors and the tracking precision are considered, it is found that increasing the f/W ratio over a certain value,
can in fact, reduce the averaged collector efficiency. Furthermore, increasing the f/W ratio increases both the
cost of the tracking mechanism and the visual impact of the collector. Therefore, it is unlikely that f/W
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values higher than 1.5 be of practical use in most applications, despite small efficiency improvements could
be reached using higher f/W ratios. This fact, on the other hand, limits the geometric concentration ratio to
values between 12 to 15 in order to capture most of the incident radiation (figure 2).

Fig. 2: Variation of the seasonal energy captured at different f/W ratios for collector installed in a south oriented surface with
a slope of 15º (the values of D/W and f/W are numerically identical)

2. CCStaR basic design
2.1. Grid structure
It is a common practice for linear concentrators to try build rows of collectors as long as possible in order to
minimize the tip loses. That naturally gives to modular designs which are assembled linearly in rows of
variable length depending on the space available. Each row (up to a certain limit) shares the same tracking
mechanism that usually transmits its action though a torsion element (figure 3).

Fig. 3: Linear desging of a FMSC

This basic design, although has been successfully applied to parabolic troughs and Fresnel collectors, can not
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be easily extended to the CCStaR design, mainly because of the relatively large aperture width to focus
distance. This implies that large moving structures should be build to provide precise positioning for an
element capturing the energy of a relatively small aperture compared to PT or Fresnel collectors.
Another difficulty found in order to efficiently assemble a set of fixed mirror solar concentrators into a
usable collector is that, due to the relatively small concentration ratios, the use of evacuated tubes is
mandatory but, again due to the low concentration ratio, expensive tubes with inlet and outlet connections on
each tip of the tube are not affordable for such a small aperture. Fortunately, it is possible to adapt
conventional U-pipe evacuated tubes to work properly at such concentration levels, but then both inlet and
outlet connections lay on the same tube tip, hindering the construction of large receiver rows.
Thus, instead of trying to build large aperture width collectors grouped in rows, a design was chosen with a
small aperture of about 0.55 m, combined with standard U-pipe tubes with absorber diameters between 40 to
47 mm. Then, in order to reduce the cost of the tracking mechanism and the assembly times, the tubes were
arranged in a grid structure with two hydraulic manifolds and a beam structure responsible for the
positioning of 32 evacuated tubes organized in eight rows (figure 5).

2.2. Receiver geometry
In order to efficiently convert radiation reflected from a fixed mirror solar concentrator the absorber should
be able to capture radiation coming from a large range of different angles. To accomplish this goal three
.(different solutions can be used (figure 4

Fig. 4: Receiver geometry

The simplest of the three options, is the use of a cylindrical receiver (option a in figure 4) because the second
option (flat collector) would require the orientation of the receiver, which would in turn complicate the
hydraulic connections, and the third option would require the addition of a moving secondary reflector.
The only drawback of the cylindrical solution consists in its higher radiant surface, about a 60% higher than
in the case of the flat plate receiver.
3. First prototype
3.1. Description
From the described general design, a first prototype was built and evaluated in 2008 by the company
Tecnologia Solar Concentradora SL a technology development company participated by the University of
the Balearic Islands. As shown in figure 5 the overall dimensions of the CCStaR module were roughly 4.5 m
wide per 6 m long. The receiver part consisted of 32 standard Sydney U-pipe tubes with an absorber
diameter of 47 mm. Sydney tubes where chosen because of its cylindrical shape and its excellent cost to
efficiency ratio. The reflector consisted of 16 tiles manufactured as sandwich panels with a reflective
aluminum sheet as the top layer, each of the tiles had two parallel parabolic trough surfaces, and measured
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1125 mm width per 1500 mm long. The reflector tiles were assembled with fast joints on laser cut steel
profiles while the structure supporting the evacuated tubes was manufactured out of standard aluminum
profiles. The tracking mechanism consisted in four articulated arms supporting the whole evacuated tube grid
animated by two DC motors controlled with on/of switches (Martinez et al. 2007).

6m

4.5 m

Fig. 5: First CCStaR prototype (2008)

3.2. Prototype testing
The collector started operation in July 2008, after a few tests sudden tube breakings started but, despite those
problems, enough operation hours where achieved to accurately measure the efficiency of the system. Due to
the large dimensions of the system it was not possible to make measurements at normal incidence, except
those made using only one reflector tile and two evacuated tubes, positioned with a two axis tracker, and a
special supporting structure for the tubes. These partial measurements, despite its interest, can not be directly
extrapolated to the whole collector, except for the optical efficiency, because thermal loses in the hydraulic
collector are not taken into account. Even for the optical efficiency, partial results may not be highly accurate
due to the fact that the fixed structure used to position the evacuated tubes should not necessarily have the
same average precision than the mobile structure of the CCStaR collector.
Therefore the efficiency coefficients had to be evaluated in two steps: First, the IAM curves of the collector
were estimated using a ray tracing model of the collector, taking into account, not only the detailed geometry
of the collector, but also the geometrical errors measured on the prototype. Then, the efficiency coefficients
were obtained comparing the ray tracing results with the actual efficiency points measured in situ according
to the quasi dynamic method described in the EN 12975 norm (EN, 2001; Pujol et al, 2010). Table 1 shows
the obtained coefficients.
Tab. 1: Efficiency coeficients of the first CCStaR prototype (2008)

0 [-]

c1[W/(m2K)]

c2[W/(m2K2)]

c3 [J/(m2K)]

0,6803

0,6381

0,0054

6490

The figure 6 shows a comparison between the results obtained using those coefficients and the estimated
IAM curves.
3.3. Evaluation of the first prototype
Although this first prototype demonstrated the technical feasibility of the CCStaR concept, a series of
problems were encountered that should be solved before efficiently using it in practical applications. Despite
some of those problems have already been described in earlier presentations, we will now briefly describe
them as they constitute the basis for the improved design described in the next sections.
The main problem of the first prototype was no doubt the issue of the tube breakings (Martinez et al. 2008).
After some analysis it was concluded that the main factor inducing those breakings were the high
temperature gradients occurring in the glass absorber in the zone of the highest radiation flux. It should be
taken into account that although geometrical concentration ratio was only about 12, the uneven radiation
distribution led to areas with more than 30 suns that lay only a few millimeters from others with almost no
radiation exposure. Another possible cause that could be contributing to the problems were the dilatations in
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the hydraulic collector when the transport fluid increased its temperature more than 100ºC. As the U-pipes of
the tubes where directly connected to the 4 m long hydraulic manifolds, its tips would be forced to move
several mm while remaining attached to the very precisely positioned (< 1mm) evacuated glass tubes.

Fig. 6: Measured values vs model estimtations for the first prototype

The second problem encountered is that for low angles in the axial plane (winter time for a N-S oriented
collector) the efficiency was lower than expected due to the large shadows casted by the upper structure and
by the large space left between reflector tiles of the same row. The later were the spaces occupied by the
rotating arms supporting the upper structure and its gearboxes. This spacing had little influence on the
collector efficiency for normal incidence because its projection on the evacuated tubes was almost coincident
with the area occupied by the manifolds.
Another area that required improvement was that of the mechanical precision of the upper structure. While
the positioning of the reflectors and the rotating arms was perfectly under the specified tolerances, the
evacuated tubes presented an average absolute horizontal misalignment of 0,9 mm and a vertical one of 3,7
mm. With maximum values of about 4 mm for the horizontal positioning and as much as 18 mm in the case
of the vertical alignment. As could be expected the largest errors were found to be at the most external tube
tips while the tips connected to the manifolds showed much smaller errors. The causes of the misalignments
were both due to poor manufacturing precision and excessive deformations of the supporting structure.
Therefore a complete redesign of the upper structure was prescribed.
Both linear and quadratic thermal loses coefficients were larger than expected, after some analysis it was
found that the isolation of the manifolds was insufficient and degenerated further due to problems with the
water tightness of its external cover.
Finally the tracking mechanism, although was capable of tracking the sun under the specified tolerances,
required almost continuous switching of the motors in order to align both couples of arms to each other, what
was considered a risk for the durability of both the motors and the control system.
4. Design improvements
When the redesign was started the obvious first step was to avoid evacuated tube breakings. The possibility
of continue using Sydney tubes with some design improvements was analyzed. Nevertheless it was found
that extreme temperature gradients would still be present even with the best possible designs, due to the low
heat conductivity of the glass and to the number of different materials heat should go through before
reaching the heating fluid (figure 7). That fact combined with the fragility of glass implied that sporadic and
sudden tube fractures were unavoidable under such high and uneven radiation fluxes unless the absorber
material was changed.
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The alternative to the Sydney tubes were some kind of metal absorber evacuated tubes. The problem there
was that typically metal absorber tubes either were designed for apertures in the range of several meters, or
they were not manufactured in a cylindrical shape. Eventually, the German manufacturer NARVA developed
a specially curved fin U-pipe that fitted perfectly with the specifications of the CCStaR design (figure 7).
The new evacuated tubes overcome the issue of tube breaking because the selective coating is applied on a
copper fin that, given it is allowed to expand freely inside the evacuated tube, does not develop the critical
stresses that were present in the glass absorber. In addition the copper fin is directly soldered to the pipes
containing the heat carrying fluid, shortening the path between the selective layer and the heat carrying fluid,
and thus allowing for higher efficiencies.

Fig. 7: Change in evacuated tube design

In order to improve the longitudinal IAM curve three measures were taken:
-

The separation between reflector tiles of the same row was reduced to the minimum
required for the rotating arms to move.

-

The structure supporting the evacuated tubes was assembled from steel laser cut “truss
like” beams, instead of using standard aluminum profiles. That allowed a lighter and “less
opaque” design (see figure 8).

-

The overall length of the collector was increased from 6 to 8 m. With this change, first the
tip losses were reduced (related to the captured energy) and additionally the larger
separation between structural elements produces also a reduction in the shadowing losses.

During the upper structure redesign one of the major considerations was the precise positioning of the
evacuated tubes. A detailed finite element analysis of the different structural elements was performed, in
order to be able to reduce the element deformations to the required tolerances, or to pre-compensate those
unavoidable deformations. This later approach was only used in the case of the two longitudinal beams, due
to its length (8 m) and the comparatively large loads they support.
In the first prototype the external cover of the manifold acted as a structural beam. Combining those two
functions complicated the tightness of the design and made the hydraulic connections more complicated
therefore the two functions were split adding a truss like laser cut beam to support both the evacuated tubes
and the manifold itself.
The two DC motors of the first prototype were substituted by a single AC motor driving the four articulated
arms. With this solution, at the same time than a cost reduction is achieved, the control algorithms are
simplified and fewer adjustment switches are required to correctly track the sun. The only drawback of this
solution, is that almost eliminates the possibility of a feedback based fine tracking, that could compensate
small misalignments in the transversal direction. Nevertheless this option was already been discarded from
the evaluation of the first prototype, after verifying that the kind of corrections that could be induced by
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moving the evacuated tubes connected to each manifold separately, were not able to correct the main
positioning errors found.
Other improvements included special positioning tools and reference marks included in some pieces to
reduce assembling times and the division of large elements in subparts to allow an efficient packaging and
transportation.

Fig. 8: New upper structure design

4.1 Evaluation
After two years of development, the new prototype was built and started operation in February 2011. In the
figure 9 a picture is shown of the collector. As of now, tube breakings have not been observed insofar,
neither during the assembling nor during the operation of the collector.

Fig. 9 New CCStaR prototype (2011)

Regarding the collector efficiency, measurements have been done at average temperatures from 56 to 136ºC.
Although the complete analysis, combining the efficiency measurements with a detailed ray tracing
calculations, has not yet been finished, a direct comparison of the obtained values with the values obtained
with the first prototype shows a great improvement in efficiency for every point analyzed (figure 10). In
average the measured points show an improvement of a 35% with a minimum of a 16% and a maximum of a
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100%. When coming to the energy output, the difference with the first prototype is much higher because of
the fact that the neat aperture has grown from 24 to 37 m 2 which combined with the increase in efficiency
produces an average increase in the energy output of about a 110% while costs have increased only by a 50%
(roughly) compared with the first prototype.
Furthermore it is expected that higher efficiency increments could be achieved, due to the fact that the
geometric analysis of the positioning of the receivers in relation to the mirrors revealed a systematic
misalignment of about 5 mm in the horizontal direction between the anterior and posterior manifolds. This
misalignment comes from the assembly of the motor and the rotating arms and can be avoided by designing a
more robust assembling procedure.
Apart from the problem of the rotating arm alignment, and despite the larger dimensions of the second
prototype, improvements of the mechanical precision in the vertical direction of the upper structure have
been achieved, with an average absolute error value of 2.5 mm. In the case of the horizontal errors an
increase in the averaged absolute errors has been detected (even discarding the error in the positioning of the
rotating arms). The cause for this increment, apart from the larger dimensions of the collector, is related to
the fact that main longitudinal beams can not be manufactured in one single piece due to transportation
considerations and should be assembled in-situ. A small redesign of the upper structure is being carried out
to avoid this effect in the next facilities.

Fig. 10: Compared output (per square meter) of both prototypes.

5. Conclusions
A completely redesign of the CCStaR collector has been completed.
The new evacuated tubes have demonstrated a much higher stability under high radiation exposures. Neither
tube fractures have been detected, nor any other kind of degradation, after more than six months of operation.
In most of the cases analyzed the energy output of the new collector more than doubles the one of the first
prototype, with an average efficiency improvement of 35%, while costs per square meter have remained in
the same level than in the first prototype.
In situ assembly procedures have been greatly improved particularly regarding the pre - positioning of the
reflector structure.
After those improvements the viability of the CCStaR concept has been confirmed and the project has
reached the required maturity to start demonstration plants that allow evaluating the long term performance
and reliability of the collector.
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DESIGNING OF PARABOLIC SOLAR WATER HEATER
TECHNICAL AND DIMENSIONAL SPECIFICATIONS
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Abstract
Calculating technical and dimensional specifications of a solar water heater through a simple model has
always been a challenge. Nowadays such designs are being conducted by experiment more than calculations.
Developing a capable model in order to simulate the thermal behavior of the collector and storage tank
temperature with low computational load during its use in simulation and low error is required here. Recently
such a thermal model for parabolic solar water heaters has been developed by adapting the fully mixed
model of the storage tanks to consider the influence of storage tank inner box (Zahirnia at el., 2011);
however, a process should still be presented to estimate appropriate technical and dimensional specifications
of the solar water heater according to the customer needs and manufacturing and environmental
conditions. In this paper, this process is presented. The designing idea is the same as the idea of identifying
unknown parameters of a grey-box model. The only difference between these two ideas is that in identifying
unknown parameters of a model experimental data are required, while in the presented designing method
desired behavior of the device is expressed by a target diagram. Here as a simplifying assumption the target
diagram is assumed to be a linear one depicted according to the customer needs. This linear target diagram is
then modified along with the designing process. Applying an optimization method (genetic algorithm (G.A.)
technique is used here), storage tank temperature in the simulated model is converged to the target diagram
with minimum possible error. The set of numbers that G.A. has used in the simulated model to gain this
minimum error are considered as the desired technical and dimensional specifications of the solar water
heater. The results obtained demonstrate the viability of the proposed designing process.
Keywords: Parabolic solar water heater, Technical specifications, Dimensional specifications, Designing
method, Genetic Algorithm method.
1. Introduction
In regard to solar water heaters, generally flat plate and evacuated tube collectors consist of a set of relatively
more simple components. On the other side, parabolic trough collectors are more sophisticated collectors.
This sophistication has led to lack of attention toward this type of solar water heaters. The advantages of the
parabolic type have been demonstrated in other studies (Zahirnia, 2011). In this paper a thermal model of
parabolic solar water heaters (Zahirnia at el. , 2011) is used to calculate collector dimensions and pump flow
rate according to the customer needs. Like other thermal systems the model is a grey-box model which is
involved with unknown parameters. After identifying the unknown parameters of the model, this designing
method is applicable. Here the unknown parameters used in designing method, have been indentified for a
specific manufacturer – K.N.Toosi University of technology, first prototype – (Zahirnia at el., 2011). Further
detailed classification of the model parameters is described in section 3. Here pump flow rate and collector
dimensions are assumed as designing specifications. To calculate these specifications, an optimization tool is
used here. Through different optimization methods Genetic Algorithm (G.A.) method has been selected here
due to its advantages over the conventional optimization methods (Fleming and Purshouse, 2002; Gray at el.,
1998; Horst et al., 2000; Vazguez at el., 1997). G.A. optimization method adjusts storage tank temperature in
the simulated model to the target diagram by changing the designing specifications.
This paper is organized as follows: Section 2 describes the first and the second prototypes of K.N.Toosi
University parabolic solar water heaters in detail. Section 3 is dedicated to introducing the designing method.
The thermal model and classification of the thermal model parameters is introduced in this section along with
the storage tank temperature target diagram and G.A. settings. In this section a formula to modify the target
diagram is also presented. This modification makes this designing method an iterative one. In Section 4 the
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calculated specifications of the parabolic solar water heater are tested by using them in the simulated model
and the results are discussed. Conclusions come up at the end of the paper.
2. Parabolic solar water heater description
The first K.N.Toosi University parabolic solar water heaters shown in figure 1, was built in 2009 (Arebi,
2009). In 2011 the second prototype of this parabolic solar water heater shown in figure 2, was manufactured
in Taban Industrial Group (Zahirnia, 2011). The second prototype has several advantages over the previous
one (Zahirnia, 2011). In the various types of solar water heaters (Zahirnia at el. , 2011), these solar water
heaters are split, open ones with parabolic collectors.

Fig. 1: First prototype of K.N.Toosi university parabolic solar water heater (Arebi, 2009)

Fig. 2: Second prototype of K.N.Toosi university parabolic solar water heater (Zahirnia, 2011)

In this paper the designing method has been conducted based on the identified unknown parameters of the
first prototype (Zahirnia at el., 2011); thus, detailed specifications of the first prototype have been
demonstrated in table 1.
Tab. 1: Specifications of the first prototype of K.N.Toosi University parabolic solar water heaters (Arebi, 2009)

Collector specifications
Aperture width (meter)

1

Mirror thickness (mm)

4

Collector length (meter)

2

Concentration ratio

90

Parabola focal point distance (cm)

25

Acceptable angle (degree)

2.5

Receiver outer diameter (mm)

22

Edge angle (degree)

90

Receiver inner diameter (mm)

20

---

Storage tank specifications
Maximum capacity (lit)

60

Storage scale (cm)

50 × 50 × 50
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Insulation type

2

---

Equipments specifications
Pump power (Watt)

40

Pump flow (lit per min)

1-15

Pump head (meter)

Stepper motor torque (Kg × cm)

10
40

3. Designing approach
3.1. Parabolic solar water heater thermal model
From control point of view, the manipulated variable is the fluid flow rate which can be adjusted by a control
valve (see fig. 2). The most common controller in such apparatus is on-off controller (Haris, 2007), thus, the
flow rate is constant during the operation but optimum constant value for the flow rate should be calculated.
In this paper this optimum constant is considered as the only technical specification of the parabolic solar
water heater. To design parabolic solar water heater pump flow rate and collector dimensions an appropriate
thermal model is needed. The model used in this paper is indicated by (1) to (3) (Zahirnia at el. , 2011). Since
this model contains physical parameters and low computational load during its use in simulation, it is
suitable to be used in the designing.
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Parameters and symbols used in the model are described in List of Symbols at the end of the paper;
meanwhile, some of them are shown in figure 2. Collector aperture can also be easily calculated using (4).
 4 × 

(eq. 4)

Fig. 2: Piping diagram of the solar water heater

3.2. Parameters classification
Since this designing method is a model base one, the model parameters must be classified first so that the
designer knows how to treat them. Here four different classes are assumed for various parameters of the
model.
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3.2.1. Defined parameters

This category consists of the parameters which are considered to be constant and the parameters which vary
according to a predetermined function (functions of time, temperature, number of users, etc.). Parameters
which refer to physical properties, manufacturing and environmental conditions are listed here. All various
defined parameters of the parabolic solar water heater model are indicated in table 2. In this paper the
designing is dedicated to the K.N.Toosi University of Technology prototype installed in Iran-TehranK.N.Toosi University-mechanical department, thus, the related defined parameters (Zahirnia at el. , 2011) are
used in the designing process. Here the average of 20 liters for one person per day is assumed to calculate the
storage tank volume (Gleick and Iwra, 1996) and the solar water heater is designed for 4 users.
Tab. 2: defined parameters

Parameter

%
!



Unit
W m7 K 7

Quantity
77.20
58.66

W m7 K 7
°9 :; K
W m7

293.15
750

'
#

W m7 K 7
Constant

%


Constant

0.6875

kg m7*

A defined function of temperature



%

m

J kg 7 K 7



J kg

,

7

lit

K

7

0.666
4.23
0.025
A defined function of temperature
A defined function of temperature
4 × 20  80

3.2.2. Output parameters

These parameters are the model outputs. Here G.A. adjusts the target diagram to only one of the output
parameters namely, storage tank temperature ( ). Table 3 shows the model output parameters.
Tab. 3: Output parameters

Parameter


Unit
°9 :; K


*

Category
active output

°9 :; K
°9 :; K

inactive output
inactive output

3.2.3. Calculating parameters

G.A. tries to adjust at least one of the model outputs to the related target diagram (section 3.3) by changing
the calculating parameters. Table 4 indicates parameters that considered as calculating parameters here.
Tab. 4: calculating parameters

Parameter

4


Unit
0

0
0* ⁄I
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3.2.4. Adapting parameters

The optimization tool uses different calculating parameters in various iterations. Due to the changes in
calculating parameters, some parameters change consequently such as receiver inner diameter that changes
according to the collector aperture magnitude. Table 5 shows the model parameters that are considered as
adapting parameters.
Tab. 5: Adapting parameters

Parameter

$
0% 
$%

$%

()
123

,-.

Unit
0
0
'K

0
0
0*

Appropriate formulas are required here to estimate changes in adapting parameters. These parameters are
functions of collector dimensions. In this paper the concentration ratio is considered to be 50 (Kalogirou,
2009). Concentration ratio is presented by (5). Appropriate functions to describe two adapting parameters of
the collector model are presented by (6) and (7).
9. M. 
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(eq. 5)
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(eq. 6)


× OP 
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(eq. 7)

It should be noted that the formulas that present changes in adapting parameters are highly dependent to the
manufacturing spatial specifications and can be both the same or different for various manufacturers. In this
paper these formulas are presented based on the K.N.Toosi University first prototype spatial specifications
(see fig.1). Since the storage tank is a square made out of sheets, (8) to (11) present storage tank adapting
parameters.
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(eq. 9)
(eq. 10)
(eq. 11)

3.3. Target diagram
In this designing method, appropriate target diagram(s) for at least one of the output parameters is required.
These diagrams should present the desired properties of the device; thus, it is depicted according the
customer needs. Here the following properties, described in table 6 are considered as the desired properties
of the parabolic solar water heater.

52

Tab. 6: desired properties of the parabolic solar water heater

Properties
operating time

Parameter
W

number of users

Unit
min

Quantity
150

X

Person

4



°9

20

°9

50

%

initial temperature
Customer desired temperature

Temperature (◦C)

By considering these parameters the simplest assumable target diagram for the storage tank temperature is
the linear line shown in figure 3. While storage tank temperature increases, the slop in a real diagram of
storage tank temperature decreases slowly due to increment of the storage tank thermal waste. As a result the
linear target diagram of the storage tank (fig. 3) should be modified. This modification is conducted along
with the designing; thus, the designing method is an iterative one.
Linear target

50
40
30
20
0

0.5

1
1.5
Time (hour)

2

2.5

Fig. 3: Target diagram for the storage tank temperature in the first step of the designing

3.4. Optimization tool
To adjust three mentioned calculating parameters the G.A. optimization method is used here. The fitness
function to be used in the G.A. in ith step of the designing is presented in (12) and G.A. settings are
determined in Table 7.
YZW[#II Y\[WZ:[O  ]+^ O  _1`ab /



(eq. 12)
Tab. 7: GA setting and parameters

Parameters

Value

Population size

20

Crossover rate

0.8

Mutation rate

0.2

Generations

20-30

Migration

Forward, fraction: 0.2, int.: 20

Selecting

Stochastic uniform

Reproduction

Elite count: 2

3.5. Target diagram modification
Due to the differences between real and linear target diagram for storage tank temperature, the target diagram
should be modified as mentioned earlier. The target diagram correction factor for ith step of the designing is
presented in (13).
9YOd    O e
c
9Y  0

(eq. 13)
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Considering the mentioned formula, the target diagram for ith step of the designing is presented by (14).
^ O  %  R

O

  %
S × W  W%   f 9YP
W

; W% i W i W%  W 

Pg

(eq. 14)

4. Results and discussion
Table 8 indicates the three calculating parameters which are calculated in the first step of designing.
Tab. 8: Calculating parameters in the first step of the designing

Parameters

Value



Unit
0

2.82

4

0

1.53



jZW⁄0Z[

1.00

Based on the calculated parameters in table 8, storage tank temperature of the simulated model is compared
with the first target diagram in figure 4.

Storage tank
temperature(◦C)

Linear target

Model output

50
40
30
20
0

0.5

1
1.5
Time (hour)

2

2.5

Fig. 4: Target diagram and the storage tank temperature of the simulated model in the first step of designing

As shown in figure 4, storage tank temperature in the simulated model has not reached to the desired
temperature of 50 ◦C. In the second step, the target diagram is modified using (15) and (16).
9Y      50  45.67  4.33
^   %  R

  %
S  W  W%   4.33
W

(eq. 15)
; W% i W i W%  W 

(eq. 16)

Considering (16) as the target diagram, three calculating parameters are calculated as shown in table 9.
Tab. 9: Calculating parameters in the second step

Parameters


4


Value
3.98
1.40
1.12

Unit
0
0

jZW⁄0Z[

Based on the calculated parameters in table 9, storage tank temperature of the simulated model is compared
with the second target diagram in figure 5.
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Storage tank
temperature(◦C)

Linear target

60

Model output

50
40
30
20
0

0.5

1
1.5
Time (hour)

2

2.5

Fig. 5: Target diagram and the storage tank temperature of the simulated model in the second step of designing

As shown in figure 5 storage tank temperature in the simulated model has almost reached to the desired
temperature of 50 ◦C. To check if the process would decrease the error step by step, the third step of
designing is conducted. The third step target diagram presented in (17) and (18).
9Y*  Yn  nYn  50  50.93  0.93

(eq. 17)

^ *  %  R

(eq. 18)

  %
S  W  W%   4.33  0.93 ; W% i W i W%  W 
W

Considering (18), three calculating parameters are calculated as shown in table 10.
Tab. 10: model identified parameters in the third step

Parameters

Value



Unit
0

3.16

4

0

1.67



jZW⁄0Z[

1.00

Model storage tank
temperature(◦C)

Based on the calculated parameters of all three steps the storage tank temperatures of the simulated model
are compared with each other in figure 6.

60
50
First step

40

Second step

30

Third step

20
0

0.5

1
1.5
Time (hour)

2

2.5

Fig. 6: Storage tank temperature of the simulated model in all three conducted steps

As shown in figure 6, final magnitude of the storage tank temperature diagram of the simulated model is
becoming closer to the desired temperature. The designing error can be easily calculated by (19).
p;;:; q#;#[WrK#O  s

  O
s × 100


(eq. 19)

Continuing designing steps, the designing error is decreased as shown in table 11.
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Tab. 11: Designing error

Designing step

Error

First step

8.66 %

Second step

1.85 %

Third step

0.74 %
5. Conclusion

In this paper a thermal model of parabolic solar water heaters is used to design a desirable solar water heater.
This includes designing of both dimensional and technical specifications for the desired device. Due to the
low computational load during its use in simulation and the accuracy of this model, it is suitable to be used in
the presented designing method. In order to calculate the designing specification all the parameter of the
model were classified first. This classification indicates how every single parameter of the model should be
treated in the presented designing method. As it is shown in section 4, the designing method can present the
desired specification in an acceptable manner. In this paper no limitation is considered for manufacturing
various dimensions of collectors, however some standard size is assumable. Considering these standard
dimensions can maturate this method.
List of Symbols
$
$% ()
$% ()
$%
$%

123

Receiver tube inner area
Storage tank inner surface in the simulated model
Storage tank inner surface in the first prototype

Q

Storage tank outer surface in the simulated model
Storage tank outer surface in the first prototype

123 Q

 
%
9YO
9. M.
OP

Water specific heat
Specific heat of the storage tank outer walls
Target diagram correction factor
Concentration Ratio
Receiver tube inner diameter


O
#



%
'
%

0%
0%

X

W
W
W%
!
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Q

u -

Receiver tube outer diameter
Final magnitude for the storage tank temperature in the simulated model in ith step
Constant error in collector modeling
Collector aperture
Solar beam irradiance
Heat transfer coefficient of the receiver tube
Heat transfer coefficient of the storage tank
Thermal conductivity of the storage tank insulator
Width of the storage tank insulator
Collector length
Mass of storage outer walls in the simulated model
Mass of storage outer walls in the first prototype
Customer desired temperature
Number of users
Pump flow rate
Time
Water heater maximum acceptable operation time
Operation embarking time
Ambient temperature
Temperature of collector outlet and storage tank inlet


*
^ O


%

,
,Q
,-.
,-.UV
4


Temperature of collector inlet and storage tank outlet and temperature of storage tank
(Temperature of the fluid inside the storage tank)
Temperature of storage tank outside walls
Target temperature
Desired final temperature
Average initial temperature of the storage tank

Thickness of receiver tube
Water volume in the storage tank in the simulated model
Water volume in the storage tank in first prototype
Equivalent water volume to consider thermal effect of inner box of storage tank in the
simulated model
Equivalent water volume to consider thermal effect of inner box of storage tank for the first
prototype
Collector width
Greek Symbols
Water density
Collector efficiency
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Abstract
Small-sized parabolic-trough collectors, PTCs, are the concentrating solar system technology with the
highest potential for thermal energy demand at temperatures up to 250ºC. The main applications in this
temperature range are industrial process heat production, heat-powered refrigeration and cooling (especially
double-effect absorption chillers) and low-temperature heat demand with high consumption rates (domestic
hot water, space heating and swimming pool heating). A representative number of such facilities, mainly
located in the United States, have been installed during the last three decades. Recently, private business and
public institutions have shown a growing interest in this technology. The CAPSOL project undertakes the
design, construction and testing of an innovative small-sized PTC for temperatures up to 250ºC. Three
Spanish partners are participating, the Plataforma Solar de Almería, PSA, the University of Almeria, and the
company Composites y Sol S.L. The testing was done in a solar optical and thermal performance test facility,
designed and erected at the PSA. After the development and assessment of a first prototype, CAPSOL-01,
some improvements were made and a second prototype, CAPSOL-02, was developed and assessed.
Commercial version of CAPSOL collector is already on the market. This paper focuses on the final results of
this project.

Keywords: solar thermal energy, parabolic-trough collector, industrial process heat, absorption chiller, water
heating.
1. Introduction
Thermal energy demand at temperatures up to 250ºC currently represents a relevant percentage of global
thermal energy consumption. Small-sized parabolic-trough collectors, PTCs, are the concentrating solar
system technology with the highest potential for this thermal energy demand. On one hand, these
temperature requirements cannot be efficiently reached by conventional low-temperature collectors (flat
plate collectors, compound parabolic concentrators or evacuated tubes). On the other hand, use of solar
concentrating systems with high concentration ratios and high-temperatures absorbers would be
unnecessarily expensive. All these applications have stronger solar field space constraints than concentrating
solar power plants. Factories and commercial buildings today are usually located in industrial zones or
estates where the price of land is expensive, so installing the solar field on rooftops should be a real
possibility. Therefore, these PTCs should be modular, small (aperture width under 3 m), light-weight and, of
course, low-cost.
The main applications in this temperature range are:
• Industrial process heat, IPH, production. According to the last statistic of the International Energy
Agency, IEA, corresponding to year 2008, the main energy consumption worldwide –around 30%- was
registered in industrial sector, followed by residential and transport sectors (IEA, 2010). In 2007, there
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were about 90 operating IPH solar thermal plants1 with a total capacity of about 25 MWth (35,000 m2)
worldwide (Vannoni et al., 2008).
• Low-temperature heat demand with high consumption rates. One of the most widespread applications
of solar thermal energy is hot water production. According to an IEA report for 2009, solar thermal
collector capacity in operation worldwide equaled 172.4 GWth (182.5 millions m2), most of it for domestic
hot water (kitchen, shower, laundry and sanitation facilities), space heating and swimming pool heating
(Weiss and Maunthner, 2011).
• Heat-powered refrigeration and cooling, especially double-effect absorption chillers. The energy
demand associated with air-conditioning in most industrialized countries has been increasing noticeably in
recent years, causing peaks in electricity consumption during hot weather and disturbing the transport and
distribution grid (Henning, 2007).
• In addition, organic Rankine cycle power plants, pumping irrigation water and desalination are also
interesting applications that required thermal energy in this temperature range.
A representative number of facilities for the above mentioned applications, mainly for IPH applications, have
been fed with PTC solar plants during the last three decades (Fernández-García et al., 2010a). Most of the
facilities are located in the United States, although some have lately been built in other countries. Recently,
private business and public institutions have shown a growing interest in this technology. However, at
present only a few companies market PTC for such applications (Dudley, 1995; Lokurlu, 2005; Millioud and
Dreyer, 2008), while a number of prototypes are also under development (Schwarzer et al., 2008; Weiss and
Rommel, 2008).
The CAPSOL project undertakes the design, construction and testing of an innovative small-sized PTC for
temperatures up to 250ºC (Fernández-García et al., 2010b). The project started in May 2008 and finished on
December 2010 with funding from the Spanish Ministry of Science and Innovation. Three Spanish partners
are participating, the PSA, the University of Almeria, and the company Composites y Sol S.L. The testing
was done in a solar optical and thermal performance test facility, designed and erected at the PSA for
accurate testing of small-sized PTCs, under real ambient conditions. Two collector prototypes, called
CAPSOL-01 and CAPSOL-02, were successfully manufactured and tested. Commercial version of CAPSOL
collector is already on the market. This paper focuses on the final results of this project.
2. Methodology
This section presents methodology followed in the design and construction of CAPSOL prototypes. Test
facility erection is also briefly described.
2.1 Collector Design
The first step was to establish all specifications and requirements that the PTC must accomplish to have a
proper solar collector. The following specifications were taken into account in the design process:
modularity, small size, lightweight, easy installation and operation, minimal maintenance, durability in
outdoor conditions, high overall efficiency, and low cost.
The thermal behavior of different trough designs with the same basic geometric characteristics was analysed
and compared in detail using Fluent software for numerical simulation (Fernández-García et al., 2008).
Results of the comparison using numerical simulation gave overall heat loss coefficients and temperature
profiles.
The small PTC size allows a flat transparent cover (usually glass) to be added in the aperture plane. Such a
cover improves structural stability, simplifies and reduces maintenance and cleaning operations, while also
protecting the rest of the components from weathering, thereby increasing their durability. Therefore, the
thermal effect of including a flat glass aperture cover was emphasized in the simulation study.

1

China and Japan not included
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Three different trough designs were studied. Two of these designs had glass-tube covered receivers, one with
an additional flat glass cover in the aperture plane and the other without it. The third design had a noncovered receiver and a flat glass cover in the aperture. The effect of installing thermal insulation on the back
of the reflector was also studied in the designs with a flat-glass aperture cover. In addition, effects of trough
inclination was analysed in one of the design. Conclusions were the following:
• The collector design with a single flat-glass aperture cover has the highest overall heat loss
coefficient.
• The collector design with flat-glass aperture and tube covers has a lower overall heat loss coefficient
than the collector design with a single glass-tube cover.
•

It is suitable to incorporate a thermal insulation on the reflector back.

•

Collector inclination was found to be of nearly negligible importance to thermal behaviour.

If both technical advantages and theoretical simulation results are accounted for, a collector with a flat-glass
cover placed on the aperture plane and a non-evacuated glass tube surrounding the steel absorber tube was
considered the most suitable option, in general; and specifically appropriate for a very dusty environment.
Therefore, this design was selected for CAPSOL PTC (see figure 1). Absorber tube is placed at the rotation
axis, thus avoiding flexible connections.

Figura 1. Scheme of the selected geometrical configuration for CAPSOL collector

The final main geometric parameters, some of them established taking into account standard sizes of
commercial components, are given in Table 1.
Table 1. Main geometric parameters of the CAPSOL PTC

Parameter
Aperture width (m)

1.0

Total length (m)

2.0

Focal length (m)

0.2

Rim angle (º)
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Value

102.7

Acceptance angle (º)

2.0

Outer steel absorber diameter (mm)

18.0

Flat-glass cover thickness (mm)

3.0

Geometric concentration ratio

17.7

Heat transfer fluid, HTF type (thermal oil or pressurized water), operating conditions (temperature and fluid
flow) and absorber tube material (carbon steel or stainless steal) were also theoretically analysed in the
selected design with Fluent to optimize the operating conditions. The fluid flow required to achieve a level of
useful power is lower with water than with thermal oil. Therefore, the temperature increase per length unit
obtained at certain useful power is higher with pressurized water and this was the selected HTF. Despite the
fact that thermal conductivity of carbon steel is three times higher than the one of stainless steal, heat losses
power is very similar using both and stainless steel was finally used for practical reasons.
A theoretical model to calculate the incidence angle modifier was also developed in Matlab environment.
Lateral covers included in collectors with a flat glass cover to enclosure it produce a large shadowing at large
incidence angles. Therefore, this model is specially focused on this effect.
2.2 Collector Manufacturing
A market study was done to look for components which comply with the established technical specifications.
The following commercial components were bought:
•

The reflector is a 0.5-mm aluminium sheet with a special solar coating, Mirosun by Alanod Solar.

• The absorber tube is stainless steel with selective coating of black Chrome, by Energie Solaire.
Projects partners are currently studying the possibility of manufacturing an absorber tube with selective
coating to reduce the cost and improve optical and thermal properties.
• Covers are made of low-iron glass without AR-coating. Future versions will include AR-coated glass
covers.
Optical and thermal properties of these components are given in Table 2. Optical properties are solarweighted.
Table 2. Optical and thermal properties of the selected commercial components

Parameter

Reflector

Covers

Absorber

---

---

94.0

88.0

---

---

Hemispherical transmittance, τ (%)

---

91.0

---

Emittance, ε (%) [at ambient temperature]

---

---

0.07

Absorptance, α (%)
Specular reflectance, ρ (%)

Project partners have developed and manufactured those components that were not found on the market. The
need for a lightweight, rigid PTC led to use a composite structure material for the concentrator
manufacturing. Aluminum reflector was attached to the concentrator inside surface during the manufacturing
process. The low thermal conductivity of this composite material is equivalent to a thermal insulation on the
reflector back, thus significantly reducing thermal losses, as was concluded in the theoretical study (see
previous section). Additionally, a solar reflector was attached to the inside surface of both lateral covers to
minimize the effect of the incidence angle.
The high optical-performance, pressure and temperature requirements to be met under any weather
conditions throughout its long life cycle have made very strict detailed manufacturing and assembly
procedures and processes necessary, beginning in the design, manufacturing and detailed geometrical
checking of the concentrator moulds and ending in installation of seals, joints and rotating devices. As a
conclusion, it was achieved a highly efficient, reliable and easy-to-maintain collector with a very reasonable
and competitive cost.
The collector is provided with a one-axis sun tracking system that was previously developed at the PSA for
other solar concentrating systems and especially adapted to CAPSOL PTC. This system calculates the Sun
position by mean of a mathematical algorithm (Blanco-Muriel et al., 2001) and the collector position by
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using a magnetic band and a magnetic sensor that is located on collector axis. The resolution of the PSA sun
tracker is currently below 0.05º (García, 2007).
Two units of the first collector prototype, called CAPSOL-01, were manufactured in summer 2008. After its
assessment at the PSA, several improvements were detected and two units of the second prototype, called
CAPSOL-02, were manufactured in autumn 2009. This new prototype includes the following modifications
to improve the quality:
• The concentrator intercept factor (the portion of direct solar radiation reflected in the concentrator
that reaches the receiver), γ, was increased, thanks to a photogrammetric study (Fernández-Reche and
Fernández-García, 2009).
•

The absorber tube alignment and positioning were improved by using a more accurate method.

• Water tightness was improved by modifying the flat-cover frame and the join elements between
absorber tube and concentrator.
• New combinations of composite materials were applied, achieving a stronger, lighter and cheaper
concentrator.
CAPSOL-02 was installed in spring 2010 at the PSA and assessed during that year. Figure 2 show pictures of
CAPSOL-01 (left) and CAPSOL-02 (right).

Figure 2. CAPSOL prototypes installed at the PSA: CAPSOL-01 (left) and CAPSOL-02 (right)

2.3 Definition of Efficiency Parameters
Equations (1) to (4) are added to define the PTCs efficiency parameters. Overall efficiency in a solar
collector, ηoverall, is the ratio of useful thermal power transferred to the working fluid, Q& useful [W], to solar
radiation power incident on the collector, Q& solar [W].

Q& useful

ηoverall = &
Q

(1)

solar

Equation (2) expresses the useful thermal power as the difference between thermal power gained by the
absorber tube, Q& gain [W], and thermal power lost to the ambient, Q& loss [W].

Q& useful = Q& gain − Q& loss [W]

(2)

Equation (3) is the common expression for PTC overall efficiency, by which thermal power gained is equal
to direct solar radiation power multiplied by optical-geometrical efficiency, ηopt-geo.

η overall = η opt − geo −
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Q& loss
Q& solar

(3)

The optical-geometrical efficiency varies with angle of incidence of the incoming direct solar radiation, Θ [º],
so it can be expressed by the product of its normal value (at Θ=0º, subscript 0º), ηopt-geo,0º, and the incidence
angle modifier, K(Θ).

ηopt − geo = ηopt − geo,0 º ⋅ K ( Θ)

(4)

Overall efficiency is obtained by equation (5), with two possibilities, expressing thermal lost to the ambient
as thermal power losses, Q& loss [W], or as thermal efficiency, ηthermal.

ηoverall = ηopt − geo,0 º ⋅ K (Θ) −

Q& loss
= η opt − geo ,0 º ⋅ K (Θ) ⋅η thermal
Q& solar

(5)

Therefore, efficiency parameters that have to be calculated are: ηopt-geo,0º, K(Θ) and Q& loss [W] or ηthermal.
2.4 Test Facility
A solar thermal test facility was designed and erected at the PSA for accurate performance testing of smallsized PTCs, under real ambient conditions (Fernández-García et al., 2008). The HTF is pressurized water.
The facility was designed to operate in a wide range of temperatures (from ambient to 235ºC), flow rates (up
to 0.075 kg/s) and operating pressures (from 1 to 30 bar), and to test different collector sizes and axis
orientations. CAPSOL prototypes were East-West oriented. Very accurate instruments were installed, in
particular, flow meters, pyrheliometer and temperature sensors, to allow high quality PTCs assessment.
Measured values are stored every 5 seconds in the database. Figure 3 shows a picture of the test facility
designed to determine representative PTC parameters.

Figure 3. Solar thermal test facility for small-sized PTC at the PSA

Experimental procedures used to calculate efficiency parameters are:
• Peak optical-geometrical efficiency, ηopt-geo,0º. The working fluid is kept at ambient temperature to
avoid thermal losses. The test is done around solar noon to minimize Θ.
• Incidence angle modifier, K(Θ). Working fluid is kept at ambient temperature, but testing is done
over a long period of time along the day to cover a wide range of incidence angles. Θ .
• Thermal efficiency, ηthermal. The collector inlet temperature is kept at a given value and the test is
performed around solar noon to minimize Θ. This test is done at several collector inlet temperatures
throughout the operating range.
To assure quasi-steady state conditions, only tests with low fluctuations in ambient variables and operating
parameter during the testing period were considered valid.
This solar thermal test facility also allows analyzing technical aspects of the tested collectors under real
operating conditions, such as, materials durability, structural resistance, components assembly, etc.
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3. Results and Discussion
Two complete test campaigns were carried out to assess two units of both prototypes, CAPSOL-01 and
CAPSOL-02. All tests were done in the PSA test facility showed in fig. 3, following the experimental
procedure described in the previous section.
Before starting the test campaigns, a specific experiment was done to determine the time constant. As the
time constant obtained for this collector is around 1 minute, it was considered that a proper testing period for
efficiency tests was 10 minutes. Results are presented as the average value during the testing period and the
uncertainty associated, considering statistical and instrumental uncertainties. This section presents all
experimental results obtained in the two test campaigns.
3.1 Peak optical-geometrical efficiency, ηopt-geo,0º
From a theoretical point of view, this parameter can be split into terms for single physical effects: specular
reflectance of the reflector, ρ, transmittance of the covers, τtube and τflat, absorptance of the absorber, α,
intercept factor, γ, and the cleanliness and durability factor, Fc+d. In equation (6) the subscript 0º means the
parameters are defined at Θ=0º.

ηopt − geo,0 º = τ flat ,0 º ⋅ ρ 0 º ⋅τ tube,0 º ⋅ α 0 º ⋅ γ 0 º ⋅ Fc + d ,0 º

(6)

The nominal values of the four firsts parameters are in table 2. γ obtained with photogrammetry was 92.3%
for CAPSOL-01 and 96.5% for CAPSOL-02 (Fernández-Reche and Fernández-García, 2009). Fc+d is
supposed to be equal to 1 when the collectors are fully clean. Substituting these values in equation (6),
theoretical values calculated for both prototypes are showed in the first column of table 3. The increase in the
second prototype value is only due to the better γ.
Table 3. Theoretical and experimental results of ηopt-geo,0º of CAPSOL-01 and CAPSOL-02

Prototype

Theoretical ηopt-geo,0º (%)

Experimental ηopt-geo,0º (%)

CAPSOL-01

63.2

66 ± 3

CAPSOL-02

66.1

62 ± 3

Peak Optical-Geometrical Efficiency, η opt-geo,0º (%)

Prototype CAPSOL-01
100
90
80
70
60
50
40
30
20

Experimental data
Average Fit

10
0
0

2

4

6

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

,

T
- T ∆T (ºC)
av,fluid a

Peak Optical-Geometrical Efficiency, η opt-geo,0º (%)

Figure 4 shows results obtained during several ηopt-geo,0º tests, both for CAPSOL-01 (Figure 4 left) and
CAPSOL-02 (Figure 4 right), where ∆T [ºC] is the difference between the average fluid temperature, Tav,fluid
[ºC], and the ambient temperature, Ta [ºC]. Experimental data were fitted by using least mean squares method
(red line in figures 4 left and right). Fitted values are included in the second column of table 3.
Prototype CAPSOL-02
100
90
80
70
60
50
40
30
20

Experimental data

10

Average fit

0
0

2

4

6

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

,

T
- T ∆T (ºC)
av,fluid a

Figure 4. Experimental results of ηopt-geo,0º of CAPSOL-01 (left) and CAPSOL-02 (right)

As can be deduced from table 3 and figure 4, theoretical and experimental results of ηopt-geo,0º for CAPSOL-01
are rather similar, considering experimental uncertainties. However, experimental results of ηopt-geo,0º for
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CAPSOL-02 are quite lower than those expected, according to theoretical results and comparing with
experimental results for CAPSOL-01. After a detailed study about possible reasons of this decrease in the
ηopt-geo,0º for the second prototype, a degradation in the selective coating of the steel absorber tube (and a
reduction in α as a consequence) was considered as the most probable option.
3.2 Incidence angle modifier, K(Θ)
Figure 5 left shows the results obtained during two K(Θ) tests with CAPSOL-01 and Figure 4 right presents
the results of two K(Θ) tests with CAPSOL-02. All tests were done during the whole day to compare
morning and afternoon results.
1,0

0,9

0,9

0,8

0,8

Incidence Angle Modifier, K(Θ )

Incidence Angle Modifier, K(Θ )

CAPSOL-02 Prototype

CAPSOL-01 Prototype

1,0

0,7
0,6
0,5
0,4
0,3
02/06/09 (morning)
02/06/09 (afternoon)
25/05/09 (morning)
25/05/09 (afternoon)
Average fit

0,2
0,1

0,7
0,6
0,5
0,4
0,3

18/06/10 (morning)
18/06/10 (afternoon)
23/06/10 (morning)
23/06/10 (afternoon)
Average fit

0,2
0,1
0,0

0,0
0

5

10

15

20
25
30
35
40
Incidence Angle, Θ (º)

45

50

55

0

60

5

10

15

20
25
30
35
Incidence Angle, Θ (º)

40

45

50

55

60

Figure 5. Experimental results of K(Θ) for CAPSOL-01 (left) and CAPSOL-02 (right)

Experimental data were fitted by using least mean squares method (red line in figure 5 left and right). Fitted
values for CAPSOL-01 and CAPSOL-02 are included in expressions (7) and (8), respectively.

K ( Θ) )CAPSOL −01 = 1 − (1,630 ± 0,013) ⋅ 10 −3 ⋅ Θ − ( 4,64 ± 0,04) ⋅ 10 −5 ⋅ Θ 2
R 2 = 0,9999
K ( Θ) )CAPSOL −02 = 1 + (22 ± 7) ⋅ 10 −4 ⋅ Θ − (16,5 ± 1,4) ⋅ 10 −5 ⋅ Θ 2
R 2 = 0,9995

(7)

(8)

Both average curves are included in figure 6 to be easily compared. This graph is represented only up to
Θ=40º because no higher values were tested with CAPSOL-01. As can be seen, K(Θ) for both prototypes are
similar, because no changes affecting this parameter K(Θ) were introduced in the second prototype.
CAPSOL-01 and CAPSOL-02 Prototypes
1,0

Incidence Angle Modifier, K(Θ)

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
CAPSOL-01
CAPSOL-02

0,1
0,0
0

5

10

15

20
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30

35

40

Incidence Angle, Θ(º)

Figure 6. Comparison of average fit of K(Θ) for CAPSOL-01 and CAPSOL-02

Despite solar reflector were installed in the inside surface of the lateral covers, reducing the end losses, the
effect of Θ is still very large, due to the shading of the initial lateral cover. However, in a commercial plant
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this effect will be less significant because collectors will be tilted and North-South oriented.
3.3 Overall efficiency, ηoveralll
Thermal efficiency tests were done with both prototypes. Results are presented together with peak opticalefficiency ones (i.e., overall efficiency for a temperature difference equal to 0) for a clearest exposition.
Figure 7 shows results of ηoverall, both for CAPSOL-01 (Figure 7 left) and CAPSOL-02 (Figure 7 right).
Prototype CAPSOL-02
100

90

90

80

80

Overall Efficiency, η overall (%)
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Figure 7. Experimental results of ηoverall for CAPSOL-01 (left) and CAPSOL-02 (right)

Experimental data were fitted by using least mean squares method (red line in figure 7 left and right). Fitted
values for CAPSOL-01 and CAPSOL-02 are contained in expressions (9) and (10), respectively.

ηoverall )CAPSOL − 01 = (66 ± 3) − (7 ± 5) ⋅ 10−2 ⋅ ∆T − (6 ± 4 ) ⋅ 10−4 ⋅ ∆T 2 (%)
R 2 = 0,6704

ηoverall )CAPSOL − 02 = (62 ± 3) − (6 ± 3) ⋅ 10−2 ⋅ ∆T − (8 ± 2 ) ⋅ 10−4 ⋅ ∆T 2 (%)
R 2 = 0,9326

(9)

(10)

Both average curves are included in figure 8 to be easily compared. As can be seen, CAPSOL-02 curve is
slightly lower than CAPSOL-01 one. The reason of this decreasing could be the degradation of the receiver
tube selective properties along the time. This degradation could have affected not only to absorptance values
(producing a lower peak optical-geometrical efficiency) but also to emittance values because the difference
between both overall efficiency curves increases with the test temperature (see figure 8).
CAPSOL-01 and CAPSOL-02 Prototypes
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Figure 8. Comparison of average fit for ηoverall of CAPSOL-01 and CAPSOL-02
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4. Conclusions
A new small-sized PTC for applications requiring thermal energy at temperatures up to 250ºC has been
developed under the CAPSOL project. This is a very promising solar energy technology because it can be
applied to many applications with high thermal energy consumption, especially industrial process heat
production, heat-powered refrigeration and cooling and low-temperature heat demand with high consumption
rates. A complete development of two prototypes, CAPSOL-01 and CAPSOL-02, including designing,
manufacturing and testing, was successfully carried out. Although some improvements determined during
the first-prototype assessment were included in the second prototype, overall efficiency of CAPSOL-02 is
slightly lower, probably because degradation in the commercial receiver tube was suffered. To solve this
problem, project partners are working on the development of a new receiver tube. The commercial version of
CAPSOL collector is already available on the marked.
In addition, a new solar thermal facility has been erected and instrumented for testing of small sized
parabolic troughs. Currently, this is the unique facility available in Spain for any company or institution that
wants to check the thermal behaviour of its collector prototype with pressurized water (up to 30 bar) under
real solar conditions.
List of Acronyms
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Plataforma Solar de Almería
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heat transfer fluid
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reflectance
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transmittance
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Q& gain
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thermal power lost to the ambient [W]

Q& solar
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useful thermal power transferred to the working fluid [W]
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ambient temperature [ºC]

Tav,fluid

average fluid temperature [ºC]
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1. Introduction
The tropical countries like Singapore possess good solar energy resource that can yield more than 1460kWh
m-2 per year. However, the PV technologies available in the current PV market can just convert less than 20%
of the available solar energy to electricity due to limited band gap of PV cells, system losses and the high
ambient temperature in the tropic region. The solar energy that can not be captured by PV cells is mostly
changed to heat and dissipate to the air. The integration of photovoltaic (PV) modules with solar thermal
panel helps to harvest more solar energy to produce electricity and hot water for tropical domestic use.
This paper presents a 93Wp solar photovoltaic/thermal(PVT) prototyping system developed for tropical
region and its annual performance. The objective of the project is to provide us with feasibility study for
design of PVT collector and PVT system. The prototyping system is a forced circulating PVT system that is
mainly composed of unglazed 93Wp a-Si thin-film PVT collector, a 180 liter water tanker and a forced water
circulating system and data acquisition system. The 93Wp PVT consists of thermal panel and three 31Wp
frameless triple junction a-Si PV modules mounted on top of thermal collector. The PV modules facing the
Sun convert the solar energy to electricity and convey the heat to thermal collector below for heat transfer.
The operation of PVT prototyping system was monitored by data acquisition system and a set of parameters
which included solar irradiance, system voltage, current, temperatures, flow rate and pressure were sampled
and stored in the datalogger for performance analyses. The analytic data presented in this paper explain the
results of annual operation of the PVT prototyping system and show that the conversion efficiency of solar
PVT system can reach 34% or higher which has been further proven by the second 1.536kWp a-Si PVT
system equipped with newly developed 256Wp a-Si PVT collector.
2. 93Wp PVT prototyping system
A photovoltaic-thermal (PVT) system is a combination of photovoltaic components/systems and solar
thermal components/systems which produce both electricity and heat from one integrated component or
system as described( J. Hansen and H.Sorensen. 2006). According to the applications, different PVT
collectors are commercially available and can be classified as following four categories as
given(H.A.Zondag. 2006):

PVT liquid collectors
PVT air collectors
PVT concentrators
Ventilated PV with heat recovery
In the equatorial area where the Sun is high, the weather is consistent hot and the annual ambient temperature
varies within a small range. The PVT liquid collectors that can provide the hot water ranging from 45 °C to
50 °C are adequate for the domestic use in the region. Two types of solar PVT collector can meet the
requirement of our application, ie. 1). glazed collector and 2). unglazed collector.
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A glazed collector in Fig.1a is made from good heat conductor tubing on a metal plate and it has an iron
tempered glass covering, which is the reason they usually are more expensive. A glazed collector operates
more effectively because it can absorb more sunlight than unglazed collectors. They can be used through the
whole year and in many different climates.

(a)
(b)
Fig. 1: sectional view of (a). a glazed PVT collector and (b). an unglazed PVT collector

Unglazed collectors as shown in Fig. 1b don’t have any glass covering on top of solar PV module that
directly conveys the heat to the solar thermal panel below it. Due to the cheaper parts and the easy design the
unglazed collectors are less expensive than glazed collectors. Although an unglazed collector has higher heat
losses from its front surface than a glazed collector through convection and radiation, it is still capable of
converting enough solar energy to electricity and hot water at adequate high temperature for the domestic
use. A typical arrangement was the direct attachment of PV modules on to a solar thermal collector surface
as indicated(H.A. Zondag et al 2004; Chow TT et al 2005).
To investigate the feasibility of unglazed PVT collector in the tropical region, a 93Wp PVT collector
consisting of amorphous triple junction PV modules was developed by Grenzone Pte Ltd, Singapore and the
corresponding PVT system was set up in Singapore Polytechnic for performance testing. The system started
to operate in March 2010 and has been operating for more than one year. The structure and annual
performance of the system are depicted in this section.
2.1

The 93Wp a-Si prototyping PVT system

The PVT prototyping system shown in Fig. 2 mainly consists of 93Wp triple junction a-Si water PVT
collector, water storage tank, forced circulating system and a stand-alone PV system with grid backup. The
93Wp PVT collector developed and made in Grenzone Pte Ltd, Singapore was composed of three 31Wp a-Si
frameless flexible PV modules(UniSolar PVL-31) that were directly mounted on the top of thermal panel as
illustrated in Fig. 2. The parameters of PV module are listed in Table.1.
In this closed-loop fluid system, the incoming potable water is routed to the solar storage tank through a
valve, a cold water in the water tank is pumped to the PVT collector and the hot water produced in the PVT
collector flows back to the storage tank. In order to harness the solar energy effectively, water circulation
should normally only be activated when the temperature in the PVT collector is above that of solar storage.
Since these temperatures change throughout the day, a Differential Temperature Control(DTC) unit is needed
to control circulation pump for sufficient thermal gain. Essentially the DTC unit compares the difference
between the hot water temperature at outlet of PVT collector ‘Tout’ and the cold water temperature at inlet of
the PVT collector ‘Tin’ (see Fig.3). For reliable control, the hysterisis with a ‘dead-band’ is necessitated and
can be adjusted to avoid unnecessary short cycling or hunting of the pump. In our system, the hysterisis is
3°C . When the temperature difference reaches or exceeds 6°C, the DTC unit activates the water pump to
circulate the water through the PVT collector. When the temperature difference is below 3°C, the DTC unit
stops the water pump to maintain the water temperature in the tank. During night time, the water in the tank
is continuously circulated through the PVT collector to simulate the use of hot water stored in the tank. As
indicated in Fig. 3, the 93Wp PV modules were connected to a charge controller with MPPT to charge the
12V/100Ah battery and power the water pump, controllers, dataloggers and all other devices. To avoid the
power interruption caused by poor weather condition in long period, a change-over switch was installed to
allow to connect the prototyping system to main grid for backup power supply(not shown in Fig.3).
Table 1: The parameters of a-Si PV modules used for 90Wp under STC

Module model
PVL-31(Unisolar)
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Pmp
(Wp)
31

Vmp
(V)
7.5

Imp
(A)
4.13

Voc Temperature
coefficiency
-0.374%/C

Pmp Temperature
coefficiency
-0.215%/C

Conversion
efficiency
6%

2.2 Performance of the prototyping PVT system
Many researchers used the total efficiency ‘ηο’ to evaluate the performance of a PVT system as
demonstrated(Bergene T. and Bjerke B. 1993; Bergene T. and Lovik O. 1995; Fujisawa T. and Tani. T.
Binary, 1997; Zondag. H.A. et al, 2002). The total efficiency is defined as the sum of solar electricity
efficiency, ‘ηe’ and solar thermal efficiency, ‘ηth’ as given in Eq.1:

ηο = ηe + ηth

(eq. 1)

Fig. 2 Structure of 93Wp forced circulating PVT prototyping system

The electrical efficiency of PVT system is mainly dependent on the incoming solar irradiation, ’G’, and the
PV cell temperature, ‘Tcell’. It can be calculated in terms of

ηe =

E PV (G , Tcell )
G× A

(eq. 2)

where Epv(G, Tcell) is the electrical energy yield of PV modules which is the function of solar irradiation and
cell temperature and can be measured directly and ‘A’ is the area of PV module.
The thermal efficiency of the PVT system is determined by the incoming solar irradiation, ‘G’, the hot water
temperature at outlet of PVT collector, ‘Tout’ and the cold water temperature at inlet of PVT collector, ‘Tin’.
The thermal efficiency can be worked out by use of Eq. 3:

.

ηt h =

m C p (Tout − Tin )

(eq. 3)

G× A

.

Where m is the fluid mass flow, Cp is the fluid specific heat.
The parameters of Eqs 2 and 3 are measured and recorded using two data loggers, ie. one for electrical
system and another for thermal system. The average daily irradiation, thermal and electrical energy yield in
each month are depicted in Fig. 3a, while the average monthly conversion efficiencies of PVT system
obtained by use of Eqs 1-3 are indicated in Fig. 3b. It can be concluded from the analytic results that the
average thermal efficiency is 30.26% and the average electrical efficiency is 3.78%, resulting in 34.04% of
the average system efficiency. In operation, the three temperature sensors were installed to monitor the fluid
temperatures at inlet and outlet of PVT collector as well as the internal temperature of PVT collector. The
variation of water temperature in PVT collector and water tank is summarized in Fig. 4. The measured data
show that the average temperature of water in PVT collector was 50.08 °C and the average temperature of
water in tank 46.2 °C which is suitable for domestic applications. The highest fluid temperatures in PVT
collector and tank are 62 °C and 56 °C respectively as shown in Fig. 4b.

71

30%

33.61%

27.58%

36.88%

35.37%

0.0

33.26%

0

32.68%

0.5

35%

32.05%

1

36.82%

1.0

36.61%

2

31.98%

1.5

35.46%

3

40%

Apr-10

2.0

45%

36.20%

4

Monthly Average System Efficiency(%)

2.5

50%

Ave. Thermal & PV energy yields
(kWh per day)

5

25%
20%
15%
10%

Jan-11

Feb-11

Feb-11

Dec-10

Jan-11

Oct-10

Nov-10

Aug-10

Sep-10

Jul-10

Jun-10

May-10

Jan-11

0%

Feb-11

Dec-10

Oct-10

Nov-10

Sep-10

Jul-10

Aug-10

Jun-10

Apr-10

May-10

5%

Mar-10

-2

Solar irradiation(kWh m per day)

3.0

Mar-10

Ave. irradiation (kWh m-2 per day)
Ave. Thermal Energy yield (kWh per day)
Ave. PV Energy yield (kWh per day)

6

Month

Month

Fig. 3: (a) monthly solar irradiation & energy yields of PVT system and (b). efficiency of 93Wp PVT system

60

70
Average PVT Panel Temp(°C)

Average Hot Water Temp (°C)

Max PVT Panel Temp(°C)

50

Month

Dec-10

Nov-10

Oct-10

Sep-10

Aug-10

Jul-10

Feb-11

Jan-11

Dec-10

Nov-10

Oct-10

Sep-10

Aug-10

Jul-10

Jun-10

35
May-10

0
Apr-10

40

Jun-10

45

10

M ay-10

20

55

Apr-10

30

60

M ar-10

Max. Temperatuer in C

40

M ar-10

Temperature in C

Max Hot Water Temp (°C)

65

50

Month

Fig. 4: (a). Monthly average PVT Panel temperature and tank hot water temperature
(b). Monthly maximum average PVT Panel temperature and tank hot water temperature

3. Development of 1.532kWp a-Si PVT System Based on the Prototyping PVT System
The experiments on 93Wp prototyping PVT system proved the feasibility of unglazed a-Si PVT system for
the domestic use in the tropical area. To further improve the system efficiency, we developed a bigger
capacity of a-Si PVT collector and design a larger PVT system to undertake more comprehensive test.
3.1The 1.532kWp a-Si forced circulating PVT system
Based on the experimental results of 10 months operation of the 93Wp PVT system in Singapore
Polytechnic, a new 256Wp a-Si PVT collector was developed and tested in Grenzone Pte Ltd. Each 256Wp
PVT collector was composed of two 128Wp a-Si thin-film PV modules(Unisolar PVL-128) that were stacked
on top of thermal panel. The technical specifications of Unisolar PVL-128 are given in Table 2.
A 1.536kWp PVT system consisting of six new PVT collectors and nine 400 liters water tanks was designed
and set up in Singapore Polytechnic for system performance study. The system was divided into three
subsystems, each having two 256Wp PVT modules connected to three water tanks connected in series. Six
PVT collectors that were tilted at 10° facing the South were connected in such a way that three subsystems
had the common cold water input but three separate hot water outputs to their water tanks. The area of
1.536kWp PVT system is 27.55m2. The schematic shown in Fig.5 illustrates the configuration of PVT
system. The operation of PVT system was monitored by a datalogger and the operating data of electrical
system and thermal system were collected every one minute for analyses on system performance.

72

Table 2. The parameters of a-Si PV modules used for 128Wp under STC

Module model

Pmp
(Wp)
128

PVL-128(Unisolar)

Vmp
(V)
33.0

Imp
(A)
3.88

Voc Temperature
coefficiency
-0.374% °C-1

Pmp Temperature
coefficiency
-0.215% °C-1

Conversion
efficiency
6%

Fig. 5: Structure and photo of 1.532kWp a-Si forced circulating PVT system

3.2 The monthly performance of 1.532kWp PVT system
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The new PVT system was completed and started its operation for site test from Jan. 2011. Fig. 6 presents the
irradiation, the daily solar energy input, system energy yield and system conversion efficiency in Jan and
Feb 2011 respectively. The study on the results revealed that the monthly conversion efficiency of the system
was 39.35% in Jan and 45.50% in Feb. Compared to the results of 93Wp prototyping system in the same
period, the new system showed improved performance and its conversion efficiency was increased by
11.77% in Jan and 12.12% in Feb. The highest daily system efficiency recorded in two months operation
was 58.45% on 12 Jan. The ratio of daily thermal energy yield to daily electrical energy yield was also
ananlyzed. The average monthly ratio of thermal energy to electrical energy was 7.94 in Jan and 9.61 in Feb.
respectively. The performance ratio(PR) of PV system was 79.4% in Jan and 77.15% in Feb.
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(a). Daily system performance in Jan. 2011
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Fig. 6: The performance of 1.532kWp a-Si forced circulating PVT system

4. Conclusions
This paper presents the development of a-Si unglazed liquid PVT collectors for tropical domestic use and
testing results of a-Si PVT systems under the equatorial weather conditions to prove the feasibility of
developed PVT collectors. It is shown from yearly site operation that our first 93Wp prototyping PVT system
has achieved 34% of system conversion efficiency. Based on the experimental results of our 93Wp PVT
system, a new 256Wp a-Si PVT collector was designed and used to set up 1.536kWp PVT system to undergo
the study on its performance. The results of new system in the first two months operation proved the
improvement of new 256Wp a-Si PVT system performance. Based on two months site experiments, the
1.536kWp a-Si PVT system equipped with 256Wp PVT collectors has improved its conversion efficiency to
41% which is 11% higher than the first 93Wp PVT prototyping system. The further study will be
undertaken to investigate the system performance in long run and explore different control schemes for better
system performance.
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EFFECT OF INTERNAL HEATING ON THERMAL PERFORMANCE OF HYBRID
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1. Introduction
The idea of combining PV cells with thermal collector, which is the PV/T collector, has been around since
the early 1960s. Until now, principal aspects of PV/T have been discussed in various scientific papers. Most
of them concern experiments conducted outdoor. In order to succeed in implementation, however, there is
still some work to be done for PV/T collectors. That is the basic mechanism of interaction between the PV
cell and the thermal collector in the PV/T system does not seem to be well understood. In our previous
outdoor tests [Yandri et al, 2010], thermal efficiency of PV/T system differed depending on the operation
mode, i.e., PV/T-mode and T-mode. The thermal efficiency η th as defined by Chow, et al [2007]:
ηth = α − U

(Tout − Ta )
It

, where α , U , Tout , Ta , and It are the loss coefficients, the water temperature at the

collector exit, ambient temperature, and the total irradiation onto the PV/T system in a period monitored,
respectively. According to the definition of η th , α and U(Tout −Ta ) terms are considered to be affected by
the internal heating of PV cell. When there is a heating in the PV module, the apparent incident energy
increases. This means that α becomes larger. In addition, U(Tout − Ta ) terms is prone to be larger due to
apparent increase in Tout .
Within the authors knowledge, no studies have specifically addressed on the topic above mentioned. Some
previous studies give us clues. Sandness and Rekstad [2002] studied a PV/T collector using black plastic heat
absorber and wall to wall channel filled with ceramic granulates. The heat carrier fluid was water and it was
circulated at a single flow rate. Within the range of reduced temperatures from 0.0 to 0.016 m2C/W, the
thermal efficiency of PV/T-mode was 10% lower than that of T-mode. Ito et al [2005] studied the
performance of air collectors of three types; collector type I consisted of two PV modules connected in series
under a glass cover, collector type II consisted of 10 amorphous silicon PV modules. The modules were
connected in series in the space between a glass cover and a bottom plate at 1o tilted angle. The collector type
III was a flat plate without PV modules. For the collector Type I, within the range of reduced temperatures
from 0 to 0.02 m2K/W, the thermal efficiency of PV/T-mode was slightly higher than that of T-mode. Chow
T. et al [2007] developed a prototype PV/T collector thermosyphon system made of aluminum alloy flat box.
They compared performances of the closed-circuit (PV/T-mode) and the open circuit (T-mode) at 20o and
38o tilted angle. For the reduced temperatures from -0.5 to 2 m2K/W, their results showed that the thermal
efficiency for the closed-circuit is lower than that of the open circuit at incident angle considered. For the
same operation mode, the case of 38o inclination, gave higher thermal efficiency than the case of 20o
inclination.
Table 1. Summary of previous studies
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Summary of the previous study is given in Table 1. We can see that the thermal efficiencies of PV/T-mode
PV/T
and T-mode
mode vary depending on the system configurations. An effort to elucidate behaviors of both modes
still seems to be necessary. The
he purpose of the
th present study is to understand in moree detail the behavior of
the PV/T collector. Forr this purpose,
purpose a new testing facility was constructed for the laboratory experiment.
experiment
2. Experimental Set up
In the present system, PV module faces downwards to the halogen lamps placed in the bottom. The module
is backed by the cooling copper
per pipe. Such structure enables us to monitor the temperature
temperatu field in the back
surface of the PV module.
Figure 1 shows the whole system and the main components. In Fig.1(a) is shown the layered structured of
PV/T collector. A thermal absorber copper plate of 0.3 mm thick is backed by the mono-crystalline
mono
type of
PV cell shown in Fig.1(b). The
he copper pipe of 4mm inner diameter is attached on the copper plate. Here we
used two types of T absorber. Type I is constructed by attaching the Φii 4mm copper pipe onto ߜ0.3mm thick
copper absorber plate (Fig.1(c)).. Type II is constructed by combining the polyvinyl chloride (PVC)
(
absorber
plate of 8 mm thick onto ߜ0.3mm
0.3mm thick copper absorber plate. On the PVC plate aan open channel with 5
mm width and 5 mm depth is machined. A long the channel sealing rubber strings were installed. The PVC
plate and the copper was glued to combined (Fig.1(d)). The
T outer dimension of PV/T collector is 380 x 350 x
35 mm and the effective area for collecting irradiation is 0.091 m2 and 0.115 m2 for PV and T, respectively.
Whole view of the solar simulator is shown in Fig.1(e). The simulator has 16 Halogen
alogen bulbs with 50 W each
as the light source [Ilie et al, 1996].
1996] It can give radiation more than 1.000 W/m2. Frame
ame size of the simulator
is 1,000(h) x 430(w) x 395(d) mm3. The main advantage using this equipment is the high reproducibility.
reproducibility

Fig.1. Equipments, a). PV/T collector structure, b). Front and back side of PV collector, c). Type I PV/T
collector, d). Type II PV/T collector,
collector e). Solar simulator with installed PV/T collector
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For the thermal data, we put the thermocouple in the inlet position of water ( Tin ), outlet position of water
( Tout ), in the middle position of thermal (T) absorber ( T pv ), then the indoor ( Troom ) and the outdoor
temperatures ( Ta ). For electrical data, we apply a variable resistor in order to be able to measure both closed
circuit voltage ( V ) and open circuit ( Voc ), also current ( A ). The maximum power point is achieved for 30 Ω.
The analog output of PV was converted into digital using a analog to digital converter e-Front runners WE1C,
both with the thermal outputs sent to GRAPHTEC midi LOGGER GL 220, which has 10 channels.
We apply 2 different mass flow rate of water, m, ie: 200 and 300 g/min and 3 different solar radiation, I , ie.
1000, 700, and 400 W/m2.

Fig.2. Experimental setup and measurement position

3. Result and Discussion
Fig.3 explains the differences of PV surface temperature, Tpv , for Type I and Type II collector. It should be
noted that, for collectors Type II, the experiment conducted a view days with fairly extreme weather change,
so that the room temperature becomes less equal. For the mass flow rate 200 g/min (Fig.3a), Tpv for Type I
collector shows instability compared with the Type II collector. For mass flow rate 300 g/min
(Fig.3b), Tpv is more stable for both type I and II collector. For the same flow rate, Tpv for
the Type II collector is lower than Type I collector. However, Tpv for the mass flow rate of 200
g/min remained greater than 300 g/min for both types of collector. In this case, the Tpv for the T-mode is
slightly higher than Tpv for PV/T-mode, however, the difference is greater for Type I collector,
especially for solar radiation 1000 and 700W/m2.
The effect of Tpv difference for two types collectors can be explained with temperature difference, ∆T ,
between the water outlet to the inlet water to and from the collector, as shown in Fig.4. For mass flow rate
200 g/min (Fig. 4.a) and 300 g/min (Fig.4b), ∆T for Type II collector is larger than the Type I collector.
Especially for Type I collector, the only small different ∆T between PV/T-mode and T-mode happened for
1000 W/m2 solar radiation. While, for the both mass flow rate and also for the 3 solar radiations, ∆T for Type
II collector is relatively similar with small difference.
As seen in Fig.5, it looks no significant differences in the electrical power output between the two Type I and
Type II collector. However, they still make little difference to electrical power output of between 200 g/min
with 300 g/min, especially for 1000 W/m2.
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Fig. 3. Comparing PV surface temperature ( Tpv ), a). 200 g/min, b). 300 g/min
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Fig. 4. Comparing inlet and outlet temperature different (∆T), a). 200 g/min, b). 300 g/min

Fig. 5. Comparing the electrical output power
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4. Conclusion
So far, the experiment with two type of collector, two different flow rate and also 3 different solar radiation,
shows the difference behaviour between the PV/T and T-mode. Comparing both collector, the Type I
collector is more sensitive to change in parameters than the Type II collector.
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COLLECTORS – TEST EQUIPMENT AND FIRST RESULTS
Steffen Jack, Nils Katenbrink and Felix Schubert
Institut für Solarenergieforschung Hameln/Emmerthal (ISFH)
Am Ohrberg 1, 31860 Emmerthal (Germany), www.isfh.de, +49(0)5151 999 524, jack@isfh.de

1. Introduction
Heat pipes in non- or low-concentrating vacuum tube collectors offer by the decoupling of absorber and solar
circuit as compared to direct-flow collectors the advantage of a simpler hydraulic interconnection, while
reducing heat loads in case of stagnation. However, it should be noted that heat pipes can only transfer a
certain amount of thermal power and that the system of heat pipe and heat exchanger (manifold) represents
an additional thermal resistance in the useful heat path of a solar collector. In a current research project1 at
the Institut für Solarenergieforschung Hameln (ISFH) the heat transfer characteristics of heat pipes applied in
solar collectors are investigated. By experimental examination of heat pipes and manifolds with the aid of
model calculations potentials for optimization in existing solutions are worked out. The focus of this paper
comprises the presentation of newly developed test rigs and experimental results of the thermal behavior of
commercially available heat pipes and manifolds in solar thermal collectors.
2. Heat pipes in solar thermal collectors
Heat pipes are characterized by a high heat transfer performance. In collectors they are used for heat transfer
from absorber to manifold. Inside of heat pipes a heat driven two-phase thermodynamic cycle takes place.
Therefore, in the evaporator section of the heat pipe, which is located at the absorber, the working fluid is
evaporated and transported to the condenser section, which is located at the manifold. Here the condensation
takes place. Driven by gravity the condensate flows back into the evaporator section where it evaporates
again. Typically in solar thermal collectors cost-effective gravitational heat pipes without capillary structures
(two-phase closed thermosyphons) are used. Within collectors heat pipes function as highly concentrating
heat exchangers based on the area ratio of the evaporator to the condenser. This specific characteristic has
influence on the thermal conductance as well as the heat transfer limitations of heat pipes. On the left side
figure 1 represents an equivalent network of the mainly influencing thermal resistances on the overall
thermal conductance of heat pipes. Furthermore, qualitative heat transfer limitations of gravitational heat
pipes are shown on the right. There are several physical effects, which limit the maximum heat transfer rate
of heat pipes. The most relevant for heat pipes in solar collectors are the entrainment limitation and the dryout limitation (e.g. Faghri (1995)).
transport section

condenser section

vapour chamber

1/Uvapour flow
1/Uevap
1/Uwall, radial

1/Ucond
1/Uwall, axial

heat gain

1/Uwall, radial
heat sink

Uwall: thermal conductance wall material

Transferred heat Q HP

evaporator section

entrainment limit
dry-out limit
sonic limit
viscous
limit

operation range
of heat pipe

Uevap, Ucond: evaporation and condensation heat transfer
1/Uvapour flow: pressure loss, vapour flow

Condenser temperature T cond

Figure 1: Equivalent resistance network of the main influences on the overall thermal conductance of heat pipes (left) and
qualitative heat transfer limitations of gravitational heat pipes (right)
1

The project “Wärmerohre in Sonnenkollektoren – Wärmetechnische Grundlagen und Bewertung sowie neue Ansätze für die
Integration (HP-Opt)”, FKZ 0325962A, in cooperation with the companies NARVA Lichtquellen GmbH and KBB Kollektorbau
GmbH, is funded by the German Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU) based on a
decision of the German Federal Parliament. The content of this publication is in the responsibility of the authors.
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Within the useful heat path of collectors the heat pipe presents an additional thermal resistance. The thermal
connection of the heat pipe condenser to the solar fluid (manifold) has to be taken into account, too. These
additional thermal resistances decrease the overall efficiency of evacuated tubular collectors by typically one
to four percentage points. Appropriate tests are therefore to be carried out to determine the heat transport
characteristics of the heat pipe-manifold system and identify weak spots and potential improvements. In
addition, the temperature-dependent heat transfer limitations of heat pipes are of interest. Due to heat transfer
limitation at higher temperatures stagnation temperature reduction of the collector may result.
In the one-node collector model in figure 2 the useful heat path of heat pipe collectors is shown as a
condensed equivalent network. Furthermore, the reduced efficiency of solar collectors with heat pipes
compared to direct-flow collectors and the possible advantage of heat pipe use by reducing the stagnation
temperature are shown qualitatively.
heat pipe
manifold


Q
abs

vacuum tube


Q
loss


Q
abs

1/Uloss
Tamb

1/Ufin

Q gain
1/Uint
1/UHP 1/Umanifold

Tabs

Q loss

Collector efficiency η

absorber

heat pipe disadvantage:
lower efficiency

heat pipe collector

heat pipe benefit:
lower stagnation
temperature

direct flow collector

Tfluid

Temperature difference Tamb - Tfluid

Q gain

Figure 2: One-node collector model (left) and qualitative efficiency curves of collectors with heat pipes in comparison to
direct-flow collectors (right)

3. Test rigs
For a detailed experimental investigation of the useful heat path of collectors with heat pipes, two test rigs
were developed. One test rig has been built up for measurements on heat pipes and the second one is a test
rig to study the thermal transport properties of manifolds. Both are presented in the following. In addition,
test procedures for determining deterioration of heat pipes and manifolds have been designed. Regarding
aging of manifolds especially the deterioration of thermal conductance pastes is relevant.
3.1 Heat pipe test rig
The main influencing operation variables in the heat transport capability of heat pipes are the amount of
transferred heat QHP, the condenser temperature Tcond and the inclination angle. In order to determine the
effects of these parameters, the test rig is equipped with an electrical heat source, which is placed directly at
the evaporator section of the heat pipe. A fluid circuit connected to the condenser section is used as a heat
sink.
The test rig developed at the ISFH consists of the two main components fluid circuit and insulated test case
with installed specimen (figure 3). The fluid circuit is a high-pressure water circuit, which can be operated at
temperature levels up to 180 °C. To determine the useful heat output transported via the fluid, a Coriolis flow
meter with a measuring range of 5 to 300 kg/h is used. Thus, even very small outputs down to 10 W are
measurable. The test case is designed for heat pipe operating temperatures up to 400 °C.
Due to for this type of heat pipes specifically small condenser surfaces and resulting high heat flux densities,
special attention was paid to the construction of the heat exchanger of the test rig (condenser to fluid). On the
one hand, thermal conductance was optimized to a great extent through choice of material and flow
management, while the required modularity for receiving various forms of condensers was preserved. A
uniform heat transfer at the condenser surface was assessed by means of FEM simulation. To investigate heat
pipes even at higher condenser temperatures than 180 °C, which is the maximum temperature of the fluid
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circuit, additional thermal resistances may be introduced as shown in figure 3. This way it is possible to
increase the temperature of the heat pipe up to 400 °C (Schubert (2011)).

Figure 3: Complete heat pipe test rig (left) and heat exchanger between heat pipe condenser and fluid circuit with additional
thermal resistances (right)

Using the test rig, the heat pipe’s thermal conductance [UHP] = W/K as a function of the above mentioned
factors is determined. The inclination angle, condenser temperature Tcond and evaporator temperature Tevap are
set as boundary conditions. Within the standard measurement procedure temperatures are set (in particular on
the evaporator) instead of heat loads, since by this type of boundary conditions steady states can be achieved
much faster, which significantly shortens the testing time. The heat transfer is measured calorimetrically
within the fluid circuit. It must be considered that the condenser side test case exhibits heat losses and thus
the fluid heat output Qfluid differs from the heat pipes heat transfer QHP. To take account of this effect, the heat
losses Qloss and parasitic heat flows Qtrans of the test case were calibrated as a function of various operating
parameters. Thus, the thermal conductance of heat pipes UHP is determined using (see also figure 4)

U HP 

Q
 Q loss  Q trans with Q loss  f (U loss ) and U loss  f Tamb , Tfluid , Tcond  (eq. 1)
Q HP
 fluid
THP
Tevap  Tcond
U trans  f (Tamb , Tfluid , Tcond )
Q trans  f (U trans )

By increasing the temperature difference between evaporator and condenser ΔTHP the amount of transferred
heat QHP increases. Thus, the heat transfer can be enlarged up to the heat transfer limitation of the heat pipe.
Reaching a performance limit is typically characterized by the considerable increase in evaporator
temperatures at the bottom of the heat pipe. For this reason, over the length of the evaporator several
temperature sensors are distributed uniformly as shown in figure 4.
1
heat exchanger
fluid circuit

2

evaporator section

Q loss

heat pipe

Q loss,cond

el. heater

Q trans
Q fluid

Q HP

1: condenser section
2: transport section

outer insulation

Q gain

inner insulation

thermocouples
Pt100-sensors
Figure 4: Schematically displayed heat flows inside the test case and positions of temperature sensors
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3.2 Manifold test rig
Commercially distributed manifolds of heat pipe collectors are available in different designs. In principle
they can be characterized by the quality of the thermal connection between heat pipes condenser surface to
solar circuit working fluid. The manifold is defined as the heat exchanger, which is responsible for the
temperature drop from the condenser surface to the mean fluid temperature of the solar fluid. Thus, the often
used thermal conductance paste on the condenser surface is a partial aspect of manifold specimens. The test
rig developed at the ISFH again consists of two main components, the fluid circuit and the test case with
integrated specimen. As a heat source, an electric heater is used to replace the condenser of the heat pipe.
The heat is discharged by the fluid cycle, which flows through the manifold. Figure 5 shows the test rig and
presents the heat flows of concern as well as the temperature measuring points.

Figure 5: Complete manifold test rig (left) and schematically displayed heat flows inside the test case and positions of
temperature sensors (right)

As boundary conditions mass flow rate m, fluid inlet temperature Tin and electric power Qgain or condenser
temperature Tcond can be set. Taking into account the thermal losses of the test case the thermal conductance
of the manifold [Umanifold] = W/K leads to

U manifold 

Q manifold
Q
 Q loss with 
Qloss  f (U loss ) and U loss  f Tamb ,Tfluid  . (eq. 2)
 fluid
Tmanifold Tcond  Tfluid

Thus, evaluations of the thermal conductance of manifolds regarding variation of mass flow, temperature,
type of thermal conductance paste, etc. can be carried out. With this test rig it is also possible to examine the
effect of deterioration of thermal conductance paste, as internal operating temperatures up to 400 °C are
possible (without operating the fluid circuit pump).
4. Experimental results
Using the above mentioned test rigs commercially available heat pipes and manifolds from solar thermal
collectors were examined regarding their heat transport properties. In the following sections exemplary
results are presented and discussed.
4.1 Heat transfer limitations and thermal conductance of heat pipes
We examined commercially available heat pipes for solar collectors with different degrees of filling ratios,
different working fluids and different geometries. For each specimen the heat transfer limitation and thermal
conductance was determined at different condenser temperatures. Above condenser temperatures of 180 °C
the thermal resistances in the heat exchanger of the test rig were applied.
Within the measurements it is possible to distinguish between the two relevant heat transfer limitations. The
entrainment limit occurs, when the relative speed between the flow of steam and condensate, and thus the
surface shear stress is so large, that the up flowing steam dams or even carries along the down running
condensate. As a result, not enough condensate flows back into the evaporator and the end of the evaporator
runs dry. The dry-out limit is just reached when the heat transfer is so high (or the filling ratio so low), that
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all the working fluid is involved in the heat pipe cycle and therefore the fluid pool at the bottom of the
evaporator is depleted. This heat transfer limit is also characterized by a dry end of the evaporator, resulting
in a high temperature.
By means of experiments, these two heat transfer limitations can be distinguished, because in contrast to
hitting the dry-out limit the entrainment limit leads to stochastically pulsation of evaporator temperatures.
This effect is clearly measurable and is based on the fact that the interaction between steam and condensate
near the entrainment limit behaves unsteady. Time-varying flow conditions occur since the damming of the
condensate can not be maintained quasi-stationary, thus resulting in significant temperature fluctuations as
shown on the left side of figure 6. Further rising of the evaporator temperature leads to extended drying of
the evaporator and therefore to rising temperatures at the end of the evaporator (see figure 6). Thus, the
thermal conductance of the heat pipe is lowered, since the mean temperature difference between evaporator
and condenser increases.
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Figure 6: Time-dependent evaporator temperatures when hitting heat transfer limitations (left) and increasing evaporator
bottom temperatures due to dry out of evaporator (right)

By varying the condenser temperature it is possible to determine the complete heat transfer limitations within
the desired temperature range and thus the limit of the operating range of the heat pipe. Figure 7 shows the
heat transfer limitations for three different commercially available heat pipes for solar thermal collectors. It is
apparent that by usage of sample hp#1, the stagnation temperature of a solar thermal collector will be
decreased since the heat pipe may only transfer heat up to a temperature level of 150 °C. The samples hp#2
and hp#3 possess a working range up to 285 °C and 260 °C, respectively. Main influencing factor on the
entrainment limit is the inner diameter of the heat pipe between evaporator and condenser (position of
maximum vapor velocity, e.g. Nguyen-Chi and Groll (1981), Bage (1989)) and the main factors influencing
the dry-out limit are the filling ratio and the type of working fluid (e.g. Unk (1988)).
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Figure 7: Experimentally evaluated entrainment and dry-out limitations of three different heat pipes
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Within the normal operating range, the heat transfer is not affected by entrainment or dry out effects. Various
heat pipes were investigated for their thermal conductance in that regard. The results presented were
performed at a tilt angle of 45 °, where both the transferred heat (temperature difference between evaporator
and condenser as test condition) and the temperature level of the heat pipe (condenser temperature as test
condition) were varied. It turns out that the thermal conductance within the operating range of heat pipes is
not constant. Figure 8 exemplifies the thermal conductance of two heat pipes as a function of condenser
temperature and transferred heat.
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Figure 8: Thermal conductance of two heat pipe samples at different condenser temperature levels vs. transferred heat

It may be seen, that for sample hp#4 the thermal conductance slightly decreases with a larger heat transfer,
whereas sample hp#5 behaves reverse. According to Nusselt's film theory the heat transfer coefficient of
condensation decreases for higher heat transfers, as the film thickness increases and thus worsens the heat
transfer from condensing surface to heat sink. This theoretical behavior does not apply to sample hp#5. The
effect of sample hp#5 also occurred for another measured heat pipe specimen. After Hijikata et al. (1984)
and Faghri (1995) this effect can be explained by the presence of non-condensable gases (inert gases).
Furthermore, it can be seen that the magnitudes of the thermal conductance of heat pipes differ between
specimens. The small condenser surface, resulting in a high heat flux density, leads to the condensation heat
transfer as the main factor influencing the overall thermal conductance. The condensation heat transfer is
significantly influenced by the choice of working fluid. In particular, the thermal conductivity of the working
fluid is a relevant variable, as parameter studies conducted at ISFH show. It should be noted that many
publications are available regarding condensation heat transfer coefficients in heat pipes among which the
work of Gross (1991) may be emphasized.
4.2 Thermal conductance of solar collectors manifold
As described in chapter 2 next to the thermal conductance of the heat pipe, the thermal conductance of the
manifold is of high relevance, especially as the manifold is connected in series with the heat pipe in the
collector’s useful heat path. We examined several commercially available manifolds all in form of a dry
connection. This means that the condenser of the heat pipe can be removed while the solar circuit remains
closed and does not have to be emptied. Thus, the heat pipe’s condenser surface is not in direct contact to the
fluid, and thermal conductance paste is used inside the gap between condenser and manifold to improve the
contact. For each manifold specimen a variation of the mass flow rate has been performed. The results are
shown in figure 9. In addition, the thermal conductance of the heat exchanger, which has been developed for
the heat pipe test rig (fig. 3), has been investigated, too.
The thermal conductance values of the manifolds at an exemplary mass flow rate of 100 kg/h has been found
to be in the range from 2 to 10 W/K. Main influencing factor is the thermal connection of the condenser
surface to the manifold. Manifolds, which use mechanical force to press themselves onto the condenser
surface, e.g. by a clamping connection, have a far better thermal conductance than simple plug-in versions.
Use of thermal conductance paste states a significant factor even for clamped manifolds. The right side of
figure 9 shows the magnitude between the use of no thermal conductance paste, standard thermal
conductance paste and liquid metal thermal conductance paste at a clamped manifold. Studies on the effect
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of thermal conductance paste for plug-in manifolds, and degradation studies are currently underway.
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Figure 9: Thermal conductance characteristics of different manifold samples vs. mass flow rate (left) and influence of
conductance paste on the thermal conductance value (right)

5. Internal conductance of useful heat path
In principle it has been shown, that with regard to the overall heat transfer capability both the heat pipe itself
and the manifold represent the essential resistances. Since the thermal conductance values of both
components are quiet similar in magnitude, both need to be regarded with attention. Taking into account the
thermal conductance of the absorber fin, which can easily be calculated by means of the fin factor (Duffie
and Beckman (2006)), the internal conductance of the collectors useful heat path may be estimated. To
achieve comparability only single glass vacuum tube collector’s with glass-metal-bond and flat fins were
considered. Figure 10 shows three typical internal conductance values of heat pipe collectors. Additionally,
the shares of the single conductance portions are presented.
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Figure 10: Internal conductance values of vacuum tube collectors with heat pipes

It turns out that the internal conductance of vacuum tube collectors with heat pipes lies between
20 and 50 W/m²K. The fin has only a minor influence, and depending on the specimen the heat pipe or the
manifold present the largest thermal resistance in the useful heat path. Optimization of heat pipe collector’s
useful heat paths should therefore consider the manifold as well as the heat pipe. The impact of optimization
on the overall efficiency of the collector can be estimated as follows. Taking into account an average
transmittance-absorptance product of 0.8 and a typical loss coefficient of 1.3 W/m²K, the collector’s
conversion factor η0 can be estimated using equation 3. Assuming an internal conductance Uint of direct-flow
vacuum tube collectors of 80 W/m²K, the heat pipe collectors can roughly be compared to the direct-flow
design as shown in table 1.

 0  ( ) eff  F '  ( ) eff 

U int
(eq. 3)
U int  U loss
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Table 1: Comparison of conversion factors of vacuum tube collectors with heat pipes and direct-flow vacuum tube collectors

Internal conductance
Uint
in W/m²K

Transmittanceabsorptance product
(τα)eff

Loss coefficient
Uloss
in W/m²K

conversion factor
η0

Collector system #1

19.2

0.8

1.3

0.749

Collector system #2

22.1

0.8

1.3

0.756

Collector system #3

49.4

0.8

1.3

0.779

Direct-flow collector

80.0

0.8

1.3

0.787

Collector

Vacuum tube collectors with heat pipes exhibit due to the additional thermal resistances in the useful heat
path by about one to four percentage points lower conversion factors than direct-flow collectors. Main
variables and thus starting points for optimizing are the surface area of the condenser, the choice of working
fluid in the heat pipe and the thermal connection of the condenser to the manifold.
Furthermore, it was shown in chapter 4.1, that the thermal conductance of heat pipes due to different effects
is not constant for different operating conditions. Lower heat pipes thermal conductance at lower heat
transfer rates e. g. because of non-condensable gases results in a non-constant internal conductance of the
collector. This leads to a reduction in efficiency at lower irradiances (see eq. 3). In figure 11 the effect due to
the non-constant thermal conductance of heat pipes on the conversion factor is shown.
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Figure 11: Influence of not constant thermal conductance of heat pipes
on conversion factor vs. irradiance level

At an irradiance level of 200 W/m² the conversion factor is lowered by two percentage points for the
considered setup in comparison to a high irradiance. This effect will not be detected in standard tests
according to e. g. EN 12975, because the test uses high irradiance setups only. However, it should be noted
that the conversion factor is not strongly lowered and that the collector yield at lower irradiance is less
important for the annual collector yield. On the other hand it has to be mentioned, that collectors with fully
functioning heat pipes have a benefit at low irradiance levels, which however is hardly to be measured in a
system. Therefore, a check on non-condensable gases is recommended.
6. Conclusion and perspective
Vacuum tube collectors with heat pipes are common; their market share is growing and the benefits due to
the thermal decoupling of the absorber surface from the solar circuit are obvious. However, the conversion
factor of collectors with heat pipes is by one to four percentage points lower if compared to direct-flow
collectors.
For the experimental investigation of the heat transfer characteristics of heat pipes and manifolds specific test
rigs have been developed. An experimental benchmarking was carried out on commercially available heat
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pipes and manifolds, of which some of the results were presented in this paper. It has been shown that the
addition of heat pipes and heat exchanger manifolds has a significant influence on the useful heat path of
vacuum tube collectors. By means of experimental investigations and first theoretical parameter studies main
influencing factors and thus potentials for improvement were identified. These are the thermal conductivity
of heat pipe working fluid, the size of heat pipe condenser area and its connection to the manifold. This
originates from the fact that in the area of condenser and manifold the highest heat flux density exists.
Further elaboration of a theoretical model of heat pipes developed at ISFH will allow more detailed
sensitivity analyses and also provide more knowledge of operating conditions of the heat pipe. By means of a
new filling device experimental parameter studies on own prototypes can be carried out and e. g. the
influence of non-condensable gases on heat pipe performance may be investigated.
It could be shown that the different heat transfer limitations in gravitational heat pipes can be measured and
distinguished with the test rig. With both common and newly developed theoretical models of the heat
transfer limitations parametric studies will be carried out to elaborate optimal filling quantities and types or
combinations of working fluids. The goal is to adapt the limitations and accordingly the operation range of
the heat pipe for lowering stagnation temperatures in the secondary fluid circuit and thus provide a
contribution to the stagnation security of solar thermal systems.
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Abstract
A novel integral compound parabolic concentrator evacuated solar collector (ICPC) array has
been in continuous operation at a demonstration project in Sacramento California since 1998.
An ongoing study addresses the impact of optical, thermal, degradation and component failure
factors on array performance over the eleven years of operation. This paper reports on how two
primary failure modes have affected optical and thermal performance of the evacuated tubes
and the array.
In 1998 and 1999, while operating in the range
of 120 to 160C, daily collection efficiencies of
nearly 50 percent and instantaneous collection
efficiencies of about 60 percent were achieved.
Daily chiller COPs of about 1.1 were achieved
and the two differently oriented collector
absorber fins gave essentially identical
performance.
A 3-dimention animated graphical ray tracing
simulation tool was developed to investigate
changes to the incidence angle modifier of the
ICPC for the vertical and horizontal absorber
fin orientations. Since ICPCs collect a fair
amount of energy during cloudy day or mostly
diffuse radiation, a separated simulation
program is designed to capture diffuse elements
of the radiation which is assumed to be coming
from all direction from the hemisphere to the
collector. Beam and diffuse radiation
contribution to overall radiation is also estimated
to match the actual experimental climate. The
device consists of a laser and detector mounted
on a support structure that can be positioned on
the various tubes of the ICPC array to measure
transmittance and reflectance losses. Using this
device, a map of reflector performance for the
ICPC array has been generated.

Fig. 1. 1998 daily collection performance for
operation at 90 to 110C collector to ambient
temperature differences.

Fig. 2. Novel ICPC design showing vertical
and horizontal fin orientations.

The paper will include a review of collection system performance and reliability over the
twelve years of operation, animations of rays striking at various angles, the incidence angle
evaluation. Results in this paper are 1) the modeling and analysis for off-normal incident rays
for both the vertical and horizontal fin orientations, 2) Beam/Diffuse radiation contribution to
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overall radiation, 3) diffuse efficiency between the two ICPC fin alignments, 4) the reflectance
measurement results and the reflectance degradation map, 5) a comparison with the
experimental results for both the vertical and horizontal absorber fins and 6) an analysis of the
of the effects of the two fin orientations and two failure modes on performance.
Keywords: ICPC, Optical Modeling, Materials Degradation, Reliability
1. Background
1.1. Development of the novel ICPC
Research on CPC solar collectors has been going
on for almost thirty years. See Garrison [1] and
Snail et al [2]. In the early 1990s a new ICPC
evacuated collector design was developed. The
new ICPC design allows a relatively simple
manufacturing approach and solves many of the
operational problems of previous ICPC designs.
The design, fabrication and testing approaches are
described in Duff et al [3] and Winston et al [4].

Fig.3. Projected rays at normal incidence on
both vertical and horizontal fins configuration
ICPC

1.2. Sacramento demonstration
A 100 m2 336 Novel ICPC evacuated tube solar
collector array has been in continuous operation at a
demonstration project in Sacramento California since
1998. The evacuated collector tubes are based on a
novel ICPC design that was developed by researchers
at the University of Chicago and Colorado State
University in 1993. The evacuated collector tubes
were hand-fabricated from NEG Sun Tube
components by a Chicago area manufacturer of glass
vacuum products.
From 1998 through 2002 demonstration project ICPC
solar collectors supplied heated pressurized 150C
water to a double effect (2E) absorption chiller. The
ICPC collector design operates as efficiently at 2E
chiller temperatures (150C) as do more conventional
collectors at much lower temperatures. This new
collector made it possible to produce cooling with a 2E
chiller using a collector field that is about half the size
of that required for a single effect (1E) absorption
chiller with the same cooling output. Data collection
and analysis has continued to the present [5, 6, 7, 8].
As can be seen in Fig. 1, the non-tracking ICPC
evacuated solar collector array provided daily solar

Fig.4. Projected rays on both transverse and
longitudinal views on vertical fin ICPC

Fig.5. Projected rays for both transverse and
longitudinal views for the horizontal fin
ICPC
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collection efficiencies (based on the total solar energy
falling on the collector) approaching fifty percent and
instantaneous collection efficiencies of about 60 percent
at the 140C to 160C collector operating temperature
range. Daily chiller COPs of about 1.1 were achieved.
The ICPC array has recently been operating at the lower
temperatures to drive a single effect absorption chiller.
The ICPC array has provided daily solar collection
efficiencies approaching fifty-five percent at the 80C to
100C collector operating temperature range.

Fig.6. Close-up of projected rays in the
longitudinal view with multiple reflections

Table 1. Color codes to illustrate ray action
Color

Code

Pink

Ray enters outer glass tube

Red

Ray hits heat transport tube

Blue

Ray missing aperture area

Yellow

Ray hits reflective surface

Brown

Ray hits absorber fin

Green

Ray is reflected out

1.3. Array layout and absorber orientation
The new ICPC evacuated tubes were fabricated with
two absorber orientations, one with a vertical
absorber fin and one with a horizontal fin. A crosssection of the collector tube illustrating the two
orientations is shown in Fig. 2.
The vertical fin configuration has a symmetric
configuration, which has the advantage of being
symmetrical, but the disadvantage that almost all of
the light must be reflected onto the absorber since
the most of the surface area of the absorber fin is
located in the shadow of the absorber tube above,
Fig.7. Fourth level reflectance degradation.
Figure 3. An alternative asymmetric horizontal fin
configuration has the same effective geometric
concentration and the same thermal loss characteristics but higher expected optical efficiency with a
lower average number of reflections at normal incidence as shown in Figure 3. At normal incidence
sunlight, more than half the aperture area of the sun radiation falls directly on the top absorber surface
without reflection. ICPC tubes with this horizontal orientation fin maintain the optical, thermal, and
manufacturability advantages of the vertical fin orientation. However, it is believed that the lower
average number of reflections might lead to better overall performance, so approximately half of the
tubes were produced in each orientation, and modules of each configuration were tested at Sandia,
Winston et al. [4].
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The collector array is made up of three banks. The
north bank consists of all horizontal fin tubes, the
middle bank consists of all vertical fin evacuated
tubes and the south bank includes an even mixture
of the two types. The two differently oriented
fined collectors gave essentially identical
performance. The flow pattern through the 112
evacuated tubes in each bank is parallel and the
three banks are plumbed in parallel.

Fig.8. Map of tube degradation

2. Optical Performance Modeling and Experimentation
2.1. Graphical ray tracing
Table 2. Measurement of reflectivity
Fig. 4 depicts the results of an animated graphical
ray tracing simulation that has been designed to
Degradation Level
Percent Reflectivity
investigate the optical performance of the ICPC. See
Good
93.48
Duff, et al [7]. Factors incorporated are the
1st
79.66
transmittance of the glass tube, the reflectivity of
2nd
38.46
the reflective surface, the gap between the tube
3rd
22.93
surface and the fin and the absorptance of the fin.
4th
1.24
The sun rays are simulated as discrete uniform rays
over a range of incident angles from 15 degrees to 165 degrees. The rays are followed through the
glass envelope, to the reflector and to the absorber fin. The number of rays absorbed is recorded.

Fig.9. Comparing optical efficiency between
different reflectivity ratios (vertical fin)

Fig.10. Comparing optical efficiency between
different reflectivity ratios (horizontal fin)

2.1.1. Three dimensional ray tracing
The projected solar radiation is analyzed in the terms of both longitudinal and transverse incident
angles to the tube. The reference axis is adjusted to be in the same plane as the collector plane.
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As shown in the longitudinal view, the simulation follows each ray in the transverse view as a
uniformly distributed set of rays. A ray striking the collector at a given angle and in given location is
monitored as to how it responds at various surfaces and orientations of the collector. A color code
shown in Table 1 provides a means of following how simulated rays respond at the various surfaces.

Fig.11. Matching optical efficiency with
degradation map from middle bank (vertical fin)

Fig.12. Matching optical efficiency with
degradation map from north bank (horizontal fin)

Figure 3 shows an individual ray traced in the transverse plane projected to the longitudinal plane as an
array of uniformly distributed rays. The ray tracing procedure is set up to trace individual rays and
their intensities until one hits the absorber plate or is reflected out. The direction of the ray travelling in
the ICPC tube is recorded and projected into both transverse and longitudinal views.

Fig.13. Projected diffuse ray elements on multiple views

When each ray is traced on the
transverse plane, the uniform
distribution of rays is analyzed
throughout the longitudinal view.
Each ray is followed starting from
where it enters the tube in the
transverse plane. The pink color
code will mark the ray from
outside glass cover to the entrance
point. After the rays (pink colored)
enter the tube longitudinally, each
ray will be followed to see if it hits
or misses the reflector. The rays
that miss the reflector or absorber
are then colored blue. The
remaining rays then hit the
reflector, perhaps multiple times,

before hitting the absorber or being reflected out of the glass tube.
The reflected angle in the longitudinal view is calculated by using its recorded last reflected position
from the transverse view and this is then applied to the longitudinal view. At this point each reflected
ray is color coded yellow. After this reflection, each ray is followed and investigated to see if it hits the
absorber (brown) or reflected out (green). See Fig. 5 and 6.
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2.2. Reflectivity measurement
A device, consisting of a laser and detector mounted
on a support structure is used to measure reflectance
of mirror surface samples from the ICPC. Using this
device, a map of reflector performance that is keyed
to the appearance of the reflective surface for the
tubes in ICPC array has been generated. Four levels of
reflectance degradation are identified for the
Sacramento site by the appearance of the reflective
surface. At level 1 the reflector still performs well and
only a minor change in the reflector appearance is
observed. At level 2 there is some whitening of the
reflector. At level 3 there is a substantial amount of
degradation of the reflector. At level 4, shown in Fig. 7,
most of reflector is gone and you can easily see through
it.

Fig.14. Estimated clear sky radiation (beam and
motion) on the horizontal for Sept. 12th 1999

At the site, all 336 tubes were categorized, one-by-one,
by the above reflectivity appearance levels, existence of
a glass crack, surface temperature, water leakage, and
fin orientation. Each tube was divided into ten sections
along its length. Degradation levels were identified and
marked for each of the ten sections. Fig. 8 shows a color
mapping of tube degradation information for a portion
of the array.
Reflector samples representative of the four different
degradation levels were taken from the Sacramento site
to the laser laboratory at Colorado State University. The
samples for the four levels of degradation and good
reflector samples were measured for their reflectivity by
the laser detection device. Using this device, a map of
reflector performance for the ICPC array is being

Fig.15. Percent contribution of beam and
diffuse radiation to overall radiation on
September 2nd 1999

generated. The reflectance results are shown in
Table 2 for each level of degradation.
2.3 Effects of two fin orientations and two failure
modes on performance
Reflectivity degradation plays an important role on
the performance of the evacuated tube. As
reflectivity degrades, the performance of tubes with
the two fin orientations falls off in different ways.
For the vertical fin, performance drops rapidly for
incidence angles close to 90 degrees. This behavior
is as expected since the vertical fin receives
Fig.16. Beam and diffuse radiation to
overall radiation September 2nd 1999
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radiation mostly from the reflector. The horizontal absorber fin performs better than vertical absorber
fin when the reflector degrades since the horizontal fin absorbs some of the radiation directly, Fig. 9
and Fig 10.
Next, the degradation map from the actual site in Sacramento is included into the three dimensional ray
tracing simulation. The simulation allows us to customize different reflectivity into each section on the
longitudinal view. Figure 11 and 12 show how the optical efficiency is turning out as the investigated
reflector degradation characteristic of each ICPC tube is matched.
2.4 Diffuse ray-tracing simulation
Assuming that diffuse rays will come from all
available direction of the hemisphere perpendicular to
the collector, the diffuse ray-tracing simulation is
designed to capture rays cast from uniformly
distributed points on the hemisphere to each point on
the collector. These points on the collector are
uniformly distributed throughout its effective area.
See Fig.13. As each ray is traced, it loses intensity
from transmittance and reflectance losses before
hitting an absorber fin or being reflected out. This is
the same process as was described in the beam raytracing simulation.
2.5 Beam/diffuse radiation contribution to overall
radiation estimation
Fig.17. Percent contribution of beam and
diffuse radiation to overall radiation,
September 12th 1999

Finding the proportion of beam versus diffuse
radiation in overall radiation is an important issue in
the ray-tracing simulation analysis and is necessary to determine how each type of radiation influences
optical efficiency. Total clear sky radiation is estimated by determining the atmospheric transmittance
of beam and diffuse radiation. The atmospheric
transmittance for beam radiation can be estimated
by using a method presented by Hottel [9]. Fig. 14
illustrates beam and diffuse components of clear
sky radiation. The estimated diffuse radiation is
close to a constant with small dips at the beginning
and the end of the day.
By comparing measured and estimated clear sky
radiation, the beam and diffuse components of clear
and cloudy day radiation may be found. Stauter
and Klien [10] developed a correlation between a
proportion of diffuse radiation and measured
radiation Id/I (Gd/GH) and a proportion of measured
radiation and clear sky radiation I/Ic (GH/Gc), on an
hourly radiation (or instantaneous radiation) basis.
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Fig.18. Beam and diffuse radiation to overall
radiation September 12th 1999

Beam and diffuse components of total radiation on a tilted surface are estimated by using the equation
from Liu and Jordan [11]. They proposed that the radiation on tilted surface consists of three
components: beam radiation, diffuse solar radiation, and solar radiation diffusely reflected from the
ground with diffuse ground reflectance. Accordingly, total solar radiation on the tilted surface can

be written as
  1 + cos β
I T = [I b Rb ] +  I d 
2
 

 
 1 − cos β
 + (I b + I d )ρ 
2
 






where the proportion of beam radiation on the tilted surface, Rb, is

Rb =

cos(φ − β ) cos δ cos ω + sin (φ − β )sin δ
cos φ cos δ cos ω + sin φ sin δ

The ground albedo ρ is recommended to be taken as 0.2 when there is no snow cover and 0.7 when
there is fresh snow.
The diffuse solar radiation and solar radiation diffusely reflected from the ground can be added
together as ITd. Rewriting the ratio between instantaneous beam radiation on a tilted surface, GTb and
instantaneous total radiation on tilted surface, GT we have

GTb [Gb Rb ]
=
GT
GT
and the ratio between instantaneous diffuse radiation on a tilted surface GTd and instantaneous total
radiation on a tilted surface, GT,

GTd
GT

  1 + cos β  
 1 − cos β 
 + (Gb + Gd )ρ 

Gd 
2
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The percentage contribution beam and diffuse elements to overall radiation for September 2nd 1999
are plotted to show these contribution characteristics during particular day. Fig. 15 and 16 show an
equal contribution between beam and diffuse in the early morning. The sky then begins to clear during
the rest of the day with a greater beam radiation contribution. For September 12th a greater percentage
of diffuse radiation occurred in the earlier part of the day then the sky cleared up with the beam
contribution becoming greater than the diffuse contribution later in the evening. See Fig. 17 and 18.
This can be interpreted as a high diffuse or cloudy condition in the morning. Later in the day, the
beam contribution became higher as the weather and visibility improved. The percent contributions of
beam and diffuse radiation are then applied in the instantaneous optical efficiency analysis.

3. Conclusions
A detailed ray trace analysis for characterizing the optical performance of ICPC evacuated tubes and
its extension to diffuse radiation has been described and the results illustrated. Through ray tracing
analysis it was found that the nature of reflectivity degradation will play a significant role in the
reduction of array efficiency. The nature of reflectivity degradation depends on the fin orientation and
the type of failure, such as water leakage from the heat transport tube or cracks in the cover glass.
Overall performance is also affected by loss of vacuum in the evacuated tube. An analysis of the
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performance consequences of reflector degradation and loss of vacuum is currently being incorporated
into the reliability study and will be compared with collected performance data.
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1. Introduction
A photovoltaic/thermal hybrid solar collector (or PV-T collector) is a combination of photovoltaic (PV)
panels and solar thermal components (Zondag 2008). The aim of these components is to enhance the heat
collected and generated by the PV panel. Therefore a PV-T device generates not only electrical, but also
thermal energy and represents in principle the most efficient way to use solar energy (see Fig. 1).
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Fig. 1: Spectral representation of the absorption, reflection and PV conversion of a real c-Si solar cell. The share of absorbed
radiation not converted to electricity, and therefore wasted as heat in a c-Si cell corresponds approximately to 75 % of the
incoming radiation.

Some of the advantages to this approach include:
• A high combined (electric and thermal) efficiency and yield (per m²), especially where only a limited
collector area with good solar radiation is available.
• The integration of both technologies into one type of collector may provide for a better aesthetic and
a better architectural uniformity
•

A single type of collectors may simultaneously cover parts of the demand for electricity and heat

•

The potential other synergistic effects (e.g. cost reduction) from obtaining both outputs in one device.

However, the concept of PV-T is not new and in spite of the continuously interest for this field, PV-T is still
a controversial technology which has not been able to enter the solar market successfully yet.
Therefore, in 2008, a research project led in collaboration with the R&D section of EDF, the CETHIL Lyon
and the Fraunhofer ISE has started to develop an improved PV-T collector by using new technology
approaches. In a first place, the objective of the project was to analyze the feasibility and the complexity of
the concept of water PV-T collectors. One of the imposed major constraints was to directly achieve a water
temperature level that is suitable for Domestic Hot Water use (DHW). This aim is strong and quite
challenging. It indeed differs from the majority of studies that are targeting at pre-heating systems due to
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photo-conversion operating temperature dependency. Then under this constraint, the aim of this project was
to understand the performance limitations and to investigate innovative solutions based on recent material
improvements in order to increase their performance. Finally, the target of the project was to present a
general assessment on the global performance of PV-T collectors.
2. Design of an experimental PV-T prototype
2.1. Covered vs. uncovered PV-T collector
Collector
Frame
Glass Cover
Static
Air Layer
PV module
Absorber
Collector Frame

Tube filled with Water

Thermal
Insulation
(edge)

PV Cells
Absorber
Thermal
Insulation
(rear)
Tube filled with Water

Fig. 2: Description of a liquid flat plate PV-T collector in uncovered (left) and covered (right) configuration.

As it can be seen in the Fig. 2, a flat plate PV-T collector consists of a PV module or PV cells attached to a
flat heat exchanger (absorber), a heat transport medium (fluid, i.e. water-glycol) to remove the heat from the
heat exchanger, and back thermal insulation. In this configuration (uncovered PV-T), the absorber plate is
directly exposed to the surroundings. Due to the high thermal losses on the front side, mainly due to the wind
convection and the radiation losses, these uncovered collectors are mostly suitable for low temperature
applications (pre-heating, swimming pool heating or coupling with heat pump). From a component point of
view, the solution is simpler and less constraining for the PV function. However, from a system point of
view, it makes the solution more complicated and far from a short or medium term application. It is the
reason why we decided to focus on PV-T collector operating in a domestic hot water system (DHWS). To
reach the targeted temperature, the thermal losses of the PV-T collector must be sufficiently low.
In order to reduce the thermal losses, a collector glass cover can be placed between the absorber and the
ambient air. On one hand it reduces the amount of light reaching the PV cells (optical losses due to the
limited transmission of the cover). However on the other hand, it reduces much of the convection losses on
the front side. Due to the lower thermal losses on the front side compared to uncovered PV-T collectors,
covered PV-T collectors can be suitable for medium temperature level applications (domestic hot water
systems, for example). It is the reason why we decided to develop a covered flat plate PV-T collector.
2.2. Prototype description
The development of a covered flat plate PV-T component is at the edge of both PV and solar thermal
technologies. A broad, multi-scale and multi-competence approach has been aggregated in this project in
order to improve not only the PV and the thermal components separately, but also to find synergetic and
specific solutions for the PV-T collector as a whole. Based on detailed numerical models made in this study,
changes were made to material characteristics and constructions with the aim of improving both PV and
thermal performance (Dupeyrat et al. 2011a).
Four strings of eight pseudo square sc-Si PV cells (156 x 156 x 0.2 mm) were prepared and connected in
series. Those interconnected PV cells were inserted between two EVA films and deposited on the flat surface
of the 1350 x 750 mm one-side-extra-flat aluminium Rollbond heat exchanger with fractal channel structure
(Hermann 2006). To improve the electrical isolation of the solar cells from the metal absorber through EVA,
a coating was applied on the surface of the absorber. The same coating serves as the radiation absorbing
surface for those areas which are not covered by PV cells. Then, a 0.13 mm thick low refractive index film
was used as front layer. All those layers were laminated together in a vacuum laminator using standard PV
lamination conditions in terms of pressure load, vacuum and temperature, in order to obtain a functional PVT laminate (see Fig. 3).
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Fig. 3: Description of the PV-T absorber plate rear side (left) and front side (right).

This new PV-T lamination process showed significant improvements of solar thermal properties: an increase
of the PV plate absorption coefficient (from 0.85 to 0.93) and a tenfold improvement of the heat transfer
coefficient between the PV cell and the heat exchanger in relation to the reference PV-T collector. This new
process showed also that the losses in terms of electrical efficiency due to the presence of the glass collector
cover can be compensated by the combined effects of both improved PV lamination structure (i.e. an
increase of current density above 2 mA/cm²) and anti-reflective coatings on glass cover (Dupeyrat et al.
2011b).
Then, a single glazed flat plate PV-T collector was built using the PV-T laminate and inserted in a special
frame. The outer dimensions of the experimental collector were 1390 x 770 x 60 mm and the aperture area
was Acol = 1.01 m². The front cover was a low-iron glass pane with an anti-reflective coating. The thickness
of the glass cover was 4 mm and the measured solar transmission was τcover = 0.936 ± 0.005. An air layer
thickness of δair = 20 mm was set up to insure a good thermal performance. The thickness of the whole
collector was reduced in comparison with standard collectors (8-10 mm) in order to achieve a better potential
building integration while checking thermal performances were not affected. The thermal insulation on the
edge of the collector was a polyurethane foam insulation panel with a thickness of δiso = 20 mm and a
thermal conductivity of kiso = 0.035 W/(m.K). The thermal insulation on the bottom of the absorber was a
filament reinforced silica high performance micro-porous insulation panel in a glass cloth outer envelope
with a thickness of δiso = 20 mm and a thermal conductivity of kiso = 0.022 W/(m.K).
2.3. Thermal and electrical measurements evaluation
To succeed in the evaluation of both thermal and electrical performance of the prototype, an appropriate test
procedure to estimate correctly both thermal and electrical performance of the developed PV-T prototype has
been selected. In spite of a recent and growing interest in this field of PV-T, there is still no specific
dedicated test procedure for PV-T collectors available yet. For the measurements presented here, the test
procedure developed was based on the standards for solar thermal collectors and for photovoltaic modules.
Measurements on the developed PV-T collector have been carried out according to EN12975. The collector
was tilted with an angle of 45° and exposed to a constant average global irradiation using an artificial sun
simulator. In order to take into account the radiation losses from the collector to the surroundings, the
simulator has an artificial sky. This is made of two highly transparent glass covers cooled by the circulation
of air between both panes. The collector was exposed to artificial wind in a parallel direction to the collector
in order to simulate the convection losses from the collector to the surroundings as required by the EN12975
standards. A picture of the developed prototype during the measurements in indoor sun simulator is
presented in the Fig. 4.
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Fig. 4: Left: picture of the developed prototype during the measurements in indoor sun simulator. Right: Thermal efficiency
curve based on the collector aperture area (1.01 m²) in open-circuit mode (black) and in maximal power point mode (grey) as a
function of the reduced temperature.

In a first set of measurements, the PV-T collector operated in open circuit “oc” mode. The electric cables
coming out of the collector were not connected to an electrical load. The collector behaved like a pure
thermal collector and the solar radiation was converted into heat only. In a second set of measurements, the
PV-T collector has been connected to an electrical load in order to determine both the electrical and thermal
performance of the prototype. The electrical load was at the same time a Maximum Power Point Tracker and
MPP Scanner. Results are presented in the Fig. 4.
In a pure thermal mode (open-circuit), the thermal efficiency at η0 based on the aperture area was 0.82. In a
hybrid mode, the thermal efficiency at η0 was 0.72 under PV operation with a corresponding electrical
efficiency of 0.105. As a consequence, it results in a high overall reference efficiency of 0.825. The results
indicated a significant improvement of both thermal and electrical performance in comparison to previous
work on PV-T collector concepts, validating our experimental approach in terms of improvements.
3. Assessment of PV-T collector for combined production of electricity and hot water
In the context of the global approach regarding the development of PV-T collectors, the achievement of a
more efficient PV-T collector is not a sufficient step. It must be evaluated, based on the experimental
measurements as a part of a system.
3.1. Simulation of Domestic Hot Water System with PV-T in TRNSYS
DHW demand
Weather data

Type 9

Type 11b

Type 11h

Solar loop

TM2 data

Type 31

Type 109

Type 832

Auxiliary heating
Type 2
Type 2

Type 805
Type 6

Type 31

G

Qelec

Qth

Type 110

Qpump

Qloop

Simulation outputs
Fig. 5 DHWS description in TRNSYS
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QDHWS

QAux

The parameters required for the simulation of the DHW deck presented in Figure 5 are listed below.
• Collector (Type 832 modified): South orientation, inclination 45°. Parameters extracted from the
tests. Type 832 modified to take in to account the production of electrical energy.
• Pump (Type 110): flow rate of 45 kg/(hr.m²), collector to tank piping : 10 m, ΔT controller with
hysteresis 7 °C (on) and 4 °C (off), mix of 60 % water and 40 % glycol
• Water storage (Type 805): volume of 300 L, auxiliary heated volume of the storage: 130 L with set
temperature of 52.5 °C, cold water inlet temperature : 10 °C plus/minus 3.5 °C (summer/winter)
•

DHW consumption: 200 L of 45°C heated water per day (4 persons)

•

Simulation time step : 180 s

• Weather files: Nice, Lyon, Paris (France) and Essen (Germany). These weather types were selected
for giving a large range of climate type in Central Europe.
3.2. Evaluation criteria
As was often described in the scientific literature dedicated to PV-T collectors, the evaluation of the
performance of PV-T systems is complex and the comparison of energy productions (Qthermal and Qelec) is not
a sufficient criterion to assess the performance.
Several different comparison criteria taking into account the “value” of the energy produced through
thermodynamic and environmental considerations were already suggested (Coventry and Lovegrove 2003,
Fraisse et al. 2007). In this paper, we focus mainly on the following criteria:
•

Energy production and consumption

(Q

)

8760

Energy yearly

[

]

i
i
= ∑ (Qth )hourly + (Qelec )hourly (eq. 1)
i =1

• Fractional thermal energy saving, defined as the saved auxiliary heating energy consumption of the
DHW system QAux compared to the total energy consumption of a DHWS where no solar collector is
integrated
8760
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• Primary energy saving, takes into account the consumption of the pump Qpump and of the auxiliary
heating QAux (ηTPP is the efficiency of a thermal power plant, assumed to be 0.40).
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• Exergy production, part of the energy that could theoretically be converted to work in an ideal Carnot
process. The results are calculated from the second law of thermodynamics.
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3.3. Side-by-side installations
21 m²

4 m²

19 m²

Thermal collector

6 m²

PV-T collector
A

B
PV array

Fig. 6: DHWS description in TRNSYS (typical values indicated).

In many cases, the installation of thermal collectors on a roof is jointly done with the installation of PV
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panels. The aim of this part is to evaluate the global performance of a solar roof either covered with PV
panels and thermal collectors (reference) or covered with PV panels and PV-T collectors. It is obvious that a
larger PV-T collector area is required to obtain the same fractional thermal energy savings than for a
standard thermal collector installation. The PV-T area will therefore be increased until the same thermal
output as a standard thermal collector installation is reached (see Fig. 6).
In fact, as the size of the roof is limited (25 m² for this simulation), only the ratio between the area covered
by PV module and thermal collector (i.e. PV-T) will change. As both thermal and PV-T collector
installations will be assumed to have exactly the same thermal output, a clear statement will be done simply
by comparing the total PV output of both roofs. Results are presented in the Table 1.
Table 1 shows that for equivalent thermal performance (in terms of fractional thermal energy saving as well
as thermal output), side-by-side installation with PV-T collectors have higher total PV output and exergy
than side-by-side installation with conventional thermal collectors. This is valid for Nice, Lyon, Paris and
Essen weather data. In fact, the increase of PV output for equivalent roof surface area between the systems A
and B is around 12.4 % for Essen, 12.7 % in Paris, 12.6 % in Lyon and 10.7 % in Nice. This result is a quite
obvious proof of interest for PV-T versus conventional thermal collectors.
Tab. 1: Results side-by-side solar roof (25 m²).

ESSEN

PARIS

LYON

NICE

A

B

A

B

A

B

A

B

Total surface area [m²]

25.0

25.0

25.0

25.0

25.0

25.0

25.0

25.0

PV surface area [m²]

21.2

18.5

21.2

18.9

21.3

19.2

21.8

20.2

Th. Coll.surface area [m²]

3.8

-

3.8

-

3.7

-

3.2

-

-

6.5

-

6.1

-

5.8

-

4.8

2112

1843

2334

2075

2626

2367

3414

3163

Qelec PV-T [kWh/year]

-

530

-

556

-

591

-

617

Qelec total [kWh/year]

2112

2373

2334

2631

2626

2958

3414

3780

Qthermal [kWh/year]

1643

1643

1846

1819

2070

2042

2467

2479

Fsav

0.50

0.50

0.55

0.55

0.60

0.60

0.70

0.70

Exergy [kWh/year]

2265

2523

2510

2796

2833

3149

3650

4006

PV-T surface area [m²]
Qelec PV [kWh/year]

4. Conclusion
Photovoltaic-Thermal (PV-T) hybrid solar collectors represent, in principle, one of the most efficient ways to
convert solar radiation into useful energy. The objective of the “PVTCol” project was to explore the different
ways induced by this concept, to identify one of the most relevant solutions, to check its feasibility and to
concretize by realization of a prototype.
Based on the experimental results of tests on a prototype developed within the project, TRNSYS simulation
were carried out to asses the overall system performance of a system using this improved collector. The
results showed that the integration of PV and thermal energy collection on a limited roof area can provide
higher energy and exergy output than side-by-side installation with conventional components.
The findings of this project combined with current market developments indicate that PV-thermal collectors
have a future that is not yet fully defined. However we are convinced that it will certainly gain in interest and
potential applications, in the fields of research and in the market.
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Abstract
In this work, a new prototype of glazed flat plate solar collector is presented and its performance is
experimentally characterized. The new collector uses a roll-bond absorber plate made of aluminum. The rollbond is a production process aimed at manufacturing canalized panels by bonding two aluminum sheets with
a rolling technique. Thus, in this prototype, the channels for liquid are integrated in the absorber plate.
Measurements of thermal efficiency are reported for two prototypes, one with a black coating and the other
with a semi-selective coating and those measurements are compared with those of standard glazed flat plate
collectors at the same test conditions. The test runs have been performed in several conditions in order to
reproduce different uses: hot water, space heating and solar cooling. The effect of the coating of the absorber
is also evaluated and discussed using the experimental data collected. Efficiency test runs have been
performed on a test rig both in steady-state and in quasi-dynamic conditions, according to the standard EN
12975-2 (2006). The results are presented in terms of efficiency curves.
A three-dimensional model is used to predict the behavior in steady-state conditions of the solar collectors to
obtain the efficiency curve. The model was implemented for standard glazed flat plate collectors but, in this
work, its use is extended to roll-bond solar collectors and its validation is made by the comparison with the
efficiency curve obtained from experimental tests.

1. Introduction
Glazed flat-plate solar collectors are the most widely used devices to convert solar radiation in many
Countries. They usually present a metal absorber sheet (few tenths of millimeter thick) where metal tubes are
welded, an upper glass cover and an insulation layer on the back side. Air is present in the space between the
plate absorber and the glass cover. All these elements are accommodated in a flat rectangular housing. This
simple geometry allows the absorption of the incident solar radiation and the transfer of the retained heat flux
to the working fluid flowing inside the tubes, minimizing the amount of heat flux wasted to the surrounding
environment.
In this work, a new prototype of glazed solar collector with a roll-bond absorber plate made of aluminum is
presented. Roll-bond technology is widely employed for the manufacturing of heat exchangers, such as
evaporators for the domestic refrigeration, radiant panels, cryostatic circuits, cooling system for photovoltaic
modules. In general, roll-bond is a process aimed at manufacturing canalized panels applying a special
bonding technique: a sandwich of two aluminum sheets is formed by a special hot/cold rolling process.
Before bonding together the aluminum sheets, on the inner surface of one sheet, the desired pattern of
channels is printed with a serigraphic process, using a special ink, which prevents the welding of the inner
surfaces where it is applied. Finally, the unbounded pattern of channels has to be lifted up inflating air at
very high pressure and the panels are completed with connections. As a consequence, a roll-bond solar
collector presents channels for working fluids integrated in the absorber plate (1-2 mm thick). It is reasonable
to think that this main feature allows to a more uniform temperature distribution on the absorber with respect
to the standard flat plate collectors.
In this paper the authors present a new set of data collected at Padua, Italy (45° 25’ N, 11° 53’E): both
standard flat plate collectors with black and selective coating and roll-bond collectors with black and semi-
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selective coating are tested at the same conditions following the steady-state efficiency test and the quasidynamic efficiency test described by the standard EN 12975-2.
Moreover, in this work, the three dimensional model described in Zambolin and Del Col (2010a) has been
applied to the standard solar collectors and has been adapted for the roll-bond solar collectors. The model has
been validated against experimental data collected. In the model, the edge losses are considered, the thermophysical properties of collector insulation and working fluid are dependent on the temperature and the effect
of axial and transversal (referred to mass flow direction) conduction are accounted for.

2. Experimental apparatus
The experimental apparatus is located on the terrace roof of the Dipartimento di Fisica Tecnica of the
University of Padua and has been set up to allow the measurement of solar collectors efficiency in agreement
with the main guidelines of the standard EN 12975-2 (Zambolin and Del Col, 2010b). It includes a hydraulic
loop and the instrumentation for the measurement of mass flow rate, inlet and outlet fluid temperature, solar
irradiance, wind speed and ambient air temperature.
The hydraulic loop is divided into two lines that allow the measurement of efficiency of two solar collectors
in parallel. A scheme of the hydraulic loop is reported in Fig.1.. Each line includes a pump to circulate water,
which is the working fluid. A Coriolis effect and a magnetic type flow meters are used to measure the water
flow rate. The second instrument measures a volumetric flow rate, but the density of the fluid can be easily
calculated. The liquid temperature at the inlet of the collectors is controlled by a temperature sensor inserted
in storage 2, where four electrical heaters are located. Three heaters have an electrical power of 5 kW and the
heater at the bottom of the storage has an adjustable power from 0 to 5 kW. According to the desired total
flow rate, it is possible to set the electrical power to obtain a certain inlet temperature of the liquid. The
liquid temperature both at the inlet and at the outlet of each solar collector is measured by platinum
resistance thermometers (RTDs). The fluid coming from the collectors enters the storage 1 and then goes to a
plate heat exchanger that works as a heat sink. In the heat exchanger, the heat flow rate provided by the solar
radiation is taken away by a secondary fluid and then wasted in a second exchanger to the ground water of
the building central plant.
Three solar collectors have been installed in subsequent test campaigns: a glazed flat plate collector provided
with copper absorber with a black coating and copper tubes (Fig. 2, left), a glazed flat plate roll-bond
collector with black coating and a glazed flat plate roll-bond collector with semi-selective coating (Fig. 2,
right). The collectors are oriented 10° south-west and during the tests they are tilted of 60° in order to meet
the incidence angle requirement of the standard EN 12975-2.
In table 1, some characteristics of the collectors installed here are reported.
The instrumentation includes three all black thermopile based pyranometers to measure the solar irradiance.
A Kipp&Zonen pyranometer, classified as secondary standard by the World Meteorological Organization
(WMO) is mounted at the midheight and on the same plane of the collectors to measure the global solar
irradiance on the tilted plane. Another Kipp&Zonen pyranometer, classified as secondary standard, measures
the global solar irradiance on the horizontal plane and a third Delta Ohm pyranometer (first class classified)
is provided with a shading band to measure the diffuse component on the horizontal plane.
The Drummond model (Drummond, 1956) is used for the correction required for the shading band to
determine the effective diffuse irradiance on the horizontal plane. The Liu and Jordan method (Liu and
Jordan, 1963) is then used to calculate the direct irradiance on the tilted plane of the collectors, from the
direct irradiance on the horizontal plane that is obtained from the difference between the global and the
diffuse irradiance on the horizontal plane. A platinum resistance thermometer is used to measure the ambient
air temperature and an anemometer measures the air speed, which influences the heat loss from collector.
In table 2, the uncertainty of the transducers installed in the experimental apparatus is reported. The
percentages in this table are referred to the measured values.
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Table 1: Characteristics of the collectors installed in the test rig
Unit

Standard flat plate
collector

Roll-bond flat plate
collector

Roll-bond flat plate
collector

Copper absorber
with black coating

Black coating

Semi-selective coating

Copper tubes
Gross area

2

m

2.016

2.016

2.016

Aperture area

m2

1.810

1.810

1.810

10

28

28

0.12

1.5

1.5

Absorber emittance

0.96

0.96

0.35

Absorber absorbance

0.96

0.96

0.87

Number of flow
channels in parallel
Absorber thickness

mm

Table 2: Uncertainty of transducers at typical test conditions
Fluid temperature

+0.05 K

Ambient air temperature

+0.1 K

Coriolis effect mass flow meter

+0.1%

Magnetic type flow meter

+0.25%

Solar irradiance

Secondary standard sensor (collector plane and global irradiance on horizontal plane )
First class sensor (diffuse irradiance on horizontal plane)

Air speed

+ 0.1m/s+1%

Fig. 1: Schematic view of the experimental test rig
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Fig 2. Some of the solar collectors tested; left: glazed flat plate solar collector with copper absorbed with black coating and
copper tubes; right: glazed flat plate collector with a roll-bond plate as absorber and selective coating.

3. Experimental results and discussion
3.1 Efficiency in steady-state conditions
According to the EN 12975-2, a collector is considered to operate in steady-state conditions over a given
measurement period if the experimental parameters deviate from their mean values within the limits reported
in Table 3. When operating in steady-state conditions, the useful output power of a solar collector for near
normal incidence angle of the solar irradiance can be described by the following equation (Duffie and
Beckman, 2006):

Q

F ' Aa (

where

)en G U (tm ta )

(eq. 1)

Q is the useful output power transferred to the liquid, F’ the collector efficiency factor, Aa the

aperture area, (τα)en the effective transmittance-absorbance product at normal incidence, G the global solar
irradiance, U the overall heat loss coefficient and (tm-ta) the difference between the average fluid temperature
in the collector and the ambient air temperature.
In consequence, the efficiency is equal to

Q
G Aa

F' (

(tm ta )
G

)en U

F' (

)en U Tm*

(eq. 2)

*

where Tm is the reduced temperature difference.
The equation provided in the standard EN 12975-2 for efficiency steady-state tests is derived from eq. 2,
considering the heat loss coefficient as the sum of a constant factor and a term dependent on the temperature
difference between fluid and ambient air and it is presented as follows:
0

a1 Tm* a2 G Tm*

2

(eq.3) .

The regression curve parameters have been obtained by multiple linear regression, following the procedure
reported in the standard EN12975-2, by developing a process in Matlab environment.
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Table 3: Test conditions and permitted deviation of measured parameters during a measurement period for steady-state tests
according to EN12975.
Experimental parameter

Value

Global irradiance G (W m-2)

>700

Diffuse fraction Gd /G

<30

Incidence angle beam irradiance (°)

<20°

Deviation from the mean value

+ 0.1

Inlet fluid temperature
Surrounding air speed (m/s)

from 1 to 3
+1.5

Surrounding air temperature (°C)
Fluid mass flow rate

0.02 kg/s

+1%

per square meter of collector aperture area

3.2 Efficiency in quasi-dynamic conditions
The standard EN 12975 provides an alternative test method for the characterization of a solar collector: the
quasi-dynamic method. It allows to achieve comparable results of the steady-state method even at less stable
meteorological and operating conditions (Table 4). Consequently, a complete characterization of a solar with
the quasi-dynamic method collector can be obtained in fewer days.
The collector model is basically the same as steady-state model, but with some correction terms: in the EN
12975-2, the energy balance for the quasi-dynamic method (eq. 4) includes the dependence of direct and
diffuse irradiance, wind speed, sky temperature, long wave irradiance, incidence angle effects and effective
thermal capacitance.

Q
Aa

F'

c2 tm ta

en

2

K

b

Gb

F'

c3 u tm ta

en

c4

K

Gd

d

Ta 4

EL

c6 u G c1 tm ta
c5

(eq.4)

dtm
d

Kθb and Kθd are the collector incidence angle modifiers for direct radiation and diffuse radiation, respectively.
For flat plate collectors, Kθb is defined by (eq.5), where b0 is the incidence angle modifier coefficient and has
a negative value while Kθd should be modeled as a constant.

K

b

1
cos

1 b0

1

(eq.5)

The efficiency derives from (eq.4), using the value of G = 1000 W/m2 and a diffuse fraction of 15%, that is
to say Gd = 150 W/m2. Moreover, the parameter dtm/dτ is set to zero and Kθb is calculated for θ = 15° and the
wind and the long wave irradiance effects can be neglected for glazed solar collectors. The final expression is
reported in (eq.6). The model parameters and their uncertainty are calculated with the weighted least square
(WLS) method, as shown in EN 12975-2.

F'

en

K

b

15 0.85 F '

en

K

d

0.15 C1 Tm* C2 G Tm*

2

(eq.6)

3.3 Experimental results
The tests have been performed in agreement with the guidelines of the standard EN 12975, apart from the
measurement of the wind speed, which was measured on the horizontal plane and not on the collector’s
plane. The procedure has been repeated varying the inlet fluid temperature and finally the results are reported
in diagrams plotting the efficiency against the reduced temperature difference. The efficiency curves plotted
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in the diagrams are all referred to a global irradiance G = 1000 W/m2. In the efficiency curves obtained in
steady-state conditions the experimental points are also present. For each point, the experimental
uncertainties of the measured efficiency and the reduced temperature difference (95% confidence interval)
are reported, as calculated following the instructions provided in ISO (1995) and described in Kratzenberg et
al. (2006) for the measured efficiency. The results for each collector are presented in Fig. 3 – 5. From the
comparisons between the curves obtained in steady-state and in quasi-dynamic conditions and reported for
the same irradiance conditions, it can be observed that the results obtained by these different procedures are
fully compatible within their error ranges.
The parameters of the efficiency curves and their regression uncertainties, determined from the steady-state
and quasi-dynamic procedures, for the four collectors are listed in Table 5 and in Table 6. The plotted
efficiency curves are referred to the aperture area of the collectors. In this tables the uncertainties of the
target parameters are obtained as the square root of the variances, determined as reported in the procedure
described in Kratzenberg et al. (2006) in the case of the weighted least square (WLS) method (only the
variances are considered because all the collector coefficients are uncorrelated).

Table 4: Test conditions and permitted deviation of measured parameters for the quasi-dynamic method according to EN12975.
Experimental parameter

Deviation from the mean value

Value
2

Global irradiance G (W/m )

Lower limit not specified
(>150 in present test)
+1

Inlet fluid temperature
Surrounding air speed (m/s)

from 1 to 4

Fluid temperature difference (°C)

>1

Fluid mass flow rate

0.02 kg/s

+1%

per square meter of collector aperture area

Table 5: Collector coefficients obtained with quasi-dynamic and steady-state methods for the roll-bond flat plate collectors.
Black coating

Semi-selective coating

Quasi-dynamic test

Steady-state test

Quasi-dynamic test

Steady-state test

Parameter

Value

Uncertainty

Value

Uncertainty

Value

Uncertainty

Value

Uncertainty

F´(τα)en η0 (sst)
b0
Kθd
c1 [W/(m2K)]
c2 [W/(m2K)]
c5 [J/(m2K)]

0.8419
0.6803
0.8340
5.9607
0.0131
10642

±0.0168
±0.6342
±0.0905
±0.9398
±0.0155
±5106.5

0.7995

±0.0108

±0.0110

±0.7879
±0.0121

±0.0188
±0.1515
±0.0985
±1.1823
±0.0178
±5349.6

0.7409

4.6911
0.0288

0.7558
0.1788
0.8749
4.2533
0.0175
14818

4.5477
0.0131

±0.6865
±0.0100

Table 6: Collector coefficients obtained with quasi-dynamic and steady-state methods for the standard flat plate collector.
Black coating
Quasi-dynamic test

Steady-state test

Parameter

Value

Uncertainty

Value

Uncertainty

F´(τα)en η0 (sst)
b0
Kθd
c1 [W/(m2K)]
c2 [W/(m2K)]
c5 [J/(m2K)]

0.7135
0.1510
0.8695
5.2719
0.0087
12328

±0.0157
±0.2156
±0.0869
±0.9955
±0.0154
±5261.5

0.6925

±0.0084

4.6804
0.0174

±0.5577
±0.0083
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Fig. 3: Roll-bond collector with black coating. Left: efficiency curve at G = 1000 W/m2 and experimental points obtained in
steady-state condition. Right: compared efficiency curves in steady-state and quasi-dynamic condition at G = 1000 W/m2.

Fig. 4: Roll-bond collector with semi-selective coating. Left: efficiency curve at G = 1000 W/m2 and experimental points obtained
in steady-state condition. Right: compared efficiency curves in steady-state and quasi-dynamic condition at G = 1000 W/m2.

Fig. 5: Standard collector with black coating. Left: efficiency curve at G = 1000 W/m2 and experimental points obtained in
steady-state condition. Right: compared efficiency curves in steady-state and quasi-dynamic condition at G = 1000 W/m2.

In Fig. 6, the comparison between the performances of the tested collectors is presented. The comparison has
been done with the curves obtained in steady-state condition referred to a global irradiance G = 1000 W/m2.
The comparison between the two collectors with black coating shows that the performance of the roll-bond
collector is better than the performance of the standard flat plate collector with copper absorber plate and
copper tubes. The efficiency curves cross when T*m = 0.096 (K m2)/W, which is a very high value for the
common application for the flat plate collectors, such as production of hot water for heating or for domestic
use. The comparison between the two roll-bond collectors shows that the performance of the collector with
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black coating is higher than the performance of the collector with semi-selective coating until T*m = 0.058
K m2/W.
The semi-selective coating present a low absorbance (0.87, while the black coating present 0.96) and the
lower emittance (0.35 instead 0.96 of the black coating) recovers the initial gap of the efficiency only when
the reduced temperature difference is high (for the traditional uses of the flat plate collectors).
In Fig.7, a comparison between the performance of the roll-bond collector with black painting and a
reference standard collector Riello CP20TS with selective coating (Test report SPF,2008) is depicted. The
coefficients of the efficiency curve of the reference collector are reported in Table 7.
It can be noticed that the performance of the roll-bond collector is above the reference collector until T*m =
0.035 K m2/W.

Table 7: Coefficients and aperture area of reference standard collector Riello CP20TS with selective coating (Test report SPF,
2008)
Reference standard collector
with selective coating
Parameter

Value

η0 (sst)

0.748
2

a1 [W/(m K)]

3.82

a2 [W/(m2K)]

0.0101

Aa [m2]

1.804

Fig. 6: Compared efficiency curves in steady-state condition at G = 1000 W/m2. Left: the roll-bond and the standard collector
with black coating; right: the two roll-bond collectors.

Fig. 7: Compared efficiency curves in steady-state condition at G = 1000 W/m2: roll-bond collector with black coating vs
reference standard collector with selective coating.
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4. Computational model
The solar collector is modeled as a series of overlapping parts: the back insulation, the absorber plate, the air
gap and the glass cover. The absorber is the core component of the system and it is exposed to an input heat
flux due to the incident solar irradiance. The heat loss transfer is obtained from the energy balance between
each other component, where the driving force is the temperature difference between the plate and the
external surroundings.
The absorber plate has been divided in two-dimensional control elements so that the elements that are not at
the edge of the plate present an elementary part of tube in the center. The computational analysis is based on
the hypothesis of steady-state conditions and it is divided in two different steps: at first, the simulation does
not take into account the thermal conduction between different control elements; in the second step, the
conduction is calculated using a temperature map previously obtained. The useful heat flux in a control
element (length dx and width w) can be written as:

qu _ x, y

m c p tout _ x, y tin _ x, y

(eq.7)

where Θ is the switching function and it is equal to 1 for the control elements displaying a welded tube in the
middle and equal to 0 in the case of edge elements and of elements where tubes are not welded (only in
standard collectors, close to the manifold tubes). If Θ is equal to 1, when thermal conduction between
elements is not taken into account (first step), the useful heat flux is expressed by the Bliss equation and the
energy balance is described in (eq.8):

0

G U c _ x , y t p ta

(eq.8).

U tp _ x , y t p tm

In (eq.8), the third term on the right represents the useful heat flux which is transferred between the plate and
the fluid flowing into the tubes and Utp_x,y is the heat transfer coefficient between the plate and the fluid and it
accounts for the thermal convection of the fluid flow inside the channels. The convective heat transfer
coefficient is calculated with equations from Duffie and Beckman (2006). The same energy balance can be
written for the second step, when the thermal conduction between different control elements is considered:
2

0

G U c _ x , y t p ta

k

tp

x

2

2

k

tp

y2

U tp _ x, y t p tm

(eq.9).

The overall loss coefficient between the plate and the surroundings is the sum of the top, bottom and edge
loss coefficient. The top coefficient is related to the free-convection between absorber sheet and glass cover
using the model suggested by Hollands et al. (1976) and to the free-convection coefficient with the external
surroundings, calculated with two different relationships (McAdams, 1954 and Fujii and Imura, 1972). The
McAdams (1954) correlation is related with the wind speed, while the Fujii and Imura (1972) correlation
does not account for this parameter. The bottom coefficient considers the conduction heat transfer through
the back insulation layer that is depending on the average temperature of insulation, as stated in the standard
EN ISO 10456 (2008). For the computation of edge heat losses, the convection and the radiative heat transfer
are considered in the zone above the insulation layer, because in the tested collectors there is not lateral
insulation. From the fin theory, the collector efficiency factor F’ and the collector heat removal factor FR are
calculated as reported in Duffie and Beckman (2006) and they are used to obtain the useful heat transfer in
the control element. From the computation of these coefficients it is possible to gain a temperature map of
the plate with an iterative method.
For each collector, the average ambient air temperature and the average wind speed in the horizontal plane
during the tests have been calculated: these values have been used in the simulations. For all the collectors, a
global irradiance of G = 1000 W/m2 and an angle of incidence of 10° are considered. In the simulations of
each collector the coefficients necessary for plotting the efficiency of the collector according to (eq.3) were
obtained: these coefficients are reported in Table 8.
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In Fig. 8-9, the results of the numerical implementation of the model are presented in terms of comparison
between the efficiency curves obtained by the experimental measurements in steady-state condition and the
efficiency curves obtained by the simulations, using the two different correlations for the external
convection. For the experimental curves the experimental uncertainty bands are also given.
The comparisons shows that the Fujii and Imura (1972) correlation is more accurate to predict the behavior
of black coated collector, while McAdams (1954) correlation is more accurate to predict the behavior of
collector with selective coating. The model prediction is more accurate for collector with selective coating
than for collector with black coating. According to the authors, this can be explained considering that at the
same working conditions, the glass cover of a selective collector remains at a lower temperature than the one
of a black coated collector because the absorber has a lower emittance. Thus, when a selective coating is
employed, the wind speed should have a greater influence on the free-convection between glass cover and
external surroundings.

Table 8: Collector coefficients obtained from the simulation with the numerical model.

Correlation
η0
a1 [[W/(m2K)]
a2 [W/(m2K)]]

Standard flat plate
collector, copper absorber
with black coating, copper
tubes
Fujii &
McAdams
Imura
(1954)
(1972)
0.6934
0.7086
5.9841
5.2067
0.0172
0.0194

Roll-bond flat plate
collector, black coating
McAdams
(1954)
0.7991
6.1934
0.0251

Fujii &
Imura
(1972)
0.8010
5.2037
0.0266

Roll-bond flat plate
collector, semi-selective
coating
McAdams
(1954)
0.7422
4.7240
0.0168

Fujii &
Imura
(1972)
0.7426
4.1269
0.0171

Fig. 8: Comparison between experimental efficiency curves and modeled curves at G = 1000 W/m2 in steady-state conditions:
standard copper collector with black coating.

Fig. 9: Comparison between experimental efficiency curves and modeled curves at G = 1000 W/m2 in steady-state conditions.
Left: Roll-bond collector with black coating; Right: Roll-bond collector with semi-selective coating.
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5 . Conclusions
A standard glazed flat solar collector with copper black absorber and copper tubes and two new glazed flat
solar collectors that use a roll-bond plate as absorber have been characterized following the steady-state and
the quasi-dynamic methods reported in the standard EN 12975. The roll-bond collectors are provided with a
black coating and a semi-selective coating respectively.
The efficiency curves obtained with steady-state and quasi-dynamic test methods are in agreement within
their uncertainties. The experimental results show that the roll-bond collectors are competitive products as
compared to standard collectors. In particular, the roll-bond collector with black coating has better
performances and a higher efficiency curve than the standard collector with the same paint. Moreover, the
black roll-bond collector is more efficient than the reference standard collector with selective coating for
reduced temperature Tm*< 0.035 m2 K/W.
The results obtained from the implementation of the three-dimensional computation model are in good
agreement with the experimental efficiency curves. The relationship suggested by Fujii and Imura (1972) for
the calculation of the free-convection coefficient between the glass cover and external surroundings is more
accurate to predict the behavior of black coated collectors, while McAdams (1954) correlation is more
suitable for selective coated collectors.
The present work shows that the use of an aluminum roll-bond plate as absorber can be interesting for the
development of new solar collectors with higher performance and lower cost as compared to standard flat
plate type.

Nomenclature

Aa
a1
a2
b0
cp
c1
c2
c3
c4
c5
c6
EL
F’
G
Gb
Gd
k
Kθb
Kθd

m

Q

qu
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Aperture area of collector
heat loss coefficient
temperature dependence of heat
loss coefficient
incidence
angle
modifier
coefficient for
flat plate collector
specific heat at constant pressure
heat loss coefficient
temperature dependence of heat
loss coefficient
wind speed dependence of heat
loss coefficient
long-wave irradiance dependence
of heat loss coefficient
effective thermal capacitance
wind speed dependence in zero
loss efficiency
long-wave irradiance (λ > 3 µm)
collector efficiency factor
global solar irradiance
direct solar irradiance
diffuse solar irradiance
thermal conductivity of absorber
plate
incidence angle modifier for
direct irradiance
incidence angle modifier for
diffuse irradiance
mass flow rate
useful power extracted from
collector
useful power extracted from the
collector (model)

[m2]

[J/(kg K)]
[W/(m2K)]
[W/(m2K)]

Ta
ta
tin
tm
Tm*
tout
tp
u
Uc
Utp

[(J/m3 K)]

w

[W/(m2K)]
[W/(m2K)]

-

[W/(m2K)]
2

[J/(m K)]

[s/m]
[W/m2]
[W/m2]
[W/m2]
[W/m2]
[W /m K]
[kg/s]
[W]
[W]

ambient air temperature
ambient air temperature
inlet fluid temperature
mean fluid temperature
reduced temperature difference
outlet fluid temperature
absorber plate temperature
surrounding air speed
overall heat loss coefficient
heat transfer coefficient between
plate and fluid
spacing between tubes

[K]
[°C]
[°C]
[°C]
[m2 K/W]
[°C]
[°C]
[m/s]
[W/(m2K)]
[W/(m2K)]

[m]

Subscripts
x
y

position transversal to tube axis
position along tube axis

Greek symbols
δ
η
η0
σ
(τα)
(τα)en
θ
Θ
τ

thickness of absorber plate
efficiency
zero loss collector efficiency
Stefan-Boltzmann constant
transmittance-absorbance product
transmittance-absorbance product
at normal incidence
angle of incidence
switching function (0 or 1)
time

[m]
[W/m2K4]
[°]
[s]
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EXPERIMENTAL INVESTIGATION OF SOLAR PV-T/LIQUID
COLLECTOR
Tomáš Matuška, Luboš Buchta
Faculty of Mechanical Engineering, Czech Technical University in Prague (Czech Republic)

1. Introduction
Integration of photovoltaic and thermal liquid collector into one component brings several advantages for
solar applications. Hybrid concept of unglazed photovoltaic-thermal (PV-T) collector with combined heat
and power production allows an effective use of solar energy incident on building envelope area if low
temperature heat is used in suitable technical systems of building. Moreover, building envelope integrated
PV modules need cooling not only to increase the electricity production but also to protect the PV cells
against degradation by excess thermal load and to maintain their standard life-time.
Unglazed type of PV-T collectors is suitable to applications with priority of electricity generation (increase
of yield by cooling) and waste heat removed from cells is a by-product at low temperature level with worse
usability than in standard solar thermal collectors. Compared to glazed PV-T collectors with higher available
temperatures unglazed alternative represents robust and simple construction with reduced risk of damage due
to overheating at stagnation conditions without heat removal.
PV-T collectors cooled by a liquid have crucial advantages compared to air PV-T collectors, especially in
low parasitic electric energy need for system thanks to high thermal capacity of fluids, easy building
envelope integration because of small dimensions of distribution system and good usability of heat in
summer e.g. for cold water preheating or primary circuits of heat pumps (Charalambous, 2007).
Commercial production of economically viable PV-T collectors is still on starting point. Requirement of
integration of two completely different technologies into one product makes the PV-T collectors expensive.
Costs of commercial unglazed PV-T collectors (450 to 550 EUR/m2) are still usually two times higher
compared to PV modules (200 to 250 EUR/m2). On the other side, unglazed PV-T collectors are a suitable
concept for low-cost production from standardized commercial components - PV module and thermal
absorber (heat exchanger) joined together by an adhesive bond. However, simplicity of such low-cost
production is balanced by generally lower thermal performance (Zondag, 2004), especially due to:
•

high thermal resistance between liquid and PV cell (laminate layers, adhesive bond, irregularities in
flatness of absorber, possible air traps or dry contacts, heat exchanger configuration);

•

white gaps between PV cells in commercial PV modules because of white foils used for back side
encapsulation; this results in reduced absorption of solar radiation at aperture area.

Experimental investigations presented in the paper have been carried out with low-cost PV-T collectors
prepared from commercial PV modules with heat exchangers (those typically used in solar thermal
collectors) with different type of contact between them. Main purpose of the work was to investigate the
influence of different configuration of heat exchanger (pipe structure, plate/pipe structure) and contact (ůdry"
contact, standard epoxy resin, epoxy resin filled with aluminium particles) on thermal performance and
influence of thermal insulation used at back side (case of building envelope integration). Based on
experimental results a previously developed mathematical model PVT_NEZ (Matuska, 2010) has been
improved and verified to allow further investigation on potential of low-cost PV-T collectors especially for
building integrated applications.
2. Investigated unglazed PV-T collector alternatives
Investigated concept of unglazed PV-T liquid collector uses a heat exchanger (absorber) attached to back
side of the commercial PV module for cooling by liquid (water, antifreeze mixture), eventually equipped
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with thermal insulation layer. The concept can be applied both for low-cost production of new unglazed PVT collectors and for retrofit the already installed PV modules.
PV-T collectors are based on polycrystalline silicon PV module with peak power 210 Wp. Gross dimensions
of PV module are 1500 x 990 mm and aperture area is 1.485 m2. Total 54 polycrystalline photovoltaic cells
are laminated between glass/EVA foil (front) and PET foil (back). PV laminate is integrated into aluminium
frame.

Fig. 1: Configurations of bond between pipe heat exchanger and PV module

Several alternatives of PV-T collector design have been prepared (see Fig. 1), two types of heat exchanger
combined with different thermal quality of contact with PV laminate (dry, adhesive resins) and eventually
thermal insulation. Heat exchanger alternatives for liquid cooling of PV module are of common design for
solar thermal collectors: copper headers (22 x 1 mm) and risers (10 x 1 mm) in harp configuration. Distance
between two adjacent pipes is 100 mm. One alternative use only copper pipes structure with no heat
conducting fins (see Fig. 2), second one is a structure with identical layout but with aluminium plate
(absorber) of thickness 0.3 mm forced on pipes (see Fig. 3). Three different thermal contacts have been used:
"dry" contact without glue or paste, standard epoxy resin (CHS EPOXY 531/TELALIT 0492, further
"epoxy") and epoxy resin filled with aluminium powder (volume concentration of aluminium 1:25, further
"epoxy-AL").
Several specimens were prepared with thermal insulation (extruded polystyrene) of thickness 40 mm,
integrated into original aluminium frame of PV module (see Fig. 2 and Fig. 3).

Fig. 2: Pipe heat exchanger glued to PV module without insulation (epoxy, epoxy-AL) and with insulation (epoxy)
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Fig. 3: Plate/pipe heat exchanger glued to PV module without insulation and with insulation (detail, covered)

3. Experimental work and results
Proposed alternatives of unglazed PV-T collectors have been experimentally studied at Solar laboratory at
CTU in Prague. Thermal performance of PV-T collectors has been evaluated to investigate the influence of
both thermal contact heat exchanger/laminate and thermal insulation applied on effectiveness of PV laminate
cooling. Method for unglazed collectors in accordance with EN 12975-2 for outdoor steady-state conditions
has been used with no electricity load applied. Measured values for conditions of wind velocity under 1 m/s
have been taken for thermal efficiency evaluation. Fig. 4 shows PV-T collectors at test stands in Solar
laboratory.

Fig. 4: Investigated unglazed PV-T collectors at test stand

Fig. 5 (left) shows efficiency curves for PV-T collector with pipe structure as heat exchanger glued to back
side of PV laminate with two different epoxy resins and no thermal insulation applied. Heat transfer from PV
cell to liquid is dramatically reduced by low conductivity of laminate together with large spacing of pipes
(100 mm). This results to low value of zero-loss efficiency under 30 % for both alternatives. Better thermal
conductivity of epoxy resins with aluminium powder (epoxy-AL) increases the efficiency to certain extent
but influence of low conduction through laminate material is prevailing for total heat transfer.
Fig. 5 (right) shows comparison of PV-T collectors with pipe structure glued by standard epoxy resin in
alternatives without and with thermal insulation layer applied to back side (to simulate building envelope
integration). Despite the poor thermal quality of laminate-pipe contact, the application of thermal insulation
significantly increases the effectiveness of heat removal from PV laminate due to considerably lower back
heat loss.
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Fig. 5: Results for PV-T collector with pipe heat exchanger

Fig. 6 (left) shows a comparison of efficiency curves for PV-T collectors with plate/pipe heat exchanger
attached to PV laminate by "dry" contact and glued by two resins (epoxy, epoxy-AL). All alternatives have a
thermal insulation 40 mm applied to back side. Better heat removal from back side of PV laminate by a
plate/pipe heat exchanger results in significantly increased efficiency compared to simple pipe structure.
Thermal quality of bonding material has a minor importance, even the "dry" contact shows a considerable
improvement compared to glued pipe structure.
Fig. 6 (right) gives an indication on thermal power useable at different temperature levels (for
G" = 1000 W/m2). Peak thermal power is 3 to 4 times higher than peak electric power of PV module for
investigated alternatives with plate/pipe heat exchanger.
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Fig. 6: Results for PV-T collector with plate/pipe heat exchanger with thermal insulation

4. Theoretical modelling
A detailed mathematical model of unglazed solar flat-plate hybrid PV-T liquid collector (PVT-NEZ) has
been developed previously (Matuska, 2010). Model is based on theory for energy balance of solar thermal
collectors (Duffie and Beckman, 2006) expanded for photovoltaic conversion (Florschuetz, 1979). Input
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parameters of the model are thermal, optical, electrical and geometrical properties of individual parts of PVT collector (e.g. PV reference electric efficiency, temperature coefficient; material and geometry for heat
exchanger, thermal insulation layer if applied), climate conditions (solar irradiance, ambient temperature,
wind velocity, sky emissivity) and operation conditions (temperature of fluid entering collector, mass flow
rate). Output parameters of the model are usable electric power and thermal power.

Fig. 7: Scheme of unglazed PVT-NEZ model (standalone, building envelope integrated alternative).

Mathematical model PVT-NEZ consists of external energy balance of PV-T absorber (heat transfer from PVT absorber surface to ambient) and internal energy balance of PV-T absorber (electric yield, heat transfer
from PV-T absorber surface to liquid), see Fig. 7. Mathematical model PVT-NEZ has been subjected to
verification by experimental data for investigated low-cost PV-T collectors with back thermal insulation
(building integration case). For given PV-T collectors configurations and parameters (glued pipe heat
exchanger, glued plate/pipe heat exchanger), thermal output has been theoretically modelled for identical
boundary conditions as for experiments and results were compared.
Principle uncertainty of PV-T collector model is generally associated with theoretical definition of unknown
thermal bond conductance. Is has been assumed a value 3 W/(m.K) for bonds with standard epoxy resin and
4 W/(m.K) for epoxy-AL bond. Thermal conductivity of aluminium plate (0.3 mm) has been considered
240 W/(m.K), thermal conductivity 1.2 W/(m.K) for back side laminate of PV cell (3 mm) has been used and
a value 0.032 W/(m.K) for thermal insulation from extruded polystyrene (40 mm).
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Fig. 8: Verification of mathematical model with experimental data for three alternatives of PV-T collectors

Second important source of uncertainty for modelling unglazed solar collectors generally is a wind
convection calculation (Sartori, 2006). Robust model derived from (Test et al., 1981) has been chosen as
suitable for different wind velocities in calculation process. However, reliable wind convection model still
remains a crucial problem in theoretical modelling of unglazed collectors.
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Experimentally derived values of thermal output of PV-T collectors which have met a requirement of
stationary conditions (for different climatic and operation conditions) have been compared with modelled
results for identical boundary conditions (solar irradiance, ambient temperature, wind velocity, sky
emissivity, mass flow rate, input fluid temperature, no electric load applied). Results for three alternatives are
shown in Fig. 8. Although the values are subject of uncertainty of both experimental testing and quality of
model input parameters, the graph shows a relatively good agreement between experiment and model.
5. Conclusions
Experimental investigation of low-cost unglazed PV-T collector prepared from commercially available
components has been performed at outdoor conditions according to EN 12975. Alternatives based on PV
module with glued pipe structure resulted in very poor thermal performance. As promising improvement
could be seen an integration into building envelope (here substituted by thermal insulation of 40 mm) which
significantly increase the thermal performance and effectiveness of PV module cooling, both for simple pipe
structure and for plate/pipe heat exchanger.
A verification of previously developed mathematical model for unglazed PV-T collector has been done for
alternatives with thermal insulation applied to back side and good agreement has been shown between
theoretically and experimentally derived thermal output data. The most uncertain part of model verification
is wind convection and it should be further studied. Future work will be focused on modeling and
experimental investigations of PV-T electric performance.
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1. Introduction
A photovoltaic/thermal (PVT) collector, which is also known as a photovoltaic-thermal system, generates
both thermal and electrical energy simultaneously. A photovoltaic/thermal (PVT) collector is a combination
of photovoltaic module with a solar thermal collector, forming one device that converts solar energy into
electricity and heat simultaneously(Kim and Kim, 2008). The excess heat that is generated from PV modules
can be removed and converted into useful thermal energy. As a result, PVT collectors can generate more
solar energy per unit surface area than side by side photovoltaic modules and solar thermal collectors(Kim, et
al., 2009).
In general, two types of the PVT collector can be distinguished: Glazed PVT collector with covered glass,
which produces more heat but has a slightly lower electrical yield, and unglazed PVT collector with no
covered glass, which produces relatively less thermal energy, but has a somewhat higher electrical
performance. Unglazed PVT collectors are more similar to regular PV panels, and consist of PV-module and
thermal absorber with no additional glass cover. Unglazed one has lower thermal efficiencies: The collector
delivers relatively lower thermal energy with higher electrical efficiency due to the cooling effect of PV
module. The electrical efficiency of Unglazed PVT collector is higher than that of glazed PVT collector, and
even higher than that of regular PV module due to the cooling effect. But the thermal efficiency of the
unglazed is lower than that of the glazed collector due to higher heat loss from the collector surface of the
former(Kim, et al., 2010).
On the other hand, two types of the PVT collector can be distinguished according to absorber attached into
PV module: the sheet-and-tube absorber PVT collector (Fig.1) and the fully wetted absorber PVT collector
(Fig. 2).
The aim of this study is to compare the electrical and thermal performance of the sheet-and-tube absorber
and the fully wetted absorber PVT collectors, both categorized as unglazed. For this paper, the PVT
collectors with two different types of thermal absorber were made, and both the thermal and electrical
performance of them were measured in outdoor, and the results were compared.

pv laminate
adhesive
heat conductor
water flow

Fig. 1 Sectional view of sheet-and-tube absorber PVT Collector

pv laminate
adhesive
water flow
channel

Fig. 2 Sectional view of fully wetted absorber PVT Collector
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2. PVT Collector Design and Manufacture
The liquid-type unglazed PVT collectors of two absorber types, the sheet-and-tube and fully wetted absorber,
were designed and made for this study. The sheet-and-tube absorber was the well-known technology for
solar thermal collector and commercially available. For the case of a fully wetted absorber, the fully wetted
absorber of rectangular shape as water flow channel can reduce thermal resistance between PV module and
the collector fluid(Affolter, 2007). The fully wetted absorber is no absorber sheet which is attached at PV
module back side like the sheet-and-tube absorber
The PVT collectors consist of PV modules in combination with water heat extraction units made from
aluminum of sheet-and-tube and fully wetted type. Also, PVT collectors consist of a PV-covered absorber
with no additional glass cover, and are thermally protected with 50mm glass-wool insulation.
For the sheet-and-tube absorber PVT collector, the aluminum sheet-and-tube absorber was attached at the PV
module back side by thermal conduction adhesives. The PV modules used for the collectors were 240Wp
mono-si PV modules and had the electrical efficiency of 14.5% in the standard test conditions (STC). The
specifications are shown in Table 1.
The configuration of fully wetted absorber PVT collector was the same as the sheet-and-tube absorber PVT
collector except the absorber.

Tab. 1 PV module Specifications

cell type

Mono crystalline silicon

maximum power

240W

maximum voltage

29.93V

maximum current

8.15A

shot current

8.56A

open voltage

37.55V
1656*997*50mm

size

3. Experiments
3.1 Experimental Methods
Two different types of the PVT collector were tested under irradiance above 790W/㎡, flow rate 0.02kg/s ㎡,
based on ASHRAE Standard 93-77(ASHRAE, 1991) and PVT performance measurement guidelines of ECN
(Zondag, et al., 2005). The electricity and thermal performance measurements were carried out under quasistationary condition in outdoor(fig. 3). For the electrical performance measurements of the PVT collectors,
such DC current-voltage and power, electrical loading resistors and a power meter were installed.
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Fig. 3: Experiment view of sheet-and-tube and fully wetted absorber PVT collector

3.2 Analysis of the Experimental Results
With the results of the outdoor testing of the PVT collectors, the thermal and electrical performances were
analyzed: The experimental results for the two different types of PVT collector were compared.

(1) Thermal performance
The thermal efficiency is determined as a function of the irradiance (G), the input fluid temperature (Ti) and
the ambient temperature (Ta). The steady state efficiency is calculated by:
．
ηth = m Cp (To-Ti)/ Apvt G

(eq. 1)

Where,
ηth : thermal efficiency
Apvt: collector area (㎡)
To: collector outlet temperature (℃)
Ti: collector inlet temperature (℃)
．
m: mass flow rate(kg/hr)
Cp: specific heat (kJ/㎏℃)
G: irradiance (W/㎡)

The thermal efficiency ηth of a PVT collector is conventionally shown as a function of reduced temperature,
which is defined as ∆T/G, where ∆T = Tm - Ta
Where, Tm is collector mean fluid temperature, and is defined as the average of inflow and exit point
temperatures. Ta is ambient temperature, and G is the irradiance in the collector plane. Hence, ∆T is a
measurement of the temperature difference between the collector fluid and its surroundings, relative to the
irradiance. The thermal efficiency ηth is then expressed as
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ηth = η0 – α1(∆T/G)
Where η0 is the thermal efficiency at zero reduced temperature, and α1 is the heat loss coefficient.
With the measurement results of the PVT collectors of two different types, the thermal performance can be
expressed with Fig. 4. Thermal efficiencies of the sheet-and-tube absorber and the fully wetted absorber PVT
collector can be expressed with relational expression ηth = 0.66-14.29(∆T /G) and ηth = 0.70-13.29(∆T /G)
respectively. Thus, the thermal efficiencies (η0) at zero reduced temperature are 0.66 and 0.70 respectively,
and the fully wetted absorber PVT collector efficiency was about 4% higher than that of sheet and tube
absorber PVT collector. Also, the heat loss coefficients (α1) are -14.29W/m2K and -13.29W/m2K,
respectively: The fully wetted absorber PVT collector had better thermal performance than the sheet-andtube absorber PVT collector, but their heat losses are similar.
Therefore, the thermal performance difference by absorber type was concluded as relatively small. The
average thermal efficiency of the sheet-and-tube absorber and the fully wetted absorber PVT collector is
about 48% and 51% respectively, at the same outdoor condition.
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Fig. 4: Sheet-and-tube and fully wetted absorber PVT collector thermal efficiency

(2) Electrical performance
The electrical efficiency depends mainly on the incoming irradiance and the PV module temperature, and is
calculated with the following equation:

ηel = ImVm / Apvt G

(eq. 2)

Im and Vm are the current and the voltage of the PV module operating at maximum power.
The electrical efficiencies of the sheet-and-tube absorber and the fully wetted absorber PVT collector at the
outdoor condition are shown in Fig. 5. The performance of the sheet-and-tube and fully wetted absorber PVT
collector can be expressed with relational expression, ηel = 0.14-1.56 (∆T /G) and ηel = 0.15-1.33 (∆T /G),
respectively. Thus, the electricity efficiency (η0) at zero reduced temperature is 0.14 and 0.15, respectively,
and the electricity loss coefficient is -1.56 and -1.33, respectively. From these results, it was analyzed that the
fully wetted absorber PVT collector presents about 10% higher electrical efficiency, compared to the sheet-
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and-tube absorber PVT collector. This difference seems to be significant as this means about 1% difference
of the PV module’s electrical efficiency.
It was found that the fully wetted absorber PVT collector had the better electricity performance as well as
better thermal performance. The average electrical efficiencies of the sheet-and-tube and the fully wetted
absorber PVT collector are about 12.6% and 14%, respectively.
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Fig. 5: Sheet-and-tube and fully wetted absorber PVT collector electrical efficiency

The PV module temperature depends on the cooling effects of PV module by the fluid into the PVT
collectors. The electrical performance was analyzed as function of PVT mean fluid temperature. The PV
module electricity efficiency of the collectors as the function of mean fluid temperature is shown in Fig. 6, 7.
For the sheet-and-tube absorber PVT collector, the electricity efficiency was decreased according to mean
fluid temperature increase. This result indicates that the mean fluid temperature of PVT collector had an
effect on PV module temperature.
In the case of fully wetted absorber PVT collector, it also found that the electricity efficiency was decreased
according to mean fluid temperature increase, although its mean fluid temperature is lower compared to that
of the sheet-and-tube absorber PVT collector.
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Fig. 6: Sheet-and-tube absorber PVT collector electricity efficiency as a function of mean fluid temperature
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4. Conclusion
This study analyzed the experimental results for the thermal and electrical performance of liquid PVT
collector of two absorber types, a sheet-and-tube absorber type and a fully wetted absorber type.
The thermal and electricity efficiency curves were calculated and it was shown that for zero reduced
temperature, the thermal and electricity efficiency of the sheet-and-tube absorber PVT collector are 66% and
14%, respectively, and for the fully wetted absorber PVT collector they are 70% and 15%, respectively.
The experimental results were analyzed that the thermal efficiency of the fully wetted absorber PVT
collector is about 4% higher than the sheet-and-tube absorber PVT collector, and for the electrical efficiency,
the fully wetted absorber PVT collector had about 1% higher than the sheet-and-tube absorber PVT collector.
Therefore, the fully wetted absorber PVT collector had better thermal and electricity performance.
Through these study results, it was found that both the unglazed PVT collector of two absorber types could
keep their electrical performance by similar level to electricity efficiency in STC. In particular, it is obvious
that the fully wetted absorber PVT collector had the better thermal performance at zero reduced temperature,
and performs better in generating electricity as well.
However, it is very difficult to say that the fully wetted absorber PVT collector has a priority against the
sheet-and-tube absorber PVT collector. This is due to that the fully wetted absorber could require more
difficult bonding technique than the sheet-and-tube absorber.
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Abstract
A parabolic dish concentrator (PDC) has been designed to be used for charging a thermal energy storage
(TES) that is for indirect cooking purpose. Three different receivers have been designed, fabricated, and their
performance tested experimentally. The three designs are Volumetric Flask (VF),Volumetric Box (VB) and
Conical Tube (CT) receivers. The receivers have been fabricated to use oil as a heat transfer fluid. Of the
three designs, the CT receiver has the highest efficiency for a given flow rate, thus making it the best
receiver. A positive displacement pump was also designed and constructed for the experimental tests. The
pump is used to drive the oil through the receivers and also to act as a flow meter. Thus a low cost and high
temperature positive displacement pump and a flow meter have been designed and fabricated for use in solar
thermal studies.
Key words
Solar receiver, wire mesh, flow meter, efficiency
1.

Introduction

The aim of this work was to capture solar radiation and convert it into solar thermal energy for storage. The
stored energy is to be used in an indirect solar cooker. The capture of solar radiation and conversion of it into
solar thermal energy involves the use of solar receivers. In order to optimise these solar receivers, some
studies have been carried out using computer models while others through experimental works (Jarvinen,
1978; Pitz-Paal et al., 1997; Kribus et al., 1999). A lot of research has been carried out on designing new
receivers or improving the performance of existing ones (Yogev and Wolfson, 1996; Buck et al., 2006), and
on understanding factors that affect their performance (Clausing, 1981; Prakash et al., 2009). One group of
these receivers is the volumetric solar receivers.
Volumetric receivers are generally used in central receiver solar power plants and have also been used for
chemical applications (Pitz-Paal et al., 1997) and the heat transfer fluid (HTF) used is usually air or any other
suitable gas. The major advantage of volumetric receiver designs is the simplicity of their principle. Such
receivers are suitable for use in rural households as they are simple and often reduce chances of hot spots
developing within the receiver. Several studies have been carried out on volumetric solar receivers that use
air as a HTF (Pitz-Paal et al., 1997; Becker et al., 1992; Böhmer and Chaza, 1991). The use of wire mesh,
ceramic absorbers and other porous materials in these receivers has been observed to increase their efficiency
(Kribus et al., 1999; Böhmer and Chaza, 1991; Hellers et al., 2006; Stobbe and Hoffshmidt, 2003; Boomsma
et al., 2003; Fend et al., 2004).
The literature review carried out does not indicate a large use of volumetric receivers in indirect solar
cookers that have a separate solar collector and cooking unit or thermal energy storage (TES) system
(Mawire and McPherson, 2008; Mawire et al., 2009). Moreover, these receivers have mainly been used with
air as a HTF and metal foams as the porous media. Furthermore, most of the studies on metal foams have
focussed on their pressure drop and flow characteristics. Among the studies that have focused on the thermal
conductivity of these metals foams, very few have dealt with their characteristics under concentrated solar
radiation (CSR) and using a liquid as the HTF. Thus there was need to investigate the use of such porous
materials in volumetric receivers for indirect solar cookers. In this study, heat transfer oil is used as the HTF
and a wire mesh is used to improve the effective thermal conductivity and the flow of the oil in two of the
three designed receivers. The wire mesh was chosen as the candidate for investigation because it is cheap and
1Corresponding
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readily available to rural households in Africa. In this work, three receivers were designed and fabricated for
use with an SK-14 parabolic dish reflector (PDR) (Mlatho et al., 2010) in order to make a PDC. The purpose
of the PDC is to charge a TES system (Mlatho, 2009; Mlatho et al., 2010) to be used in an indirect solar
cooker.
2.
Design and description of the receivers
The shapes of the receivers, the surface shapes and the diameter of the receiver apertures were chosen based
on the work of reference (Mlatho et al., 2010) and also on the results of a ray tracing-program (Mlatho,
2009). From the results of the spatial extent (SE) of the focal region (FR) obtained with a radiometer method
(Mlatho et al., 2010), a diameter of 0.1 m for a flat aperture was considered as reasonable option in order to
obtain maximum flux concentration. This is because the energy from the receivers is intended to be delivered
at high temperatures of around 200 oC. Because the PDR has a large rim angle and is deep, the rays that
reach its FR are not perpendicular to the focal plane. Instead, they arrive at angles of incidence that are
greater than 0o.
From the results of the ray tracing-program, a receiver aperture with a parabolic surface is suitable for
capturing the CSR at the FR of the PDR. For this reason, a volumetric receiver with a parabolic aperture
surface was chosen as the first design. A laboratory glass flask with a round bottom and having a diameter to
0.1 m was modified into a receiver. This receiver is referred to as Volumetric Flask (VF) receiver. Fig. 1 (a)
shows the rays of the direct solar radiation (DSR) reflected from the SK-14 PDR and incident onto the VF
receiver that is placed at the FR of the PDR. The results of Fig. 1 were obtained from the ray-tracing of the
SK-14 PDR (Mlatho, 2009). As shown, a large percentage of the reflected rays fall onto the aperture surface
area at angles of incidence that are nearer to 0o and this is because of the parabolic shape of the aperture
surface.

Fig. 1: The CSR distribution at the apertures of the receivers placed at the FR of the SK-14 PDR obtained through ray-tracing.

The VF receiver of Fig. 2 is made of a round-bottom glass flask that is 500 ml in volume. Into the mouth of
the flask is placed a silicon rubber stopper with two metal tubes that serve as inlet and outlet pipes for the oil.
The inlet pipe is positioned at the centre of the flask and close to the aperture and this reduces the radiative
losses at the aperture since the oil flowing from the inlet cools it. A reflecting steel plate surrounds the flask
from its neck to midway of the round bottom. The plate is insulated on the inside with a high reflecting
aluminium foil and on the outside with glass wool. This aluminium foil on the inside is for increasing the
reflectance of the reflecting plate. The wool on the outside is then covered with the aluminium foil. The
operation of the VF receiver depends on absorption of the CSR by the oil as well as on reflection of the CSR
by the reflecting plate. The reflected CSR is eventually absorbed by the oil in the flask. As the oil flows from
the inlet to the outlet, it continuously absorbs CSR.

132

Fig. 2: Schematic diagram of the VF receiver that also shows the locations of the thermocouples.

A second receiver design based on the results of the ray tracing-program is a cylindrical cavity receiver with
a flat glass aperture. This receiver is referred to as Volumetric Box (VB) receiver. Fig. 1 (b) indicates that
some of the reflected rays fall onto the cylindrical part of the VB receiver that is close to the aperture and this
is because of the large rim angle of the PDR. The rays that fall onto the cylindrical cavity are those reflected
from the PDR surface area that is close to its rim and represents a large percent of the CSR. Hence part of the
cylindrical cavity that is close to the aperture should not be insulated so that it can receive the CSR from
these PDR surface areas. The other implication is that if the cylindrical part of this receiver is insulated, this
would effectively reduce the effective surface area of the PDR that reflects the DSR to the receiver. For this
reason, the section of the fabricated VB receiver close to its aperture was not insulated and was painted black
so that it absorbed the CSR that fell on it.

Fig. 3: Schematic diagram of the VB receiver that also show the locations of the thermocouples.

This VB receiver of Fig. 3 consists of a cylindrical cavity made of aluminium. It has inlet and outlet pipes at
the back and an aperture of glass at the front. The inside of the receiver is left unpainted so that there is a
high reflection of the incident CSR within the cavity. The outside of the cavity is painted black and partly
insulated with glass wool. The glass wool is in turn covered with aluminium foil. The inlet is positioned
close to the aperture so that its cool oil cools the aperture and thereby reduces radiative losses. The outlet
pipe is at the back of the cylinder. Thus, oil flows in close to the aperture and flows out away from the
aperture.
The third design is a metal receiver with a conical shape. This design arose because some of the reflected
rays from the PDR surface area did not fall onto the aperture of the VB receiver. Fig. 1 (c) shows the
distribution of the light rays on this receiver that is placed at the FR. The cone is placed at the FR in such a
way that its vertex points towards the vertex of the PDR. The advantage of a receiver with such a shape is
that it occupies a good part of the FR that receives high CSR. Thus it differs from the other two designs. This
cone-shaped receiver is referred to as Conical Tube (CT) receiver. Fig. 4 shows the schematic diagram of the
CT receiver.
The CT receiver consists of a copper pipe that is wound or coiled around a copper cone to form a conical
coil. The coiled pipe and the cone form the absorber and hence the CSR is mainly focused onto them. The oil
flows in the coiled pipe from the vertex of the cone and comes out close to the cylinder part of the receiver as
shown in Fig. 4. Thus the cone and the coiled pipe form the absorber for the CT receiver.
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Fig. 4: Schematic diagram of the CT receiver that also show the locations of the thermocouples.

3.
Experimental Techniques
A positive displacement pump was designed and constructed as shown in Fig. 5 for pumping oil through the
receivers. The pump can withstand the high operating temperatures (≈ 300 oC) of the receivers. A motor
from an electric screw driver was attached to the shaft of the pump and used to drive it. Two cables were
used to provide power to the motor. By varying the voltage supplied to the motor, the speed of the pump is
varied in revolutions per second (rev/s). Thus the volume flow rate of the oil can be controlled.

Fig. 5: The positive displacement pump designed for high temperature operation.

In order to obtain data on the efficiency and outlet temperature of the receivers, an experimental setup was
arranged that consisted of a series arrangement of a heat exchanger system, an oil reservoir, two identical
positive displacement pumps and an SK-14 PDR with a receiver. The setup is shown in Fig. 6 and was such
that oil from the reservoir was pumped through the receiver to the heat exchanger and back to the oil
reservoir. The exchanger cools the heated oil from the receiver before it flows back to the reservoir. The
reason for the cooling is to control the temperature of the oil in the reservoir to ambient values as the
experiment was carried out throughout the day with continuous heating of the oil. It was thus, possible to
restrict the temperature of the oil flowing into the receiver to ambient values.

Fig. 6: The experimental setup showing the configuration of the two positive displacement pumps, P1 and P2.
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Fig. 7 shows a circuit diagram of a debounce switch that was used to measure the speed of the pump. A small
magnet is attached to the shaft of the pump and a reed switch is placed close to the shaft of the pump. The
switch is temporarily closed every time the magnet passes it as the shaft rotates.

Fig. 7: A circuit diagram of the debounce switch used to measure the speed of the shaft and so of the pump.

The speed of the shaft (thus of the pump) is then obtained from the total number of times that the reed switch
closes in unit time. In order to improve the counting of the number of closures, a debounce circuit is
connected to the reed switch, forming a debounce switch. The pumps were calibrated and found to displace
an oil volume of V = 6.8 ± 0.1 ml/rev at a zero differential pressure ( ∆P ) across them.
A data logger connected to a computer, was used to count the number of pulses from the debounce switch
over a certain interval of time to obtain the speed in rev/s. The volume flow rate is then obtained from the
product of rev/s and volume (vol) per revolution obtained during calibration of the pumps.
During the initial test of the pumps, it was noted that the volume of oil displaced per revolution decreased
with an increase in the pump pressure and this is due to slippage of the pump. To overcome this problem, a
configuration of two identical pumps (P1 and P2) was devised. Two pumps were connected in series as
shown in Fig. 6. When both pumps were switched on, the speed of P2 was set such that the differential
pressure ( ∆P1 ) across P1 was zero. P1 was then used to measure the vol/rev of the oil in the system. In this
way, P1 was used as a flow meter while P2 was used to drive the oil through the system. The volume flow
rate of pump P1 was also verified by connecting a high precision Macnaught M series flow meter (Model
M1SSP) in series with the two pumps shown in Fig. 6. The experiment verifying the flow rate of pump P1
was carried out with oil at room temperature up to about 120 oC, which is the maximum allowed operating
temperature of the high precision flow meter. It was observed that flow rate of pump P1 was very nearly
equal to that of the high precision flow meter. Thus, a cheap and high temperature positive displacement
pump and flow meter were also designed for use in such solar thermal studies.
In order to determine the efficiency of the receivers, each one was placed at the FR of the PDR. The PDR
was then placed to face towards the sun such that the rays of the direct solar radiation (DSR) were
perpendicular to its aperture. In this way, the PDR was able to reflect the DSR to the receiver. The DSR was
measured by means of a Normal Incidence Pyrheliometer (NIP) which was attached to a sun tracker. Thus a
combination of the NIP, the data logger and the computer were used to measure, acquire and store DSR data.
During testing of each receiver, several temperatures of the oil were measured by using K-type
thermocouples placed at various points in and around the receiver. The locations of the thermocouples are
shown in Figs. 2, 3 and 4.
The efficiency, η1 of the receiver for converting the CSR into heat energy of the oil was calculated (Hasuike
et al., 2006) as
η1 = Quseful Pincident
(eq. 1)
where Pincident is the input solar power (in the form of CSR) and
oil while inside the receiver.

Quseful is the heat per unit time gained by the

Quseful is given by
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Quseful = m& cp (Tout − Tin )

(eq. 2)

and Pincident is given by

Pincident = Apdr I b
(eq. 3)
& is the mass flow rate of the oil, cp is the specific heat capacity of the oil at temperature Trec, Apdr is
where m
the effective aperture area of the PDR ( ≈ 1.5 m2) and Ib is the DSR. Here, Trec given by

Trec =

(Tin + Tout )

(eq. 4)

2

and is the temperature of the receiver, where Tin and Tout are the inlet and outlet temperatures of the oil.
All variables used in the calculation of the efficiencies were measured when the receiver temperatures and
volume flow rate of the oil were no longer changing significantly (receivers in a steady state). The
efficiencies of the two volumetric receivers (VF and VB) were also measured with a wire mesh inserted into
them. The porosity (ϕ) of the wire mesh was ≈ 0.90. The wire mesh is stainless steel pot scourer that was
spray-painted with black mat paint. The efficiency of the CT receiver was also measured when its absorber
was painted with black matt paint.

4.
Results and discussion.
The results obtained for the receivers before and after they were modified are presented. Fig. 8 shows a
variation of the efficiency with flow rate. The individual efficiencies for the three receivers generally
increase with an increase in the flow rate, respectively. This is expected because as the flow rate is increased,
more heat is carried out of the receiver and the radiative heat losses are reduced.
In plot (a) of Fig. 8 the efficiency of the VF receiver shows an almost linear increase from low mass flow
rates up to a flow rate of ≈ 0.001 kg/s. This suggests that radiative losses (due to the receiver’s temperatures)
4

have little effect on the efficiency since it does not vary according to Trec . The plots (b) and (c), on the other
hand, show a dominant effect of the radiative losses.
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Fig. 8: A variation of the efficiency with mass flow rate for the VF (a), VB (b) and CT (c) receivers.
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Fig. 9 shows the variation of Tout of the three receivers. Tout ≥ 150 oC has been found to sufficient for cooking
purposes (Muthusivagami et al., 2010). This temperature is obtained at flow rates of ≤ 0.0015 kg/s for the VF
and VB receivers. Hence these flow rates of these two receivers are sufficient to charge a TES that can be
used for cooking purposes. Tout ≥ 150 oC is achieved by the CT receiver for mass flow rates of ≤ 0.002 kg/s.
Measurements of η1 and Tout for mass flow rates greater than ≈ 0.0035 kg/s were not carried out as Tout
dropped below 100 oC and temperatures below 100 oC are not sufficient for either cooking purpose or
charging a TES that can be used for cooking.
In plot (a) of Fig. 9, Tout of the VF receiver approximately varies linearly with the mass flow rate and this is
because of the reduced influence of radiative losses. This reduced effect is mainly due to its design which
allows the CSR to be incident on a larger (parabolic) surface area of the aperture and the inlet which is close
to the aperture (Fig. 2). The plots (b) and (c) of Fig. 9 show that their Tout is strongly influence by radiative
losses.
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Fig. 9: A variation of Tout with mass flow rate for the VF (a), VB (b) and CT (c) receivers.

Fig. 10 shows plots of all the temperatures measured on and inside the receivers. Plot (a) shows temperatures
measured inside and on the VF receiver as depicted in Fig. 2. T1 is higher than T2 for all mass flow rates and
this is because the inlet pipe is positioned close to the aperture and the oil flowing from the inlet cools the
aperture. The temperatures, T3, T4, T5 and T6 are measured on the reflecting plate and are much higher than
T1, T2 and Tout at large flow rates. This shows that the temperatures on the reflecting plate are not strongly
affected by the flow rate of the oil and this is because the reflecting plate is covered with an aluminium foil
on the side in contact with the glass flask and is heavily insulated with glass wool on the other side. The
function of the aluminium foil is to increase the reflection of the CSR and hence reduces the temperature of
the reflecting plate. T4 is relatively higher than to the rest of the other temperatures. This is because the
aluminium foil where the thermocouple was placed melted during the experiment and so reduced the amount
of the CSR that was reflected. This resulted in an increased plate temperature.
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Fig. 10: A variation of the various temperatures measured on the receivers with mass flow rate.

Plot (b) of Fig. 10 shows the variation of the temperatures on the VB receiver as shown in Fig. 3. T6 is the
highest temperature recorded followed by T5. Both T5 and T6 are temperatures measured close to the
cylindrical part of the VB receiver that was not insulated and received CSR. Apart from this, the rest of the
temperatures on the receiver are very close to each other and Tout is not significantly different from these
temperatures. The implication is that the cylindrical part of the VB receiver not insulated presents a region
where the oil may be degraded due to high temperatures that are higher than its maximum film temperature
of 340 oC (Shell, 2007). Because Tout is nearly equal to most of the temperatures recorded on the receiver,
the VB receiver should always be well insulated for better performance.
In Fig. 10 (c), Tcav1 was measured at the cone vertex and Tcav2 is the cone temperature close to the cylindrical
part of the receiver where the outlet is located (Fig. 4). Tcav2 is always higher that Tcav1 because there is a
higher flux concentration close to the CT receiver outlet as compared to the receiver inlet. Increase in the
flux concentration implies increase in the CSR. The difference is also because the CT receiver inlet of the
coiled pipe is located at the vertex of the cone and hence the cool oil flowing from the inlet cools it down.
Thus for the CT receiver, the specific heat capacity (J/Kkg) of the Shell Thermia B oil used in the experiment
increases with increase in the oil temperature. Thus the higher the oil temperature, the higher the CSR
required to increase the oil temperature by a unit must be. The fact that the inlet is located at the vertex of
the cone where there are low levels of CSR and that the outlet is located where there are high levels of CSR
is an advantage. This is because the cool oil (with less specific heat capacity) from the inlet is exposed to low
CSR levels and the CSR levels increase as the oil temperature increases (increase in the specific heat
capacity of the oil). Hence the receiver design enables a gradual increase in the CSR as the temperature of
the oil in the absorber increases and this enables attainment of high Tout for a given flow rate.
Tout is close to Tcav2 for the CT receiver and it is less than Tcav1 for very high flow rates. For the rest of the
other flow rates, Tout is always between Tcav1 and Tcav2. For low flow rates, the oil in the coiled pipe (part of
the absorber) has a high retention time that it is able to absorb enough heat to attain temperatures close to that
of Tcav2. For high flow rates, Tout is less than Tcav1 because the oil flowing in the absorber has less retention
time and hence absorbs less heat from the absorber.
The performance of the receivers was also evaluated when the receivers were modified and Fig. 11 shows a
comparison of their efficiencies before and after modification. Plots (a) and (b) of the figure show that the
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efficiencies of the VF and VB receivers containing a wire mesh are slightly higher than when they do not
containing a wire mesh. This is because the wire mesh increases the solid-fluid interface area and hence
increases the absorption of the heat by the oil. The wire mesh also increases the effective thermal
conductivity of oil/wire mesh combination and the mixing of the oil within the receiver. In plot (c), the
efficiency for the painted CT receiver is slightly higher than that of the un-painted CT receiver and this is
due to the increased absorption of the incident CSR by the absorber (that is made up of cone and the coiled
pipe).
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Fig. 11: Comparison of the efficiencies for the receivers before and after modification.

The effect of the wire mesh on Tout and the other temperatures measured on and inside the VF and VB
receivers is shown in plots (a) and (b) of Fig. 12. Tout and all the temperatures measured on and inside the
volumetric receivers are very close to each other and this is because of the increased effective thermal
conductivity introduced by the wire mesh. In fact, Tout is approximately an average of the receiver
temperatures. For the VF receiver, T4 that is measured on the reflecting plate has been substantially reduced
compared to when the receiver does not contain a wire mesh.
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In plot (c) of Fig. 12, the stagnation temperature (Tout at low flow rate) for the painted CT receiver is lower
than that for the un-painted CT receiver. This is because the black paint increases the absorption of the
incident CSR by the coiled pipe (where the oil flows) and the cone and hence reduces the reflected CSR.
Thus the paint reduces the amount of CSR that is reflected by the cone to the coiled pipe and this in turn
reduces the stagnation temperature of the receiver. This implies that part of the CT receiver absorber that
should be painted black is the coiled pipe and the cone should not be painted so that it reflects most of
incident CSR to the coiled pipe. This would be advantageous as most of the CSR absorbed by the cone is lost
through conduction, convection and re-radiation. The other reason is that the black matt paint has a higher
emissivity compared to copper and hence it increases the radiation losses at lower flow rates.
Thus the painted CT receiver has a slightly higher efficiency for a given mass flow rate than an un-painted
CT receiver, but with a penalty of reduced stagnation temperature. Thus when coating the absorber of the CT
receiver with paint of high absorptance, the coiled pipe should be the only part painted so that the cone can
reflect most of the incident CSR to the coiled pipe.
The experimental performances of the three receivers have been compared and plot (a) of Fig. 13 shows the
efficiencies of the volumetric receivers without the wire mesh and that of the un-painted CT receiver. The
figure indicates that the CT receiver has the highest efficiency. The CT receiver has a maximum efficiency of
≈ 42 % for a flow rate of ≈ 0.003 kg/s while that of the VF and VB receivers is ≈ 35 % for the same flow
rate. The efficiency of the VF and VB receivers are almost equal for all flow rates. Plot (b) of Fig. 13 shows
that Tout of the CT receiver is higher than that of the VF and VB receivers. Tout of the VF receiver is equal,
within the experimental accuracy, to that of the VB receiver for most of the flow rates.
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Fig. 13: A comparison of the efficiencies (a) and Tout (b) of the VF and VB receivers with no wire mesh and the CT receiver not
painted.

The performances of the three receivers were also compared after they were modified and the painted CT
receiver has the highest efficiency where as the VF and VB receivers have efficiencies that are close. The
maximum efficiency of the CT receiver is ≈ 45 % while those of the VF and VB receivers are ≈ 40 %. Tout of
the painted CT receiver is higher than those of the volumetric receivers containing a wire mesh.

5.
Conclusions
The results indicate that inserting a wire mesh into the volumetric receivers (VF and VB) increases their
efficiency. The receiver temperatures with a wire mesh inserted into the two receivers are nearly equal to
indicate a more uniform distribution of heat. Such receivers should thus be operated with a wire mesh to
improve their performance.
The results also show that painting the absorber of the CT receiver improves its efficiency. However, this
also reduces stagnation temperature. This is because when the absorber, comprising the cone and the coiled
pipe, is not painted, the cone reflects part of the incident CSR to the coiled pipe and this result in a higher
stagnation temperature. Thus when painting the absorber of the CT receiver, only the coiled pipe should be
painted black so that the cone can reflect some of the CSR to the coiled pipe. The results also show that,
because of its overall performance, the CT receiver is a better design to use with an SK-14 PDR than the
volumetric receivers. In the experimental testing of the receivers, a low cost and high temperature positive
displacement pump and a flow meter have been designed and fabricated for use in solar thermal studies.
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INFLUENCE OF REFLECTED RADIATION COMPONENTS ON
SOLAR COLLECTORS
Ivett Kocsány, István Seres, István Farkas
Department of Physics and Process Control, Szent István University, Gödöllő, Hungary

Summary
In this paper the authors investigated the process of reflection of a flat plate collector is to be studied. As the
behavior of the performance of solar collectors is depending on a lot of factors, among them on the
wavelength of the sun light, reflected solar radiation. Based on the measurements an analysis was carried out
to determine the rate of scattered radiation. Incident irradiance on a non-horizontal surface from a variety of
incident angles may cause the reflectivity to change. Assumptions about the reflectivity of vertical surface
are frequently made for a variety of purposes but are rarely quantified. The paper introduces the result of the
measurements and the analysis.
Introduction
At the Department of Physics and Process Control, Faculty of Mechanical Engineering, Szent István
University, Gödöllő various solar applications were installed for educational, demonstrational and research
purposes, such as PV and solar thermal units, transparent wall insulation and solar dryer unit.
A geometric model of active surface described both for flat plate and vacuum tube collectors which is
demonstrated as (Kocsány et al, 2011). Due to the design of evacuated tube collector a shadow effect has
taking into account. Based on theoretically calculations the geometrical model has carried out to determine
the active surface of two type of collectors (vacuum tube and flat plate) at any time of day. In spite of a
shadow effect must be taken into account the vacuum tube collector reached the total useful surface under
lower incident angle than flat plate collector, which shows at the same angle a growing tendency.
Based on the measured data, the rate of reflected radiation is principally depends on the angle of incident
radiation (Esfamichael et al, 2000). The angle between the incoming radiation and the normal of surface is
close the reflection is less than otherwise. Solar radiation includes both beam and diffuse components. Three
types of scattered radiation are known as specular (the angle of incoming radiation is equal to the reflected),
diffuse (obliterates all directional characteristics of incident radiation) and general (Shah, 2004.). In general,
the magnitude of the reflected intensity a particular direction for a given surface is a function of the
wavelength and the spatial distribution of the incident radiation. Long-wave radiation is can be emitted by
several things like a collector or by the atmosphere (Cooper, 1969). At this stage of the work the reflection of
the total radiation is considered without wavelength dependence.
As the behavior of the solar collectors is depending on a lot of factors, among them on the spectral
distribution of the solar radiation, spectral measurements were started. Based on the measurements an
analysis was carried out to determine the rate of the red and infrared radiation (the most important part of the
spectra for the collectors) in the incoming power.
Calculation of the solar power crossing the covering glass
The Kirchhoff’s law says, that
= 1.
(1)
where  and  are the reflective, the absorptive and the transmission coefficient of the material. Each
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coefficient is the function of the wavelength and they are depending on the incident angle of the radiation. In
our case the absorption is considered negligibly in the first model, so if the reflectivity is measured, than the
transmission can be determined as .
For determination of the incident angle dependence of the properties, an experiment was carried out with two
types (polycrystalline and amorphous silicon) PV modules.
The measurements were made in a black room with a shaded light source and a shaded optoelectronic sensor
with voltage output facing to each other. Shading of light source and sensor is important to focusing the light
on a determined place and also to get information about reflection from directly reflected radiation. The tilt
angle was calculated by the height of the light source, sensor and distance from the measured equipment both
of them were set in the same position. Three type of measurements were done. At first time the experiment
was carried out without shading the light source and the sensor, after that a cover was made by a black
cardboard paper on the light source and the sensor too. The average of the experiment results is shown in
Table 1. To comparing the issue experiment were also made on simple glass.

Tab. 1: Averages of measurements and reflectivity and the transmission coefficient



Sensor voltage output [mV]


PC

ASI

Glass

PC

ASI


Glass

PC

ASI

Glass

90

0,293

0,300

0,269

0,7244

0,7417

0,6650

0,2756

0,2583

0,3350

80

0,332

0,340

0,308

0,7991

0,8167

0,7405

0,2009

0,1833

0,2595

70

0,315

0,331

0,291

0,7500

0,7871

0,6921

0,2500

0,2129

0,3079

60

0,293

0,307

0,264

0,7018

0,7362

0,6332

0,2982

0,2638

0,3668

50

0,301

0,307

0,277

0,7314

0,7454

0,6715

0,2686

0,2546

0,3285

40

0,327

0,339

0,299

0,7694

0,7969

0,7043

0,2306

0,2031

0,2957

30

0,304

0,295

0,293

0,7029

0,6821

0,6775

0,2971

0,3179

0,3225

20

0,343

0,320

0,306

0,7849

0,7315

0,7002

0,2151

0,2685

0,2998

10

0,345

0,363

0,360

0,7859

0,8276

0,8208

0,2141

0,1724

0,1792

From the measured data absorptive and transmission coefficient were calculated and normalized as it can be
seen on Fig. 1.

Normalized average result
0,85
0,80
0,75
0,70
0,65
0,60

0

20

40

60

80

100

Tilt angle [°]
PC

ASI
Fig. 1: Average of experiment results
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Glass

A periodicity was thought to recognize on diagram above that is the reason more experiment was done with
four different color filters (Table 2). Measured data shows nearly the same results on Fig. 2 there is no
difference between the separate filters. Only the Infrared color varies from the others. As Fig. 3. diagram
shows that the reflected rate of the infrared radiation is lower than other, than the other ranges, so the glass
has good transmission coefficient in this - for the solar devices important - range.
Tab.2: Measurements with color filters

PC [mV]
 [°]

ASI [mV]

10

Green
271,3

Red
Yellow
274,1
275,3

Blue InfraR
270,6
258

Green
295,1

Red
297,7

Yellow
299,6

Blue InfraR
294,6 281,8

20

305,9

308,8

310,5

304,5

288,2

258,5

261,1

261,6

257,9

246,6

30

277,6

281,4

281,9

278,5

264,9

297,2

298,6

300,6

295,3

280,2

40

231,4

233,1

234,1

229,6

215,8

265,3

266,7

267,3

265,6

250,4

50

231,3

233,2

234,5

230,8

217,4

243

244,6

245,4

242,8

229,5

60

220,6

228,4

233,2

228,5

218,9

234,4

233,7

235,7

230,6

217,2

70

188,6

190,5

191,8

187,6

192,6

201,5

204,1

204,3

201,2

212,8

80

274,6

276,4

278,8

273,8

215,7

270,7

272,3

272,9

270,1

239,7

90

233,7

237,4

238,7

234,8

248,9

248,2

248,3

248,7

246,1

273,1

Fig. 2: Results of filtered light reflection

Voltage [mV]

Reflection of infrared light
300
280
260
240
220
200
180

PC [mV]
ASI [mV]

0

20

40

60

80

100

Tilt angle
Fig. 3: Reflection of infrared light

From the experiment the transmission coefficient, as the function of the incident angle can be get for each
type of modules as the next function:
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6

5

4

3

2

 = 1E-10x - 3E-08x + 2E-06x - 1E-04x + 0,0012x + 0,0141x - 0,0148.

(2)

The developed model
At the beginning of the article the active surface model was introduced, now its improvement with the angle
dependent transmission is introduced.
Let’s consider, that there is an elementary surface of a glass covered solar equipment of ⃗⃗⃗⃗⃗ and the direction
of the solar radiation ( ) is coming from the direction of , compared to the direction of the normal direction
( ⃗ ) of the elementary surface (Fig. 4).

I

 n

Fig. 4: Elementary surface

For this elementary surface the active (useful) area was calculated as
. In our case the power
density (irradiation) of the solar radiation reaching the cell surface has to be determined as well. It can be
calculated as the product of the irradiation and the transmission coefficient. So the power hitting the covered
elementary surface can be determined as:

dI '  I   ( )  cos   dA  d

(3)

As the values are varying from place to place, the integration of the elementary power provides the total
hitting power on the absorber surface:

∫

(4)

Of course the irradiation and the transmission coefficient are the function of the wavelength, too:

∫

(5)

This integration is quite simple for a flat plate collector, as the  degree is the same for the total collector
surface, so it can be calculated as
(6)
if the wavelength dependence is eliminated.
For the vacuum tube collector real integration has to be done, but due to the complicated functions numerical
method was used. The integration for this case is shown in Fig. 5.


sr



Direction of the radiation

sr
Collector plane
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Fig. 5: Numerical method scheme of vacuum tube

sr is considered to be the direction of the solar radiation compared to the plane of the collector (the plane of
the axes of the vacuum tubes). A variable angle of is used to determine the place of the elementary surface
on the tube. From the figure it can be seen, that
 = 90°-(sr + 













(7)

Based on this notation the same calculation was carried out again, as it was described during the
determination of the useful surface, but instead of the

∑

(8)

∑

(9)

formula, the

is used.

Useful radiation on flat plate and vacuum tube collector
500
I [W/m2]

400
300
200
100
0
0

20

40

60

Tilt angle [°]

80

100

VTC

FPC

Fig. 6: Numerical method scheme of vacuum tube

The useful radiation on flat plate and vacuum tube collectors is shown Fig. 6. for the tilt angle range of 1090°. The interval is simulated the time from sunrise until noon when the direction of incoming radiation
perpendicular to the collector surface. On the graph a sudden increase can be seen which is caused the sun
moving, because at that time the collectors are shaded by the building.
Conclusions
Developed model was carried out in order to determine what proportion of the incoming radiation can
reached the absorber. Last diagram above shows that on flat plate collector utilize more incoming radiation
than vacuum tube, but it is must be taken into account that the heat loss factor could change the results which
is not included in current model calculation.
Reflected infrared light shows lower values than others the reason of this effect is infrared light part of the
long-wavelength range, so it can be concluded that this part of spectra is absorbed and converted better into
thermal energy.
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INVESTIGATION OF SOLAR ABSORBER FOR SMALL SCALE
SOLAR CONCENTRATING PARABOLIC DISH
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Abstract
A solar receiver is an important part in the conversion of solar radiation into thermal energy and it is crucial

to investigate the thermal performance of solar absorber in the receiver. In this paper, two types of solar
absorbers (stainless steel fibrous wire mesh and silicon carbide honeycomb) working with air as heat transfer
fluid were tested in a small scale solar concentrating parabolic dish. The dish has an aperture diameter of
1.2 m and is covered with reflecting film. It is demonstrated that the flat circular absorbers (7 cm diameter)
working with air can transform solar radiation into thermal energy with 40 - 80 % efficiency depending on
the air flow velocity through the absorber.
Keywords: Solar receiver; small scale solar concentrating system; fibrous wire mesh; silicon carbide
honeycomb

1. Introduction
of the parabolic dish and is heated directly. There is also a special type of external receiver called volumetric
receiver which is directly irradiated by the incoming concentrated rays, giving minimal heat loss. Parabolic
dish solar concentrating systems for high temperature power generation have been described by a number of
researchers (Wu et al., 2010, Abbas et al., 2011, Jaffe, 1989, Lovegrove et al., 2011). The system basically
consists of parabolic dish mirrors that concentrate the direct beam of sun rays onto a receiver which is placed
at the focus of the parabolic dish to intercepts the concentrated sun rays. However, the use of these systems
for small scale applications, for instance for solar cooking, are at low stage of development.
In solar cooking, the cooking pot is placed at the focus point of the parabolic dish and irradiated from
below(Arenas, 2007, Abou-Ziyan, 1998). Such types of solar cookers, however, have a number of
limitations. Cooking can be performed only in the day time during sunshine and the sun rays reflection from
the surface of the parabolic dish could burn the cooking pot. To improve such systems, one of the good
strategies is to collect the energy in the focus region of the parabolic dish and transport it to thermal storage
units. This would facilitate cooking to be performed at any time (including at night) in a house.
The solar receiver is a very critical component in the overall conversion of the solar radiation into thermal
energy. It acts as heat exchanger to convert the concentrated solar radiation into thermal energy of the
working fluid flowing inside the receiver. The two most common types of receivers employed in parabolic
dish solar concentrator systems are the cavity receiver and the external receiver. In the cavity receiver the
reflected rays from the parabolic dish enter into the aperture of the receiver cavity and internal reflections
within the receiver ensure that the radiation is absorbed in the wall of the cavity (coiled tube). In these types
of receiver, the working fluid is heated indirectly and the receivers are subjected to convective heat loss. For
external receivers, as the name implies, the absorbing surface are in direct view. The objective of this paper

149

is to investigate the performance of volumetric solar absorbers that employ air as a heat transfer fluid and
could be integrated with a small scale parabolic dish concentrator and heat storage for indoor cooking.

2. Description of the system
As shown in figure 1, a test rig consists of a parabolic dish, a receiver, a fan, a sun tracking unit and an air
transporting pipe. The parabolic dish has an aperture diameter of 1.2 m and is made from 2 mm thick
aluminum plate. It is covered with a commercially available reflecting film (ReflectTech® Mirror film, 94 %
reflectivity) and supported with a wooden structure at the back side. The reflecting film has an adhesive
backing that can be applied easily to smooth surfaces. The dish concentrates the direct sun rays into a small
region at the focus of the dish where the receiver is placed
A conically shaped receiver was designed for our testing purposes. The circular shape of the receiver at the
bottom part houses the absorbers, as shown in figure 2. The receiver was supported with four ribs connected
to the parabolic dish and its wall insulated with aero gel (Pyrogel® XT) to minimize the heat loss to the
surrounding.
Two different types of flat circular absorbers were tested with the parabolic dish. The first one is constructed
from a commercially available fibrous wire mesh (STAX Stainless steel fibers) that could resist a
temperature as high as 1200 oC. The fibers have about 0.1 mm diameter, and are irregularly shaped. The
fibrous absorber was designed so that it has a weight of 2.45 kg m-2 and its center which would be exposed to
higher flux density was made relatively thinner compared to the periphery. The second type of absorber is a
high temperature resistance porous silicon carbide monolithic having a honeycomb structure. It is
characterized by a cell density of 22 cells cm-2, wall thickness of 0.5 mm, cell dimension of 1.6 mm, density
of 1.8 kg m-3 for the material and 730 kg m-3 for the honeycomb, heat conductivity of 40 W m-1 K-1 at 25 oC.
This type of absorber has been tested for large scale solar concentrating power plants (Carotenuto et al.,
1991, Ávila-Marín, 2011, Carotenuto et al., 1993).
The absorbers were painted with high temperature resistance black paint and sized to 0.07 m in diameter in
order to fit inside the receiver. The absorber was positioned just below the focus point of the parabolic dish
and the reflected rays from the parabolic dish illuminate most parts of the absorber.
A 24 Volt centrifugal fan is used to draw ambient air (working fluid) through the absorber. The heated air
can be used to charge a thermal storage unit (e.g. rock bed, phase change material). A simple turbine velocity
meter was used to measure the flow of air through the fan. A flexible pipe, insulated with aero gel, is used
between the receiver and the fan. The concentrating system, the pipe and the fan rotate as a single unit,
tracking the sun.
The sun tracking system utilizes a commercially available Fusionseeker DS-50D5 light sensor and controller.
Two independent 24 V DC motors with a gearing system were connected to the controller to yields a two
axis solar tracking accuracy ± 0.2 degrees.
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Fig.1: Test rig for absorbers experiment, a Photograph (left) and schematic drawing showing the location of the thermocouples
(right)

A)

B1)

B2)

C)

Fig. 2:The receiver (A1) and the two types of flat absorbers, ceramic honeycomb (B1) and fibrous wire mesh (B2) absorber. The
absorbers fitted into the receiver (C).

3. System test
Determination of the focus point of the parabolic dish and the flux distribution near the focus point is very
critical in the design of the solar absorber and locating the position of the receiver. For this, a vertical laser
beam was used to scan the parabolic dish and map the distance of the reflected beam from the focal axis.
This type of approach has been extensively discussed by (Mlatho, 2009). Experiments were performed to
map the reflection of the laser beam ray from the parabolic dish on a flat paper placed near the theoretical
focal point.
In the receiver, air is sucked from the front of the absorber and flow parallel to the incident direct radiation
direction. Three K-type thermocouples were installed to measure the air temperature at the receiver: one at
the front of the absorber and two at the back side of the absorber. All the thermocouples were connected to
an analogue to digital converter (ADC) module of NI 9211 with NI ComapctDAQ chassis which could
measure the temperature with a high precision. The daily solar radiation was recorded at the Physics
department, NTNU, which is near to the testing site. A flow velocity measuring device was used to
determine the mass flow rate of the air using a state equation for the gas density.
The performance of the absorbers were compared based on the overall efficiency of the concentrating solar
system (parabolic dish and the receiver) to transform the incident solar radiation at the aperture of the
parabolic dish to thermal energy for the air at the absorber:
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ηthemal =

Qabs

∫I

T

Aap
(eq. 1)

where IT is the direct solar radiation flux (W m-2), Aap is the aperture area of the parabolic dish and Qabs is the
rate of energy gained by the air at the absorber and is defined as:

 p ∆T
Q=
mc
abs
(eq. 2)

 is the mass flow of the air (kg s-1), Cp is the specific heat capacity of air (J kg -1K-1) and
where m
∆T is the temperature rise of air (K) across the absorber. The thermodynamics data of the air is
taken at the temperature of the air at atmospheric condition and at the exit from the absorber.
4. Results and discussions
Figure 3 shows the flux distribution produced by the laser diodes near the focal point of the parabolic dish. In
ideal condition a point image would be expected at the focal point of the dish. However, no reflection is ideal
and a finite size of a focal image is produced. Comparing the figures, a distance 48 cm from the vertex of the
parabola is most narrow focal region.

Fig.3: Laser beam recordings on a flat paper placed at different heights along the focal axis

The basic objective of the experimental work is to measure the temperature of the air after exchanging heat
with the absorbers and the performance of the concentrating solar system (the parabolic dish and absorber) in
transferring the solar radiation into thermal energy. As we see from figure 4 and figure 5, the temperature of
the air increases with time and become stable and a lower air flow velocity yields a high air temperature.
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Fig. 4: Temperature measurements of air for 0.07 m fiber absorber at air speed of 1 cm (top), 2m s-1 (middle) and 4 m s-1 (bottom ). The
direct solar radiation for the testing site is shown on the top of the temperature profile. The positions of the thermocouples are given in
figure 1.
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Fig.5: Temperature measurements of air for0.07 m honeycomb absorber at air speed of 1 cm (top), 2m s-1 (middle) and 4 m s-1 (bottom ).
The direct solar radiation for the testing site is shown on the top of the temperature profile. The positions of the thermocouples are given
in figure 1.
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To investigate the thermal performance of the absorber with respect to the different flow velocities, the
overall conversion of the available solar energy to thermal energy at the absorber were studied by equation
(1) and equation (2) and the result is reported in Table 1 and Table 2. Air flow at a velocity of 1 m s-1 has
produced higher air temperatures; the corresponding overall efficiency is the lowest. This is mainly due to an
increase in radiation loss at high temperature. This shows the higher air temperature at the absorber can be
obtained but at the cost of a performance drop.
It is observed that a flow velocity near 2 m s-1 is an optimum value for the honey comb absorber. Further
increasing in the air speed is causing a decrease in the efficiency. However, for the fibrous absorber, the
increase in the flow velocity shows an increase in thermal performance. But, the rate of increase in
performance is lower when the velocity increase from 2 m s-1 to 4 m s-1 compared from 1 m s-1 to 2 m s-1.
Even if the solar radiation intensities are not equal, comparing the two types of absorbers, it seems that the
fibrous wire mesh shows a better thermal performance than the silicon carbide honeycomb. However, the
temperature of the air leaving the honeycomb absorber is smoother indicating that response of the
honeycomb towards the solar radiation is more stable compared to the fibrous wire mesh. It was also
observed that the black paint on the fibrous absorber turns into white gray color. But no significant color
change was observed with the honeycomb.
Tab. 1: Rate of energy gained at the solar absorbers

Rate of energy gained (W)
Absorber type
Fibrous wire mesh
Honeycomb

1 m s-1

2 m s-1

4 m s-1

430

565

773

400

648

582

Tab. 2: Overall average efficiency of the concentrating system to convert solar radiation into thermal energy

Efficiency
Absorber type

1 m s-1

Fibrous wire mesh

43 %

72 %

81 %

41 %

66 %

60 %

Honeycomb

2 m s-1

4 m s-1

As the absorbers were tested without glass cover, it is expected that convective heat loss in strong wind
would reduced the energy collection. If a glass cover were applied on the absorber, the performance of the
absorbers could potentially increase. Difference in wind velocity could also have affected the results reported
above.
5. Conclusion
Solar receivers with two types of absorbers are tested in a set up with a small scale parabolic dish solar
concentrator. Air is heated as it passes the absorbers placed below the focus of the parabolic dish. The
temperature, air flow and radiation measurements were used to estimate the energy conversion efficiency.
The temperature of the air increase from 100 oC - 300 oC with the decrease in air flow velocity from
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4 m s-1 to 1 m s-1.The efficiency drops with the decrease in velocity. It is conclude that a small scale
parabolic dish with fibrous wire mesh absorber shows a promising result in converting the solar radiation
into thermal energy. The energy could be used to charge a rock bed to store solar thermal energy during the
day time.
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1. Introduction
A flat-plate collector in its simplest form consists of a flat heat exchanger with high absorptance for solar
radiation (absorber) and a heat transport medium (air or water) to remove the heat from the heat exchanger.
In this configuration, the absorber plate is directly exposed to surroundings. In order to reduce the thermal
losses, not only are the back and sides thermally insulated with opaque materials (e.g. mineral wool), but a
transparent cover can be placed between the absorber and the ambient air. On the one hand it reduces the
amount of light reaching the absorber (optical losses due to the limited transmittance of the cover), but on the
other hand, it reduces much of the convection losses from the front surface.
The optical properties of the transparent cover are characterized by the solar transmittance τ and the absorber
properties by the solar absorptance α. The product of the cover transmittance τ with the absorber-plate
absorptance α is called the transmittance-absorptance product. In a first approximation, the radiation
absorbed by the absorber can be assumed to be the product of the incident radiation and the transmittanceabsorptance product (τα).

⎛

η thermal = F ′ ⋅ ⎜ (τα ) − U ⋅
⎝

Tm − Tamb ⎞
⎟ (eq. 1)
G
⎠

As multiple reflections occur between the glass cover and the absorber plate, this slightly increases the
amount of radiation reaching the absorber plate (see Fig 1.)
Incident solar radiation

Glass cover

τ

ρabs⋅ρcover⋅τ
ρabs⋅τ

2
2
ρabs
⋅ρcover
⋅τ
2
ρabs⋅ρcover⋅τ
ρ3abs⋅ρcover
⋅τ
2

τ ⋅α + ρabs⋅ρcover⋅τ⋅α + ρ2 ⋅ρ2 ⋅τ⋅α
abs

Static
air layer
Absorber

cover

Fig. 1: Multiple reflections between collector transparent cover and the absorber plate. The angle of incidence represented in
the figure is for illustration purposes only and is not taken into account in the presented calculation for near-normal incidence.

Therefore, an effective transmittance-absorptance product (τα)eff has been introduced, which takes multiple
reflections between the glass cover and the absorber plate into account. The importance of the effective
transmittance-absorptance product is mainly given by the relation between the conversion factor η0 of a solar
collector and its collector efficiency factor F’

η 0 = F ′ ⋅ (τα )eff

(eq. 2)

When a measured conversion factor η0 and (τα)eff are known, the collector efficiency factor F’, which is an
important value to assess a solar thermal absorber, can easily be calculated. The collector efficiency factor F´
is an important measure for the assessment of the thermal efficiency of a solar absorber. It is the ratio of the
heat transferred to the fluid to the heat generated on the absorber surface by absorbed solar radiation. It is
important to be able to calculate F´ correctly, independently of the absorber coating and the collector glazing.
An approximation valid for most solar collectors was given by Duffie and Beckman in 1980 (Duffie and
Beckman, 1980). In their correlation, widely used in the solar thermal field, the effective transmittance-
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absorptance product is the product of transmittance and absorptance corrected by a factor of 1.01.
However, this correlation does not take into account the recent advances in the development of both glazing
and absorber coating technologies. Nowadays, the transmittance of collector glazing can reach values above
0.94 due to the use of low-iron, “solar” glass and anti-reflective (AR) coatings. The absorptance of
selectively coated solar absorber plates can be greater than 0.95, values which are much higher than in the
1980s.
This is the reason why the effective transmittance-absorptance product must be recalculated, taking into
account the real multiple reflections occurring between the glass cover and the absorber plate.
2. Effective transmittance-absorptance product using experimental parameters
As presented in Figure 1, (τα)eff, the multiple reflections can be described as a geometric sequence.

(τα )eff

= τ ⋅α ⋅

∞

∑ [ρ

abs

n =0

⋅ ρ cover ]n =

τ ⋅α
1 − ρ abs ⋅ ρ cover

(eq. 3)

In addition to the solar absorptance of the absorber α and the solar transmittance of the cover τ, this
calculation requires two additional parameters, the solar reflection coefficients of both the absorber ρabs and
the cover ρcover. Therefore, the effective transmittance-absorptance product has been calculated using
experimental parameters measured on many absorbers and covers.
Table 1 lists both the solar transmittance and solar reflectance values of twelve different glass covers, six of
AR-coated solar glass, four of standard solar (low-iron) glass without an AR coating and two of standard
glass without an AR coating.
Tab. 1: Solar transmittance and solar reflectance of twelve different solar collector glass covers determined from spectral
measurements according to EN 410.

Sample n°

Description

Transmittance (τ)

Reflectance (ρcover)

Glass (1)

Standard

0.88

0.08

Glass (2)

Standard

0.89

0.09

Glass (3)

Low iron content

0.90

0.08

Glass (4)

Low iron content

0.90

0.08

Glass (5)

Low iron content

0.91

0.08

Glass (6)

Low iron content

0.91

0.08

Glass (7)

AR coating

0.92

0.06

Glass (8)

AR coating

0.93

0.05

Glass (9)

AR coating

0.94

0.05

Glass (10)

AR coating

0.94

0.04

Glass (11)

AR coating

0.94

0.04

Glass (12)

AR coating

0.96

0.03

In Table 2, both the solar reflectance and the solar absorptance values of fourteen different absorber types,
eleven selectively coated absorbers, one black painted absorber, and two PV-Thermal absorbers using
crystalline silicon solar cells.
Based on equation (3) and the integrated values presented in Tables 1 and 2, the transmittance-absorptance
product and the effective transmittance-absorptance product have been calculated. To extract a clearer
statement on the effect of the multiple reflection, we introduced a Multi-Reflection Factor (MRF). This
factor is defined in equation (4) and is simply the ratio between the effective transmittance-absorptance
product and the mathematical product of transmittance and absorptance.
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MRF =

(τα )eff

(eq. 4)

τ ⋅α

This factor was approximated to be around 1.01 by Duffie and Beckmann in 1980.
Tab. 2: Solar reflectance and solar absorptance of fourteen different absorber types, determined from spectral measurements
in accordance with EN 410.

Sample n°

Description

Absorptance (α)

Reflectance (rabsorber)

Absorber (a)

PV-Thermal

0.92

0.08

Absorber (b)

Selective

0.92

0.08

Absorber (c)

Selective

0.93

0.07

Absorber (d)

Selective

0.93

0.07

Absorber(e)

PV-Thermal

0.93

0.07

Absorber (f)

Selective

0.93

0.07

Absorber (g)

Selective

0.93

0.07

Absorber(h)

Selective

0.94

0.06

Absorber (i)

Selective

0.94

0.06

Absorber(j)

Selective

0.95

0.05

Absorber (k)

Selective

0.95

0.05

Absorber (l)

Selective

0.95

0.05

Absorber (m)

Selective

0.96

0.04

Absorber (n)

Black painted

0.97

0.03

In Fig. 2.1, the Multi-Reflection Factor (MRF) is plotted as a function of both transmittance and absorptance.
According to this graph obtained using the integrated parameters of both Tables 1 and 2, it seems to be clear
that the Multi-Reflection Factor (MRF) value is strongly dependent on both plate absorptance and cover
transmittance.
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Fig. 2.1: Multi-Reflection Factor (MRF) as a function of both cover transmittance and plate absorptance.

In order to get a better overview of the dependence of the Multi-Reflection Factor (MRF) value on
transmittance and absorptance, the Multi-Reflection Factor (MRF) is plotted in Figure 2.2 directly as a
function of the transmittance-absorptance product. Values represented by a square correspond to the glass
cover (1) to (6) (standard glass), values represented by a circle correspond to the glass covers (7) to (12) (AR
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coated glass). In this graph, the correlation given by Duffie and Beckman is also indicated.
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Fig. 2.2: Multi-Reflection Factor (MRF) as a function of the transmittance-absorptance product. Squares: values calculated
for standard glass cover, circles: values calculated for AR coated glass cover. The correlation given by Duffie and Beckmann is
also indicated in the graph.

The results presented in the Fig 2.2 show that the MRF values always stay below 1.008 for all combinations
of the selected glass cover and absorber plate properties. It is interesting to note that the values obtained for
AR coated glass covers seem to have a much closer correlation (circles) than the values obtained for standard
glass covers (square).
3. Effective transmittance-absorptance product using spectral measurements
The parameters presented in Tables 1 and 2 are integrated parameters regarding the solar spectra. Since the
spectral dependence of both the cover and the absorber plate may have an impact on the Multi-Reflection
Factor, the effective transmittance-absorptance product has also been calculated using the spectral data
measured on these many absorbers and covers, in order to obtain higher accuracy.
The transmittance and reflectance spectra for the glass cover panes came from two sources, the publicly
accessible International Glazing Data Base maintained by Lawrence Berkeley National Laboratory [LBNL]
and measurements made by the accredited “TestLab Solar Façades” at Fraunhofer ISE. These measurements
were made with laboratory-grade spectrophotometers and have been checked for internal consistency. The
reflectance spectra for the absorber plates were carried out at Fraunhofer ISE as internal measurements.
In Fig. 3.1, the range of spectra for the reflectance (top) and the transmittance (bottom) of the twelve glass
covers mentioned in the Table 1 (AR coated, solar glass, standard glass) is presented.
In Fig. 3.2, the range of spectra for the reflectance of the sixteen absorber plate mentioned in Table 2
(selectively coated, black painted and PV-Thermal) is presented.
Based on these spectral measurements and on equation (5), the transmittance-absorptance product spectra
and the effective transmittance-absorptance product spectra have been calculated and then integrated.

(τα )eff
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∞
⎡
⎤
⎡
⎤
= ⎢τ (λ ) ⋅ (1 − ρ abs (λ )) ⋅
[ρ abs (λ ) ⋅ ρcover (λ )]n ⎥ ⋅ dλ = ⎢ τ (λ ) ⋅ (1 − ρ abs (λ )) ⎥ ⋅ dλ
1 − ρ abs (λ ) ⋅ ρ cover (λ ) ⎦
⎢
n =0
⎦⎥
λ⎣
λ⎣

∫

∑

∫

(eq. 5)
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Fig. 3.1: Measured reflectance (up) and transmittance (down) spectra on several types of solar collector glass covers.
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Fig. 3.2: Measured reflectance spectra for several types of thermal absorber.
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In Fig. 3.3, the Multi-Reflection Factor (MRF) obtained using the spectral measurements is plotted as a
function of the transmittance-absorptance product and compared to the Multi-Reflection Factor (MRF)
obtained in the previous part using the product of integrated values. The results of the broadband and spectral
calculations are compared to the correlation of Duffie and Beckmann.
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Fig. 3.3: Multi-Reflection Factor (MRF) calculated using both integrated parameters and spectral data as a function of the
transmittance-absorptance product based on integrated parameters and spectral data respectively. The correlation given by
Duffie and Beckmann is also indicated in the graph.

The results presented in Fig 3.3 show that for the selected glazing samples and absorbers, the spectrally
calculated MRF values also always remain below 1.008 for all combinations of glass cover and absorber
plate properties.
The values calculated using the spectral data differ slightly from those calculated previously using integrated
parameters but the difference is within the tolerance resulting from measurement uncertainty. To summarize,
the results show that for state-of-the-art glazing and absorbers, the correlation of Duffie and Beckman
overestimates the multiple reflections and thus underestimates the collector efficiency factor F’ calculated
from η0. Therefore, it no longer corresponds to the current situation and must be adapted to account for
recent improvement of glazing and collector properties.
In fact, for the combination of an absorber with high solar absorptance with an AR-coated glass cover, the
Multi-Reflection Factor, calculated either with integrated parameters or spectral data approaches 1 and
therefore could be neglected in a first approximation.
In order to reach good accuracy, especially regarding the calculation of the collector efficiency factor F´, we
suggest that the information regarding the glass cover properties should not be restricted only to the
transmittance. The reflectance should also be specified in each case so that the real transmittanceabsorptance product can be calculated. Since there is no significant difference between for calculations based
on spectral and integrated data, the information regarding the glass properties can be restricted to the
integrated parameters.
However, in the case where the reflectance of the glass cover is not known, an empirical correlation can be
also used. In Fig 3.4 the effective transmittance-absorptance product (τα)eff is plotted as a function of the
transmittance-absorptance product (τα). Since the correlation between (τα)eff and (τα) can be approximated
using a linear fit with a very good correlation, the following equation can be used for α > 0.90 and τ > 0.90 if
the reflectance of the glass is not known.

(τα )eff
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= 0.95 ⋅ τ ⋅ α + 0.043 (eq. 6)
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Fig. 3.4: Effective transmittance-absorptance product as a function of the transmittance-absorptance product for state-of-theart glazing and absorbers.

4. Conclusion

In this paper a general Multi-Reflection Factor (MRF) has been introduced as the ratio between the effective
transmittance-absorptance product and the mathematical product of transmittance and absorptance. In the
first part of this paper, the Multi-Reflection Factor has been calculated using integrated parameters
determined for many absorbers (selective and non-selective) and covers (AR coated, solar glass, standard
glass). Then, in the second part, the Multi-Reflection Factor has been calculated using spectral data for the
same absorbers and covers in order to reach higher accuracy. The results of broadband and spectral
calculation have been compared to the correlation of Duffie and Beckman.
The results show that for many state-of-the-art glazing types and absorbers, the value MRF = 1.01
established by Duffie and Beckman in 1980 is no longer valid. This correlation does not take recent advances
in the development of both glazing and absorber coating technologies into account, and thus overestimates
the effect of multiple reflections and underestimates the collector efficiency factor F´. This means that for a
given (measured) conversion factor η0, the calculated collector efficiency factor F’ will be higher. For an
absorber-glazing combination with MRF ≈ 1, the real collector efficiency factor F’ would be up to 1 %
higher than if it were calculated according to Duffie and Beckman.
For a correct estimation of the Multi-Reflection Factor, the cover transmittance, the absorptance of the
absorber plate but also the reflectance of the glass cover are required. The integrated value over the solar
spectrum of those three parameters should however, be sufficient to reach good accuracy due to the good
correlation between the Multi-Reflection Factor calculated using spectral data and integrated values over the
solar spectrum and presented in the paper. In the case where the reflectance is an unknown parameter, as is
often the case, an empirical correlation can be used. This new correlation was obtained using the
measurements and calculation and is presented in the paper. It could become an alternative to the correlation
of Duffie and Beckman in the future.
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1. Abstract
Photovoltaic thermal hybrid solar collectors (PV-T) allow the additional use of heat while the generation of
electrical power by a photovoltaic absorber. This technique achieves a much higher total efficiency of the
conversion of solar radiation. Further, the concentration of solar radiation reduces the need for PV material,
and thereby costs.
Currently, most commercial PV-T products focus on the cooling of the PV cell only and thereby on
maximizing the electrical energy output. However, this thermal yield is due to its low temperature not usable
in most applications. The presented collector concept is designed to increase the temperature of the thermal
output by minimizing the heat losses. It will be shown that the optimum operation temperature of a PV-T
collector is at higher temperatures of around 60 to 80 °C, although the electric efficiency decreases with
raising collector temperature. In order to provide heat at this temperature, one has to switch to a low
concentrating system. Reaching these higher temperatures with good thermal efficiencies enable the supply
of classical solar thermal applications. To minimize the thermal resistance between PV cell and heat carrier
fluid, the backside heat transfer is realized through a full surface direct flow aluminum absorber profile.
Further advantages of such a system would be the reduction of PV material and the variable stationary
mounting through asymmetric reflector configuration.
To determine the optimum collector working temperature, the saving of CO2 emissions and primary energy
of the PV-T collector is simulated on a yearly basis, and the collector working temperature is varied. Also an
analysis of the exergy gain of the collector is regarded to determine the ideal operating temperature.
Experimental studies have been conducted on a prototype. The problem of non-uniform illumination of the
CPC reflector on the PV absorber unit could be solved and its influence on the efficiency reduction of the PV
cell quantified.
The Bavarian Center for Applied Energy Research (ZAE Bayern) developed the concept of a stationary low
concentrating PV-T hybrid collector, with focus on the overall collector efficiency. Also research on optical
geometries has been done, in order to optimize the electrical output.
2. State of the Art
Research on low concentrating PV-T collectors has been done by Brogren, Nilsson und Karlsson (2001).
Hatwaambo (2008) measured the electrical efficiency of PV cells under variation of the incidence angle, with
optimization of reflector materials.
The „PV-T Roadmap“ of the IEA SHC task 35 still sees the need for research on the thermal efficiency. The
here presented approach is based on a direct flow aluminum absorber onto which the PV cells are laminated.
At ZAE Bayern preliminary research has been conducted by Thoma (2010), Hilt (2011), Selig (2010) and
Knauer (2009).
3. Motivation
The collector concept is based on the supply of higher temperatures and on a higher overall efficiency
compared to PV module. A key issue is the question of an optimum collector working temperature. As
mentioned before, most commercial PV-T collectors focus on cooling of the PV cell and maximizing the
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electrical output.
For a maximum energy yield, low temperature applications are preferable, as both, electrical and thermal
efficiency, decrease with higher temperatures. Taking into account the temperature level of the thermal
energy yield also the exergy has to be considered. In comparison to fossil fuels, the yearly savings of primary
energy of PV-T collector, PV module and solar thermal collector have been calculated for different working
temperatures.
Overall efficiency
This first part regards the power output of the PV-T collector and the included exergy ratio. The electrical
power of the PV absorber is treated as pure exergy. To calculate the exergy ratio of the thermal power, the
Carnot efficiency is used. As the Carnot efficiency by definition describes the transformation of heat into
work, a more realistic approach is used in this context.
Using the PV-T collector outlet as heat source for the heat pump enables higher evaporator temperatures
compared to the ambient, which leads to higher COPs and thereby saves exergy in the form of electrical
operating power. The heat is provided at a condenser temperature of 80 °C (e.g. space heating). The COP is
calculated by 0.5 / ηCarnot . Fig. 1 shows the exergy savings of the PV-T collector separated into electrical and
thermal exergy savings. A maximum of the PV-T exergy saving around 60 to 80 °C outlet temperature can
be seen.

Fig. 1: Exergy saving by lifting the source temperature of a heat pump cycle with OPC = 0.5 / ηCarnot.

Thermal efficiency:

PV-efficiency:

η0 = 0.78

ηPV = 0.14

a1 = 3.4 W/m2.K

aPV = 0.004 1/K

a2 = 0.013 W/m2.K2
Quality grade of heat pump Carnot cycle:

Temperature level of heating application:

GG=0.5

Theat = 80°C

Tamb = 10°C
Table 1: Simulations boundary conditions
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Primary Energy Savings
To evaluate the reduction of PV efficiency with increasing collector temperature, TRNSYS simulations1 on
an annual basis were performed for 3 systems: The PV-T collector, a PV module with identical efficiency
parameters and a typical solar thermal flat collector. For these simulations mass flow of the PV-T and the
solar thermal flat collector is controlled, in order to provide heat at a constant nominal outlet temperature.
The thermal behavior of a normal PV module has to be considered as such modules also stagnate at a
temperature of 40 to 60 °C. For the PV-T CPC reflectors an acceptance half angle of ± 30° has been taken
into account.
Fig. 2 shows that the PV-T yields higher savings of primary energy until a working temperature of 80 °C.

Fig. 2: Annual savings of primary energy (PE). Comparison of the CPC
PV-T collector, PV module and solar thermal flat collector.

The proportion of thermal and electrical PV-T primary energy savings are shown in Fig. 3. One can see, that
the loss in electrical energy yield of the PV-T collector is overcompensated by the primary energy saving of
the thermal income up to a collector working temperature of approx. 80 °C.

1

Location Munich, Germany. Stationary collector with slope 45°. 5 K temperature difference in- and outlet
temperature. Controlled nominal outlet temperature with ideal heat sink. Ideal Reflector IAM considered
with θa = ±30°.
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Fig. 3: Composition of PE savings of the CPC PV-T collector compared to a PV module.

4. Simulation and Experiment
An experimental collector was built with directly laminated c-Si cells onto the absorber. This collector was
designed to determine influences of the boundary conditions of the CPC PV-T setup on the electric
efficiency of the PV cell. For this reason an acceptance half angle of θa = 18°, with a concentration ratio of
C = 3 was chosen. For real applications, concentration and acceptance half angle must be designed according
to latitude and nominal temperature level of the heat load.
The predicted effects of the dependency of the PV efficiency of the solar incident angle due to a non-uniform
distribution of irradiation in the absorber plane could be proved. This effect could be minimized through the
development of an improved absorber-reflector geometry and experimentally validated.

Fig. 4: PV-T CPC trough while outdoor measurement.

Fig. 5: Technical drawing of the direct flow aluminum
absorber.
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Simulation
Using the ray tracing software ASAP (Breault), the distribution of solar irradiation in the PV plane caused by
the CPC concentrator could be calculated. Fig. 6 shows the irradiation distribution for perpendicular
incidence angle θi = 0°. The simulation shows good agreement with a measurement with lower resolution.

Fig. 6: Comparison of simulated and measured distribution of irradiance in the absorber plan for perpendicular incident
radiation onto a regular CPC reflector.

In order to quantify the effect of this distribution on the PV efficiency, a combined thermal and electric
simulation model was developed. The thermal modeling described the temperature distribution caused by the
simulated irradiation distribution using 2D finite elements. The electric model calculates the voltage/current
(U-I) characteristic considering both, temperature and irradiation distribution in the PV plane. Therefore, the
cell is described through 2D finite elements of Shockley diode models.
Fig. 7 and Fig. 8 show for perpendicular irradiation and for an incidence angle of θi=18° the U-I
characteristic of the PV cell for a normal CPC and for the assumption of perfect uniform irradiation. The
results for the CPC show for both incident angles a reduction of the Maximum Power Point (MPP) and
therefore of the PV efficiency. For the high incidence angle of θi=18° the effect is much stronger, which can
be directly explained by the irradiance distribution.
Within these studies at the ZAE Bayern, an improved reflector-absorber geometry was developed which
results in a nearly uniform distribution of irradiation. Fig. 7 and Fig. 8 further show the theoretical
improvement in PV efficiency using the improved reflector geometry instead of a standard CPC.
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Fig. 7: Result of the simulation of the U-I characteristic for a regular and the improved CPC reflector geometry, with
perpendicular irradiation.

Fig. 8: Extreme case: Incidence angle is the acceptance half angle θi=18°.
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Experiment
The theoretically predicted effects (see above) were confirmed with an experimental collector at the outdoor
solar test rig of the Bavarian Center for Applied Energy Research (ZAE Bayern). As already mentioned, c-Si
cells were laminated onto a full surface direct flow absorber while controlling the backside fluid temperature
at high mass flow rates.
The electric PV efficiency was measured while varying the solar incidence angle Θi and the backside fluid
temperature Tc. Fig. 9 shows the comparison of the experimental results for a regular CPC reflector and the
improved geometry. The y-axis shows the relative loss of PV efficiency ηrel compared to non concentrating
illumination (Cave = 1) at standard conditions (Tc = 20°C). One can see the predicted loss of efficiency for
higher incidence angles Θi for the regular CPC, as non-uniform illumination increases with higher incidence
angles. Due to hot spots in the illumination, one can also see the influence of the front side contacts of the
PV cell, resulting in sinusoidal fluctuations. The improvement of the developed reflector geometry could be
validated. The PV efficiency shows almost no dependency of the solar incidence angle within the half
acceptance angle.
  ,








1, 

3,  ,
20° ,

0°

Fig. 9: Experimental determination of the electric PV efficiency with variation of incidence angle and backside fluid
temperature for both reflector types.

5. Conclusions
The Bavarian Center for Applied Energy Research conducted studies on the development of a low
concentrating CPC PV-T collector for higher temperatures. The increment in primary energy and exergy
saving of the collector could be shown. Ray tracing simulation predicted the loss of PV efficiency due to non
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uniform illumination and the results could be confirmed on an experimental collector on the outdoor test rig.
An improved CPC reflector geometry could minimize this effect by improving the irradiation distribution in
the PV layer.
Further research will concentrate on the improvement of the thermal coupling between PV cell and absorber.
Also different types of cell material shall be tested and electrical front contacts on the PV cell must be
improved. The increment in energy yield, CO2 and primary energy savings as well as financial profitability
has to be proven on specific applications. Therefore the reflector has be to designed for these purposes and
control strategies must be developed.
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1.

Introduction

Existing PVT collector models are in general using physical balance and transfer equations, thus they are
basing on the design data. Furthermore most of the models are simulating glazed PVT collectors. This paper
presents a new model for unglazed liquid cooled PVT collectors that is based on the combination of
parameters resulting from conventional thermal and electrical performance measurement data and their
characteristic curves, which are obtained in standard test procedures. The thermal performance parameters
are taken from a collector test according to EN 12975-2, while for the PV part, the “effective solar cell
model” has been chosen, which uses results from a test according to EN 60904-1. Hence, only experimental
performance parameters from established test methods are required to describe the complete PVT collector
performance. In addition to this characteristic curve modelling, a physical approach is implemented for
describing the condensation effects. Furthermore, the model takes the internal heat transfer coefficient
between PV cells and fluid into account. This coefficient may be derived from the thermal performance
parameters. The model has been transferred into the simulation program TRNSYS and tested against shortterm measurements on a test roof and validated against measurements in a 40 m² PVT collector field over the
period of one year. The work presented in this paper has been realized within the project “Solar heat supply
for buildings with unglazed photovoltaic thermal collectors, borehole heat exchangers and heat pumps”1.
In the research project heat supply systems for buildings with heat pump and borehole heat exchanger are
investigated. In typical systems the borehole heat exchanger temperature decreases within the first years of
operation. In consequence, the efficiency of the system is decreasing and more electrical energy is needed to
deliver the required heat. To prevent this temperature decrease a solar thermal collector can be used to inject
solar thermal heat in the borehole and regenerate the earth temperature. So, the temperature level and the
system’s efficiency of the first year of operation are kept stable over the following years (Bertram, 2009). In
the system investigated an unglazed PVT collector has been selected, because the needed collector outlet
temperature has not to be higher than 30°C. In addition to the improved heat pump efficiency, the PV cells in
the used PVT collector are cooled. This increases their electrical efficiency. So, the use of PVT collectors in
such systems leads to a double benefit, which reduces the electrical energy demand for the heat pump and
increases the electrical yield in comparison to a not cooled PV power plant of identical size.
2.

TRNSYS model for unglazed PVT collector

Most of the existing models need design data for parameterization, which normally are unknown for the
model operator. In the research project a simulation model was needed, that uses data from standard
performance tests and includes the effects of air speed, infrared radiation, thermal collector capacity and
condensation on collector surface. As no appropriate model has been available to describe the dynamic
behaviour of an unglazed PVT collector in the necessary accuracy, a new model had to be developed and
implemented in TRNSYS.
2.1. Model concept
The core of the model concept is the combination of two characteristic performance models for an unglazed
thermal collector and a standard PV module. The thermal model is described by the measured performance
1
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funded by the German Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU) based on a decision of
the German Federal Parliament. The content of this publication is in the responsibility of the authors.

characteristic according to EN 12975-2 and the electrical model is described by the empirical “effective solar
cell model” (Wagner, 2006), which only requires standard performance test data of PV modules.
Accordingly, only parameters from established performance tests and manufacture standard data sheets are
needed for the dynamic calculation of the thermal heat flow rate and the electrical power. Both
characteristics are interconnected via the incoming energy path and the PV cell temperature.
2.2. Thermal collector model
The thermal collector model for unglazed solar thermal collectors is based on the characteristic performance
model with a transient energy balance. The characteristic curve is described in EN 12975-2. The model takes
the influence of solar radiation (beam and diffuse), air speed, fluid, ambient and sky temperature into
account. It also regards the reduction of radiation by the incident angle modifier for thermal absorbers, the
dynamic behaviour and the effects of condensation on the collector surface. For the calculation of
condensation the characteristic curve model was extended by a physical approach.
2.3. Electrical model (PV module)
For the extension of the thermal model to a PVT collector model the particularly suitable characteristic curve
model “effective solar cell model” was used, which is an empirical mathematical function valid for standard
PV modules. Its inaccuracy is reported to be less than 1% (Wagner, 2006). It calculates the electrical power
of a standard PV module by using the characteristics from the manufacturer’s data sheet, the incident
radiation and the cell temperature. It therefore may be easily parameterized. The electrical power is
calculated at the maximum power point (MPP) at the DC side.
2.4. Combination of the two characteristic performance models
The PVT collector model is composed by the combination of the models for the thermal and the electrical
energy path. Fig. 2.1 shows the principle of the PVT collector model.
(Tamb, Tsky, u, …)

G‘

PVT-collector
IAMel
IAMtherm

1

electrical model
EN 60904
2

IB = f(Tamb, Tsky)

3

Tcell

4

Qloss = f(Tamb, Tsky, …)

Pel = f(G‘red1, Tcell)

Tglas

thermal model
EN 12975

min, Tin

Qcond = f(Tglas, u, ...)

mout, Tout

Quse = f(G‘red4, Tamb, …)
Fig. 2.1: Combination of the two characteristic curve models for thermal collector and PV module to a PVT collector model

2.5. Radiation splitting
The incident radiation on collector surface G’ is reduced by the incident angle modifier IAMel for the
electrical PV module (eq. 1). Therefore the transversal and the longitudinal incident angle correction factors
for beam radiation (eq. 2) and the incident angle correction factor for diffuse radiation is taking into account.
From the remaining radiation G’red1 a fraction of the IAM- modified radiation is converted into electrical
power Pel. For the conversion into heat the available radiation G’red2 is the difference between the incoming
radiation G’ and the electrical power Pel (eq. 3). Corresponding to the electrical IAMel reduction, the
radiation G’red2 is reduced by the incident angle modifier IAMtherm for the thermal part of the model (eq. 1
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and eq. 2). Afterwards the radiation G’red3 is reduced by the infrared radiation balance IB to take into account
the long wave radiation emitted to the sky (eq. 4). So for the conversion into heat the net radiation G’red4 is
remaining (fig. 2.1).
'


G 'dif 
G dif
G 'red 1 = G ' ⋅ k Θ ,beam ,eff ,PV ( Θ ) ⋅  1 − '  + k dif ,PV ⋅ '
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(eq. 3)

(

ε
⋅ G 'IR − σ ⋅ (Tamb + 273.15 K )4
α

)

(eq. 4)

2.6. Heat flow rate
The conversion of the radiation G’red4 into the useful heat flow rate and the heat losses to the ambient air is
calculated according to the quasi-dynamic model of EN 12975-2. It consists in a transient energy balance
(eq. 5), that includes the conversion of incoming radiation G’red4 with heat losses against the ambient, the
collector heat flow rate q& use and the thermal collector capacity ceff. The model is completed by the term
q& cond , which represents the heat flow rate caused by condensation effects.

c eff

dTm
'
= G red4
⋅ η0 ⋅ (1 − bu ⋅ u ) − (b1 + b2 ⋅ u ) ⋅ (Tm − Tamb ) + q& cond − q& use
dt

(eq. 5)

2.7. Electrical power
The electrical power of the PVT collector is calculated with the relative efficiency factor ηrel, which is the
ratio of present efficiency to the efficiency at standard test conditions ηSTC of the used PV module (eq. 6).
The relative efficiency considers the cell temperature, the amount of solar radiation and the PV module
properties (eq. 7). To describe the properties of the used PV module, the following auxiliary parameters are
needed. The imaginary photovoltaic resistance RPV and the physically variable temperature voltage UT of the
“one diode model” (Wagner, 2006).
'
PPV = η STC ⋅ η rel ⋅ Gred
1 ⋅ APVT

(eq. 6)



U T ,STC




U MPP ,STC

η rel = (1 + cT ⋅ ( Tcell − TSTC ) ⋅  1 +

 G ' 1  R PV ,STC ⋅ I MPP ,STC
−
⋅ ln red
 G' 
U MPP ,STC
 STC 

 G' 1

⋅  red
− 1 
 G'

 STC


(eq. 7)

2.8. Cell temperature
To calculate the electrical power the cell temperature is needed. Starting from the mean fluid temperature Tm
the cell temperature Tcell is calculated with the heat flow rate q& use and the internal heat transfer coefficient
uint. This is valid under the assumption, that the solar cell is the location, where most of the heat is produced.

Tcell =

q& use
+ Tm
u int

(eq. 8)

2.9. Condensation effects
Unglazed PVT collectors can collect useful heat by condensation. Condensation on the outer surface of the
PVT collector appears when the temperature on the PVT collector surface is below the dew point
temperature Td of the ambient air. This additional condensation heat is transferred to the circulating fluid. To
calculate the surface temperature of the PVT collector Tglass a physical submodel with the network shown in
fig. 2.2 is used. In this submodel the effects of radiation to the sky and convective heat transfer to ambient air
is considered. The surface temperature determined according to eq. 15 is only used for the calculation of the
condensation heat flow rate (eq. 9). The collector heat flow rate itself is calculated by (eq. 5).
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qradiation
uradiatiion-1

qglass
Tcell

Tsky

Tglass qconvection

uglass-1

uconv-1

Tamb

Fig. 2.2: Heat resistance network for the calculation of PVT collector surface temperature (glass)

q& cond =

R L ∆hv
Le m −1 u conv p s T glass − p s (Td )
R D p0 c L

[ (

]

)

with m ~ 1/3

(eq. 9)

The convective heat transfer coefficient uconv is calculated by an empirical function (eq. 10). For the radiation
to sky the heat transfer coefficient uradiation is given by (eq. 11) with the effective ambient temperature Teff
(eq. 12). The view factor F accounts that a collector with a slope β partially sees the sky and partially sees
the ground, which is assumed to be at ambient temperature (eq. 13). The heat transfer coefficient of the PVT
collector cover ucover is calculated with (eq. 14).

(

(

)

u conv = 3 0 ,123 ⋅ T glass − Tamb + 2 ,7

(

)3 + (2,83 ⋅ u + 4 ,3)3

)(

2
u radiation = σ ⋅ ε glass ⋅ T glass
+ Teff2 ⋅ T glass + Teff

)

(eq. 10)
(eq. 11)
(eq. 12)

4
4
Teff = 4 F ⋅ Tsky
+ (1 − F ) ⋅ Tamb

F = 0.5 ⋅ (1 + cos β )

(eq. 13)
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+
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 λ glass λ foil
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Tcell ⋅ u cov er + Teff ⋅ u radiation + Tamb ⋅ u conv
T glas =
u cov er + u radiation + u conv
3.

(eq. 14)

(eq. 15)

Determination of internal thermal conductance from thermal measurement

The direct measurement of the internal heat transfer coefficient uint between the absorber (cell) and the fluid
is particularly for PVT collectors very difficult. The assembly of sensors directly on the PV cells which form
the absorber is hardly possible. Furthermore the determination of the internal heat transfer coefficient is not a
part of the EN 12975-2 performance test. But for the calculation of the electrical PV power the PV cell
temperature is essential. Hence, a calculation method for uint is proposed by using the data of the thermal
performance test and integrated in the TRNSYS model.
The uint value is approximately constant over all operation conditions of the collector. This assumption is
valid for constant material data and flow rates, i.e. it may be used, if the relevant temperature and flow rate
ranges are kept small. This is the case for unglazed collectors. In particular, the uint value may be regarded as
independent from ambient air speed. In contrary to a glazed collector the conversion factor of an unglazed
collector is far more a function of the air speed. This air speed dependent conversion factor η0,u of the
thermal performance is derived from the EN 12975 test (eq. 5, see also (Duffie & Beckman, 2006)) under
steady state conditions, at a fluid temperature which equals the ambient temperature (eq. 16). The slope of
the thermal performance curve bv,u, which represents the collector heat losses, is given by the thermal
performance curve (see eq. 5) and may be described with (eq. 17). Furthermore the collector efficiency factor
F’ as a function of the loss coefficient and with it as a function of air speed is defined by (eq. 18),
(Rockendorf, 1995).

η 0 ,u = η 0 ⋅ (1 − bu ⋅ u ) = Fu' ⋅ α

(eq. 16)
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bv ,u = b1 + b2 ⋅ u = Fu' ⋅ u loss ,u

(eq. 17)

u int
+ u loss ,u

(eq. 18)

Fu' =

u int

With (eq. 16) to (eq. 18) the internal heat transfer coefficient can calculated by (eq. 19).

⇒

u int =

Fu' ⋅ u loss ,u
1−

=

Fu'

bv ,u
1−

η 0 ,u
α

=

α ⋅ bv ,u
α − η 0 ,u

=

α ⋅ (b1 + b2 ⋅ u )
α − η 0 ⋅ (1 − bu ⋅ u )

(eq. 19)

This procedure leads to a set of uint values for varying air speed levels. These values should be approximately
identical. This requirement may serve as a control algorithm, whether the collector parameters are
appropriate.
4.

Development and Validation Procedure

The PVT collector model is developed and tested in TRNSYS on test rig measurements and validated on a
measurement of a 40 m² PVT collector field in a heat pump system with borehole heat exchanger over the
period of one year. For parameterization of the model the thermal parameters are derived from a standardized
thermal measurement according to EN 12975-2 in open circuit operation. The electrical parameters are
derived from the manufacturer’s data sheet for the used PV module. For the incident angle modifier of the
electrical side data were taken from a measurement (Balenzategui, 2004) of a standard PV-module. After a
plausibility check the same data were taken for the thermal incident angle modifier. The model was supplied
with the measured meteorological data as inputs. In the pilot plant the simulation results are compared with
daily yields over the period of one year. The test rig measurements are tested in 1 minute yields over a period
of 21 hours.
4.1. Quantifying of the validation results
The deviation of thermal yield ∆Q and electrical yield ∆Eel is calculated with the formula in (eq. 20). It
shows the relative deviation between simulated and measured thermal and electrical yield.

∆Q =

∑ (Q sim − Qmeas )
∑ Qmeas

∆E el =

∑ (E el ,sim − E el ,meas )
∑ E el ,meas

(eq. 20)

In addition to that, the relative square deviation (Hilmer, 1999) for thermal and electrical yield was
calculated by (eq. 21). The term x meas is the mean value of the measured yield over all intervals of the
measured period. For the validation in the pilot plant over the period of one year, the deviation of daily total
yields and the mean value of all daily yields over this year were used.

V =

1 N
⋅∑
N i =1

(x sim − x meas )2

(eq. 21)

x meas 2

4.2. Test rig measurements for plausibility checks
For the test rig plausibility check during the development, the PVT collector was measured with electrical
power production by connection to a conventional small power inverter for single PV modules. During the
measurements the PVT collector was operated in the point of maximum power. The measured data were
recorded in time steps of 30 s. The uncertainty of measurement for thermal yield has been determined to
±2.5% and for the electrical yield within ±0.6%, not taking into account the uncertainty of the data logger
(which is small) and the failure of the MPP tracker.
In TRNSYS the output was simulated in time steps of 1 minute. For that purpose the collector model was
parameterized like the measured PVT collector and the measured data were used as model inputs. For the
plausibility check on test rig a time period of 3 measuring days with total 21 hours with dynamic weather
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conditions were available. The deviation for thermal yield between simulation and measurement is -3.1% and
12.5% for relative square deviation. Fig. 4.1 shows the results for a time period of 7 h on July 03, 2009.
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15:00

time (date: July 03, 2009)

Fig. 4.1: Measured and simulated electrical power and heat flow rate and radiation over a period of 7 hours

According to these results the thermal heat flow rate is reproduced with good accuracy, only with an
acceptable restriction in the dynamic behavior for quick changes of radiation. Here, greater deviations caused
by the thermal collector capacity occur. In contrast, the electrical power is much less sensitive to the ambient
conditions and shows a good dynamic behavior. The influence of the cell temperature on the electrical power
is usually by 4% per 10 K so that the power is primarily dependent on the radiation. Fig. 4.1 shows a
systematic deviation between measured and simulated electrical power, which is the highest at the middle of
the day. This indicates a systematic measurement error, which may be caused by the MPP tracker. In
addition to that, the model was parameterized with the PV module datasheet and not with the measured
electrical properties of the PV module in use.
4.3. Validation on pilot plant measurements
The PVT collector model is validated against measurements on a 40 m² PVT collector field. The collector
field is integrated in a heat pump system with borehole heat exchanger and consists of 20 m² insulated and 20
m² not insulated PVT collectors of the same type. Insulated means in this case, that the back side of the PVT
collector is equipped with an additional 3 cm thick mineral wool layer under the fluid system.
For the validation measurement data were used for the period of one year with the data of global and infrared
radiation in collector area, air speed, the temperatures of ambient air and collector in- and outlet, fluid mass
flow, electrical voltage and current and operating condition of the electrical inverter. For the electrical
validation only daily periods were used, where array shading and low inverter power (less than 10% of rated
power) could be excluded. The thermal validation includes all measured data. The measured yields in the
period of one year was for the thermal yield 439.8 kWh/m² and for the electrical yield 74.3 kWh/m² (not
insulated) and 74.4 kWh/m² (insulated). The uncertainty of the measurement for thermal yield has been
determined to ±4.1% and for electrical yield to ±1.6% for the not insulated and ±1.7% for the insulated PVT
collector field.
The diffuse radiation on collector surface was calculated with the Perez model in the TRNSYS type 16. The
simulation time step was 1 minute equal to the interval of the averaged measured data. Fig. 4.2 displays the
simulated and measured daily yields from April 2009 to March 2010. The deviation in the yearly thermal
yield is +1.7% and for the relative square deviation 6.3%. For the electrical yield the deviation is +1.0% for
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the insulated and +1.4% for the not insulated PVT collector field. The relative square deviation of the
electrical yield is 2.7% for the insulated and 3.4% for the not insulated PVT collector field.
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Fig. 4.2: Daily measured and simulated thermal and electrical yield of the pilot plant over the period of one year
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In addition to that fig. 4.3 displays the monthly simulated and measured thermal and electrical yields over the
same period. A good accordance between monthly simulated and measured yields may be seen, so that the
developed model allows the simulation of thermal and electrical yield with high accuracy, for monthly and
yearly periods.
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Fig. 4.3: Monthly measured and simulated thermal and electrical yield of the pilot plant over the period of one year

5.

Conclusion

A new model for liquid cooled unglazed PVT collectors is presented, that combines the characteristic
thermal and electrical performance models. The model was implemented in the simulation program
TRNSYS. In contrast to existing models the new model requires only standard performance data, which are
determined according to EN 12975-2 and EN 60904-1. The model includes the effects of air speed
dependency, long-wave radiation to sky, thermal collector capacity and condensation effects on collector
surface. Furthermore, the model was extended by an approach to determine the PV cell and module surface
temperature. Therefore the internal heat transfer coefficient between PV cells and fluid is used. A method to
calculate this internal heat transfer coefficient from the standard thermal performance data is proposed. The
model was tested on test rig measurements and validated against a measurement of a pilot system over a
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period of one year. The following table displays the validation results. The deviations between simulated and
measured thermal and electrical yield values are given as relative deviations of total yields and as relative
square deviations (see chapter 4.1).
Tab. 1: Deviations of simulated and measured thermal and electrical yields (relative deviation and relative square deviation)

Thermal Yield
∆Q
+1.7%

Measurement data from
pilot plant

V
6.3%

Electrical Yield
insulated
not insulated
∆E
V
∆E
V
+1.0%
2.7%
+1.4%
3.4%

It may be concluded, that the new model for unglazed PVT collectors allows the simulation of thermal and
electrical yield with a high accuracy, if applied in long-term (e.g. monthly or annual) simulations. Only
simulations with a high resolution of time and in cases of highly dynamic changes of input values values lead
to significant differences. This model allows the evaluation of the electrical yield influenced by the cooling
effect in comparison to a standard PV module.
6.

Nomenclature

Symbol

Quantity

Unit

A
b1
b2
bu
cL
cT
d
∆hv
I
kdif
kΘ,beam
Le

Area
Heat loss factor of PVT-collector
Air speed dependent heat loss factor
Air speed dependent conversion factor
Specific heat capacity of ambient air
Temperature coefficient for electrical power of PV-module
Diameter
Evaporation of water
Current
Incident angle correction factor for diffuse radiation
Incident angle correction factor for beam radiation
Lewis number (Le = 0.87 for water vapour in air)
mass flow rate
Air pressure
Water vapour saturation pressure
Gas constant of water (RD = 0.4614 kJ kg-1 K-1)
Gas constant of air (RL = 0.2871 kJ kg-1 K-1)
air speed
heat loss coefficient
absorption coefficient
emission coefficient
Incident angle
Stefan Boltzmann constant (5.67 . 10-8 W m-2 K-4)

m²
W m-2 K-1
J m-3 K-1
s m-1
kJ kg-1 K-1
% K-1
m
kJ kg-1
A
kg h-1
mbar
mbar
kJ kg-1 K-1
kJ kg-1 K-1
m s-1
W m-2 K-1
°
W m-2 K-4

Ambient
Beam
Direct current
Diffuse
Inlet
Longitudinal

losses
Open circuit
outlet
Short circuit
Sky
transverse

m&
p0
ps
RD
RL
u
uloss
α
ε
Θ
σ
subscripts
amb
beam
DC
dif
in
l

loss
OC
out
SC
sky
t
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NEW ABSORBER MANUFACTURING AND MATERIALS – CHALLENGES FOR ABSORBER DESIGN
AND EVALUATION
Dr Michael Hermann, Lotta Koch, Paolo Di Lauro, Maximilian Bauch, Michael Klemke
Fraunhofer Institute for Solar Energy Systems ISE, Freiburg (Germany)

1. Introduction
State-of-the-art solar thermal absorbers are mostly based on sheet-and-tube constructions. Laser welding,
ultrasonic welding or soldering are common technologies to connect the absorber sheet with the fluid
channels. For future absorbers both new manufacturing and materials are key issues for innovation and cost
savings. PVT collectors for example need rigid, one-side-flat absorbers. If metals are used, potential
alternative manufacturing technologies are in most cases based on sheet metal forming such as roll-bonding,
hydroforming or deep-drawing. The main difference to state-of-the-art is that with these technologies
absorber and channel form a union, i. e. the thermal bottleneck of a sheet-tube connection is not relevant
anymore. Moreover, the number of channels does not have a big influence on the absorber costs, and there is
much more flexibility regarding the geometry of both the channel paths and their cross sections. Fraunhofer
ISE has been working on this topic together with industry as well as research partners for some years now
(Hermann et al., 2010). Examples are the European project BIONICOL (aluminium roll-bond absorbers,
Hermann et al., 2011), the German project STAHLABS (steel absorbers produced by roll cladding and
hydroforming, Koch et al., 2011) and work done in direct contact with manufacturers willing to enter the
solar thermal market. The question arising with the gained flexibility in design is how the channel pattern
and the channel cross sections should look like with respect to high thermal efficiency as well as low
pressure drop, taking the material and the sheet thickness into consideration. One example for work on
channel patterns is the so-called FracTherm® algorithm (Hermann, 2005). But even if standard meander or
harp patterns are used, it is still a challenge to design and assess absorbers within the framework of the
boundary conditions given by the manufacturing technology and the material.
2. Examples of alternative absorber designs in comparison with state-of-the-art
Sheet-and-tube constructions (Fig. 1, left) are commonly used in solar thermal absorber technology. One
advantage of this construction is that sheet and tube wall thickness and material can be different (e. g. copper
tube attached to aluminium sheet). Thus the functions of heat and fluid transport can be separated, which
means that e. g. the tube wall thickness can be adjusted to the internal pressure independently of the absorber
sheet. However, the thermal bottleneck of this construction is the junction between sheet and tube, and
moreover the mechanical load in this area is challenging, especially if materials with different thermal
expansion coefficients are used and sudden changes in temperature occur (thermal shock). Therefore joining
technologies should ensure both a good thermal and mechanical performance. Today ultrasonic or laser
welding are mostly used. Another disadvantage of sheet-and-tube constructions is that the channel design is
not very flexible: conventional harp and meander absorbers are easy to be realized, but more complex
geometries might only be possible at much higher costs.
An alternative to the previous concept is to build absorbers which form a unity of sheet and channel, which
the authors will name “integrated absorber” within this paper (Fig. 1, right). It is obvious that a disadvantage
is that in this case both wall thickness and material of sheet and channel are not independent: the channel
wall thickness is half of the sheet thickness (provided that two sheets of identical thickness are bonded). This
automatically leads to relatively thick absorbers if a certain resistance against internal pressure in the channel
is to be guaranteed. Moreover, in most cases it will not be possible to use sheets which are pre-coated with a
selective coating. However, apart from these drawbacks it is obvious that the integrated absorber has many
advantages: both thermal and mechanical contact are much better, the channel distance can be reduced
without significant additional costs, and there is a high flexibility in design. Thus it is very easy to optimize
channel designs in order to increase the collector efficiency factor F’ or to adjust it to various boundary
conditions. An example for alternative designs are FracTherm® structures developed at Fraunhofer ISE
which allow for adjusting the channel pattern also to non-rectangular absorber geometries (Fig. 2).
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Fig. 1: Schematic sketches of sheet-and-tube absorber (left) and integrated absorber (right)

Fig. 2: Part of a solar collector with an aluminium roll-bond absorber featuring a FracTherm® channel structure (left);
drawing of a triangular FracTherm® absorber (right)

Fig. 3 shows channel samples of an aluminium roll-bond panel and a roll-cladded steel panel with copper
layers. The latter is produced by two roll-cladding steps and a final hydroforming process. In the first step
two thin copper sheets are roll-cladded to a steel core plate. In the second step two of these hybrid plates are
roll-cladded again, but this time the bonding only occurs partially in the areas which are not covered by a
separating channel layer applied to one of the sheets before. Finally, the structure is pressed into a forming
tool, which determines the final cross-sectional geometry, using a water-oil emulsion. This is the main
difference to the roll-bond process which does not use forming tools, but only a flat plate determining the
final height of the channels. Moreover, roll-bonding uses air instead of a water-oil emulsion. The difference
of the resulting channel cross sections can easily be seen from Fig. 3.

Fig. 3: Channel samples of an aluminium roll-bond panel (left) and a roll-cladded steel panel with copper layers (right)
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3. Freedom of design and resulting challenges
The freedom of design is an important issue in the context of alternative production processes and materials.
On the one hand there are many more possibilities in comparison with fin-and-tube constructions. On the
other hand the question is how a good channel design should look like. Fig. 4 shows two different boundary
conditions for this design process: a 2-D channel design for panels with constant height (e. g. for the classical
aluminium roll-bond process) and a 3-D channel design (e. g. for roll-cladding and hydroforming of steel).
There are different reasons for possible restrictions of the channel height, e. g. material properties
(formability), process temperature (influence on material properties), standard applications (e. g.
refrigerators) or costs (no need of forming tool). A main disadvantage of a constant, small channel height is
that large cross-sectional areas can only be realized with very wide channels. This is especially necessary for
channels which are intended for large volume flow rates and low pressure drops such as header channels of
an absorber. The usual roll-bond solution is a wide channel with an “island pattern” which is necessary in
order to avoid deformation (Fig. 5). However, it can be shown that such a flat rectangular channel (“islands”
neglected) with a typical roll-bond height of 3 mm would need to be extremely wide (e. g. 350 mm for a
mass flow rate of 150 kg/h) in order to obtain a pressure drop which is as low as in a conventional 20 mm
header tube. Moreover, it is difficult to find appropriate solutions in order to connect several of such header
channels in parallel.

Fig. 4: Different degrees of freedom: only 2-D for constant height (left), 3-D if height is not fixed (right)

Fig. 5: Different possible roll-bond header channels

If a further degree of freedom is added – which means that the design is not restricted to a constant height
anymore –, it becomes much easier to realize optimized channel structures. Fig. 6 gives an impression of
what might be possible. But still the question remains: What does “optimized” mean? Should the channels be
close to a tube with circular cross section? Or should they rather tend to be rectangular? Is it better to have a
lot of channels with small cross-sectional areas or only few with larger ones? In order to answer all of these
questions it is necessary to first have a look at the properties of a solar absorber which are influenced by its
channel geometry and also at the boundary conditions given by the material and the bonding technology.
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Fig. 6: Different potential cross sections of absorber channels (principle sketches)

4. Influences on the design process
The design process is quite complex because it has an influence on thermodynamics, fluid dynamics and
mechanics and vice versa (Fig. 7). Moreover, all of these three key issues also influence each other.

Fig. 7: Influences on the design process

The interdependency of design, thermodynamics, fluid dynamics and mechanics can be explained by the
following example:
The width of an absorber channel with constant height is to be increased. This will lead to an increase of the
cross-sectional area and therefore a decrease of the flow speed (assuming the same volume flow rate). The
increase of the width will have a positive influence on the thermal efficiency, since the distance between the
edges of two channels will become smaller, however the heat transfer in the channel will be reduced due to
the decrease of the flow speed which again has a negative influence on the thermal efficiency. Concerning
fluid dynamics the effect of a wider channel will be a reduction of the pressure drop and thus of the hydraulic
power needed to transport the fluid. However, concerning mechanics the risk of deformation under internal
pressure rises.
These are only some – not all – effects of a slight change of just one design parameter out of many. In order
to get an estimation of the sensitivity of such changes, a quantitative analysis is necessary.

Since the purpose of a solar absorber is to gain thermal energy, we will first focus on its thermal efficiency
which can be assessed by the well-known collector efficiency factor F’. For conventional sheet-and-tube
constructions Duffie and Beckman (1991) have established the following equation:
𝐹′ =

1/𝑈𝐿
1
𝑊�𝑈 [𝐷+(𝑊−𝐷)𝐹]+𝐶1 +𝜋𝐷1ℎ �
𝑏
𝐿
𝑖 𝑓𝑖

(eq. 1)

where
𝐹=
and

𝑡𝑎𝑛ℎ[𝑚(𝑊−𝐷)/2]
𝑚(𝑊−𝐷)/2

𝑚 = �𝑈𝐿 /𝑘𝛿

(eq. 2)

(eq. 3)

The geometry parameters W, D, Di and δ can be taken from Fig. 1, left (Duffie and Beckman assume that
g = D). UL is the overall heat transfer coefficient, Cb is the bond conductance, k is the thermal conductivity of
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the absorber sheet and hfi is the heat transfer coefficient between the tube wall and the fluid.
For the integrated absorber in Fig. 1, right, we propose to adapt the formula as follows:
𝐹′ =

1/𝑈𝐿

1

1
𝑊�𝑈 [𝑤+(𝑊−𝑤)𝐹]
+𝑃ℎ �
𝐿
𝑓𝑖

(eq. 4)

where
𝐹=

𝑡𝑎𝑛ℎ[𝑚(𝑊−𝑤)/2]
𝑚(𝑊−𝑤)/2

and

𝑚 = �𝑈𝐿 /𝑘𝛿

(eq. 5)

(eq. 6)

The diameter D is replaced by the internal channel width w, and the heat transfer coefficient hfi is multiplied
by the general internal perimeter P. We propose to use the internal width w instead of the external one for
two reasons: First, we assume the absorber temperature to be nearly constant above the fluid, but on the sides
there must still be a temperature gradient in order to induce a heat transport to the fluid. Second, the internal
width w is easier to determine.
For an ideal rectangular channel P can directly be calculated from the channel width w and height h:
𝑃 = 2(𝑤 + ℎ)

(eq. 7)

However, for a real cross section P has to be determined from either a drawing or from measurements of
produced channels.
In eq. 4 the bond conductance Cb has completely disappeared because there is no connection between sheet
and tube anymore since sheet and channel form a unit (“integrated absorber”). It can directly be seen that this
leads to a smaller denominator in eq. 4 (if all other parameters keep the same) and thus to a higher value of
F’. It should be noted that the absorber and channel design has a direct or indirect influence on the
parameters W, w, δ and hfi and thus also on the collector efficiency factor F’.
The heat transfer coefficient hfi is influenced by the hydraulic diameter Dh and the flow speed v. Both Dh and
v again depend strongly on the cross-section of the channels and are also relevant for the pressure drop,
which brings us to the next important issue.

The pressure drop of a straight pipe or – more generally spoken – a straight channel can be calculated as
follows:
Δ𝑝 = 𝑓 ∙

𝑙

𝐷ℎ

𝜌

∙ 𝑣2
2

(eq. 8)

where f is the friction coefficient, l the channel length, Dh the hydraulic diameter, ρ the fluid density and v
the mean flow speed. f is a function of the Reynolds number Re:
𝑅𝑒 =

𝑣𝐷ℎ

𝐷ℎ =

4𝐴

𝜈

(eq. 9)

where ν is the kinematic viscosity. It is obvious that Dh and v again play an important role; therefore their
quantitative dependence on a general cross-sectional geometry should be described:
𝑃

(eq. 10)

where A is the cross-sectional area and P the wetted perimeter. The mean flow speed is
𝑣=

𝑄
𝐴

(eq. 11)

where Q is the volume flow rate.
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We finally see that both for the calculation of the collector efficiency factor F’ and the pressure drop ∆p the
cross-sectional area A and the wetted perimeter P are the most important values determined by design. Fig. 8
shows an ideal rectangle as well as a possible real cross section of a fluid channel. In order to describe and
calculate a real cross section, we introduced geometry factors which describe the cross-sectional area and the
perimeter in relation to the corresponding values of an ideal rectangle:
𝐴

(eq. 12)

𝑃

(eq. 13)

𝑓𝐴 =

𝐴𝑅

𝑓𝑃 =
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Thus e. g. the hydraulic diameter becomes
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∙

2𝑤ℎ
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(eq. 14)

Using these geometry factors the calculation of ∆p and F’ can easily be adapted to changed cross-section
designs with given internal width and height. All formulae are based on rectangular channels and adjusted by
the introduction of the area correction factor fA and the perimeter correction factor fP. It is useful to give the
correction factors as functions of height h over width w: fA(h/w) and fP(h/w). Apart from these pure
geometric corrections, which can easily be calculated or measured e. g. from a scanned real channel, there
are also more effects on the hydraulic and thermal behavior which can only be determined empirically. An
example is the correction factor ϕ which is used in order to correct the laminar friction factor (see eq. 8) of a
circular tube:
𝑓=𝜑∙
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𝑅𝑒

(eq. 15)

In the literature the correction factor ϕ is given e. g. for rectangular channels as a function of h/w. However,
for non-rectangular channels with special shapes it is usually necessary to determine it by measurements. It
would be very useful to introduce a general correction factor ϕ (h/w) independently of the individual cross
section; however more work has to be done in order to find out the correct correlation between the friction
factor and the cross-sectional geometry.

Fig. 8: Rectangle and real cross section with cross-sectional area A and perimeter P

Up to now we only regarded straight channels. However, an absorber channel structure consists of curved
channels (meander design, FracTherm® design) and/or T-pieces (harp design) or more complex bifurcation
geometries (FracTherm® design). The pressure drop of these components has to be taken into consideration if
the total pressure drop and the volume flow distribution are to be calculated. The additional pressure drop
can be calculated by multiplying the dynamic pressure by a pressure drop factor ζ:
𝜌

∆𝑝 = 𝜁 ∙ 𝑣 2
2

(eq. 16)

ζ values have to be determined experimentally; they depend on the channel geometry and – for diverging or
converging elements such as T-pieces – from the volume flow ratio of both channels. Even for standard
geometries already numerous ζ value tables exist (Idelchik 1994). Weitbrecht et al. (2002) have shown that ζ
values of T-pieces also very strongly depend on the Reynolds number. For 180° elbows or T-pieces with
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circular or rectangular cross sections data for ζ values exist, but usually not in dependence of the Reynolds
number. If we now increase the degree of freedom concerning the design of the channel structure, there is no
chance to find appropriate ζ values in the literature. This is especially true for FracTherm® bifurcations and
channel parts with a change in height (see Fig. 4, right). Therefore the ζ values for such channel structures
have to be determined by own measurements or CFD (Computational Fluid Dynamics) simulations.

If we look at the sample cross section in Fig. 8, right, an important question is whether such a channel cross
section is really producible. The boundary conditions of the production process, e. g. metal forming, have to
be considered. For example different strains and sheet thickness reductions depending on material, sheet
thickness and channel geometry occur in a hydroforming part (Fig. 9). There are maximum values which
may not be exceeded. Thus given mechanical boundary conditions are restrictions for the design and vice
versa: a given design can lead to a mechanical restriction with respect to operation of the absorber; e. g. the
chosen channel cross-section may define the maximum internal pressure allowed in the solar thermal system.

Fig. 9: Simulated effective plastic strain (left) and sheet thickness reduction (right) of a sample FracTherm® channel structure
to be produced by hydroforming (Koch et al. 2011; simulations carried out by Institute of Forming Technology and
Lightweight Construction, TU Dortmund)

5. Fluid dynamics test facility
As mentioned in section 4, experimental and/or CFD simulations are necessary in order to be able to carry
out fast analytical calculations of a complex integrated absorber. Concerning experiments both quantitative
(measurements) and qualitative (visualizations) investigations are necessary. In order to do this, Fraunhofer
ISE has developed a fluid dynamics test facility (Fig. 10).

Fig. 10: Part of fluid dynamics test facility at Fraunhofer ISE
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Qualitative investigations can be done either by thermography (visualization of flow distribution using warm
water as a tracer medium, Fig. 11) or by hydrogen bubbles (Fig. 12). For the latter an own construction has
been developed: since it is important to ensure an appropriate lighting all over the channel structure, we use a
fluorescent collector material (originally also an early development of Fraunhofer ISE) in order to collect
light on a big surface and emit it concentrated at the walls of the channels which have been cut out of the
material using waterjet cutting.

Fig. 11: Thermography picture of a sample absorber

a)

b)

c)

Fig. 12: Sample absorber structure made of a fluorescent collector (a), installation for H2 bubble visualization (b) and
streamlines at a FracTherm® bifurcation (c)

The example shown in Fig. 12 is a scaled model with channels having a rectangular cross section. The H2
bubbles are directly produced in front of the inlet channel by hydrolysis. Fig. 12 c shows that with this
method it is possible to visualize streamlines in the channels. This is especially useful for a better
understanding of what happens at T-pieces, Y-pieces, FracTherm® bifurcations or any other structures
distributing a fluid flow. The experiments complement CFD simulations (Fig. 13) very well.

Fig. 13: CFD simulations of FracTherm® bifurcations
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Quantitative investigations can be done with pressure drop measurements of real absorbers. Apart from
conventional pressure drop measurements of a complete absorber at different volume flow rates we also
prepare absorbers with a number of pressure measuring points. Thus it is possible to locate pressure drops
within an absorber structure and use the measured values to calculate the ζ value of the relevant component
(e. g. an elbow). In the same way correction factors ϕ of straight channels with a special cross section not
known in the literature can be determined. Both ζ and ϕ values are necessary in order to be able to carry out
analytical calculations of an integrated absorber.

Fig. 14: Sample meander panel with a number of pressure measuring points

6. Thermal and hydraulic calculations of sample absorber designs
In order to get an impression of the effect of changes in design on the thermal efficiency and the pressure
drop we carried out a study based on some simple assumptions. Fig. 15 shows five integrated absorber
designs with different channel cross sections. Type 3 acts as a reference; its geometry is taken from a real
roll-bond absorber. The geometry factors as well as the correction factor ϕ are known; therefore analytical
calculations can be carried out. In order to obtain the same fluid volume of the absorber and thus the same
heat capacity (which has an influence on the annual collector yield), all other designs have the same crosssectional area as the reference absorber. In contrast to the producible roll-bond absorber the other designs are
idealized in order to find out which of them should rather act as a prototype for further investigations. Type 1
features a circular, type 2 a square and type 4 a rectangular (flat) cross section. Type 5 is an absorber with a
fluid gap between two sheets. Due to the given cross-sectional area the gap distance becomes extremely
small. All five absorbers are regarded to be ideal harp absorbers with uniform flow distribution (header
channels neglected). The distance between the middle of the channels is identical for types 1-4; type 5 only
features one channel (the gap).

Fig. 15: Absorber designs with different types of channel cross section
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The assumptions for the calculations are as follows:
•

Perimeter (only type 3): 24.9 mm

•

Cross-sectional area (for all types, taken from type 3): 28.2 mm

•

Correction factor ϕ (only for type 3): 1.27

•

Thermal conductivity (stainless steel): 15 W/(mK)

•

Sheet thickness between channels: 0.5 mm

•

Overall heat transfer coefficient UL: 3.5 W/(m²K)

•

Absorber size: 1 m x 1 m = 1 m²

•

Fluid: water

•

Temperature: 80 °C

•

Mass flow rate (total absorber): 72 kg/(m²h)

•

Flow condition: laminar

•

Cross-sectional area per channel remained the same for all variations of the channel distance

For this sample study we used stainless steel as an absorber material since it has quite a poor thermal
conductivity (about 4 % of copper). On the one hand we wanted to show that despite this poor value it is
possible to reach thermal efficiencies which are competitive to state of the art. On the other hand we also
wanted to point out that such efficiencies can only be reached if the channel distance is significantly reduced.
For a conventional sheet-and-tube construction this would lead to additional costs due to the increased
number of tubes and the effort for joining them to the absorber sheet. For an integrated absorber the costs
remain almost the same (depending on the tool). However, it has to be considered that the channel wall
thickness is usually half of the absorber sheet thickness; therefore a minimum sheet thickness is necessary in
order to withstand the internal pressure in the channels during operation. It might be necessary that for
certain integrated absorbers the maximum internal pressure in the solar system has to be reduced (e. g. for
aluminium roll-bond absorbers) in order to prevent deformation.

Fig. 16: Calculated collector efficiency factor F' for different types of cross section and different channel distances
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Fig. 17: Calculated pressure drop ∆p for different types of cross section and different channel distances

Fig. 16 shows that all types of absorbers need a reduction of the channel distance in order to reach F’ values
which are significantly higher than 0.9 (which should be reached in order to be competitive). It can be seen
that the flatter, wider types 3 and 4 lead to slightly higher F’ values. The reasons are a smaller distance
between the channel borders and a higher internal heat transfer coefficient hfi which again is influenced by
the smaller hydraulic diameter. In type 5, where the channel width becomes equal to the absorber width, the
mentioned effects are maximized. It has to be pointed out that according to the literature (VDI-Gesellschaft,
2006) there are no standard equations for the calculation of heat transfer coefficients hfi in non-circular
channels at laminar flow conditions. So actually the hydraulic diameter can only be used for turbulent flows.
However, it is expected that qualitatively the result will remain the same.
Concerning the pressure drop calculation (Fig. 17) we can state that the increase in thermal efficiency is not
for free: types 3 and 4 (high aspect ratio) show a much higher pressure drop (about factor of 2) than types 1
and 2 (aspect ratio of 1). For the narrow gap in type 5 the pressure drop becomes extreme due to the
boundary condition of the same overall cross-sectional area as the other types. The reduction of the pressure
drop with decreasing channel distance is caused by the fact that the cross-sectional area per channel remained
constant while the number of channels and thus the overall cross-sectional area was increased.
Since the hydraulic power needed to drive the pump is just a small percentage related to the thermal power it
is of course a question how to assess the increase of the pressure drop in relation to the gain in thermal
efficiency. However, our conclusion is that as soon as the channel distance is small enough, the gain in
thermal efficiency is only minor, while the increase in pressure drop is significant. Therefore we recommend
focusing on a large number of channels with nearly circular cross section, because the hydraulic effort for
just a small increase in thermal efficiency cannot be justified. It makes more sense to increase the efficiency
by a further decrease of the channel distance if possible. This again means that if the production process and
the material offer the possibility to manufacture cross sections which are rather nearly circular than wide and
flat, the circular design should be favored (Fig. 3, right instead of Fig. 3, left). A gap design with the same
fluid volume turns out to be unrealistic; so this solution can only be used if a larger volume and thus a higher
thermal capacity can be accepted. Nevertheless it should be kept in mind that for such a construction there
must be concepts which ensure a uniform flow distribution as well as stability against internal pressure.
7. Conclusion and outlook
The paper shows that absorber concepts based on an “integrated” approach (absorber and channels form a
unit) offer new possibilities for design and manufacturing. At the same time new challenges arise due to the
complex interdependency of design, thermodynamics, fluid dynamics and mechanics. In order to be able to
carry out analytical calculations of the thermal efficiency and the pressure drop, it is necessary to do more
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simulations and experiments since there is not enough information available in the literature. A new fluid
dynamics test facility at Fraunhofer ISE offers possibilities to carry out both qualitative and quantitative
investigations of original absorbers and scaled models. A simple study of an ideal harp absorber with
different channel cross sections and varied channel distance was presented. It turned out that depending on
absorber sheet material and thickness an integrated absorber should feature rather small channel distances
and channel cross sections which tend to be circular.
Fraunhofer ISE will continue working on alternative absorber materials and manufacturing technologies with
a focus on a better understanding and characterization of the thermal and hydraulic behavior of integrated
absorbers in order to finally be able to predict and optimize their overall performance. The fluid dynamics
test facility as well as CFD simulations will be the main tools to reach these goals. If new approaches which
differ from flat absorbers based on sheet metal are to be investigated, the proposed equations to calculate the
efficiency factor F’ will not be applicable anymore. In this case three-dimensional multiphysics software and
comprehensive experiments will be needed in order to elaborate appropriate modeling tools.
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1. Introduction
Flat plate solar collectors (FPSC) are generally designed for applications with typical working temperatures
between 40 and 60°C which is mainly the case of domestic hot water systems. Beyond this, a large industrial
application potential exists for solar heat at medium temperature level (80-160°C). In fact, about 50% of the
industrial heat demand is within this temperature range. Solar cooling and air conditioning systems also need
heat at medium temperature levels. Solar drying of wood, crops, fruits, sterilizing, washing, cleaning, etc.,
distillation and desalination are other application potentials for medium temperature heat (Schweiger 1997).
The standard solar collectors able to produce heat at required temperatures above 80°C with reasonable
efficiency (e.g. Evacuated tubes, Compound Parabolic Collectors (CPC), Parabolic Trough Collectors (PTC))
are too expensive to compete with conventional energy sources.
Reduction of the heat losses from the absorber to ambient is a major concern for FPSC. Selective coatings
techniques were developed to reduce thermal radiation heat transfer from the absorber while preserving high
absorptance. In the last two decades, prototypes of flat plate collectors with transparent insulation material
(TIM) were developed and tested (Platzer 1992a, Schweiger 1997). The test results were encouraging as a
low cost alternative was obtained and a performance comparable to that of evacuated tubes collectors was
ensured (Rommel and Wagner, 1992, Goetzberger and Rommel, 1987).
This type of FPSC with TIM can be fabricated by the same way as the conventional FPSC but by inserting a
transparent insulation material (TIM) glued under the glass cover. By this way, both natural convection and
radiation heat losses from the top of the collector are significantly reduced. Consequently, a FPSC equipped
with HTIM has lower coefficient of heat losses and thus can give higher performance than a simple FPSC.
FPSC with TIM can reach very high temperatures especially in periods of little or no hot water consumption
or in case of the pump failure. Under these conditions, they may reach stagnation temperatures exceeding
290°C. Under the aforementioned stagnation conditions, the solar collector can not deliver the absorbed solar
radiation to the transfer fluid which leads to increasing its temperature above a desired maximum level. This
high temperature can damage the collector components and especially the TIM and even cause the
degradation or boiling of the circulating fluid.
TIM generally made from plastics (Kaushika 2003) cannot withstand this high stagnation temperatures and
melt when reaching temperature above 140°C, depending on the TIM. That is why, this type of solar
collectors must be equipped with an overheating protection system whose function is to prevent the TIM
from reaching high temperatures. This is one of the main technical challenges of this work.
In this paper a FPSC with TIM and an overheating protection system is investigated numerically and
experimentally. The studied collector has been manufactured using a process similar to that of the
conventional FPSC but by inserting a honeycomb TIM glued under the glass cover. The designed
overheating protection system consists of a ventilation channel inserted between the absorber and the back
insulation and has a thermally actuated door which opens when it reaches a specific temperature and remains
closed otherwise. This system is designed to protect the collector when reaching stagnation conditions while
preserving good performances during normal operations.
The developed numerical model within this work uses a multi-layer approach permitting to solve the
different phenomenologies taking place in each element of the collector. The resolution of the TIM, which
represents the most complicated component of the collector, is carried out by means of a high level model
allowing to simulate the TIM behavior by means of resolution of the Radiative Transfer Equation in three
dimensional coordinate system.
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2. Technical description of the designed solar collector
2.1. Design of the prototype solar collector
The constructed solar collector has a total aperture area A=2.24 m2 and a thickness of 157 mm. A cross
section of the solar collector is shown in figure 1. It consists of a glass cover, TIM, air gap under the TIM,
absorber, air channel located under the absorber, back and edge insulation and casing.
The absorber plate is composed of 8 copper fins welded directly to riser copper tubes. The absorber coating
is selective (α=0.95, ε=0.5) and black chrome. The used glass is low iron of thickness 4 mm. The used TIM
is slat structure with 40mm as thickness and maximum temperature resistance 140°C ± 10%. The gluing of
the TIM to the glass cover is carried out by means of a high temperature resistant transparent adhesive. The
back and lateral insulation used for the solar collector is rigid panel rock wool.

Figure. 1: Cross section of the designed FPSC with ventilating channel and honeycomb cover

2.2. Design of the overheating protection system
In order to achieve the goal of stagnation resistance, several possible solutions were studied and compared.
The overheating protection system to choose, should not present any technical risk, should be cheap and has
to work safely throughout the lifetime of the collector (i.e. 20 years).
Different alternatives for overheating protection systems have been considered:
• Use of glass capillaries TIM instead of plastic TIM: the price of this material is up to now still too
high for a practical application.
• Heat exchanger fluid/air for the extraction of excess heat: this solution has been excluded for its
high cost and for security reasons. In fact, the protection system has to be located inside the
collector itself.
• Use of Phase Change Material PCM filled in a tank located inside the collector: this solution has
been excluded because the PCM has a delay which can leads to the melting of the TIM. Moreover,
by introducing a PCM module, the total weight of the collector increases considerably which is not
favorable for commercial purposes.
• Use of mechanical shading devices (roller blind, venetian blinds): this solution has been excluded
due to the high cost of these components.
As a solution to this problem, a ventilation channel located between the absorber and the back insulation of
the solar collector is proposed. This channel has the function to protect the collector in stagnation conditions
by introducing ambient air in the zone under the absorber allowing the natural convection cooling of the
absorber plate.
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The ventilation channel is designed to be located under the absorber and not upon it in order to avoid the
entrance of dust and moisture to the collector. Otherwise, impurity can accumulate on the TIM and the
glazing which can considerably reduce the transmittance of the transparent cover and thus decreasing the
global efficiency of the collector.
This channel has an inlet and an outlet located at its opposite ends. The inlet of the channel is located at the
bottom of the collector and is always opened. The outlet is located at the rear top of the collector and should
be controlled by a door that opens before reaching the maximum resistance temperature of the TIM and
closes at some specified temperature under this value.
When the door opens, it allows the ambient air to circulate along the channel entering from the bottom and
exiting from the top. However, natural convection occurs by contact of the ambient air with the absorber
back surface which is driven passively to the outside by a temperature induced density gradient. Once the
collector is cooled and its operation temperature decreases under prescribed temperature, the outlet door
should close for restricting the circulation of air through the channel.
For the proposed design, a shutting device should be located at the outlet that actuates at high temperatures to
open the outlet door. This way, the ventilation channel will introduce additional thermal losses permitting to
avoid reaching very high temperatures while these thermal losses remain negligible during normal operations
(since the outlet door will be closed and no air circulation occurs).
Concerning the shutting device, different types of actuators have been considered:
• Wax actuator: When the collector is cold, the door is closed and prevents the flow of air into the
channel. The rise of the collector temperature by solar radiation will heat the air in the channel; the
wax actuator expands opening the door and allowing the air flowing inside the collector. This will
provide evacuation of excess calories.
• Shape memory alloy actuator: It allows more or less, or completely prohibits the passage of air
into the channel as a function of temperature. As long as the temperature inside the collector is low,
the actuator is retracted and the door is kept closed. There is no air circulation in the channel. When
the collector reaches a certain temperature, the actuator expands and will open the door allowing the
air to flow through the channel. Example: start opening at 90°C and late opening at 100°C.
• PV actuator: It is possible to use a small photovoltaic cell with battery that powers an electric
motor for operating the channel door.
The three possibilities have been analyzed with respect to their feasibility. For reasons of assembly
simplicity, economic price and availability in the European market, we have chosen the second option. A
Shape Memory Alloy (SMA) actuator is a material that when deformed, within limits, will regain its original
shape when heated (or cooled). SMA undergoes a solid-to-solid phase transformation and exhibit very
different properties above and below their transition temperature. This solid-to-solid phase transformation
from the martensite to austenite phases gives a SMA spring with two very different spring constants. SMA
spring is one form of thermo-variable rate spring.
A NiTi (Nickel Titanium) SMA spring was used as actuator. Its actuation starts at 90-100°C and be
completed at 120°C. The SMA spring is placed in the back of the absorber plate and directed toward the
outlet of the channel. When the temperature inside the air channel rises up to 90°C; the SMA spring begins to
open to activate the door. When the door opens, the air flows through the channel to cool the collector. When
the internal temperature decreases below <90°C, the SMA spring begins to compress drawing the door to its
initial closed state.
3. The numerical model
3.1. General model:
A general numerical model is designed for the prediction of the thermal performance of the described solar
collector. The proposed mathematical model is based on the resolution of the steady state energy balance
equations of the different collector components. The integration of the different phenomenologies taking
place in each element is carried out by means of a multi-layer approach. Each zone of the collector (Cover,
TIM, Absorber, Air gap, Air channel,..) is coupled with its neighbor zones through a global algorithm. Each
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zone can be simulated by means of a global model (for fast calculation) or a high level model (for full
resolution of the governing equations). Depending on the desired level of modeling, the algorithm is able to
choose among the different levels for each zone.
3.2. TIM model
The TIM is the most complicated part to be modeled in the collector. In a first step, it was modeled by means
of a simplified analytical model using the decoupled mode analysis described by Platzer 1992-b. This model
assumes an effective conductance of the TIM and then calculates the radiative heat transfer through the TIM.
In a second step, a high level model was developed. This high level model solves numerically the energy
equation coupled with the radiative heat transfer equation to obtain the coupled heat transfer through the
TIM.
The heat transfer in TIM is usually dominated by the radiative heat transfer because of the semi transparency
of its materials to radiation. The second mechanism of heat transfer is the convection which is usually
suppressed by TIM since the cells are designed such that its characteristic dimension is smaller than a critical
length determined by the dimensionless Rayleigh number, plate distance and temperatures. The third
mechanism of heat transfer is conduction through the walls and through the gas filling. This type of heat
transfer depends on the type of the TIM materials.
Radiation, conduction and convection (if present) are coupled heat transport modes in transparent
honeycomb insulation materials. However, Platzer 1992b showed that when the honeycomb cell aspect ratio
is large enough and if at least one of the ends of the honeycomb cells is closed to prevent inter-cell
convection rolls, the convection can be suppressed for typical collector conditions.
Only few studies have examined the coupled radiative and conductive numerical problem across honeycomb
materials. The most important study is that of Hollands et al 1984 who studied experimentally and
numerically the total heat transfer across the honeycomb panel. They used the Net Radiation Method (NRM)
for the calculation of the radiation transport (with diffuse or specular boundaries) and solved the coupled
problem by a finite difference algorithm. Their one dimensional model based on gray surfaces and specular
side walls yielded results within 6% of measurements.
Arulanantham and Kaushika, 1996, also studied the coupled radiative and conductive heat transfer across the
TIM with similitude with the coupled heat transfer through a plane layer of absorbing emitting gas. The
governing equations for one dimensional heat transfer were formulated using exponential kernel
approximation.
Schweiger, 1997, used the Monte Carlo Method to calculate the heat transfer coefficient of a hexagonal
honeycomb by approximating it as a two dimensional slat structure.
Mathematical and numerical analysis
The TIM structure consists of a cellular array of repetitive nature. This
specific structure allows some simplifications (Hollands et al 1984).
In fact, any incident ray, if not being parallel to one of the cell walls,
will hit the walls of the honeycomb that can absorb, emit, transmit or
reflect the incident radiation.
If we analyze every cell separately, identical conditions are
encountered. In fact, for every outgoing ray transmitted by a cell wall,
there is another incoming ray which penetrates from the adjacent cell
traveling along the direction into which a perfect mirror would have
reflected the original leaving ray (see figure 2).
Taking this into account, we can consider a single isolated cell with
opaque and adiabatic walls having a fictitious reflectivity equal to the
sum of the reflectance and transmittance of the wall itself.
Depending on the cell walls, the reflectivity should be treated
as diffuse or specular. If the wall surface is rough, scattering will be
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Figure. 2: geometry of honeycomb structure

strong and the diffuse model can be used. On the other hand, if the wall surface is smooth, it will be better to
use the specular model.
The three dimensional combined radiation and conduction heat transfer across one isolated cell of the
honeycomb is fully described by the energy equation:

− λ∇ 2T + ∇q R = 0 (eq. 1)
Where the divergence of the radiative heat flux is expressed by equation 2 and it relates the energy equation
with the radiative transfer equation.

r
∇q R = κ( 4πI b − G) (eq. 2) Where G = ∫ I(r, s )dΩ is the incident radiation, κ is the absorption
4π

coefficient of the medium, and Ib is the black body intensity.
The Radiative Transfer Equation:
The governing equation for radiative transfer of absorbing, emitting and scattering medium is an integrodifferential equation for the radiative intensity. It is written as:

r
r
r σ
r
r r
dI(r, s )
= κI b (r, s ) − βI(r, s ) + s ∫ I(r, s ' )Φ(s ' , s )dΩ (eq. 3)
ds
4π 4π

where β is the extinction coefficient, σs is the scattering coefficient, Φ is the scattering phase function, and Ω
is the solid angle.
The boundary conditions for the intensity in case of a diffusely emitting, specularly reflecting opaque
surfaces are described by equation :

ρ (r )
r
r rr
r
I(rw , s ) = ε(rw )I b (rw ) + d w
I(rw , s ' )|n.s ' |dΩ + ρ s (rw )I(rw , s s ) (eq. 4)
∫
π n.sr <0
i
r
where ss is the specular direction defined as the direction from which a light beam must hits the surface in
r
order to travel into the direction of s after a specular reflection.
The Finite Volume Method
The majority of radiative heat transfer analyses use different
solution methods for solving the equation of transfer, among
them: the Spherical Harmonics Method, the Discrete Ordinates
Method, the Zonal Method, the Monte Carlo Method, the Finite
Volume Method, etc. Among these methods, the FVM have
focused attention due to its capability to solve the radiative
transfer equation (RTE) in multidimensional emitting, absorbing
and scattering media (for details of this method see Chai et al,
1994 and Raithby and Chui, 1990).
The FVM is able to ensure radiative energy conservation and
uses moderate computational resources. Besides, it permits to
capture the collimated directions without any constraint and
allows to model specular reflection boundaries due to its
symmetric angular discretization.

Figure. 3: Shematics of a control volume (a)
control angle (b)

It can be applied with the same computational grids as those used to compute fluid flow and convective heat
transfer.
In the FVM, space within the interior of the domain of interest is subdivided into discrete nonoverlapping
volumes (see Figure 3-b), and a single node is located centrally within each volume. Since direction is also
an independent variable, it is subdivided into Nl discrete solid angles of size Ωl, l=1,2,3,..., which sum to 4π.
The objective of the FVM is to find Ilp, the intensity at each node P associated with each discrete bundle Ωl.
General algorithm
The energy equation is discretized using the finite volume technique; the spatial discretization is carried out
using uniform grids. The solutions of the RTE are obtained using the FVM. The coupled conduction and
radiation problem is solved through the following algorithm: first initial value for the radiative heat flux is
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assumed. Second, the energy equation (equation 1) is solved to obtain the temperature map. Then, we solve
the RTE (equation 3) to obtain the intensity map. We calculate the divergence of the radiative heat flux
(equation 2) and set the new boundary conditions (equation 4). The process is repeated until convergence on
temperatures and radiative heat fluxes.
Once we get the numerical solution on the TIM, the conductive and radiative heat fluxes are post process
computed and then used by the balances equations in the global model of the collector.
3.3. Air Gap model
The heat transfer between two parallel plates inclined at some angle to the horizon is investigated by various
authors and it is well explained by Duffie and Beckman 1980.
One of the most reliable correlations for closed rectangular cavities with high aspect ratio is that given by
Hollands et al 1976 which relates Nusselt number and Rayleigh number for tilt angles from 0 to 75° as:
+

 1708(sin(1.8θ )1.6 
1708   Ra. cos(θ ) 1 / 3 
1 −
 (
Nu = 1 + 0.441 −
) − 1
Ra. cos(θ )  Ra. cos(θ )  
5830



+

(eq. 5)

This correlation has been used for the calculation of the heat transfer coefficient in the air gap of the
collector.
3.4. Air channel model
A great variety of theoretical and experimental works has been done to study ventilation by natural
convection in rectangular cavities with high aspect ratio. Bar-Cohen and Rohsenow, 1984, developed
correlations for fully developed flows in a symmetric isothermal and isoflux channel as well as in a channel
with an insulated wall. Fedorov and Viskanta, 1997, studied turbulent natural convection heat transfer in an
asymmetrically heated, vertical parallel-plate channel. In their work the low Reynolds number k-ε turbulence
model is used to simulate the turbulent flow and then to establish their correlation. Sakonidou et al, 2008,
developed a model that estimates the tilt of a solar chimney that yields the largest natural air flow. For
calculating the convective heat transfer, they used the correlation given by VDI-Warmeatlas 1991 valid for
inclination below 75°. Chami and Zoughaib, 2010, modeled natural convection in a pitched thermosyphon
system in building roofs with experimental validation using particle image velocimetry. They established a
correlation for the inter-plate spacing range between 0.01 and 0.03 m and the inclination range from 30° to
45°.
The different correlations were tested; the correlation adopted by Sakonidou et al, 2008 was found to
correlate well for our case and is thus used in the simulation of the channel as a low level model.

Nu = 0.56( Ra. sin(θ ))1 / 4

(eq. 6)

Nu = 0.56( Ra.sin(θ ))1 / 4 + 0.13(Ra 1/3 - Ra c )
1/3

Where Rac is a critical Rayleigh number defined as:

log( Ra c ) = 8.9 − 0.00178(90 − θ )1 / 4

It has to be noticed that the turbulent air flow in the ventilation channel is under simulation by means of a
high order level. This high order model uses a LES simulation of the turbulent flow in three dimensional
coordinates. This model will allow us in the near future to establish our own correlations for the ventilation
channel.
3.5. Absorber model
A one dimensional step by step model was developed for the simulation of the absorber. Nevertheless, this
high level model is not yet integrated to the global model of the collector. In this work, for the simulation of
the absorber we established its energy balance equation assuming a uniform temperature and a prescribed
heat transfer coefficient with the circulating fluid.
4. Experimental tests
The experimental tests were conducted in order to verify the performance of the designed overheating
protection system, calculate the solar collector efficiency as well as to validate the developed numerical
model. The validation consists of comparing the experimental versus the numerical results.
4.1. Experimental test facilities
For the measurement of the fluid temperature at the inlet and outlet of the collector and inside the collector,
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PT100 platinum thermoresistances and type K (Chromel/Alumel) thermocouple probes were used,
respectively. The placements of the thermocouples within the solar collector are shown in figure 1. All the
PT100 and the thermocouples were calibrated using a reference probe. The measurement error is estimated to
be ± 0.06 and ±0.3 for the PT100 and the thermocouples respectively. The meteorological conditions (total
and diffuse solar radiation and wind velocity) were continuously measured during all the tests. The used
Kipp & Zonen pyranometer has an error of ± 0.5%.
For testing the solar collector, the test bank of the CTTC was used. The test bank uses pressurized water as
working fluid, being able to perform tests for up to 150°C and 8 bars, as the limiting conditions. This test
bank allows a controlled (programmable) mass flow rate and a controlled collector inlet temperature. The
used flow meter has an estimated error of 0.05%. All measurements were automatically recorded using an
Agilent 34970A data logger.
The errors on the determination of the heat losses and the efficiency, resulting from uncertainties in the
measurements of temperatures, solar radiation and mass flow rate were calculated using the logarithmic
differential.
The conducted experimental tests are the efficiency test, the stagnation conditions test and the thermal heat
loss test.
4.2. Indoor measurements
The thermal heat loss test is not part of the ISO standards; however it is useful to define steady heat loss as a
function of operating temperature. Heat loss measurements were carried out indoors with zero incident
radiation in order to determine the collector heat losses. All measurements were carried out at constant inlet
temperature and with a constant mass flow rate close to the optimum value of Re=2300 (0.042 Kg/s). The
data were taken after the system reached a steady state in intervals of 10 seconds during 30 minutes.
In order to check up on the efficiency of the overheating protection system, the prototype has been tested in
different operation modes (See figure 4):
Open channel: the ventilation channel is totally opened.
Active actuating door: the ventilation channel door is activated.
Inactive actuating door: the overheating protection system is deactivated.

Figure. 4: Operation modes of the ventilation channel

Figure 5 shows the heat losses in terms of the temperature difference between the thermal fluid and the
ambient (Tav-Tamb). It can be observed that when the channel is closed the collector heat loss curve is
minimum. In this case, the heat losses from the channel are negligible. When the channel is opened, the heat
losses from the air channel become very important and represent approximately 40% of the total losses of the
collector.
When the channel door is active, the heat losses, at low operation temperatures, are similar to those obtained
with closed channel. However, when the temperatures inside the collector increase and the shape memory
allow spring reaches 90°C, the channel door start to open to let heat evacuating from the back of the
collector. When the SMA spring is completely opened, we see that the heat loss curve come closer to the
opened channel curve.
These results show that the designed overheating protection system gives the desired effect that is to increase
the collector heat losses only for high operating temperatures. This increase in the heat losses allows
refreshing the collector to protect the TIM from achieving high temperatures.
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4.2. Outdoor measurements
Outdoor measurements were done in Terrassa, Barcelona, Spain. The collector was exposed, facing the south
with an inclination of 41° (latitude of Barcelona), to solar radiation in the midday hours when the beam
radiation is high and nearly normal to the collector plane.

Figure. 5: Heat loss curve of the collector for different operation modes

Steady state efficiency test
The basic method of determining collector performance is to make the outdoor steady-state efficiency test.
During this test, the international standard procedure ISO 9806-1 was followed. The Experimental efficiency
curve is presented in figure 6. Sixteen points are shown, four for each temperature range.
The scatter in the results was expected due to the temperature dependence, wind effects, and angle of
incidence variation during the test. The efficiency is expressed by the following equation obtained using the
least square method:
η = 0.732-7.19 (Tav-Tamb)/G

(eq. 7)

where G is the total solar radiation in the collector aperture. The coefficient of determination R2 is of 0.98
indicating a good fit with the data. It has to be noted that the tested collector has not a very good selective
coating of the absorber which explains the relatively low efficiency.

Figure. 6: Experimental efficiency curve of the collector
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Stagnation conditions test
The collector prototype has been exposed to the solar radiation without circulation of water through the
absorber during June 2011. The solar radiation and the temperatures inside the collector have been
continuously measured. The tests have been performed in a clear sky day from 10 a.m to 5 p.m. During the
tests, the temperatures in different locations of the collector as well as the solar radiation were measured
continuously every 30 seconds.
Results for two testing days (22 and 28 June 2011) are shown in figure 7. The solar radiation during the tests
period is also presented in figure 7. These days were chosen among the hottest days in the year in order to
check up on the efficacy of the designed overheating protection system. The solar radiation and the ambient
temperature in both test days were very similar.
The first test was done keeping the channel door closed during the entire test. In the second test, the designed
thermally activated door was activated.
During the first test, when the channel was kept permanently closed, the temperature of the different
components of the solar collector was seen to increase continuously until reaching temperatures of the TIM
more than 140°C which is the maximum temperature that can support the TIM before starting to melt (this
information was given by the TIM constructor). The stagnation test was thus interrupted.
This first test has shown very clearly that a FPSC with TIM and without overheating protection system
cannot withstand the stagnation conditions and the TIM would melt. Consequently, the designed overheating
protection system is very important to protect this type of solar collectors.
During the second test, the designed thermally activated door was operational. As the solar radiation
increased, the temperatures of the different components of the collector were observed to increase. The TIM
temperature was the hottest point in the collector during the entire test. It was seen to reach a maximum
temperature of 137°C in the midday.
The operation of the overheating protection system was verified by visual inspection: when the air channel
temperature reached about 90°C, the SMA spring was seen to extend opening the channel door and letting
the air circulating inside the collector. Later in the day, as the solar radiation decreased and the temperature in
the channel dropped, the SMA spring was seen to decompress driving the channel door to its initial closed
state.
This second test showed the effectiveness of the overheating protection system and demonstrated that high
temperatures in the TIM can be limited and thus protect the collector in stagnation conditions.

5. Simulation results
The balance equations of the solar collector were established. An iterative method for solving the system of
equations was used. The heat transfer coefficients were first calculated using initial guess values of
temperatures. Next, the balance equations were solved to obtain the new temperatures. This completed one
iteration cycle, cycles being repeated until convergence. All the presented simulations were obtained using
low level models for the different components (TIM, air channel and absorber).
5.1. Heat loss comparison
The heat loss curve for zero incident radiation in terms of (Tav -Tamb) has been calculated using the numerical
model described above. The values obtained with the model are compared with the experimental ones and
are depicted in figure 8.
Most outstanding conclusions arisen from the discussion of these results are:
• Good agreement between numerical and experimental data is observed in the heat loss, where the
highest differences are below 5% for the case of closed channel and below 8% for the case of an
opened channel.
• General tendencies of the numerical and experimental data are similar and no relevant effects are
observed for low or high levels of temperatures.
• The error found between experimental and numerical results can be explained by the correlations
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•

used in the model.
The experimental as well as the numerical results confirm that the prototype in stagnation
conditions and with the ventilation channel opened is able to lose (evacuate) the heat necessary to
prevent the collector from overheating.

5.2. Efficiency comparison
Experimental efficiency curve compared with numerical curve obtained with the developed simulation
program are given in figure 9. The meteorological data measured during the test were used as inputs in the
numerical simulation of the collector (Solar radiation, wind, ambient). Similar tendencies are observed with
the numerical and experimental results. The model overpredicts the measured efficiency by no more than
3%.

Figure. 7: Results for the stagnation conditions test. Top: closed channel, Bottom: Active channel door, Left: Temperatures of
the different components of the collector, Right: Solar radiation recorded during the tests

202

Figure. 8: Numerical vs experimental comparison of the heat loss curves. Left: closed channel, Right: Opened channel

Figure. 9: Numerical vs experimental comparison of the collector efficiency curves

5. Conclusions
This work has addressed the development of a flat plate solar collector with transparent insulation material
and overheating protection system. A prototype has been constructed and tested according to ISO procedures
including steady state efficiency and heat loss test. A numerical simulation program has also been developed
able to predict the efficiency and heat losses of the collector by a discrepancy that does not exceed 3% and
8% respectively.
The designed ventilation channel with thermally actuated door has shown its ability to maintain low enough
temperatures in the collector preventing the collector from stagnation conditions.
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This work has been a step forward to make the flat plate solar collectors with TIM a commercial product
competing to other products already available in the market such as evacuated tube collectors with expected
lower costs.
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ABSTRACT
The optical performance of a solar concentrator is mostly depends on the geometry of the concentrator
profile. In the present paper, work focuses on the optical efficiency of 3-D Elliptical Hyperboloid
Concentrator (3-D EHC) using Optis TM Ray-trace software. An extensive theoretical prediction, using a 3-D
ray tracing technique has been adopted in the current investigation to calculate the optical efficiency of a
novel 3-D EHC. The effect of source angle (from +90° to -90°) on the optical efficiency of a 3-D EHC is
reported. Due to the wide acceptance angle of the Elliptical Hyperboloid solar Concentrator, the optical
efficiency was found to be 87% for a concentration ratio of 18×. Due to the three-dimensional nature of the
Elliptical hyperboloid solar concentrator, the optical efficiency and the concentration ratio are also a function
geometric parameters such as the ratio of the concentrator height to each of the receiver’s major and minor
axes; a parametric study of these variables has also been conducted The aperture length was fixed for all
simulations. Results presented also show the distribution of the concentrated radiant energy over the
receiver/absorber. For the range of parameters investigated, an optimum design is presented.
1. Introduction
Solar concentration technology is crucial to the development of the solar energy industry. Concentrated solar
energy has the potential to reduce the unit cost of electricity produced from photovoltaic sources. It is also
necessary in solar thermal applications to increase the operating temperature for steam power cycle
efficiency. The current research is concerned with the development of a novel 3-D Elliptical Hyperboloid
Concentrator for a small scale solar powered water desalination system.
The development of solar concentration technology gained impetus after the discovery of the Compound
parabolic concentrator (CPC). This led to the beginning of a relatively new branch in physics known as non
imaging optics. Prior to the use of non-imaging concentrating collectors, no design had proven theoretically
capable of achieving the sine-law limit to concentration. Furthermore, based on conventional concentrator
imaging technology the optimum possible concentration ratio for solar collection without diurnal tracking,
was shown to be three or at least needed a second concentrator stage to be employed. With these
developments, much effort was put into the further development and application of non imaging optics
techniques.
Since the invention of the compound parabolic concentrator (CPC) in 1974 (Hsieh, 1981) many papers have
been published on literature that deal with a wide range of the design and analysis (El-Assay and Clark,
1987) (Hinrterberger and Winston, 1966) Chakraverty et al. (1987) Tchinda et al. (1998) Fraidenraich. et al.
(1999) . However, a close examination of these papers reveals that the great majority of them are devoted to
optical, thermal analysis and geometrical of the CPC with tubular absorber. Asymmetric compound parabolic
concentrators Mallick et al. (2004) have also been proposed. Ideal concentrators such as the CC and the FLC
were used to transmit new families of elliptic bundles Guti´errez et al. (1996). Based on the geometric vector
flux field several researchers studied three dimensional (3-D) analysis of CPC The first three dimensional (3D) compound parabolic concentrator (CPC) has been studied using the flow line method for solar application
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(Winston and Welford,1979) as a component originating from the field of a Lambertian emitter in the form
of a 2-D truncated wedge. Ray-tracing techniques are appropriate for line-axis system, which allow for
evaluation of optical performance of complicated system geometries regarding diffuse and direct insolation.
Analysis of optical efficiency by this technique has been used in many studies of solar devices and
theoretical results have been published (Welford and Winston, 1980). A ray tracing procedure described
(Spencer and Murty, 1968) for a set of conical surfaces with provisions for specifying their departures,
orientation, positioning and separation. The optical analysis of a novel tubular solar thermal collector
consisting of a combination of cusp mirror-cylindrical heat pipes with the use of ray trace technique was
presented (Ortabasi and Buehl, 1980). The flux distributions showed that no burnout can be expected for the
Cu/Cu/H2o heat pipes even at high concentrations of up to five suns
A 3-D Elliptical Hyperboloid Concentrator (EHC) is considered in this research which is a new type of
concentrator with an elliptical cross section and a hyperboloid curvature. The main purpose of this study is to
predict the optical performance of a using ray tracing technique. The optical efficiency refers to the fraction
of light incident that reaches the absorber directly or through reflection from concentrator surfaces after
entering the aperture. The optical performance of EHC has been evaluated for a range of geometric and
operating parameters including angle of incidence, concentrator height and receiver diameter in terms of
optical efficiency and energy flux distribution on the receiver. A high angular acceptance is usually desirable
to avoid the necessity for tracking.
2. Ray tracing Diagram of Elliptical Hyperboloid Reflector surface
Ray-tracing, is the act of following the trajectory of ray’s bundles through a system of reflecting is an
important technique for characterising the performance of optical devices. Based on known physical laws
and optical properties it is possible to determine the outcome of a given ray based on its point of origin and
direction of movement. In present ray tracing analysis all incident rays are assumed to be parallel and carries
equal amount of energy. The fig.1 described below how ray tracing reflection in two dimensional
hyperboloid concentrator. Rays can reach the receiver without any reflection or the rays can be totally
internally reflected by the hyperboloid internal surface. Rays may be reflected more than once before
reaching the receiver. Rays may exit the system after some reflections within the concentrator, in which rays
emitted from Z1Z2 toward F1 F2 bounces back and forth between the mirrors Z1X1, and Z2X2 and ends up on
the receiver. For point S, for example, ray r1 emitted towards point F2 is reflected by the right-hand side
mirror towards point F1. The left-hand side mirror then reflects it towards F1 again. After a certain number of
reflections this ray reaches X1X2. The same happens to a ray r2 emitted from S towards F2. Intermediate rays
between r1 and r2 either bounce off the mirrors and reach X 1X2 or reach it directly without any reflection.
This concentrator is called an elliptical hyperboloid concentrator and maximally concentrates onto receiver
X1X2 all radiation entering its aperture Z1Z2 headed toward F1F2. The three dimensional geometry of
elliptical hyperboloid concentrator is presented in Fig. 2. Ali et al. (2010)

Fig.1. A 2-D Hyperboloid concentrator
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Fig.2. A 3-D Elliptical Hyperboloid Concentrator

3. Flux Density Distribution on the Receiver Area for Different Height of 3-D EHC
Using the ray tracing method described above the following results were obtained for the 3-D EHC. Fig. 3a
shows the ray tracing diagram of the different shapes of the EHC geometry. The concentrated flux density at
any point on a receiver surface is equal to an integral of an incoming radiation flux brightness that is a
function of angular coordinates. The figure also shows the effect on the distribution of the incoming radiant
energy varying with the values of the concentrator height and area of the receiver and the absorber. Fig. 3b
and Fig. 3c shows the top view and the three dimensional view of the flux radiant distribution of the 3D EHC
for various combination of the concentrator height and area of the receiver with a fixed aperture length of 1m
respectively.

Concentrator height 800 (mm)

Concentrator height 850(mm)

Concentrator height 900(mm)
3a

3b

3c

Fig.3. Flux distribution in the receiver area for different height of 3-D EHC
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4. Optical Efficiency of a 3-D EHC for Non- Dimensional Concentrator
Fig. 4a and Fig. 4b show that the optical efficiency is maximum when position of the radiation source (i.e.
sun) is directly above (that is 90º) the receiver and it decreases as the angle of the radiation decreases until all
the radiation isn’t absorbed by the receiver when the incident angle ±60º. Combined with the orientation of
the source of radiations, the optical efficiency of the 3D EHC will be maximum when the height of the
concentrator is twice the length of each of the receiver’s major and minor axes. Similarly the optical
efficiency is optimum when the concentrator height is approximately equal to the length of each of the
aperture’s major and minor axes respectively as can be seen in Fig. 5a and Fig. 5b. As the concentration
increases in relation to each of the incidence angle of radiation and vice versa the optical efficiency decreases
until all the radiation is totally absorbed by the receiver. When the length of the aperture major axis is half
the length of the aperture minor axis the optical efficiency is maximum and the optical decreases as the ratio
increases. Fig.6a , and 6b show that unlike the two cases explained above the optical efficiency of the 3D
EHC is proportional to the ratio of the receiver’s major axis and minor axis, the optical efficiency increases
as this ratio increases from 0.5 and its maximum when the length of the aperture major is ninth that of the
aperture minor axis. And also shows the concentration ratio is inversely proportional to the optical efficiency
in relation to the variation of the ratio of the height of concentrator to each of the aperture’s and receiver’s
major and minor axes.

a
b
Fig.4. Optical efficiency and ratio of the height of the concentrator to receiver major and minor axis

a
b
Fig.5. Variation of the optical efficiency with the ratio of “height of concentrator and aperture’s major and minor axes”
respectively for different incidence angle at the aperture.
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Fig. 6. Variation of concentration ratio and optical efficiency with the ratio of “height of concentrator and receiver’s
major and minor axes” respectively for perpendicular rays.

5. Optical Efficiency of a 3-D EHC for Specific Dimensions of Concentrator
Based on OptisTM, an optical efficiency of a 3-D EHC was carried out. Fig. 7a shows the 3-D energy flow
diagram. The distribution of the incoming radiant energy with variation of the different values of the receiver
area can also been seen with the red region representing the region of maximum irradiance. These regions
occur at different points as shown in Fig. 7a and correspond to the various combinations of the receiver
major axis and minor axis. Fig.7b shows the top view of the energy distribution.
Fig. 8 demonstrates the effect of variation of the incident angle for different orientations of the source within
the range ± 90o on the optical efficiency of 3-D EHC of CR18 and a concentration height of 0.86m. The
maximum optical efficiency of 87% was observed for an incidence angle of ±20.

a

b

Fig.7. (a, b) flux distribution in the receiver area for height of concentrator 0.860 m

209

Fig. 8.Variation of optical efficiency with the solar incidences angle (º)

6. Conclusions
The 3-D EHC has been presented in this work. Using the ray tracing technique by OptisTM to determine the
optimal optical efficiency of the 3-D EHC design. Based on this study, the optimum optical efficiency was
obtained when the orientation of the source of incoming radiation is perpendicular to the collector. The ratios
of the height of concentrator to the receiver’s and aperture’s major and minor axes have the same effect on
the optical efficiency. While the effect of the ratio of the receiver major axis to the receiver minor axis on the
optical efficiency is inversely proportional to that of the ratio of the aperture major axis to the aperture minor
axis. The optical of 87% and CR of 18 was obtained for a concentrator height 0.860 m, when the aperture
major axis is 0.488m, minor axis is 0.472m, receiver major axis is 0.122m and minor axis is 0.106m. This
has a great economic advantage over all existing solar concentrators which require the construction of a
separate structure to support them and heavy machinery to orient them to intercept and properly reflect
sunlight onto a receiver because the long axis of the ellipse produce a greater amount of absorption for a
wide incidence angle. Further extensive work is still in progress to obtain, higher optical efficiency with
higher concentration ratio for use in the application of water desalination system.
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Nomenclature
Quantity

Ellipsoidal Hyperboloid Concentrator
Cone concentrator
Compound parabolic concentrator
Flow line concentrator
Concentration ratio
Optical efficiency
Direction vector of the reflected ray
Incident direction of the incoming ray
Area of aperture
Area of receiver
Aare of flux distributor
Height
Aperture major axis
Aperture minor axis
Receiver major axis
Receiver minor axis
Radiant incidence
Radiant flux
Direction vector of the reflected ray
Incident direction of the incoming ray

Symbol
EHC
CC
CPC
FLC
CR

η
rreft
rinc
A1
A2
A
H
2a1
2b1
2a2
2b2
Ir
Ør
rreft.
rinc

Unit

mm2
mm2
mm2
mm
mm
mm
mm
mm

W.m2
W
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OPTIMIZATION OF INTER TUBULAR DISTANCE OF
SHEET-TUBE HEAT TRANSFER PANELS OF FLAT PLATE
SOLAR WATER HEATING COLLECTORS
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1. Introduction
The heat-mechanical optimization method of inter-tubular distance of sheet-tube light absorbing
panels of flat plate solar collectors for heating of heat-transfer fluid is proposed, which is included the
dependence to coefficient of convective heat exchange interior wall surface of the heat-removing channel on
the optimized parameter and expenditure of heat-removing through the channels.
There is an absorption and conversion of solar radiation to the low-potential heat and transfer to the
water, in heat exchanger panel of flat plate solar water heating collectors. The most common type of heat
exchanger panels used in flat plate solar water heating collectors, is sheet-tube design, which is a blackened
light absorbing metal plate with slots, which are stacked and secured by soldering series of heat transfer
parallel tubes, connected each other by a common hydraulic feed and outlet channels, providing uniform
distribution of the flow of heated water on the heating channels (Fig. 1).

Fig.1. Principal Scheme of cross section of sheet-tube light absorbing panel of flat plate solar water collector:
1-light absorbing panel with channels; 2-tube.

As mentioned on [1,2], the thermal efficiency of solar collectors of this type mainly depends on the
coefficient of thermal efficiency of heat transfer panels, which characterizes the transferring efficiency of
absorbed solar radiation to the water heated in their heat transfer. In this regard, one of the major problems
facing developers of a new, highly efficient and low metal-consuming generations of flat plate solar water
collectors is to find ways to maximize the heat output of heat exchanger panels with minimum weight.
2. Mathematical description
Expressions for determining the specific thermal productivity and mass of sheet-tube heat exchanger
panel of flat plate solar water heating collectors per unit area of the front surface, according to [2] will have
the form



qu   p ( р ) eff q  U (T f  To ) 


m sp
p 

Мp
Ap



2
2aap ap ap  0, 25 ( dext
 din2 ) ch

(1)

,

(2)

2aap  d ext

where
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(3)

- Coefficient of thermal efficiency sheet-tube panels with a perfect thermal contact between the light
absorbing plate and the heat-removing channels;


U
th  a a p


 a p k a p 
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U
a ap
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- Coefficient of thermal efficiency light absorbing plate of panel;

 ap - wall thickness of the light absorbing

plate; k ap - thermal conductivity of the material of light absorbing plate; k w - thermal conductivity of the
material of heat-removing channel’s wall;

П

0,5
( d ext  d in )


(5)

- The perimeter of the average cross-section of the heat-removing channels;
coefficient of inner wall surface of the heat-removing channels;
(d  d ) d
  ext in ln ext
2( d ext  d in ) din
- Coefficient of curvature heat-removing channel with circular form;

 in - convective heat transfer
(6)

Пin   din

(7)

- The perimeter of the inner cross-section of heat-removing channel; aap - half the width of the light
absorbing plate; U - coefficient of total heat loss of heat transfer panels, reduced to unit area of the front
surface; d in and dext accordingly, the internal and external diameters of the heat-removing channels of heat
transfer panels;  р  is the effective reduced absorptivity of solar radiation, system “heat transfer panel –
eff

light transparent layer” of considered solar collector; q - the surface flux density of the total solar radiation
on the front surface of the heat exchange panels; T - the average temperature of heat transfer fluid by the
f

length of heat-removing channel; To - the temperature of the environment;  ap and ch - respectively, the
density of materials of light absorbing plates and heat-removing channels of considered panel.
Substituting (2) and (3) into (1), we obtain


(2аap ap  dext ) dinin (αp τ )eff q  U (T f  To )
(8)
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As follows from relation (8), when given d in , d ext ,  ap and ch the task of ensuring maximum value
of qu for the sheet-tube heat exchanging panels of flat plate solar water heating collectors is reduced to
m sp
p
determining the critical value of half the width of the light absorbing plate  a  depending on the expected
ap
cr
mode of operation.
Due to the fact, that the expression (5), as the objective function to determine the critical values a a p
with taking into account of the influence of  in (for given values of the flow of coolant through the heatremoving channels - G) too difficult to differentiate, value of a a p depending on the value of G could be
determined by its graphical solution.
3. Results
As shows the results of preliminary calculations to determine the possible values of the rate of heat
transfer fluid (coolant) in the heat-removing channels of sheet-tube heat exchanging panels of flat plate solar
water heating collectors in the range of G from 10 to 100 l/h, and din - from 0,008 to 0,015 m, the flow mode
of the coolant in heat-removing channels is laminar, and character – viscous - gravitational. In this regard,
the calculations on determination the values of  in dependently to G and average temperatures of the inner
wall surface of the heat-removing channels of considering panel ( T win ) and coolant in it ( T f ) when it is
expedient to perform on universally accepted criterial equations of M.A. Mikheev [3]
 Pr
Nu fd  0,17 Re 0fd,33 P rf0, 43Grfd0,1  f
 P rw





0 , 25

е,

(9)

213

Where, taken into account the influence of free convection to coefficient of convective heat transfer by
forced laminar viscous-gravitational flow of coolant in the heat-removing channels.
In criterial expression (9)
 d
(10)
Nu  in in
fd

kf

4G (2 аap  d ext )
d
Re fd  in 
f
 Dd in f

P rf 

(11)

f
af

(12)

 f g (T win  T f )din3
 2f
w

(13)

Grfd 
P rw 

(14)

aw

where, T w ; k f , ,  f , a f and  f - are respectively the coefficients of thermal conductivity, the rate of the
coolant in heat-removing panels, the kinematic viscosity, temperature conductivity and thermal expansion of
coolant; T f ;  w and aw - are respectively the kinematic viscosity and temperature conductivity of the
coolant; g - acceleration of free fall;  - coefficient of the average change rate value of  in by the length of
heat-removing channel of panel (at (e / din )  50,  е  1 ).
е

Using the value for  in obtained by equation (9) under given values of din , d ext ,  a p and U , and the
current values of аap , a p and

T

f

by (3) could be determined the value of  p .

With the obtained value of  a p by the expression (14) dependently ( p ) eff , q and To under given
value U , and also value T , determined by iterative calculations by definition  in , could be determined the
f

value of qu . Next for given values  a p ,  ap , din and dext by (2) could be determined the specific mass of the
considered light absorbing panel dependently from а a p . And finally, on the base of obtained values qu and
m spp would be determined the useful heat output of considered light absorbing heat-transfer panel, per unit of

mass ( qu / m psp ).
The results of calculations to determine the optimal value of half a distance ( а p ) opt between the tubes
of sheet-tube heat transfer panels, made from corrosion-resistant aluminum alloy with length l = 1,5m and a
width D = 1,0m, wall thickness of light absorbing plate  p = 0,001m when d in = 0,010m, d ext = 0,012m,
3,
2
 ab =  ch =2600 kg/m ( k p ) = 160W/m°С, Tо=25°С, q = 150 W/m and  p eff = 0,8 (about midday hours of

daylight) for different values of G shown in Fig. 2.
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U  7,5(W / (m 2 оС )) ; kap  160(W / (m  C )) ;  a p  0 , 0 0 1 m : a,b,c,d– respectively, under T f in  20o C and

To  25o C , T fin  20o C and To  30 o C , T fin  30 o C and To  25o C , T fin  30o C and To  35 o C ; 1,2,3,4 and 5

respectively, when G =15, 30, 45, 60 and 75 l/hr.
From the analysis of the results shown, it follows that:
Increasing the volumetric flow rate of heat transfer fluid through channels of light absorbing panels
will lead in a corresponding increase of qus m p . However, the rate of increase is significantly reduced with
increasing G. In all cases the maximum values of qus m p occur when the value of а p = 0,065m, which can
be considered optimal for the given heat-exchange panel for its thermal-technical characteristics, equal
2º
U =7,5 W/(m С), k f =160W/(mºС),  p = 0,001m and

1
U  p k p = 6,8465 m . Independence of the

аp

from ( p ) eff q  , To , T fin and G suggests appropriate independence of ( а p ) opt from
the environmental parameters and operating conditions of the proposed heat transfer panel. Due to the fact
that near the critical point curve qus m p = f а p  has a flat character, if necessary (for technical reasons) be
optimal values of

possible to vary the value of а p ±0,01m near its critical value. When performing calculations for the
generality of the solution weight of inlet and outlet hydraulic channels of the panels are not included, since
they do not affect the optimal value of а p .
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Abstract
This article presents the use of a wire mesh in optimising the performance of two volumetric solar receivers
that use oil as a heat transfer fluid. Computational fluid dynamics models have been used to optimise the
receivers. Varies parameters (including the use of a wire mesh) of the receiver models were changed in the
optimisation process. Based on the models, prototype receivers were developed and tested. After that, the
models were validated against experiments and the results compare well. The results indicate that the use of a
wire mesh placed inside a receiver improves its performance. An optimal wire mesh porosity was found as ≈
0.95 mainly because the efficiency is increased without inducing an adverse pressure drop inside the
receiver.
Key words
Solar receiver model, computational fluid dynamics, wire mesh, porosity, efficiency.
1.
Introduction
Solar receivers are used to capture and convert solar radiation into thermal energy for storage. The stored
thermal energy can be used for indirect cooking that can be carried out at a controlled rate (Mawire et al.,
2009). Such solar receivers need to be optimally designed. The energy effectiveness of these solar receivers
is often investigated either by experiments or through modelling (Comakli et al., 1996). In modelling,
various models are run until an optimal efficiency is attained. In this work, we have designed, modelled and
tested two volumetric solar receivers. The use of a wire mesh in improving the performance of the receivers
has been explored using computational fluid dynamics (CFD).
In order to optimise solar receivers, modelling studies have been carried out by other authors (Kribus et al.,
1998; Pitz-Paal et al., 1997). CFD was used (Meier et al., 1996) in the design and optimisation of a high
temperature solar chemical reactor. It was shown in this work that CFD can be used for calculating the
velocity, temperature and pressure fields as well as particle trajectories in the reactor. Pitz-Paal et al. (1997)
developed a quasi 3D analytical model in order to improve the understanding of momentum and heat transfer
in volumetric absorber structures. They observed that non-homogenous irradiation of the absorber in the
receiver has a stronger impact on temperature distribution and efficiency. Other studies have also shown that
CFD models of solar receivers can be used to optimise the performance of the receivers (Kribus et al., 1998;
Reddy and Satyanarayana, 2008).
The reviewed literature shows that most of the work done on volumetric solar receivers involves the use of
air or other forms of gases as the heat transfer fluid (HTF). It is for this reason that in this work two
volumetric receivers, that use liquid as the HTF, were designed and their performance optimised by using a
wire mesh. Firstly, CFD models of the receivers were built and effects of a wire mesh inside the receivers
were tested using the models. Based on the model results, two prototype volumetric solar receivers were built
and tested experimentally. The model results were then validated against the experimental results. The two
receivers were developed and built for use with an SK-14 parabolic dish reflector (PDR) (Mlatho et al.,
2010) in order to charge a thermal energy storage (TES) system (Mawire et al., 2009) to be used in an
indirect solar cooker being designed by our group (Mlatho et al., 2010; Mawire et al., 2009).

2.

The CFD models and prototype receivers.
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The particular shapes of the receiver models and the surface shapes of their apertures were chosen based on
the results of a ray tracing-program of an SK-14 PDR. The models were also based on the results of the
spatial extent of the focal point (FP) of the SK-14 PDR obtained with the radiometer method (Mlatho et al.,
2010) that gave an aperture diameter of 0.1 m in order to obtain maximum flux concentration. This is
because the energy from the receivers is intended to be delivered at high temperatures of around 200 oC. As
previously stated, the prototype receivers were built based on the models.
Fig. 1 shows schematic diagrams of the CFD models of the two receivers. The first receiver termed
volumetric flask (VF) receiver is designed on the basis that a parabolic surface is suitable for capturing the
concentrated solar radiation (CSR) at the focal point of the SK-14 PDR as found by Mlatho et al. (2010). The
model is a laboratory glass flask as shown in part (a) of Fig. 1. The reflecting plate of the VF receiver model
is made of aluminium and only covers the upper-half of the round part of the flask. The round lower-half of
the flask forms a curved aperture.
The second receiver is termed a volumetric box (VB) receiver as it was designed on the premise of a
cylindrical cavity with a flat aperture and is also based on the results of Mlatho et al. (2010). Part (b) of Fig.
1 shows the VB receiver model made up of a metal cylinder that is closed on one end. The other end is
closed with a Duran glass plate and acts as the aperture. For both receivers, the CSR is incident onto the
aperture. The oil flows in and out of the receivers through the fluid inlets and outlets.

Fig. 1: The schematic diagram of the VF (a) and VB (b) receiver models.

The first prototype is a VF receiver shown in photograph (a) of Fig. 2. The glass flask is covered with
galvanised steel on the top half of the round part such that the round bottom is a curved aperture of 0.1 m
diameter. The second prototype is a VB receiver with a flat aperture of 0.1 m diameter (plot (b) of Fig. 2).
Both apertures are made of Duran glass of the same thickness.

Fig. 2: Photographs of the VF receiver (a) and the VB receiver (b) showing their parts.

3.
Modelling and Experimental Techniques
The CFD models were implemented for various scenarios, including the use of the wire mesh inside the
receivers, in order to obtain the most suitable parameters. These were then used to build the prototypes prior
to testing using various experimental techniques.
3.1 Modelling techniques
In the modelling techniques, the first step was to create and mesh the 3D models of the receivers in Gambit
software. After the geometries were drawn, they were exported to Fluent software in which all the
simulations were carried out. The model settings in Fluent involve a solver that is pressure-based and that
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uses implicit formulation. The energy model was selected for the receiver models. The radiation model used
is the Discrete ordinates model.
The oil used as the HTF in modelling and in experiments is Shell Thermia B oil (Shell, 2007). The optical
properties of the oil are not available from the reviewed literature and were thus estimated from known
optical properties of other oils. The oil was assumed to have a scattering coefficient of 0.002 m-1, a
refractive index of 1.45 and a light absorption coefficient of α = 2800 m-1. We also carried out simulations
using α = 600 m-1, an α-value equal to that of castor oil at a wavelength of 3.5 µm (Souza, 2006). The
properties of the materials used in the models are those of the materials used to build the prototype receivers.
Several boundary conditions (BCs) were implemented in the modelling. The CSR that was set at the aperture
of the receiver was calculated based on the SE of the FP of the SK-14 PDR (Mlatho et al., 2010). An
intercept factor of 0.5 was assumed for the receivers and this gave a CSR of 92.406 kW/m2. This value is
comparable to 100 kW/m2, a CSR value as measured before by use of a radiometer (Mlatho et al., 2010).
The glass apertures were assumed to be exposed to ambient air (Tamb) at a temperature of 300 K, to have an
emissivity of 0.80 and a heat transfer coefficient of 15. The BC for the inlets is velocity inlet while that for
the outlets is outflow.
For the VF receiver model, the upper part of the flask and its neck were set as transparent walls of thickness
1.0 mm exposed to Tamb = 300 K. The heat transfer coefficient was set at 10 and the emissivity at 0.8. On the
outer wall of the flask is a reflecting aluminium plate that is exposed to ambient air at Tamb = 300 K, that has
a heat transfer coefficient of 10 and an emissivity of 0.8. This outer wall has α = 0.2.
For the VB receiver model, the aluminium cylinder has an opaque wall which is exposed to ambient air at
Tamb = 300 K, has an emissivity of 0.8 and α = 0.2. Further, it is assumed not to be properly insulated and
hence has a convective heat transfer coefficient of 5.

Flow and pressure-velocity coupling models
A Laminar model was used for the oil flow in the receiver models and this is because of the low Reynolds
number expected. The S-A model was also used and the results were compared with those of the Laminar
model and it was found that there was a very small difference between the two. For this reason, the Laminar
model was used in this work. Other turbulence models available in Fluent were also attempted but were
observed not to converge and hence were abandoned.
A SIMPLE approach was employed for the pressure-velocity coupling. The momentum equations were
discretized using a second order upwind scheme option. The steady-state velocity field was obtained for
these models. The receiver models were run until they converged.
3.2 Experimental Techniques
In order to test the prototypes, an experimental setup was arranged that consisted of a series arrangement of a
heat exchanger system, an oil reservoir, two identical positive displacement pumps, the receiver and an SK14 PDR. Fig. 3 shows the experimental setup. The dimensions of the prototype receivers were equal to those
of the receiver models. In the setup, oil from the reservoir was pumped through the receiver to the heat
exchanger and back to the reservoir. The heat exchanger was used to cool the heated oil from the receiver
before it flowed back to the reservoir. The reason for this is for control of the temperature of the oil in the
reservoir. As a result, it was possible to restrict the temperature of the oil flowing to the receiver to ambient
values.
In order to determine the efficiency of the receivers, the pumps were calibrated to displace an oil volume of ≈
6.8 ± 0.1 ml per revolution (rev) at a zero differential pressure ( ∆P ) across the pump. Pump P2 was used to
drive the oil through the receiver and to make the differential pressure across pump P1 to be zero. In this
way, pump P1 was used as a flowmeter by counting the number of revolutions per second (rev/s) it made
using a debounce switch that was connected to a totaliser channel of an Agilent data logger. The data logger
was connected to a computer through an RS 232 cable. The volume flow rate of the pump is obtained from
the product of rev/s and volume per revolution (vol/rev) obtained during calibration of the pumps.
Each receiver was placed at the FP of the PDR and the PDR was placed to face towards the sun such that the
rays of the DSR were perpendicular to its aperture. In this way, the PDR was able to reflect the DSR to its
FP. The DSR was measured by means of a Normal Incidence Pyrheliometer (NIP) which was attached to a
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sun tracker. The output of the NIP was connected to the A/D converter channel of the Agilent data logger.
During testing of each receiver, the inlet oil temperature (Tin) and the outlet oil temperature (Tout), together
with several other receiver temperatures, were measured by using K-type thermocouples which were also
connected to the data logger.

∆P

∆P

Fig. 3: An experimental setup showing the configuration of the two positive displacement pumps, P1 and P2.

The efficiency, η1 of the receiver for converting the CSR into heat energy of the oil was calculated (Hasuike,
2006) as

η1 = Quseful P

(eq.1)

incident

where

Quseful is the heat per unit time gained by the oil while it is inside the receiver and Pincident is the input

solar power (in the form of CSR).

Quseful is given as

Quseful = m& cp (Tout − Tin )

(eq.2)

and Pincident is given as

Pincident = Apdr I b
(eq.3)
& is the mass flow rate of the oil, cp is the specific heat capacity of the oil at temperature Trec, Apdr is
where m
the effective aperture area of the PDR ( ≈ 1.5 m2) and Ib is the DSR. Here, Trec is given as

Trec =

(Tin + Tout )

2

(eq.4)

and is the temperature of the receiver.
All the variables used in the calculation of the efficiencies were measured when the receivers reached a
steady state. This steady state was considered to have been reached when the receiver temperatures and the
volume flow rate of the oil were no longer changing significantly. The efficiency was also measured when a
wire mesh was inserted into the receivers. The porosity of the wire mesh is ≈ 0.90. The wire mesh used in the
experiment is a stainless steel pot scourer that was spray-painted with black mat paint.

4.
Results and discussion.
The results are presented in two sections, those obtained from the modelling process followed by those
obtained from the experiments.
4.1 Modelling process
Three different efficiency values were computed for the receiver models. These are the efficiency to convert
the total incident CSR into heat (η1), the efficiency to transmit the incident CSR through the aperture (η2),
and the efficiency to convert the transmitted CSR into heat (η3). These values were calculated for various oil
velocities at the fluid inlet and are presented here in terms of the volume flow rates.
The efficiency η1 was calculated using Eq. (1) where, in this case, Quseful is the net heat transfer rate
between the fluid outlet and the fluid inlet of the receiver and this can be expressed as
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Quseful = m& c pTout − m& c pTin = Pout − Pin

(eq.5)

where Pout and Pin are the heat transfer rates at the outlet and inlet of the receiver, respectively. In this case,
Pincident is a product of the incident CSR and the aperture area, and is constant at 730 W.
The efficiency, η2 was calculated from a ratio of the radiation transfer rate at the aperture and Pincident set at
the aperture. If Ptrans is the radiation transfer rate, then

η 2 = Ptrans P

(eq.6)

incident

while the efficiency η3, is a ratio of Quseful to Ptrans. It is defined by

η3 = Quseful P

(eq.7)

trans

and measures how the CSR transmitted through the aperture is converted to heat.
Plots (a) and (b) of Fig. 4 show a variation of the outlet temperature (Tout), the mean temperature (Tmean) and
the maximum temperature (Tmax) of the oil with flow rate. In all cases Tmean is higher than Tout. This is
because the temperature of the oil in the receivers is not uniform and is observed to be higher at the apertures
than close to the fluid outlets. Thus, the aperture presents a region where the oil may attain temperatures that
are higher than the allowed maximum and this can lead to a degradation of the oil. The modelled Tmax is too
high for all flow rates and may not be achieved in practice due to cooling of the apertures by the
environment.
In plots (c) and (d) of the figure we show that all three efficiencies (η1, η2, η3) increase with an increase in
the flow rate. The highest increase is recorded for η3 and this is mainly due to reduced heat losses (through
re-radiation) and increased mass transfer rates at high volume flow rates.
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Fig. 4: Plots of the temperatures (a) and (b) and efficiencies (c) and (d) against flow rate for the two receivers with oil of α = 2800
m-1 and Tin = 26.85 oC.

The optimum flow rate occurs when η 2

= η 3 . In plot (c) for the VF receiver, this optimum flow rate is ≈

0.66 ml/s when η1 is ≈ 28 % and the corresponding Tout is 184 oC. For the VB receiver in plot (d), the
optimum flow rate is ≈ 1.25 ml/s with η1 ≈ 38 % and Tout ≈ 150 oC. For flow rates that are less than the
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optimum flow rate

η2 > η3

while for those that are greater than the optimum flow rate the opposite holds.

Thus, the receiver must be operated with a flow rate that is less than the optimum flow rate since in this
situation there would be a higher amount of CSR transmitted through the aperture. In this way, the CSR
available for conversion to heat in the receiver would be increased such that the overall performance of the
receiver would improve.
Four sensitivity analyses were carried out on the receiver models and these are the sensitivity to the effects of
α of the oil, the sensitivity to the effects of the wire mesh, the sensitivity to changes in ϕ of the wire mesh
and the sensitivity to changes in α of the oil when ϕ = 0.75 for the wire mesh.
The α of oil contained in a receiver changes as the oil degrades. The degradation is partly caused by
localised high temperatures (hot spots) within the receiver or by adding impurities to the oil. For this reason,
the models were also run for cases when the oil had α = 600 m-1. Fig. 5 shows a variation of Tout, Tmean and
Tmax of the oil with the two α-values for the two receivers. Tmax for α = 2800 m-1 is higher than for α = 600
m-1. The high α-value results in a higher amount of CSR being absorbed by oil located close to the aperture.
This leads to high temperatures at the apertures. Thus, an increase in the absorption coefficient of the oil can
result in increased re-radiation losses at the aperture.
Oil of α = 600 m-1 has a higher Tout than that of α = 2800 m-1 and the difference increases with a fall in the
flow rate. The same trend is observed for Tmean. These results imply that the easier it is for the CSR to travel
through the oil (due to a low α) the higher the absorbance. The higher absorbance helps to also reduce the
temperature of the oil situated at the aperture. As a result, heat losses through re-radiation are minimised. The
other possibility could be that if the incident CSR that travels through the oil and is eventually absorbed by
the receiver walls is high, then Tout and Tmean will be large. This also leads to the contention that if more
absorption occurs at the receiver walls and away from the aperture, then Tout and Tmean will be large. Once
the CSR is converted to heat at the receiver walls, it is transferred to the oil. This transfer can be enhanced by
inserting a wire mesh in the receiver cavity that would increase the fluid-solid interface area.
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Fig. 5: A variation of oil temperatures in the VF (a) and VB (b) receivers with flow rate for oil with α = 2800 m-1 and α = 600 m1
.

Fig. 6 shows the efficiencies of the receivers for the two values of α. In plot (a) and (c) respectively, η2 for
oil of α = 600 m-1 is greater than η2 for oil of α = 2800 m-1. This shows that the lower α is; the higher η2 is
and the difference increases with an increase in the flow rate. However, the two efficiencies of η3 obtained
with oil of different absorption coefficients show no remarkable difference. This implies that the absorption
coefficient of the oil has little effect on η3. The optimum flow rates (where η 2 = η 3 ), for the two receivers,
are observed to move from low values to high values with a decrease in α of the oil. This is mainly because a
decrease in α results in a large increase of η2 than of η3. However, the combined effect of η3 and η2, as
shown through η1 in plots (b) and (d), indicates that it increases with a decrease in the absorption coefficient
of the oil. The implication, in this case, is that a decrease in the absorption coefficient increases the overall
efficiency of the receiver.
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Fig. 6: A comparison of the efficiencies for the two receivers containing oil with α = 2800 m-1 and α = 600 m-1.

A wire mesh was included in the model by changing the oil zone to a porous media. This was done in order
to improve the mixing of the oil in the receiver and to increase the fluid-solid interface area. The porosity
(ϕ) of the oil zone was set to 0.75. A ϕ = 0.75 implies that 75 % of the receiver volume is occupied by oil
and 25 % is occupied by the wire mesh. If ϕ = 1.0 then the receiver contains oil only. The oil had α = 2800
m-1 and Tin was 26.85 oC.
Fig. 7 shows the variation of oil temperatures when ϕ = 1.0 and when ϕ = 0.75. Tmax for ϕ = 0.75 are much
lower than those for ϕ = 1.0. For each receiver, Tmax for ϕ = 0.75 is closely comparable to the corresponding
Tout and Tmean for all volume flow rates. This indicates that the wire mesh improves the mixing of the oil and
the distribution of the heat within the receiver. The mixing and distribution reduces the oil temperatures at
the aperture and hence reduces heat losses through re-radiation. Tout and Tmean for ϕ = 0.75 are almost equal
for all volume flow rates and are both larger than Tout and Tmean for ϕ = 1.0. This indicates an improvement in
the performance of the receiver when it contains a wire mesh.

Fig. 8 shows a variation of the efficiencies for ϕ = 1.0 and ϕ = 0.75. In plots (a) and (c) of
the efficiency η2 for ϕ = 0.75 is larger than that for ϕ = 1.0 for all flow rates. This implies that the
inclusion of a wire mesh in the receiver improves the transmission of the CSR through the aperture. The
reason for this is that the wire mesh reduces the temperatures at the aperture and this reduces re-radiation. A
reduction in the re-radiation results in more of the incident CSR passing through the aperture. The plots also
show that the efficiencies η3 for ϕ = 0.75 are larger than those for ϕ = 1.0. For each receiver, the two
efficiencies of η3 for the different ϕ values are comparable for low flow rates. This is because at high flow
rates, the wire mesh increases the mixing of the oil (or turbulence) in the receiver, it has a large effective
thermal conductivity and it also increases the fluid-solid interface surface area onto which the oil is heated.
This results in an increased efficiency η3. The only disadvantage of using the wire mesh is an increased
pressure drop within the receiver, which in turn increases the cost of pumping work (Reddy and
Satyanarayana, 2008).
Fig. 8,
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Fig. 7: Plots of oil temperatures when the two receivers have no wire mesh (ϕ = 1.0) and when they have a wire mesh (ϕ = 0.75).

High optimum flow rates are observed for ϕ = 0.75 than for ϕ = 1.0. This is mainly due to the higher η2
recorded for ϕ = 0.75 than for ϕ = 1.0. The high optimum flow rate for a receiver containing a wire mesh
signifies that the receiver will perform well than when it does not have the wire mesh. The combined effect
of the wire mesh on the efficiencies η2 and η3 is again shown through η1 in plots (b) and (d) of
Fig. 8. The efficiency η1 is high for ϕ = 0.75 than for ϕ = 1.0. This implies that the wire mesh does indeed
improve the overall efficiency of the receivers with a pressure drop as a draw back.
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Fig. 8: A comparison of efficiencies when the receivers have no wire mesh and when they have a wire mesh.

Changes in the ϕ-value of the oil/mesh zone were incorporated into the models so as to test the effect of
varying the density of the wire mesh. This was done for a constant flow rate of 0.99 ml/s at the fluid inlet.
Plots (a) and (c) of Fig. 9 show the variation of the oil temperatures with ϕ. A big change in the temperatures
is observed from ϕ = 1.0 to ϕ = 0.95. These deviations show the strong influence of the wire mesh on these
temperatures. There is a substantial decrease of Tmax when ϕ decreases from 0.95 to 0.75 for the VB receiver
than for the VF receiver. This could largely be because the VF receiver is mainly composed of glass while
the VB receiver is mainly composed of aluminium. However for the two receivers, there is no significant
change in Tmean and Tout as ϕ varies from 0.95 to 0.75.
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The variations of the efficiencies of the receivers with ϕ are shown in plots (b) and (d) of Fig. 9. A big
change in each efficiency is observed when ϕ changes from 1.0 to 0.95. There is however no substantial
change in the efficiencies when ϕ changes from 0.95 (less wire mesh) to 0.75 (more wire mesh).
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Fig. 9: The plots of the temperatures (a) and (c) and efficiencies (b) and (d) against

ϕ

when the flow rate is 0.99 ml/s and Tin =

26.85 oC.

The variation of the temperatures and efficiencies of the receivers show that changes in ϕ do not change the
performance of the receivers very much. This implies that if a wire mesh is to be used in the receivers; its
porosity should be close to 0.90 so as to reduce the pressure drop within the receiver.
Variations in the α-value for ϕ = 0.75 were carried out in order to determine the influence of α of the oil on
the performance of the receivers containing a wire mesh. Hence, the models were also run with α = 600 m-1
and with ϕ = 0.75. Plots (a) and (c) of Fig. 10 show that Tmax are the same for the two light absorption
coefficients. Tmean for oil with α = 2800 m-1 is slightly less than that for oil with α = 600 m-1. A similar trend
is also observed for Tout. However, the differences in Tmean and Tout for the two absorption coefficients are not
significant.
Plot (b) of Fig. 10 for the VF receiver indicates that there is no significant difference in η2 for the two cases
of different absorption coefficients. This indicates that the wire mesh has a strong influence on η2 as
compared to α and this is because of its large thermal conductivity. η3 of the VF receiver is greater for α =
2800 m-1 than for 600 m-1. This implies that an increase in α of the oil, for the VF receiver with a wire mesh
inserted, increases η3. The overall influence of α on the VF receiver containing a wire mesh is shown in plot
(b) and indicates that an increase in α increases its overall efficiency η1.
Plot (d) of Fig. 10 for the VB receiver shows that there is no significant difference between η1, η2 and η3
obtained either with α = 2800 m-1 or with α = 600 m-1. A similar trend is observed for the temperatures.
Thus, when the VB receiver contains a wire mesh, changes in α have little effect on its overall performance.
The wire mesh has a dominant effect on the overall performance of the VB receiver. Thus, the use of a wire
mesh also reduces the variation of the VB receiver performance that may be caused by changes in α.
The difference in the response of the two receivers to changes in α when they contain a wire mesh is because
the VB receiver is largely made of aluminium while the VF receiver is largely made of glass.
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Fig. 10: The plots of the temperatures (a) and (c) and efficiencies (b) and (d) against the flow rate for the receivers that have ϕ =
0.75 and contain oil of α = 600 m-1 and α = 2800 m-1.

4.2 Validation Process
The experimental results of the receivers were compared with those of their models in order to validate the
models. We recall that the efficiency η1 for each model is calculated by Eq. 1 in which Pincident is 730 W.
Thus, in order to compare η1 from the model and that from the experiment, η1 from the model was
recomputed with Pincident of 1500 W which is the approximate input solar power captured by the PDR. Fig. 11
shows a comparison of the receivers’ efficiencies predicted by their models and the experimental
efficiencies. Plots (a) and (c) of the figure show that the model efficiencies (for α = 2800 m-1) are slightly
lower than the experimental efficiencies. The reason for this is the difference in α of the oil that is used in the
model and the actual α of Thermia B oil that is used in the experiment. In order to verify this, the
experimental efficiencies were compared against the model efficiencies for the same receiver models
containing oil of α = 600 m-1 and plots (b) and (d) of Fig. 11 show the result. The plots indicate that the
experimental and model efficiencies are more comparable than shown in plots (a) and (c). This indicates that
the receiver models having oil of α = 600 m-1 represent fairly the actual receivers. The receiver models
having oil of α = 2800 m-1 represent efficiencies that would be obtained if oil of a higher absorption
coefficient was used in the experimental evaluation of the receivers.
Fig. 12 shows the predicted efficiency (η1) from the receiver models that have a wire mesh and that contain
oil with different absorption coefficients together with the experimental η1 when the receivers contain the
wire mesh. In plots (a) and (b) where the VF receiver model contains oil with α = 2800 m-1 and 600 m-1
respectively, the predicted and the experimental η1 are equal for all mass flow rates though the predicted η1
is slightly reduced in plot (b). This is because of the dominant effect of the wire mesh which tends to
override the effect of changes in α. Thus, the wire mesh has a dominant effect on the performance of the VF
receiver than α of the oil. Hence, by inserting a wire mesh into the VF receiver the possibility of its
performance changing due to changes in α of the oil are reduced.
Plots (c) and (d) of Fig. 12 show that the predicted η1 from the model of the VB receiver that has a wire
mesh and containing oil of α = 2800 m-1 or α = 600 m-1 is higher than the experimental efficiency when the
VB receiver contains a wire mesh. The model efficiencies are both higher for the two α-values. This is
because in the model, the wire mesh is evenly distributed throughout the oil zone and there is good contact
between the wire mesh and the glass forming the aperture and the receiver walls while in the actual receiver,
the mesh is not in contact with the glass at the receiver aperture. The other reason is that in the actual
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receiver, there is poor contact between the receiver wall and the wire mesh and as such, heat transfer through
conduction between the receiver walls and the wire mesh is not enhanced. This implies that when inserting
the wire mesh into the receiver it must be done such that there is good contact between the wire mesh and
both the receiver walls and the glass at the aperture.
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Fig. 11: A comparison of the efficiencies obtained from the experiments and the receiver models containing oil of α = 2800 m-1
and α = 600 m-1.

The results show that in general, the receiver models with oil of α = 600 m-1 fairly represent the actual
physical receivers and hence can be used to further optimise the performance of the receivers without the
need to actually re-construct the receivers and carry out experimental work. In this way modelling the
receiver would help towards reducing time and cost normally associated with carrying out experimental
work. The use of a wire mesh has been observed to improve the performance of the receivers.
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5.
Conclusions
Two receivers were designed and optimised using CFD models. Based on the models, two prototypes were
built and tested. The models were then validated with experimental data and the results are in fair
comparison. Since the model results with oil of α = 600 m-1 and the experiments are comparable, it means
that the experimental oil has a similar α-value. The models show that the wire mesh increases the receiver
efficiency and reduces the maximum temperatures in the receivers. A wire mesh of ϕ ≈ 0.95 is sufficient to
improve the efficiency of the receivers while at the same time it reduces the pressure drop within the
receivers.
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1. Abstract
A solar trigeneration system, based on photovoltaic-thermal (PV/T) collectors, photovoltaic (PV) modules
and a heat pump unit for heating and cooling, is modelled to forecast the thermal and electric yields of the
system. The aim of the trigeneration system is to provide enough electricity, domestic hot water (DHW),
heating and cooling power to meet the typical demand of an urban single family dwelling with limited roof
area and allow the household to achieve a positive net energy status. The PV/T collectors and PV modules
provide the electricity while the former also powers the DHW component of the trigeneration system. The
heating and cooling components rely on a vapour compression cycle heat pump unit powered by electricity.
In Fong et al. (2010), solar-powered electric compression refrigeration was found to have the most energy
saving potential in subtropical climates. Thus, a heat pump based cooling system is a cost effective solution
for residential applications in Lisbon, Portugal. Thus, according to the dwelling's location, construction
details and energy demand patterns, the model computes the system's net results by comparing the dwelling
demand with the trigeneration system supply. The paper presents a breakdown of the proposed trigeneration
system model and describes each component briefly. Preliminary results produced by the model are
presented and analysed in order to identify possible ways of improving the overall system performance.
2. Introduction
A trigeneration system is capable of simultaneously generating electricity, heat and cooling power from a
single power source. Such a system uses complementary processes to convert the by-products of the main
energy conversion and obtain forms of energy which are in line with demand. For instance, a gas-powered
turbine driving an electrical generator produces electrical energy and waste heat. The waste heat can be used
to produce hot water and power an absorption chiller. The same concept can be applied in solar power plants.
Solar radiation is harnessed and converted to heat used to power a turbine which then drives an electrical
generator, producing electricity. Heat is an evident by-product of this conversion and can be used for the
aforementioned trigeneration system. Also, solar collectors and photovoltaic modules can be used to harness
solar energy and convert it to heat and electricity, respectively, which may be used to power several cooling
technologies (Fong et al., 2010, Immovilli et al., 2008). The aim of this article is to demonstrate the potential
of a solar trigeneration system for the residential sector by describing a model, the methodology that led to
that model and analysing a set of preliminary results.
2.1 Solar Trigeneration System for the residential sector
A turbine-based solar trigeneration system is not suitable for the residential sector due to, among other
concerns, scale, size, power rating, initial cost and maintenance. Instead, a solar trigeneration system
developed specifically for the residential sector can be envisaged by combining photovoltaic-thermal (PV/T)
technology with solar powered cooling technologies.
PV/T collectors are designed to generate electricity and heat simultaneously, thus having a higher output
power density than a solar collector and a photovoltaic module with the same combined surface area. The
heat generated by a PV/T collector can be used for domestic hot water (DHW) as well as heating, ventilation
and air conditioning (HVAC). Absorption chiller based refrigeration powered by heat generated from PV/T
collectors is possible but difficult due to high temperature requirements. Therefore, PV/T powered
refrigeration can rely on conventional electric powered air-to-water vapour compression cycle heat pumps
(HP). Vapour compression refrigeration is deemed the most promising solar cooling technology for the
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residential market (Fong et al., 2010, Immovilli et al., 2008). Thus, a heat pump and PV/T collector based
solar trigeneration system can effectively accomplish all these tasks. Local electric production can be
achieved by using photovoltaic modules and photovoltaic-thermal collectors, while the latter can also be
used to provide heat for DHW as well as HVAC (heating only). Solar refrigeration can be achieved by using
solar powered air source vapour compression cycle heat pumps, as stated previously.
However, the proposed system fails to meet the criteria of a trigeneration system in one relevant aspect. The
electricity consumed by the heat pump (while working in cooling mode) is not necessarily generated from
solar power. The heat pump can only be said to be solar powered when the system is off-grid. Otherwise, the
electricity is at least partially consumed from the utility grid and as a result the power source is not
exclusively solar. This would mean that the energy source or “fuel” is not, at least directly, solar power.
Thus, it could also be said that the grid-connected variant of this system does not necessarily represent a
solar trigeneration system. Despite the ambiguity of the designation chosen, the system will nonetheless be
designated as a solar trigeneration system.
2.2 System configuration
A simplified schematic of the proposed solar trigeneration system is illustrated on Figure 1. The key
components of the system are PV modules, PV/T collectors, an inverter, a maximum power point tracking
(MPPT) device, a battery bank, an air source heat pump and thermal storage tanks (TST) for DHW (DHWTST) and HVAC (HVAC-TST). Several other solar trigeneration configurations are possible with these key
components, though with different levels of complexity as well as parts and control requirements. This paper
will focus on the simplest and most reliable configuration, i.e., the grid-connected configuration without the
HVAC-TST, though the all-in-one configuration with the HVAC-TST and batteries is provided in Figure 1.

Fig. 1: All-in-one solar trigeneration system setup - relays indicate grid-connected operation

2.2.1 Electric Configuration
Electric loads, including the heat pump and the DHW backup system, can be supplied using the following
electric configurations:
●

Off-grid - Photovoltaic production can be used to supply the electric loads when solar power is
available and charge the batteries when production exceeds demand. If charged, the batteries can be
used to supply power when there is no solar power available and when demand exceeds production.
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●

Grid-connected - Electric loads are supplied exclusively by the utility grid while local photovoltaic
production is entirely delivered to the electric grid using a separate connection and energy meter.

●

Backup - In this configuration, the system is grid-connected but also incorporates local electric
storage. This can be useful to operate the system as an uninterruptible power source (UPS) should
the utility grid fail to supply the household with electricity or, possibly delay the delivery of electric
power to the utility grid, which may be beneficial for a wide variety of reasons. An adequate
inverter must be used in this situation, usually known as a backup (system) inverter.

The all-in-one schematic proposed in Figure 1 is effectively capable of operating under every configuration.
However, depending on the configuration, the actual setup should be a simplified version of the original
since some components are not necessary.
2.2.2 Thermal Configuration
The thermal configuration concerns the ways in which the thermal loads can be supplied. Thermal loads are
divided into DHW loads (showers, dish-washing, etc) and HVAC loads (heating and cooling). The HVAC
demand loop may include radiators and/or fan-coils while the DHW demand loop can include taps, diffusers,
etc. Thus, the proposed system operates under the following set of rules:
●

DHW loads are supplied exclusively through the DHW-TST while HVAC loads may or may not be
supplied exclusively through a HVAC-TST;

●

The HP is used to heat up or cool down an optional HVAC-TST or HVAC thermal loads directly;

●

The PV/T collectors are used to supply heat to the DHW-TST;

●

Backup power can be provided to the DHW-TST via an immersible electric heating element which
can effectively heat up the DHW-TST when solar power is insufficient or simply not available.

The simplicity of the operating mode allows for increased reliability and lower installation and maintenance
costs. The presence of a HVAC-TST is optional and will increase initial costs, maintenance and installation
space but it allows for increased flexibility, which may prove important to optimize system performance.
2.2.3 Market Potential
PV/T collectors are better suited for urban settings than conventional solar collectors and photovoltaic
modules. According to a study by Silva and Fernandes (2010), to match the performance of their sheet and
tube PV/T setup with PV modules and solar collectors would require an additional 60% of installation area.
Hence, PV/T collectors are well suited for densely populated urban areas where roof space is scarce.
Also, electric driven vapour compression refrigeration is believed to be the most cost effective cooling
solution for the residential sector mainly due to efficiency, simplicity, reliability and a consolidated market
(Immovilli et al., 2008). Thus, a solar trigeneration system based on a PV/T solar DHW system and electric
driven vapour compression cooling is a feasible and competitive solution for the residential sector.
Regarding the electric configuration, the grid-connected system configuration without batteries is by far the
most appealing, marketwise. Legislation on distributed energy resource systems differ from country to
country and not all grid-connection schemes are allowed but most allow the standard grid-connection
scheme. Also, grid-connected inverters are also more attractive when levelled against off-grid and backup
inverters, particularly because of price, warranty, simplicity, maintenance and overall robustness. Off-grid
and backup systems also need batteries and may require separate MPPT devices. Nevertheless, off-grid
systems are a matter of necessity, urgency or cost-effectiveness for those in need of energy supply,
particularly in areas poorly or simply not reached by the distribution grid.
3. Trigeneration System Model
3.1 Objectives
The system model is a tool for understanding and predicting the performance of a trigeneration system as
well as sizing it. A definitive model is one that not only covers the most distinctive phenomena associated
with a process, but also those believed to be secondary in nature. However, certain aspects of the system
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performance, which are deemed to be of secondary nature, can be overlooked if properly justified according
to the specified objectives. For instance, the detailed transient behaviour of an inverter or charger does not
contribute to an increased understanding of the fundamental aspects of the trigeneration system performance
and as such, can be neglected and a power-based steady state model used instead. Also, it goes without
saying that including detailed power electronics models would make simulations much slower and require
additional modelling efforts. On the other hand, detailed collector and storage tank models are important to
understand the dynamics of the system and must be included.
3.2 Methodology
A typical modelling methodology consists of separating the system model into smaller, less complex models
which can be validated independently of each other, and once every independent model has been validated,
proceed to a higher level of validation, integrating two or more components and validating their combined
behaviour. Such a modular approach can be particularly helpful in identifying inaccurate or incomplete
models as well as fine-tuning application specific controllers or models.
The system can be conceived as three separate entities - climate, building and trigeneration system - with
multiple interactions between them. Thus, we can divide the system model into the following submodels:
●

Climate model - The climate model mimics the variations of relevant climate variables over a
designated time period;

●

Trigeneration model – The trigeneration model reproduces the behaviour of the trigeneration system
components, namely photovoltaic-thermal conversion, HVAC system and thermal and electric
storage, with regard to local climate data as well as load profiles;

●

Building model - The building model accurately portrays the requirements for thermal comfort
inside a building or household according to local climate variations and also reproduces electric
load profiles and typical domestic hot water consumption.

In a practical sense, these models represent highly dynamic systems which are not altogether independent
and whose interactions must be taken into account. Yet, for the sake of simplicity and feasibility, some
components are considered static. For instance, the climate model is known to have a decisive influence on
all other models but can also be said to be influenced by the remaining models. However, it is assumed that
the climate model is not influenced by the dynamics of other models, which can be aptly translated as
considering the surroundings as being effectively a large thermodynamic reservoir - a reasonable assumption
on most accounts. Another simplification relates to the cumbersome if feasible task of modelling a
household's dynamic behaviour, which was avoided by assuming the building's behaviour to be independent
of whether or not local demand is met. This assumption is valid if power is continuously supplied to the
household, so it can be used for HVAC, meaning it must be either a grid-connected system with no power
outages or an off-grid system with little or no loss of load occurrence. For example, if for some reason, the
HVAC thermal demand is not met, afterwards, the thermal energy required to achieve comfort levels would
be much higher than it would be if HVAC thermal demand had been met previously. However, the building
model has no way to account for this deviation, due to its static behaviour regarding HVAC supply, meaning
that the HVAC thermal demand is exactly the same whether or not it has been met in the past.
The aforementioned assumptions result in a system model, displayed in Figure 2, with minor deviations
regarding what had been previously conceived as the definite system model.

Fig. 2: Trigeneration system model methodology
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3.3 Simulation Tools
Several simulation environments exist to facilitate these modelling efforts, namely TRNSYS (Kalogirou,
2001; Kalogirou and Tripanagnostopoulos, 2006; Zondag et al., 2003), MATLAB/SIMULINK (Silva and
Fernandes, 2010), EES (Charalambous et al., 2011) and ESP-r (Cartmell et al., 2004). Among these, we have
identified MATLAB/SIMULINK as incorporating the necessary features for the implementation of the
proposed trigeneration system model. The MATLAB/SIMULINK features our team has deemed the most
valuable are, among others, a user-friendly interface, flexibility, cross-platform capabilities, comprehensive
libraries of building blocks and more importantly, the ability to create custom blocks easily while providing
adequate debug features. Past experience with the simulation software also played a key role in the decision
making process. Due to the high number of models developed for this project and the prospect of
improvements to some models, a custom MATLAB/SIMULINK library was developed to accommodate them.
The trigeneration and climate models were mostly developed using MATLAB/SIMULINK whereas the
building model was mostly conceived using DesignBuilder, a building performance analysis software.
According to the current Portuguese legislation on Building Energy Performance (Decreto-Lei nº 79/2006),
building thermal analysis on Portuguese buildings must be conducted using a software program which
follows the ASHRAE 140-2004 standard (ASHRAE, 2004), DesignBuilder being one of those software
programs. DesignBuilder is in fact closer to a building editor since it uses EnergyPlus, a simulation engine
developed by the United States Department of Energy, to handle simulations.
3.4 System Model
The system model follows the approach suggested by Figure 2. Thus, climate data is provided in advance by
the climate model, which is used for the building and trigeneration models. The building model determines
the electric and thermal loads according to climate data and building parameters, and provides this
information to the trigeneration model. The trigeneration model acts as an energy conversion and storage
model, handling local production (PV, PV/T and HP), storage dynamics (battery and TSTs) and local
demand (electric, HVAC and DHW loads). The trigeneration model was conceived according to the power
flow diagram provided in Figure 3. As made evident by the figure, the trigeneration model includes several
submodels namely a PV array model, a PV/T collector array model, a TST model, a HP model, an electric
battery model, various tunable controllers, a simplified steady state inverter model, a cable losses estimation
model, among others. Brief descriptions of the key component models will be provided.

Fig. 3: Solar trigeneration system model power flow diagram
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3.4.1 Climate Model
Reference climate data for a Lisbon located dwelling was supplied by the LNEG-developed SOLTERM
software program. The climate variables used by the model are ambient temperature, beam irradiance on a
horizontal plane and diffuse irradiance on a horizontal plane. Data regarding wind speed and tap water
temperature, which are required by some models, were not available and were assumed constant and
estimated, respectively. In any event, a formatted file containing these variables is easily uploaded to the
MATLAB/SIMULINK environment, where they can be used.
Regarding the variables which were available, the ambient temperature is relevant for a wide variety of
reasons, namely to determine the PV modules' temperature and output power, the PV/T collector thermal and
electric output power and the heat pump efficiency. The irradiance components are used to compute the tilted
plane irradiance using an isotropic tilted plane irradiance model as described in Duffie et al. (2006).
Anisotropic tilted plane irradiance models were also tested but the isotropic model proved to be the most
conservative and as such, was selected. The sun's position – a requirement for tilted plane irradiance models was estimated on an hourly basis using the horizontal coordinate system.
3.4.2 Building Model
The building was mostly modelled using DesignBuilder which computes the annual demand for thermal
comfort inside a building in one hour steps. Additionally, tools are provided to shape the occupancy
schedules and daily electric load profiles (lighting and appliances). DesignBuilder can export the data so that
it can be accessed by other software programs. The DHW load profile was developed separately in
MATLAB/SIMULINK by writing a pulse generator routine that repeats a pattern over a designated time
period. This allows users to define separate DHW patterns and combine them into one with a sum block.
3.4.3 PV Module Model
The behaviour of PV modules was modelled using a linear steady state model based on the maximum power
point. This is a valid approach if the PV array is connected to a MPPT device. Also, since the inverter model
is reduced to its steady state version and climate data is only available on an hourly basis, there is little
justification to use the single or twin diode equivalent circuit model.
3.4.4 PV/T Collector Model
A PV/T collector based on the sheet and tube design was modelled as a set of one-dimensional energy
balance equations - an adequate approach for determining the transient response of PV/T collectors (Zondag
et al., 2002). The model itself is similar to the one proposed by Silva and Fernandes (2010) though adjusted
to reduce computational requirements and therefore facilitate its integration into the system model.
3.4.5 Heat Pump Model
The HP is modelled as an electric load using manufacturer supplied efficiency tables. Hence, if a thermal
power reference - the building thermal power demand - is provided, the electric power required to operate the
HP can be computed. A downside of this model is that it does not account for the HP internal protection
mechanisms, namely control and timer-based restart prevention, instead focusing on a steady state approach.
3.4.6 Thermal Storage Tank Model
Thermal stratification is an effect that decisively influences the performance of solar collectors (Duffie et al. ,
2006; Santbergen et al., 2010). Thus, a TST model capable of mimicking stratification is required to properly
evaluate the performance of solar collectors. A TST was modelled according to the multi-node energy
balance model proposed by Nelson et al. (1999), which considers heat transfer to the surroundings,
conduction from warm layers to cold layers, conduction through thermocline and thermal mixing.
4. Simulation
Accurate appraisal of the proposed trigeneration system requires extensive simulations which must rely on
trustworthy models and component parameters consistent with existing climate and materials. The gridconnected system variant without the HVAC-TST was simulated even though the model is capable of
simulating the remaining configurations. The next subsections detail the parameters used in the simulations.
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Building Model Parameters
Simulations were conducted on a dwelling modelled with DesignBuilder and using Lisbon weather data. The
building is a single family dwelling for four occupants with 2 floors, an attic and a total area of 225 m².
The building's construction elements are in accordance with Portuguese building codes (Decreto-Lei nº
80/2006). Among them, the thermal transmission coefficient (U) of the windows is 4.3 W/m 2K and the solar
transmission factor (SHGC) is 0.45. The lighting density is 5 W/m² and the equipment density is 14 W/m².
The occupancy schedules and the electric load profiles were specified according to a typical week with five
working days. The electric load profiles were shaped so that annual consumption would resemble the 2009
Portuguese average annual domestic electric consumption for a dwelling with four occupants: 5337.6 kWh or
1334.4 kWh per occupant (Instituto Nacional de Estatística, 2011). The household does not have mechanical
ventilation but as a result of Lisbon’s location, wind exposition, windows' airtightness and façade height, the
building has 0.9 air changes per hour. The HVAC units selected for the simulation were fan-coils. The space
setpoint temperatures were defined as 20ºC during Winter time and 25ºC throughout the Summer.
Showers take place during the morning as part of the worst case scenario approach to system sizing. DHW
consumption was estimated by Zondag et al. (2001) according to typical standards and amounts to about 175
litres at temperatures between 45ºC and 55ºC. However, due to thermal losses the actual consumption of
water at 60ºC was found to be 139 litres per day (Zondag et al., 2001). This is roughly equivalent to an
annual thermal demand of 2811 kWh, according to the estimated local tap water temperatures. Also, the
DHW-TST is kept at a minimum of 60ºC, via backup system, to prevent growth of the Legionella bacteria.
Climate Model Parameters
Lisbon is located at 38º42'N and 9º8'W. The climate is considered to be Subtropical-Mediterranean.
Reference outdoor temperatures are displayed in Figure 4, with monthly averages ranging from about 10ºC
in the Winter months (December, January and February) to about 25ºC during the Summer months (June,
July and August). The tap water temperature is assumed to be 10ºC during the Fall and Winter months and
15ºC during the Spring and Summer months. Also, according to the irradiance model used (ground diffuse
reflectance at 10%), maximum annual irradiation occurs at a south facing 30º slope with the horizontal plane.

Fig. 4: Reference outdoor temperatures for the Lisbon municipality and assumed tap water temperatures

Trigeneration Model Parameters
Simulations were conducted with 23.38 m² of PV module area and 6.68 m² of PV/T collector area, which
amounts to a total combined area of about 30 m². The relevant electric properties of the PV modules are
displayed in Table 1, whereas the PV/T collectors' thermal and electric efficiencies are show in Figure 5. The
PV/T collectors exhibit maximum thermal and electric efficiencies of about 59% and 14%, respectively.
Both PV modules and PV/T collectors were simulated facing south at a 30º slope with the horizontal plane.
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Tab. 1: Parameters of the PV modules under STC conditions

Parameter

Area (m²)

Prated (W)

ηmodule (%)

ρ (%)

PRATED Temperature Coefficient (%/ºC)

Value

1.67

230

13.78

87

-0.38

Fig. 5: Thermal and electric efficiencies of the single cover sheet and tube PV/T collector

The PV modules' and PV/T collectors slope angle was chosen to match the angle at which the solar
irradiation is maximum in order to maximize electric production, since the simulated setup is grid-connected.
The solar DHW component was simulated with a differential temperature controller with 10ºC and 2ºC
thresholds for on and off modes, respectively, a specific flow rate of 10 Kg/m²h and a TST model with three
vertical nodes - the TST parameters are specified in Table 2. A commercial air-to-water heat pump unit with
adequate power rating was selected and modelled due to its overall high operating efficiencies – see Table 3.
Tab. 2: Domestic Hot Water Thermal Storage Tank (DHW-TST) Parameters

Parameter

Volume (m³)

Inner Surface Area (m²)

Uext (W/m²K)

Value

0.2

2

1

Tab. 3: Efficiency table of the selected air-to-water HP

Heating Mode
Twater (ºC)

Tair
(ºC)

Cooling Mode

25

30

35

40

Twater (ºC)

Tair

45

50

55

(ºC)

-

-

-

28

3.27 3.39 3.5 3.53 3.91 4.21 4.41

4.56

-

-

32

3.11 3.15 3.23 3.34 3.63 3.92 4.1

4.33

-

36

2.72 2.82 2.86 2.92 3.21 3.47 3.64

3.84
3.36

5

6

7

8

12

16

18

-15

2.67 2.35 2.05 1.72

-10

3.03 2.62 2.21 2.02 1.76

-5

3.52 3.08 2.56 2.33 2.06 1.76

0

4.09 3.57 3.12 2.78 2.5 2.15 1.83

40

2.39 2.46 2.51 2.58 2.84 3.08 3.23

5

5.34 4.51 3.95 3.51 3.15 2.57 2.09

45

1.96 2.07 2.12 2.2 2.38

10

6.06 5.28 4.54 4.05 3.66 2.96 2.42

-

-

-

-

-

15

6.81 5.92 5.07 4.52 4.13 3.33 2.9

-

-

-

-

20

7.56 6.58 5.63 5.02 4.57 3.8

-

-

-

-

3.3

20

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-
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The HP model controller was set to produce cold water at 7ºC and hot water at 35ºC. Then, according to the
reference outdoor temperatures seen in Figure 4 – from 4ºC up to 36ºC, the HP unit should operate at
efficiency values ranging from 3.12 up to 5.63 in heating mode and from 2.86 up to 3.5 in cooling mode.
5. Simulation Results and Analysis
Building Simulation Results
The building was simulated and produced the annual thermal demand for heating and cooling in one hour
steps as displayed in Figure 6. The annual thermal energy demand to reach predetermined comfort levels
amounts to 4842 kWh of energy that must be provided to the household (displayed in red) and 1552 kWh of
energy that must be extracted from the household (displayed in blue). The plot displays thermal energy in
one hour steps, meaning that the HP can either operate at constant power during one hour or at variable
power, as long as the same energy is transferred after one hour. The former method is used by the HP model.

Fig. 6: Thermal energy that must be provided to (red) or extracted from (blue) the household to meet comfort levels

If thermal energy was exclusively provided by typical electric heaters – a common scenario in Portugal, the
annual electric energy required to power the electric heaters for heating alone (about 4600 kWh, assuming
95% conversion efficiency) would reach about 86% of the 2009 average annual domestic electric
consumption in Portuguese households with four occupants (Instituto Nacional de Estatística, 2011).
However, if the same energy is provided by the heat pump, the annual electric energy consumption for
heating alone is expected to be between 860 kWh (at an efficiency of 5.63) and 1551 kWh (at an efficiency
of 3.12) or between 16% and 29% of the 2009 Portuguese average annual electric consumption, respectively.
System Model Results
The model was run and produced the results found in Table 4. The annual electric demand adds up to 6188
kWh which exceeds the Portuguese average electric energy consumption by 850 kWh or by about 16%. This
is mostly due to the DHW backup system since it requires considerable electric power to operate and
operates all year. Also, DHW in Portuguese households is usually provided by gas-powered heaters which
can adequately justify the disparity between the actual electric demand and the national average electric
consumption mentioned earlier. Nonetheless, an annual thermal solar fraction of 64% was achieved. The
annual electric solar fraction (i.e., the ratio between local photovoltaic production and total electric demand)
was found to be 103% which is a testament to the system's positive net energy balance – the net total
amounts to 209 kWh, as seen in Table 4. The monthly progressions of both solar fractions can be observed in
Figure 7. As displayed in the figure, system performance is aggravated by electric demand during the Winter,
mostly due to HP and DHW backup system operation, and gradually improves as the Summer gets closer,
mainly because of peak production levels - PV modules and PV/T collectors were simulated at the slope
angle which provides the maximum annual irradiation (1596 kWh/m² at a 30º south facing slope).
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Tab. 4: System simulation results regarding electricity production and consumption

Annual Production (kWh)
Electric

Individual

PV/T

PV

1302

5493

Annual Demand (kWh)
Building (HP)
Heating Cooling
1152

443

DHW
1251

Miscellaneous

Net Total
(kWh)

Lighting Appliances
1102

2240

-

Total

1302 + 5493 = 6795

1152 + 443 + 1251 + 1102 + 2240 = 6188

607

Inverted

6397

6188

209

Fig. 7: Annual solar fraction and monthly progression of solar fraction

The slope angle was selected because the system is grid-connected and as such, it makes no difference to the
consumer if the electric energy is delivered evenly throughout the year or mostly during the Summer.
However, the same is not true from the point of view of (PV/T) thermal performance. Thermal performance
is bound by storage and constant demand dynamics and therefore requires a steadier supply of solar power
throughout the year, namely during the winter. This can be done – up to a point - by increasing the slope
angle on the PV/T collectors which increases irradiation when the sun is in low solar altitude positions
(Winter) and decreases irradiation when the sun is in high solar altitude positions (Summer). At the same
time, electric demand could fall during the Winter due to less frequent use of the DHW backup system. On
other hand, PV/T collectors also provide electric power which may prove more important for a variety of
reasons, namely due to a competitive feed-in tariff. Hence, this is effectively a multi-objective optimization
problem and while not the focus of the present work, is a relevant subject and deserves careful examination.
The PV modules and PV/T collectors generated 5493 kWh and 1302 kWh of electric energy at average
efficiencies of 14.7% and 12.2%, respectively. These results can be explained by the relative low
temperatures of the PV modules – averaging 30.7ºC during operation – and by the reduced optical efficiency
and higher cell temperatures of the PV/T collector – averaging 46.6ºC when operating. The annual variation
of cell temperatures, for both PV modules and PV/T collectors, is displayed in Figure 8. The electric system
efficiency (inverter and cables) was found to be 94% which resulted in an annual output of 6397 kWh.
The PV/T collectors also delivered 1618 kWh of thermal energy to the DHW-TST, operating at an average
efficiency of 15%, a small figure compared to results presented by Santbergen et al. (2010) which operated at
24.3%. DHW loads amounted to 2523 kWh, which differs from the optimal value predicted earlier – 2811
kWh - because of high frequency demand during the mornings which degrades the temperature profile in
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stratified TSTs. This effect can be measured by a quality of service indicator which relates the actual DHW
energy supply with the optimal DHW energy supply. According to the simulation results, the quality of
service would be close to 90%. The difference between the heat delivered by the PV/T collector and the heat
extracted from the DHW-TST, either for consumption or due to thermal losses, is provided by the backup
system which consumed 1251 kWh of electricity. Overall, the solar DHW system performed well, with
average solar fraction values similar to those found in Santbergen et al. (2010) and Silva and Fernandes
(2010). However, low insolation forces the system to use backup power, which reduces the solar fraction
considerably since the backup system uses a simple submersible electric heating element. However, this task
would be handled far better by running the heat pump to preheat the DHW-TST up to a temperature of 55ºC
operating at efficiencies between 1.83 and 3.3. This would increase the initial cost, complexity of the system
and controls but would also increase the solar fraction (by reducing electric demand) which would
compensate its shortcomings in the long run. Another possibility is to use a “tankless” heater which would
heat up the water leaving the DHW-TST up to 60ºC, if necessary, and not the DHW-TST itself. This would
prevent the DHW backup system from tampering with the thermal efficiency of the PV/T collectors by
increasing the temperature of the water stored in the DHW-TST. This seems to be the strategy used in
Santbergen et al. (2010) which provided increased thermal efficiency. It should be mentioned that human
health is paramount and as such, a solar DHW system must include a backup system, operating to meet local
thermal demand, if necessary, as well as to prevent the growth of the Legionella bacteria.

Fig. 8: Annual variation of solar cell temperatures

The selected HP performs well and reaches annual average efficiency figures of 4.25 (heating) and 3.5
(cooling). The HP consumed 1595 kWh of electric energy, 1152 kWh in heating mode and 443 kWh in
cooling mode, as seen in Table 4, which amounts to 26% of total annual electric demand. However, the
HVAC performance could be substantially improved by operating the heat pump when the weather is
favourable to high efficiency operation and then storing cold or hot water in a HVAC-TST for later use. This
type of strategy could improve the overall system performance but must be further studied to account for
tank thermal gains or losses, predictive errors regarding thermal demand and operation scheduling.
6. Conclusions
The methodology used to produce this model proved adequate. The model is effectively capable of
reproducing some - though not all - phenomena associated with photovoltaic systems, solar DHW systems
and HVAC systems. The simulation results were used to demonstrate this point as well as to provide the
background against which potential improvements could be evaluated or compared – a basic configuration.
The proposed solar trigeneration system model was simulated and showed good results under Lisbon climate
but still requires fine-tuning. Nonetheless, the trigeneration system is a feasible and competitive solution for
the residential market namely as a bundle of a photovoltaic system, solar DHW system and HVAC system.
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The authors have identified several ways to improve system performance, namely by using the HP unit to
preheat the DHW-TST instead of using an electric heating element. On the other hand, system performance
is intrinsically related to supply, demand and storage dynamics. Thus, all three aspects have to be considered
if system performance is to be optimized. Future work will focus on improving existing models, namely the
HP model and the HVAC loop in particular. Efforts will also focus on studying different system
configurations, optimal sizing as well as economic considerations regarding sub-optimal sizing.
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SELF-ACTING AND SELF-REGULATING CIRCULATING PUMP POWERED BY
LOCAL HEAT INSTEAD OF ELECTRICITY FOR SOLAR INSTALLATIONS
Yuriy Dobriansky, Michal Duda and Daniel Chludzinski
University of Warmia and Mazury in Olsztyn (Poland)

1. Abstract
A new technology for heat-transfer agent circulation in the flow circuit of a solar installation is proposed in
this article. Devices that are built according to this technology can be called “two-phase reverse
thermosyphons with two work-agents”. A new innovation is the use of two substances for doing two
different actions. Liquid water or its solutions are used for heat transfer and the vapour of a low-boiling
substance (such as pentane or butane) is used to force circulation of the heat-transfer agent in the loop. In
comparison with other known reverse thermosyphons, a very small quantity of a low-boiling substance
(about 10-40 g per 1 kW of heat transfer power) is needed to create the vapour and force circulation. Thanks
to this new technology, solar installations do not need electrical circulating pumps with control systems and
they can be independent from any power grid. Full-sized experimental examples of the devices have been
successfully tested under laboratory conditions and in combination with an experimental solar installation.
Such devices have good perspectives for practical use.
2. Introduction
Solar collectors are usually situated above tank-accumulators at solar installations. A fluid circuit and an
electrical circulating pump are needed for downward heat transfer. Electrical components are the most
accident-sensitive elements and solar installations are liable to be damaged when an electrical supply is lost
or the solar radiation is excessive. Moreover, electrical pumps and their control systems account for around
20% of the cost of solar installations for a detached house. Therefore, designing circulating pumps which are
fail-safe, cheap and independent of external energy sources is an important task to improve solar
installations. Many attempts have been made to create passive circulating loops for solar installations, which
have been described previously (Dobriansky 2011). Saturated pressure vapour is used in most of the
proposals for passive downward heat transfer. Such devices are called “two-phase reverse thermosyphons”.
Reverse two-phase thermosyphons (which transfer heat downward) and ordinary two-phase thermosyphons,
(which transfer heat upward) share some similar features; namely, that two kinds of heat-transfer agent
(liquid or vapour) can be used in both kinds of devices.
Vapour is preferred for use in ordinary thermosyphons because it contains a great amount of latent heat. This
means that small amounts of vapour are needed with lower hydraulic resistance during vapour flow, there is
a lower difference in saturated vapour pressure and less than 1 K difference in temperature is necessary for
forcing the vapour flow from evaporating aria to the condensation area. The condensate is simply returned
via gravity.
A much greater difference in temperature is needed for reverse thermosyphons because the difference in
saturated vapour pressures should be great enough (about 50-100 kPa) to overcome the weight of a column
of a condensate with a height of 5-10 m. Nevertheless, a requisite difference in temperature of about 5 –
20°C is acceptable and such solar installations have been built and successfully operated for several years
(De Beni and Friesen 1993). The main shortcoming of the installation is the great quantity (about 20 dm3 of
refrigerant) which is needed to fill installation. If water is used instead of refrigerant, pressures below
atmosphere pressure should be kept in the installation. Such an experimental installation had a vertical
distance of heat transfer downward in the range of 1–2 m and it operated at a collector temperature of 70–
90°C (Roonprosag et al. 2008). It unlikely that both of the above-mentioned construction options will be
widely applied in practice.
Much less difference in pressure is needed to force reverse circulation when liquid water is used as a heattransfer agent. This difference is similar to the pressure which causes natural convection and the requisite
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difference of temperature can be less then 1 K. An additional certain difference in temperature between the
hot and cold branches of a loop is needed for containing and carrying heat. Comparison of the heat flow in
the technical pipes with water heated by 5 K water and with water vapour with atmospheric pressure has
shown that their values are similar (Dobriansky and Yohanis 2011). Therefore, two-phase reverse
thermosyphons with liquid water or with its solutions can have acceptable effectiveness. Such a reverse
thermosyphon has been built and tested with water as a work-agent (Dobriański J. et al., 2004).
3. Principles of operation of a two-phase reverse thermosyphon with a single workagent and a liquid heat-transfer agent
If liquid is used as a heat-transfer agent, a great difference in pressure is not needed to force the liquid
motion because the difference between the weight of the hot and cold liquid columns is small when both
branches are filled with liquid. For example, within the temperature range of 20ºC to 100ºC, the working
pressure which is caused by the difference between the specific densities of the liquid water is only 0.1–0.4
kPa (12–38 mm H2O) when the temperature difference is 5 K and the height of the loop is 10 m. In contrast,
the difference in the pressure of saturated water vapour ranges from 0.85-20 kPa for the same conditions.
Therefore, the difference in saturated vapour pressure between the hot and cold branches can overcome the
natural convection forces and can move the hot liquid in a direction opposite to the direction of natural
convection (Fig. 1).
a

pA=pB

A

pA>pB

h v-h hyd

hhyd

b

B
tA>tB

tA>tB

Fig. 1: Liquid levels in a loop partly filled by liquid:
(a) Action of liquid density difference when the upper part of the loop is open;
(b) Action of saturated-vapour-pressure and liquid-density difference when the upper part of loop is blocked

When the level of liquid in the cold branch increased, the excess cold liquid has the possibility to flow down
from the top of the cold branch to the top of the hot branch through an additional intermediate channel which
must be located between the cold and hot branches and the upper part of the circulation loop (Fig. 2). This
phenomenon takes place when the control valve is unblocked for the vapour pressure balance in both
branches.
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Fig. 2: Scheme and stages of action of the device:
1 – hot lowering branch, 2 –cold rising branch, 3 – intermediate canal, 4 – non-return valve, 5 – heat source, 6 –control valve
(liquid seal), 7 – upper part of the loop, 8 – cooler, a – pumping stage (hot liquid flows downward), b – drainage stage (cold
liquid flows to hot branch)

Therefore, the device operates in a two-stage cycle:
•

heating the upper part of the hot branch and pushing the hot liquid downward results in a rise in the
liquid level in the cold branch (see Fig. 2a),

•

opening the upper part of the circulation loop results in an equilibrium of vapour pressure between
both branches and a pouring off an excess of cold liquid through the intermediate canal to the upper
part of the hot branch via gravity (see Fig. 2b).

The upper parts of each branch are widened to allow a greater portion of liquid to be pumped during each
cycle, i.e., to allow them to act as reservoirs. The directions of liquid flows in the main part of the loop and in
the intermediate canal are maintained by the placement of non-return valves. A liquid seal is used as a
special control valve for the periodic opening and closing of the upper part of the circulation loop (Fig. 3).
When the liquid level reaches the upper bend of the siphon (3), the dosing vessel of liquid seal is filled with
liquid by siphon action (3) and the vapour flow is blocked. The passage between the hot (1) and cold (2)
branches opens through the passage pipe (5) when the pressure in the hot vessel becomes sufficient to force
liquid out from the passage pipe (5).
2
5
4
3
1

Fig. 3: Scheme and stages of action of the device:
1 – hot vessel, 2 – cold vessel, 3 – filling siphon, 4 – dosing vessel, 5 – passage pipe

The maximum vertical distance for downward heat transfer by this system was calculated for different
working fluids, falls in the range of 70-600 m and is shown in Fig. 4.

h_max, m

800
600
400
200
0
0

20
40
60
80
Temperature in the cold branch, ºC
water

pentane

100

R-114

Fig. 4: Maximum vertical distance for heat transfer calculated at a temperature difference of 5 K for different working fluids

An analysis of the characteristics of the proposed device showed that heat transfer capacity is 1-4 kW, when
the portion of pumped water is ∆V = 1 liter, cycle duration is τc = 20 s and the temperature difference
between the branches is ∆t = 5 K
Other estimated physical characteristics of the device were: the pressure needed to overcome inertial forces,
pacc = 200 Pa = 2 cm H2O; the pressure needed to overcome the hydraulic resistance of a 15-metre loop is
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∆phydr = 1,320 Pa = 13 cm H2O; and the work necessary for liquid lifting Wlift = 0.1 W.

Experimental testing was done with working models, both under laboratory conditions and when adapted to a
solar thermal installation. The first model was made with water as a working fluid. The aim of the first model
was to confirm the operability of the device and identify any major shortcomings of the design. The
operability of the device was successfully confirmed, with heat transferred downward at rates of 80-280 W
[Dobriański J. et al., 2004].
Air leakages are the main shortcoming which caused noticeable increases in temperature differences between
the branches. If the working temperature is in the range of 0-100°C, the pressure of saturated water vapour is
below atmospheric pressure, thus air appears from leaks due to construction imperfections and also as the
result of extraction of dissolved air from the water heat-transfer agent. Air gradually accumulates in the
cooler part of the installation, blocking access of the vapour to cold surfaces and retarding the process of
condensation.
4. Two-phase reverse thermosyphon with two work-agents and a liquid heat-transfer
agent
An additional low-boiling substance was introduced in the device to increase the pressure to above the
atmospheric pressure inside the device. The amount of the pumping substance should be not less than that
which is necessary to fill the remaining volume of the circulating loop which is unoccupied by the liquid
heat-transfer agent with vapour of the pumping substance and to fill the drainage pathway of the condensate
which leads from the condensation area to the evaporation area. The density of the pumping substance
should preferably be less than the density of the heat-transfer agent.
Hydrocarbons (such as pentane or butane) can be used as the low-boiling substance. The two-phase reverse
thermosyphon with two work-agents must have means for evaporation and condensation of the low-boiling
substance as well as means for returning the condensate to the evaporation area. The evaporation and
condensation can be done at the site of direct contact of the low-boiling substance with the hot and cold heattransfer agent. A moveable inlet to an intermediate channel, which is being supported just below the liquid
surface in a cold fluid vessel with help of floats, or collecting funnel can be used as a means for
transportation of condensate from the condensation area to the evaporation area. A scheme of the device is
shown in fig. 5.
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Fig. 5: Scheme and stages of action of the device:
1 – hot lowering branch, 2 – cold rising branch, 3 – intermediate canal, 4 – non-return valve, 5 – source of heat, 6 – layer of
low-boiling liquid, 7 – control valve (liquid seal), 8 – passage pipe in the upper part of the loop, 9 – cooler, A – hot fluid vessel,
B – cold fluid vessel, a – push stage (hot liquid flows downward), b – drainage stage (cold liquid flows to the hot branch

Figure 5 is a photograph of the laboratory installation; and figure 6 shows the system of operating
temperatures when the heating power is 700 W and the maximum temperature is limited to 65ºC.
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Fig. 1. Photograph of laboratory installation:
1 – hot fluid vessel, 2 – control valve and intermediate canal, 3 –1500 W heater with temperature controller, 4 – hot down-flow
pipe, 5 – cold fluid vessel, 6 –cold up-flow pipe, 7 – cooler (accumulator tank)
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Fig. 6. Operating temperatures at the tops of hot and cold vessels and in accumulator tank at a heater power of 700 W with a
solution of propylene glycol as the heat-transfer agent

The changing temperatures at the tops of the hot and cold vessels are evidence of the cyclical character of the
device in operation. Water and a water solution of propylene glycol were used as heat-transfer agents.
Figure 7 shows the hot and cold vessels which were integrated into a solar thermal installation.
Fig. 7. Photo of the upper part of self-acting circulating pump integrated into a solar installation

Figure 8 shows the operating temperatures at the tops of the hot and cold vessels and in the accumulator tank
(300-L capacity) situated 15 meters below the collectors as well as the magnitudes of solar irradiance
(W/cm2).
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Fig. 8. Operating temperatures of the tops of hot and cold vessels and accumulator tank of the proposed device, and the
magnitudes of solar irradiance

5. Conclusions
The innovative aspect of this two-phase reverse thermosyphon is the addition of a small quantity (a few dozen grams)
of the second low-boiling work-agent that gives the possibility of using water and water solutions as heat-transfer
agents without the risk of retarding the process of condensation due to air leakage into the system. Thanks to this
new technology, solar installations do not need electrical circulating pumps with control systems and they can be
independent from the power grid. Full-sized experimental examples of the devices have been successfully tested
under laboratory conditions and in combination with an experimental solar installation. Such devices have good
perspectives for practical use.
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1． Introduction
Spectrally selective absorbers used in solar collector are known to improve efficiency of solar-thermal
conversion. A desirable selective absorber is characterized by maximum absorption (α) over the solar
spectrum (0.3 ~ 2.5 μm) and low thermal emittance (ε) at operating temperature(Salmi et al. 2000). This is
realized by low reflectance of absorbing surface in the solar main irradiation spectrum (nearly zero) and high
reflectance (close to one) in the IR region. For practical reason, a good selective coating features optical
property of α > 0.9 and ε < 0.2.
Of all types of selective absorbers, the surface texturing exhibits superior optical properties and thermal
stability. Needle-like, dendrite, conic, or porous microstructure is constructed on a single-material surface
called intrinsic materials, such as W, Mo, Si, etc. Rephaeli et al. (2008) have recently shown the wide angle
absorption of tungsten pyramid structure as selective absorber through optical modeling. The textured
surface on intrinsic materials is amazing because of its high absorption, stability at high temperature and
convenient optimization through modeling. One problem concerning the textured surface is the difficulty of
fabricating the desired structure as demonstrated (H Sai et al., 2001). Another is the limited absorption of a
single material in the whole solar spectrum due to its intrinsic optical properties.
In this paper, we have presented a selective absorbing surface of spinel materials fabricated on metal
alloy surface. The surface features organized conic geometry of nano-scale, efficient for light trap. Both the
period and height could be justified to optimize the absorbing selectivity. Materials constructing the surface
are composites of spinel ferri-, nickel oxides. Diffuse reflection of the film is measured on a Lambda 950
spectroscopy in 0.3 ~ 2.5 µm and FIRT in 2.5 ~ 25 µm. Both optical selective absorption properties and
thermal stability at high temperature renders this selective surface superior candidate for receiver at mid-high
temperatures.
2．Experimental work
2.1. Sample preparation
Stainless steel was used in fabricating the selective surface because of its chemical composition, such as
Fe, Cr, Ni, etc, which are the transition elements widely used in selective absorber, and direct application in
the high temperature solar thermal plant using SS tube to transit heat from the receive to electricity generator.
The whole procedure is illustrated as scheme 1, firstly, SS coupon of 3cm*3cm, 0.3mm thick was masked
with AAO template (the preparation of AAO is described by (Masuda and Fukuda 1995)); second, etching
holes on the SS surface by applying FAB technique; at last, the SS coupon was place as working electrode;
graphite plate was used as the counter electrode, the two electrode system was placed in a mixed chromic
and sulphuric acid electrolyte. During electrochemical treatment, potential modulated as square wave was
applied. The higher and lower potentials of square wave pulse was adjusted in order that absorber surface
was formed. After the treatment, the surface has a black appearance, and then rinsed with stilled water, ready
for characterization.
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Scheme. 1 Fabrication process of the needle structured surface

2.2. Characterization
The optical measurements in the wavelength range 0.3 ~ 2.5 μm were made in a Perkin-Elmer λ950
double-beam spectrophotometer equipped with an integrating sphere. The total reflectance was measured
relative to a BaSO4 reference and the solar absorptance was calculated using ISO standard 9845-1, normal
radiance, AM1.5.The infrared near normal specular reflectance was measured between 2.5 and 25 μm with a
Bruker Equinox 55 double-beam spectrophotometer. An evaporated gold mirror was used as a reference.
Thermal emittance was calculated from the reflectance measurements using a surface temperature of 100℃.
The surface morphology was characterized by Atomic Force Microscope(AFM) with a scanning range of
5 µm in tapping mode.
3．Results and Discussion
Fig.1 shows a scanning electron microscope (SEM) image of a porous alumina membrane mask. In this
figure , the inter-pore distance, pore diameter and the thickness of the membrane are about 100nm, 80nm,
and 300nm. The physical parameters can be adjusted through applied voltage and post widenning treament,
inter-pore distance of 100-300nm, pore diameter of 60-150 could be achieved. These parameters determined
to some extent the structure of the modified SS surface.

Fig .1 AAO template prepared through two-step anodization

Fig.2 shows an atomic force microscope (AFM) image (5µm*5µm) of the modified SS surface using a
AAO mask with inter-pore distance of 150nm and pore diameter of 80nm. The surface presents as a needlelike forest, with an average height of 100nm and distance of neighbouring tips is about 100 nm. The surface
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features some extrodinary peaks that is 2 to 3 times highter than the main domain, which is caused by the
uneven etching of the FAB process and the post acid treament.

Fig .2 Surface geometry of the selective absorbing film

Surface texturing is a common way to obtain spectral selectivity by the optical trapping of solar energy.
The emitance could be adjusted through microstructure modification. However, there is a trade-off between a
highly absorbing coating and one with lower emittance. Highly absorbing coatings appear rough and porous.
Coating with low emittance are smooth,dense, highly reflective, and mirror-like to thermal energy. In this
work, since the absorbing layer was fromed directly on the SS surface, the absorbing feature was determined
to a larger extent by the composition of SS elements, mainly, Cr, Fe, Ni. It leaves surface microstructure to
adjust the emmitance and absorption. The microstructure is, in this case, specified as period of the needlelike compound and its height.

Fig .3 Reflectance of the selective surface with different period interval, 100nm period (full line) and 150nm period (dansh line)

Fig.3 presents reflecting curve of the modified SS surface with different period. Period is defined as the
distance between two neighbour “needle”, surface with small period looks more dense while that with big
period looks rough. Surface of 100 nm (W100) period behave quite different optical property comparing that
of 150 nm (W150) in the visible and near infrared range. Reflectance of W100 is much higher than that of
W150 from 0.4µm to 1µm, where located the the highest density of solar energy, resulted in the mass energy
loss for the absorbing surface. Increasing period is a facile way to reduce surface reflectance and extend the
absorption cutting-off to longer wavelength, however, larger period also leads to lower reflectance in the
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infrared region. As shown in Fig.3, comparing with W100, the reflectance of W150 is 2% lower, further
increase of period will increase the emmitance accordingly.

Fig .4 Reflectance comparison of the selective surface as prepared (full line) and after annealing (dash line).

Since the aim of this work is developing selective surface that is stable at high temperature, thermal
stability and oxidation resistance test are necessary for this evaluation. The test is carried out in an oven at
presence of air, the temperature is elevated to 200 ℃, 300 ℃, and 400 ℃.While the spectral reflectance
barely change below 300 ℃, extraordinary break down happens for the absorber above 400 ℃, preliminary
analysis shows that crystallization of the spinel composition is the main reason, details will be explained in
other publication. Fig.4 is the reflectance comparison of sample as prepared and after annealing at 300 ℃ for
100 h, little difference was observed in the graph. The calculated absorptance and emmitance are α = 0.91
and ε = 0.08 at 20 ℃, further optimization could improve the value of α to 0.95, while the emittance is also
increased.
4．Conclusion
A needle-like textured surface was fabricated on the SS substrate. This structure is favorable for the light
trap and anti-reflection. Considerable solar absorption was achieved, with α ranges from 0.91 to 0.95. the
structure and composition was stable at high temperature up to 300 ℃, while optical properties were barely
changed. Further investigation revealed that the optical break down resulted from the crystallization of
composition at 400 ℃, which renders the possible use of this absorber at mid-high temperature.
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STUDY ON A TRACKING SOLAR COLLECTOR
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1. Introduction
Tracking solar collectors have been investigated by many researchers. Based on the weather data file of the
Danish Design Reference Year, the weather data measured at Technical University of Denmark in the period
1990 to 2002, the weather data for Sisimiut and TRNSYS weather data file, the efficiencies and incidence
angle modifiers (IAM) of solar collectors from Arcon Solvarme A/S, Denmark and BATEC A/S, Denmark,
the performance for azimuth tracking solar collectors and the ratio of the performance between a azimuth
tracking solar collector and a stationary solar collector were theoretically studied by Andersen et al. (2010).
One-axis sun tracking and two-axis sun tracking systems have been discussed by Kalogirou (1996) and
Bakos (2006). Investigations on the principle of a sun tracking system for maximizing the solar heating
system performance have been carried out by Hossein et al. (2009).
In this paper, the efficiency and IAM of two solar collectors are determined. One of the collectors is installed
in a stationary test facility, the other collector is installed in an azimuth tracking test facility. The thermal
performances of the stationary and the tracking solar collectors are measured for a long period. The
measured and calculated daily thermal performances are compared both for the stationary and the tracking
solar collectors. The simulation models for calculating the thermal performances of the stationary and the
tracking solar collectors are validated. Further, the yearly thermal performances of the stationary and the
tracking solar collectors are determined with the validated models. In this way, the benefits by the tracking
collector on the yearly thermal performance of the solar collector are determined. The results are compared
with the results from Andersen et al. (2010).
2. Experimental setup
The thermal performance and efficiencies of two 13.88 m2 solar collectors from SUNMARK A/S are
investigated at the Technical University of Denmark, latitude: 55.29°N and longitude: 12.53°E. One collector
faces south and has a collector tilt of 45°. Another collector is installed on a tracker from N.N. Energi ApS
with a collector tilt of 45°. The solar orientation of the tracking solar collector is changed approximately 6
times per hour. The difference between the solar azimuth and collector azimuth is always around 15°. A
photo of the setup is shown in Fig.1. The solar collector fluid used in the setup is a 40% of propylene
glycol/water mixture.

Fig.1: Photo of the collectors in the experimental setup.

250

3. Measurement results
3.1. Measured efficiencies for solar collectors
The efficiencies of both the stationary collector and the tracking collector were measured at the same flow
rate. The flow rates for the efficiency measurements are 20 l/min and 10 l/min. The incidence angle
modifiers for the stationary collector at flow rates of 20 l/min and 10 l/min were measured as well. The
measuring points and collector efficiency for the stationary solar collector at small incidence angles
determined by regression analyses based on the measuring points at a flow rate of 20 l/min are shown in
Fig.2. Fig.3 shows the measuring points and incidence angle modifier for the stationary solar collector at a
flow rate of 20 l/min. Eq.1 and Eq.2 are the efficiency and incidence angle modifier expressions for the
stationary collector at a flow rate of 20 l/min.
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Fig.2: Measuring points and collector efficiency for the stationary collector at small incidence angles at a flow rate of 20 l/min
and at a solar irradiance of 963 W m-².
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Fig.3: Measuring points and approximate tangent expression of the incidence angle modifier for the stationary collector at a
flow rate of 20 l/min.

𝜂 = 0.714 − 4.178 ×

�Tm -Ta �

𝐾𝜃 = 1 − tan3.5 (𝜃⁄2)

G

− 0.0093 ×

(Tm -Ta )2
𝐺

(Eq.1)
(Eq.2)

where η is the efficiency of a solar collector.
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Tm is the average temperature of solar collector fluid (°C).
Ta is ambient temperature (°C).
θ is the incidence angle of beam solar irradiance on a solar collector (°).
Kθ is an incidence angle modifier (-).
Further, the regression efficiency and incidence angle modifier for the stationary collector determined by the
measuring points at a flow rate of 10 l/min are expressed by Eq.3 and Eq.4:
𝜂 = 0.710 − 4.818 ×

�Tm -Ta �

(Eq.3)

G

𝐾𝜃 = 1 − tan3.6 (𝜃⁄2)

(Eq.4)

Eq.5 and Eq.6 are the efficiency expressions determined by the measurements for the tracking collector at the
flow rates of 20 l/min and 10 l/min:

𝜂 = 0.754 − 4.794 ×

𝜂 = 0.741 − 4.788 ×

�Tm -Ta �

(Eq.5)

G
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(Eq.6)
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Fig.4: Efficiencies of the stationary and the tracking solar collectors at different flow rates for a solar irradiance of 800 Wm-2.
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Fig.5: Incidence angle modifier of the stationary solar collector at different flow rates.
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Fig.4 and Fig.5 show the comparison between the collector efficiencies expressed by Eq.1, Eq.3, Eq.5 and
Eq.6 and the comparison between incidence angle modifiers for the stationary solar collector at different
flow rates.
3.2. Measured thermal performance for stationary and tracking solar collectors
The thermal performance of the stationary and the tracking solar collectors were carried out during the period
March-July, 2011. The inlet temperature and the flow rate of the solar collector fluid for the two collectors
were the same every single day. The inlet temperature for the two collectors changed between 17°C and
91°C and the flow rate through each collector was varied between 4 l/min and 21 l/min. It is estimated that
the shadows from the surroundings and from the collectors in most of the test periods have no significant
influence on the collector thermal performance. Therefore it is reasonable to compare the daily collector
thermal performance apart from the performance in the period of the day when shadows affect the thermal
performance. These measured daily thermal performances for the two solar collectors and the percentage of
the daily extra thermal performance that is achieved by the tracking solar collector relative to the stationary
solar collector are shown in Fig.6 and Fig.7.
The higher the average solar collector fluid temperature is, the higher the extra thermal performance of the
tracking collector will be.
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Fig.6: Measured daily thermal performance of the stationary and the tracking solar collector.
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Fig.7: Measured extra daily thermal performance of the tracking solar collector relative to the stationary solar collector as a
function of the average daily solar collector fluid temperature for the stationary collector.
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4. Discussions
4.1. Measured and calculated solar irradiance on the tracking solar collector
The measured daily solar radiation on the tracking solar collector is compared with the daily solar radiation
on the stationary solar collector, on the tracking solar collector in the period between March-July, 2011. The
calculations are based on the measured solar irradiance on the stationary solar collector. It is shown in Fig.8.
The average of the ratio between the measured and the calculated daily solar radiation in the test period is
about 1.00. Fig.8 shows that the difference between the measured and calculated daily solar radiation is small.
The measured and calculated solar irradiance on the tracking solar collector for the 5th of June 2011 is shown
in Fig.9.
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Fig.8: Measured and calculated daily solar radiation on the tracking solar collector.
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Fig.9: Measured and calculated solar irradiance on the tracking solar collector on June 5, 2011.

4.2. Comparisons of the calculated daily thermal performance with measured daily thermal
performance for the stationary solar collector
Based on the measured efficiencies and incidence angle modifier for the stationary collector, the measured
direct and diffuse solar irradiance on the stationary collector, the outdoor temperature, the inlet temperature
of the collector and the flow rate through the collector, the instantaneous thermal performance for the
stationary solar collector through the entire test period is calculated. The daily thermal performance is
calculated for the part of the days where shadows have no influence on the thermal performance. The
calculated daily thermal performance is compared with the measured results and shown in Fig.10. It is seen
that there is a good agreement between measured and calculated daily thermal performance for the stationary

254

collector. Calculated and measured thermal performance is compared for three days with different heating
temperature in Figures 11, 12 and 13. It can be seen that there is a good agreement between the measured and
calculated thermal performance.
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Fig.10: Measured and calculated daily thermal performance for the stationary solar collector.
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Fig.11: Measured and calculated thermal performance for the stationary solar collector on June 15, 2011 at a flow rate of 19.9
l/min and an inlet temperature of 63.1°C.
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Fig.12: Measured and calculated thermal performance for the stationary solar collector on April 10, 2011 at a flow rate of 19.8
l/min and an inlet temperature of 82.6°C.
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Fig.13: Measured and calculated thermal performance for the stationary solar collector on April 9, 2011 at a flow rate of 19.5
l/min and an inlet temperature of 91.1°C.

4.3. Comparisons of the calculated daily thermal performance with measured daily thermal
performance for the tracking solar collector
Based on the measured efficiencies for the tracking collector, the incidence angle modifiers for stationary
collector, the calculated direct and diffuse solar irradiance on the tracking collector, the outdoor temperature,
the inlet temperature of the collector, the flow rate through the collector and the tracking collector’s
orientation, the instantaneous thermal performance for the tracking solar collector through the test period is
calculated. The daily thermal performance is calculated for the part of the days where shadows have no
influence on the thermal performance. The calculated daily thermal performance is compared with the
measured results and shown in Fig.14. It is seen that there is a good agreement between measured and
calculated daily thermal performance for the tracking collector. Calculated and measured thermal
performance is compared for three days with different temperature levels in Figures 15, 16 and 17. It can be
seen that there is a good agreement between the measured and calculated thermal performance.
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Fig.14: Measured and calculated daily thermal performance for the tracking solar collector.
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Fig.15: Measured and calculated thermal performance for the tracking solar collector on June 15, 2011 at a flow rate of 19.9
l/min and an inlet temperature of 63.1°C.
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Fig.16: Measured and calculated thermal performance for the tracking solar collector on April 10, 2011 at a flow rate of 19.8
l/min and an inlet temperature of 82.6°C.
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Fig.17: Measured and calculated thermal performance for the tracking solar collector on April 9, 2011 at a flow rate of 19.5
l/min and an inlet temperature of 91.1°C.
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4.4. Yearly thermal performance of the solar collectors
The theoretically annual thermal performance in Denmark for a stationary and a tracking solar collector with
constant solar collector fluid temperature at a flow rate of 20 l/min is shown in Fig.18and Fig.19. In Fig.18
the calculations are made with the measured collector efficiency for the stationary solar collector and the
model used in Chapter 4. In Fig.19 the calculations are made with the measured collector efficiency for the
tracking solar collector and the model used in Chapter 4. The stationary collector is assumed to face south
and have a slope of 45°. The tracking collector has a tilt of 45° and turns constantly at the sun. The figures
also show the relative annual performance of the tracking solar collector, defined as the ratio between the
thermal performance of the tracking solar collector and the thermal performance of the stationary solar
collector. The annual thermal performance of the tracking solar collector is higher than the thermal
performance of the stationary solar collector. The higher the solar collector fluid temperature is, the higher
the relative performance will be. At 40°C the relative performance is 1.42, at 60°C it is 1.51, and at 80°C it is
1.61 or 1.60.
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Fig.18: Calculated yearly thermal performance for a stationary and a tracking solar collector as a function of collector fluid
temperature. The investigated stationary solar collector efficiency is used in the calculations.
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Fig.19: Calculated yearly thermal performance for a stationary and a tracking solar collector as a function of collector fluid
temperature. The investigated tracking solar collector efficiency is used in the calculations.

The results are in good agreement with the theoretical results achieved by Andersen et al. (2010).
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5. Conclusions
The thermal performances of two solar collectors from SUNMARK A/S have been studied experimentally
and theoretically. One collector faces south and has a tilt of 45°. Another collector is placed on a tracker with
a constant tilt of 45°. The tracking collector is always somewhat ahead of the sun’s direction. So the
difference between the tracking collector azimuth and solar azimuth is always around 15°.
The studies show that the yearly thermal performance of a tracking solar collector is higher than the thermal
performance of a stationary collector. The higher the solar collector fluid temperature is, the greater the extra
thermal performance of the tracking collector will be. At 40°C the yearly thermal performance increases
approximately 42%, at 60°C approximately 51% and at 80°C approximately 60%.
6. NOMENCLATURE
Quantity

Symbol

Unit

Total irradiance

G

W m-2

Incidence angle modifier

Kθ

-

Mean temperature of collector fluid

Tm

°C

Ambient temperature

Ta

°C

Efficiency of solar collector

η

-

Incidence angle

θ

°
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1. Abstract
The main objective of this work is to develope a theoretical model of a solar collector specifically designed for
architectural integration. The main charasteristic of the solar collector is its curved absorber.
As a previous work [1], a curved prototype collector performance was compared with a conventional collector in order
to prove that the curved geometry thermal losses were acceptable in cases of architectural integration. That work
demonstrated the possibilities of using a curved collector in facades and roofs in certain positions, achieving big
architectural integration possibilities.
As a different topology of solar collector, it would be useful to find a theoretical model that allow technicians to know
the theoretical performance of the collector in order to find the most interesting architectural integration positions in
their buildings. In this way, a mathematical model that analyses the ratio between the energy received by the curved
solar collector and the energy received by a conventional one, is developed and compared with experimental
measurements.
Once the model is implemented, the geometry of the curved collector can be optimized, looking for the highest thermal
performance of the curved collector.

2. Introduction.
Since 2009, it is obligatory in Spain the installation of solar thermal collectors for domestic water heating in all the new
buildings. This situation has created a conflict between architect's wishes of obtaining a 'pleasant' aesthetical view on
their buildings and the law compliance of having a percentage of domestic water heated by solar energy. In fact, the law
admits certain performance losses in the installations in case the collectors would be 'integrated' in buildings, as, for
example, being integrated in the building roof.
Architectural integration is a subjective concept, it’s hard to tell when the aesthetical aspect of an installation is 'correct',
but is possible to see that, normally, it exists a disagreement between the technical part or 'objective' of designing a
installation where the performance is optimized and the artistic or 'subjective' part of finding a pleasant architectonical
building for the user view. The previous works made about solar thermal collectors’ integration in buildings had not
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been able to find a solution accepted by most of people [1].
From this problem, the idea of building a solar thermal collector that made its architectonical integration easier is born,
assuming its performance will be theoretically lower compared with a conventional solar thermal collector. But its
aesthetic characteristics allow the thermal collector being easily integrated in facades and roofs.
The main objective of this work is to present a patented design about a solar thermal collector prototype that can be
used as an 'active' component in a facade and to make some preliminary tests, theoretical and experimental, that allow
to conclude that the performance obtained by a aesthetical aspects collector designed can be acceptable in comparison
with a conventional flat plate collector performance.

3. Prototype description
As previously commented, this design of solar collector tries to offer a pleasant aesthetical solution when integrating a
solar collector in facades and roofs. Also, the prototype design allows a semi-automatic installation in different
configurations, carrying with a compromise between its ornamental purpose and his very really purpose, domestic water
heating, offering an acceptable thermal performance. Figure 1 shows schematically the absorbers’ composition and
figure 2 shows a possible facade integration configuration.

Figure 1: Absorber and complete collector sketch

Figure 2: Photographic editing of an installation of curved collectors in a real facade
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The proposed solution, as it can be observed, is a curved collector in a quarter cylinder shape, which allows obtaining
architectonical integration solutions in horizontal or vertical positions by composing a quarter or half (combining two
collectors) cylinder columns. These topologies would have a low visual impact or even a positive one in certain
situations. Another possibility that the cylinder shape offers is to be mounted as a cornice trimmer. Also, in a roof
installation, the collector could be easily 'camouflaged', making it almost invisible from the outside of the building.
In order to achieve a complete aesthetical solution, the installation has to be completed with non-active elements
'dummies' that add the whole column a visual aspect of an unique large collector, offering an architectonical 'coherence'.
These elements purpose is to hide the collector’s connections giving the user the impression of viewing a unique
collector, not the combination of several smaller ones [1].
Once the problem and the prototype are defined, it is necessary to check the collector's thermal performance and
compare it with a conventional solution (flat plate collectors). To achieve this goal, the equations have been developed
that allow finding the direct solar energy which a curved collector is able to collect. This allows calculating the energy
losses of the curved topology in comparison with a conventional one. Which is more, preliminary experiments will be
made, and comparing two identical absorbers, with the only difference that one of them is curved, forming a quarter
cylinder shape.
Due to complications in building a complete curved collector, that first phase of design-demonstration of the collector
has been made with naked absorbers, that is, without glass, box or insulating layers. It can be expected that the obtained
performance is, logically, very low, but being both absorbers under the same test conditions it is possible to compare
their performance, the main purpose of this work.
Each tested absorber consists in 4 copper pipes welded to a selective flat aluminum sheet of 360 x 1900 mm and 0,5
mm thickness. These are two selective commercial absorbers, but smaller than usually, and they are provided by
Sunstrip, its main characteristics are showed in table 1.

Table 1. Parameters of the Aluminum/Copper absorber.

Flange efficiency at 20 L/min

0,94

Flange efficiency at 60 L/min

0,98

Emissions value/ratios

5%±2%

Absorption value

94%±2%

Surface tested to IEA task X

Ok

4. Solar energy picked up by a curved surface
The first task to make is to build a theoretical model that offer us a preliminary analysis of the prototype behaviour and
a comparison with a flat solar collector, from the point of view of the direct solar energy captured by a curved surface
an a flat one of the same dimenssions. For this development Duffie & Beckman [2] equations about radiation capturing
of a flat surface are used, and then they are modified to be adapted to a curved surface case.
From figure 3 it can be deduced that the direct radiation captured by a horizontal surface is related with the earth direct
radiation by the θ angle as:
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θ angle can be related with declination δ, latitude φ, surface tilt β, azimuth angle γ, and time angle ω as,

In previous equations, replacing β=0, the equations for a horizontal surface depending on azimuth angle θz are obtained.

If both expressions are divided, the ratio between the captured radiation by a tilted surface with a β angle and the same
surface horizontally place is obtained Rβ.

Figure 3: θ angle in a horizontal and a tilted surface.

In a similar way, it can be developed the equations that allow us to obtain the radiation captured by a curved surface.
Unlike a flat surface, in a curved one β angle changes along the surface. Next main case is developed, the corresponding
to a curved surface south oriented and with its longest dimension in an East-West axis placed.
From figure 4 geometry, an arch differential can be extracted and related with β angle, observing that α= (π/2)-β.
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Figure 4. dl definition for a tilted surface

Integrating the intercepted radiation by a curved surface along all of it, the solar radiation captured by area unit is
obtained as:

where integration limits will be α 2=0 and α1 and they will depend of the sun position from the curved surface. If the
plane containing the sun (αp) is lower than π/2, the sun is always in front of the collector and α 1=π/2. However, if
αP>π/2, a collector part is not receiving direct sun radiation and then α=α p. This last situation could happen in the
sunrise and the sundown of a summer day in southern latitudes.
Replacing equation 5 in last equation it can be easily obtained the ratio of solar energy obtained by a surface unit of a
curved surface and the sane surface horizontally placed.

5. Theoretical results.
With the mathematical development made, several typical day simulations are run in order to know the expected
behavior of a solar collector in comparison with conventional topologies.
In this way, it is decided to simulate the longest and the shortest day of the year (June 21 th and December 21th) as
relevant days (the day with the highest solar angle and the highest sunny hours and the day with the lowest solar angle
and sunny hours). It is studied for each day two main positions. First of them, with the curved surface south oriented
and the second one East orientated. It is compared both positions with a 45º tilted flat surface and south orientated and
the theoretical solar radiation and energy capture of each surface estimation are extracted estimating a mean atmosphere
values based in historical data and solar angles typical of the city of Albacete, placed in the south-east of Spain (latitude
39ºN).
First simulation, with both collectors south faced on June 21 th shows as a curved surface will work during more hours,
capturing the available radiation, but it will capture less radiation ( a 15% of highest difference) than a flat surface in the
middle hours of the day. When making an energetic estimation, that different behavior can be observed and it makes
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that during a day the flat absorber achieves more energy, due to the hours the curved surface is the only one working,
the solar resource is not high enough to compensate the losses during the main hours of the day. Figure 5a shows that
results.

Figure 5a. theoretical capture on June 21th South faced.

When the curved surface is East faced the performance change of the curved collector is easily appreciated. It captures
most of the radiation in the first half of the day, and during the second half it almost does not work. In this case, the
favorable orientation in this particular day of the collector makes to compensate the daily energy caption with a flat
surface. Making the daily performance difference lesser than in the previous simulation. The behavior of the collectors
during the simulation is showed in figure 5b.

Figure 5b. theoretical capture on June 21th East faced.

In winter simulations big theoretical influences in the variation of the position of the curved absorber can be observed.
When this is South faced, its behavior is very similar to the flat surface one, with a thermal loss practically zero.
However, fully East faced the curved surface works better than the flat one during the first half of the day, but its
performance gets lower very quickly making the foreseen performance losses respect a flat surface would be very
significant. That drives to assume that an East faced installation will not be an especially interesting option in buildings
that are mostly occupied in winter. Figures 6a and 6b show the results of simulations carried out for December 21 th.
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Figure 6a. theoretical capture on December 21th South faced

Figure 6b. theoretical capture on December 21th East faced.

6. Experimental results.
Due to validate the previous theoretical model, several comparison tests between two identical absorbers are carried out.
The only difference between them is that one of the absorbers will be bended in a quarter cylinder shape. Tests are
made, as said previously, with naked absorbers, not with real complete collectors (there is not glass, box, insulating...).
Obviously, the performance obtained will be low if compared with real solar thermal collectors, but as same test
conditions are applied to both absorbers, the performance change in a collector due to a geometry change could be
analyzed, ignoring any other influence.
First step must be to validate theoretical models. With this objective, two experiments in an experimental facility
instrumented with LabVIEW [3] are carried out. Summer tests are chosen to compare with the theoretical models.
Flat absorber comparison is made always with a 45º tilt angle, mainly for two reasons. As tests are made in the
Renewable Energy Research Institute of the Castilla – la Mancha University, in Albacete, latitude 39ºN, a 45º position
will be a possible position for a real domestic water heating installation. Second reason is that in the first test, the curved
surface will describe a curve between a 0º and a 90º angles, and a 45º angle is the mean angle that will be the angle of a
projected surface of the curved surface. Second test could be made comparing the curved collector with a horizontal flat
one, but the position of the flat collector is maintained because the first reason here exposed, in order to estimate the
performance losses of the prototype in this position with a conventional collector in its optimal position.
Figure 7 shows schematically adopted positions by absorbers during the tests.
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Figure 7. Sketch of the absorbers' positions during the tests.

The first test was carried out during 24 hours of a typical summer day in Spain. Due to the high exterior temperature, it
was difficult to maintain constant the absorbers inlet temperature. During the higher sunny hours this temperature was
controlled between a maximum variation of 7 ºC.
Figure 4a shows the results obtained in the first test. The flat absorber presents a small increment in its outlet
temperature in comparison with the curved absorber in the middle of the day, although they have similar outlets
temperature during the rest of the day This is caused because the flat absorber has is optimal position during the central
sunny hours and the curved absorber will have an opening area smaller than its real area and 45º tilted.
The performance curves, represented in Figure 8, show a similar behavior to outlet temperature curves, i.e. during
central hours the performance of the flat absorber is higher than the one of curved absorber, being the difference
significant. The instantaneous performance is calculated as:

Figure 8. South faced test.
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The maximum difference in the performance of both absorbers is 14%, which results in a difference of 5ºC in the outlet
temperatures. As the solar radiation decreases, the curved absorber shows a better performance than the flat one because
the projected area of the curved one receives more solar radiation during the sunrise and the sundown. At optimal
positions, the curved absorber gives a maximum performance difference of 15%. The mean global efficiency during the
period showed in Figure 4 is 0.43 for the flat absorber and 0.41 for the curved one.
Once both absorbers have been compared in the “optimal” position, we are going to vary the position of the curved
absorber. Other different configuration has been analyzed: in a horizontal position, being its largest length north-south
oriented. The flat absorber is maintained with the same orientation. In the horizontal position, due to its geometry, the
curved absorber will receive very low sun rays, thus we can expect a higher thermal performance during the sunrise and
the sundown. Figure 9 shows this phenomenon. The flat absorber has the same heat capacity as the curved one at central
hours, but the second is able to achieve higher temperatures on extreme hours. In the horizontal north-south position
the curved absorber offers a more linear and higher performance along the day than in its optimal position, being even
higher than the one of the flat collector. Nevertheless, note that the tests have been carried out during summer period
and the curved absorber is horizontally positioned, where as the flat absorber is 45º tilted. The performance of the flat
absorber will be higher if it were horizontally situated. The global performances in this case were 0.24 for the flat
absorber and 0.40 for the curved one.

Figure 9. Horizontal position test.

7.

Conclusions and future works

That first design phase compares theoretically a curved surface with a flat one. This analysis shows that the main idea of
integrate curved surfaces in facades could be very promising in South faced positions but very hard to justify when
lateral mountings due to high performance losses that will be make impossible to achieve the main purpose of the
thermal installation. It can be observed that, during summer, the curved collector installed in lateral positions starts
working very early in the morning comparing it with a flat collector South faced, fact this that perhaps could offer a
chance for curved collectors in installations very attached to certain time schedules.
In the second phase, a curved and a flat absorber are compared. Due to difficulties building complete collectors, and
being this work a preliminary demonstration work, it is done without any other element than the absorbers, but this fact
makes that the high external losses produced when exterior temperature is very low make winter tests not possible.
These preliminary studies are considered acceptable according the expected results and show as a curved collector
South faced can be competitive with conventional collectors. The fact that the thermal losses in summer will be higher
than winter ones could be positive, due it allows building higher thermal installations, which will offer a higher thermal
power in winter (when there is a higher demand) without risking the installation in summer due to overheating. If that
occurs, the annual performance of the installation will be increased comparing with a conventional facility.
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About architectural integration positions, it is only showed in this work the one where the collector is completely East
faced in a roof. theoretical results tell us that mounting that kind of installations searching a pleasant aspect of the
installation could be hardly defended because of the poor performance offered by the installation when comparing with
an optimal performance one. Nevertheless this position is only one of the several integration positions this geometry can
offer.
Because of it, is believed necessary to make a development of chapter 3 equations for adapting them to vertical
surfaces, due to, at first, a curved surface mounted as a vertical column will capture a lot of radiation more in winter
than in summer and it could offer a mounting positions in facades that use a high percentage of the building facade,
making this a high value aesthetical configuration.
In the experimental tests, it is observed a very high atmospherics conditions influence when naked absorbers are tested.
For future works, wood non-commercial boxes are being developed. These boxes will offer high possibilities of testing
a complete collector with a similar behavior than a commercial one, due the wood box influence comparing a
commercial one is not relevant [4].
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1. Introduction
In order to diminish the environmental problems it is urgent to look for energy alternative sources that help
to decreasing of pollutant agents, besides taking advantage of the renewable resources, as it is the solar
energy case, especially in a country like Mexico, that receives a high solar radiation quantity, 25 MJ m -2 day1
, but is even in an incipient development and use of this technology.
In Mexico the use of solar heating water technology is gradually growing. The design of flat plate finned
tubes solar collector has dominated the market and has a great number of national manufacturers of this
equipment. Nevertheless, in the last five years, the technology of solar collectors of evacuated tubes
produced abroad, are becoming to dominate the national market and now exist a great amount of solar
distributors of this equipment that begins to displace the solar manufacturers at the country.
However, the evacuated tubes solar collectors, by their own design, enormously low their yield by the
amount of accumulated fouling in the tubes, especially when high content of hardness water (more than 250
mg L-1 like calcium carbonate) is used, what it is very common in our country.
With this problem occurring in the evacuated tubes of solar collectors, we have proposed to redesign a
system of evacuated tubes in order to have a tube with an entrance and one exit emulating to a finned tube in
a thermosyphon flow in opposition to the classical evacuated tube, in order to observe the differences in
efficiency of both systems [Morrison, 2001] and [Budihardjo I].
The hypothesis of the present work was that the evacuated tube must be open on both sides, thus promoting a
straightforward thermal circulation of the work fluid into the tube to the water thank, increasing the thermal
efficiency in relation to the classical evacuated tube set-up, which has only one open side.
2. Experimental
In figure 1, a photograph of the experimental setup in operation it is depicted. The difference between both
devices studied is that a system has an entrance and one exit emulating to a classical finned tube of a flat
plate solar collector. The other device is constituted of a solar absorber tube, one side open and the other one
closed. It is supposed, that the tube with an end closed, could diminish its thermal efficiency, because the
flow may be move more slowly, extracting less heat, because the cold water entrance and the exit of the hot
water towards the storage thank it is on the same tube edge; thus seems difficult the water movement.
Several experiments were performed for both evacuated tube designs. Each one was coupled to a storage
tank. We tested several water volume in each system (10-30 L) performing simultaneously the experimental
measurements in both set ups. We measured temperatures, using a K-type thermocouple along the tube and
in the storage tank. We measured in a concurrent way the incident solar radiation using an Eppley
pyranometer model PSP.
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Fig. 1. Photo of the solar collector experimental set up, one system with a water storage and a solar absorber
tube with a recirculation tube, one entrance and one water exit. The other system equivalent to the first one,
but the solar absorber tube without a recirculation tube, one end closed.
3. Results
It was difficult to use the thermal data recorded along the tube, due to the complex variability of the
measured temperatures. So, we proceed to evaluate the thermal efficiency using the water temperature data
of the completely mixed thermotank.
Based on the experimental results and on the known thermal equation balances, we can determine the
thermal efficiency of each system and we could establish that quite similar thermal efficiency is obtained for
low water volume in both system. Increasing the water volume, a slight difference in thermal efficiency was
observed.
The solar collector thermal efficiency is determined by the next factors as it is ascribed by Duffie and
Beckmann.
a) Tube solar collector design (optical properties, material used)
b) Solar radiation incidence.
c) Environmental condition (Ambient temperature and wind speed)
d) Operation conditions. (Fluid flow speed, fluid temperature and thermal properties.
In this case, the thermal efficiency of the solar collector, , was determined from equation 1.



Qu
Qr (eq 1)

Where Qu is the useful heat output given by.

Qu  mCp(Tf  Ti) (eq 2)
Where Tf=temperature of fluid on a thermal tank (completely mixed) at final time
Ti=temperature of fluid at the initial time.
M= total fluid mass in the thermal tank and the tube solar collector.
Also, Qr is the total solar energy received in a fixed interval time given by.
Qr=GAt
(eq 3)
Where G= total solar radiation (Wm-2)
A=collector area, (m2)
t=fixed interval time, (s)
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The efficiency of both solar collectors is supposed to depend only on the collector construction, that means,
if the system is having one inlet and one exit to the thermal tank or if the tube solar collector is having one
inlet, which is the same that the exit to the thermal tank, like the typical evacuated tube solar.
Figure 2, 3, 4 and 5, 6 and 7, represent the thermal profiles, the measured solar radiation and the calculated
thermal efficiency, during the time of experimentation for two typical days measurement corresponding to
two water volumes used. In general, small variations in the measured temperatures are observed as well as
like in the calculation of the heat efficiency gained in the monitored thermotank, under a condition of full
mixed fluid inside.
In general, and considering that the incident solar radiation levels and other physical parameters are quite
similar on the tested devices, it is observed that the system with smaller mass water, seems to show higher
efficiencies of heat collection that when the water mass is major. Nevertheless the thermal profiles and the
thermal efficiencies of the system with recirculation respecting to the system with tubes closed by an end, do
not seem to be significant, and the thermal efficiency variation seems to fall within the corresponding
experimental errors associated to the measurements estimated in  3%.
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Fig. 2. Thermal profile for a tube with 20 L water in a storage tank with a) recirculation tube system and
b)Without recirculation. The time 0 correspond to 9.55 AM initial measurement experiments, 2 may 2011.
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Fig. 3. Solar radiation as a function of the time. The time 0 correspond to 9.55 AM, 2 may 2011.
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Fig. 4. Thermal efficiency as a function of the time of the day. a) recirculation tube system and b) Without
recirculation. The time 0 correspond to 9.55 AM, 2 may 2011.
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Fig. 5. Thermal profile for a tube with 25 L water in a storage tank with a) recirculation tube system and b)
without recirculation. The time 0 correspond to 10.00 AM initial measurement experiments, 26 April 2011.
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Fig. 7. Thermal efficiency as a function of the time of the day. a)recirculation tube system and b)Without
recirculation. The time 0 correspond to 10.00 AM, 26 April 2011.

4. Conclusions and suggestions.
The thermal efficiency values calculated practically no differ according to set up design used. For large water
volume on the storage tank, the efficiency of the tube having recirculation is slightly increased in relation to
the conventional evacuated tube with only one open side, but in fact, a small difference in the thermal
efficiency on both types of solar tube designs used in this study, practically fall within the experimental error
of the measurements. That means that there is not any significant practical difference between both models
used.
In spite of this surprising result, that shows that the design of the classic evacuated tubes, one closed end, is
very efficient from the thermal point of view and it has an equivalent thermal efficiency to the
termosyphonic flow with recirculation, we want to insist on proposing that the classic designs of evacuated
tubes, must be modified with systems of both open sides, recirculation tubes.
The reason to support the previous comment, does not obey to thermodynamic questions, but rather practical
reasons, that will help to extend the life period of the solar system, because it is a fact that such systems, at
countries like Mexico that has very hard water to a large extent on the country, reaching more than 250 mg/L
total water hardness, the system with open tubes will must be preferred that the classic system with one end
closed.
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The authors have observed in diverse solar collectors facilities, that there is a lot of evacuated tubes systems
that in some years lose their efficiency because the tubes fill of fouling solids of the nonpermanent hardness.
In some cases, it has been observed dramatically solar collectors fails, due the water solid hardness that
precipitate and store in the tubes, flooding it with precipitated solid salts that sometimes cause catastrophic
faults, in operation periods between 3 and 6 months. This happens, especially when it does not occur
maintenance labor to these systems, as it is usual in the great majority of the systems in operation, by the lack
of personal specialized in this matter.
We believe that if the system of open ends tube is adopted, it would not occurs the solid deposit in the tubes
(decreasing the efficiency by fouling deposits) but in the tank of hot water, that it must be supplied of a
drainage valve to eliminate solids after a certain time. Thus, improvements in the design, would generally
extend the useful life of the solar collectors which by thousands already flood the Mexican market and the
entire world.
Also, the redesigned evacuated tube could avoid the fouling accumulation inside the tubes, therefore
eliminating or diminishing the more frequent maintenance labors as is required for the conventional solar
evacuated tubes.
5. References
Morrison G. L., 2001. Solar collectors, in: Gordon, J. (Ed.), Solar energy: The state of the art. James &
James, London, pp. 207-259.
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1. Introduction
Although solar air heating collectors have some significant advantages in comparison to liquid heating
collectors, currently they have only a market share of less than 1% of the solar collector world market. The
main advantages of using air as heat transfer medium are the absence of stagnation and freezing problems
and a reduced tightness requirement. This makes it for instance easier to integrate solar air heating collectors
into façades. Different air heating collector types available range from non-covered open-loop collectors for
space heating support at low temperatures, to high performance evacuated tube collectors with high
efficiencies at increased temperatures. An important barrier for a broader use of solar air heating collectors is
the lack of common standards for testing to ascertain quality and performance. The Fraunhofer Institute for
Solar Energy Systems ISE is currently working on the development of testing standards for covered and noncovered air collectors, the development of simulation tools to calculate solar gains of solar air heating
systems as well as the improvement of solar air heating collector technology. This work is done in cooperation with industry within the project ‘Luko-E’, which is co-funded by the German ministry for the
environment. In the following the status of the work is described.
2. Technology Overview
Different air heating collector concepts exist, which are used in different niche markets. Currently their
applications are limited to: direct use of the heated air in space heating, solar assisted air drying applications,
and for low temperature heat use which involves a heat exchanger to a secondary water-based heat transfer
medium and storage loop (Stryi-Hipp, 2010). Non-covered air heating collectors are mainly used in North
America in large façades of commercial and public buildings to support space heating. Covered air heating
collectors are mainly used in Europe for space heating support in commercial and other large buildings as
well as for some process heating purposes, e.g. the drying of malt at the Brauerei Lammsbräu in Germany. In
addition, autonomous solar air heating collector units, with typical 2 m2 collector area and an integrated PV
solar driven ventilator, are used to heat air in small buildings like weekend houses.
2.1. Air Heating Collector Construction and Flow Patterns
Air collector development focuses on improvements in the heat transfer construction due to the low thermal
capacity of air and the much lower heat transfer coefficient between absorber and air, than when using liquid
heat transfer media. An improved heat transfer coefficient can be realized by increasing the surface area that
is in direct contact with the air, or ‘intensifying’ the contact itself e.g. by letting the air flow through holes in
a sheet absorber, so called perforated absorber, or by using voluminous absorber.
Unlike with water heating collectors it is not necessary to use hermetically sealed channel structures for air
heating collectors. Air as heat transfer medium thus allows for higher flexibility in the construction, such as
the position of the absorber. Many different absorber geometries and collector flow designs can be realized.
Figure 1 shows different absorber-flow designs of air heating collectors. A1-A3 and B1-B3 are covered; A4
and B4 are non-covered constructions. Row ‘A’ shows the perforated transparent cover or perforated
absorbers through which the air is passed to improve the heat transfer coefficient. A1 and A4 configurations
take in fresh outside air through these holes and are sometimes called ‘transpired’. The row ‘B’ shows
covered and non-covered air collectors where the air flows between the cover and the absorber, behind the
absorber, or on both sides of the absorber. A possible channel or fin structure attached to the absorber, which
increases the absorber-air contact area, is not shown.
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Fig.1: Different types of covered and non-covered air heating cover-absorber constructions

A solar air heating collector system is called ‘open’ loop, if it sucks in fresh air from the outside, heats up the
air, and removes it for direct use. In contrast, ‘closed’ loop air collector systems circulate the air through the
system and the collector and transfer the heat via a heat exchanger to the point of usage. ‘Closed’ loop
systems are able to provide higher outlet temperatures, because the inlet temperature can be higher than the
ambient air. If an air collector sucks in the air via an intake manifold it can operate in an ‘open’ or ‘closed’
loop. If the ambient air is sucked in through holes in collector it can be only operated in an open loop system
and is therefore called ‘open loop collector’.
Open loop collectors are typically used in façades to preheat the ambient air, which is sucked in through the
collector and used in the building. Since the collector operates only at low temperature differences to the
ambient and even a small temperature increase of the ambient air is useable, the efficiency of open loop
collectors can be high. However, the amount of solar thermal energy, which can be moved into the building,
is limited due to the low heat capacity of the air and the low temperature increase in the collector. Therefore
the solar fraction of such an open loop system is usually rather small. Since the system can be constructed
simple it can be realized very cost effectively.
Closed loop collectors are usually covered collectors and operate at a higher temperature, through to
temperatures reaching the level of process heat, where air collectors can use their advantage of having less
stagnation problems in comparison to water collectors. For high efficiency and high temperature applications
an evacuated tube air heating collector for temperatures up to 120°C was developed at Fraunhofer ISE
(Schüle and Siems, 2009).
However, in addition to a good heat transfer it is important to optimize the collector design in order to
achieve a low pressure drop to limit the use of electricity for running the ventilator for the forced air
circulation.
2.2 Tools for simulation and calculation of air collectors
To calculate the economic performance and convince the potential customer of a solar air heating system it is
necessary to simulate the solar yield of the solar air heating system at a specific site and under the specific
conditions. For solar liquid heating collectors several well-known and evaluated simulation programs are
available. For the air heating systems only two commercial tools are available, which in addition only cover
part of the solar air collectors on the market.
The free program ‘RETscreen’ is made available by the Ministry of Natural Resources Canada (NRCan)
(RETscreen, 2011). The program, using spreadsheet calculations, calculates system yields for non-covered
transpired air collectors. A selection can be made between ventilation air heating and process air heating. The
results include values for life-cycle costs, greenhouse gas emission reductions and evaluated energy
production.
The second program ‘TSol’ (Pro Version 5) is available from Dr. Valentin EnergieSoftware GmbH and can
calculate two system configurations (Valentin, 2011). One is for domestic air heating, the other for domestic
air heating in combination with solar domestic hot water heating. TSol provides a choice between fresh air
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(‘open’) and recirculating (‘closed’ loop) air. The results include the system efficiency, greenhouse gas
emission reductions and savings of natural gas.
For predicting the gains of a solar air heating system in detail and optimizing the technology and the design
of solar air collector systems, a more detailed simulation tool verified with reliable test data of the solar air
collectors is necessary. Fraunhofer ISE is developing a solar air collector Type for the simulation tool
TRNSYS in order to model different solar air heating collectors and systems. A yield calculation is also
important because it is required for getting subsidies for solar thermal collectors in Germany.
2.3 Benefits and Drawbacks of Air Heating Collectors
To increase the market performance of solar air heating collectors and systems, constructions and
applications must be identified where their benefits are relevant and the influence of their drawbacks is
minimized or avoided. A general overview is given in Tab. 1.
Tab. 1: Benefits and drawbacks of air heating collectors

Benefits
•

No freezing, nor stagnation problems

•

Possibly simpler and cheaper systems

•

Very efficient preheating of fresh air for
buildings possible

Drawbacks
•

Low heat capacity of air, thus high air volume
rates and larger channels are necessary

•

Poor heat transfer absorber – air

•

Closed loop systems:
- Additional losses in the air-water heat
exchanger
- Second solar circuit required
(air circuit and water circuit)

•

Open loop systems
- Limited/low temperature range
- Fan noise and open air ducts

No problems from leaks, no damage, no
environmental or health hazard risk from
spilled heat transfer medium
(use in façades is possible)

•

Today, the solar air collector market mainly increases in niches, where they are already cost effective. This is
often the case for non-covered solar air façades for example in large utility buildings such as warehouses in
North America which are already using air for space heating and which often have large façades, which
receive a lot of sunshine in winter time. In some applications in central Europe, covered solar air heating
collectors are competitive with liquid heating collectors. In addition, new applications are under development
due to a growing share of buildings with controlled air systems in Europe where new market opportunities
for solar air collector systems are expected.
The following market niches for solar air heating collectors can be distinguished in Europe:
-

Common single/two family houses with domestic hot water (DHW) only or
combined systems for DHW and space heating support.

-

Current, still niche, applications in: multi-family houses, heating of non-residential/utility buildings,
process heat applications.

-

Future applications in, for example, high solar fraction houses (>50% solar fraction)

2.4 Examples of the Application of Air Heating Collectors
Solar air heating collectors can be used in different ways. Figure 1 shows simple systems where solar heated
air is used directly for space heating. In this case the façade mounted air collector heats up inside air (a) or
outside air (b, c and d) and releases the hot air directly into the building. In this case the building itself is the
only means for storing the heat. It is also possible to pass the heated air through a storage facility with high
thermal mass to increase heat storage capacity and separate it from the building.
In some collectors a small PV panel is integrated which provides the electricity for the ventilator that drives
the air flow through the collector. Since the PV panel produces electricity proportional to the solar irradiation
and thus the heat produced, there is no additional controller necessary and an independent operation of the
collector is possible.
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Figure 1: Examples of the use of façade mounted solar air heating collectors with direct use of heated air: recirculating inside
air (a), or taking in ambient air through a single inlet (b), a perforated absorber (c) or a perforated transparent cover (d).

Figure 2 shows a solar ‘combi‘-system for combined domestic hot water and space heating applications. The
solar air heating collector is typically installed on the roof. A three way valve at the air intake may allow for
sucking in outside-air and the direct use of the solar heated air in the building. Alternatively, inside air can be
sucked into the collector, heated up, and blown back into the building.

Fig. 2: Examples options for a solar ‘combi‘-system using an air heating solar collector.

For direct use of the heated air throughout the building, the distribution via air channels that are large in
comparison to pipes of the water heating circuit is necessary. Alternatively, a so called hypocaust heat
storage system can be installed, here the heated air flows through channels in walls and floors, which take up
the heat and slowly release it into the building. If there is no immediate need for direct heating in the
building, the heat can stored in a conventional water storage tank via an air-water heat exchanger.
3. Testing Standards
Common testing standards are a basic requirement to develop a market since only then can the quality of the
components be certified, the performance measured, the solar yield be calculated accurately, and the
performance of the components be compared. All these, more objective figures help with further
improvements and creating a vital and constructive competition. However, the currently available testing
standards do not sufficiently cover solar air heating collectors yet, at least not from the European point of
view.
The oldest and most well-known air heating collector standard is the ANSI-ASHRAE 93, which was first
published in 1977. This standard is periodically revised and updated by the American Society of Heating,
Refrigerating and Air-Conditioning Engineers, the last time in 2010. The ANSI-ASHRAE 93 provides a
good basis for measuring the performance of solar air heating collectors. However, durability and reliability
tests are not included. Since 2010, the TestLab for Solar Thermal Systems at the Fraunhofer ISE is
accredited for this standard.
Currently, no European testing standard for solar air heating collectors is available. The existing solar
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collector testing standard EN 12975 from 2006 does not cover solar air heating collector technologies. In
Germany, solar collectors need a Solar Keymark certification, based on the test according EN 12975, to be
eligible for subsidies. However, since there is no test according EN-standards available yet, as an interim
solution solar air heating collectors tested according EN 12975 in the relevant parts, are accepted for
subsidies as long as no new framework is established. This has caused and will likely cause more problems
among manufacturers competing with slightly different solar air heating technologies, some of which can be
tested, certified and subsidised, and some which cannot.
To remedy this situation, and to create a uniform system of test standards, a draft extension to the EN 12975
standard for covered solar air heating collectors was developed by Fraunhofer ISE and proposed to the
standardization committees in the end of 2010. The text is based on the ANSI ASHRAE 93 standard, but was
further developed. Since the beginning of 2011, the draft is in the comment phase and expected to be finally
approved as a part of the new EN 12975 standard in spring 2012.
In a lot of aspects, solar air heating collectors can be tested in the same way as water heating collectors. The
rainwater penetration, exposure, high-temperature resistance, external thermal shock, mechanical load and
stagnation temperature tests as well as the final inspection can be applied in the same way as for water
heating collectors.
However, some durability and reliability tests have to be modified for solar air heating collectors. The
thermal performance test, the determination of the IAM (Incident Angle Modifier) and collector capacity, the
internal thermal shock test and the internal pressure test must be adapted.
The pressure drop test is for water heating collectors optional, but for air heating collectors it should be
mandatory. Unlike water heating collectors an air heating collector is usually not fully air tight. Therefore the
classical tightness test is not appropriate. Since the leakage rate has a strong influence on the collector
performance, it must be taken into account in the performance evaluation and thus has to be measured. In
addition, the determination of the maximum start temperature is mandatory for solar air heating collectors,
but not considered relevant for water heating collectors.
In parallel to the European activities, the CSA F378.2 standard for solar air heating collectors was developed
and published in Canada in 2011 for the comment phase. It is also based mainly on the ANSI ASHRAE 93
standard, but with added several functional test details, similar to the European EN 12975 standard. An
overview, which tests are covered by the three standards is given in Tab. 2. The CSA F378.2 standard
supports the convergence of the "American" and "European" method and is intended to come into force in
2011.
Tab. 2: Standards and tests for solar air heating collectors

The extension for air heating collector draft of EN 12975 is limited to covered collectors, since the test
methods for non-covered air heating collectors is not fully developed yet. However, Fraunhofer ISE is
working on a subsequent draft extension, which shall be presented to the standardization committees by the
end of 2011. Which collector types are catered for by which standard is presented in Tab. 3.
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Tab. 3: Solar collector types, which are covered by the different standards

In Tab 2 and 3, also the CEN-ISO 2012 standard is mentioned as a goal for a worldwide, unified solar air
heating standard. Some important steps to achieve this goal have already been described. The installment of a
joint working group of ISO and CEN under the Vienna agreement is expected in August 2011. A unified
CEN-ISO standard for solar air heating collectors is ready to be published for comments and could even be
approved in 2012. Fraunhofer ISE is supporting this process actively with the development of the missing
parts of the standard.
4. Conditions for the Air Heating Collector Performance Test
To measure the collector performance with high accuracy and repeatability is a must for further developing
the solar system market. As mentioned before, only a well-defined performance test makes collectors
performance comparable, allows the calculation of the yield of solar systems and stimulates constructive
competition and innovations. In addition, it is a requisite for gaining a deeper understanding of the
technology and the research work to improve the technology.
Requirements for testing do not only include methodology and a precise test equipment, but also of
definitions of what must be measured under which conditions and the way in which results must be
presented. This chapter describes some of the latter. The solar air heating collectors have some peculiarities
which require some differences in their performance tests from the performance test of liquid heating
collectors. The most important ones are presented in the following.
The results of this work were the basis for the draft of the standard extension for covered solar air heating
collectors, which is currently in the comment phase of EN 12975. Since testing of non-covered air heating
collectors has additional challenges, e.g. the stronger influence of the wind speed, only covered air heating
collectors are considered in the following. However, Fraunhofer ISE is developing test methods and a draft
standard for non-covered air heating collectors by end of 2012.
For covered solar liquid heating collectors the following performance model for the instantaneous efficiency
is broadly used:
! = !! − !!
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− !!
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(eq. 1)

With the maximum efficiency:
!! = ! ! ∙ !"

!""

(eq. 2),

And the medium temperature of the heat transfer medium:
!! =

!
!

!!" + !!"#

(eq. 3)

With the ambient temperature (Ta), the inlet and outlet temperature of the heat transfer medium (Tin, Tout), the
transmission of the cover (!), the absorption of the absorber ! , the collector efficiency factor (! ! ) and the
solar radiation (!). The collector efficiency is determined with the parameters: !! , !! , !! .

4.1 Mass flow dependency
The most important difference between solar collectors with liquid and with air as heat transfer medium is
the much lower heat transfer coefficient between absorber and the heat transfer medium air, resulting in a
significantly reduced collector efficiency factor (F’) for air heating collectors. As a consequence, the
temperature difference between absorber (Tabs) and the mean temperature of the heat transfer medium (Tm) is
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much higher for air heating than for liquid heating collectors. A lower efficiency factor (F’) leads as well to
higher values of the collector parameters (a1, a2), because for the same mean operating temperature of the
medium(Tm) the absorber temperature (Tabs) will be higher and therefore the thermal losses too.
For covered liquid collectors the collector parameter !! , !! , !!   are considered constant regarding the mass
flow  (!)  of the heat transfer medium (liquid). Although this simplification is tested to be acceptable for
liquid based collectors, it is not for acceptable air heating collectors. Therefore equation 1 is rewritten for
covered air collectors as:
!!"#$%$&  !"#  !"##   (!, !! , !! , !) = !! (!) − !! (!)

!! !!!
!

− !! (!)

!! !!! !
!

(eq. 4)

Therefore, the performance curve of air heating collectors must state the mass flow used in the tests.
For a better understanding of the dependency of the collector efficiency on the mass flow, simulations and
measurements for covered air heating collectors have been carried out. A 1x2 m² flat plate air heating
collector with under-finned and under-flown absorber (similar to B2 in Fig. 1) was mathematically modelled
to investigate this issue and other physical phenomena. The 2 m long finned flow channel runs parallel to the
length of the collector. The one channel in the middle of the collector was divided into a number of equal
length segments. Each segment was modelled by seven temperature nodes interacting with each other
through heat exchange phenomena. After simulating the first segment at stationary conditions, its outlet air
temperature was used as inlet temperature of the second segment, and so on until the last. Thermal effects at
the collector edges were neglected.
In addition to the simulation, measurements on different covered flat solar air heating collectors were carried
out at the TestLab Solar Thermal Systems of Fraunhofer ISE, after the test stand was improved in order to
achieve a similar accuracy in temperature measurements and mass and heat flow as for measurements on
liquid heating collectors.
The collector performance curve was simulated for different mass flow rates with the model described.
Figure 3 shows the dependence of the collector performance curve on the mass flow. The curves for the
laminar flow range (mass flow m_pkt = 60 kg h-1, blue graph), for the transition zone (m_pkt = 200 kg h-1,
red graph) and for the turbulent range (m_pkt = 600 kg h-1, green graph) are presented. Since a 2 m2 collector
is simulated, the mass flow corresponds to 30, 100 and 300 kg h-1 m-2.
As expected, the efficiency increases with increasing mass flow (!), since the heat transfer from the
absorber to the heat transfer air improves with increasing mass flow. The lower the mass flow is, the more
the absorber temperature (Tabs) remains above the mean air temperature (Tm), due to the lower heat transfer
coefficient. But with a higher absorber temperature (Tabs) the heat losses are higher and therefore the
efficiency is lower.

Fig. 2: Simulated performance curves of an 2 m2 flat air heating collector
for three mass flow rates (60, 200 and 600 kg h-1)
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Figure 3 shows that the performance curves of an air heating collector strongly depend on the air mass flow
rate. It is recommended to measure the collector performance for three different mass flow values.
Fig. 5 shows from measurements, how the collector outlet temperature (Tair(out)) and the absorber
temperature (Tabs(out)) close to the outlet depend on the air mass flow rate (!). In addition, the dependency
of the useful thermal power (Qflow(out)) on the air mass flow is shown. The measurements were taken with an
almost constant inlet temperature (Tair(in)) and a constant irradiation (G) of 993 W/m2. Both the absorber and
air temperatures decrease with increasing mass flow ! , their difference increases up to a mass flow rate of
about 350 kg/h and then decreases (not shown in a separate line). However, the difference between Tabs
(out) and Tair (mean), shown in figure 4 as well, decreases continuously.
The following phenomena influence the difference between the absorber and the air temperature at the
collector outlet: With increasing mass flow:
•

the heat transfer between absorber and medium air improves and therefore the temperature
difference decreases;

•

the residence time of the air within the collector decreases;

•

the useful thermal power removed increases, thus the overall thermal losses decrease.

With other thing being equal, the useful thermal power (!!"# ) is proportional to the mass flow ! , due to:
!!"# = !!(!!"# − !!" ) (eq. 5),
where (!) is the heat capacity of the medium.

Fig. 4: Definition of the radiation and thermal energy flow through a solar thermal collector

At low mass flow rates also the useful thermal power which can be removed is low. The principal energy
flow through a collector is shown in figure 4. With solar radiation on the collector, the absorber temperature
rises to the point, where the sum of the thermal losses (!!"## ) and the net useful thermal power (!!"# ) is
equal to the irradiation (!!"! ) minus the optical radiation losses (!!"## ), since the thermal losses mainly
depend on the temperature difference between the absorber and the ambient:
!!"! = !!"## + !!"## +    !!"# (eq. 6).
The net useful thermal power (!!"# ) depending on the mass flow is shown in 5, named Qflow(out) and
normalized to the lowest measured value at 40 kg/h (right axis). Since the irradiation is stays same the net
useful thermal power is equal to the efficiency and is thus growing within the mass flow range shown.
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Fig. 5: Measured temperatures of absorber and air at the outlet of the collector,
difference between absorber temperature at the outlet and the air mean temperature
as well as the net useful thermal power (normalized, right axis) and their dependency on the mass flow

Figure 5 indicates that with increasing air mass flow the efficiency of the collector increases towards an
asymptote and also the temperature difference between the absorber and mean temperature of the heat
transfer air is continuously decreasing with the increasing air mass flow. It seems it is better to run an air
heating collector with rather higher air mass flow rates to increase the efficiency. However, the growing
energy demand for the ventilator must be taken into account and an operational optimum must be found.
At low mass flow rates between 40 and 200 kg/h the temperature and power curves are very sensitive to the
mass flow rate. This range corresponds with specific mass flow rates between 20 and 100 kg/h.m2 and the air
mass flow is in installed air heating systems typically in the range of 60 to 150 kg/h.m2 according to
manufacturer’s specifications. Thus the influence of the mass flow rate must be considered carefully for air
heating collectors.
Further the collector efficiency factor (F’) was determined by simulations for various mass flow rates in
order to determine its influence. Figure 6 shows a very strong increase for mass flow rate up to 200 kg/h
(specific: 100kg/h.m2). This underlines the high sensitivity of the efficiency in this mass flow range.

Fig. 6: Simulated dependency of the collector efficiency factor (F’) on the mass flow
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The collector efficiency factor (F’) reflects the heat transfer coefficient between the absorber and the heat
transfer medium in the maximum thermal efficiency (!! (!)) in equation 4, but it also occurs in the heat
losses factors (!! (!), !! (!)). In the first case the collector efficiency factor increases with increasing mass
flow by increasing the heat transfer coefficient between absorber and heat medium, in the second case it
increases due to the decreasing absorber temperature and therefore lower losses for a given temperature
difference (Tm-Ta).
Since at the collector stagnation point the mass flow is zero per definition, and thus the net useful thermal
power (!!"# ) is zero. The full power of incoming radiation resulting in a useful thermal power is then
dissipated through thermal losses. The losses are mass flow independent because mass flow is zero at this
point. When efficiency curves for different mass flow rates are extrapolated they thus all pass through the
same stagnation point.
4.2 Reference temperature for the performance curve
For the use of the collector efficiency curve it is important to define in the standard the reference temperature
for which the performance curve is presented, i.e. the temperature used on the x-axis besides the ambient
temperature. For liquid heating collectors the reference temperature is the mean temperature (Tm) of the
liquid as described in equation 1. For air collectors two different solutions are already in use. The American
ANSI-ASHRAE 93 and the Canadian CSA F378.2 standards are using the inlet air temperature (Tin) as
reference temperature. In contrary, the IEA-Task 19 recommends the outlet air temperature (Tout) as
reference temperature for presenting the performance curve. The reasons for these different approaches
include the following.
In America mainly non-covered open loop air heating collectors are in use. Therefore the inlet air
temperature is equal with the ambient temperature and the temperature increase in the collector is rather
small. Then it is much easier to take measurements by using the inlet air temperature as reference
temperature. The IEA task 19 presumably focused more on covered air heating collectors and took into
account the big temperature difference between the absorber and the heat transfer medium air. Since the
temperature profile of the air by flowing through the collector is not exactly known and the outlet air
temperature is closer to the absorber temperature than the mean air temperature, and the temperature
difference between the absorber to the ambient is physically the relevant parameter for calculating the
thermal losses, the outlet temperature was recommended there.
There are four aspects which should be taken into account when making a decision on which reference
temperature to use:
1.

How is the measurement of the performance curve influenced by the reference temperature?

2.

How is the performance curve be used for comparison between solar thermal collectors?

3.

How does the reference temperature influence the quality of the performance curve?

4.

How is the performance curve be used for simulations of solar air heating systems?

Regarding aspect 1: When an open loop collector is measured, the inlet air temperature is equal to the
ambient temperature. Since the mean and the outlet temperatures are fixed for a given radiation and mass
flow it wouldn’t matter, which temperature is chosen as reference. However, since open loop collectors only
have one efficiency value for a given mass flow and irradiation, this efficiency value must be presented for
the same value of the reference temperature for all collectors. However, it needs more effort to do the
measurement for the same mean or outlet temperature for all collectors, because the mean and the outlet
temperature depend on the efficiency of the collector. The desired mean or outlet temperature must be set
during the measurement by changing the inlet temperature. Although, it is much easier to reference the
performance of open loop collectors with the inlet air temperature, it is also possible to use the mean and or
the outlet temperature.
In the case of closed loop collectors an efficiency curve can be measured by varying the inlet temperature.
Therefore no restrictions apply here to which reference temperature can be used.
Regarding aspect 2: The main reason to unify the collector performance standards is to be able to compare
performances independent of the construction or heat transfer medium applied. Since for liquid heating
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collectors, in by far the most cases, the mean temperature of the fluid is used as the reference temperature, a
direct comparison via mean temperature of the air as reference in air heating collector performance is
possible.
Regarding aspect 3: The thermal losses of a collector depend mainly on the mean temperature of the
absorber. The performance of a solar collector, according to equation 1 and 4, depends on the temperature
difference between Tm and the ambient temperature Ta. To determine the mean temperature, the inlet and the
outlet temperature need to be measured. For the same mean temperature many inlet temperatures are
possible, by adjusting the mass flow rate to achieve the appropriate an outlet temperature. The same applies
for the outlet temperature. This means, if the inlet or the outlet temperature were to be used only as the
reference temperature without defining the other temperatures, the result would not be sufficiently defined.
Regarding aspect 4: Simulation models calculate the outlet temperature of the collector for a given inlet
temperature using the efficiency of the collector. If the inlet temperature only would be used in the reference
temperature the efficiency would be independent from the temperature difference between inlet and outlet
temperature, this is physically not possible. This is the same argument as in aspect 3.
Therefore, only the mean temperature can be used as reference temperature for well-defined measurements
of the performance curve. This is the reason, why the mean temperature is proposed as reference temperature
for air heating collectors in the draft for the EN 12975. When the difference between inlet and outlet
temperature is limited and the measurement conditions do not vary much, which is the case when measuring
non-covered open loop collectors, also the inlet temperature could be used by proxy.
Based on this, the following question is: how the mean temperature can be determined. The temperature
difference between absorber and air as heat transfer is usually high and an asymptotic profile for both is
shown in the results of the simulations of the air and absorber temperatures along the collector channel,
shown in figure 7. Also the heat transfer coefficient for each segment is shown. By approximation the
temperature increase of the air in the collector is close to a linear increase from the inlet to the outlet except
for the ‘run-in’. This result was also be validated by measurements. Due to this it was determined that the
mean temperature can be calculated in the same way for air heating collectors as for liquid heating collectors,
i.e. as the arithmetic average of inlet and outlet temperature as it is described in equation 3.

Fig. 7: Simulated temperature of the heat transfer air and the absorber as well as the heat transfer coefficient
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Summary
Solar air heating technology has some advantages in comparison to liquid heating collectors, but their market
share is less than 1% of the world market. In America mainly non-covered façade air heating collectors are
used, in Europe covered air heating collectors are common. One of the main barriers for further deployment
of air heating collectors is the missing common standards for performance and quality tests.
Within the project “Luko-E”, Fraunhofer ISE improved its performance test stand to accommodate
performance measurements with a high accuracy and repeatability for solar air heating collectors and worked
out a draft text for the extension of the European solar collector standard EN 12975 to cover solar air heating
collectors. This draft is currently in the comment phase.
Besides many details, two basic decisions were made. The dependency of the performance of air heating
collectors is reflected in the proposal to measure three performance curves for three different mass flow
rates. In addition it is recommended to adopt the mean temperature of the heat transfer medium, calculated as
the arithmetic average of the inlet and outlet temperature of the collector, as the collector reference
temperature for the performance curve. In this paper it is shown why this mean temperature is physically the
only relevant reference temperature for the air heating collector measurements.
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1.2 Thermal Storages

ANALYTICAL MODEL OF A NEW INTEGRATED COLLECTOR STORAGE
SYSTEM HEATED AT THE BOTTOM WITH A STRATIFIER
1

Jeronimo V. D. Souza and Gilles Fraisse
1

1

Locie, UMR-5271, Université de Savoie, Bourget du Lac (France)

1. Introduction
In the context of the French national plan for building energy renovation, we developed a new domestic hot
water integrated collector storage (ICS) unit. In order to evaluate the annual performance of this specific
bottom-heated ICS, an analytical model of the storage system was devised. The stratification device (plate)
makes this model innovative, because the storage system is heated at the bottom, with a concentrated solar
collector. The channel located between the plate and the upper wall of the storage assembly allows the
deposition of hot water at the top (see Figure 1).
Tout
Channel model

Multilayer
modified storage

Tin
(a)

Heat
exchanger

(b)
Fig. 1: (a) Diagram of the CFD model (b) Diagram of the analytical channel and the modified storage assembly

To model the new ICS system, an analytical model of the channel was coupled to a multilayer storage system
model available in TRNSYS software (type 541 - TESS library). The latter was first modified to account for the
boundary conditions imposed by the new ICS system (see Figure 1). The new model was compared to a
numerical model (CFD type).
2. Governing equations and boundary conditions
2.1. Stratifier Channel
The equivalent electrical network model of the channel is shown in Figure 2. The channel can be divided into
two zones: (i) the heating zone where the upper side has a fixed heat flux ( qɺ ), while the lower side allows a
heat exchange with the bottom part of the storage system, and (ii) the cooling zone where the channel
exchanges with both the environment and the storage assembly. The heat transfer within the channel is
calculated using the temperature field obtained from the modified multilayer storage model.
Cooling
zone

mɺ
Tout
Ta

Heating
zone

qɺ

mɺ

Ttes2

T12

mɺ
Tin

Ttes1

Fig. 2: Electrical network model of the channel.
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The channel has the following dimensions: thickness e=0.003 m, height in the first part Hch1=0.2 m and
Hch2=0.65 m in the second part. The channel height is smaller than the entire storage height in order to avoid
blocking the mass flow rate when the heat flux is low. In this case, the buoyancy forces are calculated with the
temperatures in the middle and the bottom parts of the storage unit (T1 to T7). The inlet temperature, Tin, is
given by the bottom temperature in the storage unit T1 from the first layer. Ttes1 and Ttes2 are the average
temperatures between T1 to T2 and T3 to T7, respectively. Ta for the simulation cases is equal to 20°C.
Note that the inlet of the channel has a thermal diode such that when the channel temperature is lower than the
storage temperature ( mɺ =0), the hot zone becomes a heat accumulator.
The mass and heat balance equations in the channel are written as:

mɺ  ξ in

Lch
ξ out 
+ fr
+
= gLch cos(Θ)( ρ tes − ρ ch )

2
2
2 
2  ρ in Ain
2e ρ ch Ach ρ out Aout 

∆Pin + ∆Pchanel + ∆Pout = ∆Ptes →

Cch1

Cch 2

dTch1

ɺ p (Tin − T12 ) + U ch1 / tes1 ⋅ Ach1 (Ttes1 − Tch1 )
= qɺ ⋅ Ach1 + mc

dt

(eq.1)

(eq.2)

in

dTch 2
dt

ɺ p (T12 − Tout ) + U ch 2 / Ta ⋅ Ach 2 (Ta − Tch 2 ) + U ch 2 / tes 2 ⋅ Ach 2 (Ttes 2 − Tch 2 )
= mc

(eq.3)

12

To calculate the friction factor (fr) and the mean convective heat transfer coefficient in the channel (hch), the
correlations given by (Muzvchka et al. 2004; Muzychka and Yovanovich 2009) were used. These correlations
are based on the section area of the channel for a noncircular duct. The friction factor fr is given by:

fr ⋅ Re
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 3.44  2 
12
= 
 +
+
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(eq.4)

) , the dimensionless position for hydrodynamically developing flow, ε is the

the Reynolds number based on square root of flow area. The mean convective

heat transfer coefficient in the channel (hch) is written as follows:

hch = Nu
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(eq.6)

is the dimensionless position for thermally developing flow,
, and m* = 2.27 + 1.65 Pr .
1/ 3

The mean temperature in the channel 1 ( Tch1 ) is given by the average of Tin and T12 . To determine the energy
balance in channel 2, its mean temperature ( Tch 2 ) and the outlet temperature ( Tout ) can be calculated as follows:

Tch 2 =

TWch + ( TWch - T12 )

( aH )

⋅ ( exp ( -aH ch1 ) -1)

(eq.7)

ch1

Tout = TWch - ( TWch - T12 ) ⋅ exp ( -aH ch1 )

(eq.8)

where a = ( 2W ⋅ hch 2 ) / ( mɺ ⋅ cch 2 ) and TWch is the channel wall temperature, which is the average between the two
internal wall temperatures.
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2.2. Modified storage tank
For the storage component, we chose to modify the software model in TRNSYS (type 541 TESS library). The
software version works with direct or indirect withdrawal in the storage tank (with or without an immersed heat
exchanger), but not with both. The model’s boundary conditions were modified to provide one flow inlet, one
flow outlet, and an internal heat exchanger. This model presents the following advantages: (i) the storage tank
is a rectangular box (here 1.3×1.5×0.1 m H×W×L), with different heat transfer coefficients on the top, side and
lower surfaces; (ii) the storage assembly can work tilted and the buoyancy forces are taken into account in the
calculation. In the comparison study between the CFD results and the new model, the modified type was
considered to be a black box. The time step equal to 1 min was used in the simulation.
The storage unit is divided into ten temperature layers, where N1 is the layer at the bottom and N10 at the top.
The global heat transfer coefficient around the storage is U=2W/m²K. In the modified case, the outlet flow is at
the bottom, which is the inlet for channel 1 with mɺ and Tin =T1, and the inlet at the top, with mɺ and Tout from
channel 2. The inlet at the top (N10) was chosen because with the low velocity on the output of the channel it is
possible to consider the inlet at the top.
In this paper, the details on how the model is solved will not be described, see references in (TRNSYS-TESS
2004).
2.3. CFD Model
The CFD results are based on a cavity with the following dimensions (Figure 3), where a Bousinesq approach
and the shear stress transfer, SST-turbulence model from (ANSYS-Inc. 2009) are used, with a time step equal
to 0.75 s. This CFD model was previously validated by experimental results.

Fig. 3: Diagram of the storage and plate dimensions for the CFD model.

The following boundary conditions are applied in both models. The initial storage temperature is Ti=20°C and
the ambient temperature Ti=Ta. The global heat transfer coefficient around the storage is U=2W/m²K. To
compare the two models, the following boundary conditions were modified:
Table 1: Boundary conditions changed in the models for the respective cases

Cases

Slope angle (deg)

Heat flux (W/m²)

A30P18

30

1800

A30P36

30

3600

A45P18

45

1800

A45P36

45

3600

3. Results and discussion
The results over time of the following variables will be discussed: the temperature distribution, the average
temperature, the cumulated energy in the storage system, the heat transfer through the plate, and the mass flow
rate in the channel. Although the study of the time step is not discussed in this paper, the choice of 1 min was
based on the results at the beginning of the simulation. The graph of the mass flow rate (Figure 7) illustrates the
time step effect.
3.1. Average and temperature field
To show the temperature field’s temporal evolution in the storage system, the temperatures T1, T3, T5, T7, and T9
were chosen, where T1 is at the bottom and T9 at the top (Figure 4 and Figure 5). In all the cases studied, the
temperature at the top (T9) and at the bottom (T1 ) was higher for the model at any time. Conversely, for T7 the
CFD model was always higher. In all cases, the major difference between the temperatures of the models was
about 0.5°C.
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The influence of the slope angle was low; the stratification in the storage unit changed very little between 30°
and 45°, but a higher temperature can be observed in the 30° cases. Overall, the distribution and changes in the
temperature in the model storage tank were satisfactory when compared with the CFD model.
30° - 1800 W/m²

30° - 3600 W/m²

Fig. 4: Temperature field in the storage system for CFD and MODEL (a) A30P18; (b) A30P36.

45° - 1800 W/m²

45° - 3600 W/m²

Fig. 5: Temperature field in the storage system for CFD and MODEL (a) A45P18; (b) A45P36.

Regarding the changes in average temperature (Figure 6), a substantial discrepancy appeared in the average
temperature for t<1200 s. The average temperature change in these cases can be represented by a straight line,
even if the CFD model has a slightly curved profile at its beginning and a higher mean temperature can be
expected for the CFD model after 1 h. For A45P35, this change already appeared at t=3600 s with a 0.02°C
increase for the model.

Fig. 6: Average temperature in the storage system for CFD and MODEL, A45P18 and A45P36.
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3.2. Energy balance
To determine the energy balance from the models, the differences between models can be better quantified.
Table 2 shows the cumulated energy for both models and the percentage variation at 1200 s, 2400 s, and 3600 s.
In general, the discrepancy between the CFD and the model decreases with time. At t=1200 s, the difference
reached approximately 19% for A45P36, until it inversed at t=3600 s for A30P36 and A45P36 with −0.16%
and −0.54%, respectively.
Tab. 2: Cumulated energy for both models at t=1200s, t=2400s, and t=3600s.

CASE

CFD - Cumulated
energy (kj)

MODEL - Cumulated
energy (kj)

(MODEL-CFD)/
MODEL (%)

t=1200s
A30P18 (30° - 1800 W/m²)

543.00

624.05

12.99

A30P36 (30° - 3600 W/m²)

1153.50

1307.48

11.78

A450P18 (45° - 1800 W/m²)

551.16

683.14

19.32

A45P36 545° - 3600 W/m²°

1168.70

1327.06

11.93

t=2400s
A30P18

1184.10

1267.01

6.54

A30P36

2433.40

2504.01

2.82

A45P18

1192.26

1281.48

6.96

A45P36

2459.00

2526.19

2.66

t=3600s
A30P18

1819.00

1853.78

1.88

A30P36

3688.14

3682.23

−0.16

A45P18

1827.15

1870.62

2.32

A45P36

3727.17

3707.27

−0.54

As for the previous variables, the mass flow rate is higher for the model (Figure 7). This difference has its
maximum in 0.0031 kg/s for A45P36 at t=3600 s and the minimum in 0.0009 kg/s, representing an error of
about 8.5% and 3.2%, respectively. At the beginning of the new model simulation, a peak can be observed,
resulting from the time step. Even with a lower time step, the mass flow rate is lower for the CFD model.

Fig. 7: Mass flow rate for CFD and MODEL (a) A30P36 and A30P18; (b) A45P36 and A45P18.

Concerning the heat flux between the channel and the storage system (Figure 8) before t=1200 s, the CFD heat
flux is lower and increases slowly. This phase shift occurs because the CFD model takes into account the heat
capacity of the plate. After this time, for the storage units heated with the 3600 W/m², the model heat flux is
lower, and for the other storage units, heated with 1800 W/m², the CFD heat flux is slightly higher.
The other losses on the back and side surfaces are slightly lower for the CFD, approximately 2%. To explain
the difference in cumulated energy, the temperature fields, and the mass flow rate, the heat flux between the
channel and the environment must be analyzed (Figure 9). At t=300s the CFD model is about 75% higher, for
all configurations and at t=3600 s this difference is about 80%.
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Fig. 8: Heat flux between channel and the modified storage unit for CFD and MODEL (a) A30P36 and A30P18; (b) A45P36 and
A45P18.

Fig. 9: Heat flux between channel and the ambient temperature for CFD and MODEL (a) A30P36 and A30P18; (b) A45P36 and
A45P18.

This considerable difference in the heat flux exchange with the environment can explain the model’s behavior.
Because a lower heat flux with the environment means less loss, then a higher average and outlet temperature in
channel 2 and higher buoyancy forces, hence a higher mass flow rate.
In a general view, the global model can be considered satisfactory. It should also be mentioned that the
calculation time for the CFD model is about 9 h to simulate 1 h. With the global model, this simulation takes
less than 1 s, so for the annual simulation, a calculation time of about 2 h can be expected with a 1-min time
step.
4. Annual Simulation
During this study, four annual simulations were carried out, where the two heat exchangers for domestic hot
water and two storage capacity systems were studied. The daily withdrawal used in these simulations is 0.083
kg/s at t=8 h and t=19 h for 20 min each (100 l in each withdrawal) where the inlet temperature in the heat
exchanger is equal to 15°C. The weather data from Chambery, France, were used for the simulations. The new
ICS has a 30° inclination angle.
3.2. Assembling with the thermal collector
The new model was assembled with a thermal collector, an evacuated solar tube, and an annual simulation was
carried out. This thermal collector (evacuated tube type) exchanges the heat flux at the bottom of the new
model, working as a solar radiation concentrator. The solar collector has a 2-m² surface collector and its
efficiency is given by:
2
 Tm − Ta  − 0.007  ( Tm − Ta ) 



G
 G 



n = 0.75 − 2.5 

(eq.9)

where Tm is the average temperature at the collector, Ta is the external temperature, and G is the total incident
solar radiation.

294

3.2. Heat exchanger effect
To supply domestic hot water, the heat exchanger must be taken into account. For these preliminary
simulations, a copper serpentine heat exchanger was chosen, 30 m long with an internal diameter of 0.025 m.
This paper does not discuss heat exchanger optimization but only the distribution effect of the heat exchanger in
the storage system. The results are given by a heat exchanger distributed uniformly throughout the height of the
storage tank (HX1) and with a more concentrated heat exchanger on the top (HX2).

Fig. 10: Summer day’s results of the annual simulation with HX1.

Fig. 11: Summer day’s result of the annual simulation with HX2.

Figures 10 and 11 represent three summer days in the annual simulation. For HX1, an increase in the
stratification after the withdrawal was observed; with the HX2, a uniform temperature was observed. In useful
domestic hot water, the differences between the two heat exchangers are given in Table 3. For these examples,
the effect of the heat exchanger distribution was not significant.
Tab 3: Outlet HX average temperature for summer, winter, and average year.

Outlet HX average temperature (°C)
CASE

HX1

HX2

Summer average - morning

25.3

25.8

Summer average - afternoon

40.4

39.8

Winter average - morning

17.3

18.2

Winter average - afternoon

24.8

25.6

Year average - morning

22.1

22.8

Year average - afternoon

34.1

34.1
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3.2. The volume storage effect
In the previous simulations, the surface collector (m²)/volume storage (m3) ratio was equal to 10.25 (m²/m3).
For the following simulations, a ratio of 12.82 (m²/ m3) was used, which results in a storage system of the
following dimensions: 1.3×1.5×0.08 m with, respectively, H×W×L and a volume equal to 0.096 m3.

Fig. 11: Summer day’s result of the annual simulation with HX1 and volume storage equal to 0.096 m3.

Fig. 11: Summer day’s result of the annual simulation with HX2 and volume storage equal to 0.096 m3.

Comparing these results with the configuration volume 0.195 m3, a higher temperature was observed in the
afternoon and a lower temperature in the morning. Moreover, the increase in the afternoon temperature was
greater than the decrease in the morning temperature. As for the heat exchanger distribution, the HX1 had a
better annual performance in the afternoon versus a better morning performance for the HX2.
Tab. 4: Outlet HX average temperature for summer, winter, and average year.

Outlet HX average temperature (°C)
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CASE

HX1

HX2

Summer average - morning

21.9

23.6

Summer average - afternoon

43.9

44.1

Winter average - morning

15.5

16.4

Winter average - afternoon

26.4

26.4

Year average - morning

19.3

20.7

Year average - afternoon

36.9

37.0

In all configurations, the new ICS resisted freezing temperatures as Figure 12 shows for 3 winter days, for the
HX2-0.096 m3 example. Note that even with indirect withdrawal, in winter, the inlet water in the heat
exchanger can increase the average temperature in the storage unit and avoid the risk of freezing. For the
configurations simulated in this experiment, the risk of freezing was not relevant; the lowest temperature in all
simulations was about 14°C for the HX2-0.096 m3.

Fig. 11: Winter day’s result of the annual simulation with HX2 and volume storage equal to 0.096 m3.

5. Conclusions and perspectives
This paper has compared and validated a new ICS model using a numerical model (CFD type). The outcomes
of this validation procedure show that: (i) in terms of accumulated energy, a discrepancy of −1 to 20% was
observed between the new model predictions and the numerical results, and this difference was greater at the
beginning of the simulation, (ii) in terms of temperature field and mass flow rate, the new model predicts higher
values, and (iii) these discrepancies are caused by the low heat flux prediction between the channel and the
environment, because a lower heat flux with the environment means less loss in channel 2, then a higher
average and outlet temperature, higher buoyancy forces, hence a higher mass flow rate.
In the annual simulation, the storage was assembled with an evacuated tube collector. The distribution of the
heat exchanger within the storage tank was analyzed and the two volume storage systems were simulated. The
heat exchanger distribution was not significant for the two HXs studied. Reducing the storage volume, the
outlet temperatures in the HX are higher in the afternoon and lower in the morning, but in an overall view,
efficiency is greater in the smaller volume. During all the simulations, the risk of freezing was null for all
configurations of the new model.
An optimization study of the heat exchanger is planned with other withdrawal profiles. In order to adapt the
ICS system for distinct regions in France, the collector surface/volume storage ratio will be investigated to
optimize this variable. After modeling the new ICS unit, a prototype will be made and tested in real conditions.
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COMPARISON OF DIFFERENT POLYMERIC SEALINGS
FOR HOT WATER STORAGES
Claudius Wilhelms, Katrin Zass, Klaus Vajen
Kassel University, Institute of Solar and Systems Engineering, Kassel (Germany)

1. Introduction
Solar heating systems with collector areas over 20 m² for hot water preparation and space heating mostly
require heat storages with a volume of ≥ 2 m³. Due to limited space and narrow door passages, the
installation of the necessary storage volume can be difficult or impossible, especially in residential buildings.
Within a research project financed by the Federal Ministry for the Environment, Nature Conservation and
Nuclear Safety*, a new concept for the design of a hot water storage was developed that helps to solve that
problem. Fig. 1 shows a simplified design of the concept. A frame made of steel profiles defines the
geometry and takes up mechanical loads. Sandwich insulation panels made of metal sheets and polyurethane
foam provide thermal insulation and dispose the surface load of the hydrostatic water pressure to the steel
frame elements.

PU insulation

polymeric liner

water

steel frame

metal sheet

In-/outlets

Fig. 1: Multi-component hot water storage with an inner liner/membrane made of polymeric materials.

Regarding water sealing, several polymeric materials were reviewed and tested within the research project.
Three materials were selected for further investigation:
1.

EPDM (ethylene-propylene-dien-monomer rubber), a synthetic elastomer with a wide operation
temperature range from -40 to 130°C. EPDM is widely used in different sealing applications such as
sealings, roof covers or flexible tubes.

2.

IIR (butyl rubber), a synthetic elastomer with very good air impermeability properties. Typical
applications are tire innertubes and membranes in expansion vessels.

3.

PP-H (homopolymer propylene) is a polyolefine polymer with low permeation properties and a
temperature range from 0 to 100°C. Big underground pipes and tanks e.g. for chemicals are made of
PP-H.

*„Solarthermie2000plus: Theoretische und experimentelle Untersuchungen großer kostengünstiger
Solarspeicher in Mehrkomponentenbauweise“, FKZ 0329284A , duration 2007-2010
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To evaluate the capability of the selected materials, not only physical properties of the polymers are relevant.
For a successful design of a storage sealing, different aspects like processing, costs, tank construction,
joining techniques have to be taken into account, as described in Wilhelms (2011).
This paper discusses the water vapour transport and ageing properties of the three preselected polymers. To
get most lifelike results, own measurements has been carried out where the materials has been exposed under
same conditions like in the focused application.
2. Determination of Water Vapour Transport Properties
Regarding the function of polymers in the storage as a sealing liner, the knowledge of the amount of water
loss of a hot water storage as a result of water vapour transport is important. EPDM, IIR, and PP-H were
exposed in hot water baths for up to 15.000 h at 78°, 88° and 98°C. The experimental device was especially
constructed for the investigation of liner material under realistic conditions and was strongly inspired by a
design of a test rig discussed in Ochs (2008). With standardised measurement procedures * it is nearly not
possible to evaluate the suitability of the materials since the water vapour permeation is measured only up to
a temperature of 38°C. However, the water vapour permeation increases exponentially with rising
temperatures. Fig. 2 shows the device and a schematic of the flanges.

T = const. = 78 / 88 / 98°C
1) Aluminiumflansch

Fig. 2: Testing device2)
forElastomer-Probekörper
determination of the water vapour permeation resistance factor for different polymers at different
temperatures.
Sketch of (Zeolith
the set-up4A)
(left) and picture of the tempering bath (right).
3) Trocknungsmittel
1: aluminium flange, 2: test specimen, 3: desiccant (Zeolith 4A)

The samples are mounted in a flange with a sorption material inside. Thus, the sample liner is in contact with
hot water on one side and dry air on the other. This corresponds to the position of an installed liner in the hot
water storage. Furthermore, this setup allows the measurement of the water vapour transport in a simple way
within a range of water vapour diffusion resistance factor up to µ < 1.000.000. As a well-known reference
material, PE-HD with its low permeation properties was also tested.

*e.g. EN 12086, EN 12572, ISO 15106, ASTM E398, JIS K7129
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Two indicators were determined: The water vapour diffusion resistance factor µ and the water vapour
transmission rate WVTR, where µ is defined as
µ=

a


[ -] (eq. 1)

and WVTR as
WVTR=

a
g⋅mm
⋅ p v [
] (eq. 2),
µ
m²d

 a is the permeability rate in air,  the permeability rate of the investigated material and  p v the total
pressure drop across the material. During the exposure, the mass gain in a specific time slot of the sorptionfilled flanges was measured. WVTR was determined by the test directly by applying

WVTR=

m Flange
⋅d (eq. 3)
AF t

with the surface of the liner A F, time interval t=24h and thickness of the liner d. Fig. 3 shows the results of
PE-HD in comparison to reference data from Gibbesch (1996), Ochs (2010) and Geipel (1986). A good
agreement could be demonstrated, although the exact compositions of the materials are not known.

PEHD
600.000
500.000
400.000

µ

300.000
200.000
100.000
0
Gibbesch
(90°C)

Gibbesch
(70°C)

Ochs
(95°C)

Ochs
(75°C)

Geipel
(95°C)

Geipel
(70°C)

own measurements
Eigene
Eigene
Eigene
(98°C)
(88°C)
(78°C)
(98°C)
(88°C)
(78°C)

Fig. 3: Determined water vapour diffusion resistance factor of PEHD in comparison to literature values.

Fig. 4 to 5 show the results of the investigated materials. A strong dependency of WVTR regarding the
exposal temperature can be seen. While IIR and PP-H allow a fairly low water vapour transport, the water
loss through EPDM can be a maximum of WTVR=85 g mm/m²d.
If using EPDM as an inner liner for hot water storages, it is strongly recommended to take care of that, e.g.
by using an EPDM liner with vapour barrier material like aluminum sheets or PE-HD layers. In cooperation
with Contitech Elastomer Coatings GmbH, a compound liner with a thin aluminum inner layer was
developed and tested. Fig. 7 shows the results of the water vapour diffusion measurements. “Trapped” water
between the EPDM and aluminum layers transported by vapour diffusion through EPDM leads to a strong
deviation and overall decrease of the single measurements. Nevertheless, comparing with standard EPDM
material, the water vapour diffusion could be reduced by a factor of ten. The material has been patented 2010
by Contitech (pat. no. EP 2246181).
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Fig. 4: Determined water vapour resistance factor µ and water vapour transmission rate WVTR of EPDM at the exposal temperatures
78, 88 and 98°C. The average of µ is 40.000.
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Fig. 5: Determined water vapour resistance factor µ and water vapour transmission rate WVTR of IIR at the exposal temperatures 78,
88 and 98°C. The average of µ is 113.500.
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Fig. 6: Determined water vapour resistance factor µ and water vapour transmission rate WVTR of PP-H at the exposed temperatures
78, 88 and 98°C. The average of µ is 181.000.
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Fig. 7: Determined water vapour resistance factor µ for the multi-layer Al/EPDM layer of different samples. The average of µ
is approximately 400.000 (red curve).

3. Ageing of the material
A long lifetime of the inner liner of a minimum of 20 years is required. The material is exposed to fluctuating
temperatures in the tank from 15 to 95°C. The same samples used for the water vapour transport
measurements were used for the ageing investigations.
Stretch tests were carried out for PP-H, EPDM and IIR after different exposure intervals to find out whether
a change of the strength and ultimate strain can be observed as a function of time and hot water temperature.
Fig. 8 to 10 show the measured data. Regarding EPDM and PP-H, no significant reduction in elasticity or
strength could be detected at all three temperatures. The strong deviation of the measured elasticity values
comes from problems with the fixing of the thin liner material at the stretch testing machine.
The stress and strain values of IIR decrease considerably, especially the material that was exposed at 88 and
98°C. After 8.000 h, the strength is reduced from 12 to 6 MPa. Looking at the samples with 98°C bath
temperature, half of the original elasticity is reached after 12.000 h. In literature, a material is often defined
as “broken” if the original value is reduced by 100%, see Kahlen (2009) and Brown (2000).
To get further indications of ageing, also the hardness of the three materials was analysed. For the
elastomeric materials the shore hardness was measured; polypropylene was the ball hardness. Fig. 11 to 13
show results.
As expected, the hardness of EPDM increases slightly over time to 110% after 16.000 h. If the hardness gets
too high, cracks or porosities can occur in operation. In contrast to that the hardness of the reviewed IIR
decreases over time. This can be explained by cracking of sulfur cross-linkings and depolymerisation of the
elastomeric structure due to the influence of the (too) high exposal temperatures. PP-H shows nearly no
change of the hardness over time, as to be expected by a polyolefine. The hardness tests confirm that IIR
shows clearly first ageing effects after the test time.
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Fig. 8: Maximum strain (left) and stress (right) of EPDM measured after different exposal times and temperatures.

Fig. 9: Maximum strain (left) and stress (right) of IIR measured after different exposal times and temperatures.

Fig. 10: Maximum strain (left) and stress (right) of PP-H measured after different exposal times and temperatures.
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4. Conclusion
The application of polymers for sealing hot water tanks offer new possibilities of tank design for solar
thermal applications. Water vapour transport and ageing properties at high operating temperatures of three
commonly used materials EPDM, IIR and PP-H were investigated in the frame of IEA-SHC Task 39 (SHCTask 39 „Polymeric Materials for Solar Thermal Applications).
EPDM shows a very good ageing behaviour. No ageing effects could be detected after exposing the material
for at least 15.000 h. However, the high water vapour transport through the liner, up to
WVTR=85 gmm/(m²d), must be reduced by applying a vapour barrier. A thin aluminum foil was
implemented between two EPDM layers and the water vapour transport could be reduced by a factor of 10.
IIR shows a tolerable transport of up to WVTR=30 g mm/(m²d) but this material showed first ageing effects
after 5.000 h of exposure.
PP-H shows similar water vapour transport porperties. Inside the testing period of 8.000 h, no ageing effects
could be detected.

5. References
Brown, R.P., Butler, T., 2000. Natural Ageing of Rubber – Changes in Physical Properties over 40 Years,
Rapra Technology Limited, Shawbury, Great Britain
Geipel, W., 1983. BMFT-Forschungsbericht T83-020: Planung, Bau und Erprobung eines wärmegedämmten
Erdbecken-Versuchswärmespeichers mit 30.000 m³ Inhalt zur Aufnahme von Warmwasser mit mindestens
90°C, Stadtwerke Mannheim, Germany
Gibbesch, B., Schedlitzki, D., 1996. Water Vapour Permeability of Organic Materials for Coatings, Rubber
Linings and Equipment Components, PCE-Journal, Technology Publishing Company, Great Britain
Kahlen, S., 2009. Aging Behavior of Polymeric Absorber Materials for Solar Thermal Collectors,
dissertation, Institut für Werkstoffkunde und Prüfung der Kunststoffe, Montanuniversität Leoben, Austria
Ochs, F., 2010. Modelling Large-scale Thermal Energy Stores , dissertation, University Suttgart, Stuttgart,
Germany
Wilhelms, C., 2005. Theoretische und experimentelle Untersuchung neuartiger Konzepte zur
Warmwasserspeicherung für thermische Solaranlagen, diploma thesis, Kassel University, Kassel, Germany
Wilhelms, C., Zaß, K., Vajen, K., Jordan, U., 2011. FKZ 0329284A: Solarthermie2000plus:-Theoretische
und experimentelle Untersuchungen großer kostengünstiger Solarspeicher in Mehrkomponentenbauweise,
Final Report, Kassel University, Kassel, Germany

307

A COMPUTATIONAL FLUID DYNAMICS STUDY ON THE ACCURACY OF
HEAT TRANSFER FROM A HORIZONTAL CYLINDER INTO QUIESCENT
WATER
William Logie and Elimar Frank
Institut für Solartechnik SPF, 8640 Rapperswil (Switzerland)

1. Introduction
The discipline of prototyping and designing parts or components via direct numerical simulation offers
engineers today a powerful tool in the understanding of physical problems. The manipulation and operation
of numerical fields representing the conditions we wish to consider (for example by way of Newtonian fluid
physics) provides insight and comparative confidence in decisions otherwise grounded on experience or
experimental data. To gain this confidence however - that the model parameters and numerical solver are
realistic - we must be stringent in their validation for any given problem.
Illustrated in this paper is such a validation for free convective heat transfer (Nusselt number) from a
horizontal cylinder into quiescent water. The fluid properties and free convective range of application reflect
those occurring within Solar Domestic Hot Water (SDHW) storages with helically coiled Immersed Heat
Exchangers (IHX). Once the solver parameters are approved as discussed here, models representing such
SDHW storages may be parameterised for simulation under a suitable optimisation cost function.
2. Investigations
For these investigations the open-source Field Operation And Manipulation C++ Toolbox OpenFOAM® was
used; specifically, its incompressible solver for free convective heat transfer utilising the Pressure-Implicit
with Splitting of Operators (PISO) algorithm under the Boussinesq approximation. By this method, all
change in density (effective kinematic density ρk) is prescribed by change in temperature (volumetric
expansion β) via Eq. (1):

k  1   (T  T0 )

(1)

First the velocity (U) and temperature (T) fields are solved using the hydrostatic pressure (Pρgh1) field from
the previous time-step before the pressure-implicit loop is called for the current one. The relevant solver
parameters and thermo-physical properties for water are given in Table 1.
Table 1: Simulation parameters and nomenclature.

Property

Units

-8

m2.s-2

-

1×10

Solver tolerance for U, T, k and ε

-

1×10-6

m.s-1, K, m2.s-2 and m2.s-3

Reference/Quiescent Temperature

T0

293.15

K

Kinematic Viscosity

ν

1.004e-6

m2.s-1

Thermal expansion coefficient

β

207e-6

K-1

Laminar Prandtl Number

Pr

7

-

Thermal Capacitance

Cp

4183

m .s .K (J.kg-1.K-1)

Density

ρ

998

kg.m-3

0.6

kg.m.s-3.K-1 (W.m-1.K-1)

9.81

m.s-2

Gravity
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Value

Solver tolerance for Pρgh

Thermal conductivity

1

Nomenclature

Subscript explanation: ρk × g × height.

kf 

Cp 
Pr
g

2 -2

-1

Given that a horizontally orientated cylinder is more or less homogenous in the dimension of its extrusion,
the problem can be minimised to be 2 dimensional (see Figure 1).

Figure 1: A trimetric view of the hexahedral mesh 2 around the cylinder (parameterised with Gmsh3).

The quiescent approximation is achieved by a mesh extending 50cm above and below and 100cm to the right
and left of the cylinder walls with Neumann boundary conditions applied to velocity and pressure. This
stipulates the derivative a solution is to have when crossing the boundary (in this case zero). An exception
was made for pressure at the bottom boundary condition where a total pressure was applied so as to provide
a reference for the hydrostatic pressure field. The temperature of any fluid entering the mesh is that of the
reference temperature and was applied by way of the derived inlet/outlet boundary condition; fixed value
entering (Derichlet) and zero gradient exiting (Neumann).
The information sought in this discretised space is contained within the boundary layer around the cylinder;
namely the temperature gradient from its surface looking into quiescent water. To obtain an approximation of
its logarithmic nature while remaining within realistic numerical scales, an inflation layer was generated
whereby the cells increase in size from the cylinder surface towards free fluid. One of the most challenging
parts of mesh definition is treatment of the law of the wall, where the Reynolds averaging simulation of
turbulence in the flow field must be considered together with the viscous sub-layer near the wall. Based on
best practice recommendations (Patel et al., 1985) the Launder Sharma low-Reynolds k-ε-turbulence model
was applied for flow field angular momentum and dissipation, a dimensionless wall distance y+ at or below
1.0 was ensured and zero-turbulence at the cylinder wall was fixed. Accordingly, the smallest cell thickness
at the cylinder surface was set to ~2×10-4 metres and an inflation layer 2 times the radius of the cylinder with
a growth factor of 1.1 was applied. This allows for turbulence in the free convective plume erupting from the
cylinder while also ensuring direct numerical evaluation of the thermal boundary layer.
Although under the boundary conditions defined a steady state flow can be expected, transient simulations
were performed such that the emergence of turbulent phenomena might be observed. Simulations for varying
temperature differences (between cylinder surface and quiescent water) and cylinder sizes were run for 1000
seconds, within which time a convergence to quasi-steady state flow always occurred.
We begin with the definition of the average Nusselt number as the integral of the dimensionless temperature
gradient over the arc length of the cylinders surface as in Eq. (2).

2

OpenFOAM always operates in a 3D Cartesian coordinate system - 2D geometries consist of a mesh 1 cell thick, normal to which no
solution is sought. An advantage of this is that the solver and post-processing algorithms one develops are the same regardless of
whether 2D or 3D is simulated.
3
http://geuz.org/gmsh/
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Nu D 

hD 2 T *
 *
kf
0 n

d

(2)

n 0
*

Where h is the average convection coefficient, D is the cylinder diameter, kf is the thermal conductivity of
the fluid and θ is the angular coordinate around the cylinder. The non-dimensional variables for temperature
T* and length normal to the cylinder surface4 n* are given in Eq. (3).

T* 

T  T0
TS  T0

(3)

n
n 
D
*

The temperature subscript S refers to cylinder surface and Figure 2 gives an example of n.

Figure 2: Discretised cylinder surface showing the normal vector n for a surface element.

Post processing of the discretised cylinder surface was performed by reworking the relations described in
Eqs. (2) and (3) around the wall heat flux q”. This was obtained via the cylinder surface normal temperature
gradient with Eq. (4).

q"  kf

T
n

(4)
n 0

From this we can derive the convection coefficient via Eq. (5) and subsequently the local Nusselt number
analogously to Eq. (2). Averages were then weighted according to surface element size.

h

q"
TS  T0

(5)

The variation of average Nusselt numbers in the buoyant range of ~105 < Ra < ~108 is compared with two
common empirical equations - e.g. from Incropera et al. (2006) or VDI (2010) - namely those from Churchill
& Chu (1975) and Morgan (1975).
3. Results
A significant effort has been made to ensure that the computational results are independent of spatial and
temporal resolutions. For any given mesh resolution an adaptive time stepping was used such that no cell
exchanged more than half of its contents with a neighbour at any time.
Of primary concern regarding accuracy is that all fluid properties remain constant under the Boussinesq
approximation. Although this can be compensated for at most by defining fluid properties for each
simulation reflecting the average film temperature between cylinder surface and quiescent fluid and adjusting
properties (e.g. density) in a post-processing step, it was decided to keep all thermo-physical properties
constant for simplicity’s sake because we are primarily interested in the comparison.
We can begin by observing the development of the Nusselt number in each simulation of constant

4
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This is not to be confused with y+ (compare Eq. (3) with http://www.cfd-online.com/Wiki/Dimensionless_wall_distance_(y_plus)).

temperature difference for a cylinder with a diameter of 35mm. In Figure 3 we can see how the local Nusselt
number varies over the cylinder surface when ∆T = 10K; from a maximum (32.2) at the bottom where
quiescent water separates to a minimum (7.7) at the top where the buoyant flow recombines – the average
Nusselt number is 25.7.

Figure 3: Visualisation of the flow separation and recombination around the cylinders circumference, the temperature field
and the local Nusselt number for a cylinder with diameter 35mm and ∆T = 10K.

In Figure 4 the transient response of heat transfer for the first 500 seconds for 6 temperature differences is
shown. At the beginning of each run there is no fluid flow; heat transfer is dominated by conduction across a
very steep gradient. Feedback between the boundary layer and buoyancy finds equilibrium thereafter and
heat transfer stabilises. The water rising in a plume from the cylinder exits the top of the mesh and is
replaced from all sides (mostly bottom) by water at the reference temperature – steady-state is thus reached.
A mild bump in the Nusselt number is observed at the point in each simulation where the buoyant plume
exits the top boundary condition, after which eddies occur (∆T ≥ 2K) which create fluctuations in the heat
transfer response (Figure 5).

Figure 4: Transient heat transfer response for a cylinder with a diameter of 35mm for varying temperature differences.
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Figure 5: Streamline images showing an initial (left) and a final (right) flow field – cylinder diameter is 35mm and ∆T = 10K.

Plotting the steady state Nusselt numbers against the respective temperature differences (Figure 6) we can
compare the numerical results with the correlations from Morgan and Churchill & Chu. The correlation from
Morgan divides the relevant Rayleigh range (10-10 < Ra < 1012) into five zones with respective constants,
whereas Churchill & Chu created two correlation functions; one valid for the entire Rayleigh range and one
valid only for the laminar regime (10-10 < Ra < 109).

Figure 6: Plot of the average Nusselt number against temperature difference between cylinder surface and quiescent water for
a cylinder diameter of 35mm.

The same results plotted onto an axis showing the Rayleigh number are shown in Figure 7, this time
including the simulations for cylinder diameters of 20mm and 50mm. It becomes obvious that all simulations
remain laminar, a fact that is confirmed by near-zero convergence values for turbulence (k-ε) throughout the
entire flow field.
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Figure 7: Plot of the average Nusselt number against Raleigh number for OpenFOAM simulations of three cylinder diameters.

One can see the correlation from Morgan sliding from well within the laminar range at Ra = 107 up to
turbulent Nusselt values at Ra ≥ 108 while the results from OpenFOAM show no transition to a turbulent
regime. The full Rayleigh correlation from Churchill & Chu is significantly influenced by data from the
turbulent regime (Ra > 109) and shows as such an upper limit for any such transition. The case of
temperature differences greater than 40K and cylinder diameters greater than 50mm was considered outside
that expected in SDHW systems (Logie & Frank, 2009).
Subsequent models defined with multiple regions and varying coordinate schemes (e.g. 3D or 2D axissymmetric) are currently being investigated for the optimisation of heat transfer and stratification in SDHW
tanks. For this a catered OpenFOAM solver was developed that allows simulation of combined heat transfer
in solids and fluids under the Boussinesq approximation. As such, complex problems can be defined in
which mesh resolution of boundary layers reflect the validation above. Results generated provide insight into
system performance and can be compared to this case study. In Figure 8 a time instance from such a 3D
simulation is visualised.

Figure 8: Multi-region (internal and external flow) combined heat transfer (solids and fluids) simulation of an Immersed Heat
Exchanger (IHX): 1” pipe (27.2mm inner and 33.7 outer diameter), 70ℓ/h, inlet temperature is 313.15K (top) and the storage
temperature at the start of the simulation is 293.15K.
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4. Conclusion
The accuracy of the Nusselt numbers as evaluated by OpenFOAM depends significantly on the thickness of
the first cell to the cylinder wall. The smaller this cell is, the better the capturing of the temperature gradient
interpolated over this cell is, and accordingly the evaluated Nusselt numbers approach those from the laminar
correlations of Morgan and Churchill & Chu. If this cell is too small however, the convergence of the flow
solution suffers from numerical diffusion in the velocity and pressure field. Due to this compromise, the
Nusselt numbers from OpenFOAM are up to 10% higher than the correlations derived from laminar
experimental data. It should be noted that the correlations can deviate up to 15% from the experimental data
from whence they came.
Another reason why the Nusselt numbers from OpenFOAM lie above those from the laminar correlations
stems from the quiescent approximation as defined through the Neumann boundary conditions. They do not
necessarily represent a transition to infinite fluid.
Transition from a laminar to turbulent regime can depend on many factors (e.g. temperature difference,
geometry and the ratio of heat transfer surface to storage fluid volume). Angular momentum and diffusion
effects how the energy introduced into a SDHW is mixed and distributed (stratification into layers of hot and
cold) and can therefore not necessarily be ignored, even when laminar regimes predominate.
With numerical inaccuracy in mind one can say that simulations defined in OpenFOAM according to the
validation above can predict local heat transfer to within 10% accuracy and tend to underestimate the
temperature gradient at surfaces. A law of wall for temperature might improve on this.
Calculation time remains a significant limitation to the complexity of models considerable. For the example
in Figure 8 in which the mesh consisted of 1.73×106 cells and was partitioned onto four 2.66GHz cores
(Xeon® X5550), a CPU time of approximately 8 days was required to simulate 200 seconds. As such a
simplification of the model and boundary conditions to a 2D axis-symmetric simulation is aimed for in the
conclusive stages of this work.
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1. Introduction
In order to achieve high solar fractions in heating systems of single or multi family houses, large collector
areas and storage volumes are needed. In most cases this storages are placed in the basement of the building,
where low room height and small entrances limit the possible storage volumes. Thus large storage volumes
are only possible by on-site fabrications or by assembling of small tanks to a storage cascade. Both ways are
complex and expansive solutions and occupy much space in the basement (Wilhelms, 2008). In addition, the
thermal losses increase, as surface to volume ratio increases significantly with tubed tank cascades.
A new approach is to place the storage tank outside of the building in the underground. Within a research
project1 the ISFH develops a new storage concept for this application. The concept is based on a
prefabricated container made of concrete, which is best suited for a long-term operation in the ground, and
new developed insulation foam, which has a long-term stability at a temperature of 95°C even under a certain
mechanical load, which occurs in such a tank. The tank is designed to operate at about ambient pressure,
whereby different expansion concepts are investigated. The work includes the development and experimental
investigation of two prototypes and a simulation study, in order to determine the operation capability and the
optimum integration in solar assisted heating systems. For this purpose a simulation model was developed
and implemented in TRNSYS for calculating the interaction between the soil and the buried hot water
storage.
The paper discusses the main steps of the concept investigations and the results of a simulation study.
2. Storage concept and measurement results
To offer a cost efficient product with a high quality the construction time by the assembly should be reduced
to a minimum. Only the excavation, the connection of buried pipes and the refilling of the hole around the
tank should be carried out on site. The storage has therefore to be prefabricated and delivered by the
manufacturer of the concrete cistern.
2.1 Construction of the first prototype
The external envelope of the storage is a cylindrical concrete cistern, manufactured by the company Mall,
which protects the storage from ground water, roots, rodents and damages during installation. Inside the
cistern a new foam insulation material based on XPS (extruded polystyrene foam) is placed, developed by
BASF SE. Compared to standard XPS the new material reaches a high long-term stability at a temperature of
95°C, with a 20% higher pressure resistance (according to DIN EN 826). Because the new material is based
on the XPS production process the insulation material can only be manufactured in the shape of panels,
which have to be adapted by bending into the cylindrical cistern. In the first prototype three T-shaped
profiles were used, which fixed the panels at the concrete mantle in its cylindrical form. The insulation of the
bottom and the cap was made of custom-built panels. Therefore the bottom insulation panels were cut and
matched for fitting into a circular form and the cap insulation panels were cut into “pie slices”. The storage

1

The project “Neuartiges Konzept für kosteneffiziente erdvergrabene Heißwasserspeicher (KES)”, FKZ 0325950, in cooperation with
the companies BASF SE, Mall GmbH and RFS GmbH, is funded by the German Federal Ministry for the Environment, Nature
Conservation and Nuclear Safety (BMU) based on a decision of the German Federal Parliament. The content of this publication is in
the responsibility of the authors.
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water is kept by an inliner combination of two foils. The inner foil is a flexibel watertight EPDM foil
container (Ethylene-Propylene-Dien-Monomer), which adapts its shape due to the temperature induced
volume expansion of the water. It is connected to a floating flange, which can float up and down during
charging and discharging cycles. The outer foil is a compund foil (PET/ALU/HDPE), which reduces the
diffusion of water vapor to a minimum and thereby prevents the insulation from moisture penetration.
The first prototype was installed and measured in 2010. The storage volume was 5.45 m³ and the insulation
thickness was 18 cm at the mantle and the bottom and 24 cm on top (k = 0.035 W/mK). Fig. 2.1 shows the
concept of the first prototype. Differing from Fig. 2.1, the first prototype did not have any internal heat
exchangers. It was charged and discharged directly.
Concept for expansion
flexible cover

Floating flange
pipe connections

Concrete envelope
Storage water
(up to 95°C)

Insulation
expanded foam

Heat exchanger
immersed flexible
corrugated tubes

Inliner
multi-layer foils
(vapor barrier)

Fig. 2.1: Concept of the 1. prototype, here shown with internal heat exchanger, developed and measured at ISFH in 2010

2.2 Measurement results of the first prototype
The heat loss (UA-value) of storages is calculated from the reduction of the enthalpie during the
measurement, the measurement period and the mean temperature difference between the storage and the
ambient. In the first measured cooling curve the storage has shown a heat loss coefficient of 5.0 W/K ±
1.6%. The mean storage temperature thus decreases by 1.05 K per day for a storage water temperature
decrease from 85°C to 65°C. Fig. 2.2 shows the measured cooling curve of the first prototype over a time
period of 500 h. Due to only slight stratification effects, just the top layer and the five bottom layer
temperatures inside the storage water are displayed (15 equally spaced temperature sensors are installed).

Temperature of storage layers in °C

90
85
80
top layer
75
70
65

bottom layers

60
55
0

100

200

300

400

500

standby time in h
Fig. 2.2: Cooling curve of the first prototype, temperatures of the top layer and the 5 bottom layers (total 15 layers)

Further cooling curves were measured with changing operation parameters for the storage and its
environment. After five operating cycles with heating up the storage water to 85°C and cooling down to
15°C the UA-value increased to 5.2 W/K because of disarranged insulation panels on the cap insulation. The
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construction with the top insulation panels lying on the floating flange thus has proved to be not suitable for
long-term usage. A further measurement with repaired top insulation and with water saturated surrounding
soil resulted in an increase of the UA-value of 0.3 W/K to 5.3 W/K. Another test was carried out after a
modification of the expansion concept. An air volume above the water level inside of the EPDM-foil was
established, which is communicating with the air in the cavity above the insulation. In this case the UA-value
increased by about 0.1 W/K up to 5.1 W/K. Thus, no significant higher heat losses caused by the air and
water vapour exchange are to be expected. Via simulation it could be shown, that condensation of the vapour
in the upper air volume is no major problem even if condensation occurs inside of the cistern.
The heat losses of the first prototype show with UA-values of around 5 W/K good results. The storage is well
insulated and remains rather unimpressed on changes of ambient parameters, especially the variant with
communicating air cushion to compensate the volume expansion of the water has nearly the same heat losses
like the closed storage with floating flange. Consequently the storage concept with communicating air
volume appears as the better solution, especially because its construction is much easier.
2.2 Deconstruction of the first prototype
After an operation period of four month, mainly at high temperature (between 60 and 95°C), the storage has
been disassembled. During the deconstruction the storage was investigated for water accumulations and
changes in materials. At the outside of the two foils, between the compound foil and the insulation, no
moisture could be found. Also between the both foils no significant amount of water has been found. Only
several water drops have been determined, so it can be assumed, that the aluminium compound foil has
successfully reduced the water vapor diffusion, only the air between the foils is expected to be saturated with
water vapor. So the construction of a foil based container storing the water volume with temperatures up to
95°C is possible.

Fig. 2.3: Deconstruction of the first prototype, on the left side storage with compound foil, floating flange and replaced cap
insulation – on the right side removed insulation panels of the storage wall insulation

After the deconstruction the storage components were analyzed. Between and inside of the insulation panels
no moisture accumulation has been observed. The inner insulation panel of the bottom insulation with the
highest temperature exposure showed a small compression in comparison to the other panels (about 1% of
the insulation panel thickness related to the mean value of the other panels). The other insulation panels did
not show a measurable compression. The EPDM-foil appeared unchanged and has been used again for the
second prototype. The aluminium compound foil showed partially a delamination of the compound. In
addition to that, the aluminum layer in the centre the compound displayed little holes at the kinks, which
could not be avoided during the assembly process. It may be assumed, that the water vapor diffusion thereby
is increasing. The outer foils of the compound however looked unchanged. Regardless of that, the insulation
panels and the EPDM-foil can be considered as suitable for the storage concept. Concerning the aluminium
compound foil an alternative material with higher stability is necessary.
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2.3 Construction of the second prototype
In the concept of the first prototype a floating flange was used to compensate the volume expansion of the
water by increasing temperatures. Thereby the flange moved up to 8 cm up and down during charging and
discharging. The top insulation lies on the rim of the flange whereby the inner circle of the insulation was
also moving. Thereby the insulation, made of “pie slices”, has been disarranged and the heat losses of the
storage increased. In addition to that the manufacturing of “pie slices” requires a lot of time and results in
large cutting losses of insulation material. Because of these facts the concept of the second prototyp has been
changed.
The second prototype was installed in spring 2011. Changes were made on the cap construction of the
insulation, the fixing of mantle insulation and the charging and discharging device, where an internal heat
exchanger has been implemented. The insulation of the cap is made with panels, which lie on the mantle
insulation and on the flange, which is now in a fixed position. The cap and bottom insulation with panels can
be manufactured with a master plate in one step. The T-shaped profiles, which fixed the mantle insulation in
the cylindrical cistern have been found to be not necessary and could therefore be removed. The mantle
insulation panels hold each other in cylindrical form when under tension. In addition to that the second
prototype is equipped with internal heat exchangers. This is necessary, as the tank is operated at low pressure
and it is located under the ground level. To load the storage directly would lead to cavitation effects. The
heat exchanger is separated in three zones, each with the same length. The fluid can pass one, two or all
zones with changeable direction, which allows a partly stratified charging or discharging. Furthermore the
concept to compensate the volume expansion of the water has been changed from the floating flange to an
“open operation”. The new concept provides an air volume inside the inliner and above the water level,
which communicates with the atmospheric air. With increasing storage temperatures the air can leave the
inliner and the flange and the top insulation is fixed. Therefore the water volume had to be reduced to 5 m³.
2.4 Measurement results of the second prototype
During the first heat loss measurement the storage reached a heat loss of 4.93 W/K ±1.6%. The temperature
decrease of the storage water was about 1.1 K/d. Fig. 2.4 shows the first measured cooling curve of the
second prototype.

Temperature of storage layers in °C

90
85
80
top layer
75
70
65

bottom layers

60
55
0

100

200

300

400

500

standby time in h
Fig. 2.4: Cooling curve of the second prototype, temperatures of the top layer and the 5 bottom layers (total 15 layers)

In comparison to the first prototype the temperatures of the bottom layers decrease faster, because the
internal heat exchanger increases the vertical heat conduction inside the storage water. In comparison to a
steel tank, where the mantle contributes a significant portion, the vertical conductivity is mainly caused by
the conductivity of the water and the metallic built-in components. Typically, the vertical conductivity is
three times higher in a steel tank. In addition to that a small dead water volume exists under the heat
exchanger, which can not be charged. So the temperature decrease of the storage is marginally higher if
compared to the first prototype. Apart from that the heat loss is somewhat lower than by the first prototype
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because of the reduced water volume. Consequently, the second prototype has nearly the same properties like
the first one, but the storage concept was optimized which could clearly reduce the time for the assembly and
the reliability of operation. Fig. 2.5 shows a comparison of the measured parameters of the prototypes.
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Fig. 2.5: Comparison of the heat losses and average temperature decreases of the storage water between 85°C and 65°C for the
first and the second prototype

The measured loss coefficients of about 5 W/K are, if compared to numerical FEM simulations, only about
5% higher than the theoretical values. This supports the assumption, that the construction is nearly free of
thermal bridges and other undesired loss mechanisms. However, an important criterion in ground-based
storages is the way to connect the pipes, which enter the tank at its top. It has been found out, that water
convection inside the connecting pipes enlarges the heat losses by about 0.2 W/K per pipe, if no heat traps
are installed.
2.5 Following measurements of the second prototype
Corresponding the measurements of the first prototype, heat loss measurements after several load cycles will
be carried out. Performance measurements for the internal three zone heat exchanger are foreseen to
determine the possibility of stratified charging. At the end of the experimental phase, a stepwise increasing
moisture content and finally a completely damaged inliner will be realized. This seems to be necessary,
because it may be stated, that unwanted water in the insulation has always a high risk in ground located
storage tanks. In addition, a measurement without storage insulation and high storage temperature should
allow the validation of the new soil simulation model (see chapter 3.2). Finally the storage components will
be investigated again during and after the deconstruction.
3. Simulations
Beside the storage development, a heating system for a residential building including a soil buried hot water
storage is simulated in TRNSYS, basing on the IEA SHC Task 32 system (Heimrath, 2007). For this
purpose, a new TRNSYS type which models the surrounding soil of the storage has been developed. For the
storage itself the TRNSYS type 340 (Drück, 2006) was used. Both types are linked by the nodes of the
storage (type 340) and the contact temperatures of the concrete cistern (type surrounding soil).
3.1 Changes on TRNSYS-Type 340 (MULTIPORT Store Model)
Because of the different earth temperatures along the storage height, it was necessary to adapt the type 340 to
a new version, which uses a corresponding ambient temperature for each temperature node of the storage.
The new inputs are connected with the contact temperature outputs of the new type for the surrounding soil.
3.2 TRNSYS-Type Surrounding Soil
For the simulation of the surrounding soil a model with a transient two-dimensional temperature field has
been developed. Starting from the undisturbed earth temperature, parameterized with the meteorological data
of the used weather zone and with the properties of the soil, the influence of irradiation, air speed and sky
temperature are considered. Thereby a presimulation of about 10 years is necessary to get the undisturbed
earth temperature, which is known for the location under consideration. After that a regular simulation can be
started any further changes in the soil are caused by the buried storage.
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Tested in TRNSYS:
The developed type was compared to the TRNSYS type 501 (soil temperature profile), based on a formula of
(Kasuda, 1965). The type 501 does not use any inputs and is parameterized with the mean values of the used
weather zone. For the comparison the new type was parameterized with a small storage with extremely well
insulation, so that no heat flow is appearing between storage and soil and the surrounding soil can be
assumed to be undisturbed. In deep soil layers the temperatures of the new type are almost identical with the
temperatures of type 501. In the upper soil layers the new type deviates from the sinus curve of the type 501,
because of the influence of the used meteorological inputs in combination with the surface properties, what
could have been expected..
Furthermore the storage heat loss flow was investigated, starting from an undisturbed soil, with a constant
storage temperature and under the influence of the weather conditions. Therefore the new type was
parameterized with a storage of 5.5 m³ water volume, an insulation thickness of 0.2 m (k = 0.035 W/mK) and
a constant water temperature of 80°C. Like in the prototypes, the storage has an air space for the pipe
connection above the insulation, inside of the cistern, in all simulations set to a height of 0.5 m. The
temperature distribution resulting from the heat loss flow of the storage is shown in fig. 3.1, starting from the
undisturbed soil temperature after the time of 1 day, 1 week and 1 month.

Fig. 3.1: Temperature of storage surrounding soil during a period of one month with a constant storage temperature of 80°C,
(0.2 m insulation thickness, k = 0.035 W/mK) with the influence of weather data, at start time (01. April), 1 day after start, 1
week after start and 1 month after start

Above the storage the heat flows to the soil surface where it is transferred by convection and radiation to the
ambient air and the sky. Below the storage, the heat flow is limited by the thermal conductivity of the
surrounding soil. This leads to a temperature increase in the part around the tank. Consequently the heat
losses of the storage decrease after a time period with high water temperature, especially at the bottom of the
storage, caused by the warmer surrounding soil.
Because of the rather low heat losses of the prototypes and the rather high distance of the nearest set of
sensors (0.5 m to the storage), an experimental validation of the model was up to now not possible. However,
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plausibility checks have successfully been carried out. As a further test, the operating of the storage without
insulation at constant high water temperature is foreseen, where a remarkable temperature increase in the
ground should be measurable.
3.3 System simulations; basic conditions
For the simulations in TRNSYS 16 the IEA SHC task 32 system (Heimrath, 2007) was modified and adapted
to the buried hot water tank boundary conditions, with the requirement, that the buried storage is only loaded
by solar energy, which will be used for increasing the return flow temperature of the boiler. A small domestic
hot water tank is located within the building. The load of the DHW storage (set temperature 63°C) has
priority. For all simulation runs, the simulated period was 2 years, of which the second was used for
evaluation. Seasonal effects beyond 2 years were not detected.

solar thermal collector

space
heating

DHW
boiler

buried storage
Fig. 3.2: System scheme of the simulated solar assisted heating system. Buried hot water tank is only loaded by solar energy
and is used for increasing the return flow temperature of the boiler.

The buried hot water storage is parameterized according to the second prototype with internal heat
exchangers. The insulation thickness is 0.2 m (k = 0.035 W/mK) and the storage height is for volumes lower
than 20 m³ limited to 3 m, lower than 5 m³ to 2.5 m and lower than 2 m³ to 2 m because of the project
approach to develop a prefabricated storage, which has to be transportable and easy to install. As reference
climate the Meteonorm weather data of Zurich (Switzerland) were used. The collector orientation is south
with a slope of 45°. Unless otherwise noted a building with a heat load of 60 kWh/m²a is used. The boiler
model was taken from (Haller, 2009). For the evaluation of the solar fraction the fractional solar saving
indicator fsi is used (Heimrath, 2007), (eq. 3-1).

Qboiler
f si = 1 −

ηboiler

+

Wel

η el

+ Q penalty − Q penalty ,ref

Qboiler ,ref

ηboiler ,ref

+

Wel ,ref

(eq. 3-1)

η el ,ref

3.4 Simulation results
In all simulations the simulation system was parameterized with the basic conditions, unless it is explicitly
pointed out. In comparison to storage volumes parameterized with a height to diameter ratio of 1 the storages
parameterized with the basic conditions have nearly the same solar fractions in the range from 1 m³ to 20 m³
storage volume.
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Variation of storage volume and collector area:
The simulation results show a high dependency of the solar fraction on the collector area. In contrast the
storage volume sensitivity is lower than expected. Starting from the volume of 1 m³ the solar fraction rapid
increase and remain or decrease for larger storage volumes (fig. 3.3). In the simulation system the prototype
storage with 5 m³ achieves a solar fraction of 35% with 30 m² collector area and 44% with 50 m². To use a
larger storage does not lead to a significant increase of the solar fraction. On the contrary, it is thinkable to
reduce the storage volume for 30 m² to 2 m³ (- 2% solar fraction) and for 50 m² to 3 m³ (-1%). While the
optimum storage to collector ratio is about 200 l/m², a ratio of 70 l/m² only results in a minor penalty. This
will be discussed more in detail in the following.
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Fig. 3.3: Solar fraction (fsi) as a function of the storage volume for several collector areas, parameterized with the basic
conditions

In addition to the collector area the heating load of the building is important. E.g., if instead of 60 kWh/m²a a
building with a heating load of 30 kWh/m²a has to be supplied, the solar fraction is 7% points higher, while
with 100 kWh/m²a building it will be 9% points lower, in all cases basing on a system with 5 m³ storage
volume and 50 m² collector area.
The solar fraction values shown in Fig. 3.3 are lower than known from other simulation studies carried out
with the Task 32 system. One main reason is, that here in all simulations the collector energy is directed to
the buried storage, before used in the building. Both the charging and the discharging, as the tank is pressureless and needs internal heat exchangers, cause temperature gradients and, as stratification is affected by
internal heat exchangers, a more pronounced mixing occurs. Further simulations will show the effect, if the
building is supplied with collector heat with priority, and only excess heat is stored in the buried tank. Higher
solar fractions are expected. Another modifcation will be additional heat exchangers: the solar heat
exchanger in the upper part and a discharge in the bottom part.

There are two main reasons for the relatively low increase of the fsi curve with higher storage volumes.
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•

As the the insulation thickness of the storage is kept constant (0.2 m, heat conductivity of 0.035
W/mK), heat losses increase for larger storage volumes. Although large storages lead to a higher
solar yield, this benefit is partly compensated by the higher losses. For this reason, the solar fraction
increases rapidly at small storage volumes and slowly at large ones.

•

Secondly, the time shift in case of a large volume is high, i.e. the storage may deliver heat to the
building for a longer period, however, the large storage stays longer cold if heated up again in spring.
This will be shown in Fig. 3.4.
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Fig. 3.4: Storage temperature distribution over one year for different storage volumes, collector area 50 m² - top graph: the
maximum upper storage temperature, graph in center: mean storage temperature, bottom graph: averaged storage outlet
temperature (return flow of the boiler)

Consequently, smaller storages with fast dynamic reach nearly the same solar fractions and the enlargement
of the storage is to be recommended only to a certain level. This effect is more pronounced in a storage tank,
which is charged and discharged via internal heat exchangers, than in a buffer tank with stratification
supporting devices.
The following diagram shows the influence of the thermal conductivity of the insulation on the solar fraction.
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Fig. 3.5: Influence of the thermal conductivity of the insulation on the solar fraction for a collector area of 50 m² (insulation
thickness 20 cm)

It is shown that the thermal conductivity of the insulation has a lower influence as expected, especially for
small storage volumes. With a collector area of 50 m² and a storage volume of 5 m³, a variation of the
thermal conductivity to 0.01 W/mK (vacuum insulation) and to 0.07 W/mK (e.g. packed beds out of
expanded spherical glass grains) the solar fraction varies by only ±2% points. Only for very bad insulation
properties (0.5 W/mK, e.g. completely destroyed insulation material by moisture or ground water, for which
a certain risk is present in an underground installation), the solar fraction clearly decreases, especially at
large storage volumes.
The dependency of the solar fraction from the thermal conductivity is far more pronounced in a standard
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Task 32 system. One reason for the rather low influence shown in Fig. 3.5 is the interaction between the tank
and the surrounding ground. Another reason is the storage concept as discussed above, which leads to a
rather low solar fraction in winter time.
4. Conclusion
A new hot water storage was developed to enlarge the solar fraction of single and multi family houses, which
consists in a buried concrete cistern, which is insulated at the inner side with a new insulation foam material
based on XPS. The storage prototypes with a water volume of about 5 m³ reached heat loss coefficients of
about 5 W/K. Two different expansion concepts have been tested, whereat the concept with air volume above
the water, which is communicating with the ambient air, has been proved to be more convenient. The
concept has proved to work properly; the materials tested did not show significant changes.
In order to simulate the tank including its surrounding soil, a mathematical model was developed,
implemented and tested in TRNSYS and connected to the Type 340 (Multiport Store-Model). Simulations
carried out with this new type, basing on a system concept, where the complete amount of solar yield is
directed via the storage tank, show rather low solar fraction values, mainly caused by the necessary
utilization of internal heat exchangers. Concept improvements are on the way. Furthermore, a rather low
dependency of the solar fraction on the storage volume has been found in this system concept: Only a
decrease of 2 percental points in solar fraction has been stated, if one third of the optimum volume
(maximum solar fraction) is installed.
5. Nomenclature
Symbol
Q
η
W

Quantity
Heat flow
Efficiency factor
Electricity

Unit
W
W

Subscripts
boiler
ref
el
penalty

auxiliary boiler
Value or parameter of the reference system
Electrical
to account the effects of loss of comfort (DHW & heating)
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Abstract
Solar assisted space heating systems are well introduced to the market and have an increasing market share.
The challenging task now and in future is the development of solar only heating systems covering the
complete heat demand by using solar radiation as the only energy source. Towards this goal great
technological improvements have already been achieved in the last few years. This paper will report the
present results of the project CWS (Chemische Wärmespeicherung - Chemical heat storage) in the field of
low temperature solar thermal energy storage at the Institute for Thermodynamics and Thermal Engineering
(ITW), University of Stuttgart, Germany. The developed concept as well as the main system components for
a solar heating system with seasonal energy storage are described. Recent results of experimental and
numerical investigations are presented and deliver an insight of the expected system performance taking into
account the system and storage efficiencies under energetic and exegetic aspects.
1. Introduction and Background
Certainly one of the main difficulties in applying solar energy for space heating is the shift in seasonal
variation of solar radiation and heat demand. To overcome this, a long term heat store is required in order to
store the solar heat from summer to winter. Large heat storage capacities, small heat losses and good heat
transfer characteristics are the key factors for efficient long-term heat stores required to achieve high solar
fractions. Large hot water stores (5 - 30 m³ for a single family house) are already state of the art in some
European countries. Many institutes and researchers are engaged in improving existing storage technologies
and in developing new concepts for thermal energy stores. Hence the implementation of compact energy
stores with higher efficiencies will be the next innovation step. This can be achieved by using chemical
reactions for instance the hydration / dehydration process of inorganic salts.
The technology of thermo-chemical heat storage offers some notable advancement compared to traditional
sensible heat storage. For long term heat storage purposes these are mainly a much higher storage density
and even more important minor heat losses. Adsorption processes as well as reversible chemical reactions are
subsumed under this technology. The adsorption of water vapour on porous media is quite interesting.
Commercial adsorbents like zeolite or silicagel show good performance and can adsorb huge amounts of
water vapour. The heat of adsorption released during adsorption is up to 4200 kJ/kgH2O (adsorbed water). The
underlying physical processes are well known and have been intensively investigated by several researchers.
During the past years existing adsorption materials have been improved with the focus on higher
performance for thermal energy storage. Furthermore, complete new adsorptive materials have been
developed which show very promising capabilities. Making use of the heat of reaction of reversible chemical
reactions even in the low temperature application range (below 100°C) receives increasing attention in
international research. Compared to adsorption processes this technology provides the potential of once again
higher storage densities.
Within a three and a half years joint research project called CWS (Chemical heat storage) the Institute of
Technical Thermodynamics (ITT) of the German Aerospace Centre (DLR) and the Institute for
Thermodynamics and Thermal Engineering (ITW), University of Stuttgart, have investigated the technical
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feasibility of chemical heat storage. ITW is focusing on low-temperature applications, whereas hightemperature applications are being investigated by ITT.
In the following sections the overall concept, the system design and the technology details on the
development of a thermo-chemical energy storage system for a solar thermal heating system for buildings
with high solar fraction (>>50%) are given.
2. Generic System Concepts
When talking about thermo-chemical heat storage a wide range of different system concepts are conceivable.
Starting at the top of a decision tree we need to differentiate between an open and a closed operating mode.
In this context an open operating mode describes a system where the storage material is in direct contact with
the environment. For example for the hydration reaction process the moisture is taken from the ambient air
and during the dehydration reaction the released water vapour is again emitted to the ambient. By contrast, in
a closed system the water vapour circulates in a hermetically closed loop. Here the evaporation and
condensation of water has to be enforced by technical devices and an additional water reservoir is necessary
and typically this systems are operated at negative pressure. From the design point of view the open
adsorption has the advantage of a much lower technical effort (no condenser, no evaporator, no water
reservoir, working at normal pressure, no low temperature heat source) and a simpler process control.
Using the open system mode, the next step is to analyse whether the ambient moisture, i.e. the partial water
pressure is sufficient for a good reaction rate and reaction yield. Otherwise, an additional source of humidity
is required. This of course strongly depends on the chosen reaction system. Furthermore, care has to be taken
to reduce or to limit the pressure drop when blowing humid air through the reaction system to keep the
electricity demand for the blower on a low level. Later on we will point out ways to manage both.
How to design the reactor, where the hydration/dehydration reaction takes place, is a complex decision.
Generally, one can differentiate between system concepts with external or integrated reactor design.
Integrated reactor design means the storage material reservoir of the solid phase reactant (hydrated /
dehydrated salt) constitutes the reactor at the same time. However, to achieve an efficient charging and
discharging of the store the process control is a real challenge.
External reactor concepts consist of at least two storage material containments, one for the hydrated and one
for the dehydrated salt and a much smaller reactor. The decoupling of reactor and material reservoir has
several advantages such as a reduction of thermal masses during the hydration / dehydration process and
lower pressure losses when air is flowing through the reactor. Further advantages are a less complex process
control and a good scalability. On the other hand, there is the disadvantages of storage material transport
between material reservoir and external reactor. This also means additional requirements for the storage
material.
The chosen reactor design determines the way how the thermo-chemical heat storage system can be
connected to space heating and to the solar thermal system. In the past years two systems were discussed in
the literature. In the “MODESTORE” project (Wagner et.al., 2006) a closed adsorption system with an
integrated reactor using silica gel as adsorbent was built up and experimentally investigated in a demo
building. Another approach was the “MonoSorp-Concept” (Kerskes et. al., 2006) where an open adsorption
system, again with an integrated reactor design, was connected to an air heating system in combination with
mechanical building ventilation and heat recovery. For this concept the “prove of concept” in lab scale was
performed at ITW. Since moist ambient air is used as the “water vapour carrier”, only an “open cycle” mode
is possible. Compared to the usually employed packed beds, a major improvement was achieved by the
application of zeolite honeycomb structures which have additional advantages when used in sorption storage
systems. Within the Task 32 “Advanced storage concepts for solar and low energy buildings“ of the Solar
Heating and Cooling Programme (SHC) of the of the International Energy Agency (IEA) the “MonoSorpConcept” was assessed as one of the most promising concepts. The “MonoSorp-Concept” will be further
developed in a following-up project.
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3. The CWS-NT-Concept
A new concept has been developed within the CWS Project at ITW and was first presented at the German
Solar Thermal Energy Symposium in 2009. In order to further improve the performance, the system
integration and the scalability of thermo-chemical storage concepts compared to concepts discussed before, a
inovative concept was chosen which is characterized by the following distinguishing marks:


Thermo-chemical heat store acts as long term heat storage (seasonal solar thermal heat storage)



Open adsorption/hydration system using ambient air or exhaust air to provide the humidity
required for the reaction



Thermo-chemical heat store works as low power heat suply system



Connection of the thermo-chemical heat store to a typical combistore store of solar thermal system
via collector loop heat exchanger



Combistore operates as buffer store to cover load peaks



External reactor designed as cross-flow reactor with low pressure drop and structurally
integrated heat exchangers



Integration of air/air heat exchanger for optimal power output



Storage material transport through the reactor by gravity forces with continuous or
quasi-continuous mass flow



Bidirectional active storage material transport between storage material reservoirs and
reactor using a vacuum blower

The efficient integration of the chemical heat storage system, including reactor and storage material
reservoir, into the hydraulic scheme of a solar thermal combi system for domestic hot water preparation and
space heating was one of the challenging tasks of the project. Different design concepts, depending on the
different strategies for process control, have been developed and assessed. Finally, the following scheme was
identified as the best solution. Figure 1 shows a sketch of the CWS-NT-Concept including the solar thermal
heating system and the thermo-chemical heat storage. It is foreseeable that a conventional solar combi
system, designed for relatively small solar fraction (< 30%) turns to a solar seasonal heating system by
adding the thermo-chemical heat storage without any changes to the conventional heating system. From the
hydraulic point of view the connection between solar combisystem and thermo-chemical heat storage is
simple. The main components of the system are the solar combistore, the collector array, the material
reservoir, the reactor and a control system.
During periods of high solar irradiation (manly in the summer) heat energy from the collector array is
directly charging the combistore. When the energy provided by the collector field exceeds the heat demand
for hot water preparation and space heating, the available solar energy is used for the endothermic
dehydration reaction of the storage material (regeneration mode). During periods of low solar irradiation
when the energy from the solar collector field cannot cover the heat demand the chemical heat store is used.
The heat of the exothermic hydration reaction is released by blowing humid room exhaust air through the
reactor and the thermo-chemical energy store (TCES) is charging the combistore (heating mode). Depending
on the system dimension the backup heater can even be removed completely.
The TCES has to fulfil two key functions: It shall provide a storage container for the material and, on the
other hand, a reactor where the heat and mass transfer takes place during the endothermic or exothermic
reaction. The reactions occurring inside the reactor are outlined in equation 1. Water vapour is supplied to, or
transported out of the reactor via airflow. The reaction is performed with ambient or humid room exhaust air.
This has the advantage that no further energetic effort is needed for evaporating water. Another important
element for an efficient process design is the air to air heat exchanger, preheating the supply air by the
reactor outlet airflow. This results in a very low temperature difference between supply and exhaust air and
hence in low heat losses via the air flow (cmp. section 6, experimental investigations).
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Figure 1: Schematic of the CWS-NT-Concept using the example of an upgraded solar thermal combi system.

The reactor design of the CWS-NT-Concept
A very detailed description of the reactor design developed for the CWS-NT-Concept is given in Mette et al.
(2011). In this article a brief overview of the functionality and the key features of the reactor concept are
given.
Figure 2 (left) shows a sketch of the cross-flow reactor concept, indicating the mass flows involved in the
reaction system when operated in heating mode. The vertical material flow is driven by gravity through the
reaction chamber. In horizontal direction, an air flow is transporting humidity as well as heat into or out of
the reaction chamber, depending on the operation mode. In heating mode, the released heat is transferred
from the airflow to the water loop by an air/water heat exchanger; see Figure 3 (left). For material
regeneration, the air flow direction is reversed and the heat exchanger is used for transferring the heat
required for regeneration from the solar loop into the reaction chamber via the air flow, see Figure 3 (right).

Figure 2: Cross-flow reactor concept in heating mode (left),
test reactor in lab-scale (middle) and construction plan (right).
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The choice of concept has been mainly determined by the following aspects:





the limitation of the airflow pressure drop in the reactor, which is correlated to the electrical power
consumtion of the blower, is one of the most crucial designing factors; the cross-flow concept
allows the realisation of a large cross-area and a minimal bulk width in flow direction
the material transport through the reactor chamber can be realised in a reliable and technical
inexpensive way with low material stress; special considerations are given to a homogenous
material movement (see section 6)
a robust and efficient process control allows complete material regeneration and complete heat
release at reasonable high temperature levels
a compact construction with short distance between heat source and heat removal, i.e. between
reaction chamber and heat exchanger, is favourable to minimize heat losses to ambient

Figure 3: Schematic of air loop in heating mode (left), including positions of temperature sensors TG in air-flow
and Tw in water loop for test operation (cmp. section 6); air loop in regeneration mode (right).

4. Thermo chemical storage materials under investigation for low temperature
applications
As a precondition for the reactor design, particular importance was paid on the storage material itself during
the entire CWS-project. A great variety of hydration/dehydration reactions of salts have been investigated as
storage material for thermo-chemical energy storages. The specific material characteristics (storage density,
reaction behaviour) determine the boundary conditions of the reaction such as reaction temperature and inlet
air humidity.
Up to a demand temperature of approximately 100°C salt to salt hydrate reactions are under investigation as
thermo-chemical storage material (Bertsch et al. 2009 and 2010, van Essen et al. 2010, Posern and Kaps
2010, Zondag et al. 2010, Hongois et al. 2010). These reaction mechanisms are outlined in equation 1. A dry
salt reacts exothermal with water vapour (H2O) to a salt hydrate with heat release. The reaction enthalpy HR
depends on the material used and its current water loading. Typical materials are salt chlorides and sulphates.

salt (s)  H 2 O (g)  salt hydrate(s)  ΔH R

(eq.1)

Depending on the process design the storage material shall be transportable, no dust production or
agglomeration shall occur and the material shall have a high storage energy density combined with a fast
reaction rate. The investigations done at ITW have shown that those physicochemical properties are hard to
find using a powder of a pure salt. Although it was possible to identify process conditions which lead to high
reaction yields, a slow reaction rate was observed (Bertsch et al. 2009). Another problem using pure salt is
caused by its particle size of below 1 mm. A constant air flow through a packed bed is difficult to obtain and
correlated with a high pressure drop, hence energetically extensive.
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One way to enhance the reaction rate and thus the heat release, and at the same time to lower the pressure
drop is to use a composite material. A composite material is built of an active (e.g. zeolite) or a passive (e.g.
ceramics), usually porous, supporting material. In contrast to passive supporting materials, an active
supporting material is directly involved in the process of thermo-chemical energy storage. The supporting
material primarily defines the structure, consistency and form whereas the salt enhances to the energy storage
capacity.
In Figure 4, an overview of some selected storage materials is given. The charging of the storage material
was done at 20°C with a water vapour pressure of 20 mbar. The regeneration was carried out at 120°C for
MgCl2, 150°C for CaCl2 and 180°C for zeolite and MgSO4 respectively. The storage density of water refers
to a temperature difference of T = 50 K. Especially the composite materials consisting of zeolite and
magnesium sulfate, measured by ITW as well as by Hongois (2010, “EDF”), and magnesium chloride on a
passive carrier measured by Zondag (2010, “ECN”) are characterized by a high energy storage density
combined with all required physicochemical properties mentioned above. These materials are very well
suited for thermo-chemical heat storage systems and promise a high thermal performance for solar thermal
applications.

Figure 4: Overview of experimentally measured storage energy densities of selected materials for themo chemical energy
storage. Storage density of water refers to a temperature difference of T = 50 K (Bertsch 2010, Hongois 2010, Zondag 2010).

5. Thermal performance of the CWS-NT-Concept
Within the CWS project one emphasis was set on the numerical modelling of the reaction process and the
heat and mass transfer in the reactor. Detailed numerical simulations have been carried out to analyze the
main parameters of influence of the reaction behaviour and to design the thermal layout of the reactor.
Furthermore, the achievable energy savings are a decisive factor in the design of the optimal system. Due to
the multitude of physical phenomena (chemical reaction, heat and mass flux, heat sources and sinks) and
seasonally fluctuating operation conditions, the technical feasibility and energy saving of the complete
system are hard to predict. Therefore, the thermal performance of the CWS-NT-Concept has to be analysed
over a whole year by using a dynamic system simulation tool. For this purpose, a simplified model of the
thermo-chemical cross-flow reactor (described in section 3) has been derived and implemented into the
simulation tool TRNSYS, based on a much more detailed CFD model developed by Mette et al. (2011). The
simplified TRNSYS model takes into account the basic physical processes and limits, like reaction
equilibrium, heat- and mass fluxes, however, not having the numerical complexity of a spatial discretization.
The validity of the simplified TRNSYS model has been verified by comparison with the detailed CFD
model.
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Boundary conditions of the system simulations
For the system simulation, the following assumptions were made:












the yearly heat demand for space heating is 35 kWh m-² a-1 at a net dwelling area of 128 m²
the building is supplied with an mechanical ventilation system
the daily hot water demand of 4 persons is in total 200 l at 45°C
reference weather data at the location Würzburg, Germany is used for the simulations
the thermal collector is a CPC vacuum tube collector, the total area is 28 m²
the combistore volume is 900 l
the storage energy density is estimated with 185 kWh m-³.
For the simulations it is assumed that the material has similar adsorption isotherms as zeolite 4A
the maximum airflow through the reactor is 250 kg h-1
the regeneration temperature is at least 180°C
the reaction enthalpy of the storage material is HR = 3600 kJ kg-1
exhaust room air from the ventilation system is used as reactor feed

As depicted in Figure 1 the heat of adsorption from the reactor is released to the combistore by an air/water
heat exchanger. For a sufficient heat transfer a temperature difference of approximately 15 K between the
two fluxes should be attained. The adiabatic air temperature lift TG is calculated according to equation 2:

ΔTG 

Δx G  ΔH R
c p,air

(eq. 2)

with xG (kg kg-1) as difference in the water load of inlet and outlet air of the reactor and cp,air as specific heat
capacity of the air.
Assuming a perfect water uptake of the storage material, an air humidity of xmin = 4 gwater/kgair will lead to an
adiabatic temperature lift of 14.4 K and constitutes the minimum air humidity for a suitable reaction. The
daily humidity production of 4 people living in a building can be assumed to be 10.4 kg per day (Hartmann,
2001). Hence the average building air humidity is almost 2 gwater/kgair higher than the outdoor air humidity.
Thus, even in the dry winter months (December to February) the indoor air humidity exceeds the minimal
limit of 4 gwater/kgair in more than 600 hours per month.
To realise the required high temperature for regeneration of the storage material in an efficient way, a
temperature controlled charging multiplexer model has been implemented into TRNSYS. This model
regularly (every 30 min) provides an estimate whether the regeneration set temperature is reachable in the
collector array within a given time. Depending on this estimate, charging of the combistore is continued or
the collector loop is temporarily switched off and, as soon as the collector temperature exceeds 180°C, the
heat is transferred to the reactor for material regeneration.
Results of the system simulations
To interpret the results obtained within the numerical simulation study of the CWS-NT-Concept, some
characteristic factors are introduced, namely the yearly fractional energy saving, the system efficiency and
the store efficiency. The yearly fractional energy saving is calculated according to equation 3:

f sav 

Qconv, net  Q aux

(eq. 3)

Qconv, net

whereas Qconv,net (kWh a-1) is the total heat demand of a conventional (non-solar) heating system to cover the
space heating and hot water demand and Qaux (kWh a-1) the residual heat demand required to cover the space
heating and hot water load delivered by the backup heater.
The system efficiency is calculated according to equation 4:

 sys 

Q conv,net  Q aux
G glob  A c,tot



Q conv,net
G glob  A c,tot

 f sav

(eq. 4)

Gglob (kWh m-² a-1) is the global irradiation in collector plain, Ac,tot (m²) the total collector area.
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The storage efficiency is the ratio of the solar heat extracted from the store (or stores) to the solar heat fed
into the store (or stores). It is calculated according to equation 5:

 sto 

Q D  Q aux
Q col  Q lp

(eq. 5)

QD (kWh a-1) is the heat discharged from the store, Qcol (kWh a-1) is the heat delivered by the collector array
and Qlp (kWh a-1) the heat loss of the piping in the collector loop.
Using the presented boundary conditions, dynamic system simulations of a CWS-NT-Concept have been
performed. For a better interpretation of the results, an equivalent system with a large hot water store instead
of the CWS-NT-concept has been simulated. The results are depicted in Figure 5. The yearly fractional
energy savings are plotted against the collector area and the corresponding store volume respectively. If a
yearly fractional energy saving of 70 % shall be achieved, a “standard” solar thermal system using a hot
water store of a volume of 15 m³ with a collector area of 38 m² is required. Using similar system
components, but the CWS-NT-conceppt instead of the hot water store, the same results can be achieved with
a material reservoir of approximately 8 m³ and a 13 m² smaller collector array of 25 m². The TCES material
used for these simulations has a storage energy density of 185 kWh m-³, which is 30 % higher compared to
zeolite 4A. A reduction of the storage volume of almost 50 % compared to water as storage medium can be
achieved.

Figure 5: Comparison of the fractional energy saving of a combisystem with a hot water store and the CWS-NT-concept

Using equation 3, 4 and 5 the characteristic factors can be calculated for both systems. In Table 1, the results
are summarized. As already seen in Figure 5, the fractional energy saving of the CWS-NT-concept is almost
15 % (absolute) higher with the same collector area. As the heat losses of the CWS-NT-concept are strongly
reduced, the system efficiency sys rises from 14.3 % of the hot water store system to 18.7 % of the CWSNT-concept. Due to the same effect, the store efficiency sto of the TCES is more than 20% (absolute) higher
compared to the hot water store.
Tab 1: Yearly summary of the system simulations of a hot water store system and a TCES system,
both with a total collector area of 28 m².

sys (-)

sto (-)

0.608

0.143

0.429

0.752

0.187

0.640

fsav (-)
10 m³ hot water store
-

10 m³ CWS-NT-concept (185 kWh m ³)
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The simulation study illustrates the advantage of the CWS-NT-Concept for seasonal heat storage. The
benefit is not only a smaller storage volume but also a much smaller collector area required to achieve high
solar fractions far above 50 %.
6.

Experimental investigations on the CWS-NT-reactor

An important target of the CWS project is to build up a thermo-chemical heat storage as described above in
lab scale. According to the theoretical and numerical analyses a first prototype of a cross-flow reactor has
been realized. The aim of the experimental work is to investigate the mass flow of storage material and air
through the reactor and the spatial distribution over the cross section. Another important aspect concerns the
thermal properties of the reactor design which will be investigated closely. Furthermore, the experimental
results serve as a basis for validation of the numerical models developed in this project.
Experimental investigation of the material flow
A homogenous material transport through the reaction chamber and the avoidance of “dead zones” is
essential for an optimal reactor performance. “Dead zones”, i.e. regions with resting material become
inactive in reaction after a while, leading to reduced efficiency both in heating and regeneration mode.
To analyse the trickling behaviour of bulk material within the reaction chamber, the test reactor was filled
with zeolite particles, see Figure 6 (middle). By opening the shutter at the material outlet, a vertical material
core flow develops in the middle of the reaction chamber, whereas “dead zones” with hardly any material
movement are observed at the bottom corners1. This well known phenomenon results in a typical material Vcone as shown in Figure 6 (left).

Figure 6:

Material flow experiments in the test reactor, starting with a filled reaction chamber (middle):
- a core flow above the outlet and dead zones at the bottom corners are formed (left),
- guiding components within the outlet cone produce a more homogenous material flow (right).

An almost homogenous material flow could be realized by installing guiding components into the bottom
outlet cone, which successfully prevents the development of a centered core flow; a coressponging image is
shown in Figure 6 (right).
Test of heating mode in quasi-continuous reactor operation
In order to verify the basic operation principles, first preliminary experiments have been performed, using a
simplified reactor test rig without heat recovery of the outlet air flow (the air/air-heat exchanger shown in
figure 3 is missing). These experiments were performed to clarify



1

whether pressure loss and thus air flow rate is in accordance with the dimensioning,
to which degree the released heat is removed in the air/water heat exchanger
(i.e. whether reactor concept and dimensioning of the heat exchanger is promising),

For visualization reasons, during these experiments no material has been refilled. This is different from
regular operation, when the reaction chamber is continuously refilled from the top material inlet.
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whether the air flow temperature lift in the reactor is approaching the theoretical adiabatic value
(i.e. to which degree reactor heat losses are influencing the performance),
whether the material exchange needed for quasi-continuous operation of the reactor is practically
realisable.

For the following test of the heating mode, the reactor chamber has been filled with 20 l of dry zeolite 4A. A
blower with an electric power of 20 W produces an air-flow, taken from ambient with a mean inlet humidity
of xG,in ≈ 5.5 gH2O/kg. After reaching a stationary state, a material volume of 2 l is drained every 20 min at the
material outlet.
In Figure 7 (left), measured temperatures around the test reactor are depicted; the position of the temperature
sensors are given in Figure 3 (left). The experiment is performed without any thermal insulation. Therefore,
to limit the heat losses to ambient, comparably low inlet temperatures have been chosen: both the water loop,
which transports the useful heat out of the CWS-NT system, and the air loop enter at temperatures slightly
below ambient temperature, Tw,in ≈ TG,in ≈ 17 °C. Passing the reaction chamber, the air temperature is
increased to TG,HX,in ≈ 37 °C at the inlet of the heat exchanger (cmp. Figure 3, left), which is in good
accordance with the expected, adiabatic temperature lift of approximately 20 K for zeolite 4A at the given air
inlet humidity. Within the plate-fin heat exchanger the air temperature is finally reduced to TG,HX,out ≈ 22 °C;
considering the even slightly higher heat exchanger outlet temperature of the water loop Tw,out ≈ 23 °C, the
air/water heat exchanger seems adequately dimensioned. However, still a significant ratio (roughly 30%) of
the released heat of reaction is lost by the outlet airflow, which can be seen by a significant remaining
temperature lift at the outlet TG,HX,out - TG,in ≈ 6 K compared to the reaction temperature lift of about 20 K. To
recover these air-flow heat losses, which are expected to be even more significant in regeneration mode, is
the aim of the air/air heat exchanger, which is already implied in Figure 3 but not yet installed in the test rig.

Figure 7: Air-loop (TG) and water-loop (Tw) temperatures (left) and
heat flow PHX transferred to the water loop (right) during test of heating mode.

In Figure 7 (right), the heat flow rate PHX transferred to the water loop by the heat exchanger has been
calculated. Neglecting the intervals of material exchange when the airflow has been interrupted, an almost
constant power of approximately 400 W could be removed out of the test reactor. By an optimized air-flow
rate, the extension by the air/air recovery heat exchanger and by up-scaling of the reactor, a considerable
increase in the nominal power is expected.
Material transport: Concept and realization
Material transport is required from the material reservoir to the reactor and vice versa. In Figure 8, a
schematic of the material transport (left) and its lab-scale correspondence (right) are depicted. In addition to
the material reservoir, a daily reservoir is situated below the reactor. From the material reservoir to the
reactor and from the reactor to the daily reservoir the material transport is gravity driven. The daily reservoir,
which is usually emptied once a day, allows an energy efficient use of the vacuum blower. In the pilot plant,
a vacuum blower from the company GlobalTec is used. The electric power is approximately 1600 W
corresponding to a hauling capacity of 1000 kg h-1. Assuming an material energy storage density of
250 Wh kg-1 (approximately 185 kWh m-3) the ratio of electric consumption to useful thermal power will be
as low as 13 Wel/kWtherm.
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Fig 8: Schematic of the material transport system (left) and lab realization (right).

Ongoing and future work on CWS-NT reactor concept
Currently, the reactor test rig is extended by a thermostat, acting as heat sink in heating mode or as heat
source in regeneration mode. As soon as the air loop is completed by the air/air heat exchanger, realistic test
cycles can be performed at arbitrary temperature levels. Concerning the reactor design, some adaptions are
planned to optimize the start-up process of the quasi-continuous reactor operation. Finally, the reactor test rig
shall be combined with the external material transport system driven by the vacuum blower, which has
already been tested in a separate experimental setup. The aim of this final setup is to carry out automated labscale tests of a complete CWS-NT-concept regeneration and heating cycle in fast motion.
7. Conclusion
Thermo-chemical energy storage is one of the most promising heat storage technologies for the future.
Especially for solar thermal heating purposes this technology provides the necessary properties for efficient
long term heat storage: a high energy storage density and a high storage efficiency. These are the important
key elements to realise high solar fractions or solar only heating systems even for applications with high heat
demand.
At the research and testing centre for thermal solar systems (TZS) of the Institute for Thermodynamic and
Thermal Engineering (ITW) a new concept of a thermo-chemical energy storage called “CWS-NT-Concept”
has been developed. For the first time, a system with external reactor working in an open thermo-chemical
reaction loop has been developed, built up in lab scale and investigated experimentally. The first aspect was
to find a storage material that fulfils the physico-chemical properties required for the external reactor
concept. It was found that composite materials are a good compromise with respect to performance and
function. The chemical reactor is designed as a cross-flow fixed bed reactor in quasi-continuous operation
mode, i.e. replacement of small amounts of storage material in periodic intervals and continuous airflow. The
material transport is realised by a vacuum blower in an energy efficient way. The thermo-chemical storage
system is designed to be integrated into a conventional solar combi system and connected via the collector
loop. Detailed simulation studies have shown in an interesting way the thermal performance of the new
concept. Compared to a similar system with a hot water store of same volume the CWS-NT-Concept reaches
a higher solar fraction, higher system efficiency and much higher storage efficiency. Experimental
investigations have shown so far that the reactor concept is suited to achieve a sufficient temperature lift
even under room air condition and an almost constant power in the quasi-continuous operation mode. To
bring the promising technology of thermo-chemical energy storage to marketability, extensive research and
development in all sections (storage material, reactor design and system integration) have to be done.
Moreover, demonstration projects are necessary to investigate and optimize the complete system and
especially the thermo-chemical energy storage under realistic operation conditions.
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9. Nomenclature
Symbol

Unit

Quantity
-

-1

Gglob

kWh m ² a

Qconv,net

kWh a-1

total heat demand of a conventional (non solar) heating system to cover the space heating and
hot water demand

Ac,tot

m²

total collector area

fsav

-

yearly fractional energy saving

Qaux

kWh a-1

residual heat demand required to cover the space heating and hot water load delivered by the
backup heater

QD

kWh a-1

total heat demand for space heating and hot water

Qcol
Qlp
xG
HR

-1

heat delivered by the collector array

-1

heat loss of the piping in the collector loop

kWh a

kWh a
kg kg
kJ kg

global irradiation in collector plane

-1

difference in water load of inlet and outlet gas

-1
-1

reaction enthalpy
-1

cp,air

kJ kg K

mean specific heat capacity of air

TG

K

temperature lift of airflow

Tw, TG, TS

°C

water, air (gas) and material (solid) temperature
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1. Introduction
Efficient thermal energy storage (TES) is currently admitted as an important challenge for the future. Many
reasons have led to this conclusion. These include notably the ability of TES to ensure more efficient and
environmentally friendly energy use and to bridge the gap between energy supply and demand [1]. TES is
particularly suited to improve solar energy use in buildings. Indeed, solar radiation is an intermittent energy
source, providing significant, daily, but also yearly, power variations. In temperate or cold climate, the majority
of solar radiation is received in summer while the building demand is mostly concentrated during winter.
For domestic use, short term TES of solar heat, from hours to a few days, is easily feasible, typically with water
tanks [2]. But, when trying to achieve a 100 % solar fraction for building heating, a seasonal TES is always
necessary, even for well insulated buildings. In this case, excess solar heat produced during summer is stored to
be used during winter when the solar energy is insufficient to cover building heat demand. Technologies used
for seasonal TES are more complex and expensive than for short term applications [2]; that’s why it’s currently
necessary to develop efficient and cheap solar TES devices [3, 4].
Thermal energy can be stored in three different ways: sensible energy, latent energy and chemical energy. The
thermochemical storage (reaction enthalpy is used to store thermal energy) implies endothermic and reversible
reactions, as sorption phenomenon. This kind of storage is especially well suited for long-term storage because
of its high storage density and of the absence of almost all thermal losses [4]. However, this method is
relatively complex.
This work focuses on the evaluation of the performances of a solar combisystem coupled to seasonal
thermochemical storage using SrBr2/H20 as adsorbent/adsorbate couple. The objective is to determine the
characteristics required for solar system and storage reactor to reach a 100 % solar fraction for a building with a
low heating load. The complete system, including the storage reactor, is simulated, using the dynamic
simulation software TRNSYS [5]. The influence of some components and parameters of the system is
estimated: weather, collectors and storage reactor parameters.
2. Long term heat storage with closed adsorption system
2.1 Adsorption reaction
This paper deals only with the adsorption reaction of water vapor on SrBr 2 according to the following chemical
reaction, where
is the reaction enthalpy:
(eq. 1)
Desorption is an endothermic phenomenon, so this reaction is used during summer to store solar heat while the
inverse reaction is used during winter to recover the stored thermal energy. This salt is selected for its good
performances at the temperature levels required for the chosen application: storage of solar heat and building
low temperature heating.
2.2 Closed sorption system for long term storage
The storage device is a closed system composed of two main parts: a reactor and a water tank (see Figures 1 et
2 ). The reactor contains adsorbent salt and includes a heat exchanger. Adsorption and desorption reactions take
place in this reactor. The salt is fixed in the reactor and only the water vapor moves between the reactor and the
tank. An evapo-condenser takes place in the tank and is used to produce or condense water vapor. A valve is
integrated between the reactor and the tank to stop vapor transfer from one part to the other one when
necessary. Closed-cycle operation allows working at very low pressure to evaporate water at low temperature.
2.3 Desorption process: storage
During summer, solar radiation is converted into heat by the solar collectors. This heat is provided to the
reactor. The temperature rise of the adsorbent leads to vapor desorption, corresponding to thermodynamic
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equilibrium. Water desorption increases water vapor pressure in the reactor. At the same time, the evapocondenser work as a condenser to keep a low vapor pressure in the tank. Vapor is transferred from the reactor to
the tank when vapor pressure is higher in the reactor. The vapor transferred is then condensed in the tank thanks
to connection to a cold source. The latent heat of condensation is released to the environment (typically with a
ground heat exchanger).

Fig 1 – Closed system thermochemical storage – charging mode

2.4 Adsorption process: building heating
During winter, the condenser becomes an evaporator. Low temperature heat (typically from a ground heat
exchanger) allows to vaporized water in the tank. According to the liquid-vapor and adsorption thermodynamic
equilibriums, water vapor is adsorbed by the salt. The adsorption reaction releases heat used for building
heating. Temperature lift of the sorbent depends directly on the evaporation temperature. Vapor is transferred
from the tank to the reactor when the vapor pressure is higher in the tank.

Fig 2 – Closed system thermochemical storage – discharging mode

3. Description of the simulated system
The simulated system includes the building, the solar combisystem, the sorption storage reactor and the weather
conditions. The geothermal exchanger and the evapo-condenser are not simulated with TRNSYS but the
influence of its working temperature is taken into account in the reactor model.
3.1 Building energy demand
The building selected for simulations is an existing low energy building, recently built in Belgium. It’s a 100 m²
living area wooden single family house, with 40 m² of the roof facing south with a 40° slope to the horizontal.
The building heating demand for Uccle (Belgium) climate is around 3430 kWh/year. The monthly demand is
illustrated in figure 3.
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Fig 3 – Space heating demand of the reference building (Uccle climate)

3.2 Description of the combisystem
The simulated solar combisystem is shown in figure 4.
The solar radiation is converted in thermal energy using high performance flat plate collectors (HP FPC):


optical efficiency (a0) = 0.80



linear loss coefficient (a1) = 1.57 W/(m²K)



quadratic loss coefficient (a2) = 0.0072 W/(m²K²)

These high efficiency values are expected for the collector developed into the frame of this research project.
Solar heat is stored in two water tanks: a 500 L tank for domestic hot water (DHW) and a 1000 L tank for space
heating, that is fed primarily by the solar loop. An electrical auxiliary heater maintain DHW tank at 50°C. The
DHW daily consumption is fixed to 200L. The building is heated with a water based heating floor fed at
maximum 35°C. There is no auxiliary heater in the 1000L tank, but an auxiliary heater is added between the
1000 L tank and the heating floor to reheat water leaving the tank to 35°C if the set point temperature is not
reached in the building when water in the tank is less than 35°C.
For simulations, the heating period is supposed to run from 1st of October to 30th of April. Out of this period,
the tank for space heating is not used, the auxiliary heaters are switched off and the solar heat can be stored
thermochemicaly. During the heating period, the upper temperature limit of the tanks is fixed to 95°C. This
limit is reduced to 75°C during storage period for the DHW tank, to increase solar heat available for seasonal
storage.
3.3 Integration of the long-term storage in the system
The model of thermochemical reactor used is based on the equilibrium curves adsorbent/adsorbate and
liquid/vapour of the adsorbate. This model computes a dynamic energy and mass balance of the reactor,
including some kinetics considerations.
The storage reactor is integrated in the solar combisystem, both in the solar loop and in the heating distribution
system, as illustrated in figure 4. The heat stored thermochemicaly is only used for building heating and not for
DHW production. In the solar loop, solar heat is supplied to the reactor when there is no demand for water
tanks. In the distribution system, the reactor is located just after the heating tank output. The seasonal storage is
used as an instantaneous auxiliary heater, if the temperature of the water leaving the tank is lower than that of
the storage reactor.
As explained above, the evapo-condenser and the low temperature source/sink is not simulated. For the evapocondenser a constant temperature is assumed. The evaporation is considered at 5°C during winter. In summer,
water is condensed at 20°C. These hypotheses are nevertheless crucial because they set the working
temperatures of the reactor in storage or heating mode, thus the system efficiency.
The reactor is considered as one module containing all the reactant salt and achieving only one cycle per year.
If all the water is desorbed during storage period, the reactor is then used as a sensible storage until the end of
this period.
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Fig 4 – Schematic of the combisystem

4. Performances of the system
The performances of the system described above are evaluated using the fractional thermal energy saving
indicator (Fsav,therm) developed in the framework of IEA-SHC Task 26 [6]:
(eq. 2)
Where
demand.

=0.95,

and

is considered to be equal to the building space heating

The system described above will be considered as Reference thereafter. Fsav,therm of the heating system,
excluding DHW consumption, is computed for several collector areas and adsorbent quantities (see figure 5).

Fig 5 – Fsav,therm for space heating of the reference system

Results presented on Fig. 5, show that several configurations allow to attempt Fsav,therm=1 if the collectors area is
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greater than 15 m². The salt quantity necessary is at most 8750 kg. A detailed economical and environmental
study is necessary to determine the best configuration. Currently it’s not possible to give a good estimation of
this chemical storage cost. For small collector areas (10 m² and 12.5 m²), the building can’t be heated only with
solar thermal energy and the curves reach a plateau for increasing salt mass. For the same simulations, if the
DHW production is included in Fsav,therm evaluation (see figure 6), the fractional energy saving can’t reach 100
% anymore, because the thermochemical storage is not used as auxiliary for DHW.

Fig 6 – Fsav,therm for space heating and DHW of the reference system

In the rest of this paper, the Fsav,therm evaluations presented won’t include DHW production, even if it’s
simulated, because this work focuses mainly on autonomous solar space heating.
The efficiency of the thermochemical reactor can be defined as the ratio between heat released by the reactor
and heat provided to it. The evolution of this efficiency is shown in Figure 7. For high collector area and high
adsorbent mass, the efficiency is decreasing because the amount of energy chemically stored is very high
compared to the needs. In these cases, the thermochemical reactor is not completely discharged at the end of the
heating period.

Fig 7 – Efficiency of the thermochemical storage for the reference system

The system behavior is more detailed in Figure 8 representing the annual useful energy sources and loads, and
in Figure 9 illustrating the monthly reactor energy balance for the reference system with a 17.5 m² collector and
7500 kg of SrBr2.

341

Fig. 8 – DHW and space heating energy source and loads for the reference system with 17.5 m² collector and 7500 kg of SrBr 2

Fig 9 –Thermochemical reactor energy balance for the reference system with 17.5 m² collector and 7500 kg of SrBr 2

Sensible storage occurs in the reactor in May, because its initial temperature is 20 °C and the reactor is heated
at the desorption temperature. At the end of August, the reactor is completely discharged. At this time, the salt
is used as a sensible storage and its temperature rises, causing an increase of thermal losses in August and
September. The sensible energy stored in August is then used in October for space heating.
5. Modification of system components
5.1 Influence of the weather conditions
Climatic conditions influence significantly the building energy demand. The reference building and system are
simulated regarding to a colder (SE - Stockholm) and a hotter (FR- Clermont-Ferrand) climate than the one of
Uccle (see Figures 10 and 11). For these two locations, the building heating demand is respectively 5825
kWh/y and 2009 kWh/y.
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Fig 10 – Fsav,therm for space heating of the system with Stockholm climate

For Stockholm climate, a fractional energy saving of 100 % is not reached for chosen salt masses and collector
areas. It’s mainly due to the sizing of the floor heating that is unable to provide the heating powers needed for
this climate. But, it seems that more than 22 m² of collector are necessary for autonomous space heating.

Fig 11 – Fsav,therm for space heating of the system with Clermont-Ferrand climate

If the building is located in Clermont-Ferrand, only 12 m² of collector are necessary to heat the building without
auxiliary heater. For the same collector area, the fractional energy saving is lower than 60 % for the Uccle
climate.
5.2 Influence of solar thermal collector
The influence of solar thermal collectors is also evaluated, replacing HP FPC with classical FPC (see Figure
12):


optical efficiency (a0) = 0.81;



linear loss coefficient (a1) = 3.6 W/(m²K);



quadratic loss coefficient (a2) = 0.0036 W/(m²K²);
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Fig 12 - Fsav,therm for space heating of the system with FPC

and evacuated tube collector (ETC) (see figure 13):


optical efficiency (a0) = 0.601;



linear loss coefficient (a1) = 0.767 W/(m²K);



quadratic loss coefficient (a2) = 0.004 W/(m²K²).

Fig 13 – Fsav,therm for space heating of the system with ETC

Results obtained with ETC and classical FPC are both less interesting than with the HP FPC. For FPC, 22.5 m²
of collector are necessary to reach Fsav,therm = 1,with 8750 kg of salt. 15 m² of ETC can lead to a solar
autonomous heating system, as for HP FPC. But in this configuration, the system using ETC needs more salt
than with HP FPC.
6. Influence of storage reactor parameters
Influence of some parameters used in the reactor model is also evaluated. This sensibility analysis is about
following parameters:
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Water evaporation temperature in the evaporator (Te [°C]): Te reference = 5°C ( 10°C)



Thermal losses coefficient through the reactor walls (UAloss [W/K]): UAloss reference = 3 W/K

(10 W/K)


Specific heat transfer coefficient through the heat exchanger (UAspec [W/(K.m²)]): UA spec
reference = 500 W/(Km²)  12,5 W/(Km²)



Vapor diffusion coefficient through the salt (Deff[m²/s]): Deff reference = 10 -9 m²/s (2.10-10 m²/s



Vapor pressure drop between the evaporator and the salt, expressed as a valve coefficient (Cv [m³/h]):
Cv reference = 8 m³/h ( 16 m³/h)

Among these parameters variations, only the thermal losses coefficient modification leads to significant
variation in the Fsav,therm curves calculated (see Figure 14). For less insulated reactor, 1250 kg of salt are
necessary for the same performances. Thermochemical storage is generally presented as a storage method
without loss, but it’s only partially true. In fact, sensible thermal losses can occur, during desorption and
adsorption reactions, trough the reactor walls. Results presented below show the necessity to insulate the
storage reactor to minimize the adsorbent quantity that is already important.

Fig 14 - Fsav,therm for space heating of the system with UAloss of the reactor of 10 W/K

7. Conclusion
In this work, collector areas and SrBr2 quantities are estimated to achieve a fractional solar energy saving for
building heating of 100 %. Influence of the climate which impacts directly the building heat demand, and of
collector efficiency is studied. Consequences of the modification of some storage reactor parameters are also
tested. For the reference system, considering 15 m² HP FPC and a building with a low heating demand (3430
kWh), the whole heating load can be supplied only with solar energy, using 8750 kg of SrBr 2 as seasonal
thermochemical storage.
In this paper, the choice is done not to speak in terms of storage density, which is a very controversial notion
for the thermochemical storage. In fact, energy density estimations should take into account the total bulk of all
the components necessary to store energy and not only the salt volume. But at this stage of the project, this
evaluation is very difficult.
To give a better idea, of this kind of storage application, the construction of a prototype should be the next step.
But the experimental study should also be completed with an economical and environmental study to compare
this application with other seasonal storage methods.
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1. Introduction
In recent years, microencapsulated phase change material (MPCM) slurry and PCM emulsion have been
investigated for building heating and cooling applications in view of their potential thermal performance and
utilization flexibilities (Farid et al. 2004, Zhu, Ma and Wang 2009, Huang, Petermann and Doetsch 2009).
However, one of the major problems in using the PCM as thermal storage material is supercooling, i.e., when
a PCM liquid is cooled, freezing usually occurs at a lower temperature than the melting point. As the latent
heat is only released below the supercooled temperature, large temperature difference between charging and
discharging is needed to fully utilize the latent heat, which is undesirable for the energy efficiencies of
energy storage applications (Zhang et al. 2005).
As suggested by some researchers (Sangwal 2007), an effective approach for decreasing supercooling is the
addition of liquid or solid nucleating agents to the PCM liquids as the seeds and catalysts for nucleation and
crystal growth. A liquid nucleating agent has a higher melting point than that of the main heat storage
material, and is first solidified upon cooling to act as a nucleus of crystal formation. Several studies have
been conducted on liquid nucleating agents in various liquids, such as 1-Tetradecanol (2 wt%) for
microencapsulated n-Tetradecane (Yamagishi et al. 1996), 1-octadecanol (10 wt%) for microcapsulated noctadecane (Zhang et al. 2005), and paraffin wax (0.8-10 wt%) for tetradecane and hexadecane paraffin-inwater emulsion (Huang et al. 2010). Solid nucleating agents, such as nanoparticles and impurity particles,
acting as nucleation centers to enhance the nucleation progress have shown promising application potentials.
As proposed by Oliver and Calvert (1975), the crystallization processes of most PCM liquids are controlled
by the heterogeneous nucleation mechanism. The phase-transition behavior of the PCM liquids is
complicated and very sensitive to small amounts of impurities. He, Tong et al. (2007) showed that the
addition of TiO2 nanoparticles into pure water effectively reduced the supercooling of water. Zhang, Wu et al.
(2010) reported that the effects of nanoparticles on supercooling of pure water are strongly dependent on
their surface wettability. Among the three additive candidates, α-Al2O3 had more effect than γ-Al2O3 and
SiO2, and the effect was more notable at a lower concentration of 0.3% than at 0.5%. However, up to now,
there is not a systematic method to select additive for reducing the supercooling. This is because the essential
factors affecting the nucleation have not been clarified.
A major problem with the use of nanoparticles as nucleating agents is the poor dispersibility of nanoparticles
in the liquid. Because of their high aspect ratios, large specific surface area, and substantial van der Waals
attractions, carbon nano-tubes tend to self-aggregate into bundles spontaneously. In addition, the high
flexibilities increase the possibility of nano-tubes entanglement and close packing (Vaisman, Wagner and
Marom 2006, Sun et al. 2009). Two common approaches are available for dispersion of MWCNT: the use of
external mechanical forces and physicochemical modification of the particle surface properties (Rastogi et al.
2008). Mechanical approach can only temporarily break the interactions between MWCNT particles and the
particles will aggregate again after the force is removed. Physicochemical approaches can be classified into
physical and chemical methods. Physical methods mostly involve the adsorption of chemical surfactants onto
the MWCNT surface which do not change the chemical properties of the MWCNT surface. Chemical
methods involve the surface modification or functionalization of the particles with various chemical reagents
to improve their dispersibility in the liquid and to increase the resistance to aggregation.
Our previous study (Zhang and Niu 2010) has investigated the effects of supercooling on the effective
MPCM thermal storage capacity and the impact on building cooling utilization. This study is to evaluate the
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use of MWCNT nanoparticles as nucleating agent to decrease supercooling in the organic liquid PCM nhexadecane. Addition of various chemical surfactants and chemical modification of the particle surface were
attempted to attain a stable and well dispersed suspension of nanoparticles in the organic liquid. The
effectiveness of well dispersed MWCNT particles as nucleating agent for decreasing of supercooling was
evaluated at various concentrations.
2. Experimental
2.1. Materials
In this study, n-hexadecane C16H34 (99%) was chosen as the PCM liquid (purchased from International
Laboratory USA), and multi-walled carbon nano-tube (MWCNT) as the nucleating agent, which had an outer
diameter 10-20 nm, length 0.5-2 μm and >95% purity (purchased from Chengdu Organic Chemicals Co. Ltd,
Chinese Academy of Sciences, China). Several surfactants were tested as additives for dispersing the
MWCNT particles in hexadecane, including sodium dodecyl sulfate (SDS), cetyl trimethylammonium
bromide (CTAB), polyvinylalcohol (PVA), polyethylene glycol (PEG), tetramethylethylenediamine
(TEMED), Triethylamine (TEA), glacial acetic acid (AcCOOH), 1-decanol (decan-1-ol), salicylic acid (SA),
Tween-80 (polysorbate 80) and Triton X-100 (C14H22O(C2H4O)n), which were all of analytical grade.
2.2. Dispersion of MWCNT nanoparticles in hexadecane
The surface-modification of the nanoparticles plus the addition of a surfactant was attempted to improve the
dispersion of MWCNT particles in the PCM liquid. All dispersion experiments were performed in glass test
tubes by using the ultrasonication technique. For the dispersion with surfactants, the MWCNT particles were
added at 30-50 mg/L to hexadecane in each test tube, and one of the surfactants mentioned above was added
to the tube at 1% (w/v). The tubes were ultrasonicated by an ultrasound probe (Sonics Vibra-CellTM, model
VCX130) for 5 min at 30% amplitude of power.
Surface modification of the MWCNT particles was performed in a mixture of two strong acids, concentrated
H2SO4 (98%) and HNO3 (70%) at 3:1 volume ratio. MWCNT particles was added to H2SO4-HNO3 in a test
tube and sonicated in an ultrasounic bath for 6 hours and then heated with reflux at 65 °C for 4 hours. After
cooling down to room temperature, the acid liquid was diluted with deionized water and the MWCNT
particles were spun down at 18000 rpm for 2 hours. After removal of the liquid, the solid particles were dried
at 80 °C in an oven for about 24 hours.
The surface-modified MWCNT particles were re-dispersed in hexadecane by ultrasonication using an
ultrasound probe with 30% amplitude of power for 5 min. The surfactant 1-decanol was added to the
dispersion and the dispersion was sonicated in an ultrasound bath for 20 minutes to attain an excess amount
of 1-decanol being coated on the MWCNT particles. This yield a stock of 1-decanol-coated, surfacemodified MWCNT particles, which was applied to generate the final MWCNT-hexadecane slurry at various
concentrations from 0.1 wt% to 10 wt% for the following studies.
2.3. Characterization and analysis of nanoparticles
Surface properties of the modified MWCNT particles were analyzed by Fourier transform infrared (FTIR)
spectrometry on a Nicolet Avatar 360 FT-IR instrument using the KBr pellet method.
The size distribution of nanoparticles dispersed in hexadecane was measured by dynamic light scattering
analysis using a Malven Zetasizer (model 3000 HSA) at 90 scattering angle and 25 oC. Each sample was
scanned 100 times and the average particle size (nm) and the polydispersity index were computed by the
Zetasizer 3000HSA-Advanced Software 15.
The morphology of original and modified MWCNT particles was examined with transmission electron
microscopy (TEM) using a JEOL 2011 instrument at a high voltage of 200 kV and point resolution 0.23 nm.
The TEM was operated by the Jeol Fas TEM software and the images were processed by Gatan Digital
Micrograph.
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2.4. Thermal analysis of PCM
Thermal analysis of the PCM with the modified MWCNT as the nucleating agent was performed on a
differential scanning calorimeter (DSC) (METTLER TOLEDO DSC-822e) equipped with a thermal analysis
data station. Samples (10 mg each) were placed into hermetically sealed aluminum pans and treated with the
following temperature program: the sample was first cooled to the initial temperature of -5 °C for at least 15
minutes for stabilization, and then heated from -5 °C to 30 °C at a rate of 5 °C/min, held for 5 minutes at 30
°C, and finally cooled from 30 °C to -5 °C at a rate of 5 °C/min. STARe software was used to analyze and
plot the thermal data.
3. Results and Discussion
3.1. The particle size and dispersion of MWCNT-1-decanol
The average hydrodynamic diameter of Modified MWCNT assisted by 1-decanol (MWCNT-1-decanol) in
hexadecane was 2761.3 nm or 2.76 μm (Figure 1) as measured by dynamic light scattering analysis (Malven
Zetasizer) with the count rate at 200.3 +6.6 kilo count per second (kcps) at 25 °C. The range difference
within the repeated measurements was +36.1 nm, therefore the MWCNT particles were well dispersed. The
polydisperse index was 0.585, which means the range of particle size distribution was medium. MWCNT-1decanol were well dispersed in liquid n-hexadecane to form a stable n-hexadecane / MWCNT-1-decanol
slurry. The visible aggregation was negligible even after seven days.
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Figure 1. The size distribution of MWCNT-1-decanol in hexadecane

3.2. Morphology of MWCNT
TEM micrographs of the original MWCNT and MWCNT-1-decanol are presented in Figure 2 and Figure 3
respectively. The size and shape of MWCNT particles can be observed clearly and are consistent with the
parameters provided by manufacturer, with an outer diameter of 10-20 nm and a length of 0.5-2 μm.
Compared with the morphology of original MWCNT, the surface of MWCNT-1-decanol was rougher. There
were some masses on the surface of the nano tubes, and the mass may be caused by surfactant modification
and the addition of decan-l-ol. These can be observed more clearly in the TEM micrographs (Figure 4),
showing the crystal structure of nano tubes.
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a)

b)

Figure 2. TEM micrographs of original MWCNT on different scales showing the morphology: a) 200 nm and b) 50 nm

a)

b)

Figure 3. TEM micrographs of well dispersed MWCNT-1-decanol on different scales showing the morphology: a) 200 nm and
b) 50 nm

a)

b)

Figure 4. TEM micrographs of different MWCNT showing the crystal structure of MWCNT: a) original MWCNT and b)
MWCNT-1-decanol
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3.3. Supercooling Reduction
In the nucleation process, the formation of the nuclei is associated with a change in the free energy of the
system. At a given supersaturation and temperature, there is a critical value of the free energy when stable
nuclei of critical size are formed. This behavior of the free energy change, ΔG, associated with the formation
of the nucleus was shown in Figure 5 as a function of nucleus radius r. When the radius r of the nuclei is
smaller than r*, the nuclei dissolve. However, when r>r*, the nuclei are stable and grow. ΔG* is a barrier for
nucleation, and only when r>r* there is a reduction in the free energy of the nucleus with an increase in its
size. The higher the activation barrier ΔG*, the more difficult it is to attain stable nuclei. Nucleation process
may be homogeneous or heterogeneous. Homogeneous nucleation is possible when there is no external
source, in ideally pure liquids, whereas heterogeneous nucleation occurs when the system contains
nanoparticles and/or impurity particles (Sangwal 2007).

Figure 5. Change in Gibbs free energy ΔG as a function of radius r of nucleus formed in a supersaturated medium (Sangwal
2007)

According to the classical nucleation theory, well dispersed MWCNT particles are expected to act as seeds
during the process of crystallization, thus to be used as nucleating agents to reduce the supercooling of
hexadecane. DSC technique was used to analyze the thermal property of the hexadecane / MWCNT-1decanol slurry. Figure 6 showed the DSC melting and freezing curves of the pure hexadecane at 5 °C/min
scanning rate and the characteristic temperatures including melting temperature T m, melting peak
temperature Tm.peak, freezing temperature T f and freezing peak temperature T f.peak. The difference between
Tm.peak and Tf.peak is the supercooling ΔT. It can be observed that the melting/freezing peak temperature is
22.67 °C and 14.08 °C respectively, so the supercooling is 8.59 °C.
Supercooling
Tm.peak

Tm

Melting

Tf

Freezing

Tf.peak

Figure 6. DSC melting and freezing curves of the pure hexadecane at 5 °C/min scanning rate and the characteristic
temperatures Tm, Tm.peak, Tf and Tf.peak.
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The DSC heating/cooling curves of the hexadecane / MWCNT-1-decanol slurry obtained at a heating and
cooling rate of 5 °C/min are presented in Figure 7, and the melting and crystallization properties calculated
from the DSC tests are presented in Table 1. It can be observed that the freezing temperature of the
hexadecane / MWCNT-1-decanol slurry varied with the MWCNT concentrations while the melting
temperature remained fundamentally unchanged. With the addition of the nucleating agent of 0.1 wt%, the
freezing temperature clearly increased from 14.08 °C to 17.42 °C, and the supercooling of hexadecane
decreased by 43%, from 8.59 °C to 4.91 °C. With the addition of the nucleating agent of 0.5 wt%, the
supercooling reduction effect was also significant but weaker than at the lower concentration. When the
concentrations of the nucleating agent exceeded 1.0 wt%, the effect of reducing supercooling was not seen.
Judging from these results, it appears that there existed an optimal or a most effective concentration range of
the nucleating agent and this agrees with experimental research reported by other researchers (Liu 2005,
Tomura and Kawasaki-shi 2010). The fact that the mass concentration required is small has positive practical
implications.
Endo
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Figure 7. DSC curves of the hexadecane with MWCNT of different fractions as the nucleating agent (NA): a) heating process
and b) cooling process

Table 1. Melting and crystallization properties of hexadecane with MWCNT of different fractions as the nucleating agent (NA)

ΔHm

ΔHf

Tm.peak

Tf.peak

ΔT

J/g

J/g

°C

°C

°C

NA (0.0 wt %)

227.13

225.81

22.67

14.08

8.59

NA (0.1 wt %)

196.58

196.33

22.33

17.42

4.91

NA (0.5 wt %)

256.28

250.59

22.25

15.42

6.83

NA (1.0 wt %)

237.90

239.77

23.83

13.67

10.16

NA (2.0 wt %)

244.81

244.22

22.75

13.83

8.92

NA (10.0 wt %)

219.60

223.03

22.70

14.08

8.67

3.4. Discussion
The crystal structure of n-hexadecane (even-carbon n-alkanes with n<26) is triclinic structure (Sangwal
2007), and that of MWCNT particles with a diameter of 10-20 nm (more than 25Å) is honeycomb structure
(Tersoff and Ruoff 1994). The similar crystal structure of MWCNT and n-hexadecane is the basis for
MWCNT to be used as the nucleating agent. The experimental results help to confirm this hypothesis.
Without any foreign additives, formation of stable nuclei relying on homogeneous nucleation is a “sluggish”
process, which is the main cause of large supercooling. In this experimental investigation, the well dispersed
nanoparticles provided stable foreign nuclei of proper size to promote the heterogeneous nucleation process
and accelerate crystallization process, thus the crystallization temperature was raised and the supercooling
was significantly reduced.
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The small concentration of additives required has a number of positive implications for the potential
engineering application of the technology. Firstly, it will have negligible impact on the volumetric latent heat
of the PCM; secondly, the cost of the nano materials can be much reduced.
4. Conclusions
It was difficult to disperse the original MWCNT particles in a hexadecane liquid. The surfactant used to
disperse MWCNT must be soluble to the hexadecane, and the results showed that the functional group in the
surfactants that are supposed to react with the acid groups in MWCNT should be as exposed as possible,
otherwise the branch near the functional group would produce hindrance and lower the dispersion effect.
Modified MWCNT particles plus the addition of 1-decanol as surfactant were successfully dispersed in
hexadecane. It can be expected that using 1-decanol to disperse MWCNT in other higher molecular alkanes
that are similar to hexadecane such as pentadecane and heptadecane is possible; the results may also imply
that using other fatty alcohols, such as nonadecan-1-ol and undecan-1-ol, which have similar structures to 1decanol to assist to disperse MWCNT in hexadecane is also possible.
It is encouraging that well dispersed MWCNT of relatively low concentration had significant effect in
reducing supercooling of hexadecane. With the addition of 0.1wt% MWCNT, the supercooling of
hexadecane can decrease by 43%, which produced the most significant effect among the test samples. It is
also interesting to note that there was an effective concentration range of nanoparticles for supercooling
reduction, and better results cannot be obtained by continuously increasing nanoparticle concentration.
For thermal cooling storage in air conditioning system and other building applications, reducing supercooling
as much as possible is essential. Large supercooling will decrease the COP of the cooling storage process in
electric-driven cooling storage systems, and reduce the utilization hours or the per-volume storage capacities
of natural cooling systems such as evaporative cooling system.
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EVALUATION OF ACCELERATED AGING TEST METHODS
FOR POLYMERIC MATERIALS IN SOLAR THERMAL APPLICATIONS
Klemens Grabmayer, Gernot M. Wallner, Harald Schobermayr and Reinhold W. Lang
Institute of Polymeric Materials and Testing (IPMT), Johannes Kepler University Linz (Austria)

1. Introduction
The long-term thermal stability (LTTS) of polymers is a major criterion for their applicability in solar
thermal systems. For example, heat storage applications require a maximum service temperature of about
95°C. To ensure for a proper service, adequate test and evaluation procedures are needed to guard against
excessive aging and premature failure. High temperature aging on a specimen level in application relevant
environmental conditions is a common approach to evaluate the LTTS of polymeric materials. As shown in
previous studies (Kahlen et al., 2010), aging testing on specimen level correlates well with aging results
derived from more expensive tests on a component level. However, aging tests on common specimens with
application relevant material thickness are usually time-consuming and limited in acceleration by simple
enhancement of the testing temperature. Hence, advanced testing concepts are needed for efficient material
screening for new applications in solar thermal systems. In the multi-partner cooperative research project
SolPol-1 funded by the Austrian Climate and Energy Fund (KLI:EN) various concepts for accelerated aging
testing of polymeric materials in solar thermal applications are currently under development and evaluation.
In the literature, sample thickness and geometry are considered to be two important parameters that strongly
influence polymer oxidation, with thinner and cylindrical samples showing higher loss rates of stabilizers as
well as higher rates of oxidation than thicker and film-like samples (Schlotter and Furlan, 1992; Billingham
and Calvert, 1980). For example, Billingham and Calvert (1980) estimated that the stabilizer loss occurs at
least ten times faster in 100 µm thick film than in a 1 mm thick film for the common antioxidant Irganox
1010 in LDPE at room temperature. Hence, within this paper the main focus is to evaluate a testing approach
based on micro-sized specimens with thickness dimensions in the µm range well below the nominal
component thickness for polyolefin materials used in heat storage tanks.
2. Experimental
A Polyolefin (PO)-based model polymer system with systematic variation of the long-term thermal stabilizer
packages (i.e., antioxidants (AO); see Tab. 1) was extruded to 2 mm thick sheets, which are applied by
FSAVE (Kassel, GER; wp.fsave.de) for modular heat storage tanks.
Tab. 1: Investigated PO-based material formulations and designations

PO formulation no.
00
03
04
08
11

Additional stabilizer
none
AO1
AO3
AO1
AO4
AO2
AO3
AO2
AO4

From the 2 mm thick sheets, on the one hand die-punched specimens with a thickness of 2 mm (type 5a
according to ISO 527) were taken (Wallner et al., 2010). On the other, procedures for the preparation of
micro-sized specimens with a thickness of about 200 µm were implemented and used. Figure 1 shows the
apparatus for the preparation of micro-sized specimens by manual planing which is composed of a planing
tool running in a guide.
The aging behavior of the macro-sized specimens was investigated within the master thesis of A. Hagauer
(2010), and her results are used for comparison with the data generated as part of the present study (i.e., test
conditions were kept identical).
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Fig. 1: Manual planing apparatus

Within this study the micro-sized specimens were exposed to hot air at 135°C. Specimens were removed in
constant intervals and characterized by mechanical (tensile test) and thermo-analytical methods (Differential
Scanning Calorimetry (DSC)). Tensile tests were carried out on the screw-driven tensile test machine Zwick
Z2.5 (Zwick GmbH & Co. KG, Ulm, D) at ambient temperature (25°C). The test speed was 50 mm/min.
Tensile test data were evaluated with respect to ultimate stress and strain values.
In addition, DSC measurements were carried out on a Perkin Elmer DSC 4000 (Perkin Elmer Instruments
GmbH; Überlingen, D) under constant flow of synthetic air of 20 ml/min at a heating/cooling rate of 10
K/min. Samples were first heated from 30°C to 180°C, then cooled to 30°C and heated again until oxidation
started.
3. Results
3.1. Specimen quality
The thickness of the planed micro-sized specimens was chosen to be 200 µm which is one tenth of the
thickness of the macro-sized ISO 527 specimens. Manual planing of the extruded PO sheets yielded
thicknesses between 190 and 210 µm. Figure 1 shows representative stress-strain curves for the 5 materials
tested. As the base polymer is identical in all material systems, the differences in yield stress and post-yield
behavior are most likely due to slight variation of thickness alongside the specimens due to the manual
technique of sample preparation.
Table 2 lists the ultimate mechanical values for unaged macro-sized as well as micro-sized specimens. The
stress-at-break sB and strain-at-break eB values for micro-sized specimens show standard deviations up to
12 %. Although the stress-strain curves as well as the ultimate mechanical properties of unaged micro-sized
specimens within a material test series were found to be quite reproducible, further improvements in
specimen preparation (i.e., more homogeneous thickness of micro-sized specimens) may help to reduce the
data scatter. The different values in yield stress and ultimate properties between the micro-sized specimens
and the macro-sized specimens may be attributed to geometry or orientation effects. Further investigations
are needed to clarify this influence. The melting enthalpy and oxidation temperature of the materials show no
significant differences between macro- and micro-sized specimens (see Tab. 3). Hence, uniform sample
preparation can be concluded from tensile test and DSC measurements.
Tab. 2: Ultimate mechanical properties stress at break sB and strain at break eB for macro- and micro-sized tensile specimens
(data for macro-sized specimens taken from Hagauer (2010))

No.
00
03
04
08
11
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sB,macro-sized (MPa)
40,3
41,3
42,1
42,3
40,9

eB,macro-sized (%)
431
468
476
465
466

sB,micro-sized (MPa)
28,8 ± 0,7
28,8 ± 2,3
28,5 ± 1,1
30,9 ± 1,5
27,7 ± 1,5

eB,micro-sized (%)
885 ± 70
802 ± 93
778 ± 31
879 ± 36
776 ± 41
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Fig. 2: Representative stress-strain curves of the micro-sized specimens for materials 00, 03, 04, 08, 11
Tab. 3: Melting enthalpy DHM and oxidation temperature TOX of macro- and micro-sized tensile specimen
(data for macro-sized specimens taken from Hagauer (2010))

No.
00
03
04
08
11

DHM,macro-sized (W/g)
62,5 ± 0,8
69,4 ± 8,2
66,3 ± 4,2
72,2 ± 9,5
64,4 ± 4,7

DHM,micro-sized (W/g)
70,9 ± 5,4
67,4 ± 5,9
70,9 ± 2,7
66,3 ± 10
68,3 ± 4,7

TOX,macro-sized (°C)

TOX,micro-sized (°C)

268 ± 1
282 ± 1
283 ± 0
277 ± 1
278 ± 0

269 ± 0
281 ± 0
280 ± 0
278 ± 0
276 ± 1

3.2. Aging behavior
For macro- and micro-sized specimens the effect of hot air exposure at 135°C on the oxidation temperature
and the strain-at-break values is displayed in figs. 3 and 4. While the oxidation temperatures of the unaged
reference materials (00, 03, 04, 08, 11) are in good agreement for micro- and macro-sized specimens, the
decrease of oxidation temperature as a function of exposure time appears to be significantly different and
depends on the specimen thickness. For the macro-sized specimens a continuous reduction of TOX is
observable in fig. 3. After about 100 days of exposure time the materials can be differentiated into two
classes with 08 and 11 exhibiting higher oxidation temperatures than 00, 03 and 04. For the micro-sized
specimens the oxidation temperature levels off after an initial drop to values of about 254°C to 264°C.
Again, higher oxidation temperatures are found for the materials 08 and 11 compared to 00 and 03. The
different reduction in oxidation temperature for macro- and micro-sized specimens is presumably an
indicator for different aging mechanisms depending on specimen type.
Strain-at-break values eB for the unaged macro-sized specimens are between 430 % for material 00 to 476 %
for material 04. In contrast, in the reference state, micro-sized specimens exhibit significantly higher strainat-break values ranging from 776 % for material 11 to 879 % for material 08. The higher initial values of the
micro-sized specimens may be attributed to geometry effects or differences in specimen quality. Due to
exposure at 135°C, for all materials and independent of the specimen type an initial drop within the first
testing interval is observable which can be related to physical aging effects (e.g., postcrystallisation or crystal
phase transformation). While for the investigated micro-sized specimens no further drop in strain-at-break
values was obtained within exposure times up to 43 d, the macro-sized specimens of some materials (i.e., 00,
03 and 04) exhibit a further significant drop in strain-at-break associated with the embrittlement. As
indicated by the oxidation temperature and also by the strain-at-break values after 180 d, the investigated
materials can be differentiated into two classes with 00, 03 and 04 showing a more significant degradation
than materials 08 and 11. For the micro-sized specimens the exposure times were too short to distinguish the
degradation behavior of the various materials. The aging tests for the micro-sized specimens are still
ongoing. From the data obtained so far for micro- and macro-sized specimens with a thickness varying by a
factor of ten it can be concluded that the acceleration factor is less than four.
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Fig. 3: Oxidation temperature TOX for macro-sized specimens (left; data from Hagauer (2010)) and micro-sized specimens
(right) for tested materials
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Fig. 4: Strain-at-break values eB for macro-sized specimens (left; data from Hagauer (2010)) and micro-sized specimens (right)
for tested materials

4. Summary and conclusions
In the present study, the aging behaviour of PO model materials (formulations of identical base polymer
system with different stabilizer packages) for heat storage applications with maximum service temperatures
of about 95°C were investigated. The focus of this paper was on comparing two test methods (DSC and
tensile tests) in terms of their applicability to study aging and degradation of such materials by comparing the
behavior of preaged macro- and micro-sized specimens.
As revealed by the aging indicators oxidation temperature and strain-at-break, significant physical and
chemical aging was detected at an elevated testing temperature of 135°C, which was chosen to accelerated
aging effects. For the micro-sized specimens the exposure time of 43 d so far was not long enough to induce
significant chemical degradation for the investigated materials. From the aging data derived from macro- and
micro-sized specimens it can be concluded that materials 08 and 11 exhibit a better aging behavior in hot air
compared to material grades 00, 03 and 04. Interestingly, indications were obtained that the degradation
mechanisms might be different and depending on specimen thickness. Due to the fact that the testing times
were too short especially for the micro-sized specimens, further aging experiments with longer exposure
times will be carried out. Moreover, the obtained indication for specimen thickness dependent degradation
mechanisms has to clarified by a more comprehensive material and stabilizer analysis. The accelerated
consumption of stabilizers due to reduced thickness and therefore a higher surface-to-volume ratio could not
be clarified as yet. Further investigations are in progress involving automated planing and different specimen
thicknesses in order to elucidate the influence of specimen thickness and quality on the degradation behavior
of PO-based heat storage materials.
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1. Introduction
A solar thermal system with seasonal borehole storage for heating of a residential area in Anneberg, Sweden,
approximately 10 km north of Stockholm (59.4⁰N; 18.0⁰E), has been in operation since late 2002. Originally,
the project was part of the EU THERMIE project “Large-scale Solar Heating Systems for Housing
Developments” (REB/0061/97) and was the first solar heating plant in Europe with borehole storage in rock
not utilizing a heat pump. Earlier evaluations of the system (Bernestål and Nilsson, 2007; Sweco Theorells,
2007) show lower performance than the preliminary simulation study, with residents complaining of a high
use of electricity for domestic hot water (DHW) preparation and auxiliary heating. One explanation
mentioned in the earlier evaluations is that the borehole storage had not yet reached “steady state”
temperatures at the time of evaluation.
Many years have passed since then and this paper presents results from a new evaluation. The main aim of
this work is to evaluate the current performance of the system based on several key figures (presented in 3.1),
as well as on system function based on available measurement data. The analysis show that though the
borehole storage now has reached a quasi-steady state and operates as intended, the auxiliary electricity
consumption is much higher than the original design values largely due to high losses in the distribution
network, higher heat loads as well as lower solar gains.
2. Description of the system
The residential area in question is compromised of 50 residential units with an average heated area of on
average ~110 m2 each and a total yearly design heating demand, including DHW, of 565 MWh. The heating
is supplied from 2400 m2 of flat plate solar collectors, a 60,000 m3 seasonal borehole storage, and from
electrical boosters when the solar collectors and borehole storage is not enough. The seasonal storage stores
the collected solar energy at a relatively high temperature (27 - 42°C) and this, together with the low
temperature heating system, eliminates the need for a heat pump. A schematic diagram of the system,
without the seasonal storage, is seen in Fig. 1.
The system consists of 13 sub-units equipped with either one or two 750 litre DHW stores depending on the
number of residential units connected. Each residential unit is equipped with a small DHW store, low
temperature floor heating system and electrical boosters to both DHW and floor heating to ensure a working
system even if the main heating system should fail, as this was one of the design requirements. Flat plate
solar collectors cover the whole roof area of the residential units. All sub-units are connected through a
culvert system to the main unit, which is situated between the sub-units and the borehole storage. An
overview of the residential area is shown in Fig. 2 (left), showing the borehole storage, main unit and subunits for the three apartment areas. The distance from the borehole storage to the main unit is ~35 meters and
distance between the main unit and the sub-units is roughly 35 meters for the closest and 140 meters for the
furthest (direct route meaning the pipe distances are longer).
The flow going through the borehole storage is connected as one loop circulating trough all sub-units in
parallel, where it passes through the solar heat exchanger before entering the store in each sub-unit. The flow
circulates through all sub-units even during times when the collector circuit is not in operation, meaning that
during charging of the borehole storage (summer season) the store in each sub-unit is discharged every night
and the energy stored in the stores is transferred to the borehole storage.
The borehole storage consists of 99 active holes drilled to 65 m depth with spacing of 3 m in between (one
hole is inactive and contains a temperature sensor where the storage temperature in one point can be
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manually recorded). The configuration is square shaped and contains 2x10 parallel lines with 5 boreholes
each. During charging, the store is charged from the middle and out meaning that the centre is hottest.
During discharging, the flow in the store is reversed. See Fig.2 (right).

DHW

Space heat

Fig. 1: System principle. Heat distribution system comprising sub-units with solar collector connection and DHW buffer
storage. Residential unit with floor heating system and DHW tank, both with electric back-up heaters for supplementary
heating. Design condition: flow 32 and return 27 °C. Collector design operation: flow 40 and return 60 °C (Lundh and
Dalenbäck, 2008).

Fig. 2: An overview of the whole residential area (left) including the borehole storage, main unit and 13 sub units in three areas
(B, C and E), and the borehole storage configuration (right) with ground sensor position marked (manual measurement only).
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2.2. Available measurement data
Data from sensors used in the control system are saved at a 4 minute time interval, but due to restrictions of
the controller when the system was taken into operation, the number of sensors for which data is saved is
limited. For the borehole storage, the available data includes temperatures to and from the borehole storage
as well as the flow rate, all measured at the main unit. Regarding the sub-units the data includes DHW
temperature before (cold water) and after (pre-heated water) the sub-unit store and the flow rate, temperature
of the flow from the borehole storage before and after the solar heat exchanger plus the flow rate as well as
the temperature of the flow leaving the sub-unit to the borehole storage. This data is however only available
for 3 out of 13 sub-units; B1, C1 and E7. Data for electricity consumption on the apartment level is available
for the 4 apartments connected to sub-unit E7. This data includes auxiliary electricity to the electrical
boosters for the space heating system and DHW as well as domestic electricity use. The sensors have been in
place now for nearly 10 years and are not calibrated.
3. Method
The work is focused on the evaluation of the current system, based on measurement data for the year 20102011. The key figures described in Tab. 1 were chosen to assist in the system evaluation including both an
analysis of the system performance as well as of the system function.
3.1. Definition of key figures
To as a large extent as possible, measured data was used directly in the calculation of the key figures but due
to a lack of recorded measurement points, some values had to be estimated indirectly using the available
data. Key figures concerning the sub-units and apartments had to be extrapolated to the whole area, as
described in 3.2.
In the energy balance of a sub-unit, due to the lack of measured data, there are two unknowns, namely the
sub-unit losses and the solar contribution to space heating. To estimate these two parameters, the month of
July was chosen assuming no space heating during this month. With this assumption, the sub-unit heat losses
could be calculated. The sub-unit losses for July were then used as a basis for estimating losses for the other
months using a correction coefficient based on the operating temperature (highest during the summer). The
solar contribution to space heating could then be calculated based on the energy balance.
Since no temperature in the borehole storage is recorded in the available measurement files, the storage
temperature is evaluated by using the outlet temperature of the borehole storage during discharge when the
heat transfer rate over the borehole heat exchanger is relatively small. The calculation is made during days
when the temperature difference between inlet and outlet flow is low (small heat transfer rate). Temperature
of the store is then estimated by using the outlet temperature during discharging and adding 4 °C for the
temperature drop over the borehole heat exchanger, giving an estimate of the borehole storage core
temperature.
For the borehole storage losses, an estimation of the net accumulated energy (change in internal energy) is
necessary if there is a temperature difference in the borehole storage between the start and end of the year.
This was the case in 2006 (~1°C rise in temperature from January – January) but not in 2010, showing that
the borehole storage has reached a quasi-steady state.
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Tab. 1: Key figures chosen for the evaluation of the current system.

Key figure
1, 2

Solar fraction

Definition

Unit

The solar contribution to the total heat load, calculated as:

%

1 – (Total auxiliary use)/(Total heat load).
Note that the sub-unit losses are included in the total load but
not distribution losses.
Borehole storage losses

Calculated from the energy balance of the store, including
change in internal energy, for a complete year.

MWh

Losses in distribution system2

The difference in energy that leaves the main unit and arrives
at the sub-units during discharging of the borehole storage or
vice versa during charging.

MWh

Losses in sub-units1, 2

Heat losses in the sub-units calculated through energy balance
of the sub-unit.

MWh

Total heat load2

The sum of the auxiliary energy used and the solar
contribution, either directly or through the borehole storage,
calculated from the energy balance of the subunit and
connected residences. Includes losses in sub-units.

MWh

Total electricity supplied for heating and DHW.

MWh

Solar energy from collectors

The energy transferred to the borehole storage loop in the subunit solar heat exchangers.

MWh

Energy supplied to the
borehole storage

Energy from the solar collectors entering the borehole storage,
measured at the main unit.

MWh

Energy taken out from the
borehole storage

Energy extracted from the borehole storage for delivery to the
sub-units, measured at the main unit.

MWh

Temperature of the borehole
storage (core)1

Temperature estimated by using the measured temperature of
the borehole outlet during discharging at low heat transfer rate,
and adding 4 °C to compensate for the heat exchanger
temperature drop.

°C

Average winter temperature

The average ambient temperature from November to March
reported for Stockholm main weather station.

°C

Annual horizontal solar
radiation

Since no measurement of the solar radiation is logged at the
site, this figure is based on public weather data for Stockholm.

kWh/year

Average annual collector
efficiency

Calculated based on solar energy from collectors and
horizontal radiation for the whole year

%

Total auxiliary energy use2
2

1

Key figures calculated indirectly using available data. 2Extrapolation involved in the calculation.

3.2. Extrapolation of results
As was mentioned earlier, measured data are available only for the main unit, 3 sub-units (out of 13) and 4
apartments (out of 50). Thus, results for the whole system need to be extrapolated.
There are three main assumptions which were made during the extrapolation. The first one is that all subunits in one area have the same location relative to main unit. This has an influence on the pipe system
losses. The second assumption is that in one area all energy values (loads, solar gains and energy transported
to/from the borehole storage) for a sub-unit only depend on the number of buildings, their living area and
collector area and are independent of the building location relative to the sub-unit, shading effects, building
orientation, building geometry and number of inhabitants. The third assumption is that sub-unit losses were
the same for all sub-units.
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4. System evaluation
To evaluate the system the established key figures were calculated for 2010 and also compared with the
design values from Lundh and Dalenbäck (2008), Dalenbäck et al. (2000) and a prestudy (Nordell and
Hellström, 2000) as well as an earlier system evaluation for 2006 (Bernestål and Nilsson, 2007) carried out
before the borehole storage had reached steady state. The key figure results are presented in Tab. 2. The solar
fraction is considerably lower than the design values for both 2006 and 2010, indicating that the system does
not work as well as planned. The borehole storage losses however are much lower for 2010 than for 2006,
387 and 527 MWh respectively. This can partly be explained by higher temperature in the surrounding rock,
since the storage has been in operation for a longer time. However, the difference is too large for this factor
on its own. The sum of the borehole losses and distribution network losses are quite similar, being 690 and
654 MWh for 2006 and 2010 respectively. Based on the measurement data available, it was not possible to
identify why these figures are so different, whereas most other figures for the two years are quite similar. It
should be noted that the figure for the energy transferred to and from the borehole storage is measured
directly at the main unit, while the energy quantities for the other end of the distribution network is based on
an extrapolation and thus more uncertain. For 2006, the storage had not reached steady state as the
temperature at the end of the year was over 1°C higher than at the start, leading to an estimated accumulation
of 50 MWh in internal energy of the store over the year (Bernestål and Nilsson, 2007).
The losses in the distribution system are much higher in the current evaluation, amounting to 267 MWh for
2010. Of this, 156 MWh were losses during discharging and 111 MWh were losses during charging.
Although the temperatures during charging are higher than during discharging, the period of operation for
charging is much shorter resulting in the cumulative losses for discharging being higher. Here it can be noted
that the average winter temperature is almost 6 °C lower for 2010 than for 2006, which can partly explain the
higher distribution losses. The average winter temperature for the design simulations is in between the two
evaluations. The heat load is 10% higher in 2010 compared to 2006 and 11% higher than the design value.
The sub-unit losses are higher than the design values. In the evaluation in 2006 the sub-unit losses were not
calculated and were instead included in the total load and for that reason, there is no value available for
comparison. In this evaluation, the sub-unit heat losses were calculated as described in 3.1 and this resulted
in roughly 6.5 MWh of heat losses for each sub-unit. This can be compared with values for existing solar
combisystems for detached houses that have similar storage sizes and piping to those in the subunits. Results
from the EU project CombiSol (Letz et al., 2010) show that for the Swedish systems monitored, the heat
losses are in the range of 2.5 and 5.6 MWh, indicating that the calculated sub-unit losses for Anneberg are
very high indeed. It is however possible that the sub-unit losses calculated for Anneberg are somewhat
overestimated. It was assumed that the space heating demand for the studied month (July) was zero but it is
possible that this was not the case and any space heating during this month would have been included in the
heat losses and due to the extrapolation process, also in other months. The number of stores in the sub-units
can also be a cause for overestimation of the sub-unit losses. Only sub-units with 2 stores were used in the
calculation as basis for extrapolation (since this was the only data available) while in reality 4 out of 13 subunits only have 1 store.
The available radiation is lowest for the design case and at the same time the solar energy from the collectors
is the highest, giving an average annual efficiency of 49%, based on the horizontal radiation and surface area
of the collectors. The average efficiency is very similar for the measurement data for 2006 and 2010, but this
is much lower than that for the design data (~39% compared to 49%). This indicates that the collectors are
operating at a much higher temperature or are not as efficient as in the design study. Part of the decrease in
efficiency is that the glass covers of several of the solar collectors are broken. Apparently this was the result
of movements of the hardened glass covers over time and pressure from a sharp object in the frame resulting
in the glass breaking. Since these modules had not been repaired, some degradation in performance is to be
expected. The available radiation for 2006 was greater than for 2010 resulting in a higher collector output.
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Tab. 2 Key figure comparison between design values (Dalenbäck et al., 2000), values calculated for 2006 (Bernestål and
Nilsson, 2007) and values calculated for 2010.

Key figures

Design values

2006 evaluation

2010 evaluation

Solar fraction [%]

80

421,2 (453)

401,2 (413)

Borehole storage losses [MWh]

500

527

387

Losses in distribution system [MWh]

100

163

2

2672

Losses in sub-units [MWh]

30

NA

851,2

Total heat load (including sub-unit
losses) [MWh]

565

5741,2

6311,2

Total auxiliary use [MWh]

120

3342

3792

Solar energy from collectors [MWh]

1075

9802

9062

Energy supplied to borehole storage
(measured at main unit) [MWh]

NA

809

720

Energy taken out from borehole storage
(measured at main unit) [MWh]

NA

232

333

Average winter temperature [°C]

-0.3

1.9

-3.8

Annual horizontal solar radiation
[kWh/year]

922

1020

992

Collector efficiency

49%

40%2

38%2

1

Key figures calculated indirectly using available data. 2Extrapolation involved in the calculation.

3

Based on the data for subunit E7 for which all energy quantities are measured and recorded. The main figure is for the whole
system based on extrapolation of results from the data recorded for 3 subunits.

Regarding auxiliary electricity consumption for space heating and DHW, measurement data separately
showing DHW and space heating electricity consumption was available from 4 apartments in sub-unit E7.
Based on measurements on auxiliary energy and solar contribution to DHW together with calculated solar
contribution to the space heating load, the heat supply to an average residential unit was calculated. Monthly
values for solar and auxiliary energy for the average unit are shown in Fig. 3. Compared to a residential unit
according to the initial design shown in Fig. 4, the auxiliary energy required is much higher for the real
system. It should also be noted that for the real system, auxiliary energy is required even during the summer
months, which has to do with the way the real system is designed (further explained in 4.1). No explanation
for the peak in the design data for March, an unusual time for peak load in Sweden, was found in the
references.

Fig. 3: Heat supply to one average residential unit in 2010.
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Fig. 4 Heat supply to a residential unit according to the initial system design in (Lundh and Dalenbäck, 2008).

Key energy figures for the borehole storage and distribution for 2010 are shown in Fig. 5. After 8 years of
operation it is concluded to be the final borehole storage performance, since it should have reached the
steady-state temperature by this time. A confirmation that the storage has reached steady state can be found
in Fig. 6 where the temperature is more or less equal for January 2010 and 2011. Shown in the figure is the
estimated maximum and minimum temperature of the borehole storage core for each month, calculated as
described in 3.1. Also included are some values from manual measurements from a sensor in an inactive
borehole. The manual measurements were performed and logged by one of the inhabitants in the area. The
temperature sensor is located at a depth of approximately 45 meters and the borehole is in position H3,
meaning the 7th row, 3 positions in from the outer edge or roughly somewhere in between the outer edge and
the core of the borehole field (see Fig. 2). The manual measurement was done at the end of month in the
evening or late afternoon, whereas the maximum and minimum temperatures were calculated based on the
monthly average outlet temperatures during discharge.
200
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Sub unit losses
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Fig. 5: Key energy figures for the borehole storage and distribution in 2010. Energy supplied and taken out from the borehole
storage is measured at the main unit.
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The cumulative annual energy supplied to the borehole storage during 2010 was 720 MWh and the energy
taken out from the storage was 333 MWh (measured at the main unit). However, the amount of energy which
was actually supplied to the sub-units was only 178 MWh (measured/extrapolated at the sub-units) because
of losses in the store and high distribution losses as seen in Fig. 5.

Borehole fluid temperature [°C]
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Maximum temperature

Minimum temperature

Manual measurement
Fig. 6: Maximum and minimum temperatures for the borehole storage core between January 2010 and January 2011
estimated from the outlet temperature, as well as manual measurements at one point in the store.

It can also be discussed whether the solar fraction, 40 % for 2010, is calculated in a fair way from the
perspective of the inhabitants. For the evaluation in 2006, since the sub-unit losses were not estimated, they
were simply included in the heating demand and for the sake of comparison, the same was done in this
evaluation. It can be argued however, that at least part of the sub-unit losses are introduced to the system due
to its design, and could have been avoided with a different system design or a different heating system
altogether. The extreme alternative would be if all buildings were equipped with electric wall panel heaters
where the (local) losses are more or less negligible. As a comparison, the solar fraction was also calculated
with the sub-unit losses regarded as not being part of the heat load. This resulted in a solar fraction of only
31%. The same calculation for the design case shows a reduction in the solar fraction from 80% to 78%. This
clearly illustrates the difference in the assumed subunit heat losses for the design case, and the calculated
heat losses for the real system as well as the importance of the heat losses.
4.1 System function analysis
The key figures calculated from the system evaluations show much lower values, mainly for the solar
fraction, than was estimated and calculated during the initial design. Two possible reasons for this are firstly,
that the initial simulations overestimated the performance of the system, or secondly, that the system
function for some parts is not correct. A system function analysis of selected parts of the system is done to
investigate the second reason. The analysis is made for four days during 2010; 2nd of February, 11th of April,
22nd of June and 4th of November, to represent different regimes of system operation (end of discharge,
beginning of charging, high charging with good radiation and partly charged store and beginning of
discharging respectively). Measurement data used for the analysis are temperatures and flow rates to and
from the borehole storage as well as three sub-units and electricity consumption from four apartments.
The analysis shows that the operation of the borehole storage works as intended. However problems
affecting the system performance were found in other parts of the system. One problem was found in the
sub-unit heat exchangers between solar collector and sub-unit/borehole storage at a couple of the subunits
studied. Here a temperature drop of up to over 2 °C was found on the sub-unit side of the measured heat
exchangers both at nighttime during the summer and in wintertime when the solar collector is not in
operation. Since the same phenomenon is observed in several sub-units, although the temperature drop is
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varying, the risk of faulty sensors can be assumed to be low. Bernestål and Nilsson (2007) also reported a
temperature loss over the solar heat exchanger, proving that the problem also existed in 2006. A calibration
of the temperature sensors is required to determine whether the drop is due to sensor error or a real heat loss
in the collector circuit when the collector pump is inactive, presumably, which could be caused by natural
convection in the circuit or individual pipes. A temperature drop of several degrees will also have a negative
impact on the amount of heat the borehole storage can contribute to the floor heating in the buildings.
It was also discovered that the current system design requires a large amount of auxiliary electric heating of
the domestic hot water even during the summer months, when there is excess solar energy available for the
residences. There are two possible reasons for this. The first being long pipe distances between sub-unit and
apartment. If the pipes between the small domestic hot water tank in each apartment and the sub-unit store
are relatively long, longer periods without discharge will result in colder water in the pipes being introduced
into the DHW store at the start of discharges and the need of electric heating to maintain the set temperature
there. The second reason is the current sub-unit design. In the summer during the day, water from the
borehole storage is heated up in the solar heat exchanger, passes through the sub-unit (DHW) store and then
through the borehole storage and back to the solar heat exchanger. The sub-unit store is therefore charged
during the day to a high temperature. After sunset the borehole storage loop continues to run however,
leading to a discharge of the sub-unit store (and further charging of the borehole storage). The temperature of
the sub-unit store therefore quickly reaches the temperature of the borehole storage, which is always lower
than the set temperature in the small DHW stores in the residences. One reason for this design is that no
buffer store for the borehole storage had been included in the original design and instead, the sub unit stores
also work as buffer stores for the borehole storage in order to reduce peak charging power.
4.2 Uncertainties
The data have been gathered from the controller for the system, which has been in operation for 10 years,
and it is not clear whether the sensors were calibrated in advance. Thus there are significant uncertainties in
the measurement data. In addition there are several steps in the calculation procedure which introduce
uncertainties to the figures. The first source of uncertainty is the extrapolation from available data. Even
though data for one sub-unit from each typical building area (B, C and E) are available, there are still some
differences between the sub-units of a particular area. Some differences are the number of buildings
connected to the sub-unit, number of stores in the sub-units, roof and apartment area of the buildings and the
distance between the sub-units and the borehole storage. The first three reasons influence the available solar
energy from the collector field, space heating and DHW load, energy transported to and from the borehole
storage and heat losses. The distance between the sub-units and the borehole storage affect the pipe losses in
the distribution system. Extrapolation of the use of auxiliary electricity was even less accurate since electrical
meters are only installed in apartments from area E7. In other apartments the heated floor is different which
affected the auxiliary energy consumption for space heating. The number of inhabitants and their behavioral
patterns are different in each apartment which also has an influence on auxiliary energy used. The
assumptions made during the extrapolation procedure can have a large impact on the results.
The second source of uncertainty is estimation of key figures which could not be directly calculated from the
available measured data. Some figures were difficult to separate from one another (e.g. sub-unit losses and
space heating load) since there was not enough information in the measured data. Again, assumptions made
during the calculation can affect the results.
The third source of uncertainty concerns the comparison between the current system evaluation and earlier
evaluations, and this is possible differences in the assumptions and methods used in calculating the key
figures. There was, however, a lack of information concerning the assumptions made in the previous works,
which introduce a certain uncertainty in the comparison to the earlier studies.
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5. Conclusions
From the current system evaluation as well as from the comparison with previous studies, it can be
concluded that the borehole storage itself is operating as intended and has now reached a quasi steady state.
The solar collectors also seem to be operating as intended with reasonable performance but for some of the
collectors, the glass cover has broken and not been replaced, lowering the performance of the collector field.
Also, a temperature loss over the collector heat exchangers is present even during nights and winter time
when the collector circuit should be turned off. The reason for this could not be confirmed but might be
possibility is self circulation in the collector loop.
The whole system also works in the sense that energy is transferred to and from the borehole storage and the
supply of heat and DHW is working. The auxiliary energy consumption for heating and DHW is however
higher than originally anticipated, for several reasons including high heat losses in the distribution system
and sub-units, discharging of sub-unit stores during night and temperature loss over the solar heat
exchangers. Another reason for the high auxiliary energy use is the indoor temperature, which can be set by
the inhabitants. The original design assumed an indoor temperature of 20 °C in all apartments, but earlier
evaluations (Bernestål and Nilsson, 2007; Sweco Theorells, 2007) discussed that this indoor temperature was
only observed in a few apartments, and that the temperature was usually set at a higher setting, resulting in
higher auxiliary use when the borehole storage is no longer warm enough to supply the required temperature.
The resulting high electricity demand for heating and DHW is therefore a combination of high heat losses,
system design and inhabitant behavior. The difference in auxiliary electricity demand between the original
design simulations and the real system is also enhanced by a better collector performance in the design case.
To be able to make a more thorough evaluation with lower uncertainties, it is recommended that data from
more sensors is recorded as well as sensor checks. With the progress in computers and data storage, the
storage capacity should no longer pose any problems. It would be especially of value to record data for all
sub-units and to include the space heating requirement to remove the need for extrapolation and to lower the
uncertainty of the calculation of the sub-unit losses. It is also important to confirm the temperature loss over
the solar heat exchangers by recording data for the flow and temperatures on the solar side on the heat
exchanger.
6. Acknowledgements
The authors would like to express our gratitude to Stig Ram for showing the system and providing us with
valuable information as well as access to measurement data as well as Jan-Olof Dalenbäck for providing
information about the design stage and subsequent studies. The authors would like to acknowledge Swedish
Energy Agency for funding this work within project P31894-1.
7. References
Bernestål, A. and J. Nilsson (2007): Brf Anneberg Utvärdering av Energianvändning, Andersson &
Hultmark AB, Gothenburg.
Letz, T., X. Cholin and G. Pradier (2010): CombiSol Project: Solar Combisystem Promotion and
Standardisation. D 4.4: Comparison of Results of all Monitored Plants, http://combisol.eu.
Lundh, M. and J. O. Dalenbäck (2008) Swedish solar heated residential area with seasonal storage in rock:
Initial evaluation. Renewable Energy 33(4), pp. 703-711.
Nordell, B. and G. Hellström (2000) High temperature solar heated seasonal storage system for low
temperature heating of buildings. Solar Energy 69(6), pp. 511-523.
Sweco Theorells (2007): Brf Anneberg i Enebyberg i Danderyds kommun Utredning SOL/Bergvärmelager,
Stockholm.

369

AN EXPERIMENTAL INVESTIGATION ON THE COMBINED USE OF
PHASE CHANGE MATERIAL AND ROCK PARTICLES FOR HIGH
TEMPERATURE (~350 OC) HEAT STORAGE
D. Okello1, C.W. Foong2, E.J.K. Banda1, O. J. Nydal2
1

Department of Physics, Makerere University, P.O. Box 7062, Kampala, Uganda

2

Department of Energy and Process Engineering, NTNU, P.O. Box 7491, Trondheim, Norway

Abstract
The intermittent nature of solar energy requires integration of an energy storage system with collector devices in order to
have an un-interrupted supply of energy in the absence of the availability of solar energy. The use of Phase Change Materials
(PCM) and rock particles for heat storage has been a main topic in research for the past decades. However, little is known on
the use of the combination of PCM and rock particles for high temperature heat storage with air as the medium of heat
transfer.
The aim of this paper is to show experimentally by means of comparison, the thermal behaviours of thermal energy storage
with only rocks and rocks plus copper cylinders containing PCM. A heat storage consisting of both rock particles and phase
change material has been designed and built. The PCM material used is a mixture of NaNO3 and KNO3 in the ratio of 60:40
percent (mol %). The charging and thermal de-stratifications profiles were determined for both cases. The results shows that
the introduction of PCM cylinders in rock bed heat storage does not only increase the heat content of the bed but it also act as
fins that can be use for heat extraction.

Keywords
PCM cylinders, thermal energy storage, rock particles

1. Introduction
Thermal Energy Storage (TES) is the storing of heat energy that can be drawn at a later time to perform some
useful applications. TES systems have the potential of increasing the effective use of thermal energy sources for
various applications. Solar energy, a major renewable energy source, is of intermittent nature and its effective
use is in fact dependent on efficient and effective energy storage system. The absence of heat storage in solar
thermal applications would leave the major part of the energy demand met by auxiliary sources and these would
lead to a reduction in the annual solar load.
Different thermal storage techniques are available and a review of different materials suitable for heat storage is
provided by Duffie and Beckman (1991). Thermal energy can be stored in the form of sensible heat, latent heat
and chemical heat storage. Sensible heat and latent heat are most developed mechanism of heat storage. The
choice of the storage media ideally depends on the process or intended use of the energy, the cost of the system,
design and safety among other factors. For solar thermal applications suitable for cooking in developing
countries that are located within the Sun Belt region, the cost of the system has to be taken into consideration.
Sensible heat storage materials are cheaper and usually have larger thermal conductivities when compared to
phase change materials for thermal storage application. Water as sensible heat storage has a high specific heat
capacity of 4180 Jkg-1K-1 which has made it the best choice for low-temperature heat storage. However, water
cannot be easily used at temperatures higher 100 oC since it would be required expensive pressure equipment in
order to raise its operating temperature range.
Rock beds have been largely used as thermal storage mainly for space heating as reported by (Klein et al 1997;
Sharma et al 1991 and Abdud et al 1995). Rocks have low energy storage density due to their low heat capacity
compared to water and this implies that a bigger heat storage volume is needed when using rocks for heat
storage. Rocks have some advantages over other thermal energy storage materials at intermediate to high
temperature applications in that they are cheap, readily available and the design of the containment is similar to
the conventional cooking oven. In addition, rocks have fairly good heat transfer characteristics when used with
air and are able to withstand high temperatures. Fricker (1991) studied rock properties at elevated temperatures
and found that gneiss and granite could stand temperatures up to 600 oC.
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The most common PCMs used in solar energy systems are those that undergo a phase change from solid to liquid
(Zhen and Suresh 2010; Zalba et al 2003). In comparison to sensible heat storage materials, latent heat thermal
storage materials have higher energy storage density and are able to supply heat at nearly constant temperature
(Abhat 1983; Lane 1983). This is because the change of phase occurs at a constant temperature and takes some
time to complete, so it is possible to smoothen temperature variations in latent heat thermal storage systems
(Sharma et al 2005). However, a major disadvantage of PCM materials for heat storage is their low thermal
conductivity and some degrades with repeated recycling.
However, existing literature lacks information on the thermal behaviour of a storage containing a mixture of
rocks particles and PCM cylinders charged at about 350 oC. The aim of this study is to examine experimentally
the thermal behaviour of a bed containing rock particles and copper PCM cylinders charged with air at about 350
o
C. The advantage of such a system would be having a smaller size heat storage that is able to supply heat at
almost constant temperature.
2. Material and Methods
2.1
Preparation of NaNO3-KNO3 binary mixture
A detailed description on the preparation of NaNO3 and KNO3 (grade GPR Rectapur, VWR) mixture is reported
by Foong et al (2011). The mixture was prepared and stored in copper cylinders of diameter 0.05m and length
0.94 m. A free air space was left on top to allow for expansion and condensation during melting and
solidifications. The cylinders were then closed with well designed cylinders tops as shown in Figure 1. The
thermo-physical properties of the solar salt mixture were determine using a differential scanning calorimeter as
reported by Foong et al (2011). All the experiments on thermo-physical properties were done in triplicate and the
mean values were taken.
2.2 Thermal Store
The rock bed store was constructed using two vertical co-axial cylinders made of stainless steel of thickness
0.0015m and length 1.0 m. The diameters of the inner and outer cylinders were 0.3 and 0.4 m respectively. Three
thin, parallel, and reflecting steel foils were inserted in the space between the cylinders and the space was
evacuated to minimize heat loss by radiation. Additional layers of fibre glass were added to eliminate heat loss to
the surroundings. A support screen was placed at bottom to support the rocks. Four copper PCM cylinders shown
in figure 1 were inserted in the cylindrical thermal store container and the space between them filled with
crushed mountain rocks of approximate diameter of 0.02m as shown in Figure 2. Ten K-type thermocouples
were placed vertically along the axis of the cylinder to measure the temperature distribution. Air for a
compressed air tank is metered before being introduced to the bed from the top. The initial temperatures of the
bed were made uniform by blowing air at room temperature through the bed until all thermocouples reading
were the same. The bed was heated by introducing hot air from the top to the bottom in a once through method
(without recirculation). Figure 3 shows the block diagram for the experimental setup and data acquisition
systems.

Figure 1 showing copper cylinders containing with PCM

Figure 2: showing the Cu PCM cylinders with rocks for heat storage
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Figure 3: Block diagram of the experimental setup and data acquisition

3. Thermal performance parameters
The thermal performance during charging process is analysed using the charging profiles, which is a plot of axial
temperature distribution as function of bed length at different charging times. The energy stored in the bed
containing only rocks during the charging cycle is obtained from the expression

Es = ρbCb (1 − ε )Vstor (Tin − Tout )

(eq.1)

where Cb is the specific heat capacity of rock, ρb is the density of rock, ε is the porosity of the bed, Tin is the air
inlet temperature (assume to be the temperature of the topmost part of the bed), Tout is the temperature of air
leaving the bed and Vstor is the volume of storage tank.
The energy storage in a bed containing both rocks and copper PCM cylinders is given by the sum of the energy
stored in the rocks plus the energy stored in the phase change material. This can be expressed by the equation

Estored = ρbCb (1 − ε )(Vstor − 4VCu )(Tin − Tout ) + m ⎡⎣c ps (Tm − Tout ) + Ls + Lp + c pl (Tin − Tm ) ⎤⎦

(eq.2)

VCu is the volume of the Cu cylinder, m is the mass of PCM, Cpl is the specific heat capacity of the liquid PCM,
Cps is the specific heat capacity of the solid PCM, Ls is the latent heat of solid-solid phase transition, Lp is the
latent heat of solid-liquid phase transition and Tm is the melting temperature of the solar salt mixture.
Table 1: Thermal energy storage parameters used
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Parameter

Value

Units

Rock diameter

0.02

m

Thermal conductivity of rock

2.79

W/m oC

Specific heat capacity of rock

880

J /Kg oC

Void fraction

0.395

Storage diameter

0.3

m

Storage length

1.0

m

Mass of PCM in each cylinder

2.85

kg

Air-mass flow rate

0.0048

kg/s

Volume of Cu cylinder

0.00184

m3

4. Results and discussions
4.1 Thermal characteristic of NaNO3 and KNO3 mixture
The thermal behaviour of the mixture of NaNO3 and KNO3 salt was determined using differential scanning
calorimeter in temperature range from 32 0C to 496 0C. The enthalpy of phase transition and phase change were
calculated. Table 2 shows the thermo-physical properties of the NaNO3 - KNO3 binary mixture obtained in the
study. The NaNO3 - KNO3 binary mixture exhibit a relatively high temperature of fusion that is suitable for most
cooking applications.
Table 2: Thermo-physical properties of the NaNO3 - KNO3 binary mixture (60:40 mol %)
Thermo physical property
0

Value

Temperature of fusion. ( C)

216.73 ± 0.71

Enthalpy of fusion. (kJ/kg)

108.67 ± 1.43

Phase transition enthalpy (kJ/kg)

31.91 ± 0.48

Thermal Conductivity(W/m K)

0.8

4.2 Charging profiles
The temperature profiles for a thermal storage with only rocks are provided in Figure 4. It is observed that the
topmost part gets heated up in the first two hours of charging and a large temperature gradient exist showing a
highly stratified bed. But as charging is continued at constant rate, the bottom temperature begins to increase.
The profile after 5 hours of charging shows the bottom-most part temperature at a distance of 0.9 m from the topmost part rose to about 150 oC.
The temperature profiles for a combination of copper PCM cylinders and rocks charged at about 350oC are
shown in Figure 5. The thermal storage was charged with the same constant flow rate of 0.0048 kg/s that was
used in Figure 4. From Figure 4 and 5, one can notice the similarity in the general shapes of the temperature
profiles after one hour of charging. However, the profiles begin to change as charging is continued. More
stratification in observed in a bed with only rocks (Figure 4), where the temperature gradient between the
topmost part of the storage and the bottom-most part is high. The introduction of copper cylinders increases heat
conduction down the bed. In this case, the copper cylinders were able to short-circuit the bed.
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Figure 4: Showing the charging profiles for rock bed charged at a constant mass flow rate of 0.0048 kg/s.
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Figure 5: Showing the temperature profiles of a heat storage containing both rock particles and Cu cylinders
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4.3 Loss in thermal stratification
To examine the thermal behaviour of the storage after charging, both beds were charged for five hours and then
charging was stopped and both the inlet and outlet ports were sealed off. The bed was then left to stay while
recording the temperatures along the bed length for 18 hours. The thermal equalisation profiles of a bed
consisting of only rock particles is shown in figure 6 while the profile for a bed consisting of both the rock
particles and copper cylinders containing PCM shown in Figure 7. The temperature profiles immediately after
stopping the heater (indicated by start) and those after 2h, 6h, 12h and 18h are shown in the graphs.
The results indicate faster loss in thermal stratifications in a rock bed containing copper cylinders. Rock storage
and solar salt mixture have about the same thermal conductivity in this temperature range. But use of copper
cylinders increases the total vertical conductivity of the storage by a factor of about 20. The phase change energy
corresponds to about 12 K overall temperature changes in the storage, and will, together with the high copper
conductivity, add to the tendency of temperature equalisation in the volume. After 12 hours, the bed is almost at
uniform temperature at about 230 oC. For a bed containing only rock particles, there is little loss in stratification
after 6 hours and the bed is observed to exhibit relatively higher temperature at a distance of about 30 cm from
the top most part. There is undesirable temperature drop at the storage top of the storage bed caused be heat loss
to the surrounding.
The results of the energy stored in the two storage configurations calculated using (eq. 1) and (eq. 2) is plotted in
Figure 8. An increment in energy stored by about 6 MJ is observed by the introduction of PCM cylinders.
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Figure 6: Loss of thermal stratification in rock-bed at different storage times
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Figure 7: Loss in thermal stratifications in a bed containing both rock particles and Cu cylinders at different storage times
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Figure 8: Total energy stored during charging of a bed containing only rocks and rocks plus PCM cylinders
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5.0 Conclusions
Limited experiments have been done on the effect of using a combination of phase change material and rocks for
high temperature heat storage. The introduction of copper cylinders containing molten solar salt resulted in an
increase in the energy content of the storage by about 6 MJ. The use of copper cylinders increases the vertical
heat conductivity and the bed was able to equalise thermally after about 12 hours of stay.
Further investigation is needed to find out the possibilities of using highly conductive material (copper cylinders
with and without PCM materials) as fins for heat extraction.
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EXPERIMENTAL STUDIES ON SEASONAL HEAT STORAGE BASED ON
STABLE SUPERCOOLING OF A SODIUM ACETATE WATER MIXTURE
Simon Furbo, Janne Dragsted, Jianhua Fan, Ziqian Chen, Elsa Andersen and Bengt Perers
Department of Civil Engineering, Technical University of Denmark, Kgs. Lyngby, Denmark

1. Introduction
Theoretical studies have shown that a 36 m² solar heating system can fully cover the yearly heat demand of a
low energy house in Denmark if the solar heating system is based on a 6000 l seasonal heat storage with a
sodium acetate water mixture supercooling in a stable way. The heat storage is divided into a number of
separate modules.
The heat storage concept is based on the advantage of stable supercooling to achieve a partly heat loss free
heat storage. If a sodium acetate water mixture, which has a melting point of 58°C, has been fully melted, it
can cool down in its liquid phase to the surrounding temperature and still preserve the latent heat related to
the heat of fusion. The heat storage can be left in this state with no heat loss until a heat demand occurs, in
which case solidification is activated, the heat of fusion is released, and the heat storage temperature
increases almost immediately to the melting point.
The investigations of a seasonal heat storage module described in this paper are carried out within the IEA
Task 42 project “Compact Thermal Energy Storage: Material Development and System Integration”.
2. Investigated seasonal heat storage module
A flat laboratory heat storage module described by Furbo et al. (2010) is investigated experimentally. Figure
1 shows a schematic sketch of the heat storage module with approximated dimensions in mm. The module is
filled with 305 kg salt water mixture consisting of 58% (weight%) sodium acetate and 42% (weight%) water.
The volume of the salt water mixture is about 234 l. The salt water mixture is used, since it supercools in a
stable way. Investigations by Furbo (1978) have shown that a salt water mixture of 58% NaCH3COO and
42% water can be used in tanks made from steel without a risk of corrosion. The module material is therefore
steel and the wall thickness is 2 mm. Both the lower and upper surfaces of the flat module can be used as
heat transfer areas for heat transfer to and from the module.
Two different heat transfer methods for the heat storage module are investigated. Water is for both methods
used as heat transfer fluid. For the first heat transfer method, water can be pumped through two copper
absorbers placed below and above the module as shown in figure 2. Heat is transferred from/to the salt water
mixture, to/from the upper or lower module surface, the copper absorber and the water flowing through the
absorber. Wooden slats are placed above and below the absorber strips in such a way that there will be
thermal contact between the absorber fins and the module surfaces. A paste with a good thermal conductivity
is placed between the copper absorbers and the upper and lower surfaces of the heat storage module. The
construction is insulated with 100 mm mineral wool.

Fig. 1: Principle sketch of heat storage module with two holes used to fill in the salt water mixture.
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1: Wooden slats. 2: Salt water mixture in steel module. 3 & 9: Copper pipes. 4 & 8: Absorber fin. 5: Mineral wool. 6: Bottom of
module. 7: Paste with good thermal conductivity.
Fig. 2: Principle sketch of heat storage module with absorber heat transfer system and insulation.

Figure 3 shows photos of the heat storage module investigated by means of the first heat transfer method.
Thermocouples for measurements of the module surface temperatures are placed both on the upper and lower
surfaces of the heat storage module.
Figure 4 shows photos of the heat storage module using the second heat transfer method. The heat storage
module is placed in a stainless steel container with small separate rooms for water below and above the
module. Silicone pipes are attached to the upper and lower surfaces of the module in such a way, that water
pumped through the separate rooms will flow through the rooms in a serpentine way, guided by the silicon
pipes. The water will therefore flow through the lower room in direct contact with all parts of the lower
module surface, and water will flow through the upper room in direct contact with all parts of the upper
module surface. Heat is transferred from/to the salt water mixture, to/from the upper or lower module surface
and the water flowing through the upper or lower room.
The flat module is placed with a small tilt from horizontal. A small brass tank shown in figure 5 is in good
thermal contact attached to the outer surface of the side of the module. This brass tank, which has a pressure
of 5 bar, can be filled with liquid CO2 from a pressure container. The boiling point of the CO2 in the brass
tank is thus -78°C. As described by Furbo et al. (2010), the solidification of the salt water mixture can be
started by cooling down a small part of the supercooled salt water mixture to -16°C by boiling a small
amount of CO2 in the small brass tank.
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Fig. 3: Photos of the heat storage module with a copper absorber used for the heat transfer.

Fig. 4: Photos of the heat storage module with silicone pipes attached to the upper surface.
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Fig. 5: Brass tank with CO2 used for starting the solidification.

3. Tests of seasonal heat storage module
The heat storage module has been tested in a laboratory heat storage test facility for the two heat transfer
methods described in section 2. The module has been charged through the bottom surface of the module and
discharged through the top surface. The module has also been tested in periods without charge and discharge.
The activation of solidification of the supercooled salt water mixture by boiling CO2 at the outer surface of
the module has been tested. Finally, charge and discharge tests through both the bottom and top surfaces of
the module have been carried out for the module for the heat transfer method using the copper absorbers by
the heat transfer.
The module was investigated through a period of about 1 year. The results and experience of the
investigations are summarized in sections 3.1, 3.2 and 3.3.
3.1 Supercooling and solidification start method for supercooled salt water mixture
The investigations showed that the salt water mixture supercools if all the salt hydrate crystals of the heat
storage module are melted during the charge period. If the whole volume of the salt water mixture is not
heated to a minimum temperature of 64°C for a period of at least one day, the supercooling will not be stable.
The solidification start method using boiling CO2 in good thermal contact with the outer surface of the heat
storage module is reliable. The solidification started in all cases about 1 minute after the liquid CO2 entered
into the brass tank. However, it must be mentioned that the placement of the brass tank with the liquid CO2 is
of vital importance for the suitability of the method. The solidification start method does not work if the
brass tank is placed at the very bottom of the tilted module. The reason is most likely that phase separation
takes place in the heat storage module in such a way that anhydrous salt is placed at the very bottom of the
tilted module and a non saturated salt water solution is placed in the upper part of the tilted module. A strong
cooling of the anhydrous salt at the bottom of the module caused by the boiling CO2 will not start the
solidification, because the anhydrous salt at the bottom of the module is not in contact with the water, which
should be used to form the salt hydrate crystals.
3.2 Heat content of heat storage module and reliability
The tests showed that the measured heat content of the heat storage module is as high as the theoretically
calculated heat content of the heat storage module. For instance, for the heat transfer method using the
absorbers, the measured heat content for the module is about 38 kWh in the temperature interval from 25°C
to 82°C. This corresponds reasonably well to the theoretically calculated heat content of the 305 kg salt water
mixture, the 90 kg steel of the heat storage module, the 26 kg copper of the absorbers and of the 4.6 kg water
in the absorbers: 34.8 + 0.7 + 0.2 + 0.3 = 36 kWh.
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Based on the good agreement between the measured and the calculated heat content of the heat storage
module, it is concluded that only a small part of the salt water mixture does not take part in the phase change
due to the phase separation problem mentioned in section 3.1.
It should also be mentioned that during the whole measuring period there are no signs of problems with
reliability or durability.
3.3 Heat exchange capacity rate
Theoretical calculations by Schultz and Furbo (2007) have shown that the heat exchange capacity rates both
for charge and discharge of a seasonal heat storage module for solar heating systems fully covering the
yearly heat demand of low energy buildings must be around 500 W/K. The tested heat storage module has an
approximate volume of 234 l, corresponding to about half the volume of a suitable heat storage module for a
real seasonal heat storage. It is therefore estimated that the heat exchange capacity rate for the investigated
heat storage module must be around 250 W/K.
Figures 6, 8 and 10 show measured temperatures and figures 7, 9 and 11 shows measured heat exchange
capacity rates for charge and discharge periods for the heat storage module using the heat transfer method
with the absorbers. Figure 6 shows inlet and outlet temperatures for the water flowing through the lower
absorber as well as temperatures for the upper surface of the heat storage module during a charge period
where heat is only transferred from the lower absorber to the heat storage module. The volume flow rate of
the water flowing through the absorber is 6.2 l/min. Figure 7 shows the heat exchange capacity rate during
the same charge period. The heat exchange capacity rate is determined with the assumption that the
measured mean temperature of the upper surface of the heat storage module is equal to the temperature of the
salt water mixture.
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Fig. 6: Measured inlet and outlet temperatures for water flowing through the lower absorber with a volume flow rate of 6.2
l/min and 9 temperatures at the upper surface of the module during a charge period through the bottom surface.
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Fig. 7: Measured heat exchange capacity rate for a charge period with water flowing through the lower absorber with a volume
flow rate of 6.2 l/min.

The heat exchange capacity rate during the charge period is about 40-60 W/K, which is about a factor of 5
too low.
Figure 8 shows inlet and outlet temperatures for the water flowing through the upper absorber as well as
temperatures for the lower surface of the heat storage module during a discharge period where heat is only
transferred from the heat storage module to the upper absorber. The volume flow rate of the water flowing
through the absorber is 4.2 l/min and the salt water mixture is in liquid phase, that is: The salt water mixture
is supercooled for the last part of the discharge. Figure 9 shows the heat exchange capacity rate during the
same discharge period. The heat exchange capacity rate is determined with the assumption that the measured
mean temperature of the lower surface of the heat storage module is equal to the temperature of the salt water
mixture.
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Fig. 8: Measured inlet and outlet temperatures for water flowing through the upper absorber with a volume flow rate of 4.2
l/min and 9 temperatures at the lower surface of the module during a discharge period through the upper surface. The salt
water mixture is in the liquid phase.
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Fig. 9: Measured heat exchange capacity rate for a discharge period with water flowing through the upper absorber with a
volume flow rate of 4.2 l/min and with the salt water mixture in the liquid phase.

The heat exchange capacity rate during the discharge period is about 15-45 W/K, which is about a factor of 8
too low.
Figure 10 shows inlet and outlet temperatures for the water flowing through the upper absorber as well as
temperatures for the lower surface of the heat storage module during a discharge period, where heat is only
transferred from the heat storage module to the upper absorber. The volume flow rate of the water flowing
through the absorber is 7.4 l/min, and the solidification of the salt water mixture is started in the beginning of
the discharge. Figure 11 shows the heat exchange capacity rate during the same discharge period. The heat
exchange capacity rate is determined with the assumption that the measured mean temperature of the lower
surface of the heat storage module is equal to the temperature of the salt water mixture.
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Fig. 10: Measured inlet and outlet temperatures for water flowing through the upper absorber with a volume flow rate of 7.4
l/min and 9 temperatures at the lower surface of the module during a discharge period through the upper surface. The
solidification of the salt water mixture is activated in the start of the discharge.
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Fig. 11: Measured heat exchange capacity rate for a discharge period with water flowing through the upper absorber with a
volume flow rate of 7.4 l/min and with solidification of the salt water mixture.

The heat exchange capacity rate during the discharge period is about 10-30 W/K, which is about a factor of
12 too low.
It is concluded that the heat exchange capacity rates are too low, as long as only one absorber is used during
charge and discharge.
Measurements showed that the heat exchange capacity rates both for charge and for discharge are increased
by using both the lower and the upper absorber during charge and discharge. However, the heat exchange
capacity rates are still far too low. For instance, for the discharge with the solidifying salt water mixture, the
heat exchange capacity rate is a factor of 6 too low, even if both absorbers are used.
Most likely, the main reason for the poor heat exchange capacity rate is a poor thermal contact between the
flat absorbers below and above the heat storage module and the surfaces of the module. The poor thermal
contact is caused by the balloon effect of the heat storage module illustrated in figure 12. The density of the
salt water mixture is a strong function of the temperature and whether the mixture is in the liquid or solid
phase. The higher the temperature, the lower the density is. The module is schematically shown at a low
(left) and a high (right) temperature in figure 12. The expansion of the salt water mixture at high
temperatures will result in a balloon shape of the steel module. It is obvious that flat absorbers placed below
and above the module will have a decreased thermal contact with the module surfaces at high temperatures,
resulting in decreased heat exchange capacity rates.

Fig. 12: Schematic sketch of heat storage module at a low temperature (left) and a high temperature (right).

The heat exchange capacity rates for the heat storage module using the heat transfer method with water in
direct contact with the module surfaces are investigated by Fan et al. (2011). The heat exchange capacity
rates are determined for charge periods with heat transfer from water flowing through the room below the
heat storage module to the heat storage module and for discharge periods with heat transfer from the heat
storage module to water flowing through the room above the heat storage module.
The investigations show that the heat exchange capacity rates for the heat transfer method with water in
direct contact with the module surfaces are higher than the heat exchange capacity rates for the heat transfer
method using the absorbers. However, the heat exchange capacity rates are about a factor of 3 too low, both
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for charge and discharge periods. Further, it is estimated, that if the heat is transferred both by means of
water flowing through the upper and the lower room, the heat exchange capacity rates will still be a factor of
1.5 too low for charge periods and for discharge periods.
Based on the investigations, it is therefore concluded, that the heat transfer areas for the heat storage module
are too small.
4. Small scale tests on the height of heat storage modules
Small scale experiments with a salt water mixture consisting of 58% NaCH3COO and 42% water are carried
out with the aim to elucidate if the height of the salt water mixture in a heat storage module will result in
phase separation problems during a long heat storage period.
The salt water mixture is placed in small glass containers with heights of the salt water mixture of 3 cm, 5 cm
and 8 cm. The glasses are heated to 80°C. After this heating period the glasses are placed in a room with an
air temperature of about 20°C for 1 month. Figure 13 shows photos of the supercooled salt water mixture in
the three glasses. The solidification of the supercooled salt water mixture was initiated after 1 month by
cooling the glasses in a freezer to a temperature below -16°C. After that the glasses are placed in a room at
an ambient temperature of about 20°C. The glass with the salt water mixture height of 8 cm contain a small
liquid volume, while none of the other two glasses contain any visible liquid volume after the solidification.
This experiment indicates that phase separation problems will appear if the salt water mixture height is 8 cm,
and that phase separation problems will not appear as long as the height is not higher than 5 cm, at least for a
heat storage period of 1 month.
A similar experiment with a 6 months heat storage period is ongoing.

Fig. 13: Photos of glasses with 3 different heights of supercooled salt water mixture.

5. Improved design of seasonal heat storage module
The investigations showed that the heat storage module works satisfactorily with regard to heat storage
capacity, stable supercooling, activation of solidification and reliability. The investigations also showed that
the heat exchange capacity rate to and from the heat storage module is too low, and that the heat transfer
areas of the heat storage module are too small.
Further, preliminary small scale investigations indicate that phase separation problems will not decrease the
durability of the heat storage module as long as the height of the module is not larger than 5 cm.
Based on the investigations, a new 300 l flat heat storage module with increased heat transfer areas will be
constructed. The heat storage module material will be steel, and the thickness of all steel walls will be 2 mm.
The height of the salt water mixture in the heat storage module will be 5 cm, and there will be rooms with
vertical heights of 2 mm above and below the salt water tank. Water can be pumped through the rooms in a
serpentine way, and heat can be transferred to and from the salt water mixture from and to the water flowing
through both rooms.
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The heat storage module will be tested in the laboratory during the winter 2011-2012. It is hoped that the
heat storage module will have good thermal characteristics inclusive sufficiently high heat exchange capacity
rates.
6. Conclusions
Experimental investigations of a 234 l seasonal heat storage module based on a salt water mixture consisting
of 58% NaCH3COO and 42% water as heat storage material have been carried out. The salt water mixture
has a melting point of 58°C.
The investigations showed that the salt water mixture will supercool in a stable way if all salt hydrate crystals
in the heat storage module are melted during the charge period, that a method to activate solidification of the
supercooled salt water mixture using boiling CO2 in a small tank attached to the outer surface of the heat
storage module is reliable, that the heat content of the heat storage module is as high as theoretically
calculated, and that the durability of the heat storage module is good. The investigations also showed that the
heat exchange capacity rate to and from the heat storage module is too low, and that heat transfer areas of the
heat storage module are too small.
Based on the investigations, a new 300 l flat heat storage module with increased heat transfer areas will be
constructed. It is hoped that the new heat storage module will have good thermal characteristics inclusive
sufficiently high heat exchange capacity rates.
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1. Introduction
High temperature thermal energy storage (TES) may play an important role in solar applications, becoming a
key issue to increase the global effectiveness of this type of installations. Different sorts of thermal storage
technologies in high temperature were reported in Gil et al. (2010). The key issue of TES systems is the
selection of the best storage material for each application (Zalba et al., 2003; Medrano et al., 2010). The
thermal properties of the material (basically the range of melting temperature and the enthalpy of phase
change), the conservation of these properties after several thermal cycles, and possible corrosion problems
with the container are some of the important aspects to take into account during the selection of the storage
material. In order to test these characteristics experimental analysis with TES units are needed. Ait Adine et
al. (2009) carried out a numerical analysis and experimental validation of the behavior of thermal properties
of two phase change materials (PCM) in a shell-and-tube heat storage unit. The PCM were located around an
only tube and their melting temperatures were 50 ºC and 27.7 ºC. This work assumed that the effect of
natural convection during melting could be taken into account by using an effective thermal conductivity of
the liquid phase of the PCM. This assumption will be taken in account too in the present work.
On the other hand, Bayon et al. (2010) studied the behaviour of the 54%wt KNO3 / 46%wt NaNO3 used as
PCM in a shell-and-tubes storage tank. In this case the melting point of the material was 221 ºC. This work
studied also the effective conductivity of the storage material during the melting process.
The aim of this paper is to study the behaviour of different PCM with similar melting temperature ranges
(from 150 ºC to 200 ºC) as TES materials during the charging and discharging processes. Two different
materials were selected and tested in the high temperature pilot plant of GREA at the University of Lleida.
The first one was hydroquinone, which has a melting temperature range between 165 ºC and 173 ºC and a
latent heat of 205.8 kJ/kg, and the second material tested was d-mannitol, which has a melting temperature
range between 161 ºC and 170 ºC and a latent heat of 261.5 kJ/kg. Two identical high temperature storage
tanks were designed and constructed in order to carry out the experimentation, to be able to compare both
materials under the same boundary conditions. The results may help to understand the behaviour of the latent
heat in the phase change, the power required in the melting process and the effective conductivity of the
materials tested under different working conditions and the influence of these properties on the storage rates
during charging processes.
2. Description of set-up
Two identical tanks were designed and constructed at the University of Lleida installations in order to
evaluate the behavior of different high temperature PCM and to study their thermal properties during the
melting process. The design was based on shell-and-tubes heat exchangers, where the heat transfer fluid
(HTF) passes through the tubes and the PCM is located in the shell, between the tubes (Figure 1). The
materials selected as PCM were hydroquinone and d-mannitol, with melting temperature ranges around 166173 ºC and 161-170 ºC respectively, according to previous results obtained by DSC. The latent heat energy
for these materials in these temperature ranges are 205.8 kJ/kg and 261.5 kJ/kg, respectively.
For a good analysis of the thermal behavior of the PCM, 27 temperature sensors were installed at different
locations inside the tank. All the temperature sensors are Pt-100. Figure 2 shows the position of the different
sensors installed in the TES tank. There are 15 sensors measuring the temperature of the PCM located
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between the HTF tubes, in the body of the tank (TPCM.1 to TPCM.15). These sensors are distributed in 5
groups. Therefore each group has three sensors which had different length and are located at different height:
the sensors in the bottom of the tank are 35 mm, 114 mm and 194 mm from the lateral wall, located in the
bottom, middle and top of the tank respectively.

Figure 1. Storage tank design based on shell-and-tubes heat exchanger.

Outlet

Inlet
Figure 2. Location of the temperature sensors in the tank.

3. Methodology and calculations
Methodology of the experiments

The experiments (charge and discharge of PCM) were performed at two different temperature ranges, 130200 ºC and 145-187 ºC, respectively. On the other hand, to encourage the characterisation of the process,
three different HTF flow rates were used for each experiment, 1.4 m3/h, 2.2 m3/h and 3.0 m3/h. Before every
experiment the PCM temperature was set at the starting experiment temperature (130 ºC or 145 ºC,
respectively). When the PCM temperature was homogeneous, the HTF temperature was increased up to the
maximum temperature of the experiment (200 ºC or 187 ºC, respectively) outside the storage tank. Then, the
HTF was driven through the tank.
In order to get an idea of the general temperature of the tank, the temperature sensors located at the middle
part of it (TPCM.2, TPCM.5, TPCM.8, TPCM.11 and TPCM.14, as Figure 2 shows) were considered, taking
as reference the value of the sensor TPCM.8 because it shows the more representative behavior of the PCM.
The temperature range of melting and the melting period (interval time of melting) of hydroquinone and dmannitol was determined thanks to the melting curve obtained in each experiment.

2
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Effective conductivity calculations

The period while the melting process of the PCM takes place is the considered steady-state period. On the
other hand, the effect of natural convection during the melting process is taken into account by using an
effective thermal conductivity of the PCM liquid phase (Ait Adine et al., 2009).
In order to evaluate the effective conductivity of the PCM during the melting process, a diameter of
maximum melting zone is defined (Dmelting). This diameter corresponds to the distance between heat
exchanger pipes and is the maximum heat flux influence zone. This assumption is good enough as a first
approximation, but it neglects the amount of PCM located between

Dmelting and

2 ⋅ Dmelting .

These three assumptions allow calculating the effective conductivity of the PCM as shown in eq. 1 to eq. 5.

q& = m& ⋅ ρ HTF ⋅ c p HTF ⋅ ∆THTF = U ⋅ A ⋅ ∆Tlm

(eq. 1)

∆THTF = THTF ,out − THTF ,in

(eq. 2)

U=

1
RHTF + Rtube + RPCM

=

1
D  D
D
Dext
D
+ ext ⋅ ln ext  + melting ⋅ ln melting
hHTF ⋅ Dint 2ktube
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A = π ⋅ Dext ⋅ L
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HTF ,in

(eq. 3)

(eq. 4)

− TPCM ) − (THTF ,out − TPCM )

T
−T
ln HTF ,in PCM
 THTF ,out − TPCM






(eq. 5)

In the eq. 5 it was considered the average temperature of the melting range of temperature obtained
experimentally.
Replacing eq. 2, eq. 3, eq. 4 and eq. 5 in eq. 1, the effective conductivity can be determined.
Because the amount of PCM is not the same in the two tanks and in order to compare the melting processes
of the materials, a ratio power/mass is defined. This ratio establishes the power involved in the melting
process per kg of PCM. The power considered is the average power supplied by the HTF to the PCM during
the melting process. This power is divided by the corresponding amount of PCM in each tank.
4. Results and discussion
The melting interval time of the PCM depends basically on the power supplied by the HTF. Therefore,
expected results should show a decrease of the melting interval time with the increase of the temperature
range and with the increase of the flow rate. In this paper, only the melting process of the experiments
carried out with a flow rate of 3.0 m3/h are shown.
Figure 3 and Figure 4 show the hydroquinone results. Comparing these results it may be seen that in the
experiment with temperature range of 145-187 ºC the melting process is longer than in the experiment with
range of 130-200 ºC. According to the temperature range observed during the experiments a melting interval
time can be defined. In Figure 3 the melting curve of hydroquinone changes its slope showing very clearly
the melting period. In Figure 4 the melting curve does not shows this slope change because the energy
supplied by the HTF is higher. That leads to faster and inhomogeneous PCM melting in the tank. Table 1
shows that the melting interval decreases with the increase of the experiment temperature range. It is
important to point out that the melting process occurs approximately at the melting range obtained by DSC
(168-173 ºC).
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Figure 5 and Figure 6 show the d-mannitol results during its melting process. The same effect described for
the hydroquinone may be seen: the change in slope of the melting curve and the homogeneity of the melting
process for the lower temperature range (145-187 ºC) are clearer. It may be observed that the melting interval
of d-mannitol for the temperature range between 130-200 ºC decreased heavily.
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Figure 3. Hydroquinone results, melting temperature range 145-187 ºC, flow rate 3 m3/h.
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Figure 4. Hydroquinone results, melting temperature range 130-200 ºC, flow rate 3 m3/h.
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Figure 5. d-Mannitol results, melting temperature range 145-187 ºC, flow rate 3 m3/h.
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Figure 6. d-Mannitol results, melting temperature range 130-200 ºC, flow rate 3 m3/h.

As in the case of hydroquinone, Table 1 shows that the melting interval decreases with an increase of the
temperature range. Table 1 also shows that the d-mannitol melting process for the experimentation
temperature range of 145-187 ºC takes place between 160 and 168 ºC, while for the temperature range of
130-200 ºC it is between 155 and 165 ºC. This difference could be caused by changes on thermal properties
of d-mannitol.
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Table 1. PCM melting intervals for each experiment.

Flow rate

Hydroquinone
(145-187 ºC)

Hydroquinone
(130-200 ºC)

d-Mannitol
(145-187 ºC)

d-Mannitol
(130-200 ºC)

1.4 m3/h

57 min (168-174 ºC)

27 min (168-172 ºC)

63 min (161-168 ºC)

30 min (155-165 ºC)

2.2 m /h

47 min (168-173 ºC)

14 min (165-173 ºC)

45 min (161-168 ºC)

17 min (156-163 ºC)

3.0 m3/h

37 min (168-173 ºC)

12 min (165-173 ºC)

39 min (160-167 ºC)

16 min (156-162 ºC)

3

However comparing the results of the two PCM studied, the results from d-mannitol shows that its melting
period is longer than the one from hydroquinone because the enthalpy of d-mannitol is higher than the
hydroquinone one.
Table 2 shows the power/mass of PCM ratio obtained for every experiment. The ratio power/mass of PCM
increases with the flow rate and temperature ranges because the power supplied increases. On the other hand,
due to the higher melting enthalpy of the d-mannitol compared to hydroquinone the ratios power/mass of
PCM obtained are higher for d-mannitol than for hydroquinone.
Table 2. Ratio power/mass of PCM for each experiment.

Hydroquinone
(145-187 ºC)

Hydroquinone
(130-200 ºC)

d-Mannitol
(145-187 ºC)

d-Mannitol
(130-200 ºC)

1.4 m3/h

0.026 kW/kg

0.046 kW/kg

0.040 kW/kg

0.068 kW/kg

2.2 m3/h

0.032 kW/kg

0.062 kW/kg

0.050 kW/kg

0.081 kW/kg

3.0 m3/h

0.035 kW/kg

0.077 kW/kg

0.058 kW/kg

0.096 kW/kg

Figure 7 shows melting period in function of the ratio power/mass of PCM. As it may be observed, an
increase of the ratio power/mass of PCM leads to a decrease of the melting period.
It has been pointed out that the melting periods have a tendency of a minimum near 12 minutes for the
hydroquinone and 16 minutes for the d-mannitol.
Table 3 shows the effective conductivity of hydroquinone and d-mannitol for each experiment. The values
are between 0.29 and 0.46 W/m·K.
Table 3. PCM effective conductivity in each experiment.

Hydroquinone
(145-187 ºC)

Hydroquinone
(130-200 ºC)

d-Mannitol
(145-187 ºC)

d-Mannitol
(130-200 ºC)

1.4 m3/h

0.294 W/m·K

0.346 W/m·K

0.367 W/m·K

0.339 W/m·K

2.2 m3/h

0.303 W/m·K

0.372 W/m·K

0.416 W/m·K

0.426 W/m·K

3.0 m3/h

0.335 W/m·K

0.461 W/m·K

0.461 W/m·K

0.451 W/m·K

Figure 8 shows the effective conductivity calculated for each experiment. The hydroquinone effective
conductivity shows a trend: it increases with the power/mass of PCM ratio because natural convection of the
liquid PCM obtained during the melting process is included in the conductivity. The d-mannitol effective
conductivity is almost the same for the different temperature ranges evaluated. This irregular behavior on
thermal properties could be a consequence of changes in the nature of the d-mannitol in the heating or
cooling process. This effect is under study.
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Figure 7. PMC melting period vs. ratio power/mass of PCM.
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5. Conclusions
The experimental melting range of hydroquinone is around 165 ºC and 173 ºC as it was expected according
the results obtained by DSC analysis. On the other hand, for d-mannitol the melting range is shorter than the
expected one. Both melting ranges decrease when the ratio power/mass of PCM decrease.
The ratio power/mass of d-mannitol is higher than the hydroquinone one because the melting enthalpy of dmannitol is also higher.
The effective conductivity of hydroquinone shows a tendency to increase with the ratio power/mass of PCM.
The conductivity increases because the natural convection term is included in the calculations.
The d-mannitol melting range varies depending on the temperature range of the experiment and it disagrees
with values obtained by DSC analysis. On the other hand, the effective conductivity trend of the d-mannitol
is not constant. The causes of these effects are under investigation.
Finally, the effective conductivity varies between 0.294 and 0.461 W/m·K for hydroquinone, and beetween
0.367 and 0.461 W/m·K for d-mannitol.
6. Nomenclature
Symbol

Unit
m

Diameter of maximum melting zone

D melting

External diameter of the tank tubes

Dext

m

Internal diameter of the tank tubes

Dint

m
m

Heat flux

L
A
Q&

Flow rate of HTF

m&

m3·s-1

Average length of the tank tubes
Surface of heat exchange

Density of HTF
Average specific heat of HTF

ρHTF

c p HTF

m2
kW
kg·m-3
J·g-1·K-1
ºC

Inlet temperature of HTF

∆THTF
THTF ,in

Outlet temperature of HTF

THTF ,out

ºC

TPCM
U
RHTF

ºC
W·m-1·K-1
M·K·W-1

Thermal resistance of the tube

Rtube

m·K·W-1

Thermal resistance of the PCM

RPCM

M·K·W-1

hHTF

W·m-1·K-1
W·m-2·K-1

Difference of HTF inlet and outlet temperature

Average melting temperature of the PCM
Overall heat transfer coefficient
Thermal resistance of the HTF

Coefficient of heat transmission of the HTF
Conductivity of the tube material
Effective conductivity of PCM

ktube
k PCM

ºC

W·m-2·K-1
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EXPERIMENTAL VALIDATION OF A CFD AND A Ε-NTU MODEL
FOR TUBES IN A LARGE PCM TANK
N.H. Steven Tay, Frank Bruno and Martin Belusko
Barbara Hardy Institute, University of South Australia, South Australia (Australia)

Abstract
An experimental validation for a computational fluid dynamics (CFD) and effectiveness-number of transfer
unit (ε-NTU) model for tubes in a large phase change material (PCM) tank has been conducted. In previous
work, experimental validation of a CFD and ε-NTU model was carried out on latent heat thermal storage
systems having one, two and four coils of polyvinyl chloride tubes coiled inside a 290 mm diameter by 330
mm high cylindrical tank filled with PCM. The heat transfer fluid (HTF) passes through the tube during the
charging and discharging processes. Salt hydrate PCM with phase change temperature of -27 °C was used for
all the three tube configurations while water was used in the four tubes tank experiment. Further
experimental validations of a CFD and ε-NTU model were carried out on a large PCM tank, having eight
coils of copper tubes inside a 550 mm diameter by 830 mm high cylindrical tank filled with PCM. The inlet
and outlet HTF temperatures as well as twelve temperature locations in the PCM tank were compared with
the CFD results. The average effectiveness of the phase change process of each experimental point was also
compared with results from the CFD as well as the ε-NTU technique. From this study, it was concluded that
the CFD model and the ε-NTU technique developed can accurately predict the behaviour of the thermal
storage system during the freezing process. There are however, discrepancies in the melting process due to
the exclusion of the effect of natural convection in the models developed. The paper will give details of the
CFD model of the phase change thermal storage system. Results from the CFD model, experiments and εNTU technique will also be presented.
Keywords: Phase change material, cold storage tank, tube in tank, computational fluid dynamics.
1. Introduction
Latent heat thermal energy storage has been proven to be an effective technology for energy storage because
of its high-storage density and small temperature variation from storage to extraction. Cold storage is a
practical method for storing energy in applications where cooling can be generated more efficiently or for
less cost outside of the period of cooling demand. Thermal storage also makes it possible to use equipment
with smaller cooling capacity.
It has been demonstrated that phase change materials (PCMs) are more energy dense than sensible energy
storage when the temperature difference between heat source and sink are low. Research completed under
the international energy agency (IEA) task 32 (Streicher, 2007), found that the storage density compared to
water is strongly dependent on the temperature variation in the storage tank. For small temperature variations
from 50 up to 70 °C and a PCM tank with immersed heat exchanger, the store can be sized about 1/3 of the
volume compared to water. For the same PCM material but macro-encapsulated and for a temperature
variation from 25 to 85°C or 20 to 70°C in solar combisystems, the PCM store will have the same size as a
water store. Thus the application of PCM in hot water systems which require a large temperature variation
achieved negligible benefit with respect to store size.
Numerous mathematical models of PCM in thermal storage units (TSU) have been developed over the years.
These models have been used to determine the performance of the TSU for design and simulation purposes
(Halawa et al., 2005). However, little attention has been placed on using these models to develop generic
representations which can be readily used for the characterisation and ultimately the design and optimisation
of a TSU with PCM. To quantify the impact of the thermal resistance of a PCM system, a one dimensional
equation of the effectiveness of a TSU based on the effectiveness-number of transfer units (ε-NTU) approach
has been formulated by Belusko and Bruno (2008). The effectiveness of one and two dimensional phase
change within a PCM slab was defined in term of phase change fraction. Employment of phase change
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fraction characterizes the TSU into a single effectiveness parameter and thus developing a useful method for
determining the size of the TSU, which defines the useful energy storage density for a specific application.
Computational fluid dynamics (CFD) is a powerful tool for fluid dynamics and thermal design in industrial
applications, as well as in academic research activities (Gan and Riffat, 1998; Riffat and Gan, 1998). Lacroix
(1993a, 1993b), Hasan (1994), Dimaano and Watanabe (2002) as well as Sari and Kaygusuz (2001, 2002a,
2003) have experimentally investigated a shell-and-tube heat exchanger with PCM filling the shell side. All
of them obtained similar PCM temperature profiles and specified governing mechanisms of heat transfer
during the melting and the solidification processes. The heat transfer in this type of thermal energy storage
system is typically a conjugate problem, involving the transient forced convective heat transfer between the
heat transfer fluid (HTF) and the tube wall, heat conduction through the tube wall and solid-liquid phase
change process of the PCM.
Trp (2005) conducted an experimental and numerical investigation of a shell-and-tube latent thermal energy
storage unit during the melting and the solidification process with paraffin as the PCM. The HTF is
circulating inside the tube and the PCM is contained in the shell side. The numerical method has been
implemented with a self-written FORTRAN computer code. Numerical predictions for both the melting and
the solidification processes agree well with the experimental data. After validating the computational model,
Trp et al. (2006) performed the numerical analysis of the heat transfer during charging and discharging of the
thermal energy storage system. Unsteady temperature distributions of the HTF, tube wall and the PCM have
been obtained by various HTF operating conditions and various geometric parameters have been studied. It
can be concluded that based on the heat transfer rate and the time in which the energy has to be stored, the
operating conditions and dimensions geometric parameters can be selected. These results formed the design
characterisation of the latent thermal energy storage system developed by Trp et al. (2005, 2006).
2. Previous work
In previous work (Tay et al., 2011; Castell et al., 2011), experiments were carried out on latent heat thermal
storage systems having one, two and four coils of tubes coiled inside a 290 mm diameter by 330 mm high
cylindrical tank filled with PCM. The HTF passes through the Polyvinyl Chloride tube during the charging
and discharging processes. Salt hydrate PCM with phase change temperature of -27 °C was used for all the
three tube configurations. In addition, experiments were carried out using water as the PCM in the tank with
four coils. Experiments were conducted on both freezing and melting processes. A mathematical model was
developed using the ε-NTU technique. Comparing the average theoretical effectiveness calculated by the
mathematical model with those from experiment, it was observed that the experimental graphs follow the
same trend as the theoretical graphs and the predicted values are in agreement with those from experiment. A
three-dimensional CFD model using Ansys code was also developed for the four coils tank experiment using
water as the PCM. The average effectiveness of the phase change process of selected experimental points
was compared with results from the CFD as well as the ε-NTU technique. It was found that the CFD model
can accurately predict the average effectiveness of the thermal storage system.
In this paper, a three-dimensional CFD model using Ansys code was developed to analyse the transient heat
transfer during the phase change process of the PCM in a large tank. The average effectiveness of the phase
change process evaluated from the CFD model will be compared with the experimental as well as the ε-NTU
technique developed by Tay et al. (2010). This work endeavours to investigate the effect of natural
convection on a large tank with a larger average tube distances.
3. Experimental set-up
An experimental investigation has been performed for a thermal energy storage system with coils of tube
inside a PCM filled cylindrical tank. This work involved eight 3.33 metres length of copper tubes coiled
inside a 550 mm diameter by 830 mm high cylindrical tank (refer to Fig. 1). The tank contained 158.7 kg of
water (referred to as PCM0) for the first experiment, and then this was replaced with 179.2 kg of salt hydrate
PCM with a phase change temperature of -11 °C (referred to as PCM-11) for the second experiment. The
PCM tank had a compactness factor (CF) of 98% and both charging and discharging was investigated. The
CF is the ratio of the volume of PCM to the volume of the tank. It was observed for all freezing and melting
tests that the outlet temperature increases or decreases rapidly initially, achieves a constant temperature for a
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long period of time and then begins to increase or decrease at the end of the process towards the inlet
temperature. Fig. 2 shows the schematic of the experimental set-up. The experimental apparatus was
composed of a tube-in-tank thermal energy storage system (referred to as PCM tank), a HTF tank where 540
litres of HTF are stored and cooled by a refrigeration unit, two pumps, two flow meters and ball valves for
switching between the freezing and melting tests.
The mass flow rate was measured using an Actaris rotary piston flow meter with an error of +/- 2%
calibrated on a volumetric basis. The PCM temperature distribution during charging and discharging of the
PCM tank was experimentally determined in both radial and axial directions. Twelve T-type thermocouples
with an error of +/- 1 °C were placed inside the PCM at various locations. They were placed at axial
distances of 0.152 m, 0.416 m, 0.680 m from the top of the tank. At each axial distance, four thermocouples
were placed at various radial distances as shown in Fig. 3. Two OneTemp 4 wire RTD with an error of +/0.1 °C were placed at the inlet and outlet of the HTF into the inside of the tube. All thermocouples and RTDs
were connected to the data acquisition system. A commercial software was used to acquire data from the
thermocouples and RTDs, and to record them in a database format on a personal computer, for further
processing. Temperature data was recorded at time intervals of 10s.
Freezing experiments started at room temperature and the PCM was in a liquid state. Initial conditions were
established when all thermocouples inside the PCM tank were recording the same temperature. The HTF at a
temperature of -35 °C was circulated to the PCM tank until the PCM was fully frozen. The freezing
experiments were stopped when all the thermocouples in the PCM tank were recording the same
temperature, setting the initial condition for the melting tests. During the melting experiment, the HTF in the
PCM tank was circulated to the fan coil unit in the cold room until all the PCM melted. The cold room acted
as the cooling load for the melting process. The melting tests were stopped when all the thermocouples in the
PCM tank were recording the same temperature. Fig. 4 is a typical temperature-time curve of a freezing
process. The initial period represents the sensible cooling of the PCM as a liquid, the flat section represents
the freezing process, and the final stage represents the sensible cooling of the PCM as a solid. These
measurements were consistent with the internal temperature measurements taken throughout the PCM tank
(Fig. 4). An inverse trend was also noticed in the melting test.

Sym
plane

Sym
plane
Fig. 1: Schematic of PCM tank with 8 copper tubes
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Fig. 2: Schematic of the experimental set-up

Fig. 3: Schematic of PCM tank design with thermocouple (TC) locations
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Fig. 4: Freezing process for the PCM Tank using PCM0 with mass flow rates of 0.184 kg/s with an average effectiveness of 0.25

The effectiveness is described as the ratio of the actual heat discharged over the theoretical maximum heat
that can be discharged. In using a PCM subject to a small temperature variation during freezing and melting
processes, the sensible energy storage is small and is therefore ignored (Sari and Kaygusuz, 2002b). Eq. 1
represents the local effectiveness at any point in time over the phase change period. As mentioned by
Belusko and Bruno (2008), a PCM storage system can be analysed as a heat exchanger where the HTF
exchanges heat with the PCM at the phase change temperature. Therefore, the effectiveness of the PCM
storage system can be defined as that of a heat exchanger. The maximum effectiveness of the system arises
when the outlet temperature of the HTF is the same as the phase change temperature. The process is a
transient process and therefore the heat exchanger effectiveness is bounded between 0 and 1. The average
effectiveness over the phase change process can be determined by the average inlet and outlet temperature
over the phase change process. The average effectiveness gives an indication of the performance of the
thermal storage unit.
(eq. 1)

3. Effectiveness-NTU technique
The ε-NTU representation developed by Tay et al. (2010) has been used to calculate the average
effectiveness of the phase change process for the thermal energy storage system investigated in this work.
Calculated values are compared with the experimental results for the freezing and melting processes of the
PCMs used.
4. Simulation model
A three-dimensional CFD model using Ansys code was developed to analyse the transient heat transfer
during the phase change process of the PCM tank as shown in Fig. 1. Only a quarter of the tank needs to be
modelled because two axes of symmetries are assumed. The model has been simplified by ignoring the two
persplex tube holders. Fig. 5 shows a quarter of the PCM tank with the inlet tube extended.
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Fig. 5: Schematic of a quarter of the PCM tank

A model with 5,013,927 cells was created for this simulation. The CFX-PRE within version 12.1 of the
academic research code ANSYS was utilised. Three domains were created; the HTF and PCM were created
as fluid domains while the tube was created as a solid domain. In order for the CFX-PRE to be able to
recognise the two different fluid materials used in the HTF and the PCM domains, beta features need to be
enabled while constant domain physics need to be disabled.
Since this is a transient problem, a transient analysis type was selected. In order to reduce the computation
time, buoyancy in the PCM was ignored, therefore, a larger time step was possible. The time step for the
freezing process was set to 1 min. In order to satisfy convergence criteria of 1E-04, the number of iterations
for every time step was between 50 and 200 during the initial sensible cooling. The number of iterations
reduced to between 20 and 50 at the beginning phase change and less than 10 during the second half of the
phase change process. The time step for the melting process was set to 1 min. In order to satisfy convergence
criteria of 1E-04, the number of iterations for every time step was between 100 and 200 during the initial
sensible heating. The number of iterations reduced to less than 20 at the beginning phase change and less
than 10 during the second half of the phase change process.
The inlet of the HTF has been set as the inlet boundary with static temperature and mass flow rate based on
the experimental data. The outlet of the HTF has been set as the outlet boundary while the rest of the surfaces
of the HTF have been set to have a fluid and solid interface with the inner surfaces of the tube. The outer
surfaces of the tube that are submerged in the PCM have been set to have a solid and fluid interface with the
PCM. The rest of the outer tube surfaces that are outside the PCM have been set as the wall boundaries with
adiabatic heat transfer. The two cutting surfaces of the PCM have been set as symmetry boundaries since this
model is a quarter of the full model. The rest of the outer surfaces of the PCM have been set as wall
boundaries with adiabatic heat transfer. At time t=0, the PCM is taken to be a motionless solid or liquid that
is maintained at a constant temperature based on the experimental data.
5. Results and Discussion
The freezing and melting processes in the PCM tank were conducted and the results were analyzed. Five
experimental points for each experiment were selected for validation. The average effectiveness of the phase
change process of each experimental point was also compared with results from the CFD as well as the εNTU technique.
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Figs. 6 and 7 show the comparison between the ε-NTU technique, CFD model and the experimental values
of the average effectiveness against the ratio of the mass flow rate to area, during the charging and
discharging processes for the PCM tank using PCM0. It can be observed in Fig. 6 that the charging process
revealed an agreement between the predicted and experimental values. The experimental effectiveness was
found to be slightly higher than the calculated effectiveness using the ε-NTU technique and this is due to the
three-dimensional conduction occurring during the experiment which enhances heat transfer. Since CFD
model simulates using three dimensional heat transfer, it can be seen from Fig. 6 that the experimental
effectiveness agrees well with the CFD effectiveness. The experimental values for the discharging process as
shown in Fig. 7 are higher than the values generated by the ε-NTU technique and the CFD model. This is due
to the effect of natural convection during the melting process. The predicted values determined by the ε-NTU
technique and the CFD model however, agreed well since both models ignored the effect of natural
convection.
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The charging process for the ε-NTU technique and CFD model have been validated. Therefore, it is not
necessary to revalidate the charging process for PCM-11. It is however necessary to show the behaviour of
the discharging process since the discharging process for PCM0 has shown that the effect of natural
convection are significant in larger tank. Fig. 8 shows the comparison between the ε-NTU technique, CFD
model and the experimental values of the average effectiveness against the ratio of the mass flow rate to area,
during the discharging process for the PCM tank using PCM-11. Similar to PCM0, the experimental values
are found to be higher than the values generated by the ε-NTU technique and the CFD model due to the
effect of natural convection. It was also observed that the effect of natural convection for PCM-11 is higher
than PCM0.
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Fig. 8: Comparison of Effectiveness over the ratio of ̇ /A for Experimental and Theoretical Melting Results for the PCM Tank
using PCM-11

6. Conclusion
An experimental validation of a CFD model and a ε-NTU technique were conducted for a thermal energy
storage system with eight coils of tube inside a PCM filled cylindrical tank. The CFD model has been created
ignoring the effect of natural convection. As this validation was conducted on a PCM tank where the average
tube distances was large (100 mm), natural convection is significant during the melting process and cannot
be ignored. Therefore the experimental results are found to be higher than the CFD model and the ε-NTU
techinique. However, the experimental results for the freezing process agrees well with the ε-NTU techinique
and the CFD model. It was also found that the effect of natural convection was insignificant for thermal
storage systems with high surface area. Furthermore, the three dimensional CFD analysis can be replaced by
the one dimensional ε-NTU techinique to design and characterise thermal energy storage system.
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HEAT TRANSFER CAPACITY OF A HEAT EXCHANGER MODULE FOR
SEASONAL HEAT STORAGE
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1. Introduction
Theoretical investigations have shown that a solar heating system with a collector area of 36 m² can fully
cover the yearly heat demand of a low energy house in Denmark if the solar heating system is based on a
6000 l seasonal heat storage with sodium acetate trihydrate (SAT) supercooling in a stable way. The heat
storage is divided into a number of separate modules. As shown in Fig. 1, a sandwich heat storage test
module has been built with the phase change material (PCM) storage box in between two plate heat
exchangers. The plate heat exchanger at the top of the PCM storage box is used for discharge of the module
while the plate heat exchanger at the bottom is used for charge of the module. The test module has a length
of approx. 2060 mm and a width of approx. 1330 mm. The height of the plate heat exchangers is 13 mm.
Fluid flow in the plate heat exchangers are regulated by a number of parallel baffles.
Thermal experiments have been carried out to investigate the heat exchange capacity rates from and to the
PCM module. Charge of the PCM module is investigated with solid phase SAT and with supercooled liquid
phase SAT as initial condition. Discharge of the PCM module with and without the presence of
crystallization is studied. Fluid flow and heat transfer in the test module are theoretically investigated by
Computational Fluid Dynamics (CFD) calculations. The heat transfer rates between the PCM box and the
heating fluid/cooling fluid in the plate heat exchangers are determined. The CFD calculated temperatures are
compared to measured temperatures. Based on the studies, recommendations on how best to transfer heat to
and from the seasonal heat storage module will be given.
2. The experimental setup
Theoretical calculations by Schultz and Furbo (2007) have shown that the heat exchange capacity rates both
for charge and discharge of a seasonal heat storage module for solar heating systems fully covering the
yearly heat demand of low energy buildings must be around 500 W/K. The tested heat storage module based
on stable supercooling of sodium acetate trihydrate (SAT) has an approximate volume of 234 l,
corresponding to about half the volume of a suitable heat storage module for a real seasonal heat storage. It is
therefore estimated that the heat exchange capacity rate for the investigated heat storage module must be
around 250 W/K.
A flat laboratory heat storage module described by Furbo et al. (2010) is investigated experimentally. Figure
1 shows a photo of the heat storage module. The module is filled with 305 kg salt water mixture consisting of
58% (weight%) sodium acetate and 42% (weight%) water. The volume of the salt water mixture is about 234
l. The salt water mixture is used, since it supercools in a stable way. Investigations by Furbo (1978) have
shown that a salt water mixture of 58% NaCH3COO and 42% water can be used in tanks made from steel
without a risk of corrosion. The module material is therefore steel and the wall thickness is 2 mm. The test
module has a length of approx. 2060 mm and a width of approx. 1330 mm. The height of the plate heat
exchangers is 13 mm.
The aim of the investigations is to determine the heat exchange capacity rate of the PCM module during
charge and discharge. A plate heat exchanger is mounted at the top of the PCM storage module for discharge
of the module while a plate heat exchanger is mounted at the bottom for charge of the module. In order to
avoid dead zones and uneven flow distribution, a number of parallel silicon pipe baffles are installed in the
flat plate heat exchangers to regulate the fluid flow. During charge of the module, hot water flows into the
bottom plate heat exchanger and transfers heat to the PCM module through the bottom surface of the module,
whereas during discharge of the module cold water flows into the upper plate heat exchanger and absorbs
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heat through the upper surface of the PCM module. The sandwich like heat storage module is insulated with
mineral wool or insulation foam on all external surfaces of the module.
The water volume flow rate during charge and discharge of the module is regulated by a circulation pump
and a valve. The circulating flow rate, in the range of 3.0-8.5 l/min, is measured using a Brunata type HGQ1R0 flow meter. The inlet and outlet water temperatures of the heat exchangers are measured by copperconstantan thermo couples (type TT). The temperature of the PCM store can not be measured directly since
insertion of temperature sensors into the store prevents stable supercooling of SAT and must therefore be
avoided. The temperature of the PCM store can be estimated by measurement of temperatures on the
surfaces of the store. The surface temperatures of the PCM store are measured by 12 equally spaced
thermocouples (type TT) with 6 sensors attached to the upper surface and 6 sensors attached to the bottom
surface of the store. The data collection and control program IMPVIEW is used to log the fluid flow rate, the
inlet and outlet temperatures of the heat exchanger, the surface temperatures of the PCM store and the
ambient temperature during the test period. The accuracy of the flow rate measurement is ± 1 % while the
accuracy of the type TT thermocouples is ± 0.5 K.

Fig. 1: Photo of the PCM heat storage test module with plate heat exchangers at the top and the bottom.

3. The computational fluid dynamics model
Computation fluid dynamics calculations are carried out to theoretically investigate the fluid flow and heat
transfer in the heat storage module during charge and discharge. Simplified heat storage models (charge
model and discharge model) are built using the commercial CFD code Ansys (Fluent) 13 (2010). The charge
model includes the PCM box and the flat plate heat exchanger mounted at the bottom surface of the PCM
box while the heat exchanger at the top of the PCM box is an inactive component and thus not considered,
see Fig. 2. During charging, the hot water enters into the plate heat exchanger through an inlet opening
located in one corner of the exchanger and leaves the heat exchanger through an outlet opening in the
opposite corner. Water flow in the heat exchanger is regulated by 18 equally spaced guiding baffles, resulting
in a serpentine flow pattern. The height of the water passage is 13 mm. The heat loss coefficient of the PCM
storage module is determined by measurements and used as an input to the CFD models. The measured mean
ambient air temperature during the experiment is used as free stream temperature of the module surfaces in
the CFD models. In this way, the CFD model takes into account the heat loss from the storage module.
The discharge model includes the PCM box and the flat plate heat exchanger mounted at the upper surface of
the PCM box while the heat exchanger at the bottom of the PCM box is excluded.
Mesh of the PCM module during charge is shown as an example in Fig. 3. Fig. 3(A) shows mesh at the
horizontal plan of the module. The serpentine flow passage created by the guiding baffles is meshed with
high quality hexahedral elements with an interval size of 0.01 mm. Mesh at a vertical cut plane in one corner
of the module is shown as View A in Fig. 3(B). The model includes the PCM box at the top and the heat
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exchanger at the bottom. A denser mesh is applied to the heat exchanger where a larger temperature/velocity
gradient is expected. The mesh close to the walls is refined in order to capture the large temperature/velocity
gradients in the near wall regions. In between the PCM box and the heat exchanger, there is a steel wall
meshed with one node. Both vertical and horizontal conductive heat transfer in the solid steel wall are
considered. The model has a mesh with approx. 462000 cells in total.

Fig. 2: CFD model of the PCM module during charge.

(A) Mesh at the horizontal plan of the module

(B) Mesh of the module View A
Fig. 3: Mesh of the PCM module during charging.

During charge and discharge of the module, phase transitions of SAT between solid and liquid phase will
have a significant influence on the heat transfer in the PCM module. Due to the complexity of a multi-phase
CFD model, it is however desirable to start the investigation with simplified single liquid phase and single
solid phase models. A CFD model of single phase liquid PCM and a model of single phase solid PCM are
built. Properties of liquid mixture of 42% (weight) water and 58% (weight) NaCH3COO and their
dependences on temperature are shown as follows [Yoon etc. 2000, Araki etc. 1995]:
Density, [kg/m3]

ρ = 1579 - 0.780 * T

(1)
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Specific heat, [J/(Kg.K)]
Thermal conductivity, [W/(mK)]
Dynamic viscosity, [kg/(ms)]

C p = 1594 + 4.33 * T

λ = −2.72 + 0.0214 * T − 3.63 × 10 −5 * T 2
µ = 0.110 − 2.67 ×10 −4 * T

(2)
(3)
(4)

where T is fluid temperature, [K].
Properties of solid PCM and their dependences on temperature are shown as follows [Araki etc. 1995]:
Density, [kg/m3]

Constant = 1530

Specific heat, [J/(Kg.K)]

C p = 1017 + 3.50 * T

Thermal conductivity, [W/(mK)]

Constant = 0.6

(5)

where T is fluid temperature, [K].
Water is used to charge and discharge the PCM module. Properties of water and their dependences on
temperature are shown as follows:
Density, [kg/m3]

ρ = 863 + 1.21* T - 0.00257 * T 2

(6)

Dynamic viscosity, [kg/(ms)]

µ = 0.0007 * (

T −5.5
)
315

(7)

Thermal conductivity, [W/(mK)]

λ = 0.375 + 8.84 × 10−4 * T

(8)

where T is fluid temperature, [K].
The steel wall has a thermal conductivity of 60 W/K/m and a density of 7850 kg/m3.
Investigation is carried out to determine the influence of time step size on predicted heat exchange capacity
rate between the PCM store and water. Fig. 4 show CFD predicted heat exchange capacity rates of a
discharge test with a volume flow rate of 5.4 l/min and a constant inlet temperature of 13.9ºC. The test starts
with an initially uniform temperature of 75ºC. It is shown that the increase of the time step size from 3 s to
30 s does not influence the predicated heat exchange capacity rate. Further increase of the time step size to
60 s shows a slight variation of predicted heat exchange capacity rate in the first half hour of the test.
Increase of the time step size to 120 s shows a remarkable change of predicted heat exchange capacity rate in
the first hour of the test. It can be concluded that the best time step size is 30 s.

Fig. 4: The influence of time step size on heat exchange capacity rate during a discharge.

Since water flow in the plate heat exchanger mostly falls in the transitional or turbulent region, RNG
modified k-ε turbulent model is used in the CFD calculations. Fluid flow in the PCM box is calculated with a
laminar model. Transient CFD calculations are performed with an initially standstill module (all fluid
velocities are zero) and a uniform temperature. The PRESTO and second order upwind method are used for
the discretization of the pressure and the momentum equations respectively. The SIMPLE algorithm is used
to treat the pressure-velocity coupling. The calculation is considered convergent if the scaled residual for the
continuity equation, the momentum equations and the energy equation are less than 1.0×10-4, 1.0×10-4 and
1.0×10-7 respectively. One calculation takes approximately 10-48 hours for a computer with 2×3 GHz CPU
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frequency and 4G memory.
4. Result and discussion
In order to determine the heat exchange capacity rate from and to the PCM module, charge and discharge test
of the PCM module have been carried out with different volume flow rates. Power of heat exchange and heat
exchange capacity rate between water and the PCM store are determined. The power of heat exchange
between the charging/discharging flow and the PCM store, P, is determined by equation (9).
𝑃 = 𝜌𝑉𝐶𝑝 𝑎𝑏𝑠�𝑇𝑓 − 𝑇𝑟 �

(9)

Heat exchange capacity rate, H, is determined by equation (10).
𝐻 = −𝑉𝐶𝑝 𝜌𝑙𝑛 �1 −

𝑇𝑓 −𝑇𝑟
𝑇𝑓 −𝑇𝑠

�

(10)

H is heat exchange capacity rate in W/K. V is the volume flow rate of the charging/discharging flow in m3/s.
Cp is specific heat of the fluid in J/kg/K. ρ is density of the fluid in kg/m3. Tf, Tr and Ts is respectively the
inlet temperature, outlet temperature of the charging/discharging flow and temperature of the PCM store.
Temperature of the PCM store, Ts, cannot be measured directly in the experiment due to the fact that
insertion of temperature sensors in the PCM store prevents stable supercooling of the PCM and therefore
must be avoided. Temperature of the PCM store is measured indirectly by temperature sensors attached to
the upper and the bottom surface of the module. During charging of the PCM store, temperature of the PCM
store can be estimated by an average of all surface temperatures or by an average of upper surface
temperatures. Due to the relatively low thermal conductivity of the solid phase and liquid phase sodium
acetate tri-hydrate, it is expected that heat transfer within the PCM material contributes to most of the
thermal resistance of the module while the heat transfer between the steel wall and the circulating water has a
much smaller thermal resistance. Therefore the bottom surface temperature of the steel wall is almost the
same as the mean water temperature during the test. Before the PCM material is fully melted, the heat will be
used to melt the PCM material, resulting in a stepwise temperature change in the store. Average of all
surfaces temperatures of the module, Tmean, therefore overestimates temperature of the module, whereas
average of the upper surface temperatures, Tupper, underestimates temperature of the PCM module.
4.1 Charge of solid phase PCM
Charge of the PCM module has been investigated at a volume flow rate of 3.4 l/min, 4.9 l /min and 6.3 l/min
respectively. The charge test starts with a uniform module temperature of 17-21ºC and with a constant water
inlet temperature of 77-80ºC. Fig. 5-6 show the charging power versus temperature of the PCM store at
charging volume flow rates of 3.4 l/min and 6.3 l/min respectively. At the start of the charging process the
power reaches up to 11000 W followed by a rapid decrease to approx. 4000 W. The extremely large charging
power can be explained by the replacement of cold water by hot water in the heat exchanger in the start of
the test.
It can be seen from Fig. 5-6 that for the same charging power the PCM store temperature Tmean is higher than
the temperature Tupper. In the start of the charging process, the difference between Tmean and Tupper reaches up
to 30K. The difference decreases gradually with melting of the PCM material. When the store temperature is
in the range of 50-60ºC, the difference between Tmean and Tupper becomes insignificant. The charging power
decreases gradually with increase of the PCM store temperature. With an increase of the charging volume
flow rate, the charging power at the later stage of the charging process increases.
The CFD predicted power versus temperature of the PCM store is shown as circles in Fig. 5 and 6. For the
same temperature of the store, the CFD predicted power of a solid phase PCM module is higher than the
power determined based on Tupper while it is lower than the power determined based on Tmean.
The CFD predicted power of liquid phase PCM is higher than the measured power. The viscosity of the
liquid phase PCM could be underestimated by equation 4 in the CFD calculations, resulting in an
overestimated convective heat transfer and a higher charging power. The disagreement could be caused by
errors in the experiments. However these theories need to be confirmed in future investigations.
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Fig. 5: Charging power vs. temperature of the PCM store for a volume flow rate of 3.4 l/min.

Fig. 6: Charging power vs. temperature of the PCM store for a volume flow rate of 6.3 l/min.

Heat exchange capacity rate of the PCM module is determined using equation (10). Fig. 7 and 8 show heat
exchange capacity rate versus temperature of the PCM store for volume flow rates of 3.4 l/min and 6.3 l/min
respectively. The heat exchange capacity rate of solid phase PCM lies in the range of 40-450 W/K. In the
very start of the test, the heat exchange capacity rate is within 150-450 W/K due to large thermal capacity of
the PCM module and replacement of the cold water in the heat exchange by inlet hot water. The heat
exchange capacity rate determined based on Tmean decreases from 150 W/K to 75 W/K with increase of the
PCM store temperature from 40ºC to 58ºC while the heat exchange capacity rate determined based on Tupper
firstly decreases to 40 W/K and keeps almost constant until the temperature of the PCM store reaches 4548ºC. The heat exchange capacity rates determined based on the two PCM store temperatures tend to be the
same for a store temperature close to 58ºC. The CFD predicted heat exchange capacity rate of solid PCM is
higher than the heat exchange capacity rate determined by Tupper and lower than that determined by Tmean.
The difference between the CFD calculated and the measured capacity rate can be explained by the incorrect
representation of store temperature of either Tupper or Tmean.

Fig. 7: Heat exchange capacity rate vs. temperature of the PCM store for a volume flow rate of 3.4 l/min.

The heat exchange capacity rate of a liquid phase PCM store determined based on Tmean is in the range of 75
W/K-150 W/K while it is in the range of 40-80 W/K if Tupper is used to plot heat exchange capacity rate.
When the store temperature is higher than 58ºC, the PCM in the store should be in a liquid phase which

412

should give a higher convective heat transfer rate, however the measurements show that the heat exchange
capacity rate of a liquid phase PCM determined based on Tmean is only slightly higher than the capacity rate
of a solid phase PCM. The heat exchange capacity rate determined based on Tupper decreases slightly. There
is a need for further investigations to detect the reasons. The CFD predicted heat exchange capacity rate of
liquid PCM is higher than the measured capacity rates.

Fig. 8: Heat exchange capacity rate vs. temperature of the PCM store for a volume flow rate of 6.3 l/min.

The measured heat exchange capacity rates of a solid PCM for different charging volume flow rates are
summarized in Fig. 9. It is shown that the charging volume flow rate has an insignificant influence on the
heat exchange capacity rate of a solid phase PCM store. This implies that the heat transfer in the heat
exchanger is not critical and thus have a minor influence on the heat exchange capacity rate between water
and the PCM store.

Fig. 9: Measured heat exchange capacity rate vs. temperature of the PCM store for different volume flow rates.

The CFD predicted heat exchange capacity rates for different charging volume flow rates are shown in Fig.
10. It is shown that the heat exchange capacity rate of a liquid PCM is around 200-250 W/K which is more
than 3 times higher than the heat exchange capacity rate of a solid PCM if the store temperature is higher
than 40ºC. As shown in Fig. 7 and 8, the measured heat exchange capacity rate of liquid phase PCM is within
40-150 W/K. The disagreement between the CFD calculation and the experiments could be explained by the
viscosity of the liquid phase PCM which is much higher than anticipated in the CFD calculations.
4.2 Charge of a supercooled liquid PCM
The charge behaviour of a supercooled liquid PCM is investigated. The charge test starts with a uniform
temperature of 16-18ºC and with a constant inlet temperature of 77-80ºC. Fig. 11 and 12 show the charging
power of a supercooled liquid PCM heated with volume flow rates of 3.1 l/min and 7.1 l/min respectively.
The charging power is higher than 4000 W when the store temperature Tupper is lower than 45ºC or the store
temperature Tmean is lower than 58 ºC. Compared with charge of a solid phase PCM, the charging power of a
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supercooled liquid is higher than the charging power of a solid PCM at the same store temperature. The CFD
predicted charging power shows similar trend.

Fig. 10: CFD predicted heat exchange capacity rate vs. temperature of the PCM store for different volume flow rates.

Fig. 11: Charging power vs. temperature of the PCM store for a supercooled PCM with a charging flow rate of 3.3 l/min.

Fig. 12: Charging power vs. temperature of the PCM store for a supercooled PCM with a charging flow rate of 7.1 l/min.

The heat exchange capacity rate of a supercooled liquid PCM is show in Fig. 13 and 14. Fig. 13 show the
heat exchange capacity rate versus temperature of the PCM store heated with a volume flow rate of 3.3 l/min.
The heat exchange capacity rate determined based on Tupper reaches up to 200 W/K when the store
temperature Tupper is within 30-40ºC. The capacity rate drops to approx. 50 W/K if the temperature of the
store Tupper is higher than 50ºC. The heat exchange capacity rate determined based on Tmean is higher than the
heat exchange capacity rate determined based on Tupper. The CFD predicted heat exchange capacity rate is in
the range of 200-250W/K. Possible explanation of the disagreement could be the molecular structure change
of SAT when supercooled. Even though there is no apparent crystallization, the molecular structure of SAT
has been changed, which results in a PCM in between liquid phase and gel. Observation shows that fibre like

414

structures grow in the bottom part of the liquid when supercooled, forming a gel like liquid with a
dramatically increased viscosity. When charged, the fibre structure will absorb heat and undergo molecular
structural changes. The influence of the fibre structures on fluid flow and heat transfer in the PCM store can
not be considered in the CFD models.

Fig. 13: Heat exchange capacity rate for a supercooled PCM with a charging flow rate of 3.3 l/min.

Fig. 14: Heat exchange capacity rate for a supercooled PCM with a charging flow rate of 7.1 l/min.

4.2 Discharging of the PCM module
Discharging of the liquid PCM is investigated with volume flow rates of 3.3 l/min, 4.2 l/min and 7.1 l/min.
The discharge test starts with a uniform temperature of about 77-80ºC and with a constant inlet temperature
of about 14-16ºC. Fig. 15 shows discharging power versus temperature of the PCM store where liquid PCM
is crystallized during the discharge, while Fig. 16 shows discharging power of a liquid PCM where
crystallization does not happen. With decrease of the store temperature, there is decrease of discharging
power. The difference between the store temperature Tbottom and Tmean is larger with a crystallization of PCM
than the temperature difference without crystallization. It is shown in Fig. 16 that even though crystallization
does not occur, the inclination of the curve of the discharge power drops when the bottom surface
temperature is lower than 58ºC. Such a change of inclination of the discharging power of a liquid PCM is not
shown in Fig. 15, indicating changing of the PCM properties when PCM is supercooled.
Fig. 17 and 18 show the heat exchange capacity rate during discharging of the PCM module. Fig. 17 shows
the heat exchange capacity rate of liquid phase PCM and crystallized PCM while Fig. 18 shows the heat
exchange capacity rate of a liquid phase PCM without crystallization. The heat exchange capacity rate of a
liquid phase PCM is around 250 W/K at the start of the discharging. As the temperature of the store
decreases, the heat exchange capacity rate decreases to around 50 W/K as temperature of the store drops to
20-30ºC. The CFD model predicts satisfactorily the heat exchange capacity rate of a solid phase PCM but
there is a significant disagreement in prediction of a liquid phase PCM.
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Fig. 15: Discharging power of a liquid PCM with a discharging flow rate of 5.4 l/min.

Fig. 16: Discharging power of a liquid PCM with a discharging flow rate of 3.0 l/min.

Fig. 17: Heat exchange capacity rate of a liquid PCM with a discharging flow rate of 5.4 l/min.

5. Conclusions
Thermal experiments and CFD simulations have been carried out to investigate the heat exchange capacity
from and to the PCM module. The heat transfer rate between the PCM box and the heating fluid/cooling
fluid in the plate heat exchangers is determined. Table 1, 2 and 3 list respectively the power weighted
average of heat exchange capacity rate during charge of the PCM module, during charge of supercooled
PCM and during discharge of the PCM module. The measured heat exchange capacity rate during charge of
a solid phase PCM is within 67-170 W/K. For charge of liquid PCM, the measured heat exchange capacity
rate is 50-112 W/K while it is 134-265 W/K for charge of supercooled liquid PCM. The CFD predicted
capacity rate for charge of solid PCM and liquid PCM is 90-95 W/K and 199-213 W/K respectively.
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For discharge of the PCM module, the measured heat exchange capacity rate of liquid PCM is 127-242 W/K
while it is 48-94 W/K for solid PCM. The CFD predicted heat exchange capacity rate during discharge of
liquid PCM and during discharge of solid PCM is 171-400 W/K and 50-350 W/K respectively.

Fig. 18: Heat exchange capacity rate of a liquid PCM with a discharging flow rate of 5.4 l/min.

It can be concluded that the CFD model of solid phase PCM predicts satisfactorily the heat exchange
capacity rate between the PCM module and water while there is a significant disagreement between the CFD
predicted and the measured capacity rate of liquid PCM module. Possible explanation could be the change of
molecular structure of liquid SAT resulting in huge variations in the viscosity during charge and discharge
which can not be considered in the CFD model. A multi-phase CFD model would be recommended in the
future to determine the cause of the disagreement. The measured heat exchange capacity rates are about a
factor of 1.5-5 of the desired value 250 W/K, both for charge and discharge periods. It is expected that if the
heat is transferred both by means of water flowing through the upper and the lower room, the heat exchange
capacity rates will still be a factor of 1-2.5 too low for charge periods and for discharge periods. Based on the
investigations, a new 300 l flat heat storage module with increased heat transfer areas was constructed (Furbo
etc., 2011). Further thermal measurement on the new storage module will be used to validate the CFD
models. It is expected that the new heat storage module will have good thermal characteristics inclusive
sufficiently high heat exchange capacity rates.
Table 1. Power weighted average of heat exchange capacity rate during charge of the PCM module.
Volume flow rate
Measured heat exchange capacity rate
CFD predicted heat exchange
capacity rate
Solid phase
Liquid phase
Solid phase
Liquid phase
W/K
W/K
W/K
W/K
Tstore=17-58ºC
Tstore=58-80ºC
Tstore=17-58ºC
Tstore=58-80ºC
3.4 l/min Tstore=Tupper
71
50
90
205
Tstore=Tmean
143
107
4.9 l/min Tstore=Tupper
67
57
90
200
Tstore=Tmean
141
112
6.3 l/min Tstore=Tupper
81
58
95
199
Tstore=Tmean
170
112
Table 2. Power weighted average of heat exchange capacity rate during charge of supercooled PCM module.
Volume flow rate
Measured heat exchange capacity rate
CFD predicted heat exchange
capacity rate
Solid phase
Liquid phase
Solid phase
Liquid phase
W/K
W/K
W/K
W/K
Tstore=16-80ºC
Tstore=16-80ºC
3.1 l/min Tstore=Tupper
134
211
Tstore=Tmean
222
4.1 l/min Tstore=Tupper
158
210
Tstore=Tmean
256
7.1 l/min Tstore=Tupper
158
213
Tstore=Tmean
265
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Table 3. Power weighted average of heat exchange capacity rate during discharge of the PCM module.
Volume flow rate
Measured heat exchange
CFD predicted heat exchange
capacity rate
capacity rate
Solid phase
Liquid phase
Solid phase
Liquid phase
W/K
W/K
W/K
W/K
Tstore=14-58ºC Tstore=58-80ºC Tstore=14-58ºC Tstore=58-80ºC
5.4 l/min
Tstore=Tupper
48
127
89
205
Tstore=Tmean
94
242
3.0 l/min
Tstore=14-80ºC
Tstore=14-80ºC
No cyrstallization Tstore=Tupper
143
202
Tstore=Tmean
241
6. Nomenclature
Cp
Specific heat, [J/(Kg.K)]
H
Heat exchange capacity rate, [W/K]
P
Charging/discharging power, [W]
T
Temperature, [K].
V
Volume flow rate of the charging/discharging flow, [m3/s]
λ
Thermal conductivity, [W/(mK)]
ρ
Density, [kg/m3]
μ
Dynamic viscosity, [kg/(ms)]
Subscript
f, r, s
inlet (forward), outlet (return) and store respectively.
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1. Introduction
The storage tank of the solar thermal system is installed as a type of thermal buffer, because the time to
accumulate the solar energy and the time to use the gathered energy do not match. The amount of water to
store the excess collector output and return it when needed varies depending on the load profile. Therefore,
the load profile should be considered when designing the storage tank. Even though the amounts of loads are
equal, the required capacity of the storage tank varies with time when the load occurs. In order to use solar
energy as much as possible, i.e. to increase the solar fraction of the system, the size of the storage tank
should be estimated according to the load profile.
Various studies on the solar thermal system have been performed considering the load profile (Jordan and
Vajen, 2001; Knusen, 2002; Lund, 2005). However, in the early design stages, the load profile is not
reflected well in the sizing of the storage tank. The method which is commonly used to estimate the storage
tank size in the initial design phase is in accordance with ASHRAE 90003. The minimum storage capacities
per collector area for three different load profiles are presented in ASHRAE 90003, and it is proposed that
the size of the storage tank is estimated by multiplying the value by the collector area. The recommended
minimum storage capacities per collector area are shown in Table 1.
The above method proposes the appropriate size according to the load pattern, but the load profile types are
limited. Because the load profile varies depending on various factors such as climate, building use, human
occupation, it may be difficult to define the type of load profile within these three types. Sizing the storage
tank using values which do not match can lead to a decline of the system performance.
Therefore, in this paper, the simplified method which estimates the storage tank size using the load profile of
the building, instead of selecting the type of load profile, is presented. If the load profile of the building and
simple information are available, this method can be applied.
The procedure of the study is as follows. First, a method for the sizing of the solar storage tank considering
the load profile by using the principle of the storage is presented. A case study using the proposed method is
then conducted for two types of load profile, and the results are compared with the results of the ASHRAE
method. Then, the thermal performance (solar fraction, temperature) of the storage tank estimated by the two
methods is analyzed by a developed simulation program. Consequently, the suggested method is evaluated
based on the analysis.

Tab. 1: Storage capacity per collector area (recommended by ASHRAE)

Load pattern

Storage capacity per collector area [liter/m²]

7 days / week, a constant day-time load

20.4~28.6

5 days / week, a constant day-time load
No weekend load
A constant night-time load

40.8
71.4~81.6
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2. Method for the sizing of the storage tank considering the hot water load profile
2.1. Concept of the method
In order to consider the hot water load profile, a method based on a fundamental concept of storage was
developed. In a solar thermal system, the available energy exceeds the load in the daytime, and at other times
it is less than the load. Therefore, a storage subsystem is added to store the excess collector output and return
it when needed. The concept of this method is to store the excess collector output during the daytime by
comparing the daily production and consumption profile.
In Figure 1, the vertical shaded areas show the excess energy to be added to the storage and the horizontal
shaded areas show the energy withdrawn from the storage to meet the loads. In the proposed method,
therefore, the capacity of the storage tank which can store the amount indicated by the vertical shaded areas
should be calculated by comparing the production and consumption profile. This method can be applied if
the load profile of the building and the solar radiation data of the location are available.
2.2. Procedure of the method
The procedure of this method is as follows.
1. Calculate a maximum daily hot water load of a building.
2. Estimate the required collector area
depending on the ratio of the amount of the load heated by solar
energy to the amount of the load required for demand (solar fraction) using equation (1).
(eq. 1)
where
is the required collector area,
is the maximum daily hot water load, is solar fraction,
annual average hourly radiation value, and is the collector efficiency.
3. Obtain the hourly collector useful gain , by multiplying the estimated collector area
hourly radiation value and collector efficiency .

is the

, annual average

4. Create the hot water load profile (i.e. calculate hourly hot water load ), distributing the maximum daily
hot water load according to the predicted hot water usage pattern of the building.
5. Calculate the sum the difference between the hourly collector useful gain
during the daytime as equation (2).

and the hourly hot water load

(eq. 2)
where
is the amount of heat to be stored,
is the mass flow rate of the load side, is the specific heat
of the water,
is the desired hot water temperature,
is the supply water temperature.
6. Calculate the size of the storage tank with a capacity of the amount of heat to be stored

using the

equation (3). The desired hot water temperature is usually 60℃.
(eq. 3)
A case study using the suggested method above is introduced in the next section. For and adequate method,
the evaluation of the estimated capacity of the storage tank by the method will be discussed.

Fig. 1: Concept for the sizing of the storage tank
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3. Case study for the sizing of the storage tank by the proposed method
The application of the method is shown through case studies. In order to verify if the sizing of the storage
tank by the proposed method considers the effects of the load profile, case studies were carried out for two
hot water load profile cases. The total daily hot water loads set equally. The profiles were selected,
considering the temporal relationship with production the profile and the concentration of the load.
The profiles used for the case study are as follows.
 Case 1: For buildings such as commercial buildings, the load occurs mostly during the day. Because
the load coincides with the availability of solar radiation, less storage is required. (Figure 2 (a))
 Case 2: For buildings such as residential buildings, the load is more concentrated in the morning and
evening with poor solar radiation. Solar energy to be used for evening and the next morning should be
stored. (Figure 2 (b))
To consider only the effects of the distribution, the amount of hot water demand for each case was set
identically as mentioned above. Therefore, the two graphs in Figure 2 represent the same area. Other
conditions for this case study are given in Table 2.
Tab. 2: System parameters for case study

Location

Seoul, Korea

Hot water usage

948ℓ/day at 60℃

Design solar fraction 80%
(a) Case 1: Example for commercial buildings

Collector

• Flat plate collectors
(single cover and selective coated)
• South facing with tilt of 45°
• Efficiency 50%
• Annual average value

(b) Case 2: Example for residential buildings
Fig. 2: Hot water load profiles

Solar radiation

• Hourly solar radiation at 45°
• Total daily solar radiation 3481 W/m²∙d

The collector area was determined as 30m² according to the above conditions. Then, the hourly collector
useful gain obtained using the above conditions and each case of the hot water load profile are plotted
together as shown in Figure 3. The amount indicated by the parts marked with bold borders in Figure 3
should be stored. As a result of the calculation for the amount, it is determined that 65,209 kJ in case 1 and
118,004 kJ in case 2 should be stored.

(a) Case 1

(b) Case 2

Fig. 3: Amount of heat to be stored (in accordance with the proposed method)
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Tab. 3: Difference with the result of the ASHRAE method

Proposed method

ASHRAE method

Case 1 (commercial buildings)

300liter

600liter

Case 2 (residential buildings)

550liter

2,000liter

The values for
calculated using equation (3) are 277.9liter and 502.9liter for case 1 and case 2
respectively. Therefore, 300liter and 550liter are proposed as the appropriate size of storage tank in case 1
and case 2 respectively by considering the size actually manufactured and the clearance. As expected, if the
load is more concentrated during the day-time such as in case 2, the required capacity of the storage tank is
smaller.
The results of the proposed method were compared with the ASHRAE method. After selecting the type of
presented load profiles from Table 1, the calculation was conducted. Case 1 was applied to 20.4~28.6 liter/m²,
and case 2 was applied to 71.4~81.6 liter/m². As a result of the calculation, the storage tank size is suggested
as 600liter in case 1, and 2,000liter in case 2.
The calculated results obtained by both methods are displayed in Table 3. The table shows that there is a
significant difference between the two methods. The result of the ASHRAE method is two times larger in
case 1. Also, the result of the ASHRAE method is four times larger in case 2. Therefore, the result obtained
by the proposed method should be evaluated. The thermal performance of the storage tank estimated by the
proposed method is analyzed by a detailed simulation program in the next section.
4. Evaluation of the sizing of the storage tank by the proposed method
A simulation program has been developed in order to evaluate the thermal performance of the solar thermal
system. The program consists of a collector module, a storage tank module, and a control module. In the
storage tank module, the 'Multi-node model' that divides the storage tank into multiple nodes of equal
volume is used to determine the temperature of the stratified storage tank by height. The temperature is
calculated via the energy balance equation by numerical method to determine the temperature of each node.
An analysis can be performed of the internal temperature distribution of the storage tank, the supply
temperature to the load side, and the solar fraction; this is the ratio of the amount of load heated by solar
energy to the amount of load required for demand.
Sets of simulations for each case were run for one year and the monthly load ratios were set up differently.
When changing the size of the storage tank, the aspect ratios were made equal as much as possible, because
the narrowness of the storage tank also affects the thermal performance of the storage tank. Various input
data for simulation are given in Table 4.
Tab. 4: Input data for simulations

Period of simulation

1st January ~ 31st December (one year)

Meteorological data

Solar radiation, ambient temperature data of Seoul, Korea

Monthly hot water load ratio (%)

100

99

87

76

4

5.3

9.1

14 19.5 22 24.2 24.6 25.4 22.7 17.6 8.8

Monthly city water temperature (℃)

63

51

35

31

40

54

63

Cylindrical stratified storage tank with internal heat exchanger
Storage tank

• Case 1 - 300liter (490ⅹ1600) / 600liter (620ⅹ1990)
• Case 2 - 550liter (600ⅹ1950) / 2,000liter (920ⅹ3010)
• Internal heat exchanger (plain tube)

Heat exchanger

• Length : 30m, Efficiency : 70%
• At the bottom of the storage tank
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4.1. Solar fraction of the solar thermal system
Table 5 and Table 6 show the monthly and yearly solar fraction of the system according to the tank size for
case 1 and case 2 respectively. As can be seen, the annual average solar fraction of the 300liter tank which is
determined by the suggested method is 1.4% higher than 600liter, and the annual average solar fraction of
the 550liter tank is 3.7% higher than 2,000liter. The results can also be found in Figure 5. The black bars in
Figure 4 represent the difference in the solar fraction of the system when the 300liter/550liter tank is higher.
In case 1, the monthly solar fractions of the 600liter tank are slightly higher (0.1 to 0.3%) only in winter,
while the monthly solar fractions of the 300liter tank are higher (max. 4%) in all the other seasons. In case 2,
the solar fractions of the 2,000liter tank are slightly higher (0.2, 1.9%) only for two months (February,
December), while the solar fractions of the 550liter tank are higher (max. 16.3%) in all the other months.
Also, the increase of the solar fractions in winter is not sufficient compared to the increased capacity.
Therefore it is considered that choosing the 300L/550L tank could be appropriate in terms of cost and space.
The reason why the difference varies with the season can be verified through equation (4), which is a
modified form of equation (3).
(eq. 4)
If the transferred energy from the collector
is identical regardless of the size of the tank, the temperature
difference of the hot water inside the storage tank
varies depending on the size of the tank. A large
storage tank has a large quantity of low temperature hot water, and a small storage tank has a small quantity
of high temperature hot water. Therefore, the total supplied energy from the storage tank is similar in winter
because a large quantity of hot water is used, but a small storage tank of high temperature is more
advantageous in other seasons.
However, the temperature should be checked if the small storage tank is overheated. As a result of the
confirmation, the maximum temperatures of the 300liter/550liter tank are 67.0℃/60.5℃. (Maximum
temperatures of the 600liter/2,000liter tank are 62.7℃/47.4℃.) Thus, the estimated size of the storage tank
obtained by the proposed method does not seem to have a problem with overheating. Rather it is considered
that the temperature of the 2,000liter tank is too low and the tank might use more auxiliary power.
Tab. 5: Monthly and yearly solar fraction (Case 1) [%]

Jan.

Feb.

Mar.

Apr.

May

Jun.

Jul.

Aug.

Sep.

Oct.

Nov.

Dec.

Avg.

300liter

15.9

19.9

25.4

33.2

46.6

53.8

49.7

69.1

59.5

51.4

27.5

14.2

38.9

600liter

16.1

20.0

24.9

33.1

44.6

50.8

46.9

65.1

56.5

49.5

27.6

14.5

37.5

Tab. 6: Monthly and yearly solar fraction (Case 2) [%]

Jan.

Feb.

Mar.

Apr.

May

Jun.

Jul.

Aug.

Sep.

Oct.

Nov.

Dec.

Avg.

550liter

14.4

18.3

23.0

30.3

41.6

47.9

42.8

60.0

51.6

44.2

23.5

12.7

34.2

2,000liter

14.4

18.5

21.3

28.9

36.9

41.6

35.6

43.6

44.9

42.2

23.3

14.6

30.5

(a) Case 1

(b) Case 2

Fig. 4: Comparison of the solar fraction according to storage tank size
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4.2. Supply temperature from the storage tank
In case 1, the temperature change of the hot water supplied to the load side from the storage tank is mainly
divided into two forms depending on the season (load ratio). The temperature change in the other seasons
appears in the form similar to Figure 5, while the temperature change in winter which has high monthly hot
water load ratio appears in the form similar to Figure 6.
Figure 5 shows the temperature change from May to November. During this period, the 300liter tank
continuously maintains a 5-10 degrees higher temperature, but when there is insufficient solar radiation, it
has a lower temperature than the 600liter tank. However, if the sufficient solar radiation is reached, the
temperature increases quickly and a higher temperature than the 600liter tank is maintained.
Figure 6 shows the temperature change of hot water in winter. It shows that the temperature of the 300liter
tank starts quickly falling to a lower temperature from the morning, and again the temperature rapidly rises to
a higher temperature.
In the enlarged part of the graph in Figure 6, the area between the dotted lines refers to the amount that can
be supplied at a higher temperature if the tank size is 600liter, and the remaining area refers to the amount
that can be supplied at a higher temperature if the tank size is 300liter. In January which has the highest
monthly load ratio, the two areas are similar. Also, with a smaller monthly load ratio, the area representing
the amount that can be advantageous if the tank size is 300liter increases. However, at this time,
considering both the temperature difference and the amount of hot water should be analyzed.
Examining this further, it can be seen that the temperature decreases in the morning when solar radiation
occurs. This is because it takes time for the solar radiation reaching the collector to affect the temperature of
the hot water supplied to the load side; this is because there is a time lag between the solar radiation and the
temperature increase of hot water supplied to the load side. Even though the solar radiation occurs, if the rate
to discharge is faster than the rate to charge, the temperature decreases.
At the design stage, the size of the storage tank was calculated by subtracting the hourly hot water load
from the hourly collector useful gain
assuming that the solar radiation can be used immediately.
Therefore, the size of the storage tank should be modified to consider the time lag.
Case 2 showed similar results to those of case 1. The temperature change in the remaining seasons appears in
a form similar to that shown in Figure 5, while the temperature change in winter, when there is a high
monthly hot water load ratio appears in a form similar to that shown in Figure 6.

Fig. 5: Example of the temperature of the hot water supplied to the load side from the storage tank (except winter)

Fig. 6: Example of the temperature of the hot water supplied to the load side from the storage tank (in winter)
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5. Discussion and conclusions
A method was proposed for the sizing of the solar storage tank considering the load profile. The procedure of
the method is described in section 2. The application of the suggested method was shown through a case
study. The case study using the proposed method was conducted for two types of load profile, and the result
is compared with the value of the ASHRAE method. The result of the case study shows a significant
difference to the result of the ASHRAE method. Therefore, for the evaluation of the result by the proposed
method, the thermal performance (solar fraction, temperature) of the storage tank estimated by the proposed
method is analyzed by a detailed simulation program.
As a result of the simulation, the annual average solar fraction of the 300liter tank which is determined by the
suggested method is 1.4% higher than 600liter, and the annual average solar fraction of the 550liter tank is
3.7% higher than 2,000liter. The solar fractions of the storage tank estimated by the proposed method are
higher (max. 4 to 16.3%) in all seasons except winter. The solar fractions of the storage tank estimated by the
ASHRAE method are slightly higher (0.1 to 1.9%) only in winter, and the increase of the solar fractions in
winter is not sufficient compared to the increased capacity. In conclusion, it is considered that choosing the
300liter/550liter tank could be appropriate in the terms of cost and space.
In terms of the supply temperature to the load side from the storage tank, the storage tank estimated by the
proposed method mostly maintains a 5-10 degrees higher temperature (except on a sunless day) in all seasons
except winter, although there are some fluctuations in winter. High solar fraction and high supply
temperature lead to reduction of auxiliary power consumption which saves the energy. Thus, the thermal
performance of the storage tank estimated by the proposed method seemed to be acceptable even though the
size significantly differ to the calculated size obtained by the ASHRAE method.
Therefore, it seems to be appropriate to estimate the storage tank size using the proposed method in order to
consider the effect of the load profile. However, in order to use the solar energy even when the solar
radiation is low yet the average temperature is low, a larger storage tank capacity should be used.
In this method, the size of the storage tank was calculated by subtracting the hourly hot water load
from
the hourly collector useful gain
assuming that the solar radiation can be used immediately. However, a
time lag occurs between the solar radiation and the temperature increase of hot water supplied to the load
side. Therefore, future work will improve the method considering the time lag.
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Abstract
In order to cool a house using the freshness of the cold night air, Phase Change Materials (PCM) placed in
an air heat exchanger coupled with a ventilation system have been investigated. The heat exchanger is
composed of a number of units with horizontal PCM sheets contained in a box beam. Air is flown between
the sheets from one side to the other and exchange heat with the material by convection. At night, fresh air is
used to regenerate the PCM. To analyze the behavior of such a system in a retrofitted house with the climate
of 3 different French cities, simulations in different configurations have been carried on. The TRNSYS
software runs the model, coupled with Matlab for the model of the PCM / air heat exchanger. Results are
expressed in terms of percentage of the time when the indoor temperature reaches each temperature and
comparison between the different configurations.
1. Introduction
The building sector has the highest energy consumption in France (French Ministry of Ecology and
Sustainable Development, 2007). Housing and tertiary buildings are responsible for approximately 46% of
all energies and 19% of the total CO2 emissions. The thermal regulations restrict the energy consumption of
new building and soon also the one of retrofitted buildings. The objectives are to save energy and keep high
thermal comfort. Despite the fact that individual electric cooling system in housing are not encouraged in
France, more and more installation have been noticed in the country. In retrofitting, the main solution is to
reduce heat losses by addition of thermal insulation on external or in internal façade. The last solution often
leads to thermal discomfort during summer period with the loss of the thermal inertia.
The use of Phase Change Materials (PCM) for building has been a subject of considerable interest in the last
decade, for a review see Tyagi and Buddhi (2007) and Baetens et al. (2010). An interesting feature is that
they can store latent heat energy, as well as sensible energy. As the temperature increases, the material
changes phase from a solid to a liquid. As this physical reaction is endothermic, the PCM absorbs heat.
Similarly, when the temperature decreases, the material changes phase from a liquid to a solid. As this
reaction is exothermic, the PCM releases heat.
Among the different ways to include PCM in buildings, the use of thermal energy storage (TES) systems
receives increasing interest. To allow high or low temperature thermal energy to be stored for later use, a
heat or cool storage with PCM could be designed; Zhu et al (2009) reviewed the characteristics of the
published systems. Koschenz and Lehmann (2004) developed a ceiling panel with PCM for application in
lightweight and retrofitted buildings; they used aluminum fins to enhance the conduction through large PCM
panel. The ventilation system of buildings could be associated to the TES system and therefore ventilation
scenarios, with free cooling or free heating, could be designed. Lazaro (2009) had experimented two realscale prototypes of vertical PCM-air heat exchangers for free-cooling applications in buildings with macroencapsulated PCM. Takeda developed a ventilation system using thermal energy storage with granules
containing phase change material which leads to cooling loads reduction up to 62% in the Kyoto climate
(Takeda, 2004). Different systems with water instead of air as fluid vector have also been studied. Medrano
(2009) used commercial water heat exchanger and filled them with PCM to realize a TES system. Another
way to use PCM in building is to directly integrate panel in the walls or in the ceiling. Pasupathy and Velraj
(2008) simulated and experimented simple and double layers of PCM in building roof with effective results
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and conclusion about the fusion temperature needed according to the climate. For a review on phase change
material integrated in building walls, see Kuznik et al (2010).
Cabeza et al (2011) had reviewed the available materials potentially suitable for buildings use. In this study,
paraffins with common characteristic have been used. Arkar et al. (2007a and 2007b) studied a low-energy
building equipped with a ventilation system coupled with two latent heat thermal energy storage. They shew
that in their case, for continental climate, a PCM with a melting temperature between 20 and 22°C is the best
choice and with TRNSYS simulations, demonstrated that with their system equipped with 1230 kg of PCM,
the summer thermal comfort is ensured for the 192 m² house.
The object of this article is to evaluate the efficiency of a latent heat thermal energy storage system in the
case of a retrofitted house with interior insulation to respect the future French standard 2012 for the U-value.
Simulations have been carried on with 3 different weather files: Lyon, Nice and Trappes (close to Paris).
First the buildings and the heat exchanger project are described with the method of simulation and the
different studied configurations. Then the results are presented and analyzed with comparison between the
different configurations and conclusion about the impact of the system on the summer comfort in the house.
2. Method
The type 56 of the TRNSYS software (Klein, 2005) has been used to model the building. This type has been
connected with the air / PCM heat exchanger modeled in Matlab. The link is made via the type 155. The
input parameter for the Type 56 from the type 155 is the air temperature for the ventilation.
Model of the house
The studied building is a French family house with a floor area of 100 m² on one level with a garage, see
figure 1. The rooms are 2.5 m high, on a crawl space. There is a roof with a roof space. For the orientation,
on the figure 1, the garage is on the west side. The modeling of the house is defined by two different thermal
zones. The day zone is the living room and the night zone is the other rooms in the eastern part of the house.
Schedules were used for lighting, and other internal gains. The house is for 4 people.

Figure 1: Modeled house (dimensions in m)

Figure 2: PCM / air heat exchanger

The ventilation of the building is set to 0.6 air change per hour (ach) when the specific system is not used.
The composition of the walls, the roof and the floor, inside to outside are respectively the following:
•

gypsum (0.01 m) - polystyrene (0.25 m) - brick (0.11 m) - siding (0.01 m)

•

plaster board (0.013 m) - mineral wool (0.40 m)

•

concrete (0.2 m) - polystyrene (0.1 m)

The thermal characteristics of the materials are in the table 1.
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Table 1: Thermophycal properties of the materials in the model of the house

Material

λ (W/(m.K))

ρ (kg/m3)

Cp (J/(kg.K))

Gypsum

0.32

1200

837

Polystyrene

0.04

25

1380

Brick

0.5

720

794

Siding

1.15

1700

1000

Plaster board

0.32

1200

837

Mineral wool

0.03

35

1180

Concrete

1.75

2300

920

Model of the PCM / air heat exchanger in Matlab
The figure 2 presents a scheme of one unit of the heat exchanger. In this study: 1, 2 or 3 identical units will
be tested. The thermal conductivity of the PCM is about 0.2 W/(m.K) and to represent the phase change, the
equivalent heat capacity method is used. The figure 3 represents the specific heat of the PCM according to
the temperature. The total latent heat is 170 J/g. To consider different melting temperature in the study, the
chosen method is to shift the curve is figure 3, given for a peak at 23°C, on the left to have the peak on 21°C
or on the right to have the peak on 25°C.
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Figure 3: Modeled specific heat of the selected PCM

Each PCM layer has been modeled with a finite difference method in two dimensions, the thickness and the
length of the layer. For each surface element, the energy conservation equation is:
  ∆, ,

     

, ,


. 1

To solve the problem numerically, we have replaced the continuous information contained in the exact
solution of the differential equation with discrete temperature values in space coordinate and time coordinate.
The spatial discretization is second-order finite-differences scheme. The index n is for the time and the index
i is for the space coordinate. We have m node in the x direction and w node in the y direction. The node are
numbered from 1 to n=w.m. The time discretization uses a first-order backward difference expression. The
final finite difference equation with the PCM specific heat at time n  is:
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For each time step, for each node, the equivalent specific heat of the PCM is calculated using representative
equations of the curve in the figure 3. The heat transfer coefficients are calculated for laminar or turbulent
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flow with calculation based on the Nusselt number, (Borderon, 2010). For laminar flow, the Nusselt number
is calculated with the Gratz-Nusselt relation adapted to this geometry (Shah and London, 1978):
&'  7.541 "

0.0235 . - . ./ . 01
2

. 3

For turbulent flow, the Nusselt number is calculated with the Colburn correlation in first approximation:
&'  0.023 . - 3.4 . ./

6
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. 4

The problem is solved with a matrix equation, with the implicit finite difference method:
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Where:
•

Ti is the vector is the temperatures of each node for the time step i

•

Id is the matrix identity

•

C is the matrix which contains the heat capacity of each node, calculated at each iteration

•

A is the matrix with the thermal conductance

•

B U is the matrix with the exterior solicitation.

The melting degree of the PCM and the cooling power developed by the heat exchanger are also calculated.
Climate
Simulations have been carried on with 3 different weather files: Lyon, Nice and Trappes. These climates
present some differences as the daily variation of the temperature and the average temperature or the night
temperature. In the bibliography, Arkar and Medved (2007) have interesting results with their PCM system
with a continental climate. Its characteristic is an average temperature of 25°C and daily variations between
17.5°C and 32.5°C. In France, in the 3 weather files considerated, the daily amplitudes are less considerable
and the average temperature on a day is inferior most of the time. The figure 4 presents the number of days
between June and September (122 days) for each daily average temperature. Nice is warmest climate with 85
days with an average temperature superior to 20°C. 23 °C is the more representative average temperature
with 19 days. Lyon has 38 days with an average temperature superior to 20°C and Trappes is the coldest
climate with 21 days with an average temperature superior to 20°C.
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Figure 4: Statistics on the value of the daily average outdoor
temperature for June, July, August and September
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Figure 5: Statistics on the minimum value of the daily
outdoor temperature amplitude for June, July, August and
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Concerning the daily amplitude of the temperature in the 3 cities, they are far from the 15°C in the previous
named study. The figure 5 represents the numbers of days in the period from June to September when the
daily amplitude of the temperature reaches each temperature level. It appears that for Nice, 94% of the days
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have a daily amplitude for the temperature inferior to 9°C and 66% of the days inferior to 8°C. For Lyon, the
amplitudes are more considerable, 50% of the days have daily amplitudes superior or equal to 10°C. It’s the
same fo
forr Trappes.
These consideration
considerations on the climate are important to choose the melting temperature of the PCM and the
ratio between thickness of the PCM layers and exchange surfaces. With small daily amplitude of the exterior
temperature, the regeneration of tthe
he PCM at night will be more difficult and the cooling power of the heat
exchanger will be smaller.
Sizing of the PCM units
To choose the dimensions of the PCM units, several parametric simulations have been realized with
sinusoidal inlet temperature. The average temperature is 24°C,
24°C, the maximum is 29°C and the minimum
19°C, the period is 24h. Finally: one unit is composed of 16 PCM sheets of 1.2 m large, 1.2 m long and a
thickness of 0.015 m. The air gap between 2 PCM layers is 0.01 m thick. So the dimensi
dimensions
ons of the unit are
1.2x1.2x0.4 m, for a volume of 0.58 m3 and with the PCM density equal to 1000 kg/m3, a mass of 350 kg.
For 2 of th
these
ese units with a melting temperature of 23°C
23°C,, the power of the PCM / air heat exchan
exchanger
ger is
presented on the figure 6.
6

Figure 6:
6: Power of the PCM/air heat exchanger
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Figure 7:
7: Melting degree of the PCM, point a
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Figure 88:: Melting degree of the PCM,
PCM point b
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Figure 9: Melting degree of the PCM, point c
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Figure 10: Melting degree of the PCM, point d

The letter a, b, c and d refer to the time value for the figure 7, 8, 9 and 10. These figures show the melting
degree in a PCM layer. 0 is the value when all the PCM is solid, whereas 1 is the value when all the PCM is
in liquid phase. On the figure 7, all the PCM is not solid as it would be in the optimum case. At the end of the
exchanger, in the middle, the PCM is still 70% liquid. On the figure 10, at the maximum power for the heat
exchange between air and PCM, the leading edge solidify well but at the other end, the PCM is still more
liquid than solid. On the figure 9, at the opposite maximum, the leading edge for the air is totally liquid but
there are still nodes at the middle which are only 70% liquid thanks to low conductivity of the material. On
the figure 8, nearly all the PCM is melted.
3. Results and analysis
Tested configurations
The first configuration for each climate is the reference. It’s the case with the house described previously
with the same air change rate planned in the cases with PCM units, 6 ach. The configuration 7 is the
reference case for the configuration 6 with PCM, for these two configurations, the air change rate is 3 ach.
The table 2 presents the configurations with the parameters: melting temperature, number of PCM units and
air flow rates.
Table 2: Tested configurations of the air/PCM heat exchanger

Configuration
1
2
3
4
5
6
7

Melting temperature
23
23
21
25
21
-

Number of PCM units
0
3
2
2
2
1
0

Air flow (m3/h)
1500
1500
1500
1500
1500
750
750

For the 3 different weather files, the results on the indoor air temperature have been compiled in numbers of
hours when the indoor temperature is at least equal to the considered air temperature. The different
configurations have been represented on the figure 11 for Lyon, 12 for Nice and 13 for Trappes. The studied
period began the 1st of June and ended the 30th of September. 1 PCM units represents a mass of 350 kg, 2
units 700 kg and 3 units 1050 kg.
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Figure 11: Percentage of time between June 1st and September 30th when the indoor temperature is at least equal to a certain
value for the different configurations in Lyon
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Figure 12: Percentage of time between June 1st and
September 30th when the indoor temperature is at least equal
to a certain value for the different configurations in Nice
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Figure 13: Percentage of time between June 1st and
September 30th when the indoor temperature is at least equal
to a certain value for the different configurations in Trappes

Discussions
The best performance of the PCM is for the climate of Lyon. The configuration 2 and 3 give quite similar
results, so to add a third unit without changing the air change rate per hour is not advantageous in this case.
The melting temperature of 23°C has better results than the melting temperature of 21°C. There are 690 time
steps (one time step is 5 minutes) with the indoor air temperature superior or equal to 30°C with the melting
temperature of the PCM equal to 21°C and 220 time steps for the one with 23°C. On the studied period, in
reference case with a high ventilation rate: 6 air changes per hour, the interior temperature is higher than
26°C in 15% of the time, with a normal ventilation rate: 0.6 air change per hour it’s 49% of the time. The
over-ventilation with exterior air is efficient in itself to decrease significantly the temperature in the building.
With the PCM, the percentage of time with the indoor temperature superior to 26°C is reduced to less than
7.6%, approximately 200 hours.
For the climate of Nice, the most disadvantageous for PCM because for low daily amplitude of the exterior
air temperature, 3 different melting temperatures have been tested, 21, 23 and 25°C. The scenario with the
melting temperature of 21°C gives bad results, especially the hottest days. This is clearly because the PCM
does not solidify enough or does not solidify at all at night. The best scenario is the one with the melting
temperature of 25°C. His behavior becomes more interesting for the hottest days, allowing a large part of the
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PCM to regenerate at night. On the studied period, in reference case with a high ventilation rate: 6 air
changes per hour, the interior temperature is higher than 26°C in 28% of the time, with a normal ventilation
rate: 0.6 air change per hour it’s 58% of the time. With the PCM, the percentage of time with the indoor
temperature superior to 26°C is reduced to 23% in the best scenario. The temperature in the building exceed
30°C during 81 time steps in the scenario with only over-ventilation, reduced to 18 time steps in the best
scenario with PCM. That is respectively 18 hours and 1.5 hours.
At last, in the climate of Trappes, the PCM with a melting temperature of 21°C has been tested in a scenario
with one PCM unit and 3 air changes per hour for the ventilation and in a scenario with two PCM units and 6
air changes per hour. It’s interesting to notice that the case with one PCM units and a ventilation rate of 3 air
changes per hour has approximately the same results in terms of indoor air temperature than the case no
PCM but an over-ventilation of 6 ach. On the studied period, in reference case with a high ventilation rate: 6
ach, the interior temperature is higher than 26°C in 11.6% of the time, with a normal ventilation rate: 0.6 ach
it’s 29% of the time and with 3 ach it’s 6% of the time. In the case with 2 PCM units this percentage is
reduced to 2.6% and in the same scenario, the indoor temperature reaches 30°C only 0.18% of the time (63
time steps, approximately 1 hour).
The figure 14 illustrates the air temperatures in the building, outdoor and the temperature at the outlet of the
heat exchanger for 3 consecutive warm days of July in Lyon. The figure 15 presents the power developed by
the heat exchanger for these same days.
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Figure 14: Air temperature for 3 days in July for the configuration 2 in Lyon
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Figure 15: Power of the PCM / air heat exchanger for 3 days in July for the configuration 2 in Lyon
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During these 3 days, the exterior temperature reaches 28°C in the day and has a minimum of 19.5°C the first
night and 15°C the second night. There is a situation of thermal discomfort as the temperature in the house
reaches 30°C the second day, even with an over-ventilation of 6 ach. The PCM allows to reduce the indoor
air temperature of 3°C. The temperature at the outlet of the PCM / air heat exchanger is around the melting
temperature of the PCM as expected. The cooling power of the heat exchanger is maximum when the
outdoor temperature is 30°C: it’s 1900 W. The power at night, to regenerate the PCM is maximum when the
outdoor temperature is miminum, it’s 3000 W. The first night, as the night air temperature only decrease to
19.5°C, the power is less than 1000 W.
In all these tested cases, the thermal comfort is not guaranteed 100% of the time for the 3 climates. But the
over-ventilation and the PCM / air heat exchanger in the best configurations gives promising results. As
expected, the climate with the highest daily amplitude of the temperature is the most compatible with PCM.
With the climate of Trappes, the thermal comfort in the building is reached with 2 PCM units, 97.4% of the
time during the summer. With the climate of Lyon, the system allows to limit seriously the thermal
discomfort during summer. In Nice, the results are less impressive, in a large part because of problem of
solidification of the PCM at night. The small daily amplitude of the temperature in this climate and the hot
temperatures forces to use a PCM with a melting temperature of 25°C.
The electric consumption of the system is the consumption of the fans, in a first approximation, with an
hypothesis of a power of 0.25 W/(m3/h), the energy demand of the system is summarized in the table 3. This
hypothesis is the one used in the French regulation.

Table 3: energy consumption of the fans in first approximation

Air flow rates

Power for the fans

Energy for the house for June,
July, August and September

750 m3/h

187.5 W

5.5 kWh/(m².(4 months))

375 W

11 kWh/(m².(4 months))

3

1500 m /h

4. Conclusion
An insulated French single house has been modeled and several simulations in different configurations with
a PCM / air heat exchanger have been performed in 3 different climates. The results show the main impact of
the daily amplitude of the exterior air temperature on the system. In most studied cases the solidification of
the PCM at night is only partial. That leads to a non-optimal use of the PCM system. A solution could be to
control the air flow rates through the heat exchanger and to increase it when the night temperature is less
fresh. However the air flow rate through the system is limited by the pressure drop and the sizing of the fans.
The thermal comfort in the house with the PCM system coupled to an over-ventilation is significantly
improved in the 3 climates. In Lyon and Trappes, the number of hours in the summer with overheating
problems is reduced to few percents. If 26°C is considered as the limit, then it’s 2.6% for Trappes and less
than 8% for Lyon. 700 kg of PCM have been used in the PCM / air heat exchanger to reach these results.
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1. Introduction
Thermal energy storage systems are an essential feature to make an efficient use of solar energy due to the
inherent intermittence of this energy source. These systems allow making use of thermal energy accumulated in hours of high solar radiation - in moments of lower solar radiation, reducing the mismatch
between the supply and demand of the energy. Phase change materials (PCM) provide an effective way of
accumulating thermal energy, due to their high capacity to store heat at a constant or near to constant
temperature.
This paper deals with the numerical simulation of thermal energy storage systems with PCM. Numerical
simulations are a powerful tool for predicting the thermal behaviour of thermal systems, as well as for
optimizing their design.
The system under study is a cylindrical container, filled with spheres containing paraffin wax (PCM) and
water occupying the space left between the spheres. Two different processes are studied: charging and
discharging. In charging mode, hot water coming from the solar field passes through the container, delivering
energy to the PCM spheres. In the discharging mode, cold water from supply comes through, extracting the
energy previously stored in the PCM and leaving the tank at a higher temperature.
Firstly, a simplified study similar to the presented by Felix Regin et al. (2009) and Bédérrecats et al. (2009)
is developed, where assumptions of one dimensional fluid flow and one dimensional heat transfer - in the
flow and inside the spheres – are made. Results of liquid fraction, outlet temperature and accumulated energy
are presented. Comparison against previous works is carried out.
Secondly, in order to account for natural convection inside the PCM spheres, detailed CFD simulations of the
solid-liquid phase change are performed using the fixed-grid enthalpy-porosity model (Brent et al., 1988;
Voller and Prakash, 1987). Verification and validation of the phase change modelling are performed against
previous numerical and experimental results (Costa et al., 1991; Gau and Viskanta, 1986). The CFD code is
used for modelling the PCM inside the spheres and it is coupled with the simple 1D model of the water,
resulting in a more detailed model of the entire system. Simulations of the charging and discharging modes
are performed and results obtained are compared against previous 1D analysis results.
2. Mathematical formulation and numerical issues
In this section, the mathematical formulation is presented for simple 1D and detailed 2D analyses and the
numerical aspects detailed.
2.1. Simplified modelling (1D)
The mathematical formulation for the heat exchanging fluid (water in the cases studied here) is based on both
mass and energy conservation equations. Simplifying assumptions are:
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•

One-dimensional fluid flow and temperature distribution (in the flow direction).

•

Constant density and specific heat.

•

Heat conduction in flow direction is not considered.

•

Ambient losses are negligible.

•

Negligible radiation transfer.

Nomenclature
A surface area of the cylindrical container, m2

S

Asph

Ste Stefan number

external surface area of PCM spheres, m2

momentum source term coefficient, kg m-3 s-1

Ar aspect ratio, Ar = height/width

T

temperature, ºC

Cp specific heat, J kg-1 K-1

t

time, s

D diameter, m

u

velocity vector, m s-1

Fo Fourier number

V volume, m3

h

convective heat transfer coefficient, W m-2 K-1

β volumetric thermal expansivity, K-1

H

enthalpy, J

µ dynamic viscosity, N s m-2

k

thermal conductivity, W m-1 K-1

ρ density, kg m-3

L

latent heat of fusion, J kg-1

τ dimensionless time, τ = Fo Ste Ar2

m& mass flow rate, kg s-1

p

pressure, N m-2

r

radius, m

Subscripts and Superscripts
f fluid

R resistance to heat transfer, K W

l

liquid PCM

Ra Rayleigh number

s

solid PCM

Re Reynolds number

cap_ext outer surface of a capsule

Pr Prandtl number

cap_int inner surface of a capsule

-1

For the PCM spheres the mathematical formulation is based on energy conservation property, with the
following assumptions:
•

One-dimensional heat transfer.

•

Only conduction is considered as the heat transfer phenomena.

•

Constant density.

•

Constant solid and liquid specific heats, but different between them.

•

Negligible conduction between different spheres.

•

Negligible radiation transfer.

The equations are discretized using the Finite Volume Method as detailed below.
The cylindrical container is divided in Nx equal parts in the axial direction, in which fluid temperature is
considered uniform (see Figs. 1 and 2). The spheres are discretized in Nr parts along the radial direction
(Fig.2). As 1D conditions are assumed, all the spheres in the same section of container have the same
temperature distributions; therefore, only one sphere per section is simulated.
Fluid temperature equations:
ρVi C p

(

)

(

)

∂Ti
k .Nu
= −m& C p Tiout − Tiin − hi Asph,i Ti − Ticap _ ext ; where h =
Dcap _ ext
∂t

Nu = 2.0 + 1.1 Re 0.6 Pr
Nu = 18.1 Pr

1

3

1

3

,

15 < Re < 8500; (Wakao et al., 1979)

, Re < 40; (Vafai and Sozen, 1990)

(Eq. 1)

(Eq. 2)

(Eq. 3)

Where sub index i indicates the tank section where the temperature is being calculated, Tout and Tin are the
temperatures of outgoing and ingoing flows from and into the control volume and Tcap_ext the temperature of
the PCM capsule external surface. Here, Reynolds number is calculated using the superficial
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.

m Dcap _ ext
velocity: Re =
. As the ranges of validity of Eqs. 2 and 3 are intersected, two different values of
A
µ

Nu are obtained for the same Re; then, the highest of both was considered.

Fig. 1: Sketch representing the cylindrical container with the
encapsulated PCM.

Fig. 2: Discretization details of the tank and of a
representative sphere.

Sphere temperature equations, inner nodes:
∂H i, j
∂t

⎛ ∂T ⎞
⎛ ∂T ⎞
= ⎜ kA
− ⎜ kA
⎟
⎟
⎝ ∂r ⎠ i, j −1 / 2 ⎝ ∂r ⎠ i, j+1 / 2

(Eq. 4)

Where the sub indices j-1/2 and j+1/2 indicate the boundaries of the control volume j, near to the wall and to
the center of the sphere, respectively.
Sphere temperature equations, boundary node:
∂H i, j
∂t

=

T f , i − Ti,0
Rconv + Rcap

Where Rconv =

⎛ ∂T ⎞
− ⎜ kA
⎟
⎝ ∂r ⎠ i , 1

(Eq. 5)
2

1
and
h f,i Acap _ ext

Rcond =

1
⎛ 1
1
−
4πk shell ⎜
⎜ rcap_int rcap _ ext
⎝

⎞
⎟
⎟
⎠

To solve these equations, it is necessary to define a relation between enthalpy and temperature of the PCM.
The material used as PCM in this work is paraffin wax, which has a range of phase change temperatures
rather than a unique temperature (i.e. during heating there is an increase in temperature between the onset
and the end of the melting process). Therefore, a function that relates enthalpy and temperature can be
defined. Nevertheless, as a first approximation we are also interested in modelling the constant temperature
phase change, because in the CFD simulations described in the next subsection this condition is assumed.
The enthalpy – temperature relation is defined by eqs. 6 - 8 for the constant temperature phase change and by
eqs. 13 - 16 for the variable phase change temperature, similarly as Felix Regin et al. (2009).
Constant phase change temperature:

H
=C ps T, T<T sl
ρV

(Eq. 6)

H − Hs
H
; H s < H < H l , T = Tsl
= C ps T + f .L with f =
ρV
L
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(Eq. 7)

H
= C pl (T − Tsl ) + C ps Tsl + L, T > Tsl
ρV

(Eq. 8)

Here Tsl indicates the phase change temperature.
Variable phase change temperature:
H
= C ps T, T ≤ Ts
ρV

(Eq. 9)

H
L
= C ps T +
(T − Ts ), Ts < T ≤ Tsl
ρV
Tl − Ts

(Eq. 10)

H
L
(T − Ts ), Tsl < T < Tl
= C pl (T − Tsl ) + C ps Tsl +
ρV
Tl − Ts
H
= C pl (T − Tsl )+ C ps Tsl + L, T ≥ Tl
ρV

(Eq. 11)

(Eq. 12)

Where Tsl indicates the temperature in the phase change range (Ts < Tsl < Tl) beyond which the material has a
mostly liquid behavior, and below which it behaves mostly as solid.
Actually, in the 1D model, variable phase change formulation is used to simulate constant phase change by
defining Ts and Tl very close to Tsl. This strategy is adopted because 1D analysis was based on finding
temperature values instead of enthalpy values, so there is a need to be able to identify every state with its
temperature, which is not verified by the constant phase change formulation. However, for the detailed CFD
analysis, the above indicated formulation is indeed used.
For the temporal discretization a fully implicit scheme is chosen. Furthermore, an upwind-like scheme is
used to determine the temperatures of the flow entering and leaving each section. Thus, the temperature of
the fluid entering each section of the tank becomes the same as the temperature of the fluid in the upstream
section, and the leaving fluid temperature the same as the one of the present section. This scheme allows to
adopt a step by step method to solve the entire tank, first solving the section where the inlet is placed (in the
top or bottom of the tank), then the next section downstream, and so on advancing in the direction of the
flow, without needing to iterate.
In each section, fluid and PCM temperatures have to be solved. The final matrix of coefficients derived from
the system of equations in each container section has a tri-diagonal pattern, thus a TDMA algorithm is used
to solve the linear system. This formulation is implemented in a simple computer code intended to simulate
the behavior in charging and discharging modes of the whole energy accumulation system. A simulation of
10 hours of operation takes only a few seconds of computations in a single conventional CPU core (here
used: Intel Core i-5 2300 2.8GHz).
Current formulation includes the implicit assumption that there is no need to refine the container
subdivisions further than one sphere’s diameter high; as it is considered that each sphere “sees” a uniform
temperature of fluid. This constraint does not allow modelling a system with “big” spheres that make this
assumption too coarse. However, as our intention was to simulate an efficient energy accumulation device, it
is acceptable to think that the size of sphere used would be much smaller than the height of the tank, in order
to maximize the relation of heat transfer area over volume of PCM.
Results presented in this work were obtained wit Nx = 24 and Nr = 12. Some tests have been carried out with
finer grids, and the results obtained were very close to the presented here, indicating acceptable grid
independence.
2.2. Detailed modelling of the phase change (2D - 3D)
When the PCM inside the spheres are changing phase, natural convection is produced due to the difference
between solid and liquid densities and gravity action. To simulate this phenomenon, Navier-Stokes and
energy equations are numerically solved. Some simplyfying assumptions are made:
•

Incompressible fluid.
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•

Boussinesq aproximation (density is considered constant, except in the gravity forces term).

•

Constant thermo-physical properties (properties of solid and liquid states are assumed to be equal).

Based on the above mentioned hypotheses and considering the enthalpy model to account for the phase
change phenomenon (Voller and Prakash, 1987; Brent et al., 1988 ), mass, momentum and energy equations
can be written in the following form:
∇.u = 0

(Eq. 13)

∂ρu
+ u.∇(ρu ) = −∇p + µ∇ 2 u + ρg + S .u
∂t

(

)

∂H
+ ∇. ρuC pl T = ∇.(k∇T )
∂t

(Eq. 14)

(Eq. 15)

The source term S.u is introduced into the momentum equation to account for the presence of solid in the
control volumes. Its final form depends on the porosity (or liquid fraction), as explained in Voller and
Prakash (1987) and in Brent et al. (1988).
These equations are discretized using an explicit Finite Volume Method. The velocity-pressure coupling is
resolved by adopting a Fractional Step Method. The adoption of the enthalpy method allows working with a
fixed grid instead of an interface tracking method.
As in this approach an explicit time scheme is used, the momentum source term intended to model the
presence of solid is only needed in the control volumes that contain solid and liquid, not in the pure solid
containing volumes, as in these a zero velocity can be imposed explicitly.
The final form of the source term coefficient (S) depends on the approximation adopted for the behavior of
the flow in the “mushy zone” (where mixed solid and liquid states are present). However, in the case of
constant phase change temperature, the solid-liquid interface
should be of infinitesimal width (although it cannot be thinner
than one control volume width in our simulations); therefore,
the formulation used for the source term is not very important in
a physical sense, as long as it manages to bring the velocity to
zero in mostly solid control volumes and to vanish if the volume
contains pure liquid.
The solid-liquid formulation was implemented into a previously
developed CFD code (Lehmkuhl et al., 2009) intended to work
with unstructured meshes and parallel computing.
To simulate the entire system (container with water and PCM
spheres), the detailed CFD code was used to simulate the
spheres assuming 2D behavior and coupled with the simple
water flow 1D model previously described.
The tank was subdivided in 24 sections (Nx = 24). As in the
simple 1D model, only one sphere is simulated in each division,
assuming that all the spheres in a section have the same
behaviour.

Fig. 3: meshes of PCM spheres. Left: actual mesh
used for simulations. Right: mesh used to test
accuracy of the results obtained with the previous
mesh.

Each sphere was simulated using a 2D mesh of a slice, divided in 547 control volumes (see Fig. 3, left).
Some tests were made to check the mesh density suitability, simulating one sphere with a mesh of 1774
control volumes (Fig. 3, right) and having the same boundary conditions as the sphere of the first tank
subdivision. The obtained results, although not exactly equivalent, were sufficiently close (normally less than
5% of discrepancy in local liquid fraction and less than 1% in local fluid temperature).
This more detailed model of the system is much more costly in terms of computational requirements than the
previous 1D model. Both cases of study (charging and discharging) were run on 48 CPU cores running in
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parallel (AMD Opteron Barcelona 2.1 GHz, Infiniband network 4X-DDR 20Gb/s). Charging mode was more
demanding than discharging, taking around 4 days of computations to simulate 5 hours of operation.
3. Verification and Validation of the detailed phase change modelling
The CFD model described in previous section was verified and validated using experimental and numerical
results found in the bibliography.
3.1 Gallium melting
Firstly, a case of Gallium melting in a rectangular cavity (Gau and Viskanta, 1986; Costa et. al., 1991; Vidal,
2007) was simulated. The problem is 2D and consists of a rectangular cavity of aspect ratio Ar = 0.5 filled
with Gallium in solid state. Top and bottom walls are adiabatic, while left and right walls are set to uniform
temperatures. Initially, all the system is at a temperature slightly below phase change. Suddenly, the left wall
temperature is increased above phase change and heat starts to enter the cavity, melting the Gallium. Natural
convection is observed and the phase change interface starts to be deformed from its initial vertical-line
shape.
The parameters of the problem are the following:
•

Aspect ratio, Ar = 0.5, H (height) = 0.0445 m;

•

ρ = 6093 kg m-3, k = 32 W m-1 K-1, Cp = 381.5 J kg-1 K-1;

•

Ra = 2.1E5, Pr = 0.0216, Ste = 0.0419.

•

Initial temperature of 28.3ºC, hot wall temperature of 38ºC and phase change temperature of 29.78ºC.

Fig. 4: Temperature contours and solid-liquid interface position of the melting Gallium in the rectangular cavity, at
time t = 6 min. The dots indicate the location of the interface obtained experimentally by Gau and Viskanta (1986).

Fig. 5: Temperature contours and solid-liquid interface position of the melting Gallium in the rectangular cavity, at
time t = 17 min. The dots indicate the location of the interface obtained experimentally by Gau and Viskanta (1986).

Figures 4 and 5 show the interface position as well as temperature contours and fig. 6 shows a correlation
between Nu/Ra-0.25 and non-dimensional time τ as in Gau and Viskanta (1986) . Results obtained are very
similar to previous numerical ones from Costa et al. (1991) and very close to experimental ones, as it is
shown in the above figures. Some causes of discrepancy between numerical and experimental results might
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be found in the facts that in the experimental setup the configuration is not exactly 2D (presence of front and
back walls) and that left wall temperature does not reach its final value until some time has passed.
Different mesh densities have been used, and results show that a mesh density of 80 x 40 is enough to obtain
accurate results.

Fig. 6: Evolution of Nu Ra-0.25 with non-dimensional time τ = Fo*Ste*Ar2 (as in Gau and Viskanta, 1986). GV Exp: experimental
results from Gau and Viskanta (1986). MC Num: Numerical results from Costa et al. (1991).

3.2 Spheres filled with N-octadecane
Another case study used to validate the CFD phase change model is the melting of a sphere of N-octadecane,
as in Tan (2008) and Tan et al. (2009). A spherical capsule is filled with this material and taken to a
temperature 1ºC below the phase change. Suddenly the spherical capsule shell is heated and maintained at a
constant temperature. Again, the phenomenon is assumed to be 2D. Parameters of the problem are:
•

D (diameter of sphere) = 0.10166 m;

•

ρ = 772 kg m-3, k = 0.1505 W m-1 K-1, Cp = 2330 J kg-1 K-1;

•

Ra = 3.307E7, Pr = 59.76, Ste = 0.112913.

•

Initial temperature of 27.2ºC, hot wall temperature of 40ºC and phase change temperature of 28.2ºC.

Fig. 7: Fist two are photographs of the experiment run by Tan (2008) with N-Octadecane encapsulated in a sphere, at 40 and 80
minutes of operation. The last are simulations results obtained by Tan et. al. (2009), intended to reproduce their previous
experimental results. First half of the simulated spheres show streamlines while second half show temperature contours.

Fig.7 shows two photographs of the experimental evolution of the phase change at different moments
extracted from Tan (2008) and some results of the simulations performed by Tan et al. (2009). Fig. 8 shows
some graphical results obtained by the present work. The mesh used in our simulations was designed to have
similar quantity of nodes – between 7600 and 7700 cells - as the one used by Tan et al. (2009). There is an
agreement in the overall behavior of the system, although a faster melting is encountered in numerical results
from both authors, compared to experimental. However, it can be seen that the results presented on our work
seem to be closer to experimental than the presented by Tan et al. (2009).
As in the Gallium melting case, the faster melting obtained by the numerical simulations might be explained
by the fact that a sudden increase in the capsule shell temperature is assumed, while in the experimental
setup there is a natural delay in this temperature increase.
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Fig. 8: Results of present work simulations at 40 min (left) and at 80 min (right). The left half of the spheres shows the
enthalpy map (colour) and the velocity vectors, while the right half shows the temperature map (colour) and contours.

4. Results and discussion
In this section, the results of simulating the charging and discharging modes of operation of the thermal
energy accumulation system are presented. Following parameters were used in both modes:
•

Container dimensions: H (height) = 1.5 m, D (diameter) = 1.0 m

•

Capsules dimensions: φext (outer diameter) = 0.04 m, w (capsule thickness) = 0.0004 m

•

Paraffin wax as PCM. Thermo-physical properties used are listed in Table 1.

•

Capsules material: stainless steel.

•

Water flow, m& = 0.0796 kg/s.
Tab. 1: Thermo-physical properties of paraffin wax used as PCM.

ρ

Cps
3

Cpl

ks

kl

L

β
-1

µ

Tsl

Ts

Tl

(kg/m )

(J/kg K)

(J/kg K)

(W/m K )

(W/m K)

(kJ/kg)

(K )

(N s/m)

(ºC)

(ºC)

(ºC)

850

2000

2150

0.24

0.22

190

9.1E-4

4.42E-3

59.9

52.9

61.6

4.1 Charging mode
In charging mode, the whole system is initially at a uniform temperature of 50ºC, and a water flow at 70ºC
starts entering the tank through the top. Spheres, which were initially at solid state, start to receive heat and
eventually to melt.
Fig. 9 shows a detail of the liquid flow, enthalpy and temperature maps of a representative sphere in the first
section of tank in charging mode, simulated with the CFD model, with the finest mesh considered (Fig. 3,
right). Natural convection phenomenon is clearly identified.
An ascending flow is induced by the higher temperature of the fluid at the capsule shell, arriving to the top of
the sphere and then descending to come into contact with the solid part. The liquid fow transfers some of its
heat to the solid, getting cooler and descending along the solid boundary.
As the temperature of the capsule is higher than the inner temperature also at the bottom of the sphere,
another ascending flow is generated here, with an opposite spinning sense to the one of the main flow. This
flow produces a high heat transfer rate locally, accelerating the melting process at the bottom and deforming
the initially spherical shape of the solid portion.
The resulting temperature map and solid shape are appreciably different from the concentric ones that would
be obtained if the convection were not present.
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It should be noted that, in this work, forces acting on the solid have not been considered. These tend to bring
the solid portion down to the bottom of the capsule at some moment of the melting, as shown by Tan (2008),
deviating its evolution from the described by our model. These effects should be considered in future works.
The numerical results of the simulations of the whole system (tank + capsules) are shown in Figs.10 - 14,
where simplified analysis for constant and variable phase change temperature, as well as detailed constant
phase change temperature are included.

Fig. 9: Detail of the first sphere in the tank, in charging mode.
Left half shows the enthalpy map and velocity vectors, while
right half shows the temperature map and contours.

Fig. 11: Outlet fluid temperature vs. time. Charging mode.
S.C.: Simple, constant phase change model. S.V. : Simple,
variable ph. ch. model. D.C.: Detailed const. ph. ch. model.

Fig. 10: Evolution of the global accumulated energy in the
PCM spheres. Charging mode. S.C.: Simple, constant phase
change model. S.V. : Simple, variable ph. ch. model.

Fig. 12: Global liquid fraction. Charging mode. S.C.: Simple,
constant phase change model. S.V. : Simple, variable ph. ch.
model. D.C.: Detailed const. ph. ch. model.

Comparing simplified and detailed model for the constant phase change temperature case, it is observed that
the differences are rather marginal, especially in the evolution of the global liquid fraction (Fig. 12), where
almost no differences are encountered. However, looking at the evolution of the outlet fluid temperature (Fig.
11) and at the local liquid fraction over time (Figs. 13 and 14), some discrepancies are revealed, although not
very pronounced. From these observations it is concluded that for this case of study the convection is not a
very important phenomenon in a global sense, although its effects of enhancing the heat transfer are
noticeable at some scale.
However, when comparison is made between constant and variable phase change, quite pronounced
differences are observed. Figs. 10-12 reveal that the effectiveness of the heat accumulation system is
enhanced appreciably by the variable phase change temperature. Phase change starts before than in the
constant temperature case (at 52.9ºC instead of 59.9ºC) causing an earlier increase in the heat transfer rate
(see Figs. 13-14), and thus a faster lowering of the water temperature. This is due to the higher thermal
inertia of the mixed solid-liquid phase state than that of the pure solid phase. These observations are in
concordance with Felix Regin et al. (2009); although results are not the same, which is probably due to the
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differences in the assumptions adopted in both analyses.

Fig. 13: Local liquid fraction vs. position in the container, at several moments. Charging mode. S.C.: Simple, constant phase
change model. D.C.: Detailed const. ph. ch. model.

Fig. 14: Local liquid fraction vs. position in the container, at several moments. Charging mode. S.V. : Simple, variable phase
change model.

4.2. Discharging mode
Discharging mode is characterized by an initial
state of uniform temperature of 70ºC of the whole
system, and a water flow entering at 50ºC from the
bottom of the container. The PCM, initially in the
liquid state, starts to release heat though the capsule
shell and eventually to solidify.
In this case, the detailed simulations show that
although natural convection is indeed produced, it
does not have a strong effect on interface shapes
nor on temperature distributions, which are almost
exactly concentric to the spherical capsule shell.

Fig. 15: Evolution of the global accumulated energy in the
PCM capsules. Discharging mode. S.C.: Simple, constant phase
change model. S.V. : Simple, variable ph. ch. model.

Figs. 15-19 show the numerical results obtained by
the different simulations. It is observed that in this
case there are almost no deviations between results from different models. This is most likely due to the fact
that solidification starting temperature is very similar between constant temperature (59.9ºC) and variable
temperature phase change (61.6ºC) cases, making almost negligible the difference in solidification onset
moments and thus in heat transfer rates. Results obtained with the detailed model are even closer to the
simple 1D analysis than in charging mode. This agrees with the previous observations regarding detailed
simulations.
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Fig. 16: Outlet fluid temperature vs. time. Discharging mode.
Fig. 17: Global liquid fraction. Discharging mode. S.C.:
S.C.: Simple, constant phase change model. S.V. : Simple,
Simple, constant phase change model. S.V. : Simple, variable
variable ph. ch. model. D.C.: Detailed const. ph. ch. model.
ph. ch. model. D.C.: Detailed const. ph. ch. model.

Fig. 18: Local liquid fraction vs. position in the container, at several moments. Discharging mode. S.C.: Simple, constant
phase change model. D.C.: Detailed const. ph. ch. model.

Fig. 19: Local liquid fraction vs. position in the container, at several moments. Discharging mode. S.V. : Simple, variable
phase change model.

5. Conclusions
Simple 1D analysis, as well as a more detailed one including CFD calculations for the PCM have been
performed in order to simulate the performance of a thermal energy accumulation system.
Fixed grid enthalpy-porosity model of the solid-liquid phase change has been succesfully implemented in a
parallel unstructured CFD code. Simulations were verified and validated against numerical and experimental
data found in the bibliography.
Natural convection produced in the melting of the PCM inside spherical capsules has been observed to have
noticeable effects on the solid-liquid interface shape and on the temperatures distribution. However, for the
cases studied in this paper, simple-1D and detailed models considering a constant phase change temperature
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give very similar results for the whole system. This would indicate that natural convection is not a
determinant phenomenon of the global behaviour of this system in these cases. However, it should be noted
that convection could have significant effects under other operation conditions.
On the other hand, remarkable differences in the global system performance have been observed indeed
between the simulations considering constant and variable phase change temperature. Better results were
obtained in the variable phase change temperature case. Future work should be carried out in performing
CFD calculations taking into account this physical characteristic of the PCM.
Future work should also consider the mobility of the solid parts.
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Abstract
Concentrated solar power generation has the potential to partially meet the future energy demand and reduce our dependence of fossil fuels. However due to the intermittent nature of this energy source, it has not been used for baseload power.
This problem can be solved by implementing an efficient, economical and reliable latent heat (LH) energy storage strategy. An accurate heat transfer analysis will play an important role to make this strategy successful. This work presents
a 2D numerical model of the diffusion-natural convective controlled heat transfer during an unconstrained (solid–liquid
density difference) melting process of an encapsulated spherical thermal energy storage (TES) capsule filled with an inorganic salt as the phase change material (PCM). The melting of the PCM was modeled using the finite volume numerical
procedure with a single-domain enthalpy formulation. Transient numerical simulations were performed using the CFD
software Ansys-Fluent V 12.1. A detailed parametric analysis was carried out in order to analyze the geometrical and
operational effects of the system and their influence on the charging times. The study focused on PCMs with melting point
between 300°C to 400°C and metal coating materials subjected to a uniform wall temperature from 73°C to 93°C above
the mean melting temperature of the PCM. The temperature profiles and interface positions for different Rayleigh, Stefan
and Fourier numbers are determined. Computational results of this study show that for a fixed Stefan number (Ste=0.694)
there is a significant difference in the flow fields for cases with Rayleigh number from 9.17x106 to 7.33x107 .
Keywords: Energy storage, Latent heat, Renewable energy, Heat transfer.

1. INTRODUCTION.
The use of latent heat storage devices (LHSD) is one of the most promising technique that can play a preponderant
role in solar power technologies as a strategy to enhance the effective energy management, i.e. effective thermal energy
utilization under the seasonal and intermittent nature of solar energy. This advantage could be achieved since it became
of a considerably higher energy storage density compared to sensible heat storage systems and has the capacity to capture
and release energy as latent heat of fusion at a constant temperature or over a limited temperature range corresponding
to the melting point of the phase change material. According to Dutil et al.(2010) and Medrano et al. (2010) such
devices and systems also improve the performance and reliability of the plant by satisfying peak loads and allowing
systems to work within an optimal and stable range. Based on that, an accurate heat transfer analysis for the melting
and solidification process within the phase change material is required in order to develop an optimal design and predict
operational conditions of the LHSD. The aim of the present study is to develop a numerical model of the heat transfer
during the melting process of a spherical capsule filled with sodium nitrate considering conduction, natural convection
and solid–liquid density difference.
A considerable amount of experimental, theoretical and numerical studies have been reported in the literature on the
heat transfer phenomena of melting and freezing process of PCM’s that are stored within containers of different shapes.
Grimado and Boley (1970) presented a numerical procedure of the diffusion-controlled heat transfer during the melting
process of a sphere. The outer surface was subjected to a spherically symmetric and time dependent heat flux boundary
condition. Melting rate and temperature distribution for different metals was estimated. Nicholas and Bayazitoğlu (1980)
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Amu
cp
Da
Fo
g
H
∆H
k
L
Pr
Ri
Ro
Ra
S
Ste
t
T
Ti
Tm

porosity constant [kg/m3 s]
specific heat at constant pressure [J/kg K]
Darcy number, defined as µλ 3 /CR2 (1 − λ )2
Fourier number defined as [αt/R2 ]
gravitational aceleration [m/s2 ]
sensible enthalpy [kJ/kg]
latent heat [J/kg]
thermal conductivity [W /m K]
latent heat of fusion [J/kg]
Prandtl number of the fluid, defined as [ν/α]
inner radius of the container [m]
outer radius of the container [m]
Rayleigh number defined as 8gβ (Tw − Tm )R3 /να
source term in momentum equation
Stefan number defined as c p (Tw − Tm )/L
time [sec]
temperature [K]
initial temperature of the PCM [K]
melting temperature of the PCM [K]

Tw
ϑi

surface temperature of the enclosure [K]
velocity component [m/s]

Greek Symbols
α
β
λ
ρ
µ
ν

Thermal diffusivity [m2 /s]
Thermal expansion coefficient [K −1 ]
Liquid/solid fraction
Density [kg/m3 ]
Dynamic viscosity [kg/m s]
kinenamic viscosity [m2 /s]

Subscripts
l
m
r
s
w

liquidus
melting
radial direction
solidus
wall

presented a numerical analysis of the effect of unequal densities on the shape and location of the solid-liquid interface
during heat diffusion-controlled melting process for a system within a horizontal cylindrical isothermal enclosure. The
finite difference method was used to find the dimensionless transient temperature profile in the liquid medium and the
position and rate of movement of the solid-liquid interface. However the analysis neglected the convective heat transfer
during the phase change process. Later on Moore and Bayazitoglu (1982) investigated the unconstrained diffusionnatural convection controlled melting process of n-octadecane wax within a spherical enclosure. The energy and interface
equations were solved using the finite difference technique. Good agreement was found between the numerical results
and the experimental data for Ste = 0.05 and 0.1 with a maximum deviation of about 10 percent in the predicted interface
position. Based on the energy stored results the study also concluded that the convective effects can be neglected only at
small Stefan numbers below than 0.1.
Bahrami and Wang (1987) presented an approximate closed-form solution of conduction-driven melting within spheres
by the use of assumptions similar to the theories of lubrication and film condensation. The effects of gravitational force
resulting from unequal solid and liquid densities and the decoupled temperature and velocity fields were considered. The
agreement between the theory and the experiments appears to be reasonable for small values of Fo · Ste. The agreement
decreased for larger Fo · Ste values with the experimental data laying approximately 20 percent below the theory. Melting
process in spherical containers has been studied further by Roy and Sengupta (1987) who reported an analytical solution
for the melting rate at the lower surface of the solid core based on the technique originally developed for the cylindrical
geometry by Bareiss and Beer(1984). Heat transport was controlled by heat conduction only. The predicted melting rate
showed good agreement with the experimental data published by Moore and Bayazitoglu (1982) with maximum deviation of 16 percent for Ste = 0.05 and 0.1. Later on Roy and Sengupta (1990) analytically studied the effect of natural
convection within the thin melting layer in the bottom of the sphere and within the top part of the solid core during the
unconstrained melting process with an isothermal boundary. The analysis concluded that a significant amount (15% for
typical cases) of melting takes place at the upper surface of the solid core. Also the effects of Grashof and Prandtl numbers
in the upper region are smaller than the values commonly encountered in natural convection on spherical geometries.
Saitoh and Kato (1993) reported experimental and numerical results on the melting in horizontal cylindrical capsules
with both close-contact and natural convective heat transfer. The experimental setup consisted of copper cylindrical tubes
with diameters of 0.04, 0.1 and 0.2 m filled with n − octadecane as the PCM material mounted in a constant temperature
bath. Based on the melting front results indicated that with the increase of the Stefan number the contribution of natural
convection becomes more significant. Fomin and Saitoh (1999) presented a numerical and analytical investigation of
the close-contact melting within a spherical capsule with a non-isothermal wall. The analytical solution method used in
their investigation is an extension of the mathematical approach developed by Bareiss and Beer (1984) and the numerical
model was solved by utilizing the boundary fixing method. The wall temperature boundary condition was specified by
a sinusoidal function. They found that the increase of the temperature distribution leads to a higher melting speed for
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Figure 1: Schematic diagram of the physical model.
Ste = 0.5. Khodadadi and Zhang (2001) performed a computational study of the combined conduction and buoyancydriven convection on constrained melting of PCM’s within spherical containers with an isothermal boundary. The study
focused on low-Prandtl number fluids and used silicon as a PCM. The results were obtained through simulations based
on the finite-volume procedure and the phase change phenomenon was modeled by single-domain enthalpy formulation.
Three cases (case a, Ra = 1.428x105 , case b, Ra = 1.143x106 and case c, Ra = 1.151x107 ) were analyzed in order to
assess the role of the Rayleigh number on the melting process. The total melting time was 8% shorter for Case (a),
15% shorter for Case (b), and 40% shorter for Case (c) when compared to the corresponding diffusion-controlled melting
processes. Also the study analyzed the effect of Stefan number during the melting process. It was concluded that the flow
and thermal fields are very similar for cases with Stefan number from 0.0267 to 0.0533 and fixed Raleigh and Prandtl
numbers. Also as buoyancy-driven convection became more dominant due to the growth of the melt zone, accelerated
melting in the top region of the sphere in comparison to the bottom zone was observed.
Assis et al. (2007) reported a numerical and experimental study of the melting process in spherical enclosures of 40,
60 and 80mm in diameter subjected to constant wall temperatures. The numerical model takes into account the volume
expansion due to melting, the density change between the phases and the convective heat transfer in the fluid media.
RT27 (Rubitherm GmbH) was used as the PCM. In order to model the volumetric expansion a PCM-air computational
domain was defined. Initially solid PCM fills 85% of the enclosed space while the remaining 15% is filled by air. The
enthalpy-porosity approach was used to model the melting process. The melt fraction was presented as a function of a
combination of the Fourier, Stefan and Grashof numbers, namely, FoSte1/3 Gr1/4 . The investigation concluded that all
the study cases, except that for Ste = 0.2, practically merge into a single curve. Tan et al. (2009) discussed a combined
experimental/computational study of the effect of buoyancy-driven convection on the melting process in spherical containers. Density differences of the liquid and solid phases were neglected in the mathematical simulations. Paraffin wax
n − octadecane was used as the PCM. The single domain enthalpy-porosity formulation was used to model the melting
process. In the study, computational findings were verified through qualitative observations of the phase change pattern
during constrained melting of the PCM. It was shown that even though the computational technique captures the trends
of the constrained melting of the sphere, it predicts a faster rate of melting. Also computational results reveal a waviness
and excessive melting of the bottom part of the PCM.
In this study, a parametric analysis of the 2D melting in a spherical cavity was carried out in order to investigate
the effect of the Rayleigh and Stefan numbers on the melting rate of the PCM. Special emphasis is placed on the fact
that, to the best of the authors knowledge, the melting process of spherical encapsulated sodium nitrate has been rarely
investigated in the literature.
2. Physical and mathematical model.
A spherical shell of inner and outer radii Ri and Ro , respectively, is initially filled with a solid PCM at a temperature
Ti . For time t > 0, the outer surface of the shell is exposed to a constant temperature Tw , which is greater than the melting
temperature of the PCM. Heat is transferred by conduction through the wall of the capsule and melting process initiates
at the inner surface with the solid-liquid interface moving into the PCM. A schematic representation of the considered
physical model is shown in the left hand side of Figure 1.
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Table 1: Governing equations.
Equation

∂ρ 1 ∂
1 ∂
+
(ρr2 ϑr ) +
(ρϑθ sinθ ) = 0
∂t r2 ∂ r
rsinθ ∂ θ

Continuity



Radial
direction
momentum

∂ ϑr 1 ∂
1 ∂
+ 2 (ϑr r2 ϑr )+
(ϑθ sinθ ϑr ) = ν
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rsinθ ∂ θ
r ∂r

Polar
direction
momentum

∂ ϑθ 1 ∂
1 ∂
+ 2 (ϑr r2 ϑθ )+
(ϑθ sinθ ϑθ ) = ν
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rsinθ ∂ θ
r ∂r

Energy
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∂h 1 ∂
1 ∂
k
+
(ϑr r2 h) +
(ϑθ sinθ h) =
∂t r2 ∂ r
rsinθ ∂ θ
ρc p









1 ∂
∂h
1
∂
∂h
1
∂h 1 ∂
1 ∂
r2
+ 2
sinθ
−
+
(ϑr r2 4H) +
(ϑθ sinθ 4H)
∂r
∂θ
ρc p ∂t r2 ∂ r
rsinθ ∂ θ
r2 ∂ r
r sinθ ∂ θ

(4)

The following assumptions are made for the mathematical model: (1) both the solid and liquid phases are homogeneous and isotropic, (2) the flow in the capsule is axisymmetric around the vertical axis of the sphere and two dimensional
spherical polar coordinate system (r, θ )can be employed, (3) the liquid phase was assumed as a Newtonian fluid with
laminar flow, (4) the Boussinesq approximation is used to analyze the buoyancy induced motion in the melt, (5) the
viscosity and thermal conductivity of molten sodium nitrate were defined as functions of temperature. Thermophysical
properties and process parameters are listed in Table 2.
2.1 Mathematical f ormulation
Given the above assumptions, the continuity, momentum and energy equations in the spherical coordinates (r and θ
radial and polar direction respectively) are presented in Table 1.
A significant effort was directed into the methods used to track the continuously moving boundary of the solid liquid
interface and the associated thermophysical property change over the discrete grid of nodes that define the numerical
method. According to Voller et al. (2006), the existing modeling methods for such problems can be divided into three
groups: fixed grid schemes, deforming grid schemes and hybrid methods. In this study the enthalpy formulation (Eyres
et al. (1946) and Price and Slack (1954)), that is one of the fixed grid class methods was employed. The enthalpy function
is defined as the sum of the sensible heat h and the latent heat ∆H required for a phase change as follows.
H = h + ∆H

(5)

ˆT

where
h = hre f +

c p dT

(6)

Tre f

Where hre f and Tre f are the reference sensible heat and temperature, respectively. As mentioned, the single domain
enthalpy-porosity technique, originally introduced by Voller and Prakash (1987) and Brent et al. (1988) was used to track
the liquid-solid front inside the PCM. The method considers computational cells in which phase change is occurring as a
pseudo porous media, with porosity λ = liquid/solid f raction decreasing from 1 to 0 as the latent heat content decreases
from L to 0. A linear relationship between the latent heat and temperature is used, i.e., ∆H = λ L, where L is the latent
heat of fusion and the liquid/solid fraction (λ ) is used in every cell based on the following relations:

λ = 0,



T − Ts
,
λ=

Tl − Ts


λ = 1,

T < Ts
Ts < T < Tl

(7)

T > Tl

The above procedure is accomplished using a Darcy’s law-type of porous medium treatment of Voller and Prakash to
modify the momentum equation. In this way, on prescribing a “Darcy” source term the velocity value arising from the
solution of the momentum equations is inhibited, reaching values close to zero on complete solid formation. The Darcy
damping term is the last component in the source term in Eqs (2) and (3) and is defined as:
S = Amu

(1 − λ )2
ϑi
(λ 3 − ε)

(8)

where ε = 0.001 is a small computational constant used to avoid division by zero, and Amu is a constant reflecting
the morphology of the melt front. This constant is a large number, usually 104 –107 . In the present study a value of
C = 105 kg/m3 s has been used.

451

(a) Ste ∗ Fo = 1.33x10−2

(b) Ste ∗ Fo = 5.35x10−2

(c) Ste ∗ Fo = 1.00x10−1

(d) Ste ∗ Fo = 1.81x10−1

(e) Ste ∗ Fo = 2.68x10−1

(f) Ste ∗ Fo = 3.48x10−1

Figure 2: Computed streamlines and temperature contours for case P2 at different time instants.

Table 2: Thermophysical properties and process parameters.
Parameter

Value

Reference values

Ref.

ρ = ρl /β (T − Tl ) + 1

ρl = 1950kg/m3

Wang et al.(2010)

580 K < T < 673 K

β = 6.6x10−4 K −1

Sodium nitrate
Density
(kg/m3)

Tl = 580 K
Liquid viscosity
(mPa · s)

97.54 112.5 41.70
lnµ̂ = 26.689 −
+ 2 − 3
T̂
T̂
T̂
580 K < T < 750 K

µ̂ = µ(T )/2.98mPa · s

Nunes et al.(2006)

T̂ = T /580 K

kl = 0.04184(13.5 + 0.0114(T − 579))
613 K < T < 693 K
Thermal
conductivity
(W /m K)

White and Davis(1967)
ks = 0.04184(13.5 + 0.008(T − 503))
300 K < T < 580 K

Specific heat
c p,s ≈ c p,l (J/kg K)

1730

Wang et al.(2010)

Latent heat of
fussion (J/kg)

182000

Wang et al.(2010)

Ts(K)

577

Ti(K)

298

Aluminum
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Thermal
conductivity
(W /m K)

202.4

Dewitt et al.(1996)

Specific heat
(J/kg K)

871

Dewitt et al.(1996)

Density
(kg/m3)

2719

Dewitt et al.(1996)

3. Computational Procedure
The governing equations were solved using the semi-implicit method for pressure-linked Navier-Stokes equations
(SIMPLE) in a segregated fashion based on the commercial software Ansys/Fluent 12.1. The computational domain
was discretized using a grid system of 14043 quadrilateral cells. Grid size and time step independence of the unsteady
solution based on the liquid/solid interface have been checked by considering cases with different grid densities and time
steps values. After a detailed comparison process, the results were found independent. The schematic diagram of the
computational grid system is shown on the right half of Figure 1. The time step was set to 0.002sec for all the simulations.
The Second Order Upwind scheme was employed for solving the momentum equation and the Power Law differencing
scheme was used for the energy equation, and the PRESTO scheme was adopted for the pressure correction equation.
Table 3: Cases investigated for the parametric study.
Case

PCM
Diameter
(mm)

Shell thickness
(mm)

4T (◦C)

Rayleigh
number

Stefan
number

P1

15

1

93

1.22x107

0.884

P2

15

1

73

9.17x106

0.694

Q1

20

1

93

2.90x107

0.884

Q2

20

1

73

2.17x107

0.694

S2

30

1

73

7.33x107

0.694

The under-relaxation factors for Pressure, Momentum and Liquid fraction were 0.3, 0.01, and 0.9, respectively. Convergence of the solution was checked for each particular time step. Scaled absolute residuals of 1x10−4 , 1x10−6 and 1x10−8
were set for continuity, velocity components and energy, respectively as convergence criterion. The number of iterations
needed to achieve convergence varied between 150 and 300 per time step.
4. Results and Discussion
Five different configurations were analyzed in the simulation process. All of them are summarized in Table 3. Three
different PCM diameters of 15mm, 20mm and 30mm were investigated. Also two temperature differences of 73◦C and
93◦C above the mean melting temperature of the sodium nitrate were explored.
In order to study the influence of the Rayleigh number on the melting process, the predicted instantaneous contours of
the streamlines and isotherms for cases P2 and S2 are presented in Figures 2 and 3 at different dimensionless times defined
as a product of the Stefan and Fourier numbers. The streamline contours are shown on the left half of each circle whereas
the temperature contours (in K) are drawn on the right half, with the vertical axis of the sphere separating the two fields.
Temperature contours start in a concentric ring patterns at the beginning of the melting process (Figs. 2(a) and 3(a)), due
to the step change in the wall temperature. According to Zhang et al. (1999) this suggests that during the early periods,
the dominant transport phenomena is due to heat conduction, and natural convection plays a small role. For particular
dimensionless times higher than 0.1, the isotherms begin to deviate from the concentric ring patterns (Figs. 2(c) and 3(c)),
indicating that natural convection starts to influence the melting process.
A more pronounced effect of the Rayleigh number on the melting process of case S2 was expected when compared to
case P2 . However as Figures 2 and 3 indicate the temperature field is getting oblique angle contours at almost the same
dimensionless times. A possible reason for the similar trend is the relative small difference between the Rayleigh numbers
of the two cases. Even though there is no apparent difference in the thermal fields for cases P2 and S2 , special attention
should be paid on the order of magnitude of the flow field for all dimensionless times. It is clear that the buoyancy-driven
convection effect is higher in case S2 as compared to case P2 .
The predicted melt fraction as a function of the dimensionless time for different configurations is shown in Figure 4.
As expected, faster rate of melting was obtained when the temperature difference is higher (higher Stefan number), for
each shell diameter. This behavior is illustrated in Fig. 4a. A significant difference in the melting rate of cases P1 and P2
was observed for the dimensionless times higher than 1.5x10−1 . Figure 4b shows the melt fraction of the two different
PCM sizes for a fixed Stefan number. Similar trends are observed in the three different curves.
The predicted solid/liquid interface evolution is presented in Figure 5 at different dimensionless times. Results are
presented for cases P2 and S2 and, it is clear that for Ste ∗ Fo ≥ 2.05x10−1 the solid unmelted zone is shaped as an oblate
spheroid located just below the center of the sphere (Fig.5 (d and h)). It can be inferred that due to the recirculating vortex
formed between the top region of the solid phase and the inner wall of the capsule, as clearly observed in Figures 2(e) and
3(e), the melting process is more intensive in the upper part of the solid phase.
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(a) Ste ∗ Fo = 1.33x10−2

(b) Ste ∗ Fo = 5.35x10−2

(c) Ste ∗ Fo = 1.00x10−1

(d) Ste ∗ Fo = 1.81x10−1

(e) Ste ∗ Fo = 2.68x10−1

(f) Ste ∗ Fo = 3.48x10−1
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0.8

Melt Fraction
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Figure 3: Computed streamlines and temperature contours for case S2 at different time instants.
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Figure 4: Predicted melt fraction rate for different cases.
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0.5
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(a) Case P2 , Ste ∗ Fo =
1.00x10−1

(b) Case P2 , Ste ∗ Fo =
1.81x10−1

(c) Case P2 , Ste ∗ Fo =
2.68x10−1

(d) Case P2 , Ste ∗ Fo =
3.48x10−1

(e) Case S2 , Ste ∗ Fo =
1.00x10−1

(f) Case S2 , Ste ∗ Fo =
1.81x10−1

(g) Case S2 , Ste ∗ Fo =
2.68x10−1

(h) Case S2 , Ste ∗ Fo =
3.48x10−1

Figure 5: Solid/Liquid interface evolution for cases P2 and S2 .
5. Concluding Remarks
Diffusion-natural convective controlled heat transfer during unconstrained melting process within an encapsulate
spherical capsule filled with sodium nitrate was numerically investigated. The following conclusions are drawn:
• Based on the flow field and the solid liquid interface evolution for a fixed Stefan number (Ste=0.694), it can be
inferred that the Rayleigh number, when changed from 9.17x106 to 7.33x107 increases the melting rates of sodium
nitrate. Therefore, it can be inferred that for a fixed Stefan number (Ste=0.694) the melting time increase with
decrease in Rayleigh numbers.
• It was found that a recirculating vortex was formed between the top region of the solid phase and the inner wall of
the capsule that causes a more intensive melting process in the upper part of the solid phase.
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[13] Nicholas, D., Bayazitoğlu, Y., 1980. Heat transfer and melting front within a horizontal cylinder. Journal of Solar
Energy Engineering 102, 229.
[14] Nunes, V., Lourenço, M., Santos, F., de Castro, C., 2006. Viscosity of molten sodium nitrate. International journal
of thermophysics 27, 1638–1649.
[15] Price, P., Slack, M., 1954. The effect of latent heat on numerical solutions of the heat flow equation. British Journal
of Applied Physics 5, 285.
[16] Roy, S., Sengupta, S., 1987. The melting process within spherical enclosures. Journal of heat transfer 109, 460–462.
[17] Roy, S., Sengupta, S., 1990. Gravity-assisted melting in a spherical enclosure: effects of natural convection. International Journal of Heat and Mass Transfer 33, 1135–1147.
[18] Saitoh, T., Kato, K., 1993. Experiment on melting in heat storage capsule with close contact and natural convection.
Experimental thermal and fluid science 6, 273–281.
[19] Tan, F., Hosseinizadeh, S., Khodadadi, J., Fan, L., 2009. Experimental and computational study of constrained
melting of phase change materials (pcm) inside a spherical capsule. International Journal of Heat and Mass Transfer
52, 3464–3472.
[20] Voller, V., Prakash, C., 1987. A fixed grid numerical modelling methodology for convection-diffusion mushy region
phase-change problems. International Journal of Heat and Mass Transfer 30, 1709–1719.
[21] Voller, V., Swenson, J., Kim, W., Paola, C., 2006. An enthalpy method for moving boundary problems on the earth’s
surface. International Journal of Numerical Methods for Heat & Fluid Flow 16, 641–654.
[22] Wang, S., Faghri, A., Bergman, T., 2010. A comprehensive numerical model for melting with natural convection.
International Journal of Heat and Mass Transfer 53, 1986–2000.
[23] White, L., Davis, H., 1967. Thermal conductivity of molten alkali nitrates. The Journal of Chemical Physics 47,
5433.
[24] Zhang, Y., Khodadadi, J., Shen, F., 1999. Pseudosteady-state natural convection inside spherical containers partially
filled with a porous medium. International journal of heat and mass transfer 42, 2327–2336.

456
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COOLING SYSTEM
N.H. Steven Tay, Martin Belusko and Frank Bruno
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Abstract
An investigation into characterising and optimising the useful latent energy that can be stored within a tubein-tank phase change thermal energy storage system has been conducted, with particular reference to off
peak thermal storage applications. This process involved considering the thermal resistance during charging
and discharging as well as the amount of phase change material (PCM) that can be physically stored within a
storage system with tubes in a storage tank for a night time cooling system using a cooling tower. The
thermal resistance was investigated through the use of the heat exchange effectiveness of the PCM system
which was studied using a validated ɛ-NTU model. An energy storage density coefficient of a PCM system
was determined and the impact of the tube length and the mass flow rate supplied to the system was
investigated. This storage coefficient was optimised delivering a true energy storage density of 62.9% and
82% of the latent energy density of the PCM. This parameter can be directly compared to sensible storage
systems and it was found that coil-in-tank systems can achieve a useful storage density of more than 20 times
that of sensible storage systems.
1. Introduction
Melting and freezing phase change material (PCM) is an effective way to store thermal energy in the form of
solar energy, industrial waste heat and off-peak electricity. The main advantages of such storage system are
the high storage capacity and recovery at almost constant temperature (Choi and Kim, 1995; Agyenim et al.,
2010). A phase change thermal energy storage system not only minimises the disparity between supply and
demand but also improves the performance and reliability of the energy system and plays a vital role in
energy conservation (Sharma et al., 2009). Due to the high energy storage density and the smaller amount of
weight and volume for a known amount of energy, a phase change thermal energy storage system is a
particularly attractive system compared to sensible energy storage system (Agyenim et al., 2010). Another
major advantage of using PCM in a thermal energy storage system is the ability to store energy in low
temperature differences.
The main disadvantage of using PCM in a thermal energy storage system is its low thermal conductivity.
These thermal properties will often leads to low charging and discharging rates, which will in turn decrease
the overall effectiveness of the system (Agyenim et al., 2010). To overcome the low thermal conductivity of
PCMs, heat transfer enhancement techniques are required for most thermal energy storage applications.
Extensive research has been conducted to study heat transfer enhancement techniques in PCMs. These
techniques are finned tubes of different configurations (Choi and Kim, 1995; Abdel-Wahed et al., 1979;
Ermis et al., 2007; Ismail et al., 2001; Horbaniuc et al., 1999; Sparrow et al., 1981; Sasaguchi and Takeo,
1994; Zhang and Faghri, 1996; Velraj et al., 1997), bubble agitation (Velraj et al., 1997), insertion of a metal
matrix into the PCM (Trelles and Dufly, 2003; Hoogendoorn and Bart, 1992), using PCM dispersed with
high conductivity particles (Mettawee and Assassa, 2007), micro-encapsulation of the PCM (Griffiths and
Eames, 2007; Hawlader et al., 2003) or shell and tube (multitubes) (Agyenim et al., 2010; Hendra et al.,
2005). This paper will focus on tube-in-tank phase change thermal energy storage systems which are similar
to shell and tube.
Models created using the effectiveness-number of transfer units (ε-NTU) methodology have been conducted
by several researchers. Browne and Bansal (Browne and Bansal, 2001) presented a new steady-state model
for vapour-compression liquid chillers. The principle of this model is on physical laws and heat transfer
coefficients. In order to better predict the heat transfer, the heat exchanger is divided into elements by
applying the elemental ε-NTU methodology. Mathew and Hegab (Mathew and Hegab, 2010) developed a
thermal model of a parallel flow microchannel heat exchanger subjected to external heat transfer. In the
laminar flow regime, the effectiveness of the fluids in parallel flow microchannel heat exchangers and the
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axial temperature can be predicted. When subjected to external heating for a specific NTU, the effectiveness
of the hot fluid would decrease while the cold fluid increased. In the presence of external cooling, the
effectiveness of the hot fluid was observed to improve while the cold fluid degraded.
A major consideration with phase change storage systems is the thermal resistance to heat transfer between
the heat transfer fluid (HTF) and the PCM (Belusko and Bruno, 2008). To reduce this resistance,
PCM/graphite systems have been developed (Hamada and Fukai, 2005; Xia et al., 2010), as well as adding
conductors within the PCM (Fan and Khodadadi, 2011) significantly enhance the heat transfer within the
thermal storage system. To quantify the impact of the thermal resistance of a PCM system, a one
dimensional equation of the effectiveness of a thermal storage unit (TSU) based on the ε-NTU approach has
been formulated by Belusko and Bruno (2008). The effectiveness of one and two dimensional phase change
within a PCM slab was defined in term of phase change fraction. Employment of phase change fraction
characterizes the TSU into a single effectiveness parameter and thus developing a useful method for
determining the size of the TSU, which defines the useful energy storage density for a specific application.
A simple mathematical model was developed by Tay et al. (2010) based on the ε-NTU technique for tubes in
a phase change thermal energy storage system. Tubes are coiled inside a cylindrical tank filled with PCM.
The HTF passes through the tube during the charging and discharging processes. The model assumes that the
phase change of the PCM will be uniform with the tube. Experiments have been conducted to validate the
numerical analysis. The results from the mathematical model and the experimental data revealed an
agreement between the predicted and experimental values.
In this paper, a parametric study has been conducted on tubes in a phase change thermal energy storage
system based on the ε-NTU technique developed by Tay et al. (2010). By varying the parameters of tubes in
a phase change thermal energy system, it will enable a complete optimisation study and a comparison can be
made to a sensible storage system.
2. Effectivessness-NTU Technique
A one dimensional mathematical representation of the heat flow between the HTF and the PCM at the phase
change profile was then developed by Tay et al (2010). The NTU is determined from the thermal resistance
to the heat flow within the HTF and the section of the PCM which has undergone phase change. One
mathematical representation of the resistance in the PCM is defined. The phase change is assumed to occur
in one dimensional from the internal surface of the tube to an external boundary in the PCM. The
representation assumes the phase change occurs in a cylindrical pattern, defined by a round shape factor as
shown in Fig. 1 (a). These assumptions are based on the internal temperature measurements within the PCM
shown in Fig. 2. Fig. 1 (b) shows the thermal circuit for the models.

(a)

(b)

Fig. 1: Simplified model of the round shape factor (a) and thermal circuit (b) (Tay et. al., 2010)
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Fig. 2: Typical Freezing process for the Four Coils Tank with mass flow rates of 0.019 kg/s for PCM0 with an average
effectiveness of 0.56 [26] (Tay et al., 2011)

In this work, the ε-NTU technique is validated for the freezing process using water (Tay et al., 2010). As for
the melting process, it was found that the accuracy of the ε-NTU technique is dependent on the ratio of the
average thermal resistance within the PCM to the total thermal resistance. When the resistance of the PCM is
found to be high, the effect of natural convection will be significant, thus causing a large error between the εNTU analysis and the measured results. Therefore, the ε-NTU technique on the melting process will be
validated when the ratio of the average thermal resistance within the PCM to the total thermal resistance is
not too big, thus relying on the resistance of the HTF which is more consistent.
3. Characterisation of tube-in-tank PCM system
The PCM storage system consists of several tubes coiled inside a cylindrical tank filled with PCM. The HTF
passes through the tubes during the charging and discharging processes as shown in Fig. 3. Heat transfer to
the surroundings is ignored. When operating as an off-peak storage system, energy is stored in the PCM
during the solidification or charging of the PCM and released from the PCM during melting or discharging
process.
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PCM

HTF
Tubes

Fig. 3: Tube-in-tank PCM energy storage system

During the phase change process, heat is exchanged between the heat transfer fluid and the phase change
interface within the PCM, at the phase change temperature. This heat transfer is a function of the thermal
resistance in the heat transfer fluid and in the PCM proportion which has already changed phase. Therefore
the outlet fluid temperature is determined by the thermal resistance in the system and limited by the phase
change temperature. Maximum heat transfer is achieved when the outlet temperature equates to the phase
change temperature.
In order to achieve energy efficient storage the inlet temperature of the heat transfer fluid during charging
should be the maximum possible temperature to maximise the coefficient of performance of the refrigeration
system. The maximum possible temperature is determined by the required rate of heat removal from the
PCM during the charge period, which is determined by the thermal resistance to heat transfer. To maximise
the charge fluid temperature, the outlet fluid temperature should equate to the PCM phase change
temperature, while providing adequate heat transfer.
The thermal resistance also affects the discharge temperatures which are achieved from a PCM storage
system. Discharge temperatures are specified by the cooling requirements of the load. Ideally, the discharge
temperature should equate to the phase change temperature of the PCM. However, due to the thermal
resistance, the discharge temperature will be above this temperature, and therefore a lower temperature PCM
is required. As a result, charging this PCM is more energy intensive. Consequently, energy efficient storage
is dependent on minimising the thermal resistance to heat transfer in the PCM storage system, effectively
minimising the temperature difference between the heat sink and the heat source. This approach minimises
any sensible storage in the PCM which is defined by the change in temperature of the material, and as a
result, sensible energy storage is ignored.
The outlet temperature from the PCM system determines the heat transferred between the heat transfer fluid
and the PCM and consequently, thermal performance can be expressed in terms of heat exchange
effectiveness. This effectiveness directly relates to the thermal resistance in the PCM storage system as
explained by Belusko and Bruno (2008). If the heat transfer rate does not vary with time, the effectiveness of
a PCM storage system is defined by eq. 1, where Qact is the actual energy stored, Qmax is the max energy
stored, Tin is the inlet temperature of the HTF, Tout is the outlet temperature of the HTF and T pcm is the
temperature of the PCM. Therefore, over the period of phase change, the actual energy stored and released is
defined by this effectiveness, which directly affects the useful energy that is stored. Therefore the actual
useful energy which is stored is the product of the effectiveness of freezing and melting.
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(

)

(

)

(eq. 1)

The compactness factor, CF for PCM in a tube-in-tank thermal storage system is represented by eq. 2, and
directly affects the volumetric energy density of a storage system. The CF is the ratio of the volume of PCM
to the volume of the tank. Therefore the expected storage density of a PCM storage system can be defined by
an energy storage density coefficient, γ, which can be directly applied to the volumetric latent heat of a PCM
as in eq. 3, where εf is the freezing effectiveness and εm is the melting effectiveness. The resultant storage
density represents the storage density achievable by the PCM system, and can be directly compared to a
sensible energy storage system.

(eq. 2)

(eq. 3)

To consider pumping losses within the PCM storage system, a modified freezing and melting effectiveness
value, εf* and εm* was determined using eq. 4. Total losses of the system, PL are then calculated using eq. 5
where ̇ is the volumetric flow rate.

(eq. 4)

̇

(eq. 5)

Pump efficiency, 𝛈p and power station efficiency, 𝛈p.s were fixed at 50% and 35%, respectively. As the heat
transfer fluid moves through the tubes, the pressure drop can be evaluated by eq. 6 where f is the friction
factor; d is the inner tube diameter and um is the velocity of the HTF in the tube. The entrance and exit losses
are ignored as these exist in any sensible storage system.

(eq. 6)

Therefore, the modified energy storage density coefficient of the system, γ* can be written as:

(eq. 7)
4. Thermal storage optimisation
A parametric study of the energy storage density coefficient was conducted, investigating the impact of the
length of the tube, tube diameter, number of tubes and the mass flow rate. The analysis is based on a night
time cooling system using cooling towers as a heat sink for a typical multi-storey commercial building with a
total floor area of 8000 m2. The design load is 120 W/m2 or 960 kW and a PCM with a phase change
temperature of 17 °C is used for this analysis (Belusko, 2008). The material of the tube used is copper. Based
on a night time operation of 9 hours, this equates to a total potential storage capacity of 8640 kWhrs which
requires 93.6 m3 of PCM volume. During the night time, water from the outlet of the cooling tower is used as
the HTF to charge the thermal energy storage system. The storage system in turn discharges its energy to the
chilled ceiling panels to cool the building during the day time. The properties of the PCM and the range of
parameters investigated during the simulation are specified in Tab. 1.
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Tab. 1: Properties of heat transfer fluid and PCM

Temperature,
°C
PCM17(Liquid)
PCM17(Solid)

Phase change at
17
-

Water

15

Dynamic
Viscosity,
mPa.s
-

Thermal
Conductivity,
W/m.K
0.43

Specific
Heat,
kJ/kg.K
1.9

-

1.5

-

-

1.139

0.6

4.186

1000

Density,
kg/m3
1525

4.1 Optimal design
Fig. 4 shows the maximum energy density coefficients achieved for the optimum length of tube in the
system, for the flow rates ranging from 5,000 kg/hr to 900,000 kg/hr for 12.7mm outside diamter of the tube
and number of tubes in the system is fixed at 100. The range of this optimum storage density coefficient is
0.613 to 0.972. These values can be compared directly to a sensible energy storage system based on the heat
transfer fluid used in this study. Based on 93.6 m3 of PCM charging over 9 hours, assuming unity
effectiveness, equates to a constant load of 960 kW, which will be the specified cooling load.
Tab. 2 shows the temperature difference which meets this load for the flow rates presented in Fig. 4, from
which the sensible energy that is stored within the heat transfer fluid is determined during the charging
process. The total sensible energy stored was determined based on the volume of the PCM storage facility
which incorporates 93.6 m3 of PCM, the total tube volume and the volume filled by the heat transfer fluid, as
determined by inner volume of the tubes. The table also shows for each flow rate, the corresponding
optimum length of tube which achieves a maximum storage density coefficient extracted from Fig. 4, and the
subsequent total useful energy stored within the PCM system based on the storage coefficient.
1
0.95
0.9

Gamma*

0.85
0.8
0.75
0.7
0.65
0.6
0.55
0

100000 200000 300000 400000 500000 600000 700000 800000 900000 1000000

Mass flow rate (kg/hr)
Fig. 4: Chart of Gamma* against the mass flow rate
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Tab. 2: Energy stored within a PCM and sensible energy storage system

30223.47

Total
storage
volume,
m3
96.03

Sensible
energy
storage in
HTF, MJ
66377.45

0.956

29732.10

97.25

33609.01

0.88

ṁ, kg/hr

Length of
tube, m

ΔT needed
to achieve
960kW

γ*

Useful energy
extracted from
PCM system, MJ

5000

19200

165.2

0.972

10000

28800

82.6

Latent /
Sensible
ratio
0.46

50000

76800

16.5

0.888

27625.60

103.33

7142.09

3.87

100000

110000

8.3

0.841

26155.42

111.97

3869.62

6.77

250000

187000

3.3

0.761

23663.91

124.83

1725.59

13.71

500000

264000

1.7

0.685

21310.91

137.68

951.67

22.39

750000

319000

1.1

0.638

19840.98

134.01

617.52

32.13

900000

348000

0.9

0.613

19070.57

137.68

528.70

36.07

The calculated useful stored energy can be directly compared to the sensible energy stored within the heat
transfer fluid. The data shows that at lower flow rates the sensible energy storage can store more useful
energy then an optimised PCM system, as the temperature differences needed to meet the cooling load are
large. However at higher flow rates and lower temperature differences of less than or equal to 16.5 °C, the
useful energy stored is a factor of at least 3 more than the sensible energy stored. This confirms the capability
of PCM systems as an energy storage system when considering low temperature differences. At low
temperature differences of less than 2 °C, the energy storage density coefficient is less than 70%; however
the overall storage density of a PCM system is at least 20 times greater than the sensible energy density that
can be achieved within the heat transfer fluid. With increasing flow rates, the ratio of the latent to sensible
energy that can be stored consistently increases. However at the maximum flow rate investigated this ratio
reduces and reflects the impact of low heat exchange effectiveness that is achieved at this high flow rate.
5. Conclusion
The useful energy storage density of PCM thermal storage systems is significantly affected by the thermal
resistance to heat transfer in the PCM system and the compactness factor. An energy storage density
coefficient has been presented for a tube-in-tank PCM thermal energy storage system, which incorporates the
impact of the thermal resistance during the charging and discharging phase, through the use of heat exchange
effectiveness and the compactness factor of the system.
Using a validated ε-NTU numerical model of a tube-in-tank PCM thermal energy storage system, a
parametric study has identified that with increasing mass flow rate, the storage density coefficient decreases.
The study also identified that for a given tube diameter and number of tubes in the storage system, an
optimum length of tube exists for each mass flow rate which maximises the storage density coefficient.
Using this coefficient the useful energy storage within a PCM system can be directly compared to a sensible
storage system. It was determined that the useful energy stored relative to a sensible storage system increases
significantly at low temperature differences between the fluid and the phase change temperature. At lower
temperature differences the required mass flow rates are high impacting on the effectiveness, however due to
the design of the PCM arrangement, heat exchange effectiveness is still sufficiently high that adequate
cooling can still be achieved. The effectiveness parameter was also determined to be an important design
parameter to ensure that the PCM system is able to meet temperature specifications during discharging.
Overall, PCM systems which deliver a high energy storage density require a design which can achieve
reasonable effectiveness as high mass flow rates. Tube-in-tank PCM thermal energy storage systems achieve
this outcome.
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*

Obi A. Ikechukwu,Anthony Okechukwu Odukwe,Samuel Ogbonna Enibe
Department of Mechanical Engineering, University of Nigeria, Nsukka ,Nigeria

Abstract
The one-dimensional radial heat conduction in a phase change material (PCM) heat storage system
encapsulated in cylindrical pipes in a single glazed flat plate natural circulation solar air heater is presented.
The PCM is prepared in modules, with the modules equispaced across the absorber plate. Enthalpy method is
applied to convert the relevant energy balance equations into dimensionless forms for easy tracking of the
moving phase boundaries. Crank-Nicolson implicit finite difference scheme which has the features of being
stable, accurate and fast in its solution is used in the solution of the governing equations subject to suitable
initial and boundary conditions. The scheme is applied at each node and the resulting simultaneous equations
are solved using the Gauss-Seidel iterative method. An existing computer programme in BASIC known as the
EGGINC which was developed for the rectangular channel containing the PCM is modified to cylindrical
coordinate for the pipes containing the PCM to predict the temperature distributions in the solar air heater. The
predicted temperatures of the system is compared with the experimental data under daytime no-load condition
over the ambient temperature range of 18.5-36.0OC and daily global irradiation of 4.9-20.1MJ/m2-day. The
predicted temperatures agree closely with experimental data to within acceptable limits.
Keywords: Phase change material(PCM); Natural circulation; Solar air heater; Enthalpy method;
Dimensionless forms; Crank-Nicolson implicit finite difference scheme; Predicted temperatures; Experimental
data
1.0 Introduction
The heat-conduction equation and its solutions express temperature as a function of the space coordinate and
time. This work deals with a survey of existing numerical technique – the Crank-Nicolson implicit finite
difference scheme for solving one-dimensional radial problem of a tube containing phase change material in a
natural circulation solar air heater used for many purposes. In particular we will consider the melting/freezing
problem using the enthalpy method, hence, the temperature range in the phase change using the heat
conduction equation. Crank-Nicolson method provides a good introduction in the phase change problem and
presents an elaborate approximation for these problems. The implicit methods are the natural alternative to the
front tracking methods. Within these implicit methods the most widely used are the enthalpy method. In the
enthalpy method described in Voller and Cross (1981), the total enthalpy of the system, is utilized.
In many industrial problems the phase change occurs over a temperature range rather than at a specified
temperature. The enthalpy method can also be applied to such problems Enibe (2003).These methods appear to
have great flexibility and are easily extended to multidimensional problems. The advantages of this approach
are stated in (Voller and Cross1981). The solar air heater is considered to be a promising direction for
increasing the economic feasibility of low temperature solar systems for heating water for domestic,
agricultural and industrial applications. A system of this type combines collection and storage of thermal
energy in a single unit (Rabin et al, 1995).Most investigators have devoted greater attention to forced
circulation air heaters operating under steady state conditions. In contrast, only few reports of natural
circulation air heaters have appeared in the literature (Macedo and Altemani, 1978).
In this work, cylindrical tubes or pipes encapsulating phase change materials (wax) are used instead of
rectangular blocks or channels reported in Enibe (2003). In the previous work the analysis was purely on
rectangular coordinates whereas herein cylindrical coordinate is used extensively in the analysis. This work
will be undertaken using an upgraded computer simulation program, based on an optimally verified transient
thermal analysis to validate and optimise the system. Natural circulation air heaters are important in many
industrial and agricultural applications including the drying of crops and medicinal/aromatic plants, timber,
natural rubber, tea and coffee products, and fodder for animals (Ekechukwu and Norton, 1998; Diamante and
Munro, 1993; Fohr and Figueiredo, 1980; Palaniappan and Subramaian, 1998). It could also be used for poultry
egg incubation. In the latter case, as well as in the drying of medicinal/aromatic plants, the heated air
temperatures is to be maintained within specified ranges. Further, the hot air is to be supplied over a continuous
period of several days, including off-sunshine periods. For these special applications, some form of energy
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storage, possibly combined with an auxiliary heat source is required. Other applications of the natural
circulation solar air heaters are in domestic hot water and space heating, and to a lesser degree, in industrial
processes. They can be employed to supply hot water in absorption refrigeration systems for space cooling.
*
Author to whom correspondence should be addressed Tel.:+234(0)8037326685; e-mail:
ikechukwuglen@gmail.com
2.0 Derivation of the Simultaneous Equations for the Temperature
Distributions in a Solar Air Heater
The 1 – D differential equation governing heat transfer in cylindrical coordinates is given by

ρs cs

 1 ∂Ts
∂Ts
= ks 
+
∂t
 r ∂r

∂ 2 Ts 

∂r 2 

(2.1)

We assume that the heat flows in the y and z directions are negligible.
The initial condition is

Ts (r ,0) = f ( r ) , 0 ≤ r ≤ rm
Where f ( r ) = Ts = Tambient

(2.2)

The boundary conditions are as follows:
(i)
At the edge of the pipe, the radius r = rm is maximum and there is continuation of heat flux.
∴
(ii)

− ks

∂Ts
∴
∂r

∂Ts
= U s Tp1 − Ts
∂r

(

)

(2.3)

At the centre of the pipe, the radius is r = 0 and there is temperature symmetry.

= 0

(2.4)

To overcome the problems of tracking the moving boundary associated with the melting/freezing of the
phase change material, we employ the total enthalpy method described in Voller and Cross (1981) and Enibe
(2003). Here, the heat transfer equation is rewritten in terms of total enthalpy of the phase change material as

ρs

∂H s
∂ 2 Ts
1 ∂ Ts
=
+
∂t
∂ r2
r ∂r

(2.5)

The phase change material used does not melt at a single temperature, but rather over a temperature range
say T1 and T2. The temperature – enthalpy relationships for the material may be represented as a series of
straight lines as shown in table 1 and fig.1.
Table 1.: Temperature-Enthalpy Relationship For Paraffin Wax( PCM)
Temperature (K)
Specific
Enthalpy (KJ kg-1)
273
0
331
52.2
H1
333
268.4
H2
373
304.4

Fig 1. Temperature-Enthalpy Relationship for Paraffin Wax(PCM)
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Suppose the specific enthalpy of the PCM at a reference temperature To is Ho, the specific enthalpy of the fully
solid phase at a minimum melting temperature T1 is H1, while the specific enthalpy of the liquid phase at the
maximum melting temperature T2 is H2. The specific enthalpies are calculated from the expressions presented in
Enibe (2003) as follows:

H1 = cs

(T

1

− T0 )

(2.6)

(T

H2 = H1 + cs

2

− T1 ) + ∆ Hs′ = H1 + ∆ Hs

(2.7)

(

)

where T0, is an arbitrary reference temperature, and ∆ Hs = ∆ Hs′ + cs T2 − T1 , the modified enthalpy
of fusion. We assume that at T1, the PCM is fully solid, while at T2, it is fully liquid. In between the two
temperatures, the liquid fraction and the temperature vary linearly with specific enthalpy.
For any temperature less than T1, the specific enthalpy is given by the expression

H s = H0 +

cs

(T

− T0 ), Ts < T1

s

(2.8)

Suppose the liquid fraction at any point between the minimum and maximum melting temperature is
Then, the specific enthalpy of a mixture of the liquid and solid phase at any temperature, Ts is given by

Hs = H1 +

α∆ Hs

α.

(2.9)

(

)

(2.10)
Ts = T1 + α∆ Ts = T1 + α T2 − T1 , T1 ≤ Ts ≤ T2
Above the maximum melting temperature T2, the PCM is fully liquid and the specific enthalpy is given by

H s = H2 +

cs

(T

s

− T2 ), Ts > T2

(2.11)

Since T0 can be taken quite arbitrary, we set H0 = 0 at T0 = 273k.
To simplify the utilization of the temperature-enthalpy relationships in the governing equations, we define
the dimensionless enthalpy,

Ψs =
Let

Ψ1 =

Ψ s as

H s − H0
Hs
=
∆ Hs
∆ Hs

H1
∆ Hs

(2.12)
(2.13)

and

Ψ2 =

H2
∆ Hs

(2.14)

For the range Ts < T1, and from equations (2.8) and (2.12) we have

∴ Ts =

ψ s ∆H s
cs

For the range

+ T0

(2.15)

T1 ≤ Ts ≤ T2 we have from equation (2.9) that

Hs = H1 + α∆ Hs ,
But

α =

Hence,

Ts − T1
T2 − T1

Hs = H1 +

T1 ≤ Ts ≤ T2
=

Ts − T1
2 ∈s

Ts − T1
∆ Hs
2 ∈s

(2.16)

(2.17)

Dividing through by ∆ H s , we have

Ψ s = Ψ1 +

Ts − T1
2 ∈s

⇒ 2 ∈ s ( Ψ s − Ψ 1 ) = Ts − T1
For the range Ts > T2, we have from equation (2.11) that
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(2.18)
(2.19)

H s = H2 +

(T

cs

s

− T2 ),

Ts > T2

H0 + Ψ s ∆ H s
Where H0 is set equal to zero, and H2 = Ψ 2 ∆ Hs , we obtain
∆H s
(ψ s − ψ 2 ) + T2
Ts =
cs

Since

=

Hs

(2.20)

From equations (2.15), (2.19) and (2.20) we can write in general that

λ1 ψ + λ2

T =

(2.21)

Where λ1, λ2 are constants which depends on the temperature range.
From equation (2.22), we can write more specifically for the phase change material as

Ts = λ1s ψ s + λ2 s

(2.22)
Where it is understood that λ1s and λ2s are evaluated at Ts. From equation (2.21) and equation (2.22), the
difference between the temperature of any material and that of the phase change material, T – Ts may be
given by

T −

Ts = λ1 ψ + λ2 − λ1s ψ s − λ2 s

T −

Ts = λ2 ψ +

[

2

− λ1s ψ s − λ2 s ) λ1

Ts = λ1 (ψ − ψ s∗ )

∴ T −
Where

(λ

ψ s∗ =

(ψ

s

]

(2.23)
(2.24)

)

λ1s + λ2 s − λ2 λ1

(2.25)

On the other hand, for any two materials not involving the phase charge material such as Tf1 and Tf2, λ1
and λ2 are constants and equal, hence, the temperature difference is given by

(

Tf 2 = λ1 ψ f 1 − ψ f 2

Tf 1 −

)

(2.26)

To simplify the numerical solution of the equation and also aid in the parametric analysis of the natural
circulation, solar air heater, we define the following dimensionless parameters.

R =

τ =

r
rm

(2.27)

t
to

(2.28)

Where t0 is some arbitrary time interval
Utilizing the above dimensionless enthalpy terms, the differential coefficients may be given as follows:

∂Hs
=
∂t

∆ Hs
t0

∂ψ s
∂τ

(2.29)

∂Ts
λ1 ∂ψ s
=
t0
∂t
∂τ
1 ∂Ts
λ1
1 ∂ψ s
=
2
r ∂r
rm
R ∂R

(2.30)

(2.31)

∂Ts
λ1 ∂ψ s
=
rm
∂r
∂R
∂ 2 Ts
λ1 ∂ 2ψ s
=
rm2
∂r 2
∂R 2

(2.32)

(2.33)

Where rm is the inside radius of the pipe containing the PCM. It is noted that for the phase change material,
λ1and λ2 are replaced by λ1s and λ2s.
Substituting the dimensionless coefficients into the governing equation for the phase change material,
simplifying and multiplying through by

rm2 λ1s to obtain
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ρs

∂ψ s
∂τ

∆ Hs rm2
λ1s t0

ks

1 ∂ψ s
+
R ∂R

=

∂ 2ψ s
∂R 2

(2.34)

Now let

λ1s
= λ1 βs
λ1

λ1s = λ1

(2.35)

Using the expressions for λ1 and λ1s from the temperature - enthalpy relationship, we have

∆ Hs
cs
2 ∈s
=
1

cs
∆ Hs
cs
∆ Hs

= 1,

∆ Hs
cs

cs
∆ Hs

= 1,

βs =

βs

βs =

=

Ts < T1

2 ∈ s cs
,
∆ Hs

(2.36)

T1 ≤ Ts ≤ T2

(2.37)

Ts > T2

(2.38)

It is noted that for a phase change material with constant phase change temperature,

(

)

T1 = T2 = Tm , ∈ s = T2 − T1 2 = 0 and hence βs = 0 . Thus,
temperature range factor. Since t0 can be taken quite arbitrary, we set

ρs

∆ Hs rm2
λ1s t0

ks
Thus,

=

k s ∆ Hs t0

ρs cs rm2

=

k s t0

= 1 to get t0

=

is a phase change

rm2 ρ s cs
ks

rm2 ρ s cs
ks

=

t0

ρs ∆ Hs rm2 cs

βs

Substituting t 0 and

λ1s

(2.39)

(2.40)

into equation (2.34) and simplifying to obtain

ρs ∆ Hs rm2 k s cs ∂ψ s
k s βs ∆ Hρs rm2 cs ∂τ

1 ∂ψ s
R ∂R

=

+

∂ 2ψ s
∂R 2

To give

∂ψ s
∂τ

 1 ∂ψ s
 R ∂R

βs 

=

∂ 2ψ s 

∂R 2 

+

(2.41)

The boundary conditions then become
(i)
r = rm , R = 1
We have

− ks
but

∂Ts
∂r

=

(

)

us Tp1 − Ts equation (2.3)

∂Ts
λ ∂ψ s
= − k s 1s
∂r
rm ∂ R
= U s λ1 ψ p

− ks

U s Tp1

(2.42)
(2.43)

1

U s Ts = U s λ1 ψ s
λ ∂ψ s
∴ − k s 1s
= U s λ1
rm ∂R

(ψ

λ1s ∂ψ s
rm ∂R

(

∴ − ks
Where

(

(2.44)
p1

)

(2.45)

)

(2.46)

− ψs

= U s λ1 f ψ p , ψ s

)

f ψ p1 , ψ s = functions of dimensionless enthalpy of plate 1 or temperature of plate 1 and

dimensionless enthalpy of phase change material or temperature of phase change material.
Simplifying to obtain
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∂ψ s
∂R
∂ψ s
∂R

U s rm λ1
f ψ p1 , ψ s
k s λ1s
U s rm 1
f ψ p1 , ψ s
= −
k s βs

= −

∂ψ s
∂R

∴

= −

(

)

(

)

Sr′

1

(2.47)

βs

Discretizing equation (2.47) we have


Sr′
1 ψ s (i + 1, j + 1) + ψ s (i + 1, j )
m

 = −
4( ∆ R)  − ψ s (i − 1, j + 1) − ψ s (i − 1, j )
βs



(2.48)

Since i = m, we have

ψ s (m + 1, j + 1) + ψ s (m + 1, j )
= ψ s (m − 1, j + 1) + ψ s (m − 1, j ) −

4( ∆ R ) Sr′

(2.49)

m

βs

where
ψ p1 = Plate dimensionless enthalpy and

ψs
(ii)

= Phase change dimensionless enthalpy
Similarly, at r = 0, R = 0 and

∂ψ s
= 0
∂R

∂ψ
= 0
∂R
(2.50)

Discretizing equation (2.50) we obtain


1 ψ s (i + 1, j + 1) + ψ s (i + 1, j )

 = 0
4( ∆ R)  − ψ s (i − 1, j + 1) − ψ s (i − 1, j )



Since i = 0, we have

ψ s (1, j + 1) + ψ s (1, j ) = ψ s ( − 1, j + 1) + ψ s

(

(2.51)

)

− 1, j
(2.52)
In order to achieve stable, accurate and fast solutions of the governing equations subject to the specified
boundary conditions, Crank-Nicolson implicit finite difference scheme is utilized. The scheme, describe in
Kreyszig (2006) and Carnaham et al (1969), has the advantage of being unconditionally stable, and has an
accuracy of second order compared with the explicit method. The technique involves sweeping across time and
space interval in one step. The resulting algebraic equations will therefore contain more than three unknowns at
any given node in a time step. Consequently, the tridiagonal algorithm cannot be used alone to solve the
equations. We therefore employ the Gauss-Seidel iterative scheme to solve the resulting equation in the
tridiagonal algorithm using iterations.
For the numerical solution the dimensionless forms of the partial differential coefficient are as follows:

∂ψ s
1
=
∂τ
∆τ

{ψ (i, j + 1) −
s

ψ s (i , j )

}

(2.53)

R = i ( ∆ R)

(2.54)


∂ψ s
1 ψ s (i + 1, j + 1) + ψ s
=


4( ∆ R)  (i + 1, j ) − ψ s (i − 1, j + 1) − ψ s (i − 1, j )
∂R



(2.55)

471

∂ 2ψ s
1
=
2
2
∂R
2( ∆ R)

ψ s (i + 1, j + 1) + ψ s (i + 1, j ) − 2ψ s (i , j + 1)


 − 2ψ s (i , j ) + ψ s (i − 1, j + 1) + ψ s (i − 1, j ) 

(2.56)

Substituting the finite difference form of the differential coefficient into the governing equation, we have
that for any given pipe in the solar air heater, the finite difference forms of the equation (from equations
2.41,2.53,2.54,2.55, and 2.56) become

βs

•

i( ∆ R)

1
4( ∆ R)

ψ s (i + 1, j + 1) + ψ s (i + 1, j )


+
 − ψ s (i − 1, j + 1) − ψ s (i − 1, j )

ψ s (i + 1, j + 1) + ψ s (i + 1, j ) − 2ψ s (i , j + 1)

 =
2( ∆ R)  − 2ψ s (i , j ) + ψ s (i − 1, j + 1) + ψ s (i − 1, j ) 


1
ψ s (i , j + 1) − ψ s (i , j )
∆τ

βs

2

{

}

(2.57)

Collecting like terms and simplifying, become

ψ s (i + 1, j + 1)

βs

2( ∆ R )

2


1
+ 1 − ψ s (i , j + 1)


 2i

 1
βs 
+

 + ψ s (i − 1, j + 1)
( ∆ R) 2 
 ∆τ
βs
βs
1

 = − ψ s (i + 1, j )
2 1 −
2
2i 
2( ∆ R ) 
2( ∆ R)
 βs
1
1 

−
 1 +  + ψ s (i , j ) 

2
∆τ 
2i 

 ( ∆ R)
βs

 1
+ ψ s (i − 1, j )
− 1
2 
2( ∆ R)  2i


(2.58)

This may be written compactly in the tridiagonal format as

A1 (i , j ) ψ s (i + 1, j + 1) + B1 (i , j )

(2.59)

ψ s (i , j + 1) + C1 (i , j ) ψ s (i − 1, j + 1) = D1 (i , j )

Where A1, B1, and C1 has their significance.
The boundary conditions are
(i) At the outermost part of the pipe r = rm, i = m; the finite difference formulation of the boundary condition
from equation (2.49) is

1
4( ∆ R )

ψ s (i + 1, j + 1) + ψ s (i + 1, j )

Sr′
m

 = −
β
s
 − ψ s (i − 1, j + 1) − ψ s (i − 1, j )

Let r = rm, i = m, we have

ψ s (m + 1, j + 1) + ψ s (m + 1, j )


 = − Sr′m
4( ∆ R )  − ψ s (m − 1, j + 1) − ψ s (m − 1, j )



βs

(2.60)

From equation (2.52) we have

ψ s (m + 1, j + 1) + ψ s (m + 1, j ) = ψ s (m − 1, j + 1) + ψ s (m − 1, j ) −

4( ∆ R) Sr′

Using the general node equation, equation (2.61), substituting i = m and simplifying further we have
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m

βs

[ψ (m + 1, j + 1) + ψ (m + 1, j)] 2( ∆βR)
s

s

s

2

1 

 − ψ s (m, j + 1)
1+
2m 


 1
βs 
+

 + ψ s (m − 1, j + 1)
( ∆ R) 2 
 ∆τ
 βs
1 
1 
βs

 = ψ s (m, j ) 
1−

2
2 −
( ∆ R) 
∆τ 
2m 
 ( ∆ R)
+ ψ s (m − 1, j )

βs

2( ∆ R )

2

(2.61)


 1
− 1


 2m

Substituting equation (2.49) into equation (2.61) and after rearranging to get

βs

1 


  1 +
2m 
2( ∆ R) 
1 

βs
+ ψ s (m − 1 , j )
 −
2  1 +
2m 
2( ∆ R)  

ψ s (m − 1, j + 1)

2

1 

+ 1 −


2m  
1 

1 −


2m  

2 Sr′
 1
 βs
1 
βs 
m
− ψ s (m , j + 1) 
+
ψ
m
,
j
=
−
+
(
)



2
s
2
(
)
R
τ
τ
∆
∆
∆
(
)
(
)
R
R
∆
∆





(2.62)

Solving and simplifying we have

 1
βs 
− ψ s (m , j + 1) 
+
 =
( ∆ R)
( ∆ R) 2 
 ∆τ
 βs
1  2 Sr′m
βs
− ψ s (m − 1, j )
 +
2 + ψ s (m , j ) 
2 −
∆τ 
∆R
2m( ∆ R )
 ( ∆ R)

ψ s (m − 1, j + 1)

βs

2

(2.63)

In tridiagonal terms, this may be rewritten as

A (m , j ) ψ s (m − 1, j + 1) + B (m, j )ψ s (m, j + 1) = D(m, j )

(2.64)

Where A( m , j ),B( m , j ),and D ( m , j ) have their significance
Similarly, at the centre of the pipe, r = 0, the finite difference formulation of the boundary condition from
equation (2.51) becomes


1 ψ s (i + 1, j + 1) + ψ s (i + 1, j )

 = 0
4( ∆ R)  − ψ s (i − 1, j + 1) − ψ s (i − 1, j )



∴ ψ s (i + 1, j + 1) + ψ s (i + 1, j )

(2.65)

− ψ s (i − 1, j + 1) + ψ s (i − 1, j ) = 0
For r = 0 ∴ i = 0
Hence

ψ s (i , j + 1) + ψ s ( 1, j ) − ψ s (− 1, j + 1) − ψ s (− 1, j ) = 0

From equation (2.52), we have

ψ s (1, j + 1) + ψ s (1, j ) = ψ s ( − 1, j + 1) + ψ s
⇒ ψ s ( − 1, j + 1) + ψ s ( − 1, j ) = ψ s (1, j + 1) +

( − 1, j )
ψ (1, j )
s

(2.66)

(2.67)

From equation (2.58) the general node equation, and substituting i = 0, we obtain
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βs

ψ s (1, j + 1)
βs

2( ∆ R)

2

2( ∆ R )

 1
βs 
− ψ s (0, j + 1) 
+
 + ψ s ( − 1, j + 1)
( ∆ R) 2 
 ∆τ

2

βs

= − ψ s (1, j )

2( ∆ R)
1 
βs
−
 − ψ s ( − 1, j )
2
∆τ 
2( ∆ R)

 β
+ ψ s (0 , j )  s 2
 ( ∆ R)

2

(2.68)

Rearranging and substituting equation (2.67) into equation (2.68), we have

ψ s (1 , j + 1)

βs

2( ∆ R)

 1
βs 
+
 +

( ∆ R) 2 
 ∆τ
− ψ s (1 , j )

{ψ (1, j + 1) + ψ (1, j) } 2( ∆βR)
s

s

βs

2( ∆ R )

− ψ s (0, j + 1)

2

2

s

2

=

 β
1 
+ ψ s (0, j )  s 2 −

∆τ 
 ( ∆ R)

(2.69)

Solving and simplifying, we have


 1
βs 
+
 − ψ s (0, j + 1) 
 =
( ∆ R) 2 
2( ∆ R) 
 2( ∆ R )
 ∆τ
 βs
 βs
βs 
1 
− ψ s (1 , j ) 
+

2
2  + ψ s ( 0, j ) 
2 −
∆τ 
2( ∆ R) 
 ( ∆ R)
 2( ∆ R)


ψ s (1 , j + 1) 

βs

2

+

βs

2

(2.70)

In tridiagonal terms, this may be rewritten as

B (0 , j ) ψ s (1, j + 1) + C (m, j ) (0, j + 1) = D (0, j )

(2.71)

Where B(0, j), C(0, j), and D(0, j) has their significance.
3.0 Results and Discussions
The discrete forms of the governing equations modeling the thermal behaviour of the solar our heater are
solved numerically. An existing computer programme in BASIC know as EGGINC reported in Enibe (2003) is
adapted to implement the numerical solution of the equations and produce performance results. The programme
adapted by Enibe (2003) and modified by Obi (2008) to suit his analysis in radial tubes is a sequential modular
programme consisting the main programme and some other subprogrammes.The major subgrogramme of the
system is named PCM to implement the numerical solutions of the equations modeling the air heater one dimensional radial heat conduction in a phase change material (PCM) heat storage system encapsulated in
cylindrical pipes.Other sub-programmes read and analyze air heater chamber, absorber plate and fins, solar
radiation data and compute the particular amount absorbed at any given time. A number of the subroutines
calculated heat transfer coefficients for natural or forced convection under various conditions, while a group of
other subroutines calculate the thermophysical properties of air at any required temperature. Subprogrammes are
also available to implement standard numerical procedures such as function integration using Simpson’s rule
and the solution of tridiagonal algebraic equations.
The data for experimental and predicted values are reported in Obi (2008) for 12th,13 and 14th June, 2006. as
shown in figs a to c,the ambient temperatures are the initial conditions for each day. The collector temperature
starts from the initial condition and rises to its maximum value near solar noon corresponding to temperatures of
600C to 700C. It begins to decrease thereafter as intensity falls. It is observed that these happened in all the
figures. The predicted temperatures are plotted alongside the experimental values in figures a to c. In fig a that is
June 12th, 2006, the predicted value is about 760C and the experimental value is about 700C. They are close to
within 60C. On June 13, 2006, the predicted value is 760C and the experimental value is about 560C. They are
close to within 200C.Lastly,on the June 14, 2006, the predicted value is about 740C and the experimental value is
about 680C. They are close to within 40C.The above discussion is at the upper limit as shown in the graphs.
At the lower limit in the discussion below the predicted value is 400C and the experimental value is 220C.
They are close to within 180C. That is on June 12, 2006. On the 13th June, 2006, the predicted value is 400C and
the experimental value is 230C. They are close to within 170C. Lastly,on the 14th June, 2006, the predicted value
is about 380C and the experimental value is about 250C. They are close to within 130C.The system operates over
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the ambient temperature range of 180C - 380C and daily global irradiation range of 4.9 – 20.1MJ/m2-daily. The
cumulative useful efficiency is about 13.3%. The reason for the low efficacy is as a result of gloomy and wet
days in June. It is observed that from figs a – c, the predicted cure is close enough to the experimental curve
within the lower limits of about 6.50C and upper limits of about 130C.
The predicted values on the system (the solar air heater) for 3 different days in June at Nsukka, Nigeria
(latitude 70N) of which the initial condition (the ambient temperature and irradiance) for each day are taken from
experimental data. The night time performance was not tested. The daily global irradiation covered the range
4.9-20.1MJ/m2-day, while the ambient temperature over the period varied within the range 18.5-36.00C. The
initial conditions for each day are taken from the experimental data.
Below are the graphs a – c comparing the experimental temperatures and the predicted temperatures, also
shown in the graphs are the irradiance and ambient temperatures.
4.0 Graphs (figs)
Graphs of Temperatures, Irradiance and Ambient Temperatures
[Comparison between the measured and predicted absorber plate temperatures]
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5.0 Conclusion
The finite difference method presented in this work has been employed to deal with one-dimensional heat
conduction problems analyzed in cylindrical coordinate. The computer procedure has been found to be reasonable
within the trend or within acceptable limits. In this work we consider the phase change material resulting from phase
transformations, the melting/freezing problem. Numerical solution of this problem using Crank-Nicolson implicit
finite difference scheme is obtained.The one-dimensional radial heat conduction of a phase change materials (PCM)
heat storage system encapsulated in cylinders housed in a single glazed flat plate natural circulation solar air heater is
presented. Theoretical modeling of the solar air heater predicted the temperature values as compared to the
experimental values which agree closely with experimental data to within acceptable limits.
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Nomenclature
A
First term in tridiagonal equation
B
Second term in tridiagonal equation
C
Third term in tridiagonal equation
Specific heat of the phase change material
cs
D
Tube or pipe diameter
Last term in tridiagonal equation.
G
Solar radiation intensity,Wm-2
h
Enthalpy, kJ kg-1
H
Total enthalpy, kJ kg -1
i
Node identifier in r-direction
j
Node identifier in time direction
k
Thermal conductivity, Wm-1k-1
m
Number of nodes in η direction in a pipe containing PCM
r
Radial distance, m
Centre of the pipe containing the PCM, m
ro
Radius at the edge or inside radius of the pipe containing the PCM, m
rm
R
Dimensionless distance in the radial direction i.e. r-direction
S
Absorbed radiation, Wm-2
S′
Dimensionless net heat flux
T
Temperature, K
Fin or plate temperature, K
Tf
t
Time, s
Arbitrary time, s
to
U
Heat transfer coefficient, Wm-2K -1
Greek Letters
α
Thermal diffusivity, m2 s-1
PCM phase change temperature range factor defined in equations 46 – 50.
βs
δ
Thickness, m
ε
Implicit procedure.
θ
Temperature
Tangential direction to the pipe containing the PCM (angular), r
ε
Half the difference between upper and lower melting temperature of the PCM, K.
λ
Parameter defined in equation 3-49
λ1
Parameter defined in equation 4 – 24
λ2
Parameter defined in equation 4 – 24
ψ
Dimensionless enthalpy
τ
Dimensionless time
∆
Charge in quantity
φ
Temperature – irradiance function defined in equation.
δ
Partial change or partial derivative
Subscripts
a
Ambient, absorbed
s
Phase change material
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1. Abstract
This paper presents the application of a high energy density fluid as cold storage medium in a solar cooling
system. One possible realization of solar cooling plants is the combination of solar thermal collectors and
thermally driven absorption chillers. The system availability depends on insolation and these plants cannot
be driven only related to the cold demand. Thermal storages are needed in the system to balance between the
required demand of cold and available solar energy to generate cold. Due to the fact, that the temperature
difference in cooling systems normally is very small, the energy density of water is quite poor. Phase change
slurries (PCS), which are using paraffin as phase change material (PCM) can extend the energy density
through the latent heat of the melting/crystallizing of paraffin. For example, in the common temperature
range from 6 °C to 12 °C the usable heat capacity of the PCS with paraffin as PCM is about two times higher
than that of water. A further extension of the energy density seems possible in the combination of the
paraffin/water dispersion and CO2 gas hydrates.
2. Nomenclature
COP
DSC
DTA
O
PCM
PCS
W

Coefficient of performance
Differential scanning calorimetry
Differential thermal analysis
Oil
Phase change material
Phase change slurry
Water

3. Introduction
On the one hand solar cooling is a very dynamic application, because of the continuously change of solar
insolation and cold demand during operation. On the other hand solar cooling plants based on absorption
chillers are slowly reacting to load changes, so that thermal energy storages with high heat capacities are
needed to ensure functionally adequate systems. Especially at fast increasing cold demands, which cannot be
covered and at fast decreasing cold demands, which can possibly lead to freezing the evaporator of the
chiller, operating without a storage is not conceivable. Otherwise the chiller loses efficiency (Zetsche 2008)
or even gets damages. But because cold storages only use a quite small temperature interval between 6 °C
supply temperature and 12 °C return temperature and a heat capacity of 4.18 kJ/(kg K), the energy density of
water storages is so low, that it is sometimes difficult to install an adequate volume, because floor space in
machinery rooms is often limited and the costs for vessels increase with its volume.
To enhance the energy density PCM storages, which are using the latent energy of melting / freezing at a
certain temperature, are getting attractive. So they are providing a significantly larger energy density. Ice
storages for example are already a commercial product for a few years. But their disadvantage is a significant
lower coefficient of performance (COP) of the chiller, because of the low temperature to charge the storage.
Furthermore, the bigger temperature difference between storage medium and the ambient leads to higher
losses to the environment, so proper and consequently costlier insulation is necessary. Another problem is
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the considerable lower power output of ice storages. The surface of the heat transfer area in such systems has
to be very large and complex as mentioned in Agyenim et al. (2010).
By using PCS, a combination of the advantages of PCM storages (for example ice) and conventional water
storages is possible, without having their disadvantages. A PCS storage consists of a liquid fluid like water
and therefore has a better heat transfer and higher power than pure PCM. And due to the PCM dispersed in
the slurry its heat capacity is much higher than that of water.

Figure 1: Characteristics of different storage materials
4. Thermal energy storage:
There are a few systems for thermal energy storage already on the market. So new storage systems should
improve as many aspects as possible and fit the requirements of cold storage, which are outlined by Abhat
(1983).
Requirements
The energy density has to be high and suit the temperature band of the planned application. To significantly
improve a water based storage system, the energy density should be not less than double compared to water.
To prevent environmental problems the fluid has to be non-toxic and not or low hazardous to water.
Corrosive materials should be avoided too, so existing technology of conventional systems can be used
furthermore and do not need special maintenance. Another important aspect is the thermal and chemical
stability of the storage material. Also a biological stability has to be ensured in many cases. And the
materials have to be available at competitive costs for a long term.
For small and cost-effective storage systems a high power in- and output of the storage material is needed, so
heat exchangers can be built as small as possible. Water has the advantage of being pumpable and causing
low pressure drop and can be used as storage and cooling fluid. Low viscous PCS share this benefit, so that
heat exchangers can be saved.
State of the art
Todays thermal energy cold storage is either a water storage or an ice storage. Both have in common, that the
storage materials are cheap and easy to handle. Expressed simplified, a water storage is just a water filled
tank with a heat exchanger. Commonly the water is used directly as cooling fluid too, so there is only one
heat exchanger needed. But the water storage is strong limited. The energy density is given by the
temperature difference, which is normally 6 K at cooling applications, and the heat capacity of
4.18 kJ/(kg K). Therefore ice storages have been developed. They have a higher usable heat capacity, but are
more complex. Due to the low heat exchange of melting and freezing ice, a large heat exchanger area is
needed. Another disadvantage is the low temperature, which is several degrees below the application and
decreases the COP of the chiller. Additionally the thermal losses are bigger and so a better insulation is
required. And finally, ice can not be pumped, why another cooling fluid cycle is necessary.
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Beside ice storages, other PCM storages are already feasible, but have not asserted on the market yet. The
main focus of the development work of the PCM storages is the design of the heat exchange with the
objective to enlarge the heat exchange area. An overview is given by Agyenim et al. (2010). Investigated
options are macroencapsulated PCMs, PCM-Panels or different kinds of heat exchangers inside the storage
tank (Chow et al. 1996), Esen et al. (1998). Typically used PCMs for low temperature applications besides
ice are paraffin and stearic acid (Agyenim et al. 2010).
Due to the fact that the heat exchange of PCMs is very low, caused by low thermal conductivity and limited
convection, the technical effort to realize the storage is very high. At experiments Butala (2009) needed a
storage and equipment of 12.6 kg for a PCM mass of 3.6 kg. The low heat exchange is not only caused by
material properties but also due to freezing of the PCM on the heat exchangers (Griffiths 2007, Hawlader et
al. 2003).
PCS were developed, which are a combination of water and PCM, to increase the heat exchange and for
direct use as cooling fluid. The storage material is dispersed in a liquid and composes a slurry. Possible
forms are homogeneous dispersions, like ice slurries, and heterogeneous dispersions like microencapsulated
or emulsified PCM. As slurry the storage material can be pumped even when the PCM is in solid state.
A new kind of storage material, gas hydrates, provides promising opportunities for further enhancement of
the thermal properties of the storage medium. Their heat capacity is even higher than that of ice and
depending on pressure and additives the melting temperature can be varied in a wide range.
5. Objective
The objective of this work is showing the advantages of PCS storages and its application in solar cooling
plants. A PCS storage is a combination of conventional water thermal energy storages with a PCM, to
enhance the energy density compared to water, but keeping the advantages of a water storage, what means
simplicity in design and power in- and output. The new developed PCS storage system does only need a
slightly larger heat exchange area for the power input from cooling machines and can be pumped as fluid
directly through tubes and systems for cold distribution. Compared to water, the pressure drop is just little
higher. So the equipment used for conventional systems can be used without major changes. Even the
upgrade of consisting systems is possible, for example to improve an undersized storage for a better
utilization of the cooling system.
6. PCS
Microencapsulated paraffin
Microencapsulated paraffins consist of an inner material, the paraffin and an enclosing capsulation material,
for example Polymethyl methacrylate (PMMA). At Fraunhofer ISE some investigations with this kind of
PCS have been made. Together with water the capsules form a suspension, which has a good heat exchange
caused by flowing through heat exchangers. The exchange of thermal energy is inhibited only little by the
capsule shells. In the past, possible PCS concentration has not exceeded 30 %, so the energy capacity was
not as high as in dispersed systems. Additionally the capsule shells could get damaged by shear forces of the
pumps and thermal cycles (Gschwander 2005). In conclusion the work of our group is focused on PCS
dispersions.
Dispersion based on paraffin and water
Paraffin/water dispersion is a colloidal system in which fine paraffin droplets are dispersed in water. Due to
their immiscibility, paraffin and water tend always to separate. The dispersion was stabilized by a non-ionic
emulsifier which is adsorbed at the interface between the paraffin and water and prevents the paraffin
droplets coalescence (see Figure 2 left). In this work a high-purity paraffin, Parafol 14-97 of Sasol Company
was used. This paraffin has the melting point at 6 °C and the heat of fusion value of 220 kJ/kg and is
chemically inert to most materials (Butala 2009). To inhibit the supercooling effect of the dispersions a
nucleating agent (paraffin with a higher melting temperature) was used.
To create an emulsion, mechanical energy is supplied to break up the droplets using an emulsifying machine
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(rotor – stator disperser PT1300D of Kinematica AG). Figure 2 right shows the external aspect of
paraffin/water dispersion.

Water
Emulsifier

Oil
droplets
Figure 2: Illustration of paraffin/water dispersion (Huang et al. 2009)
Droplet size and distribution
The droplet size distribution was measured with a Malvern Mastersizer 2000 instrument by laser diffraction
technique. Droplet size and droplet size distribution give important information about the paraffin/water
dispersion. Dispersions having small droplet sizes present an improved stability compared to big droplets
dispersions. In the same time smaller droplet sizes leads to a larger supercooling degree. As can be seen in
the Figure 3, the droplet sizes of the dispersions are in the range of 1 to 10 µm.

Figure 3: Droplet size distribution of CryoSolplus 6 with different paraffin concentration
Rheological behaviour
The viscosity of paraffin/water dispersion was investigated with a rotation viscosimeter Bohlin Gemini TM
of Malvern Instruments Ltd using a cone and plate measurement cell. The cone angle is 4°, the diameter is 40
mm and the gap at the cone tip is 30 µm. A shear stress ramp test was conducted at 10°C for dispersions with
different weight fractions of paraffin. As presented in Figure 4 the dispersions viscosity decreases with
increasing shear rate and then remains almost constant. The paraffin/water dispersions are pseudoplastic
fluids showing a shear-thinning behavior. In the same time an increase of the viscosity by increasing paraffin
weight fraction is observed.
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Figure 4: Viscosity of dispersions with different paraffin concentration versus shear rate at 10 °C
Gas hydrates
Hydrate slurry consists of gas hydrate particles dispersed in an aqueous solution. Hydrate slurry production
has the advantage of being formed using a non-mechanical process. That avoids the limitation of power
input, which is restricting the generation of ice slurries.
Studies on CO2 hydrates for the service of refrigeration and cold production areas are significantly
increasing. That situation is mainly due to the hydrates high enthalpy of dissociation and to its
non-mechanical production. Gas hydrates can be directly generated by gas injection into an aqueous solution.
The dissociation enthalpy of CO2 hydrate is around 500 kJ/kg (Marinhas et al. (2006) and Kang et al.
(2001)), which is 50 % higher than that of ice (333 kJ/kg).
Gas hydrates are crystalline compounds, similar in look to ice, that are composed of water and gas (or liquid)
molecules. They are generally formed under high pressure and low temperature according to equation 1 with
n as the hydration number, M as the gas (or liquid) molecule and M(H2O)n as the gas hydrate molecule:
nH2O + M → M(H2O)n

eq.

1

Water molecules (host molecules) form a lattice structure and the gas molecules (guest molecules) occupy
the interstitial vacancies of the lattice. The phenomena of inclusion of the guest molecule and the
Van-der-Waals attraction between water and gases stabilize the hydrate molecule. The guest molecules can
vibrate and rotate freely within these vacancies or cavities, an assumption which is important to the
molecular theory. The gas molecules are too large to move freely through the lattice and each one is
localized in a single cavity.

Figure 5: Hydrate structure (Mehling et al. 2008)

482

Combination of gas hydrates and paraffin-dispersions
Lachance et al. (2008) have studied the impact of gas hydrate formation/dissociation on W/O emulsion
stability. The conclusion was that hydrate formation/dissociation phenomena can destabilize emulsions and
can lead to a free water phase through agglomeration and coalescence of the dissociated hydrate molecules.
In the same time, an increased concentration of emulsifier can prevent the hydrate-emulsion system
destabilization.
First experiments were conducted on a sample of CryoSolplus20, which was chosen due to its theoretical
stability, high fusion enthalpy, phase change temperature and little subcooling degree. (Huang et al 2010)
Phase change enthalpies and temperatures of the emulsion and emulsion-CO2 system were measured using a
DTA experimental device. A full description of this equipment was provided by (Fournaison 2004; Lin
2008). The following experimental procedure was used in order to detect phase changes and to measure their
corresponding enthalpies and temperatures.
•

Injection of 20 g of the paraffin emulsion into the sample cell at 30 °C (T1). At that temperature the
paraffin remains liquid. A mixture of water (2/3 wt.)-ethanol (1/3 wt.) having the same weight is
also injected into the reference cell. The liquids were introduced into each cell by using a glass
syringe (brand Ellipse) with a high volume precision (0.1 mL). The syringe is weighted before and
after the injection allowing the good knowledge of the injected liquid weight.

•

Introducing carbon dioxide directly into the reference cell at the desired pressure at T 1.

•

Maintaining the solution at 30 °C till pressure stabilization. In that case, the maximum amount of
CO2 solubility in the emulsion is reached.

•

Decreasing the temperature till T2. T2 should be at least five degrees lesser than the theoretical
crystallization temperature of gas hydrate. The system is maintained at T2 for few hours.

•

The temperature is afterward increased up to 30 °C by using a temperature ramp. This temperature
value of 30 °C is significantly higher than the theoretical fusion temperatures of all our paraffin
emulsion samples.

Those steps are resumed in Figure 6.

Figure 6: The used experimental procedure to study paraffin emulsions
The used temperature ramps are 0.01 °C/min for gas hydrate and ice melting, and 0.055 °C/min for paraffin
melting. The instrument was previously calibrated with ice. For all measurements, the latent heat enthalpies
are determined by integrating the surface area of the fusion peaks, which is multiplied by the ice calibration
coefficient.
Heat capacities
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Paraffin/water dispersion:
The phase transition temperature intervals and the heat of fusion of the paraffin/water dispersions were
measured using a differential scanning calorimeter (DSC) apparatus Netzsch DSC 204. The temperature
heating rate was 2 °C/min and the samples mass between 5 and 10 mg. The DSC melting curves of the
dispersions containing 30 to 50 wt.-% paraffin are given in the Figure 7. The phase change temperature
interval is from 4 to 7 °C and the melting peak point is 6 °C. The peak area of the melting curve corresponds
to the heat of fusion of the paraffin/water dispersion.

Figure 7: DSC melting curves of the emulsion containing 30 to 50 wt.-% paraffin
The total heat capacity of the dispersion (Δhd) in a given temperature range consists of the latent heat
capacity of paraffin, the sensible heat capacity of water and the sensible heat capacity of paraffin, as shown
in equation 2.
Δh = X ⋅ Δh (T) + X ⋅ c
⋅ (T − T ) + X ⋅ c
⋅ (T − T )
d
p
f,p
w p,w 2 1
p p,p 2 1

eq.

2

where Xp and Xw represent the weight fraction of paraffin respectively water, Δhf,p is the paraffin heat of
fusion in the temperature interval T1 to T2, cp,w is the specific heat capacity of water (4.18 kJ/kg K) and cp,p is
the specific heat capacity of the paraffin (2.1 kJ/kg K). (Huang et al. 2010)

Figure 8: Total heat capacity of dispersions versus temperature compared to water
Figure 8 presents the total heat capacity of dispersions with 30, 40 and 50 wt.-% paraffin compared to water
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heat capacity from 0 to 30 °C. In the temperature range 2 to 8 °C the dispersions have a higher energy
density than water. For example in the temperature interval 2 to 8 °C the dispersion with 30 wt.-% paraffin
has a total heat capacity of 85 kJ/kg which is 3.4 times as high as that of water (25 kJ/kg).
Combination of hydrates and paraffin/water dispersions:
Two different gas injection systems were used.
The first consists of continuously injecting the gas into the experimental system. Such system, called
continuous injection system, allows a good stabilization of the pressure independently of the temperature, but
it limits the detection of gas hydrate by pressure drop.
The second system, called closed injection system, consists of closing the system once the maximum amount
of CO2 solubility is reached. Such system allows a good detection of gas hydrate by pressure drop, but the
pressure is decreased when the temperature is decreased.
First experiments done under CO2 pressure are represented in Figure 9. In the first one, the CO2 pressure is
3.7 bar and in the second it is 25 bar. They occur respectively in a closed and continuous injection system.
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Figure 9: The behaviour of the emulsion solution under 3.7 and 25 bar of CO2
The first experiment was performed at 3.7 bar and two fusion peaks at 22.2 and 24.5 °C were detected. The
latent heat of fusion and the total heat of the emulsion are respectively 25.9 and 72.1 kJ/kg. As for the second
experiment, achieved under 25 bar, there is only one single fusion peak at 20.4 °C. The latent heat of fusion
and the total heat of the emulsion are respectively 28.8 and 73.3 kJ/kg.
In Figure 10 can be observed that the CO2 solubility in the emulsion is relatively high. The corresponding
solubility peaks can't be neglected. In general, the solubility enthalpy of CO2 in water represents around 10
% of the dissociation enthalpy of CO2 hydrate. This proportion seems to be higher in the case of paraffinwater emulsion. Theoretically, under the used experimental conditions, CO2 hydrate had to form at 7.8 °C
but its formation attempt failed even at -4 °C. It is assumed that the models that predict gas hydrate
formation has a difficulty to predict it in the presence of hydrocarbon phase. In fact, those models were based
on the triphasic equilibrium liquid water – gas hydrate – vapour. Thus, it is expected that CO2 hydrate will be
formed under tougher conditions: the dissociation pressure should be higher and/or the dissociation
temperature should be lesser. The presence of the surfactant even at low concentration might have inhibited
CO2 hydrate formation. This can also be the reason for the failed attempt to form CO2 hydrate.
Another experiment was accomplished under 19 bar CO2. In this experiment, the temperature was decreased
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till -10 °C in order to favorite CO2 hydrate formation (Figure 10).
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Figure 10: The behaviour of the emulsion solution under more than 19 bar of CO2
Figure 10 shows the CO2 solubility impact on the emulsion. At the beginning, the temperature was directly
decreased from around 28 °C to -9.5 °C. Three different crystallization peaks were obtained: Paraffin
crystallization at around 9 °C, CO2 hydrate formation at -4.4 °C (theoretical formation at 5.9 °C) and ice
formation at -8 °C. CO2 hydrate formation was accompanied by a small pressure drop, and ice formation was
accompanied by a little increase of the pressure, because it is a pure compound. In fact, during the liquid
water – solid water transition, the soluble CO2 in liquid water abandons the liquid phase and hence causes a
little pressure increase. The two exothermic peaks are due to ice and CO2 hydrate formation.
At -9.5 °C, the temperature was stabilized for 15 hours, and then the temperature was decreased in order to
melt the solid compounds. Ice and CO2 hydrate melt at -1.7 °C at the corresponding pressure of 19.3 bar.
However, no paraffin melting was detected. The latent enthalpy is 275.8 kJ/kg and the total enthalpy of
emulsion is 314.5 kJ/kg.
This experiment shows that CO2 hydrate can be formed in our system. Gas hydrate was formed under
tougher conditions than in the classical binary system of liquid vapour – carbon dioxide vapour. This is
probably due to the presence of paraffin and surfactant. The corresponding total enthalpy of fusion is high.
Heat transfers
The enhanced heat transfer is, together with the possibility of being pumped, the major advantage of PCS
over PCM. While according to Grigull et al. (1990) water has a heat transfer between 0,561 W/(m K) (0 °C)
and 0,679 W/(m K) (99,63 °C) and 0,598 W/(m K) at 20 °C, raw paraffin has only 0,2 W/(m K). It is
expected, that heat transfers of PCS are significantly higher than that of PCM, caused by their water basis.
Besides, PCS are liquid all the time, so convection effects occur. And when pumped through heat
exchangers, turbulent flow also promotes the heat exchange. Experiments for confirmation are in progress at
the moment.
7. First design drafts of possible storage systems
At the moment four possibilities to integrate a cold storage based on paraffin/water dispersion into a system
are discussed. These four possibilities are depicted in Figure 11.
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Figure 11: Possible integration of a cold storage based on paraffin/water dispersion into the cooling
system
Possibility (1) uses the paraffin/water dispersion directly as cold supply and storage fluid. The paraffin/water
dispersion circulates over the evaporator of the chiller, as well it is pumped to the cold consumer. A vessel
serves as buffer and cold storage. Higher pressure drops in the cold supply network should be considered and
will limit the concentration of the paraffin/water dispersion used. But on account of the higher energy density
a lower volume flow is needed and the energy demands for cold distribution decreases compared to water
systems. Possibility (2) uses also the paraffin/water dispersion as cold transfer and storage fluid, but there is
a hydraulic separation of the chiller loop (evaporator) to the cold storage by an internal heat exchanger in the
storage. This hydraulic separation could be necessary if it is not possible to pass with the paraffin/water
dispersion through the chiller or only a cold supply sub-system in a cold supply network should operate with
paraffin/water dispersion. Possibility (3) uses the paraffin/water dispersion only as storage medium in the
cold storage. Also in this case, a hydraulic separation is realized by an internal heat exchanger in the cold
storage. The heat transfer between the cold supply fluid and storage medium occurs by heat conductivity and
convection, even in the storage, because the storage medium remains liquid. Due to the fact that the
paraffin/water dispersion is not pumped, pressure drops have not to be considered and higher paraffin
concentration of paraffin/water dispersion could be chosen compared to the possibilities (1) and (2). If the
required power of the cold storage can not be achieved because the heat transfer by free convection and
conductivity at the internal heat exchanger is not sufficient, an external heat exchanger with a storage pump
could be used to obtain heat transfer by forced convection. This is possibility (4).
In view of using hydrates as PCS in a cold supply system, the system must be operated under pressure. The
CO2 has to be injected at the point where the cold supply fluid is charged and the hydrates are formed. It
evaporates at the point where the cold supply fluid is discharged and the hydrates melt. The reuse of the CO 2
requires the separation of CO2 from the cold supply fluid and the return of the CO2 to the injection point by a
compressor. Also the use of hydrates in a cold storage as pure storage medium is conceivable. In that case,
CO2 is injected under pressure at the bottom of the storage into water during the charging process and
hydrates are formed. When discharging the cold storage, the pressure is reduced, the hydrates melt and the
evaporated CO2 is withdrawn from the top of the storage. A hydraulic separation between the PCS in the
storage and the cold supply fluid, which charge and discharge such a cold storage, prevent the carry-over of
CO2 into the whole cold supply system.
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8. Conclusion
Due to the fact that solar insolation and cold demand is not constant over the day, cold supply systems based
on solar cooling have to shift energy by thermal energy storages. Furthermore, the absorption chillers, which
are often used in solar cooling plants, have a long response time in view of the steadily changing operational
conditions of such a system. There are two main possibilities to store thermal energy in the system: on the
hot and on the cold water side. Especially the cold water side has the disadvantage that the heat capacity of a
cold storage and supply system is very limited due to the small possible temperature difference, so that
storage systems using latent heat are in the focus of interest.
Besides ice storage systems, PCS based on oil in water dispersions or hydrates are currently investigated to
enhance the heat capacity of cold storage systems. As depicted in the experiment results, paraffin/water
dispersions have a heat capacity, which is significantly higher, than that of water. Furthermore the
experiments combining the dispersion with gas hydrate slurries, seems very promising. While the dispersion
can be used in conventional cooling systems, gas hydrates or gas hydrate-dispersion combinations can only
be operated under pressure. For storage systems based on paraffin/water dispersions several concepts are
possible. In these the PCS can be used either as storage medium only with a hydraulic separation of the
supply network or also as cold carrier fluid in the supply network without hydraulic separation.
At Fraunhofer UMSICHT the application of a PCS storage in combination with a solar driven absorption
chiller is planned. It is foreseen to demonstrate the feasibility of such storages as well as to improve
efficiency of the solar cooling plant by the cold storage.
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PREDICTED CHARGING EFFICIENCY OF A LATENT HEAT ENERGY
STORAGE SYSTEM LINKED TO A SOLAR THERMAL COLLECTOR
SYSTEM
Philip C Eames
Centre for Renewable Energy Systems Technology, Department of Electronic and Electrical Engineering,
Loughborough University, LE11 3TU, UK
1. Abstract
The high latent heat of phase change allows a small volume of phase change material (PCM) to store a
significant amount of energy at constant temperature compared to simple sensible energy storage. This enables
the size of thermal energy storage systems to be reduced. Charging and discharging rates of a PCM system are
limited by the relatively low thermal conductivity of the PCM when solid. Finned metal heat transfer surfaces or
an embedded metal matrix may effectively address this problem. Two and three dimensional transient finite
volume models have been developed that allow prediction of heat transfer to and from a PCM, with simulation of
the progress of the phase transition front and the free convective heat transfer that occurs within the liquid phase.
Simulation results are presented for selected system geometries with and without fins incorporated to enhance
heat transfer to the PCM. Isotherm plots are presented for both charging and discharging of PCM modules
within a thermal energy store.

2. Introduction
There are many potential advantages that can be realized by the introduction of suitable thermal energy storage, it
is possible to significantly extend the time of operation of systems that utilize intermittent energy sources, for
example solar thermal collector systems, enable the reduction in peak load and thus plant size, for example in
building cooling applications and improve system operational efficiency by maintaining operational parameters
at design optimum levels. The high latent heat of phase change allows a small volume of phase change material
(PCM) to store a significant amount of energy over a small temperature range. This enables the volume of
thermal energy storage systems to be reduced. High effective energy density can be realized if operational
temperatures are close to phase change temperatures and charging and discharging occurs within a cycle. A wide
range of suitable materials with different phase change temperatures are available for thermal energy storage and
temperature control applications. The application considered in the present work is a thermal energy store using a
phase change material with a phase transition temperature of 55˚C for use with a domestic scale solar hot water
system.

3. Methodology
3.1 The Thermal Energy Store Design
The configuration of the thermal energy store design simulated is illustrated in figure1. The store is comprised of
an outer metal shell which is externally insulated. Inside the store is divided into three sections, an upper plenum
chamber, the central storage region housing PCM enclosed within an array of aluminium containers and a lower
plenum chamber. When charging the store, hot water from the solar collector enters at the top of the upper
plenum chamber. Due to its temperature being greater than that of the fluid already present in the plenum
chamber and a baffle plate, buoyancy forces lead to thermal stratification with the new fluid distributed to the
upper part of the plenum chamber. This results in a low velocity plug flow developing through the main part of
the store. As the hot water flows down through the store heat is transferred from it into the PCM containers. At
the base of the store a second plenum chamber with baffle plate is included to allow the plug flow hypothesis to
be extended to flows in which hot or cold water enters at the base of the store.
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Fig 1: A schematic diagram of the proposed PCM thermal energy storage system (A) and a schematic of the modelled computational domain
adopted for the PCM storage unit (B).

2.2 The Adopted Modelling Approach
The numerical model developed and used in the current simulation work is based on the finite volume model
used by Eames and Norton, 1998, for modelling low speed laminar flows in stratified thermal storage tanks with
adaptations incorporated to facilitate the solid to liquid and liquid to solid phase transitions. Two and three
dimensional transient finite volume models with temperature dependant material properties have been developed
to predict heat transfer to and from a PCM, with simulation of the progress of the phase transition front and the
free convective heat transfer within the liquid phase. Phase change occurs over a preset temperature range, 5556˚C, the model allows the enthalpy to be varied within the temperature of phase change to more accurately
simulate real phase change behaviour. The solution domain for the energy equations encompasses the phase
change material and its enclosing container, the solution domain for the momentum equations is limited to that in
which liquid phase change material or liquid heat transfer fluid exists. The models employ reduced time steps
when rapid melting of the phase change material is taking place which enables a stable solution to the equations
to be obtained. All equations are solved using the Bi-CGSTAB iterative equation solver (Van der Vorst, 1992),
thus allowing significantly larger systems of equations to be solved in a reasonable time when compared to that
required for direct solution methods.
The modelled computational domain is illustrated in figure 1B. A two dimensional modelling approach was
adopted for this analysis, based on the assumption that the modules are sufficiently long so that end effects due to
the end walls of the PCM modules will not influence greatly the heat transfer and fluid flow in the bulk of the
modules. The symmetry boundaries indicated are at the vertical centre line of the PCM module and at the
vertical centre line of the water filled heat transfer fluid channel, this boundary is adiabatic and the horizontal ucomponent of velocity is zero. At the inlet to the water filled fluid channel a fluid flow velocity and temperature
are specified. A layer of insulation 10mm thick is simulated at the base and top of the module with a heat loss
rate from the exposed external boundary of 5 Wm-2k-1 specified. The PCM container is 300mm tall and 60mm
wide with walls and fins made from 1mm thick aluminium. The heat transfer fluid channel is 10mm wide. The
properties of the materials used in the simulations are summarised in Table 1.
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Tab. 1: Properties of Materials used for simulation of the phase change energy storage module.

Material
PCM Solid
PCM Transition
PCM Liquid
Insulation
Aluminium

Thermal
Wm-1K-1
0.19
0.19
0.18
0.04
237

Conductivity

Density kgm-3

Specific
Heat
Capacity Jkg-1K-1
1800
124960
2400
2012
2702

Dynamic Viscosity
Nsm-2
n/a
n/a
0.026
n/a
n/a

820
820
820
24
903

PCM transition temperature range is between 55 and 56˚C. When melting the PCM is assumed fluid above 56˚C
and solid below this. When solidifying the PCM is assumed fluid above 55˚C and solid below this.

3. Results
3.1 Charging
For a store with a cross section 490mm wide and 500mm long the fluid flow cross sectional area with the PSM
module dimensions and flow channels specified above will be 0.035m2, the fluid flow velocity through the PCM
modules simulated was 0.0011ms-1 giving a volume flow rate of 0.0385 ls-1. If the store is linked to a 2m2 area of
solar collectors working at an assumed efficiency of 60% with an incident solar radiation of 800W/m2 the
temperature rise from inlet to outlet of the solar collector will be approximately 6˚C. When undertaking the
charging simulations, initially the store is all assumed to be at 25˚C, the inlet fluid temperature to the store is set
at 31˚C, for the duration of the simulation the inlet fluid temperature is maintained at 6˚C higher than that at the
outlet from the store. Figure 2 shows the predicted isotherms for 2 store configurations, with and without fins,
after one and two hours of charging with the fluid inlet at the top.
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Fig. 2: Predicted isotherms for PCM modules with and without fins for a fluid inlet velocity of 0.0011ms-1 at the top of the fluid flow channel.
Fluid inlet temperature is maintained 6˚C higher than fluid outlet temperature
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From figure 2 it can be seen that at 1 hour the heat transfer to the PCM in both systems is by conduction with all
of the PCM still in its solid state. After 2 hours the PCM adjacent to the aluminium heat transfer surfaces is
molten with the clear effects evident of convection in the fluid PCM. The movement of the fluid PCM adjacent to
the surface leads to a degree of thermal stratification in both systems. Significant differences in temperature
isotherms and the melt front location can be seen between the two systems resulting from the presence of the
fins.
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Fig. 3: The predicted change in inlet fluid temperature with time when charging a PCM module with and without fins and a water filled
module.

From figure 3 the predicted variation of inlet fluid temperature with time can be seen for the PCM modules with
and without fins and a water filled module with fins. The gradient of the lines is an indication of how well heat is
being transferred from the circulating collector fluid to the storage module, shallower gradients indicating higher
rates of heat transfer. Heat is transferred more rapidly to the water filled modules than to the PCM filled
modules for the first three thousand seconds, after this because the PCM is melting and changing phase the rate
of increase in inlet fluid temperature decreases significantly. The fin arrangement selected provides a slight
improvement in heat transfer to the PCM compared to the system with no fins. Between 6000 and 7000 seconds
the store inlet fluid reaches a steady temperature, this implies that the temperature drop of the fluid though the
storage module is 6˚C. A potential benefit of using a PCM store of this design is that significantly less energy is
required to elevate the store to the melt temperature of 55˚C, more energy is then stored at higher temperatures,
i.e. in the 55 to 60˚C temperature range.
3.2 Discharging
The simulations performed for discharging the storage unit again used an inlet flow velocity for the fluid of
0.0011ms-1, the temperature at inlet was set to a constant value of 25˚C. The store was initially assumed to be at a
uniform temperature of 60˚C, 4°C above the commencement of phase transition and 5°C above solidification.
The predicted isotherms at times of 30 minutes and one hour for modules with and without fins are presented in
figure 4 for fluid inlet flow at the base of the system and in figure 5 for fluid inlet flow at the top of the system. It
can be seen from figure 4 that the fins increase the rate of heat extraction from the PCM compared to the system
with no fins, leading to a more uniform slightly lower liquid PCM temperature. At the time of one hour a greater
volume of PCM has solidified in the finned system and the liquid PCM temperature is lower than that in the non
finned system. At one hour the temperature difference between the hot liquid PCM and the aluminium heat
transfer surfaces is high due to the low thermal conductivity of the solid PCM leading to a low level of heat
removal even though a significant volume of PCM is still in the liquid state. In both cases, with and without fins,
the thickness of solidified PCM is greater in the lower section of the storage module. This is a consequence of the
cold fluid entering the store at this point, and the hotter PCM rising to the top of the store with cooler PCM
falling to the bottom where it solidifies. In both cases due to the large amount of molten PCM remaining in the
systems a significant amount of high temperature energy remains available if it can be effectively extracted.
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Fig. 4: Predicted isotherms at 30 minutes and 1 hour for PCM modules with and without fins, initial module temperature of 60˚C and inlet
flow of 0.0011ms-1 at the base of the store with a constant temperature of 25˚C .
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Fig. 5: Predicted isotherms at 30 minutes and 1 hour for PCM modules with and without fins, initial module temperature of 60˚C and inlet
flow of 0.0011ms-1 at the top of the store with a constant temperature of 25˚C.
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Comparing figure 5, the case when the cold inlet fluid is introduced at the top of the PCM module, with figure 4
the two major differences that can be seen are that the aluminium heat transfer surface is at a more uniform
temperature with little temperature gradient between the top and the bottom of the module and that a smaller
volume of PCM has solidified, in particular the volume solidifying at the base of the module is much reduced.
Due to the thinner layer of solidified PCM the thermal resistance between the molten PCM and the heat transfer
fluid is lower and more heat is removed from the molten PCM. The inlet of cold water from the top results in a
fluid circulation in the PCM that leads to the cooled PCM adjacent to the wall sinking with hotter PCM replacing
it and reducing solidification. The result of this is that the average temperature of the molten PCM after one hour
in figure 5 when the cold inlet fluid is introduced from the top of the store is lower than that shown in figure 4.
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Fig. 6: The variation of outlet temperature with time for an inlet flow velocity of 0.0011ms -1 at a temperature of 25°C for PCM modules with
and without fins. Predictions are shown for fluid inlet at the top and base of the store and for a module filled with water.

From figure 6 it can be seen that the discharge temperature of the system in which the module is filled with water
remains higher than the PCM filled modules for the first 1800 seconds when cold water is introduced at the base
(69.3 l discharge), after 2700 seconds all PCM modules are maintaining higher discharge temperatures, and after
one hour the water filled system is effectively discharged while the PCM systems are still providing water at
temperatures between 33 and 37°C. The PCM module with cold fluid inlet at the base initially maintains higher
water outlet temperatures than all systems with cold water inlet at the top of the store, the finned PCM system
performing similarly to the water filled system and maintaining higher outlet temperatures than other systems for
approximately 1600 seconds. When the cold inlet fluid is introduced at the top of the store the outlet fluid
temperature is characterised by a rapid drop in temperature of approximately 15°C. This is followed by a period
in which the outlet fluid temperature reduces steadily with a superimposed oscillation of 1 to 1.5°C which
decreases in frequency with reducing average outlet temperature. This oscillation is a result of a recirculation
flow that forms in the fluid flow channel: the introduced cold water sinks in the centre of the channel and warm
water rises adjacent to the heat transfer surface, the non steady nature of this circulation and fluid mixing leads to
an effective pulse in the outlet temperature. This can be seen in the predictions for the water filled module also.
4. Conclusions
A detailed simulation model for a phase change filled module forming part of thermal energy store in a domestic
solar hot water system has been developed. Charging predictions indicate that if sized correctly the variable
thermal capacity at different temperatures that a PCM module provides will allow more heat to be stored at
higher more useful temperatures. When charging the inclusion of fins only aids charging marginally, when
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discharging the inclusion of fins allows heat to be more effectively transferred from the store to the heat transfer
fluid, the fin system simulated transferring heat only slightly less quickly to the heat transfer fluid than for a
water filled module while storing significantly more energy.
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1. Introduction
Thermo-chemical energy storage is a key technology to realize highly efficient short and long term thermal
energy stores for various applications such as solar thermal systems or cogeneration systems. By storing
the energy in form of chemical bonds of special materials the energy can be stored almost loss-free over
arbitrary time periods. At the same time a high energy storage density can be achieved. Both criteria
are crucial, especially for compact long term thermal energy storage applications.
Research activities in the field of low temperature thermo-chemical energy stores (TCES) have developed
strongly in the last few years - particularly in the field of material development and material optimization.
Main focus of this activity is on improving the chemical and thermal properties of the materials such
as increasing the energy storage density, enhancing the thermal conductivity or improving the cycle
stability. Much less attention is paid to the design of the storage itself and its sub-components such as
the reactor required as a key component in a thermo-chemical energy store. Nevertheless, this topic is
indispensable to advance and push the developments of this technology and to bring it closer to a market
introduction.
Hence, one focus of the work performed at the Institute for Thermodynamics and Thermal Engineering
(ITW) of the University of Stuttgart is the development and integration of a thermo-chemical energy
store into a complete system concept. Within the three and a half years project “Chemical heat store
using reversible gas solid reactions (CWS: Chemische Wärmespeicherung mittels reversibler FeststoffGasreaktionen; duration from June 2008 to November 2011) a process design for integrating a thermochemical energy store into a solar combisystem is being developed. An essential aspect of the process
development was the designing of the reactor and of the reaction conditions. This work has been closely
accompanied by material research as, for an optimal utilization of the materials storage density, reaction
behaviour and reactor design have to be specially adapted to the material characteristic and to the
operation conditions of the system. Within the project, a wide range of materials for thermo-chemical
energy stores have been experimentally investigated. In the focus are reversible gas solid reactions with
water vapour as one reactant. Very good characteristics in terms of energy storage density and reaction
kinetics indicate composite materials of salt impregnated zeolites. However, the reaction kinetic of these
composites is instationary (decreasing kinetic with increasing conversion) and strongly dependent on the
reaction conditions. This is a challenge especially for the exothermic formation reaction. To make use
of the complete energy storage density of the material, it is essential to achieve a maximum conversion
of the material with a temperature lift in the reactor which can be used for space heating and hot water
preparation.
Different reactor designs have been experimentally and numerically investigated. For a detailed analysis
of the heat and mass transfer inside the reactor a finite element model of the reactor has been set up
with the simulation software “COMSOL Multiphysics”’ (Comsol, 2010). The results of the numerical
investigation will be presented as well as the derived reactor design for a thermo-chemical energy store.
A very detailed overview of the newly developed process design, the CWS-NT-Concept (Chemische
Wärmespeicherung - Niedertemperatur: chemical heat storage - low temperature) as well as the energy
performance of the CWS-NT-concept will be given in (Kerskes et al., 2011b).
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2. Process and reactor design
Figure 1 shows a schematic of the CWS-NT-concept: a thermo-chemical energy store is integrated in
a solar combisystem. The collector loop of the solar combisystem has been extended for the thermochemical energy store. In times of high solar irradiation the heat coming from the collector array is
directly charging the combistore or, if the temperature in the combistore is above the set temperature,
regenerating the material in the thermo-chemical energy store (left figure). During winter or during times
of low solar irradiation the thermo-chemical energy store is delivering heat for charging the combistore
(right figure). The (conventional) backup heater is only used in extreme situation (long periods without
solar radiation and/or very low ambient temperatures) as a kind of emergency heater

Fig. 1: Schematic of the CWS-NT-concept. Left: Solar collectors are delivering heat for charging the
combistore (a) or regenerating the thermo-chemical energy store (b). Right: Thermo-chemical
energy store is delivering heat for charging the combistore.

The thermo-chemical energy store has to fulfil two functions. It must provide a storage reservoir for the
material and a reactor where the heat and mass transfer take place during the endothermic or exothermic
reaction. For simplicity, the term “reaction” is used to describe sorption, hydration or a combination
of both processes. During the exothermic reaction a solid reactant A reacts with water vapour to a
solid product B and the reaction enthalpy ∆HR is released. For the endothermic reaction the reaction
enthalpy ∆HR has to be added to the process in the form of heat and the product B is decomposed into
the solid reactant A and water (H2 O); cf. eq. 1.
A(s) + H2 O(g) *
) B(s) + ∆HR

(eq. 1)

Water in vaporized form is supplied to the reactor (exothermic reaction) or dissipated from the reactor (endothermic reaction) through an airflow using ambient or exhaust air. Beside the water vapour
transport, the airflow is also transporting the heat into the reactor (endothermic reaction) or out of the
reactor (exothermic reaction). This has the advantage that despite the low conductivity of the material
bed a very good heat transport mainly based on forced convection can be achieved.
Two different designs of thermo-chemical energy stores have been investigated at ITW: an integrated
reactor concept where the material storage is at the same time the reactor (figure 2 left) and an external
reactor concept where the material storage is separated from the reactor (figure 2 right). Both concepts
have advantages and disadvantages.
In the integrated reactor concept the material is stationary inside the storage. A material transport is not
required meaning less material stress as well as non technical or energetic effort for transporting the material. On the other hand, high temperatures (ϑ > 120 ◦ C) are needed for the endothermic regeneration
reaction. This implies the use of temperature resistant materials throughout the entire thermo-chemical
energy store.
In the external reactor concept the material is transported between the reactor and the material storage.
This requires an abrasion-resistant and transportable material. The advantage of the external reactor
concept is that the reaction is reduced to only a small part of the total material amount at a time. The
thermal heat capacities and heat losses especially during the regeneration process are reduced. Furthermore, only the reactor has to withstand high temperatures whereas for the material storage low-cost
materials can be used.
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Fig. 2: Integrated (left) and external (right) reactor concept for a thermo-chemical energy store (example
of the exothermic reaction).

In the following the external reactor concept will be described in more detail. Nevertheless, the integrated
reactor concept is also subject of current research activities at ITW.
3. The external reactor design
In figure 3, left the schematic of the air circuit is given. An important element for an efficient process
design is the air to air heat exchanger where the air coming from the reactor is preheating the supply air.
A very low temperature difference between the air entering the reactor and the exhaust air is achieved;
hence heat losses through the airflow are minimized.
The two right figures show the reactor design in more detail. The material is entering the reactor from
top and runs gravity-driven through the reactor. The air is entering the reactor from lateral through
a special designed air duct in order to achieve a uniform airflow over the reactor width. During the
exothermic reaction the airflow is transporting the water vapour into the reactor and the heat of reaction
out of the reactor. In the air to water heat exchanger the heat is transferred to the water loop. For the
endothermic reaction the airflow direction is reversed. The heat from the solar loop is transferred to the
airflow via the air to water heat exchanger and then transported into the reactor. The water vapour
released during the reaction is transported with the airflow out of the reactor.

Fig. 3: Left: Schematic of the air circuit .
Middle and right: Schematic of the external reactor design

The following considerations were decisive for the derived reactor design:
• A large cross-flow section area for the airflow and a minimal material width in flow direction
minimize the airflow pressure loss. This is essential for a low fan power required for the air transport.
• The material transport through the reactor can be realized in a reliable and technical inexpensive
way with low material stress
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• A compact construction with short distance between heat source and heat removal, i.e. between
reaction chamber and heat exchanger, is favourable to minimize heat losses to the ambient.
The reactor can be operated as a cross flow or fixed bed reactor reactor. The main characteristics of the
two different concepts will be briefly discussed. A more detailed assessment is given in section 5. where
the different concepts are compared on the basis of numerical investigations.
The cross flow reactor
In the cross flow reactor the material runs from top to bottom gravity-driven through the reactor. The
air is fed into the reactor from lateral and flowing in cross flow to the material. This reactor design allows
a reaction process with a stationary reaction zone and a stationary thermal power output. A challenge
of the reactor design is the realization of a uniform material flow through the reactor. This is essential as
an inhomogeneous flow or even a funnel flow with stagnant zones in the reactor will significantly reduce
the thermal performance and the thermal efficiency of the reactor.
The fixed bed reactor
In a fixed bed reactor the material is stationary inside the reactor and air is flown through the material
bed. The reaction front and simultaneously the temperature and conversion front are moving through
the reactor, starting at the airflow inlet. When full conversion of the material is achieved the material in
the reactor has to be replaced. Due to the semi-batch operation of the reactor no constant thermal power
output can be provided at the reactor outlet; a power reduction at start-up and the end of conversion is
expected. An advantage of such a design is that the material is stationary inside the reactor during the
reaction and no technical measures for a uniform material flow are required.
4. Experimental investigation of materials for thermo-chemical energy stores
Different materials and material combinations for thermo-chemical energy stores are being experimentally investigated at ITW. The investigations are performed in a fixed bed reactor (material volume
of approximately 130 ml) flown through by a humid airflow (exothermic reaction) or a dry and heated
airflow (endothermic reaction). Experiments have been conducted with pure salts such as magnesium
sulphate or calcium chloride as well as salts on different carrier matrices (e.g. bentonite, zeolite). A
detailed overview of the experimental setup and results are given e.g. in (Kerskes et al., 2011a) and
(Bertsch et al., 2010).
Very good characteristics in terms of reaction kinetic, energy storage density and mechanical stability
were observed for composite materials of salt impregnated zeolites. These materials are made by impregnating commercially available zeolites (e.g. zeolite 13X or zeolite 4A particles). The salt remaining
on the particles after drying is mainly distributed over the inner surface of the zeolite so that there is no
volume increase due to impregnation. Figure 4 shows an example of an exothermic reaction of zeolite
13X and a composit material conducted in the experimentel setup. The composite material was developed at ITW and consists of zeolite 13X which has been impregnated with approximately 9 mass percent
of magnesium sulphate and 1 mass percent of lithium chloride. Depicted are the temperature ϑf,in and
ϑf,out and the water vapour pressure pw,in and pw,out of the airflow at the reactor inlet and outlet. The
experiments have been performed with a material volume of approximately 130 ml, corresponding to a
material mass of m = 86 g of zeolite and m = 95 g of composite material. The particle size of the zeolite
and composite varies between 1.5 mm and 2 mm.
The exothermic reaction has been performed at an inlet temperature of the airflow of ϑf,in = 35◦ C and
a water vapour pressure of pw,in = 20 mbar. Prior to the exothermic reaction the materials have been
regenerated in the reactor at an inlet temperature of the airflow of ϑf,in = 180◦ C and a water vapour
pressure of the airflow of pw,in ≈ 1 mbar.
Despite the additional salt concentration on the composite and hence additional hydration capacity of
the composite the overall water uptake during the exothermic reaction does not increase compared to
pure zeolite. The measured weight increase over the reaction was approximately ∆m = 20 g resulting in a
relative water uptake (related to the regenerated material mass) of 23 % for zeolite 13X and 21 % for the
composite. Theoretically, assuming an unchanged adsorption capacity of the zeolite and a full hydration
of the salt, a fractional water loading of 27 % is possible for the composite. Hence, only about 70 % of
the theoretically possible water uptake is achieved in the experiment.
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The course of the water vapour pressure of the outlet airflow pw,out is very similar during the experiment
for both materials. This might indicate a similar reaction kinetic. On the other hand, the reactor outlet
temperature of the airflow measured over the reaction time, is higher for the composite than for the
zeolite 13X. Reason for this might be a higher heat of reaction due to the salt reaction. In total, the
heat released during the reaction is approximately 20 % higher for the composite compared to the pure
zeolite.
For a more detailed characterization of the materials, both materials were analysed by nitrogen adsorption at 77 K with a volumetric sorption analyser (performed at “Institut für Nichtklassische Chemie”,
University of Leipzig, Germany). The specific surface area and specific pore volume have been determined from the isotherms by applying the Brunauer-Emmett-Teller (BET) equations (Brunauer et al.,
1938). In figure 5 the N2 -isotherms at 77 K for zeolite 13X and the composite are depicted. The shape
of the curve is similar but the isotherm of the composite is significantly lower than the isotherm of the
pure zeolite. In absolute values, the pore volume of the composite is reduced by 26.5 % and the specific
surface area by 32.7 %. This leads to the conclusion that the salt is blocking some of the pores so that
not all zeolite crystals are available for adsorption. However, the experiments performed in the fixed
bed reactor show an unchanged water uptake of the composite. Possible reasons for this is that the salt
hydration is compensating the reduced adsorption capacity of the zeolite and/or the water molecules
can pass the pores which are blocked for nitrogen. A further material characterization is planned to
investigate the adsorption and hydration behaviour in more detail. It is expected that with a further
improvement of the zeolite structure and impregnation technique a significant increase in the storage
density of the materials can be achieved.

Fig. 4: Reaction of zeolite and composite: Airflow temperatures (ϑin and ϑout ) and water vapour pressures (pw,in and pw,out ) measured at the reactor inlet and outlet

Fig. 5: N2 - isotherms at 77 K for zeolite 13X and
composite

5. Numerical investigation of external reactor designs
A detailed two-dimensional numerical model of the heat and mass transfer inside the reactor has been
set up with the finite element simulation software “COMSOL Multiphysics”. The aim was to investigate
different reactor designs such as a cross flow and fixed reactor in more detail.
5.1. Governing equations
The mass balance of the water vapour in the fluid (air) is described by the following equation:


∂ 2 yw
∂yw
∂yw
= Deff
− uf,0,i
+  Rw
∂t
∂x2i
∂xi

(eq. 2)

In the equation  is the porosity of the bed, yw the absolute humidity of the air, t the time, Deff the
effective mass dispersion coefficient, uf,0,i the superficial velocity of the airflow in i-direction, Rw the

501

reaction rate of the water vapour and xi the coordinate in i-direction (i = 1, 2).
The conversion of the solid is described by:
(1 − )

∂ys
∂ys
= −us,0,i
+ (1 − ) Rs
∂t
∂xi

(eq. 3)

In the equation ys is the conversion of the solid, us,0,i the bulk velocity of the solid in i-direction and Rs
the reaction rate of the solid. The correlation between Rs and Rw is given with:
Rw = −Rs

ρs,0 (1 − )
ρf


(eq. 4)

with ρs,0 as density of the solid at ys = 0 and ρf as the density of the fluid, which is considered to be
constant during the reaction.
Under the assumption of a small temperature difference between solid and air inside of the reactor, a
quasi-homogeneous model can be applied to describe the energy transport:


∂(ρf cp,f T )
∂(ρs cp,s T )
∂2T
∂(cp,f ρf T )
− uf,0,i
+ (1 − )
= Λeff
∂t
∂t
∂x2i
∂xi
∂(ρs cp,s T )
+ Q̇R
−us,0,i
∂xi

(eq. 5)

In the equation T is the temperature, Λeff the effective thermal conductivity and Q̇R the heat of reaction.
The volumetric heat capacity of the solid (ρp cp,s ) and of the fluid (ρf cp,f ) depend on the water content
and are approximated with:
ρs cp,s = ρs,0 (cp,s,0 + ys cp,w )

⇒

ρf cp,f = ρf (cp,f + yf cp,v )

⇒

∂ (ρs cp,s )
= ρs,0 cp,w
∂ys
∂ (ρf cp,f )
= ρf cp,v
∂yf

(eq. 6)

with cp,w , cp,v , cp,s,0 and cp,f,0 as the specific heat capacity of water, water vapour, of the solid at ys = 0
and of the fluid at yf = 0. The effective mass dispersion coefficient Deff and effective thermal capacity
of the fluid Λeff are calculated according to VDI-Wärmeatlas (Tsotsas, 2002). For the description of the
reaction kinetic a linear driving force approach is used:
Rs = kLDF (ys − yeq )

(eq. 7)

In the equation yeq is the reaction equilibrium and kLDF a linear driving force coefficient which is evaluated
according to Gorbach et al. (Gorbach et al., 2004). For the description of the reaction equilibrium yeq in
dependency of temperature and water vapour pressure an adsorption model is used. This assumes that
these models can also be applied to composites of salt impregnated zeolites. Experimental investigations
have shown, that for the material investigated in this study, this assumption is justified. However, with
increasing salt concentration on the zeolite particle the adsorption models might lose their validity for
the description of the reaction equilibrium and a different approach has to be used.
In this study for the description of the reaction equilibrium the Dubinin-Astakhov equation is applied
which is popular for describing micropore filling for many microporous solids (Do, 2008). The heat of
reaction Q˙R in eq. 5 is described by:
Q˙R = ∆HR Rs ρs,0 (1 − )
The reaction enthalpy ∆HR is calculated from the van’t Hoff equation.


∆HR
∂ ln pw
=−
Rg T 2
∂T
yw

(eq. 8)

(eq. 9)

For isotherms of the Dubinin-Astakhov type the corresponding equation to express the heat of reaction
in terms of conversion can be found in literature (e.g. Do, 2008).
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5.2. Results of the numerical investigation
In a first step the general applicability of the simulation model has been validated with measured data of
experimental investigations performed in the experimental setup. The adsorption isotherm and the reaction kinetic for a composite, a salt impregnated 4A zeolite (salt concentration of approximately 5 mass
percent), have been determined in the fixed bed reactor and implemented in the simulation model. The
other parameters such as the effective thermal conductivity or specific heat capacity have been estimated
based on data taken from literature. Further experiments have been performed in the experimental setup
with varying inflow conditions of the airflow (temperature, water vapour pressure). These experiments
have been simulated with the numerical model and the results were compared to the results obtained
from the experiments. In figure 6 one of theses experiments as well as the corresponding results of the
numerical calculation is shown. Depicted are the measured and calculated water vapour pressure and
temperature of the airflow at the reactor inlet and outlet during an exothermic reaction. A very good
agreement between measurements and simulation is achieved which verifies the applicability of the model
described above.

Fig. 6: Exothermic reaction of the composite of 4A zeolite and salt. Left: Water vapour pressure of the
airflow at the reactor inlet and outlet (measured and calculated). Right: Airflow temperature at
the reactor inlet and outlet (measured and calculated)

Assumptions and boundary conditions for the numerical model
The simulation study aims at deriving a reactor design for a thermo-chemical energy store using a composite of a salt impregnated zeolite as storage material. In a first instance, the main goal is to understand
the processes inside the reactor e.g. the reaction behaviour of the material, the temperature distribution
inside the reactor and the sensitivity of different reactor designs to a variation in the inflow conditions
of the airflow. A precise model of one specific type of a composite, for which detailed information on
chemical, physical and thermodynamic properties are required, is not in the primary focus. Hence, several simplifications have been made concerning the material characteristic as well as the flow conditions
inside the reactor.
If not otherwise specified the following reactor geometry, boundary and initial conditions have been
applied:
• The reactor is rectangular with the following dimensions: height = depth = 0.8 m, width = 0.1 m.
The cross-section area for the airflow is Af = 0.64 m2 (depth x height).
• A two-dimensional model is applied, hence variation along the reactor depth are neglected.
• The fluid is entering the reactor from lateral at an inlet temperature of ϑf,in = 35 ◦ C and an absolute
humidity of xf,in = 6 g kg-1 . The volume flow is constant with V̇ f = 180 m3 h-1 .
• The material is entering the reactor from vertical (cross flow reactor) or is stationary inside the
reactor (fixed bed reactor). The inlet or initial temperature of the material is ϑ= 35 ◦ C. The
material is entering the reactor (cross-flow) or has an initial conversion (fixed bed reactor) of
ys = 0.02.
• The material has a uniform particle size of 2 mm.
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• The coefficients of the Dubinin-Astakhov equation have been adapted to the adsorption isotherms of
the composite described in section 4. The reaction kinetic coefficient kLDF , effective mass dispersion
coefficient Deff and thermal conductivity coefficient Λeff have been adopted from the numerical
model of the salt impregnated 4A zeolite.
• The temperature dependency of the thermal conductivity and of the specific heat capacity is neglected.
5.2.1. Cross flow reactor
The reaction in the cross flow reactor is a stationary process. Hence, in the mass and energy balance
(eq. 2, eq. 3, eq. 5) the derivative with respect to time is zero. In figure 7 results obtained from the
numerical simulation are depicted.

Fig. 7: Results of the numerical simulation of the cross flow reactor design. Left: Outlet temperature of the
airflow in dependency of the reactor height. Right: Fractional conversion of the material averaged
over the reactor width in dependency of the reactor height

The left diagram depicts the outlet temperature of the airflow over the reactor height, the right diagram
the fractional conversion of the material averaged over the reactor width. In the cross-flow reactor the
reaction front is stationary, going diagonally from the material / air inlet (upper left corner in figure 7)
to the material / air outlet (lower right corner in figure 7). The conversion front has the same shape
with unreacted material in the upper right region and reacted material in the lower left region. For
+
over the
the presentation of the material conversion over the reactor height, a mean conversion ys,mean
reactor width wR has been calculated:
Z x1 =wR
1
ys
+
ys,mean =
ys+ d x1
ys+ =
(eq. 10)
wR x1 =0
ys,ref
with the fractional conversion ys+ defined as the conversion of the material ys related to the maximum
possible conversion at reference conditions ys,ref . Similar, the mean outlet temperatur of the airflow is
determined by averaging the temperature over the reactor height hR :
ϑf,mean =

1
hR

Z

x2 =hR

ϑf d x2

(eq. 11)

x2 =0

At the material inlet (x2 = 0) the material is entering the reactor at an initial conversion of ys = 0.02.
Along the reactor height the material is reacting with the water vapour from the airflow until complete
conversion is achieved, or, if not enough water vapour is available, until the material is leaving the reactor
at the material outlet. The heat energy released during the exothermic reaction is transported out of
the reactor by the airflow. With increasing conversion of the material the reaction rate decreases and
less heat of reaction is released. This results in a decreasing temperature of the airflow along the reactor
height.
At a comparatively high mass flow of the material (ṁs = 6.0 kg h-1 ) complete conversion of the material
is not achieved at the material outlet. The material is leaving the reactor with a fractional conversion of
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+
ys,mean
< 1. As there is still reaction in regions near the material outlet the reactor temperature maintains high and the air is leaving the reactor with a relatively high temperature (mean outlet temperature
of ϑmean,out = 54.4 ◦ C). If the mass flow of the material is too low (ṁs = 3.0 kg h-1 ) full conversion
is already achieved at a reactor height of x2 = 0.5 m. As there is no reaction of the material further
downstream the outlet temperature of the airflow decreases with increasing reactor height. The airflow
is leaving the reactor with a mean outlet temperature of ϑmean,out = 46.3 ◦ C. The optimal mass flow
of the material under the inflow conditions of the air is ṁs = 4.5 kg h-1 . Almost full conversion of the
+
material is achieved at the material outlet (ys,mean
= 0.99) and at the same time the air is leaving the
reactor at a comparatively high outlet temperature of ϑmean,out = 51.7 ◦ C. In table 1 the main results
of the cross flow reactor design are summarized. The thermal power output Q̇th provided by the airflow
is calculated according to eq. 12:

Q̇th = ṁf cp,f (ϑf,mean,out − ϑf,in )

(eq. 12)

In the equation ṁf is the mass flow of the air, ϑf,mean,out the mean outlet temperature of the airflow and
ϑf,in the inlet temperature of the airflow. The specific thermal energy density provided by the airflow is
defined with:
qth =

Q̇th
ṁs

(eq. 13)

The quantity qth is a measure for the usable energy storage density of the material.
Tab. 1: Main results of the numerical investigation of the cross flow reactor

ṁs
kg h-1

y+
%

3.0
4.5
6.0

100.0
98.9
87.4

◦

ϑf,mean,out
C

Q̇th
kW

qth
kWh kg-1

46.3
51.7
54.5

0.77
0.99
1.16

0.220
0.220
0.193

The simulation study shows that full conversion of the material has to be achieved at the material outlet
in order to make use of the complete specific energy density of the material. This implies that the
material mass flow has to be adapted to the inflow conditions of the airflow, mainly to the water vapour
supply into the reactor.
5.2.2. Fixed bed reactor
In the fixed bed reactor the material is stationary inside the reactor and the convective term for the bulk
velocity us,0 in eq. 3 and eq. 5 are set to zero. Figure 8 shows the fractional conversion ys+ of the material
(left) and the temperature of the airflow ϑf (right) over the reaction time for different positions along
the reactor width. With increasing reaction time the reaction front is moving through the reactor from
the airflow inlet to the airflow outlet. The breakthrough curve of the temperature and of the material
conversion follow the reaction front. During the reaction an overall heat of Qth = 10.6 kWh is released.
This corresponds to a specific energy density of qth = 0.23 kWh kg-1 .
However, not the complete heat provided by the reaction can be used for further processes e.g. for
transferring the heat to the water circuit via the air to water heat exchanger. When the reaction
front is approaching the airflow outlet, most of the material is already reacted and the reaction rate
decreases. This results in less heat released during the reaction and the airflow outlet temperature
decreases. Assuming that a minimum temperature lift of the airflow of ∆T = 10 K is required in the air to
water heat exchanger, a useful heat of reaction of Qth = 9.8 kWh or specific energy of qth = 0.21 kWh kg-1
is released. The material has to be replaced after a reaction time of 9 hours and a fractional conversion
+
of the material averaged over the complete reactor of ymean
= 0.94 is achieved.
5.2.3. Quasi-continuous cross flow reactor
Both concepts, the cross flow reactor and the fixed bed reactor, show a very good performance in terms
of thermal power output and conversion of the material. A drawback of the fixed bed reactor is the
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Fig. 8: Simulation results of the fixed bed reactor. Left: Conversion of the material at different positions
along the reactor width in dependency of the reaction time. Right: Airflow temperature at different
positions along the reactor width in dependency of the reaction time.

instationary thermal power output of the reactor resulting from a decreasing temperature of the airflow
with increasing conversion of the material. As a minimum temperature lift is required in the air to water
heat exchanger, the material inside the reactor has to be replaced before full conversion is achieved. In
this study, in the fixed bed reactor an average fractional conversion of y + = 0.94 is achieved when a
minimum temperature lift of the airflow of ∆T = 10 K is required. In the cross flow reactor, a fractional
conversion of y + = 0.99 is obtained at a constant outlet temperature of the airflow with a temperature
lift of ∆T = 17 K. However, the cross-flow reactor design has high demands on the reaction control. A
uniform material flow at very low bulk velocities has to be guaranteed. Furthermore the mass flows of the
material flow and airflow (or rather water vapour flow) have to be optimally adjusted with one another.
A too high mass flow ratio of the material flow to the air flow results in an uncompleted conversion at the
material outlet; a too low mass flow ratio results in a comparatively low temperature lift of the airflow.
Here, the fixed bed reactor design has advantages as the material is stationary inside the reactor. This
simplifies the reaction control and in addition no technical measures have to be taken for a unifom mass
flow.
To make use of the strengths of both reactor concepts, a quasi-continuous cross flow reactor was developed. A sketch of this reactor design is depicted in figure 9. At the material outlet the reactor width is
reduced which results in a higher airflow in this region as the flow resistance is reduced. The reaction
is performed in a fixed bed, meaning no movement of the material. With increasing reaction time the
material in the lower part of the reactor is already reacted whereas in the upper part of the reactor most
of the material is still unreacted. After a certain reaction time (e.g. when the temperature T1 is dropping
below a limit value) the material in the lower part of the reactor is removed and new material is entering
the reactor from top. The reaction is continued in a fixed bed until the temperature T1 is below the limit
value.
Figure 9 shows first results of numerical investigations. In this study a fixed bed operation of the reactor
has been analysed without any discharging of the material. The simulation was performed for a reactor
of the following dimensions: height = depth = 0.8 m, width (material inlet) = 0.1 m, width (material
outlet) 0.06 m. The same initial and inlet condition for the material and airflow as for the fixed bed
reactor apply.
The figure shows the temperature T1 at x2 = 0.75 m, T2 at x2 = 0.3 m of the airflow and the thermal
power output Q̇th provided by the airflow. With increasing reaction time, the temperature T1 decreases
whereas the temperature T2 remains on a high level for a comparatively long time. This results in only
a slight decrease of the thermal power output from approximately Q̇th = 1200 W to Q̇th = 950 W. When
the temperature at T1 is dropping below a limit value, the material in the lower part of the reactor has to
be replaced. In this example, if the material in the lower part of the reactor was replaced after 5.5 hours,
the replaced material would have a fractional conversion of ys+ = 0.99. At this time the mean outlet
temperature of the airflow is ϑmean,out = 50.9 ◦ C, equivalent to a temperature lift of the airflow over the
reactor of ∆T = 15.9 K. This shows that similar to the cross-flow reactor design a very high fraction of
the energy storage density of the material can be utilized.
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Fig. 9: Sketch of the reactor design of the quasi-continuous cross flow reactor (left). Results of the numerical
simulation of the quasi-continuous cross flow reactor during fixed bed operation (no replacement of
the material) (right).

Since the results determined for the newly developed quasi-continous cross flow reactor are quite promising this concept will be further investigated. As next steps further numerical and experimental investigations will be performed to analyse the reactor design under instationary operation conditions.
6. Summary
A process design, the CWS-NT-concept for a thermo-chemical energy store integrated in a solar thermal
system has been presented in this paper. An essential part of the thermo-chemical energy store is the
reactor where the heat and mass transfer take place. In this paper several external reactor designs for
a thermo-chemical energy store are presented. A characteristic feature of external reactor designs is the
transport of the material from and to the reactor as the external reactor is seperated from the material
reservoir. To analzye the processes inside the reactor, detailed numerical investigations with the finite
element simulation software “COMSOL Multiphysics” have been performed for a fixed bed reactor and a
cross flow reactor. Focus of the simulation study is to understand the processes in the reactor during the
exothermic reaction of a composite (salt impregnated zeolite) with humid air. An important criterium,
which has to be fulfilled by the reactor, is that a high fraction of the energy density of the material
can be used for further processes. This implies a minimum temperature lift of the airflow to be ensured
during reaction.
Strenghts and weaknesses of the different reactor concepts have been demonstrated through results from
numerical simulation studies. At optimal operation conditions of the reactor - meaning an optimal mass
flow ratio of the water vapor transported into the reactor via the air to the material massflow - the cross
flow reactor design is superior to the fixed bed reactor design in terms of the specific thermal energy
density released during the reaction. However, the cross flow reactor design has high demands on the
reaction control due to the sensitivity of the reaction to a variation in the air inflow conditions. In
addition, a uniform mass flow inside the reactor at very low bulk velocities has to be guaranteed but is
technically difficult to realize. Based on these considerations a quasi-continuous cross-flow reactor design
has been developed. Instead of a continuous material mass flow through the reactor, as in the cross flow
reactor design, the material is removed discontinously from the reactor. In the lower part of the reactor,
near the material outlet, a faster conversion of the material is achieved compared to the materials in the
upper part, by reducing the width of the reactor and hence increasing the amount of air passing this
part of the reactor. When full conversion is achieved in the area near the material outlet, the material
outlet opens and part of the material is removed. At the same time the reactor is refilled with unreacted
material from the top. First simulation studies show that a high fractional conversion of the material
can be achieved and, at the same time, the temperature lift of the airflow leaving the reactor is only
slightly decreasing with increasing reaction time. This indicates a very efficient process design where a
high fraction of the specific energy density of the material can be utilized. Further experimental and
numerical investigations are in progress to analyze the reactor design under varying operating conditions
in more detail.
Experimentel investigation on materials for thermo-chemical energy storages have been conducted. Com-

507

posite materials of salt impregnated zeolites exhibit very good properties in terms of thermal performance
(reaction kinetic, specific thermal energy storage density) and mechanical and thermal stability (transportable, low thermal degradation). Both criteria are crucial for the use in a thermo-chemical energy
store. Further investigation are on-going and it is expected that a huge increase in the specific thermal
energy density can be achieved by improving the material structure and the material production process.
Nomenclature and Symbols

Symbol

Unit

Quantity

Symbol

Unit

Quantity

A
A(s)
B(s)
cp
Deff

m2

ys

-

yw

-

ys+

-

conversion of the material
absolute humidity of
the airflow
fractional conversion
of the material

∆HR
hR
kLDF

J kg-1
m
s-1

ms
p0
pw
Qth
Q̇th
Q̇R
qth

kg
mbar
mbar
J
W
W m-3
J kg-1

R
Rg
T
t
u0
wR
xi

s-1
J mole-1 K-1
K
s
m s-1
m
m

cross-section area
solid reactant
solid reaction product
specific heat capacity
effective mass dispersion coefficient
reaction enthalpy
reactor heigth
linear driving force
coefficient
solid mass
system pressure
water vapor pressure
thermal energy
thermal power output
heat of reaction
specific thermal energy
reaction rate
gas constant
temperature
time
superficial velocity
reactor width
coordinate in direction
i, i = 1, 2

J kg-1 K-1
m2 s-1

Greek letters

ϑ
Λeff

-

ρ

kg m-3

◦C

W m-1 K-1

bed porosity
temperature
effective thermal conductivity
density

Indices
0
f
g
in
eq
mean
out
ref
s
w
v

initial, unreacted
fluid
gas
inflow
equilibrium
mean
outflow
reference
solid
water
vapour
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The work described in this paper is part of the project “Chemische Wärmespeicherung mittels reversibler FeststoffGasreaktionen (CWS)” funded by the BMWi (Bundesministerium für Wirtschaft und Technologie, German Federal Ministry of Economics and Technology) under the grant number 0327468B and managed by PtJ (Projektträger Jülich, Project
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1. Introduction
Long term storage of solar heat or transformation of solar heat into could demands often a thermochemical
process with materials having a low charging temperature to meet the requirements of simple inexpensive
solar collectors. A number of storage materials are available such as silica gel or so called composites
(Levitskij et al. 1996, Jänchen et al., 2004, 2005) hosting a hygroscopic salt hydrate. Those salt hydrates,
showing a high potential for thermochemical heat storage, may have disadvantages like slow
hydration/dehydration kinetics (magnesium sulfate as an example) or a too low value of the deliquescence
relative humidity (DRH) typically for halides. The latter leads to liquefaction of the salts at rather low
relative humidity already and may result in leakage problems.
We have therefore investigated a new approach of utilization of salt hydrates in porous hosts by using a
mixture of salts (Posern and Kaps, 2010) to prevent the disadvantages of the single salts.

2. Materials and Methods
Attapulgite and mullite of different porosity served as hosts for a mixture of 40% Mg-chloride and 60% Mgsulfate. The texture of the supports has been characterized by scanning electron microscopy (REM) and
mercury intrusion.
The hydration and dehydration properties of the mixed salt composites have been studied by
thermogravimetry (TG) and differential thermoanalysis (DTA) after hydration at controlled humidity and
room temperature. Gravimetric isotherm measurements at different temperatures have been carried out to
study the hydration and dehydration properties in more detail using a McBain balance.
Stability tests have been performed by repeated cycles of hydration/dehydration under conditions of an open
storage system. Finally mullite based honeycomb structures with a defined pore size distribution have been
developed and tested in an open lab-scaled thermochemical storage.

Fig. 1: Honeycomb structure of a composite storage material mullite/salt mixture for a lab-scaled open thermochemical
storage
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The storage consists of a vaporizer delivering an airstream of controlled humidity connected with the main
part of the storage hosting the storage material of about 1.5 L volume. Figure 1 shows the arrangement of the
honeycomb structures set later into the main part of the storage. An adjustable exhauster completes the labscaled storage. The apparatus is equipped with sensors for temperature, humidity and air flux measurements.

3. Results and Discussions
3.1 Texture of the materials
The composites have been prepared using a standard impregnation method to get a salt amount between 9
and 21wt% (hexahydrate based, cf. Table 1). The amount of salt correlates with the controlled established
texture of the porous supports due to the results of the SEM (cf. Fig. 2 as an example), the mercury intrusion
(cf. Table 1) and TG measurements (not shown). The maximum salt volume accommodated amounts to ¼ of
the pore volume of the support as can be seen from Table 1, column 4 and 5.

Fig. 2: SEM image of the porous mullite (B 1701) impregnated with Mg(SO4)/MgCl2 , average pore diameter 4.19 µm, dark
areas resin filled pores, bright areas aluminosilicate framework

Tab. 1: Characteristic data of the composite materials based on different porous mullite and attapulgite (amount in wt% is
based on the hexahydrate of the salts)

Sample

Salt amount in
wt%

Pore diameter in
µm

Pore volume in
cm3/g

Salt volume in
cm3/g

B 1535 (attapulgite)

21.5

0.4

0.661

0.168

B 1555 (mullite)

8.4

0.30

0.207

0.056

B 1580 (mullite)

8.9

8.15

0.219

0.060

B 1688 (mullite)

16.8

13.21

0.503

0.124

B 1701(mullite)

20.3

4.19

0.599

0.156

B 1704 (mullite)

21.4

-

-

-

3.2 Hydration/dehydration properties
The water uptake at RH=79% and room temperature (under static conditions) amounts to up to 0.25 g
water/g composite. According to the TG and DTA results more than half of the hydrate water (and heat) can
be utilized upon charging at 80°C. Thus, mullite or attapulgite based composites may be suitable for low
temperature (solar heat) applications.
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Fig. 3: Isotherms hydration/dehydration of B 1535 (attapulgite/salt mixture) at 293, 303 and 313 K, filled symbols and dashed
lines denote dehydration. (Activation prior to the isotherm measurements has been performed at 150°C in high vacuum.)

Fig. 4: Isotherms hydration/dehydration of B 1704 (mullite/salt mixture) at 293, 303 and 313 K, filled symbols and dashed lines
denote dehydration. (Activation prior to the isotherm measurements has been performed at 150°C in high vacuum.)
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A more detailed investigation of the hydration/dehydration behavior has been carried out by isotherm
measurements on attapulgite- and mullite samples with the same amount of salt. Unfortunately the pore size
distribution is not comparable. It is hard to prepare mullite samples having simultaneously small pores and a
bigger pore volume or volume of salt, respectively. So it has to be taken into account that the pores of
attapulgite are significantly smaller than for mullite which might influence the size of the crystals in the
pores.
A set of Isotherms for different temperatures is given in the Fig. 3 and 4 for both the attapulgite and mullite
samples. It is plotted the amount hydrate water vs. the relative humidity. As can be seen the hydration
branches (solid lines) of the isotherms fall more or less into one bundle of curves as it has to be. Some
deviation can be found for mullite (Fig. 4) between the curves of the higher temperature (313 K) and the two
lower once (293, 303 K). This could be due to some kinetic effects of the hydration process.
Another (kinetic) effect may be the reason for the hysteresis found between hydration (solid lines) and
dehydration (dashed lines) for both materials. A closer look to the isotherms reveal a different
hydration/dehydration behaviour above RH=50% (reversible) and below RH=50% (not reversible).
According to Posern and Kaps (2010) the deliquescence relative humidity (DRH) of the 60/40 wt% mixtures
(sulphate/chloride) amounts to about 50%. Consequently, the more “liquid” part of the isotherm is reversible.

3.3 Cycle stability
Cyclic hydration/dehydration tests reveal sufficient hydrothermal stability for charging temperatures below
150°C. Figure 5 shows, as an example, the hydration capacity vs. the number of cycles for dehydration at
150°C. Some degradation is obvious, however, cyclic hydrothermal treatment at 250°C leads to much faster
degradation of the material. Just a few cycles hydration/dehydration reduce the hydration capacity
dramatically. Thus, charging of those storage material should be performed at T<150°C.

Fig. 5: cycles hydration/dehydration of mullite/salt mixtures, dehydration at 150°C, hydration at room temperature with
RH=79%

3.4 Storage tests
Because of the temperature influence on the thermal/hydrothermal stability of the composites used the
charging temperature in the storage was kept below 150°C as can be seen in Fig. 6 (green stepwise rising
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curve). Fig. 6 shows the changes of temperature and humidity in the storage as function of. time upon
dehydration of the composite. The stepwise curse of temperature inside the storage material indicates
successive dehydration of individual hydrates of different strength as know from thermogravimetric
measurements. Corresponding steps can be found in the isotherms of hydration and dehydration as well (Fig.
4). The charging process ended at constant temperature in the storage material and corresponding matching
values of air stream humidity in and out. This was the case after roughly 110 min.
First results of the discharging measurements are summarized in Table 2. Table 2 compares the mullite based
composite with attapulgite based materials. Generally, no significant difference between supports of different
nature can be found so far. The amount of water taken by the material determines the quantity of energy
released. More experimental work has to be done to get more reliable data on the influence of support and
the ratio of salt mixture on the storage capacity which is still low compared with silica gel for instance.

Fig. 6: charging mode of the honeycomb structure of mullite in the open storage,

Tab. 2: Results of the storage experiments in closed (attapulgite) and open systems (honey comb structure mullite).

Material
At/MgSO4
At/MgSO4/MgCl2
Mu/MgSO4/MgCl2

Chargingtemperature in °C
150
130
130

Water uptake
in g/g
0,063
0,178
0,080

Tmax storage
in °C
55
70
65

Energy density in
kJ/kg
223
477
(230)

4. Conclusions
Porous ceramics could be prepared with mean pore diameters varying between 0.3 and 13 µm with
corresponding pore volumes of 0.2 to 0.6 cm3/g. About ¼ of this pore volume of the support can be filled by
a hygroscopic salt mixture MgCl2/MgSO4 using a saturated solution for the impregnation procedure.
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The isotherms at 293-313 K show a stepwise curse due to formation of individual hydrates with different
strength upon rising humidity. The part of the hydration/dehydration isotherms above 50% relative humidity
is reversible whereas the piece below this humidity shows a hysteresis due to the DRH value of the salt
mixture of about 50%. Most probably kinetic effects cause the hysteresis at RH<DRH were solidification of
the salt mixtures occurs.
The hydrothermal/thermal stability of the composite salt mixture/ceramics in high relative humidity is
limited to temperatures up to 150°C.
First tests of a honeycomb structure in an open storage system confirm to some extent suitability of the
chosen combination mullite/salt mixture for low temperature utilization of heat. The useable storage
capacity, however, remains low so far.
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1. Introduction
The building sector accounts for about 40% of the total energy use in the European Union (EU) countries
(International Energy Agency, IEA 2009). However, at the same time the building sector has a documented
cost-effective saving potential of up to 80%, which can be effected over the next 40 years. In order to ensure
these considerable energy conservations and at the same time to apply renewable energy in an optimal way, the
development of integrated, intelligent technologies for buildings is needed.
Energy demands in buildings vary on daily, weekly and seasonal basis. These demands can be matched with the
help of Thermal Energy Storage (TES) systems that operate synergistically and are carefully matched to each
specific application. TES systems have the potential of making the use of thermal equipment more effective,
and are important means of offsetting the mismatch between thermal energy availability and demand. Well
designed systems can reduce initial and maintenance costs and improve energy efficiency (Dincer et al. 1996,
1997).
A variety of TES techniques for heating and cooling applications have been developed over the past decades.
Increasing energy demands, shortages of fossil fuels and environmental concerns are increasing the interest in
the development of economically competitive and reliable means of seasonal storage of thermal energy.
Different examples about the efficient utilization of natural and renewable energy sources, cost savings and
increased efficiency achievable through the use of seasonal TES can be considered (Dincer & Rosen 2011,
Nordell 2000).
The interest in large-scale seasonal solar thermal energy storage started with the oil crisis in the early seventies.
The objectives of such systems are to store solar heat collected in summer for space heating in winter. These
systems contribute significantly to improving the energy efficiency and reducing the greenhouse gas emissions
to the atmosphere.
The main issue impeding solar thermal technologies from achieving their full potential for space heating and
domestic hot water (DHW) applications is related to the fact that the energy source has intermittent nature and
its effective utilization is dependent on the availability of efficient and effective energy storage systems. This is
particularly true at high latitude locations, where seasonal variations of solar radiation are significant, and in
cold climates, where seasonally varying space heating loads dominate energy consumption.
This literature review paper attempts to summarize developments during the last four decades in seasonal solar
thermal energy storage in the ground, using different storage concepts. The aim is to provide the basis for
development of new intelligent seasonal TES possibilities for use in combination with space heating and
domestic hot water applications.
2. Underground thermal energy storage concepts
The principle methods available for seasonal storage of solar thermal energy mostly store energy in the form of
sensible heat. Storage of sensible heat results in energy losses during the storage time. These losses are function
of storage time, storage temperature, storage volume, storage geometry, and thermal properties of the storage
medium. Since seasonal solar thermal energy storage requires large inexpensive storage volumes, due to the
large storage timescales, the most promising technologies were found in the ground. Such systems are called
underground thermal energy storage (UTES) systems (Nordell 2000). Among the UTES systems developed
since 1970s, the ongoing engineering research focused mainly on four types of storages: water tank, watergravel pit, aquifer thermal energy storage (ATES), borehole thermal energy storage (BTES), Figure 1.
Water tank thermal energy storage usually consists of a reinforced concrete tank partially or fully buried in the
ground, which can be built nearly independently of geological conditions. It is thermally insulated at least in the
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roof area and on the vertical walls. Furthermore, steel liners are introduced in the structure to guarantee water
tightness and to reduce heat losses caused by vapor transport through the walls (Schmidt et al. 2004). Due to
high specific heat of water, and the possibility for high capacity rates for charging and discharging, this
technology seems to be the most favorable from a thermodynamic point of view.

Fig. 1: Underground thermal energy storage concepts

Gravel-water pits are normally buried in the ground and need to be waterproofed and insulated at least at the
side walls and on the top (Schmidt et al. 2004). Heat is charged into and discharged out of the store either by
direct water exchange or by plastic piping installed in different layers inside the store. The gravel-water mixture
has lower specific heat capacity than water alone and for this reason the volume of the whole basin has to be
higher compared to hot water tank heat storage to obtain the same heat storage capacity.
Tab. 1: Comparison of storage concepts (Schmidt et al. 2003, Novo et al. 2010)

Storage concept
Storage medium
Heat capacity,
kWh/m3
Storage volume for 1
m3 water equivalent
Geological
requirements

Water tank
water

Gravel-water pit
gravel-water

Aquifer
sand/water-gravel

Borehole
soil/rock

60-80

30-50

30-40

15-30

3

2-3 m

3-5 m3

- Natural aquifer layer,
high hydraulic
conductivity
- Confining layers on
top and below
- No or low natural
ground water flow
- Suitable water
chemistry at high
temperatures

- Drillable ground
- High heat capacity
- High thermal
conductivity
- Low hydraulic
conductivity
- Natural ground water
flow less than 1 m/a
- 30-200 m deep

3

1m

- Stable ground
conditions
- Preferably no
ground water
- 5-15 m deep

3

1.3-2 m

- Stable ground
conditions
- Preferably no
ground water
- 5-15 m deep

Aquifers are below-ground widely distributed sand, gravel, sandstone or limestone layers with high hydraulic
conductivity which are filled with groundwater (Schmidt et al. 2004). If there are impervious layers above and
below and no or low natural groundwater flow, they can be used for heat storage. In this case, two wells or
groups of wells are drilled into the aquifer and serve for extraction or injection of groundwater. During charging
periods cold groundwater is extracted from the cold well, heated up by the solar system and injected into the hot
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well. In discharging-periods the flow direction is reversed. Especially for high temperature heat storage a good
knowledge of the mineralogy, geochemistry and microbiology in the underground is necessary to prevent
damage to the system caused by well-clogging, scaling etc.
In borehole thermal energy storage the heat is directly stored in the ground. Suitable geological formations are
e.g. rock or water-saturated soils (Schmidt et al. 2004). U-pipes, so called ground heat exchangers, are inserted
into vertical boreholes, into a depth of 30-200 m, to build a huge heat exchanger. The boreholes are usually
filled with groundwater (Northern Europe), or with bentonite, quartz sand or thermally enhanced grouts (North
America, Central Europe). While water is running in the U-pipes heat can be fed in or out of the ground. The
heated ground volume comprises the volume of the storage. At the top of the store usually there is a heat
insulation layer to reduce heat losses to the surface. One advantage of this type of storage is the possibility for a
modular design. Additional boreholes can be connected easily and the store can grow with e.g. the size of a
housing district. The size of the store has to be three to five times higher than that of a hot water heat store to
obtain the same heat capacity. Because of the lower capacity at charging and discharging usually a buffer store
(water tanks) is integrated into the system. Table 1 summarizes some of the characteristics of the main seasonal
storage concepts.
3. Seasonal storage of solar thermal energy for heating applications
Seasonal storage of solar thermal energy for space heating purposes has been under investigation in Europe
since the mid 1970s within large-scale solar heating projects. Most large-scale solar systems have been built in
Sweden, Denmark, The Netherlands, Germany and Austria (Dalenbäck 2007). The first demonstration plants
were developed in Sweden in 1978/1979, based on results from a national research programme (Dalenbäck et
al. 1985). The seasonal storage concept research work continued within the IEA ‘‘Solar Heating and Cooling”
programme. Experiences have been gained and exchanged in Task VII ‘‘Central Solar Heating Plants with
Seasonal Storage (CSHPSS)” since 1979 in many countries. In the past decade, the main activities have been
within the work initiated in the CSHPSS Working Group, IEA Solar Heating and Cooling Programme as well
as the work carried out in Europe within the EU/APAS-project ‘‘Large-Scale Solar Heating Systems”, Fisch et
al. (1998). Figure 2 shows a scheme of a CSHPSS (distributed rooftop solar collectors, central plant with heat
pump, solar collector and heat distribution networks).

Fig. 2: Scheme of a Central Solar Heating Plant with Seasonal Storage

So far, the development of seasonal storage has been aimed at heating large district system stores in order to
fulfill technical viability and cost effectiveness by using large storage volumes. Fisch et al. (1998) reviewed
large scale solar plant development in Europe during the 1990s. The work refers to two large-scale solar heating
applications: systems with short-term (diurnal) storage designed to supply 10–20% of the annual heating
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demand or 50% of the domestic hot water; and systems with long-term (seasonal) storage capable of supplying
50–70% of the annual heating demand. Within the findings of that work was that large-scale solar applications
benefit from the effect of scale. Compared to small solar domestic hot water systems, the solar heat cost can be
cut at least in third. Among the main results of the evaluation of the existing projects was the need to reduce the
cost-benefit ratio for CSHPSS.
The experimental plants built in some European countries involve the development of new concepts of seasonal
storage such as duct storage, natural aquifer, and pit storage concepts using high performance concrete and new
construction technologies. Lottner et al. (2000) reviewed long-term national monitoring programme
Solarthermie-2000 of large-scale solar heating plants, with and without seasonal storage, in Germany. The
study reveals that at present the specific storage costs for seasonal storage of solar energy are still too high and
many efforts must be made to achieve technical and economic feasibility. Schmidt et al. (2004) reviewed
detailed results of the same monitoring program. The technology of central solar heating plants is described and
advices about planning and costs, for improving and optimizing the installations in order to make such concepts
more economic, are given. In Bauer et al. (2010) monitoring results of CSHPSS of the same program and its
continuation Solarthermie-2000plus are reviewed. The different types of thermal energy stores and the affiliated
central solar heating plants and district heating systems are described. The design operational characteristics, of
the CSHPSS under investigation, are compared with measured operational data.
3.1. Seasonal storage in water tanks
Different seasonal water heat storage tanks integrated in central solar heating plants with seasonal storage have
been build in Germany since 1995 within the R&D programmes Solarthermie-2000 and Solarthermie-2000plus
(Lottner et al. (2000), Schmidt et al. (2004), Bauer et al. (2010)).
The water tank storage concept was tested in a small pilot heat store of 600 m3 in Rottweil (Kübler et al. 1997).
The underground cylindrical tank was built of concrete and additional inner stainless-steel liner to ensure water
tightness and to reduce heat losses by steam diffusion. Insulation was applied on the top and the side walls. The
aim of the project was to demonstrate the feasibility of the technology and to gain practical experience for the
construction of larger stores. During 1995/1997 two full scale CSHPSS of this type were build in Hamburg and
Friedrichshafen, with 4500 m3 and 12000 m3 storage volumes respectively. The plants operate with no major
technical problems. However, they do not satisfy the cost effectiveness goal due to high construction costs
(Kübler et al. 1997).
With the development of a new high-density concrete (HDC) material with lower vapor permeability, in
Hannover a hot water heat store without an inner steel liner was built (Schmidt et al. 2004). Another
development was achieved by fixing an additional charging and discharging device with a variable height in the
middle of the store. With this device, the temperature stratification in the store can be improved and
simultaneous charging and discharging is possible.
New demonstration plants for solar-assisted district heating with seasonal thermal energy storage were
developed within the R&D programme Solarthermie-2000plus (Schmidt et al. 2006). Advances were made in
stratification devices and heat insulation in the water tank storage projected for a building in Munich. The
specific investment cost of this construction is expected to be significantly lower compared to previous projects.
Several demonstration plants with large-scale solar-heated seasonal heat storage were constructed in Sweden in
the early 1980s. In 1979, the solar heating plants connected to new residential areas at Ingelstad and Lambohov
became operative. In Ingelstadt, the seasonal heat store was a 5000 m3 cylindrical concrete tank constructed on
the ground with thermal insulation. The results show low solar collector efficiency and great heat losses. The
heat store of the plant in Lambohov was a 10000 m3 excavated rock pit insulated with cement-bound
lightweight sintered clay granules and lightweight concrete, and water sealed with butyl rubber (Dalenbäck et
al. 1985). The performance revealed good agreement with the predictions except for the higher heat losses
caused by wet thermal insulation, which were not taken into account in the predictions.
Attempts to validate CSHPSS technology have been made in Denmark since 1990. A seasonal storage tank
using prefabricated concrete elements was tested in Hoerby. The tank had a volume of 500 m3 and was sealed
by a dense bentonite-concrete coating. In 1991, a 3000 m3 heat storage tank was build in Herlev. The storage
unit of steel sheet piles and concrete cover, was insulated by polyurethane plates sealed by an EPDM rubber
membrane. The stores showed leakage problems at the beginning and were not competitive for large storage
volumes (Heller 2000).
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3.2. Seasonal storage in gravel-water pits
The first large-scale heat storage of solar energy project was developed in the Institute for Thermodynamics and
Thermal Engineering of Stuttgart University in 1984 (Hahne 2000). Based on the satisfactory results from the
pilot plant, the same construction aspects were applied in the 8000 m3 gravel-water heat storage built in a
demonstration plant in Chemnitz (Schmidt et al. 2004). The liner used was high-density polyethylene (HDPE)
and the thermal insulation was expanded polystyrene. The heating plant is in operation since 1999.
Another heat store of 1500 m3 is in operation in Steinfurt since in 1998. Some modifications were applied, in
comparison with previous projects, related to the liner and thermal insulation materials. The store included an
indirect heat exchanger system consisting of polyethylene (PE) tubes (Pfiel et al. 2000). The newest German pit
storage is build in Eggenstein in 2009 (Bauer et al. 2010). It is the first pit storage with a self-supporting roof.
The system has a 4500 m3 gravel-water thermal energy store. A heat pump is used for discharging the ground
store to lower temperatures in order to achieve better storage efficiencies.
Another option of gravel-water storage was developed at the Technical University of Denmark. The first
construction was a 540 m3 store sealed with a HDPE liner and covered by a floating cover made of an HDPE
liner, expanded polystyrene insulation and a butyl top liner. A few years later, the reservoir was reconstructed
to form an artificial aquifer store by means of filling the pit with gravel and by adding direct and indirect heat
exchangers; no results were obtained at that time (Heller et al. 2000).
Based on earlier work and experiences from the Technical University of Denmark, the test storage of
Ottrupgaard was constructed in 1996. It has a volume of 1500 m3. The storage was tightened with bottom and
side liner of 85 cm clay, placed on the outside on an EPDM-rubber. The experiences from the test store were
that the clay/EPDM liner is expensive to construct. Furthermore, it showed to be difficult to make it sufficiently
tight and to localize and repair leakages. The floating cover was an expensive construction.
The 10000 m3 storage in Marstal was designed to test a simpler and cheaper construction than the Ottrupgaard
storage. The construction summarizes earlier experiences and studies as well as new studies on e.g. liner types.
It has a single welded plastic liner on bottom and sides and a simple floating cover. The seasonal storage solar
system is part of a district heating network (Energinet.dk Project 2006).
3.3. Borehole thermal energy storage
Since 1997, a pilot borehole thermal energy storage is in realization in Neckarsulm, Germany, as part of the
Solarthermie-2000 programme. The BTES presently contains a volume of 63360 m3 with 528 borehole heat
exchangers in a depth of 30 m. The heat distribution network is supplied either by the buffer tanks or the BTES,
depending on the temperature level. A gas condensing boiler is used for additional heat supply if none of the
thermal energy stores is able to cover the heat demand at the requested temperature level. Further details of the
solar plant can be found in Nußbicker et al. (2003) and Bauer et al. (2010).
The borehole thermal energy storage built in Crailsheim indicates the next generation of this kind of storages.
The project description and design prerequisites are given in Mangold (2007). The BTES has a total volume of
37500 m3 with 80 borehole heat exchangers in a depth of 55 m. A buffer storage tank of 480m3 is added to the
system because of the high capacity rates of the solar collectors during summer. Since the high capacity rate
cannot be charged directly to the BTES during the day, it is distributed over longer period of time with the help
of the buffer storage tank. The heat from the seasonal store is transferred to a diurnal storage tank of 100 m3
either directly or via a heat pump. The heat pump allows higher usability and increases the storage capacity of
the seasonal heat store. In addition the temperature level in the BTES is reduced which results in lower storage
heat losses. Furthermore the efficiency of the CSHPSS becomes more robust against high return temperatures
from the heat distribution network.
Different type of CSHPSS is built in Attenkirchen (Schmidt et al. 2004). The heat store is a combined hot-water
and borehole heat store. A central concrete tank with a volume of 500 m3 is surrounded by 90 GHEs (30 m
deep). Depending on the temperature levels in the two parts of the store, heat pumps use the GHEs as heat
source and deliver heat into the hot-water tank or use the hot-water tank as heat source and supply heat into the
district heating network.
A preliminary study of a solar-heated low-temperature space-heating system with seasonal storage in the
ground has been performed for a planned residential area with 90 single family houses with 1080 MWh total
heat demand in Anneberg, Sweden (Nordell et al. 2000). A BTES in crystalline rock of 60000 m3 (99 borehole
heat exchangers, each having a depth of 65 m) is used as a seasonal store. The temperature of the seasonal store
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varies between 30°C and 45°C over the year. The floor heating system is designed for 30°C supply water
temperature. Electrical heaters are used to produce peak heating. The system performance has been evaluated
using the simulation models TRNSYS and MINSUN together with the ground storage module DST (Duct
Storage Model) (Claesson et al. 1981, Hellstrom 1989, Mazzarella 1989, Mazzarella 1990, Pahud 1996, Klein
2004). The study implies and economically feasible design for a total annual heat demand of about 2500 MWh.
The partly solar heated building area in Anneberg, Sweden, has been built in 2002 (Lundh et al. 2008). The
final design is carried out for 50 residential units with an annual heat demand of 550 MWh. The heating system
is designed for low-temperature heating (32°C/27°C supply/return water temperatures) and individual electric
heaters for covering peak demands. The mean temperature of the seasonal store has been 30-45°C. Evaluation
of the system performance has been done during final design stage, using the simulation models TRNSYS,
MINSUN and the ground storage module DST. The system performance would result with a solar fraction of
70% after 3-5 years of operation, required for initial heating of the store and surrounding ground.
In Canada, the first seasonal solar thermal energy storage was built in 2006 in the residential area in Okotoks as
borehole thermal energy storage. The BTES volume of 35000 m3 consists of 144 vertical boreholes, each
having a depth of 37 m. Results from computer simulations indicate that the system will reach about 90% solar
fraction for space heating after an initial 5 years charging period (McDowell & Thornton, 2008). The predicted
end of summer BTES temperature is around 80°C. Such a high storage temperature has two drawbacks. First,
the return temperature to the solar collectors is relatively high which leads to relatively low solar collector
efficiencies. Second, heat losses from the borehole storage are relatively high as they represent 60% of the
injected heat (Sibbitt et al., 2007).
Chapuis and Bernier (2009) proposed a new seasonal storage strategy based on the concept of the system at
Okotoks. The storage temperature is kept relatively low in order to limit heat losses and improve solar collector
efficiencies. The temperature level is raised using heat pumps to supply heat at an acceptable temperature for
space heating. The proposed configuration is simulated with TRNSYS using the DST model. Results from
simulations indicate that it is possible to keep the seasonal storage temperature at an annual average slightly
above the annual mean ambient temperature using a relatively small solar collector area leading to relatively
high solar collector efficiencies. Combined with a heat pump, it is shown that this system can reach a solar
fraction of 78%.
3.4. Aquifer thermal energy storage
In the solar assisted district heating plant of the pilot project in Rostock (Germany) an aquifer is used as a low
temperature seasonal storage. Due to the small size of the plant, the shallow 30 m (98.5 ft) deep aquifer has to
be operated in a temperature range between 10°C and 50°C. A maximal fraction of the stored solar heat can be
recovered by a heat pump. In 2003 this pilot plant was the first of all plants that reached the strategic solar
fraction of 50% of the yearly heat demand. Further details of the CSHPSS in Rostock can be found in Lottner et
al. (2000), Schmidt et al. (2000), Schmidt et al. (2004) and Bauer et al. (2010).
4. Experiences from pilot projects and demonstration plants
Seasonal heat storage needs large volumes of storage to supply the energy stored during summertime along
winter. Those large stores require the development of technologies capable of minimizing heat losses in order
to preserve the thermal performance and life time of the solar heating plant. These approaches must be coupled
with low investment, at least lower than conventional heating systems.
The seasonal energy storage technologies for solar energy applications are characterized by many factors such
as solar collectors, annual sun exposure, heat distribution networks, heat demand and insulation of the
buildings, and the seasonal storage. Once these technologies have been well developed, the main effort consists
in reducing costs in order to make them market competitive against conventional energy sources. To determine
the economy of a storage, the investment and maintenance costs of the storage have to be related to its thermal
performance (the cost of the usable stored energy).
Table 2 summarizes the technical characteristics of some demonstration plants in central solar heating systems
with water tank, gravel-water pit, borehole, and aquifer storage. The experimental projects have been selected
as they are large-scale pilot plants. An overview of the effectiveness of diverse configurations of these systems,
including solar heat systems costs are provided. The given numbers for solar fraction of total heat delivered are
simulated values for long-term operation. Depending on the type of seasonal heat store, the systems have start-
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up times of 3 to 5 years to reach the normal operating conditions. Within this time the underground around the
seasonal storage has to be heated up and hence heat losses are higher than in the long-time operation. Because
of this, the system efficiency is lower in the first years of plant operation (Schmidt et al. 2004).
A substantial part of the investment cost of CSHPSS is caused by the seasonal heat storage. Four different
storage types for seasonal heat storage have been investigated in this article. The selection of a specific storage
type depends on the geological and hydrogeological situation in the ground at the respective construction site.
A preliminary geological examination of the site is recommended especially for aquifer and borehole thermal
energy storage. If different storage types are feasible, an economic optimization via system simulations should
be conducted by taking the construction costs of the different concepts into account.

Tab. 2: Technical data of CSHPSS (Novo et al. 2010, Dalenbäck et al. 1985, Lottner et al. 2000, Schmidt et al. 2004, Schmidt et al.
2006, Heller 2000, Wong et al. 2006)

CSHPSS with
storage type
Water tank
Hamburg, DE
Friedricshafen, DE
Hannover, DE
Munich, DE
Ingelstad, SE
Lambohov, SE
Hoerby, DK
Herlev, DK
Gravel-water pit
Stuttgart, DE
Chemnitz, DE
Steinfurt, DE
Eggenstein, DE
Ottrupgaard, DK
BTES
Neckarsulm, DE

Heated living
area
2

Total heat
demand,
GJ/a

Solar
collector
2

area, m

5796
14782
2498
8280

3000
5600
1350
2900
1320
2700

4520

4680 m
2
3800 m
2
12000 m

2

14800 m
2
39500 m
2
7365 m
300 apt.
52 houses
55 houses

2

20000 m

Crailsheim, DE

260 houses,
school and
gymnasium

Attenkirchen, DE
Anneberg, SE
Okotoks, CA

6200 m
2
9000 m
52 houses

2

Storage
3

volume, m

Solar
fraction,
%

Maximum design
storage
temperature, °C

-1

MWh

49*
47*
39*
47*
14*
37*

1025

4500
12000
2750
5700
5000
10000
500
3000

360
4320
1170
3276
1630

211
2000
510
1600
560

1050
8000
1500
4500
1500

60*
42*
34*
40*
16*

85
85
90
80

240 EUR
424 EUR

1663

5000

63400

50*

85

172 EUR

14760

7300

37500

50*

85

190 EUR

1753
3888
1900

800
3000
2293

10000
60000
35000

55*
60*
90*

85
45
80

170 EUR
1000 SEK

20000

62*

50

255 EUR

ATES
2
Rostock, DE
1789
1000
7000 m
CA = Canada, DE = Germany, DK = Denmark, SE = Sweden.
* Calculated values for long-time operation

95
95
95
95

Solar heat cost at
analysis date,

256 EUR
158 EUR
414 EUR
240 EUR
1900 SEK
1100 SEK

35*

Water tank thermal energy storages are technically feasible and work well. However, construction costs and
thermal losses are still too high. Experiences from the plants build in Hamburg and Friedrichshafen have shown
that the main cost for hot-water storage tanks is caused by the concrete construction, ground works, insulation,
and the use of steel liners to reduce water permeability (Kübler et al. 1997). Considerable cost reductions can be
obtained with the development of high-density concrete materials, which would allow the omission of the use
of expensive steel liners for the storage construction (Schmidt et al. 2004). The water tank storage in Hannover
is the first one utilizing that concept in a large scale. Another novelty in that project has been the introduction of
stratification devices in the water tank store. Problems with high thermal losses due to wet thermal insulation
have been experienced in Sweden in the past (Dalenbäck et al. 1985), and have revealed the importance of
water tank insulation for the long-term performance of CSHPSS. Advances in stratification devices and heat
insulation have resulted in significantly lower construction costs for the seasonal storage in Munich, than cost
experienced in previous projects (Schmidt et al. 2006). Further research and development related to high-

521

density concrete materials, prefabricated sandwich elements for water tank walls construction, and
simultaneous charging and discharging stratification devices, would give the possibility of improving the
thermal performance and decreasing the construction costs for water tank seasonal storage technology.
Experiences with the gravel-water storage in Chemnitz have shown that sealing of the pit, insulation and
ground works account for significant part of the costs (Schmidt et al. 2004). The seasonal storages in Steinfurt
(Pfiel et al. 2000) and Ottrupgaard (Heller 2000) have shown that the construction of the wall (liner, insulation)
can barely be realized at the required low costs to be cost-effective for seasonal storage. Moisture protection of
the insulation is also important for the concept. In addition, the seasonal gravel-water pit storage in Ottrupgaard
has shown difficulties to make it sufficiently tight and to localize and repair leakages. The concept of floating
cover has been investigated for the plants in Ottrupgaard and Eggenstein (Bauer et al. 2010), appearing to be an
expensive construction. Further research for developing cost effective solutions is needed. Related to the
thermal performance of the concept, further developments in direct and indirect heat exchangers are needed.
For BTES, the experiences with CSHPSS built in Neckarsulm (Nußbicker et al. 2003, Bauer et al. 2010),
Crailsheim (Mangold 2007) and Anneberg (Nordell et al. 2000, Lundh et al. 2008) show that the major
investment for the solar plant is the cost of building the storage; e.g. drilling of boreholes, construction of heat
exchangers, refill of boreholes. As drilling costs increase with the depth of the borehole, the length and the
number of ducts are important. Thermal properties (heat capacity, thermal conductivity) of the ground
determine the spacing of the heat exchangers. Number, length and spacing of ducts taken together allow the
storage volume to be calculated. In addition to storage design, due to the low heat transfer rates between
circulating fluid and ground, these systems have shown dependence on the development of buffer storage
techniques (e.g., water tanks).
Well construction is the predominant part of the costs for aquifer heat storages. In reality, depending on site
specific conditions, several serious problems have to be solved, e.g., clogging of wells, scaling of the external
heat exchangers, necessity of water treatment, high heat losses especially in small aquifer storage projects like
the one in Rostock (Lottner et al. 2000, Schmidt et al. 2004, Bauer et al. 2010).
As some authors suggest, the specific storage costs are related to water equivalent storage volume. The water
equivalent is the corresponding water volume to store the same amount of heat. Experiences carried out in
demonstrations plants have achieved cost reduction by increasing the storage volume in large-scale solar
applications. Figure 3 presents the cost data of some pilot and demonstration plants reviewed in this study,
where the two fitting curves indicate the range of investment cost variation. The strong cost reduction with an
increasing storage volume is obvious.
The economy of CSHPSS depends not only on the storage costs, but also on the thermal performance of the
storage and the connected system. Before starting the design of a new plant, geological conditions of the
location, characteristics of the heat source and demands of the consumers have to be analyzed thoroughly.
Important parameters are maximum and minimum operating temperatures of the storage and district heating
net. Optimal size of solar collector area and storage volume are of vital importance.
The operational characteristics of the different CSHPSS, considered in this paper, are based on simulated values
for long term performance of the solar plants. In Bauer et al. (2010), three different seasonal thermal energy
storages have been tested and monitored under realistic operating conditions: Friedrichshafen (water tank),
Neckarsulm (boreholes), and Rostock (aquifer). Their operational characteristics are compared using measured
data from an extensive monitoring program. The long term operational experiences are shown.
The solar fraction based on total heat demand for the plant in Friedrichshafen, for the period 1997-2007, varied
between 21 and 33%, where the design value has been 43%. One of the reasons for not reaching targeted values
is because the resulted heat demand of the buildings has been 10% higher than expected. In addition the design
return temperatures of the heat distribution network have been assumed lower than measured values (yearly
average weighted by volumetric flow) of 40°C. Because of the high net return temperatures, the thermal energy
storage has been operating at higher than design temperatures, which has resulted in increased heat losses of the
thermal storage between 322 MWh/a and 482 MWh/a, in contrast to design values of 220 MWh/a. The higher
operating temperature of the thermal storage has caused also higher temperatures in the solar collector circuit
and thus reduced collector efficiency.
The CSHPSS in Neckarsulm has been monitored in the period 1999-2007. The solar fractions achieved (based
on total heat demand) have been between 17 and 44.8%, where the design value has been 50%. Reasons for not
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achieving the desired solar fractions have been the 10% smaller solar colectors’ area, than design, and the
higher net return temperatures of the heat distribution net (47-50°C instead of 40°C). In addition, the highest
achieved solar fraction of 44.8% has been obtained during the last year of monitoring, when the maximum
borehole seasonal storage temperature has reached 65°C, 20°C lower than planned. The smaller solar collector
area and the heat up of the surrounding ground have contributed to that effect.

Fig. 3: Cost of seasonal stores for Central Solar Heating Plants with Seasonal Storage (Lottner et al. 2000, Schmidt et al. 2004,
Mangold 2007)

Monitoring results from the solar heating plant with aquifer seasonal storage in Rostock have shown solar
fractions from 32 to 57%. The maximum temperature of the storage has been limited to 50°C due to local
hydrogeological conditions. The heat distribution net has been operating at 45/30°C supply/return temperatures,
which required the use of a heat pump for utilization of the stored heat. Due to the use of the heat pump and the
high efficiency of the aquifer storage, the system has managed to reach the high solar fraction values.
To summarize, the results from the monitoring campaigns at the different solar plants have shown that, in order
to achieve high solar energy efficiency, the solar plants have to be operated at low temperatures. Low storage
temperature limits heat losses and improves solar collector efficiencies. Suitable techniques for fully benefitting
from such low temperature systems are to use low-temperature heating systems (typical range: 25-35°C) like
floor and wall heating in the buildings. In contrast high temperature systems must be built in a much bigger
scale than low temperature systems because of the higher storage heat losses.
For seasonal storage, low temperature concepts with the use of heat pumps to raise the temperature of the water
used for space heating to a suitable level is an appropriate option. This technology, conceptually and practically
implemented in the plants in Rostock, Ehhenstein and Crailsheim (Lottner et al. 2000, Schmidt et al. 2004,
Bauer et al. 2010) and in conceptual phase for the plant in Okotoks (Chapuis and Bernier 2009), enables the
utilization of the full potential of solar heating plants with seasonal storage. Using a heat pump to discharge the
seasonal storage to lower temperatures allows higher usability and increased storage capacity and storage
efficiency. The solar plant becomes more robust against high return temperatures of the heat distribution net
and solar collectors net, which allows to reduce the solar collector area required, increase the solar collectors’
efficiency, and obtain high solar fractions (based on total heating demand).
In the assessment of central solar heating plant up to now in the text has been discussed only the solar fraction
as a parameter. In addition, the efficiency of solar assisted district heating systems can be evaluated by the
amount of solar heat per m2 collector area delivered into the district heating net. Even though this parameter is
dependent on local site conditions, like irradiation on the collector pane, it could give insight into any
advantages or disadvantages of using different storage concepts. The monitoring results from the different
plants shown in Bauer et al. (2010) do not show any clear tendencies in favor of or against a certain storage
concept.
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In addition, the above discussed parameter could give some design prerequisites regarding solar collector area
and storage volume. Different methods for determining the optimal size of collector area and storage volume
for seasonal storage of solar heat have been developed. Braun et al. (1981) described a methodology for the
design of these systems using the simulation program TRNSYS (Klein 2004). Significant reduction in the
collector area has been achieved by use of seasonal storage. This effect is more pronounced for higher solar
fractions. It has been shown that the trade-offs between collector area and storage volume requirements, for a
fixed system performance, are location dependent. Greater reductions in collector area requirements with
increasing storage capacity occur in northern latitudes (valid for the northern hemisphere). Simillar results have
been confirmed from the demonstration plants studied by Lottner et al. (2000), Schmidt et al. (2004) and Bauer
et al. (2010). However, no clear guidelines or design recommendations have been developed.
5. Conclusions
Summarizing the findings from computer simulation studies and monitoring campaigns, reviewed in this paper,
it is evident that although well developed and also widely used in some countries, the concept of central solar
heating plants with seasonal storage of solar energy requires further research activities in order to make it
economically competitive with conventional energy sources. Studies related to cost reductions for construction
of the storage; heat insulation and reduction of storage heat losses; operating temperatures of the storage, solar
collectors net and heat distribution net in regards to efficiently utilizing the low-temperature concept with the
use of heat pumps; efficiency of solar collectors; determining of optimal solar collector area and seasonal
storage volume; coupling between solar plant and low-temperature heating systems in the buildings; are
needed.
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1. Introduction
Last years have been characterized by an energy consumption increase as well as a constant rise in prices for
energy. Assuming the necessity of more effective utilization of energy in all spheres of human activity,
energy storage is a key element to improve the efficiency of energy utilization in different economical
aspects. It is the way of bridging the time gap between the energy supply and the energy demand.
Thermal energy storage (TES) plays a significant role in improvement of energy efficiency. There are mainly
three types of TES systems, chemical, latent and sensible storage, depending on the type of process or
property of the material that is profitable. In latent heat storage (LTES) the property that we are interested for
is the energy that is required to change the phase of a material. In chemical energy storage storing heat is
through the use of reversible chemical reactions. And the last one is the storage of sensible heat (STES),
which uses the energy released (or absorbed) by materials when its temperature is decreasing or increasing. It
is classified on the basis of the heat storage media as liquid media storage (like water, oil based fluids,
molten salts etc.) and solid media storage (like rocks, metals and others) [1].These different types of TES
carry to a variety of levels of working temperatures, capacities and heat transfer carriers used and thus, each
heat store differs in the specific parameters [2].
For the application of a solid as a thermal energy storage media several properties like density (ρ), specific
heat capacity (cp), thermal conductivity (k), thermal expansion coefficient (α) and cyclic stability as well as
availability, cost and production methods are of great relevance[3]. These properties are relevant because the
higher the heat capacity (ρ*cp), the lower the volume per thermal unit that is required. Also thermal
conductivity improves the dynamics of the system. A high cyclic stability is important for a long lifetime of
the storage unit, and the thermal expansion coefficient is a design criterion needed to integrate the material in
the energy storage system. If we consider only the thermal properties for the materials selection, the solid
sensible heat storage is not the best option in terms of energy density as the highest values are for
thermochemical storage. Otherwise, if other parameters such as cost, embodied energy or production
methods are also considered in the selection procedure solid materials may become a feasible alternative.
When integrating the thermal storage in the energy system, economics are an important driven force.
Because of the increase of the cost of storage materials, it is a very interesting issue to evaluate low cost
alternative materials through the valorization of by-products derived from mining and metallurgical industry
for solid sensible heat storage.
The aim of this work is to evaluate the potential of several materials to be used as storage materials: byproducts of copper industry (Slag P and Slag B), steel industry (WDF), mineral industry (IB and WrutF), and
to compare them with the materials described in the CES Selector database. For this purpose, the
methodology for materials selection applied in a previous paper [4] is used.
2. Experimental
Starting materials are granulated or powders, and were first tested in this form. Then, two approaches were
followed to shape them. First, they were molded by compression and mechanical integrity of the resulting
shape was evaluated. If the resulting shape was considered fragile, they were included as aggregate in
different mortar formulations using either Portland, alumina or phosphate cements, as binder.
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2.1.

Mortars formulation

Mortars were prepared either with Portland, alumina or phosphate cement as binder, and Slag P or Slag B as
aggregates. Due to the different physicochemical characteristics of both by-products, different water/cement
ratios were needed to have a comparable workability. The compositions of the different formulations are
summarized in Table 1. Mortar formulations were casted in prismatic moulds with dimensions of
40×40×160mm to perform mechanical properties. Specimens were left in their moulds for 24h in a curing
chamber, at a constant temperature of 20°C, and a relative humidity of 95%. Unmolded mortars were further
cured in the same conditions up to 28 days.
Table 1. Mortars Formulation

Acronym

Aggregate (%)

Cement (%)

H2O/Cement (%)

PP

75

25

0.58

Portland and Slag B

PB

75

25

0.52

Alumina and Slag P

AP

75

25

0.52

Alumina and Slag B

AB

75

25

0.48

Phosphate and Slag P

CBPC_P

80

20

0.58

Phosphate and Slag B

CBPC_B

80

20

0.68

Portland and Slag P

2.2.

Materials and mortars characterization

The specific heat capacity of the materials was evaluated by means of differential scanning calorimetry
(DSC). DSC performed in nitrogen atmosphere using the dynamic method with a DSC-822e/40 Mettler
Toledo, at a heating rate of 10°C·min−1 from 30 to 600°C. For each experiment a mass of 15 mg ± 0.5 mg
was used and the flow rate of gas was 50ml·min−1. The density of powders and mortars was obtained with a
Helium pycnometer Accupic 1330.
The thermal conductivity was measured with the device described by Olivès et al. (1999) [5].The steadystate measurement apparatus is composed of two plates, one heat source and one heat sink, made of copper
which temperatures were regulated and two flux-meters made of rods (25×25×65 mm) of different materials
with well-known conductivities. The axial temperature profile was measured by K-type thermocouples
implanted in the two flux-meters and in the sample placed between them was recorded. A polystyrene foam
(λ=3×10−2 W·m−1 ·K−1) was used as insulator in order to reduce the radial heat losses and to obtain a quasi
one-dimensional heat flow. The mortars were tested in a cubic shape (25×25×25 mm) and the compacted and
powder materials in a cylindrical shape (25mm diameter x25 mm height).
3. Results
In Table 2, the most important parameters for materials selection in STES including an estimation given by
the materials producers of their cost are listed. In Table 3, the most important properties of some materials
for sensible thermal energy storage described in the literature are summarized and compared with the well
reported system of nitrate molten salts. The studied materials have similar or even higher conductivities
compared to those described in the literature. Although some of them have lower specific heat capacities,
they have higher densities and lower prices. Taking into account these materials properties, competitive
alternative candidates in sensible thermal energy storage can be foreseen.
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Table 2. Properties of different studied thermal energy storage materials

Compound λ (W/m·K)
0.8
Slag_P
1.1
Slag_B
3 to 4
IB
0.7
WDF
0.8
WRutF
1.6
CBPC_B
1.5
CBPC_P
1.4
AB
1.4
AP
1.4
PP
1.8
PB

Cp (kJ/kgK)
0.6
0.9
0.8
0.8
0.9
1.2
0.9
0.9
0.7
0.65
0.8

ρ (kg/m3)
3600
3700
2100
3967
4154
2828
2804
3030
2947
2785
2859

Cost (€/kg)
0.15
0.15
0.007
0.001
0.008
0.15
0.15
0.15
0.15
0.12
0.12

Table 1 Properties of materials described as thermal energy storage materials

Molten Salt[7]
Cofalite[6]
Castable Ceramics[7]
High temperature
Concrete[7]

3.1.

λ (W/m·K)
0.52
2 to 1,5
1.35
1

Cp (kJ/kgK)
1.6
0.9
0.86
0.916

ρ (kg/m3)
1870
3120
3500
2750

Cost (€/kg)
0.625
0.010
4.5
0.08

Cost/kWh
14.05
0.40
188.22
3.14

Case study

In a previous work a theoretical case study was analyzed using the CES Selector database [4]. The main
objective of this manuscript is compare how do these alternative materials perform when the same
methodology of selection is applied. Thus, the database was customized adding the data of these materials.
When looking for STES materials we are interested on maximizing the energy density and thermal
conductivity. To reduce the universe of selectable materials we apply constrains previously used: limit the
service temperature (lower limit for maximum service temperature is 400 ºC) and the cost per unit mass
(maximum cost 5 €/kg). A plot of energy density vs. thermal conductivity chart including the studied
materials is presented in Figure 1.
The studied materials perform quite well as they are located with the materials with highest energy density
even though the thermal conductivity is moderate.
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Fig. 1 Energy density vs. thermal conductivity

Also, the cost per unit mass of the studied materials may be considered and compared with those of the
database, see Figure 2. Cofalite, WRutF and WDF show the better results as they are in the upper left of the
graphic, and as expected, they show lower cost than most of the nontechnical ceramics considered (green
bubbles).

Fig. 2 Energy density vs. cost

A more exhaustive selection can be performed following the selection strategy [8].The performance of a
material may be presented specified by three things: the functional requirements (the need to carry loads,
transmit heat, store elastic or thermal energy, etc), the geometry, and the properties of the material of which
it is made, including its cost. The performance can be described by an equation with the general form:
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or

Optimum design can be considered to be the selection of the material and geometry which maximize (or
minimize) p. The optimization is subject to constraints, some of them imposed by the material properties.
Table 4 summarizes the requirements in our case study for a sensible energy storage material.
Table 2 Material requirements for our case study

Function

Heat-storing medium

Objective

Maximize thermal energy stored per unit material cost

Constraints

Working temperature Tmax = 400°C and Price < 5 €/kg

As described by Fernández A.I. et al (2010), for a long term storage device, the energy per unit cost is
maximized by maximizing M.

(eq.1)
where cp is the specific heat capacity and Cm the cost per kg.
In Figure 3 the selection graphic where cp is plotted versus Cm in a logarithmic scale is plotted. A line with
slope 1 should be moved in this figure to find the materials that perform better with the objective to minimize
cost. In this case WDF performs better, followed by Cofalite, IB and WRutF. With materials with the same
material index M (lying in the same line), other parameters have to be considerer to select one of them.

Fig.3 Specific heat capacity vs. cost
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For short term storage, the material index to be optimized is:

(eq.2)
If α vs ρCm is plotted in a logarithmic scale, the materials with the highest material index will be those in
the bottom left of the chart because of the negative slope and negative y intercept. A line of slope -2 should
be moved in Figure 4 getting the best performance, for WDF followed by Halite (natural NaCl), IB, Cofalite,
WRutF, non technical ceramics (concretes) and the prepared mortars formulations. The figure also shows the
corresponding values for nitrate molten salts that have been used in liquid sensible heat storage during the
last 30 years, showing that the studied solids perform better for this example of short term storage.

Fig. 4 Diffusivity vs. density x Cost

4. Conclusions
In this paper several materials have been evaluated to be used as solid sensible heat storage materials, and
compared with CES Selector database as well as materials reported in literature. Although it has been
shown that there are materials with higher thermal properties suitable for STES than the studied ones, an
exhaustive selection has been performed following the selection strategy. It is demonstrated that WDF, IB,
Cofalite, WRutF and the mortars formulations are promising materials in this application. Further studies
need to be done concerning other properties that are relevant when incorporating the materials to the
storage systems, as mechanical properties, thermal expansion and resistance to thermal cycles.
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1. Introduction
In Europe, the building sector is responsible for 40% of the primary energy consumption. Most of the energy
is thermal energy consumed for heating, cooling and hot water preparation and comes directly or indirectly
from the use of fossil fuels as oil, natural gas and coal. As is it known, these energy sources have two
important problems: scarcity in the next years, which would increase the economic costs, and the generation
of CO2 emissions to the atmosphere that are directly related with global warming and climate change. Rosen
(2009) demonstrates that non-fossil fuel energy options are needed to help combat climate change and today
some renewable energy technologies are a good and economical competitive alternative to the traditional
ones. As a consequence of all the facts mentioned above, the governments are approving new regulations to
reduce the use of fossil fuels by energy efficiency and by the use of renewable energy sources as solar
energy.
Solar energy is an abundant energy source and it is available in large or less extent everywhere. This is why
it is interesting to use this energy source to cover all or part of the thermal energy needs of buildings. In
addition, district heating and cooling networks allow the integration of waste heat, more energy-efficient
equipment and renewable energy sources as solar thermal energy. These systems could reduce dramatically
the investment and operational costs due to reasons of economics of scale. Usually solar district heating
systems have a short-term heat storage and large-scale collectors. These systems are designed to cover
practically most of the energy consumption in summer for the preparation of domestic hot water (DHW).
Even so, in North and Central Europe (Bauer et al., 2009; Schmidt et al., 2003; Nordell and Hellström, 2000)
we can find some pilot projects with seasonal thermal energy storage. The main objective of the seasonal
storage is to store solar energy heat from the summer to the winter for space heating and DHW. We can find
several methods for seasonal storage of solar thermal energy (Pinel et al., 2011) but most of the past and
present systems store heat in sensible form using water, rocks and soil as storage mediums.
On the other hand, air-conditioning for buildings has become an important comfort demand of the building
users during the last few decades in developed countries. As most of the air-conditioning systems are based
on electrically driven compression units, the electricity consumption has increased dramatically, especially in
the warmer periods of the year. In addition, usually an important proportion of this electricity is generated in
central power stations that commonly burn fossil fuels. Then, one way to reduce the consumption of fossil
fuels is the use of solar energy for cooling. According to Balaras et al (2007), the most energy-efficient and
cost-effective solar cooling systems among all the technologies available are the ones based on solar thermal
collectors and thermal chillers. Usually these systems are designed in a small scale for detached houses or
buildings, presenting higher investment costs than the conventional systems based on compression units.
Rezaie and Rosen (2011) point out that using low-temperature from renewable energy sources such as solar
in district heating has proven to be attractive, reliable and with low maintenance. Then one way to reduce
dramatically these costs is the integration of large solar cooling systems in district heating and cooling
networks (DHC). The cost savings obtained is primarily due to the reduction of the initial investment for
reasons of economy of scale of the equipment and the reduced operating costs due to higher thermal
efficiency of large chillers.
Although solar district heating and cooling systems (SDHC) are not very common at present (Dalenbäck,
2007) they are of particular interest at places where the cooling demand is very important. Due to the heat
consumption for cooling generation, it is evident that the thermal storage dimensioning would depend
strongly on the ratio between the annual heating and cooling demands. Also it is important to consider that
the typical demands profiles present low heating and cooling demands in the transition months during the
spring and autumns seasons. That means that at least the thermal storage should be able to store the excess
heat of the solar thermal systems in these periods of the year. Then, in this paper we analyse the
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dimensioning of the volume and solar collector areas for SDHC systems for several typical heating and
cooling demand profiles for residential buildings and different meteorological sites. In this analysis, we
compare the different cases using some annual factors as the solar fraction, the specific solar gains and the
specific solar heating and cooling production.

2. Methodology
The size of the seasonal storage and the solar thermal plant of the SDHC systems depend mostly on three
main factors: the thermal energy load of the buildings, the characteristics and operation parameters of the
solar thermal field and the seasonal storage design. All of them are strongly influenced by the meteorology of
the place where the SDHC system is located. Then, to establish some design guidelines of SDHC systems, it
is necessary to analyse several case studies considering all these factors. For that reason in this work we have
considered four Spanish cities with different weather patterns:


Avila, with relatively very cold and long winters and short very hot summers.



Barcelona, with mild winters and humid hot summers.



Madrid, with cold winters and long hot summers.



Sevilla, with very mild winters and very long hot summers.

Once the location is known and also considering the building factors described in tables 1 and 2, we can
estimate the load hourly profiles of DHW consumption, heating and cooling. The DHW profile is estimated
from the correspondent specific energy demand and the annual variation of the temperature of the tap water
found at the standard UNE-EN 94002:2005 (AENOR, 2005). The hourly energy load profiles for heating,
cooling consumption are estimated using the normalization of the annual energy demand with the degree-day
values with and the variable base temperature approach (López-Villada, 2010; CIBSE, 2006). In this case, to
determine the heating and cooling degree-day, it is considered that the base or reference temperature depends
on the basic characteristics of buildings and does not take the typical value of 15 or 18 º C for heating and 21
ºC for cooling. Thus, from the specific energy demand, meteorological data and other basic data from the
buildings, it is possible to determine the specific values of the annual base temperatures for heating and
cooling.
Also, dealing with the SDHC system, we have compared the flat plate collector (FPC) and evacuated tube
collector (ETC) technologies and considered a buried seasonal storage that uses water as storage medium
(see fig. 1). Table 3 shows the main parameters of the FPC and ETC collectors considered and in table 4 you
could see the main characteristics of the seasonal storage. It is assumed that part of the heat is produced by
the solar system and the rest by a conventional boiler. In the same way, part of the cooling is produced by a
single effect LiBr absorption chiller with a nominal cooling capacity of the 67% of the cooling peak demand.
When the cooling exceeds this power or the temperature on the top of the seasonal storage is not high enough
to activate the absorption chiller, it is assumed part the cooling load is produced by a centrifugal compression
chiller.
Tab. 1: Main construction characteristics of the residential apartment buildings considered for the determination of heating,
DHW and cooling energy hourly profile.
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Number of dwellings

1000

Flat floor space (m2)

100

Average storey height (m)

2.5

Building storey number

5

Volume / surface ratio

1.0

Tab. 2: Residential building energy parameters for the four cities analysed according to the Spanish construction and energy
certification regulations. The overall heat transfer coefficients are extracted from the Technical Building Code of Spain (CTE,
2009) and the specific energy demands from the Spanish certification energy regulations (IDAE, 2009) for residential
apartment buildings.

Building energy parameter
Avila

Barcelona

Madrid

Sevilla

External wall

0.57

0.73

0.66

0.82

Roof

0.35

0.41

0.38

0.45

Floor in contact with soil

0.48

0.5

0.49

0.52

Windows

2.6

2.9

2.5

3.3

Heating

69.5

28.3

43.2

16.6

DHW

13.7

8.0

13.0

12.3

Cooling

0.0

12.8

10.8

23.4

Overall heat transfer
coefficient
(W m-2 K-1)

Annual specific
energy demand
-2

City

-1

(kWh m y )

Single effect
LiBr Absorption
Chiller

District cooling network

To estimate the optimum volume of the seasonal storage and the solar thermal collector surface for SDHC
systems we first of all it is necessary to establish the thermal energy demand of the buildings.
District heating network

Solar collector field (FPC or ETC)

Buried water seasonal storage

Residential buildings
1000 dwellings of 100 m2 floor space

Fig. 1: Schematic diagram with the main components of the SDHC system.

Tab. 3: Main FPC and ETC solar collectors’ parameters of the SDHC system.

Flat plate collector (FPC)

Evacuated tube collector (ETC)

Intercept efficiency

0.69

0.798

Efficiency slope (W m-2 K-1)

2.61

0.9937

0.0098

0.0097

50

37.5

Efficiency curvature (W m-2 K-2)
Tested flow rate (kg h-1 m-2)
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Tab. 4: Main seasonal storage parameters of the SDHC system.

Parameter

Value

Ratio height / diameter

0.5

Depth of the top in the ground (m)

1.0

Wall material and thickness (m)

Concrete, 0.25

Isolation thickness (m)

0.25

Thermal conductivity of the isolation (W m-1 K-1)

0.04

Average global heat transfer coefficient (W m-2 K-1)

0.15

Once we know the energy demand profiles, the characteristics of the solar thermal field and the different
locations, we are able to calculate the energy performance of the SDHC systems with FPC and ETC solar
collectors using the thermal systems simulation software TRNSYS 16 (2004). This software has an extensive
library of thermal components as solar thermal collectors, boilers, storage tanks, pumps, thermal chillers, etc.
We developed a specific model (type 811) to predict the energy performance of thermal chillers based on
some linear correlations obtained by multivariable regression of the cooling capacity and heat consumption
as a function of the temperatures of the external fluids (López-Villada, 2010; Puig-Arnavat et al., 2010). This
method is an improvement of the method based on the characteristic equation temperature developed by
Ziegler (1999). Also we used the multiport tank type 534 for the simulation of the seasonal storage tank and
type 707 to model the thermal interaction between a buried vertical cylindrical storage tank and the soil.
Ochs (2010) demonstrated that the use of this model among others is sufficient to determine the system
energy balances and parameters such as storage volume in relation to collector area in transient system
simulations for certain boundary conditions and load profiles.
Finally it is very important to optimize the SDHC in order to achieve the lower economical cost of the
energy consumed. The optimization is performed with the TRNSYS application TRNOPT, that uses the
optimization software GenOpt® developed by the Lawrence Berkeley National Laboratory (Wetter, 2009).
The global cost of the SDHC system is evaluated according to the procedure described in the European
standard UNE-EN 15459:2008 (AENOR, 2008), which is specific for the economic evaluation for the energy
systems in buildings. We considered that, as we are dealing with large scale solar thermal systems, the total
specific cost of the solar field is 400 € m-2 for the FPC and 650 € m-2 for the ETC (Peuser, 2002). Also the
specific cost of the seasonal storage ranges from 100 € m-3 for volumes around 20000 m3 and 500 € m-3 for
volumes around 500 m3, according to some practical experiences in Germany (Schmidt at al., 2003). For the
global energy costs of the SDHC system it is assumed a period of 25 years, values of 3% and 4% for the
general inflation and energy inflation respectively (FUNCAS, 2011), a financial interest of 4% (Boermans et
al, 2011) and that natural gas is used as auxiliary energy with a specific cost of 35 € MWh-1 (CNE, 2011). It
should be noted that at the end of the period of 25 years it has be considered that the seasonal storage has still
an important residual value around a 50% of the initial investment, that is, that for the calculation of the solar
and energy specific costs the considered cost for the storage is around a 50% of the investment.
3. Results and discussion
All the simulations performed have been optimised considering a slope of the solar collectors of 40º, a flow
temperature of the district heating of 60 ºC and a flow temperature of 15 ºC for the district cooling. That
means that the apartments use high efficient terminal elements for heating and cooling as low temperature
radiators and high temperature fan-coils.
Fig. 2 to 6 show the energy demand patterns obtained for the four locations considered. It could be observed
that the residential buildings in Avila present the highest heating demand and have no cooling demand in
summer. Also buildings in Sevilla have the highest cooling demand in summer and the lowest heating load in
winter. The heating and cooling loads for Barcelona and Madrid have similar patterns but in the case of
Madrid the loads are approximately a 30-35 % higher due to the relatively more severe weather.
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The results of the optimization of the SDHC systems for FPC and ETC collector technology and the different
places are shown from table 5 to 12. When comparing FPC and ETC technologies, SDHC systems with ETC
have always lower specific costs. As expected, the solar surface of the ETC collectors for the different
seasonal storages volumes considered is lower than the correspondent area of FPC collectors, ranging from
2000 to 4500 m2 in the first case and from 3000 to 6000 m2 in the second case. The volume of the seasonal
storage ranges from 10000 m3 to 500 m3. That means that the storage cost is between a 5% of the total
investment for volumes around 500 m3 and a 20% for volumes around 10000 m3. The results show clearly
that the higher the volume of the seasonal storage the higher the specific cost although the differences do not
exceed the 20%. However, higher volumes mean also much higher solar fractions for heating and cooling.
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Fig. 2: Heating and DHW monthly demands for the 1000 residential dwellings in Avila.
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Fig. 3: Heating, cooling and DHW monthly demands for the 1000 residential dwellings in Barcelona.
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One important aspect to notice is that, with the exception of some cases with larger volumes, the energy
specific costs are lower than those for the conventional energy source (35 € MWh-1). That demonstrates that
SDHC systems could be economically competitive with conventional systems based on the use of fossil
fuels. When comparing the different locations, Sevilla shows the lowest energy specific costs because of its
higher values of the solar irradiation and the low heating load, being Barcelona and Avila the cities with the
higher specific costs.
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Fig. 4: Heating, cooling and DHW monthly demands for the 1000 residential dwellings in Madrid.
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Fig. 5: Heating, cooling and DHW monthly demands for the 1000 residential dwellings in Sevilla.
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Tab. 5: Main results for the optimization of the SDHC system with FPC and located in Avila.
Volume (V)
3

m

Solar Collector
surface (Sc)

Solar yield
-2

kWh m

m2

Ratio
Sc/Energy
demand

Ratio V/Sc
3

2

m /m

m2/MWh

Solar
fraction
heating

Solar
fraction
cooling

%

%

Specific cost
25 years
€ MWh-1

10000

4915

664

0.591

2.03

38.0

-

35.59

5000

4114

665

0.495

1.22

32.0

-

34.74

3000

3756

661

0.452

0.80

29.3

-

34.33

1500

3172

674

0.381

0.47

25.4

-

33.89

1000

3421

659

0.411

0.29

26.9

-

33.67

500

3065

666

0.368

0.16

24.6

-

33.48

Tab. 6: Main results for the optimization of the SDHC system with ETC and located in Avila.
Volume (V)
3

m

Solar Collector
surface (Sc)

Solar yield
-2

kWh m

m2

Ratio
Sc/Energy
demand

Ratio V/Sc
3

2

m /m

m2/MWh

Solar
fraction
heating

Solar
fraction
cooling

%

%

Specific cost
25 years
€ MWh-1

10000

3147

1122

0.378

3.18

41.3

-

34.84

5000

2489

1123

0.299

2.01

32.9

-

34.27

3000

2353

1102

0.283

1.27

30.7

-

33.98

1500

2229

1086

0.268

0.67

28.8

-

33.65

1000

2217

1077

0.267

0.45

28.5

-

33.48

500

2176

1069

0.262

0.23

28.0

-

33.29

Tab. 7: Main results for the optimization of the SDHC system with FPC and located in Barcelona.
Volume (V)
m3

Solar Collector
surface (Sc)

Solar yield
kWh m-2

m2

Ratio
Sc/Energy
demand

Ratio V/Sc
m3/m2

2

m /MWh

Solar
fraction
heating

Solar
fraction
cooling

%

%

Specific cost
25 years
€ MWh-1

10000

6062

589

1.161

1.65

71.2

49.6

38.18

5000

5085

598

0.974

0.98

60.3

45.6

35.96

3000

4505

605

0.863

0.67

54.7

40.1

34.86

1500

3823

615

0.732

0.39

48.4

31.5

33.89

1000

3850

611

0.737

0.26

48.1

33.5

33.54

500

3411

616

0.653

0.15

43.9

27.4

33.19
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Tab. 8: Main results for the optimization of the SDHC system with ETC and located in Barcelona.
Volume (V)
m3

Solar Collector
surface (Sc)

Solar yield
kWh m-2

m2

Ratio
Sc/Energy
demand

Ratio V/Sc
m3/m2

2

m /MWh

Solar
fraction
heating

Solar
fraction
cooling

%

%

Specific cost
25 years
€ MWh-1

10000

3671

1073

0.703

2.72

72.8

79.6

34.91

5000

3237

1067

0.620

1.54

62.6

76.7

33.55

3000

2878

1070

0.551

1.04

56.1

68.1

32.92

1500

2686

1060

0.515

0.56

52.4

62.0

32.40

1000

2410

1069

0.462

0.41

48.3

53.3

32.21

500

2122

1070

0.406

0.24

43.8

43.1

32.15

Tab. 9: Main results for the optimization of the SDHC system with FPC and located in Madrid.
Volume (V)
3

m

Solar Collector
surface (Sc)

Solar yield
-2

kWh m

m2

Ratio
Sc/Energy
demand

Ratio V/Sc
3

2

m /m

m2/MWh

Solar
fraction
heating

Solar
fraction
cooling

Specific
energy cost
25 years

%

%

€ MWh-1

10000

6191

606

0.870

1.62

50.0

56.9

36.69

5000

5021

617

0.705

1.00

42.1

46.4

35.21

3000

4632

621

0.651

0.65

39.5

43.1

34.42

1500

4712

614

0.662

0.32

39.2

46.2

33.76

1000

4065

624

0.571

0.25

35.3

37.6

33.54

500

3812

623

0.535

0.13

33.4

34.4

33.35

Tab. 10: Main results for the optimization of the SDHC system with ETC and located in Madrid.
Volume (V)
3

m

Solar Collector
surface (Sc)

Solar yield
-2

kWh m

m2

Ratio
Sc/Energy
demand

Ratio V/Sc
3

2

m /m

m2/MWh

540

Solar
fraction
heating

Solar
fraction
cooling

%

%

Specific cost
25 years
€ MWh-1

10000

4516

1054

0.634

2.21

60.9

85.2

38.18

5000

3917

1056

0.550

1.28

52.0

79.2

35.96

3000

3492

1058

0.491

0.86

47.1

69.8

34.86

1500

2916

1073

0.410

0.51

41.2

55.1

33.89

1000

2805

1068

0.394

0.36

39.8

51.6

33.54

500

2408

1071

0.338

0.21

35.5

40.8

33.19

Tab. 11: Main results for the optimization of the SDHC system with FPC and located in Sevilla.
Volume (V)
3

m

Solar Collector
surface (Sc)

Solar yield
-2

kWh m

m2

Ratio
Sc/Energy
demand

Ratio V/Sc
3

2

m /m

m2/MWh

Solar
fraction
heating

Solar
fraction
cooling

%

%

Specific cost
25 years
€ MWh-1

10000

5202

759

0.847

1.92

90.6

38.6

31.85

5000

5118

750

0.834

0.98

85.4

41.3

29.77

3000

5041

746

0.821

0.60

83.1

41.4

28.78

1500

4504

757

0.734

0.33

77.9

35.8

27.87

1000

4274

764

0.696

0.23

75.9

33.4

27.44

500

4112

763

0.670

0.12

73.5

32.1

27.17

Tab. 12: Main results for the optimization of the SDHC system with ETC and located in Sevilla.
Volume (V)
3

m

Solar Collector
surface (Sc)

Solar yield
-2

kWh m

m2

Ratio
Sc/Energy
demand

Ratio V/Sc
3

2

m /m

m2/MWh

Solar
fraction
heating

Solar
fraction
cooling

%

%

Specific cost
25 years
€ MWh-1

10000

3515

1284

0.573

2.84

92.6

51.3

30.61

5000

3463

1263

0.564

1.44

90.3

53.7

28.14

3000

3285

1253

0.535

0.91

85.5

50.3

27.57

1500

3012

1254

0.491

0.50

80.1

45.2

27.03

1000

2787

1264

0.454

0.36

76.5

40.8

26.83

500

2612

1251

0.425

0.19

73.3

36.3

26.83

Finally, table 13 shows a comparison between the usual design values for central solar heating system in
central and northern Europe and the SDHC system in Spain. According to these results, it is important to
emphasize that in all the cases analysed the collector area of FPC collector per MWh of annual heat demand
are lower than the typical design values found in the literature (Schmidt et al., 2003). The main reasons that
explain this fact is the higher solar yield due to the more solar irradiation and higher ambient temperatures.
In the same way, the specific storage volume per unit area of solar collector has lower values than the typical
design guidelines (1.4 -2.1 m3/m2) apart from the case of a seasonal storage with a volume of 10000 m3.
Then, as the collector area is relatively lower, that also implies an important reduction in the storage volume.
As a result of all the fact mentioned above, the solar energy costs are relatively low and are in the order of
magnitude of the cost of the conventional energy source. On the other hand, SDHS with ETC solar collectors
show lower values of the specific area and higher values of the solar fraction and specific storage volume due
to its highest energy efficiency. Also the specific energy cost is lower although it should be highlighted that
this cost strongly depends on the specific cost of solar collectors considered in each case study.
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Tab. 13: Comparison of the design guidelines of the central solar heating systems in central Europe and the SDHC systems
with seasonal storage in Spain.

Parameter

Minimum system size
Collector area
(m2 / MWh heat demand)
Storage volume
(m3 / m2 collector area)
Annual solar yield
(kWh / m2 collector area)
Solar fraction (%)
Solar heat cost (€ MWh-1)

Central solar heating with seasonal
storage in central and northern Europe
with FPC collector

SDHC system with seasonal storage in Spain
FPC Collector

ETC collector

> 1000 dwellings
(each 100 m2)

> 1000 dwellings
(each 100 m2)

1.4 – 2.4

0.4–1.2

0.3–0.7

1.4 – 2.1

0.12 – 2.0

0.2–3.2

230 – 350

600–750

1000–1300

40 – 60

25–60

30–70

170 – 400

25–40

25–35

> 100 dwellings (each 70 m2)

4. Conclusions
In this work we analyzed the energy performance and economics of SDHC systems for residential buildings
in four Spanish cities. To do so it was necessary to estimate the thermal energy of the buildings using a
relatively simple method based on the normalization of the annual energy demand of the cooling and heating
demands by the degree-days with a variable base temperature. The results clearly show that SDHC systems
could be economically competitive with conventional systems based on the use of fossil fuels and need lower
specific area per MWh of the energy demand and lower specific volume per area of solar collector than the
solar central systems designed for central and northern Europe. Also is important to note that the storage cost
is between a 5% of the total investment for volumes around 500 m3 and a 20% for volumes around 10000
m3. Although low volumes of the seasonal storage show the low specific energy cost, the advised values for
the specific case of 1000 dwellings of 100 m2 each one are between 1500 and 3000 m3. These volumes are a
compromise with relatively low cost of the specific energy and a relatively higher solar fraction of heating
and cooling. Finally, in the case study analysed, ETC solar technology seems to be the best option.
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1. Introduction
Today, solar installations with collector areas from 10 to 20 m² and storage volumes from 0.5 to
1 m³ provide only a small solar fraction (maximally 30 %) of the total domestic heat demand.
Simultaneously, especially the field of conventional domestic heat supply generates a big fraction
of the world wide CO2 emission. In order to reach higher solar fractions (50 % or more) in solar
supported buildings, larger and better insulated storage tanks are necessary to achieve seasonal
heat storage in the ideal case. But also for the intermediate storage of district heat (80°C - 130°C)
or industrial process heat at even higher temperatures, storage tanks with improved thermal
insulation are necessary to use energy more efficiently.
For many years, the technique of vacuum super insulation (VSI) with expanded perlite has been
used for cryogenic applications, especially for the storage of liquid gases at temperatures between
20 K and 90 K. Expanded perlite is an amorphous, highly porous, granular material of volcanic
origin, see figure 1. Its two main components are SiO2 (70 %) and Al2O3 (15 %). Due to the small
pore diameters and the small distances between the grains, gas conduction in the pores and in the
intergranular spaces is suppressed already in the regime of fine vacuum (p = 0.01 mbar). As a
consequence of the filigree structure of the material, solid conduction is inhibited to a great extent.
Furthermore, thermal radiation is efficiently blocked by multiple absorption and re-emission in the
opaque solid. Due to these properties and as a consequence of the temperature dependency of the
4
radiative heat transport, which scales with T , effective thermal conductivities λeff as low as
3 to 5 mW/mK have been realized at cryogenic temperatures. Compared to conventional insulation
materials like polyurethane or rock wool at ambient temperature, the thermal conductivity is
lowered by a factor of 6 to 10. Moreover, perlite super insulations are more space-efficient
compared to conventional insulation materials, and they have no problems regarding humidity or
shrinking during their lifetime. In real cryogenic tanks, the perlite is homogenously filled into the
annular gap between two concentric steel cylinders and subsequently evacuated to 0.01 mbar or
lower, see figure 2.
In a current federally granted research project at ZAE Bayern (grant number 0325964A, German
ministry of environment), the approach is pursued to apply perlite-based VSI also at higher
temperatures. Primarily, the long-term and seasonal storage of hot water up to T = 100 °C in solar
thermal heating systems is considered, although other fields of application like the storage of
industrial process or district heat could benefit even more from VSI because of the higher
temperatures.

Figure 1: Raw perlite (a) and technically expanded perlite powder (b).
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Figure 2: Schematic sketch of a typical cryogenic storage for liquid gases.

2. Laboratory Experiments on Evacuated Perlite
So far, experimental data for the effective thermal conductivity λeff of evacuated perlite at higher
temperatures has been very rare. Furthermore, the single heat transport mechanisms have never
been quantified. Also the effect of moisture, which is present during the transport, loading and
evacuation process at ambient conditions, and its behaviour at higher temperatures has not been
investigated yet. Therefore, various experiments have been performed in order to determine λeff at
different temperatures (20 °C - 150 °C), vacuum pre ssures (0.001 - 1000 mbar), bulk densities (55
kg/m³ - 95 kg/m³) and grain structures. Effective thermal conductivity measurements have been
done in an existing parallel plate setup (figure 3) and in a cut-off cylinder apparatus, which has
been specially designed and set up during the research project, see figure 4. The central
component of both devices is an electrically heatable plate or tube, and the electrical heating power
Pel is measured, which is needed to keep the heating element at a constant temperature. In the
stationary case, Pel is equal to the heat flux through the sample material to the colder surroundings
(plates or cylinder). The respective temperatures are measured and controlled to constant values.
For the experimental investigation of the thermal conductivity, the commercially available perlite
“Technoperl C1,5” from the Austrian manufacturer Europerl, Stauss-Perlite GmbH has been used.
In addition to the effective thermal conductivity measurements, the radiative heat transfer has been
examined separately using Fourier transform infrared (FTIR) spectroscopy. In particular, the
spectral mass-specific extinction coefficient has been measured. According to the theory of diffuse
radiation heat transport in powder insulations, this quantity determines the radiative thermal
conductivity, together with the application temperature and the corresponding Planck-spectrum,
see figure 5. As a consequence, the radiative thermal conductivity λrad of the perlite powder can be
calculated for a wide range of temperatures.
From measurements in the high vacuum range, where gas heat conduction is totally suppressed,
the sum of radiative and solid conduction has been experimentally determined. Subtracting λrad,
one obtains the solid conduction, see figure 6.
At higher vacuum-pressures, one can subtract the solid and radiative contributions from the total
effective thermal conductivity, which yields the thermal conductivity λgas that describes gas
conduction (figure 7).
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Figure 3: Parallel plate setup of the ZAE Bayern for measuring effective thermal conductivities as a
function of temperature, vacuum pressure and density, which is varied by an external load applied
via the piston (9).

Figure 4: Cut-off concentric cylinder apparatus of the ZAE Bayern to determine thermal
conductivities of powder insulations at different temperatures and vacuum pressures.

Figure 5: Experimental wavelength-dependent, mass-specific extinction coefficient of perlite (left)
and Planck spectra (right, [1]), by which the spectral extinction has to weighted to get the integral
extinction.
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Figure 6: Experimentally determined solid thermal conductivity as a function of bulk density and
temperature of the sample. Starting from the density of 55 kg/m³, the higher densities have been
realized by external pressure in the parallel plate apparatus.

Figure 7: Pressure-dependent gaseous thermal conductivity of evacuated perlite at ρ = 55 kg/m³,
measured in the cut-off cylinder apparatus at temperatures of T = 150°C for the interior hot tube
and T = 50°C for the cold exterior cylinder.

3. Theoretical Treatment of the Heat Transport in Evacuated Perlite
In order to interpret and compare the extensive measurement data, a comprehensive theoretical
understanding of the different heat transport mechanisms contributing to the effective thermal
conductivity of evacuated perlite has been developed, and it has been possible to explain the
results of all different measurements in a consistent way. It is not possible to go in details here, but
summarizing, it can be said that for this theoretical description, conventional approaches and
models have been used, which have successfully been applied to similar super-insulating systems
during the last decades, and which can be found in literature [2]: The pressure dependency of
gaseous conduction has been characterized using the Sherman interpolation between the
continuum at high pressures and the regime of free molecular flow at low pressures. Regarding the
solid thermal conductivity, a linear dependency on density has been derived from the experimental
data. This result is in agreement with other empirical findings. However, the initially assumed
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dependency of solid conduction on temperature has not been observable. Radiative heat transport
has been treated using the heat diffusion model, which describes absorption and scattering of
thermal radiation within a material and allows the introduction of a radiative thermal conductivity.
For the gas conduction in the intergranular spaces, also referred to as coupling effect, a special
new model for perlite has been developed, based on approaches, which have originally been
applied to particle beds in general, and have also been adapted to aerogels in particular [3].

4. Experiments on a Real-Size Prototype
To transfer the results from the laboratory experiments and the theoretical calculations into a
practical application and to verify the predictions, a real-size cylindrical storage prototype with a
water storage volume of V = 16.4 m³, an outer diameter of 2.4 m and a 20 cm thick insulation layer
of evacuated perlite has been constructed by the industrial project partner Hummelsberger GmbH
in Mühldorf, Germany (figure 8). This prototype allows experiments under practical conditions. The
bulk density of the homogenously distributed perlite in the annular gap is 92.4 kg/m³. The storage
has been loaded with hot water (86.5 °C), and the c ooling rate has been determined over a total
interval of 10 days in December 2010 at a mean ambient temperature of -2.3 °C. The water
temperature has been measured via 6 equidistantly distributed Pt-1000 temperature sensors,
which have been installed in a small vertical tube with a distance of 30 cm to the inner storage tank
wall. The difference between the average water temperature and the ambient temperature was
∆T = 88.8 K, and the mean vacuum pressure inside the insulation was 0.08 mbar. From CFD
simulations, it has been proven that the sum of thermal losses due to supply pipelines and
suspension amounts to only 1.3 % of the total storage losses. In conventional storages in contrast,
the heat losses via the pipes can reach 70 % of the envelope losses via the insulation material [4].

Figure 8: Layout of the real-size storage tank prototype (16.4 m³ storage volume) with VSIinsulation: Photograph of the tank (left), sketch of the inner container with supply pipelines and
stratification device (right).
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The experimental cooling rate, including pipe-losses, was as low as 0.23 K/day, which is about ten
times lower as for conventional storages. The cooling rate corresponds to an effective thermal
conductivity λeff of (9.2 ± 0.2) mW/Km for the insulating evacuated perlite layer, which is in full
agreement to the theory and the results of the laboratory measurements. According to the
investigation of the different heat transfer mechanisms, λeff is composed of a radiative part of
λrad = 2.6 mW/mK, a solid thermal conductivity of λs = 5.1 mW/mK and a contribution due to gas
conduction of λgas = 1.5 mW/mK. Due to the coincidence of the maxima of the Planck spectrum at
T = 300 K and the mass-specific extinction of perlite for thermal radiation, according to fig. 5, λrad
shows an extremely low value. The lower value for λs compared to figure 6 results from the
different grain structures during both experiments (self-compression of the bulk by space-saving
arrangement in a close-packing of spheres during the filling procedure in the real-size application
versus application of external mechanical pressure in the parallel plate apparatus, resulting in
partial grain destruction and shortening of thermal resistances). From theoretical calculations, it has
been derived, that it should be possible to reduce the effective thermal conductivity of the insulation
to λeff = 7.3 mW/mK if a bulk density of around 60 kg/m³ is used and if the gas pressure is lowered
to p = 0.01 mbar. This corresponds to the minimum value that can be achieved in practice.
A last experimental task was the determination of the moisture content within Technoperl C 1,5.
According to theory, moisture in its liquid or gaseous form can dramatically increase the thermal
conductivity of an insulation. However, as a result of the experiments and due to phase diagram
considerations, these effects could be proven to be neglectable for practical applications. The
maximally measured moisture load was below 2%.

We gratefully acknowledge the public support of this work by the German ministry of environment
(BMU) under grant number 0325964A.
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1. Abstract
Double walled Fabric inlet stratification pipes made of Teflon and Polyester are investigated experimentally
with the aim to study the thermal stratification that is build up in a hot water tank. The fabric pipes are
mounted in the centre of a transparent circular acrylic tank from the bottom to the top of the tank. The
thermal stratification is investigated during charge and discharge with inlet to the fabric pipes through the top
of the tank and through the bottom of the tank. The fabric pipes are closed in the end opposite to the inlet.
During charge, the outlet is at the bottom of the tank and during discharge, the outlet is at the top of the tank.
The investigations show that the use of fabric inlet stratification pipes significantly improves the thermal
stratification compared to the thermal stratification in the tank with no inlet stratification device. This is true
both with inlet to the fabric pipes through the bottom and the through top of the tank. The investigations also
show that the thermal stratification during charging is build up best with inlet to the fabric stratification pipe
through the top of the tank while the thermal stratification during discharge is build up best with inlet to the
fabric stratification pipe through the bottom of the tank. Finally, the investigations show that thermal
stratification all in all is build up better with inlet to the fabric stratification pipes through the bottom of the
tank than with inlet to the pipes through the top of the tank.
2. Introduction
Thermal stratification in hot water storage tanks for solar heating systems can be achieved in different ways.
Excellent thermal stratification can be established in the tank when water heated by the solar collectors or
water returning from the heating system is lead into fabric stratification inlet pipes through the bottom of the
tank. The pipes are made of two concentric mounted fabric pipes with different diameters (Andersen, 2007).
With a well performing fabric stratification pipe, the cross section area of the pipe is flexible. The most
important function of the fabric stratification pipe is the ability to contract, whereby the cross section area of
the pipe is reduced. The contraction is caused by temperature differences and thereby pressure differences
between the inside of the fabric stratification pipe and the tank. When the temperature in the fabric
stratification pipe is higher than the temperature in the tank, water in the tank flows toward the fabric
stratification pipe due to lower pressure in the fabric stratification pipe. Thereby, the cross section area of the
fabric stratification pipe is reduced. This leads to a higher velocity inside the fabric stratification pipe and
thereby a higher pressure. The fabric stratification pipe contracts until the pressure difference between the
inside of the pipe and the tank is eliminated. Consequently, no water from the tank will enter the fabric
stratification pipe. Water from the fabric stratification pipe enters the tank at the level, where the tank
temperature is the same as the temperature of the entering water. It is very important that the fabric
stratification pipe is mounted vertically and that the pipe is closed in the end opposite to the inlet.
However, many tank designs have all the pipe connections in the top of the tank; hence incoming water must
enter the fabric stratification pipe through the top of the tank. Fabric stratification pipes made of one fabric
layer with inlet to the pipes through the top of the tank have been investigated by Davidson and Adams
(1994). They found that the performance was highly dependent on the fabric style and that the performance
of fabric pipes over a reasonable range of operation conditions were better that the performance of a rigid
porous manifold. The natural forces that make the fabric pipe work with inlet to the pipe through the bottom
of the tank are not the same as with inlet to the pipe through the top of the tank. During heating, the incoming
water has a low density and will therefore stay at the top of the tank regardless of a fabric stratification pipe
or not. During cooling, the pressure in the fabric stratification pipe is higher than the pressure in the tank.
Hence natural forces will make the cold water flow towards the tank in all levels. The velocity of the
incoming cold water together with the gravity will result in some kind stratification during cooling, but the
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quality of the stratification is highly dependent on the incoming velocity. Consequently, a high velocity is an
advantage during cooling. Also here it is very important that the fabric stratification pipe is mounted
vertically and that the pipe is closed in the end opposite to the inlet.
In this paper it is investigated how thermal stratification is build up in hot water storage tanks with fabric
stratification pipes during charging and discharging when heated or cooled water enters the fabric
stratification pipes through the top or the bottom of the tank. The investigations are carried out with different
two layer fabric stratification pipes made of Teflon and Polyester fibres.
3. Experimental investigations
3.1. Experimental set up
Figure 1 shows a picture of the experimental setup consisting of a transparent circular acrylic tank with a
diameter of 388 mm and a height of 1270 mm. The tank is not insulated. The fabric stratification pipes are
mounted in the centre of the tank and a forced volume flow can enter the stratification pipe either from the
bottom or the top of the tank. The outlet can take place from the bottom or the top of the tank. In this way
heated or cooled water can be charged at the top or at the bottom of the tank and water can be discharged
from the top or the bottom of the tank. The fabric stratification pipes are closed in the end opposite to the
inlet.

Heating

Cooling
Fig. 1: Experimental set up. Left: A schematic illustration. Right: A photo.

The volume flow rate is measured by Brunata HGQ energy meter. The temperatures are measured with
copper-constantan thermocouples type TT. The temperature sensors which are mounted in the tank can be
seen in Figure 1 and the sensors are positioned as shown in table 1.
Tab. 1: Sensor positions.

Sensor number
1
2
3
4
5
6
7
8
9

Height from bottom of tank [mm]
80
220
360
505
645
785
930
1075
1210
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3.2. Experiments
The thermal behaviour of three different types of fabric inlet stratification pipes made of two concentric
fabric pipes with diameters of 30 mm and 50mm is investigated during charging and discharging. The
operation conditions are:
 Charging with inlet to the fabric stratification pipe through the bottom of the tank. The start
temperature of the tank is around 20°C and the water that enters the fabric stratification pipes is
40°C. The outlet is in the bottom of the tank.
 Discharging with inlet to the fabric stratification pipe through the bottom of the tank. The start
temperature of the tank is around 40°C and the water that enters the fabric stratification pipes is
20°C. The outlet is in the top of the tank.
 Charging with inlet to the fabric stratification pipe through the top of the tank. The start temperature
of the tank is around 20°C and the water that enters the fabric stratification pipes is 40°C. The outlet
is in the bottom of the tank.
 Discharging with inlet to the fabric stratification pipe through the top of the tank. The start
temperature of the tank is around 40°C and the water that enters the fabric stratification pipes is
20°C. The outlet is in the top of the tank.
As a reference, the thermal behaviour without inlet stratification pipe is investigated during charging and
discharging through the bottom and the top of the tank. The operation conditions are as described above.
The volume flow rate is 4 l/min during charging and discharging. During the experiments, the tank is filled
with water to a level of 1225 mm. Hence the water volume is 144.5 litres.
The investigated fabrics are shown in Table 2. The fabrics are obtained from the Danish company Ohmatex
ApS during project cooperation (Perers et. al, 2009). The fabrics are knit with yarn made of Teflon and
Polyester fibres: Polyvinylidene Fluoride (PVDF) and Polyethersulfone (PES) respectively. These fibres
have some excellent qualities, among others high temperature resistance.
Tab. 2: Investigated fabric styles.

Fabric style
440 dtex PVDF
220 dtex*2 PVDF
167/36 PES
3.3. Analysis method
The tank is divided into N horizontal layers with the volume V . The temperature of each volume is
measured.
In the analysis of the “momentum of energy”, M , the energy of each layer of the tank Ei , is weighted by
the vertical distance from the bottom of the tank to the centre of each layer, yi . The energy of each tank
layer and the “momentum of energy” are:

Ei  i  ci  V  Ti

(eq. 1)

N

M   yi  Ei ,

(eq. 2)

i 1

During charging, ΔTi is the temperature difference between layer number i and the start temperature of the
tank.
During discharging, ΔTi is the temperature difference between layer number i and the end temperature of the
tank when one tank volume has been exchanged.
A mixing number is derived based on the measured temperature profile and the corresponding ideal stratified
and fully mixed temperature profiles.
The mix number is:

MIX 
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M str  M exp
M str  M mix

,

(eq. 3)

M str , M exp and M mix are the “momentum of energy” of a perfectly stratified tank, of the experiment and
of a fully mixed tank respectively. The value of the mix number is between 0 and 1 where 0 corresponds to a
perfectly stratified tank and 1 corresponds to a fully mixed tank.
The temperature profiles for the perfectly stratified tank and the fully mixed tank are calculated by means of
the measured energy content of the tank. In this way heat losses and the heat capacity of the tank material are
accounted for.
In the charging case, the low temperature equals the start temperature of the tank. The lower part of the tank
has a volume equal to the total water volume in the tank minus the water volume which has entered the tank
during the test. Based on the measured temperatures, the temperature in the upper part of the tank with a
volume equal to the water volume which has entered the tank during the test is determined in such a way that
the energy of the perfectly stratified tank is equal to the measured energy in the tank.
The temperature of the fully mixed tank is calculated based on the measured energy content of the tank at the
time t.
In the discharging case, the low temperature equals the end temperature of the tank when the whole volume
of the tank has been replaced once. The lower part of the tank has a volume equal to the water volume which
has entered the tank during the test. Based on the measured temperatures, the temperature in the upper part of
the tank with a volume equal to the total water volume in the tank minus the water volume which has entered
the tank during the test is determined in such a way that the energy of the perfectly stratified tank is equal to
the measured energy in the tank.
The temperature of the fully mixed tank is calculated based on the measured energy content of the tank at the
time t.
4. Results
4.1. Experiments
Figure 2 shows the temperature stratification in the tank in different heights after 5 minutes, 15 minutes and
25 minutes during charging test without stratification manifold with inlet through the bottom of the tank
(left) and inlet through the top of the tank (right). The outlet is at the bottom of the tank.
Thermal stratification is established in a good way if the inlet is at the top and in a very poor way if inlet is at
the bottom.

Fig. 2: Temperature profiles during charging tests without stratification inlet manifold. On the left with inlet from the bottom
of the tank and on the right with inlet from the top of the tank.

Figure 3 shows how the temperature stratification in the tank is improved when charging is performed
through stratification manifolds of two fabric layers. The temperature stratification is significantly improved
for the operation conditions with inlet through the bottom of the tank, but an improvement can also be seen
for the operation conditions with inlet through the top of the tank. In this case the improved stratification is
because the fabric inlet stratifier reduces the inlet velocity and thereby the mixing in the tank.
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Fig. 3: Temperature profiles during charging tests with stratification inlet manifold. On the left with inlet to the stratifier from
the bottom of the tank and on the right with inlet to the stratifier from the top of the tank.

Figure 4 shows the temperature stratification in the tank in different heights after 5 minutes, 15 minutes and
25 minutes during discharging test without stratification manifold with inlet through the bottom of the tank
(left) and inlet through the top of the tank (right). The outlet is at the top of the tank.
Thermal stratification is established in a good way if the inlet is at the bottom and in a very poor way if the
inlet is at the top.

Fig. 4: Temperature profiles during discharging tests without stratification inlet manifold. On the left with inlet from the
bottom of the tank and on the right with inlet from the top of the tank.

Figure 5 shows how the temperature stratification in the tank is improved when discharge is performed
through stratification manifolds of two fabric layers. The temperature stratification is slightly improved for
the operation conditions with inlet through the bottom of the tank and significantly improved with inlet
through the top of the tank the tank. The slight improvement of the temperature stratification in the case with
discharge through the bottom of the tank is because the two layer fabric pipe reduces the inlet velocity and
thereby the mixing in the tank.

Fig. 5: Temperature profiles during discharging tests with stratification inlet manifold. On the left with inlet to the stratifier
from the bottom of the tank and on the right with inlet to the stratifier from the top of the tank.
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4.2. Analysis
Figure 6 shows the mix numbers during charge and discharge without inlet stratifiers with inlet from the
bottom (left) or the top (right) of the tank. As expected, the mix number is high during charging with inlet
from the bottom of the tank and during discharging with inlet from the top of the tank. The mix number is
dramatically reduced when charging takes place from the top of the tank and discharging from the bottom of
the tank.

Fig. 6: Temperature profiles during charging tests without stratification inlet manifold. On the left with inlet from the bottom
of the tank and on the right with inlet from the top of the tank.

The thermal behaviour of the different fabric pipes with the same operation conditions is very similar and
hence only represented by one curve for each applied operation condition.
Figure 7 shows the mix numbers during charge and discharge with inlet stratifiers with inlet from the bottom
(left) or the top (right) of the tank. It can be seen that the mix numbers are reduced dramatically when an
inlet stratifier is used during charging through the bottom of the tank and during discharging through the top
of the tank. It can also be seen that the mix number improves when an inlet stratifier is used during
discharging through the bottom of the tank and charging through the top of the tank.

Fig. 7: Mix number during charging tests with stratification inlet manifold. On the left with inlet to the stratifier from the
bottom of the tank and on the right with inlet to the stratifier from the top of the tank.

Based on the mix numbers of Figure 7 it is concluded that thermal stratification all in all is established in a
better way with the inlet to the stratifier placed at the bottom of the tank than with inlet to the stratifier
placed at the top of the tank.
5. Further discussion
Andersen (2007) showed that the theoretical thermal performance of solar heating systems with perfectly
stratified tanks is much higher than the thermal performance of similar solar heating systems with non
stratified tanks and that the thermal performance improvement was strongly dependent on the solar fraction.
The smaller the solar fraction, the higher the thermal performance improvement will be. This conclusion is
independent of the system size, the total consumption and the climate.
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Figure 8 shows the performance ratio as function of the solar fraction. The performance ratio is calculated
as the thermal performance of solar heating systems with perfectly stratified tanks divided with the thermal
performance of solar heating systems with non stratified tanks. The dots in the figure represent differently
sized solar heating systems under different reference conditions. The solar heating system sizes range from
5 m2 – 60 m2 with tank volumes in the range from 0.5 m3 – 1.5 m3. The different reference conditions are
those used in the International Energy Agency taskforce 32 and Danish climate conditions.

Fig. 8: Performance ratio as function of the solar fraction (Andersen and Furbo, 2008 a).

Further it was shown that the additional solar collector area needed to increase the thermal performance as
much as the use of inlet stratifiers would result in, was increasing for increasing solar fraction making
fabric inlet stratifiers an attractive solution for increasing the thermal performance.
An inlet at the top of the tank results in perforation of the insulation material encapsulating the hot water
tank. This leads to a thermal bridge at the perforation and to a reduction of the thermal performance of solar
heating systems. Furbo (1989) showed experimentally that one pipe connection at the top of the tank would
increase the heat loss coefficient by 0.3 W/K – 0.5 W/K depending on the design of the pipe and pipe
connection. Andersen (2007) showed theoretically that the thermal performance of a small solar heating
system with an auxiliary heated volume would decrease by 20 % with a thermal bridge of 0.5 W/K. This
makes inlet stratifiers with inlet through the bottom of the tank an attractive solution for increasing the
thermal performance.
The weak point of the fabric inlet stratifier is its sensitivity towards correct mounting and the durability.
Andersen and Furbo (2008 b) investigated the long time durability of different fabric inlet stratification
pipes both in a domestic hot water tank and in a space heating tank. They found that lime in relatively short
time destroyed the functionality of the fabric pipes, not by reducing the porosity, but by making the pipes
stiff and thereby unable to contract in order to eliminate the pressure difference between the pressure in the
pipe and the pressure in the tank. They also found that the amount of deposits in the fabrics was less
important than the structure of the deposits.
The fabric styles investigated in this paper have high temperature resistance and are expected to have very
high resistance towards lime, dirt and algae deposits. This will be investigated.
6. Conclusion
Three double walled fabric inlet stratification pipes made of Teflon and Polyester fibers are investigated
experimentally. The inlet stratification pipes are made of two concentric fabric pipes with diameters of 30
mm and 50 mm. The thermal performance of the pipes is investigated during charging and discharging with
a volume flow rate of 4 l/min. Inlet to the stratification pipes is investigated both through the bottom and
the top of the tank. During charging, the outlet is at the bottom of the tank and during discharging, the
outlet is at the top of the tank. The fabric pipes are closed at the opposite end of the inlet.
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The investigations show that thermal stratification is build up in a good way with inlet to the pipe through
the bottom of the tank during charging with a high inlet temperature and in a very good way during
discharging with a low inlet temperature. When the inlet to the pipes is through the top of the tank, thermal
stratification is build up in a very good way during charging with a high inlet temperature and in a poor
way during discharging with a low inlet temperature.
All in all, thermal stratification is established in a better way with the inlet to the stratifier placed at the
bottom of the tank than with the inlet to the stratifier placed at the top of the tank.
7. Nomenclature
Quantity
Momentum of energy
Energy
Vertical distance
Volume
Specific heat capacity
Density
Temperature
Temperature difference
Number of tank layers
Mix number
Subscripts
Tank layer
Perfectly stratified tank
Experimental tank
Fully mixed tank
Maximum inlet temperature
Minimum inlet temperature
Maximum tank temperature
Minimum tank temperature

Symbol
M
E
y
V
c
ρ
T
ΔT
N
MIX

Unit
Jm
J
m
m3
J kg-1 K-1
Kg m-3
K
K

i
str
exp, experiment
mix
inlet,max
inlet,min
tank,max
tank,min

K
K
K
K
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Abstract
The laboratory of Thermal systems at CEA-INES works on seasonal storage of solar thermal
energy for household applications. Thermochemical storage has been adopted and
hydration/dehydration reactions of inorganic salts are being used. The objective of this work is to
evaluate the feasibility of a significant scale thermochemical storage system operating under
conditions as close as possible to reality. Complete hydration/dehydration cycles have been
performed using moist air both as reactive and heat transfer vector. The present paper presents
the experimental setup, an energy analysis, theoretical assumptions on thermochemical storage
and the first results of storage.
Keywords: thermochemical heat storage, chemisorption, salt hydrate, moist air, solar thermal.
Nomenclature
P [Pa]
Pref [Pa]
Pv [Pa]
T [K]
r [kgwater/kgdry air]
rout_reactor[kgwater/kgdry air]

Hr [%]
Mvap= 0.018 [kg/mol]
Hwet_air_in [J/ kgof dry air]
Hwet_air_out [J/ kgof dry air]
Hwet_air [J/ kgof dry air]
Hdry_air [J/ kgof dry air]
∆Hwet_air [J/ kgof dry air]

.

m dry _ air [kgof dry air /s]
P_th_water [W]
R = 8.314 [J/K.mol]
L [m]
T1=Twet_air_in
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Pressure;
Pressure of reference;
Partial water vapour
pressure;
Temperature;
Moisture contentabsolute humidity;
Moisture contentabsolute humidity at
the outlet of the
reactor;
Relative humidity;
Water vapour molar
mass;
Enthalpy of moist air
in the inlet of the
reactor;
Enthalpy of moist air
in the outlet of the
reactor;
Enthalpy of moist air;
Enthalpy of dry air;
Difference of enthalpy
of moist air between
the inlet and the outlet
of the reactor;
Dry air mass flow;
Thermochemical
power calculated on
humidity of air;
Ideal gas constant;
Height of the bed;
Temperature of moist
air in the inlet of the
reactor;

ν
∆Hr [J/mol]
∆Sr [J/K.mol]
∆P [Pa]
X
A [m2]
rin_reactor [kgwater/kgdry air]
hvap [J/kgof water vapor]
t [s]
U& salt [W]

m& vap_in [kgof water vapor/s]

m& vap_out

Stoichiometric
coefficient;
Enthalpy of reaction;
Entropy of reaction;
Pressure drop through
the reactor;
Advancement of
reaction;
Surface of the reactor;
Moisture contentabsolute humidity at
the intlet of the reactor;
Water vapour enthalpy;
Time;
Time variation of the
internal energy of the
salt;
Water vapour mass
flow in the inlet of the
reactor;

[kgof water vapor/s]

Water vapour mass
flow in the outlet of the
reactor;

P_th_m [W]

Thermochemical power
calculated on mass
evolution;
Thermochemical power
calculated on enthalpy
measurement in moist
air;
Temperature of moist
air in the outlet of the
reactor;
Mass;

P_th_wet_air [W]

T2=Twet_air_out
m [kg]

1. Introduction
The use of solar energy is a key element to achieve the target of 3x20 on European energy policy. Especially,
household applications of solar energy have a particular interest as approximately 33% of final energy in
Europe is used for household applications such as domestic hot water preparation and space heating [ESTIF].
Furthermore, lots of studies show [Hongois et al. 2008, Tanguy et al. 2009] that summertime solar energy
surplus is enough to satisfy household thermal energy demand.
Consequently, seasonal storage seems to be the only way to achieve high solar fractions and reduce
greenhouse gas emissions due to household applications.
A seasonal storage system designed to be used in household applications must satisfy at least the two
following scientific constraints: 1) thermal losses between summertime and winter time must be reduced at a
minimum level, 2) the volume of the storage system has to be as small as possible in order to be adapted for
residential use, or in other terms a high energy density storage technique is required. Energy density of
thermochemical storage can be up to ten times higher to the one of water. Moreover, thermochemical storage
presents no thermal losses during storage phase because heat is stored in form of chemical potential. Taking
into account these considerations, thermochemical storage seems to be the most appropriate solution for
seasonal storage.
According to [Tanguy et al. 2009, Tanguy et al. 2010] a thermochemical system needs around 5-10 tons of
solid material. A power of 2-4 kW should be provided by the reactor. A lot of, very interesting, experimental
setups on that domain presented up to now are using small quantities of salts [Bertsch et al. 2009], with small
output powers (inferior to 0.5 kg and 8 W) [Hongois et al.. 2010]. The first up scaled reactor was presented
by ECN (3.6 kg) [Zondag et al. 2010a, Zondag et al. 2011].
The goal of this work is to evaluate the feasibility of a significant scale thermochemical storage system
operating under conditions as close as possible to reality. Furthermore, a critical point for thermochemical
storage systems is the stability of materials through time and their ability to provide stable performances for
a long period (15 to 30 years at least). This is a very important parameter in order to evaluate investment
costs [Zondag et al. 2010b] and to convince industrial partners and consumers of payback interest of that
technology. A second goal of this paper is to examine stability of thermochemical material after several
reaction cycles and their ability to provide constant performances through time.
2. Reaction
Thermochemical storage uses the heat of reversible endothermic/exothermic reactions in order to store heat.
The general form of such a reaction is the following one:
A + B  C + heat
The choice of the reaction is a crucial point on thermochemical storage. That choice is conditioned by the
following considerations: 1) temperature of endothermic reaction must be compatible with the available solar
field and with the type of solar collectors used; 2) temperature of the exothermic reaction must be in phase
with the thermal application to fulfil; 3) separation of reactants have to be performed easily; 4) sanitary and
environmental risks have to be taken into consideration.
Among all the potential reactions, taking into account that our goal is to develop a household system, which
implicates specific sanitary constraint, and since flat plate collectors are supposed to be used, the choice of
hydration/dehydration reactions of inorganic salts has been adopted. It consists in reversible solid (S2)-solid
(S1)/ gas (G) reaction (also called chemisorption) [K. Edem N’Tsoukpoe et al. 2009] of the following
general form:
S1+ ν.G S2 + ∆Hr
These reactions present a mono-variant equilibrium between the hydrate and the dehydrate form of the
reactive. The equation linking pressure to temperature for such a case is:
ln (Pv/Pref)= – ∆Hr/RT + ∆Sr/R
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Both exothermic and endothermic reaction temperature depend on partial water vapour pressure and on
equilibrium’s position.
A lot of research teams work on the selection of reactive material. Many different reactions have been
proposed [van Essen et al. 2009a, van Essen et al. 2009b, Bertsch et al. 2009, Kerskes et al. 2010, Hongois et
al. 2008, Hongois et al. 2011]. Our study focuses mainly on the reactor and less on material selection. For
those reasons, we chose to use aluminium potassium sulphate 12-hydrate (KAl(SO4)2.12H2O), purity > 99%.
Physical and chemical characteristics of that material are not so good in comparison to other materials [Table
1]; however it presents very few sanitary risks and this is the main raison of our choice in this first step. A
first series of tests are performed with this salt in order to confirm our methodology, afterwards further tests
are going to be carried out with other reactive materials more adapted to our case.
Table 1 : Material comparison characteristics.

Reaction

Energy
density
(kWh/m3)

KAl(SO4)2
(3/12)

MgSO4
(1/7)
[van Essen et
al. 2010]

Al2(SO4)3
(5/18)
[van Essen et
al. 2010]

MgCl2
(2/6)
[van Essen et
al. 2010]

CaCl2
(0/2)
[van Essen et
al. 2010]

409

686

600

589

400

Our project partner, PROMES-CNRS investigated this reaction. According to PROMES there are two
different hydrates, a 12-hydrate and a 3-hydrate. The reaction between the 12-hydrate and the 3-hydrate
aluminium potassium sulphate is being used. The equilibrium curve of twelve- to three-hydrate
superimposed to psychometric charts is given in [Figure 1] (red curve).
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Figure 1 : Equilibrium curve and layer zone in moist air diagram

The maximum difference of temperature (elevation for exothermic reaction or decrease for endothermic
reaction) that is induced by thermochemical reactions depends on two parameters: 1) the position of the
equilibrium curve of the reaction and 2) on the inlet airflow conditions (temperature and partial water vapour
pressure). According to the deviation from equilibrium, the difference of temperature induced by the reaction
is more or less important.
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Moreover, another phenomenon, which should be taken into consideration, is the formation of a hard
impermeable layer observed in some hydration reactions [Rambaud 2009, van Essen et al. 2010, Zondag et
al. 2010a]. [Zondag et al. 2010a] explains that phenomenon is due to an overhydration of the reactive salt
during hydration reaction. PROMES and [Rambaud 2009] also gave a theoretical explication of that
phenomenon. The formation of that hard impermeable layer takes place only in some hydration reactions,
depending on particular temperature (T) and partial water vapour pressure (Pv) conditions. Under these Pv, T
conditions during hydration reaction, water vapour presence is so important that it leads to the formation of a
saturated solution which results to the formation of this hard impermeable layer observed. For the case of
aluminium sulphate hydrate, we estimated the area of danger, noted as “layer zone” on [Figure 1].
3. Experimental setup and measurement
The experimental set up is composed, in series, of two air filters on the circuit inlet, a fan , a heating coil, a
humidifier, the reactor and two air filters on the circuit outlet. A schematic diagram of the experimental setup
is provided in [Figure 2]. Indoor air at 20°C is being used. An integrate, packed bed reactor containing an
important quantity of salt (25 kg) is used, covering a square surface reactor of 0.64m². The packed bed has a
height of 40mm; the porosity of the bed is around 42% and the energy density of the hydrated bed around
240 kWh/m3. The reactor has been designed so that airflow is as uniform as possible through the reactor.

Inlet of the
reactor
T, Hr

Air filters
∆P

Packed bed
reactor

Heating
coil

Humidifier
Outlet of the
reactor
T, Hr

Air filters
Fan

Balance
Airflow measurement

Figure 2 : Schematic presentation of the experimental setup.

The data measured are listed here below:
• Airflow temperature at the inlet and the outlet of the reactor, using PT100 sensors calibrated to 0.1K;
• Airflow temperature inside the reactor [Figure 3], using J-type thermocouples calibrated to +/-0.2 K;
• Inlet and outlet airflow humidity using two capacitive moist sensors (HUMICHIP, 17205 HM,
VAISALA);
• Pressure drop over the reactor, using a pressure transmitter of an accuracy +/-0.5% of reading value +/-1
Pa;
• Reactive mass evolution using an 100g accurate balance (5000 series, VFP/VFS-600, OHAUS).
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Air flow
1

2

Reactive bed

3

Air flow

Figure 3 : Temperature measurement inside the reactor.

4. Operating conditions
Our goal is to study the feasibility of a thermochemical storage system operating under realistic conditions.
Since such a system operates with moist air, outdoors temperature and relative humidity are two crucial
parameters. A studied carried out to climate data in the case of France give us the following result:
• Outdoor conditions during non-heating period (summer and a part of autumn and spring):
T= 20 to 40°C ; r= 10-20 gwater/kgdry air
• Outdoor conditions during heating period (winter and a part of autumn and spring):
T= -8 to 20°C ; r= 1-10 gwater/kgdry air
The experimental setup is designed so that test can be operated in conditions as close as possible to realistic
outdoor conditions.
For all the tests presented in this paper, indoor air was blew in at a flow rate of 150m3/h and a temperature of
20°C.
4. 1. Dehydration conditions
Operating conditions at the reactor inlet during dehydration mode were: T=65°C and r=indoor air absolute
humidity.
4. 2. Hydration conditions
Some studies [Tanguy et al. 2010] show that hydration reaction rate is limiting in comparison to dehydration.
After air treatment, operating conditions at the reactor inlet, for all hydration tests were: a temperature of
T=15°C and an absolute humidity of r=7-8 gwater/kgdry air. These conditions are situated out of the “layer
zone”.
5. Experimental results and discussions
5. 1. Energy balance
A crucial point for thermochemical storage is to be able to provide the power demanded by the heating
system. Thermochemical power was calculated during the tests carried out, according three independent
methods presented below. The analysis is performed only for stationary operation of thermochemical
storage; it does not take into consideration transitory phases.
The system is composed of the reactive salt and moist air. Exothermic reaction is induced by the
consumption of water vapour contained into moist air, and the heat is released into the air. Moist air has then
a double role: it transports one of the reactive elements (water vapour) and at the same time it transfer heat.
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During endothermic reaction, again, moist air both transports the heat needed for he dehydration of the salt
and evacuates the water vapour released by the reaction.
A schematic representation of that energy analysis is given in [Figure 4, Figure 5]. The corresponding
equations for both hydration and dehydration reactions are the following ones:
For the reactive salt:
During dehydration reaction:

U& salt = (m& vap_in − m& vap_out ) ⋅ (hvap (T ) − ∆H r / M vap ) = dm / dt ⋅ ( hvap (T ) − ∆H r / M vap )

[W]

During hydration reaction:

U& salt = ( m& vap_in − m& vap_out ) ⋅ ( ∆H r / M vap − hvap (T )) = dm / dt ⋅ ( ∆H r / M vap − hvap (T ))

[W]

For the reactor and moist air:
m& dry _ air ⋅ (H wet_air_ou t - H wet_air_in ) = −U& salt

U& salt

[W]

= ( m& vap_in - m& vap_out ) (hvap (T1) - ∆Hr / Mvap)
( m& vap_in - m& vap_out ) ∆Hr / Mvap

( m& vap_in - m& vap_out ) (hvap(T1))

m& vap_in

m& vap_out

T1=Twet_air_in
Hwet_air_in

m& dry

m& dry _ air (Hwet_air_out -

_ air

= constant

T2=Twet_air_out
Hwet_air_out

Hwet_air_in ) = ( m& vap_in - m& vap_out ) (∆Hr / Mvap - hvap (T1))

Figure 4 : Energy analysis for hydration reaction.

U& salt

= ( m& vap_in - m& vap_out ) (∆Hr / Mvap - hvap (T2))
( m& vap_in - m& vap_out ) (hvap(T2))

( m& vap_in - m& vap_out ) ∆Hr / Mvap

m& vap_out

m& vap_in

T1=Twet_air_in
Hwet_air_in

m& dry

m& dry _ air (Hwet_air_out -

_ air

= constant

T2=Twet_air_out
Hwet_air_out

Hwet_air_in ) = ( m& vap_in - m& vap_out ) (hvap (T2) - ∆Hr / Mvap)

Figure 5 : Energy analysis for dehydration reaction.

Enthalpy of wet air is given by the enthalpy of dry air plus the enthalpy of water vapour contained into moist
air: Hwet_air = Hdry_air (T) + r.hvap (T). Enthalpy of both dry air and water vapour depend on temperature.
One can calculate them using the following equations [ASHRAE 1997]:
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H dry _ air = 1.3478 ⋅ 10−4 ⋅ T 3 + 7.15357 ⋅ 10−3 ⋅ T 2 + 1005.8281 ⋅ T
(precision: +/-0.032% for T=-25°C to +100°C; for T in [°C] in that case)

hvap = −1.004088 ⋅ T 2 + 1851.974 ⋅ T + 2500770
(precision:+/-0.022% for T=-25°C to +90°C; for T in [°C] in that case)
We also suppose that enthalpy of reaction is independent of temperature.
The thermochemical power may be defined as the power released by the exothermic reaction or needed for
the endothermic reaction. It takes into account the variation of internal energy of the salt and the enthalpy of
water, which is released (during dehydration reaction) or consumed (during hydration reaction). This is
thermal power and it can be evaluated either:
• by measuring the evolution of mass of the reactive salt (Equation 1);
• from the quantity of water consumed (hydration) or released (dehydration) during a reaction (Equation
2);
• by enthalpy measurement in moist air (Equation 3).
The corresponding equations in order to calculate thermochemical power for both exothermic and
endothermic reactions are the following ones:
For both hydration and dehydration reactions:

Pth _ m =

dm ∆H r
⋅
dt M vap
.

Pth _ water = m dry _ air ⋅ (rin _ reactor − rout _ reactor ) ⋅

[Equation 1]

∆H r
M vap

[Equation 2]

For hydration reaction:
.

Pth _ wet _ air = m dry _ air .(∆H wet _ air + (rin _ reactor − rout _ reactor ) ⋅ hvap (T1 ))

[Equation 3a]

For dehydration reaction:
.

Pth _ wet _ air = m dry _ air .(− ∆H wet _ air + (rin _ reactor − rout _ reactor ) ⋅ hvap (T2 ))

[Equation 3b]

5. 2. Dehydration – Endothermic reaction results
The main criterion indicative of the stability of the reacting materials is the advancement of the reaction (X).
X can be defined as the ratio of the quantity of salt reacted over the maximum theoretical quantity of salt that
can react. [Figure 6] shows the evolution of X through the different cycles operated under the conditions
mentioned previously. One can remark an excellent reproducibility of reaction through time except
dehydration test number 7. An explication of this difference is given in part [5. 5.].
Another important design element for a thermochemical storage system is the pressure drop through the
reactor [Figure 6]. A constant airflow of 150m3/h was regulated during the reaction. The pressure drop (∆P)
through the reactor decreases more and more slowly during a dehydration reaction up to steady state at the
end of the cycle. After each cycle, the maximal level of pressure drop decreases.
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Figure 6: Left: Advancement of dehydration reaction; - Right: Pressure drop through the reactor during dehydration reaction.

Temperature evolution through the reactive salt over time is given in [Figure 7]. This is the result for one
dehydration reaction. Similar results were observed for all dehydration tests. An important deviation from
equilibrium leads to a rather important difference of temperature.
Thermochemical power is also calculated based on the analysis presented in part [5. 1.] [Figure 7]. By
convention thermochemical power calculated by the three methods is consider being positive. We can
remark that the three curves representing thermochemical power have the same form, which is an
encouraging result.
On the other hand one can also remark important differences on the values calculated by the three methods.
The green curve was calculated by the quantity of water released during dehydration reaction
.

( Pth _ water

= m dry _ air ⋅ (rin _ reactor − rout _ reactor ) ⋅

∆H r
M vap

[Equation 2]), using capacitive moist sensors.

However, capacitive moist sensors are not accurate when the air flow is rather hot (60°C for instance), which
is the case during dehydration reaction. So, we believe that this measure is not very accurate.
The

red

curve

estimated

by

measurement

in

wet

air

.

( Pth _ wet _ air

= m dry _ air .(− ∆H wet _ air + (rin _ reactor − rout _ reactor ) ⋅ hvap (T2 )) [Equation 3b]) is calculated using

both PT100 and capacitive moist sensors. But, as important thermal gradient inhomogeneities were observed,
combined with the previous remark on accuracy of capacitive moist sensors on that region of temperatures,
we think that this measure is not very accurate.
The blue curve was calculated by measuring the evolution of mass of the reactive salt ( Pth _ m

=

dm ∆H r
⋅
dt M vap

[Equation 1]). The total mass evolution is about 8kg, while the accuracy of the balance is 100g. On our point
of view, this measure is the more accurate concerning the thermochemical power evaluation.
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Figure 7: Left: Temperature evolution in the reactive salt; - Right: Thermochemical power over time calculated by three
methods.

5. 3. Hydration – Exothermic reaction results
Advancement of reaction over time is plot in [Figure 8]. Due to regulation difficulties of the humidifier,
hydration reactions were less regular than hydration ones. Nevertheless, one can remark a very good
reproducibility except hydration test number 7. An explication of this difference is given in part [5. 5.].
The pressure drop during the reaction is given in [Figure 8]. A constant airflow of 150m3/h was imposed
during the reaction. Pressure drop through the reactor increases steadily during each hydration cycle up to a
stable value. After each cycle, the level of pressure drop decreases.

Figure 8: Left: Advancement of hydration reaction; - Right: Pressure drop through the reactor during hydration reaction.

Temperature evolution through the reactive salt over time is given in [Figure 9] for one hydration test.
Similar results were observed for all hydration tests. The presence of a reaction front is observed. The
elevation of temperature induced by the exothermic reaction is not very important. This is not a surprising
result since the operating conditions for hydration and the position of the equilibrium leads to a little
deviation from equilibrium.
Power extracted by exothermic reaction is also measured [Figure 9]. By convention thermochemical power
calculated by the three methods is consider being positive. The three curves calculating thermochemical
power have, once again, the same form. Moreover, for hydration test the three ways to calculate
thermochemical power converge much better. At those conditions of temperature and relative humidity
capacitive moist sensors perform much better and very few thermal gradient inhomogeneities are observed.
Nevertheless, for the reasons explained in the former paragraph, the most accurate way to evaluate
thermochemical power remains the mass evolution of reactive salt.
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Figure 9: Left: Temperature evolution in the reactive salt; - Right: Thermochemical power over time calculated by three
methods.

5. 4. Volume evolution
During each hydration/dehydration cycle, a variation of the volume of the salt has been observed. It is
demonstrated by a variation of the thickness of the salt [Figure 10]. The same observation was pointed out by
[Rambaud 2009, van Essen et al. 2010]. This variation was not measured but it can be estimated around 2030% of the initial thickness (in our case).

Figure 10 : Left: Height of the bed at the end of hydration reaction; - Right: Height of the bed at the end of dehydration
reaction.

5. 5. Tests in the “layer zone”
As mentioned before, hydration test 7 and dehydration test 7 present different performances in comparison to
all the other hydration/dehydration cycles. During the 7th hydration test, relative humidity was Hr=90% due
to a problem with the humidifier controller. The conditions of that test were in consequence inside the “layer
zone” inducing the formation of a layer [Figure 11], which explains a faster evolution of X [Figure 8]
together with increased pressure drop compared with previous hydration tests [Figure 8].
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Figure 11: Formation of the top layer.

The following dehydration test (dehydration number 7) took place at the same conditions as all dehydration
tests. One can notice that X increases slower [Figure 6] than in the other tests. Moreover, the pressure drop
through the reactive salt decreases sharply [Figure 6]; the explanation being that the volume reduction of the
salt broke the layer.
Furthermore, performances measured during the following cycles showed similar results to the ones before
the formation of the layer [Figure 6, Figure 8]. This is a very encouraging observation. It proves that, for our
experimental configuration, the formation of the layer does not induce any major problem. It can be
explained because the height of the bed is L= 40mm and the surface is A=0.64m2 it, gives a ratio A/L=160.
In the experimental setup of ECN [van Essen et al. 2010, Zondag et al. 2010a], this ratio (A/L) is much
smaller, so the formation of the layer can cause more difficulties.
6. Conclusions
This paper presents the experimental setup, an energy analysis and some theoretical assumptions on
thermochemical storage. Moreover, the first results obtained are presented. As far as it concerns future work,
improvements have to be done to the experimental setup. More tests are going to be operated with other
reactive salts, more adapted than the one used here for household activities. Moreover, we work on the
intensification of heat and mass transfer through the reactor.
It is important to outline the good stability of the reactive material after several cycles which leads to a very
good reproducibility of the results, even if a cycle led to a top layer. This is a very important observation for
the future of thermochemical storage systems. Interesting level of thermochemical power was also measured.
Moreover, the problem of the formation of a hard layer is discussed. The results obtained show that for this
experimental configuration the formation of the layer is not a major problem. We believe that those results
constitute a first feasibility study of a significant scale thermochemical storage system operating under
realistic conditions.
These results are very encouraging and they prove that thermochemical energy storage is not only necessary
but also a realistic technological solution even if the economical evaluation of a large scale production of
such a system is not done yet.
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1.3 Solar Domestic Hot Water and Combisystems

ANALYSIS OF HYDRAULIC DESIGN OPTIONS FOR MEDIUM-SIZED SOLAR COMBISYSTEMS
Katrin Zass, Klaus Vajen, Claudius Wilhelms and Ulrike Jordan
Kassel University, Institute of Thermal Engineering, Kassel (Germany)
www.solar.uni-kassel.de, solar@uni-kassel.de

1. Abstract
The hydraulic set-up of a typical solar combisystem consists of at least four hydraulic loops (solar, auxiliary
heating, domestic hot water preparation and space heating loop). A huge variety of options exist for the
design of each loop and the interconnection of the loops. The objective of this investigation was to find
recommendations for the selection of an appropriate hydraulic design for solar combisystems that allows the
highest possible energy savings, depending on the specific boundary conditions of a heating system. First, a
market analysis was carried out to identify and analyze all possible options. After that annual system
simulations were performed for the most promising options. Based on these results two alternative design
options are proposed, one for the integration of unpressurized storages and one for storages operated under
pressure. In focus are medium-sized solar combisystems for one- and two-family houses with a collector area
of more than 15 m² and a storage volume of more than 2 m³.
2. Introduction
The hydraulic set-up of a typical solar thermal combisystem consists of at least four hydraulic loops. A
hydraulic loop comprises of a heat source and a heat sink (Schramek, 2007). The four loops are: the solar, the
auxiliary heating, the domestic hot water (DHW) preparation and the space heating (SH) loop (see fig. 1).
auxiliary
heating

DHW-preparation
tank
in tank

SH loop

solar loop

Fig. 1: Example for the hydraulic design of a small solar thermal combisystem

A huge variety of options exist to interconnect the hydraulic components and loops of a solar thermal
combisystem. This paper aims to give guidance on the selection of an appropriate hydraulic design that
allows the highest possible energy savings, depending on the specific boundary conditions of a heating
system. In a first step, a market analysis was carried out in order to get an overview of these, often very
complex, hydraulic schemes. This analysis revealed that the design of each hydraulic loop in a solar thermal
combisystem can be characterized by the following four main features:
1.

The realization of the charge and discharge process (with or without stratification devices, with internal
or external stratification devices).

2.

The integration of the heat storage (with or without additional heat exchanger for operation as
unpressurized storage).

3.

The type of heat exchangers that are used (external plate heat exchanger or internal coiled tube heat
exchanger).

4.

The integration of the auxiliary heating (via auxiliary volume or increase of the return flow
temperature).

In a next step, typical hydraulic schemes for each loop were identified and the specific boundary conditions
were defined and described. The option to integrate the auxiliary heater via increase of the return flow
temperature was not part of the investigation. Only auxiliary heating via an internal auxiliary volume in the
storage is considered within this paper.
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Subsequently, annual system simulations were performed for a selected number of design options in the
simulation environment TRNSYS (Klein et al., 2009). The influence of the charge and discharge strategy
(feature 1 in the list above) on the performance of a medium-sized solar thermal combisystem has already
been discussed in previous work: (Zass, 2007 and 2008). There, the impact is discussed of external
stratification devices (i.e. valves that allow the water to enter the storage in two different heights) and
internal stratification devices (i.e. pipes with several holes placed inside the storage) on the fractional energy
savings fsav,ext. The details of these investigations are therefore not further explained in this paper. The same
accounts for the influence of further parameters and system settings, like the settings of volume flow rates
and set temperatures or the operation of a circulation line (see tab. 6).
Finally, based on these cumulated results, recommendations for the hydraulic design of medium-sized solar
combisystems are made.
3. Analysis of hydraulic design options for the four hydraulic loops
3.1. Solar loop
With the charge and discharge strategy, the integration of the heat storage and the type of heat exchanger
used, three main differences in the design of a hydraulic loop for solar thermal combisystems were identified.
In case of the solar loop, the integration of the heat storage is usually done via a heat exchanger. This is
needed for the separation of the collector fluid and the water in the storage. For the solar loop design it does
not matter whether the storage is operated under pressure or not.
Collectors that are filled with water without the addition of an antifreeze mixture are also technically
feasible. The frost protection can then be realized by draining (Drain-Back-System) or by heating the
collector loop in winter. Then, a heat exchanger is not needed. However, the use of water in the collector
loop still poses technical challenges for components and controllers and is so far only a niche product in
Central Europe.
In total six different hydraulic design options for the solar loop were identified (see tab. 1), when combining
the different possibilities for charging and discharging (with internal or external stratification devices) with
the different types of heat exchangers (internal or external).
Tab. 1: Hydraulic design options for the solar loop (only options with heat exchanger, the grey options are not considered)

type of heat exchanger →
charge strategy ↓
1. without stratification device

2. internal stratification
device

3. external stratification
device
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a) external heat exchanger

b) internal heat exchanger

The use of an external stratification valve to switch between two internal heat exchangers that are installed in
different heights is very complex and costly. This option was therefore not part of the following simulation
study. The option with an internal stratification device with internal heat exchanger was also not simulated.
Previous investigations (Jordan and Vajen, 2002a, 2002b and Lorenz et al., 2000) have already shown that
internal stratification devices have a similar influence on the fractional energy savings for internal as well as
for external heat exchangers. Therefore, the results of the variants with external heat exchanger, with and
without stratification devices, already indicate which improvements are feasible for internal heat exchangers.
3.2. DHW preparation
As for the solar loop, the combination of the different possibilities for charging and discharging and the type
of heat exchanger used results in six hydraulic design options for the DHW preparation (see tab. 2). The
option with internal heat exchanger and external stratification device (3b in tab. 2) is rather expensive and
cannot be found on the market. This option was not simulated, as well as an internal heat exchanger and
internal stratification device (2b in tab. 2). For the option 2b is assumed that, as for the solar loop, the
influence of the discharge strategy on the fractional energy savings is the same for internal and external heat
exchanger.
Tab. 2: Hydraulic design options for the DHW preparation (only options with heat exchanger, grey options are not considered)

type of heat exchanger →
discharge strategy ↓
1. without stratification device

a) external heat exchanger

b) internal heat exchanger

2. internal stratification device

3. external stratification
device

Systems with a large hot water demand are often equipped with an additional DHW-storage. This is not only
used as auxiliary volume but also provides a constant hot water temperature.
For small as well as for large systems, the on-demand DHW preparation via external heat exchanger units (so
called hot water preparation units) were more and more in demand for the last years.
In a German market review from 2010 (Meyer, 2010) 46 suppliers of hot water preparation units for singleund multi-family houses were listed. Two years earlier (Meyer, 2008), there were only 22. Compared to
DHW-storages and internal tube heat exchangers, these hot water preparation units only have a very small
volume of stored hot water and thus ensure a hygienic hot water preparation.
The control of the hot water temperature is either realized by mixing of the return flow with the forward flow
from the storage or with the aid of a modulating pump which adapts the flow rate on the primary side. A
modulating pump was used for the simulations here. With an internal heat exchanger the control can only be
realized by mixing the return flow to the forward flow with the aid of a thermostatic mixing valve (see tab. 2,
right column).
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3.3. Space heating loop
Other than for the solar loop and the DHW preparation, the SH loop is usually directly connected to a storage
without the use of a heat exchanger. This is possible as long as the storage is operated under pressure. When
integrating an unpressurized storage or a floor heating system, a heat exchanger is required to separate the
different pressure levels. In total, the combination with the different discharging strategies and the type of
heat exchanger used gives 9 hydraulic design options for the SH loop (see. tab. 3).
Again it is assumed that the influence of the discharge strategy on the fractional energy savings is the same
for internal and external heat exchanger. They are thus not taken into consideration for the following
simulation study.
Tab. 3: Hydraulic design options for the SH loop (only options with heat exchanger, the grey options are not considered)

type of heat
a) without heat exchanger b) external heat exchanger c) internal heat exchanger
exchanger →
discharge strategy ↓
1. without
stratification device

2. internal
stratification device

3. external
stratification device

3.4. Auxiliary heating
As for the SH loop, a heat exchanger is required to separate the different pressure levels in case the storage is
unpressurized. This leads to three possible hydraulic design options for the auxiliary heating loop, depending
on which type of heat exchanger is used, see tab. 4.
The implementation of a stratification device is not considered as being useful in the auxiliary heating loop.
The charging of the auxiliary volume is usually done at a constant set temperature. With a stratification
device, the forward flow would always enter the storage at the highest level. This can also be achieved with a
fixed inlet.
Tab. 4: Hydraulic design options for the auxiliary heater integration

a) without heat exchanger
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b) external heat exchanger

c) internal heat exchanger

4. System simulations
The annual system simulations described in the following were done with the simulation tool TRNSYS
(Klein et al., 2009).
4.1. Definition of fractional energy savings
The parameter “extended fractional energy savings” (fsav,ext) is used as an indicator for the performance of the
solar thermal system. It was defined in the IEA-SHC Task 26 as the saved “combined total energy
consumption of the solar combisystem” (Etotal,solar), compared to the “combined total energy consumption of a
reference system” without solar assistance (Etotal,ref) (Weiss et al., 2003):

f sav , ext = 1−

E total , solar
E total , ref

…(eq. 1)

This definition does not only take the auxiliary energy consumption of the systems into account, but also the
parasitic energy consumption for pumps and controllers.
A medium-sized solar thermal combisystem for a single family house was defined as reference system for
the investigations. All simulation results presented in the following are compared to the f sav,ext value of this
reference system.
4.2. The reference solar thermal system
In order to achieve fractional energy savings of more than 30 %, a collector with 20 m² was combined with a
storage of 3 m³. Typical hydraulic set-ups were selected for the four hydraulic loops of the reference solar
thermal system according to the current state-of-the-art, which was defined within the frame of IEA-SHC
Task 26 “Solar Combisystems” and Task 32 “Advanced Storage Concepts for Solar and Low Energy
Buildings” (see fig. 2).

collector area: 20 m²,
collector: Type 323

condensing gas burner: 10 kW,
Type 370
DHW-preparation: 3.000 kWh/a,
heat exchanger: Type 805

pipe, Type 31
auxiliary vol.:
0.3 m³

weather: Zurich,
Type 109

solar buffer
vol.: 2.7 m³

heat exchanger, Type 5

controlled pump, Type 803

radiator: Type 362

Type 340
thermostatic mixing valve and
T-piece: Type 11b and 11h

SH demand:
8.400 kWh/a,
building: Type 65a

Fig. 2: Hydraulic design of the reference solar thermal system and the most relevant used TRNSYS-types

External heat exchangers are applied for both, the collector loop and domestic hot water preparation. A
condensing gas burner is used as auxiliary heater. It heats an internal auxiliary volume of 0.3 m³. The heater
is switched off during summer (from May to September) to avoid standby losses.
The controller settings, the hot water demand profile, the building model as well as the weather data file were
also defined according to the recommendations of the IEA-SHC Tasks 26 and 32 or according to the state-ofthe-art. Detailed information can be found in (Weiss et al., 2003, Hadorn, 2005 and Heimrath and Haller,
2007). The reference conditions and settings are summarized in tab. 5. The alternative values for varied
parameters can be found in (tab. 6).
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Tab. 5: Parameter settings and boundary conditions for the annual system simulations in TRNSYS.

collector area (aperture area)

20 m² (flat plate)

auxiliary volume

0,3 m³

storage volume

3 m³

UA-value storage

5,6 W/K

DHW demand (w/o circulation)

200 l/d

space heating demand

8.400 kWh/a

design temperatures for space heating

flow: 40°C/ return: 35°C (ambient temp. -10°C)

location

Zürich

orientation

South

collector tilt angle

45°

auxiliary heating

condensing gas burner, 10 kW

set temperature for DHW/ auxiliary heater

45°C/ 63°C

simulation time step

3 min

tolerances for integration/ convergence errors

0,03 % / 0,03 %

Tab. 6: Settings of varied parameters

Parameter

reference conditions

alternative value

40/35

55/35

15

35

45/63

60/70

0

8

design temperature for SH loop
specific flow rate in the collector loop in l/m²h
set temp. for hot water preparation/ auxiliary heater in °C
running time of circulation pump in h/day

4.3. Modelling of the internal and external heat exchangers
A capacity free counter flow heat exchanger was applied for the simulation of the external heat exchangers in
TRNSYS (TRNSYS Type 5b, in Klein et al., 2009). The effectiveness of the heat exchanger and the
resulting outlet temperatures are calculated with a given UA-value as well as inlet temperatures and mass
flow rates as input values.
An adapted version of this heat exchanger model (described in Heimrath and Haller, 2007) was used for the
DHW preparation. Here, the mass flow rate of the primary side is not an input but is calculated in an iterative
process in dependence of the inlet temperatures and the mass flow on the secondary side, such that a given
DHW outlet temperature on the secondary side is achieved.
UA-values as recommended in (Heimrath and Haller, 2007) were used for external heat exchangers for
DHW preparation and solar loop. The dimensioning of the UA-values for the external heat exchangers in the
SH loop and in the auxiliary heating are based on an average temperature difference of 5 K and the
maximum required heating rates of 4.6 kW (SH loop) and 10 kW (auxiliary heating, values see tab. 7).
The respective function of the storage model according to (Drück, 2006) was used for the simulation of the
internal heat exchangers. This model only allows for the integration of up to four internal heat exchangers, of
which just two can be placed side by side in the same storage level. That is why the option with internal heat
exchanger for the auxiliary heating loop was not simulated.
As for the external heat exchanger, the internal heat exchangers were modeled with constant UA-values. The
dependence of mass flow and temperature was neglected. The same UA-values were assumed for internal
and external heat exchangers. These values tend to be higher than actually needed, i.e. the heat exchangers
are slightly oversized. Further calculations would be necessary for the optimal dimensioning of the heat
exchangers. Also, for the internal tube heat exchangers it still needs to be verified whether the required tube
lengths fit completely into the storage.
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Tab. 7: Assumed UA-values for internal and external heat exchangers

UA-value for external heat
exchanger in W/K

UA-value for internal heat
exchanger in W/K

Solar loop

2000

2000

DHW preparation

5300

5300

SH loop

1000

1000

Auxiliary heating

2000

-

4.4. Simulation Results
Annual system simulations were performed for the hydraulic design options described in chapter 3. Fig. 5
gives an overview of the results. It shows the difference of the fsav,ext-values to the value of the reference solar
thermal system (fsav,ext = 41.92 %).The results are divided into two groups, according to their parameter
settings from tab. 6. In the upper part are shown the influence of the charge and discharge strategy (without,
with internal or with external stratification devices) and the type of heat exchanger (without, with internal or
with external heat exchangers) with parameter settings that are advantageous for the solar thermal system
operation (column “reference conditions” in tab. 6). In the lower part the results with rather unfavourable
parameter settings (column “alternative values” in tab. 6) are displayed. Moreover, the additional energy
savings achieved by increasing the collector area by 2 m² and 4 m² are presented. They allow a better
classification of the achieved results. Fig. 5 helps to illustrate the following conclusions and
recommendations:
Influence of the charge and discharge process:


With parameter settings that are advantageous for an efficient operation of a solar thermal combisystem,
as is the case for the reference system, almost no increase in the fractional energy savings is possible by
using internal or external stratification devices (less than 1 %-point, see first three rows in fig. 3 and
rows 3 to 10 in fig. 5).



The installation of stratification devices can limit the negative effect of unfavourable parameter settings
on the fractional energy savings. Improvements of up to 3 %-points are possible with stratification
devices in all loops (see last three rows in fig. 3). This confirms previous results from (Andersen and
Furbo, 2007). The highest increase thanks to a single stratification device is achieved for a stratified
discharge of the DHW preparation when the DHW set temperature is increased to 60°C and a circulation
line is in operation (Δ fsav,ext = 2 %-points, compare rows 29 and 33 in fig. 5).



The internal stratification devices are modeled as ideal stratifiers. That means it is assumed that the inlet
flow always enters the storage at the level with the same temperature. The fsav,ext-values for the internal
stratification devices are therefore at least as high as with external stratification devices. In reality the
influence of the internal device will lie in between the results for the ideal stratification and the external
stratification devices (as can be seen in fig. 3). When a stratification device shall be installed, an internal
device should be preferred, not because of the slightly better performance but because it does not need to
be actively controlled.
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no stratification device
44
42

42.55

42.46

41.92

external stratification device
internal stratification device

fsav,ext in %

40
37.46
38
36.33
36
34.41
34
32
30

reference solar thermal system

with unfavourable parameter settings

Fig. 3: Influence of the use of internal or external stratification devices in all loops on the fractional energy savings at reference
conditions in tab. 6 (three rows on the left) and with unfavourable parameter settings (“alternative values” in tab. 6, three
rows on the right).

Influence of heat storage integration and the type of heat exchangers used:


Additional heat exchangers in the SH loop and in the auxiliary heating loop lead always to a decrease of
the fractional energy savings. While the influence is small for only one additional heat exchanger (up to
3.3 %-points, rows 4, 5 and 8 in fig. 4, rows 11 to 15 in fig. 5), already considerable reductions have to
be accepted with two additional heat exchangers (4.9 %-points for internal and 5.5 %-points for external
heat exchangers, rows 2 and 3 in fig. 4 and rows 16 and 17 in fig. 5).



When comparing the fractional energy savings for internal and external heat exchangers, the higher
value is achieved with the internal heat exchanger in most cases (at the given UA-values). The reason
for this is the additional pump that is required for the operation of the external heat exchanger units. This
leads to an increased electricity consumption and thus to a reduction of the fractional energy savings.
The difference between internal and external heat exchanger is the higher the longer is the running time
of the pump. That is why the difference is negligible for the solar loop (rows 1 and 8 in fig. 4) but rather
clear in the SH loop (rows 5 and 7 in fig. 4) and for the auxiliary heating (not in fig. 4).



From this it could be concluded that the use of internal heat exchangers should always be preferred.
However, there are further aspects that have not been considered yet. On the one hand internal tube heat
exchangers cause higher pressure losses. This limits the maximum length that might be realized. On the
other hand it has to be made sure that all internal heat exchangers for all loops fit completely into the
storage. Both have to be checked individually during the planning process.
45

reference solar thermal system

44

internal heat exchanger
external heat exchanger

43
42

41.92

41.19
40.55

41
fsav,ext in %

42.01

41.50

40
38.62

39
38

37.01

37

36.41

36
35

1

2

3

4

ref. system
(external HX
for DHW and
solar loop)

all loops

all loops

aux heating

5
SH loop

6

7

8

DHW loop

SH loop

solar loop

Fig. 4: Influence of the use of internal or external heat exchangers on the fractional energy savings.
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Influence of varied parameter and system settings:


In most cases the parameters from tab. 6 have a higher influence on the fsav,ext-value than the choice of
the hydraulic design option (here referred to the charge and discharge strategy and the type of heat
exchanger installed, see rows 18 to 42 in fig. 5).



If the influences mentioned up to now are compared to the additional savings achieved by increasing the
collector area (1.6 %-points with 2 m² and 3 %-points with 4 m², see rows 1 and 2 in fig. 5) one can
observe that this increase is slightly higher than detected for the use of stratification devices (0.6 %points, see row 3 in fig. 5).
5. Summary and conclusions

Within this paper, the huge variety of design options for medium-sized solar combisystems was
characterized according to the four main hydraulic features (realization of charge and discharge process,
integration of heat storage, type of heat exchangers used and integration of the auxiliary heating). In a next
step, the most promising options were analyzed with annual system simulations. The results can be
summarized as follows:
 The influence of stratification devices on the energy savings is rather small for most of the investigated
cases. The use of internal devices gives slightly higher savings than the use of external ones.


The use of additional heat exchangers for operation of an unpressurized storage leads to a significant
decrease in energy savings for the given UA-values. This effect can be mitigated by increasing the heat
exchanger area and thus the UA-values.



When comparing the fractional energy savings for internal and external heat exchangers, the higher
value is achieved with the internal heat exchanger in most cases (at the given UA-values). The reason
for this is the additional pump that is required for the operation of the external heat exchanger units.



In most cases, changes of the external boundary conditions have a larger influence on the achievable
energy savings than the hydraulic design features.
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4

0.54

external stratification device, all loops

5

0.44

internal stratification device, SH loop

6

0.37

external stratification device, solar loop

7

0.24

external stratification device, SH loop

8

0.10

external stratification device, DHW loop

9

0.10

internal stratification device, DHW loop

10

0.09

internal heat exchanger, solar loop

11

internal heat exchanger, SH loop

12

internal heat exchanger, DHW loop

13

-0.42
-0.73
-1.37
-3.30
-4.91
-5.51

external heat exchanger, SH loop

14

external heat exchanger, auxiliary heating

15

external heat exchangers, all loops

16

internal heat exchangers, all loops

17

-0.46

circulation, internal stratification device DHW

18

-0.54

SH 55/45, internal stratification device SH loop

19

-0.57

circulation, external stratification device DHW

20

-0.82

SH 55/45, external stratification device SH loop

21

-0.83

circulation

22

design temperatures SH loop 55/45

23

HF, internal stratificaiton device, solar loop

24

HF, external stratification device solar loop

25

-1.24
-1.52
-1.79
-2.14

Tset 60°C, external stratification device DHW

26

-2.15

Tset 60°C, internal stratification device DHW

27

-2.17

Tset 60°C

28

Tset 60°C, circulation, internal stratificatin device DHW

29

Tset 60°C, circulation, external stratificatin device DHW

30

-2.77
-3.02
-4.46

SH 55/45, HF, Tset 60°C, circ., internal strat. device, all loops 31

-4.57

SH 55/45, HF, Tset 60°C, circ., add. collector area 4 m²

32

Tset 60°C, circulation

33

-4.83

SH 55/45, HF, Tset 60°C, circ., external strat. device, all loops 34

-5.59
-5.79
-6.02

SH 55/45, HF, Tset 60°C, circ., add. collector area 2 m²

35

SH 55/45, HF, Tset 60°C, circ., internal strat. device, DHW

36

SH 55/45, HF, Tset 60°C, circ., external strat. device DHW

37

SH 55/45, HF, Tset 60°C, circ., internal strat. device solar

38

-7.40

SH 55/45, HF, Tset 60°C, circ., internal strat. device SH

39

-7.48

SH 55/45, HF, Tset 60°C, circ., external strat. device SH

40

-7.49

SH 55/45, HF, Tset 60°C, circ., external strat. device solar

41

-7.51

SH 55/45, HF, Tset 60°C, circulation,

42

-6.18
-7.17

-10

7

with hydraulic design of the
reference solar thermal
combisystem

8

with external heat exchanger

1

3

internal stratification device, solar loop

2

internal stratification device, all loops

0.63

3

0.63

42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9

with internal heat exchanger

4

2

with external stratification device

5

1

additional collector area, 2m²

1.58

6

2.95 additional collector area, 4m²

with internal stratification device

-8

-6

-4

-2

0

2

4

Δfsav,ext in %-points (reference system: 41.92 %)
Fig. 5: Changes in fsav,ext compared to the fsav,ext –value of the reference solar thermal system for all described options. Upper
part: with favourable parameter settings (column “reference conditions” in tab. 6), lower part: with unfavourable parameter
settings (column “alternative values” in tab. 6). HF – high flow, circ. – circulation, strat. – stratification.
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Based on these results, a list of recommendations for the hydraulic design of medium-sized solar
combisystems is finally derived. In tab. 8 two alternative design options are proposed, one for the integration
of unpressurized storages and one for storages operated under pressure. Except for the DHW-preparation, the
use of internal heat exchangers is recommended, because of the better results compared to the external heat
exchangers. For the DHW-preparation a hygienic, fast and reliable supply at a constant temperature is
crucial. That is why an external heat exchanger is recommended. For the dimensioning of the internal heat
exchangers further aspects like the higher pressure loss and the maximum heat exchanger length that fits into
the storage have to be taken into account. The use of a stratification device is recommended when operating
a circulation line. It should be connected to the storage via a separate heat exchanger if the circulation line is
operated more than the assumed 8 h per day (Peuser et al., 2008).
Tab. 8: Recommendations for the choice of a hydraulic design.

storage operated under pressure

unpressurized storage

- internal heat exchanger solar loop,
- internal (or external) stratification device for DHW
return flow when operating a circulation line.

- internal heat exchanger in solar loop, SH loop,
auxiliary heating
- external heat exchanger for DHW preparation
- internal (or external) stratification device for
DHW return flow when operating a circulation line.

6. Acknowledgements
The presented investigations were carried out within the frame of one completed (“Development of Modular
and Compact Charge and Discharge Units for Large Combined Storages”, FKZ 0327390B, Vajen et al.,
2009) and one current research project (“Investigations on Simple and Inexpensive Charge and Discharge
Systems for Large Hot Water Storages”, FKZ 03ET1006A). The authors acknowledge the support of these
projects by the German Federal Ministry of Economics and Technology (BMWI) and by the company
Wagner & Co Solartechnik GmbH.
7. References
Andersen, E., Furbo, S., 2007. Theoretical Comparison of Solar Water/Space-Heating Combi Systems and
Stratification Design Options. Journal of Solar Energy Engineering, ASME, USA, volume 129, p. 438–448.
Drück, H., 2006. Multiport Store-Model for TRNSYS. Stratified fluid storage tank with four internal heat
exchangers, ten connections for direct charge and discharge and an internal electrical heater. Type 340.
Version 1.99F. Stuttgart University, Institut für Thermodynamik und Wärmetechnik, Germany.
Hadorn, J.-C., 2005: Thermal energy storage for solar and low energy buildings. State of the art. IEA.
Heimrath, R., Haller, M., 2007. The Reference Heating System, the Template Solar System. A technical
report of Subtask A. A Report of IEA-SHC Task 32. Institute of Thermal Engineering, Div. Solar Energy
and Thermal Building Simulation, Graz University of Technology, Austria.
Jordan, U., Vajen, K., 2002a. Einfluss verschiedener Beladeeinrichtungen auf den Ertrag eines
Kombisystems (En.: Influence of Different Charging Units on the Yield of a Combisystem). Proceedings of
Gleisdorf Solar 2002, 6. Internationales Symposium für Sonnenenergienutzung, p. 111–119.

581

Jordan, U., Vajen, K., 2002b. Einfluss verschiedener Beladeeinrichtungen auf den Solarertrag eines
typischen Kombisystems (En.: Influence of Different Charging Units on the Solar Yield of a Typical
Combisystem). Proceedings of 12. Symposium Thermische Solarenergie, 24.-26. April 2002, Bad
Staffelstein, Germany, p. 386-390.
Klein, S.A., Beckman, W.A., Mitchell, J.W., Duffie, J.A., Duffie, N.A., Freeman, T.L. et al, 2009. A
Transient System Simulation Program. The Solar Energy Laboratory, University of Wisconsin-Madison,
Madison, USA.
Lorenz, K., Bales, C., Persson, T., 2000. Evaluation of Solar Thermal Combisystems for the Swedish
Climate. Proceedings of EuroSun, 19.-22. June 2000, Kopenhagen, Denmark.
Meyer, J.-P., 2008. Frisch gezapft (En.: Freshly Tapped). Sonne Wind & Wärme, Bielefelder Verlag GmbH,
9/2008, Bielefeld, Germany, p. 68–75.
Meyer, J.-P., 2010. Hygienisch, komfortabel, effizient (En.: Hygienic, Comfortable, Efficient). Sonne Wind
& Wärme, Bielefelder Verlag GmbH, 12/2010, Bielefeld, Germany, p. 60–71.
Peuser, F. A., Croy, R., Mies, M., Rehrmann, U., Wirth, H. P., 2008. Solarthermie-2000, Teilprogramm 2
und Solarthermie2000plus Wissenschaftlich-technische Programmbegleitung und Messprogramm (Phase 3).
Abschlussbericht zu Projekt 032 9601 L, Teil 1, veröffentlichter Teil: Wissenschaftlich-technische
Ergebnisse (En.: Solarthermie-2000, sub-program 2 and Solarthermie2000plus scientific-technical
accompanying program and m0easuring program (phase 3). Final report to project 032 9601 L, part 1,
published part: scientific-technical results). ZfS - Rationelle Energietechnik GmbH. Hilden, Germany.
Schramek, E.-R., 2007. Taschenbuch für Heizung und Klimatechnik. Einschließlich Warmwasser- und
Kältetechnik (En.: Pocketbook for Heating and Air-conditioning Technology. Including Hot Water and
Cooling Technology). Volume 73, München: Oldenbourg Industrieverlag, Germany.
Vajen, K., Zass, K., Wilhelms, C., Jordan, U., 2009. Verbundprojekt Solare Gebäudeheizung: Entwicklung
kompakter Be- und Entladestationen in Modulbauweise für große Kombispeicher. (En: Joined Project: Solar
Heating of Buildings: Development of Modular and Compact Charge and Discharge Units for Large
Combined Storages). Collaboration within Task 32 of the IEA Solar Heating and Cooling Program. Final
report. Universität Kassel, Fachgebiet Solar- und Anlagentechnik, Institut für Thermische Energietechnik,
Kassel.
Weiss, W. et al, 2003. Solar Heating Systems for Houses, a Design Handbook for Solar Combisystems.
James & James Ltd, London, UK.
Zass, K., Wilhelms, C., Jordan, U., Vajen, K., 2007. Influence of Different Charge and Discharge Strategies
on the Performance of Medium-sized Solar Combisystems. Proceedings of ISES Solar World Congress
2007, Beijing, China, p. 2772–2776.
Zass, K., Wilhelms, C., Vajen, K., Jordan, U., 2008. Vergleich verschiedener Maßnahmen zur
Ertragssteigerung von solarthermischen Kombianlagen (En.: Comparison of Different Measures to Increase
the Yield of Solar Thermal Combisystems). Proceedings of 18. Symposium Thermische Solarenergie, Bad
Staffelstein, Germany, p. 284-289.

582

BRAZILIAN EXPERIENCE IN SOLAR WATER HEATING FOR LOW
INCOME HOUSES - "MY HOUSE, MY LIFE" PROGRAM
1

2

2,

3

Elizabeth M. D. Pereira , Ana Dolabella , Jorge B. Batista , Mara L. A. Motta and Jean R. Benevides
1

3

Polytechnic Institute / UNA, Belo Horizonte (Brazil)

2

Department of Climate Change / Ministry of Environment, Brasília (Brazil)

3

National Environment Management / Caixa Econômica Federal, Brasília (Brazil)

1.

Introduction

Brazil has great potential for solar energy: almost all regions of the country receive more than 2200 hours of
insolation per year. Solar water heating (SWH) is technically mature in the country, and the market has grown
over the past 5 years at average rates of 20% per year. According to data from ABRAVA (2011), the installed
collector area in 2010 was 967,000 m², with an accumulated area of 6.24 million square meters (4038 MWth).
Notwithstanding the strong growth during the last few years, market penetration is still low, and the current
penetration, 23 kWth / 1000 inhabitants, represents a level approximately 10 times lower than what Austria
and Greece had in 2008, IEA(2009).
The residential sector is responsible for 72% of the total installed collector area, mostly in high income single
and multi-family buildings. However, there have been several initiatives in the last ten years to increase the
use of solar water heating in low income dwellings, such as the Energy Efficiency Program conducted by the
electrical utilities and supervised by the National Electrical Energy Agency (ANEEL). To quantify the real
benefits resulting from the replacement of electric head showers by solar water heaters for low-income
families, measurements were taken from 2000 to 2005 at Conjunto Sapucaias, a housing development in the
metropolitan region of Belo Horizonte, Minas Gerais. The average savings achieved in 100 houses in this
period was 34.6% of the total household electricity usage, if compared to that of 1999, before the installation
of the solar water heaters, (FANTINELLI, 2006). The average electricity consumption for the houses with
SWH was 82 kWh / month and 141 kWh / month for the houses with electrical head showers only.
However, only in 2010 the Brazilian federal government took an active role on the coordination of efforts
towards the implementation of SWH in the country, with effective coordination of government actions and
clear definitions of roles and responsibilities for each agency and ministry participating in the GT SOL – a
workgroup on Solar Thermal Energy. This group, coordinated by the Ministry of the Environment, is
composed by representatives from the Ministry of Mines and Energy, Eletrobras / PROCEL, Ministry of
Cities, Caixa Econômica Federal, Ministry of Industrial Development and Foreign Trade and by the National
Institute of Metrology, Quality and Technology. Other institutions supporting the GT-SOL are GIZ,
ABRAVA and the International Labor Organization - ILO. This way, the government expects to achieve
better results through the combination of efforts and resources, especially through an integrated planning
process within the working group.
GT-SOL was in charge of developing a strategic plan for the dissemination of SWH in Brazil, which set a
goal for the accumulated installed area of 15 million m2 for water heating in Brazil by 2015. As a first action,
the GT-Sol prioritized the support to the introduction of SWH within the My House, My Life Program,
presented below.
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2.

My House, My Life Program (Minha Casa Minha Vida - PMCMV)

According to studies by the Fundação João Pinheiro (Ministry of Cities, 2010), the basic housing deficit in
Brazil is 5.89 million dwellings, 4.14 million of which are concentrated in urban areas and 82% of this total
are related to families with monthly incomes below three minimum salaries (722 €). Figure 1 shows examples
of houses either inadequate or built on risk areas which are part of Brazilian housing deficit.

Figure 1: Examples of inadequate housing in the country
To remedy such situation the My House, My Life Program was created. The program includes the land
acquisition and houses construction in state capitals and other municipalities with population equal or
greater than 50 thousand inhabitants. In 2010, approximately 400,000 new single and multi-family units, as
shown on Fig. 2, were contracted by Caixa Econômica Federal, a state owned bank which manages the
program, with a maximum of 500 houses per development.

(single-family houses)

(multi-family buildings)

Figure 2: Examples of housing built by My House, My Life Program.
As part of the program, the federal government decided to recommend the implementation of SWH for up to
40,000 of those 400,000 houses contracted in 2010. The main objectives were to add value to the housing
developments and to improve the families´ financial conditions by significantly reducing their utility
expenses. Thus, requirements were defined by the Ordinance 9324 of 02/24/2010, of the Ministry of Cities,
for the acquisition and installation of solar heating systems for social housing projects. South, Southeast and
Midwest regions were given priority due to the high market penetration of electric head showers in those
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regions (PROCEL, 2007). However, it should be noted that the decision to implement SWH was left to the
builders, which were paid an additional amount to do so. Ordinance 9324 of the Ministry of Cities defined the
maximum value paid by the government for the installed SWH systems, which also included the cost of
adding hot water piping to the house. The maximum amount paid by the government for multi-family
buildings was set at € 1.116 per dwelling and € 804 for single-family houses.
3.

Implementation of the Solar Heating System in PMCMV

The implementation steps of the program are summarized in Fig. 3 and are detailed below.

Figure 3: General steps for the implementation of SWH in the My House, My Life Program.

The first training course preceded the publication of the Ordinance, and its main goal was to demonstrate the
benefits of solar thermal technology to close to 35 engineers from Caixa Econômica, from several parts of the
country. The scope of the course included the presentation of the various components of natural circulation
solar water heating systems and an introduction to systems planning, thermal efficiency and basic simulations
methods such f-chart. The course also included site visits to a housing development with 378 housing units
with solar water heating and a central solar heating system with forced circulation installed on a high income,
multi-unit building.
The second course was held in São Paulo after the publication of the Ordinance, again for Caixa Economica
engineers. Both courses had the support of Eletrobras / Procel, GIZ and Abrava and the state housing agencies
for Minas Gerais and São Paulo state.
This step is considered critical to the success of the program because it is believed it minimized potential
objections to the program by Caixa´s engineers, by providing them with information and guidance regarding
solar water heating.
The Step Preparation of the Term of Reference dealt with the development of the document that would set the
technical requirements for the systems with the participation of all stakeholders and it was widely discussed
within GT-SOL. After several simulations for different climates within the three priority regions and using
data for products certified by the Brazilian Labelling Program / INMETRO, the basic SWH to be installed
was defined and can be seen on Table 1.
The installation conditions had to fulfill the requirements set by the Brazilian standard NBR 15569: 2008
“Solar water heating systems in direct circuit - Design and Installation”. Thermally insulated Polymer (PPR,
EPDM, CPVC) and metal piping were approved for the installations and the inner vessel of the solar storage
tank could be manufactured either in stainless steel or polymers.
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Table 1: Basic solar water heater used for the PMCMV.
Key Components

Example of SWH

SOLAR COLLECTORS
1. INMETRO Rating: A or B
2. Monthly production of energy,
calculated for an average day in
Brazil, greater than 150 kWh / month
STORAGE TANKS
1. Certified by INMETRO
2. Nominal capacity: 200 liters

After approval within GT-SOL, the Term of Reference underwent, through a series of meetings and
workshops, a broad consultation process (Presentation and Discussion) with all stakeholders,. This led, for
example, to the identification of the need for additional training with Caixa engineers and builders (Training
Step - Part 2), which was held in Minas Gerais, Mato Grosso do Sul and Rio de Janeiro.
In Minas Gerais state, due to the strong local drive for SWH implementation, technical workshops were
organized with CAIXA engineers, local building companies, manufacturers of SWH equipment and the
builders association (SINDUSCON), besides a hands-on course for solar energy installers. The strengthening
of the chain value for the segment was sought after through quality assurance of products and installations and
the integration of builders into the process. A completely different situation occurred in Rio de Janeiro and
Mato Grosso do Sul, where many meetings were held in order to overcome local objections to the use of
SWH.
By the end of 2010, 41,449 new houses were contracted with solar water heaters (SWH), therefore exceeding
the initial goal of the Program. Figure 4 shows examples of integration of solar water heaters in single family
homes and in residential buildings of PMCMV.
Participation of each state in the South, Southeast and Midwest regions is shown in Figure 5. The states of
Minas Gerais and São Paulo accounted for 34.2% and 28.6% of total contracted systems, respectively. It is
interesting to note that these states also have both the highest percentage of the total area of solar collectors
installed in Brazil and of manufacturers with products rated by INMETRO (Minas Gerais - 15 and São Paulo
- 28 industries).
In the step Critical Analysis of Results, several factors that contributed to the success of the program were
identified, such as:
- the continued monitoring of local actions by CAIXA Econômica engineers, allowing the early
identification of barriers and difficulties in several areas of the country. In those cases, the institutions
participating in the GT SOL acted together, offering technical and strategical support for the solution of
problems;
- the verification of available and sufficient funds to ensure achievement of the goal;
- the motivation of all players (installers, designers, builders and manufacturers) to develop this new
niche market in the country, making investments and studies to improve the current installing capacity.
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(Single - family houses in the state of São Paulo)

(22 multi-family building in the state of Rio de Janeiro)
Figure 4: Solar Water Heaters in Different Types of PMCMV housing units.
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Figure 4: Solar Water Heaters Installed in the Brazilian States in the regions
given priority by PMCMV in 2010.

However, many lessons were learnt, thus generating recommendations for the next stage of the Program, to be
implemented between 2011 and 2014, such as:
- to review of the Term of Reference that, despite setting minimum technical requirements in
accordance with the standards and specific local conditions, left gaps that have caused problems, especially in
relation to installation details of the solar water heaters. This review is due on August/2011 by GT-SOL;
- the need to establish Training Centers in all regions of Brazil to train professionals in various fields
of knowledge and levels of activity, the greatest need being at the installer level;
- the implementation of programs for results monitoring and verification (M&V), based on national
and international protocols, in order to quantify the real economy achieved by the replacement of electric
showers by solar heaters, including the reduction of peak electricity demand. Eletrobras / PROCEL is funding
the construction of seven new Training Centers in five regions of the country and a M&V program in four
housing projects in the South, Southeast (single-family houses and multifamily building) and the Midwest
regions;
- development of awareness programs and training for residents on installation and maintenance of
solar water heaters;
- development of Marketing and Social Technologies Programs, interacting with the communities,
based on the development of reusable methodologies and techniques so that solar heaters can contribute in the
effective action for social transformation.
New partnerships are under discussion within GT SOL in order to meet these last two items.
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Thus, in its first phase, the inclusion of solar heating at My House, My Life Program can be seen as a large
demonstration project in three regions of the country, reinforcing the concept that this technology is feasible
for low-income housing under different weather conditions.
The positive results obtained and ongoing corrective actions led the federal government to make SWH
mandatory in the second phase of the program My House, My Life for all single-family houses of the program
and for all regions of Brazil, starting in 2011.
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Abstract
The Brazilian “National Electricity Conservation Program” – PROCEL – runs regular surveys in the
electric-energy-consumption market. These studies are used as valuable data to better plan the actions of this
program. These data also evaluate the program’s performance by identifying the level of penetration of the
most efficient electric equipment within the residential sector. PROCEL’s main lines of action is to promote
and make available the most efficient technologies.
Based on the results from the latest survey, it is estimated that 24% of the electric-energy consumption of
the residential sector is used by electric shower devices, which instantaneously heat the water that flows
through them, normally using an electric resistance of 5 kW. These are an important factor in a country
where electric-heating devices are present in about 73% of Brazilian households.
Keeping that in mind, the purpose of this work is to present the main results of the Brazilian Solar-WaterHeating-Systems Evaluation, finished in 2010, where 535 installations were visited and more than
50 researchers from different universities participated in the project. Moreover, seven Brazilian cities were
selected to be studied. The information was collected from field research and statistically treated. The
collected information focused on the adequacy of the project to the household, installation, operation and
life cycle of the systems, as well as the users’ satisfaction level. Technical questionnaires were developed to
summarize all the required information, such as a Web site designed to organize and manage the data
collected and a Matlab application that performed the dimensioning and F-chart systems evaluation. Quality
indicators were created through a full system monitoring, with thermographic analysis and evaluation of
shading influence at the system’s efficiency, using the Ecotect software.
1. Introduction
Regarding the electric power consumption, the Brazilian residential sector spends 24% (Procel, 2007) to
heat water, using an electric shower device that instantaneously heats the water as it flows through it,
normally using a high electric resistance. This situation leads to a peak-hour consumption, normally
between 06:00PM and 09:00PM, when the majority of the population uses these electric devices to take
showers.
On the other hand, since 1997 there has been in Brazil a quality certification program for solar collectors
and thermal storage tanks, coordinated by the National Metrology Standardization and Industrial Quality
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Institute (Inmetro) and Eletrobras. For that program, the Pontifical Catholic University of Minas Gerais
(Figure 1) and the Technology Research Institute of São Paulo are responsible for testing solar collectors
and thermal storage, both helped by Eletrobras, which acquired equipment to expand the technical capacity
of these laboratories. In 2011, more than 50 manufactures have joined this program, testing 290 models of
solar collectors and 297 of thermal storage tanks (Inmetro, 2011). Nowadays the Brazilian market presents a
total area of installed solar collectors of 6.24 million of square meters (Abrava, 2011), expressing an
insertion factor of 33 m²/1000 inhabitants (less than 1% of Brazilian households currently make use of this
type of energy).

Fig. 1: Solar Simulator at Pontifical Catholic University

In this context, PROCEL´s orientation is to encourage wider use of solar water heating, considering the high
potential for use of this technology in Brazil, as well as to improve technological advances in solar
collectors and thermal tanks. As a strategy for solar heating dissemination, PROCEL launched its awarding
of the PROCEL Seal (Figure 2) for this equipment, where that seal is awarded only to solar collectors and
thermal tanks with the highest indexes of quality and energy efficiency.

Fig. 2: PROCEL Seal

In order to help create government policies, Procel and seven different universities launched the Brazilian
Solar Water Heating Systems Evaluation. The results of that project support a national government plan to
disseminate solar thermal energy in Brazil that is aligned with the National Plan on Climate Change. Thus,
the main purpose of this paper is to present the results of that evaluation project which took place between
2007 and 2010 including research in situ and application of questionnaires to evaluate the real situation in
the residential and service sectors, including solar water heating systems in buildings, regular and middle
class residences, low-income residences, hotels and swimming pools.
2. Brazilian Solar Water Heating Systems Evaluation Project
The main goal of that research, which belongs to PROCEL’s actions program, was to characterize and
evaluate solar water heating systems in seven Brazilian cities, thus incorporating studies in end uses in the
residential and services sector, as shown in Figure 3 below.

Fig. 3: Evaluation project map
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A partnership with seven universities was made for each place studied. The project was conducted by
Eletrobras staff and more than 50 researchers, making it possible to study 535 solar water heating systems.
2.1. Research questionnaires
Regarding the field research, specific questionnaires were used in conjunction with manufactures and
installation companies, commercial stores and end users. There were two different kinds of questionnaires: a
first one for technical information and a second one for sociological and behavioral topics about the use of
solar water heating.
Data like size of collector area, storage tank volume, array of collectors and insertion in the field, general
conditions of operation and installation, and equipment maintenance and life cycle were generated, as well
sociological and behavioral data. The inquiry blocks used is illustrated in Figure 4. With the creation of a
Web site dedicated to this project, it was possible to provide secrecy and appropriate ways to transfer and
store the collected information.
The maintenance of this inquiry method in all questionnaires allows the comparative evaluation of the main
problems detected. Through this strategy, economic, social, cultural, climatic and technological factors
associated with solar water heating become clearer and easier to understand.

Fig. 4: Inquiry blocks

2.2. Characterization of studied locations and statistical analysis
In order to characterize each city studied, a statistical evaluation was performed based on maps, utility
company databases, surveys and analysis related to social, economic and physical factors, to reach the total
number of systems to be visited. This research focused on the analysis of demographic density, average
number of households per neighborhood and family average income.
The random stratified sample plan was used in the statistical evaluation. Basically, in this method, samples
are subdivided into sub-populations or groups, leading to smaller errors. This is a consequence of a variation
reduction between sample units of same group, related to variation between sample units of different ones.
Sample size was determined in two stages. In the first one, a “pilot” sample was created to collect previous
information about the population, considering a maximum error of 5%. This value was also adopted to
significant test level. The second stage is the sample calculation, in which pilot sample results were used.
Classical statistic equations (Leite, 2004) were used for calculations of stratified sampling with the casual
distribution of the piece. Since the number of factors analyzed is small and it was necessary to identify
possible grouping and number of groups, the neural network technique was used. This method is very
efficient for problems of multivariate analysis, grouping and prediction, besides hierarchic agglomerative
techniques: centroide and Ward (Mingoti, 2005).
Euclidian distance, which is a multivariate measure, was used in selecting pieces into the groups. In
agreement with data complexity, a technique was selected to get to results. Also, special software was
developed in Matlab to perform the statistical data treatment. Table 1 shows the total number of solar
installations visited in each city studied, as well as the use. The project took place between 2007 and 2010,
where 535 installations were visited.
Tab. 1: Solar installations visited and use
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City

Use

Visited installations

Rio de Janeiro (suburb)

Low-income households

82

Bauru

Low-income households

72

Campinas

High-and middle-income
households

92

Belo Horizonte

Large-scale systems (buildings)

96

Porto Seguro

Hotels and Inns

77

Brasilia

Swimming pool

90

Belem

Hotels, Inns and hospitals

26

2.3. Sizing estimation and energy savings software (Long term performance)
As a part of this project, software was developed as assistant tools that help to identify the main
characteristics of the systems studied. One application, developed in Matlab, estimates the necessary
collector area and the storage tank volume through radiation calculations (Duffie, 1991) in tilt and arbitrary
oriented planes for any location and economic level required, based on the modified model of F-Chart
(Duffie, 1991). Shading incidence in solar collectors arrays is introduced in these calculations to achieve its
influence value over monthly and annual energy economy generated by the solar installation. To validate
data obtained, this software also simulates the value of monthly electric energy bill for studied residences
through daily bath habits and other family use of electric household appliances.
Shading incidence values and consequent solar radiation reduction over the solar collectors’ plane were
calculated using Ecotect 5.20 (Figure 3), which is an environmental analysis tool, and a script, developed by
the project’s team. Thus, it was possible to estimate the reduction, due to these shading data, of annual Fchart value for each studied system.

Winter

Summer

Fig. 3: Shading calculation for a studied solar installation

Moreover, studies indicate that hourly data is the most adjusted for shading analysis because similar shading
values can promote different reductions in the incident radiation depending on the hour observed.
2.4. Team training and field research
Each work group consisted of one local professor and four engineering and/or physics students. The training
course included solar geometry concepts, solar collectors and storage tanks, small, medium and large
systems functioning characteristics, paying attention to variable factors found at each location. With practice
classes, students learned how to use the field research kit, made up of GPS, tape measure, compass, turn
indicator and digital cameras used to register the visited installations, as shown in Figure 4 below.

Fig. 4: Training and field research pictures

All data observed were registered by filling out technical and behavioral questionnaires and by producing
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two sketches: architectonic and hydraulic. These sketches included verification of collector orientation, tilt
angles, array scheme and distance, main characteristics and identification – also verified for storage tanks –
accessibility and safety conditions, obstacles around solar collectors and auxiliary system characteristics.
3. Main results
The main results from the solar water heating evaluation will be showed in this section. For better
understanding, they were separated by end use, namely: Low-income households, High- and middle-income
households, Large-scale works (buildings), Hotels and Inns, and Swimming pools.
3.1. Low-income household
From the social perspective, benefits can be perceived by the households. Reducing the electricity bill would
result in good savings in the family budget, which would impact more effectively in lower social classes. In
this case, the average reduction of energy consumption is about 35% (Fantinelli, 2006).
Consequently Eletrobras decided to conduct a research low-income households located in Rio de Janeiro
and São Paulo states. Technical evaluations were conducted in 154 solar installations out of nearly 4,000
households identified. Samples from field can be seen in Figure 5 bellow.

Fig. 5: Samples from Rio de Janeiro’s suburbs and Bauru (São Paulo)

The household’s average income is USD 1,000 monthly and four inhabitants per house. The solar
installation was donated by local utility companies. The installations have water storage capacity between
110 and 200 liters and solar panels between 1.4 and 1.6m2. The average water consumption was 58
liters/person/month.
According to the results, 84% of the inhabitants approved the usage of the solar installation. In addition,
around 94% of the inhabitants noticed the energy savings related to the technology. However, the
researchers realized that households need to have continuous assistance so the information related to
equipment maintenance and good practice in the use of hot water may not be wasted over time.
The auxiliary system for heating water in days without sunlight is always electric, represented
by an electrical resistance installed in the thermal tank or, in most cases using an electric shower with a
reduced power (normally 2,800 W). Example of an instantaneous electric shower heating device is shown in
Figure 8.

Fig. 6: Instantaneous electric shower heating device

All inspected households showed problems in maintenance and knowledge of how to use the solar
installation. For instance, about 66% of the inhabitants did not clean the solar collector glasses. Another
critical aspect was that about 55% of the mixers show leaking problems. This suggests that researchers have
to figure out better technological solutions.
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3.2. High and middle income household
This project took place in Campinas, 90 km from the São Paulo capital, with population of 2.2 million
people. The study target was families with high and middle-income household. As officially considered in
Brazil, the high-income presents monthly wages higher than USD 7,000 and middle-income between USD
3,500 and USD 7,000. The education level of the inhabitants is 37% as graduate and 39% as post-graduate.
The researchers conducted their work in 92 solar installations out of nearly 2,217 households identified in
the region. In this case, large systems were used, as shown in Figure 7. The collector area average presented
was 8 m2/house, the water storage volume identified 600 liters/house and 150 liters/inhabitants/month for
water consumption average.

Fig. 7: Samples from Campinas

(%)

Concerning the constructed area, 53% of the buildings has more than 300 m2 and 31% between 200 m2 and
300 m2. Regarding the number of bathrooms and inhabitants, we can see a direct correlation, as shown in
Figure 8. Shadowing problems in the solar collectors were not detected in 86.7% households surveyed.
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Fig. 8: Correlation between bathroom and inhabitants

Regarding the solar collectors maintenance, only 22% of inhabitants clean the collectors and 15% of
collectors’ glasses were broken. One point of dissatisfaction was the average waiting time for hot shower
water: until 30 seconds in 23.5% of samples; between 31 and 60 seconds in 35.3% and 41.2% above 61
seconds. Although this, only 7% of the searched cases declare to be dislike with solar system. About 69% of
the residents do not clean the solar collectors glasses and declare not to know this necessity.
The auxiliary water heating is mostly electric, representing 72% and the gas appeared in 6% of samples.
The Brazilian electricity consumption average in households is 144 kWh/month. 70% of household studied
showed electricity consumption above 300 kWh as shown in Figure 9.
higher than
601;
11,01%

between 451
and 600;
17,5%

up to150;
4,8%
between 150
and 300;
25,4%

between 301
and 450;
41,3%

Fig. 9: Electric power consumption
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3.3. Large scale systems (buildings)
For large solar water heating systems was selected of the capital state of Minas Gerais: Belo Horizonte. The
city presents a population higher than 2.4 million of inhabitants. The scope of research in Belo Horizonte
was middle and high-income residential buildings, characterizing the application of solar heating in large
systems. The city has about 2,000 residential buildings with central solar water heating. An example
studied in this project can be seen in Figure 10.
About 67% of buildings surveyed have between 12 and 24 floors and 21% from 6 to 11. 81.3% of all
buildings researched present one or two units per floor. The average number of residents per apartment is 3
and 4 in 66.7% of the samples.

Fig. 10: Case studied in Belo Horizonte

The average storage volume found at Belo Horizonte’s systems is 7,500 liters/building, 240 liters/household
and nearly 60 liters/person. This last number is considered low if compared to high-income households
consumption observed at Campinas. This fact was linked to the consumption compensation between the
apartments. Moreover, there was a tiny use of hot water in Campinas’ kitchens, which can also raise
significantly the water consumption. Basically, LPG gas predominates at large systems in Belo Horizonte,
where 72% of them use this kind of auxiliary heating as shown in Figure 11.
It was evaluated 3,610 solar panels in 96 building visited with a total area of 7,872m2, corresponding
to an average area of 82m2 per building and 2.15m² per solar panels.

Fig. 11: Auxiliary heating system by gas

In this location the ideal inclination of solar panels is between 20º and 35º, observing the horizon line. This
ensures the best efficiency for energy production. The field survey in Belo Horizonte showed that the
installation of the collectors did not follow a default with respect to inclination, were observed 22 different
angles to the slope of the solar collectors, as exemplified in Figure 12.

Fig. 12: Example of different inclination’s angles

However, 88% of total solar panels evaluated were with the inclination recommended as shown in Figure 13.
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Fig. 13: Range of different inclination’s angles

It was analyzed the penetration of devices with PROCEL Seal. It was identified that 61% of the equipment
installed after 2000 had the Seal. As already explained, the Procel Seal ensures the quality and efficiency of
equipment used. An example of this is shown in Figure 14.

Fig. 14: Procel Seal

The problems the most occurrence were leaks, deterioration of paint and rust. Leaks, as shown in Figure 15,
occurred in 9.2% of assessed collectors; 63% of cases occurred in older systems, installed before 1988.

Fig. 15: Leak problem

Another important problem noted was the paint in the collector panel, which can be caused by poor paint
quality or failure in the application process in the industry. It can be enhanced by moisture leak, as
exemplified in Figure 16.

Fig. 16: Deterioration of paint

Figure 17 shows problems found in Belo Horizonte research.
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Fig. 17: Main problems founded

Problems with broken glass, deterioration of insulation and deformation of the collector were reduced in
more recent installations, as expected. This indicates a need for periodic maintenance on solar heating
systems, in order to ensure the equipment a 20-year lifetime.
Another problem is lack of accessibility. 30% of large systems presented elevated to high risk. Lack of
monitoring and maintenance might be associated to accessibility difficulties, since these systems can’t be
reached. Moreover a great number of dirty solar collectors were detected: nearly 30%.
It was detected a general absence of monitoring systems and consumption control of hot water, gas or
electric energy in 71% of large systems.
3.4. Hotels and Inns
The city of Porto Seguro is located on the southern coast of Bahia, in the Brazilian northeast, 714 km from
the capital Salvador. It has a population of over 122,000 inhabitants. It is considered one of the most
important tourism destination in Brazil.
It was identified more than 600 hotels and inns in the area, and about 25% used solar water heating. A
sample universe of 150 businesses were identified by telephone survey and field visit. The sample was
consolidated at 77 units. The hotel sample can be seen in Figure 18.

Fig. 18: Sample studied in Porto Seguro

The city management plan limits the construction of buildings to 2 stores. The survey found that the hotel
buildings are predominantly with only one store high (93.5%). The tourist classification in number of stars
is represented in the Table 3. The majority of the hotels surveyed did not have tourist classification in stars.
52% of the surveyed businesses had up to 40 guestrooms and number of guestrooms was 3,771.
Tab. 3: Hotel classification in number of stars
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Number of stars

Absolute frequency

Relative frequency (%)

5

1

1,3

4

15

19,5

3

12

15,6

No star

45

58,4

Unanswered

4

5,2

Total

77

100

Regarding the cleaning of the glass collectors, 72.8% reported making monthly or annual cleanings; 14.3%
reported they didn’t know of this requirement. It was found on site inspection that only 58% of the samples
were clean.
Electric system is used as auxiliary heating in 88.3% of buildings, gas in 5.2% and 6.5% do not use auxiliary
system.
The survey found that most collectors were between 20m² and 40m² (18%), followed by surfaces of 10m² to
20m ² (17%), 40m² to 60m² (17%) and 60m² to 80m² (12%) - as shown in Figure 19.
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Fig. 19: Collectors’ area studied in Porto Seguro

The number of collectors found varies from 2 to 90 units. In 29% of surveyed solar installations was found
from 2 to 9 collectors. In 19% from 10 to 19 collectors and 17% presented from 20 to 29. There are at least
11% of solar installations that have between 50 and 90 panels.
The partial shading on the collector panels was observed, at the time, in 27% of solar installations as can be
seen in Figure 20. It was also noticed some oxidation in the aluminum box of the solar panels in 18% of the
samples. Problems with broken glass were found in 31% of samples studied.

Fig. 20: Shading on the collector panels

Moreover, panels with rust and leak were found in 27% of installations surveyed, deterioration of paint in
18%. Regarding the collector’s holder: 11% were deformed and 6% with rust.
The average storage volume found at Porto Seguro’s installations is presented in Figure 21. 27% of the
storage tank samples have from 3,000 to 10,000 liters. It was found that 21.8% of the storage tank surveyed
had some kind of deformation or oxidation. Difficulties to access the solar installations, absence of
measuring hot water or auxiliary power system were also checked.
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24%
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Fig. 21: Storage tank samples (in liters)

3.5. Swimming pool
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Brasilia, FD, is located in the central region of Brazil and is the fourth-largest Brazilian city with a
population exceeding 2.6 million. That location results in high levels of sunlight that reaches 2,600 hours
annually. The average temperature throughout the year varies from 19°C to 23°C, and annual relative
humidity in the Brazilian capital is 67%, varying considerably in the period from April to September, when
it suffer a decrease and can reach levels below 25%.
Due to these facts, combined with the reasonable standard of living of this population and distance from the
coast, Brasilia FD can be an example where a residence with a swimming pool that makes use of solar
energy for heating poll water can easily be located. One example can be seen in Figure 22.

Fig. 22: Water heating in swimming pool

The values for the depth of the pools vary between 0.95m and 1.65m, with width values of 1.4m (19.5%)
and 1.5m (36.4%). The average area is more usual between 41m2 and 50m2, as shown in Figure 23. 85.7%
of the swimming pools surveyed make use of thermal covers; this is necessary to reduce the evaporative
losses.
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Fig. 23: Swimming pool area

The solar pool heating is a low-temperature application characterized by large volumes of water and
collector area. Because of that, a transparent cover for the solar collector is not necessary in. On the other
hand, the material of the equipment must be resistant to chemicals commonly added to treat pool water. The
material most commonly used is polymer, as shown in Figure 24, which shows good results in terms of
durability. The most common type of collector for solar pool heating is the open kind, which was identified
in 94.8% of installations visited.

Fig. 24: Collector panels for solar pool heating

The collecting areas identified are distributed as follows: less than 22m² (13%), 22 m² to 40 m² (10%) and
9% higher than 40m2. In 67% of the samples, it was not possible to have access to the installations. No leak
in collectors was seen in the 90.9% of the 90 installations surveyed. That proves the quality of the materials
used in these installations.
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4. Conclusions
The use of electricity is predominant for water heating amongst Brazilian households due to the strong
presence of instantaneous electric showers as the device most commonly used for this purpose. The
immediate consequence of this fact is reflected in the inflated demand during the electric system´s peakhour.
These studies were conducted in partnership with the following universities: IFBA, PUC-MG, UERJ,
UFPA, UNB, Unesp and Unicamp. According to the project results, there is a high satisfaction level among
the users, mainly due to the energy savings observed. However, there is a barrier associated with the
equipment cost, especially for low-income households.
Problems of maintenance and the lack of knowledge proved to be occurring at all the inspected sites. Dirty
solar panels, due to lack of access to the systems, collectors with broken glass and leaks are the most
common problems.
It was not possible to analyze fully the energy benefits for users of solar water heating systems because
monitoring systems were not available in most installations visited. In low-income households there is a
study that installed 100 solar installations where this analysis was possible. The project was implemented in
2001 and carried out monitoring in the following four years and the energy savings result was around 35%.
Results observed in this research demonstrate the need to develop capacity building programs focused on
design, installation, operation and maintenance of solar installations. Thus, it is necessary to stimulate the
sustainable growth of the solar heating market in Brazil through the Procel Seal and the equipment labeling
program. Finally, in cooperation with GIZ agency, a plan is being develop to provide the government policy
guideline on solar water heating systems.
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Abstract
The Brazilian energetic matrix is composed by 50% of renewable energy as well as an electrical matrix that
reaches levels greater than 80%. However, with national economic growth, it is necessary to expand the site
of generation and distribution, promote the rational use of energy and especially to encourage and introduce a
greater share of renewable sources in national energy matrix, for example the intensive program for
replacement of electric showers by solar thermal systems that has been adopted by the government. This
work was developed over the premise of the need to enhance quality and proper functioning of the solar
heating systems. By laboratory tests, computer simulations and data analysis on the quality evaluation of the
solar thermal installations in residential buildings in the city of Belo Horizonte (ECV Eletrobras Project
184/2006) was possible to establish the indicators of quality for large solar heating systems and elaborate a
methodology for certification of such systems. This work was developed under the project ANEEL/CEMIG –
R&D 183 – District Heating, which intends to apply the indicators and methodologies developed on the
district solar heating system, which will be installed to attend about 50 low-income families, in an
unprecedented action in the country.
Keywords: Solar Heating, District Heating, Quality Indicators, Systems Certification, TRNSYS

1. Solar water heating in Brazil
The use of solar water heating in Brazil, as in many countries, begun in the early 70's as a result of the
worldwide oil crisis. However, the use of solar systems until the mid 90's was exclusive to higher income
families and was often seen as a luxury. With sector regulation, rise of the electricity fares, reduction of the
solar heating devices prices, better organization of the productive sector and the creation of Brazilian Rating
Program/INMETRO the solar water heating market in Brazil started to grow on annual rates as high as 20%
in the last four years. [1]
According to the Brazilian Energetic Balance (BEN - 2008) [2], Brazil’s residential sector was responsible
for 22.2% of the electricity consumption, of which 24% is used to heat water for shower use (PROCEL,
2007). Therefore, over 5% of all the electric energy produced in Brazil is used for heating bath water. This
fact, made even more staggering by the showering habits of the Brazilian population, concentrated in
between 6 pm and 8 pm, and by the massive use of electric showers heads, with average power of 5.4 kW, in
78% of the Brazilian households, shapes a very critical scenario to the national electrical sector.
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It's important to point out that under the Laws of Thermodynamics point of view and the concept of energetic
availability, the thermal efficiency of the electric shower, calculated using the 1st Law, it's of the order of
95%. However, when analyzed under the 2nd Law, the efficiency is drastically reduced to 3.5%. This value
means 96.5% of its potential is degraded into low quality thermal energy (water heating from 20ºC to 40ºC).
With the improvement of the quality life in Brazil, the reduction of the country's housing deficit, and the
sustaining of the same water heating practices, the country would need an additional 8.6 GW of power to
keep up with the demand. Based in these premises, the Federal Government created, in 2010, financial
incentives for the massive adoption of solar water heating, mainly focused in low-income population.
Extension of the subsidies for four more years are under study.
Brazil’s solar heating industry, according to data collected from PUC Minas GREEN Laboratory's database,
consists today of 120 manufactures. Often these companies act from production all the way to the
commercialization and installation of the systems. As the market grows, it’s expected that these companies
will focus on manufacturing, allowing room for specialized companies, such as re-sellers and installation and
maintenance.

2. Objectives
This study intends to establish a quality indicator for primary circuit of solar heating installations of medium
and large sizes, based on field evaluations, experiments and mathematical simulations, using the TRNSYS
software. The quality indicators and the suggestion of installation certification will be tested and evaluated in
a later study for the primary circuit of a district heating system for low income families.

3. Background Fundamentals
Initially, an extensive bibliographical research was conducted on the subject of the study: solar collectors,
monitoring techniques and solar heating system projects. The reports of Peuser, Remmers e Schnauss [3], of
the Solarthermie 2000 project conclusions on the evaluation of solar heating installations in Germany, and
the procedure proposed by Bonsanac e Nielsen [4] to verify in the field the performance of batteries of
collectors, from monitoring the results and simulations in the TRNSYS, are of note.
The monitoring techniques of Christensen e Burch [5], in which the main objective was to validate the model
proposed by the OG300 - Operating Guidelines and Minimum Standards for Certifying Solar Water Heating
Systems [6], stand out, for compiling different solar heating system monitoring approaches: from simple
analysis of utility bills to the more complex approaches, through measurement and verification of a working
system. Meir et al.[7] proposed the use of the calorimetric method to determine the efficiency of the
installation, comparing the measured data to the TRNSYS simulations.
Some experiments were carried out in the laboratory : the evaluation of shading impact on the aboserber
area, based on the studies by Appelbaum e Bany [8] and the drop in transmittance caused by dust over the
glass, as described by Duffie and Beckman [9] citing the works of Dietz and Garg.

4. Methodology
Step 1 – Field research of several Solar Heating Installations in medium and high income multi-family
buildings, developed in Project Eletrobrás (ECV 184/2006)1 in the city of Belo Horizonte, with volumetric
1

Project supported by Eletrobrás and executed by seven research groups to evaluate the quality of
Brazilian solar water heating installations in different applications.
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capacity superior to 3000 liters. Samples were chosen through research with the manufactures, maintenance
firms and building administrations. A total of 547 installations were identified, of possible two thousand
installations according to BHSolar, an association of manufacturers from Belo Horizonte. A sample size of
98 installations was determined according do a stratified random sample.
Step 2 – Consolidation of the field research results, data collected in the field surveys were divided in four
groups: components of the heating system, sizing of each component, system design and operation
conditions. Each group provided data to be used in simulations, laboratory tests and qualitative analysis of
the installation.

Fig. 1. – Groups of analysis for determining the installation quality indicators.
Step 3 – Planning of the Computerized Simulations – a “reference” installation was modeled and simulated
using TRNSYS, as show in Figure 2, with the following properties:
Installation conditions: Belo Horizonte – MG (latitude 20º South) with surface azimuth angle 180º and
collector slope 30º.
Heat load typology: daily consumption of 6000 liters at 40°C, 40% of the total volume between 6 am and 8
am and rest between 6 pm and 8 pm.
Solar collector: 30 solar collectors, each with 2 m² of absorber area, in two groups in series, each group
containing three modules in parallel, each module consists of five collectors in parallel.
Thermal storage tanks: two storage units with 3000 liters each, with 5 nodes and global heat loss coefficient
of 3.0 W/m².K
Auxiliary energy supply: gas-based heating system with thermal efficiency of 83% and set temperature of
45°C.
Control System: on-off control schemes with a differential temperature controller: ΔTon=2°C e ΔToff = 5°C .
The flow rate through the system was of 1440 liters per hour.

Fig. 2. Example of the screen TRNSYS Simulation
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Step 4 – Laboratory Tests were conducted using GREEN Solar’s solar simulator to estimate the drop in
efficiency of a single collectors, caused by shading and lack of maintenance of the absorber area.
Evaluation of the reduction of the efficiency of a solar collector without cleaning: a flat solar collector was
exposed to solar radiation for a period of 6 months without any maintenance or water flow. After the
exposure period its thermal efficiency was evaluated, dirty, at first, and after cleaned, according to the EN
12975 standard [10], indoor tests were performed with a solar simulator.
Efficiency evaluation under various degrees of shading: usually caused by other collectors or the building
itself, tests were run using an opaque polymeric material covering from 0% to 50% of the absorber area, with
steps of 10%. The tests were run shading the collector from bottom to top and from top to bottom.

Fig. 3. Detail of the solar collector shadowed by a battery ahead.
Source: GREEN Archives
Step 5 –Definition of qualitative and quantitative indicators of central solar heating installations as to create
a certification. Through data analysis, several criteria for evaluating the installation were defined and were
given weight, based on how heavily the criteria influence the overall quality of the installation.

5. Results
It was evaluated 3610 solar collectors, with a total area of 7622 m², and a total hot water storage capacity of
518,287, 63.5% of the installations have 10 years or less, 12.9% are between 10 and 15 years old, 3.5% of the
samples are over 15 years and for 20.1% the age of the installation was not identified. In 70% of the
installations had auxiliary heating devices fueled using LPG, while the 30% had electric-based backup.
As an example on how the quality of certified collectors can vary widely, collectors from a manufacturer
exhibited 257 issues, either infiltration, oxidation or paint degradation while, collectors of another
manufacturer showed only 72 problems, even though the field research found that the latter had three times
as many collectors. This example illustrates the urgent need for the rapid adoption of the new standard
ABNT NBR 15.569 [11], heavily based on EN 12975, which includes more rigorous quality tests.
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Fig. 4. Incidence of oxidation, infiltration, paint deterioration and isolation problems by researched
manufacturer.
System design errors were also frequent, 59% of the installations consisted of only collectors in series, in one
instance the system was a single series of 28 collectors, in 26% of the samples all collectors were in parallel
with each other and only 14% had mixed design. Installers justified the serial design because such
installations are easier to perform and smaller quantities of pipelining, accessories and insulation reduce the
initial cost of the system, by doing so installers disregard the recommended upper limit of five collectors in a
single series. Only 9% of the samples respected this upper limit, showing a lack of knowledge of the best
practices of large solar heating system design.
On Group 4, it was evaluated the pipes thermal isolation, the accessibility to the solar heating installation, the
maintenance and the safety aspects. A recurring fail in the systems maintenance was evidenced, with rating
of 30% to dirty collectors most likely associated to access difficulty. In 29.2% of the works, the access to the
collectors was evaluated as medium and extreme risk.
In the shadowing, laboratory tests, Figure 5, it was demonstrated that the shadowing in the lower-half of the
collector is more critical than at the top. This behavior was expected, since the heat losses are greater in the
top-half of the collector, when this part receives only diffused radiation, the global loses of the collector are
minimized.

(a) Markings used to indicate the
simulator percentage of shadowing in the solar collector

(b) Mounting of rampart in the solar

Fig. 5. Test of evaluation of the shadowing effect over the efficiency of the solar collector.
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The test of thermal efficiency with the dirty solar collector demonstrated a reduction in the order of 2 percent
points in the efficiency of the collector when compared to it clean which contributed to the quantification of
this aspect in the quality indicators, Figure 6.

(a) Clean collectors in the beginning of the
exposition test (12/10/2008)

(b) Dirty collectors in the end of the exposition test
(05/15/2009)

Fig. 6. Collectors exposition test to the evaluation of the incrusting
Based on the results of over 160 simulations, it became possible to identify the weights to be considered in
the installation quality indicators, specially to collectors and hot water storage. This initial proposition,
showed on Table 1, was validate for three different installation, being that the final result was considered
adequate since the final values found reflect a consensus of the team as of the quality of the system.

Table 1 – Quality indicators weights – part 1.
A. COMPONENTS
1 - Solar Collectors
Cleanliness

Oxidation Level

Coverage

Leak

Paint

Insulation Deterioration

Options

Points

Clean

2

Dirty

0

Absent

4

Low (up to 15% of collectors)

2

High (above 30% of collectors)

0

Good

3

Cracked

1

Broked

0

Good

4

Condensation

2

Infiltration

0

Good

5

Middle level (up to 15% of collectors)

3

Critical (above 30% of collectors)

0

Good

3

Bad

0

2 - Thermal Storage

Options

Points

External deformations

No

2

Bracket oxidation

Leak

General state of insulation

Yes

0

Absent

3

Low (up to 15% of collectors)

1

High (above 30% of collectors)

0

Absent

5

Critical

0

Good

3

Median (perceived fails in the insulation)

1

Poor (high number of failures)

0

Maximum Points

21

Maximum Points

13
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Table 1 – Quality indicators weights – part 2.
3 - Auxiliary Heating

Options

Points

Maximum Points

Eletric
Eletrical parts identification

Cable protections

Yes

3

No

0

Yes

4

No

1

7

LPG Heaters
Smut sinals in the heaters

Shelter for the gas heaters

LPG tubes identification

4 - Pumps
Oxidation Level

Leak

Absent

3

Low

1

High

0

Appropriate

3

Inadequate

1

Existent

1

Absent

0

Options

Points

Absent

2

Low

1

High

0

Absent

2

Critical

0

Options

Points

7

Maximum Points

4

B. PRIMARY CIRCUIT (Solar collectors and Storage connection)
1 - Thermal Insulaion
General quality

2 - Electrical components
Security

3 - Maintanence
Accessibility

4 - Collectors Brackets
Oxidation

Good

4

Poor

2

Absent

0

Options

Points

Good

4

Median

2

Poor

0

Options

Points

Good

3

Median

2

Critical

0

Options

Points

Good

3

Median

2

Critical

0

Deformation

No

2

Yes

0

5 - Shading

Options

Points

Annual solar fraction (SF) reduction

SF < 3%

4

3% <= SF < 6%

3

SF >6%

0

1 - Solar Fraction

Options

Points

Solar Fraction (SF)

90% <= SF < 80%

35

80% <= SF < 70%

28

70% <= SF < 60%

21

60% <= SF < 50%

17

Maximum Points

4
Maximum Points

4
Maximum Points

3
Maximum Points

5

Maximum Points

4

C. SOLAR FRACTION
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50% <= SF < 40%

7

SF < 40%

0

Maximum Points

35
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Abstract

A study of the domestic hot water requirement profile in Nigeria necessary for design of appropriate
domestic solar water heaters is presented. The study is a combination of survey and evaluation research
using the stratified random sampling with optimum allocation using an effective sample size of 200. Hence,
200 questionnaires were administered into domestic homes; hotels and hospitals across urban, semi-urban
and rural areas of Nigeria. Several key variables such as the quantity of hot water needs, the period of the
day hot water are most needed and main source of heating for the household in addition to the cost involved
were studied. Other concomitant variables such as type of accommodation, income category, literacy level
and family size were also considered. The study revealed that that 84% of homes consume about 100Litres,
while 93% of hotels and 60% of hospitals need about 2000Litres of hot water daily. The study further
revealed that firewood, kerosene and gas in that order are the major energy sources for producing hot water
in homes. However, hotels and hospitals depend more on electricity and gas to produce hot water. Again, the
study revealed that 50% of the homes recurrent expenditure on energy is used for heating water; while hotels
and hospitals spend about 32% and 21% respectively of their energy recurrent expenditure for the same
purpose. Further analysis showed that the utilization of solar water heaters could significantly reduce the
cost of domestic water heating. There is a significant gain for using solar water heaters over existing
methods. Generally, the cost of producing hot water was considered high; justifying the need for cheaper
and sustainable energy devices such as solar water heaters.
1. Introduction
In many rural locations in Nigeria and indeed most developing countries, grid-connected electricity and
supplies of other non-renewable sources of energy are either unavailable, unreliable or, for most of the rural
dwellers, too expensive. Over 70% of Nigerians live in semi-urban and rural areas; they face serious
challenges to produce hot water in their homes. Healthcare in Nigeria is considered to be amongst the poorest
in the world, thus maintaining good hygiene is a challenge in the country. The main use of domestic hot
water in Nigeria is for hygiene purposes such as bathing, washing and cooking. In most of the rural homes
and many urban homes in Nigeria, the traditional and most popular source of energy for water heating and
indeed all cooking in Nigeria is firewood. The projected wood consumption in Nigeria for the year 2000 was
23.6 million tonnes of oil equivalent (Enibe & Odukwe, 1990). The attendant ecological hazards associated
with deforestation due to the constant felling of trees (for the procurement of firewood) are obvious. Erosion
and desert encroachment are particularly devastating in Nigeria. The rate of deforestation is about 350,000
hectares per year, which is equivalent to 3.6% of the present area of forests and woodlands, whereas
reforestation is only at about 10% of the deforestation rate (Sambo, 2009). Coal, which is abundantly
available in Nigeria, has, like firewood, associated with it during incomplete combustion, the emission of
toxic gases like carbon monoxide which are suspected to be the main cause of respiratory diseases and
conjunctivitis amongst women that cook daily with these fuels (World Energy Council, 1993). The cost of
alternative fossil-fuel based cooking stoves and the unreliability of supply of such cooking fuels as kerosene
and liquefied natural gas present such barriers that they are rarely adopted in most of the households.
Consequently, a large proportion of the family income and/or enormous man-hours that could have been
utilised in more productive services are expended regularly in the procurement of energy for such a basic
activity as cooking. Under these conditions, solar-energy water heaters appear increasingly attractive as
viable alternatives.
The absence of reliable energy supply has not only left the rural populace socially backward but has left their
economic potentials untapped. Fortunately, Nigeria is blessed with abundant renewable energy resources
such as solar, wind, biomass and small hydropower potentials. The logical solution is increased penetration
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of renewable sources into the energy supply mix (Sambo, 2009). Nigeria is located between longitude 3o and
14o East of Greenwich and latitude 4o and 14o north of equator and has about 150 million people and a total
land area of 923,768 km2. Thus, Nigeria lies within a high sunshine belt and has enormous solar energy
potentials. The mean annual average of total solar radiation varies from about 3.5 kWhm–2day-1 in the coastal
latitudes to about 7 kWhm–2day-1 along the semi arid areas in the far Northern part of the country. On the
average, the country receives solar radiation at the level of about 19.8 MJm –2 day-1. Average sunshine hours
are estimated at 6hrs per day. Solar radiation is fairly well distributed. The minimum average is about 3.55
kWhm–2day-1 in Katsina in January and 3.4 kWhm–2day-1 for Calabar in August and the maximum average is
8.0 kWhm–2day-1 for Nguru in May; among others.
This research seeks to consider the possibility of utilizing environmentally friendly and abundant energy of
the sun to address one of man’s routine but essential needs for hygiene; hot water for domestic use.
Although, the science and technology of solar hot water heater is well known, the pattern of the consumption
in households, hotels and hospitals for Nigeria is relatively unknown. Consequently, a study of the trajectory
or pattern of domestic hot water requirement profile in Nigeria necessary for the design of appropriate
domestic solar water heaters for Nigeria was undertaken.
1.1 Objectives
The primary objective of this study is to appraise the domestic requirement for hot water in Nigeria. Other
specific objectives include:
1.
2.
3.

To assess the demands of hot water in residential homes, hotels and hospitals.
To appraise the possibility of introducing the solar system as an alternative energy source in
Nigeria.
To investigate whether the solar system could be a cheaper source of energy in Nigeria.
2. Methodology

This study is concerned with the evaluation and assessment of the needs for hot water in homes, hotels and
hospitals in Nigeria in an objective and factual manner. Moreover, it is concerned with the comparison, by
means of some parameters, the implications of the solar energy system for the provision of hot water.
Consequently, the research is a combination, both in purpose and in design, of evaluation research and causal
comparative (ex post factor) for tracking the trajectory of domestic demands for hot water. It is against this
backdrop that the questionnaire method was adopted for data collection. The stratified random sampling with
optimal allocation was the chosen sampling design. The survey objectives included specification of the
information to be gathered and the population to which the findings of the survey will be extrapolated (Levy
& Lemeshow, 2008). The Cochran (1977) method of planning and execution of a survey were adopted.
Finally, the computations that lead to the actual data presentation and analysis were performed using the
Statistical Package for the Social Sciences (SPSS) Version 17.0.
The population of this study consists of the number of domestic households, hotels and hospitals in Kaduna
Metropolis and the environs, North-West Nigeria. They form the target population capable of providing the
necessary information for the assessment and evaluation. Random Sample was drawn from the target
population based on a statistically determined, efficient sample size so as to estimate some key parameters of
the population. In order to obtain the most efficient, representative sample, for our research, based on a level
of significance and a set margin of error, we used the following Cochran (1977) formula for sample size
determination:
2

Where;

2
2
Z
pˆ qˆ 
ˆˆ
 = Z α / 2 pq = 1.96 × 0.63 × 0.37 ≈ 200
n =  α /2


δ
δ2
0.067 2


n = sample size required

(eq. 1)
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Z α / 2 = Z 0.025 = 1.96 (the value of the standard normal ordinate at 5% level of significance)

δ = 0.067 ( the chosen margin of error)

pˆ = 0.63 (the estimated rural households, hotels and hospitals)

qˆ = 1 − pˆ = 0.37
That is, we need a sample size of at least 200 to arrive at a sample with a margin of error of at most 6.7%.
Hence, we shall adopt a sample size of 200 to be spread optimally across the three strata. The following table
1 summarizes the effective sample size allocation in this stratified random sampling with optimum allocation
and the reliability statistics:
Table 1: Stratified Random Sampling and Reliability Statistics

Survey Areas
Domestic homes

Sample size

Cronbach's
Alpha

Cronbach's Alpha Based on
Standardized Items

150

0.941

0.932

Hotels

30

0.907

0.895

Hospitals

20

0.899

0.898

200
The reliability of the research questionnaire was measured by the Cronbach’s alpha statistic. The formula
that determines Cronbach’s alpha makes use of the number of variables or question items in the scale (k) and
the average correlation between pairs of items (r):

α=

kr
1 + (k − 1)r (eq. 2)

Based on the formula of Cronbach’s alpha, a rule of thumb that applies to most situations for the
interpretation of reliability coefficient is mostly acceptable (Parimal, 2005). There is excellent reliability if
α ≥ 0.9 and there is unacceptable reliability if α < 0.5 (Mill, 1999). The reliability coefficients for the
three questionnaires used are given in Table 1 above. Hence, from the table, the Cronbach’s alpha of 0.941
for the instrument used for domestic homes implies that the domestic homes’ instrument is reliable.
Similarly, the respective Cronbach’s alpha of 0.907 and 0.899 for hotels and hospitals implies that both the
hotels’ and hospitals’ instrument are reliable. Hence, all instruments have excellent reliability as far as
internal consistency is concerned. The content of the questionnaire, after scrutiny by relevant experts, was
validated by the researcher through a pilot survey. Hence, the questionnaire has both the desired face and
content validity.
3. Analysis and Results
General information on the respondents for domestic homes revealed that only adults were administered with
the questionnaire; 70 % of respondents were males. The work status of the respondents cuts across the
private and public sector workers in Nigeria as well as the unemployed. Sixty-five per cent of the
respondents earn less than N60,000. (US$375) monthly (the minimum monthly wage in Nigeria is
N18,000.00; approximately US$112.50). The respondents have varied academic qualifications. Furthermore,
Tables 2, 3 and 4 below show the frequency distribution of the respondent’s residential area, size of families
and type of accommodation respectively.
It can thus be inferred that most respondents live in the urban part of Kaduna town and the average size of
family consists of a man, wife and 4 children who reside in a multi-tenant, non-self contained compound.
The questionnaire for hotels included information on the size of clientele, average monthly income of the
hotel and portion of the hotel’s income spent on provision of hot water.
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Table 2: Residential Area of Domestic Respondents

Residential Area
Urban/City

Frequency

Percent

Cumulative Percent

115

76.7

76.7

Semi-urban/Town

9

6.0

82.7

Rural/Village

14

9.3

92.0

Others

12

8.0

100.0

Total

150

100.0

Table 3: Family Size of Domestic Respondents

Family Size
1-3 members

Frequency

Percent

Cumulative Percent

21

14.0

14.0

4-6 members

64

42.7

56.7

7-10 members

36

24.0

80.7

More than10 members

29

19.3

100.0

Total

150

100.0

Table 4: House Type of Domestic Respondents

House Type
One room or more in a
compound
One bedroom self-contained
flat
Two/Three bedroom flat

Frequency

Percent

Cumulative Percent

78

52.0

52.0

22

14.7

66.7

39

26.0

92.7

Four/Five bedroom flat

11

7.3

100.0

Total

150

100.0

It was discovered that 45% and 30% of the hospitals sampled are situated in urban and semi-urban areas
respectively, while, the rest 25.0% are situated in rural areas. The major uses of hot water in homes are for
cooking and bathing. Similarly hotels and hospitals need hot water for the same purposes. In addition the
hospitals need hot water for the treatment of their patients. The proportion of usages for these purposes is
shown in Figure 1. This agrees with the Review of Solar Heating systems done by Ogueke, N.V, et al (2009).
The period of day when hot water is frequently used in homes, hotels and hospitals are depicted in Figure 2.
Tables 5-7 show the quantity of hot water required daily at homes, hotels and hospitals. From these, we
deduce that 84% of homes consume about 100Litres, while 93% of hotels and 60% of hospitals need about
2000Litres of hot water daily.
Table 5: Number of buckets (20 litres) of hot water utilized per day

Number of Buckets
Less than or about three
buckets per day
4-6 buckets per day

Frequency

Percent

Cumulative Percent

81

54.0

54.0

45

30.0

84.0

7-10 buckets per day

12

8.0

92.0

11-15 buckets per day

12

8.0

100.0

Total

150

100.0
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Figure 1: Major Use of Hot Water

Figure 2: Diurnal hot water utilization frequently for homes, hotels and hospitals.
Table 6: Number of buckets (20 litres) of hot water utilized per day in the Hotel
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Number of Buckets
Less than 50 buckets per day

Frequency

Percent

Cumulative Percent

10

33.3

33.3

50-100 buckets per day

18

60.0

93.3

More than 500 buckets per day

2

6.7

100.0

Total

30

100.0

Table 7: Number of buckets (20 litres) of hot water utilized per day in the hospital

Number of Buckets
Less than 50 buckets per day

Frequency

Percent

Cumulative Percent

5

25.0

25.0

50-100 buckets per day

7

35.0

60.0

101-200 buckets per day

6

30.0

90.0

201-300 buckets per day

2

10.0

100.0

Total

20

100.0

Figure 3 below, revealed that firewood, kerosene and gas in that order are the major energy sources for
producing hot water in homes. However, hotels and hospitals depend more on electricity and gas to produce
hot water.

Figure 3: Major energy sources for producing hot water

The opinion of respondents on the cost of producing hot water is depicted in Figure 4 above. The survey
revealed that 50% of the homes recurrent expenditure on energy is used for heating water; while hotels and
hospitals spend about 32% and 21% respectively of their recurrent expenditure on energy for the same
purpose as depicted in Table 8 below.
Respondents of the 3 domains, i.e. homes, hotels and hospitals were made to respond to 14 construct
designed on the 5-Likert scale. The desired analytical tables were extracted for the proper data analysis and
hypothesis testing. Since the responses were similar, this report presents only that for homes.
Table 8: Descriptive Statistics

Average percentage of monthly recurrent expenditure on energy
used for heating water
Domestic homes

N

Mean

Std. Deviation

150

49.96

11.022

Hotels

30

32.17

9.621

Hospitals

20

20.75

6.129

Total

200

44.37

10.447
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Figure 4: Cost of heating water
Table 9: Descriptive Statistics for Domestic Hot Water Needs

Mean

Std.
Deviation

Remark

Responses
Hot water is always needed on daily basis for domestic uses

N
150

3.79

0.914

Agreed

The home cannot do without hot water
Most of the hot water used at home is diluted with cold water
before use
Most of the times, warm water is required more than hot water for
home use
Any cheaper technology than can provide warm water (say at
65oC), can adequately meet the domestic demand of hot water
With enough warm water, the home can generally do without hot
water
Most of the times, there is no need to boil water up to 100oC before
using
The quantity of warm water needed for domestic use is more than
that of hot water
The solar system is the cheapest source of energy for domestic use

150

3.59

1.335

Agreed

150

3.87

1.019

Agreed

150

3.53

1.481

Agreed

150

3.92

0.832

Agreed

150

3.42

1.222

Undecided

150

4.50

0.653

Strongly
Agreed

150

3.78

0.818

Agreed

150

3.57

1.207

Agreed

150

3.79

0.658

Agreed

150

3.52

1.104

Agreed

150

3.67

0.739

Agreed

150

3.26

1.402

Undecided

150

4.11

0.860

Agreed

o

A solar heater which can boil water up to 65 C can adequately
address the domestic demands for hot water
The solar system is an environmentally safer source of energy
compared to gas and kerosene
For efficiency the solar water heater is preferred for domestic use.
With adequate warm water at home, the demand for hot water is no
longer necessary
An alternative method of boiling water is highly needed for
domestic use
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3.1 Solar Heaters and Cost Reduction
The aim of this hypothesis is to investigate whether there is any underlying relationship between the
provision of solar heater for domestic, hotel and hospital purposes and cost reduction of heating hot water;
the Chi-square test of homogeneity and independence is hereby applied to test this hypothesis. The results
obtained for domestic homes, hotels and hospital are identical, thus, the procedure used to arrive at the result
for domestic homes only is presented in this report:
Hypothesis 1: Chi-square Test
The provision of solar heater for domestic home purposes does not have any significant relationship
H 0:
with cost reduction of heating water
The provision of solar heater for domestic home purposes has a significant relationship with cost
H 1:
reduction of heating water
Level of Significance:

α = 0.05
Test statistic:
r

c

χ = ∑∑
2

(O

ij

i =1 j =1

− eij )

2

eij

(eq. 3)

Decision Criterion:
Reject

H 0 if p < 0.05 otherwise accept H 0

Computations:
The computations are summarized on the SPSS Chi-square table:
Chi-square table for the provision of solar heater for domestic purposes and cost reduction of heating hot
water.
Table 10: Chi-Square and Related Statistics

Test Statistics
Pearson Chi-Square

Value

Df

Likelihood Ratio
Linear-by-Linear Association

14.481
14.484
0.515

Contingency Coefficient

0.571

N of Valid Cases

Asymp. Sig. (2-sided)
4
4
1

0.002
0.004
0.003
0.002

150

The chi-square test statistic is in Table 10 above. Since p = 0.002 < 0.05 we therefore conclude that the
provision of solar heater for domestic purposes has a significant relationship with cost reduction of heating
water. Furthermore, the contingency coefficient which measures the degree of such relationship is 0.571;
which is moderately strong. Hence, solar heater can drastically reduce the cost of heating water in domestic
homes.
3.2 Advantages of Solar Heaters over Other Methods
The aim is to investigate whether there is significant advantage for using solar heater over the existing
methods of heating water in our homes, hotels and hospitals. Hence, the independent sample t-test is hereby
applied to test this hypothesis. Again, the results obtained for domestic homes, hotels and hospital are
identical, and the procedure used to arrive at the result for domestic homes only is presented in this report:
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Hypothesis 2: Independent Sample t-Test
There is no significant gain for using solar heater over the existing methods
H 0:
There is significant gain for using solar heater over the existing methods
H 1:
Level of Significance:

α = 0.05
Test statistic:

t* =

X1 − X 2
sp

1
1
+
n1 n2

(eq. 4)

Decision Criterion:
Reject

H 0 if p < 0.05 otherwise accept H 0

Computations:
The computations are summarized on the SPSS Descriptive and t- tables:
Table 11: Group Statistics for using solar heater in domestic homes

Use of solar heater
There is gain using solar

N

Mean

Std. Deviation

Std. Error Mean

108

3.64

0.749

0.116

There is no gain using solar

42

3.01

0.609

0.059

Table 12: Independent Samples for using solar heater

t-test for Equality of Means
T-test statistics
T

Df

Sig. (2-tailed)

Mean
Difference

Std. Error
Difference

2.336

148

0.004

0.63

0.118

The descriptive statistics for the two groups of responses on the gain of using solar are vividly displayed in
Table 11 above while the t-test is in Table 12. From Table 12 above, since p = 0.004 < 0.05 we therefore
conclude there is significant gain for using solar heater over the existing methods. Hence, solar heater can
guarantee cost reduction of heating water at home.
3.3 Level of Agreement by the Three Categories of Respondents
Three categories of respondents were covered to assess and evaluate the use of hot water in Nigeria. In order
to ascertain the extent to which the domestic homes, hotels and hospitals concur in their responses on the
various items in the instrument with regards to the utilization of hot water we apply the Kendall’s coefficient
of concordance. The Kendall’s coefficient of concordance takes on values between zero and one inclusive
( 0 ≤ W ≤ 1 ). The closer the value of

W is to one, the stronger the degree of agreement or association. It is
distributed approximately chi-square with k − 1 degrees of freedom. Hence, the test procedures for the

Kendall’s coefficient of concordance are applied as follows:
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Hypothesis 3: Kendall’s Test
There is no agreement between the responses for homes, hotels and hospitals
H 0:
There is agreement between the responses for homes, hotels and hospitals
H 1:
Level of Significance:

α = 0.05
Test statistic:

χ 2 = k ( n − 1)W

(eq. 5)

Where;

W =

n
12
k ( n + 1) 

Ri −
∑
2
2

2 
k n ( n − 1) i =1 

2

(eq. 6)

Decision Criterion:
Reject

H 0 if p < 0.05

Computations:
The computations are obtained using the SPSS in the following tables:
Table 13: Descriptive Statistics for Kendall’s Test
Status of Respondents
Domestic homes

N

Mean

Mean Ranks

Std. Deviation

150

4.17

1.96

1.116

Hotels

30

4.28

2.02

0.863

Hospitals

20

4.11

2.04

0.718

Table 14: Kendall’s Test Statistic
Test statistic
Kendall's Coefficient of Concordance
Chi-Square
Degrees of freedom
Asymptotic Sig.

Test values
0.675
8.326
2
0.016

The descriptive statistics for domestic homes, hotels and hospitals are vividly displayed in Table 13 above
while the inferential statistics are in Table 14. From Table 14 above, since p = 0.016 < 0.05 we therefore
conclude that there is a strong agreement between the responses from domestic homes, hotels and hospitals.
Again from Table 14, the value of the Kendall’s coefficient of concordance of 0.675 has signified a strong
agreement on the use of hot water in Nigeria across domestic homes, hotels and hospitals. This implies that
the stratification into the three subpopulations of respondents is very vital to acquiring more information in
the research.
4. Summary and Conclusion
A comprehensive, objective and factual study of the domestic hot water requirement profile in Nigeria
necessary for the design of appropriate domestic solar water heaters for Nigeria was undertaken. Hence, this
study was concerned with the evaluation and assessment of the needs of hot water at homes, in hotels and in
hospitals; in Nigeria. The questionnaire survey method was adopted for data collection. The study revealed
that the major uses of hot water in homes are for cooking and bathing. Similarly hotels and hospitals need
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hot water for the same purposes. Eighty-four per cent of homes need about 100Litres, while 93% of hotels
and 60% of hospitals need about 2000Litres of hot water daily. Firewood, kerosene and gas in that order are
the major energy sources for producing hot water in homes. However, hotels and hospitals depend more on
electricity and gas to produce hot water. Furthermore, the survey revealed that 50% of the homes recurrent
expenditure on energy is used for heating water; while hotels and hospitals spend about 32% and 21%
respectively of their energy recurrent expenditure for the same purpose. Analysis of the descriptive statistics
on the5-Likert scale concluded that provision of solar heater for domestic purposes has a significant
relationship with cost reduction of heating water and that solar heater can drastically reduce the cost of
heating water in our domestic homes, hotels and hospitals. In addition to that, it was discovered that there is
significant gain for using solar heater over the existing methods. The increasing rise in cost of non-renewable
energy sources creates more burdens on citizens. Generally, the cost of producing the hot water was
considered high, prompting the need for cheaper and sustainable energy devices such as solar water heaters.
Nigeria has abundant solar energy potentials, perhaps more than Israel, which could be adequately utilized.
Indeed, Israel is now the world leader in the use of solar energy per capita with 85% of the households today
using solar thermal systems (3% of the primary national energy consumption). It is therefore recommended
that Nigeria should consider the utilization of solar energy at least for domestic purposes because of its cost
advantage control and relative flexibility in domestic usage i.e. the solar energy is relatively more
comfortable to use when compared to firewood and kerosene.
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1. Introduction
In order to insure the durability of solar thermal installations, a self-drain solution called “drainback system”
was developed in the 1980’s. Basically, this solution permits to avoid any risks of frost and overheating in
the solar thermal collector fields. This safety system works on every solar installation, but it’s more likely to
be installed on medium and large scale solar thermal systems which are especially affected during
overheating periods. Even if this kind of system is a very promising one, the technology is still paradoxically
not widespread because it’s not well known and implemented.
2. System description and principles
2.1. Main differences between a pressurised system and the innovative drainback concept
When a drainback system is adopted, several changes must be performed in comparison to the conventional
pressurized systems. The main differences between a traditional large Solar Domestic Hot Water system (cf.
Figure 1.) developed by the French Engineering company TECSOL (www.tecsol.fr) and a drainback one is
the following:
- replacement of the overall safety devices (expansion vessel, safety valve, pressure meter) by a closed
and air proof stainless steel tank ;
- withdrawal of air vents, no return valve and of the filling pump
SE

TSS

TBB

TSC

P1

C1

P2
TEF

VE

COLD WATER

BACK UP

Fig. 1: Traditional pressurized large solar domestic hot water system scheme
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SE

TSS

P1

TSC

TBB

C1
P2
TEF
COLD WATER
BACK UP

Fig. 2: Drainback large solar domestic hot water system scheme

It is to note that with this new configuration (cf. Figure 2), the control strategy is exactly the same for the two
configuration except how to manage the overheating risk because for the drainback configuration, this
protection is only achieved by stopping the 2 pumps whereas in a standard system, it is often better to keep
running the pumps so as to cool down the circuit during night time. Moreover, in certain pressurized systems,
the overheating protection is achieved by stopping pumps et oversizing expansion vessel(s) so as to absorb
the fluid expanding because of vaporization into the collectors (vessel volume 3 to 4 times bigger than a
normally designed vessel necessary in this case) which constitutes an important risk of accelerated ageing for
the heating fluid and the installation.
In the design of TECSOL installations, the control rules for drainback are following (see Figure 2 for
symbols of components):
• Start up of the primary loop pump P1 when the solar irradiance SE > 150 W/m2 and stop when SE
< 120 W/m2.
• Start up of the secondary loop pump P2 if P1 is ON and when TSC > of 7°C to TBB and stop
when TBB < of 2°C to TSC.
• Stop of the both pumps in protection mode against overheating of the storage when TBB > 85°C
and allowance to start up again the pumps when TBB < 60°C.
A drainback system is running without overpressure (atmospheric pressure) but need to be air proof however
to avoid any risk of oxygenation. For the fill in process of the installation, a specific procedure developed by
TECSOL must be respected to take into consideration that the fluid volume in the return side of the primary
loop is far bigger than in the other side (because of the drainback tank). The used fluid can be of course pure
water but only if the solar collectors are perfectly drainable when the primary loop pump P1 is stopped (harp
mode collectors without diameter reduction when assemblied in batteries) and if there is no risk of freezing
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in the external piping (sufficient slope, lack of high point in the circuit). In the case these conditions cannot
be respected (generally), an anti freezing fluid needs to be used even if the required protection level can be
lower (-15°C then 30% instead of -25°C i.e 40% of monopropylen-glycol for France) because of lack of
freezing risk in the collectors (empty in freezing period). The anti freezing protection in a traditional
pressurized installation must take into account during clear sky nights of the absorber temperature decrease
due to radiation to the sky. Then, the absorber temperature can be lower than the ambient temperature of
several degrees.
2.2. Working principle of a drainback system
The working conditions of a drainback system are described in the following paragraph (see Figure 3 as
well): when the pump P1 is stopped, the fluid level is located in the upper part of the loop or above the
drainback tank. The collector field and the piping section corresponding to the fluid maximum expansion
capacity are filled in with air. When the P1 pump is started up, its manometric head (HMT) must be able to
elevate the fluid level to the upper part of the collector field (static pressure) pushing air into the drain back
tank like a piston. As soon as the flow is established, the pump head HMT is compensating the loop pressure
losses (dynamic pressure).

Fluid level

Fluid level

Pump stopped

Working pump

Fig. 3: Schematic working principle of a drainback system

The air volume (not renewed) is allowing to empty the collectors when the P1 pump is OFF and to permit the
fluid expansion when heating up.
The repartition of volume in the mix is nearly ¾ of fluid for ¼ of air, then the pressure increase due to fluid
dilatation (according to perfect gas equation P1V1 = P2V2) and the air one (PV = nRT with flat plate solar
collector in stagnation mode then 200°C maxi nearly) is limited to 100%, then a maximum pressure in the
collectors of 1 bar. The air volume trapped in the system is therefore playing a role of very efficient fluid
expansion zone (the fluid being itself uncompressible).
2.3. System design and particular features
The design and sizing of the drainback installations (collector area, storage volume, heat exchanger features,
piping…) must be identical to the one done for a traditional pressurized system. The same rules used by
TECSOL to limit the oversizing risks must be respected (par example: limitation to 85% for solar fraction in
the best month for DHW production when running the calculation). The installation features must be as well
the same for the materials by respecting for instance the following main rules:
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-

the solar collectors must be in an upper level than the technical premise

-

the collectors and interconnections must permit a complete drainback.

-

the external main piping connecting the loop to the solar collectors must be always lower than the
lowest part of the solar collectors (cf. Figure 4.)

Fig. 4: Correct (left) and incorrect (right) positioning of the collectors in battery for a drainback system

-

The drainback tank volume is fixed on the basis of the solar collector total capacity increased by 50%.
The useful volume of this tank must be in reality at least corresponding to the solar collector volume
plus the volume corresponding to the fluid maximum dilatation variation. For safety reasons, the
drainback tank is built in stainless steel (304L) but it can be in black steel if installed in the technical
room.

-

The tank is installed on the top of the primary pump P1 and below the solar collectors so as to respect
the following rules:
• The height difference between the lowest part of the tank and the pump must be at least equal to
the net positive suction head (NPSH) of the pump,
• The height difference between the highest part of the system (top of solar collectors) and the
lowest part of the tank must be less than the pump head (HMT) when this pump is at a flow rate
equals to zero.
The position of the tank must permit as far as possible that the chosen pump is both able to
compensate the dynamic pressure losses and the static ones. The lowest the static head is the shortest
time will be required to fill in the circuit when the primary loop pump is activated.

-

The used P1 pump is an air cooled engine pump (not flooded engine pump) so as to be efficiently able
to elevate the fluid into the top of the collectors. Its electrical power is identical to the one required in
a similar pressurized circuit in all cases when the height difference between the highest point of the
circuit (top of solar collectors) and the drainback tank is less or equal to the pressure losses when the
circuit is running nominally (dynamic pressure). This rule is practically corresponding to a four level
building with solar collectors on the rooftop and a drainback tank located on the top of the technical
room in level zero, and overall pressure losses along the circuit estimated to nearly 1 bar (average
observed value for a 100 m² solar collector system).

2.4. Main assets oft he drainback technology
The most interesting advantages of this technology are following:
-
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Total lack of risk of fluid vaporization including in case of dysfunctionning (power failure…)

-

Simplicity in installing if the above exposed rules are respected. It is to note that it is not necessary to
systematically impose a regular slope for the main piping connection from the collectors to the heat
exchanger, especially if the fluid is still an antifreezing one.

Fig. 4: Example of a « high point » case in the main piping connection in a drainback system for an hotel in Villefranche sur
Saône (« high point » level lower than the one of the lowest part of the solar collector field)

-

Withdrawal of components considered as sensible elements for long term system reliability such as air
vents, expansion vessel, non return valve…
The safety valve should be however used in case of mistake when filling the circuit after years. This
valve is considered as the ultimate safety organ, in case of entirely filling the circuit with fluid (non
respect of the filling procedure)

-

Primary circuit filling procedure avoiding :
-

to check the nitrogen pressure of the expansion vessel,

-

to do the circuit venting,

-

Decrease of leakage risks (the system is not pressurized)

-

Better reliability

-

Operation and Maintenance action decrease with easy possibility to stop the system and the pumps at
any time (including during sunny periods which is critical for a pressurized system) without the need
to drain the collector field.

-

System especially adapted to sporadic use applications (such as sport halls or center, school which
always include holiday periods without DHW use…)

-

Reduced investment costs due to the absence of some components (expansion vessel) when the
technology is well known (the installer does not lose time when installing the solar collector field and
the piping because knowing how to proceed) and above all operation costs (due to the extreme
simplicity and reliability of the system)

-

Similar or slightly better performance level than a traditional pressurized system, especially when the
production is bigger than the needs for several days because there is no obligation to cool down the
storage to avoid overheating.
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2.5. Sensible points for the drainback technology
The weak points of this technology are detailed below and mostly represent minor ones when the technology
is mastered:
-

The technology is not adapted for cases where the solar collector field must be below or at the level of
the technical room and with non drainable collectors.

-

The relative higher investment cost level in case of no know how in installing such a technology
mainly due to the large time necessary to install the collector field if not well planned

-

Some potential difficulties for balancing the solar collector field in case of important difference of
pressure loss between the batteries. Indeed, the presence of air in the loop is complicating the process
of balancing therefore it is advised to use nearly batteries with similar internal pressure losses

-

Requirement to make an air proof primary loop even if the system is not pressurized. This
requirement is to avoid oxygen entry when the system is in slight depression (ambient pressure
slightly lower than the system pressure) and then partial oxygenation of the circuit

After presenting the drainback technology, it is important to show the positive practical results obtained
for now 10 years in numerous real installations in installations.
3. Practical experience through existing drainback installations
3.1. Census of existing drainback systems designed by TECSOL
Convinced by the accuracy of the concept, the engineering office TECSOL has designed 40 installations
using for 10 years now (see Table 1) using the drainback technology (collective dwellings, hostels, health
sector, swimming pool heating, solar cooling and heating installation). Among them, 21 are automatically
monitored through a detailed measurement protocol. Thanks to monitoring system included into the control
device on site, it is possible to measure and store on the basis of 10 minute periods values for:
-

useful energy produced (thanks to the C1 flow meter, TSS (outlet solar tank temperature) and
TEF (cold water temperature) )

-

average temperatures for TSS, TEF, TSC (solar collector field temperature coming back to the
technical room) and TBB (low part solar tank temperature) and the system performances thus can
be evaluated.

-

states (ON/OFF) of the two pumps P1 (primary loop) and P2 (secondary loop)

-

solar global irradiance value SE.

A remote centralised managing and supervising system located in Perpignan in the head office of TECSOL is
getting all the monitored data from all the systems sent by RTC or ADSL phone lines. All these data are then
stored and analysed so as to detect eventual potential issues or more simply to establish energy balances
available online for the customer in the TECSOL website (www.tecsol.fr/fr/SolterResAc.htm). For smaller
solar systems, a smaller monitoring system can be installed: it is not permitting to have an automatic
monitoring but thanks to a energy counter, it is possible on site to measure and periodically observe the
efficiency and performances of the system (it is the case for 19 installations among Table 1.).
The Table 1 shows that the average solar collector area is of 60 m² for a total of 2 325 m² for the total
installed solar collector area. After the first installations in 2001 and 2002, this is really from 4 years now
(2007-2011) that the drainback technology has been widely promoted and installed among projects where
TECSOL was responsible for the design and planning.
A wide variety of applications are represented with a majority of them using antifreezing fluid: this choice
has been done especially to integrate numerous solar collectors from different manufacturers without
freezing risks.
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Tab. 1: List of existing French drainback solar systems engineered by TECSOL in 2011

Town

Building type

Running

Collector

Heating fluid

Monitoring

since

area (m²)

type

type

Castres (81)

Sport hall

2001

16

Antifreezing

Manual/local

Castres (81)

Sport hall

2001

14

Antifreezing

Manual/local

Toulouse (31)

Dwellings

2002

35

Antifreezing

Manual/local

Hotel

2007

100

Water

Automatic/remote

Marrakech - Maroc
Fes - Maroc

Hotel

2007

124

Water

Automatic/remote

Argelès sur Mer (66)

Camping

2008

22

Water

Manual/local

Argelès sur Mer (66)

Camping

2008

15

Water

Manual/local

Argelès sur Mer (66)

Camping

2008

20

Water

Manual/local

Fleury d'Aude (11)

Swimming pool

2008

28

Antifreezing

Manual/local

Argelès sur Mer (66)

Holiday center

2008

24

Water

Manual/local

Meknes - Maroc

Hotel

2008

98

Water

Automatic/remote

Bourges (18)

Hotel

2008

82

Antifreezing

Automatic/remote

Bort les Orgues (19)

Hospital

2008

93

Antifreezing

Automatic/remote

Nursing home

2008

112

Antifreezing

Automatic/remote

Pamiers (09)

Swimming pool

2008

122

Antifreezing

Automatic/remote

Oullins (69)

Hotel

2008

56

Antifreezing

Automatic/remote

Osséja (66)

Hospital

2008

88

Antifreezing

Automatic/remote

Paris (75)

School

2008

41

Antifreezing

Automatic/remote

Villeneuve/Lot (82)

Tertiary

2009

19

Antifreezing

Manual/local

Argelès sur Mer (66)

Camping

2009

16

Water

Manual/local

Cestas (33)

Argelès sur Mer (66)

Camping

2009

40

Water

Manual/local

St Médard/Jalles (33)

Restaurant

2009

23

Antifreezing

Manual/local

St Médard/Jalles (33)

Sport hall

2009

7

Antifreezing

Manual/local

St Médard/Jalles (33)

Sport hall

2009

14

Antifreezing

Manual/local

St Médard/Jalles (33)

Sport hall

2009

9

Antifreezing

Manual/local

Libourne (33)

School

2009

33

Antifreezing

Manual/local

Villefranche (69)

Hotel

2009

93

Antifreezing

Automatic/remote

Matemale (66)

Sport hall

2009

55

Antifreezing

Automatic/remote

Narbonne (11)

Dwellings

2009

37

Antifreezing

Automatic/remote

Issy Moulineaux (92)

Tertiary

2009

10

Antifreezing

Automatic/remote

Cadillac (33)

School

2010

19

Antifreezing

Manual/local

Nursing home

2010

30

Antifreezing

Manual/local

Camping

2010

23

Water

Manual/local

Meudon (92)

School

2010

7

Antifreezing

Automatic/remote

Ussel (19)

Tertiary

2011

250

Antifreezing

Automatic/remote

Pessac (33)

Dwellings

2011

192

Antifreezing

Automatic/remote

Trébas (81)
Portiragnes (34)

Albi (81)

Hospital

2011

78

Water

Automatic/remote

Nimes (30)

Dwellings

2011

47

Antifreezing

Automatic/remote

Toulouse (31)

Dwellings

2011

79

Antifreezing

Automatic/remote

Gradignan (33)

Dwellings

2011

154

Antifreezing

Automatic/remote
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3.2. Selection of best practices
Among all the monitored systems, a selection has been achieved to present 4 specific systems which are well
representing both application range for drainback and geographical repartition in the French territory. The
Figure 5 shows in a French map where are located the four systems.

BOURGES

PESSAC

BORT LES ORGUES

PERPIGNAN
Fig. 5: Map for location of the 4 monitored systems in France

The systems are covering the following applications:
-

Hotel in Bourges (Cher, Centre) : DHW production since March 2008

-

Paramedical residence in Bort les Orgues (Corrèze, Limousin) : DHW production since 2008

-

Collective dwellings in Pessac (Gironde, Aquitaine) : DHW production since December 2010

-

Tertiary building in Perpignan (Pyrénées Orientales, Languedoc Roussillon) : air conditioning
(heating and cooling) since July 2008

The main features and the performances level obtained are presented for each of them in the following
paragraphs.
3.3. Hotel application in Bourges
This hotel is a two star one including 86 rooms. The domestic hot water production is made with solar energy
and an electric back up (2 tanks of 3000 litres). The installed solar drainback system is composed of 82 m²
flat plate collectors installed in a flat roof, facing South and with a tilt of 30°. A solar storage tank of 4000
litres and a 60 kW external heat plate heat exchanger are the main other components.
In operation since 2008, this installation has been fully monitored showing very good results for now more
than 3 years (see Figure 6.). The measured production has been always above the guaranteed value (this
guaranteed value itself is deduced from a calculation in the design phase including a safety margin of 20%
and takes into account the real measured domestic hot water consumption). A specific focus can be done for
Year 2010 (Figure 7.) with 30% exceeding the reference production (41 400 kWh measured), a total solar
yield of 508 kWh/m²/year and a solar fraction of 70%.
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Liters/day

kWh/day

DHW consumpt ref (l/d)

Measured DHW consump (l/d)

Guaranteed prod (kWh/d)

Measured prod (kWh/d)

Fig. 6: Three year cumulated monitored values for hot water consumption and solar energy produced in comparison with
reference values
DHW reference consumption Measured DHW consumption Guaranteed production Measured production
Ratio Production
(liters/day)
(liters/day)
(kWh/day)
(kWh/day)
(measured/ guaranteed)

4 138

3 067

87

113

130.3%

Ratio Consumption
(measured/ reference)

Solar fraction

Solar yield (kWh/m2)

Annual production
(kWh)

Avoided C02 emissions
(tons)

70.2%

508

41 402

5

74.0%

Fig. 7: Performance indicators for the Hotel in Bourges for the Year 2010

3.4. Paramedical residence application in Bort les Orgues
The system is used for heating domestic hot water for 80 persons and for a restaurant located inside the
establishment. The hot water production is made with solar energy and an mixed electric (summer) / gas
(winter) back up (2 tanks of 3000 litres). The installed solar drainback system is composed of 93 m² flat plate
collectors installed in a flat roof, facing South and with a tilt of 30°. Two solar storage tank of 2 500 litres
each and a 70 kW external heat plate heat exchanger are the main other components.
In operation since 2008, this installation has been fully monitored showing very good results. A specific
focus can be done for Year 2010 (Figure 8. and 9.) with 36% exceeding the reference production (55 765
kWh measured), a total solar yield of 598 kWh/m²/year and a solar fraction of 43%.
DHW reference consumption Measured DHW consumption Guaranteed production Measured production
Ratio Production
(liters/day)
(liters/day)
(kWh/day)
(kWh/day)
(measured/ guaranteed)

5 850

7 981

127

153

136.0%

Ratio Consumption
(measured/ reference)

Solar fraction

Solar yield (kWh/m2)

Annual production
(kWh)

Avoided C02 emissions
(tons)

120.0%

43.0%

598

55 765

16

Fig. 8: Performance indicators for the Residence in Bort les Orgues for the Year 2010
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Fig. 9: Monthly graphical representation of the results for the Residence in Bort les Orgues for the Year 2010

3.5. Collective dwellings in Pessac
The system is used for heating domestic hot water for 360 apartments. The hot water production is made
with solar energy and a natural gas back up. The installed solar drainback system is composed of 192 m² flat
plate collectors (Figure 10.) installed in a flat roof, facing South and with a tilt of 30°. A solar storage tank of
10 000 litres and a 140 kW external heat plate heat exchanger are the main other components.

Fig. 10 : Solar collector field for the collective dwelling building in Pessac and drainback tank for the Hotel in Bourges

In operation since 2010, this installation has been fully monitored showing very good results for the first
months of operation. A specific focus can be done for the first months of Year 2011 (Figure 11.) : it is
showing that the measured production is significantly bigger than the guaranteed value, reaching even more
than 540 kWh/day in April 2011 which was an exceptional month on the meteorological point of view in
Aquitain area (South West of France). With an estimated value for the DHW needs of 880 000 kWh/year, the
system should deliver nearly 130 000 kWh in 2011 (if keeping on giving the same performance level) which
is corresponding to the high solar collector yield value of 680 kWh/m².year.
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kWh/day

kWh/day

Fig. 11 : Monthly monitored performances (green curve with dots) in comparison with average calculated values (left
histogram) and guaranteed ones (right histogram) for average daily solar energy production (kWh/day) in Pessac

3.6. Tertiary building solar cooling application in Perpignan
The targeted building welcoming the drainback solar cooling application is the CNRS PROMES research
centre office. It is dedicated to research work and offices in the technical area TECNOSUD of Perpignan
located in the Languedoc Roussillon area (South of France). The plant serves only a small part of a large
building (administration office). The general orientation of the building is 45° towards the west (30°
collector tilt angle) and the collector field is oriented in the same direction as the roof. The building was
created in 2000 and is of good quality level for what energy efficiency concerns. The system is based on a
7.5 kW adsorption chiller coupled with 24 m² double glazed flat plate collectors (Figure 12.).

Fig. 12 : Double-glazed flat plate collectors and adsorption chiller installed at a laboratory/office building in Perpignan, France

The system is producing independently energy in parallel of a general multi split compression system (solar
cooling system covers the base load and backup adapts the power to fit the load). The distribution system for
the solar cooling system is an independent chilled/hot water network using 3 fan coils working at 14/18°C
temperature level in cooling mode. The heat rejection system consists of a drycooler assisted by a spring
water spraying device, only used in case of very hot days (more than 30°C ambient temperature).
Tab. 2: Monitoring results adsorption chiller in laboratory building

Total electrical COP
Primary energy savings

May 2009

June 2009

July 2009

5.5
49.3%

4.7
40.3%

4.6
38.8%

August
2009
4.0
30.2%

Sept 2009

Average

4.4
35.8%

4.6
38.9%
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The system has been working properly for more than 2 years in cooling and heating mode. The average total
electrical COP has reached an average of 4.6 for the summer months (cf. Table 2.). In this period almost 39%
of primary energy has been saved compared to a conventional compression cooling system that supplies the
same amount of cooling. The building owner is satisfied of the solar cooling and heating system.
For a typical summer day of operation, the system provides cooling from about 10:30 am to 5 pm. It is to be
noted that the temperature level evolution at generator side during the functioning period is totally following
the solar irradiation while the condenser temperature level remains quite stable. The consequence of this
behaviour is a quite good stability on the chilling capacity over the working period : this stability is mainly
due to the fact the adsorption chiller used is not very sensible to temperature variation between 70 and 80°C
in the generator loop (the heat exchange being nearly the same).
4. Conclusion
The drainback technology is one of the few solutions able to guarantee a long term durability, good
performances, and low costs for the solar thermal installations and then offer an important growth potential
for the actual low temperature solar thermal market.
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Abstract
This paper presents an experimental comparison of two common heat exchanger configurations used in
residential-sized solar water heating systems to evaluate the relative merits and effects of heat exchanger
placement (in-tank immersed coil versus external thermosyphon heat exchanger) on storage tank temperature
profiles. Experiments were conducted on a specialized test apparatus that allowed controlled charge
sequences to be studied for the two configurations considered. The results of this study provide a significant
insight into the operation of indirect solar systems configured with immersed coil, or external, heat
exchangers and their effect on tank stratification levels. Test results were evaluated on both a First and
Second Law Thermodynamic basis, illustrating differences in temperature profiles, energy and exergy levels
occurring after identical charge sequences. Results of these tests indicate that, for the configurations studied,
higher tank temperatures, stratification and exergy levels were achieved earlier in the charge sequence with
the external thermosyphon heat exchanger than with the immersed coil heat exchanger. In addition, it was
observed that charging of a partially stratified storage with an immersed coil can result in tank mixing,
resulting in a reduction in the temperature and exergy level of the stratification layer.
1. Introduction
Solar hot water heating systems designed for year round use in many locations must include features that will
prevent freezing of the collector fluid. A common configuration uses an anti-freeze fluid (e.g., a propylene
glycol/water solution) to transfer heat from a roof-top solar array to a solar storage located in a heated space.
A heat exchanger is used to transfer the solar heat to the potable water in the storage tank. Referred to as
indirect, closed loop systems, two heat exchanger configurations are common. One configuration uses an
immersed coil heat exchanger located at the bottom of the solar storage (SERI/TR-253-2866, 1986) and
relies on buoyancy driven natural convection to distribute the solar heat through the thermal energy storage
(TES) tank; the other, uses a heat exchanger external to the storage tank and is connected through a
secondary circulation loop. Both of these configurations are illustrated in Fig. 1. Potable water circulation
through the secondary loop may be achieved by thermosyphon flow (Cruickshank and Harrison, 2009) or by
use of a second pump.
Each of these configurations will produce differing temperature profiles in the storage tank over a charge
cycle. In particular, simple immersed heat exchangers will have a tendency to mix upper portions of the
storage tank whereas external natural convection heat exchangers (NCHEs) will promote stratification in the
storage tank during charging (Hollands et al, 1989).

Collectors

To Load

TES

Collectors

To Load

TES
Return

a)

Return
b)

Fig. 1: Representation of an indirect system with a) an immersed coil heat exchanger, and b) with an external heat exchanger

Previous studies have indicated that there is a significant benefit (theoretically up to 37%) in annual solar
energy delivery, due to the establishment and maintenance of thermal stratification in solar storage tanks
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(Hollands and Lightstone, 1989; Haller et al., 2009). However, within the design categories mentioned
above, differing levels of stratification may be achieved as a result of mixing of the storage tanks due to
adverse temperature gradients and high circulation velocities due to buoyancy and momentum effects. These
phenomena were investigated in this paper for two typical heat exchanger configurations through
experimental measurements.
1.1 Study Objectives and Methodology
The primary objective of this study was to investigate the effects of heat exchanger configurations on heat
transfer and temperature profiles in a typical thermal storage. To accomplish this, an experimental program
was undertaken in a controlled laboratory environment. Two heat exchanger configurations were studied:
1) a spiral heat exchanger located in the storage tank approximately 15 cm from the bottom of the tank; and
2) an external, braised-plate side-arm heat exchanger connected from the bottom of the storage to the top
through a thermosyphon natural convection loop. Both of these configurations have been studied previously
by various authors and are typically used in commercially available solar domestic hot water heating systems
in Europe and North America.
A secondary objective of this study was to quantify the relative benefits of the storage tank and heat
exchanger configurations. To accomplish this, values of exergy stored versus time were determined for the
test sequences studied. While the application of the First Law of Thermodynamics enables the determination
of energy stored during a process (and the amount lost to the surroundings), the Second Law of
Thermodynamics provides a mechanism for quantifying any degradation in the “usefulness” of the energy
that occurs during the storing process. To accomplish this, both exergy level and exergy efficiency have been
widely used to evaluate the performance of thermal energy storage systems (Dincer and Rosen, 2002).
1.2 Second Law Performance of a TES
Traditionally, exergy is considered as a measure of the "quality" of energy or its potential to do work relative
to a reference or dead state, usually representative by the surrounding conditions. Applying the First and
Second Laws of Thermodynamics to a control volume with uniform properties, the specific exergy of a
substance, Ex, can be defined as,

Ex = (h − ho ) − To ⋅ ( s − so )

(eq. 1)

where h and s are the specific enthalpies and entropies of the substance at its current temperature and
pressure, and ho and so are its enthalpies and entropies at a reference state. To is the temperature of the
reference state.
It is highly desirable to develop thermal energy storages (TES) that can store energy at its highest exergy
level and to minimize the destruction of exergy associated with irreversible processes, (i.e., entropy
production). In a thermal storage, consisting of an effectively incompressible fluid (i.e., water), exergy
destruction will primarily occur due to mixing and diffusion occurring during the charging, storage and
discharging processes. Exergy destruction during the storage of energy, over a period of time, occurs due to
heat losses to the surroundings and the diffusion of heat through the fluid and the storage vessel. Exergy
destruction also occurs during the charging and discharging of a thermal storage, however, as we are
primarily concerned with the charging of the thermal storage, we will focus our analysis on that process.
Many indices have been proposed or are under development to quantify the Second Law performance of a
TES system (Haller et al., 2008), however, the performance of a TES can be studied by observing the exergy
level in the storage tank during the charging process. The exergy level of a stored fluid at any time is
primarily related to its temperature relative to a reference state as determined through the equation described
above. Simply put, to maximize the exergy quantity in a TES, it is important to maintain the fluid at as high a
temperature as possible relative to the reference state. For solar heating systems, the temperature of the
reference state may be the temperature of the surroundings or, in the case of an SDHW system, the
temperature of the mains water supply. In addition, to avoid violating the First and Second Laws of
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Therm
modynamics, the maximum
m temperaturre in the therrmal energy storage will be determineed by the
maxim
mum temperatture occurringg during the charge
c
sequennce. As such, high
h
exergy will
w be achievved during
chargiing if the buulk of the vollume of the thermal
t
storaage can be brrought, as cloose as possibble, to the
tempeerature of the charge fluid. In addition, higher
h
degrees of temperature stratificattion in a storaage should
reduce exergy destrruction associated with mix
xing and diffussion and are highly
h
desirablle in a storagee.
2. System
S
Des
scription
e
r consisted of
rig
o three parts: a heater (to simulate the solar collectoor array), a chharge flow
The experimental
loop, and the storaage unit and heat
h
exchangerr under studyy. A schematicc of the heatin
ng-loop used to charge
the storage system is shown in Fig. 2. The apparatus
a
wass instrumented
d, with a tempperature probe inserted
into thhe storage tannk, allowing the
t tank temperature profilee to be determ
mined during simulated chaarge tests.
The teemperature prrofile in the sttorage tank waas recorded att 0.15 m intervvals with typee “T” thermoccouples. A
compuuter based daata acquisitionn system and a custom Nattional Instrum
ments LabVIE
EW routine waas used to
recordd and display storage and heat
h exchangerr temperatures in real time.. The temperaature of the chharge loop
was controlled by a PID controlller that adjusteed the heat inpput and a posiitive-displacem
ment pump was used to
deliveer hot fluid (500/50% by voluume propylenne glycol/wateer mixture) to the
t heat exchaanger.

a)

b)

Fig. 2: a) Scchematic of test apparatus
a
used to
t charge the stoorage system, an
nd b) photo of the storage test rigg

Two ccommon heat exchanger coonfigurations were
w
chosen for
f this study,, i.e., immerseed coil heat exxchangers
and external side-aarm natural coonvection heaat exchangers. It is importaant to note thhat there are an
a infinite
range of heat exchaanger sizes andd shapes that can be used foor both configgurations.
s
a custom thermal stoorage was connstructed and fitted with thhe two heat exxchangers,
To unndertake this study,
Fig. 22. The geomettry of the storaage was set suuch that it cloosely resembleed a standard 270 L North American
resideential water heater,
h
howevver, it was completely coonstructed of clear acrylicc plastic so fluid
f
flow
visuallization studiees to be condducted within
n the storage (however, thiis was not thhe focus of thhe current
study)). The tank was constructedd such that thee top could bee removed to allow variouss custom imm
mersed coil
heat eexchangers to be installed at
a the bottom
m of the storagge. Specificatiions of the stoorage tank aree given in
Tab. 11.
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Tab. 1:: Storage tank sp
pecifications

Storage Tank
T

-

Custom Fabricated Acrrylic Plastic Hot
H Water Tankk
Nominal Height
H
= 1.4 m,
m Diameter = 0.55 m
Volume = 270 L
Integral Im
mmersed-coil Heat Exchangger plus Exterrnal Sidearm Heat Exchanger wiith Thermosyp
phon Loop

Since a suitable coommercial im
mmersed coil heat exchangger was not available
a
at thhe time of thee study, a
custom
m unit was faabricated from
m refrigerationn-grade tubingg, Fig. 3. It was
w wound in a flat spiral and
a placed
0.15 m from the boottom of the storage
s
tank, Fig. 2. Speciffications of thhe immersed coil
c heat exchhanger are
given in Tab. 2.
(
was also installed on the custom
m storage
An exxternal side-arrm, natural coonvection heaat exchanger (NCHE)
tank. This type off heat exchangger uses buoyyancy-driven natural conveection to circculate the watter on the
storagge side, thus eliminating thhe need for one
o of the puumps, Fig. 3. The rate of circulation
c
through the
NCHE
E is governedd by the state of
o charge of thhe storage tannk (as indicateed by its temperature profilee) relative
to thee water-side, exit
e temperatuure of the heaat exchanger. Specificationss of the side-aarm natural convection
heat eexchanger are given in Tab. 2.

Fig.
F 3: Immersed coil heat exchaanger (left) and external plate heeat exchanger (rright)

Tab. 2: Heat
H
exchanger specifications
s

Immersed
d Coil

External Side-arm
S

- Refrigeratiion-grade Coppper Tube Roolled into Flat Spiral
- Length = 5.5
5 m, Outer Diameter
D
= 0.0
0127 m
- Wall Thickkness = 0.001 m
- Surface Arrea = 0.22 m2
- Compact, Brazed-plate
B
H Exchangger
Heat
- 20 plates, 0.31
0 x 0.07 m
- Effective Heat
H Transfer Area = 0.396 m2

3. Experimental Procedure and Ana
alysis
a constant-ppower input charge sequeences were coonsidered.
For thhis study, onnly constant-teemperature and
Durinng each of the test sequencees, the water inn the storage was
w precondittioned to a unniform start tem
mperature
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of 20oC. Heating was then initiated through either the side-arm NCHE or the immersed-coil heat exchanger
and continued until the storage was effectively fully charged. During this period, the vertical temperature
profile in the storage tank was measured, and the charge level of the storage was determined. In addition, to
assist in evaluating the influence of temperatures on stratification levels, average storage exergy levels were
determined. Thermocouples located at the inlets and outlets of each of the heat exchangers also allowed
charge heat transfer rates (across the heat exchangers) to be determined. The use of the artificial thermal
input to charge the storage tanks allowed specified test sequences to be repeated for both of the heat
exchanger configurations studied, thereby allowing the test results to be directly compared.
The test sequences studied for each of the heat exchanger configurations included:
i)

a constant temperature charge at 50oC and heat exchanger flow rate of 1.5 L/min;

ii)

a constant power input charge at 4.9 L/minute; and,

iii)

a constant power input charge at 4.9 L per minute starting from a half charged, fully stratified
storage condition.

The last test sequence (i.e., test sequence iii) was investigated to study a the case of a fully charged storage
tank that had been partially discharged such that cold ”mains” water would have occupied the bottom of the
storage while the top remained at a high temperature. This situation is of interest as it indicated what
happens to the high-temperature portion of the storage as heating through each heat exchanger configuration
was resumed.
3.1 Second Law Analysis
To evaluate the potential of a TES to achieve high stored exergy values, the experimental data was analyzed
and comparisons were made with recognized limiting cases. Both constant temperature and constant power
test cases were considered. In addition, both immersed coil and external heat exchanger configurations were
studied under each test sequence. To evaluate the exergy at any point in time during the charge sequence, the
value of the stored exergy was calculated, for each node within the tank based on the recorded temperature
profiles. Individual node exergy values were determined through a separate routine implemented within EES
(2009) using its library of thermophysical property functions for water. To estimate the exergy level in the
storage tanks, values of exergy in each of the nodes within the storage tank were summed, throughout the test
sequence, i.e.,

Extank (t ) =

9

∑ Exnode (t )
node =1

(eq. 2)

4. Results and Discussion
The experimental results obtained during each of the three test sequences described above were analyzed and
the results plotted in the Figs. 4 to 8. The data recorded during the constant temperature and constant power
charge sequences were analyzed according to Eqs. 1 and 2. Specifically, the exergy level in the TES was
determined at various intervals throughout the charge sequences.
Figures 4-A and 5-A compare the tank temperatures, cumulative energy level and the average value of
specific exergy in the storage during the charge sequences. Temperature profiles for the constant temperature
and constant power charges, i.e., Figs. 4-A and 5-A, plots (a-1), show that high stratification levels occur
with the side-arm heat exchanger. In contrast, the results for the temperature distribution in the tank heated
by the immersed coil heat exchanger, Figs. 4-A and 5-A, plots (a-2), show that the storage is effectively,
totally mixed and at a uniform temperature throughout the charge. As expected, the temperature of the tank
increases gradually during the charge, ultimately reaching higher temperatures at the end of the charge
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period. In both cases, as the average tank temperature increases, the heat exchangers' heat transfer rates
decrease.
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Fig. 4-A: CONSTANT TEMPERATURE TEST SEQUENCE (Set point 50oC, 1.5 L/min). Measured temperature distribution,
cumulative energy and specific exergy for the immersed coil and side-arm heat exchanger configurations during a
constant temperature charge.
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Fig. 4-B: CONSTANT TEMPERATURE TEST SEQUENCE (Set point 50oC, 1.5 L/min). Measured heat exchanger
temperatures, heat transfer rates and UA values for the immersed coil and side-arm heat exchanger configurations
during constant temperature charge.

Average UA values are also indicated in Figs. 4-B and 5-B, plots (c-1) and (c-2) for the immersed coil and
side-arm heat exchangers. UA values for the side-arm heat exchanger are seen to drop over the course of the
charge due to the reduction in the thermosyphon flowrate that occurs as the storage becomes fully charged
(Cruickshank and Harrison, 2009). Results for the immersed coil heat exchanger indicate that, although the
UA value remains constant throughout the charge, Figs. 4-B and 5-B, plots (c-2), the temperature difference
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across the heat exchanger drops due to the increasing average tank temperature. The result is that the net
heat transfer rates are similar for both heat exchanger configurations.
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Fig. 5-A: CONSTANT POWER TEST SEQUENCE (4.9 L/min). Measured temperature distribution, cumulative energy and
specific exergy for the immersed coil and side-arm heat exchanger configurations during the constant power charge.
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Fig. 5-B: CONSTANT POWER TEST SEQUENCE (4.9 L/min). Measured heat exchanger temperatures, heat transfer rates
and UA values for the immersed coil and side-arm heat exchanger configurations during the constant power charge.

In Fig. 6, plots (a-1) and (a-2), the average, specific exergy in the storage tank is plotted throughout the
charge sequence for each of the heat exchanger configurations studied. Figure 6, plots (b-1) and (b-2),
indicate the difference in average specific exergy during the test sequences for each of the configurations.
When these results are compared, it is apparent that, for the configurations studied, higher tank temperatures,

641

stratification and exergy levels were achieved earlier in the charge sequence with the external thermosyphon
side-arm heat exchanger than with the immersed coil heat exchanger.
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Fig. 6: CONSTANT TEMPERATURE AND CONSTANT POWER SPECIFIC EXERGY COMPARISON: (constant
Temperature at low flow rate 1.5L/min (left) and constant Power at high flow rate 4.9 L/min (right).

Figure 7 shows the results for the last case studied that consisted of re-charging a half charged (or half
discharged) storage tank (i.e., the top of the storage tank was initially at a temperature of 50° C and the
bottom half was at 20° C. These results show that for the immersed coil heat exchanger, mixing of the top
portion of the storage tank occurs during the heating process due to the momentum and velocity of the fluid
plume created during the healing process. The observation figure 7 shows that the temperature level of the
upper layers is briefly reduced prior to heating. In addition, Fig. 8 shows that the exergy level of the tank
with the immersed coil heat exchanger is significantly lower than that of the side-arm heat exchanger.
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Fig. 8: Average exergy levels for the constant power recharge of a partially discharged storage, (4.9 L per minute) starting from
a half charged, fully stratified storage condition

5. Conclusions
The results of these experiments show that differing levels of stratification may be achieved as a result of
mixing of the storage tanks due to adverse temperature gradients and high circulation velocities due to
buoyancy and momentum effects. For the configurations studied, higher tank temperatures, stratification and
exergy levels were achieved earlier in the charge sequence with the external thermosyphon heat exchanger
than with the immersed coil heat exchanger. In addition, it was observed that charging of a partially stratified
storage with an immersed coil can result in tank mixing, resulting in a reduction in the temperature and
exergy level of the existing higher temperature portion of the storage tank.
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1. Abstract
In the present work, the feasibility of storing solar energy by using latent and sensible heat has been
investigated. Phase Change Materials (PCMs) Heat Exchanger is charged by solar collectors during day and
discharged when the domestic hot water load is required. The solar heat is firstly charged the PCM tank and
the extra heat is stored in a hot water tank. Hot water has been consumed in a sensible heat storage tank from
the afternoon to the night.
In this experimental investigation, temperature distributions in the length and radius direction of the PCM
capsule and water inside the PCM tank, inlet and outlet temperatures of the PCM tank, the temperature
difference of supply water, inlet and outlet temperatures in solar collectors and also solar radiation are
measured in order to obtain the solar collector efficiency and the PCM tank efficiency.
Keywords: Sensible heat store, latent heat store, Phase change materials, PCM tank
2. Instruction
Effective utilization of time dependent energy resources relies on appropriate energy storage methods to
reduce the time and rate mismatch between supply and demand. Solar thermal energy can be stored as a
sensible heat, latent heat (water /ice and salt hydrates), heat of reaction or combination of latent and sensible
heat.
Lacroix [1,2], Hasan[3], Dimano and Watable [4] as well as Sari and Kaygnsuz [5-7] have investigated
experimentally this type of latent storage system. All of them obtained similar PCM temperature profiles and
specified governing mechanisms of heat transfer in this type of thermal energy storage system. Latent heat
storage system using PCM as a storage medium offers advantages such as high heat storage capacity, small
unit sizes and isothermal behavior during charging and discharging processes. But these types of systems
aren’t in commercial use as much as sensible heat storage systems because of the poor heat transfer rate
during storing heat and the recovery process. The main reason is that during Phase Change, the solid-liquid
interface moves away from the convective heat transfer surface (during charging in cool storage process and
discharging in hot storage process) resulting in poor heat transfer rate. The combined sensible heat storage
(SHS) and latent heat storage (LHS) system eliminates the difficulties experienced in the SHS and utilizes
the advantage of both systems.
Many research works are reported on SHS materials and TES systems in the past and the technology for their
utilization is also well developed. Beaslely and Clark [8] provided an excellent review of such efforts in case
of SHS system. LHS systems have received considerable attention in the past decades. Several investigations
have studied the performance of TES employing PCM in a variety of geometries theoretically and
experimentally. Saith and Hirose [9] performed theoretical and experimental investigations of the transient
thermal characteristics of a LHS unit using spherical capsules .Takayuki et al. [10] developed a numerical
model for prediction of the transient behavior of the latent heat storage module. The model is one –

645

dimension with a finite overall heat transfer coefficient between the PCM and the Heat Transfer Fluid (HTF).
They conducted the experiments on the heat storage module consisted of PCM (paraffin waxes) with
different melting temperatures using water as a Heat Transfer Fluid (HTF). Both experimental and numerical
results showed some improvements in charging and discharging rates by use of "three – type" PCM. It is
concluded from the literature surveys that most of the research works on TES are concerned with either SHS
system or LHS systems only and not much works have been carried out on combined sensible and LHS
systems without using electric heater. The objective of the present work is to investigate experimentally the
thermal behavior and feasibility of using a cylindrically encapsulated PCM as a medium PCM tank
containing latent heat storage material. Experiments are carried out at constant flow rates to the PCM tank
where the thermal characteristics of the LHS system and efficiency of the system are calculated. Latent heat
storage via Phase Change Material, Paraffin was used in this study. The reason for this selection is the fact
that the use of PCM for Thermal Energy Storage in the solar heating system has received considerable
attention in the literature. And also Paraffin is cheap, readily available, and melts at different temperature
ranges
.
3. Experimental Investigations
3.1. Governing equations
The Solar collector efficiency and PCM tank efficiency can be calculated based on the following
information.
a) Solar collectors: Solar collector efficiency according to (Eq. (1)) is defined as the ratio of the collected
heat by the solar collector over the solar radiation intensity.
Q u = mc cw (Tic − Toc )
ηc = A

Eq. (1)

Qu
c

Eq. (2)

Gc

b) PCM tank: PCM tank efficiency defined as the heat transfer in the heat exchanger over the maximum
heat transfer that the PCM tank can store (Eq. (5)). As the experimental data have been logged by the
data logger every 30 minutes, Eq. (4) needs to be divided by the period of 30 minutes in order to convert
it to kW.
Q s = mt cw (Tit − Tot )

Eq. (3)

Q p = mpcm cpcm (Tpcm − Ta )

Eq. (4)

ηt =

30×60Qs

Eq. (5)

Qp

3.2. Experimental Setup
A schematic picture of the experimental setup is shown in Fig. 1. The Solar heating system consists of an
insulated PCM tank which contains PCM cylinder capsules, circulating pump, solar flat plate collector (total
area of 4m2), flow meters, valves, and the heat storage tank (HS tank). The experimental setup photo is also
shown in Fig 2. The experimental setup location is in the latitude of 35.39, longitude of 53.2 and altitude of
1127.29m.

2
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Solar Collector

2
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4
5
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PCM Tank

7-13

Valve
Fig. 1: Schematic picture of the experimental setup.

The galvanize PCM tank has a capacity of about 55 Liters capable of supplying water for a five family
members, with an internal tank diameter of 310 mm and the tank height of 740mm. The tank is insulted with
5.4 cm of glass wool and is covered by a galvanized casing.

Fig. 2. Photographic view of experimental setup.

The PCM tank is encapsulated with aluminum cylinders with the internal diameter of 31mm and the height
of 640 mm with wall thickness of 2 mm as shown in Fig. 3. Each cylinder is filled with 371 gr of PCM
material and 37 capsules has been used and placed meticulously with the equal distance from the center of
the cylinder.
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Fig. 3: PCM capsules used in the heat exchanger.

Temperature sensors are placed at four different points of the outer PCM tank (T2, T4, T6 and T8) and inside
the four PCM capsules (T1, T3, T5 and T7) are used to measure the temperature distributions at the length
direction. And three different locations of the outer PCM tank (T6, T10 and T12) and inside PCM capsules
(T5, T9 and T11) are used to measure temperature distributions at the radius direction. The data logger has
LM35 temperature sensors with the temperature accuracy of ±0.1°c. A schematic picture of the temperature
sensors positions is shown in Fig 4. The flow rate of the PCM tank through the system is measured using
coned sinker flow meter. The thermo physical properties of the PCM (paraffin) from Rubitherm are shown in
Table 1. Water is also used in both outer PCM tank and the SHS tank. Solar radiation is measured using Kipp
& Zonen pyranometer.

Fig. 4: Locations of temperature sensors.
Table. 1: Thermo physical properties of the PCM (paraffin).

Melting point

Heat storage capacity

Solid Density

Liquid Density

55-59°c

178 (Kj. 𝐾𝑔−1 )

900 (m3 . Kg −1 )

770(m3 . Kg −1 )

4

648

Thermal
conductivity
0.2 (W. (m°c)−1 )

3.3. Experimental tests
The experimental tests were taken at 5 different days as shown in Table 2 with different flow rates in the
closed cycle. In all experiments, the solar collector works with different flow rates between 8:00-17:00 and it
stop working between 17:00-1:00. The DHW draw-off in all experiments is between 12:00-1:00 while the
valve is closed between 9:00-12:00. The PCM tank valves are always open morning till midnight.
Temperatures are measured at intervals of 30 minutes. The PCM was charged during the day and the hot
water is demanded by the user with 0.25 lit/min from 12:00 to 1:00.
Table.2: Experiments specifications.

Experiment
name

DHW draw-off (lit/min)

PCM Tank Flow
(lit/min)

Solar Collector Flow
(l/min)

Radiation
Intensity
(w/m2)

A1

Time
9:00-12:00
0

Time
12:00-1:00
0.25

Time
8:00-17:00
5

Time
17:00-1:00
7

Time
8:00-17:00
4.5

Time
17:00-1:00
0

500-1100

A2

0

0.25

6

8.5

5

0

500-1100

A3

0

0.25

7

9

7

0

500-1100

B1

0

0.25

5

7

4.5

0

500-1100

B2

0

0.25

0

0

4.5

0

500-1100

4. Results and Discussion
PCM tank efficiency diagrams in A1, A2, A3 experiments are shown in Fig. 5, Fig. 6 and Fig. 7. Based on
the experiments, the solar radiation for all experiments is almost the same. The PCM tank efficiency
comparison shows that the efficiency in A1 experiment is higher than A2 and A3 experiments. Therefore,
solar collector flow rate in A1 experiment is suitable for the solar collector loop and will be used in the next
experiments (B1 and B2).

10

10

8

8

Efficiency(%)

12

6
4
2

6
4
2
23

00:30

21:30

20

17

18:30

15:30

14

11

12:30

8

Time(hour)

09:30

0

00:30

23

21:30

20

17

18:30

15:30

14

12:30

11

09:30

0
8

Efficiency(%)

12

Time(hour)

Fig. 5: PCM tank efficiency in A1 experiment.

Fig. 6: PCM tank efficiency in A2 experiment.
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Fig. 7: PCM tank efficiency in A3 experiment.

In B1 experiment both sensible and latent heat storage were used for the study, whereas in experiment B2,
only sensible heat storage is used for the experiment. The aim is to find out the benefit of using the PCM heat
storage in the solar heating system.
The comparison between solar radiation in experiments B1 and B2 is shown in Fig. 8. It shows that the solar
radiation in the experiment B2 is a little bit higher than experiment B1.
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800
Radiation at B2
600

Radiation at B1
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10

09:30

9

400

Time(hour)
Fig. 8: Solar radiation in B1 and B2 experiments.

Temperatur

Fig. 9 shows that the outlet temperature from the solar collector is higher in experiment B2 than B1 between
9:00 to 15:00 o’clock and it’s vice versa between 15:00 to 17:00.
70
65
60
55
50
45
40
35
30

Toutlet collector at B2
Toutlet collector at B1
Tinlet collector at B1
Tinlet colector at B2

Time (hour)
Fig. 9: Inlet and outlet solar collector temperatures in B1 and B2 experiments.
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The solar collector efficiency is obtained by Eq. (2). The diagram shows that the efficiency of the solar
collector increases when the PCM tank is used.
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Fig. 10: Solar collector efficiency in B1 and B2 experiments.
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Finally, comparison between experiments B1 and B2 is done when the DHW is used for consumption. The
results show that the temperature in B1experiment after 17:00 o'clock stays in the higher temperature level
and decreases gently than experiment B2. Because the PCM starts to discharge and keeps the water
temperature warmer when the solar radiation decreases at 17:00.

Fig. 11. Supply water outlet temperature in B1 and B2 experiments.

The position of temperature sensors inside and outside of the PCM tank is shown in Fig. 4. The following
results is for experiment B1. Fig. 12 shows the temperature distribution of the water inside the PCM tank. As
it is shown, the temperature in T2 is higher than T4, T6 and T8 before 15:30. However, after 15:30, the
temperature in T8 becomes higher than T6, T4 and T2. Fig. 13 shows the temperature distribution inside the
PCM capsules and temperature sensors are positioned exactly in the same level where the temperature sensor
in the outer side is located. The result shows that T1 has higher temperature than T3, T5 and T7 before
15:30. But the temperature in T7 will be higher than T5, T3 and T1 after 15:30, respectively. The reason for
this behavior is because the temperature inlet to the PCM tank increases till 15:30 and then decreases (Fig.
16). During the inlet temperature increase, due the inlet location at the top of the tank, T2 has higher
temperature than T4, T6 and T8 and consequently, the PCM is charged and the PCM temperature at T1
becomes higher than T3, T5 and T7 because they are located close to the inlet. However, after 15:30 when
the inlet temperature to the PCM tank decreases, the PCM starts to discharge because the inlet temperature
becomes less than 55°C. Therefore, water temperature close to the outlet becomes higher than the
temperature close to the inlet. Consequently T8 becomes higher than T6 and T4 and T2.
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Fig. 12: Temperature distribution of water side of the PCM tank in the length direction. The PCM tank water volume flow rate
is 5 l/min from 9:00 to 17:00 and is 7.25 l/min after 17:00.
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25
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Fig. 13: Temperature distribution inside the PCM capsules in the length direction. The PCM tank water volume flow rate is 5
l/min from 9:00 to 17:00 and is 7.25 l/min after 17:00.

Fig. 14 and Fig. 15 show the temperature distributions in the radius direction in the outer PCM tank and the
PCM capsules. The results show that the temperature at the center of the tank is slightly lower than the other
part of the tank during the whole experiment. It means that the temperature closer to the tank wall is a bit
higher than the center of the tank.
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Fig.14: Temperature distribution of water side in the radius direction. The PCM tank water volume flow rate is 5 l/min from
9:00 to 17:00 and is 7.25 l/min after 17:00.
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Fig.15: Temperature distribution of PCM in the radius direction. The PCM tank water volume flow rate is 5 l/min from 9:00 to
17:00 and is 7.25 l/min after 17:00.

Fig. 16 shows the inlet and outlet from the PCM tank. The temperature profile before 15:30 shows that the
PCM tank is charged by the solar radiation. But after 15:30, the PCM starts to be discharged and heat up the
water inside the PCM tank.
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Fig.16: Inlet and outlet temperatures to and from the PCM tank.

Fig. 17 also shows the inlet and outlet temperature from the collector (left Y axis) and also the solar radiation
(right Y axis). The temperature is of course a bit higher than the inlet of the PCM tank due to the heat loss.
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Fig.17 : Inlet and outlet temperatures from the solar collector (to the right), Solar radiation (to the left).

5. Conclusions
In the present study, a combined sensible and latent solar heating system is investigated. In the latent heat
store, heat exchangers are used for keeping the PCM. The aim is to store heat as much as possible firstly in
the PCM tank heat store and the surplus in the Sensible heat store. The results show that the thermal
efficiency of the solar heating system combined with sensible and latent heat store is higher than the system
with the sensible heat store alone. The reason is because the PCM tank can store solar energy during day and
that makes the hot water temperature draw-off more stable during night. The temperature distributions of the
outer PCM tank and inside PCM in the length and radius directions have also been investigated. The authors
recommended optimizing the system by different geometries and types of the phase change materials.
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6. Nomenclatures

Table 3: Recommended symbols for
materials properties

Table 6: Recommended symbols for
miscellaneous quantities

Quantity

Symbol

Unit

Water Specific heat

CW

J kg K

PCM Specific heat

CPCM

J kg K

Water Density

ρw

Kgm

-1

-1

-1

-1

-3

Table 4: Recommended symbols for
radiation quantities
Quantity

Symbol

Solar radiation

G

Unit
Wm

-2

Table 5: Recommended abbreviation

Quantity

Symbol

Phase Change Material

PCM

Latent Heat Storage

LHS

Sensible Heat Storage

SHS

Thermal Energy Storage

TES

Heat Transfer Fluid

HTF

Latent Heat Storage Energy

LHSE

Heat Storage Tank

HST

Quantity

Symbol

Unit

Collector Area

AC

m

PCM mass

mpcm

Kg

Mass Flow rate PCM
tank

𝑚t

kg s

Mass flow rate of
Collector

𝑚c

kg s

collector Heat transfer
rate

𝑄𝑢

W

PCM Storage tank Heat
transfer rate

𝑄𝑠

W

Max Heat PCM Storage
tank

Qp

J

Collector Inlet
temperature

Tic

K

Collector Outlet
temperature

Toc

K

PCM tank inlet
temperature

T it

K

PCM tank Outlet
temperature

Tot

K

Melting temperature of
PCM

Tpcm

K

Air Temperature

Ta

K

Collector Efficiency

C

PCM tank efficiency

ηt

2

-1

-1

11
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ENERGY SAVINGS FOR SOLAR HEATING SYSTEMS IN ONE FAMILY
HOUSES
Simon Furbo, Jianhua Fan, Elsa Andersen, Bengt Perers and Ziqian Chen
Department of Civil Engineering, Technical University of Denmark, Kgs. Lyngby, Denmark

1. Introduction
A high number of investigations on the thermal performance of solar heating systems, both under laboratory
conditions and in practice, have been carried out. In spite of this, relatively few investigations have focused
on energy savings of solar heating systems. This is remarkable, since most solar heating systems are installed
with the aim to save energy. The main reason for the few investigations is that it is impossible directly to
measure and very difficult to document the energy savings of solar heating systems in practice.
In order to determine the energy savings for solar heating systems, seven energy quantities/efficiencies must
be considered.
Before/without installation of the solar heating system:
• Utilization of energy for the energy system
• Electricity consumption for the energy system
After/with installation of the solar heating system:
•

Net utilized solar energy of the solar heating system

•

Saved energy by turning off the auxiliary energy supply system during the summer

•

Utilization of energy for the auxiliary energy supply system

•

Electricity consumption for the auxiliary energy supply system

•

Electricity consumption for the solar heating system

Further, to make the determination of energy savings of solar heating systems even more difficult, the above
mentioned energy quantities and efficiencies are influenced by the heat demand of the house, the hot water
consumption and the heat loss of a possible circulation pipe. These quantities will vary from year to year due
to weather variations and variations of user habits. Possible changes of the hydraulics of the energy system
and domestic hot water system caused by installation of the solar heating system might also influence the
heat demand, hot water consumption and heat loss of a possible circulation pipe.
Finally, it must be mentioned, that solar heating systems today are often based on prefabricated energy units
including a natural gas boiler and a heat storage. In this way, an improved utilization of the natural gas can
be achieved compared to an energy system without solar heating system or compared to an energy system
with a separate natural gas boiler and a separate solar heating system.
Furbo et al. (2007), Furbo and Thür (2008) and Furbo et al. (2009) investigated in great detail a new 6.75 m²
solar combi system in a one family house based on such a new developed unit. Before installation of the
solar heating system, the house was heated by a non condensing natural gas boiler. All the 7 above
mentioned energy quantities and efficiencies were measured for a number of years, both before and after
installation of the solar heating system. The investigations showed that the yearly energy savings for the
solar heating system varied from year to year between 650 kWh per m² solar collector and 730 kWh per m²
solar collector. The yearly heat productions of the solar collectors were about 53% of the yearly energy
savings.
Larsson (2000) carried out a survey on energy savings of a number of solar heating systems based on
questionnaires filled in by house owners on their energy consumption before and after installation of solar
heating systems. Solar heating systems with collector areas between 4 m² and 25 m² were included in the
investigations. The average collector area of the investigated systems was 11 m². The reported yearly energy
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savings varied from 0 kWh per m² solar collector to 2750 kWh per m² solar collector, and typical energy
savings ranged from 650 kWh per m² solar collector to 900 kWh per m² solar collector.
Thür et al. (2006) showed that the energy savings of solar heating systems are strongly influenced by the
efficiency of the energy system prior to installation of the solar heating system. Especially the efficiency
during the summer period is of great importance.
Furbo et al. (2004) showed that the utilizations of natural gas and oil in the summer and in periods with low
heat demands are very low for new natural gas boilers and oil fired burners in one family houses without
solar heating systems. A condensing and a non condensing natural gas boiler as well as a non condensing oil
fired burner were included in the investigations. In spite of high yearly utilizations of natural gas and oil
between 80% and 95%, the utilization decreased to values between 50% and 80% for the boilers/burner in
the summer months, May-September. In the five summer months, the energy loss defined as the oil/natural
gas consumption minus the space heating demand minus the hot water consumption was about 1000 kWh for
the oil fired burner and for the non condensing natural gas boiler, and about 500 kWh for the condensing
natural gas boiler. These relatively high energy quantities can easily be saved by well performing solar
heating systems. Consequently, the potential for high energy savings for solar heating systems in houses
heated by natural gas or oil is good.
This paper presents investigations of energy savings for 21 new solar heating systems in one family houses.
The energy savings have been determined by means of information on the energy consumption of the houses
before and after installation of the solar heating systems.
2. Investigated solar heating systems
Department of Civil Engineering, Technical University of Denmark, interested solar heating installers and
the companies Velux Denmark A/S, Sonnenkraft Scandinavia A/S and Batec Solvarme A/S found 21 house
owners who installed a solar heating system in their one family houses. The solar heating systems, of which
9 are marketed by Velux Denmark A/S, 8 by Sonnenkraft Scandinavia A/S and 4 by Batec Solvarme A/S,
were installed in the period August, 2008 - February, 2010. The houses have different sizes, insulation
standards and energy systems. 13 houses have natural gas boilers, 3 houses have oil fired burners, 3 houses
are electrically heated and 2 houses are heated by district heating. Further, 5 of the houses have a second
auxiliary energy supply system in the form of a heat pump, a pellet boiler or a woodburning stove. The only
changes of the houses were the installation of the solar heating systems. 11 houses are located in Zealand, 6
in Jutland, 3 on Funen and 1 on Bornholm.
6 SDHW systems and 15 solar combi systems are included in the investigations. 5 of the solar combi systems
are based on prefabricated energy units including a natural gas boiler and a heat storage. The other 16 solar
heating systems are installed in houses without any change of the existing energy system. The solar heating
systems have different collector areas in the interval from 1.83 m² to 9.28 m². The average solar collector
area of the 21 solar heating systems is 5.96 m². 2 of the systems are based on evacuated tubular solar
collectors and 19 systems have flat plate collectors. The heat storage volumes vary between 200 l and 800 l.
The most important data for the 21 solar heating systems are given in Table 1 and Table 2. DMI’s
(Denmark’s Meteorological Institute’s) climate stations, located closest to each of the solar heating systems,
are given as well. All the SDHW systems are based on flat plate solar collectors. The solar combi systems in
Årslev and Gørløse are based on evacuated tubular solar collectors. All other solar combi systems are based
on flat plate solar collectors. The house owners informed Department of Civil Engineering about the energy
consumption of the houses before and after installation of the solar heating systems.
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Tab. 1: Data for the 6 investigated SDHW systems

Location

Manufacturer

Solar
collector
area, m²

Tank
volume,
l

Collector
orientation/tilt

Number of
inhabitants

Auxiliary
energy
supply
system

Climate
station

Jægerspris

Velux

3.65

200

South west/45°

2

Oil fired
burner

Hillerød

Kerteminde

Batec

4.38

280

South/45°

3

Natural gas
boiler and
woodburning
stove

Odense

Tilst

Velux

1.83

200

South/30°

2

Electric
heating and
heat pump

Aarhus

Højbjerg

Sonnenkraft

6.61

400

East/20°

5

Electric
heating

Aarhus

Morud

Velux

4.30

300

South/21°

4

Natural gas
boiler

Odense

Humlebæk

Velux

4.30

300

South west/60°

2

Electric
heating and
woodburning
stove

Sjælsmark
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Tab. 2: Data for the 15 investigated solar combi systems

Location

Manufacturer

Solar
collector
area, m²

Tank
volume,
l

Collector
orientation/tilt

Number of
inhabitants

Auxiliary
energy
supply
system

Climate
station

Hørsholm

Sonnenkraft

3.23

255

South/45°

3

Solar
tank/natural
gas boiler
unit and
woodburning
stove

Sjælsmark

Charlottenlund

Sonnenkraft

6.63

500

South east/40°

2

Solar
tank/natural
gas boiler
unit

Sjælsmark

Årslev

Sonnenkraft

6.46

500

South south
west/45°

4

Natural gas
boiler

Odense

Gørløse

Sonnenkraft

8.81

800

East and
west/45°

3

District
heating

Hillerød

Birkerød

Sonnenkraft

4.64

350

South/30°

2

Solar
tank/natural
gas boiler
unit

Sjælsmark

Glostrup

Batec

6.57

200

South/30°

1

Natural gas
boiler

Copenhagen

Svinninge

Batec

9.00

280

South/30°

4

Natural gas
boiler

Nykøbing
Sj.

Sulsted

Sonnenkraft

4.66

300

South/35°

2

Solar
tank/natural
gas boiler
unit

Aalborg

Humlebæk

Batec

8.76

280

South/15°

2

Oil fired
burner

Sjælsmark

Rønne

Velux

5.76

400

South/45°

2

Oil fired
burner and
pellet boiler

Rønne

Dyssegård

Velux

6.46

400

South/30°

5

Natural gas
boiler

Copenhagen

Hellerup

Sonnenkraft

9.28

500

South/45°

4

Natural gas
boiler

Copenhagen

Haderslev

Velux

6.46

300

South/30°

5

Natural gas
boiler

Åbenrå

Vinderup

Velux

6.46

400

South/35°

4

District
heating

Holstebro

Horsens

Velux

6.93

400

West and
south/25°

5

Solar
tank/natural
gas boiler
unit

Horsens
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3. Analyses method
The heat demands and thereby the energy consumptions of the houses are first of all influenced by the
weather. Especially the number of degree days is of vital importance for the energy consumption. The
monthly number of degree days for the climate station located close to the solar heating system in question
available on DMI’s homepage http://www.dmi.dk/dmi/index/danmark/oversigter/graddage.htm (2011) is
therefore used when determining the energy savings of the solar heating system.
The connection between the yearly number of degree days and the yearly energy consumption for the house
is for each house determined, based on the monthly number of degree days and on the information on the
energy consumption from the house owners, for a number of years before the solar heating system was
installed. Based on this connection and the yearly number of degree days, the energy consumption of the
house is determined for one year in the period 2009-2010 assuming that the solar heating system is not
installed. Since the yearly energy consumption of the house with the solar heating system is known, the
yearly energy savings of the solar heating system is found as the difference between the two energy
consumptions.
In the following, an example on how to determine the energy savings for the solar heating system in
Højbjerg is given. The house is electrically heated as it appears from Table 1. The solar heating system was
installed in August 2009. Yearly electricity consumptions for the house during 3 years before the installation
of the solar heating system and during 1 year after installation of the solar heating system as well as the
number of degree days at the climate station of Aarhus are given in Table 3.
Tab. 3: Electricity consumption and number of degree days for the house in Højbjerg

Period

Electricity consumption

Degree days

October’06-September’07

20660 kWh

2650 K.days

October’07-September’08

21701 kWh

2934 K.days

October’08-September’09

21884 kWh

3089 K.days

October’09-September’10

19454 kWh

3476 K.days

Figure 1 shows the yearly electricity consumption as a function of the yearly number of degree days for the
house in Højbjerg with and without the solar heating system. Based on the figure, it is estimated that the
electricity consumption in the period October’09 – September’10 would have been about 23500 kWh
without the solar heating system. The electricity consumption was 19454 kWh. This corresponds to yearly
energy savings for the solar heating system of: 23500 - 19454 kWh, or to about 610 kWh per m² solar
collector per year.
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Fig. 1: Energy consumption as function of degree days for the house in Højbjerg with and without the solar heating system.

The main reasons for the high energy savings are most likely a high heat loss from the existing hot water
tank and a high heat loss of the circulation pipe covered by the solar heating system.
As it appears from Tables 1 and 2, solar heating systems with different auxiliary energy supply systems are
included in the investigations. The energy consumptions are given in m3 natural gas, l oil, kg pellets, kg
wooden briquettes, kg wood, m3 wood, kWh electricity or kWh district heating. The determination of energy
savings for the solar heating systems in kWh is based on:
• 11.08 kWh per m3 natural gas
• 9.89 kWh per l oil
• 4.90 kWh per kg pellet
• 4.90 kWh per kg wooden briquettes
• 4.04 kWh kg wood or 2025 kWh per m3 wood
The values for pellets, wooden briquettes and wood are uncertain, since the moisture content of the wood is
influencing the values. However, it is estimated that the values are reasonable. The values for natural gas and
oil are more certain.
The method described above is used when determining the energy savings for all the 21 solar heating
systems. The total energy consumptions of the houses including the electricity consumption are considered,
even for the houses which are not electrically heated. In this way, the electricity consumption related to the
solar heating system, to the auxiliary energy supply system and to the energy system of the house before
installation of the solar heating system, is considered.
The method is, depending on the information from the house owners, for some solar heating systems used
with yearly energy consumptions and yearly numbers of degree days, for other solar heating systems with
monthly energy consumptions and monthly numbers of degree days. The yearly energy savings of the solar
heating systems are determined for 12 months in the period January, 2009 – December, 2010. The period is
depending on the information from the house owners. It is estimated that the yearly energy savings of the
solar heating systems are determined with an accuracy of about 10%.

4. Energy savings for solar heating systems
The yearly energy savings for the 21 solar heating systems appear from Table 4. Both the total yearly energy
savings and the yearly energy savings per m² solar collector for the solar heating systems are given.
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The yearly energy savings for the 21 solar heating systems vary between 1300 kWh and 9700 kWh.
The yearly energy savings per m² solar collector vary between 300 kWh per m² solar collector and 1300 kWh
per m² solar collector for the solar heating systems installed in the houses where the existing energy system
is used as the auxiliary energy supply system for the solar heating system.
The yearly energy savings per m² solar collector vary between 790 kWh per m² solar collector and 2090 kWh
per m² solar collector for the solar heating systems based on energy units with a natural gas boiler and a solar
heat storage.
Tab. 4: Yearly energy savings for the 21 solar heating systems

Location

Manufacturer

Solar
collector
area
m²

Back up energy
system

Jægerspris
Kerteminde

Velux
Batec

3.65
4.38

Tilst

Velux

1.83

Højbjerg
Morud
Humlebæk

Sonnenkraft
Velux
Velux

6.61
4.30
4.30

Hørsholm

Sonnenkraft

3.23

Charlottenlund
Årslev
Gørløse
Birkerød

Sonnenkraft

6.63

Sonnenkraft
Sonnenkraft
Sonnenkraft

6.46
8.81
4.64

Glostrup
Svinninge
Sulsted

Batec
Batec
Sonnenkraft

6.57
9.00
4.66

Humlebæk
Rønne

Batec
Velux

8.76
5.76

Dyssegård
Hellerup
Haderslev
Vinderup
Horsens

Velux
Sonnenkraft
Velux
Velux
Velux

6.46
9.28
6.46
6.46
6.93

Oil fired burner
Natural gas boiler and
woodburning stove
Electric heating and
heat pump
Electric heating
Natural gas boiler
Electric heating and
woodburning stove
Solar tank/natural gas
boiler unit and
woodburning stove
Solar tank/natural gas
boiler unit
Natural gas boiler
District heating
Solar tank/natural gas
boiler unit
Natural gas boiler
Natural gas boiler
Solar tank/natural gas
boiler unit
Oil fired burner
Oil fired burner and
pellet boiler
Natural gas boiler
Natural gas boiler
Natural gas boiler
District heating
Solar tank/natural gas
boiler unit

Typical yearly
energy
consumption
before
installation of
solar heating
system
kWh
18000
18000

Yearly energy
savings
kWh kWh/m²

3000
1300

820
300

6000

1400

770

22000
15000
15000

4100
2900
2600

620
670
600

44000

6700

2070

34000

6900

1040

20000
17000
27000

2000
6500
9700

310
740
2090

15000
21000
24000

3000
7000
7400

460
780
1590

35000
29000

4000
6800

460
1180

36000
55000
20000
30000
23000

8400
6000
3600
3100
5500

1300
650
560
480
790

5. Summary
The yearly energy savings of the 16 solar heating systems installed in houses without any change of the
existing energy system vary between 300 kWh per m² solar collector and 1300 kWh per m² solar collector.
The average yearly energy savings are about 670 kWh per m² solar collector for the 16 solar heating systems.
The energy savings per m² solar collector are not influenced by the type of solar heating system, the auxiliary
energy supply system, the solar collector manufacturer, the solar collector area, the solar collector type, the

663

solar collector tilt and azimuth. Further, the energy savings per m² solar collector are not influenced by the
energy consumption and location of the house.
The yearly energy savings of the 5 solar heating systems based on prefabricated energy units including a
natural gas boiler and a heat storage vary between 790 kWh per m² solar collector and 2090 kWh per m²
solar collector. The average yearly energy savings are about 1520 kWh per m² solar collector for these 5
solar heating systems.
The yearly energy savings for solar heating systems in one family houses are very high, between 300 kWh
per m² solar collector and 2090 kWh per m² solar collector. In houses where the existing energy systems are
used as the auxiliary energy supply systems for the solar heating systems typical energy savings for the solar
heating systems vary between 500 kWh per m² solar collector and 800 kWh per m² solar collector. For solar
heating systems based on a prefabricated energy unit including a natural gas boiler and a heat storage, typical
energy savings for the solar heating systems vary between 1000 kWh per m² solar collector and 2000 kWh
per m² solar collector.
6. Conclusions
Energy savings for 21 of new solar heating systems in one family houses have been determined by
means of information on the energy consumption of the houses before and after installation of the solar
heating systems. The houses are placed at different locations in Denmark.
The investigated solar heating systems are marketed by Velux Danmark A/S, Sonnnenkraft
Scandinavia A/S and Batec Solvarme A/S. Solar domestic hot water systems as well as solar combi
systems are included in the investigations. The houses have different auxiliary energy supply systems:
Natural gas boilers, oil fired burners, electrical heating and district heating. Some of the houses have a
second auxiliary energy supply system. The collector areas vary from 1.83 m² to 9.28 m².
Five of the solar heating systems are based on prefabricated energy units with a new integrated natural
gas boiler and a heat storage for the solar heating system. The existing energy systems in the houses
are, for 16 of the houses, used as the auxiliary energy systems for the solar heating systems.
The yearly energy savings for the 5 houses with solar heating systems based on energy units including a new
natural gas boiler vary from 790 kWh per m² solar collector to 2090 kWh per m² solar collector. The average
yearly energy savings are about 1520 kWh per m² solar collector for these solar heating systems.
The yearly energy savings for the 16 houses where the only change is the installation of the solar heating system
vary from 300 kWh per m² solar collector to 1300 kWh per m² solar collector. The average yearly energy savings
are about 670 kWh per m² solar collector for these solar heating systems. The energy savings per m² solar collector
for these systems are not influenced by the solar heating system type, the company marketing the system, the
auxiliary energy supply system, the collector area, the collector tilt, the collector azimuth, the energy consumption
of the house or the location of the house.
That is, yearly energy savings for new solar heating systems in one family houses are high, ranging from 300 kWh
per m² solar collector to 2090 kWh per m² solar collector. If the existing energy system is used as the back up
energy system for the solar heating system, typical yearly energy savings vary from 500 kWh per m² solar
collector to 800 kWh per m² solar collector. For solar heating systems with an energy unit including a new natural
gas boiler, typical yearly energy savings vary from 1000 kWh per m² solar collector to 2000 kWh per m² solar
collector.
The yearly energy savings for the solar heating systems are much higher than the solar heat produced by the solar
collectors and higher than normally anticipated.
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1. Introduction
Increasing market development of solar combisystems (SCS) can help to reduce the primary energy demand
of buildings and hence the emission of green house gases. To support this market development it is important
to strengthen consumer confidence in solar combisystems. An important aspect for achieving this goal is to
ensure the performance and quality of the systems under real operating conditions. During the three year
project “CombiSol – Standardisation & Promotion of Solar Combisystems” (2007 to 2010) which was
supported by Intelligent Energy Europe, 45 solar combisystems installed in 4 European countries (Germany,
France, Austria and Sweden) were evaluated in terms of qualitative inspection and quantitative in-situ
monitoring according to Jähnig et al. (2008) and Letz et al. (2010a). The objective was to gather information
on the installation quality and the thermal performance of solar combisystems under real operating
conditions and to compare the results to the ones from laboratory testing.
The large variety of SCS offered on the market and the deviation in installation quality makes it difficult to
predict the energy savings that will be achieved by the SCS under real operating conditions. In general it can
be stated that the performance of the prefabricated components has improved, but the installation quality is
still an important factor influencing the thermal performance of SCS. In this context, the term installation
quality includes all aspects of installation such as the interconnection of different system components,
thermal insulation quality and controller settings. The results of the here applied holistic evaluation approach
combining qualitative data from inspection and quantitative data from in-situ monitoring shows potentials for
the improvement of the thermal performance of SCS as demonstrated in Ullmann et al. (2010). From the
comparison of qualitative data with the corresponding quantitative data, installation aspects were identified
as the largest impact factors on the thermal performance.
In this paper the evaluation results gathered within the CombiSol project will be presented.
Recommendations concerning the improvement of the installation quality of SCS will be described on the
basis of the thermal performance of the evaluated systems.
2. Evaluation of SCS
One of the important goals of the project was the elaboration of recommendations for the installation of solar
combisystems. For this, within the CombiSol project a holistic evaluation procedure was applied on 45 SCS
within 4 different countries in Europe (France, Austria, Sweden and Germany). The complete evaluation
procedure comprises a qualitative and quantitative evaluation (see Fig. 1). The qualitative evaluation gives
information on the installation characteristics (e.g. the quality of the thermal insulation) of one specific SCS.
The quantitative evaluation provides information on the thermal performance of the combisystems by means
of measurement data taken under real operating conditions (in-situ measurements) as well as under
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laboratory conditions. This holistic approach of qualitative and quantitative evaluation allows the correlation
between the thermal performance of combisystems under laboratory and under real operating conditions by
comparing the differences in the thermal performance indicators (e.g. the fractional energy savings) and
hence shows the influence of the installation quality.

Qualitative evaluation
Inspection of installed
systems:

Installation
quality

Quantitative evaluation
Laboratory testing:

In-situ measurement:

Difference between thermal performances
under laboratory and real operating
conditions (in-situ)

Influence of installation quality on thermal performance
Fig. 1: Overview of evaluation procedures applied within the CombiSol project
In the following, the different evaluation procedures and the corresponding results from the CombiSol
project are presented, divided into the different parts: inspection of installed systems, in-situ measurements
and laboratory testing.
2.1 Inspection of installed systems (qualitative evaluation)
Despite the fact that the level of prefabrication has increased strongly, installers still have to interconnect a
lot of different components when installing a SCS at the construction site. The qualitative evaluation of SCS
can help to identify key hurdles that may cause lower thermal performance of the system than possible. The
results can be used for improving the prefabrication of components for SCS as well as the installation manual
and help to avoid mistakes during installation of SCS. The quality of installation is determined during on-site
inspections of SCS where the combisystems are examined using standardized checklists elaborated within
the CombiSol project (www.combisol.eu).
The qualitative evaluation comprises the collection of data specific for the location, like the number of
persons living in the house, or the heated floor area and the specific data of the combisystems. The specific
data of the combisystems characterise the main components such as the solar collector, solar circuit including
solar heat exchanger, heat store, auxiliary boiler, domestic hot water (DHW) preparation and space heating
as well as the piping, the thermal insulation and controller settings.
The qualitative inspection has shown that missing or none complete thermal insulation is one of the key
factors for a reduced thermal performance of SCS. But also other aspects like the controller settings can
have a significant impact as well, provided the system is installed hydraulically correct. The components are
mostly prefabricated, hence the biggest potential for improvement concerning the thermal insulation is the
piping and the interconnections of the components.
Fig. 2 shows an example of a well insulated (left) and a not insulated connection at the heat store (right). The
not insulated heat store connection is at the top of the heat store where the backup volume for domestic hot
water preparation is located. Due to natural convection within the connecting pipe and the high thermal
conductivity of copper used as piping material the pipes have nearly the same temperature as the set
temperature of the backup volume for DHW preparation. This fact implicates constant high heat losses
throughout the whole year, causing a direct increase in energy demand and hence a decrease in thermal
performance of the complete system.
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Fig. 2: Good (left) and bad (right) example for the thermal insulation at heat store connections
2.2 In-situ monitoring results (quantitative evaluation)
In the project CombiSol 45 installed combisystems were assessed by in-situ measurements. The aim was to
perform the measurements at least over a time span of one year. If monitoring results were not available for a
complete year an extrapolation of the measured data was performed according to Letz et al. (2010b). One
important aspect to be kept in mind concerning the analysis of the measurement data is the fact, that SCS are
only one part of the complete heating system in a building including also i.e. the heat distribution system. It
is therefore important to take the complete heating system of a building into account for the assessment of
the data. Hence corresponding guidelines (including i.e. the definition of measured entities and measurement
positions) were elaborated for in-situ measurements and data assessment of SCS within the framework of the
CombiSol project. Due to the fact that measurement data were collected every minute, potentials for
improvement can be derived not only from the overall energy balances but also from the investigation of the
dynamic system behaviour in detail.
In Fig. 3 the thermal fractional energy savings of monitored SCS within CombiSol are plotted against the
fractional solar consumption (FSC). Depicted here are systems for which almost a complete year of
measurement data was available at the end of the project.
50%
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fsav [-]

35%
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0%
0

0,1
0.1

0,2
0.2

0,3
0.3

0,4
0.4
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0.7
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FSC [-]
central europe
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fsav_unten
systems of equal fsav_oben
thermal performance

Fig. 3: Fractional energy savings (fsav) over the fractional solar consumption (FSC) for monitored
solar thermal combisystems monitored within the CombiSol project
The FSC value is an indicator describing the theoretically achievable fractional energy savings and is defined
as the ratio of the theoretically usable solar energy and the energy demand of a conventional non-solar
reference system. The solid lines represent systems of equal thermal performance. Herein it is taken into
account that a system with i.e. a smaller collector area or lower irradiation has potentially smaller fractional
energy savings. The lines delimit the region of good thermal performance (between them). Most of the
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monitored systems are in the region of good or acceptable thermal performance. But some systems are
working badly and one even shows no thermal energy savings at all. The monitored Swedish systems
showed the lowest fractional energy savings (fsav) due to smaller collector areas installed. These relative
small collector areas are combined with relative large store volumes which are used because of the pellet or
wood log boiler widely used in Sweden.
Heat losses were identified to be the major influence on the thermal performance factors (i.e. the fractional
energy savings) within the CombiSol project. Heat losses directly increase the auxiliary energy demand and
can reduce the thermal performance significantly even if solar gains were quite high for most monitored
systems.
This implies on the other hand that consequent reductions of thermal losses are a suitable measure to increase
the fractional energy savings and hence to decrease the primary energy demand. Fig. 4 shows the different
energies splitted into the demand (DHW, DHW circulation, space heating (SH), thermal losses of store and
the supply (auxiliary energy and solar gains). Here only results of systems are depicted for which
measurement data are available for one complete year. The data shows a large variety concerning the
different heat demands. Especially the DHW circulation ranges from 0 to more than the actual DHW load. In
order to keep the heat demand for DHW circulation as low as possible, the hot water piping should be well
insulated and adjusted to the actual needs e.g. by means of an on-demand operation. Space heating demand is
the largest amount of energy for all systems. Solar gains are quite high for most systems, but thermal losses
can negate this positive effect. For AT2 the thermal losses even exceed the solar gains, implying negative
energy savings. On the other hand GE2 is a good example showing how small the heat losses can be.
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Fig. 4: Results from solar combisystems monitored within the CombiSol project
2.3 Results from laboratory testing (quantitative evaluation)
As a reliable prediction of the thermal performance of solar combisystems is one of the major aspects for a
stronger market development, the further development of performance test methods for SCS was a second
major work package of the CombiSol project. In order to determine the influence of the installation quality,
different combisystems were evaluated both by in-situ measurement and laboratory testing. Two different
test methods were applied during the CombiSol project in order to predict the thermal performance of
different solar combisystem concepts.
With the component based CTSS method (Component Testing - System Simulation), according to
CEN/TS 12977-2, originally developed at ITW the thermal performance of SCS is predicted on the basis of
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physical short term tests performed for the main system components (Drück et al., 2002). Based on the
parameters determined for the different components from those tests, the annual thermal performance of the
complete system is predicted for defined reference conditions (e.g. meteorological data, load profiles) by
using a component-based simulation program such as TRNSYS (Drück et al., 2004).
By the black box approach based on the CCT method (concise cycle test) method, which was originally
developed by SPF (Solartechnik, Prüfung Forschung) and further developed by INES (Institute National de
l´Énergie Solaire) the complete SCS is physically tested (except collector) under laboratory conditions
(Albaric et al., 2008). In order to determine the annual thermal performance of a combisystem without a test
sequence lasting one complete year, 12 characteristic test days were defined. The annual thermal
performance is extrapolated based on the 12 day test results. This black-box test method based on the CCT
method and applied here is called SCSPT method (Short Cycle System Performance Test).
For both test methods the parameters determined for performance assessment are e.g. the fractional energy
savings (fsav).
The results from laboratory testing (Fig. 5) show quite good agreement between predicted and actual
achieved thermal performances. Since the boundary conditions during monitoring and during laboratory
testing are different, the figures obtained for fractional energy savings fsav cannot be compared directly.
Therefore the comparison has to be performed assessing the thermal performance of the systems in a graph
showing the fractional energy savings fsav versus the fractional solar consumption (FSC). The dashed lines in
Fig. 5 as well characterise systems of equal thermal performance. Concerning all 4 manufacturers the
systems show identical thermal performance during field test monitoring and during laboratory testing
according to the CTSS and SCSPT test methods.

Fig. 5: Comparison between laboratory testing (SCSPT and CTSS method) and measurement (in-situ
monitoring); (Mette et al., 2011)
3. Influence of installation quality on thermal performances
In the following a few examples from monitoring are given showing potentials to save primary energy and
hence improve the thermal performance of the entire system. Furthermore the major outcomes of the overall
system evaluation from the CombiSol project will be presented.
3.1 Thermal insulation
Unintended high inside room temperatures at the heat store or heat distribution system location indicate high
heat losses of the system. As an example in Fig. 6 (left side) the room temperature and the space heating load
are depicted over one day. The result of the qualitative evaluation shows bad thermal insulation at the heat
distribution system for space heating (right side). An improved thermal insulation would reduce the heat
losses during the operation of the space heating and directly improve the energy savings.
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Fig. 6: Influence of thermal insulation on heat losses and surrounding temperature by means of bad
thermal insulation (left side) and corresponding room temperature (right side)
The measurements (right side) show a significantly increasing room temperature during times of high space
heating demand (2.5 K). This effect indicates the thermal insulation at the space heating distribution to be
improvable which was determined during the inspection as well.
3.2 Natural convection inside pipes
Besides the lack of thermal insulation, microcirculation generates heat losses as well. If no thermosiphon
breaks or back-pressure valves are installed cold water can sink inside pipes and draw hot water from the top
of the heat store into the pipes and thus induce an unintended flow of hot water inside a pipe. An example is
depicted in Fig. 7.
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Fig. 7: Missing back-pressure valve and thermal insulation (left side) and microcirculation occurring
in DHW/circulation loop (right side)
A missing thermosiphon break or back-pressure valve and insufficient thermal insulation (as shown e.g. on
the right side of Fig. 7) can induce microcirculation within pipes causing thermal losses in the range of up to
several kWh per day. In Fig. 7 (left side) the microcirculation results in a low and constant volume flow rate
from midnight until 6 pm in the evening. The flow temperature is approx. 10 K higher than the return
temperature which drops approx. by 30 K towards the cold water temperature after the microcirculation
stopped.
3.3 Other aspects
Overall outcomes of SCS monitoring within the CombiSol project show a few more important aspects that
are crucial for ensuring a good thermal performance (Papillon et al., 2010). The large data basis gathered
within the project is able to supply those aspects with figures and hence demonstrate their importance. The
aspects are:
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The main influence on the yearly energy savings are the thermal losses of the whole system. If the
thermal insulation is not performed with the appropriate priority, thermal losses might even exceed
the yearly solar gains and therefore increase overall primary energy demand. In order to reduce
these heat losses several points have to be met:
Use one heat store rather than two heat stores to install the same heat capacity. If two heat
stores are used adjust the auxiliary volume for DHW and backup volume for space heating
to the actual demands and thermally insulate the piping between the heat stores.
Reduce the size of interconnecting piping between the components. Concerning piping and
hydraulic components compact prefabricated system and sub-components such as e.g.
hydraulic stations are better than several units connected on site.
In case of installation of separate components on site, the location of the components
should be chosen in such a way that the length of the piping is minimised. Also the piping
should be carefully insulated without any gaps (including insulation of valves etc.).
Especially the hydraulic connections (used or unused) at the heat store should be insulated
well – especially at the upper part of the heat store.
The auxiliary heater is an important part of the combisystem and should be high efficient such as a
condensing boiler or ground coupled heat pump. In case SCS are installed in existing buildings and
the auxiliary boiler is not a high efficiency one it should be renewed.
Low temperature heating systems have a positive effect on the performance of the solar
combisystem since the solar collector can work at lower temperature levels resulting in increasing
its performance.
Parasitic electrical energy consumption varies in a large band down from less than 500 kWh per
year up to three times this value for systems which are not well adjusted.
All of the above aspects should be met carefully in order to ensure a good performance of the complete
system. Every aspect not treated in an appropriate way is well able to reduce the primary energy savings,
some aspects even significantly.

4. Recommendations for the installation of SCS
Within the CombiSol project the main outcome concerning the thermal performance of SCS is that the
reduction of thermal losses should be in the focus even more than increasing of solar gains. Especially due to
the fact that conventional (non-solar) systems often do not integrate a heat store for space heating but solar
thermal systems are dependent on them, SCS have the disadvantage of potentially higher thermal losses.
Furthermore, in order to reach best possible performances of SCS the two main parts - solar thermal system
and auxiliary heater - have to be integrated well into the complete system in both hydraulic and control
aspects. The detailed recommendations elaborated within the CombiSol project are divided into different
aspects, summarized below (Papillon et al., 2010):
Overall system concept
Single or multi store concepts
Heat store
Auxiliary heater
Space heating
Solar collector circuit
General aspects

4.1 Overall system concept
Solar thermal combisystems can be categorized into 6 different system categories by differentiating the
systems by their two major components DHW preparation and integration of the auxiliary heater:
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DHW type A: tank-in-tank (DHW store inside space heating store)
DHW type B: immersed heat exchanger (internal DHW heat exchanger inside space heating store)
DHW type C: fresh water unit (DHW preparation via external plate heat exchanger)
Auxiliary integration 1: as return flow increase
Auxiliary integration 2: only charging heat store (heat store as buffer store for space heating)
The different types of DHW preparation can here be combined with any type of auxiliary integration.
Auxiliary integration 1 implies potentially lower heat losses and is best suited for boilers which are able to
modulate well in wider power ranges and still operate with high efficiency such as i.e. natural gas or small
oil boilers. Solar thermal systems planned for smaller solar fractions are well suited for auxiliary integration
1 as times when solar energy is able to supply space heating completely are rare. Therefore times with hot
fluid running through the shut off auxiliary boiler causing heat losses are few.
Auxiliary heating 2 has potentially larger heat losses and is more suited for boilers which operate more
efficiently with longer running times such as i.e. standard heat pumps or pellet boilers. This type of auxiliary
integration is more suited for medium to large solar fraction combisystems where the space heating demand
can be covered by solar heat over longer periods of time and the boiler would only increase heat losses being
located within the heat distribution piping.
The auxiliary volume for DHW causes constant heat losses at the upper part of the heat store and should
therefore be adjusted to the actual demand. Since the DHW comfort can mostly not be adjusted via the size
of the auxiliary volume for DHW (heat store connections are fixed) the temperature sensor heights as well as
the set temperature for DHW auxiliary heating should be adjustable.
DHW type A and B are best suited for biomass boilers having high flow temperatures, whereas DHW type C
is better suited for modulating boilers with sufficient power such as natural gas boilers. By keeping the
auxiliary volume small using sufficiently large powered boilers integrated as return flow increase, thermal
losses can be kept at a minimum and the thermal capacity of the heat store can be used most effectively for
storing solar heat.
4.2 Single or multi store concepts
The qualitative evaluation within the CombiSol project showed the average of heat store volume and
collector area to be between 50 and 100 l/m2. About one third of the systems consist of more than one heat
store.
Multi store systems have some strong disadvantages implying higher thermal losses compared to one store
systems. For storing the same volume the ratio of heat store surface area to volume is roughly one third
larger for two stores compared to one single store implying significantly higher thermal losses. Furthermore
the interconnections between the heat stores increase potential heat losses especially if not insulated. One
further aspect is the difficulty to adjust the auxiliary volume for DHW when using two stores instead of just
one. It is therefore recommended to check carefully if the advantage of easier handling during installation or
larger heat store capacity outweighs the above mentioned disadvantages.
4.3 Heat store
As the above presented monitoring results from the CombiSol project show, thermal losses within a lot of
SCS were quite high. The qualitative inspections showed quite good agreement between high thermal losses
measured and large lacks of thermal insulation at the heat store(s) and piping as well.
Even though the insulation of the heat store is mostly prefabricated, it was not always installed correctly. At
only one third of the systems investigated the unused pipe connections were insulated. This leads to high
thermal losses especially if the connections are located at the upper part of the heat store. The length of
uninsulated piping can easily add up to a surface area of half a square meter or more. Thermosiphon breaks
were only used in very rare cases. It is recommended to use a tank concept which has no connections at the
top of the heat store but at the side or the bottom of the heat store. This prevents heat losses at the top of the
heat store. As already mentioned above the usage of two heat stores is not recommended if it is possible to
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install the same or a slightly lower volume by only using one store. Fig. 8 shows good and bad examples of
heat store insulation with potentials for improvement.

Fig. 8: Thermal insulation of heat store and connected piping, bad (left side) and good (middle)
respectively well insulated with improvement by using thermosiphon breaks (right side);
(Papillon et al., 2010)
The return flow for space heating should be connected to the heat store depending on its average return flow
temperature. If the return flow temperature is expected to be low (i.e. in case of floor heating, wall heating or
low-temperature radiators) the return flow should be connected near the bottom of the heat store. If the return
temperature is expected to be higher, the return flow should be connected at a higher part of the heat store
(i.e. at the height of the auxiliary return flow).
4.4 Auxiliary Heater
There is a large variety of different boilers available on the market and it is not possible to recommend a
certain type of boiler since it has to fit to the respective combisystem and the specific boundary conditions
(i.e. DHW load and space heating flow and return temperatures). A condensing natural gas boiler for
example requires low return temperatures in order to use the condensing effect properly.
Concerning the dimensioning of the auxiliary boiler, it has to be kept in mind that the heat store of a solar
combisystem comprises a domestic hot water auxiliary volume. The average power demand for DHW is only
0.5 kW (assuming a 4 person household with a hot water demand of 200 litres per day with 10/60°C). Hence,
provided the DHW auxiliary volume is large enough to meet the peak load the maximum boiler power can be
reduced to the maximum space heating demand.
4.5 Space Heating
The space heating demand within the monitored systems represent around 70 to 90 % of the total heat
demand and the DHW preparation (including circulation) between 10 to 30 %. Not only the total heat
demand but also the reason that space heating is mainly required during times with lower solar gains (lower
radiation and lower ambient temperatures) results in the fact that the space heating demand dominates the
thermal behaviour of the solar combisystem.
In general low temperature heating systems have a number of advantages. They lead, for example, to higher
solar collector efficiencies due to lower mean operating temperatures, lower heat losses, better efficiencies of
condensing boilers due to lower return temperatures or larger usable heat store capacities. Low temperature
systems can be achieved e.g. by appropriate dimensioning of the heat emitting elements or radiators
respectively, proper hydraulic adjustment of each emitting element, low flow systems and a good thermal
insulation of the piping.
4.6 Solar Collector Circuit
The solar collectors within the evaluated systems were mostly on roof mounted. Qualitative evaluation
showed that the thermal insulation especially outside the building is exposed to several negative impacts and
therefore should be water resistant, high temperature resistant and protected against animal bites.
Measures against stagnation of the solar collector field should be passive if possible and security aspects
should be met carefully. This involves for example the connection of the expansion vessel to the collector
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circuit from above or the placement of the safety valve as well as the collection vessel behind it (i.e.
temperature resistance).
4.7 General Aspects
As mentioned above a lot of different aspects can lower the efficiency of a combisystem and can add up to a
significant reduction in the thermal performance. Therefore all recommendations should be met equally in
order to reach the maximum performance of the SCS. The design of an optimised combisystem should start
with the planning defining the placement of the different components in such a way that the length of the
piping is minimised. This potentially reduces the heat losses and will save installation costs. Thermosiphon
breaks should be used in order to avoid microcirculation in the piping. The requirements related to the heat
and comfort demands (i.e. DHW load and circulation) should be met exactly, since the appropriate
adjustment directly saves primary energy and hence improves the thermal performance of the system.
Concerning the hydraulic interconnection of components they should be placed minimizing the length of
piping operated at high temperatures (i.e. on primary side of heat exchanger or before mixing valve). The
heat distribution piping showed to have potentially high heat losses and therefore should be insulated
properly including all components such as valves etc. for which in some cases already prefabricated
insulation material is available.
5. Summary
In the course of the CombiSol project 45 solar thermal combisystems (SCS) installed in 4 European
countries were evaluated using a holistic approach including qualitative evaluation in terms of system
inspections, in-situ measurement and standard testing procedures.
The in-situ measurement of 45 SCS showed overall satisfying thermal performances represented by the
(fractional) thermal energy savings that were achieved. The performances were well in the range predicted
by laboratory testing. This is showing that the two test methods are able to predict the thermal performance
of SCS in a reliably way. The test methods can hence be considered as well suited tools for the determination
of the thermal performance of SCS.
The performed in-situ monitoring showed good and bad examples and revealed potentials for improvement.
The recommendations elaborated within the CombiSol project are related to the complete SCS including all
components. One of the most relevant aspects was the thermal insulation of the system including the heat
store including its connections and the piping. Large heat losses caused by missing thermal insulation reduce
the benefit of even high solar gains to a minimum in the overall thermal performance and hence increases the
primary energy demand. But also other aspects such as controller settings showed to be very important for an
optimal operation of the system. A higher level of prefabrication and workshops for installers might be able
to improve the SCS performance even more.
Besides the evaluation of the installed systems, two different test procedures were investigated within the
CombiSol project, the SCSPT (Short Cycle System Performance Test) and the CTSS (Component Testing –
System Simulation) procedure. The comparison of the two test methods showed that in principle both test
procedures are well able to predict comparable thermal performances of SCS. Achieving similar results
requires the usage of the same boundary conditions not only for global data (as weather and load conditions)
but also for hydraulic and control aspects. Especially with regard to the SCSPT method the control aspects
showed to be crucially importance.
By supplying a wide range of qualitative, quantitative and comparative data, the CombiSol project supports
significantly the consumer confidence in solar thermal combisystems and additionally gives feedback to the
solar thermal industry. This will potentially increase the market development of these systems and help to
develop better performing and more installer-friendly systems. The recommendations given within the
project are one of the major aspects in order to achieve these aims and are therefore of crucial importance.
Hence the further dissemination of the results from the CombiSol project will be ongoing.
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EXERGY ANALYSIS OF SOLAR THERMAL SYSTEMS: A NECESSARY COMPLEMENT TO
CONVENTIONAL ENERGY ANALYSIS?
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Fraunhofer Institute for Building Physics, Kassel (Germany)

1. Introduction
Current analysis and optimization methods of energy use in buildings are based on the assessment of primary
energy flows, where all energy conversion steps from the extraction of energy sources (e.g. fuels) to the final
demands to be supplied are assessed. The primary energy approach aims at limiting the use of fossil fuels for
providing a given demand, leading to reduce energy demands and maximize the use of renewable energy
sources. It is based, thus, on a distinction between renewable and fossil energy sources, being renewable
energy flows often disregarded in the final balance. Thereby, an assessment of the efficiency of renewable
energy use cannot be obtained from such analyses.
Exergy is a thermodynamic magnitude defined as the maximum theoretical work obtainable from the
interaction of a system with its environment as the equilibrium state is reached between both (Moran and
Saphiro, 1998). Exergy analysis allows for the detection and quantification of the improving potential of
complex energy systems (Szargut, 2005) and has been widely used for the optimization of thermodynamic
systems since the middle of the last century (Rant, 1964). Exergy analysis shows the true thermodynamic
efficiency of an energy system. All energy flows, renewable or not, are regarded in the exergy balances,
thereby allowing the assessment of the efficiency of renewable energy use in a given energy system.
Low temperature energy demands in buildings such as space heating and cooling have low quality, i.e. low
exergy content. Low temperature renewable energy systems (e.g. solar thermal systems) are able to lower
significantly the quality of the supplied energy in buildings, thereby increasing the exergy efficiency of
energy supply.
In the present paper results from exergy analysis of a solar thermal unit for supplying part of the domestic
hot water and space heating demands of a multi-family dwelling are presented and compared to conventional
primary and final energy assessments. Differences and added value of exergy analysis as compared to
conventional primary energy assessment for solar thermal systems is investigated by comparing the
conclusions and insight gained from both methods.
The quality of solar thermal heat varies greatly depending on outdoor conditions and on the dynamic
behavior of the solar thermal unit, i.e. on inlet and outlet collector temperatures (as it is shown in section
2.2). Therefore, dynamic energy and exergy simulations are required for an accurate and meaningful
comparison of such analyses. Furthermore, different configurations and operation modes for the solar
thermal system are investigated, allowing to achieve deeper understanding about the differences and
information provided by each of the two analyses methods investigated.
2. Method and models

2.1. Models for dynamic energy analysis
For dynamic energy simulations building and solar system models in TRNSYS simulation environment are
used with a time-step of 3 minutes. Climatic data for Würzburg are considered to be representative for
German climatic conditions (DIN 18599, 2007). In all simulations presented here weather data for Würzburg
generated with METEONORM (Meteotest, 2006) are considered.
The multi-family dwelling (MFH-07) consists on a three floor building with a net living area of 927.2 m 2
holding 12 apartments. The overall transmission heat coefficient of the building (H' T) amounts 0.469
WK-1m-2 . Each floor is modeled in TRNSYS as a separate thermal zone.
Hourly profiles for internal gains have been defined with different profiles for weekends and weekdays.
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Daily loads, including appliances and occupants, amount 97.4 and 100.8 Whm -2 d for weekdays and
weekends respectively. A ventilation rate of 0.71 h -1 is defined, including air exchange due to the use and
occupancy of the building and infiltration air rates.
3-minute DHW draw-off profiles are generated using the program DHWcalc (Jordan and Vajen, 2005) ,
assuming a 40 liters draw-off per person and per day at 45°C and a total occupancy of the building of 29
people. The seasonal variation of the cold water temperature is defined in accordance with DIN EN 12976-2
(2006), assuming average yearly cold water temperature of 10◦°C, an average amplitude for seasonal
variation of 3°C and the time-shift parameter as 137 days for Würzburg. With the assumptions mentioned
here DHW demands from dynamic energy simulations with TRNSYS amount 16.74 kWh/m2 a, showing
good agreement with values from the Standard DIN 18599-10 (2007) .
DHW supply occurs by means of a centralized instantaneous heat exchanger, i.e. no individual DHW tanks
are regarded in each apartment. A recirculation loop in the DHW supply circuit operated as stated in
(DVGW, 2004) is considered in order to ensure hygienic conditions in the water supplied.
For calculating the fractional energy savings achieved by different configurations of a solar system a
reference case is required. The reference case is taken as the multi-family dwelling with standard building
shell (MFH-07) and with radiators. A storage tank of 1500 liters for centralized domestic hot water (DHW)
supply is foreseen and no storage unit is used for space heating (SH) supply.
The base solar thermal system in this thesis consists of a collector area of 100 m 2 and a storage tank of 8.5
m3, composed of a specific solar storage volume of 75 lm -2colls and an additional auxiliary volume of 1 m 3.
Stratified inlets are assumed for the solar loop as well as the DHW and SH demands. In turn, the outlets for
providing both demands are considered at a given fixed position in the tank: the outlet to DHW supply is
located approximately at the top of the tank, at a relative height of 0.99; the outlet for SH supply is located at
0.05 relative height above the outlet to the boiler. Both outlets are, therefore, located within the auxiliary
volume, which is always kept at temperatures between 65 and 70°C by the boiler in order ensure energy
supply even if no solar radiation is available .

2.2. Models for dynamic exergy analysis
Exergy analysis on a system level are performed following the input-output approach found in many building
energy regulations (EnEV, 2007; DIN 18599, 2007), where the supply chain is divided into several
subsystems directly related with each other. Examples of these energy subsystems are primary energy
transformation, generation, storage, distribution or heat emission systems.
The energy supply systems for the multi-family dwelling studied here are divided accordingly in the
subsystems mentioned before. For each subsystem equations characterizing its exergy input and output are
defined and implemented in a TRNSYS-calculator. In this way, dynamic analysis of the exergy flows in each
subsystem are performed.
The display of all equations defined for exergy analysis of the subsystems involved in the models is too
extensive to be shown in this paper. Therefore, here only the more relevant equations for characterizing the
overall exergy performance of solar systems studied are introduced. Equations 1 to 7 show the expression for
calculating relevant exergy flows in each time-step (tk) stated in kWh.
Equations 1 and 2 show the exergy demands for space heating and DHW supply respectively. In equation 3
the expression for the total exergy demand is shown.



Ex dem SH  t k =Q h t k . 1−

T 0 t k 
T op t k 



(eq. 1),

where Qh the thermal heat demand being supplied by the emission system to the building, T op is absolute
value of the operative temperature in the building and T0 is the reference temperature for exergy analysis
which in this study is taken as the absolute value of the outdoor air temperature in each time step.
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[

Ex dem DHW  t k =m DHW t k  . c p , cw . T supply , DHW t k −T cw t k −T 0 t k  . ln 

T supply , DHW t k 

T cw t k 

]

(eq. 2)
where mDHW is the mass flow for DHW supply, cp,cw is the specific heat capacity of water, T supply,DHW is the
absolute supply temperature for DHW and Tcw is the cold water temperature in K.

Ex dem SH DHW  t k =Ex dem SH  t k  Ex dem DHW  t k  (eq. 3)
Equation 4 shows the primary exergy flow which needs to be supplied to the building systems in each timestep.

Ex prim t k = Exinput −g t k  . f

p

(eq. 4),

where Exinput-g is the exergy input into the generation subsystems (i.e. solar thermal system or boiler unit), and
fp is the primary energy factor for the given energy flow.

Ex input− g t k = Exinput −g , boiler t k Ex input , colls t k  (eq. 5)

Ex input− g ,boiler t k =Eninput , boiler t k  . F Q , fuel (eq. 6),
where Eninput,boiler is the energy input into the condensing boiler foreseen as back up system to the solar unit
obtained from dynamic simulations in TRNSYS and FQ,fuel is the quality factor for the fuel used to supply the
boiler. In this paper values of 0.95 for natural gas in the condensing boiler are assumed (Ptasinski, Prins and
Pierik 2005).

[

Ex input ,colls t k =mcolls t k . c p ,w . T o , colls t k −T i , colls t k −T 0 t k  . ln 

]

T o ,colls t k 

T i ,colls t k 

(eq.7),

where mcolls is the mass flow through the collector field, and T i, colls and To,colls are the absolute value of the
inlet and outlet temperature in the collectors, respectively.
2.3 Parameters for energy and exergy performance
The energy performance of the different solar thermal systems analyzed here is stated in terms of the thermal
and extended fractional energy savings, fsav,therm and fsav,ext, as defined in (Weiss, 2003). Equations 8 and 9
show the general expression for both parameters.

Q boil ,out ,sol
P el , coll . f
ηaux , sol
f sav , therm=1−
Q boil , ref , out
η aux , ref

p ,el

(eq. 8),

where Qboil,out,sol is the energy output from the boiler acting as back up for the solar system, ηaux,sol is the
efficiency of this boiler, Pel, coll is the electrical energy required by the pumps in the solar system, f p,el is the
primary energy factor for electricity, Q boil,ref,out is the energy output from the boiler in the reference system
(i.e. without solar thermal unit) and ηaux,ref is the efficiency for the boiler in the reference system.

Q boil , out , sol
 P el ,coll  P el ,boil , sol  P el ,SH P el , DHW  . f
η aux , sol
f sav , ext =1−
Q boil ,ref
 P el ,boil , ref P el , SH  P el , DHW . f p , el
η aux , ref , out

p , el

(eq. 9),
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where Pel, boil,sol , Pel, SH, Pel, DHW and Pel, boil,ref are the electricity for pumping in the boiler of the solar system, in
the space heating system, DHW supply circuit and the boiler in the reference case (without solar collectors),
respectively.
Primary and final exergy efficiencies are used for characterizing the exergy performance of the systems.
Equaions 10 and 11 show the expression of the primary and final exergy efficiencies respectively. Both are
overall exergy efficiencies since the performance of the complete energy system into analysis (in the final
exergy efficiency) or the whole supply chain (in the primary exergy efficiency) are analyzed.

ψ prim=
ψ fin =

Ex demSH DHW 
(eq. 10)
Ex prim

Exdem  SH  DHW 
(eq. 11)
Ex input− g

Additionally, the exergy expenditure figure as defined by (Schmidt et al., 2007) is calculated. The exergy
expenditure figure is defined as the ratio of the exergy input required to supply a given energy demand
(effort) and the provided energy demand (use). This parameter needs to be compared to the exergy to energy
ratio of the energy demand to be provided, i.e. to the quality factor of the energy demand. Values close to the
exergy to energy ratio of the energy demand indicate a good matching between quality levels (i.e.exergy) of
the energy supplied and demanded. In turn, values diverging from the exergy to energy ratio of the demand
indicate bad matching and, in consequence, lead to conclude that other energy sources shall be used for
providing that specific use and/or energy losses need to be reduced.
For the particular application of space heating and cooling of buildings, quality factors of the energy
demanded are very low (around 0.07). Subsequently, in space heating and cooling applications, lower exergy
expenditure figures indicate more optimized energy supply systems. Exergy expenditure figures can be
derived for any subsystem in the energy supply chain within a building. However, the chosen generation
system influences more strongly than any other component the overall exergy performance of energy supply.
Thus, here for the building cases analyzed in this thesis only exergy expenditure figures for the generation
subsystem, εg (eq. 12), are presented.

ε g=

Exinput −g
(eq. 12)
Enoutput −g
3. Results

In the following sections the behaviour of the regarded energy and exergy based parameters are shown for
different configurations of the building systems.

3.1. Different space heating emission systems
The emission system used for space heating also influences the energy performance of solar thermal systems
(Zaß et al., 2008). It is expected that space heating systems requiring lower supply and return temperatures
lead to an increase in the fractional energy savings obtained from the solar unit. Following, the exergy
performance of the solar system is also expected to increase. Additionally, the use of emission systems with
low supply and return temperatures is expected to decrease the temperature of the provided solar heat, i.e. its
exergy content. Thereby, greater increase in the exergy performance is also awaited.
In this section the influence of using emission systems with lower supply and return temperatures on the
energy and exergy performance of the solar thermal system studied is investigated. For this purpose, a space
heating supply with radiators (with design inlet and return temperatures of 55 and 45°C, respectively is
compared to a supply by means of a floor heating system (with design inlet and return temperatures of 32.5
and 27.5°C, respectively.
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To ensure the comparability of both emission systems, it is required that both provide the same level of
thermal comfort inside the building. In Table 1 it is shown that the degree-hours under comfort range II as
defined in (DIN EN 15251, 2007) for is similar for both emission systems.
Tab. 1:Degree-hours under comfort range II (DIN EN 15251, 2007) for the three thermal zones in the building model MFH-07
with both emission systems

Degree-hour
[°Ch]
Ground floor

First floor

Top floor

MFH-07, radiators

216

117.4

171.5

MFH-07, floor heating

157.9

52.5

187.6

Fig. 1:Thermal and extended fractional energy savings, exergy expenditure figure for the generation subsystem as well as
primary and final exergy efficiencies for the solar thermal system with radiators (RADS) and floor heating (FH) systems.

Figure 1 shows the main parameters describing the energy and exergy performance of the solar unit with
both emission systems. Thermal and extended fractional energy savings are very similar in both cases. Due
to the lower return temperatures from the floor heating system, lower temperatures can be found in the lower
part of the solar storage volume. This leads to an increase of 3% in the solar thermal energy output from the
collector field, as compared to the system with radiators. However, due to thermal energy losses in the floor
heating system, the energy that needs to be supplied to the floor heating is also 2% higher than in the case of
radiators. This results in a similar energy performance of both systems: extended fractional energy savings
are just 0.1% higher for the system with radiators.
As expected, the quality factor of solar thermal energy output is 3% lower, i.e. has lower exergy content due
to its lower temperature level, if the floor heating system is used. The energy from the solar collectors
represents around 35% of the total energy input in the systems.
However, due to its low exergy content, the solar thermal output represents only around 8% of the exergy
supplied in both cases. Thus, the differences in the quality level of the supplied solar heat become irrelevant
and are not able to influence visibly the exergy performance.
Figure 2 shows the energy and exergy input required from the boiler and solar thermal system extrapolated
for different extended fractional energy savings. Only with extended fractional energy savings higher than
0.9 the exergy input from the solar thermal unit starts dominating the total exergy input into the system
(representing 60% of the total exergy input for fsav,ext = 0.9), and the quality of the delivered solar heat might
become relevant for exergy analysis. Otherwise, for conventional solar fractions the exergy performance, as
the energy performance, is strongly influenced by the high-quality energy required, i.e. the fossil fuel input in
the system.
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Fig. 2: Energy (a) and exergy (b) input from the boiler and solar thermal unit for different extended fractional energy savings
fsav,ext .

For all stated above, exergy expenditure figures for the generation system (i.e. boiler and solar collectors) in
both cases are very similar. However, on the contrary to the fractional energy savings, this parameter shows
a favourable trend for the floor heating system. This is due to the higher share of solar heat supplied if the
floor heating system is used .
Exergy efficiencies show the same trend as exergy expenditure figures, being favorable for the floor heating
system. The 0.2% increase in the primary and final exergy efficiencies for the case with floor heating is due
to a 4% increase in the exergy demand of the building.
The exergy efficiency is the only investigated parameter directly influenced by the exergy demand of the
building: variations in the exergy demand might significantly change its value. In consequence, it represents
a suitable parameter for comparing the performance of systems with different emission units, since the
energy output from each emission system is thereby also taken into account.
3.2. Three way valves for space heating discharge of the storage tank
In this section the influence of using one and two three-way valves for enabling the outlet for SH supply
from the solar volume on the energy and exergy performance of the systems is studied. The three way valves
are located at a relative storage height of 0.7 and 0.5, respectively. Whenever the temperature at one of these
heights in the solar volume is 5°C higher than the required setpoint for SH supply, water is taken from that
layer of the tank. Otherwise, water is withdrawn conventionally from the lower part of the auxiliary volume.
Figure 3 shows the behaviour of the extended fractional energy savings (a), exergy expenditure figure (b)
and primary exergy efficiency (c) for the systems with one and two valves as compared to without any
additional valve for SH supply.
The use of a single three-way valve for SH supply yields a 0.9% increase in the extended fractional energy
savings for the system with floor heating.
If, instead, radiators are used a lower increase can be found (0.5%). The use of two three way- valves for
space heating supply does not show any relevant increase in the fractional energy savings for the system with
floor heating (0.1%), but causes a further 0.3% increase if radiators are used. These trends are due to the
higher temperatures that can be found in the solar tank if radiators are used (due to the higher return
temperatures from space heating supply), making the second valve more often usable than if the floor heating
system is considered.
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Fig. 3: Extended fractional energy savings (a), exergy expenditure figures for the generation system (b) and primary exergy
efficiency (c) for systems without, with one and two three-way valves for SH supply. Results are shown for the systems with
radiators and floor heating.

As stated in the previous section for such low solar fractions, results from exergy analysis are completely
dominated by the high exergy input represented by the auxiliary boiler. In consequence, the behaviour shown
by the parameters characterizing the exergy performance of the systems with and without valves and the
conclusions obtained from them, are similar to those from conventional energy analysis.
Differences in the energy and exergy performance with each of both emission systems are coherent with
those presented in the previous section: with the use of a floor heating system a more (exergy) efficient
energy supply can be achieved, despite slightly higher input of fossil fuels is required.
4. Conclusions
Fractional energy savings indicate the share of saved fossil fuel for a given solar thermal system as compared
to the fossil fuel demand of a conventional system without solar unit (i.e. with a condensing boiler as supply
system). Thus, they are sensitive to variations in the fossil fuel input from the boiler. In turn, they do not give
any information on the behaviour of the energy demands of the building (see section 3.1).
In turn, exergy-based parameters presented give insight on the share of solar energy in the total supply,
thereby giving insight on how efficiently a given load is being provided. These parameters are influenced by
small changes in the energy demands of the building (e.g. raising from using different emission systems).
Following, they are suitable parameters for comparing the performance of solar thermal systems coupled
with different emission systems.
The behaviour of the exergy-based parameters is strongly dominated by the high-exergy input from fossil
fuels required by the auxiliary boiler (which represents between 80 and 90% of the total exergy input in all
cases investigated). In consequence, conclusions from exergy analysis are similar to those obtained from
conventional energy analysis . Only in the comparison between the performance with different emission
systems conclusions from energy and exergy analysis differ from each other .
The exergy method is a scientifically correct approach for analyzing solar thermal units. However, since
exergy analysis is strongly dominated by the high-quality fossil fuel input, similarly as energy analysis,
conclusions from exergy analysis are always very similarly to those which can be gained from conventional
energy analysis of the systems. Therefore, for conventional fractional energy savings of around 20-30% it
can be concluded that exergy analysis and exergy-based parameters do not supply relevant further
information for the analysis of solar thermal systems as compared to conventional energy analysis. Only for
systems providing much higher fractional energy savings of around 90% differences in the energy and
exergy analysis of the different components in the energy systems might arise. Conclusions from a system
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perspective, i.e. referred to the overall performance of the system, are however expected to be always similar
for both analysis.
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Abstract
For solar thermal combisystems, different storages and corresponding charging and discharging concepts are
available, e.g. with immersed or external heat exchangers and/or internal or external stratification concepts.
In several publications the effect on the system performance is discussed based on simulations and/or test
sequences which are representing constricted operating conditions (Han, 2009; Logie, 2010; Lohse, 2010).
To achieve a more compelling assessment based on experiments, a combisystem with four different storage
and storage integration concepts were tested under realistic load conditions, using the Concise Cycle Test
(CCT) method. The common features of all tested systems are the auxiliary heater and the solar collectors as
well as the storage volume. Different hydraulic schemes were used for the systems tested to connect these
components with the storage. Both immersed and external heat exchangers were used for charging (by the
solar collectors) and discharging (domestic hot water preparation) the storage.
The experiments revealed a considerable range of annual fuel consumption (+/- 5 %) to cover an identical
load, although only the charging and discharging strategies at the storage has been changed whereas the
components for heat supply and the energy demand were identical. In the system configurations tested, the
integration of the condensing heating oil fired boiler turned out to be particularly important because the
utilisation of latent heat (condensation) is strongly dependent to the resulting return temperatures of the
boiler.
Furthermore it was shown that the integration of a stratification device for volume flows entering the store
leads to a fuel reduction, even in a system whose hydraulic scheme and control strategy were optimised to
charge and discharge the thermal energy store according to the storage temperatures.
The system that uses an immersed coil heat exchanger for domestic hot water preparation had to keep a
particularly large part of the thermal energy store at high temperatures to be able to cover the comfort
requirements. In the case investigated, in combination with a store that has considerable heat losses this led
to a less efficient system (- 5 %) compared to tests with a buffer store and external domestic hot water heat
exchanger.
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1. Motivation
The challenge of systems that combines solar energy with conventional energy sources for combined
domestic hot water (DHW) preparation and space heating (SH) is to integrate two different heat sources into
a single system that covers the comfort requirements in a reliable and cost-effective way. In that context, the
thermal energy store (TES) and its charging and discharging strategy is decisive because it influences the
operation conditions and thus the performance of the other components (namely the solar collectors and the
auxiliary heater). According to this, an isolated test of the TES is likely not to reveal the overall system
performance. Instead of that, it is conducive to test complete systems to draw a comparison of different
storage concepts. Furthermore, the tests should allow an assessment on a yearly basis rather than describing
only some of the occurring system operating conditions.
2. Method
For the experimental analysis of the systems, a dynamic test cycle called the Concise Cycle Test (CCT) has
been used (cf. Vogelsanger, 2002). There, the boundary conditions of climate and a typical load from a
reference year are applied in a 12-day test cycle (where every day represents a month in the Swiss Midlands
climate) to emulate realistic conditions. The combisystem must be installed completely on the test rig just as
it would be installed in a commercial situation (e.g. a single family house). Only the collector is not installed
but emulated using an electrical heating and cooling circuit so that the realistic collector output is delivered
to the system for each timestep. The system must completely act autonomously to cover the heat demand of
the building and the draw-offs. The decisive quantity that is used to characterise the system performance
later on is the measurement of the auxiliary energy consumption. Figure 1 shows the concept of laboratory
testing with the CCT method.
solar collectors

domestic hot water
room heating

auxiliary
heater

thermal
store
controller

simulated components
installed and measured at test facility
Figure 1: Concept of laboratory testing with the CCT method. The house with heating distribution and the collectors are
simulated or emulated. Auxiliary heater and thermal storage, as well as all piping, control devices etc. are installed and tested.

The scaling of the performance indicators of the 12-day period to annual indicators would not lead to precise
results because of the thermal capacites of the TES and the virtual building. Therefore, subsequent to the
physical test sequence the acquired data are used to validate a system simulation model that is further used to
evaluate the system in light of annual performance summaries. The simulations were performed using the
simulation program TRNSYS (Klein et al., 2000).
3. Systems tested
The common features of all tested systems are the parameters and characteristic of the auxiliary heater and
the solar collectors. The system integration of these components has been solved with differing specific
hydraulic schemes in the systems tested. Thereby, both immersed and external heat exchangers were used in
the charging (by the solar collectors) and discharging (DHW preparation) of the store.
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Components of the systems tested
Two different thermal energy stores (TES) have been investigated in this work. TES-A is a buffer store with
no immersed coil heat exchangers (IHX). All incoming flow rates enter TES-A through an internal
stratification device. In contrary, TES-B contains two IHX: One for DHW preparation (containing drinking
water) and one for charging the TES with the solar collectors (containing a water/glycol mixture). The
physical parameters are shown in Table 1.
Table 1: Cardinal physical parameters of the TES tested.

TES A

TES B

weight (empty)

155 kg

224 kg

material

S235JR

black steel

nominal volume

920 l

1000 l

diameter (including insulation)

990 mm

1060 mm

diameter (without insulation)

790 mm

850 mm

Stratification device

yes

no

material

–

corrugated stainless steel

capacity

–

33 l

surface area

–

7.2 m2

material

–

smooth stainless steel

capacity

–

14 l

surface area

–

2.1 m2

DHW-IHX

Solar-IHX

In all tests an identical auxiliary heater was used. The device used is a condensing oil fired boiler with a
continuous power modulation in the range of 5 to 15 kW with both the boiler circuit pump and the controller
integrated. Table 2 shows the specification of this boiler.
Table 2: Specification of the auxiliary heater used in the experiments.

nominal heating power

5 – 15 kW

permissible fuel

low-sulphur heating oil;
max. sulphur content: 50 mg/kg

utilisation of latent heat (condensation)

yes

controller

integrated in boiler

The solar collectors are emulated by the test rig according to a real-time simulation with TRNSYS that takes
both the climatic conditions (radiation and temperature) and the real measured data of the return temperature
and flow rate into account. It emulates the operation and the non-operation conditions. The coefficients of the
efficiency curve of the 15 m2 flat plate collector field are:
η0 = 0.70
a1 = 3.38 (W/(m2K))
a2 = 0.01 (W/(m2K2))
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Hydraulic schemes
In total, four different systems have been tested with the CCT method. TES-A has been used for the tests #1
to #3 with different hydraulic schemes, and TES-B was assembled in test #4. For test #3, a modified version
of TES-A has been used where the internal stratification device has been removed.
System Test #1
The hydraulic scheme used for the first test was kept as simple as possible while using TES-A. Each
hydraulic circuit was connected to the store with two ports for the supply and return line. All volume flows
enter the TES through a stratification device. Where necessary an external HX was used to separate fresh
water or brine from the water in the TES (see Figure 2). If the temperature of the water in the TES is not
sufficient to cover the heat demand for SH and DHW preparation the TES is charged by the auxiliary heater.
The control is set to allow operation only with nominal power (no power modulation). Both the hydraulic
schema and the control strategy are intended to allow a user-friendly installation and a wide variability (e.g.
connection of different auxiliary heaters, different heating loads).
System Test #2
Again, TES-A is the core element of test #2. All circuits are connected directly to it. Thus, the auxiliary
heater can still not deliver heat directly to the SH loop, but instead of that the TES must be charged. In
contrary to test #1 the auxiliary heater is connected with specific ports for charging the upper part of the TES
(for DHW preparation) with high temperature or the part of the TES that is reserved for SH with a set
temperature according to the heating curve. Switching between the operating modes is realised with two
three-way valves (see Figure 3) that switches both the return and the flow line. The control of the auxiliary
heater allows a power modulation to reach the respective set temperature (with a fixed flow rate). The
changes were implemented as an intermediate step to get to system test #3.
System Test #3
Both the concept and the hydraulic scheme from test #3 correspond to that of test #2. The only difference is
that in test #3 all stratification devices in TES-A have been removed (see Figure 4). By integrating the threeway valves, the flow rates are, however, guided in advance to the part of the TES with the corresponding
temperature. The core question to be answered was whether a hydraulic optimisation such as implemented in
test #2 is leading to equally good or even better results compared to test #1.
System Test #4
The system concept investigated in test #4 differs from the systems described above due to the deviating
storage specification of TES-B that has been used for test #4. The hydraulic scheme was adapted (see Figure
5) according to the concept of TES-B: The solar heat is transferred to the water of the TES by an IHX. The
flow through the collector is controlled by the control unit and the variable speed pump. DHW preparation is
implemented with a second IHX containing fresh water. A thermostatic mixing valve prevents excessively
high water temperatures at the tap. The capacity of the IHX allows the storage of small to medium amounts
of DHW. Large draw-off volumes are heated in continuous flow. If the temperature of the water in the upper
part of the TES is not sufficient to assure the required DHW temperature the auxiliary heater is started to
charge the TES. As in all other system tests, the SH is heat coming from the middle part of TES-B, if
available (i.e. heated by the solar input). If the temperature of the water in this part of the TES is lower than
the set-temperature according to the heating curve, the auxiliary heater is started (this is also the case for
system tests #2 to #4, but not for #1). The supply line of the heater is connected directly to the SH circuit. In
contrary to all other systems investigated, in system #4 the heat for SH is then only coming directly from the
auxiliary heater. Because the pump in the burner has a higher flow rate than the SH circuit pump, the SH part
of the TES is then loaded with excessive heat from the burner (until the set temperature is reached so that the
burner is stopped and the heat for SH is again coming from the storage).
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Figure 2: Hydraulic scheme of system test #1. The solar collectors are connected to the store by an external HX. DHW
preparation is implemented with an external DHW module (HX, pump and controller). The SH loop and the auxiliary heater
are only connected directly to the store. All volume flows enter the TES through a stratification device. The in- and outlet
positions are only schematic and not exactly representing the real positions.

Figure 3: Hydraulic scheme of system test #2. Differing from system test #1, the auxiliary heater is integrated with two threeway valves to switch between the operating modes for DHW-preparation or SH. Again, all volume flows enter the TES
through a stratification device.

Figure 4: Hydraulic scheme of system test #3. The auxiliary heater is still integrated with two three-way valves to switch
between the operating modes for DHW-preparation or SH. Differing from system test #2, all volume flows enter and leave the
TES at fixed positions as there are no stratification devices at all in the storage.
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Figure 5: Hydraulic scheme of system test #4. The solar collectors are connected to the store by an IHX. DHW preparation is
implemented with another. The SH loop and the auxiliary heater are connected directly to the store. The return line of the
auxiliary heater is connected to the lower part of the TES while the supply line has a three-way valve to switch between the
operating modes for DHW-preparation and SH.

4. Results
In this chapter both the results of physical test sequences and annual system simulations are described.
Result of physical test sequences
The experimental results of the 12-day tests are summarized in Table 3. To compare the individual tests a socalled energy utilisation ratio was calculated according to eq. 1. With consideration of the input of electric
energy the energy utilisation ratio is calculated with eq. 2. For the evaluation in this paper, the electric energy
was weighted with the primary energy factor Fel = 3.

S,fuel 

QSH  Q DHW
Qfuel

S,fuel  el 

QSH  Q DHW
Qfuel  Fel  E el

eq. 1

eq. 2

The experimental part of the examination shows the functionality of the system and allows a detailed
evaluation of the performance. For a direct comparison of the results of each test it has to be noted that the
cumulative energy demand for SH in the various tests is not exactly the same. The energy delivered to the
building varies between 508 kWh in test #1 to 533 kWh in test #3, with the corresponding effect to the room
temperatures. Also, the energy consumption for DHW varies between the external DHW-HX (tests #1, #2
and #3 had an identical energy consumption of 92.1 kWh) and the IHX (88.6 kWh in test #4). For the
calculation of the DHW energy consumption both the energy drawn at or above the required temperature was
evaluated as well as the energy taken from the storage before the required temperature was reached at the
tap.
Not only the energy consumption for DHW and SH varies in the various tests but also the energy input by
consuming heating oil and electricity. They range from 479 kWh to 508 kWh (heating oil) or from 15 kWh
to 18 kWh (electricity). Nevertheless, to compare the tests of the system concepts the energy utilisation ratio
has been used. Here, a difference between systems that uses TES-A and that one using TES-B is clearly
visible (the auxiliary heater and the collectors are identical). While the energy utilisation ratio ranges from
123 % to 130 % (ζS,fuel) with TES-A the system using TES-B reaches 119 %. When considering the energy
input through electricity the difference becomes smaller due to the lower electric consumption in test #4.
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The storage temperatures measured during the four CCTs are shown in Figure 6. The temperatures were
measured with eight sensors distributed evenly over the height of the respective TES. The measured data of
test #1 shows that the temperature profile in the store is good according to the functions of each area. The
upper part of the TES is sufficiently hot for DHW preparation while in the lower part enough water is kept
with low temperatures to operate the solar collectors efficiently. The changes in the charging strategy with
auxiliary energy in test #2 and test #3 led to a slightly increased storage temperature in the lower part of the
TES (except for days 7 to 10 when this is less important) because the return line of the boiler for SH is
positioned in the lower part. In test #4 it can be seen that the DHW part of the TES is larger compared to the
previously tested systems.

Table 3: Result of the physical test sequence. The degree of utilization shown in this table refers to the 12 day test period.
1
based on the net heating value.

Test #1

Test #2

Test #3

Test #4

energy input heating oil1

[kWh]

479.1

480.2

507.3

508.2

energy input electricity

[kWh]

16.4

18.4

16.8

15.2

energy consumption SH

[kWh]

507.8

526.2

532.6

514.9

energy consumption DHW

[kWh]

92.1

92.1

92.1

88.6

mean storage temperature

[°C]

46.2

45.8

45.8

50.5

boiler starts

[-]

72

53

54

60

operating time of boiler

[h]

37.3

65.4

73.6

68.3

ζS,fuel+el

[%]

113.5

115.5

112.0

109.0

ζS,fuel

[%]

125.2

128.8

123.1

118.8

Result of annual simulations
The
results
of
the
annual
simulations
are
summarised
in
Table 4. Besides the energy utilisation ratio that is calculated for the system, a energy utilisation ratio was
calculated for the auxiliary boiler according to eq. 3, where Qwater is the amount of energy balanced on the
water side of the boiler and Qfuel is the energy input through heating oil. This was not possible during the 12day test because the tested systems were not equipped with additional sensors that may affect the system
performance (e.g. due to an increased pressure drop). With the help of simulations, these parameters can now
be determined.

 boiler 

Q water
Qfuel

eq. 3

The difference between system #1 and system #2 is the strategy to load the TES with heat from the auxiliary
boiler. Through the implementation of two three-way valves a reduction was reached of the annual fuel
consumption of 1.6 %. The energy utilisation ratio of the boiler is improved from 97.7 % to 100.1 % due to
the lower return temperature while loading the SH part of the TES.
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Figure 6: Mean storage temperatures at the 12 days of each CCT, where each day represents the typical climatic conditions of
a month. In each case the mean daily temperature of eight measurement points is shown that are distributed equally on the
storage height .

The difference between system #1 and system #2 is the strategy to load the TES with heat from the auxiliary
boiler. Through the implementation of two three-way valves a reduction was reached of the annual fuel
consumption of 1.6 %. The energy utilisation ratio of the boiler is improved from 97.7 % to 100.1 % due to
the lower return temperature while loading the SH part of the TES.
In system test #3 the stratification device in TES-A had been removed. Due to the hydraulic optimisation
carried out for test #2 in contrary to test #1 an external stratification is implemented. Nevertheless, the fuel
consumption in test #3 without the stratification device is higher (+ 2.4 %) compared to test #2.
In accordance to the physical tests, the annual system simulation of system #4 (with TES-B) shows the
lowest energy utilisation ratio on system level (ζS,fuel), even though the boilers energy utilisation ratio reaches
99.5 %. The fuel consumption amounts to 17.4 MWh (compared to 16.5 MWh with the best configuration of
TES-A).
Table 4: Result of the annual simulations. The degree of utilization shown in this table refers to a period of one year.
1
based on the net heating value.
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Sim #1

Sim #2

Sim #3

Sim #4

energy input heating oil1

[MWh]

16.8

16.5

16.9

17.4

energy input electricity

[MWh]

0.3

0.4

0.3

0.3

energy consumption SH

[MWh]

15.6

15.6

15.6

15.6

energy consumption DHW

[MWh]

2.8

2.8

2.8

2.8

ζboiler

[%]

97.7

100.1

99.7

99.5

ζS,fuel+el

[%]

109.9

110.7

109.3

107.2

ζS,fuel

[%]

116.8

118.7

116.1

113.1

5. Discussion
The measurements revealed a difference between the discharging of the TES for DHW preparation with an
external DHW-HX (used in the tests #1, #2 and #3 with TES-A) and the IHX used in test 4 (TES-B). The
energy consumption with the IHX was noticeably lower due to a shorter time to reach the set-temperature for
DHW (compare Table 3). However, this must be looked at in relation to the larger volume in TES-B which is
reserved for DHW-preparation in test #4 and the resulting higher storage temperatures (compare Table 3 and
Figure 6), particularly with the effect of higher losses to the ambient of test #4.
The charging strategy with auxiliary energy in test #1 led to a very good temperature distribution in the
TES with a large volume with low temperatures in the lower part of the TES. By the use of the modified
charging strategy with auxiliary energy in test #2, the temperature distribution was negatively affected
(compare Figure 6). Nevertheless, the modified charging strategy led to an improved energy utilisation ratio
(compare
Table 4, 116.7 % vs. 118.7 %). The reason is an improved efficiency of the auxiliary boiler by the lower
return temperatures resulting in higher condensation gains (97.7 % vs. 100.1 %). However, the hydraulic
scheme and the control strategy of the auxiliary boiler implemented in test #2 means considerably more
effort in the planning and installation of the system in comparison to test #1. Especially the power control
and the regulation of the set-temperatures in relation to the storage temperatures are difficult to apply and
comprises an increased potential for errors.

6. Summary and Conclusion
The examination of system #1 showed that this is an efficient system concept that covers the heat demand for
SH and DHW in a reliable way. The installation and commissioning is straightforward, the hydraulic scheme
and the control is comparably easy to understand and to implement.
Changing the strategy for charging the TES with auxiliary energy in test #2 led to a significant improvement
in the efficiency of the system, although the temperature distribution in the TES was not as good as in test
#1. In particular, the annual efficiency of the condensing boiler could be increased.
In a system whose hydraulic scheme and control strategy was optimised to charge and discharge the TES
according to the storage temperatures (test #3) the utilisation of an stratification device in the TES was still
leading to a reduction of the fuel consumption by 2 % (comparing system test #3 with #2).
The system concept used for test #4 kept a particularly large part of the TES at high temperatures to be able
to cover the comfort requirements for DHW with the IHX. In the investigations presented in this paper, this
led to a less efficient system compared to previous tests with a buffer store and external DHW-HX.
However, a better comparison can only be done for system concept #4 when the effect of the differing heat
losses can be excluded.
The investigations presented in this paper are providing a deeper insight in the effect of charging and
discharging strategies of thermal energy stores on the system efficiency, mainly based on comprehensive
dynamic system tests and validated annual simulations. Still, for the comparison and the assessment of the
different concepts that have been investigated not only the resulting technical measures but also the costs and
the error rate potential of the installation and the commissioning of the systems have to be considered.
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Abstract
Evacuated-Tube Collector (ETC) plays an important role in the efforts against energy shortage and climate
change in China, where it is mainly used for solar water heating and the market share is the largest all over
the world.
In this paper, an experimental study was implemented for the close-packed ETC, tube spacing of which is
just 3mm. Also an ordinary ETC was studied for comparison. The experimental system was established in
Tianjin, north China. Tianjin is located in the climate division of cold zone, a typical region in China for the
application of solar water heating.
Experiment was conducted all through the year, the gained heat as well as the collector efficiency were
worked out. The results from the experiment revealed that the close-packed ETC efficiency is 25-30% higher
than that of ordinary ETC. This improvement on the efficiency is valued for the solar water heater industry in
China. Also in this paper simulation was carried out to study the influences of wind speed to the mechanics
performance of closed packed ETC, to provide guide to the engineering and installation.

1. Introduction
Great works have been made on the selective coating, tubular length and reflecting panel to improve the
performance of ETC. Also it is effective to install more evacuated-tubes to the storage tank. However, this is
restricted by the manufacturing process of the tubular holes and the structure design of the solar water heater
[1] [2].
It is obvious that radiation leaked from tube spacing of the closed-packed ETC is much less than normal
product. Also insulation of the closed-packed ETC is improved due to one-step foaming procedure [3] [4].
To study the performance of closed ETC, a experimental system as established on the roof of a building in
Tianjin University. Tianjin belongs to the cold zone in China, the other 3 climate zones in China including
extreme cold zone, hot summer and cold winter zone and hot summer and warm winter zone.
Figure 1 shows the closed-packed and ordinary ETC used in the experiment, and the parameters of the closed
packed ETC are listed in table 1.
The principle followed in the experiment is relative Chinese National Standard [5].
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Fig. 1: Close-packed ETC (L.) and ordinary ETC (R.) used in the experiment
Tab. 1 Parameters of the closed-packed ETC

Parameter

Value

Quantity of evacuated tube

24

Diameter of outside glass tube

58

Thickness of outside glass tube

1.7

Diameter of inner glass tube

47

Thickness of inner glass tube

1.5

Length of glass tube

1800

Coating absorptivity

0.86

Coating reflectivity

0.08

2. Findings from the experimental study
Experiment was carried out in certain days in May and June, gained heat as well as the collector efficiency of
the closed-packed ETC was worked out. For comparison, the ordinary ETC was tested. Table 2 shows some
measured data including water temperature and radiation level, which is extremely important for the
experiment.
Figure 2 and 3 show gained heat and efficiency of closed-packed ETC as well as ordinary ETC. It is obvious
that both parameters were improved. Under the certain radiation level, the gained heat of closed-packed ETC
is 13.5%-18.6% higher than ordinary one.
Compared with normal ETC, the closed-packed ETC increases the collector efficiency to an extent of
25-30%.
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Tab. 2 Daily efficiency of the closed-packed ETC from the experiment

Date

Initial water temp

Final water temp

Radiation

Collector

2

(℃)

(℃)

(MJ/m )

efficiency

May 22, 2010

31.58

67.30

14.89

0.614

May 23, 2010

34.48

71.35

15.42

0.612

May 24, 2010

36.30

68.93

13.97

0.597

Jun 12, 2010

33.23

65.27

13.80

0.594

Jun 13, 2010

36.27

63.80

12.25

0.575

12.0

Qclosed-packed
Q17closed-packed
Qordinary
Q17ordinary

11.5
11.0

0.60

10.0
9.5

Daily efficiency

2

Gained heat (MJ/m )

10.5

Closed packed
Ordinary

9.0
8.5
8.0
7.5

0.55

7.0
6.5
0.50

6.0
2010.05.22

2010.05.23

2010.05.24

2010.06.12

2010.06.13

Date

Fig. 2: Gained heat of close-packed and ordinary ETC

2010.05.22

2010.05.23

2010.05.24

2010.06.12

2010.06.13

Date

Fig. 3: Efficiency of close-packed and ordinary ETC

3. Simulation study to the pressure distribution under different wind speed
The flow in the collector obeys the mass conservation equation, energy conservation equation and
momentum conservation equation (equation 1, 2 and 3).

∂u ∂v ∂w
+ +
= 0 (eq. 1)
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+
+
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+
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The FLUENT Flow Modeling software was used to to investigate the mechanics performance of
closed-packed ETC, which raises more requirement in engineering and installation, extremely under high
wind speed, pressure distribution was also simulated with the software, and the results are shown in figure 4.

Fig. 4: Pressure distribution at different cases: u.l. tube center spacing 61mm, wind velocity 40m/s; u.r. center spacing 61mm,
velocity 30m/s; m.l. center spacing 61mm, velocity 20m/s; m.r. center spacing 81mm, velocity 40m/s; l.l. center spacing 81mm,
velocity 30m/s; l.r. center spacing 81mm, velocity 20m/s)

Figure 4 clearly indicates that the pressure on the surface of closed-packed ETC (center spacing 61mm)
increases apparently with the increasing speed, much stronger than the ordinary one, for the wind found a
way in the wide spacing. However, except for the extreme weather condition, the influences of wind speed to
the performance of closed-packed ETC can be neglected.

4. Conclusions
To study the performance of closed-packed ETC, experimental study as well as CFD simulation was carried
out. The simulation study was done at wind velocity of 20, 30 and 40m/s, respectively, and the results
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indicate that the extra evacuated tube of the closed-packed ETC has only little effect to the mechanical
properties of the unit, thus can be neglected during installation.
The experimental study indicated that the closed-packed ETC improved the heat collecting characteristics
greatly compared with normal ETC, and the collector efficiency is increased by 25-30%.
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INDICATOR FOR ESTIMATION VACUUM LEVEL IN
TRANSPARENT INSULATION OF SOLAR COLLECTORS
I.V. Mitina
The All-Russia Institute for Electrification of Agriculture (VIESH)

The major part of heat loss in solar collectors (up to 90 %) occur through transparent cover, thus the
main problem in solar collector design is to chose transparent cover with high thermal resistance. As a rule a
single glazing is used for transparent insulation of solar collectors. A glazing can be covered with a selective
coating that reduces heat loss: selective coatings have low-emissivity properties in infrared wave range.
Thermal resistance of a single glazing with selective coating is equal to 0,24 m2 K/W and without
selective coating is equal to 0,13 m2 K/W at the following operating conditions: thermal receiver temperature
is 100oC, environment temperature is –20oC, heat transfer coefficient from glazing to the environment is 20
W/(m2 K).
It is possible to reduce heat loss of solar collector using vacuum (evacuated) glazing as transparent
insulation (fig. 1). Vacuum glazing consists of two glass sheets of 2,5…4 mm thick with a gap of 0,2 mm
between them. Glass sheets are sealed along the perimeter; the gap is evacuated and fixed by glass-ceramic
support pillars (fig. 2).

Fig. 1: Solar collector with vacuum glazing: 1 – absorber plate, 2 – fluid/air channel,
3 – thermal insulation, 4 – bonding, 5 – rubber, 6 – vacuum glazing

Fig. 2: Vacuum glazing construction: 1 – glass sheet, 2 – support pillars, 3 – vacuum gap, 4 – edge seal

Vacuum glazing can be used as transparent insulation also in greenhouses or windows of low-energy
houses.
According to information provided by vacuum glazing producers the pressure in a vacuum gap is
equal on the average to 10-3 torr (Ivlyushkin et al., 2001; Ivlyushkin and Samorodov, 2001). Thermal
resistance of vacuum glazing at this pressure is 0,77 m2 K/W (Mitina et al., 2008). But according to
experimental data (Mitina et al., 2008; Mitina, 2009) vacuum level in a vacuum gap is lower and is equal to
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10-2…5 10-3 torr. Thermal resistance of vacuum glazing at this pressure is also lower and is equal to
0,43…0,5 m2 K/W (operating conditions are the same of above indicated).
It is very difficult to estimate vacuum level in evacuated glazing with a special device or visually, i.e.
to monitor and control gas (air) pressure. It is suggested to insert an indicator inside the vacuum glazing. This
indicator is supposed to change color with changing the vacuum level. Moreover, an indicator must meet the
following conditions (that are correspond to producing requirements of vacuum glazing): to change color
with changing gas pressure from 10-3 to 10-1 torr; to stand heating up to 450oC with heating rate of 5oC/min.
and exposing at this temperature during 30 min. at atmospheric pressure; do not deteriorate from the air
evacuation down to 5 10-5 torr at the temperature of 370oC down to indoor temperature with cooling rate of
5oC/min.; do not react with the glazing.
It is suggested to use a synthetic zeolite AgA (the formula is Ag2 Al2O3 SiO2) that is modified by ion
exchange that permits inserting in structure an element that forms colored hydrates when reacting with water
molecules, for example silver (Ag). AgA meets above-mentioned conditions and can indicate little amounts
of water vapor, which is part of air, about 40…70 ppm. Zeolite AgA changes color while gas pressure rising
(vacuum degradation) at pressure range of 3 10-2…5 10-2 torr from bright orange to light yellow, and at
pressure range of 0,8 10-1…10-1 torr from yellow to light pink and then to grayish white (Ralek et al., 1962).
The described abilities are demonstrated in fig. 3.

Fig. 3: Color scale – zeolite AgA at different pressure

This indicator may be attached to an inner side of a glazing, and its size must have the diameter of
about 10 mm in order to be visible to a human eye and do not shield the view.
This method of vacuum level estimation allows monitoring the gas pressure in a vacuum gap during
the production process or during the use of vacuum glazing as transparent insulation for solar collectors,
greenhouses and fenestration.
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5.
6.
7.
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THE INFLUENCE OF EXTERNAL DHW MODULES ON THE YEARLY ENERGY
CONSUMPTION OF SOLAR COMBISYSTEMS
Florian Ruesch, Elimar Frank
SPF Institut für Solartechnik, University for Applied Sciences Rapperswil (CH)

Abstract
The presence of external domestic hot water modules (DHWM) on the market is growing, amplified by
stronger sanitary rules and an increasing popularity of large ‘solar’ storage tanks. In previous studies it has
been shown that DHWM provide a potential for energy savings due to the large capacity of flat plate heat
exchangers and thus the possibility of a good stratification in the storage tank. These results have been
obtained numerically by modeling the parts and the control strategy of the investigated DHWM. In detailed
measurements at SPF it has been shown that some modules have difficulties with the regulation of small
flow rates, which result in temperature fluctuations and/or an increased DHW temperature. These effects lead
to an increased primary return flow temperature, which has a negative influence on the system performance.
A series of commercially available DHWM from six different manufacturers were tested extensively.
Thereby three different influences on the yearly energy consumption were investigated separately; the
electrical energy consumption, the additional heat losses of the module and additional system losses caused
by high back flow temperatures. This paper focuses on the influence of the backflow temperature on the
annual system performance based on measured values provided by a lookup table. The performance of the
control mechanism was found to be most important for the energy saving potential of the tested modules.
Based on simulated parameter variations a simplified method for the judgment of real DHWM was
elaborated. This method allows predicting the influence of a DHWM to a reference solar combisystem by
measuring the backflow temperature at only a few characteristic operation points.
1. Introduction
There is a large variety of technical solutions for providing solar domestic hot water (DHW) and space heat
(SH) with so called solar combisystems. The method for preparing the DHW has a strong influence on the
energy savings of the whole system. A comparison of the four most important principles (two separated
tanks, tank in tank, immersed heat exchangers and external heat exchanger) was carried out by Pauschinger
(1997). Following this simulation study, the largest potential for energy savings occurred using external heat
exchangers, where the DHW is provided by a unit composed of the heat exchanger, a circulation pump and a
control mechanism (the whole unit is called “domestic hot water module”, DHWM). Lorenz, et al. (1997)
and Bales and Persson (2003) compared different DHWM for the use in Swedish combisystems and found
the highest potential for modules with an electronically controlled variable speed pump. Since then, the
demand for DHWM was growing and lot of different modules with variable speed pump and other new
control strategies are on the market (Meyer 2009).
Detailed measurements of commercially available DWHM were carried out at SPF in order to develop a test
procedure for the comparison of DHWM (Ruesch and Frank 2010). The procedure has been separated in the
evaluation of four main performance indicators: power, comfort, efficiency and installation/maintenance. It
was shown that several modules had difficulties in regulating the flow rate on the primary side of the heat
exchanger during small tapping rates, which results in temperature fluctuations or an increased DHW
temperature. The flow regulation strategy of the tested hydro-mechanic module was leading to a DHW
temperature which changed as a function of the tapping rate and the temperature of the storage tank water.
These effects affect the comfort of the provided DHW. But, as not only the DHW temperature but also the
temperature of the back flow to the storage tank is affected, they have a negative influence on the
stratification of the tank and the performance of the whole system. This paper is focused on the modelling
and simulation of “real” DHWM with control problems and their influence on the performance of the whole
system. Other energy relevant parameters, such as the electrical energy consumption or the additional heat
losses of the module, are treated in a previous publication (Ruesch and Frank 2010).
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2. Method

2.1. Experimental
An experimental set-up able to provide tapping rates up to 50 l/min was designed and installed. The use of a
hot storage tank on the primary side (the side associated with the storage tank or the heat source) and a cold
storage tank on the secondary side (the side associated with the DHW or the heat sink) allows controlling
both input temperatures. A detailed overview of the test rig is given in (Ruesch and Frank 2010).
Experiments were carried out with two different set temperatures for the secondary outlet (the DHW
temperature) Tset:
45°C

representing the minimal set temperature which is realistic for small systems with
energy conscious users.

60°C

representing systems for which this temperature is needed because of regulations
concerning DHW hygiene and legionella.

The secondary input temperature (cold water temperature) was fixed to 10 °C. The primary input temperature
(temperature of the storage tank) was set to different values above the set temperature to investigate the
behavior of the modules in different situations:
Tset + 5°C

Minimal realistic temperature difference.

Tset + 10°C

Typical temperature difference.

90 °C

Maximal realistic temperature.

Different tapping profiles were carried out to measure the behavior of the DHWM in the most relevant
situations. The following tapping rates were defined for a tapping temperature of 42°C for different tapping
types:
3 l/min

tapping rate for hand wash

7l/min

tapping rate for a small shower

14l/min

tapping rate for a large shower or bath

The tapping rate at the DHWM is adjusted to reach the above mentioned tapping rates at the tapping points
after mixing the warm DHW with cold water of 10 °C to reach a temperature of 42°C. With this definition
the secondary side flow rate at the DHWM depends on the reached temperature. When the output
temperature of the DHW is 60°C, a flow rate of 4.48 l/min is needed at the module for a small shower.
The main tapping rates of 3,7 and 14 l/min were applied three times during five minutes. The mean in- and
output temperatures were measured during the last minute of this tapping cycle. To characterize a DHWM
the secondary side hot temperature (DHW temperature) and the “cold temperatures difference” ∆Tcold was
measured this way. The latter denominates the difference between the primary side cold temperature (the
back flow to the storage tank) and secondary side cold temperature (the cold water temperature), which was
set to 10 ±1 °C in the experimental set up.

2.2. Simulation
Simulations were carried out in TRNSYS based on the simulation deck developed in the IEA SHC Task 32
and described in Heimrath and Haller (2007). The components with the following characteristics were used
for the standard simulation:
DHWM: The DWHM was modeled based on a two dimensional lookup table which can be fed by measured
data from each tested module. This model needs measured data of ∆Tcold and secondary side output
temperatures for different secondary side flow rates and primary hot temperatures. The values between the
measured points are interpolated. Temperatures are treated relatively to the secondary side cold temperature
(the cold water temperature). Heat losses of the module are not taken into account in the model because they
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are estimated separately by another procedure. For each set temperature a lookup table was generated based
on twelve measured operation points based on the settings described above (2.1). Additionally to the three
tapping rates mentioned above, the largest tested tapping rate of 27 l/min was also added to the lookup table.
Storage Tank: 1m3 with a DHW part of 150-200l (Auxilliary heating on at TDHWset +5°C off at TDHWset
+10°C), another 150 l are used as SH buffer volume (the temperature was set according to the heating curve),
total heat loss 11.75 W/K, the solar charging is done with two immersed heat exchangers, the auxiliary
heating is directly connected to the storage tank with two in- and outlet heights for DHW an SH charging.
Collector: 10m2 aperture area, heat loss coefficients: a1=3.311; a2=0.012; matched flow rate between 14
and 35 l/hm2.
Auxilliary Heating: modulating and condensing gas burner with 15.6 kW maximum power. Burner model
and parameters in accordance to (M. Y. Haller et al 2011).
Building: different heating loads taken from the IEA SHC Task 32 standard model (Heimrath and Haller
2007).
DHW load profile: the load profile was created with the program DHWCalc (Jordan and Vajen) with steps
of one minute and a total amount of 200l/day. The standard parameters of the program DHWCalc were use
to create the load profile.
Location: Zürich
3. Results

3.1. General Findings
A set of six different commercially available DHWM were tested and ∆Tcold was measured for different
tapping rates and primary side hot temperatures. ∆Tcold was dependent on the regulation type, the quality of
the temperature regulation and the capacity of the used heat exchanger. Some different characteristics are
illustrated in the following examples. The characteristic of a DHWM with a well adapted primary flow rate
is illustrated in Fig. 1. The low temperature differences for small tapping rates are reached by the use of a
relatively large heat exchanger (30 plates of 0.05m2). A module with a smaller heat exchanger (30 plates of
0.03m2) and some temperature fluctuations during small tapping rates is illustrated in Fig. 1Fig. 2. This small
module is designed for single family use and is not able to reach the desired secondary side hot temperature
(DHW temperature) for the largest illustrated flow rate of 27 l/min. That is also why the primary side cold
temperature drops for 27 l/min (for the curve with T primhot =50° and with a smaller extent also the T prim
hot = 55°C). The characteristic in Fig. 3 corresponds to a DHWM with a hydro mechanical primary flow
regulation, which resulted in higher ∆Tcold for small tapping rates and low primary hot temperatures. There
are different strategies to deal with the problem of controlling very small primary side flow rates. In the
fourth example (Fig. 4) the characteristic of a DHWM is illustrated, which uses an optional ‘comfort
function’ to reduce the temperature fluctuations. This function automatically switched on the integrated
circulation pump, as soon as a draw off process is registered. The circulation flow rate adds to the tapping
rate to create a larger secondary side flow rate, which is better to handle for the sensors and the
microprocessor. But the gain in comfort induced an elevated cold temperature difference and thus has a
negative influence on the energetic performance of the complete system.
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Fig. 1: Measured primary side back flow temperatures for
different operating modes and a DHW set temperature of 45°C
and a cold water temperature of 10 °C. This characteristic
corresponds to a DHWM with a very well working speed
control of the primary side pump and a large heat exchanger.

Fig. 2: Measured primary side back flow temperatures for
different operating modes and a DHW set temperature of 45°C
and a cold water temperature of 10 °C. This characteristic
corresponds to a DHWM with a smaller heat exchanger and
some fluctuations during small tapping rates.

Fig. 3: Measured primary side back flow temperatures for
different operating modes and a DHW set temperature of 45°C
and a cold water temperature of 10 °C. This characteristic was
measured for one DHWM with a mechanical primary flow
control. The elevated temperature differences for small tapping
rates and low temperatures on the primary side are caused by
an elevated primary flow rate.

Fig. 4: Measured primary side back flow temperatures for
different operating modes and a DHW set temperature of 45°C
and a cold water temperature of 10 °C. This characteristic
corresponds to a DHWM with the use of a ‘comfort function’
which switches on the circulation pump on the secondary side
during small tapping rates to reduce fluctuations in the tapping
temperature.

System simulations were carried out with the measured parameters and compared to the results with the same
system, but with an ‘ideal’ DHWM with an infinite exchanger capacity, where the cold temperature
difference is zero for all working points. The difference between the annual auxiliary energy use of the
reference system with an ideal DWHM and a real DHWM is called ‘additional annual energy consumption’.
This number allows a comparison of different control strategies of DHWM and an estimation of the
influence of control malfunction to the energy efficiency of the whole combisystem. For DHWM with large
heat exchangers and a well adapted flow control (see Fig. 1), these additional losses were in the order of
magnitude of 1 % of the total energy consumption for the DHW (see also Tab. 3 for exact numbers). The
characteristics of the DHWM given in Fig. 2 results in additional losses of about 3% of the total DHW
energy use. Strategies which result in strongly elevated temperature differences at the cold side as displayed
in Fig. 3 and Fig. 4 cause an increased additional energy consumption of the combisystem in the range of
9..13% of the total DHW energy use. Changes in the additional annual energy consumption are mainly
caused by enhanced storage tank heat losses (responsible for about 45% of the change) and decreased
collector output (responsible for about 45% of the change).
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3.2. Sensitivity to external parameters
The additional annual energy consumptions presented in the previous paragraph are only valuable for the
system described in 2.2. To evaluate the sensitivity to of the findings to changes of the system, some system
parameters were changed and the yearly additional annual energy consumption for two cold side temperature
differences was simulated. For this reason three simulations were carried out for each system configuration;
one with the theoretical ‘ideal’ DHWM, one with the a constant ∆Tcold of 10 °C and one with a ∆Tcold of
20°C for all characteristic working points in the lookup table. The additional annual energy consumption is
plotted as a function of ∆Tcold in Fig. 5-8, were the influence of various parameter variations is highlighted.
Neither the exchange of the condensing gas burner with a conventional one, nor the increase of the collector
aperture are from 10 m2 to 15m2 did affect the relative additional annual energy use caused by the DHWM
significantly (see Fig. 5).
An elevated set point of the auxiliary heater and elevated heat losses of the storage tank did affect the
influence of the DHWM characteristic. For both of these system configuration changes an elevated
additional annual heat loss is observed (see Fig. 6). This tendency is relatively small, but especially for
storage tanks with elevated thermal losses a low primary side cold temperature is important.
Different tapping profiles have a large effect on the total energy consumption of the system, and also on the
relative additional annual energy use. In Fig. 7 the standard profile is compared to other tapping profiles as
the profile with 6 min steps which was used for the Task 32 (Heimrath and Haller 2007), the profile proposed
by the EU (EU 2010/30 2010) and another profile generated with the program DHWCalc (Jordan and
Vajen), but with the double daily tapping amount of 400l.
Also the operation mode of the solar collectors is important system parameter. Especially for low flow
systems a good stratification of the storage tank and a low back flow temperature from the DHWM is
important. But also the standard system with a matched flow strategy behaves similar than the low flow
system. By changing form low- to high-flow collector operation the influence of the cold temperature
difference is dropping by about 30% (see Fig. 8).
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Fig. 5 The additional annual energy
consumption of a solar combisystem is
plotted as a function of the cold
temperature difference of the DHWM.
This parameter is almost independent on
the collector size and the type of the
auxiliary heating.
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Fig. 6 The additional annual energy
consumption of a solar combisystem is
plotted as a function of the cold
temperature difference of the DHWM.
Changing the storage heat losses, the
surrounding temperature does affect this
measure. By doubling the storage tank
heat losses it is increased by about 10%.

0
0

10

20

30

cold side temperature difference [°C]

additional annual energy consumption
[kWh/a]

600
500
400
standard system

300

T 32 (6 min)
EU 2

200

DHWCalc 400 l/day

Fig. 7 The additional annual energy
consumption of a solar combisystem is
plotted as a function of the cold
temperature difference of the DHWM.
There is a large influence of the tapping
profile and the DHW consumption to this
parameter. By doubling the DHW
consumption from 200l/d to 400l/d also
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consumption of a solar combisystem is
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temperature difference of the DHWM.
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matched flow strategy behaves similar
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difference is less important for high flow
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3.3. Simplified method
In the former chapters, system simulations were described, which were used to estimate the additional annual
energy consumption of a solar combisystem based on measured in- and output temperatures of real DHWM.
However, the use of a system simulation is not desirable in a test method which should be as simple as
possible. Yet, the information gained by the yearly system simulations is an important indicator for the
performance of a DHWM and should be presented with the test method. Therefore, with the goal of a
linearization of the problem, parameter variations were carried out. Based on the ‘ideal’ DHWM
characteristic with no temperature difference on the cold side, each point of the lookup table (∆Tcold ) was
varied separately between 0..25°C. With these imaginary DHWM characteristics, yearly simulations were
carried out to quantify the importance of each operation point for the annual system performance. For each
operation point the additional annual energy consumption was plotted as a function of ∆Tcold . The plots for a
DHW set temperature of 45°C are given in Fig. 9. Even though there is a large difference in the energy use
of the total system for the different simulated buildings (heat demand between 15 and 100 kWh/m2a), the
relative increase in the energy use caused by elevated cold temperature differences is similar for all building
standards. The strongest influence on additional annual energy consumption can be seen at the working point
(Tprim hot=55°C / Vsec = 7 l/min), where Tprim,hot is the upper set point of the auxiliary heater in the system
simulation and Vsec is at the closest point to the shower tapping rate in the selected tapping profile. This is
the working point with the largest relevance for the energy use of the system. Other working points have
only smaller or nearly no influence. Another conclusion from the graphs in Fig. 9 is that the additional
annual energy use increases in a linear-like way with the cold temperature difference. In a strongly simplified
approach, the results of the different building standards were merged an approximated by a linear fit. The
slopes of these fitted straight lines going through zero are then used as linear factors for a simplified
estimation of the additional annual energy use. The estimation is done according to the formula:
Qa=Σi Fi * ∆Ti, (eq.1)
where i counts over all the working points of the lookup table. As a further simplification, the four most
important working points were selected (for a DHW set temperature of 45°C) and the six most important
working points for a DHW set temperature of 60°C. These working points are responsible for more than 90%
of the additional annual energy consumption. By only using the most important working point a slight
underestimation of the additional annual energy consumption is done. For this reason the linear factors of the
selected working points where slightly modified to fit the total additional annual energy consumption, when
the cold side temperature difference is elevated at all working points. The linear factors of the most important
working points are given in Tab. 1 and Tab. 2. These factors are calculated for the above described
combisystem and are dependent on the tapping profile, the system configuration and temperature set points
of the system. An analysis of the sensitivity to these external parameters was described in chapter 3.2.
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Fig. 9: The influence of elevated cold temperature differences at different working points to the additional annual energy
consumption of a solar combisystem. Simulated results for four different building standards ranging from 15..100 kWh/m2a are
plotted as a function of the cold temperature difference.
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Tab. 1 Linear factors for the simplified estimation of the
additional annual energy use caused by elevated primary side
hot temperatures for a DHWset temperature of 45 °C

Number
i
1
2
3
4

Vsec42°C
[l/min]
3
7
14
7

Tprimhot
[°C]
55
55
55
90

Factor F45i
[kWh/(Ka)]
2.0
8.6
2.4
1.8

Tab. 2 Linear factors for the simplified estimation of the
additional annual energy use caused by elevated primary side
hot temperatures for a DHW set temperature of 60 °C

Number
i
1
2
3
4
5
6

Vsec42°C
[l/min]
3
7
14
3
7
14

Tprimhot
[°C]
70
70
70
90
90
90

Factor F60i
[kWh/(Ka)]
1.1
5.1
1.4
1.0
4.4
1.1

This simplified method was tested with and compared to the measured data from the six tested DHWM. For
this modules complete lookup tables were created and annual system simulations were carried out with the
above described standard system. Tab. 3 shows a comparison between the results of these system simulations
and the results from the simplified method. The accordance of the two methods is good for low additional
annual energy consumptions, as reached by module 1. For the modules in the middle range (module 3, 4, 5
and 6a) the simplified method is overestimating the additional annual energy consumption in the range of
5..10 % (relative). Even for the modules causing an elevated additional energy consumption, as module 6b
and 7, the accordance between the simplified method and the annual simulation are within a relative
difference of 10%. Compared to the differences between the measured DHWM of more than a factor ten, the
differences between simplified method and annual system simulation are still relatively small. For this reason
the simplified method seems well suited to compare different tested DHWM while decreasing the effort
significantly.
Tab. 3 Comparison of the additional annual energy use caused by elevated primary side cold temperature (backflow to the
storage tank) evaluated once with a complete system simulation and once with the simplified Method described above.

Module

Simulation

Simplified Method

[kWh/a]

[kWh/a]

Flow control

1

Microcontroller

31

32

2

Microcontroller

67

72

3

Microcontroller

58

62

4

Microcontroller

92

96

5

Microcontroller

98

109

6a

Microcontroller

79

87

6b

Microcontroller

277

269

7

Hydromechanic

390

351

4. Conclusions and outlook
The primary flow control characteristic of the DHWM is an important parameter to the annual performance
of solar combisystems. Different tested modules resulted in estimated additional annual energy consumptions
in the range of 31..390 kWh/a. DHWM with large heat exchangers and a good working flow control can
reach results close to theoretically ideal infinite heat exchangers. Elevated primary back flow temperatures
were observed for a DHWM which uses the circulation pump for a comfort function and for a DHWM with a
hydro mechanical regulation. In the first case the increase in comfort causes addition energy use of 9% of the
total energy needed for DHW preparation only caused by the elevated primary side cold temperature. The
additional energy losses of the circulation piping are not taken into account for this value. In the case of the
hydro- mechanically controlled module (7) the additional annual losses are reaching more than 10% of the
energy used for DHW preparation.
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A simplified method was introduced to estimate the additional annual energy consumption based on a set of
linear factors. The goal of this method is to quantify the influence of different measured characteristics of
DHWM to the performance of a solar combisystem without the need of an annual system simulation. For a
set of 6 commercially available DHWM the results of the simplified method were compared to detailed
annual system simulations. The largest difference between the two methods was 10 % (relative) for
additional annual energy consumption which differed between 31..390 kWh/a. As there is a large variety of
possible system configuration and user comportment, which have a large influence on the system
performance, such quantification is not valuable for all possible combisystems. But, as the influence of the
different tested DHWM to the performance of the combisystem differed by more than a factor ten, the
simplified method can be used to compare different DHWM and give estimation of the order of magnitude.
Following the results presented in this paper, the simplified method will be used in the test procedure for
DHWM that is currently being developed and tested by the authors.
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LIFE CYCLE ANALYSIS OF A POLYMER BLACK LIQUID FLAT PLATE
COLLECTOR
Georgios Martinopoulos
International Hellenic University, School of Science and Technology, Thessaloniki, Greece

1. Introduction
Solar hot water/heating technologies are becoming widespread reaching 196 GWth for 2010, more than
doubling the installed capacity of 2004, therefore significantly contributing to the hot water/heating markets
worldwide. China currently accounts for more than 58% of the total installed capacity, European countries
account for 19%, followed by the United States of America, Australia and Japan (IEA-SHC, 2011). Space
heating from solar energy is gaining ground in several countries, although the primary application remains
hot water production usually in the form of Domestic Solar Hot Water Systems (DSHWS).
The increase in the use of solar thermal energy systems is subjected to their economic viability, in
comparison with conventional systems, and their simplicity in manufacturing and use. In order to minimize
the production cost of current solar collectors, new materials of lower cost and preferably more
environmental friendly must substitute the ones that are employed today, without any deterioration of
collector efficiency.
Although solar energy is considered a “clean” energy form, both manufacture and final disposal of DSHWS
are associated with significant environmental transactions, due to the energy required for the raw material
production and the final product formation and assembly as well as due to the final disposal of the system at
the end of its life. It is necessary therefore to evaluate solar technology accounting for the indirect
environmental impacts caused by the DSHWS over their whole life cycle.
In this work a 1,5 m2 polymer collector, that was developed aiming at producing a solar collector which
combines similar or better technical characteristics with typical flat plate collectors at the same operational
uses and for a wide variety of operating temperatures but with reduced cost (manufacturing and operational),
is analyzed employing Life Cycle Analysis (LCA) (through the widely used SimaPro software) in order to
evaluate its overall performance and is then compared with a typical flat plate DSHWS.
2. Solar Collector Description
The most commonly used solar system is the one producing hot water for domestic use. The basic unit of
such a system is the solar collector. Among the solar collector configurations used, the most common is the
flat plate one (ESTIF, 2011) which has been studied by many researchers (Hottel and Woertz, 1942; Bliss
1959; Nahar and Garg 1980; Francken, 1984).
Typical flat plate collectors are either corrugated, bond duct or tube-in-plate type and their performance
depends on various design parameters, including the number of covers, the type and thickness of glazing, the
anti-reflecting coating on cover glass, the type of coating on the collector plate, the spacing between the
collector and the inner glass, the type and thickness of insulation used, etc.
Operational parameters affecting the performance of a solar collector are the mass flow rate of fluid, the
amount of incident solar radiation, the inlet and ambient temperatures and sky conditions, to name a few.
In recent years, a number of researchers have adopted the use of polymers in solar collector design as their
cost and physical properties make volume production of lightweight low-cost and corrosion resistance
collectors possible. The use of polymer glazing has been moderately successful, as they offer significant
potential for cost savings both as direct substitutes for glass cover plates in traditional collector systems and
as an integral part of all-polymeric systems. Polymer heat exchangers offer the potential advantages of
reduced cost of materials and manufacture, corrosion resistance, as well as better integration with other
components (Alghoul et al, 2005).
All-polymeric solar collectors are wide spread, mainly in the form of low cost unglazed swimming pool
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collectors (Meir and Rekstad, 2003), with an installed capacity of 19,7 GWth worldwide (IEA-SHC, 2011).
Unglazed liquid flat-plate collectors of this type are usually made of a black polymer. They don’t normally
have a selective coating, a frame or insulation at the back resulting in high thermal losses to the environment,
that increase rapidly as water temperature increases, particularly in windy locations. These disadvantages
limit their use in applications requiring energy in low temperatures.
In this work a polymer collector combining similar or better technical characteristics with typical flat plate
collectors at the same operational uses is employed in a typical DSHWS and is analyzed employing LCA in
order to evaluate its overall performance compared not only with the conventional energy substituted but
also to that of a typical flat plate DSHWS.
The polymer collector comprises of all the usual components of a typical solar collector. The main difference
is that instead of a metal absorber, a black fluid acts as both absorber and heat carrier. The fluid flows in a
transparent polymer honeycomb construction. The cross-section of the collector is shown in Figures 1 and 2.

Solar Radiation

Glass or Plastic Cover

Frame

Honeycomb tubing,
Black Thermal fluid
channels

Insulation

Fig. 1: Collector cross-section

As the collector should be able to withstand liquid pressure and large temperature variations (267 to 383 K)
over time while at the same time presenting a refractive index similar or better than that of glass, low
emissivity and good durability to weathering from ultraviolet radiation, the hydraulic channels were made of
a single transparent, UV stabilized, honeycombed, polycarbonate sheet with a 10mm thickness. The upper
and lower collector channels were made of semi-transparent acrylic. A 1.000/1 solution of black Indian ink
in water was used as heat transfer fluid.

Fig. 2: Collector cross-section

In Figure 3, the dimensions of the collector and the inlet and outlet position are presented.
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Figure 3: Collector inlet and outlet position

The glazing consists of a 3mm thick solid, transparent, UV stabilized polycarbonate sheet while at the back a
nanogel filled honeycombed polycarbonate sheet of a 10mm thickness is used for insulation. The sides of the
collector are insulated using 30mm thick extruded polyurethane. All of the above are packed in an
aluminium casing. The main technical characteristics of the collector are summarized in Table 1.
Table 1. Collector Technical Characteristics

Total Area

1,448 m²

Glazing Area

1,252 m²

Absorber Area

1,252 m²

Number of Glazings

1

Glazing Material

3mm solid transparent UV stabilized polycarbonate

Heat Carrier Fluid

Water and Indian Ink solution (1.000:1)

Absorber

Transparent UV stabilized honeycombed polycarbonate sheet (10mm )

Headers

Acrylic 8mm rectangular

Fluid weight

~14kg

Back Insulation

Honeycombed polycarbonate sheet with a 10mm thickness filled with
nanogel

Side Insulation

Extruded PU 30mm

3. Collector Performance Evaluation
The performance of the polymer collector was measured at an ISO 9806-1 complying test bed (ISO, 1994).
A heating immersion circulator was used for the temperature regulation of the heat transfer solution, in order
to maintain the temperature at the collector inlet within a range of ± 0,1 K of the desired value. The flow was
measured with a rototron flow meter while solar radiation was measured with a precision pyranometer. The
signals from all the sensors were collected by a 24–bit data logger and were stored in a computer for further
processing.
The temperature of the heat carrier solution at the inlet was appropriately set before every measurement,
starting from 293 K (ambient temperature) and, before measuring, the system was left to reach steady state
conditions. The collector flow rate during measurements was set at 1,27 dm3.
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The polymer collector produced a maximum instantaneous efficiency of 65% and FrUL of 6,08 W m² K-1.
The collectors’ efficiency curve is depicted in Figure 4.
65%
60%
55%
50%

[n]
45%

y = -6,0808x + 0,6393

40%
35%
0

0,010

0,020

0,030

0,040

(Tin-Ta)/Gt
Figure 4: Polymer collector’s Instantaneous Efficiency Curve

4.

Life Cycle Assessment

LCA methodology was initially developed by the Society of Environmental Toxicology and Chemistry
(SETAC) and was later optimized by ISO, but its real breakthrough into the business world occurred only
during the ’90s. Using LCA, the environmental impacts associated with the production and utilization of
DSHWS can be assessed in a compatible and comparable way. This can be accompliced by recording the
energy and raw materials used in the manufacturing stage and also the air, liquid and solid pollutants emitted
over the products life cycle. Apart from obtaining a reliable assessment of the total impact, LCA can enable
an existing situation to be improved by evaluating, in environmental impact terms, suggestions for
manufacturing procedure modifications or substitution of materials.
4.1. Goal and scope definition
Main objective of the study is the investigation of the environmental performance of a DSHWS employing
the polymer collector compared not only with the conventional energy substituted but also to a reference flat
plate DSHWS.
The functional unit of the study is a DSHWS that covers the hot water needs of a three person family in
Thessaloniki - Greece (40°38΄, 22°57΄). The DSWHS consists of a nominal 4 m² collector, a 150 dm3 storage
tank and a mounting base.
The reference systems collector is made from copper tubes extended with copper foils and, in order to boost
the collector’s absorbency, sprayed with black solar powder. A layer of expanded polyurethane with 30 mm
average thickness is sprayed at the back of the collector, for insulation. On the sides of the collector area,
rock wool is used for insulation, with a 20 mm thickness. The back cover of the collector is galvanised steel,
while the sides consist of aluminium. At the front of the collector a single solar glass is used.
For the estimation of the environmental savings during the DSHWS use, due to replacement of conventional
energy sources (namely electricity), the assumption that the necessary heat would be produced by an
electrical water heater with an average efficiency of 95% is made.
The system boundaries of the LCA study include the following stages:
•

Extraction of raw materials

•

Production of system components

•

System assembly
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•

System use

•

System disposal

•

All transportations

The life span of the DSHWS was assumed 15 years.
For the quantification of the benefits due to material recycling from the system disposal, the assumption that
no recycling takes effect and the systems are put in a landfill is made. In this manner the worst case scenario
is considered (no environmental gains from the reuse - recycling of materials).
4.2. Life Cycle Inventory
The data for the life cycle inventory analysis were primary data.
4.3. Life Cycle Assessment
LCA is performed with the help of the widely used “SimaPro” software (Raluy et al, 2005; Weinzettel et al,
2009; Desideri et al, 2011) and the incorporated methodology of “Eco-Indicator ‘99”.
Eco-Indicator ‘99 includes standard values for (Goedkoop et al, 2000):
•

Materials. In determining the indicator for the production of materials, all the processes involved are
included, from the extraction of the raw materials up to and including the last production stage,
resulting in bulk material. Transport processes along this route are also included up to the final
process in the production chain.

•

Production processes. Treatment and processing of various materials, expressed for each treatment in
the unit appropriate to the particular process (e.g. square metres of rolled sheet or kilo of extruded
plastic). The indicators of the production process account for the emissions not only during the
manufacturing stage, but also for those resulting from the production of the energy needed.

•

Transportation processes. These are mostly expressed in the unit tonne-kilometre. Transportation
processes include the impact of emissions caused by the extraction and production of fuels and the
fuel consumption during transportation. A loading efficiency for average European conditions is
assumed and a possible empty return journey is accounted for.

•

Energy generation processes. The energy indicators refer to the extraction and production of fuels and
to the energy conversion, using average efficiencies. For the electricity score the various fuels used in
Europe to generate electricity are accounted for. Different Eco-indicators have been determined for
high- and low-voltage electricity, intended for industrial processes the first and mainly for household
and small-scale industries the second.

•

Disposal scenarios. These are per material unit (kg), subdivided into types of material and waste
processing methods (recycling of different materials, incineration, landfill, etc). Not all products are
disposed of in the same manner, therefore the most appropriate waste-processing method must be
carefully considered in using indicators. In addition, scenarios have been provided for the
incineration, landfill disposal and recycling of products.

Standard “Eco-indicator ‘99” values can be regarded as dimensionless figures, called Eco-indicator points
(Pt). One Pt is defined to represent one thousandth yearly environmental load of an average European
inhabitant.
Furthermore, “Eco-Indicator ‘99” methodology analyzes the following five environmental impact categories:
climate change, acidification/eutrophication, ecotoxicity, fossil fuels (resources) and respiratory inorganics.
The impact assessment involves three main steps: characterization or classification, normalization and final
weighted scores. There are three damage categories for the final weighted scores (Goedkoop et al, 2000):
•
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Human health. This is measured in DALY (Disability Adjusted Life Years); that is, the different
disabilities caused by diseases are weighted. DALY has been developed for the World Health
Organization and the World Bank. Climate change is categorized under this damage category.

•

Ecosystem quality or ecotoxicity. This is measured in PDF m2 yr, which is the Potentially
Disappeared Fraction of plant species. The impact category of acidification/eutrophication is listed
here. In terms of ecotoxicity, this is measured as the percentage of all species present in the
environment living under toxic stress (Potentially Affected Fraction or PAF m2 yr).

•

Resources. This final damage category is measured in MJ surplus energy, including fossil fuels.

More information regarding LCA for DSWHS can be found in the literature (Tsilingiridis et al, 2004;
Ardente et al, 2005; Martinopoulos et al, 2007).
5. DSHWS Thermal Load Calculation
For the calculation of the solar heat gains from the use of DSWHS the TRANSOL software, which is based
on the TRNSYS (SEL, 2009) calculation engine, was employed. In order to estimate the total energy gain
from the DSHWS, the daily and monthly consumption of hot water was assumed to comply with the profile
depicted in figures 5 and 6. A daily consumption of 50 dm3 of hot water per person at a 45°C (ASHRAE,
2003), temperature was assumed. The meteorological data needed for the calculations (air and water
temperature, solar irradiance) are based on a typical meteorological year (TMY2) for Thessaloniki, while the
inclination of the collector was set at 45°, well within the recommendation (latitude ± 15°).
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Figure 5: Daily Hot Water Consumption Profile

The covered thermal load and auxiliary energy needed are presented in Table 2 for the reference system and
the one employing the polymer collector.
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Figure 6: Monthly Hot Water Consumption Profile
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Tab. 2: Technical Characteristics and covered thermal load for both DSHWS

FrUL

Annual

Covered load

Aux. Energy

(W/m²K)

Coverage

(kWh)

(kWh)

0,657

5,538

0,579

1.114,7

817,4

0,639

6,091

0,572

1.103,96

826,0

DSHWS

Fr(τα)

Reference collector
Polymer collector

The impact for the energy used in order to fully cover the total thermal load (in the form of electricity) for
the whole life span of the DSHWS is added on the impact from the production and transportation of the
systems in order to calculate their total environmental performance.
In case that the thermal load for the hot water was covered from an electrical water heater (without taking
into account the environmental impact from the electrical water heater) the impact to the environment would
be (~1.983 kWh) 8,25 kg CO, 43.513 kg CO2, 15,33 kg CH4, 0,92 kg N2O, 17,59 kg NMVOC, 87,37 kg NOx
και 561,39 kg SOx for the 15 years of the DSHWS life span (based on emission factors of the Greek
interconnected electricity system).
6. Environmental Performance
The environmental performance of the DSHWS is related to the environmental impact that it causes in all
stages of its life cycle, except during use, and to the thermal load that it covers. The thermal load covered is
related, in turn, with the collector’s technical characteristics and the meteorological conditions of the
installation site.
The DSHWS covers part of the thermal load, substituting electricity, thus reducing the impact that the
electricity would cause.
The environmental performance of the DSHWS analyzed is presented in two stages; first by comparing the
environmental impacts of the systems during all the life cycle stages, excluding utilization, and second
including utilization.
125

Polymer Collector

Reference Collector

100

[%]

75

50

25

Minerals

Land use

Acidification

Toxicity

Ozone

Radiation

Climate
Change

Respiratory
Inorganics

Respiratory
Organics

Carcinogens

0

Figure 7: Comparison of the Environmental Impact during the first stage, between the polymer and reference collector

For the first stage, the aggregated impact to each category calculated is presented in figure 7, while in figure
8 the impact to human health, ecosystem quality and resources is presented. It is evident that for the polymer
collector the impact is related with respiratory organics due to the mostly carbon based materials used. The
higher impact to the radiation and ozone categories are of no real consequence, as their absolute value is very
small. In all other categories the impact of the polymer collector is 20 to 75% less than that of the reference
collector. Finally in figure 9 the total impact of the polymer collector in Pt is presented in comparison with
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the impact of the reference collector. During the first stage, the total impact of the polymer collector is only a
small fraction of that of the reference collector, due to the fact that it minimizes metallic and glass parts. The
environmental impact for the reference system is presented in Table 3.
Tab. 3: Environmental Impact of the Reference System

Impact Category
Carcinogens
Resp. organics
Resp. inorganics
Climate change
Radiation
Ozone layer
Ecotoxicity
Acidification
Land use
Minerals
Fossil fuels

Unit

Reference Collector

DALY
DALY
DALY
DALY
DALY
DALY
PDF*m2yr
PDF*m2yr
PDF*m2yr
MJ surplus
MJ surplus

1,04E-04
1,06E-06
1,25E-03
1,13E-04
1,76E-07
1,26E-07
8,1
29,6
34,2
975,0
727,0
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Figure 8: Comparison of the Environmental Impact during the first stage, between the polymer and reference collector
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Figure 9: Comparison of the Environmental Impact during the first stage, between the polymer and reference collector

In the second stage, utilization of the system is included. That means that, at the environmental impact
caused during production, the impact from the necessary auxiliary energy, for the 15 years of the systems life
cycle, is added. As stated above, auxiliary energy is electricity in the form of an electrical water heater with
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an average efficiency of 95%. In the case of the electric water heater, in order to calculate thermal losses, it
was assumed that the heater was installed in a room with a constant air temperature of 20°C.
The environmental performance of both systems is presented in Table 4 in the form of the emissions
produced during their whole life cycle (including auxiliary electricity).
Tab. 4: Environmental Impact of both DSHWS and electricity for the 15 year period in the form of air emissions (kg)

Emission

Polymer System

Reference System

Electricity

CO

6,42

6,76

8,44

CO2

16033,00

16035,19

44525,00

CH4

6,16

5,92

15,69

N2O

0,35

0,34

0,94

NVOC

6,47

6,40

17,99

NOx

31,71

31,40

89,40

SOx

206,46

218,71

574,44

As in this stage the thermal load covered is related, with the collector’s technical characteristics, the slightly
better technical characteristics of the reference collector bridge the environmental gap of the previous stage.
It is of important to notice that the two systems have the same environmental performance, despite the
experimental nature of the polymer collector.
7. Conclusions
It is clear from the life cycle analysis of the DSHWS that the environmental impact from the use of these
systems is at all times considerably less than that of the substituted electricity.
It is interesting that the proposed polymer collector, although experimental in nature, provides the same
environmental performance with that of typical flat plate collectors. The polymer collectors low cost, ease of
production, coupled with the ability to enhance its performance would provide an interesting alternative for
the emerging markets.
8. References
Alghoul M.A., Sulaiman M.Y., Azmi B.Z. and Wahab M.Abd., 2005, Review of materials for solar thermal
collectors, Anti-Corrosion Methods and Materials 52/4 , 199–206.
Ardente F., Beccali G., Cellura M., Lo Brano V., 2005, Life cycle assessment of a solar thermal collector,
Renewable Energy, Volume 30, Issue 7, Pages 1031-1054.
ASHRAE, 2003 HVAC Applications.
Bliss, R.W., 1959. The derivations of several ‘plateefficiency factors’ useful in the design of flat plate solar
heat collectors”], Solar Energy, Vol. 3, pp. 55-64.
Desideri U., Proietti S., Zepparelli F., Sdringola P., Bini S., 2011. Life Cycle Assessment of a groundmounted 1.778 kWp photovoltaic plant and comparison with traditional energy production systems,
Proceedings of 3rd ICAE 2011, Perugia, Italy.
European Solar Thermal Industry Federation, Solar Thermal Markets in Europe 2009, June 2010.
Francken, J.C., 1984, On the effectiveness of a flat plate collector, Solar Energy, Vol. 33, pp. 363-6.
Goedkoop M., Effting S., Collingo M., 2000. The Eco-Indicator’99 – A damage oriented method for Life
Cycle Impact Assessment – Manual for Designers, Pre Consultants B.V., Second Edition.
Hottel, H.C., Woertz, B.B., 1942. Performance of flat plate solar heat collectors, Trans ASME, Vol. 64, pp.
91-104.

720

International Standardization Organization, 1994. ISO 9806-1: Test Methods for Solar Collectors.
International Energy Association, 2011, Solar Heat Worldwide 2008-2010 Update.
Martinopoulos G., Tsilingiridis G., Kyriakis N., 2007. Three eco-tool comparison with the example of the
environmental performance of domestic solar flat plate hot water systems, GNEST: The International Journal
Vol.9 (2), pp. 174-181.
Meir M., Rekstad J., 2003. Der Solarnor Kunststoffkollektor - The development of a polymer collector with
glazing, In Proceedings of Polymeric Solar Materials, Erstes Leobener Symposium „Solartechnik – Neue
Möglichkeiten für die Kunststoffbranche“, Polymer Competence Center Leoben, 7.-8.10.2003, Leoben, pp.
II-1 - II-8
Nahar, N.M. and Garg, H.P., 1980, Free convection and shading due to gap spacing between absorber plate
and cover glazing in solar energy flat plate collectors, Applied Energy, Vol. 7, pp. 129-45.
Raluy R.G., Serra L., Uche J., 2005. Life cycle assessment of desalination technologies integrated with
renewable energies, Desalination, Volume 183, Pages 81–93.
Solar Energy Laboratory, Univ. of Wisconsin-Madison, 2010. TRNSYS 17 - A TRaNsient SYstem
Simulation program.
Tsilingiridis G., Martinopoulos G., Kyriakis N., 2004. Life cycle environmental impact of a thermosyphonic
domestic solar hot water system in comparison with electrical and gas water heating, Renewable Energy,
Volume 29, Issue 8, Pages 1277-1288.
Weinzettel J., Reenaas M., Solli C, Hertwich E.G., 2009. Life cycle assessment of a floating offshore wind
turbine, Renewable Energy, Volume 34, Pages 742–747.

721

Morphological and Optical Characterization of e-beam deposited anatase films to be used in Solar
Thermal Collectors
1

2

3

1

Luiz Carlos de Lima , Marta Bueno de Moraes , Fernanda Farias , Marina Di Giolo , Renata Antoun
Simão
1

5

CENTRE FOR MINERAL TECHNOLOGY, CETEM , RIO DE JANEIRO, BRAZIL, 2 NANO SELECT REVESTIMENTOS,
RIO DE JANEIRO, BRAZIL,

3

PETROBRAS RESEARSH CENTER, CENPES,

4,

FEDERAL UNIVERSITY OF RIO DE

JANEIRO, UFRJ, RIO DE JANEIRO, BRAZIL

1. Abstract
This paper presents results obtained from the characterization of anatase selective surfaces to applications in
solar collectors as well as a comparison with commercial selective surfaces. With the goal to authenticate
Brazilian technology and/or a material with a low cost, expensive metal such as titanium and their oxides
with high purity degree were replaced by a natural mineral based on titanium dioxide: anatase. Selective
surfaces made of anatase were produced through e-beam at a pressure of 10-3 bar for 5 minutes. Images
obtained by atomic force microscopy (AFM) and scanning electron microscopy (SEM) show nanostructured
grains homogeneously distributed throughout the surface with diameter and height approximately 60 nm and
6 nm, respectively, and fractal dimensional of 2.10. Chemical analysis by EDX evidences the presences of
Fe, Al, Ti, Si and their oxides homogeneously distributed. Optical absorbance of 85% points out that anatase
surfaces hold efficiency in comparison to commercial surfaces.
2. Introduction

Nowadays there are three types of renewable energies capable of generating heat, they are: biomass,
geothermal and solar. The first one, according to studies from AEE of 2009 (Institute for Sustainable
Technologies), will be used for transportation, generation of electric energy and applications that require high
temperature. The second one has geographic limitations, leaving solar energy as a promising choice for
studying heat generation at average temperatures (up to 150oC).
Nevertheless, to achieve the heat generation demand, especially to what is related to the generation of
average temperature heat, solar energy industry calls for progress in research and development on three main
fields: (i) new technologies on heat storage; (ii) new materials in order to increase solar collector efficiency;
(iii) development of better systems to refrigerate the current solar collectors. The main point of this paper is
to contribute to item (ii).
Due to the great growth in Brazilian economy in the last decade, a higher energy demand becomes more and
more required. In a way to overcome a possible energy crisis, it is important to try to enhance the use of
natural resources, mainly the solar irradiation. Recent researches reveal that, in Brazil, the biggest villain
concerning residential energy consumption is the electric shower bath, going through roughly 25% of the
total domestic energy demand and reaching up to 12% of the national demand from 6 P.M. to 10 P.M. In this
context, the use of renewable energies comes along as an alternative to diversify the country energetic matrix
in a way to reduce the dependence of the rain schedule and assist areas where the energy generation is still
made through diesel.
Currently there is a large concern from Brazilian politics to lower the consumption of electric energy. In the
two biggest cities of the country specific laws were made to demand solar energy use. In São Paulo, law
14459 states that every new building inside the city must provide the installation of solar water heating
system. Also, law number 326 from 2007, obliges the installation of heating water system on every new
public building inside São Paulo. In Rio de Janeiro, law number 5184 from 2008, obliges the installation of
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heating water system on new public buildings.
Solar irradiation rate in Brazil is higher when compared to other countries due to its extension and location.
The country’s commercial production of solar collector panels is however quite low due to its lack of
technology, reducing its applications to only houses and pools. High efficient panels reach higher
temperatures by using selective surfaces, raising the range of applications and covering industry need for
efficiency when it comes to water heating, production of electricity through thermal cycles and even to
supply small apartment complexes. Today is also being considered the possibility to use selective surfaces in
air conditioned systems through thermal inversion.
According to E. E. Chain [Chain] selective surfaces are normaly composed of copper oxide, black nickel and
other metal oxide films. They can be produced by electrodeposition, chemical deposition through spray
pyrolysis or plasma techniques, according to A. G. Munõz and J. B. Bessone [Munõz et al] . The main
feature of these surfaces is to provide high absorbance in the visible and ultra violet (UV) region of the
spectrum to solar radiation and very low emittance in the infra-red region of the electromagnetic spectrum.
More recently, different material combinations have been tested as selective surfaces with special interests in
the development of micro or nano structured materials having small metallic particles dispersed in an oxide
matrix [Oelhafen et al].
Not only for economical reasons but also looking for efficiency, various types of absorber coatings and
preparations can be used for solar collectors [Lampert]. Titanium oxide thin films have been widely studied
in numerous applications as it posses thermal and chemical stability. TiO2 can exhibit different crystal
structures: rutile, brookite and anatese [Tang et al]. Anatase comes across as a convenient choice due to its
low cost when compared to commercial titanium and, in the specific case of Brazil, as it is easily acquired as
a residue of the extractive industry.
During the following part of this work, results of the morphological, chemical and optical
characterization of anatase selective surface are presented as well as a comparison between our surfaces and
other commercials selective surfaces.
3. Experimental

3.1. Materials and Methods
Commercial grade aluminum was used as a substrate for this investigation. Sample pretreatment included
mechanical polishing up to 1 µm diamond paste, resulting in a mirrored surface after mechanical polishing.
The anatase concentrate was powdered and pressed at 8T resulting in tablets of ½ inch. The deposition
chamber was evacuated to pressure of 10-6 bar and working pressure of 10-3 bar. The substrate was set in the
holder at a distance of 100 mm from the base of the e-beam source. The film was deposited for 5 minutes..
The film was then coated with a thin layer of SiO2. Analysis of the film thickness made by profilometry
showed that the surfaces had a thickness of about 2.8 µm.

Surface morphology, roughness as well as the nonstructuration was analyzed by AFM (Microscopy Force
Atomic) using JPK Microscope in intermittent mode and silicon tips from Micromash NCS16.
AFM images were analyzed by calculating roughness and fractal dimension by an algorithm developed by
the Signal and Image Processing Laboratory of the Brazilian Center for Research in Physics (CBPF). This
algorithm was divided into two parts: the first one computes the roughness based on the box-counting
dimension technique [Lima et al]. Image was divided into a regular grid and the root-mean-square roughness
calculated for each grid box. Then the size of the box was progressively reduced by a factor s = 2n/x , where
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n={1,2,3,…} and x={1,2,3,…} and roughness, as a function of the box dimension, was computed.
The roughness value was calculated by

1

2
1 n
2
Rm =  ∑ ( xi − x ) 
 n i =1


(1)

In the second part, a linear log-log fitting algorithm for evaluating roughness
and box size was designed. The slope of the straight line fitted (angular coefficient) is the Hurst exponent
[Lima et al]. Finally, the fractal dimension was computed using the following equation:

Df = 3 − H

(2)

Elements presented on the surface were investigated by SEM (Scanning Electron Microscope ) with EDX (
Energy Dispersive X-Ray Analysis) in a FEI QUANTA 400. SEM Images were acquired with working
distance of 10 mm, spot size 6,4 and high voltage of 25 kV.
Finally, optical characterization was accomplished by reflectance in the range of wavelengths of ultraviolet
by UV-VIS (Ultraviolet and visible spectroscopy) and infrared by FTIR (Fourier transform infrared
spectroscopy) in the range of 0.2 to 20 µm.
4. Experimental

The Figure 1 presents the topography and phase contrast images of anatase film deposited on aluminum as
observed by AFM.

Figure 1. . Images of surface topography and phase contrast from selective surface of anatase deposited on polished aluminum
and acquired by AFM.

It can be observed in the topographic image that grains are smoothly and homogeneously distributed on the
surface. The grains have nanometric dimensions with circular geometry and a diameter of 60 nm and height
of 6 nm.
Fig. 2 presents variation of the roughness with box size (log-log) for image of 10 µm and the Table 1 shows
the results of morphological characterization of the selective surfaces from anatase films deposited on
aluminum substrate.
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Figure 2. A log-log graph of box counting of the anatase film surface deposited on polished aluminum and acquired by
AFM.

Table 1. Results of morphological analysis by AFM

Dimension (µm)

Roughness RMS (nm)

Maximum Height (nm)

Phase difference (deg)

10

18

63

40

2,5

3,5

15

68

1,5

3,0

13

75

It can be observed that roughness increases with the size of the image, however it is noted that in the image
of 10 µm the roughness of surface reaches saturation, presenting a saturation roughness of 18 nm, at a box
size of 3 nm, Fig.2.
Fractal dimensional was measured to be 2.10 and may be related with the formation of a bidimensional layer,
with a few clusters that may be associated with the growth in preferential sites causing an increase in
maximum height . It can also observed in the phase contrast image a variation of the stiffness of the sample
related to the presence of the circular features. This variation may be caused due to the presence of several
different materials with different atomic numbers and hardness organizing themselves in a nanostructed
manner due to the lack of solubility, that does not allow the formation of a solid solution. This point deserves
further study.
Scanning electron microscopy images acquired with higher magnification indicate that the film presents an
homogeneous and faultless surface. The film is continuous with good adherence to the substrate in spite of its
great thickness.
Figure 3 presents the typical results of the chemical analysis by energy dispersion spectroscopy (EDX) of
the sample. There is an increasing aluminium presence as it is the substrate material. One also sees a strong
presence of titanium homogeneously distributed on the film. It is also noted the presence of O, Mn, Mg, Fe,
Zn, Zr, Si and Nb that are caused by the composition of anatase. This result is in agreement with the X-Ray
diffraction (XRD) of the anatase original material. XRD of the film clearly indicates that the surface is
mainly amorphous.
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Figure 3. EDX analysis of selective surface of anatase.

Figure 4 shows the cross section of the selective surface as observed by SEM. It can be seen that, after the
cutting and grinding of the sample, the film surface broke. Zooming in a intact part of the film, it can be
observed that the surfaces produced have approximately 3 µm in thickness, value consistent with the
thickness measured by perfilometry.

Figure 4. Images of the cross section of the selective surfaces of anatase by SEM.

In order to try to better understand the way the different phases were deposited, mapping images were
acquired by EDX, and are presented in Figure 5. This technique allows the selection of some elements to
map their distribution along the film. This acquisition was necessary because the deposition process can form
irregular surfaces, making distinct layers as it deposits first the elements of lower boiling point.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5. Cross-sectional images of the surface of anatase by EDX selective. In (a) EDX image. Images of the mapping of
aluminum (b) Iron (c) P in (d), silicon (e) and titanium (f).

By EDX mapping it can be seen that the anatase film was formed by metal and ceramic oxides distributed
over the entire film thickness, most of the surface is composed by iron and titanium.
Figure 6 shows the optical characterization of the surfaces by UV-Vis and FTIR spectroscopy. The results
are presented together with the analysis of a commercial surface, in order to calculate and compare the
absortance and emmittance of the film.

(a)

(b)

Figure 6. (a) Reflectance curve obtained by UV-Vis and (b) by FTIR for surfaces of anatase and commercial samples.

Solar absortance was measured to be 85% while it was found to be 90% for the analised commercial
selective surface. Emittance for the anatase film was approximately 78% while it was 14% for commercial
selective surface. The selectivity of anatase films and commercial selective surfaces were 1,10 and 6.43,
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respectively. A black painted surface was also measured and the achived results were better than the ones
observed for this surface as shown in Table 2.
Table 2. Results of optical analysis by UV-Vis and FTIR.

absortance
emitance
seletivity

Anatase Thin Film
85
78
1,10

Black Painted Surface
90
14
6,43

Commerical Selective Surface
95
93
1,02

5. Conclusions

Anatase thin films were produced on aluminum substrates by electron beam vacuum deposition. The surface
of anatase thin films shows nanostructured grains evenly distributed along of all surface. Phase difference
image indicates the formation of a nanostructured composite anatase thin film. Chemical analysis by EDX
showed that the surface is composed by O, Mn, Mg, Fe, Zn, Zr, Si and Nb. Results of XRD of the surface
indicate that the selective surface of anatase grow in an amorphous state. Compositional mapping showed
that titanium and iron dominate the surface and are distributed throughout the surface accompanied by
silicon, phosphorus and oxygen. Thermal optical results of anatase thin films showed losses of about 78%
while black paints have a bigger heat loss in the range of 93%. This result can be optimized by controlling
the layer thickness. These results point to the fact that very cheap surfaces, made out of residues of the
extrative brasilian industry, can be a good candidate for applications in solar collector, substituting black
paintings with advantages.
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1. Introduction
This paper presents the results of a one year monitoring phase for a new and holistic approach for the energetic
renovation of commercial and industrial buildings. The approach is based on the application of a curtain wall
concept, which includes heat insulation, heat production and architectural modernization. Therefore, the so
called SonnEn+ façade was developed by three industry partners from the region North Hesse in Germany and
in 2009/10 a pilot plant was built up. Several aims were taken into account:
•

Architectural integration of the solar panels (attractive design)

•

Full usage of building in renovation phase

•

Easy revision, so that all components can be maintained from outside the building

•

Holistic approach from the solar collector to the tank

•

Economic amortization should be the same as for conventional standard solar systems

The pilot plant is fully monitored, especially the collector loop containing the triple-glazed façade collector
field with an aperture area of 32 m2. Measured data is sent automatically via email to a server, where it is
written into a database. The collected data can then be analyzed by connecting to the database. The data transfer
and analysis tool was implemented at Kassel University in cooperation with FSAVE Solartechnik GmbH.
Beside functions (algorithms) which can be run automated there is a possibility to visualize the data in a web
browser to examine the operation of the system. In this paper the visualization feature is presented more
detailed. The results of a data analysis show the operating behavior of the system, e. g. stratification in the store,
maximal temperatures in the different collector strings of the façade. In the beginning, there is a short
description of the project installation and the monitoring concept.
2. Project Description
The façade of a building is the flagship of a building. Standard components of existing solar thermal systems
for DHW production can only be plugged onto the wall and thus do not meet any aesthetic feelings. However,
the new so called SonnEn+ façade combines innovative components, architecturally pleasing design and the
use of renewable energies. The SonnEn+ façade was developed by a consortium consisting of Stahlbau
Lamparter, Energy Glas and FSAVE Solartechnik. Not only the architectural and system design follows a new
approach but also the main components are further developed from the state-of-art. The heating system consists
of a full glass collector field with an aperture area of 32 m2 being part of the façade and a 5 m³ central heating
buffer storage. The collector is a full glass collector without a frame developed by Energy Glas GmbH. The
absorber itself consists of an aluminium roll-bond applied with an anti-reflective coating. The collector was
tested according to (EN 12975, 2006). The test results prove that the façade collector can compete with
conventional flat plate collectors (Heinzen, 2010). The buffer storage is a non-pressurized cubical and well
insulated plastic tank developed and produced by FSAVE Solartechnik GmbH. As it is assembled on-site from
several smaller parts it can be integrated in nearly every building. The container is insulated with a 120 mm
thick polyurethane hard foam insulation. Figure 1 shows the installed energy façade as well as the implemented
heat buffer storage. Domestic hot water preparation is carried out directly with an internal corrugated stainless
steel coil. The solar thermal collector loop is connected to the system via an external plate heat exchanger and a
stratification pipe inside the storage. The room heating loop is integrated via a return flow bypass (see also
Figure 2 for the hydraulic scheme of the pilot plant).
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Fig. 1: Installed energy façade at the company site of Heinrich LAMPARTER Stahlbau GmbH & Co. KG (left) and installed
heat buffer storage FLEXSAVE (right).

3. Monitoring Concept
The pilot plant is fully monitored in order to detect possible problems or malfunctions and thereby, to improve
its performance or rather to refine the SonnEn+ façade. Flow rates and flow and return temperatures are
monitored for the domestic hot water loop, the auxiliary heating loop and the room heating loop as well as for
the primary and secondary solar loop. So, it is possible to calculate the different energy yields. In order to
examine whether stratification in the store works as assumed, there are several temperature sensors installed at
different heights in the store. Moreover, the ambient temperature as well as the irradiation in collector plane is
measured. Figure 2 shows the hydraulic scheme of the pilot plant including positions of installed measuring
equipment.

Fig. 2: Hydraulic scheme of the pilot plant, including installed measuring equipment. The several loops are equipped with sensors
for measuring flow and return temperature as well as the flow rate. So, the different energy yields can be calculated. Moreover,
irradiation in collector plane and ambient temperature are monitored.

Because of the special interest in the installed collector façade, there is a more detailed monitoring of the solar
loop. Additionally to the sensors described above, there are temperature sensors installed for flow and return
temperature for each of the three collector strings. Furthermore, flow and return temperature of a single
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collector as well as the temperature behind the façade are monitored. Figure 3 shows the monitoring concept of
the solar loop.

Fig. 3: Measuring concept of the solar loop. Beside the temperature sensors on primary and secondary side of the heat exchanger,
there are also sensors installed in order to measure the flow and return temperatures of each collector string. Moreover, a single
collector of the lower string is monitored as well as the temperature behind the facade.

4. Data processing and visualization feature
Data processing is realized with a database sever system developed at Kassel University, where measured data
is transferred via email using a mobile communication network. The data files attached to the emails are parsed
to a defined data structure before they are written into the database. Once stored in the database, data is in
principle available from everywhere assumed a user has got access privileges. A more detailed description of
the server concept can be found in (Kuethe, 2011). For manually monitoring, there is a visualization interface
implemented, which can be used within common web browsers. Hence, no additional software needs to be
installed in order to carry out a graphical data analysis of the monitored system. In the input form the user can
choose sensors to be displayed for two y-axes and a custom date interval. Furthermore, in order to increase the
performance, the data interval can be defined to show only every nth value. Figure 4 shows a screenshot of the
input form.
Newly generated graphs always open up in new tabs. Hence, several graphs can be displayed at the same time
and it can be switched easily between one or more graphs for comparing or overlaying results. Moreover, there
is the possibility to toggle sensors in order to hide and show curves. For detailed views, zoom functionality is
also integrated and it can be switched to the previous or next date interval. Figure 5 shows a plot, where several
curves are hidden.
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Fig. 4:
4 Input form off the web interface of the visualizzation feature fo
or a manual dataa analysis of mon
nitored systems (Screenshot).
The user can marrk sensors to be displayed
d
on priimary and secon
ndary y-axis. In the
t background the software esttablishes a
coonnection to the database, wheree measured dataa is stored.

Fig.. 5: Output of th
he web interface (Screenshot). Cu
urves can be hid
dden or displayed
d by toggling sen
nsors in the righ
ht checkbox.
Graphs off the previous orr next date intervval can be generrated by using th
he arrow buttonss below the grap
ph.
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5. Data Analysis
A
In this section som
me results of a carried out data analysis are presentedd. Thereby, thhe following aspects
a
were
examiined:
•

Stratificatiion in the storre

•

Typical opperating behavvior of the sysstem (charging
g and dischargging of the stoore)

•

Temperatuures in the diffferent strings of the collecto
or façade, in a single collecctor and in thee solar loop

•

Solar enerrgy yield for a sunny periodd with high irradiation in coollector plane

Figuree 6 shows tem
mperatures in different heigghts of the sto
ore and the chharging and diischarging of the store for
one week
w
in Marcch (Fig. 6a+bb) as well as for one week
k in June (Fiig. 6c+d). As one can seee the desired
stratiffication workss very well. Inn the upper part is a tempeerature betweeen 60 and 55 °C while the layer below
holds a temperaturee between 50 and 45°C andd so on. Thereeby, the upperr part is heatedd by the instaalled back-up
c
façad
de (cf. also hyydraulic schem
me in Figure 2).
2
heaterr, while the loower part is chharged by the collector

(a)

(c)

(b)

(d)

Fig. 6: Temperaturees in the store an
nd charging and discharging of the
t store for onee week in March (a+b) and one week
w
in June
(c+d). It shows that sttratification in th
he store works as
a required. The mixing in the beginning come aabout because th
here is no heat
demand on Sundayss and therefore, the
t back-up heatter does not heat up the upper part
p
of the store. Furthermore, itt can be seen
that th
he lower part is charged by the solar loop. Becaause of the high demand,
d
the heaater must be swittched on, even when
w
there is a
higgh input by solarr (cf. a+b).

Regarrding the dom
mestic hot watter demand, there
t
is usuallly a daily draaw from 6am to 8pm at wo
orking days,
while on Saturdayss demand endds at about 2pm. On Sundaays there is typpically no draaw at all (Fig.. 6b+d). The
demannd at workingg days is abouut 1000 l/d annd can be satissfied by an innternal corruggated pipe heaat exchanger.
Becauuse of the highh demand on working
w
days, the auxiliary
y heater needs to be switcheed on even wh
hen there is a
good solar energy yield
y
(cf. Figuure 6a+b).
mperature on the secondaryy side of the solar loop ass well as the
Figuree 7 shows forr the same peeriods the tem
ambieent temperaturre. It can be seen
s
that on a sunny day without
w
cloudds in March coompared to Ju
une a higher
tempeerature in the solar loop is reached.
r
This is caused by a higher irraddiation in colllector plane in
n March. So,
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in Maarch an irradiaation up to 9000W/m2 was measured,
m
whiile for the presented periodd in June the highest
h
value
was about
a
650W/m
m2. The good performance of the solar lo
oop in springg corresponds to a high heaat demand in
this period.

(a)

(b)

Fig. 7: Temperaatures on the secondary side of th
he solar loop and
d ambient tempeerature. As can be seen there are higher
tem
mperatures reach
hed in the solar loop for sunny days
d
in March th
han in June. Thiis behavior is du
ue to a higher irrradiation in
collecttor plane in Marrch. For the show
wn week in Marrch an irradiatio
on up to 900 W/m
m2 was measured
d, while for the period
p
in June
only ab
bout 650 W/m2 were
w
monitored.

In thee next plots the
t temperature in a singlee collector as well as the temperatures in the differeent collector
stringgs was examinned. Figure 8aa shows that temperatures
t
only
o
up to 755°C are reacheed on sunny days
d
with an
irradiaation of aboutt 900W/m2 in collector planne. This can be explained due
d to the highh demand com
mpared to the
small installed colllector area. Fuurthermore, partial
p
shading
g of the upperr part of the ccollector façad
de causes or
aggravvates hydraulic effects like non-uniform flow in the diifferent collecctor strings. As can be seen in Figure 8b
the teemperature in the upper striing of the colllector field iss noticeable loower than in tthe lower onee. This effect
lowerrs the temperature in the sollar loop and haas to be exam
mined more dettailed.

(a)

(b)

Fig.. 8: (a) Flow and
d return temperaature in a single collector. On sunny days with an irradiance of aabout 900 W/m2 in collector
p
plane
temperaturres only up to 755°C are reached due to a high deemand compared
d to the small in
nstalled collector area. (b)
Tem
mperatures in thee different stringgs (str) of the colllector field and on the primary side of the solarr loop. Due to sha
ading on the
uppeer string causingg or aggravatingg hydraulic effectts like non-unifo
orm flow in the different
d
strings temperatures arre noticeable
lower than
n in the lower strring. This lowerss the temperaturre in the solar looop.

Figuree 9 shows floow and return temperature as well as tem
mperature in the
t lower parrt of the store where solar
charging takes placce. A sunny period
p
of two weeks with a high irradiannce in collectoor plane (betw
ween 700 and
W 2) was chhosen. For thiss period the solar
s
energy yield
y
is calculated with 3644 kWh. This value
v
can be
900 W/m
signifficantly improoved in a new installation avvoiding shadiing effects (cff. also Heinzenn, 2011) and non-uniform
n
flow in
i the differennt collector strrings as descriibed above.
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Fig. 9:
9 Charging of the lower part off the store by thee solar loop. For the shown sunn
ny two week periiod with a high irradiation in
coollector plane a solar
s
energy yielld of 364 kWh iss reached.

6. Summary and Outlook
k
The data
d analysis of
o the pilot plant of a solarr thermal enerrgy façade inccluding heat innsulation, heaat production
and architectural
a
m
modernization
n presented inn this paper sh
howed that thhe operating bbehavior of the
t complete
system
m is as requirred. Stratificattion in the stoore is very go
ood. Because of
o a high hot water deman
nd, the lower
part of
o the store cann usually alwaays be chargedd by the solar loop when there is enough irradiation av
vailable. Due
to thee high demandd compared too the small innstalled collecctor area tempperatures of onnly 75°C are reached in a
singlee collector on a sunny day with
w high irraddiation in collector plane. A higher irradiiation in collector plane in
Marchh (about 900 W/m
W 2) than inn the summer month
m
(only about
a
650 W/m
m2 were measuured on sunny
y days) leads
to a much
m
better soolar energy yield
y
for the period
p
in sprin
ng time, wherre there is higgh room heatiing demand.
Neverrtheless differrent flow tempperatures in thhe strings of th
he collector façade
fa
could bbe identified. This
T leads to
lossess in the solar loop, which are
a caused orr aggravated by
b a partial shhading of the façade of thee pilot plant,
whichh can be avoidded in furtherr installations. Moreover, laarger collectorr areas shouldd be installed respectively
to the demand.
y and the systeem is excellenntly usable fo
or renovation
Beyonnd that, the piilot plant wass implementedd successfully
purpooses; the produuct SonnEn+ façade
f
can be delivered by the consortium
m leader STA
AHLBAU LAM
MPARTER.
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OPTIMIZATION OF SOLAR THERMAL COMBI-SYSTEMS
FOR DOMESTIC HOT WATER AND SPACE HEATING
Gerhard Stryi-Hipp, Axel Oliva and Stefan Fortuin
Fraunhofer Institute for Solar Energy Systems ISE, Freiburg (Germany)

1. Introduction
The aim of this paper is to give an overview on solar thermal combi-systems, which are
typically used in Germany, based on a benchmark test of these systems carried out in 2010.
In the second part the potential and need to optimize these systems to further increase their
acceptance in the market are described.
Solar thermal systems for domestic hot water heating and space heating support, so called
combi-systems, are very common in Germany, Austria, and other central European countries.
In Germany, about 50% of the newly installed solar thermal systems are combi-systems,
which typically cover 20% to 30% of the domestic hot water and heating demand of a wellinsulated one-family home. However, though their large market share, for customers as well
as for installers it is almost impossible to compare the performance and quality of the
different types of combi-systems offered on the market. A minimum quality of the
components is usually given by the guarantee that must be legally offered by the producers.
In addition, solar thermal collectors must have a Solar Keymark to receive a subsidy in
Germany, with this their quality and performance is certified according the EN 12975
standard. But information about the performance and the expected solar gains of the
delivered system as a whole is usually not provided. It could be measured according to the
component based system test method described in EN 12977. Since the manufacturers offer a
large number of system combinations they are afraid about the high costs for testing each
variation and only a few systems are tested yet.
In 2010, the German consumer magazine ÖKO-TEST asked Fraunhofer ISE to conduct a
benchmark test of 17 combi-systems in order to support their readers with making choices.
For the benchmark test, a new methodology was developed. The results were published in
October 2010 (Ökotest, 2010). In March 2011, another market overview of 60 combisystems was published by the solar magazine Sonne, Wind & Wärme (2011). Both
publications showed the huge variety of systems available. The systems mainly differ
regarding to the type of components used - in particular the water storage tank, the system
concept applied - especially the way of integrating the space heating system, and their
control concept.
The diversity and the spread in the types of the systems as well as the results of the
benchmark test indicate clearly, that there is great room for optimization of the solar thermal
combi-systems regarding the performance and the costs.
2. Current combi-system technology
Combi-systems offered in Germany with the aim to cover 20% to 30% of the overall heat
demand with solar thermal energy in a well-insulated one-family home have typically an
aperture collector area between 9 and 15 m2 in the case that flat plate collectors or between
7 and 10 m2 in the case that evacuated tube collectors are used. The combined hot water
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storage tank for domestic hot water and buffer tank for space heating, the so called combitank, has usually a volume between 500 and 1000 litre. In Austria the combi-systems are
typically bigger, sometimes up to 30 m2 collector area, however in this paper we are focusing
on the German market.
The solar thermal combi-systems can be principally distinguished according to the way they
are integrated into the space heating system of the building. In figure 1 the two most
common principles are shown. On the left the hot water storage tank is used as buffer for all
central provided heat used in the building. The combi-tank is heated up by the solar
collectors or the auxiliary heater, e.g. a gas boiler, and the domestic hot water and the space
heating circuits take the heat out of the storage tank when needed.
The system on the right uses the return-flow riser principle in the space heating circuit. The
water of the space heating circuit only flows through the storage tank if there is sufficient
solar thermal energy available, this is the case when the available storage temperature in the
relevant region of the storage tank is higher than that of the return-flow of the space heating
circuit. If the available temperature in the storage tank is below the temperature of the space
heating return, the space heating return flows directly to the auxiliary heater where it is
reheated for use in the space heating circuit, by passing the storage tank. If the temperature
of the solar heated return-flow after flowing through the storage tank is below the desired
temperature the auxiliary heater will close the remaining gap.
By using the return-flow riser principle only the part of thermal energy for the space heating
which is provided by the solar collectors is stored and flowing through the storage tank. This
is reducing the standing heat losses by the tank and could increase the efficiency of the solar
collectors due to possibly lower temperatures in the storage tank. However, the auxiliary
boiler must be able to regulate its power to top up the preheated water temperature of the
space heating circuit and do this efficiently.

Fig. 1: Two ways to integrate a solar thermal combi-system into the space heating system:
Using the hot water storage tank as buffer storage (left) and heating circuit return flow raising (right)

In figure 1 two principles for heating up the domestic hot water are shown as well. On the
left side the “tank-in-tank” concept is used, where a smaller inner tank with domestic hot
water is mounted within the buffer storage tank. The buffer storage tank is heated by the
solar collector or by the auxiliary heater. The domestic hot water in the inner tank is heated
by conduction through the stainless steel inner tank wall. This is similar to when a long
winding, corrugated tube is used instead of the inner tank (see also figure 2).
On the right hand side the domestic hot water is prepared in a so called “fresh-water station”.
This is a heat exchanger outside the tank, which heats up the domestic hot water at the time
of usage using the hot water from the buffer store. The domestic hot water heating principles
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can be freely combined with the principles of connection the heating circuit.
The collector field of combi-systems is usually composed of a number of solar thermal flat
plate collectors with a typical size of about 2 m2 per collector. Some manufacturers are
producing large collectors with a size of 5 to 12 m2, however, these collectors are usually
used for much larger systems. Sometimes evacuated tube collectors are used, but their share
is only about 15% on the German solar market.

Fig. 2: Drawings of the 17 combi storage tanks covered by the benchmark test, every storage has a different design

The key component of a combi-system is the combi-tank. All manufacturers are offering
own types of combi-tanks with their own design. Figure 2 shows the 17 combi-tanks, which
were offered by the manufacturers for the Ökotest benchmark test. Five of them are heating
the domestic hot water with an external fresh-water station, three are using a tank-in-tankconcept and nine are using an internal corrugated tube. Seven of the combi-tanks are using
specific constructive measures inside the tank to improve the temperature stratification for
the solar and/or the space heating loop.
3. Benchmark test and market overview
3.1 Methodology of the benchmark test
In the past, for benchmark tests carried out by the consumer tests organization Stiftung
Warentest, all systems were physically tested with the component oriented test method
according EN 12977 (Stiftung Warentest, 2009). However, this benchmark test is very
expensive and needs almost 2 years from planning to publication. The new benchmark test
had to break with this timeframe and with the high costs. The options were either to create a
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simplified benchmark test or to waive the benchmark test based on a physical test according
EN 12977. Since the authors believe, that the availability of benchmarks is necessary to
further develop the market, a new concept for a benchmark test was developed.
The principle of the new benchmark test was to compare combi-systems, which are specified
by the suppliers based on a desired solar fraction under given framework conditions. The test
was executed without additional physical testing of the combi-system, by simulating the
system performance based on the data provided by the suppliers, which are either certified
e.g. the collector data by the Solar Keymark, or are easily verifiable from documentation. In
addition, the assessment is strongly oriented towards relevant criteria for the consumer.
The solar thermal manufacturers and suppliers were asked to propose combi-systems which
cover at least 20% of the heating demand in a one family home in the city of Passau and in
the city of Essen. Table 1 describes the boundary conditions for the test. A diverse group of
17 manufacturers and system houses, together covering more than 50% of the solar thermal
market, participated in the test. Therefore, the results are considered representative for the
market.
Tab. 1: Boundary conditions for the TNRSYS simulation of the combi-systems

Required solar fraction
and main simulation
conditions

Solar fraction of at least 20% of the overall heating demand
with a domestic hot water demand of 175 litres per day with
45°C and a space heating demand of a one family home
with 140 m2 living area with a specific space heating demand of
51.9 kWh m-2 a-1 in Essen and of 62.7 kWh m-2 a-1 in Passau.
The solar collectors are mounted oriented south with
a tilt angle of 45°, with no shadow on the collectors.

System requirements

The combi-system must be offered as a unit on the market,
which must contain at least the solar collectors, the combi-tank,
the solar station and the controller. The solar collectors must
have a Solar Keymark.

Documents

The suppliers must deliver: Description and data sheets of the
system and the components, the Solar Keymark certificate of
the collector, a drawing with dimensions of the combi-tank and
the documentation for the installer and the customers.

The overall performance of each system was simulated with the program TRNSYS for both
cities, Passau and Essen. The TRNSYS simulation of the storage tank was based on the
parameter set of a real tested combi-tank and was adapted by using the available real data of
the combi-tanks: volume and height, the positions of the inlets and outlets, the type of heat
exchangers and their positions, and possible stratification supports specified by the supplier.
In addition the U-value of the insulation of the storage tank was calculated and used in the
simulation. The orientation of the collectors, the length and insulation of the collector circuit
pipes, the control strategy and the auxiliary heater were defined equal for each system.
To do a fair assessment of solar thermal systems, which differ on many aspects is not simple.
The solar yield of the collector alone is not a practical criterion, since the larger the collector
area is, the higher the total solar yield. Therefore the solar fraction was used, which is a
measure of the conventional energy avoided, and depends stronger on the storage tank
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features. The solar fraction is defined as:
!

!!"#$ = 1 − !!"# (eq. 1)
!"#

with the thermal energy provided by the auxiliary heater (!!"# ) and the thermal energy that
would have been needed by a reference system without the use of solar energy (!!"# ).
However, also the solar fraction is not a reasonable criterion alone since systems with the
biggest collector areas would be automatically assessed good. On the other side, if the solar
fraction per collector area is used, the system with the highest collector efficiency would be
advantaged and this would be not right either.
Therefore, it is important to realize what the relevant criteria for the customer are. Three
main criteria were identified for the benchmark test: the solar combi-system should replace a
relative high share of fossil fuels, it should have a good performance to cost ratio and the
installation should be of good quality.
As a result, following three criteria were used equally to assess the combi-systems in the
benchmark test:
1. The solar fraction, because the customers want to replace as much as possible
fossil energy.
2. The economics represented by the ratio of the money saved over the lifetime of
20 years due to the energy savings and the investment costs.
3. The quality of the operating instructions for the installers as well as for the customers,
as an indicator of the quality of the installed systems.
3.2 The combi-systems tested and the results of the benchmark test
As already described, the 17 combi-systems varied a lot regarding design and concept used.
But also the size of the selected collector area, the storage tank volume, as well as the system
price varied a lot. This was astonishing, since the same goal - to deliver a solar fraction of at
least 20%, was given. Obviously, the companies pursue different strategies in their combisystems offerings in general. It may also be presumed that the companies, which were
offering rather big systems expected to compensate higher costs with a good performancecost relation, or they were not sure how they could achieve the required solar fraction under
the boundary conditions provided.
Tab. 2: Ranges of data of the 17 combi-systems participating in the benchmark test

Collectors

System data
3 evacuated tube collectors with 7.4 – 9.6 m2 and
14 flat plate collectors with 9.1 – 14.2 m2 aperture area
Collector parameters of the flat plate collectors:
!! : 74,7% - 84,8%, !! : 3,09 – 4,34 W m-2 K,
!! : 0.004 – 0.026 W m-2 K-2

Combi-tanks

Total volume: 600 – 1000 litre
Standby volume for domestic hot water: 200 – 323 litre
Thickness of the storage insulation: 75 – 125 mm
UA-value of the insulation: 7.2 – 14.3 kJ h-1 K-1

System price

7500 – 14100 € incl .installation
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The ranges in the most important parameters of the combi-systems tested are presented in
Tab. 2 while Tab. 3 shows a summary of the main results.
In general, the results of the benchmark test according the assessment criteria defined were
very positive with two “Very Good” and 15 “Good”. The results in each of the three criteria
varied between “Very Good” and “Satisfying”.
Tab. 3: Ranges of data of the 17 combi-systems participating in the benchmark test

Test results
Solar fraction

22% - 30% for Essen and for Passau
Assessment:
5 x “Very Good”, 11 x “Good”, 1 x “Satisfying”

Economics

Energy cost savings over 20 years
in relation to investment costs: 124% - 202%
Assessment:
1 x “Very good”, 12 x “Good”, 4 x “Satisfying”

Documentation

Assessment:
1 x “Very good”, 14 x “Good”, 2 x “Satisfying”

Overall

Assessment: 2 x “Very Good”, 15 x “Good”

3.2 Critical consideration of the test methodology
The authors are aware that the methodology of the benchmark test regarding the system
performance simulation is a compromise between the cost and time to carry out the test and
the accuracy of the results. It is well known, that e.g. the type of storage tank insulation and
the way, how it is mounted, internal construction features and the heat losses at its
connections can influence the performance of the storage tank significantly. However, the
influences of these effects cannot be known without physically testing the storage tank
according EN 12977.
With the method chosen, the performance of the “idealize” storage tank is considered, taken
into account its design and insulation and not the possible parasitic effects describe. This
“idealized” performance is representing its general ability to contribute to a good
performance of the system. In reality, the storage could perform worse if e.g. the
stratification is destroyed by the construction of the connection pipes, but it could not
perform better. Therefore the ranking of the test is regarded as reasonable. To consider the
design and insulation of the storage in the simulation is a significant improvement in
comparison to only considering the parameters of the collector.
The authors consider the benchmark test results reasonable and the ranking as fair. However,
it is recommended to further investigate the accuracy of this simplification in order to
develop the methodology further and identify the best compromise of testing effort and
accuracy of the results.
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4. Optimization of the combi-systems
The German solar thermal market dropped in 2009 and 2010 by about 25% each year and is
stagnating in 2011. There are several reasons for this very disappointing market
development, which are often cannot be influenced by the solar thermal sector like the
overall economic situation. However, it is also true that the competition within renewable
heating technologies like solar thermal energy, pellets boiler, heat pumps, combined heat and
power units and even photovoltaics with heat pumps is growing and the competitiveness of
the solar thermal technology must be improved to significantly increase the solar thermal
market in future again. Today the customers are much more price-sensitive, since they know
that it is not only the renewable heating system they have to invest in, in the coming years
they must as well invest in the insulation of their building, perhaps in a more efficient or
electric vehicle and probably they have to pay more for energy in general.
Therefore the solar thermal investment must become economically more attractive. In the
benchmark test the calculated overall energy cost savings are a factor of 1.25 up to 2 higher
than the investment costs, which indicates the profitability of the combi-systems in general.
This calculation is based on an average annual energy price increase of 8%, as it was the case
over the last 10 years. However, the customers often compare only the annual savings at the
current energy price with the result that the combi-system investment is not profitable and
the return on the investment will not be achieved within the lifetime of the system.
Therefore, there is a strong need to optimize the combi-systems with two goals, first to
increase the solar fraction in order to increase the savings and second to reduce the price of
the combi-systems.
4.2 Optimizing the combination of parameter values
The results of the benchmark test could give some hints for this optimization. Most of the
parameter values of the combi-systems tested varying by a factor of two, however, the solar
fraction is only varying by a factor of 1.36. The fact, that the system with the highest solar
fraction of 30% has also one of the best values for economics with 195% shows, that high
solar fraction and good economics is possible at the same time. These are clear indicators for
a great room for system improvements for most of the systems.

Fig. 3: Dependency of the solar fraction on collector area
(orange dots: evacuated tube collectors)

For the finding of the ideal combination of the size of the collector area and its parameters,
the combi-tank volume and its parameters as well as the design of the tank, figure 3 and 4
could be helpful. They show for the 17 combi-systems the dependency of the solar fraction
on the collector area, on the storage volume and on the heat loss value UA, which is
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reflecting the quality of the insulation.

Fig. 4: Dependency of the solar fraction on the storage volume and the heat loss value of the storage (quality of insulation)

There is a clear tendency to higher solar fractions with larger collector area and larger combitank volume, however there are several examples where the same solar fraction was achieved
e.g. with a collector area of 11.5 and of 14 m2, with a 650 and a 1000 litre storage volume
and with a heat loss value of 7 and of 14.2 kJ h-1 K-1. This analysis must be made more in
detail and the interdependency of the parameters shown in the separate graphs must be taken
into account, however the figures already give a clear idea of the spread of the results.
To improve the overall performance of the combi-system effectively, the parameter must be
identified, which shows the highest effect by improving its value. Therefore a parameter
study was carried out to identify the influence of the change in each parameter on the solar
fraction. Outgoing from the reference system which was defined by the average values of the
systems tested (collector: 12 m2, !! = 80%, !! = 3,6  !  !!! ! !! , !! = 0.015  !!!! ! !! ,
combi-tank: ! = 800  !"#, !" = 11!"ℎ!! ! !! ), the solar fraction was simulated for
increasing and decreasing values of the parameters in 4 steps, covering approximately the
range of each specific parameter within the test.

Fig. 5: Comparison of influence of different parameters varied in the dimensions of the test

The results are shown in figure 5. The variation of the collector area has the highest impact
on the solar fraction, followed by the UA-Value of the combi-tank and the collector
parameters. The variation of the storage volume shows the lowest impact on the solar
fraction.
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For manufacturers aiming to optimize their combi-systems, the most cost-effective way to
improve their combi-system is from interest. Therefore the sensitivity identified in figure 5
of each parameter must be weighted with the additional or saved costs by changing this
parameter in order to find the most cost-effective way to optimize the combi-systems. If, for
example, the improvement of the of the UA-value (the storage insulation) would have a
medium effect on the solar fraction, but is reachable with much lower costs than the increase
of the collector size with the same result, the improvement of the UA-value would be the
best option to go.
In general, this kind of analysis is not new. However, in this case the simulation is based on a
representative sample of combi-systems offered on the market and can be combined with real
investment costs for these systems. In addition, the methodology of the benchmark test can
be used for the assessment the results of the system improvements.
4.2 Optimizing the system concept and hot water storage tanks
The optimization work should additionally focus on the design of the combi-systems, which
is mainly defined by the design of the combi-tanks. In the benchmark test it could not found
a significant advantage of one of the concepts to integrate the space heating circuit into the
storage tank or to heat up the domestic hot water. Figure 6 shows the solar fraction of the
reference system by only varying the design of the combi-tank. So the influence of varying
the type of integration of the heating circuit, the heat exchangers and the stratification
support is shown. The other storage tank parameters were normalized and equal for all
simulations. The simulation shows that the design is influencing the solar fraction by 2% for
the combi-tank designs of the benchmark test.

Fig. 6: Solar fraction of the reference combi-system with different combi-tank designs, result of the
simulation study with the design of the 17 combi-tanks of the benchmark test

Presumably the variation of the performance differences related to the combi-tank design as
presented in figure 6 is not directly linked to the cost of the combi-tank. Therefore, it is
expected that the performance-cost ratio can be significantly increased by a detailed analysis
of the combi-tank designs and the related costs followed by optimizing the combination of
the performance-improving and cost-reducing factors.
A further optimization step could be done by to the manufacturers. Taken into account that
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according figure 6 the resulting performance differences doesn’t justify the high number of
different combi-tank designs, groups of manufacturers could work together to optimize one
combi-tank and develop it to a common platform, which can be produce in higher numbers.
As in the automotive industry the specific product can look different and can have some
additional features but is being built on the same platform. This would reduce costs and
increase the security of the combi-tank functionality since more R&D effort would be
focused on the development and the probability of failures would be reduced by a reduced
variety of combi-tank designs.
4.3 Innovative system designs
Recently several manufacturers introduced innovative solar combi-system designs to the
market. For example the company Schüco presented a combi-tank in 2011, which separates
different parts of the volume of the storage tank strongly by two plastic sheets. The exchange
of thermal energy between the different parts of the tank is strongly reduced and happens
only under specific conditions. The companies Junkers and Bosch-Buderus introduced in
2010/2011 a new solar system concept, where only solar thermal energy is stored in the hot
water storage tank and the preheated hot water as well as the preheated space heating circuit
is heated up with the condensing boiler with the through-flow-principle. According the
advertisement of the companies, the same solar fraction can be achieved with a 30% smaller
collector area due to reduced heat losses of the storage. Further new system designs are on
the market, especially in combination with heat pumps.
Since it is not simple to compare the systems and justify if the improvements can be
considered as significant and reliable in comparison to the existing system types it is
necessary to intensify the work on the test methods, the performance simulation and the
definition of assessment criteria to make all combi-systems comparable and support the
innovations in this sector.
5. Summary and outlook
Solar thermal combi-systems for domestic hot water heating and space heating support are
very common in central Europe and a broad variety of combi-systems is available on the
market. Though this is a competitive market, customers as well as installers usually are not
informed on the system performance of a specific combi-system. The system performance
could be tested with the component oriented performance test according EN 12977, but the
manufacturers are afraid that they must test every possible combination of components,
which would lead to high testing costs. On that background the Fraunhofer ISE carried out a
benchmark test for combi-systems on behalf of the consumer magazine Ökotest based on a
simplified performance test. The system performance was simulated based on certified and
easily verifiable component data. In addition a customer oriented assessment concept was
developed.
The size and design of the combi-systems represented in the test were proposed by the
companies which were asked to provide systems with a solar fraction of at least 20% of the
overall heat demand in a one-family home in Essen and in Passau. 17 combi-systems
participated in the benchmark test and all of them received the final assessment “very good”
or “good”. The participating combi-systems varied a lot in all parameters of the collectors,
the combi-tanks and in the system design. Every combi-tank differs from the others. The
investment costs varied up to a factor of 2, however the system performance varied only up
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to a factor of 1.36. This shows that there is a great room to optimize the combi-systems
regarding the optimal combination of components and their parameters as well as the design
of the systems in order to increase the solar fraction and to reduce the costs. An analysis how
the different parameters of the components are influencing the solar fraction was presented
which can be used for optimizing the combi-systems by the manufacturers.
The benchmark test gives a very good overview on the market of combi-systems. However it
makes clear that it is necessary to further work on a simple, but reliable and accurate
performance test for combi-systems. The results of the benchmark test demonstrate, that
there is a great room for the optimization of the combi-systems. A detailed analysis of the
test results could be helpful by doing that. One idea presented is to develop a common
platform for an optimized combi-tank, which could be used by several manufacturers. There
is a strong need for the further optimization of the combi-systems in order to increase the
acceptance in the market. Some ideas and possible methodologies are presented in the paper.
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PERFORMANCE OF INTEGRAL COLLECTOR STORAGE
SYSTEMS OF OVAL SECTION TANKS
Javier H. Garnica, Juan M. Lucchini and Jorge R. Barral
School of Engineering, Universidad Nacional de Río Cuarto, Río Cuarto (Argentina)

1. Introduction
When solar domestic hot water (SDHW) systems are analyzed, it has been proved that consumers rank the
environmental benefits very low and most of them make their purchase decisions based on utility bills and
saving money (Morrison and Wood, 1999). In addition, just those countries that have implemented
promotional politics on the use of renewable energy have achieved good results on the deployment of the
technologies and the replacement of fossil fuels (Streimikiene and Girdzijauskas, 2009) (Haas et al., 2004) In
this context, many countries, like Argentina, which do not have yet a politics and clear laws to support the
renewable energies, need to impose their products based mostly in the low price of them. In contrast, one of
the main drawbacks of many solar applications, like is the case of solar domestic hot water, are their
expensive initial costs (Hawlader et al., 1987). Then, the use of Integral Collector Storage (ICS) systems in
these situations results very competitive, since these systems are composed by just one unit, in comparison
with active or thermosyphon systems that require at least to big components, the flat plate collector and the
insulated storage tank.
Argentina has a good power electrical network, the cheapest natural gas in the world, and people with not too
good ecological and sustainable conscience. But natural gas and inexpensive electricity are fully available
just in cities with high population. Then, the solar water heating option seems to be competitive in isolated
towns, villages and in country houses. In addition, this problem is in general strongly related to inhabitants
with low incomes, which becomes in a social problem that degrade quality of life of these people. Then, the
use of ICSs for water heating in these areas would be a possible solution for this problem but only if products
at a reasonable price and with small payback periods are offered.
From the simplest systems of one tank in an insulated box, many different kinds of ICS systems have evolved
in the last thirty five years (Smyth et al., 2006). The Solar Energy Laboratory of the National University of
Rio Cuarto, in Argentina, have been working since 1997 in different types of ICS systems made of cheap
non-conventional materials, like tubular systems with plastic absorber (Barral et al., 2002), monotank
systems with cylindrical polycarbonate cover (Fasulo et al., 2001), and in the last years with models similar
to one of two cylindrical tanks, proposed by Tripanastopoulos et al. (2004).
Although these last models showed to have a good thermal performance, the manufacturing of efficient
reflective surfaces is very difficult, and the final volume of the whole system is very large due to the
necessity of greater diameters for the tanks to increase the available hot water. Then, a new prototype was
developed, following the principles of tanks in insulated boxes with the same aperture area, but aiming to the
elimination of the inner reflective surfaces and to the reduction of the system volume. To achieve this goal, a
special absorber-storage component was design, based in tank of oval section, which occupies all the inner
cavity of the insulated box.
For this new system, structural and thermal considerations were made, which result in the addition of a
reinforcement wall that divide the tank in two equal volumes. From the structural point of view, the addition
of this reinforcement wall allowed the use of lighter raw materials, which was checked by using a structural
finite element software. Regarding the desirable thermo-fluid behavior this reinforcement wall was useful for
the stratification maintenance, which is very important in the storage water tanks to avoid the destruction of
exergy (Rosen, 2001). The adequate positioning of the inlet and outlet water, bottom and top respectively,
contributed also to a proper fluid circulation, making a “piston effect” (fresh water pushing from bottom to
top).
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Nomenclature



emissivity (dimensionless)

k

thermal conductivity (W/m K)



kinematic viscosity (m2/s)

Mw

water mass in the tank (kg)

Stefan-Boltzmann constant (5.67 x 10-8
W/m K )

Nu

Nusselt number (dimensionless)

q

heat flux (W/m2)

Subscripts

Ra

Rayleigh number

a

ambient

S

absorbed solar energy (W/m2)

c

Convection

T

temperature (K)

c1

cover number 1

t

time (s)

c2

cover number 2



2

4

cond conduction
Greeks
2

r

radiation



thermal diffusivity (m /s)

s

sky



volumetric thermal expansion coefficient

t

tank (absorber-storage)

(1/K)

c

ICS tilt angle

Given the high thermal mass of these systems and the energy source variability, it is not possible to adopt the
steady state simplification used in testing of flat plate collectors (Duffie and Beckman, 2006). Therefore, a
detailed analysis of absorbed energy and heat losses is necessary. Moreover, at least a complete year analysis
is necessary, to evaluate the behavior of the system in all the seasons and the results to be economically
useful. Experimental studies for so long periods would result extremely expensive and, for that reason,
numerical simulations are highly recommended.
This paper describe the steps followed to design and build the prototype, the instrumentation and
measurements performed check its behavior and the results of a physical-mathematical model that resemble
the heating and cooling processes of the prototype without water extraction. This new ICS prototype shows a
good thermal performance and its advantages are analyzed.
2. Study of Absorber-Storage design
2.1. Geometry, Dimensions and Materials
The study of the new design was started considering first the shape of the absorber-storage and the materials
to be used. Since the system is thought receiving the water from an elevated reservoir tank of the house, it is
expected that the pressure inside the absorber-storage is not going to be too high, but in spite of this, the
shape of this element must be well designed in order to avoid any extra reinforcement. In addition, the
external dimensions of the absorber-tank must be adjusted to generate a surface that occupies all the aperture
collector area, intercepting all the entering radiation and avoiding in this form the addition of internal
reflective surfaces.
The availability of raw materials in the local market and manufacturing requirements was also considered.
Then, the absorber dimensions were optimized in accordance to the commercial steel sheets, in order to avoid
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the generation of scraps. Moreover, the tank materials should resist the corrosion in those parts that were
going to be in contact with water. Regarding the manufacturing processes, the geometry was determined in
such a manner that just standard tools and small press brakes were required, and no big stamping presses or
lathes were necessary.
For the cover transparent system, taking into account the hail, which is normal in the region, an alveolar
polycarbonate sheet was thought for the external part; a thin flat piece of glass was prepared for the inner part
of the cover system, since glass is opaque to long wave infrared radiation generated in the tank surface,
causing in this way a greenhouse effect. Of course, the requirement of durability was also established for all
the materials.
Assuming no substantial changes for the conventional insulated box, a parallelepiped of galvanized iron in
the external part with wool glass and expanded polystyrene as insulation, the efforts were put in the design of
the absorber-storage element. As stated previously, the starting point for the design was the inner pressure in
the tank; then, taking into account that these systems would be used in houses of one family, a reservoir tank
placed in the roof is considered, which indicates that the system would be under a maximum pressure of 4,00
m of water column.
The determination of the relationship between the surface exposed to solar radiation and water volume inside
the tank was made by using the average monthly radiation for Rio Cuarto (Grossi Gallegos y Righini, 2007).
Then, for July, the worst winter month, and for a 45º North tilted surface, a rough estimate of 14 MJ per
square meter of available radiation in an average day is made. From the experience of the GES team in the
study of integral collector storage systems, it is proposed that around a 60 % of this energy would be
positively transferred to the water. Then, a relationship of fluid volume to area exposed to radiation of 100
dm3 per square meter was assumed, which would imply an average water thermal change of 20º for a typical
day of July.
Cylindrical tanks do not allow the variation of the volume/surface relationship, from which the absorberstorage could not be of cylindrical section, but taking into account the pressure requirements, the walls of the
tank could not be flat neither. Then, limited by the previous considerations, but in order to maintain the
construction simplicity it was decided to try a design based on an oval section with cylindrical surfaces
spliced with circular sections, as shown in Figure 1.

Fig. 1: Section of the absorber-storage tank. Al measures are in millimeters.

The smaller radii of the section tank were selected of 25 mm since it is an easy available tube pipe measure
that would facilitate the manufacturing process. The gap between the axes of these smaller circles was
selected in such manner that the container insulated box could be built from the standard galvanized iron
sheets (1220 mm), which notably reduced the box construction operations, avoiding cutting, drilling and
riveting works. After fixing the smaller radii and the space between the circle axes, the bigger circular arc
radii were adjusted in order to obtain the volume/surface relationship previously mentioned. The longitude of
the tank was defined in 1,2 m, resulting then in a storage capacity of 72 dm3 and an exposed surface to the
radiant energy of 0,72 m2.
2.2. Structural calculations
After defining the tank section for the ICS and the characteristics of the raw materials, it is necessary to
determine the adequate thickness of the walls to support the inner pressure. The classical pressure vessel
design theory allows just the calculation of spherical or cylindrical vessels, and in the last case it is not
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possible to know the stress state at the headers. When the shape of the vessel is different from the previously
mentioned, just a few design tools provided approximations with large margins of error; then, since it is
difficult to know what happens point by point in the vessel material, there is a tendency to overestimate the
vessel walls for safety reasons, which causes greater weights and cost of materials. It is worth mentioning
that the fluid to be used is not compressible; then, there is no burst danger and it is possible the use of low
security coefficients, which results in less weight and ease for manufacturing.
From the previously stated, a finite element method of structural calculation software was used to determine
the sheet thickness to be used in the tank. This determination is in general an iterative process where
thicknesses are proposed and for each proposal the stress state for all the model is checked. Adjustments are
made until the stress state is satisfactory. In complementary form, some technological aspects have to be
covered, like a minimum thickness for the steel in order the welding process to be possible, or a maximum to
facilitate the bending of the metal sheets. After this process, a Carbon Steel SAE 1010 of 1,27 mm was
selected to form the larger cylindrical surfaces of the tank. For this first prototype, in order to simplify the
construction, structural pipe 50 mm diameter was used for the smaller radii parts of the oval tank; although
the thickness of this pipe was 1,6 mm, which increased a little the quantity of welding, no especial tools were
necessary to curb a sheet metal
After many structural trials and taking into account also the thermal and fluid dynamics of the water, the
inclusion of a longitudinal inner wall was considered necessary. This inner wall was welded in all its
perimeter dividing the tank in two equal parts. It works as structural reinforcement, since it joins the two
cylindrical walls that tend to be opened by the pressure effects (see Figure 2). In addition, considering the
movement of the water in the tank when hot water is required, the wall prevents from mixing and helps for
the maintenance of the stratification.
It is advisable to use the symmetry of the design to minimize the computer operations required by the finite
element method. Then, one fourth of the tank was used to the structural calculation as is shown in Figure 2.

Flat lid, 1.27 mm thickness

1.6 mm thickness

1.27 mm thickness
Reinforcement, 1.27 mm thickness

Fig. 2: Model used for the structural finite element analysis.

Applying the symmetry principles, the boundary conditions for the model result simplified. An inner pressure
of 39.2 kPa corresponding to 4 m of manometric water column is proposed to run the stress analysis. This
assumption responds to the hypothesis that the system would be over the roof of a house for one family,
where a conventional reservoir tank is situated in the same roof, and at a maximum height of 2.5 m over the
ICS. Then, the use of 4 m water column ensures a safety factor (SF) of 1.6. The SF is fixed for the pressure
and not for stresses, since there exist the possibility of non linear effects that could affect the stress state.
When the geometry, the thicknesses of the different parts, the pressure and boundary conditions were known,
the software of structural analysis was charged and the stress state was calculated. This is shown in Figure 3,
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where the stress distribution can be deducted from the label of color code. In the Figure, certain zones of the
model are over the failure stress. It is worth noting that failure indicates that the material enters in the plastic
region, which does not mean it reaches the steel collapse.
As a SF was established for the charge, a minimum SF equal to one is enough. The parts in red in Figure 3
are below the minimum SF. In order to analyze what happened in the inner part of the most exerted section
the SF is represented in Figure 4. This Figure shows that the superficial part of the sheet has a SF less than
one, but in the center of the material the SF is greater than one. Then, although there would be zones that
would result with permanent deformations, the global analysis indicates that the material would resist the
charge without problems. This situation was finally demonstrated by the experimental study.

Fig. 3: Results of the finite element structural analysis – Stress distribution.

SF

Fig. 4: Safety Factor distribution in the most exerted section.
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3. Complete system and its instrumentation
Once the absorber-storage materials and shape were fixed, the whole system design was the completed. The
entrance of the cold water was set in the flat lid, in the lower part of the tank, and de hot water outlet in the
same lid, in the upper part of it. Commercial ¾ inches threaded nipples were coupled in these inlet and outlet
connections. This particular positioning works together with the reinforcement wall in the middle of the tank,
to drive the water smoothly in a circuit that makes a “piston effect” and avoids the stratification rupture.
Figure 5 shows the inner part of the absorber-storage tank. The cathodic protection is also showed in this
Figure. Sixteen thermocouples are distributed in the tank to follow the temperature variation in each part of
the system during the day. In Figure 6, the picture shows the tank in its construction process.
The insulation of the unit was composed by two materials: glass wool adjacent to the tank (zone of higher
temperatures) and expanded polystyrene. The transparent cover system was made of glass and polycarbonate.
The firs cover, the nearest to the tank, was of 4 mm glass, which works as an opaque surface for the long
wave infrared radiation and causes the greenhouse effect. The second cover is a multiwall polycarbonate
sheet, which has a good hail resistance, effect that have to be prevented in the central region of Argentina. In
addition, the polycarbonate provides a good insulation for this kind of systems. The cover system is fastened
to the box by and intermediate rubber band and a metal angle. A view of most of the parts of the whole
system is shown in Figure 7.

Water oulet

Water inlet

Water passage
Sacrifice anode

Fig. 5: Inner view of the tank. Identification of inlet, outlet, holes for water circulation, sacrifice anode and thermocouples.

Figure 8 shows a comparison of a system previously studied, cylindrical tanks with internal reflective
surfaces, and this new prototype. It can be observed that for the same aperture area, same water volume, and
same insulation thicknesses, the new prototype has a volume approximately 40 % less than the system of
cylindrical tanks. This results in material economy and better mounting conditions when the system is set in a
house roof.
1. Experimental analysis of the unit
The ICS was tested in one of the measurement platforms of the Solar Energy Laboratory of the National
University of Río Cuarto, situated at 33.2 S latitude and 64.3 W longitude. The system was mounted facing
North with a slope angle of 45 degrees. The experiment was performed during many days and the inner tank
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temperatures, ambient temperature, solar radiation, wind velocity and relative humidity were recorded every
five minutes. The inner thermocouples were able to follow the energy gains of each node, and adding these
node gains it was possible to compare the total energy gain of the tank related to the energy of solar radiation
over the exterior surface of the cover system. In addition, the stratification process was monitored.

Fig. 6: The absorber-storage tank in construction and the complete system with the thermocouples connected.

Closing angle
Polycarbonate
cover
Glass cover
Absorber-storage
tank

Galvanizad
steel box
Rubber band

Expanded
polystyrene
Water oulet

Glass wool

Water inlet

Fig. 7: Parts of the complete system.

The thermocouples were distributed inside de tank in such a way that it was possible to think that each
thermocouple tested a small volume equal to 1/16 the tank volume (a node). Then, the evolution of
temperatures was followed during the day for each node, and the energy transferred to the fluid was
evaluated by integrating all the node temperature increments.
The data were collected and recorded in an Agilent 34970A data acquisition system. A DAVIS Weather
Monitor II portable meteorological station was used to measure wind velocity, relative humidity and ambient
temperature. The horizontal global solar radiation was measured by a precision pyranometer EKO SBP 801
and the direct solar radiation was measured by a Normal EPLAB firs class W.M.O. Each data was recorded
every five minute.

754

H1
H2

Fig. 8: Global volume systems comparison: cylindrical section and reflective surfaces vs. oval section.

Figure 9 shows the temperature evolution of the each node during a heating process in a day of the month of
July. Each small rectangle represents the volume of a node (the drawing is not in scale). The times are in
solar hours. By looking at the color code for temperatures, the stratification process is evident, since the
lower nodes show a delay in the heating, and at the end of the process have a temperature difference of
approximately 20 ºC with the upper nodes.

9:00 hs

10:00 hs

11:00 hs

12:00 hs

13:00 hs

14:00 hs

15:00 hs

16:00 hs

Fig. 9: Thermal evolution of the sixteen volumes of the tank during the heating process of a day.

1. Thermal modeling of the ICS
To understand the processes involved in the functioning of the system and find elements to make
improvements in the design, a physical-mathematical model was developed. This model allows also to lower
the expensive experimental work, by replacing the experiments by simulations (Nafey, 2005).
The ICS was broken down into subsystems to ease the task choosing control volumes. After that, energy
balance equations were posed and the relationships among these control volumes appeared when heat transfer
processes were identified between the subsystems.
For the absorbed solar radiation, S , conventional calculations were used to consider the transmissivity of
the glass (Duffie and Beckman, 2006) and a model developed by Barral et al. (2001) was used to considered
the influence of the multiwall polycarbonate sheets. An average absorptivity of 0.8 was assumed for the black
matte finishing of the tank surfaces. The heat losses were modeled by using conventional heat transfer
correlations (Incropera et al., 2006) (Duffie and Beckman, 2006)
Only the thermal mass of the water was considered, neglecting the thermal mass of the tank steel, which is
very small compared with the water. Considering the behavior experimentally checked by Figure 9, the tank
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was divided in four horizontal layers as isothermal nodes, considering the same mass for each node. Figure
10 shows a scheme representing energy gain and losses.

Fig. 10: Energy gain and heat losses of the ICS

Therefore, considering each node as an independent element the following energy balance equation is posed,
which includes gains and losses for each time-step.

cW MW

dT( j )
dt

 S  Q losses

(1)


Where Q
losses represents all the convective, radiative and conductive heat losses of each section of the
surface tank. Just the most representative equations of the model are shown in this paper. The losses from the
tank to the first cover is described by equation (2), and from the tank through the back and lateral insulation
of the box, by equation (3)

Q losses  qr , t  c1  qc , t  c1
Q losses  qcond

(2)

(3)

The energy balance equation in the cover 1 is:

0  qr , t  c1  qc , t  c1  qr , c1  c 2  qc , c1  c 2

(4)

The linearized radiation heat transfer coefficient between the tank and the firs cover is

hr ,t  c1 





 Tt  Tc1 Tt  Tc1 
1
1

1
 t  c1
2

2

(5)

The Nusselt number to compute the convection heat losses between the tank and the first cover or between
the two covers is
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(6)

where Ra is the Rayleigh number. The convection heat transfer coefficient for heat losses due to the wind is
calculated by means of equation 7

hc , c 2  a  5,7  3,8V

(7)

And the radiation heat transfer between the cover 2 (upper) and the sky is represented by



Q c 2  a   c 2 Ac  Tc42  Ts4



(8)

Where Ts is the sky temperature, which is calculated by means of the following equation



Ts  Tamb 0.711  0.0056 Tdp  0.000073Tdp2  0.013 cos15 t 



14

(10)

The systems of equations were programmed and processes in MATLAB, using the same climatic data of the
experiments, and thermophysical properties obtained from reference bibliography and manufacturers’ data.
Then, comparisons in temperatures and power were made for series of many days, in order to check the
validity of the physical-mathematical model proposed. Figure 11 and Figure 12 show these comparisons
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Fig. 11: Comparison between measured and simulated temperature of the ICS
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Fig. 12: Comparison between measured and simulated power of the ICS

As is normal in this kind of systems of high thermal inertia, Figure 11 shows that the maximums of
temperatures occur at approximately four hours later than the solar noon. This means that this is the best time
to perform the water extraction of the system. The model resembles the real system with less than 6 % of
error, which can be considered as a good approximation. Regarding the simulation in power terms, the
coincidence is also important, and the plot of Figure 12 allows the evaluation the night energy losses by
integrating the area under the curves. In summary, this model could be used to estimate the performance of
this ICS in different climatic condition. From a calorimetric analysis, this system of one 70 liters tank can be
used to cover the hot water needs of two persons per day.
2. Conclusions and future research
It was demonstrated that non conventional vessel shapes can be developed by using structural finite element
methods, optimizing the raw material use and given priority to the geometry for the radiant energy
absorption, when the vessel is working under low pressure conditions. This calculation tool is today widely
available in numerous open code softwares, and easy to use in any personal computer.
The small dimensions obtained with this design facilitate de system installation, and in the same way the
effects of wind forces are diminished. The unit does not require a complex infrastructure of special tools for
the manufacturing process, and the capacity can be easily changed. This prototype was designed for 72 liters,
but a greater capacity unit can be made, just making a longer ICS with the same section.
The thermal performance of the system is similar to those presented by other kinds of ICS, like tubular
(progressive) or ICS of cylindrical tanks with inner reflective surfaces. Although the prototype has the typical
problem of all the ICSs, high night thermal loses, the cumulative energy acquired after some days without
water extraction shows that the system has an acceptable insulation. In other words, for a reasonable sunny
day it retains some energy to the following morning day.
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Compared with the tubular systems the ICS of oval section has a lower level of complexity (fewer
components and connections), and compared with the cylindrical-reflective, the oval section ICS occupies
less global volume and avoids the difficult manufacturing process of reflective surfaces. Since this paper
shows the development of a prototype, not much effort have been invested to lower the labor hours, but the
simplicity of the system, stock management and an economy of scale would allow a notable costs reduction.
An experimental study and modeling for the system with water extractions is necessary to obtain a detailed
knowledge of the ICS behavior under different user demands and climatic conditions. In addition, a special
standard to test these systems have to be developed because the ISO 9459-2 standard would underestimate its
best possible solar fraction. This happens because the maximum energy availability of the system occur
approximately between 3 to 4 hours after the solar noon, while the ISO 9459-2 standard establishes a heating
process with the water extraction six hours after the solar noon, and by that time the ICS have had important
energy losses.
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REAL-LIFE CONDITIONS PERFORMANCE OF RESIDENTIAL
SOLAR WATER PREHEATERS IN QUEBEC, CANADA
Normand Bédard, Marie-Andrée Leduc
Laboratoire des Technologies de l’Énergie d’Hydro-Québec, Shawinigan (Canada)

1. Context and objectives
To the request of the Energy Efficiency Direction of Hydro-Quebec (the main electric utility in the province
of Quebec, in Canada), the Laboratoire des Technologies de l’Énergie (LTE) of Hydro-Quebec built a test
facility in order to evaluate, in actual conditions, the performance of solar domestic water heaters (SDWH).
The test facility was set-up in the fall 2007 and a measurement campaign was carried out over two full
periods of one year. The interest for the utility was to evaluate if the acquisition of a solar system by a
domestic customer could be subsidised, based on the fact that these systems:
1. are saving electric energy (kWh) used to heat domestic water
2. have an impact on the DWH average power demand during winter peak periods
The project also aimed to judge the general performance of the systems, to identify the best installation and
operation practices, the particularities of the different system types and eventual technical flaws.

2. The construction of the test facility
The solar panels were installed on the flat roof of a warehouse type building on the LTE site, facing south.
An annex was built at the base of the wall. Inside this annex, solar storage tanks, pumps, heat exchangers and
electric water heating tanks were installed. Thermocouples, flow meters and watt meters were coupled to a
data acquisition system and a computer. A weather station was also installed on the roof of the building and
the recording of temperature, wind speed and direction was performed continuously.
The solar panels were mounted on metallic frames fastened to the flat roof. The absorbing face of the panels
was oriented 20° southwest. The following photos (Fig. 1) show the installation during winter.

Annex

Fig. 1: Photographs of the solar panel testing facility at the LTE
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3. Experimental approach and context
Four residential solar systems, including the solar panels, the tubing, a pump for the circulation of the
calorific fluid (water-glycol), a controller, a heat exchanger and a storage tank, were each coupled with a
standard electric domestic water heating tank (Fig. 2). A fifth, standalone, standard electric water heating
tank was used as a reference system.
It has to be mentioned that in Quebec, more than 90% of the domestic customers are using electric water
heaters to heat domestic water. This is mainly due to the fact that electricity is produced from hydroelectric
dams, and sold at a domestic cost lower than any other form of energy. The majority of these tanks have a
capacity of 60 imperial (UK) gallons (273 litres) and two electric heating elements of 4 kW each, heating
alternatively the bottom and the top of the tank (flip-flop operation mode).
In the solar systems, the water from the water mains is preheated by the solar system and stored in a solar
storage tank. The exit of the storage tank is connected to the water inlet of the standard electric water heating
tank, which heats up the preheated water up to the usual set point temperature of 60 °C.
The electric consumption (kWh) of the electric elements of each of the electric water heating tanks was used
as the base for the evaluation of the contribution of the different systems.

Storage tanks
Control valves

Water heater tanks

Fig. 2: Inside the annex: storage tanks, electric water heaters, control valves

3.1 Choice of the solar systems and storage capacity
The choice of the solar systems was based on the recommendations from the systems suppliers. The four
systems are as follows:
•
•
•
•

System A: flat plate collector (5,4 m2), 364 litres (80 gallons) storage tank, thermosyphon heat exchanger
System B: evacuated tubes (3,8 m2), 300 litres storage tank, heat exchange coil inside the storage tank
System C: flat plate collector (5,2 m2), 400 litres storage tank, heat exchange coil inside the storage tank
System D: flat plate collector (5,6 m2), 364 litres storage tank, thermosyphon heat exchanger
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3.2 Choice of tilt angle
The angle of the collector’s plane from the horizontal has been adjusted to 60°. This choice was motivated by
the fact that it is important to minimise the impact of snowfall, hail storm, and icy rain during the Canadian
winter time. Also, such a relatively stiff angle contributes to increase the solar gains during the winter, this
being of a particular interest for the electric utility’s winter peak power demand. However, this stiff angle is
not very representative of the usual practice, where the collector plane is directly fixed to the surface of the
roof, which, in Quebec, has typically a lower angle from the horizontal.
3.3 Measurements
The parameters measured on the test facility are:
. solar watt density on the plane of the solar collectors
. temperature of the calorific fluid, at inlet and outlet of the collectors
. temperature of the calorific fluid, at inlet and outlet of the heat exchanger
. flow rate of the calorific fluid
. flow rate and cumulative withdrawal of domestic hot water
. temperature of the water at inlet and outlet of the storage tank and of the water heater tank
. energy (kWh every 5 min) associated with the water heater tank
. outside temperature, and several weather-related parameters
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The following diagram (Fig. 3) shows the general arrangement and the location of the measurement points.

Fig. 3: Diagram of the test set-up

3.4 Domestic hot water withdrawal
To simulate the hot water withdrawal of a typical family, a set of flow control valves were opened during a
given amount of time and according to a predetermined schedule in order to simulate the same flow rate as in
typical events: shower, bath, dishwasher, hand washing, rinsing, etc. The same water withdrawal sequence
was imposed simultaneously to each of the five electric water heating tanks. The flow control valves are
shown on the Fig. 2, overhanging the hot water heaters.
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The withdrawal profile was chosen to be typical of a family of four people: two adults, one teenager and a
young child. During the weekdays, the family members are supposed to be outside the house during daytime:
leaving the house before 8h00 in the morning and back by 17h00. The experimental data from another LTE’s
study concerning the energy consumption of electric water heating tank were exploited to establish this
profile. This study, which involved real measurements in 75 homes, had revealed that the daily hot water use
was lower than the ASHRAE Standard 90.2-2007 estimation for a four-member family (230 litres per day).
The hot water usage for our test was set to 208 litres per day, giving an average of 200 litres per day for the
whole year if taking into account a two weeks vacation period during the summer, during which the hot
water consumption is zero. Seasonal changes in hot water consumption, mainly due to varying mains water
temperature, were not taken into account in this study.
3.5 Climatic conditions
The measurements covered two quasi-continuous periods: January to December 2008 and October 2009 to
September 2010.
Solar input
The solar irradiance measurements along the two-year periods suffered from a slow drift of the sensibility of
the pyranometers. Measurements as provided by an Environment Canada station in the area of Shawinigan
(latitude 46,5°) indicate yearly solar gains close to the normal from 2008 to 2010. However, important
differences between the monthly solar gains of the two testing years are worth noticing.
Temperature
For the two periods covered by the test, the yearly average ambient temperature was higher than the normal
temperature of 4,5 °C for the town of Shawinigan: 4,7 °C for 2008 and 6,9 °C for October 2009 to September
2010 period.
Snow
2008 has been particularly snowy (5 meters in the area of Shawinigan). At several occasions, the solar panels
were covered with snow or ice (Fig. 4). In most cases, all the collectors were soon free of snow after a small
snowfall, but a heavy fall had the impact of covering the collectors completely for several days (note: system
B with evacuated tubes was covered by snow to a much lesser degree), despite the 60° stiff angle (tilt). As a
result, several days with a good solar potential have been nullified, impacting the annual solar gains.
However, a long sunny period following a snowstorm always enabled the complete clearance of the
collectors without human intervention. For the 2009-2010 period, the winter has been much less snowy and
the periods where the collectors were covered with snow much less frequent.

Fig. 4: Real winter conditions: solar panels covered with snow
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Particular conditions
The 2008 results were found disappointing, and our questioning led to the removal of the flowmeters on the
calorific fluid piping, which were restricting the flow. This was identified as the only technical condition
distinguishing our test facility with a real domestic solar system and susceptible to affect our results. Thus,
the flow of the calorific fluid was higher during the 2009-2010 period as compared to 2008. Also, only two
of the four systems were monitored during the 2009-2010 period, two systems (A and C) being used for
another project. Hot water use was decreased to 200 litres per day, and no vacation period was simulated.

4. Experimental results
4.1 Impact on energy consumption
Over the whole of 2008, the solar systems saved 33% to 38% of the 4 510 kWh consumed by the reference
water heating tank for a hot water usage of the fictive family of four people. It is worth noting that the four
solar systems, with different areas and designs, and with different storage tank capacity, had a similar impact
in terms of energy savings.
The 2009-2010 experimental period gave similar results. One system had a somewhat better performance,
while the other had a poorer performance compared to 2008. The average energy saving for the two systems
was 35% (1 530 kWh saved over 4 380 kWh as measured at the reference water heating tank).
It is interesting to note that the annual energy savings by the solar systems globally represents around 20% of
the total solar energy incident to the surface of the collectors.
4.2 Impact on the average power demand during winter critical hours
In Quebec, chilly winter periods of January and February (less than -25 °C) often occur simultaneously with
clear sky and very sunny conditions. Since year 2000, utility peak power demand periods coinciding with
sunny clear sky periods occurred more than two times out of three.
Experimental results demonstrated that the solar systems contribute positively to lower the DWH average
power demand during the winter critical hours (6h00 to 10h00 and 16h00 to 20h00): the reduction of the
average power demand during these periods was as high as 60%. However, when the chilly period lasted
several days, a single cloudy day drained completely the thermal storage tank.
It is worth mentioning that depending on the heat transfer apparatus, the positive impact of solar systems on
the average power demand of the electric water heating tank is not occurring at the same moment. When the
heat exchange between the calorific fluid and the water inside the storage tank is done with an external
apparatus and based on the thermosyphon principle (systems A and D), the temperature stratification inside
the tank is important: the very hot water at the top of the tank lowers the average power demand of the water
heating tank during the evening peak period (16h00 to 20h00). However, the very next morning, the hot
water supply from the storage tank has reached a much lower temperature and the impact on the morning
peak power demand (6h00 to 10h00) is low. On the contrary, when the heat exchanger (coil tubing) is inside
and rather at the bottom of the storage tank (systems B and C), the temperature is more evenly distributed
along the height of the storage tank. Thus, the hot water demand during the evening drains less stored heat,
and the following morning, the impact on the power demand is more significant. Figure 5 is illustrating this
phenomenon by showing the temperature at the top of the storage tank along a chilly week.
Important note
The daily water withdrawal was set to a constant value, without consideration for the season. However, in
Canada, the temperature of the water mains is much lower during the winter as compared to summer time: in
Montreal, this temperature can vary from 3 °C to 23 °C. Consequently, the energy necessary to heat up the
same amount of water to the desired level (55 °C to 60 °C) has to be higher. Moreover, as the temperature of
the water for the showers, baths and hand washing is controlled by the user by adjusting the flow rates of the
cold and hot water, more hot water is necessary to compensate for the colder water from the mains.
However, in this study, the winter water flow rates were not decreased during the summer, as it would be in
reality. A lower hot water use during the summer would have helped the energy coverage, but would have
worsened the saturation of the storage tank during the hot season.
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Also, the temperature of the water delivered to the solar systems of our test facility was not as low as it is in
reality, especially during winter time. If it had been, the energy demand of all the water heating tanks would
have been higher. Thus, the energy coverage during the winter would have been lower.
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Fig. 5: Temperature at the top of the storage tank: impact of the type of heat transfer device

4.3 Losses
During high solar input periods, the losses along the calorific fluid tubing were evaluated to be more than
10% of the solar heat gain by the collectors in summer and up to 25% during a very cold winter day.
Also, it was estimated that during the winter, the losses by the back of the flat panels can represent more than
20% of the solar heat gains by the panels. The mounting of the panels on a framework implies that the back
of the panels are exposed to the wind.
Another source of losses is related to the saturation of the storage tanks during certain periods. Foremost, the
simulation of a two weeks vacation period during the 2008 summer (no hot water withdrawal) induced the
thermal saturation of all the storage tanks, which is set to 60 °C or 65 °C for all the systems. When this
happens, the controller of the solar systems stops the pump from circulating the water-glycol fluid. This is
causing the warming of the fluid in the panels up to a level where the glycol deteriorates. All systems
suffered such glycol degradation, this being noticeable by the change of the pH value.
But even with normal hot water withdrawal, saturation also happened in September, with a favourable
combination of the angle of incidence of beam irradiance, outside temperature and duration of the daytime.
With a tilt angle substantially lower than 60° (for example, solar panels back to a roof with a slope of 30°),
saturation is expected to occur more often during summer time. Also, it has to be mentioned that outside the
two-week vacation simulation, no other periods of absence (no hot water withdrawal) was simulated during
the test. In real life, people often do leave the house for one or two days during summertime, especially when
it is sunny outside, and these are the best conditions for thermal saturation of the storage tank.
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5. Profitability
5.1 Profitability for the residential customer
At the end of 2007, a typical solar system on the Canadian market (two 4’ x 8’ panels, heat exchanger,
calorific fluid pump, controller, etc.) cost close to 5 000 Canadian dollars, excluding taxes and installation.
The storage tank recommended by the suppliers of the flat plate collectors systems was an 80 imperial
gallons (364 litres) capacity, which cost more than double the cost of a standard 60 imperial gallons (273
litres) tank. The installation cost of a solar system in Quebec is generally between 2 000 and 3 000 dollars.
Also, a code requirement in Canada is the installation of a non-return valve which adds around 1 000 dollars.
Globally, the minimum cost for the installation of a solar system, including the taxes, is over 9 000 Canadian
dollars (CAD).
Our experimental results show that one can hope for an economy of 1 700 kWh (38%) of a hot water energy
consumption of 4 500 kWh for a typical family of two adults and two children. With a domestic electric rate
currently at 0,07 CAD (0,05 €) per kWh, the customer can expect an annual saving of about 120 CAD.
Thus, the simple Return On Investment (ROI) period (acquisition cost / annual savings) is well over 50
years, without taking into account maintenance costs. This is a much longer period than the 30 years life
expectancy of a solar system. It is interesting to note that many installers recommend the replacement of the
water-glycol fluid on a yearly basis. This operation takes away completely the yearly electric energy savings.
It is worth noting that the replacement of the water-glycol fluid is not a bad advice, given that during a long
period of absence of the family (for example, a two-weeks vacation during the summer time), the waterglycol calorific fluid overheats within the solar collector.
5.2 Potential contribution from the electric utility
The electricity savings due to the use of a solar system has a value for the electric utility, which is
considering this value in regard to the higher costs of its hydro-electric future projects. The net present value
(NPV) of a domestic solar water heating system for the utility was estimated to 650 CAD in 2009. If this
value is transferred to the domestic customer, it represents less than 7% of the initial investment.

6. Discussions
The experimental project enabled us to confirm that preheating of water by commercial solar systems is
saving an interesting amount of energy: at least one third of the annual electricity consumption associated
with domestic water heating can be covered by such a system, for a typical family of four. Unfavourable
conditions like the length of the calorific fluid tubing and installation on a frame may have somehow affected
the performance of the systems tested at the LTE. However, it is difficult to believe that even in a better
situation, the contribution from a solar system, in real Canadian climate conditions, could be better than 40%
of the hot water needs for this typical family.
The providers of the solar systems had estimated the level of energy savings of their system, as sold, to be
between 50% and 60%. It is also the estimation generally accepted by most in this field. The Agence de
l’Efficacité Énergétique du Québec (AEE), who has been conducting a program encouraging the acquisition
of solar systems during the recent years, is mentioning this value on their web site.
The presence of humidity inside the flat plate collectors could be a key factor for explaining the relatively
lower results compared to what was expected. Sealing of these solar panels is not perfect, and water from
rain penetrates the panel. This water evaporates when the solar collector is heated by sunshine and eventually
condensate on the inside face of the protecting glass. The condensation and re-evaporation leaves a deposit
on the glass which impairs its transparency. This has also been identified by a French study (Lair et al.,
2004). In all likelihood, this phenomenon probably wears on all along the life of the solar panels.
On the contrary, evacuated tubes collectors do not suffer from this phenomenon. However, along the period
of testing, several tubes lost their vacuum and had to be replaced. Overall performance of the evacuated
tubes collector was also below the one expected.
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Another explanation for the gap between our results and the expected performance of hot water solar systems
is a faulty design or a bad operation of the test facility. To enhance the degree of confidence in his findings,
the LTE is currently collaborating to a test campaign on the performance of several solar systems set up in
real houses located in different areas on the territory of the province of Quebec. This project is sponsored by
the Agence de l’Efficacité Énergétique du Québec. This campaign will enable to confirm or revise the results
obtained with the LTE’s test facility. It will also allow the assessment of the relative impact of several
parameters such as orientation and tilt of the solar collectors, area and climate and mounting on a structure or
flat on the roof.
It is relevant to mention that a vast test campaign was performed in France (Buscarlet and Caccavelli 2006)
by the Centre Scientifique et Technique du Bâtiment (CSTB) for the Agence de Développement et de
Maîtrise de l’Énergie (ADEME). To have an estimation of the real-life performance of hot water solar
systems, close to 120 solar residential installations were equipped with measurement devices, and continuous
acquisition of the different measurements was done over a full year period. The solar systems were located in
different areas in France.
In terms of annual energy savings, these were evaluated to be between 200 to 250 kWh/m2/year (Alsace area
to Provence-Alpes-Côte-d’Azur area, with an average hot water daily draw of 120 litres). It is interesting to
compare these values with the LTE’s results, between 260 and 360 kWh/m2/year: despite a harsher winter
time and a lower average temperature in Quebec, yearly global irradiation and net energy savings is good
even compared to the south of France. Similarly to LTE’s findings, the CSTB concluded from their results
that “solar productivity around 200 kWh/m2/year is widely inferior to the values usually assumed (400
kWh/m2/year for example) by study firms and contractors”. However, it should be mentioned that this value
of 200 kWh/m2/year is an average: among houses consuming the same volume of hot water as in the LTE’s
experiment (200 litres per day), the solar productivities found in the French study are very similar to LTE’s.
It is worth mentioning that the main factor determining the solar productivity is, according to the French
study, not the area where the solar system is located (thus not the amount of yearly global irradiation), but
the water withdrawal. Clearly, when hot water usage is low, saturation does occur and this reduces the
energy savings. In Quebec, where summer hot water needs are substantially lower than winter needs, a better
balance between solar gains during the two seasons has clearly to be looked for.

7. Conclusions
The experimental results from a test over two full years in real conditions at the LTE shows a performance
lower than expected by the industry and the government agencies. From the point of view of the residential
customer, it is easy to see that electricity savings cannot, at this moment, justify the acquisition of a hot water
solar system, even when considering an eventual grant from the electric utility in Quebec. A strong increase
of the cost of electricity and a substantial reduction of the purchase and installation costs of the solar systems
are sine qua non conditions for the implementation of the technology in Quebec.
Generally speaking, the solar systems are well designed and relatively well adapted to a northern climate.
However, a better thermal insulation at the back of the panels would be useful, especially when the panels
are mounted on a framework and not backed to the roof of the house.
Also, two major problems were identified.
. Real-life conditions and inspection of the solar panels showed that the sealing of the flat plate solar
collectors is not as tight as it should be: this ends up with a deposit on the glass which impairs transparency.
. None of the suppliers of solar systems had a sound solution to the overheating and degradation of the glycol
in the solar collectors when there is no hot water demand and a lot of solar gains.
In Quebec, it is reasonable to think that most of the solar systems installed back to a roof are experiencing
thermal saturation of the hot water storage during summertime. Also, winter solar gains are lower than what
one should hope for (at least from the point of view of the electric utility). This is mainly due to the low tilt
angle, and this is worsened by the fact that summer hot water needs are substantially lower than winter hot
water needs, this being due to the mains water temperature difference between summer and winter.
Ultimately, a better balance between solar gains during the summer and the winter is desirable.
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8. Perspective: vertical installation ?
The results of the study led to cogitation on the relevance of the general practice to install solar panels
backed to the roof of the houses. Most of the houses in Quebec have a roof with a relatively low slope. The
said practice has disadvantages: snow accumulation on the panels that may stick there for a long period of
time and high angle of incidence of beam irradiance during the winter. This means that the contribution from
a solar system is particularly low during the winter season, when electric energy demand related to hot water
use is higher and when it would be the most useful for the electric utility, which is facing peak network
demand. During the summer, the angle of incidence of the beam irradiance is very favourable, and saturation
of the storage tank will occur, even with ‘normal’ withdrawal of hot water, leading to the degradation of the
glycol in the calorific fluid. The said practice of low tilt angle of the solar panels may also lead to an
aggravation of the problem of infiltration of water and the related evaporation deposits on the inner face of
the glass, impairing the performance of the flat plate solar collectors.
The installation on the roof itself, backed to the roof or on a framework, means reduced and risky
accessibility for the owner. Also, the asphalt shingle and the plywood have to be perforated: in Quebec, such
an operation has to be performed by a specialist with a licence. This installation also increases the length of
the piping between the solar panels on the roof and the hot water tank, located in the basement leading to
non-negligible losses. When the solar collectors are mounted on a framework to increase the tilt angle, this
has, apart from the obvious aesthetic drawback, the practical inconvenience that the panels are exposed to the
winds which increases the thermal losses from the back of the panels and also means that the attachment to
the roof has to be very solid.
All of these inconveniences led to consider installing the solar collectors in a vertical position, on an external
wall, at the level of the first floor.
The advantages of a vertical installation would be multiple:
. much less snow accumulation;
. less rain infiltration and less evaporation deposits inside the flat plate collectors;
. better match between the winter’s higher hot water demand and solar contribution;
. almost maximal contribution during the winter, opening the possibility for a more generous grant from the
electric utility to account for peak power reduction;
. less contribution during the summer, but no storage tank saturation, reducing the risk of glycol degradation;
. use of a standard 60 gallons storage tank, much less costly than a 80 gallons or a custom solar storage tank;
. easier and safer access to the solar collectors;
. possibility to cover the solar panels during a prolonged absence of the households;
. much lower thermal losses by the back of the solar panels because of the wind;
. less costly installation and less manual intervention (snow, leafs)
Of course, the global annual irradiation from the sun is theoretically lower in a vertical installation. However,
the amount of time where snow is covering the solar collectors when these are backed to the roof is
substantial. Also, in a vertical set-up, the snow on the ground reflects some solar irradiance to the collectors
and contributes to increase their total solar radiation input.
Overall, the ‘vertical’ approach could be better adapted to the Canadian climate and houses and could better
contribute to the electric energy and power demand specificity of the Quebec electric utility.
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1. Introduction
Combined solar thermal systems for domestic hot water preparation and space heating are usually equipped
with water storage tanks. The stratification behavior of the tank including its external connections is
significant for the collector yield and the saving of conventional backup energy. The charging and
discharging units take a decisive role for the development of the stratification. While many studies analyzed
the stratified charging process in detail, investigations about stratified discharging units are rare. Stratified
discharging means, that the fluid is leaving the tank from at least two different heights, which are nearest to
the demand temperature, using a mixing device, in order to consume the smallest possible amount of the
hottest water. It could more clearly be called “layer related discharging”.
This simulation study analyzes the effects of different discharging and charging strategies on the
performance of a combined solar thermal system in a single-family house. Based on the system according to
Task 32 of the Solar heating and Cooling Program of the International Energy Agency (IEA SHC) the
system layout and in specific the storage connections are modified to investigate different stratified charging
and discharging concepts realized by external valves or devices within the storage tank.
2. System configuration and variants
The simulation study presented in this paper evaluates different charging and discharging devices in a solar
thermal combisystem. All simulations were carried out using the TRNSYS simulation environment, Klein et
al. (2005). The starting point is the system design according to IEA Task 26 and Task 32 described in Weiss
et al. (2003). The basis system covers the heat load of a single-family house (SFH100) with an area of 140
m² and a space heating demand of 100 kWh/m²a (design temperatures 60°C/50°C) at the location Zürich,
Switzerland. The hot water consumption and its load profile correspond to the requirements according to
Task 32 (200 l/day at 45°C, i.e. 3 MWh/a). In total, the useful energy demand amounts to 17 MWh/a. The
system is simulated in two sizes of the solar thermal system – a small (15 m² and 0.75 m³) and a large
collector storage combination (30 m² and 5 m³). Fig. 1 shows the system configuration and the relative
heights of all storage connections for storage volumes of 0.75 m³ and 5 m³.

Fig. 1: System configuration according to IEA Task 32 with the relative connection heights at storage volumes of 0.75 m³ and
5 m³ (latter in brackets if deviating)
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The positions for the in- and outlet connections displayed in Fig. 1 are calculated according to Heimrath and
Haller (2007) as a function of the storage volume. The resulting heights might not be the optimum layer
positions with the highest fractional energy savings. Therefore, in a first step, pre-simulations are carried out
to find the optimum positions for solar inlet and space heating in- and outlet. In the following, these heights
are used as the reference case.
The reference case layout and in specific the storage connections are modified to investigate different
stratified charging and discharging concepts. One stratified charging concept is realized with an external
three way valve and two storage connections (similar to Zass et al. (2007), see Fig. 2a, points A), this
concept is considered for the solar (from collector) or the space heating (return flow) inlet. Beside this
external connection, the storage tank model by Drück (2006) allows to adjust an ideal charging, which means
that the fluid enters the layer with the same or nearest temperature. The ideal charging is considered for all
four inlets (auxiliary heating, solar circuit, domestic hot water and space heating circuit).
The stratified discharging is realized for the space heating flow with a four-way mixing valve (see Fig. 2a, on
the right hand side of the storage tank, point B). Such a four-way valve represents in principle two three-way
valves in serial connection with three inlets and one outlet. Two inlets are mixed to reach the required set
temperature; a mixing of all three inlets is not possible (and not useful). In addition, an idealized mixing
device of the storage and the return pipe is approached with seven connections to the storage tank (Fig. 2b).

Fig. 2: Variants of stratified charging and discharging, on the left hand side: Three-way distributing valves (points A) for
stratified charging of solar flow and space heating return and four-way mixing valve with thermostat (point B) for stratified
discharging of space heating flow (a), on the right hand side: idealized stratified discharging of space heating flow with seven
tapping outlets (b)

Beside the basic system the study investigates six system variants including an “optimum system” with an
ideal stratified charging of all inlets and an idealized discharging of the space heating outlet.
Each variant is evaluated by the yearly collector yield and the yearly final energy demand of the boiler (QFin,
related to the net calorific value of the auxiliary energy source natural gas). Furthermore, the fractional
energy savings are calculated according to Weiss (2003), see equation (1).

QFin +
fSav = 1 −
QFin ,without Solar +

Wel
ηel
Wel ,without Solar

(eq. 1)

ηel

The fractional energy savings fSav compare the final energy demand of the boiler and the electricity demand
Wel of the system with solar thermal collectors with a conventional system without solar thermal support. The
electricity demand is weighted with the electrical production efficiency ηel. Within this study a constant value
of 0.4 is used. The consumption of natural gas and thus the final energy demand of the boiler are determined
directly with Type 869 according to Haller (2009).
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3. Annual simulation results of reference cases and variants
Within IEA Task 32 and Heimrath and Haller (2007) the positions are calculated depending on the storage
volume. It is not guaranteed that these heights are the optimum positions with the highest fractional energy
savings. However, since the stratified charging and discharging concepts should be compared to the best
possible system without such devices, pre-simulations were necessary to determine the optimum positions
for solar inlet and space heating in- and outlet. An optimization procedure is adopted to reduce the amount of
simulations. First, the solar inlet is optimized while all other connections are kept at the values according to
Task 32. With the optimal position of the solar inlet the procedure continues with the space heating inlet and
afterwards with the space heating outlet. It cannot be excluded that there might be a combination of
connecting heights, which still lead to a higher fSav, but the difference would be small if compared to the
results of the procedure described above.
In order to identify the optimized second inlet position when using a three-way valve for stratified charging
and the second outlet position for the four-way valve at stratified discharging according to Fig. 2a, a
corresponding procedure as for reference cases has been applied. The optimum second in- or outlet positions
were determined while the respective first position was taken from the reference cases.
The reference cases and all variants are simulated over one year with a time step of 3 minutes. The energy
demand for the system without any solar collectors, the final energy demand for the boiler is 21.5 MWh/a
and for the electricity (all pumps and boiler) 1.8 MWh/a. The yearly simulations of the two reference cases
result in a final energy demand of the boiler of 17.0 MWh/a (small system) and 14.4 MWh/a (large system)
with fractional energy savings of 18.1% and 29.3%, respectively. The collector yields are 307 kWh/m²a
(small) and 290 kWh/m²a (large). Fig. 3 shows the increase in collector yield and the reduction in gas
consumption and final energy demand of the boiler for the six alternative system variants. In addition, the
figure lists the fractional energy savings for all systems.

Fig. 3: Relative differences and fractional energy savings fsav of the variants to the related reference cases, small system (left)
and large system (right); the solar yield increase is marked by positive orange bars, the final energy demand reduction is
marked by negative blue bars. Results for simulations with single family house with heat load of 100 kWh/m²a (SFH100),
reference case fsav-values: 18.1% for small (left) and 29.3% for large system (right))

The results show that the relevance of a stratified discharging is at least as high as for the stratified charging;
thereby significant differences can be detected depending on the size of the system. In the small system a
stratified discharging with a four-way valve leads to a solar yield increase of 2.1%. This is more than double
the value of 0.9%, which is achieved with a three-way valve for the stratified charging of the solar inlet. For
that variant the reduction in final energy demand is only marginal at 0.3%. With a three-way valve in the
space heating inlet the collector yield increases by 2.4%, which is more than that for the space heating
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discharging option with a four-way valve. However, the final energy demand reduction and the fractional
energy savings are higher (19% to 18.7%) in case for the discharging variant.
The energy savings with the idealized discharging device with seven outlets is only marginal higher than the
variant with one four-way mixing valve. A higher collector yield increase and energy demand reduction is
reached with an ideal stratified charging of all inlets, whereby the stratified charging of the space heating
return contributes the highest share of the additional energy savings. In combination with the idealized
discharging the final energy demand can be reduced by 3.8% and the fractional energy savings are at 20.8%,
these are 2.7%-points more than in the reference case.
In the large system the advantages of the stratified discharging are more pronounced. The values for
stratified charging are in the same magnitude like in the small system. In contrast to this, the benefit of the
discharging variants increases significantly: The reduction in final energy demand with four-way valve is 3.5% compared to -1.3% in the small system. With only one four-way valve the collector yield increase and
the final energy reduction are higher than with an ideal stratified charging of all inlets. As in the small system
the additional benefit by an almost ideal discharging device is only small. In the best system, having
idealized charging and discharging devices, the collector yield increases by 7.3% and the final energy
demand decreases by 6.5%.
4. Annual simulations with a low-energy house
Until now, all simulations were carried out with a single-family house having a heat demand of
100 kWh/m²/a (SFH100 with overall 17.5 MWh/a). This section presents simulation results with a singlefamily house having a lower heat demand of 60 kWh/m²a (SFH60 with overall 8.4 MWh/a for heating) and
reduced design temperatures in the space heating circuit (40°C/35°C). The optimization of the in- and outlet
positions was repeated with the new heating load.
The reference cases with the optimized connection heights have a yearly final energy demand of the natural
gas boiler of 10.7 MWh/a (small system) and 8.7 MWh/a (large system) with energy savings fSav of 21.9%
and 34.6%, respectively, whereby the system without solar collectors would require 14.4 MWh/a final
energy demand for the boiler and 1.6 MWh/a for the electricity. The collector yield is 298 kWh/m²a (small)
and 270 kWh/m²a (large). Fig. 4 shows correspondingly to Fig. 3 the results for the different charging and
discharging variants.

Fig. 4: Relative differences and fractional energy savings fsav of the variants to the related reference cases, small system (left)
and large system (right); the solar yield increase is marked by positive orange bars, the final energy demand reduction is
marked by negative blue bars. Results for simulations with single family house with heat load of 60 kWh/m²a (SFH60),
reference case fsav-values: 21.9% for small (left) and 34.6% for large system (right))
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In comparison with the SFH100 cases, the advantages of the stratified discharging variants increase,
especially if compared to the stratified charging strategy based on three-way valves. In the small system even
an ideally stratified charging at all inlets does not lead to higher energy savings than with one four-way valve
(both 23.2%), although the increase in collector yield is far higher (2.9% compared to 1.5%). Within the
large system the increase in energy savings are more than double as high for the stratified discharging if
compared to the ideal charging (-7.0% to -3.2%).
The benefits from stratified charging strategies with three-way valves are smaller with the SFH60. Especially
within the larger system the valve for return space heating line shows almost no improvement. This may be
the result of the lower design temperatures, and thus the lower space heating return temperature.
The additional energy savings by stratified discharging are higher with the SFH60 than with the SFH100.
However, the increase in the collector yield is slightly higher for the SFH100.
It may be derived both for the SFH60 and SFH100 (see figures 3 and 4), that stratified discharging often has
a higher final energy saving effect than the stratified charging devices, which on the other hand in many
cases lead to higher solar yields. As the reduction of the conventional energy consumption is in the focus of
an efficient heating system, exclusively energy savings should be taken for the performance assessment of a
stratified charging or discharging device, while the solar yield is only additional information of lower
importance.
5. Discussion
Table 1 summarizes the results for the four reference cases and the benefits from the variants with ideal
stratified charging of all inlets and stratified discharging with one four-way valve. The table lists the
simulations made with both space heating loads as introduced above.
Tab. 1: Overview of the simulated results for the reference cases and increase in collector yield (percental values) and
fractional energy savings (absolute percentage point values) for the variants ideal stratified charging of all inlets and stratified
discharging with one four-way mixing valve

System
SFH100
750 l, 15 m²
SFH100
5 m³, 30 m²
SFH60
750 l, 15 m²
SFH60
5 m³, 30 m²

Collector yield

Fractional energy savings fSav

Reference

Charging

Discharging

Reference

Charging

Discharging

307 kWh/m²a

+5.5%

+2.1%

18.1%

+1.5%

+0.9%

290 kWh/m²a

+3.1%

+3.6%

29.3%

+1.5%

+2.2%

298 kWh/m²a

+2.9%

+1.5%

21.9%

+1.3%

+1.3%

270 kWh/m²a

+2.5%

+4.5%

34.6%

+1.8%

+3.9%

The overview points out that the benefits of the two listed stratification variants depend on the system size
and the building heat load. The collector yield increases by ideal stratified charging varies between 2.5% to
5.5%, while with the stratified discharging the increase is a bit lower with values from 1.5% to 4.5%. With
regard to the energetic advantages, the fractional energy savings of the ideal stratified charging show an
almost system independent increase of 1.3 to 1.8%, while the stratified discharging has a significant higher
dependency. The final energy savings increase by 0.9% in the small system and the high heat load (SFH100)
to 3.9% in the large system and the low heat load (SFH60). Especially with the large storage tank the
discharging device improves the system performance more significantly even than an ideal stratified
charging at all inlets.
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6. Conclusions
The results of the study show, that a good thermal stratification within the storage, and thus higher energy
savings, can be achieved by applying stratified charging and discharging devices. Depending on the system
size and the design of the charging and discharging connections the stratified discharging leads to the same
or even higher energy savings than a stratified charging. Already one single four-way mixing valve in the
space heating flow (i.e. two tapping points) leads to more than 80% of the advantage of an idealized
discharging with seven tapping points. The relative energy savings increase with increasing solar fraction,
e.g. with larger system dimensions and better insulated buildings. The advantage appears particularly during
the transition period. In spring and autumn, the storage tank is better utilized with a stratified discharging. It
can be assumed that in this case the storage tank can be dimensioned smaller when using a discharging valve.
The stratified discharging with a four-way mixing valve improves the stratification without any changes
inside the storage tank (if there are enough outlets). In the case of retrofitting or improving a solar system the
constructive effort is significantly lower than e.g. installations inside the tank, which would be necessary
with an ideal charging device. Therefore, stratified discharging strategies should be considered as more
important in solar thermal systems, especially in systems and buildings with a high solar fraction. In case of
solar active buildings with fractional energy saving values of above 50%, it is thus recommended to take
stratified discharging devices into consideration.
However, the best option with the highest benefit depends on the system design like storage in- and outlet
positions, system size and load conditions. Therefore, simulations are in general necessary to decide, which
stratification strategy leads to the best results.
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8. Nomenclature
fSav

Fractional energy savings (-)

ηel

Electrical production efficiency

QFin

Yearly final energy demand (MWh/a)

Wel

Yearly electricity demand (MWh/a)

Subscripts
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IEA

International Energy Agency

SFH

Single Family House

SHC

Solar Heating and Cooling Program
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Abstract
Combined biomass and solar heating systems provide the opportunity for a heat supply of single family
houses without the use of fossil energy. Pellet fired boilers play a predominant role within these systems
because their standardised combustible allows for the fully automated operation. However, the combination
of biomass boilers and solar collectors places special requirements in view of a good system solution. To
analyse the proper combination of both technologies three separate projects were carried out at SPF. the main
instrument thereby was the Concise Cycle Test method supplemented by preliminary tests of the boiler and
subsequent simulations. It was shown that a modulating boiler operation is superior in terms of both, high
energetic efficiency and low emissions compared to intermitting boiler operation. But this is only the case if
the following requirements are met:


Low excess-air factors for the complete modulation range,



low envelope losses,



a fast adaption of the output power,



correct dimensioning of the boiler.

Beside the characteristics of the boiler the hydraulic connection and the control is important to reach a good
system performance. Mostly for combined biomass and solar heating systems the best solution is a
connection of the boiler to the thermal energy store instead of a direct connection to the heating circuit. The
requirements that have to be fulfilled for the control of TES charging are:


Temperature sensors within the store to control the boiler dependent to the demand for space
heating or domestic hot water.



In order to control the power modulation of the boiler, the best option is to reduce the volume flow
rate of the boiler pump based on an algorithm that takes into account the temperature measured in
the TES. Other options are to increase the return temperature of the boiler using a motorized mixing
valve, or to reduce the set-temperature for the water leaving the boiler.
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1. Motivation and objectives
Solar thermal systems can contribute substantially to the heat demand for space heating (SH) and domestic
hot water (DHW) preparation in single family houses on a carbon-free and renewable basis. However, they
typically do not cover 100 % of the load, so that an auxiliary heater is used in times when not enough heat is
available only by using solar energy. With a growing environmental awareness and rising cost for fossil fuels
biomass heating systems become more and more attractive. Thereby pellet fired boilers play a predominant
role because their standardised combustible allows for a fully automated operation which is state of the art
for heating with fossil fuels like oil or gas. However, for the use of solid fuels the control over the
combustion rate is limited and usually higher time-constants exist for starting, stopping or changing the rate
of combustion compared to liquid or gaseous-fired boilers. Thus the combination imposes special
requirements in view of a good system solution which can be specified by:


low losses of both, components and whole system



high efficiency of the interacting components



high solar fraction



low total emissions

In order to provide practical advice how to realize good system solutions, measurements have been
conducted to identify not only steady state operation of the heating system but also the dynamic operation
under realistic conditions. Those measurements were complemented with simulations to study the effect of
various changes in the system. For the simulations it is important to work with models that allow for a
detailed replica of reality. This paper summarizes the essential requirements on components, system design
and control based on a series of projects and measurements where whole system testing and evaluation has
been applied.
2. Recapitulation of performed projects
To analyse the combination of pellet fired boilers with solar thermal collectors three separate projects were
carried out at SPF. The main instrument thereby was the CCT (Concise Cycle Test) method, where the
combisystem must be installed completely by an installer on a test rig for a dynamic, 12-day lasting test
sequence (Vogelsanger, 2002). For this purpose, the test rig at the Institut für Solartechnik SPF, that had
previously been used for testing solar thermal systems in combination with oil- and gas-fired auxiliary
heaters, was extended to meet the special requirements of solid fuels (Konersmann et al., 2007).
Subsequently, the following projects were carried out.
PelletSolar
The focus of the PelletSolar project was a very detailed analysis of one single solar and pellet heating
system. Therefore the CCT method was combined with preliminary tests of the boiler and subsequent
simulations. The test revealed that the modulation of the boiler was restricted to 70 % of the nominal power
as a consequence of its hydraulic integration into the system although the boiler would allow for a constant
fuel burning down to 30 % of its nominal power. A second test with an optimised hydraulic scheme showed
a significant reduction of the boiler’s start and stop cycles during the 12 day test period. The simulations
showed that the solar and pellet combination of an 800 litre store and 15 m2 of flat plate collectors used 27 %
less wood pellets compared to an non-solar reference system using the same boiler. The fuel reduction is
composed of the solar gain on the one hand and an improved boiler efficiency on the other hand. The latter is
due to the fact that the boiler barely has to start for DHW preparation during summer and that the solar part
covers part of the low heat demand for space heating in the transition periods in autumn and spring which
would require a very inefficient operation of the boiler otherwise. With the help of the simulation model a
great number of influencing variables was analysed. Thereby it was shown that it would be possible through
improvements in insulation, control strategy and hydraulics to save up to 32 % of pellets and 17 % of
electricity. In this improved system, the combustion starts of the pellet-burner were reduced by 50 %
compared to the non-solar reference system (Konersmann et al., 2007).
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PelletSolar-2
This project was started in order to validate the generality of the conclusions from PelletSolar. Within the
project two solar & pellet heating systems were tested that use different hydraulic schemes to integrate the
automatic fired pellet boiler into the system and different methods for fuel feed inside the combustion
chamber. It was found that both systems operate the boiler in start-stop cycles, although both were equipped
with the means for power modulation. Subsequent to the physical test sequence, the acquired data was used
to generate measurement validated simulation models that were used to evaluate various system setups in
light of annual performance. The simulations revealed analogous to PelletSolar a considerable potential for
improvement in the overall energetic efficiency of the systems, in particular by enabling the power
modulation of the boilers. In addition to the evaluation of the energetic efficiency, the emissions were also
considered. This was achieved on the basis of emission-factors that were determined for transient operation
at the Lucerne University of Applied Sciences (Good and Nussbaumer, 2009). The results show that as long
as continuous part-load operation is achieved with low emission-factors, a modulating boiler operation
reduces annual emissions significantly. Should the boiler show considerably higher emissions in part load
compared to its operation at full load (in particular higher CO-emissions may be observed together with
higher values of excess air), the annual emissions can be higher compared with a simple On/Off operation.
(Haberl et al., 2010).
SimPel
The goal of the project SimPel was to develop a precise method to determine the energy utilisation ratio of a
pellet fired boiler that is easy to apply. The energy utilisation ratio is the ratio of the energy delivered to the
energy fed. This is in contrast to the efficiency of the boiler which is the ratio of output and input in a
stationary operation condition. The efficiency is measured according to EN 303-5 test standard for
accreditation of devices at nominal load and part load. The approach that is called SimPel is based on annual
simulations with a simulation model. The parameters for the simulation model are obtained with the help of
data of the test for accreditation of devices EN 303-5 plus additional measurements that show its transient
behaviour. The additional measurements were in this case performed by a cooperation partner
(Bioenergy2020+). The resulting energy utilisation ratio was compared to the result that the cooperation
partner obtained with a different approach based on an 8 h lasting measurement with an dynamic load and in
addition with the energy utilisation ratio that was determined in field tests. It was found that the results of
both approaches showed a good match with the data of field tests. To illustrate the possibilities of the SimPel
approach, annual simulations were performed in which the pellet boiler was embedded in different heating
systems. The SimPel method allows thus to deduce recommendations for the optimised use of biomass
boilers giving answers to questions like when the integration of a buffer storage into the pellet heating
system is advisable or how the part-load capability affects the overall system efficiency (Konersmann et al.,
2011).
3. Complexity of combined solar & pellet heating systems
Wood pellets are a combustible with a regular geometry and small size that can be fed to a boiler
automatically. The characteristics of pellets, like energy content, geometry, moisture content and the
maximum value of sulphur and chlorine are defined by standards, e.g. DIN 51731 or ÖNORM M 7135. The
pellets are fed to the interim storage of the boiler by a screw or vacuum conveyer. Dependent on how the
pellets are fed to the burner, different types of burners may be distinguished: top fed-, horizontally fed- or
bottom fed burners. During the start-up phase the pellets are ignited in the burner automatically by a hot air
blower or a hot surface igniter. The ignition may cause a high demand of electric energy, at least when the
combustion chamber has cooled down since the last start (cold start). Besides the electric power consumption
also the emissions during the start-up of the boiler are of particular interest.
The steady state operation is achieved with a stable combustion when carbon monoxide (CO) concentration,
flue gas temperature and operating power have reached stationary values. As with any combustion of
hydrocarbons the combination of oxygen (mostly from the combustion air) and hydrogen (mostly from the
hydrocarbons of the fuel) forms steam from which latent heat could theoretically be recovered. At the time of
writing this paper, most pellet boilers are not constructed for the utilisation of latent heat and in order to
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avoid corrosion or fouling of the heat exchanger surfaces it must be ensured that no condensation occurs.
This is usually ensured by the installation of a thermostatic tree-way valve that guarantees a return
temperature that is higher than the dew point temperature of the flue gas, or by pre-heating the return line of
the boiler by exchanging heat with the bulk water volume before the water is released into the bulk water
volume.
The efficiency of the energy conversion in steady state operation can be described with different methods.
The combustion efficiency accounts only for the flue gas losses. It is equal to 100 % minus the percentage of
heat losses through the flue gas (sensible and latent losses). It will not take into account whether the
remaining energy is transferred as useful heat to the water flow through the boiler or lost by the envelope of
the boiler to the ambient. The boiler efficiency is lower than the combustion efficiency mainly due to
radiation and convection of heat from the boiler’s envelope to the ambient. For determination of the boiler
efficiency besides the measurement of fuel performance a heat quantity measurement in the water flow
through the boiler is necessary. The boiler efficiency is calculated as the ratio of the enthalpy gain of the
water flow and the fuel consumption of the boiler.
Pellet boilers for central heating do allow for modulation of the combustion power down to 30 – 50 % of its
nominal combustion power. Because of the characteristics of the combustible the control of burner power
can take place only slowly. In doing so beside the fuel feed also the supply of combustion air must be
adjusted to regulate the excess air (λ-value). The power modulation is normally used to reach a required set
temperature. When the set temperature is exceeded even with the lowest possible power the boiler stops
feeding fuel. During the stop phase (analogous to the start phase) the emissions are usually increased.
Due to the possibility of power modulation it is possible to deliver the energy directly to the space heating
circuit without a technical storage in between. However, since the heating power demanded by the space
heating loop may still be lower than the lowest power that the boiler is able to provide with continuous fuel
combustion, also a modulating pellet boiler is usually connected to a technical store which in turn feeds the
heating circuit. That means that the boiler is decoupled from the load for space heating. The boiler is
switched on when the temperature in the store is not high enough to provide the heat output for space
heating. The usually implemented control of the pellet boiler is to keep a constant flow temperature in which
case a reduction of combustion power follows is preceded by a rise of the return temperature. However, if the
return temperature is kept constant by a thermostatic three-way valve, only an increase of the temperature
returning from the storage to the valve above the set temperature of the valve (e.g. 45 °C) will lead to power
modulation. Better options to enable power modulation are a reduction of the volume flow of the boiler
pump, a reduction of the set-temperature of the pellet boiler, or an increase of the set temperature of the
return valve. All of these measures must be controlled based on temperature measurements in the boilercharged zone of the heat store.
By the integration of the boiler and the control results the operation mode during real operating conditions
and therefore the efficiency during real operating conditions. For the overall efficiency (energy utilisation
ratio) are all occurring operating modes inclusive the starts and stops as well as standby phases important.
Efficiency in steady state operation
The operation of the boiler at lower combustion power implicates also lower flue gas temperatures because
the flue gas to water heat exchanger is operated at lower power. Therefore an increase of the combustion
efficiency is expected with the reduction of the combustion power. However, Konersmann et al. (2007)
demonstrated that the combustion efficiency of a pellet boiler that was measured at SPF was constant over
the complete modulation range due to increased excess air at lower combustion power (and therefore
increased heat losses through the flue gas) (see Figure 1). These two opposing effects (lower flue gas
temperature and increased excess air) were also demonstrated in Haberl et al. (2010) based on measurements
on two other pellet boiler models. The boiler efficiency is lower than the combustion efficiency because it
additionally takes into account the losses from the boiler envelope to the ambient through radiation and
convection . Since these losses are proportionately higher at lower combustion power the boiler efficiency
decreases with decreasing effective thermal power output.
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Figure 1: Measurement results of an pellet boiler in steady state operation in different modulation stages, based on the net
heating value. Combustion efficiency (eta_c), boiler efficiency (eta_b), flue gas tempetrature (T_fg) and excess air (Lambda).
Source: Konersmann et al. 2007.

Transient operation
Within the projects PelletSolar and PelletSolar-2 three pellet boilers were measured. In each case, the
stationary boiler operation at lower power was compared to intermitting On/Off boiler operation with the
same average power. Konersmann et al. (2007) showed that the boiler energy utilisation ratio of steady state
operation and intermitting boiler operation is approximately the same, when only the fuel consumption is
taken into account. However, because of electric energy input during the ignition phase, the consideration of
the electric energy input (weighted with the primary energy factor Fel = 3) revealed that the efficiency of the
steady state operation with a heat load of 3 kW is by 3.6 % higher compared to the intermitting operation
with the same average heat load.
Haberl et al. (2010) showed that the steady state operation of two pellet boilers is superior to the On/Off
operation even without taking the electrical power consumption into account. In consideration of the
electrical power consumption are differences of the boilers apparent though the electrical power consumption
is dependent to the model. One of the devices tested required hardly any electric energy for a warm start
while the electric energy consumption of the other device used the same amount of electric energy for warm
start as for cold start.
Konersmann et al. (2011) examined the effect of power modulation on the efficiency of the pellet boiler with
a simulation study. Therefore a pellet boiler was implemented in different heating systems. In each case an
annual simulation with and without power modulation was performed. The results showed that the
proportional flue gas losses were scarcely affected by the modulation capability of the boiler. However, the
proportional heat losses to the ambient were increased for those simulations that had no modulation
capability (see Figure 2). That means that the annual efficiency of a pellet boiler may be decreased when
power modulation is not possible.
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Figure 2: Results of system simulations with a pellet boiler that was implemented in different heating systems. Results based
on the gross heating value. The results are arranged in pairs that differ in the modulation capability. Source:
Konersmann et al. 2011

Emissions
As part of the project PelletSolar-2 emission measurements on the two pellet boilers that were examined
during the project were conducted at the Lucerne University of Applied Sciences (HSLU). Emission factors
for each operating condition, including transient operating conditions were determined with details regarding
the duration and the measured energy turnover of each phase. The emission measurements that were
conducted provide important insights into the emission characteristics of pellet boilers in dynamic operation.
By comparing the two boilers, the difference in emission behaviour of the two devices was remarkable:
Boiler #1 showed a clear increase of specific emissions (CO, in combination with high excess air) at part
load, while emissions in the start and stop phase increase only little. Under these conditions the part-load
operation of the boiler has a negative effect on the emissions. However, if a lower excess air factor and lower
CO-emissions could be ensured in part load operation, the modulating operation could also reduce the annual
emission load and thus reduce the environmental impact. Moreover, this would also have an energetically
positive impact. Figure 3 shows the emissions of solid particles and CO during the measured operating
conditions. The corresponding information about duration and the applied energy has been published in
Good and Nussbaumer (2009). Boiler # 2, however, shows very low emission values in the entire modulation
range, but relatively high emissions in the start phase and the stop phase.
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Figure 3: Emission factors of a pellet boiler subject to the operating condition. The energy (MJ) refers to the gross heating
value of the fuel. Source: Good and Nussbaumer 2009.
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Integration of the boiler
The integration of a buffer storage into the pellet heating system vs. a direct connection to the heating circuit
was examined by Konersmann et al. (2011). It is shown that the integration of the pellet boiler to a buffer
store leads to an improvement of the overall system in various cases. Especially if the pellet boiler did not
modulate its power the annual efficiency of the boiler improved, since the buffer store helps to minimise the
boiler starts and therefore also the boiler losses (see Figure 4). In contrast, the boiler energy utilisation ratio
of modulating boilers remains nearly unaffected by the use of a buffer store . A properly sized boiler is able
to utilise its modulation capability in both cases. When looking at the system level an improvement can be
observed for modulating boilers connected to a buffer store especially if the boiler is oversized. In this case
the cumulated heat losses of piping and TES are lower for a pellet boiler that charges a buffer store than for a
boiler connected directly to the space heating circuit due to the fact that for the directly connected boiler the
boiler circuit pump had to run during the complete heating season. Thus the boiler line losses and the boiler
heat losses are increased and surpass the additional TES losses when the boiler charges the buffer store. Thus
it can be summarised that mainly for suboptimal pellet boilers (poor modulation capability, high heat losses
to the ambient, high λ-values especially in part load operation) as well as for over-sized devices, the
connection of the boiler to the buffer store contributes to an enhancement of both annual boiler and annual
system efficiency. With a good and properly sized pellet boiler however, it may be better to provide the
energy for space heating directly to the space heating circuit. This is also in agreement with results from an
experimental investigation by Haller and Konersmann (2008).
energy utilisation ratio (boiler)

storage losses

boiler line losses

boiler envelope losses

[%] 76
74
72
70
68
66
64
62
60
buffer
solar collectors
modulation
oversized

8000 [kWh]
7000
6000
5000
4000
3000
2000
1000
0
n
n
n
n

y
n
n
n

n
n
n
y

y
n
n
y

n
n
y
n

y
n
y
n

n
n
y
y

y
n
y
y

Figure 4: Influence of the integration of the pellet boiler on the degree of utilization of the boiler and the heat losses through
pipes, TES and boiler. The results of annual simulations are presented by pairs that differ in the integration of the pellet boiler
to the buffer store or via a low loss header directly to the space heating circuit. Source: Konersmann et al. 2011.

Control
Konersmann et al. (2007) have shown that the number of boiler starts of the system examined in PelletSolar
was reduced remarkably by the implementation of a variable flow pump that was controlled according to the
building load in order to be able to use the full range of boiler modulation. Since the building load is usually
unknown, Haller (2010) achieved the same effect in simulation studies where one or more temperature
measurements in the storage were used to control the volume flow rate of the boiler loop pump. In this study,
the best results were achieved by using a measurement of the average temperature within the zone of the
storage that was charged by the pellet boiler.
Haberl et al. (2009) tested two solar & pellet heating systems with the CCT Method and found that both
pellet boilers did not use their ability of power modulation. In one system the cause was found to be an
inappropriate control of the boiler. Within system simulations the control was modified to enable power
modulation. A distinction was drawn between charging the DHW zone and the SH zone of the TES where
both the flow rate and the boiler set-temperature for SH was lowered. The variation in the control strategy
led to a reduction of the burner starts by 60 %.
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4. Requirements for solar & pellet heating systems
The results presented above showed that a modulating boiler operation is superior in terms of both high
energetic efficiency and low emissions compared to intermitting boiler operation. But this is only the case if
the boiler operation during the complete modulation range, especially in part-load operation, is achieved with
low emission and low excess-air factors.


The excess air of the combustion is of particular interest as low CO-emissions have only been
observed with low excess air values. Furthermore low excess air is also important to achieve a high
energetic efficiency since it reduces flue gas losses.



Another requirement for a high efficiency of pellet boilers are low envelope losses, which is
achieved with good insulation. This is important especially during part-load operation because the
losses through radiation and convection are proportionally higher in part-load operation.



For a fast adaption of the output power in order to meet changes in the required load a small
thermal mass and thus a small bulk water volume is advantageous.



Attention has to be paid to a correct dimensioning of the boiler. Over sizing would lead to frequent
on/off cycling of the burner and lower system performance, including also higher electricity
consumption.

Beside the characteristics of the boiler the hydraulic connection and the control is important to reach a good
system performance. A distinction can be made between a direct connection of the boiler to the heating
circuit and a connection to the buffer store. Despite the good results that were shown with a direct connection
of a good and properly sized pellet boiler to the heating circuit, in the majority of the cases a connection to
the TES is the better solution. The requirements that have to be fulfilled for the control of TES charging are:
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At least one temperature sensor within the store to control the power modulation of the boiler. If the
TES is a solar combistore, two temperature sensors have to be used in order to detect demand of
both, the space heating zone and the domestic hot water zone of the TES. For well stratifying TES,
the best control is achieved if the temperature sensors detect an average temperature of the charged
zone rather than the temperature at a specific height of the TES.



In order to control the power modulation of the boiler, the best option is to reduce the volume flow
rate of the boiler pump based on an algorithm that takes into account the temperature measured in
the TES. Other options are to increase the return temperature of the boiler using a motorized mixing
valve, or to reduce the set-temperature for the water leaving the boiler.
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SOLAR COMBISYSTEMS WITH FORECAST CONTROL TO INCREASE THE
SOLAR FRACTION AND LOWER THE AUXILIARY ENERGY COST
Bengt Perers, Simon Furbo, Jianhua Fan, Elsa Andersen, and Ziqian Chen
Department of Civil Engineering, Technical University of Denmark, Kgs. Lyngby, Denmark

Abstract
Solar Combi systems still need quite a lot of auxiliary energy especially in small systems without seasonal
storage possibilities. The control of the auxiliary energy input both in time and power is important to utilize
as much as possible of the solar energy available from the collectors and also to use low backup energy
prices during the day if electricity is used. The storage function and both stratified charging and extraction of
heat, are very important, to separate different temperature zones in the storage. This paper describes a step
towards forecast control for electricity based auxiliary energy sources. It can be either direct electric heating
elements or a heat pump upgrading ambient energy in the air, ground, solar collector or waste heat from the
house.
The paper describes system modeling and simulation results. Advanced laboratory experiments are also
starting now with three different combisystems, operating in parallel. These systems will be briefly described
too.
1. Introduction
In the deregulated electricity market situation in the Nordic countries, the electricity prices can vary
dramatically from hour to hour. Therefore a smart control system that can use and adapt to these variations is
very desirable, (Perers 2010, 2009). When a storage tank is available in the system, it can be used for storage
of both solar thermal and auxiliary energy.
As more and more renewable energy sources are feeding into the electricity grid, the price variations will
most probably be larger during the day. This happens now in Denmark where the wind power fraction in the
grid is higher than 20%. This paper will present continued investigations for Danish conditions of climate,
load, solar production, and electricity prices.
The work is done within a larger project with several Danish partners and the aim is to give the basis for a
combisystem design that can be developed to a product on the market. The term combisystem means a solar
heating system, that can deliver both heating and hot water to a house.The project is carried out in
cooperation between Department of Civil Engineering, Technical University of Denmark, Danish
Meteorological Institute (DMI), DTU Informatics, Technical University of Denmark, ENFOR A/S, AllSun
A/S, Ohmatex ApS, Ajva ApS and COWI A/S.
Typically the electricity prices are higher during the day than in the night. This is good for solar heating
systems that can reduce the use of backup electricity during peak hours of the day. Especially if the solar
heating system inclusive the heat storage is well designed and properly sized. This happens partly
automatically in existing combisystem with normal thermostatically controlled backup electric heating
elements or a heat pump. Also the thermal load of a house has a daily variation, that match the price
variations quite well, especially if the house has significant passive solar gains during the day. The problem
toady is that the customer is not given credit to this as variable electricity prices are very uncommon yet on
the market. But the project assumes that this will come soon for most customers as this is an important
possibility to make it easier to introduce more renewable energy in the electric grid.
A normal control system in a combisystem does not have information about the weather and prices for the
next day. Therefore the auxiliary charge can not be optimized for high solar production by minimizing the
auxiliary charge and optimizing the power and time point, in the night before. If this was possible it would
allow more solar input to the store and less use of backup energy at high electricity prices. In a normal
combisystem a secure charging level in the store has to be maintained as if the next day will be rainy.
Otherwise a lot of high cost electricity will be used during the peak hours of the next day to meet the load.
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The paper describes further steps and progress in this area as well as describing the basic concept. The three
test systems will also be described. The results can also be applicable to minimize the use of other backup
energy sources and increase the solar fraction of a combisystem.
There are several control options for varying and thereby adapting the auxiliary charge of the storage. Figure
1 shows sketches of the main options. They can be divided into two main principles: Variable temperature
and variable volume auxiliary charge. Both ways will open for advanced control of the auxiliary energy
charge and thereby adaptation to the conditions of the electricity price variations, load and potential solar
energy production the next day. To the left in figure 1 is the standard auxiliary charging method with a fixed
volume and thermostat control and to the right the most advanced charging option with variable temperature
and variable volume simultaneously.
In this paper these two extremes, traditional and advanced control, are compared to give a potential for
improvement by smart tanks and smart control in a combisystem.
In this case a simplified calculation model has been chosen that can be implemented in Excel. The detailed
TRNSYS system model described in previous papers (Perers 2010 and 2009) turned out to be problematic to
use for the most advanced forecast control, with a combination of variable temperature and variable volume
options. Therefore to be able to proceed and to find the maximum potential improvement level, a simplified
model option was chosen as an intermediate step.

Fig. 1: Auxiliary charge control options for the storage in a combisystem. The standard solution to the left with fixed volume
and thermostat control and the most advanced to the right with variable volume and temperature and forecast control.

In this study the forecast control is utilizing the known weather data for the next day in the measured weather
data file that is available in the simulation. This was done to separate and eliminate, uncertainties in system
modeling and control from inevitable uncertainties in the weather forecasts. DTU Informatics are working
with the next step how to utilize real forecast data from DMI for smart control and handle these added
uncertainties and still maintain an acceptable energy comfort in the house (Bacher 2011)
Experimental investigations are also an important part of this project. In figure 2 a description is given of the
three laboratory combisystems and the three different tank designs, under monitoring at DTU Byg. These
combisystems will be investigated to find an optimal tank configuration for this application. Tests of variable
temperature and variable volume auxiliary charge and with extreme stratification measures, both during
charge and discharge, in combined solar and auxiliary operation, are the main aims of the tests.
Fabric stratifiers will also be tested in the systems to keep the high temperatures in the top of the tank to meet
the load and to have as low inlet temperature as possible in the bottom for the solar collectors and a possible
heat pump as auxiliary source. The stratifiers are applied both in the load loops and in the collector loop.
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Fig. 2: Description of the system and the three tank designs in the system tests at DTU Byg. The combisystems will be
investigated to find an optimal tank configuration for this application. Tests of variable auxiliary temperature and variable
volume auxiliary charge and extreme stratification measures both during charge and discharge, are the main aims of the tests.
Also a heat pump auxiliary solution is tested.

2. The simplified energy balance model
The simplified energy balance model, used here is shown in figure 3. This is also closer to the simplified
system model that probably will be used in the controller. The full TRNSYS model in previously presented
research work in this project Perers (2009, 2010) is probably too complicated with hundreds of parameters to
be set for each system, to be implemented in a commercial controller.
Still all relevant energy flows in and out of the tank in the system are present, so no energy is neglected. In
the figure also the very simple equation for the auxiliary energy need is shown. To be complete and realistic
one also have to check the minimum and maximum charge level Q(t) so that the minimum load temperatures
can be delivered and that the tank is not overheated or boiling of course.
The component models are also very much simplified to first order options, to make it easy to implement in
Excel without the need for iterative procedures. Still also here the main effects are present. In a next step it
can be possible to refine both the system model and component models in Excel, but the accuracy gain is
limited for the aim of this study to find out the potential improvement level.
For future design optimization of the components together with manufacturers though, continued work with
the full TRNSYS model can be very interesting and the idea is to validate the full TRNSYS model against
the tests in the laboratory.
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Fig. 3: The energy flows considered in the simplified model of the combisystem. The very simple equation for the required
auxiliary charge is also given, together with limits for the energy content Q(t) of the store.

3. Input data and calculations
The same detailed and carefully monitored climate data from the DTU Byg weather station for year 2008 are
used here as in the previous detailed TRNSYS simulation studies. Also the same hourly electricity price data
from Nordpool for year 2008 are used. The forecast calculations are based on known climate data the next
day in the climate file and not forecast data from DMI to be able to separate different effects and
uncertainties from each other.
The system model is extremely simple as shown in figure 3. The aim here is to make a potential study how
much ideal forecast control and ideal tank behavior (working as a capacitor for heat) can reduce the annual
auxiliary costs in combination with addition of energy from a solar collector.
The component models for solar collector and building are simplified to stationary first order models to
avoid iterations in Excel. The storage tank is modeled according to the energy balance given in figure 3.
The collector is tilted 45 deg and oriented due south. The collector model is an extremely simple first order
model with an effective zero loss efficiency of 0.75 and a total heat loss factor of 3.5 W/m²K including
pipe losses. The mean operating temperature of the collector is assumed to be constant (set to 50C in the
presented calculations). In a real system this temperature is of course varying with many other variables and
parameters, in the system but here this is second order parameter and only affects the collector and pipe heat
losses.
The tank is modeled as an ideal “themal capacitor” and only the energy flows are studied, with no mixing
between the energy flows as solar and auxiliary. The load and heat losses are also just extracted as a change
in energy content of the store. The heat losses are assumed to be constant (in this case set to 100 W total for
the tank plus system outside the collector loop). In reality of course the losses are very dependent on the tank
design and control. But as the charging and discharging powers are of a magnitude 10-100 times larger, this
heat loss variation was neglected in the presented calculations. But of course to optimize the system and for
component design this should be variable and determined by full system simulation like in the TRNSYS
model. Low heat losses are really essential for a well performing combisystem.
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The auxiliary volume and auxiliary temperature of the tank are variable (but not calculated explicitly). The
tank size is automatically adapted and set to the worst winter day, when the store has to be able to store the
forecasted auxiliary need for one day, with the whole tank used as auxiliary volume. At this time of the year
the solar charge is small and this volume need is neglected at this stage.
In the normal reference system the auxiliary part for the store is kept at a constant minimum temperature of
60°C, but occasionally when there is a lot of solar radiation available the tank temperature will increase
above this level. If the tank is heated above a max temperature of 95°C the solar and auxiliary charge is
stopped.
In the advanced forecast control alternative the auxiliary energy charge is done in the night and in an amount
that will exactly meet the total load during the next day including house heating, hot water consumption and
heat losses, but minus the predicted solar charge during the next day.
The control timing of the auxiliary charge is simplified to a fixed time period each morning when the prices
are at minimum around 3 o’clock very regularly in the Danish grid. This is due to the low load in the grid at
the end of the night, when very little activities occur in the society. In the full forecast control also the time
for charge should be optimized but this turned out to be too complicated in this simplified potential study. An
estimate is therefore given for this case in the results, using the lowest price every day to calculate the annual
auxiliary cost.
Figure 4 shows an example of the hourly energy flows and energy content in the store in two control options:
1) normal control and 2) forecast control. In the normal control case (1) the auxiliary energy is added all the
day instantaneously when needed. In the case of forecast control (2) the auxiliary supply is done in the night
to use the lowest possible electricity prices. The absolute level of the energy content curves Qstore=Q(t) (two
upper ones) are not representative for the future system design. Then the tank with forecast control should be
possible to discharge deeper each day. Here the energy content is shown relative to 0 °C with a minimum
allowable temperature of 60°C in the store. In a real system the advanced auxiliary control can allow the
store to go below the energy content of the normal storage, as the forecast information warrants the comfort
for the next day. Also extreme stratification measures will work in this direction to allow a lower minimum
charging level of the tank.

Fig. 4: Hourly energy flows in the system in kW, Pload, Pcoll and Paux (four lower curves) and energy content Qstore=Q(t) (the
two upper curves) for the two control options. 100W/K house and 10 m² of collectors. The absolute level of the two upper energy
content curves are not relevant for the auxiliary cost results, only the variations that reflect smart auxiliary charge at low prices.
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4. Results
The results of the calculations for annual auxiliary costs in DKK (Nordpool cost level), have been
summarized in figure 5, 6 and 7.
In figure 5 the costs are given for two different building insulation standards 200W/K and 100W/K, five
different storage sizes and four different solar collector areas 5-20 m². The hot water load has been the same
for all cases 100 litres/day.
The cost level is at the NORDPOOL electric stock exchange level http://www.nordpoolspot.com/
This is much lower than the final customer price level, so the potential savings in absolute numbers, in DKK
per year, are much larger than shown in the diagrams.
The tank volume has been adapted to a minimum size needed to store enough energy for the different
options. (The leftmost points on all curves represents a traditional tank design and a volume of 750 and 500 l
has been set to be appropriate for the two house insulation standards).

Fig. 5: Calculation results for ideal forecast control (the next days weather is known), compared to a standard auxiliary control
where the thermostat decides when to use electricity instantaneously. Note in all cases a variable electricity cost is assume d for
the system owner. The case of fixed price at the annual average level is only shown in figure 6.

In Figure 6 and 7 the same calculations are shown as a function of collector area. The tank volumes are also
the same as in figure 5. Only the 200W/K house is shown in figure 6 to limit the number of curves. But here
also the reference case is shown with constant electricity price all year (uppermost curve) and the extreme
case of using the lowest price every day (24 hours) is shown too, as the lower curve giving the extreme
improvement potential. (In figure 5 all curves are for the same variable electricity price conditions and only
the auxiliary charging strategy/principle is changed.).
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Fig. 6: Annual Auxiliary cost variation for a 200W/K house with different collector area and control option/pricing. Series 1 is
the reference case with constant electricity price and normal thermostat aux control. Series 2 is the same thermostat control as
series 1, but variable electricity price. Series 3 to 6 are shorter and shorter charging period and higher charging power around
the minimum price time each day. Series 7 is the extreme case when the lowest electricity price each 24 hours is used.

In figure 7 below the same calculations and curves are given for a well insulated house 100W/K. It can be
seen that the optimum collector area is smaller as expected closer to what is needed for the 100 l/day
hotwater demand. Still the relative cost savings between a traditional system without solar collectors and an
advanced system with solar is in the range of 50%.

Fig. 7: Annual Auxiliary cost variation for a 100W/K house. Otherwise the same curves as in Figure 6.

The extra cost of receiving the maximum electric power level (max kW) needed to charge the tank in a short
time span, is not included here, but this pricing may be adapted on the market in the future, as there is plenty
of power available in the grid when the load is low and the electricity kWh cost is close to minimum. The
curve series 3 in fig 6 with power needs of maximum 17 kW can be met by normal domestic electric
connections of three phase 400V 25 A for the 200W/K house. For the 100W/K house series 3-5 can be
covered with 16- 25 A three phase fuses at the final customer. The very lowest curves need special
arrangements to meet the maximum load and are more shown as limiting curves with just 1 hour or less
charging time per day. In case of a heat pump the electric power need, is at least halved, for normal
conditions and the electric power need is no problem.
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5. Conclusions
The combination of smart auxiliary control and addition of 10m² of solar collectors in a combisystem can
reduce the auxiliary cost for a house by around 50% in an example for Danish conditions and a normal
house.
The annual auxiliary cost savings is around 3000-5000 DKK on the Nordpool electricity cost level. The cost
savings at the final customer price level is hard to predict, but can be estimated to two to three times larger
depending on how the variable price structure will be and how energy and CO2 tax will change in this case.
For the same collector area in the system a smart forecast auxiliary control has the potential of reducing the
auxiliary electricity cost by 30-40% more alone.
From the results one can estimate that for a 200W/K house with 100l/day hot water load, 10m² of collectors
is reasonable and for a well insulated house (100W/K) around 5m² can be recommended.
The very simple system model and forecast control shown here seems to give reasonable results and may be
used as a template for commercial controller programming. Though a lot of refinements are possible.
This first order system modeling can give reasonable values for the potential value of smart forecast control
and solar contribution in a solar combisystem. No energy flows are forgotten, but the exact levels are
approximative in time and size. Compared to a full TRNSYS simulation the complexity and number of
parameters needed are one or two orders of magnitude lower. For component design optimization and
detailed control research the full TRNSYS model is needed and will be validated against measured data in
the next step of the project.
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1. Introduction
The EC plan “20-20-20” for the year 2020 encourages Lithuania as a member State to pay more
attention to the renewable energy sources. Lithuania took the obligation to increase the part of renewable
energy up to 23 percent in the State primary energy balance till 2020.
General problem that existed in Lithuania was slow solar energy market grow due to the absence of
promotion schemes. In the beginning of 2011 year Lithuanian Parliament has approved a law on renewable
energy sources, introducing different type stimulation mechanisms in Lithuania.
In this study we analyzed two medium – scale solar water heating plants in State owned institution. One of
the projects implemented in 2009 year at Kruonis Pumped Storage hydroelectric Plant with 21 m2 active
surface flat solar collectors. Other solar hot water heating system was installed in 2011 year at the same
object with 106 m2 active surface flat type collectors.
Kruonis Pumped storage hydroelectric plant is the only hydro power plant of such type in Baltic States. After
commissioning of the fourth unit in 1998, installed capacity of the plant has reached 900 MW. During
periods of low demand, usually at night, Kruonis PSHP is operated in pump mode, and, using cheap surplus
energy raises water from lower reservoir to upper one. With fully filled upper reservoir the plant can generate
900 MW for about 12 hours. Automatically started, the plant can reach full capacity in less than 2 min.

Fig. 1: Kruonis Pumped Storage hydroelectric Plant

One more already planned the biggest for current time solar hot water heating application will be
implemented at Rokiskis Mental Hospital in Lithuania. Currently was prepared a technical project for the
system. It should be mounted with 390 m2 flat – plate solar collectors with 15 m3 hot water volume.
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Simulation of solar hot water systems was performed using T*SOL 5.0 software. During this evaluation were
determined indicators of energy production, CO2 emission savings, and systems’ efficiency.
Before the implementation of solar projects needs to make a professional estimation and best decision for
specific cases. In this paper analyzed solar applications was estimated and designed by consultancy company
“Terma Consult” JSC.
2. Methodology
2.1 Description and estimation of systems
In this work as medium scale solar hot water system was evaluated at Kruonis Pumped Storage Plant
(Kruonis PSHP) installed in 2009 year. Official beginning of this application exploitation was in 2009.08.01.
System where mounted with: 10 flat type solar collectors (total absorber area - 21,9 m2) directed to 0º
azimuth and 45º slope with horizon; 1 x 1 m3 and 2 x 0,9 m3 hot water storages with two heat exchangers
and auxiliary electric heating element; differential controller; pump station. Daily hot water consumption is
about 1500 liters ± 20 % range with no load at weekends.
Other solar heat water application installed at the same Kruonis PSHP in 2011 year. System is in operation
from date 2011.06.01. The solar system’s set consisted of: 40 flat type solar collectors (106 m2 active
surface); 3 x 4129 liters hot water storages; differential controller and 2 pump stations. Daily hot water
consumption is about 5000 liters ± 20 % and about 2 m3 at weekends.
Detailed description of these two systems parts in Tab. 1.
Tab. 1: Description of main solar collector systems’ parts in Kruonis PSP

Name

10 collectors system

40 collectors system

Solar collector

10 x Sunex Basicx 2.38 flat plate
collectors
Total absorber area (10 collectors)
Aabsorber = 21,9 m2;
Total gross area AGross = 23,7 m2;
Conversion factor η0 = 0,78;
Linear heat transfer coefficient k1
= 3,545 W/m2 x K;
Square heat transfer coefficient k2
= 0,011 W/m2 x K2;

40 x Sunex Basicx 2.85 flat plate
collectors

1 x Sunex FISH 1000 S1
Capacity V = 1000 liters;

1 x OSO 17R 1-5000, V = 4129
liters;

2 x OSO 17RD – 1000, V = 809
liters;

2 x OSO 17RD-5000, V = 4129
liters;

Vtotal = 2618 liters

Vtotal = 12387 liters

Pump station

Model: Sorel S2 Solar3 with
thermometer (0 – 120 oC),
manometer (6 bar) flow meter (2 12 l/min), Wilo ST 25/7 pump,
balancing, non –return, filling,
drainage valves

Model: 2 x BRV S2 Solar2 with
Wilo Stratos PARA 25/1-8, flow
meter (5-42 l/min), thermometer,
manometer.

Differential
controller

Model: Sorel TDC4 with flow
meter

Terma freely programmable whit
heat meter Kamstrup Multical
402

Hot water storage

Total absorber area (40
collectors) Aabsorber = 106 m2;
Total gross area AGross = 114 m2;
Conversion factor η0 = 0,78;
Linear heat transfer coefficient
k1 = 3,545 W/m2 x K;
Square heat transfer coefficient
k2 = 0,011 W/m2 x K2;
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In the figures below are shown a view of installed solar collectors on the roof.

Fig. 2: 10 and 40 solar collectors on the roof at Kruonis PSHP

2.2 Estimated model of energy production
In this study using software T*SOL Pro theoretical model of systems was estimated. Climatic data were
selected for the nearest city - Kaunas (solar irradiation into horizontal surface 985 kWh/m2/year) taken from
“T*SOL Pro” data base. Principal schemes of systems showed in Fig. 3.
T1

a)

809 l

1000 l

T2

b)

809 l

T3

T1

4129 l

T3 4129 l T4 4129 l

T2

Fig. 3. a) 10 collector system principal scheme, b) 40 collector system principal scheme
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3. Results
3.1 Theoretical estimations and measured systems performance
Theoretical model of both solar applications was estimated with T*SOL Pro software which has facilities to
calculate many technical - economical parameters. We have analyzed and compared just global specific
irradiation into inclined surface (Kaunas), system's produced energy and monthly efficiency. Systems’
parameters of performance were calculated and compared for standard year.
kWh/m2
160

Global irradiation into horizontal
surface (Kaunas) for standard year

140
120

Global specific irradiation into
inclined surface (Kaunas) azimuth
0°, slope 45° for standard year

100
80

Estimated 10 collectors system's
produced energy (absorber)

60
40

Estimated 40 collectors system's
produced energy (absorber)

20
0

Fig. 4. Estimated standard year global irradiation (Kaunas), global specific irradiation and produced energy for the 10 and 40
collectors systems (kWh/m2absorber)

As we can see in the figure 3 total standard year solar irradiation to 10 collectors and for a new 40 collectors
systems’ collectors with 45 degrees inclination angle with horizon is variable from 18 kWh/m2 (in
December) till 158 kWh/m2 (in June). Total estimated yearly irradiation is 1123 kWh/m2 on Kaunas climate
conditions and using described inclination angle with direct to south orientation.
Estimated and measured 10 collectors systems’ efficiency were calculated as produced energy divided of
inclined global solar irradiation and expressed as:

ηsystem =

Q produced
Ginc

(eq. 1)

There ηsystem - efficiency of system, Qproduced – solar collectors system produced energy; Ginc – solar
irradiation into inclined collectors.
Measuring results presented in Fig. 5. as usually and like in theoretical model repeats the same tendencies of
global and specific solar irradiation to inclined collectors. Standard year solar irradiation taken from software
data base, collected from 1961 – 1991 year.
It was measured that 10 collectors system produced 523 kWh/m2absorber (season 2009 – 2010 yr.) It is 18 %
more than in estimated model. Measured solar collectors system’ yearly efficiency reached 45 % and it’s
almost 6 % higher than was estimated. This variance of estimated and measured values appears because of
higher solar irradiation than in standard year.
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2
kWh/m
180

160
Measured specific irradiation
into inclined surface (Kaunas)
azimuth -0°, slope 45°

140
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100

Measured 10 collectors
system's produced energy
(absorber)
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Global specific irradiation
into inclined surface (Kaunas)
azimuth 0°, slope 45° for
standard year

40
20
0

Fig. 5. Measured 2009 - 2010 year global irradiation (Kaunas), global specific irradiation and produced energy for the 10
collectors system (kWh/m2absorber)

New 40 collector’s hot water system’s measured energy production is just for two months only. Values of
produced energy represented in the table 2.
70
%
Estimated 10 collectors system's monthly efficiency, %

60

Measured 10 collectors system's monthly efficiency, %
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45

45
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17
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14

10

December
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September
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May

April

March

February

January

0

Fig. 6. Estimated and measured 2009 - 2010 year monthly efficiency of 10 collectors solar system at Kruonis PSHP

For 40 collectors system measured energy production for standard year June was 47 % more and for July it
was 10 % more than estimated values (June - 60 kWh/m2absorber, July – 61 kWh/m2 absorber). This mismatch is
explainable by higher solar irradiation level at analyzed months in comparison with standard year.
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Tab. 2: Measured 40 collectors system’s produced energy in 2011

Average outside air
temperature (standard
yr./2011 yr.), ºC

System's produced
energy, kWh

System's produced
energy, kWh/m2 absorber

June

15,5/18

9366

88,69

July

18,5/19

7110

67,33

Month

3.2 Economical evaluation
Systems were analyzed from technical view, but every system with technological process must have and
economical reasoning. Using theoretical model we attempted to calculate mostly usable economic indicators
– simple payback (SPB), net present value (NPV) and internal rate of return (IRR).
Economical evaluation was performed according these assumptions: project estimation period – 20 years;
nominal discount rate – 5 %; electricity price yearly grow index – 4,5 %/yr (2 % due impact of green
electricity till 2020 yr. + 2,5 % average energy price grow according by historical oil prices) ; inflation – 3
%/ yr; electricity price – 0,087 €2011/kWh (average electricity price for Kruonis PSHP) and 0,112 €2011/kWh
(for households which have the electricity consumption more than 12 MWh/year) .
Investment (equipment with montage) for both systems is shown in Tab. 3.
Tab. 3: Investment costs for both solar collectors systems’ in Kruonis PSHP

System

10 collectors system

40 collectors system

Investment costs, €

13.142

59.082

Specific investment,
€/m2 absorber

600

559

Savings of money were calculated using electricity energy price. Electricity energy consumption of systems’
pumps wasn’t evaluated in economical estimation.
Tab. 4: Estimated economic indicators

System

10 collectors system

40 collectors system

Electricity
tariff for
Kruonis
PSHP

Electricity
tariff for
households
(more than 12
MWh/ year)

Electricity
tariff for
Kruonis
PSHP

Electricity tariff
for households
(more than 12
MWh/ year)

Simple payback
time, yr.

15,0

11,6

13,3

10,3

NPV, €

1851,3

6041,5

16479,9

37696,3

IRR, %

6,5%

9,5%

7,9%

11,1%

3.3 Environmental impact
One of major purposes in the world is to produce more green energy.
In evaluation of environment pollution with CO2 we follow indirect emissions method then electricity is
produced in Lithuanian power plants. Indirect CO2 emissions factor for electricity in Lithuania determined as
0,707 t CO2/MWh (it is relative average CO2 emission for MWh electricity for Lithuanian stock company
“Lietuvos elektrine” electricity producing in condensing mode). In the table below are represented estimated
CO2 emissions saving for Kruonis PSHP systems with 10 collectors and 40 collectors.
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Tab. 5: Estimated CO2 emissions savings for Kruonis PSHP solar hot water systems

System

10 collectors system

40 collectors system

CO2 emissions avoided in standard year for estimated
systems’ energy production, tones CO2/year

6,84

34,61

tones CO2/20 year

136,72

692,27

2

312,15

327,78

kg CO2/m

absorber/year

4. Discussion
The evidence that solar systems have a high potentiality in Lithuania was determined. Currently absolute
majority of solar systems in Lithuania are small size and installed at the detached houses. Two solar hot
water heating applications in detached houses we analyzed previously (Jonynas and Valancius, 2010).
In this paper the first part of feasibility study of medium scale solar system in Lithuania was presented. In
order to validate the obtained results, more solar systems will be involved in the future studies. Some of
medium and large solar systems that are going to be installed in Lithuania will be evaluated over the next
few years.
5. Conclusions
1.

Measured 10 flat type solar collectors system produced 523 kWh/m2absorber per year (01.08.2009 –
30.07.2010). Due to the higher global solar irradiation that time-period it was 18 % more than was
estimated for standard year. Higher than estimated solar water heating system’s efficiency shows
that it was well designed. Other system with 40 flat type solar collectors at the same Kruonis PSHP
running 2 months from 01.06.2011 and produced 88,69 kWh/m2absorber in June 2011, 67,33
kWh/m2absorber in July 2011 already.

2.

In the economic estimation of solar systems there determined very high internal rate of return values
- 9,5% for system with 10 collectors and 11,1 % for system with 40 collectors. An economic
indicator shows that solar water heating instead electric heating is good investment with acceptable
payback. State support would be appreciated as soon as possible giving possible influence for more
quick market development.

3.

It is important that any implementation of solar collectors’ system in Lithuania will let to avoid 312
– 328 kg CO2/m2absorber/year.

4.

Higher energy independence for State is additional advantage of renewable energy sources projects
implementation.
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SWC—DEVELOPING SITUATION FOR
SOLAR HEATING COMBISYSTEMS IN CHINA
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1. Abstract
In recent years solar heating combisystems have been developed faster in China and a technical supporting system
including technical code, computer design software and design handbook has been formed. At the same time many
demonstration projects of solar heating combisystems have been completed in China. A brief introduction of the
developing situation for solar heating combisystems including technical supporting system and the demonstration
projects etc will be given in the paper.
2. Developing situation
For promoting the renewable energy application in buildings and raising the effect of solar heating in energy
efficiency buildings, China government has paid more and more attention to solar heating combisystems in recent
years. After 2000 solar heating combisystems started to develop and it is an important transition duration from
demonstration projects to application on large-scale during 2010 to 2015 in China. So a technical supporting system
for solar heating combisystems has been formed in China. In 2009 national standard 《Technical Code for Solar
Heating System》GB 50495—2009 was issued and implemented. A computer software for design of solar heating
combisystems has been developed by China Academy of Building Research (CABR) and a design handbook for
solar heating meeting the case of GB 50495 compiled by Zheng Ruicheng etc will be published in the end of 2011.
As having central and local government’s financial support many demonstration projects of solar heating
combisystems have been completed in China in these years. One important application area is rural areas where the
peasants have higher living level and the most projects were built in rural areas of Beijing. Nowadays building areas
using solar heating combisystems are about over 300,000 m2. The distribution is as Fig.1 and we can see that the
most systems were built in Pinggu District, the ratio is about 65 %.

Fig. 1: Distribution of solar heating combisystems built in Beijing

The other important areas are west areas in China such as Qinghai Province, Inner Mongolia and Tibet Autonomous
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Regions etc. In Qinghai Province solar heating combisystems will be installed for 23 boarding primary and middle
schools of 250,000 m2 total building areas in 4 Tibet autonomous prefectures and have got financial support from
local government. In Urad Zhongqi of Bayannur City of Inner Mongolia Autonomous Region China ’s first solar
heating combisystem with seasonal heat storage has been completed. In Tibet Autonomous Regions many important
commercial buildings using solar heating combisystems were built in these years, such as Lhasa Railway Station,
Liuyuan Coach Station in Lhasa ( Fig.2 ), Libratory of Tibet University and Logistics Center of Qinghai-Tibet
Railway in Naqu etc, the total building areas are over 1,000,000 m 2. The Logistics Center with an elevation of 4500
meters in Naqu is the highest logistics center of the world. The heat pipe evacuated tube solar collectors of heating
combisystem in this Center are installed on the roofs of 4 storehouses in the Center, total areas of solar collectors of
the system are 7800 m2 ( Fig.3 ).

Fig. 2: Liuyuan Coach Station in Lhasa

Fig. 3: Solar collectors installed in Logistics Center of Naqu

Except the demonstration projects, some solar heating combisystems were installed in their own buildings of many
solar enterprises, such as office building of Beijing Hailin Energy Technology Inc ( Fig. 4 ). The space heating for
this office building is used solar heating combisystem and ground-source heat pump system. Solar collectors are
used instead of part of curtain wall and roof panels of this building, so total construction cost decreased to only 2843
RMB / m2. As it is an energy efficiency building, the energy consumption for space heating is only 8 W / m 2 and
solar fraction of space-heating is about 7%.

Fig. 4: Office building of Beijing Hailin Energy Technology Inc

These solar heating combisystems have got and will get very nice energy saving effects. Therefore the successful
experiences of these demonstration projects have been or will be referenced by other similar projects and will
promote the further develop for solar space heating application in China.
From 2006 China government started many demonstration projects for renewable energy application including solar
heating combisystems, the important ones are: “ the Demonstration Items for Renewable Energy Application in
Buildings ” ( 359 projects altogether from 2006 to 2008 ) and “ the Demonstration Cities and Counties for
Renewable Energy Application in Buildings ” ( 28 cities and 30 counties in 2009, 17 cities in 2010 ) supported by
the Ministry of Finance and Ministry of Housing and Urban-Rural Development of PRC, “Demonstration Items for
Green Counties” ( 108 counties in 2010 ) supported by National Energy Administration, the Ministry of Finance and
Ministry of Agriculture of PRC. From 2011 some new demonstration projects will be started, such as “Green Small
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Towns” and “New Energy Cities” etc. As having government support, so solar heating combisystems in China will
be developed faster in the future.
3. Technical supporting system
3.1 National standard
In 2009 national standard 《Technical Code for Solar Heating System》GB 50495—2009 ( shown in Fig.5 ) was
issued by the Ministry of Housing and Urban-Rural Development of P.R.C and General Administration of Quality
Supervision, Inspection and Quarantine of P.R.C. The issue date is 19, March 2009 and the implementation date is 1,
August 2009.
The contents of the standard have 5 clauses, 7 annexes and explanation of the provisions. The clauses are 1. General
Provisions, 2. Terms, 3. Solar Heating System Design, 4. Solar Heating System Installation, 5. Solar Heating System
Adjusting, Commissioning and Benefit Evaluation. The annexes are A. Compensative Area Ratio of Solar Collector
in Different Areas, B. Weather Parameters in Representative Cities and Recommendation Values of Solar Fraction
in Different Areas, C. Calculation for Average Thermal Efficiency of Solar Collector, D. Calculation for Heat Loss
of Pipelines and Water Tank in Solar Collector Loop, E. Calculation for Heat Exchanger Area of Indirect System, F.
The formula for Benefit Evaluation of Solar Heating System, G. Properties of Common Phase Changeable Materials.
In the clause of Solar Heating System Design some design parameters such as recommendation range of collector
flow rate and volumes of water storage tank of per m 2 collector etc and formula for calculation of collector areas are
given. For insuring system safety a requirement is stipulated in the code that when seasonal heat storage is over, the
reachable highest water temperature in water storage pool should be evaluated and this temperature must be lower
than 5℃ from the water boiling point at the corresponding working pressure in water pool.

Fig. 5: National standard and software

3.2 Computer software
《Design Software for Solar Heating and Cooling System 》is developed by CABR and it was one of the tasks of
China’s national research projects. The software can be used for design of solar water heating systems, solar heating
combisystems and solar cooling systems. For solar heating combisystems there are three databases and four function
modules in the software. The starting surface of the software is shown in Fig.5.
Three databases are weather database, performance parameters database of the solar collectors and the graphics
library of node-structure drawings for collectors integrated in buildings. Four function modules are load calculation
module, system type selection & design module, system resistance calculation module and analysis module for
energy efficiency and environment protection effect of the system.
The capacity of the load calculation module is to calculate heating load of the building which will install solar
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heating combisystem. According to national standard 《Technical Code for Solar Heating System》GB 50495—
2009, the load is heat loss of the building in the condition of average outdoor temperature in heating season and
indoor space heating computation temperature which is from 12℃ to 24℃ in China.
The capacity of the system type selection & design modules is to select system type, to determine the collector type,
collector area, volume of water tank or pool, to select auxiliary heating equipment, to determine the energy
consumption of the auxiliary heating equipment and to evaluate the reachable highest water temperature in water
storage pool when seasonal heat storage is over. For determining the collector areas this module will calculate the
local monthly average daily solar irradiation and irradiance on the slope plane of collector installation, and to
determine the efficiency of the collector using efficiency equation of the selected collector which can be got from
the performance parameters database of the solar collectors in software or can be inputted by user.
The capacity of system resistance calculation module is to calculate each length pipe diameter of the system and to
determine the equipment such as pumps, expansion vassal and liquid storage vassal etc.
The capacity of the analysis module for energy efficiency and environment protection effect of the system is to
calculate the practical solar fraction of system, yearly energy saving cost, the total energy saving cost in life period
of the system, solar heat-cost, payback years for increased solar system investment and decreased quantity of
exhausted CO2.
The output of the software is selected system and collector types, collector areas, volume of storage tanks or pools,
the reachable highest water temperature in water storage pool when seasonal heat storage is over, model and
capacity of pumps and heat exchangers, solar heat-cost, payback years for increased solar system investment,
decreased quantity of exhausted CO2 and node-structure drawings of CAD type.
3.3 Design handbook
《Technical Handbook for Solar Heating System》is a detail guideline for design, construction, acceptance and
evaluation to solar heating combisystems meeting the requirement of national standard 《Technical Code for Solar
Heating System》GB 50495—2009. Some important design parameters and computation methods are given in the
handbook, such as an experience formula for evaluation of the highest water temperature in water storage pool when
seasonal heat storage is over, evaluation methods for energy saving effect and environment effect etc. Three real
projects including two systems with short-term heat storage and one system with seasonal heat storage are
introduced in the last chapter of the handbook, so the engineers can understand the design measures of solar heating
combisystems very directly. The handbook will be published by China Architecture & Building Press in the end of
this year. After publishing of this handbook, we will conduct some training classes to teach national standard and
handbook of solar heating combisystems.
4. Demonstration projects
4.1 The project with seasonal heat storage
4.1.1 Brief introduction of basic situation
A district solar heating combisystem with seasonal heat storage in Urad Zhongqi of Bayannur City of Inner
Mongolia Autonomous Region has been completed in 2010. It is a demonstration project for renewable energy
application in buildings getting financial support from the Ministry of Finance and Ministry of Housing and UrbanRural Development of PRC.
This solar heating combisystem with seasonal heat storage is for heating to two residential districts ( Xinlongcheng
and Jiahe residential district ). There are 14 residential buildings in Jiahe residential district, building area of each
residential building is 4500 m2 and the total building area is 63,000 m 2. There are 20 residential buildings in
Xinlongcheng residential district, building area of each residential building is 5000 m 2 and the total building area is
100,000 m2. The total apartments are 1520 in these two residential districts.
The solar collector of this solar heating combisystem is glass-metal heat pipe evacuated tube collector and it ’s
efficiency equation based on gross collector area is as follow: η = 0.554－1.562 T*.
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The design total areas of solar collectors of the system are 11994 m 2 and water storage pool is 13250 m3, but in the
first step of the project only 5000 m 2 collectors and the 3500 m3 underground water storage pool were completed.
The collector installation tilt angle is 45 0 and orientation of the solar collectors are faced to south. In the system
some testing equipment was installed and the testing data can be transferred to computer by internet.

Fig. 6: Solar collector system in solar heating combisystem with seasonal heat storage of Urad Zhongqi

4.1.2 Effect analysis
After design scheme of this project was finished, a pre-evaluation for energy saving and environment effects of this
project was given by design engineer. According to original design scheme, the heating load of the combisystem is
2315 KW, solar fraction is 40 %, so the total useful solar heat gain is 29,551,955 MJ / year, including 12,033,064
MJ heat gain in heating season, 1,941,721 MJ heat gain for heat storage in the pool and 15,577,170 MJ heat gain for
hot water supplying in other seasons. When heat storage is over, the highest water temperature in the pool is 95℃. If
working life of the combisystem is considered as 15 years, in whole life the total energy saving of the system is
67,079,339 MJ and the cost of the energy saving is 37,890,100 RMB.
The energy saving of the combisystem in whole life is equal to 34,333 TCE, so decreasing quantity of exhaust CO 2,
soot, SO2 and NOx is 91,391 Ton, 343 Ton, 687 Ton and 50 Ton respectively.
The investment of the combisystem is 40,000,000 RMB, local coal cost is 1600 RMB / Ton and electricity cost is
0.526 RMB / kWh. Under this condition, solar cost of the combisystem is 0.14 RMB / kWh and pay-back year of
the project is 6.4 years.
4.2 The project with short-term heat storage
4.2.1 Brief introduction of basic situation
Solar heating combisystems in the peasant houses at some villages in Pinggu District of Beijing are demonstration
projects of the item “New Countryside Construction” in Beijing. All solar heating systems which installed in the
peasant houses can get financial subsidy from local government and some of them can get subsidy from an item of
“the demonstration project for renewable energy application in buildings ” supported by the Ministry of Finance of
P.R.C and the Ministry of Housing and Urban-Rural Development of P.R.C. The financial subsidy from government
of Pinggu District in Beijing is 20,000 RMB for one family who installed solar heating system.

Fig. 7: Solar collector systems on the roofs of peasant houses in Pinggu District of Beijing
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The range of building area of each house installed solar heating system is 90～210 m2 and the solar collector areas,
volumes of water tanks in different houses are 14～60 m2 and 0.3～1.5 m3 respectively in Pinggu District. The
pictures of solar collector systems on the roofs of peasant houses in Pinggu District of Beijing are shown in Fig. 7.
4.2.2 Effect analysis
For evaluating the effects of these solar heating projects, National Center for Quality Supervision and Testing of
Solar Heating Systems (Beijing) selected one family house as testing object in 4 villages respectively, altogether 4
houses. In this paper it is only introduced the testing results and the effect analysis of solar heating system in the
family house of Guajiayu village. The collector area of the testing house in Guajiayu village is 24.21 m 2, using flat
plate collectors installed on the slope roofs. The volume of heat storage water tank is 1.5 m 3. The space heating type
is low-temperature floor panel heating.
According to testing for a peasant house at Guajiayu village in Pinggu District of Beijing by National Center for
Quality Supervision and Testing of Solar Heating Systems (Beijing), the solar heating combisystem installed in the
peasant house can save about 1.143 TCE in winter and 0.236 TCE in the other seasons, so total energy saving in
one year is 1.379 TCE and decreasing for CO2 discharging in one year is 3.671 Ton. The average room temperature
is 12 ℃ in winter when no other assisted heating energy source, so solar fraction is 100% in this condition.
The project ( solar heating systems of all 71 families in Guajiayu village ) can save 978.4 Ton coal equivalent in
winter and 133.3 Ton coal equivalent in the other seasons. In one year the total energy saving is 1111.7 Ton coal
equivalent and decreasing for CO2 discharging is 2745.9 ton.
5. Conclusion
China is the largest market of solar hot water systems in the world now and the solar heating combisystems are the
next application technology spreading in China. As having better saving energy and environment effects, in 2020 we
hope that there will be 300,000 m 2 installed solar collector areas for solar heating combisystems which are national
aim’s 1 ‰ of 300,000,000 m2 installed solar collector areas and can get more energy saving effects.
Nowadays and in near future the most suitable areas to use solar heating combisystems in China have two. One is
west areas where solar resources are very rich, having longer winter, fewer population and larger lands, such as
Tibet, Xinjiang, Inner Mongolia Autonomous Region and Qinghai, Gansu, Ningxia Province etc. Another is east
rural areas near big cities where having higher economy lever and peasant’s income, as most of building types are
two-storey, so having enough roof areas to install solar collectors.
In west areas government should give some financial support to build solar heating combisystems. But in east areas
maybe solar heating combisystems can be built through market and government ’s promoting policy.
For getting better energy saving effect, solar heating combisystems should be used in whole year and can reach this
object through reasonable system design: space heating in winter and hot water supply in other seasons.
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1. Introduction
During the periods of high sun insolation and minimal hot water consumption is the potential that a solar
heating system goes into stagnation: the thermal store is full of hot water and the exceed heat cannot be
removed from the collector any more. If exposed to high temperatures, the heat transfer fluid in the collector
loop may rapidly degrade and excessive pressure may be produced that may damage the solar system
components. The stagnation problem is even more harmful in climates with potential freezing periods where
the propylene-glycol/water mixtures are typically used as the working fluid in the collector loop. Such
mixtures are subject to deterioration at temperatures above 120°C and may become corrosive, resulting in
damages to the solar system components.
It is a common practice to shut down the pump in the collector loop when the temperature in the thermal
store is too high. This helps to prevent damage of the store but accelerates the degradation of the working
fluid in the collector loop.
Sometimes stagnation can also happen on the sunny days in spring and fall if the mass flow in the collector
loop is designed to be too low.
There are a plenty of approaches how to minimize the stagnation time of the solar heating systems. Most of
them fall in one of the following three categories, see (Morhart, 2010):
•

stagnation-proof system concepts (drain-back concept, water as a working fluid, heat-pipe collectors)

•

control strategies (switching mode for solar pump control, night time cooling)

•

stagnation cooler (passive and active cooling, heat transfer to swimming pool or ground)

In this study a control-based approach is presented and theoretically investigated in application to a solar
combisystem, but the results can be applied to other solar heating systems as well.
2. A control-based approach
2.1. Description of the basic idea
A simple requirement must be fulfilled on a daily basis to prevent stagnation of a solar heating system: the
energy delivered by the collector must fit into the store. As the stores are usually well-insulated, even for a
large specific store volume (large ratio between store volume and collector area) the stagnation happens after
several sunny days in a row with minimal heat consumption.
The control-based approach to avoid stagnation proposed in this paper starts with an attempt to minimize the
energy produced by the collector during the day, that is, to get as little energy into the store as possible and
thus have more space available for another hot day. In order to achieve this, the performance of the thermal
collector should be lowered what happens, for example, when it is operated at high mean fluid temperatures.
The fluid temperatures should be as high as possible, but still not damage any of the components in the solar
heating system, including the heat carrier.
In the Figure 1, the mean fluid temperature Tfluid of the collector is shown for the two control strategies, the
conventional ΔT strategy (dashed line) and the proposed anti-stagnation (constant 90°C) strategy (solid line).
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The triangular dashed area built by these two lines gives a rough estimation of the potential of inefficient
collector operation. The larger this area is, the less energy is produced by the collector comparing with the
ΔT control strategy. It is also worth to mention that the quantity of energy produced by the collector when
using the proposed anti-stagnation control strategy is constant and it does not depend on either the store size
or its initial temperature.

Fig. 1: Collector mean fluid temperature Tfluid for anti-stagnation and conventional control strategies

As it was already shown in (Scheuren, 2008), the inefficient collector operation alone is usually not enough
to avoid the stagnation. The stagnation may still happen a few hours later and can then be even more
dangerous due to higher irradiances. Thus, sufficient store space is needed for the incoming energy and it
could be provided, for example, by a night cooling of the store. During the night, the collector is used as a
heat sink. Hot water from the store is cooled down through the collector as the ambient temperature is much
lower than the temperature in the store. The heat loss coefficient of the collector is a crucial factor for the
performance of the night cooling and should be large enough. As shown below, the night cooling makes
sense only for the solar thermal systems with not too good insulated flat plate collectors.
2.2. Suitable hydraulics
The proposed control-based approach of an inefficient collector operation coupled with the night cooling of
the store can be directly applied to the solar heating systems with an external heat exchanger. The inefficient
collector operation is provided by adjusting the fluid mass flows in the collector and store (primary and
secondary) loops in an appropriate way.
Application to the heating systems with an internal heat exchanger is more complicated as there is only one
mass flow to adjust. Moreover, since the internal heat exchanger is usually placed in the lower one-third of
the store, a high efficient night cooling requires additional pump for stirring the store a few times per night
and thus making it possible to cool down the whole store.
3. Implementation of the approach
3.1. System description
The proposed control-based strategy is applied in this investigation to the reference solar combisystem of the
IEA SHC Task 32 (Heimrath and Haller, 2007) with an external heat exchanger. The hydraulics of the
investigated system is shown in the Figure 2. The system has 40 m2 of the flat plate collectors. The 40%
propylene-glycol/water mixture is used as the heat transfer fluid in the collector loop. The specific heat
transfer coefficient of the collector heat exchanger is set to 125 W/Km2col. The auxiliary heating volume is
200 l.
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Fig. 2: Hydraulics of the reference solar combisystem of the IEA SHC Task 32

To safely operate the heating system near the stagnation point, the following two requirements are to be met
by the anti-stagnation control strategy:
a.

relatively high constant specific mass flow at 27 l/m2h in the collector loop

b.

the temperature T1 at the secondary HX output to the store does not exceed 95 °C

The first requirement provides that the fluid flows uniformly through the collector and there is no risk of
partial stagnation. The second requirement prevents steam delivery to the store.
The pump in the collector loop (primary pump) starts when the temperature T2 at the collector output rises
up to 70 °C in the morning and runs with the constant flow rate of 27 l/m2h. The pump in the secondary loop
(secondary pump) starts when the temperature T3 at the entrance of the heat exchanger from the collector
side reaches 95 °C. It runs with a variable flow rate adjusted to keep the temperature T1 at the heat
exchanger output to the store constant at 95 °C. Such control strategy prevents the collector from overheating
(the collector output temperature T2 does not exceed 100 °C) and operates the collector at high mean fluid
temperature.
The night cooling mode turns on in the evening around sunset. The two pumps run with a constant flow rate
27 l/m2h and cool down the store through the collector as a heat sink. If the following day is expected to be
very hot and probably with only little hot water consumption, then the night cooling can be continued till
around sunrise. Otherwise, the pumps should be turned off earlier providing that enough energy is left in the
store to cover the possible consumption for the following day.
4. Results and discussion
4.1. Modelled weather conditions
The reference solar combisystem was simulated with application of the proposed anti-stagnation control
strategy using the TRNSYS 16 software. The extreme weather conditions were especially modeled for three
different locations: Madrid (ES), Zurich (CH) and Stockholm (SE). The hottest summer day was picked up
from the statistical year for each location and then the system was simulated for such ten days in a row
without hot water consumption.
The aim of the simulation was to find minimal Vstore /Acol ratio at which the system still does not go into
stagnation. In the Table 1, the climate data and the Vstore,min /Acol are given for the three chosen locations. The
results show that it is possible for flat plate collectors to completely avoid stagnation of the solar heating
system with relatively low specific store volumes, even for such modeled extreme weather conditions.
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Tab. 1: Minimal specific store volume Vstore,min / Acol for 3 climates (Madrid(ES), Zurich(CH) and Stockholm(SE))

Location

Collector
slope, °

Irradiation,
kWh/m2day

Ambient temperature, °C,
Tmax ; Tmin

ES

35

7.36 (Aug, 18)

35,5 ; 18,5

68

CH

45

7.48 (Aug, 17)

28.7; 15.9

50

SE

50

7,49 (Jul, 20)

28.3; 15.2

42,5

Vstore,min
A col

, l/m2

4.2. Dependency of Vstore,min from Ucol: method applicability range
To determine the applicability range of the proposed anti-stagnation control strategy to solar heating systems
with different collector types, the collector loss coefficient Ucol was varied in the range from 2.0 W/m2K
(evacuated tube collectors) to 4.5 W/m2K (poor isolated flat plate collectors). For Ucol between 2.5 and
2.0 W/m2K the mass flow rate of the primary pump during the day and that of both pumps in the night was
gradually increased up to maximally 70 l/m2h. The ratio Vstore,min /Acol versus Ucol is shown in fig. 3 for
Zurich (CH). As seen from the figure, the Vstore,min /Acol grows exponentially with Ucol decreasing, what
means that the applicability of the proposed anti-stagnation is restricted to the flat plate collectors with Ucol
not smaller than 3.0 W/m2K. The evacuated tube collectors and well-insulated, e.g. double glazed, flat plate
collectors have good efficiency at around 90 °C mean fluid temperature during the day. Therefore, their heat
losses are too low to sufficiently cool down the store at night.

Fig. 3: Minimal specific store volume Vstore,min /Acol versus collector thermal losses Ucol

4.3. Influence of the weather conditions on Vstore,min /Acol.
It is obvious that changes of weather conditions have influence on the minimal specific store volume. To
estimate this influence, the variations of the global radiation Ht, the ambient day and night temperatures,
(Tamb,day and Tamb,night, respectively) were carried out for the modeled weather conditions in Madrid (ES). The
Figure 4 shows nearly linear dependence of the Vstore,min /Acol from the radiation Ht. A 5% change of the
radiation leads to approximately 20% change of the minimal specific store volume.
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Fig. 4: Influence of global radiation Ht on minimal specific store volume Vstore,min /Acol. (Ucol = 3.5 W/m2K, Ustore = 5 W/m2K)

To investigate the variation of the ambient day and night temperatures (Tamb,day and Tamb,night), the real
ambient temperature was approximated by the sine curve. The modeled curve was varied in four different
ways. First, day and night temperatures were changed independently, to show the influence of the ambient
temperature on the inefficient collector operation and the night cooling in separate. In two other variations
the temperatures were changed simultaneously either in one direction (the sine curve was shifted up or down
increasing or decreasing the average temperature) or in the opposite directions (the sine curve was deformed,
contracted or stretched). The latter variation is probably most realistic. It models the ambient temperature for
the climate types starting with the maritime-like climate (relatively small difference between day and night
temperatures) and ending by the continental one (hot day and quite cool night).
The Figure 5 shows the results of all four variations of ambient temperature. As it was expected the shifting
of the whole ambient temperature curve has the largest impact on the minimal specific store volume (solid
line in Figure 5). Variation of only day temperature has approximately the same influence as that of the night
temperature (dash-dotted and dotted lines, respectively). The least influential is the last variation that
preserves the average temperature (dashed line).

Fig. 5: Influence of ambient day and night temperatures on minimal specific store volume Vstore,min /Acol

4.4. Influence of the duration of night cooling period on Vstore,min
The duration of the night cooling period is another important factor for the proposed anti-stagnation strategy.
In principle, the night cooling period can be as long as possible if no consumption is expected during the
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following day, starting in the early evening, when the sunbeams are parallel to the collector, and ending in
the later morning when the rising sun comes on the collector again. For example, for the chosen Madrid
weather condition the maximum night cooling period is 14.8 hours. But if the hot water demand, larger than
the auxiliary volume in the store, is expected on the next day, especially in the early morning, the night
cooling must be stopped earlier in the morning or started later in the evening, thus, providing that enough
energy is left in the store. The similar is correct if the weather is expected not to be that sunny on the
following day. The power consumed by the pumps could be then saved by making the night cooling period
shorter.
In the Figure 6 the variations of the night cooling starting and ending times are presented for the modeled
Madrid weather conditions and without hot water demand. It is easily seen that the night cooling in the
morning saves much more storage space than that in the evening does. In order to save electricity it is better
to start the night cooling as late in the evening as possible and to finish it just before the sun comes on the
collector in the morning. The lower ambient temperature in the morning lead to a more efficient night
cooling.

Fig. 6: Influence of duration of night cooling period on minimal specific store volume Vstore,min /Acol

4.5. Electricity consumption of the pumps (night cooling)
In comparison with the usual ΔT control strategy, the proposed anti-stagnation strategy has larger power
consumption of the pumps due to the night cooling of the store. For the hottest day in Madrid (ES) the
collector and store pump will consume 2.14 kWh and 0.71 kWh per night, respectively. During the night
cooling the mass flows and thus the power consumption can be lowered by 50% resulting in only 10%
increase of the minimal specific store volume. The pump power consumption during a day can be hardly
compared with the usual ΔT control strategy as the solar heating system controlled by ΔT strategy leads early
to stagnation. If there were quite large hot water consumption and the ΔT strategy hold a day without
stagnation, then the power consumption by the collector pumps would be almost equal at 1.22 kWh/day for
both strategies and the consumption by the store pumps would be 0.40 kWh for the ΔT strategy and 0.15
kWh for the anti-stagnation strategy. This difference is explained by significantly lower mass flow in the
store loop during a day for the anti-stagnation strategy.
4.6. Discussion questions
An important question to answer before the practical implementation of the proposed anti-stagnation control
strategy is when to use this strategy and how to couple it with the usual ΔT control strategy. In the case when
the house owners go on vacation for a couple of weeks in the summer it could be switched on manually (the
so-called vacation modus of the controller). The automatic switching between the control strategies or
automatic adjustment of the duration of night cooling period for the anti-stagnation strategy requires rough
prediction of the weather and consumption distribution on the following day. In other words, the controller
should roughly know how much energy will come into the store next day, what part of it will be used and
when the consumption will take place. The weather conditions could be approximately estimated as average
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worst case conditions for the chosen location and season. The more precise weather forecast for the
following day can be provided online by the nearby meteorological station. This feature must be
programmed in the controller and the data transmission line must be very reliable. The hot water
consumption should be predicted or set fixed by the consumer. Basing on these two predicted values, the
weather conditions and consumption, it is possible to control the heating system in such a way that no
stagnation will take place in the summer and the hot water demand will be covered to the 100 per cent.
5. Conclusions
In this paper an anti-stagnation control strategy for solar heating systems was proposed and theoretically
investigated. The minimal specific storage volume needed to completely avoid stagnation by the solar
heating system without consumption, was calculated for specially modeled extreme weather conditions in
three locations. The influence of irradiation and ambient temperature was estimated. It was shown that the
proposed anti-stagnation control strategy can only be applied to the heating systems with moderate-insulated
flat plate collectors.
6. References
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Appendix: NOMENCLATURE
Quantity
Collector area
Store volume
Minimal store volume
Collector thermal loss coefficient
Global radiation
Mean fluid temperature in collector
Day ambient temperature
Night ambient temperature
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Symbol
Acol
Vstore
Vstore,min
Ucol
Ht
Tfluid
Tamb,day
Tamb,night

Unit
m2
m3
m3
W/m2K
kWh/m2day
°C
°C
°C
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1. Introduction
Thermosyphon solar hot water systems have been a subject to R&D activities of the CENTRE OF EXCELLENCE FOR
RENEWABLE ENERGY RESEARCH at Ingolstadt University of Applied Sciences since 2004. After building up a test
rig, several thermosyphon systems were tested according to ISO 9459-2 (ISO 1995). Additionally, tests
procedures developed at Ingolstadt University have been carried out in order to learn more about the systems´
behaviour under special conditions, e.g. its stagnation behaviour. In the end of 2007, a R&D project was started
at the CENTRE OF EXCELLENCE FOR RENEWABLE ENERGY RESEARCH. Objective of the project is the development of
an optimised thermosyphon solar hot water heater based on a scientific R&D procedure. A market analysis
shows that most thermosyphon systems are still developed by trial and error (Brandmayr and Zörner 2007). This
project, however, aims at demonstrating a closed development cycle. The initial steps include the analysis of
thermosyphon systems in theory and the transfer of the mathematical model into simulation. The impact of
various system parameters on the overall system performance is simulated in a sensitivity analysis. The results,
leading to a fictive optimised thermosyphon system are transferred into a system prototype, which is thoroughly
tested at the university`s solar-thermal laboratories. The measurement results are used to optimise the prototype
and to achieve validation of the simulation model. The optimised prototype system is prepared for mass
production by the industrial project partner.
2. Investigated System Size
Two different system dimensions are available on the market. On the one hand, there are systems with about
2 m² of collector area and approximately 150…180 l of hot water storage for households consisting of two to
four persons. This dimension is the basis of the development. Especially Central European manufacturers, which
are confronted with saturated local markets, try to enter the Southern European markets with this system size. As
collectors developed for Central European demands are generally over-engineered for southern demands, such
thermosyphon hot water heaters tend to overheat during summer times. In contrast to this, a well engineered
state-of-the-art system is able to cover up to 70 % of the annual hot water demand.
On the other hand, there are systems available with about 300 l of storage volume and a collector area of about
4 m², which meet the requirements of a 4-6 person household.
3. System Simulation
The Matlab/Simulink based CARNOT blockset (Conventional And Renewable eNergy systems Optimization
Toolbox) (Hafner et al. 1999) is used as simulation environment for the thermosyphon system optimisation.
CARNOT is a tool for the calculation and simulation of heating system components with regard to conventional
and regenerative elements. It provides models for heat sources, storage systems, hydraulics and fundamental
material calculation as well as the possibility of integrating further models. In order to achieve realistic system
behaviour, CARNOT was enhanced by a model of a double mantle heat exchanger storage (Brandmayr et al.
2008) which is commonly used within modern thermosyphon systems.
In general, the thermosyphon simulation models consist of the solar collector, the double mantle heat exchanger
storage tank, the interconnecting pipes and a so called thermosyphonic pump. The thermosyphonic pump is a
block calculating the mass flow from pressure differences in the hydraulic circuit (Figure 1).
All blocks in the system are connected via data vectors according to their position in the system. The most
important vector is the thermo hydraulic vector (THV), in which all relevant values are bundled. It includes the
fluid identity, e.g. water or water-glycol mixture, fluid pressure, pressure drop (calculated in the block before),
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fluid temperature and density. Due to this THV, realistic system behaviour can be achieved. All relevant data to
the system design are stored in steps of 5 min to the workspace. These data are automatically evaluated after
every simulation run.

Fig. 1. CARNOT Thermosyphon System Model.

In the following, the simulation model was approved using measurement data of different thermosyphon
systems, which were investigated at the CENTRE OF EXCELLENCE FOR RENEWABLE ENERGY RESEARCH. Besides
single day simulation runs, a comparison of the annual energy output taking on the one hand data predicted
according to ISO 9459-2 and on the other hand simulation results into account was carried out. The deviation of
the results was found to be 2...5 % for both simulated locations – Ingolstadt and Rome. Due to its more advanced
time-variable calculation method, the CARNOT simulation returns always the lower annual energy output.
4. Sensitivity Analysis
Reference of the sensitivity analysis is a thermosyphon system consisting of a flat-plate collector with around
1.9 m² aperture area and a 180 l double mantle heat exchanger storage tank (Table 1).
Tab. 1. Technical Characteristics of the Measured and Simulated Thermosyphon System.

Collector aperture area
Collector cover material
Collector hydraulics
Collector slope
Heat transfer fluid
Storage
Tank insulation
Heat exchanger
Connecting pipes
Location

1.89 m²
Prismatic tempered glass, 3.2mm thickness
Diameter header: 18x1mm; diameter riser: 8x0.5 mm; number of risers: 10
38 °
Water
Horizontal double mantle heat exchanger storage, volume: 180 l , diameter: 0.48
m, length: 1.46 m
30 mm polyurethane
Double mantle, volume: 8.5 l
Well insulated tube, 22x1 mm, total length: 2.64 m
Ingolstadt, Germany

Typically, a heating rod is included in the storage tank to maintain a high hot water comfort even in times of
adverse weather. Due to its negative influence on the annual solar fraction, the heating rod is not modelled. To
fully cover the hot water demand, a continuous-flow water heater is joined to the thermosyphon system. The
flow heater only has to cover the temperature gap between storage tank outlet and 45 °C. For sunny periods with
storage tank temperatures above 45 °C, a thermostatic mixing valve is included to reduce the tap water
temperature to the desired temperature of 45 °C. Such system setup is commercially available and corresponds to
the state-of-the-art of modern thermosyphon systems (figure 2).
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Fig. 2. Operating Scheme of the Investigated Thermosyphon System with Flow Heater and Thermostatic Mixing Valve.

Adapted to common simulation tools, the simulated daily hot water demand corresponds to a 3...4 person
household and has a total amount of 2,540 kWh·a-1. During the day, three draw-offs take place, in the morning,
during midday and in the evening. Additionally, seasonal variations taking a reduced hot water demand during
summer times into account are considered.
Considering the system dimension and the users’ hot water demand, the aim of the sensitivity analysis is to
determine the overall performance defined as a function of collector design, storage tank design and system
configuration as shown in equation 1.
system

f (collector fictive , storage fictive , configuration fictive )

(eq. 1)

Breaking down each of the three sub functions, 18 directly influencing design parameters are found and
investigated in a number of simulation runs. In addition, 3 locations with different climatic conditions, Ingolstadt
(D), Rome (I) and Malaga (E) are simulated with each of the design parameter sets in order to determine the
influence of the weather on the technical system design.
4.1 Target Parameters
Within the scope of the collector optimisation, the significant absorber design parameters (pressure drop,
absorber efficiency and heat capacity), the optical properties (transmission-absorption product, incidence angle
modifier), the heat losses as well as geometric dimensions (aperture area and length/width ratio) are varied in the
simulation runs.
Regarding the storage tank, four relevant parameters are found: the storage tank volume (absolute and relative to
the collector aperture area), the characteristics of the heat exchanger (heat exchanger type, position and surface
area), the insulation (material and thickness) and the storage tank material.
Besides the two major components of a thermosyphon system – the solar collector and the storage tank – the
system configuration strongly influences the energetic performance and the aesthetic appearance. The energetic
performance is affected by the pipe dimensioning (length and diameter), the height ratio between collector and
storage tank as well as the system orientation – collector azimuth and incidence slope.
4.2 Simulation Results
Based on the annual energy output of the thermosyphon system, the results of the sensitivity analysis are
interpreted. A detailed investigation in steps of a few minutes is also possible and in some cases necessary, e.g.
an extensive analysis of the collector pressure drop. A fact that has to be emphasised is that most of the optimum
values are independent of the respective geographic location. Table 2 shows the weighted classification of the
simulation results. The first column describes the varied parameter, the second column identifies either the
directly or indirectly affected component. The results concerning the solar collector are discussed in detail in the
following chapters with their influence on the prototype design. By combining the results to a most promising
system setup, an annual solar fraction of 80 % can be achieved. This fictive prototype differs from the state-ofthe-art as the aperture area is about 2.5 m² and the storage tank volume is decreased to 165 l.
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Tab. 2: Simulation Results of the Sensitivity Analysis.

Parameter

Component

Aperture Area

Collector

Pipe Insulation

System

Optical Efficiency

Collector

Collector Tilt Angle

System

Storage Insulation

Storage Tank

Incidence Angle Modifier

Collector

Pipe Diameter

System

Height Difference Collector Storage

System

Linear Heat Loss Coefficient

Collector

Quadratic Pressure Drop Coefficient

Collector

Collector Length (at given area)

Collector

Storage Volume

Storage Tank

Storage Tank Diameter (at 180 l )

Storage Tank

Heat Exchanger Area

Storage Tank

Linear Pressure Drop Coefficient

Collector

Heat Capacity Collector

Collector

Quadratic Heat Loss Coefficient

Collector

Heat Carrier Volume

Storage Tank

Influence

each > 10 %

each 5...10 %

each 0...5%

5. Collector Prototype
The collector prototype is designed according to the results of the sensitivity analysis with a regard to cost
reduction potentials.
5.1 Production Cost Structure of Flat-Plate Collectors and Cost Reduction Potential
Mangold (1996) conducted a detailed investigation concerning collector production cost. This survey was
approved by Treikauskas (2009) to be transferrable to today´s collector production. The collector production cost
show a big potential for cost reduction on the absorber side. By changing the normally used absorber material
from copper to 100 % aluminium, there is the further possibility to reduce the absorber weight in the range of
2.0...3.0 kg for a 2.5 m² collector. Bigger wall thicknesses of the piping and a 0.5 mm thick absorber plate for the
aluminium type are considered. Besides that, the raw material prices of aluminium are only 30...40 % of those of
copper.
The simulation results also show the possibility of using only 30 mm of backside insulation instead of
40...50 mm as usually included in central European solar collectors. Additionally, there is no need for an
insulation of the casing. The impact of the insulation on the production cost is rather low, approximately 9 % of
the whole collector costs, but directly affects the minimum height of the collector casing. The height of the
collector can be reduced by up to 20 mm resulting in a weight advantage of 2...4 kg depending on the profile
geometry and resulting in a cost reduction, too.
5.2 Collector Properties
The most sensitive part of the collector is the absorber and its aperture area. Within the simulation runs it is
varied from 0.5…5.6 m². Independent of the simulated geographic location, a secure system operation, meaning
a maximum storage tank temperature below 90 °C, is possible up to 2.5 m² collector area. Furthermore, the
analysis clearly shows the necessity of a good optical efficiency in the range of 80 %. This can be achieved by
using a transparent cover with a transmission value above = 0.9 such as low iron glass. A long term stable
polymer cover such as PMMA (Frei 1998) with a transmission of = 0.84 is not recommended. The other factor
which is directly linked with the optical efficiency is the used absorber coating. The coating must have an
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absorption value of about = 0.95. An analysis of the collector´s operating regime through simulation and on
the testing rig reveals a peak around the optical efficiency of the collector with minor thermal losses (Figure 3).
This peak is calculated using the reduced collector temperature as basis (Eq. 2).

Tred

(Tcol,out Tcol,in )
Tamb
2
G
(eq. 2)

The reduced collector temperature is usually used in collector certificates to achieve a comparability of
measurement results for different collectors.
If the collector efficiency curve of a typical selective coated flat-plate collector is included to Figure 3, it can be
seen that the thermal losses of the collector in thermosyphon systems are not that important. The simulation
results of different coatings from highly selective materials to solar painting lead to the use of a medium
selective coating material like black chrome with a typical emission coefficient of about = 0.15.

Fig. 3. Collector Efficiency vs. Percentage of Operation Time.

Besides the cover and the coating, the insulation of the collector (ref. Table 2 “Linear heat loss coefficient“) has
a medium influence on the system efficiency. Therefore, a back side insulation thickness of 30 mm is fully
sufficient for collectors used within thermosyphon systems.
The collector capacity, affected by the materials used and above all by the fluid inside the absorber has nearly no
influence on the system’s annual energy output. A small capacity often correlates with a reduced material usage
in the collector and a quick reaction to alternating weather conditions. On the other hand, the material used for
the absorber piping can only be reduced to a certain extent as a material reduction comes along with reduced
pipe diameters. A small pipe diameter leads to higher pressure losses inside the collector and, therefore, to a
reduced mass flow rate in the system. With regard to this material reduction potential and the annual energy
output, the pressure drop was simulated ranging from header-riser absorbers to meander type absorbers. The
results show nearly no differences between both collector types. Thus, the question arises whether meander-type
collectors may also be suitable for thermosyphon systems. A detailed post processing of the simulation results at
cloudy conditions shows very small mass flow rates of only 10...14 kg·h-1 at a temperature difference of
60...70 °C for the meander-type absorber. This leads to a highly stratified storage tank and thus to no energetic
drawback compared to the header-riser absorber system. The flow rate of the header-riser absorber at the same
conditions is within the range of 35...45 kg·h-1 with a typical temperature rise of 20...30 °C. Especially in
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summer times with an irradiation into the collector plane of above 1,000 W·m-2, the meander type collector tends
to overheat. Temperatures at the collector outlet reach 100…120 °C. This behaviour is verified using the
institute´s solar simulator. The technical data for the prototype collector are summarised in Table 2.
Tab. 3: Technical Data of the Proposed Collector.

Absorber Type

Sheet-Pipe

Absorber Material

100 % Aluminium (Absorber and Piping)

Aperture Area

2.5 m²

Insulation

30 mm Mineral Wool

Glazing

Heat Strengthened Low Iron Glass

Coating

Selective Coating

5.3 Collector Efficiency Measurement
The efficiency curve of the collector prototype is analyzed using the solar simulator according to
DIN EN 12975-2 (2006). The characteristics of the efficiency curve shown in figure 4 are comparable to those of
collectors used in pumped systems.

Fig. 4: Collector Efficiency Curve

As the optical collector efficiency is below the estimated goal of 80 % the absorber is checked in detail.
Using infrared thermography, optimisation potential in the flow distribution especially at low flow rates are
identified. The correlated redesign of the absorber hydraulic allows implementing further improvements of the
collector efficiency factor F’. A second prototype collector is prepared for the efficiency tests in autumn 2011.
6. Storage Tank Development
According to the simulation results, the tap water volume of the storage tank is fixed to 165 l. To increase the hot
water comfort, the cold water from mains is piped into the storage tank using a diffuser. Several diffuser shapes
are analysed using computational fluid dynamics (CFD) and tested afterwards at the institute. The simulation and
measurement results show a very good correlation.
The boundary conditions for the tests are a fully mixed storage tank of approximately 65 °C, a cold water
temperature of 20 °C and a draw-off volume flow of 600 ± 25 l·h-1. As long as the tank draw-off temperature
does not drop more than 2 °C, the storage tank is considered to be stratified.
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An ideally stratified storage remains at its initial temperature until 100 % of its volume is drawn. Afterwards the
temperature drops directly to the tap water temperature.
The tests are carried out with heat carrier fluid in the double mantle at tank temperature (approx. 65 °C). This
scenario corresponds to real systems. The double mantle volume enlarges the draw-off volume considered to be
fully stratified towards 100 %.
Most double mantle heat exchanger storage tanks investigated in Ingolstadt are equipped with simple baffle
plates. They are only stratified in the range of 40...60 % of their nominal volume. The prototype reaches a
stratification of 95 % comparable to the reference system (figure 4). The main difference between both systems
is the diffuser shape. The reference storage uses an injection moulded diffuser, while the prototype uses a lowcost simple pipe structure with defined flow channels.

Fig. 4: Test Results Using an Optimised Inlet Diffusor

Two tests are carried out regarding the heat exchanger. To reduce the pressure increase due to temperature
related volume expansion in the collector circuit, an expansion vessel is directly integrated into the storage tank.
This vessel can cope with a volume expansion up to 3 l and keeps the system pressure below the safety valve
opening pressure of 2.5 barabs. The functionality of the vessel was proved in laboratory tests.
As the pressure drop of the heat carrier circuit directly influences the system performance, pressure drop
measurements of all parts are necessary. Compared to the reference storage, the prototype shows a slightly
higher pressure drop in the relevant volume flow range of 0...65 l·h-1 (figure 5). A detailed analysis of the
pressure drop shows manufacturing related optimization possibilities resulting in a lower overall pressure drop.
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Fig. 5: Pressure Drop of the Double Mantle Heat Exchanger

Table 4 summarizes the technical data of the storage tank prototype.
Tab. 4: Technical Data of the Storage Tank Prototype

Nominal Volume
Heat Exchanger Volume
Material
Heat Exchanger
Circuit Points
Insulation
Width incl. Insulation
Diameter

165 l
7.7 l
Enamelled Steel
Double Mantle, approx. 1 m²
Collector and Water Connectors at the Bottom
30 mm PU-Foam
1,100 mm
600 mm

7. Conclusions
The proposed closed development cycle allows a target-oriented development of solar-thermal applications.
Using simulation tools in the design stage of solar-thermal applications enables the identification of the most
design driving factors by a parameter variation. The simulation results are directly linked to the design of a
specific system component. Often this link is rather indirect or affects more than one part of the system. In such
a case, a preliminary mathematical system description is indispensible to the comprehension of the system’s
dependencies. The overall results of the sensitivity analysis allow designing an optimised thermosyphon system
with regard to a maximised solar fraction and a secure operation mode throughout the year. After constructing
the parts, every part has to be tested under specific conditions for further optimization possibilities. By applying
these technical capabilities, further system improvement is possible.
In the last step of this development project, the whole prototype will be tested ISO 9459-2 (1995). The test
results will be compared to the simulation results and be used for model validation.
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9. Nomenclature

G
Tamb
Tcol,in
Tcol,out

Tred
system

[Wm 2 ]

Irradiation in the Collector Plane

C

Ambient Temperature

C

Collector Inlet Temperature

C

Collector Outlet Temperature

m ²KW

[-]

1

Reduced Collector Temperature
System Efficiency
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1.4 Solar Cooling and Air Conditioning
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1. Introduction
At the present time, the most prevalent cooling systems are electrically driven compression chillers, which
have a world market share of about 90%. However, thermally powered cooling and refrigeration systems
offer quite a number of interesting alternatives for use as air conditioners and refrigerators. This is especially
true if they are driven by low-grade heat from solar collectors, thereby minimizing pollutant emissions and
reducing primary energy consumption (Eicker, 2009).
Solar heat-driven ejector cooling machines (ECMs) realize refrigeration for air-conditioning, space-cooling,
and food storage in the range of evaporating temperatures from 12ºC to –10ºC. These systems can be driven
by conventional single-glazed flat plate solar collectors with selective surfaces and by vacuum tube solar
collectors, which can be most economical for ECM with the proper choice of optimum generating
temperature (Huang et al., 2001).
Low-grade heat-driven ECMs have advantages over other heat powered cooling and refrigeration cycles due
to their simplicity in design, high reliability and durability, low installation cost and low maintenance and
repair expenses. Recently, several high efficiency ECMs, operating with refrigerants R141b and R245fa,
were developed that showed coefficients of performance (COPs) in the range of 0.5 – 0.7 under practical
operating conditions. Achieved experimental results are very encouraging for air-conditioning and cooling
applications because these COPs are similar to those of absorption cycle machines (Huang et al., 1999;
Eames et al., 2007).
Hydrofluorocarbon refrigerants, which have been developed as alternatives to chlorofluorocarbon and
hydrochlorofluorocarbon refrigerants, are known to have a high Global Warming Potential (GWP). For this
reason environmentally benign, natural refrigerants are now attracting considerable attention. These natural
refrigerants, which include ammonia, hydrocarbons, carbon dioxide, water, air, etc, have zero Ozone
Depleting Potential and the majority of them have negligible GWP.
A distinctive feature of the system proposed in the present study is that it combines a conventional solar
collector system and a cascade CO2 sub-critical mechanical compression/heat-driven ejector cooling cycle
that uses a hydrocarbon working fluid.
Carbon dioxide (CO2) is a good refrigerant. The key advantages of CO2 include the fact that it is easily
available, environmental friendly, non-toxic, and not explosive. CO2 has relatively high working pressures,
which give a small vapor volume, which allows fabrication of compact components. The thermo-physical
properties of carbon dioxide are excellent, its heat transfer coefficients are high and its sensitivity to pressure
drop is low.
Since the critical temperature of CO2 is rather low (31.1ºC), sub-critical operation is only possible when the
average heat sink temperature is also rather low. In the event that sub-critical operation is feasible, CO2
systems can compete very well in terms of energy efficiency with systems that use other refrigerants. In
addition, CO2 cycle performance and reliability can be significantly increased by reducing the discharge
pressure. This also requires operation in the sub-critical mode (Robinson and Groll, 1998; Chen and Gu,
2005).
The present research aims to carry out a theoretical study for the design of a pilot small-scale cascade
refrigeration cycle that utilizes a CO2 sub-critical mechanical compression refrigerating machine (MCRM)
and a solar powered ECM operating with a low-boiling environmentally friendly working fluid.
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The analysis and comparison of performance characteristics for various low-boiling point refrigerants have
shown that, from the thermodynamic and operating viewpoints, those most suitable for ECMs are lowpressure refrigerants that have high critical temperature Tcrit, large specific latent heat at evaporating
temperature Te, small specific heat of liquid refrigerant in the range of operating temperatures (Tg – Te) and
normal boiling temperature Tb ≤ Te (Petrenko, 2001; Petrenko et al., 2005a).
The calculations show that a number of hydrocarbons, such as R600, R600a, R601, R601a and R601b, have
higher performances than other refrigerants. Consequently, the environmentally friendly refrigerant R601b
(neopentane, C5H12), which has Tcrit = 160.6ºC and Te = 9.5 ºC, is selected as a promising working fluid for
the solar-driven ECM in the present study.
2. Design of solar-assisted cascade refrigeration system
The present study develops an advanced solar-assisted cascade ejector cooling/CO2 sub-critical mechanical
compression refrigeration system. Fig. 1 shows the diagram of the proposed system, which consists of three
main subsystems: a solar collector system, a low-grade heat-driven ECM, and a CO2 sub-critical MCRM.
The vacuum tube solar collector transforms solar radiation into thermal energy, which is then used to operate
the ejector cooling cycle.
The ECM acts as the topping cycle and the MCRM acts as the bottoming cycle in the cascade system. The
two cycles are thermally connected through the cascade condenser, which serves as the evaporator for the
topping cycle and the condenser of the bottoming cycle.
The low-temperature (bottoming) cycle with CO2 as working fluid can be used for refrigeration at
temperature levels found suitable for supermarkets, cold storage rooms or food processing plants. The hightemperature (topping) cycle operating with neopentane as refrigerant is used to condense the CO 2 vapor of
the low-temperature cycle in the cascade condenser.
In this way, the solar-driven ECM is used to cool the
condenser of the MCRM to reduce its condensing
temperature and thus to increase the performance of
CO2 cycle.
Fig. 2 shows the thermodynamic processes of the CO 2
and R601b cycles in lgP-h diagram. The operating
principle of cascade refrigeration cycle is as follows. In
the MCRM, the compressed carbon dioxide coming
from the compressor is condensed in the cascade
condenser at a condensing temperature TCB. The liquid
refrigerant then expands through an expansion valve 1
and enters the evaporator, where it is evaporated at low
evaporating temperature Te to produce the necessary
cooling effect Qe for refrigeration purposes. After the

Fig.1: Diagram of a solar-assisted cascade ejector
cooling/CO2 sub-critical mechanical compression
refrigeration system

Fig.2: Cascade CO2 sub-critical mechanical compression/R601b
ejector cooling cycle in lgP-h diagram
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evaporator, the entrained vapor is compressed to a high pressure state by the compressor, before entering the
cascade condenser. This completes the CO2 sub-critical mechanical compression refrigeration cycle.
Low grade heat Qg is delivered from the solar collector to the generator of the ECM, where liquid refrigerant
is vaporized at relatively high generating pressure Pg and temperature Tg. This primary vapor, with a mass
flow rate of m p , flows through the primary convergent-divergent nozzle of the ejector and accelerates within
it. At the exit of the nozzle, the accelerated flow becomes supersonic, and induces a locally low pressure
region. The relatively low pressure produced by this expansion causes a suctioning effect of secondary flow,
with a mass flow rate of m s , from the cascade condenser at low pressure PET. The primary and secondary
fluids are mixed in the mixing section of the ejector and undergo a pressure recovery process in the diffuser
section. The combined stream flows to the condenser where it is condensed to liquid at intermediate
condensing pressure Pc and temperature Tc. The heat of condensation Qc is rejected to the environment. The
condensate is then divided into two parts – one is pumped back to the generator, and the other is expanded
through an expansion valve 2 to a low-pressure state and enters the cascade condenser, where it is evaporated
at low pressure PET and temperature TET by the condensation heat from the MCRM. The vapor is finally
entrained by the ejector, thereby completing the exhaust heat driven ejector cooling cycle. The resulting
cooling effect QET is used to provide rejection of condensation heat from cascade condenser.
3. Analysis of ejector design and ejector cooling cycle performance
The supersonic ejector is the key component in the ejector cooling cycle. It is a simple jet device that is used
in the ejector cycle for suction, compression and discharge of the secondary vapor by force of the primary
vapor.
Fig. 3 illustrates the structure of a supersonic ejector with cylindrical (a) and conical-cylindrical (b) mixing
chambers. The ejector assembly can be divided into four main parts: a nozzle, a suction chamber, a mixing
chamber and a diffuser.
Operating conditions for the ejector are specified by operating pressures PET, Pc, Pg, expansion pressure ratio
E = Pg/Pe and compression pressure ratio C = Pc/Pe.
The performance of the ejector is measured by its entrainment
ratio ω, which is the ratio between the secondary and the
primary fluid mass flow rates ms and m p , as shown in the
following equation:



Fig.3: Structure of supersonic ejectors with
cylindrical (a) and conical-cylindrical (b) mixing
chambers

m s
m p

(eq.1)

The design of an ejector flow profile with a cylindrical
mixing chamber is determined by the area ratio , which is
defined as the cross-section area of the cylindrical mixing
section A3 divided by that of the primary nozzle throat area At,
which can be found from eq. (2):



A3
At

(eq. 2)

The design of a conical-cylindrical mixing chamber is specified by area ratio , the converging angle γ at
mixing chamber entrance and the area ratio , which is defined as the entrance area A2 of the conical part of
mixing chamber divided by that of the cross-section area A3, as shown in eq. (3):
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A2
A3

(eq. 3)

Construction, geometry and surface condition of the supersonic ejector flow profile must provide the most
effective utilization of primary flow energy for suction, compression and discharge of the secondary vapor
(Huang et al., 2001; Petrenko, 1978; Petrenko, 2001; Petrenko et al., 2005b).
On the basis of the improved 1-D theory of ejector design, the area ratio  and the optimum value of β can be
found with application of variational calculation. The value of βopt corresponds to the maximum of
entrainment ratio ω. Supplementary data for the determination of , βopt and the optimal converging angle γ
are given in Petrenko (1978) and Petrenko et al. (2005a).
Theoretical and experimental investigations of supersonic ejectors with conical-cylindrical and cylindrical
mixing chambers operating with various low-boiling refrigerants demonstrate convincingly that the
application of conical-cylindrical mixing chambers at the same operating conditions causes an improvement
of about 25-35% in  compared with cylindrical mixing chambers. The advantage of ejectors with optimal
design of conical-cylindrical mixing chambers is especially apparent at high critical condensing temperatures
Tc (Petrenko, 1978; Petrenko et al., 2005b).
The performance of the ECM is usually measured by a single COP, which is the ratio of the useful cooling
effect produced in the evaporator over the gross energy input into the ejector cycle required to produce the
cooling effect. However, the fact that the ECM commonly utilizes a mechanical feed pump should be taken
into account, as this consequently requires an input of some amount of mechanical power Wmech in addition to
a low-grade thermal energy Qg (Petrenko et al., 2005b; Petrenko, 2009). Although the mechanical power
Wmech , consumed by the feed pump is very small compared to the thermal energy Qg input to the generator to
actuate ejector, it may not be neglected (Petrenko, 2001).
Therefore, from both thermodynamic and economic points of view, the efficiency of the topping ECM cycle
can be correctly characterized by separately using both thermal COPtherm and the actual specific power
consumption of mechanical feed pump wmech . The value of COPtherm is defined as the cooling load at the
cascade condenser QET divided by the thermal energy Qg, while the value of wmech is the ratio between the
mechanical power Wmech and the cooling effect QET. These can be expressed as eqs. (4) and (5):

COPtherm 

wmech 

QET ms qET
q

  ET
Qg
m p qg
qg

(eq. 4)

Wmech m p v5  Pg  Pc  v5  Pg  Pc 


QET
 pump ms qET
 pump qET

(eq. 5)

where v5 and ηpump are the specific volume of intake refrigerant and the feed pump coefficient of efficiency,
respectively and (Pg – Pc) is the generating and condensing pressure difference, kPa.
It should be observed that the electrically driven feed pump is the only component in the ejector cycle that
has moving parts. Therefore, this component determines the reliability, leakproofness and lifetime of the
whole system. Instead of using conventional electrically driven feed pumps for ECMs operating with
flammable refrigerants such as neopentane, utilization of hermetic float-type thermo-gravity feeders, which
are designed for application in various small capacity ejector systems, is very attractive (Petrenko et al.,
2005b: Petrenko, 2009).
From the steady energy balance for the ECM using the numbering in Figs. 1 and 2, the cooling load at the
cascade condenser QET, the heat load at the generator Qg, the heat load at the condenser Qc and the actual
power consumption of mechanical feed pump Wmech can be expressed as eqs. (6)-(9):

QET  QCB  h13  h12  m s

(eq. 6)

Qg   h6  h11  mp

(eq. 7)

s  m
p
Qс  QET  Qg  h9  h10  m

(eq. 8)
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Wmech 

m p v5  Pg  Pc 

 pump

(eq. 9)

where h13 and h12, h6 and h11, h10 and h9 are the outlet and inlet refrigerant enthalpies at the cascade
condenser, at the generator and at the condenser, respectively.
4. Simulation of solar ejector cooling cycle performance
In this study, we selected a vacuum tube solar collector which steady-state energy collection efficiency is
calculated as follows: ηsc=0.8-2.0(Ti-Ta)/I, where I is the incident solar radiation on the tilted surface of the
collector (W m-2) and Ti and Ta are the collector inlet and the ambient temperatures (C), respectively. The
overall efficiency COPo of the solar ECM is the product of the two particular coefficients:
COPo=COPtherm×ηsc (eq. 10)
The selection of generating temperature Tg is especially important for solar ECM as it affects the COPtherm of
the ECM as well as the solar collector efficiency sc. Since increases in Tg raise the COPtherm but lower the
sc, the theoretical optimal Tg corresponds to a maximum COPo that also will be determined in the present
study (Huang et al., 2001).
The ejector and ECM performance was predicted by a computer simulation program based on the improved
1-D model of the ejector. This program calculates the performance of the ejector and ECM at critical-mode
operating conditions and provides optimum design data for the ejector system (Huang et al., 1999; Petrenko
at al., 2005a). The model validation against the experimental data for refrigerants R141b, R236fa and R245fa
has shown very good agreement under a wide range of design and off-design operating conditions (Huang et
al., 1999; Eames et al., 2004; Eames et al., 2007).
The program has been used for the theoretical study of the topping ejector cycle and supersonic ejector with
conical-cylindrical mixing chambers, operating with R601b. For the present study, the ejector and the ECM
were investigated over a wide range of Tg = 80–130C, at Tc = 32, 36 and 40C and at the fixed evaporating
temperature TET = 16 ºC for application in the topping cycle of the cascade system.
The results of the analysis, shown in Figs. 4, 5, 6, 7, illustrate the variations of theoretical A3/At,  COPtherm
and wmech , with generating temperatures Tg at different critical condensing temperatures Tc for evaporating
temperature TET =16C. The area ratio A3/At represents the design of the ejector. It is seen that the area ratio
A3/At increases with increasing Tg and decreasing Tc. The  and COPtherm of the ECM also show the same
trend. The characteristic wmech decreases with both decreasing Tc and decreasing Tg (Petrenko, 2001).
Fig. 8 shows the variation in the solar collector efficiency sc with generating temperature Tg, and Fig. 9
shows the variation in overall COPo with Tg for Te = 16C at Tc = 32, 36 and 40C. Each curve in Fig. 9 has a
broad peak, which corresponds to the theoretical optimum of generating temperature Tg. The optimum COPo
decreases with increasing Tc. For a higher performance efficiency of the solar collector sc the rated Tg can be
chosen at temperatures about 10 to 15C lower than the corresponding theoretical optimum values of Tg with
only very little effect on COPo (Huang et al., 2001).
For specified operating conditions Te = 16C and Tc = 36C, the maximum COPo = 0.284 and sc = 0.54 at a
value of Tg = 115C. However, the rated optimum of Tg has been chosen 15C lower – that is, 100C – with
sc = 0.57 and COPo = 0.282, which is 0.7% smaller than the maximum COPo.
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5. Analysis of CO2 sub-critical compression refrigeration cycle
Analysis of the CO2 sub-critical mechanical compression refrigeration cycle is described as follows. From
the steady energy balance for the MCRM and using the numbers in Figs. 1 and 2, a specific cooling capacity
qe, a specific condensing heat qCB and a specific isentropic compressor work lcs may be computed by eqs.
(11)-(13):

qe  h5  h4

(eq. 11)

qCB  h2  h3

(eq. 12)

829

lcs  h2 s  h1 (eq. 13)

where h5 and h4, h3 and h2, h2s and h1 are the outlet and inlet refrigerant enthalpies at the evaporator, at the
cascade condenser and at the compressor, respectively.
Actual work of the compressor is defined as follows:
lC  h2  h1   h2 s  h1  cs

(eq. 14)

where ηcs is the isentropic efficiency of the compressor.
The enthalpy of the outlet of the compressor can be expressed as eq. (15):
h2  h1 

h2 s  h1

cs

(eq. 15)

For the chosen semi-hermetic CO2 type compressor, ηcs can be written as a function of the ratio of
compressor discharge and suction pressures r = PCB/Pe. The correlation obtained by best fitting the
experimental data for the CO2 sub-critical refrigeration cycle (Neksa et al., 2001) has the following form:
ηcs = 0.8981 – 0.09238 r + 0,00476 r2

(eq. 16)

The CO2 cycle coefficient of performance is defined as the specific cooling effect at the evaporator qe,
divided by the actual specific compressor work lC, as shown in eq. (17):

COPBC 

qe h5  h4

lC h2  h1

(eq. 17)

The values of the refrigeration output of the compression cycle Qe, the compressor power consumption WC
and the heat load at the cascade condenser QCB are found respectively from eqs. (18)-(20):

Qe  qe m

(eq. 18)

WC  lC m

(eq. 19)

QCB  qCB m  Qe  W C  QET

(eq. 20)

where m is the mass flow rate of CO2 in the bottoming cycle.
Internal superheating caused by the semi-hermetic compressor motor can be calculated from eq. (21):
Tsup  T1  T5 



1
h2  h1  1  1
cp

 m 

(eq. 21)

where cp is constant pressure specific heat of CO2 and ηm is the coefficient of efficiency of the motor.
All calculations were performed using the REFPROP 8.0 (Lemmon et al., 2007).
6. Results and discussion
The CO2 sub-critical cycle at the presented stage of the design-theoretical study has been investigated with
fixed cooling capacity Qe = 5 kW and a fixed condensing temperature TCB = 21C, with a specified
temperature difference T = TCB – TET = 5C in the CO2/R601b cascade condenser. The evaporating
temperatures Te used in the parametric study are taken in the range from -30 to 10C, with assumed internal
superheating Tsup of 10C in the semi-hermetic compressor.
Fig. 10 shows the variations of QCB and WC with Te of MCRM for Qe = 5 kW at TCB = 21C. As seen in Fig.
10, both QCB and WC decrease with increasing Te.
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Fig. 11 illustrates the variations of COPBC with Te for Qe = 5 kW at TCB = 21C. The increase in Te results in a
rise in the COPBC of the bottoming cycle. The COPBC clearly increases, from 1.56 to 12.27, when the Te
varies from -30C to 10C.
Fig. 12 shows variation in the solar collector area Asc with Te, which can be found from eq. (22):

Asc 

QBC
Q  WC
QET

 e
COPtherm sc I COPo I COPo I

(eq. 22)

Fig. 12 indicates that for Qe = 5 kW at TCB = 21C, a decrease in Te and an increase in Tc results in a rise in
the solar collector area Asc.
Figs. 13 – 15 show the influence of the evaporating temperature Te on the heat loads QET, Qg, Qc, mass flow
rates m s and m p of the ECM cycle and areas At and A3 of the ejector with opt for Qe = 5 kW at TCB = 21C,
TET = 16C, Tc = 36C, Tg = 100C.
From Figs. 12 – 15 it is seen that Te affects the bottoming MCRM CO2 cycle as well as the topping ECM
cycle operating with neopentane and the solar collector area Asc.
Referring to Figs. 13 and 14, the heat loads QET, Qg, Qc and mass flow rates m s and m p show the same
trend: notably, they decrease with the increasing in Te.
Fig. 14 shows that At reduces very slowly and almost linearly with increasing Te, while A3 falls more rapidly.
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On the basis of the obtained results, a pilot small-scale cascade CO2 sub-critical mechanical
compression/neopentane ejector refrigerating unit was developed with a cooling capacity of 5 kW. A
diagram of this unit is shown in Fig. 16, and the design performance characteristics of its CO2 bottoming
cycle and R601b topping cycle are listed in Table 1.
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Fig.16: Diagram of a pilot small-scale cascade CO2 – R601b cascade refrigerating unit
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Tab. 1: Design performance specifications of the CO2 – R601b cascade refrigerating unit

Parameter
Value
Bottoming cycle (R744)
Cooling capacity, Qe
5 kW
Evaporating temperature, Te
-20 C
Evaporating pressure, Pe
19.7 bar
2.14 kW
Compressor power input, WC
Superheating capacity in motor, Qsup
Condensing heat load, QCB
Condensing temperature, TCB
Condensing pressure, PCB
Compressor type
Compressor isentropic efficiency, is
Design COPBC = Qe/ WC
Topping cycle (R601b)
Cooling capacity, QET = QCB
Evaporating temperature, TET
Evaporating pressure, PET
Condensing heat load, Qс
Condensing temperature, Tc
Condensing pressure, Pc
Generating heat load, Qg
Generating temperature, Tg
Generating pressure, Pg
Entrainment ratio,   m
s m
p
Design COPtherm = QET/Qg
Pressure difference, Pg-Pc
Feed pump power input, Wmech
Actual specific work of feed pump, wmech
Feed pump coefficient of efficiency, pump
Design area ratio  = t
Design optimal area ratio opt= 3
Solar collector efficiency, sc

0.36 kW
7.5 kW
21 C
58.7 bar
semi-hermetic
0.67
2.33
7.5 kW
16 C
1.27 bar
22.7 kW
36 C
2.4 bar
15.2 kW
100 C
11.19 bar
0.73
0.49
8.79 bar
0.12 kW
0.016 kW kW-1

Rated COPo = COPtherm×sc

0.5
7.4
1.16
0.57
0.28

Solar collector area, Asc

38.1 m2

Obtained technical data may serve as guidelines in the design of full-scale cascade CO2 sub-critical
mechanical compression/neopentane ejector refrigerating units with other cooling capacities.
7. Conclusion
In this paper an innovative solar-assisted cascade refrigeration system, composed of a solar collector system
and a cascade refrigeration cycle, is proposed. The solar collector system is a system for heat production. The
cascade refrigeration cycle is the combination of a MCRM, operating with CO 2, and an ECM, driven by solar
energy and using neopentane as the working fluid.
According to theoretical study for the design of a small-scale solar-assisted cascade CO2 – R601b
refrigerating unit the most important findings are as follows:

The effect of the cascade cycle operating conditions on solar ECM and MCRM cycle performance
characteristics is studied and optimal geometry of the ejector is determined.
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The obtained data provide necessary information to design a pilot small-scale CO2 – R601b solarassisted cascade refrigerating unit with cooling capacity of 5 kW.

The proposed solar-assisted cascade refrigeration system is environmentally friendly, energy saving and
a potentially high performance and cost-beneficial installation that consolidates the advantages of both ECM
and MCRM cycles.
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1. Introduction
This paper presents the ideal operation conditions of a 20 kW central air conditioning prototype based on an
adsorption with activated carbon-methanol pair and a hybrid regeneration (solar/gas). The prototype is in
development at the Solar Energy Laboratory (LES) of the Federal University of Paraíba (UFPB), in Joao
Pessoa, Northeastern Brazil.
The regeneration heat is provided by a field of high efficiency flat plate solar collectors, with a total captation
area of 120 m2. The air conditioning was designed for operating with a maximum of solar energy with the
complementary heat being supplied by a natural gas heater. The design data were obtained for a typical summer
day in Joao Pessoa, at a latitude of 7oS, from a meteorological database.
The results were obtained from a computer simulation program (ADSOL), which was carried out using the
Simulink interface, with functions created in Matlab® (Domingos et al., 2010). It simulates the overall
operation of the air conditioning unit, by coupling the solar collectors field with the storage tank and the
adsorbers, depending on the conditions of heat recovery between the adsorbers. It also analyzes the different
operation parameters in order to obtain those for producing the maximum performance with the minimum gas
consumption.
The variables considered in the simulations are: the heat transferred to the adsorbers, the cycle duration of
sorption/desorption for different scenarios of heat recovery between the adsorbers, flow and temperature of the
water previously heated by the solar collectors field and the gas heater. The influence of the operating
parameters on the coefficient of performance (COP) and on the specific cooling power (SCP) is also evaluated.
2. Abstract
This paper presents constructive aspects and preliminary experimental results of an adsorptive chiller as part of
a 20 kW central air conditioning unit for providing thermal comfort in a set of rooms that comprises an area of
110 m2. Some simulation results of the air conditioner regeneration system are also presented. The cooling
system is basically made up of a cold-water storage tank – supplied by an activated carbon-methanol chiller,
and a hot-water storage tank – fed by a field of high efficient solar collectors with complementary heat by
natural gas. The adsorber – a compact heat exchanger containing the activated carbon – was conceived and
constructed in four modules, in order to allow heat and mass recovery. Other components are the same existing
on conventional central air conditioners, as a condenser, an evaporator and a cooling tower. Constructive details
of the collector’s field, the adsorbers and the regenerating storage component are shown. The solar system is a
120 m2 collection area field composed by 76 units of a flat plate collector covered with a high efficient
transparent insulation. Results obtained previously from a multi-objective optimization based on a statistic
modeling shown that – for a specific cooling power of 120 W kg-1 of adsorbent – an expected chiller’s COP of
0.6. With this COP value, and considering the mean value of the total daily irradiation in João Pessoa (7º8'S,
34º50'WG), the expected solar energy cover fraction of 75%, for a typical summer day. This scenario was
predicted for the following operation temperatures: 30 oC for the condenser, 7oC for the evaporator and 105oC at
the start of the regeneration process. For an acclimatization period of 8 hours (9 to 17 h), the main
dimensioning parameters were: 504 kg of activated carbon, 180 liters of methanol, 7,000 liters of hot water,
10,300 liters of chilled water with its temperature varying in the fan-coil from 1oC to 14oC. The ideal size of the
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storage hot tank was obtained by a previous simulations, which also evaluate the ideal water flow rate in the set
of collectors that provides the lower gas consumption while the system reach a regeneration temperature.
In the present paper, the water flow in the adsorbers was examined for different flow rates (0.0001 m3 s-1,
0.0002 m3 s-1, 0.0003 m3 s-1, 0.0004 m3 s-1 and 0.0005 m3 s-1). The results have shown that 0.0001 m3 s-1 is the
value which provides the lower gas consumption, for a solar collectors flow rate of 0.0004 m3 s-1. It is also
presented in this paper the influence of the parameters of the system on the coefficient of performance (COP)
and on the specific cooling power (SCP).
3. Features of the central air conditioning unit
3.1. Description of the system
The central air conditioning unit consists basically of 3 components: a cold-water storage tank – fed by an
activated carbon-methanol chiller, a hot-water storage tank – fed by a field of high efficient solar collectors
with complementary heat by natural gas, and an air-water heat exchanger (fan-coil).

3.1.1 Cold-water storage tank
The cold water of the cold-water storage tank is supplied by an activated carbon-methanol chiller, comprised by
four adsorbers, the condenser, the evaporator and the cooling tower. The adsorbers – a compact solid/liquid
heat exchangers – are the main part of the chiller. They was conceived and constructed in four modules, in
order to allow heat and mass recoveries.
The adsorption chiller operation was simulated using a model developed by Riffel (2008). It was investigated
statistically the results of the dynamic model of the adsorber in order to obtain the optimum project parameters,
taking into account the best operating points and the influence of seven variables (temperature and mass flow of
hot water, cycle length, number of tubes, number of fins, fin thickness and material of manufacture) (Riffel et
al., 2010a). The results showed that all variables are statistically significant and interdependent. As a main
result, we observed that the COP is highly dependent on the number of fins, the material and the cycle length.
The inner surface of the adsorber, exchanges heat with water from a hot or cold source, depending on the phase
of the cycle. The adsorbent occupies the space delimited by the external wall of the tube and the corrugated
ﬁns. The adsorbent bed operates under vacuum for getting the required thermodynamic properties of the
working fluid (the methanol). The micropores of the adsorbent medium has a diameter smaller than 2 nm. In the
case of specific cooling power (SCP), the most important variables were the number of fins, the number of
tubes and the hot water temperature.
The condenser and the evaporator are a ﬁnned-tube heat exchanger widely described and experimentally
validated on a previous paper (Riffel et al., 2010b). From the simulation data, the evaporator must operate
continuously (i.e., during the 24 hours a day) to ensure the storage of chilled water required by the heat
exchanger air-water (fan-coil) and thus provide the design temperature for the inlet air of the rooms (= 14 °C).
For the evaporator we selected a compact plate heat exchanger, manufactured by CIAT (French). The
equipment will be adapted for the required operating conditions, to ensure that the outlet methanol is
completely superheated (Riffel et al., 2009).
3.1.2 Hot-water storage tank
The cylindrical tank needed for the hot water storage was built in steel, with 2.074m of diameter, 2.50m of
height and insulated with 50mm thick polyurethane foam. It is fed by a field of high efficient solar collectors
with complementar heat supplied by the combustion of natural gas. The water previously heated by the solar
energy will get the process temperature with the help of the small gas heater, model GWH 300DE-GN – BOSH.
The field of solar collectors was installed in a parallel-series arrangement, in two symmetrical blocks, each
consisting of 38 units of a commercial flat collectors of 1.58 m2each, covering a total catchment area of 120 m2,
installed on the roof with an inclination of the 9o facing to the South (Figure 1), which corresponds to the
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average value for the six hottest months in João Pessoa (7°8′S, 34°50′WG), whose climate is typically hot and
humid (Domingos et al., 2010).

Fig. 1: Field of high efficient solar collectors installed in the LES/UFPB.

The absorbing surface of the collectors is painted in nonselective matte black, and there is a Teflon film placed
between the absorbing surface and the glass cover plate, specially treated to resist UV rays (Figure 2), which
constitutes a high efficient transparent insulation material (TIM). The distance above and below the Teflon film
is about of 25mm, which is considered optimal to minimize radiation and convection heat losses (Leite et al.,
2003, 2005).

Fig. 2: Scheme of TIM cover.

The small natural gas heater, model GWH 300DE-GN – BOSH, will heat the water from the hot water tank
until the temperature of 105°C to ensure the regeneration. The simulation program calculates the total amount
of natural gas need to be consumed in one day.
3.2 Heat transfer equations
For the collectors and the chiller, empirical correlations and simple methods of energy balance were used. For
the storage tank, the function was based on the finite volume method. The equations related to the condenser
and evaporator were widely described and experimentally validated on a previous paper (Riffel et al., 2010b).
3.2.1 Solar collectors
It was used the quadratic efficiency collector (equation 1) which estimates the average efficiency for a field of
collectors at a given time (Duffie and Beckman, 1980), and a simple energy balance for each collector
(equation 2). The constants a0, a1 and a2 depend on the characteristics of the collector, and also takes into
account the arrangement of the collectors (parellel-series) that was disposed in two sets of 38 collectors each
one.

  a 0  a1
Ti  Ti 1 

T  Ta 2
T  Ta
 a2
Rad
Rad

 A Rad
.

(eq. 1)

(eq. 2)

Vcol c 

Where: T is the temperature of the solar collector, Ta is the ambient temperature; Rad is the solar radiation at a
given time; Ti is the temperature of the i-th collector in serie, A is the transparent area, V is the water flow in
col
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each collector in parallel, c is the specific heat of the water and  is the density of the water (properties taken in
the inlet temperature).
3.2.2. Adsorption chiller
The operation of this system is described by a statistical model developed by Riffel (2008), considering various
parameters of the air conditioning system. The equation 3 represents the energy balance for the water that flows
through the adsorbent. Losses in the pipeline and the delayed response in thermal heat exchanger (adsorber)
were not considered.

Tout  Tin 

SCP mads

COP Vad c 

(eq. 3)

Where, Tout and Tin are, respectively, the water temperatures at the exit and entry of the adsorbers, mads is the
total mass of adsorbent (activated carbon), and Vad is the water flow in the adsorber.
3.2.3 Hot water tank
The geometry of the hot water storage tank is cylindrical, which h is connected at the bottom and the top with
the solar collectors and the adsorbers. For calculating the heat exchanges in the tank the finite volume method
was used and it was considered a stratified tank with one-dimensional heat transfer. The stratification occurs in
layers of increasing density and decreasing temperature. This method presents a numerical solution that enables
problem solving under any initial conditions and it consists in dividing the tank into a finite number of
longitudinal nodes of same temperature and volume.
The solution of the equations is performed by implicit formulation and the method of matrix inversion. The
model of the hot water tank was developed by Riffel et al. (2007).
3.2.4 Natural gas heater
For the natural gas, the simulation program calculates the total amount of natural gas need to be consumed in
one day.
Qgas  v gas PC
(eq. 4)

Q gas 

Qwater
ef gas

Qwater  c  v tan k (Tin  Ttan k )

(eq. 5)
(eq. 6)

Where Qgas is the heat supplied by the gas heater; PC = 38,540e+6 (J m-3); v gas is the volumetric flows of the
gas; efgas is the efficiency of the gas heater (= 0.80); Tin is the hot water temperature at the exit of the gas heater
(at the entrance of the adsorber); v tan k is the volumetric flow of the adsorbers.
4. Results and analysis
4.1. Results
Many simulations have been carried out using the ADSOL code to determine the optimal operating parameters
of the system and to analyze their influence on the COP (coefficient of performance) and on the SCP (specific
cooling power).
An important decision taken based on the simulation was the definition of the volume of hot water tank to
obtain a minimum consumption of gas needed to heat the water of regeneration. It was searched in the previous
simulations, with some considerations showed in the Table 1. The results are showed in the Figure 3.
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Tab. 1: Parameters of simulation.

Parameters of simulation
Description

Value

chilled water temperature (Te)

7oC

cold water temperature (Tc)

5oC above the ambient temperature

water regeneration temperature (Tr)

105 oC

mass of the adsorbent (activated carbon) for each adsorber

116 kg

adsorber water flow (v_ads)

0.0001 m3 s-1

Solar collectors water flow (v_col)

0.0005 m3 s-1

typical summer day

January 2010

Based on the consumption of the natural gas for the volumes of hot water tank between 1m3 and 9 m3, during
24 hours, we can observe that between 5m3 and 7m3, there is the minimum flow limit, thus defining the
adoption of the tank of a 7m3 of volume (Domingos et al., 2010).

Fig. 3: Comparison of the daily natural gas consumption to the hot water tank volume between 1m 3 and 9m3.

Taking the hot water tank volume equal to 7m3 and the same parameters used for the analysis, the water flow
rate in each set of collectors in parallel arrangement was examined for different volumetric flows (v_col =
0.0001 m3 s-1, 0.0002 m3 s-1, 0.0003 m3 s-1, 0.0004 m3 s-1 and 0.0005 m3 s-1) to verify which of them provides the
lower gas consumption.
The Figure 4 shows the daily consumption of natural gas, for the water collector flow rate between 0.0001
m3 s-1 and 0.0005 m3. s-1, necessary for heating the adsorber (Leite, 2011).
Considering these values, the water flow in the adsorber was examined for different volumetric flows (v_ads =
0.0001 m3 s-1, 0.0002 m3 s-1, 0.0003 m3 s-1, 0.0004 m3 s-1 and 0.0005 m3 s-1), with the hot water tank volume
equal to 7m3 and the water collector flow equal to 0.0004 m3 s-1. The results are showed in the Figure 5
(Ribeiro, 2011).

Fig. 4: Daily consumption of natural gas for different flow rates in the set of collectors.
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Fig. 5: Daily consumption of natural gas for different flow rates in the adsorber.

It is also verified the influence of the system parameters on the coefficient of performance (COP) and on the
specific cooling power (SCP) for several values of v_col and several values v_ads, with Tc = tamb+5oC, Tr =
105 oC and Te = 7 oC (Table 2).

Tab.2: COP and SCP for different water flow rates in the adsorber.

v_ads
0.0001 m3 s-1

0.0002 m3 s-1

0.0003 m3 s-1

0.0004 m3 s-1

0.0005 m3 s-1

v_col (m3 s-1)
0.0001
0.0002
0.0003
0.0004
0.0005
0.0001
0.0002
0.0003
0.0004
0.0005
0.0001
0.0002
0.0003
0.0004
0.0005
0,0001
0.0002
0.0003
0.0004
0.0005
0.0001
0.0002
0.0003
0.0004
0.0005

COP
0.46
0.46
0.46
0.46
0.46
0.48
0.48
0.48
0.48
0.48
0.51
0.51
0.51
0.51
0.51
0.54
0.54
0.54
0.54
0.54
0.57
0.57
0.57
0.57
0.57

SCP(W kg-1)
86
86
86
86
86
122
122
122
122
122
206
206
206
206
206
337
337
337
337
337
514
514
514
514
514

Another important verification was for the influence of the system parameters on the COP and on the SCP for
the fixed values of the volumetric flows of the adsorber and the solar collector, for different values of
condensation, regeneration and evaporation temperatures, to determine the optimal parameters for system
operation. The results are shown in Table 3 (Ribeiro, 2011).
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Tab.3: COP and SCP for vads = 0.0005 m3 s-1 and vcol = 0.0004 m3 s-1.

Tcond (°C)

Treg (°C)

Tamb+5

105

Tamb+3

105
100

30
Tamb

105
100
105

Tev (°C)
7
10
15
7
7
10
7
7
7

COP
0.57
0.46
0.28
0.56
1.93
1.82
1.57
0.58
0.59

SCP (W kg-1)
515
505
484
516
928
872
879
520
521

To examine the different volumetric flows in the adsorber that will provide the lower gas consumption, were
taken the results of this analysis then fixed the values of the condensation, regeneration and evaporation
temperatures equal to 30 °C, 7°C and 100 °C, respectively, keeping the hot water tank volume equal to 7m3 and
the volumetric flow of the solar collectors equal to 0.0004 m3 s-1.
The results of the simulations are shown in the in the Table 4 and in the Figures 6 and 7 (Ribeiro, 2011).

Tab.4: COP and SCP for different water flow rates in the adsorber.

Volumetric flow in the adsorber
0.0001 m3 s-1
0.0002 m3 s-1
0.0003 m3 s-1
0.0004 m3 s-1
0.0005 m3 s-1

COP
1.81
1.84
1.87
1.90
1.93

SCP (W Kg-1)
499
535
619
750
928

Fig. 6: Natural gas consumption for different values of the water flow rate in the adsorber.

Fig. 7: Daily consumption of natural gas for different water flow rates in the adsorber, for the optimized system.
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The comparison between the results in the Figures 6 and 7 shown that the value of the volumetric flow in the
adsorber which provides the lower gas consumption is equal to 0.0001 m3 s-1. Then, the parameters of the
system considered optimized by the simulations are shown in the Table 5.
The Figure 8 shows the average water temperature (Tmed) in the hot water tank, for the solar collector
volumetric flow of 0.0004 m3 s-1 and the corresponding natural gas flow (v_gas). The Figure 9 shows
temperature curves for the field of solar collectors (Tcol) and for the top (Tsup) and bottom (Tinf) of the hot
water tank, during a day, both figures for the optimized system.

Tab. 5: Optimized parameters obtained from simulations.

Parameters
Description

Value

adsorber water flow

0.0001 m3 s-1

volumetric flow of the solar collectors

0.0004 m3 s-1

hot water tank volume

7m3

chilled water temperature

7oC

cold water temperature

30 oC

water regeneration temperature

100 oC

Fig.8: Average hot water temperature and the corresponding natural gas flow for a day.

Fig.9: Daily variation of temperatures Tsup, Tinf and Tcol.
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4.2. Analysis
The first results showed that the COP and the SCP depend on the water flow in the adsorber and on the
regeneration, condensation and evaporation temperatures and are independent from the solar collector
volumetric flow. Note that the parameter that plays the greater role on the COP and the SCP is the temperature
of condensation (Table 3) (Ribeiro, 2011).
The maximum values of the COP and the SCP equal, respectively, to 1.93 and 928 W kg-1 (Table 3) were
obtained for water flow in the adsorbers equal to 0.0005 m3 s-1 and for the condensation, regeneration and
evaporation temperature equal to 30oC, 100oC and 7oC, respectively.
The analysis of the curves in Figure 6 shows that the values of the natural gas flow for the corresponding values
of water flows in the adsorbers are even higher than the values of the COP and the SCP are important. This
somewhat surprising result for the solar systems seems to the use of the water storage tank, whose temperature
of the upper part determines the amount of energy supplied by the auxiliary source, specifically the gas heater.
This result is corroborated by the evolution during a day of temperatures in the top (Tsup) and in the bottom
(Tinf) of the tank, as well as the temperatures in the solar collectors (Tcol) (Figure 9).
Figure 7 shows that the optimal water flow rate in the adsorbers for a minimum gas consumption is
0.0001 m3 s-1, with corresponding COP and SCP of 1.81 and 499 W kg-1, respectively.

5.

Conclusions

Many simulations were performed using the ADSOL program to analyze the influence of the main system
operating parameters on the coefficient of performance (COP) and the specific cooling power (SCP).
The ideal water flow rates in the adsorbers and in the solar collectors were respectively 0.0001 m3 s-1 and 0.0004
m3 s-1, respectively. These values were obtained for evaporation, condensation and regeneration temperatures
respectively of 7oC, 30oC and 100oC, with the minimum gas consumption and corresponding COP and the SCP
of 1.81 and 499 W kg-1, respectively.
For improving the simulation results, a non-stratification condition for the storage tank should be considered in
the model.
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ANALYSIS OF SOME CONFIGURATIONS FOR RESIDENTIAL SOLAR
COOLING SYSTEMS
Natividad Molero Villar, José M. Cejudo López, Fernando Domínguez Muñoz, Antonio Carrillo Andrés
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Calle Arquitecto Francisco Peñalosa, 29071 Málaga (SPAIN)

1. Introduction
The intensive use of conventional electrically driven chillers in the residential sector has been one of the
main factors behind the continuous increase in the electricity consumption and peak electricity demand.
Solar-driven cooling systems are a promising alternative to conventional systems. The most common
technology for residential applications is the solar-driven single effect absorption chiller.
There are many possible configurations for this kind of system. For instance, the thermal storage could be in
the ‘hot’ side of the absorption machine (between the solar field and the generator), and/or in the ‘cold’ side
of the machine (between the evaporator and the load). Most of the published works on these systems use
only hot water storage (Florides et al., 2002; Atmaca et al., 2003; Joudi et all, 2003; Assilzadeh et al., 2005;
Zambrano et al., 2008; Eicker et al., 2009), whereas a few studies consider both cold and hot water storages
(Li et al., 2001; Marc et al., 2010).
As any other solar system, a conventional backup is required for cases of insufficient solar contribution.
There is no consensus in the literature about which is the best type of backup system. Some authors like
Calise et al., 2010 argue that the configuration with compression chiller has better energetic performance
than the configuration with boiler. Henning (2004) also mentions the advisability of using a cold backup
instead of a hot backup.
Many ways exist for coupling the backup system with the solar system. In case of using a hot backup (i.e., a
boiler), a parallel connexion is preferred in order to avoid higher temperatures of the water returning to the
solar collectors, which would lower the collector efficiency. In case of using a cold backup, it could be
installed in the room to be serviced, or coupled with the solar system. In the first case, two different terminal
units are required. In the second case, when the auxiliary system is integrated as part of the solar system, the
chiller can be installed in parallel or in series connexion. The series connexion is only advisable when the
auxiliary system is able to modulate the cooling capacity. When cool water storage is present, the electrical
chiller can be installed in series, parallel or mixed connexion.
The purpose of this paper is to investigate if there are significant differences in the thermal behaviour of
three different configurations of solar-driven absorption systems. All these configurations include ‘hot’ and
‘cool’ water storages, and use a reversible compression chiller as backup system. In configuration 1, the
backup chiller is independent of the solar system. In configuration 2, the backup chiller is connected in
parallel with the cool water storage. In configuration 3, the backup chiller is connected to the cold storage.
The configurations will be simulated with TRNSYS 16. Some issues are:
a)

Two locations in Spain are considered, Málaga (south cost) and Madrid (centre)

b) A single effect absorption chiller is employed (nominal cooling capacity 10 kW), with
characteristics well suited for residential applications
c)

Solar flat-plate collectors are used

d) Terminal units are fan-coils
e)

A standard house is defined and simulated in order to determine typical heating (space + DHW) and
cooling demands.

The main figures of merit to compare configurations will be the solar fraction and the auxiliary energy
demand, although other operational parameters were also considered. In particular, the electric consumption
of each configuration was estimated from the characteristics of the equipment and the number of working
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hours. However, the results of the simulations showed that the electric consumption of the three analyzed
configurations was very similar and, consequently, this factor was not used for comparison.
2. System description
2

The base case has 30 m of flat plate solar collectors tilted 30º, 300 litre hot water storage and 900 litre cool
water storage. The system provides space heating, space cooling and DHW to a 128 m2 floor area standard
house. Figure 1 shows simplified schematics of the systems in summer mode. The common part of the
scheme and the variations between configurations are shown. The differences between configurations are
found, as explained before, in the arrangement of the backup system. Configuration 1 has an independent
chiller that requires its own terminal unit, different from the one used by the solar system. Configurations 2
and 3 integrate the chiller into the solar system. In configuration 2, the chiller directly services the load when
required. In configuration 3, the chiller is connected to the cold storage tank.

Fig. 1: Schematic of solar cooling configurations (summer season)

In winter mode, the auxiliary system works as a heat pump, the absorption machine is bypassed, and the cold
storage is used as extended hot water storage. All over the year, domestic hot water is preheated in a heat
exchanger in series with the hot water tank, and finally heated (if necessary) by an independent modulating
boiler. This boiler is exclusive of the DHW circuit, that is, independent of the space heating function.

2.1 Component models
The flat plate solar collectors have been modelled with the TRNSYS standard component Type1b. The
efficiency curve of the collector is shown in equation 1.

T T
T  T 
  0.75  3 m a  0.015 m a
G
G

2

(eq. 1)

Tm and Ta represent the average temperature of the fluid and the ambient temperature (ºC), respectively. G is
the total radiation on the collector surface (W m-2).
All the storage tanks are a height of 2.5 m and have been simulated using the standard TRNSYS component
TYPE 60. This component models a water-filled sensible energy storage tank, subject to thermal
stratification. In the simulations, five fully mixed nodes have been used to account for vertical stratification
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effects. The thermal loss coefficient of the tanks is 0.7 W m-2 K-1, which lies between 0.5 and 0.9 W m-2 K-1
as recommended by Syed (2005). The pipes of the collector field have been modelled with the standard
TRNSYS component TYPE 31, which considers both the thermal losses from the pipes to the ambient and
the thermal inertia of the fluid in the pipes.
The absorption chiller has been modelled using the non-standard TRNSYS component TYPE 680 (TESS,
2007). This steady-state model simply interpolates the characteristic curves of the chiller in order to
determine the available capacity and the COP at the current operating conditions. The COP and the cooling
capacity of the chiller are defined as tabulated functions of several temperatures: generator water inlet,
chilled water outlet and cool water inlet to the absorber and condenser. The functional form of these curves
was derived from manufacturer data for the commercial chiller Yazaki SC30. The chiller used in the
simulations has a nominal capacity of 10 kW, and a nominal coefficient of performance (COP) of 0.695. The
cooling tower is simulated assuming that the tower outlet water temperature is 5 ºC above the ambient wet
bulb temperature.
The fan-coil unit and the back-up chiller have been modelled using manufacturer curves from CIAT Spain.
The chiller model corrects the nominal energy efficiency ratio (EER) and the nominal capacity as functions
of the part load ratio and the operational temperatures (chilled water temperature, dry and wet air
temperature of the zone, ambient temperature). The fan-coil model considers the effect of the operational
temperatures (chilled water temperature, zone conditions) on the sensible heat ratio. Other (only sensible)
heat exchangers are modelled assuming a constant efficiency of 0.8

2.2 Energy demands
A 128 m2 floor area, two storeys high, standard house was simulated with EnergyPlus (2011) in order to
determine the space heating and cooling demands. The ratio of glazed area to total façade area is 23.4%. The
orientation of the main façade is south, and all walls are exterior. The maximum number of occupants is 5
people, the lighting load is 20 W m-2, and the power installed on electric equipment is 1250 W. Appropriate
schedules have been applied to all internal gains. The ventilation level is fixed at 3 litre s-1 per person, and
the assumed infiltration rate is 1 air changes per hour. The total annual demands (including DHW heating)
are summarized in figure 2 for Málaga and Madrid.
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Fig. 2: Total annual demand

2.3 Control strategies
The primary and secondary pumps are activated when the outlet temperature of the collectors is 7 ºC above
the temperature at the bottom of the hot storage. A hysteresis window of 5 ºC is applied. The primary loop
mass flow rate is set at 50 kg h m-2. To activate the absorption chiller, the temperature at the top of the hot
storage tank must be 7 ºC above the minimum recommended temperature for the water entering to the
generator (75 oC). A hysteresis window of 5 ºC is also applied to limit the number of on/off cycles. A
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modulating three ways valve is used to prevent temperatures higher than 95 oC from entering the absorption
chiller. The temperature of the water leaving the cooling tower must be below 32 ºC when the absorption
chiller works.
The set point temperature of the absorption chiller is 7 ºC, but if the machine does not have enough capacity,
the outlet temperature of the chiller increases. It depends on the available hot water temperature, and the
ambient conditions.
In configuration 1 and 2, the set point temperature of the backup system is 13 oC, slightly higher than the set
point of the absorption chiller. In these two configurations, the system can regulate capacity to provide the
energy required. However, in configuration 3, when water temperature at the bottom of the cool storage is
higher than 13 ºC, the backup system is activated. Therefore, the outlet chilled temperature is variable, and it
depends on the entering water temperature (top of the cool storage) and ambient conditions. With these
restrictions, it is possible to cover the peak demand at any time in any of the three configurations, because
terminal units are sized to cover peak cooling demand with water entering at 13 ºC.
The signal to activate the auxiliary system depends on the configuration. In configuration 1, the activation
happens when solar system can not cover the total cooling demand. In configuration 2, it happens when cool
water storage is not able to provide chilled water at the desired temperature, less than 13 ºC. In configuration
3, the activation happens whenever the temperature at the bottom of the cold storage tank is higher than
13 ºC and it does not stop until this temperature is 2 ºC below.
In winter season, the cold storage tank is used as an extended hot tank, connected in series with the buffer
solar tank. In that season, electrical-driven reversible heat pump, the backup system, provides hot water to a
set point of 40 ºC in configuration 1 and 2. In configuration 3, the backup is activated when temperature at
the top of the second hot storage is below 40 ºC.
3. Simulation results
The annual results for the base cases in Málaga and Madrid are shown in figure 3 for cooling and figure 4
for heating and DHW. The “thermal auxiliary energy” is the energy supplied by the backup system.
The total solar fraction in configuration 1, 2 and 3 (total means space heating + space cooling + DHW) is
71.1%, 63.6% and 62.5% respectively. But although configurations 2 and 3 present similar results for solar
fraction, they present different results for the auxiliary thermal energy that backup system has to provide.

Annual energy balance (kWh)

In Málaga the auxiliary thermal energy in cooling mode in configuration 2 and 3 is 16.4% (602 kW.h) and
30.5% (1118 kW.h) higher than in configuration 1 respectively, and the auxiliary thermal energy in heating
mode is 89.2% (603 kW.h) and 123.1% (832 kW.h) higher too.
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Fig. 3: Annual cooling energy balance. Thermal energy. — Málaga, - - - Madrid
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Fig. 4: Annual heating energy balance. Thermal energy. — Málaga, - - - Madrid

From a thermal point of view, configuration 1 performs the best in both locations, followed by configurations
2 and 3 in this order. In configuration 1, the auxiliary system is fully independent of solar system, and
consequently it has its own fan-coil unit. This allows using chilled water produced by solar energy even if its
temperature level is not low enough for satisfying the total cooling demand. In addition, configuration 1
involves a higher energy extraction rate from hot water storage to the absorption chiller during the early and
last hours of the day. The average temperature of the solar field is thus reduced, improving efficiency.
When the auxiliary system is integrated with the solar installation, configuration 2 is better than
configuration 3. Two factors explain this result. First, the storage tank in configuration 3 experiences higher
thermal gains because its temperature is lower. It happens because the backup system ensures that
temperature at the bottom of the storage does not exceed 13ºC. Therefore, part of the conventional energy
used to cold down the water in this storage is lost. Besides, the lower temperature influences in the behaviour
of the absorption chiller. Secondly, the effect of the latent to sensible heat ratio of the terminal unit is
important (see figure 5). In configurations 1 and 2, the set point temperature for the backup system is 13 oC,
but in configuration 3 it is not fixed, and it is usually smaller than 13 ºC. This means that in configuration 3
the fraction of conventional energy used to lower the zone humidity is higher than in the other two
configurations.

Sensible heat ratio
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Fig. 5: Sensible heat ratio of the fan coil unit as a function of the chilled water temperature

The comparison in heating mode is similar. Configuration 1 is better because it allows using solar energy
even if the temperature of the solar hot storage is not large enough to meet the total heating demand.
Configuration 2 is better than configuration 3 because part of the energy produced by the auxiliary system,
which is stored in the extended hot tank, is lost to the environment.
Just to have an order of magnitude for comparison in terms of primary energy consumption and cost, we will
assume a boiler efficiency of 80%, a COP of 3 for auxiliary heat pump, and a conversion value of 0.33
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between primary energy and electrical. The primary energy required for each configuration is represented in
figure 6. The annual operating cost for each system, assuming a cost of 0.11 c€ kW-1 h-1 for electricity and
0.74 c€ kg-1 (13.8 kW h kg-1) for gas, is shown in figure 7. The total savings are presented in table 1.

Annual primary energy (kWh)

25000
Conventional
system

20000

Solar conf. 1

15000

10000

Solar conf. 2

5000

Solar conf. 3

0
Málaga

Madrid

Fig. 6: Annual energy balance. Primary energy

Tab. 1: Annual operating saving cost (€)
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Solar conf. 2
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Fig. 7: Annual operating cost for the different systems in both locations

In the following subsections, the influence of different design parameters is analysed: collector area,
collector type and hot and cool water storage volumes.

3.1 Collector area
Solar fraction is very dependent on the collector area. An increase from 20m2 to 40m2 in Malaga implies an
increase of the total solar fraction (total means space heating + space cooling + DHW) from 57.2% to 81.0%
for configuration 1, from 52.3% to 72.0% for configuration 2, and from 50.5% to 70.4% for configuration 3;
see figure 8.
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Fig. 8: Influence of the solar collector area in auxiliary thermal energy required. Málaga . (——) Conf 1, (— —) Conf 2,
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The number of on/off cycles of the absorption chiller increases when the solar collector area decreases. This
behaviour can be observed in figure 9, which represents the hourly values of different energy flows during a
typical summer day (10th July) for configuration 1 for three different collector areas. The operation of the
absorption chiller becomes more continuous as the collector area increases.
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Fig. 9: Representative energy flows for several collector area. Málaga. Energy flows . (—) Incident radiation, (— —) power
from solar collectors, (· · ·) inlet power to the generator of the absorption chiller, (— · —) power from the evaporator of the
absorption chiller

3.2 Collector efficiency
Three different collector models are considered; table 2 shows the coefficients of the performance curves of
each collector. The base case is type 1. Figure 10 shows how the solar fraction changes with the collector
type. The main influence is observed in the solar cooling fraction. During the heating season the three
alternative collectors perform the same effect.
Besides, an increase of on/off cycles in absorption machine occurs if the efficiency curve of the collector is
worse. It is the same effect observed when the solar collector area is reduced (figure 9).
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Tab. 2: Efficiency curves for collectors considered
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Fig. 10: Influence of collector efficiency curve in total solar contribution (%). Málaga

3.3 Storage size
The effect of the storage size is analysed by changing the volumes of the hot storage from 10 litre m-2 to
30 litre m-2, and the total volume from 20 litre m-2 to 100 litre m-2. Figure 11 plots the auxiliary annual
energy required to meet the cooling demand. For all configurations, the higher is the total volume, the higher
is solar fraction. In addition, the solar fraction increases (or auxiliary energy decreases) as the hot water
storage volume decreases for the same total volume.

Annual auxiliary thermal energy
(kWh)

Configuration 1 is more sensitive to the cold storage size. When the cold storage volume increases, the
temperature of the water entering the fan-coil unit also increases, thus increasing the fan-coil sensible heat
ratio. Consequently, part of the energy that was spent in drying the zone air is now dedicated to reduce the air
temperature. This effect is not observed in the other two configurations because the temperature entering the
fan-coil unit is almost constant. Trends remain the same for Madrid. When the ratio of hot storage volume to
total storage volume increases (less cold storage volume), the advantages of using configurations with cold
storage vanish.
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Fig. 11: Influence of the solar total volume in auxiliary thermal energy required for cooling. Málaga . (——) Conf 1, (— —)
Conf 2, (- - - -) Conf 3. Hot water size: (x) 10 litre m-2, (●) 20 litre m-2, (□) 30 litre m-2

In relation with solar heating contribution, the important parameter is the total volume of storage, no matter
where it is located in the hot or cold side of the system. Influence in both locations is shown in figure 12.
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Fig. 12: Influence of the solar total volume in auxiliary thermal energy required for heating. Málaga

4. Conclusions
Simulations with TRNSYS have been performed to compare three configurations of a solar system that
provides cooling, heating and domestic hot water to a standard house. The house, with 128 m2 of useful floor
area, is located in Málaga or Madrid, both in Spain. The main parameters of the base-case system are 30 m2
of flat plate solar collectors tilted 30o, 10 litre m-2 of hot water storage and 30 litre m-2 of cold water storage.
The terminal units in the zone are fan-coils. Configurations differ in the arrangement of the auxiliary system.
It is independent of the solar system in configuration 1. In configurations 2 and 3, the auxiliary system is
integrated into the solar system, in parallel with the cold water storage in configuration 2, and connected to
the cold storage in configuration 3. A sensitivity analysis of the main design parameters has also been
performed.
From an economic point of view, the main drawback of configuration 1 is that the investment cost is higher
due to the need to use two terminal units, one for the solar system and another for the backup chiller.
Concerning configuration 3, the installed capacity of the auxiliary chiller can be reduced compared to
configurations 1 and 2, which results in a lower investment cost.
From a thermal point of view, configuration 1 performs the best because there are no interferences between
the solar and the conventional system. The solar system works even in the case of insufficient power to meet
the full cooling demand. When the auxiliary system is integrated with the solar installation, configuration 2 is
better than configuration 3. Two factors explain this result. First, the cool storage tank in configuration 3
experiences higher thermal gains because its temperature is lower. Part of the conventional energy used to
cool down the water in this storage is lost. Secondly, the effect of the latent to sensible heat ratio of the
terminal unit is important too. The leaving water temperature to fan-coil is the lowest of the three
configurations. Therefore, the fraction of conventional energy used to lower the zone humidity is higher than
in the other two configurations. The comparison in heating mode is similar. Configuration 1 is the best,
following by configuration 2 and 3 respectively.
The sensitivity of the results (solar fraction and consumed auxiliary energy) with the solar collector surface,
the collector type and the storage size is analysed. The size of the collector field is the dominant parameter.
A secondary effect of the collector area is to increase or decrease the number of on/off cycles of the
absorption chiller. If the collector surface is reduced, the number of cycles increases. The same effect is
observed when the quality the collector (efficiency) is worse. Regarding the storage sizes, a general rule can
be stated: the higher is the total volume, the higher is the solar contribution. Besides, the relation between hot
storage volume and cool storage volume is an important factor in cooling mode. As this ratio decreases, the
performance of the system increases (higher solar fractions and lower auxiliary energy consumption).
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ASSESSING THE FEASIBILITY OF SOLAR ABSORPTION
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1. Introduction
Residential energy demand from space-cooling in Canada has increased by over 200% in the last twenty
years (NRCan, 2008). Presently, the most common space-cooling technology in use is electrically driven
vapour compression systems. These systems place a large strain on the central electricity system during the
summer months, and in Ontario, Canada, these large loads are typically powered by non-renewable sources
of energy. Across Canada, space-cooling resulted in the emission of 1.2 Mt of CO2 equivalent (CO2e) in
2008, with 1.0 Mt resulting from central systems. While improvements are being realized in the thermal
envelope of households, space-cooling remains a significant component of residential energy use in the
summer months during peak periods of electrical demand.
As an alternative, solar power can be used as an energy source in a residential space-cooling system,
removing the bulk of the energy demand of the system from the electricity grid. The addition of this
renewable energy source reduces the peak summer loads on the electrical grid, and therefore decreases the
GHG contributions from cooling systems.
1.1 Solar Absorption Cooling
Solar absorption cooling (SAC) utilizes solar energy and harmless working fluids (refrigerants) such as
water, to produce chilled fluid for the removal of heat through space-cooling (Balghouthi et al., 2005). The
typical COPth of a single-effect absorption system is 0.5-0.8 (Henning, 2007).
In 2003, the Solar Air Conditioning in Europe Project investigated 54 solar cooling projects across Europe.
This research has shown solar cooling to result in primary energy savings of 40-50% (Balaras et al., 2007).
However, solar insolation fluctuates considerably with latitude, and studies have shown that climate is a
strong factor in the performance of solar cooling systems (Mateus & Oliviera, 2009). Research investigating
the viability of solar cooling systems in a Canadian climate is scarce, and consequently there is a need for
studies for Canadian applications. In addition, while much research has been completed in the area of
building space-cooling, for example for the Shanghai Institute of Building Science in China
(Zhai & Wang, 2009), research concerning the application of solar cooling in residential housing has been
less prevalent.
1.2 Research Objectives
In order to assess the feasibility of SAC for Ontario houses, the design, commissioning, and testing of an
absorption chiller were undertaken (Johnson, 2011). This experimental work focused on gathering reliable
experimental performance data to calibrate a model of an absorption chiller suitable for building performance
simulation. Following the experimental work, appropriate control schemes for a residential SAC system were
established. Initial simulations of the SAC system were conducted to dimension system components using
TRNSYS simulation software. The existing thermal air conditioning model in the ESP-r simulation
environment was then calibrated and refined using the experimental data. A complete SAC system in ESP-r
was developed using the refined thermal air conditioning model and other appropriate system components
for simulation within models of representative Ontario houses. Finally, an assessment of the SAC system in
houses with different operating conditions and for different climatic regions was performed. The viability of
the system was determined based on the energy and greenhouse gas performance of the system.
2. Experimental Setup
A test facility was designed and assembled to experimentally characterize the performance of a Yazaki
WFC-SC10 (35 kW) lithium/bromide absorption chiller (Aroace, 2010) under different steady-state
operating boundary conditions. The purpose of the absorption chiller test facility was to gather performance
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data for a range of heat medium, chilled, and heat rejection water temperatures and flow rates.
A simplified schematic of the absorption chiller test facility used in this study is provided in Figure 1. The
test facility had three main circuits, which independently controlled the chiller inlet temperatures and flow
rates. The generator circuit provided the heat input to drive the absorption cycle and the evaporator circuit
was where the useful cooling effect occurred. Finally, the condenser/absorber circuit rejected the heat being
transferred to the absorption chiller by the evaporator and generator circuits to an externally chilled glycol
stream. The test facility included additional measures to ensure boundary conditions at the absorption chiller
could be held at steady-state. The functions of the solar thermal collectors, storage tanks, cooling tower and
space-cooling load were performed using other hardware in the test facility to carefully control the boundary
conditions.

Figure 1: Simplified Schematic of the Absorption Chiller Test Facility

2.1 Experimental Results and Calibration
The experimental results described the inlet and outlet conditions for the generator, evaporator, and
condenser/absorber across a range of inlet conditions, described in Table 1. In order to verify the
performance characteristics of the absorption chiller test facility, the measured data was compared against
manufacturer’s performance data (determined by a graphical method). There was general agreement between
the manufacturer data and the acquired results; however the operating conditions used in the manufacturer
testing were different from the experimental work undertaken.
Table 1: Range of Absorption Chiller Inlet Conditions Tested

Range Tested

Generator Inlet
Temperature (°C)

Evaporator Inlet
Temperature (°C)

Condenser/Absorber
Inlet Temperature (°C)

73 - 86

11 - 22

26 - 33

Characteristic equations for the generator and evaporator heat transfer rates were then empirically derived. A
linear expression based on the inlet temperature at all three nodes was found to best represent both the
generator and evaporator heat transfers. The selected expressions are provided in Equations 1 and 2, where
is the heat transfer rate (kW), T is the temperature (°C), and the subscripts gen, evap, cond, and in
represent the generator, evaporator, condenser, and inlet, respectively. Figure 2 displays the predicted heat
transfer rate for each experimental heat transfer result for both the generator and evaporator. The generator
heat transfer rate was well predicted, with higher deviations at generator heat transfer rates of 40 kW and
higher. The evaporator heat transfer rate was well predicted for all conditions.
(Equation 1)
(Equation 2)
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Figure 2: Predicted and Experimental Evaporator and Generator Heat Transfer Rates

3. Solar Absorption Cooling System Setup
After completion of the experimental work, the SAC system was assessed for Ontario housing using building
performance simulation (BPS). The SAC simulated is displayed in Figure 3 and was composed of four subsystems: heat medium production, cold medium production, heat rejection, and load. The heat medium
production loop included an array of evacuated tube solar collectors with a 50% glycol solution working
fluid, as well as a heat exchanger, a hot storage tank, and circulating pumps. Hot and cold storage tanks were
included in order to address the fluctuation in available solar energy. The hot storage tank stored the hot
water exiting the solar collector loop heat exchanger and provided the fluid for the inlet to the generator. The
cold storage tank stored the chilled water exiting from the evaporator and also provided the chilled water to
the load side of the system. The required cooling water streams for the condenser and absorber were
connected to a cooling tower.

Figure 3: Schematic of the Solar Absorption Cooling System

Once a standardized system design had been selected, building simulation programs were then used to assess
the performance of buildings and the related plant networks under a variety of control scenarios. For the
initial stages of the present research, BPS software was used to determine the appropriate sizing of a
residential SAC system. TRNSYS 17 was selected for the initial sizing of the solar absorption cooling
system, due to its ability to rapidly prototype and design, along with the ease in adding and redesigning
components. For the overall BPS of houses with the integrated SAC system, a program which utilized a
more robust numerical method in finite difference was desired. The ESP-r simulation environment
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(ESRU, 2002) utilizes numerical methods for mass and thermal energy balances in the solution of its
building and plant networks. Additionally, the ESP-r simulation environment has been extensively validated
(e.g. Strachan, 2008) and is an open-source software platform. For this study, ESP-r was selected for the
final modelling of the plant network and its integration into Ontario houses with different occupant
behaviour strategies and climatic conditions.
3.1 Control Strategies
The SAC system included control strategies for the actuation of the heat production loop, the chiller, and the
load loop. For the heat production loop, the actuation of Pump-1 and Pump-2 (Figure 2) were dependent on
the availability of solar radiation. Pump-1 and Pump-2 were activated whenever the following two
conditions were met: 1) the solar collector fluid temperature was at least 4°C greater than the hot storage
temperature; 2) the hot storage tank temperature was less than or equal to 94°C. The latter condition ensured
that the hot storage tank was never heated above the maximum generator inlet temperature.
The chiller control strategy actuated Pump-3, Pump-5, and the chiller, based on the chiller inlet conditions.
The experimental data was used to provide bounds to the chiller operation, along with the Yazaki guidelines
(Aroace, 2010). In order to operate, the chiller required the following conditions to be met:
1.

Generator inlet temperature between 73.6°C (experimental) and 95.0°C (Yazaki). If the generator
inlet temperature was above 86.6°C (experimental), the heat transfer rate calculations were
completed with a generator inlet temperature of 86.6°C.

2.

Heat rejection inlet temperature below 32.7°C (experimental). If the heat rejection inlet temperature
was below 26.7°C (experimental), the heat transfer rate calculations were completed with a
condenser inlet temperature of 26.7°C.

3.

Evaporator inlet temperature between 10.8°C and 22.2°C (experimental).

Finally, the control strategy for the zone cooling was based on the zone and cold storage tank temperatures.
The zone cooling setpoint was 24 +/- 0.5°C. As long as the cold storage tank temperature was below that of
the zone, the fan and pump-6 were actuated once the zone temperature exceeded 24.5°C, and continued to
actuate until the zone temperature reached 23.5°C.
3.2 System Component Sizing
TRNSYS 17 was utilized for the initial sizing of the system. The developed system included two custom
Types for the modelling of the absorption chiller and the controller. Following the initial sizing,
ESP-r was used to complete a more robust sizing using the experimentally obtained chiller data. The final
sizing of the components is provided in Table 2. The required solar collector area was determined to be
50 m2, with combined water tank storage totalling 2.0m3.
Table 2: Final Sizing of System Components

Variable

Solar Collector
Area

Hot Storage Tank
Volume

Cold Storage
Tank Volume

Final Sizing

50 m2

0.5 m3

1.5 m3

4. Modelling of the Absorption chiller in ESP-r
The performance assessment of the SAC system for houses in Ontario was completed in the ESP-r
simulation environment. The ESP-r system developed included a hot loop, a chilled loop, and a load
loop. The plant network was composed of existing components from the ESP-r source code, with minor
adjustments, and also a novel customized controller component. An existing absorption chiller component
was modified for use.
The absorption chiller model in ESP-r was created by Beausoleil-Morrison et al. (2004) and was designed for
calibration with experimental data. This model had three nodes: the water-side of the generator, the waterside of the evaporator, and the air-side of the condenser. The model was created to use an experimentally
obtained COPth characteristic equation based on the difference between actual and standard conditions for
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each node inlet. In order to reduce the number of assumptions and the compounded experimental error from
the COPth calculations, the model was modified such that it was based on the experimentally derived
relationships for the generator and evaporator heat transfers.
The chiller model was controlled using the custom controller and therefore had no internal control
mechanisms. The inlet temperatures, inlet flow rates, and ambient wet bulb temperature were supplied to the
chiller component. The condenser inlet temperature, Tcond,in (°C), was determined by adding a two degree
buffer to the ambient wet bulb temperature (T a,wb), as shown in Equation 3. A two degree buffer was
assumed to be an appropriate approximation of the local heating effects surrounding the condenser given the
structure of the component source code and the nature of the present research (Beausoleil-Morrison et al.,
2004).
(eq. 3)
After determining the condenser inlet temperature, the chiller model must evaluate the heat transfer that
occurs at the generator and evaporator. The generator and evaporator heat transfer rates were determined
through the experimentally derived equations described by Equations 1 and 2.
Once the heat transfer occurring at the evaporator and at the generator had been determined, an energy
balance was completed on the chiller as a whole. The resulting condenser heat transfer,
(kW), was
determined using Equation 4, where Paux (kW) is the user-specified auxiliary pump power.
(Equation 4)
The thermal coefficient of performance was calculated using Equation 5.
(Equation 5)
The matrix equation for each of the nodes was then described for the simultaneous solution of the outlet
nodal temperatures of the chiller along with the remaining plant components, based on a simple nodal energy
balance of the form shown in Equation 6.
(Equation 6)

5. Modelling of Ontario Houses
In order to accurately assess the performance of the SAC system in Ontario houses, a number of house
models were utilized. Swan et al. (2009) developed a database of representative houses across Canada,
called the Canadian Stock of Single-Detached, Double, and Row Houses Database (CSSDRD). The house
models include a high level of detail, including required inputs for full thermal analysis in ESP-r simulations.
From this database (over 16,000 houses), four house models were selected for use in the present research,
which represented a number of vintages, construction materials, storeys, and window areas.
The base case house is shown in Figure 4. The main zone (main_1) received all of the cooling, while the
second main living zone (main_2), received cooling by means of inter-zone air flow. Each of the houses
incorporated internal gains from appliances and lighting, as well as air exchange with the exterior through
cracks and gaps. The base climate for the assessment of the SAC system was the Canadian Weather for
Energy Calculations (CWEC) Toronto (Numerical Logics, 1999) weather file. The CWEC files are derived
from hourly weather information for Canada from 1953-1995. They are representative of conditions which
would result in average cooling loads in buildings, based on statistically comparing various climatic
conditions (Environment Canada, 2011).
The system was simulated with the base case house in three different Ontario municipalities: Greater Toronto
Area (GTA), Windsor, and Ottawa. These three populated cities have relatively high summer temperatures
for the Ontario region, with average ambient temperatures between 18°C and 20°C. The number of hours
with ambient temperatures above 30°C for the cities is in the range of 20-31 hours. It was assumed that the
design of the GTA houses was representative of urban Ontario houses and that they were appropriate for
testing in the Windsor and Ottawa municipalities.
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Figure 4: Wireframe Diagram of Base Case House Model

The base case house model was also simulated with the Toronto Pearson International Airport CWEEDS
data from 1999 to 2008 in order to assess the ability of the system to meet cooling loads across the temporal
variance of an individual city.
6. Results
The cooling season investigated ranged from May 15 to September 15. The parameter Ɲ, described by
Equation 7, was used for the determination of the performance of the system, where n is the number of
zones. To begin, the base case system was simulated. The summary of results for the base case is presented
in Table 3.
(Equation 7)
Table 3: Summary of Results for the Base Case Model

Climate

Avg. Ambient
Temp. (°C)

Number Hours Ambient
Temp. Above 30°C

Toronto CWEC

18.3

31

(%)
2.5

Max. Zone
Temp. (°C)

Avg. Zone
Temp. (°C)

27.2

23.4

30

1200

25

1000

20

800

15

600

10

400

5

200

0

0
1

3
Zone 1

5

7

9
Setpoint

11
13
15
Time (Hour)
Ambient

17

19

23

Available Solar

Figure 5: Zone and Ambient Temperatures on July 4th
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21

Solar Energy (W/m2)

Temperature (°C)

The temperature trends for the zone temperature, ambient temperature, and available solar radiation on a
typical day (July 4th) are shown in Figure 5. The morning hours serve as a time to charge the hot tank to the
maximum generator operating temperature. The chiller activates throughout the day, with more frequent
activations in the afternoon and evening hours. The zone temperature fluctuates between 23.5°C and 24.5°C,
corresponding to the cooling deadband.
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A similar plot is shown for the day with the peak zone temperature, August 4 th, in Figure 6. The ambient
temperature on August 4th was in a similar range as that of July 4 th, but the solar radiation was significantly
lower. This low radiation resulted in the hot storage tank being unable to maintain the minimum generator
inlet temperature. Once the tank reached the minimum generator inlet temperature, the chiller immediately
activated, drawing the hot storage tank temperature down and consequently cycling the chiller off. The hot
storage tank then recharged until it reached the setpoint and again the chiller activated immediately. As a
result of the low solar radiation, the hot tank could no longer be charged and the chiller remained inactive by
hour 15. This inactivity resulted in a steadily increasing cold tank temperature, and consequentially a steadily
increasing zone temperature. Zone 1 reached a peak temperature of 27.2°C in the late evening.

23

Available Solar

Figure 6: Zone and Ambient Temperatures on August 4th

The energy flow for a typical day, July 4th, is shown in Figure 7. The available solar energy for the day is
1050.9 MJ, only about 22% of which is absorbed for use in the SAC system due to sporadic solar collector
pump activation and solar collector inefficiencies. The resultant energy is available to the generator, along
with 27.8 MJ from the hot storage tank, which allows 189.4 MJ of energy to be removed through the
evaporator. The resulting cooling output is 184.7 MJ, along with 0.5 MJ of additional storage in the cold
tank. The diagram shows the heat loss in the hot storage tank and heat gain in the cold storage tank, as well
as the auxiliary power input. The major loss of available solar energy occurs from the sporadic activation of
the solar collector loop and the coefficient of performance of the chiller.

Figure 7: System Energy Flow on July 4th
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The overall monthly performance of the chiller is shown in Table 4. The parameter definitions are provided
in Equations 8 through 13.
(Equation 8)
(Equation 9)
(Equation 10)
(Equation 11)
(Equation 12)
(Equation 13)

The average daily cooling was found to be 86 MJ/day, with a maximum daily average cooling of 139 MJ/day
occurring in July. The chiller was able to meet all of the loads in May, June, and September, while the
system was unable to maintain the setpoint for a portion of both July and August. A significant finding is the
number of days where temperatures above the setpoint occur – only three sequential days in each July and
August. This suggests that while the chiller failed to maintain the cooling setpoint 2.5% of the timesteps, this
was concentrated over only a few days.
In August, the three sequential days of unmet cooling loads began on August 4 th, shown earlier. This day of
low solar radiation resulted in the peak zone temperature and caused a lasting effect for another 36 hours.
The COPth of the chiller was fairly consistent throughout the summer, with a maximum monthly average of
0.74 in May. The chiller activated less frequently in May, resulting in higher generator inlet temperatures,
which improved the chiller performance. The chiller was in operation 114 out of the 124 days simulated,
with daily operation occurring in August.
Table 4: Monthly System Performance Parameters

May

June

July

Aug.

Sept.

Total

Incident Solar Energy (MJ)

18660

33252

34220

30599

12984

129715

Qcaptured (MJ)

233

2870

6194

5035

1321

15653

Cooling Energy (MJ)

95

1955

4181

3419

838

10488

Average Daily Cooling (MJ/day)

11

70

139

110

70

85

0.0

0.0

3.5

5.8

0.0

2.5

Days with unmet cooling loads

0

0

3

3

0

6

COPth

0.74

0.72

0.69

0.70

0.73

0.70

COPelec-chiller

169

149

106

110

148

117

SFsystem

0.09

0.21

0.24

0.22

0.20

0.20

COPelec-system

6.9

9.3

8.0

7.7

9.1

8.2

Days Chiller in Operation/Days
Simulated

9/17

28/30

30/31

31/31

12/15

110/124

(%)

6.1 Climatic Considerations
Following the base case simulation, the SAC system was simulated in different Ontario climates. The results
for the system simulation in Windsor and Ottawa were consistent with the Toronto results. The average zone
temperature and number of timesteps with unmet cooling loads were unvarying in all three cases, while the
maximum zone temperature showed some minor variations. Figure 8 shows the maximum monthly Zone 1
temperature for the base case house for each climate. The width of each slice represents the number of days
simulated in that month. The radius of each circle represents the maximum zone temperature, with the centre
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of each circle representing 19°C, and each consecutive circle representing an additional degree. The
maximum monthly Zone 1 temperatures occurring in each climate were found to be similar, with a slightly
higher peak in Toronto in August, and a significant peak of 28.2°C in July in Ottawa. This maximal
temperature corresponds to July 20th, the climax of a hot week in Ottawa. Further details of the climatic
results can be found in Edwards (2011).

Figure 8: Maximum Monthly Zone Temperature for each Climate Region
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Given the variation of temperatures and humidity of a particular climate each year, the performance of the
SAC system in the base case house was modelled from 1999 to 2008 in the Toronto region using CWEEDS
weather files. Figure 9 shows the resulting percentage of unmet cooling loads for each summer, as well as the
maximum occurring and average temperatures for Zone 1. Table 5 displays weather information about each
of the years. The hot summers of 2002 and 2005 in Toronto resulted in the highest frequency of zone
temperatures above the setpoint of 24°C, but the highest peak zone temperature occurred in 2006.

20

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
Unmet Cooling Loads
Performance Target
Maximum Temperature
Average Temperature
Figure 9: Unmet Cooling Loads and Maximum and Average Zone Temperatures in Toronto from 1999-2008

The SAC system was able to meet the cooling loads and maintain the desired comfort conditions at least 95%
of the time for six of the summers investigated. The remaining four summers had over-heated living zones
between 5.3% and 12.0% of the time. The decade-long simulations show that while changes in weather do
not affect the average zone temperature, they do significantly affect the peak temperature and frequency of
peak temperatures.
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Table 5: Summary of Weather and Performance Variables for Toronto Pearson International Airport for 1999-2008

Year

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

Avg. Ambient
Temp. (°C)

20.9

18.5

20

20.7

19.5

18.6

21.5

20.1

20.5

19

Avg. Daytime
Global
Horizontal Solar
Radiation
(W/m2)

392.2

355.5

401.7

419.8

387.9

353.4

404.8

354

397.2

358.2

Number of
Hours
Tamb > 30°C

123

6

107

188

65

8

159

105

124

25

Number of
Hours
Tamb > 30°C and
Radiation < 500
W/m2

4

0

3

2

0

0

3

4

1

0

5.3

0.1

4.9

10.6

0.5

1.4

12.0

7.5

4.3

0.9

Max. Zone
Temp. (°C)

30.7

25.5

29

29.6

25.6

28.1

28.9

31.1

27.3

27

Avg. Zone Temp.
(°C)

23.9

23.4

23.7

23.6

23.5

23.7

24

23.7

23.8

23.4

(%)

Comparing in Table 5 shows that the peak number of unmet cooling loads coincides with the years with
the highest number of hours with high ambient temperatures and low solar radiation. While these
occurrences don’t account for all unmet cooling loads, it does affirm the finding that the system performs
most poorly on hot days with low solar radiation. This finding also explains the higher number of unmet
cooling loads in 2006, despite the higher average ambient temperature and solar radiation in 2007.
The system was also simulated with a variety of cooling setpoints, generator inlet temperatures, and house
designs. The system was robust enough to successfully maintain a lower cooling setpoint of 23 +/- 0.5°C.
Higher generator inlet temperatures were found to decrease the maximum zone temperature and mildly
reduce the number of timesteps with unmet cooling loads. The system failed to meet the cooling setpoint on
days with high temperatures and low incident solar radiation, and in houses with particularly high window
areas and high associated solar gains.
7. Greenhouse Gas Emissions Analysis
One of the primary motivations for the use of solar absorption cooling is to reduce the peak load on the
electrical grid during the summer months. Peak loads are supplied by greenhouse gas (GHG) intensive
energy generation sources, and therefore a decrease in peak loads would result in a decrease in GHG
emissions. The performance of the base case house was simulated both with the inclusion of the SAC
system and with an ideal model of a vapour-compression cooling system in ESP-r. The electrical
consumption of each case was compared, and the resulting reduction in GHG emissions of the SAC system
was determined using Farhat & Ugursal (2010).
The breakdown of electricity generation by source in Ontario is nuclear (50%), hydro (21%), coal (18%),
natural gas (8%), and wind (1%) (Farhat & Ugursal, 2010). For simplicity, wind, hydro, and nuclear
generators are not considered to have any greenhouse gas emissions. The GHG emission reduction was
determined by comparing the electrical consumption of the base case house (Swan et al., 2009) modelled
with the vapour-compression system and the solar absorption cooling system.
Once the reduction in electricity consumption for the base case house with Toronto CWEC climate was
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determined with the implementation of the SAC system, the GHG emission reduction was calculated.
Table 6 provides the monthly reduction in electricity consumption of the SAC system relative to the
traditional vapour-compression system and the resulting GHG emission reduction. The total GHG emissions
of the house’s cooling system were reduced by 614 kg CO 2e.
Table 6: Monthly Greenhouse Gas Emission Reduction

Month

Reduction in On-Site Electricity
Consumption (MJ)

GHG Emission Reduction
(kgCO2e)

May

95.3

14

June

856.3

130

July

1527.7

221

August

1360.2

197

September

389.7

52

Total

4229.2

614

The average Canadian was responsible for 22.04 tonnes of CO2e in 2008, with 1.3 tonnes from residential
sources (Environment Canada, 2010). The implementation of a SAC system for a household of four would
account for an approximate reduction of 12% of the household’s annual residential GHG emissions. These
results demonstrate that SAC is not only feasible in Ontario, but also would provide much needed relief from
peak electrical grid loading and provincial GHG emissions.
8. Conclusions
Residential space-cooling accounts for a significant level of electricity use during the summer months in
Canada. Solar absorption cooling reduces the electrical draw from space-cooling and positively impacts the
electricity grid during the peak summer season in Ontario. The reduction in electrical draw consequently
reduces emissions from greenhouse gas-intensive peak demand energy sources.
The assessment of the suitability of SAC as an alternative to traditional vapour compression cooling was
undertaken for Ontario residences using experimental testing of a small-scale absorption chiller. The research
objectives were to create an accurate model of a full, appropriately-sized solar absorption cooling system for
use in building performance simulation software. The system was designed and first sized using TRNSYS 17
software and later implemented in a full building model in the ESP-r simulation environment. The
performance of the system was assessed within different house geometries, operating conditions, and
climatic regions. The system was found to perform well with a large solar collector area of 50 m2, and two
water storage tanks totalling 2.0 m3.
The electrical draw for the SAC system was significantly lower than a vapour compression system, resulting
in a substantial reduction in greenhouse gas emissions. These results affirmed the feasibility and
environmental benefits of using a solar absorption cooling system for space-cooling in Ontario.
The results of the research attest to the potential use for solar absorption cooling in Ontario climates, while
also providing motivation for further research into the application of residential SAC systems and the
associated barriers to adoption.
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ABSTRACT
This article shows the procedures and considerations to evaluate a solar air-conditioning project considering
both technical and economical analysis. Moreover, this work presents the design of a solar absorption airconditioning system driven by solar thermal collectors as a primary energy source. The system generates air
conditioning and heating for a residential home. A thermodynamic analysis is conducted in order to
determine the capacity of the equipments that will be used in the solar air-conditioning system. It also shows
the economical analysis of the solar air-conditioning system comparing with conventional cooling and
heating systems. Trough a developed computational model is possible to analyze different scenarios under
which the solar air-conditioning system meets conditions of economical feasibility based on criteria such as
the internal rate of return among others parameters. Tecnológico de Monterrey has a solar air-conditioning
system that uses a single effect ammonia-water absorption chiller of 10.55 kW (3 tons of refrigeration) that
works with evacuated tubes solar collectors. The system has a back-up heater that uses natural gas. This
article concludes that under very specific conditions of energy costs, equipment costs and operation time, the
solar air-conditioning system described here can become economically viable.
Key words: Solar air-conditioning, solar refrigeration, absorption refrigeration, solar thermal collectors.
1. Introduction
Due to growing environmental problems and the need to make proper use of energy resources, the use of
solar energy for residential, small office buildings, is an important contribution to reduce fossil fuel
consumption and avoid the generation of greenhouse gases. The solar air conditioning systems are slowly
emerging, although this technology has already several years and it has been sufficiently developed
(Henning, 2007). In many cases, solar air-conditioning applications have been constrained by the lack of
integration between the heating and air conditioning to meet the demands of heat and cool throughout the
year e.g. in a residential house. One of the advantages of this technology is that the peak demand for air
conditioning coincides in many cases with the availability of solar energy.
Solar air-conditioning technology is being applied and developed in Europe countries like Spain, Germany,
Italy, among others, for example in 2006 they had 100 solar systems installed air conditioning (ESTIF,
2006). In Mexico, one of the installed solar air-conditioning systems is at the Tecnológico de Monterrey
(Manrique, 1997), however in Mexico there are several drawbacks for the development of renewable
energies such as: high capital investment, lack of information, lack of regulation, lack of incentives, among
others. To address these challenges, in August 2009, the Federal Government released the “Programa
Especial para el Aprovechamiento de las Energías Renovables” (Special Programme for the Development of
Renewable Energy), which establish that the renewable energy installed capacity will reach 7.6% in 2012,
this program excludes hydroelectric projects with capacities greater than 30 MW (SENER, 2010). Currently
in Mexico, solar energy is applied in most of the cases just to generate hot water or electricity in small scales.
In addition we must consider that during the last decades the energy consumption for air conditioning
increased dramatically in most industrialized countries, even in climates where heating dominates. One of the
main reasons is the increase in living standards and demands for occupant comfort (Henning, 2004). It could
say that the sun is an inexhaustible source of energy (estimated life of 5 billion years), the irradiation
reaching the earth from the sun has a maximum average of 1.000 W/m2 (Peuser et. al. 2002).
Thanks to technological advances, is expected a growth in the number of solar air conditioning systems by
developing new and better equipment on the market at competitive prices especially for solar panels and
absorption chillers, which are the most expensive equipments. Nowadays there are solar panels with
efficiencies of 70% and absorption units with capacities of 4 kW (1.1 tons of refrigeration) with a Coefficient
of Performance (COP) between 0.6 and 0.8. This makes it possible to install solar air conditioning systems
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for many sizes of residential houses and / or buildings (Mateus et. al. 2008). Moreover there is an increased
environmental awareness of governments and society in general.
Many authors have published detailed analysis of absorption refrigeration cycles, particularly Lithium
Bromide-Water and Ammonia-Water (Uppal et. al. 1987, Wang et. al. 2009, Keith et. al. 1996, Srikhirin et.
al. 2001, Kim et. al. 2008) that are of interest for this article. The same happen for solar thermal collectors
where there are studies of the efficiency measures at different temperatures, optimum tilt angles, applications
and types of solar thermal collectors like flat plate and vacuum tubes (Kalogirou 2004, Gunerhan et. al. 2007,
Georgiev 2004, Duffie et. al. 2006). Applications of solar energy for air conditioning has a lot of work
developed by Europe and Asia as well as U.S. which are the regions where this technology is being
implemented (Mateus et. al. 2008, Desideri et. al. 2009, Atmaca et. al. 2003, Eicker et. al. 2009).
2. Work methodology
Thermodynamic and economical analyses were performed for the solar air conditioning system. Data from
the solar irradiation available in Monterrey, Nuevo León were analyzed considering the average values and
on clear days. It is known the thermal load requirement of the “Casa Solar” at Tecnológico de Monterrey for
one day and for the different months of the year. To make the analysis more representative, the most
important months of the year were considered and analyzed, i.e. warmer months (July and August) where
there is a higher demand for air conditioning and colder months (December, January) where there is a higher
demand for heating. The absorption cooling equipment will be for this case of Ammonia-Water from which
Tecnológico de Monterrey has a patent (Manrique 1997), the developed model does not exclude the use of
lithium bromide - water absorption chillers since the model works with the design value of COP of the
refrigeration equipment provided by the manufacturer and/or reported by actual performance data of the
equipment. The solar thermal collectors used in this project are of vacuum tubes. With this initial data were
evaluated the area of solar collectors, the capacity of storage tanks, the capacity of the back-up equipment,
and the coincidence in time between the available solar energy and heat load requirements for the house.
This helped to determine the project feasibility.
It must be noted that solar radiation and heat load required may vary over time, the same happen with the
efficiencies of solar collectors and absorption equipment. In addition it makes no sense to design the area of
solar collectors for the maximum thermal load since it could be oversized for most of the operating time of
the system, for it is considered a typical solar fraction between 70% and 80% (Henning, 2004), the remaining
demand will be covered by the back-up equipment which in this case is a natural gas heater.
3. Description of the Integrated Solar Air Conditioning System
The solar air-conditioning uses solar thermal collectors to heat water which is taken to a storage tank. This
hot water or is directly used for heating or is used for the operation of absorption refrigeration equipment
which generates cold water for air conditioning. Hot or cold water is taken to the air handlers, see Fig 1. The
system has backup equipment to heat water for those days where solar irradiation is not available and air
conditioning is required. Depend on the absorption chiller equipment, a Cooling Tower or a Fan will be used.

Fig. 1 Scheme of the solar air-conditioning system

For the pumps design, the pressure drop in the equipments of the solar air-conditioning system must be
evaluated, especially in the solar thermal collectors. The pump power required for the solar thermal
collectors could vary according to site conditions and the way in which collectors will be installed (Henning,
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2004). For the back-up equipment, a natural gas boiler is considered with an efficiency of 90%, the power of
the back-up equipment is evaluated according to the maximum heat demand required by the solar thermal
collectors to cover the demand for both air conditioning and heating.
Storage tanks are used to meet the demand of thermal loads in the hours that do not have solar gain. It can be
installed both storage tanks of cold water and hot water to obtain more optimal performance of the solar airconditioning system, however one must consider the economic aspect to avoid falling into excessive
expenditure that make the project unfeasible. The heat loss in the equipments and pipe lines is another
important factor to take into account; it must choose a good insulation and optimal thickness. Heat losses are
greater in the hot water tank due to the higher delta temperature between the hot water tank temperature and
the ambient temperature. Henning, 2004 recommend to have a good stratification in the tank for better
temperature homogenization. Mateus et al. 2008 proposed a volume between 50 and 70 liters per square
meter of collector for the hot water tank. The heat loss of the storage tank is considered from 5 to 10% of the
total heat of the tank (Peuser et al. 2002). It is recommended that temperatures inside the hot water tank are
less than 100 °C when operating at atmospheric pressure in order to avoid further cost of equipment and
boiling points that do not allow proper operation of the pump. Henning, 2004 recommends the following
equation for the cold water tank:
   · · ∆



.

 1.16 

 .

·∆

(eq. 1)

Where  is the water density (988 kg /m3), c is the specific heat of water (4.184 kJ/kg) and ∆T is the
difference between the inlet and outlet temperature in the cold water tank.
The absorption cycle is based on the principle that uses physical-chemical affinity of two substances e.g.
lithium bromide with water or ammonia with water, where one substance absorbs the other, and due to they
have different boiling points, the separation of the mix substances is facilitated by heating. In this process
one of the substances acts as a coolant and the other as an absorbent. The most widely substances used
commercially in absorption chillers are Lithium Bromide-Water and Ammonia - Water. The main difference
between both solutions is the heat requirement to get the separation of the substances, equipment LiBr-water
single effect can work at temperatures from 70 to 85 °C while the NH3-water requires temperatures from 90
to 120 °C. Jakob et al. 2008 have reported the operation of ammonia-water absorption chiller of 10 kW that
works with temperatures from 65 to 115 °C to obtain evaporator outlet temperatures from 15 °C to -5 °C
respectively with a COP of 0.6. Ammonia-water absorption chiller of the brand Robur initially worked with
natural gas has been adequate to work with hot water (Manrique, 1997). Zetzsche et. al., 2008 developed an
experimental investigation and simulation of the thermally driven single-effect ammonia/water absorption
chiller for air-conditioning and refrigeration systems for residential, commercial and industrial applications.
At driving temperatures of 100°C cold water temperatures of 15°C could be achieved with a cooling capacity
of 10 kW and a COP of 0.66
Absorption chillers differ from the more prevalent compression chillers in that the cooling effect is driven by
heat energy, rather than mechanical energy. Absorption chiller can use not only fossil fuel but also the waste
thermal energies (hot water, steam and exhaust gas) for cooling, using that waste thermal energy can improve
overall efficiency rate and save energy. Typical COP values for single effect absorption chillers are 0.5 – 0.6,
for double effect is possible to get 0.8 – 1. COP for electrical chillers have tipically values between 3 and 4.
Fig. 2 shows the basic single effect absorption chiller cycle. The evaporator allows the refrigerant to
evaporate, a process that extracts heat of the room to be cooled, then the refrigerant is mixed with the
absorber, the combined fluids then go to the generator, which is heated by gas, steam or in this project by hot
water that separates the refrigerant and the absorbent. The refrigerant then goes to the condenser to be cooled
back down to a liquid, while the absorbent is pumped back to the absorber. The cooled refrigerant is released
through an expansion valve into the evaporator, and the cycle repeats (Wang et al., 2009). In the absorber the
ammonia solution needs to be cooled to be able to absorb the water in a more efficient way. Depending on
the cooling capacity a cooling tower or a fan will be used to condense the refrigerant in the condenser and
cooled the ammonia solution in the absorber. The average specific water consumption of solar-assisted
sorption systems is 5.3 kg/h per kW of average cooling capacity, (Balaras et al. 2005). When ammonia-water
is used as a solution then and analyzer and rectifying are needed, also heat exchangers (precooler, HX) can
be used to improve the COP of the equipment (Dossat, 1997).
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Fig. 2. Absorption cycle operation principle

The following data of the absorption chiller will be used for the design of the system: COP design of 0.6
cooling capacity of 10.55 kW (3 tons of refrigeration), cold water temperature of 12.7°C and 7.2°C at inlet
and outlet respectively, hot water temperature of 150°C and 140°C at inlet and outlet of the generator
respectively. The cooling tower temperature is 35°C and 27°C at inlet and outlet respectively. The electric
consumption of the absorption chiller is considered of 20 W per kW of refrigeration (Henning, 2004).
The following basic equations are used to evaluate the design of absorption equipment:
Q !"#$ %&'()  *+ · · ∆

(eq. 2)



     / COP&01

(eq. 3)

234     5  

(eq. 4)

Where Q !"#$ %&'() is the cooling capacity, *+ is the mass flow, c is the specific heat of water, ∆ is the
temperature difference between the inlet and outlet of the cold water.   is the heat required in the
generator, 234  is the heat required in the cooling tower or fan and COP&01 is the coefficient of
performance of the absorption chiller.
The solar collectors are one of the major components of the solar air-conditioning system to convert solar
energy into thermal energy required to operate the absorption chiller. There is a variety of solar thermal
collectors that can be applied to the solar air-conditioning system but the most used are flat plate collectors
and vacuum tubes. There are several factors for selecting one from another solar thermal collector but the
most important are the temperatures of operation, available irradiation, efficiency and cost.
The efficiency evaluation of solar thermal collectors is typically determined with the following equation:
6  78 · 6 9 :; ·

<=> ?<=@A
BC

k (θ) = 1 – 0.239(1/cosθ – 1)

9 :D ·

<=> ?<=@A E
BC

(eq. 5)
(eq. 6)

Where k (θ) is the tilt angle factor of the solar collector, 6 is the optical efficiency of the solar collector, a1
and a2 are the linear and quadratic coefficients respectively, Tav is the average temperature of the fluid in the
solar collector, Tamb is the ambient temperature, FG is the global solar radiation in W/m2. These data is
mostly provided by the manufacturer. One of the organizations responsible for certifying these values is the
SPF (Solartechnik profung Forschung). The efficiency equation is obtained from the thermodynamic analysis
of the collector where the heat transfer coefficient for losses and heat removal factor are evaluated among
others (Kalogirou, 2004).
The tilt angle plays an important role in the efficiency of the collector, as a rule if you are in the Northern
Hemisphere, the collector should face south and if you are in the southern hemisphere, the collector should
look north. For example, to Monterrey 25 ° 40' north latitude the tilt of the collector should be south 25° ±
5°.
Henning, 2004 propose the following equation to determine the solar collector area for air conditioning:
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(eq. 7)
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Where H is the solar collector area in m2, 6 is the solar collector efficiency. For heating the
following equation can be used
4. Characteristics of the “Casa Solar” and weather data in Monterrey, Mexico
The “Casa Solar” is located in Monterrey, N. L., México (25° 39.24' N latitude and 100° 17.32' E longitude)
–see Fig. 3, it has a heat transfer global coefficient U of 1.9 W/m2.K and an area of 350 m2 (considering
windows, walls, ceiling, doors, etc.). The house wall consists of three layers: an outer layer with a thickness
of 4 inches, a polyurethane layer of 1 inch in the middle and a layer at the inside of the house with a
thickness of 6 inches, both the inside and outside of the wall are covered with a layer with a thickness of 0.5
inches. The environmental conditions required inside the house are from 23 to 25 °C in hot days and 20 °C in
cold days. In both cases it is recommended a relative humidity inside the house of 50%.
Monterrey has an annual average temperature of 23.3 °C, in winter the average temperature is between 9 and
15 °C with an average solar radiation of 400 W/m2, while in summer it has an average temperatures between
25 and 30 °C with an average solar radiation of 650 W/m2. The annual average relative humidity is 60% and
the annual average atmospheric pressure is 1,010 mbar.

Fig. 3 Residential House using solar air-conditioning (Monterrey, México)

5. Thermodynamic Analysis of the Solar Air Conditioning System
Con las ecuaciones presentadas y los datos de entrada se obtiene las capacidades de los equipos del sistema
de refrigeración y calefacción solar para 10.5 kW (3 TR), ver Tabla 1.
The cooling capacity determine for the “Casa Solar” is 10.5 kW (3 TR). Using the presented equations above
and the input data, the following results can be obtained:
Table 1. Thermal analysis results of the solar air-conditioning system
Equipment capacities
Solar Collectors
19.48
Back-up heater
19.54
Hot water tank
17.57
Absorption chiller
10.63
Cooling Tower
28.02
Cold water tank
9.55

kW
kW
kW
kW
kW
kW

An area of 54.28 m2 of solar thermal collectors is considered as a first approximation using eq. 7 considering
an efficiency of the solar collector of 0.6, solar irradiation of GG = 600 W/m2, a coefficient of performance of
the absorption chiller of COP = 0.6. The capacity that the solar thermal collector must supply for 10.5 kW of
cooling capacity considering the efficiencies of the equipments and the losses due to the line pipes is 19.48
kW –see Table 1. The pumps power for this case has a value of 0.4 kW, however this value must be
considered carefully since their value will depend of the configuration and location of the solar thermal
collectors.
The demand of air conditioning and heating of the house are analyzed and compared with the availability of
solar energy that is obtained with the solar collector area along the year. The average solar radiation of each
month, a tilt angle of 20° of the solar collectors, the average temperature for each month are considered to
analyze the energy that can be used from the available solar radiation -see Table 2. The values for the
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efficiency of the Thermomax - Mazdon vacuum tube solar collectors are ηo = 0.804, a1 = 1.15, a2 = 0.0064,
certified by SPF.
Table 2. Annual Thermal Energy provided by solar thermal collectors and energy demand of the “Casa Solar”
Available Solar Irradiation

Solar collector efficiency

Month

G, W/m2

kW.h/m2

Jan
Feb
March
April
May
June
July
Aug.
Sept.
Octob.
Nov.
Decem.

348.33
313.50
522.50
557.33
592.17
627.00
661.83
682.73
661.83
592.17
487.67
418.00

67.23
42.95
80.99
93.07
96.52
111.61
128.40
154.30
110.53
84.09
95.58
77.33

H,
kWh/month

Tm,
°C

Tamb,
°C

Gc,
W/m2

η colect

3,698
2,362
4,454
5,119
5,309
6,138
7,062
8,486
6,079
4,625
5,257
4,253
62,842

80
90
145
145
145
145
145
145
145
145
145
80

10.15
16.5
20.2
25.2
28.7
30.0
29.2
28.1
26.6
24.6
19.4
12.13

344.9
310.4
517.3
551.8
586.3
620.8
655.3
676.0
655.3
586.3
482.8
413.9

0.48
0.42
0.33
0.39
0.43
0.45
0.47
0.48
0.46
0.41
0.30
0.54

Useful
energy
kWh/mont
h

Cooling
Demand
kWh/mont
h

Heating
Demand
kWh/mont
h

1,777
993
1,487
1,986
2,273
2,791
3,318
4,037
2,792
1,894
1,555
2,314
27,218

0
0
0
1,162
2,513
5,227
5,401
4,119
3,006
1,560
0
0
22,988

7,886
2,928
958
0
0
0
0
0
0
0
1,384
5,255
18,412

The results in Table 2 shows the energy that can be used from the solar collectors’ area to cover the energy
demand of the “Casa Solar” in hot and cold months, with these values the solar fraction for each season can
be obtained. A solar fraction of 0.85 can be obtained for the hot months (April to October) and 0.45 for the
cold months (November to March). Henning, 2004 recommends solar fractions values between 70% and
80%. With the results presented in Table 2 is possible to get an estimate energy consumption of the back-up
equipment throughout the year.
It is observed in Fig. 4 that thermal loads are higher in the months of July, August for air conditioning, and
December, January for heating. To get a better idea of the evolution of the thermal load, heat load is analyzed
for hot and cold days, where it can observe the evolution of solar radiation and thermal load demand along
the day -see Fig. 5 and 6.
The figures 5 and 6 show the available solar energy in solar collectors for a typical hot day and for a typical
cold day. Similarly, the energy demand required by the house was estimated. The average efficiency of solar
collectors is 50% for air-conditioning and 40% for heating. It is possible to meet the energy demand for
summer if the system has a good heat storage tank, while in winter it has a deficit of solar energy where the
back-up equipment must be used.
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Fig. 4. Cooling and Heating demand along the year.

872

11

12

25
Available solar energy
20

Cooling demand
Remaining energy

15

kW.h

10
5
0
0

2

4

6

8

10

12

14

16

18

20

22

24

-5
-10
hr

Fig. 5. Cooling demand in a typical day.
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Fig. 6. Heating demand in a typical day.

6. Economic Analysis of the Solar Air-Conditioning System
Economic analysis is one of the most important points that must be performed in order to determine the
acceptance or rejection of the project. For the economic analysis of solar air conditioning system, Eicker et
al., 2009 suggests to consider three important points: the initial investment, operating and maintenance costs,
and energy and supplies costs.
The economic analysis presented here is based in an annual cash flow. A comparative table cost is proposed
between a conventional air-conditioning system and a solar integrated air-conditioning system for a cooling
capacity of 10.55 kW (3 tons of refrigeration).
Table 3. Comparative table of the Investment cost of the solar air-conditioning system and conventional system of 10.55 kW
(3 TR).
Description
a. Absorption Chiller
b. Cooling Tower
c. Solar Thermal Collectors
d. Heating (back-up heater)
e. Hot water tank
f. Cold water tank
g. Fan Coil
h. Pumps
i. Accessories (pipes, insulation, etc.)
j. Equipment Installation
k. Instrumentation
l. Civil Construction
m. Engineering
Total Investment U$D

Conventional
1,500
0
0
2,442
0
0
600
276
1,205
2,553
1,807
301
602
11,287

Solar
6,000
1,800
11,000
2,828
1,516
1,388
600
604
2,445
3,107
2,268
1,409
1,127
36,092

Once the thermodynamic analysis has been finished, the capacities of the equipment can be determined in
order to assess their costs. The installation cost, engineering cost, technical costs, among others are also
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considered. The initial investment cost compares two alternatives: the conventional air-conditioning system
and the solar air-conditioning system designed to cover both cooling and heating energy demand. The
conventional air-conditioning system has the following costs: refrigeration equipment 500 U$D/TR, heating
equipment 800 U$D/TR. The solar air-conditioning system has the following costs: solar thermal collectors
200 U$D/m2, absorption chiller 2,000 U$D/TR, cooling tower 600 U$D/TR, back-up equipment 900
U$D/TR. The total investment cost for the conventional air-conditioning system is 11,287 U$D while the
investment cost for the solar air-conditioning system is 36,092 U$D taking into account the costs of the
pumps, installation, engineering, etc. -see Table 3
To evaluate the annual costs of energy and, operation and maintenance (O&M), it is assumed that the
average requirement of air conditioning and heating along the day will be of 12 and 10 hours respectively.
The system will operate 350 days per year. From the meteorological data available for Monterrey, it is
assumed that 75% of the time, cooling is required and the remaining time, heating is required. This means,
from the 350 days per year of operation, 263 days are for hot days where cooling is required and the
remaining days for cold days where heating is required. The solar fraction for cooling is 75% and the solar
fraction for heating is 25%. This means that from the total hot days, 197 days are covered by solar energy
and the remaining days with back-up equipment; from the total cold days, 39 days are covered by solar
energy the remaining days with back-up equipment. The COP of the cooling equipment of the conventional
system is 3 and 0.6 for the absorption cooling equipment. It is assumed a cost of electrical energy (EE) of
0.09 U$D/kWh (1.2 MX $ / kWh) and natural gas cost 4 U$D/GJ. Thus, the O&M costs can be obtained -see
Table 4.
Table 4. Operation and Maintenance Cost
Conventional
$ 347
$ 1,903
$ 2,250

Cold days
Hot days
Total

Solar
$ 57
$ 591
$ 648

Backup-Solar
$ 191
$ 313
$ 504

The costs in Table 4 include energy, supplies and maintenance costs.
To perform the feasibility analysis of the project considering the two presented options (conventional airconditioning system and solar air-conditioning system), the following equations are used:

The net present value (NPV) permit to evaluate the present value (t = 0) of a number of future cash flows at a
given interest. The internal rate of return (IRR) evaluates the interest that can be obtained from a given net
cash flow. The pay back (PB) determine in how many years the investment is recovered, it can be used when
the net cash flow is constant (Ostwald et al., 2004).
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Fig. 7. Cash Flow of the project.

Fig. 7 shows the cash flow of the project from the first year, it can observe that in the ten year there is greater
savings due to major cost in maintenance of the conventional equipment.
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Considering a 20-year period, which is the life of the solar air-conditioning system (solar collectors,
absorption chiller), an annual inflation of 2%, an expected interest (MARR) of 5% and using the equations
proposed, Table 5 shows the result of the economic analysis of the project.
Table 5. Economic Analysis of the solar and conventional air-conditioning system
Description
Investment
Operation cost
Specific investment
Investment difference
Total savings
Life cycle
IRR
Pay Back
Net Present Value NPV

Conventional
11,287
2,250
3,762
-24,805
1,099
20
3.26
14.7
5%
-3,773

Solar
36,092
1,152
12,031

Unit
U$D
U$D/year
U$D/TR
U$D
U$D/year
Years

%
Years
U$D

The results indicate that under the initial conditions proposed above, the project is not economically
attractive because just a IRR of 3.26% is achieved and the NPV is a negative value, but there are other
factors that can change like the cost of electricity and/or natural gas, the hours of operation per day, cost of
equipments, among others that can make the project economically feasible.
Carbon credit can be considered in the solar air-conditioning system since electric energy, which is produced
by fossil fuels, is reduced significantly. These credits can help to improve the economic performance of the
project, but their contribution is not decisive on the feasibility of the project (Florides et al., 2002).
7. Results of the economic analysis of the solar air-conditioning system
A model was developed in Excel® with Visual Basic macros, considering both technical and economical
aspects as have seen above. For all cases the data show in Table 3 are considered, a solar fraction of 75% for
hot days and 25% for cold days. The collector efficiency is of 0.6 and the annual inflation of 2%. It is
considered a cooling capacity of 10.55 kW (3 tons of refrigeration), COP of 3 and 0.6 for conventional
refrigeration and absorption chiller respectively, operation of 350 days per year, cost of electrical energy
(EE) of 0.09 U$D/kWh (1.2 MX $/kWh), natural gas cost of 4 U$D/GJ, global solar radiation of 600 W/m2,
a lifecycle of 20 years and a MARR of 5%. Considering all these assumptions, the following results are
obtained:
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Fig. 8. NPV break-even point of the solar air-conditioning project considering electricity cost
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Fig.11. Pay back for different values of operation (hr/day) and cost of solar collector.

Fig. 8 shows the break-even point of the project considering the initial conditions mentioned above (MARR
5%) and the variation of the cost of the electric energy, it can observe that the solar air-conditioning system
is a better option when the cost of the electric energy is greater than 0.141 U$D/kW.h (1.7 M$X/kW.h) since
the total cost of the project is smaller compared with the conventional air conditioning system. If a MARR of
10% is required then the solar air conditionign system is a better option when the cost of electicity is greater
than 0.21 U$D/kW.h (2.5 M$X/kW.h).
When the hours of operation per day of the solar system increase and the cost of solar collector is lower, the
project has a more attractive project. It is possible to obtain IRR above 9% when the specific cost of the solar
collector is less than or equal to 100 U$D/m2 and it has an operation time above 14 hours a day for 350 days
a year, a, positive NPV is obtained and the recovery time of investment is less than 10 years–see Fig. 9, 10
and 11. The Project feasibility increases when the cost of electricity increases.

876

8. Conclusions
It has performed a thermodynamic and economic analysis of the solar air conditioning system that generate
cooling and heating to meet the energy demand of a residential home of 10.5 kW (3 tons of refrigeration). A
scheme of the solar air-conditioning was proposed and technical considerations of absorption chiller, solar
collectors, and storage tanks among others were considered for the model developed in Excel ® with Visual
Basic macros. The model allows performing sensitivity analysis from both technical and economical
scenarios.
The results shows that the project is technically viable, the biggest problem is the economic aspect due to the
solar air conditioning system has a high investment cost compared to the investment cost of a conventional
air-conditioning and conventional heating system besides, the savings related to the solar air-conditioning
system due to the less consumption of electric energy are not too significant to make the project feasible,
where it has interests of less than 5%, higher periods of capital recovery (more than 20 years) and negative
NPVs. Thanks to sensitivity analysis, opportunity areas were found that can make this technology more
competitive. The cost of the absorption chiller, cost of solar collectors, cost of electricity, cost of natural gas,
hours of operation per year, among others, are the most important variables that change significantly the
profitability of the solar air-conditioning project compare with conventional systems.
One of the best options found for this case is shown in Figure 9, 10 and 11 where it is needed 350 days of
operation per year, 14 hours of operation per day, a cost of electricity greater than 0.1 U$D/kW.h (1.2 MX$ /
kW.h), a specific cost of solar collectors equal or less than 100 U$D/m2 in order to obtain a IRR (internal rate
of return) above 9% till 15% in the best scenario.
Although the operation and maintenance costs of the solar air-conditioning system is lower than the
conventional one, the initial investment cost is currently too high for the Mexico market. The investment cost
is higher due to the cost of equipments, the lack of trained personnel related to this technology (opportunity
area), and the lack of local regulations that encourage the use of this technology. In order to get a project
with the best technical and economical scenario considering the current costs of energy (electricity and
natural gas), it is necessary that the costs of the absorption chiller and solar collectors are reduced.
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11. Nomenclature
Qcooling
c
Tav
Tamb
COP
η col
A col
G
k(θ)
Gc
EE
GN
NPV
IRR
PB
CF
AEF
i
f
MARR
TR
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Cooling capacity of the absorption chiller, kW
Specific heat, kJ/kg.K
Average temperature of the solar collector, °C
Ambient temperature, °C
Coefficient of Performance
Solar thermal collectors efficiency
Solar thermal collector area, m2
Solar global radiation, W/m2
Tilt angle factor
Solar global radiation corrected, W/m2
Electric energy cost, U$D/kW.h
Natural gas cost, U$D/GJ
Net present value, U$D
Internal rate of return
Pay back, years
Cash flow
Annual equivalent flow
Interest
Inflation
Minimum attractive rate of return
Tons of refrigeration
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1. Introduction
Solar cooling is still a young and small but growing market with a large potential. Up to now there exists no
standardised performance test method for solar cooling or combined solar cooling and heating systems. Also for
these innovative systems it is important that performance determination is carried out in a standardised way in
order to compare their performance with the one of a well defined reference system (conventional system). In
this way energetic and environmental benefits in terms of primary energy savings and CO2 emission reductions
can be determined. For this reason and due to the fact that one established procedure to determine the
performance of solar thermal systems is the CTSS-method (Component Testing – System Simulation), already
standardised in European Standard series CEN/TS 12977, an extension of this method applicable for solar
cooling systems and SolarCombiPlus systems (systems which provide domestic hot water, space heating and
space cooling) was found to be the most promising way. With this method the annual performance of the whole
system can be calculated for defined boundary and reference conditions (meteorology, load profiles) by means
of a dynamic simulation of the whole system. For the suggested extension of the CTSS-method towards solar
cooling systems (Frey et al., 2010) dynamic simulation models for thermally driven chillers (sorption chillers)
are necessary. The main target of the work presented in this paper is to develop appropriate sorption chiller
models which can be used for the extended CTSS-method. One promising way is the experimental system
identification based on artificial neural networks (ANN). In this approach experimentally measured data are
used to derive an ANN model which is able to predict the outlet temperatures of a sorption chiller. In the work
presented, measured data of an adsorption chiller were used to develop such a model which is suitable to
predict the outlet temperatures of the three hydraulic loops of the adsorption chiller. The model was validated
with measured data under real working conditions. The simulated output temperatures show good agreement
with the measured temperatures.

2. Testing according to the CTSS-method
For performing tests according to the CTSS-method in general, the solar thermal system does not need to be
installed as a whole because this test method is based on component testing and system simulation. Due to this,
the application range of the CTSS-method is very flexible because of its component-oriented approach. Hence,
it is possible to apply the CTSS-method on nearly every kind of system configuration. Another important
advantage of the CTSS-method is that the thermal performance of the tested systems can be easily determined
for any arbitrary boundary conditions such as weather and heating/cooling load since this is done by numerical
system simulations only.
2.1. Component testing
To apply the CTSS-method first of all the main components of the solar thermal system (the collector, the
store(s) and the controller) are being tested separately. The aim of the component tests is the determination of
all relevant component parameters required for the detailed description of the thermal behaviour of the
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individual components. Therefore, numerical models to describe the dynamic behaviour of the specific
components are required. Parameters of these models are determined by means of parameter identification
using measuring data from several specific test sequences.
2.2. System simulation
The main aim of the component tests is a detailed determination of all relevant component parameters. Based
on these component parameters the annual performance of the whole system can be calculated for defined
boundary and reference conditions (meteorology, load profiles) by means of a numerical simulation of the
whole system. Therefore together with the hydraulic scheme of the system and the control strategies the
parameters have to be implemented in a detailed dynamic and component based system simulation program like
TRNSYS. Fig. 1 shows the approach of the CTSS-method according to CEN/TS 12977.

Fig. 1: CTSS-method according to CEN/TS 12977

2.3. Extension of the CTSS-method towards solar cooling and SolarCombiPlus systems
Fig. 2 shows how the approach of an extended CTSS-method applicable to solar cooling systems and
SolarCombiPlus systems may look like in general. The difference to the approach of the present version of the
CTSS-method according to CEN/TS 12977 (Fig.1) is that there will be one maybe even two more component
tests for the cold medium production sub-system in the extended method. It will be indispensable to add one
component test for sorption chillers and if necessary another one for the heat rejection unit (cooling tower,
borehole or other heat sinks).
For the extension of the CTSS-method towards solar cooling systems the following steps are necessary:
• Decision which performance parameters will be required for description of the thermal behaviour of
sorption chillers (and for the heat rejection unit)
• Development or modification of numerical models for sorption chillers (and for the heat rejection unit) in
order to characterise their dynamic behaviour in an appropriate way
• Validation of the numerical models
• Development, implementation and validation of performance test methods for the new components
• Validation of the extended CTSS-method
• Integration of the extended CTSS-method in a future version of CEN/TS 12977 series

Fig. 2: Extended CTSS-method applicable to SolarCombiPlus systems
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3. Dynamic simulation models for sorption chillers
One characteristic of adsorption chillers is the fact that they are periodically working chillers with partial fast
temperature changes at the outlets of the hydraulic loops during one working cycle. Also sorption chillers
usually have a relative high thermal mass due to their internal heat exchangers, the sorption material and the
heat transfer media inside. Besides of this the inlet temperatures of sorption chillers in solar thermal systems are
varying mainly as a function of the solar radiation and the ambient temperatures. As a result of this it can be
summarised that all kind of sorption chillers but in particular semi-continuous chillers such as adsorption
chillers are components operated in a highly dynamical way.
Dynamic simulation models of sorption chillers should allow the simulation of the real dynamic behaviour of
these chillers for variable input conditions. I.e. it should be possible to simulate the thermal behaviour of the
outlet temperatures of the three loops (driving circuit, heat rejection circuit, chilled water circuit) depending on
the current internal operation status and on dynamic changes of the external conditions. Unfortunately, the
number of available dynamic simulation models for sorption chillers is small and some existing models are due
to copyright aspects not adaptable to the specific needs of the CTSS-method.
Due to the fact that a sorption chiller itself is a complicated nonlinear system it is very difficult and timeconsuming to develop mathematical models of sorption chillers based on physical and thermodynamic
equations including energy balances and taking into account the conservation of total mass and sorbent heat
transfer as well at the thermodynamic equilibrium between solid, liquid and vapour, etc (Chow et al., 2001).
One promising alternative to the development of mathematical models based on physical and thermodynamic
equations is the experimental system identification based on artificial neural networks. There are several
significant reasons why ANNs are such a powerful tool for experimental system identification and modelling of
dynamic systems (Yang, 2008):
1. ANNs have a powerful ability to recognize accurately the inherent relationship between any set of input and
output data without a physical model or even without information about the internal behaviour and even the
ANN results do account for all the physics relating the output to the input data. This ability is essential
independent of the complexity of the underlying relation such as nonlinearity, multiple variables and
parameters. This ability is known as pattern recognition as the result of a learning process.
2. The methodology is inherently fault tolerant, due to the large number of processing units in the network
undergoing massive parallel data processing.
3. The learning ability of ANNs gives the methodology the ability to adapt to changes in the parameters. This
ability enables the ANN to deal also with time-dependent dynamic modelling.

4. Application of ANNs in the field of modelling sorption chillers
ANNs have been widely and successfully applied in various fields of mathematics, medicine, engineering,
economics, meteorology, etc. Comprehensive overviews of applications of ANNs for thermal engineering and
especially renewable energy systems are presented in Kalogriou (2000, 2001), Kalogriou et al. (2010) and Yang
(2008). Following is a list of the most relevant works in the field of ANN related to the work described in the
present paper.
In Rosiek and Batlles (2011, 2010) a neural network is used to model a solar-assisted air-conditioning system
that consists mainly of an absorption chiller, a solar collector array and a cooling tower. The main goal of that
work was to estimate coefficients of performance and the cooling capacity of the absorption chiller and also to
estimate the global efficiency of the total solar cooling system. As inputs the in- and outlet temperatures of the
driving circuit and the chilled water circuit of the adsorption chiller, the outlet temperature and the mass flow
rate of the flat-plate collector and the incident radiation intensity were used.
In order to simplify performance analysis of an ammonia-water absorption chiller Sencan (2007) used an ANN.
Temperatures of the generator, condenser, absorber, evaporator and the concentration of the poor and the rich
solution were used as input data. With the ANN model the coefficient of performance and the circulation ratio,
defined as the ratio of the mass flow rate of the rich solution to the mass flow rate of the working fluid, can be
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predicted.
Sencan et al. (2007) used in their work amongst other approaches ANNs for modelling an absorption heat
transformer. Also they used as inputs the temperatures of the absorber, condenser, evaporator and the generator
for the ANN in order to estimate the coefficient of performance and the flow rate.
The work of Palau et al. (1999) presented a new modelling approach to simulate the performance of sorption
chillers using ANNs. Inputs for the network were the environment temperature and the external heat source
temperature, output was the mean cooling power produced by the sorption chiller under different inlet
temperatures and ambient temperatures. The main focus of this work was on using the neutral network to
control the sorption chiller.

5. Artificial neural networks (ANN)
The human brain is a highly complex, nonlinear and parallel information-processing system with the capability
to organise its structural constituents, known as neurons, so as to perform certain computations like for example
pattern recognition and perception many times faster than any digital computer. The basic principles believed to
be used in the human brain are so-called neural networks.
Haykin (1999) defines a neural network as a massively parallel distributed processor made up of simple
processing units (so called neurons), which have a natural propensity for storing experimental knowledge and
making it available for use. Artificial neural networks resemble the brain with regard to two aspects: (a) the
knowledge is acquired by the neural network from its environment through a learning process, and (b)
interneuron connections strengths, known as (synaptic) weights, are used to store the acquired knowledge.
According to Haykin (1999) the massively parallel distributed structure and its ability to learn are the two
information-processing capabilities that make it possibly for neural networks to solve complex problems.
Artificial neural networks are computational models which are inspired by biological neural networks and
attempt to mimic the information processing system of the human brain.
The following description is taken from Yu (2002). The basic building block and the fundamental processing
element of an artificial neural network is a neuron (also called basic node or unit). According to the
fundamental work of McCulloch and Pitts (1943) Fig. 3 illustrates how information (input) is processed through
a single neuron. Basically the neuron receives signal inputs from other sources. The inputs can either be outputs
of other neurons or they can be external inputs. The inputs {xi: 1 ≤ i ≤ n} are weighted by parameters {wki: 1 ≤ i
≤ n} which are called (synaptic) weights or inter-neuron connection strengths. The parameter bk is called the
bias (also called threshold value) and it is used to model the threshold. The weighted inputs are combined and
summed up in a special way depending on the used network input combination method (net function). The
output of the neuron is related to the input via linear or nonlinear transformation which is called the activation
function of the neuron.
In a neural network multiple units (neurons) are interconnected in a particular arrangement or configuration.
The network usually consists of an input layer, one or more hidden layers and an output layer. Fig. 4 presents
an example of typical neural network architecture.

Fig. 3: Basic neural network unit (neuron, node) (McCulloch and Pitts, 1943)

Fig. 4: Typical neural network architecture

As already mentioned one main characteristic of ANNs is their ability to learn and store information. Therefore
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a so-called learning or training process is necessary. In the learning mode the input is presented to the network
along with the desired output. Through certain training algorithms the values of weight coefficients between
processing neurons are adjusted in such a way that the network attempts to produce the desired output. When
the training reaches a satisfactory level the network fixes the weights constant. Now the weights contain
meaningful and important information, whereas before the training they are random and have no meaning.
After the successful training step the trained ANN model can be used to predict the output parameters as a
function of the input parameters.
5.1. Modelling sorption chillers with ANNs
In the present work a NARX model (Nonlinear AutoRegressive model with eXogenous inputs) was used for
modelling the three outlet temperatures of an adsorption chiller. The NARX-type model is a recurrent dynamic
network which is commonly used in time-series modelling and modelling of nonlinear dynamic systems. In
recurrent dynamic networks the output depends in general not only on the current input to the network but also
on the current and/or previous inputs, outputs, or stages of the network. The standard NARX architecture is
shown in Fig. 5.

a)

b)

Fig. 5: NARX network architecture: a) parallel mode (closed feedback loop);

b) series-parallel mode (open feedback loop)

The equation defining the NARX model (parallel mode) is shown in (eq. 1), where the value of the dependent
output y(t) is regressed on previous values of the output and on previous values of the (exogenous) input.
y ( t ) = f ( y ( t − 1) ,..., y ( t − d ) , x ( t − 1) ,..., x ( t − d ) )

(eq. 1)

In the equation x(t) and y(t) denote the input and output of the network at the discrete time t. Parameter d
represents the number of the time-delays (memory delays), which can be seen as the input-memory and outputmemory order. The time-delays are used to store previous values of the x(t) and y(t) sequences. Due to this
NARX-type models have also the ability to learn and to provide time-dependent information of the dynamic
behaviour of the system.
For efficient training often a series-parallel architecture (open feedback loop) of the NARX network as shown
in Fig. 5b is preferred. This enables that during the training process the real (measured) output can be used
instead of feeding back the estimated output. The main advantage of this approach is that the input to the
network is more accurate. Another advantage is that the series-parallel NARX network has a purely feed
forward architecture and static back-propagation can be used for training. As soon as the (open loop) training
process is successful finished the feedback loop is closed (Fig. 5a). All ANNs described in the present paper
were performed under the MATLAB (MathWorks 2010) environment using the Neural Network Toolbox
(MathWorks 2010b).
5.2. Artificial neural network model for modelling the adsorption chiller
The selected architecture of the ANN used in this study to model the outlet temperatures (hot water, cooling
water, chilled water) of an adsorption chiller is schematically illustrated in Fig. 6. The ANN consists of an input
layer representing the input variables, an output layer corresponding to the output variables and one hidden
layer. The inputs to the ANN are the sorption chiller fluid inlet temperatures and volume flow rates of the
driving circuit ( ϑ dc , in , V&dc ), heat rejection circuit ( ϑ hrc , in , V&hrc ) and chilled water circuit ( ϑ cwc , in , V&cwc ). The
outputs from the ANN are the three fluid outlet temperatures of the sorption chiller ( ϑ dc , out , ϑ hrc , out , ϑ cwc , out ).
By trial and error the number of neurons in the hidden layer is chosen as 16 and the number of the time-delay d
is chosen as 3. A nonlinear transfer function (Hyperbolic Tangent Sigmoid function) is applied as the activation
function for the hidden layer, and a linear transfer function is applied for the output layer. In the (open loop)
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training procedure, the weighting coefficients are adjusted using the Levenberg–Marquardt algorithm.

a)

b)

Fig. 6: Structure of the ANN for modelling the sorption chiller: a) parallel mode; b) series-parallel mode (open feedback loop)

6. Comparison of measured and simulated outlet temperatures and transferred energies
The investigation was carried out on a small-scaled adsorption chiller. For the (open loop) training and the
verification of the ANN sorption chiller model measured input-output data which were acquired under real
dynamic operating conditions were used. The solar heating and cooling system which was therefore detailed
monitored is installed at the premise of the company BLS GmbH near Stuttgart, Germany providing hot and
chilled water in order to heat and cool the 200 m² office area. The system consists of a solar collector array, a
heat store, a back-up heater, a hydraulic switching unit, an adsorption chiller, a heat rejection unit and a floor
heating/cooling system. The solar collector array consists of flat-plate solar collectors with a total collector area
of 38 m² (aperture area) and is installed on the roof of the building with a 30° tilt angle facing the equator. The
heat store has a storage volume of 2.000 litres and is charged and discharged via internal stratifiers. The
hydraulic switching unit connects the main components (heat store, floor heating/cooling system, adsorption
chiller and heat rejection unit) in order to distribute and provide hot, chilled and cooling water to the different
components and loads. The adsorption chiller has a nominal cooling capacity of 8 kW. A dry cooling tower
with a water spray function is used for heat rejection.
This section compares the results obtained by the ANN approach on the basis of measured and simulated outlet
temperatures, transferred energies and coefficient of performance (COP) as defined in equation 2.
COP =

Qcwc

(eq. 2)

Qdc

In order to access the accuracy of the ANN the results were analysed in terms of the Mean Absolute Error
(MAE) and the Root Mean Square Error (RMSE). The MAE and the RMSE are defined in equation 3 and
equation 4.
MAE =

1
N

N

⋅ ∑ xi , simulated − xi , measured
N

∑(x

i , simulated

RMSE =

(eq. 3)

i =1

− xi , measured )

i =1

N

2

(eq. 4)

Here x i,simulated is the predicted value and x i,measured is the measured temperature value, i is the considered time
step and N is the number of time steps in the considered period. Another figure of merit for the comparison is
the difference in transferred energy ΔQ as defined in equation 5.
ΔQ = Qsimulated − Qmeasured
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(eq. 5)

6.1. Training of the ANN sorption chiller model

fluid temperature in °C

The training database consisted of 6960 data (58 hours) which were acquired with a 30 second sampling period
during the summer period 2010. Fig. 7 shows the inlet temperature profiles of the three circuits which were
used as input to train the ANN. The volume flow rates can be considered as constant during the whole time.
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Fig. 7: Measured inlet temperatures of the driving, heat rejection and chilled water circuit used for the training sequence
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Fig. 8 illustrates the comparison of the measured and simulated outlet temperature of the driving circuit for a
part of the used training sequence. The ANN model shows a very good agreement between the measured and
simulated temperatures. For the whole training sequence the Mean Absolute Error (MAE) of ϑ dc , out is 0.5 K
and the Root Mean Square Error (RMSE) of ϑ dc , out is 1.2 K. The difference in the transferred energy ΔQdc is
about 12 MJ (0.6 %). As it can be seen in Tab. 1 and 2 the quality of the results of all three circuits are in the
same range.

47

time in h
Fig. 8: Comparison of measured and simulated outlet temperature of the driving circuit (training)
Tab. 1: ANN sorption chiller model error analysis for the outlet temperatures (training)

Term

ϑ dc , out

ϑ hrc , out
ϑ cwc , out

(driving circuit)
(heat rejection circuit)
(chilled water circuit)

MAE in K

RMSE in K

0.5
0.3
0.3

1.2
0.7
0.5
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Tab. 2: Energy balance and COP (training)

Term

Measurement
Energy

Simulation
Energy

Error

Error in %

driving circuit
heat rejection circuit
chilled water circuit
COP

2002 MJ
-3071 MJ
985 MJ
0.492

2014 MJ
-3067 MJ
981 MJ
0.487

12 MJ
4 MJ
-4 MJ
-0.005

0.6
-0.1
-0.4
-1.0

6.2. Validation of the ANN sorption chiller model

fluid temperature in °C

In order to evaluate the reliability of the developed ANN model a specific test sequence was created. This
sequence consists of 990 measurement data (8.25 hours) which were also acquired during the summer period
2010. The inlet temperature profiles of the driving, heat rejection and chilled water circuit which were used for
the test sequence are depicted in Fig. 9. The volume flow rates can be considered as constant during the whole
test sequence.
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Fig. 9: Measured inlet temperatures of the driving, heat rejection and chilled water circuit (test sequence)
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Fig. 10-12 shows the comparison of the measured and simulated outlet temperatures of the three circuits.
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Fig. 10: Comparison of measured and simulated outlet temperature of the driving circuit (test sequence)
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Fig. 11: Comparison of measured and simulated outlet temperature of the heat rejection circuit (test sequence)
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Fig. 12: Comparison of measured and simulated outlet temperature of the chilled water circuit (test sequence)

All three figures (Fig. 10-12) indicate clearly the very good agreement between the measurement and the
simulated results in terms of the dynamic behaviour. Moreover the figures show that the obtained errors of the
simulated outlet temperatures are quite low. Tab. 3 presents the MAE and the RMSE for the test results shown
in Fig. 10-12. For all circuits the MAE is only 0.6 K and the RMSE is 1.0 K or even better. Tab. 4 summarizes
the transferred energies and the obtained error which is in the worst case 2.0 %. The COP of the simulation with
0.561 agrees within 1.1 % with the result of 0.567 determined on the basis of the measurements.
In conclusion the obtained results can be considered as very satisfactory
Tab. 3: ANN sorption chiller model error analysis for the outlet temperatures (test sequence)

Term

ϑ dc , out

ϑ hrc , out
ϑ cwc , out

(driving circuit)
(heat rejection circuit)
(chilled water circuit)

MAE in K

RMSE in K

0.6
0.3
0.2

1.0
0.5
0.3
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Tab. 4: Energy balance and COP (test sequence)

Term
driving circuit
heat rejection circuit
chilled water circuit
COP

Measurement
Energy

Simulation
Energy

Error

Error in %

266 MJ
-439 MJ
151 MJ
0.567

271 MJ
-441 MJ
152 MJ
0.561

5 MJ
-2 MJ
1 MJ
-0.006

2.0
-0.4
0.5
-1.1

7. TRNSYS simulation
As already mentioned above one main part of the CTSS-method is the system simulation. Here the annual
performance of the whole system has to be calculated for defined boundary and reference conditions. Therefore
together with the hydraulic scheme of the system and the control strategies all components have to be
implemented in a detailed dynamic and component based system simulation program like TRNSYS.
In order to use the newly developed ANN sorption chiller model for the extended CTSS-method it must also be
possible to use the ANN sorption chiller model within a dynamic system simulation together with other
components of a solar thermal system. To evaluate this ability a solar cooling system was defined and
implemented in the simulation tool TRNSYS (2004). To implement the ANN which was generated under the
MATLAB environment, the TRNSYS “TYPE 155 - Calling MATLAB” was used. This TYPE enables the
communication between the two software packages TRNSYS and MATLAB. The communication is realised
by a so-called Component Object Model (COM) interface which launches MATLAB at every single TRNSYS
time step as a separate process.
The implementation of a modified ANN sorption chiller model 1 in TRNSYS was carried out successfully so
that for the future it will be possible to perform yearly simulations of the whole solar cooling system.

8. Conclusions
For the suggested extension of the CTSS-method towards solar cooling systems among others dynamic
simulation models for sorption chillers are necessary. Most of the already existing simulation models are due to
various aspects not applicable for the extension of the CTSS-method. On the other hand it is very difficult and
time-consuming to develop new mathematical models of sorption chillers based on physical and
thermodynamic equations. One alternative to the development of such models is the experimental system
identification based on artificial neural networks (ANN). The main advantage of this approach respective the
application to a testing method for sorption chillers is that only very limited information about the internal
behaviour of the system is necessary and that it is applicable for all kind of sorption chillers. Moreover after the
successful system identification the controller of the sorption chiller is implemented in the derived ANN model
as an integral part.
In the work presented experimental measured data were used to derive an ANN model of an adsorption chiller.
The developed model was validated with measured data under real operating conditions. The measurements and
the simulation results show very good agreement in the highly dynamic thermal behaviour of the sorption
chiller. For all three circuits of the sorption chiller the Mean Absolute Error (MAE) is max. 0.6 K and the Root
Mean Square Error (RSME) is max. 1.0 K. The difference of the transferred energy is 2.0 % or lower. The
relative deviation of the COP is about -1.1 %. The ANN sorption chiller model presented in this work allows
the simulation of the dynamic behaviour of a real adsorption chiller for variable input conditions. The
developed ANN model of the sorption chiller has been successfully also implemented in TRNSYS. By this
another precondition to use ANN models for the suggested extension of the CTSS-method is fulfilled. The next
step is the development and definition of testing sequences for sorption chillers on a test facility so that it is
possible to derive the ANN sorption chiller model based on laboratory test results.

1

Here a modified ANN model was used. The main difference compared to the model described in this paper is
the operation of the model without using volume flow rates of the three circuits as input data.
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It is expected that at the beginning of next year a first proposal for a standardised performance test procedures
for solar thermal cooling systems based on ANNs will be available. This will be a remarkable step forward
towards advanced and flexible test procedures in the field of solar thermal technology.
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10. Nomenclature
Symbol

Unit

Quantity

bk

-

bias of the neuron

COP

-

coefficient of performance

d

-

number of time-delays

i

-

considered time step

MAE

K

mean absolute error

n

-

number of synaptic weights

N

-

number of time steps in the considered period

Qsimulated

J

transferred energy (simulated)

Qmeasured

J

transferred energy (measured)

ΔQcwc

J

difference in the transferred energy (chilled water circuit)

ΔQdc

J

difference in the transferred energy (driving circuit)

ΔQhrc

J

difference in the transferred energy (heat rejection circuit)

RMSE

K

root mean square error

t

-

discrete time

V&cwc
V&dc
V&hrc

m³ s ²

volume flow rate of the chilled water circuit of the sorption chiller

m³ s-²

volume flow rate of the driving circuit of the sorption chiller

m³ s ²

volume flow rate of the heat rejection circuit of the sorption chiller

wki

-

(synaptic) weights

xi,simulated

-

simulated value in the considered time step

xi,measured

-

measured value in the considered time step

x(t)

-

input of the neural network at the discrete time t

y(t)

-

output of the neural network at the discrete time t

ϑ cwc , in
ϑ cwc , out
ϑ dc , in
ϑ dc , out
ϑ hrc , in
ϑ hrc, out

°C

fluid inlet temperature of the chilled water circuit of the sorption chiller

°C

fluid outlet temperature of the chilled water circuit of the sorption chiller

°C

fluid inlet temperature of the driving circuit of the sorption chiller

°C

fluid outlet temperature of the driving circuit of the sorption chiller

°C

fluid inlet temperature of the heat rejection circuit of the sorption chiller

°C

fluid outlet temperature of the heat rejection circuit of the sorption chiller

-

-
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1. Introduction
From the viewpoints of addressing the issue of global warming and depletion of fossil energy resources,
utilization of renewable energy, which can reduce CO2 emission, is important. On the other hand, demands
for air-conditioning are increasing in many developing countries. Therefore, an air-conditioning system that
works with renewable energy is currently developed. Figure 1 shows the schematic diagram of the ejector
refrigeration cycle, which was produced by Chan et al. (2008). This cycle can provide cooling (at evaporator)
by using solar thermal energy (at generator) with drastically small consumption of electricity (at pump).
Furthermore, this system can utilize lower temperature thermal energy sources such as solar thermal energy,
or exhaust heat at low temperature of 60℃. Since the ejector is the main component in this cycle, the design
of the ejector is influential to the cycle efficiency.
The schematic structure of the ejector is shown in Fig. 2. This type of ejector has two inflow sections: the
driven flow accelerated supersonically inside the converging-diverging nozzle, and the suction flow
entrained by the driven flow. They are mixed in the mixing section, which is a straight tube, and the mixed
gas flows into the diffuser. In this paper, the response characteristics of the ejector configuration are
investigated utilizing computational fluid dynamics (CFD). The principle of the cycle is experimentally
confirmed in another report (Part 1).

Fig. 1: Schematic diagram of the ejector refrigeration cycle

Fig. 2: Schematic structure of the ejector

2. Numerical setup
Chan et al. (2008) reported the preliminary design of the ejector configuration based on the analysis of
thermodynamics relations with shock-circle model in the system, but no regards were given about the effect
of multi-dimensional compressible working fluid. Hence, aerodynamics in the ejector is analyzed by CFD
using the compressible, axisymmetric and two-dimensional Navier-Stokes solver for governing equations.

891

Since the ejector configuration is fairly axisymmetric, the flow field in the ejector could also be assumed
axisymmetric. The numerical scheme used are 3rd order Simple High-resolution Upwind Scheme (SHUS,
Shima and Jounouchi, 1995), and 2nd order central difference method for convective and viscous terms
respectively. For time integration, Lower-Upper Alternating Direction Implicit (LU-ADI) factorization
method (Obayashi and Kuwahara, 1986, and Obayashi et al. (1986)) is adopted. To estimate the flow field of
turbulent boundary layers, Baldwin-Lomax turbulence model (Baldwin and Lomax, 1978) is also adopted.
Equation 1 shows the relation between coefficient of performance (COP) and entrainment ratio ω, where Δh
stands for the change in specific enthalpy, and subscript ‘e’ and ‘g’ each stand for evaporator and generator.
Furthermore, the entrainment ratio, which is defined as mass flow rate of the suction flow (subscript ‘s’)
divided by that of the driven flow (subscript ‘d’), is shown in Eq. 2. Changes in specific enthalpy Δh in Eq. 1
are nearly constant. Because of this, the entrainment ratio is approximately proportional to the COP.
Therefore the entrainment ratio is used as a cycle efficiency evaluation indicator. Since the driven flow is
always choked at converging-diverging nozzle in this condition, the entrainment ratio is proportional to the
mass flow rate of the suction flow.
As the parameter in calculations, backpressure pb (condensing pressure), nozzle position d (distance from
nozzle exit to mixing section entrance), and mixing section length L and its cross-section area A were used.
Table 1 shows experimental measurement values, and these values are used as boundary conditions for
numerical calculation. Computational grid, boundary conditions and four parameters in calculations are
shown in Fig. 3. Total number of nodes sum up to approximately quarter-million, and the grid spacing near
the outer wall is dense for conducting viscous calculation. Computational grid is adjusted corresponding to
parameters d, L and A. The working fluid in the ejector refrigeration cycle is HFC-134a (CH2F-CF3), with
constant specific heat ratio γ = 1.119.

(eq. 1)

(eq. 2)

Tab. 1: Experimental measurement and reference numerical values at ejector boundaries

Pressure [MPa]
Temperature [K]

Driven flow (Generator)

Suction flow (Evaporator)

Mixed flow (Condenser)

1.690
329.8

0.483
295.8

0.718
308.1

Fig. 3: Computational grid, boundary conditions and parameters in calculations (bold)
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3.

Results and discussions

3.1. Response characteristics of backpressure
Figure 4 shows the relation between the entrainment ratio ω and the backpressure pb in experimental and
numerical results at the nozzle position d = 5 mm, the mixing section length L/L0 = 1.0 and its cross-section
area A/A0 = 1.0 (L0 = 23.0 mm and A0 = 4.37 mm2, obtained by Chan et al. (2008) as the optimized value). In
both results, the entrainment ratio begins to decrease at approximately 0.71 MPa (critical backpressure, pb,crit),
which is significant to predict the ejector performance. The simulated entrainment ratio at pb < pb,crit is
constant, approximately ω = 0.285. Therefore, its behavior implies that double choking (critical mode) must
occur in the driven flow and the mixed flow concurrently. However, the entrainment ratio at pb > pb,crit
decrease responding to increment of backpressure (subcritical mode). Therefore double choking (critical
mode) could be confirmed by the unchanged entrainment ratio at lower backpressure condition. The ejector
refrigeration cycle should be operated on critical mode for the backpressure robustness.
Figure 5 shows the pressure distributions at the central axis of the mixing section and the diffuser in each
backpressure conditions from 0.40 to 0.75 MPa. The pressure distributions were nondimensionalized by the
stagnation driven pressure p0 = 1.69 MPa. The x origin is the entrance of the mixing section, and the
backpressure is fixed at the exit of the diffuser, x = 45 mm. On critical mode (when pb = 0.40, 0.55 and 0.70
MPa in this conditions), pressure distributions in mixing section are completely identical. From this fact,
choking in the mixing section is confirmed. Moreover, a shock wave stands in the diffuser, and moves
downstream depending on the descent of the backpressure. On the other hand, on subcritical mode (when pb
= 0.718 and 0.75 MPa), pressure distribution in the mixing section rise due to increment of backpressure.

Fig. 4: Entrainment ratio vs. backpressure

Fig. 5: Pressure distribution at the central axis in each backpressure when d = 5.0 mm (backpressure is fixed at x = 45 mm)
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3.2. Response characteristics of nozzle position and mixing section length
Figure 6 shows the entrainment ratio in the case of the nozzle position d = 1, 2, 3, 4 and 5 mm, mixing
section length L/L0 = 0.5, 1.0 and 1.5, at the mixing section area A/A0 = 1.0 and pb = 0.718 MPa. It was
confirmed that L/L0 = 1.0 achieved the best performance in each nozzle position. Therefore the mixing
section length L/L0 discussed below is fixed at 1.0. For instance, the entrainment ratio at d = 2 mm is about
8% higher than that at d = 5 mm. The conditions d = 1, 2, 3 and 4 mm (without 5 mm) are operated on
critical mode. The reason that the entrainment ratios on critical mode are different in spite of the choking
phenomenon seems to be differences of effective cross-section area, which varies depending on the
displacement thickness of boundary layer.

Fig. 6: Entrainment ratio vs. nozzle position and mixing section length at pb = 0.718 MPa

3.3. Response characteristics of mixing section area
Figure 7 shows the response characteristics of the mixing section area A/A0 from 1.0 to 2.0 at pb = 0.718 MPa
and d = 2 mm. There is an entrainment ratio peak in Fig. 7. The entrainment ratio monotonically increases
within the range from 1.0 to 1.6 in the mixing section area. The efficiency at A/A0 = 1.6 is more than twice as
high as that at A/A0 = 1.0, which is conventional configuration, and increases about 112%. Conversely, The
entrainment ratio monotonically decreases after the peak, A/A0 > 1.6. Moreover, below the A/A0 = 1.4, it was
confirmed that double choking occurs, and the entrainment ratio increases linearly. Therefore, A/A0 = 1.4 can
be estimated as the critical point characterized by mixing flow choking.
Figure 8 shows the relation between the entrainment ratio and the backpressure in each mixing section area
A/A0 = 1.0, 1.2, 1.4 and 1.6 at d = 2 mm. Entrainment ratios on critical mode increase linearly with the
mixing section area A/A0, as shown in Fig. 7. However, critical backpressures decrease almost linearly with
A/A0. Therefore, the backpressure must be lowered for operation on critical mode. Furthermore, the
performance degradation on subcritical mode steepens by enlargement of the mixing section area.
Figure 9 shows the relation between the entrainment ratio and the mixing section area in each backpressure
at d = 2 mm. Figure 9 is plotted by the same data of Fig. 8, and another aspect of the response characteristics.
In the case of larger mixing section area, entrainment ratios decrease rapidly responding to increment of
backpressure. On the other hand, the case when mixing section area is smaller still remains on critical mode
in spite of the high backpressure. From these facts, the optimum mixing section area decreases in size
responding to increment of backpressure. Therefore, the designing mixing section area depends on the
backpressure variation range.
Figure 10 shows pressure and Mach number distributions around the mixing section in each mixing section
area A/A0 = 1.0, 1.2, 1.4 and 1.6 at pb = 0.675 MPa (critical mode), and d = 2 mm. The inner wall between
the two inflow sections is colored gray. Pressure and Mach number distributions are respectively shown
above and below the central axis. Driven flows are choked at each condition, and shock structures at nozzle
exit are completely identical. In addition another shock wave stands at the mixing section or at the diffuser,
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responding to the conditions. Mach number in the mixing section increases due to increment of the mixing
section area A/A0. Since Mach number in the suction chamber nearly equals zero, the configuration of suction
chamber plays only a minor role in the ejector performance.
Figure 11 shows the pressure distributions at the central axis of the mixing section and the diffuser at the
same conditions shown in Fig. 10. The stagnation driven pressure p0 and the x-axis are same as Fig. 5. On
critical mode, pressure upstream of the shock at the mixing section decreases responding to increment of the
mixing section area A/A0. This is because, when the mixing section area becomes large, the entrainment ratio
increase, which means the increase of mixture proportion of the suction flow. The stagnation pressure of the
suction flow is lower than that of the driven flow; it makes the mixture pressure lower. Furthermore, the
weak shock moves upstream depending on increment of the mixing section area.
Figure 12 shows the relation between the entrainment ratio and the nozzle position in the critical mode (pb =
0.650 MPa) and subcritical mode (pb = 0.718 MPa) at A/A0 = 1.6. On subcritical mode, the entrainment ratio
becomes higher as the nozzle position d decrease. However, on critical mode, the entrainment ratio decreases
with increment of nozzle position at
. Moreover, in the case that the nozzle position is larger than
2 mm, the entrainment ratios becomes constant, and the same tendency of the response characteristics of
nozzle position on critical mode is denoted by Rusly et al. (2005). It is also revealed that the tendency on
subcritical mode is obviously different from that on critical mode.

Fig. 7: Entrainment ratio vs. mixing section area at pb = 0.718 MPa, and d = 2.0 mm

Fig. 8: Entrainment ratio vs. backpressure in each mixing section area at d = 2.0 mm
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Fig. 9: Entrainment ratio vs. mixing section area in each backpressure at d = 2.0 mm

Fig. 10: Pressure and Mach number distributions around the mixing section at pb = 0.675 MPa (critical mode), and d = 2 mm
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Fig. 11: Pressure distribution in mixing section and diffuser at pb = 0.675 MPa (critical mode), and d = 2.0 mm

Fig. 12: Entrainment ratio vs. nozzle position in critical and subcritical mode at A/A0 = 1.6, and d = 2.0 mm

4.

Conclusions

The response characteristics of the ejector configuration were investigated using computational fluid
dynamics (CFD) code of the compressible, axisymmetric and two-dimensional Navier-Stokes solver for
governing equations. This simulation method was validated based on the comparison with the experimental
critical backpressure.
It was confirmed that L/L0 = 1.0 (L0 = 23.0 mm, obtained by Chan et al. (2008) as the optimized value)
achieved the best performance in each nozzle position. However, the mixing section length has an
insignificant effect on the ejector performance. On critical mode, where double choking at the nozzle throat
and at the mixing section occur, it was confirmed that pressure distributions upstream of the shock at the
mixing section were completely identical. In the response characteristics of the mixing section area, there is
an entrainment ratio peak at A/A0 = 1.6 (A0 = 4.37 mm2) when pb = 0.718 MPa. The efficiency at A/A0 = 1.6
is about 112% higher than that at A/A0 = 1.0. Entrainment ratios on critical mode increase linearly responding
to increment of the mixing section area. On the other hand, the critical backpressure decreases almost
linearly with increment of the mixing section area. Therefore, the optimum mixing section area decreases in
size responding to increment of backpressure. Furthermore, the tendency of the response characteristics of
the nozzle position is widely different by operating (critical or subcritical) mode.
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1. Introduction
From a viewpoint of solving the global warming and the depletion of fossil energy resources, renewable
energy utilization, which can reduce CO2 emission, is quite important. In addition, some countries including
Germany are moving toward denuclearization due to nuclear accident at Fukushima. Therefore, renewable
energy utilization become of particular importance. On the other hand, air-conditioning demand is increasing
in many Asian countries like China, India, Indonesia…etc., especially in the areas of the tropical region
because of economy developing. Furthermore, air-conditioning demand is increasing in cities, because of
heat island phenomenon caused by releases of higher temperature exhaust heat to atmosphere. Therefore,
development of the air-conditioning systems working with renewable energy including solar thermal energy
is strongly promising.

The objectives of this study are to confirm the actual
performance of an ejector refrigeration cycle by using indoor
test equipment under stable conditions and to clarify the
individual performance of designed ejector itself.

Pressure

Evaporator

Generator

Condenser

An ejector refrigeration cycle can provide cooling by
Charge
Battery
controller
bank
using solar thermal energy with small consumption of
Solar PV panel
electricity, which can be powered by photovoltaic
Storage Tank
cells. The ejector refrigeration cycle resembles the
vapor compression refrigeration cycle, but it uses a
vapor generator and an ejector instead of a
Ejector
mechanical compressor to create compression effect.
Solar thermal
collector panel
Figure 1 shows the schematic diagram of the system.
The ejector refrigeration cycle was known as early as
1901 with the development of a steam jet refrigerator
by Le Blanc and Parson (Sokolov and Hershgal.
Receiver
Pump
Expantion
Pump
Tank
valve
1989). The cycle is mainly activated by heating the
liquid refrigerant in vapor generator to produce
system primary energy in form of high pressure and
Fig. 1: Solar ejector refrigerant system
temperature vapor. The performance on P-h diagram
of a simple ejector refrigerant cycle is schematically shown in
Fig. 2.
gi
go
The design of ejector is explained in detail in another report
(Chan et al. 2011).
co
ci
eo

ei

Enthalpy
The test equipment was set up and experiment was carried
out at 58  69 C of generating temperature Tg and 5 – 15 C
of evaporating temperature Te.

Fig. 2: P-h diagram of simple ejector
refrigerant cycle
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Nomenclature
P

pressure

Pa

Subscripts

T

temperature

K, C

g

generator

A

exergy

J

c

condenser

Q

heat rate

W

e

evaporator

W

Power, electricity

W

i

inlet

-1

m

mass flow rate

kg·s

o

outlet

h

enthalpy

J·kg-1

p

pump

d

distance

mm

COP

coefficient of performance

–

Superscripts

η

efficiency

–

*

critical or optimum point

2. Experimental set up
2.1 Experimental system
Figure 3 shows an actual test equipment and Fig. 4 shows a schematic diagram of the experimental set up,
which consists of vapor generator, condenser, evaporator, receiver and separator tanks, pump, heat source
and heat sink simulators and two ejectors. As mentioned earlier, the system is designed to operate as double
or single-ejector cycle and the cycle can be switched by using valves. The present study didn’t use the
second ejector, which was designed to use liquid working fluid and enhance much lower pressure condition
in evaporator. The vapor generator has been designed to operate at pressure up to 5 MPa while the actual
maximum operating pressure is expected to be
lower than 4 MPa corresponding to the vapor
pressure of propane at about 93 C. A pressure
Jet pump
Ejector
relief valve is installed and set to open at 4
MPa. Due to high operating pressure,
Vapor
Condenser
generator
helicoidally tubing coil made from stainless
Evaporator
steel is used. The liquid receiver and vapor- Vapor-liquid
Expansion
liquid separator are also made of stainless steel separoator
valve
and equipped with level glass for tracking the
Pump
Liquid
liquid level in the receiver and separator.
receiver
Brazed-plate heat exchangers are used for
Circulation
Circulation
condenser and evaporator because they are
bath
bath
compact and suitable for small scaled
laboratory test equipment.
The vapor generator heat source, which will be
supplied by solar collector in the actual case, is
Fig. 3: Experimental set up
simulated with a circulating bath that can
supply heat at controllable temperature up to 200 C and 0.01 C of precision. In similar manner, the cooling
load is also simulated by a circulating bath. The heat from condenser is removed by a cooling bath.
All the temperature measurements at “T” in Fig. 4 are made by using K-type thermocouples. The flow rates
of heat transfer fluids, water, for circulating baths of vapor generator and evaporator are measured by using
Keyence FD-V70 series flow sensors with sensor head FD-P20 having the resolution of 0.1 liter and
uncertainties of 0.1 % F.S. The pressures of working fluids are measured at “P” in Fig. 4 by using Keyence
AP-V80 series pressure sensors and the sensor heads AP-14S and AP-13S. The uncertainties of pressure
sensors are 0.1 % F.S.
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T
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Valve
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T

T
Tw5
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Liquid
Receiver
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T
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Isothermal
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Check valve

Pump
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2.36

Figure 5 shows some important dimensions of the ejector
used in the test equipment. The ejector is designed to allow
change of nozzle position along axial direction to alter
distanced between nozzle exit and the inlet of mixing section.
The nozzle throat and the mixing section constant-area
diameters are important in the ejector to be designed for
operating at a required condition. The theoretical predictions
of these dimensions were reported in Chan et al. 2011.

1.40

Fig. 4: Schematic diagram of a whole set of test equipment

Mixing section
23

4.60

Diffuser
22

d

The refrigerant used in the system was determined based on
Fig. 5: Ejector important dimensions mm
the thermodynamic properties of four different refrigerants of
propane, isobutene, and n-butane, and a hydro-fluorocarbon of R134a as explained in a previous paper by
Chan et al, 2011. From the calculation results, propane shows the better performance as a working fluid than
R134a. However, R134a was selected to be used in test equipment because propane is a flammable gas,
which is not suitable for indoor test equipment due to safety reason. In the generator, R134a is boiled by
electric heater. In experiments the generator was operated at temperatures between 58 and 69 C instead of
the stored thermal energy in the actual case. In the condenser, R134a vapor condenses by using cooling water
cooled by cooling bath, which will be replaced by a cooling tower in case of an actual system.
2.2 Experimental Procedure
The operating procedure of the developed ejector system is simple. Firstly, the circulating thermostat baths
for vapor generator and evaporator and also the cooling bath for condenser are switched on. When heat is
provided to liquid refrigerant in generator, boiling occurs and vapor generation rate is getting higher than the
vapor flow rate through the nozzle of ejector and the pressure in generator rises. When pressure reaches an
equilibrium condition, the vapor flow rate at the nozzle also reaches at chocking flow. The vapor-generator
pressure and temperature can be controlled by the temperature. On the other hand, the evaporator pressure
does not depend on the generator temperature, while it can be controlled by adjusting the opening of
expansion valve. The super-heated vapor at evaporator exit can be controlled by temperature. The condenser
pressure can be changed by varying temperature. In the design, liquid level in generator can be detected by
two optical level switches and the signals are used for controlling the operation of the pump. However, the
level switches did not work correctly in this study; therefore the pump operation was controlled manually
with an inverter speed controller by observing the liquid level in receiver tank through a level glass.
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3. Experimental results
3.1 COP analysis
Coefficient of performance, COP, is used to verify the performance of a developed ejector refrigeration
system. COP is defined in this study as the ratio of the cooling capacity and the total input heat in vapor
generator. In ejector refrigerant cycle, the total input energies are the input heat at generator and the energy
for driving the pump used for circulating refrigerant. However the power consumed by pump is significantly
small as a comparison with the input heat at the vapor generator, therefore COP of ejector refrigerant cycle is
defined as

COP 

Qe
Qg

(eq. 1)

For vapor generator, condenser and evaporator, the pressures and temperatures are used as the values at
saturation states. When the quality of available heat sources is concerned, temperature is a better indicator of
the system operating condition.

Figures 6 shows the relation between COP and condensing
temperature Tc at the conditions of Tg = 64 C, Te = 15 C and
nozzle position d = 3.0 mm. As shown in Fig. 6, the maximum
COP is about 0.35 and the critical condensing temperature Tc* that
COP begins to decrease is 29 C at this condition.

0.40

0.35
COP

The optimum pressure is commonly defined as the critical
pressure. The COP of ejector system becomes constant when the
system is operated at condenser pressures lower than the critical
point. When the operating condenser pressure is higher than the
critical pressure, the COP begins to decrease drastically with
increaseing condenser pressure.

0.30
0.25

Critical point

0.20
0.15
27
29
31
33
Condensing temperature Tc C

Fig. 6: Results at Tg = 64 C, Te = 15 C
and d = 3.0 mm

3.1.1 Nozzle position
Figure 7 shows relation between COP and condensing temperature at the condition of Tg = 64 C, Te = 10 C
and d = 1.5, 3.0 and 4.5 mm. As shown in Fig. 7, COP is the highest at d = 3.0 mm and lowest at d = 4.5 mm.
Figure 8 shows the relation between maximum COP and nozzle position at the condition of Tg = 64 C, Te =
10 C. As shown in Fig. 8, COP is drastically decreasing when nozzle position is changed from d = 3.0 mm
to d = 4.5 mm., It indicates that the peak of COP in designing of present ejector at the condition of Tg = 64
C and Te = 10 C is d = 3.0 mm.

0.30

0.30

0.25

COP

0.20
0.15
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0.0
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26
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Condensing tempearure Tc C

Fig. 7: Results at Tg = 64 C, Te = 10 C and d = 1.5, 3.0, 4.5 mm
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0.25

COP

d mm
1.5
3.0
4.5

1.5
3.0
4.5
Nozzle position d mm

Fig. 8: Relationship between COP and
nozzle position d at Tg = 64 C, Te = 10 C

3.1.2 Generating and evaporating temperatures
The performance of the present ejector designed in this study was obtained as a function of generating and
evaporating temperatures. Figure 9 shows the relation between COP and Tg at Te = 10, 15 °C and d = 3.0 mm.
As shown in Fig. 9, it was confirmed that COP decreases from 0.33 to 0.20 with increasing in Tg from 58 °C
to 69 °C at Te = 10 °C and from 0.38 to 0.26 with increasing in Tg from 58 °C to 69 °C at Te = 15 °C. Besides,
COP is increasing when Te is increasing from 10 °C to 15 °C. Figure 10 shows the relation between COP and
Te at Tg = 58, 64, and 69 °C and d = 3.0 mm. As shown in Figs. 10, it was confirmed that COP increases with
increasing in Te. In particular, at the condition of Tg = 64 °C, COP increases to 34 % from 22 % with
increasing in Te from 10 °C to 15 °C.
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Generating temperature Tg C

Fig. 9: Relashionship between COP and Tg
at Te = 10, 15 C and d = 3.0 mm
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Generating temperature Tg C
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Fig. 10: Relashipnship between COP and Te
at Tg = 58, 64, 69 C and d = 3.0 mm

3.2 Exergy analysis
Experimental COP is relatively lower than theoretically expected value. The ejector refrigerant cycle is
consumes only solar energy at temperatures of intermediate level just like exhaust heat, which is not utilized
in many industries. Therefore, it is suitable to be evaluated by exergy efficiency for knowing the reachable
highest efficiency and comparing with other energy conversion systems.
Exergy efficiency ηE of ejector refrigerant cycle is defined as the ratio of the exergy at evapolator and the
total input exergies. In ejector refrigerant cycle, the total input exergies are the input exergy at generator and
the exergy for driving the pump used for circulating refrigerant. In case of COP, it can ignore the electricity
consumption of the pump can be ignore because of small amount in energy from the view point of heat in the
generator but it is not the case for exergy analysis. Therefore exergy efficiency ηE of ejector refrigerant cycle
is defined as eq. 2.

E 

Ae
Ag  W

(eq. 2)

When temperatures of generator and evaporator are kept at constant, exergy can be simply defiend as eq. 3.

A  Q(1 

T0
)
T

(eq. 3)

Electricity consumption at pump is calculated by eq. 4.

W

m p (hgi  hco )

p

(eq. 4)

From eqs. 2-4 and experimental result, ηE reaches 0.15 at Tg = 64 C, Te = 15 C and T0 = 30 C.
If Te and T0 of vapor compression refrigerant cycle are the same as this condition, ejector refrigerant cycle is
corresponding to the ηE of vapor compression refrigerant cycle whose COP is 2.9.
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4. Challenges for the future
34
Critical condensating
temperature Tc* C

The critical condensing temperatures of ejector refrigerant
cycle using the present ejector would be relatively low
from the consideration of condensing heat being available
from ambient air. Figure 13 shows the relation between
Tc* and Tg. Tc* is the highest at 33 C in case of Tg = 69 C
and Te = 15 C, it can be easier to get from ambient air.
On the other hand, it is possible to condense at lower
temperatures, when water is cooled by cooling tower,
although it requires additional energy consumption. There
are trade-off relation between COP and Tc* for the present
ejector. It is required to investigate the optimum design of
ejector itself, which has higher condensing temperature.

Evaporating
temperature
Te C
15 °C
10 °C

32

30
28

26
24

22
55

60
65
Generating temperature Tg C

70

Fig. 13: Relationship between Tc* and Tg
at Te = 10, 15 C and d = 3.0 mm

In our experimental equipment, the heat for generating the vapor is provided from isothermal bath and the
cooling water to condense the refrigerant is provided from cooling bath. These will be replaced by solar
thermal panel and cooling tower, respectively, for the actual system.
5. Conclusion
The experiments of ejector refrigeration cycle were carried out for a single ejector cycle. The COP reached
about 0.35 and exergy efficiency reached 0.15 at Tg = 64 °C, Te = 15 °C, Tc = 29 °C.
The experiments in order to clarify the characteristics of nozzle position were carried out. From the results,
there is a peak of COP when nozzle position is moved. In designing of present ejector, the optimal nozzle
position was about 3.0 mm at any conditions.
In design of present ejector, it is confirmed that the COP is decreasing with increasing in generator
temperature whereas critical condenser temperature is increasing with increasing in generator temperature.
On the other hand, it is expected that COP is increasing with increasing in generator temperature if the
design of ejector is optimized in the generator temperature.
From these results, it was confirmed that the actual performance of an ejector refrigeration cycle by using
indoor test equipment under stable conditions and clarified the individual performance of designed ejector
itself.
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1. Abstract
The environmental benefits of the use of renewable energy sources for cooling are widely known. As it is
common practice this consideration usually only takes into account the driving energy source of the system.
A complete and valid statement related to the environmental friendliness can only be obtained by taking into
account the whole life cycle of the solar thermal cooling system. This paper presents a procedure to
determine the assessment criteria amortisation time, yield ratio and savings on the basis of the global
warming potential (GWP) and the cumulative primary energy demand (CED) of the system during its whole
lifetime. As an example a typical solar thermal cooling system is compared to a conventional electrically and
fossil fuel driven system by performing a life cycle assessment (LCA) on each of the systems. The obtained
results and derived optimisation potential are discussed and recommendations for future work are given.

2. Introduction
The worldwide increasing demand for cooling leads to a growing consumption of fossil fuels and increasing
environmental pollution. The use of solar thermal driven sorption chillers instead of conventional electrically
driven compression chillers is one option to counteract this trend. Apart from simple solar thermal cooling
systems thermal driven chillers are also used in combined solar thermal heating and cooling systems. These
so called SolarCombiPlus systems are capable of providing space heating, domestic hot water preparation
and space cooling. To support the still young but growing market of solar cooling technologies, standardized
methods are necessary, that allow an assessment and comparison of different cooling systems based on
energetic and ecological aspects. This requires both, standardized performance test methods as well as
standardized procedures for the determination of the overall environmental impact. To develop the required
testing and assessment procedures for solar thermal cooling systems including SolarCombiPlus systems with
a cooling capacity of up to 20 kWth, the project “SolTrans”, which is financed by the German Ministry of
Economy and Technology (BMWi), was initiated at ITW in 2008 (Frey, 2010). Streicher et al. (2004)
developed a methodology to perform an overall environmental assessment of solar domestic hot water
systems and solar combisystems. Within the project “SolTrans” this methodology has been taken up and
developed further to perform an overall ecological assessment of solar thermal cooling systems and
SolarCombiPlus systems which takes the savings of greenhouse gas emissions and primary energy savings of
these systems into account.

3. Ecological assessment of solar thermal cooling systems
It is common sense that the use of renewable energy sources for heating and cooling has environmentally
friendly effects, such as the reduction of CO2-emissions and the protection of fossil fuel resources. In order
to perform an overall ecological assessment not only energy or emission savings during operation of solar
thermal cooling systems have to be taken into account. Also the energy consumption and greenhouse gas
emissions caused by production, delivery and maintenance of the system play a decisive role related to the
determination of the overall environmental impact. A complete examination has to cover the whole life cycle
of the product from raw material acquisition through production, use, end-of-life treatment, recycling and
final disposal (i.e. cradle-to-grave) according to EN ISO 14040 - 14043 (CEN, 2006). This can be performed
by means of a life cycle assessment (LCA) which allows for a comparison of solar cooling systems with
conventional systems providing the same comfort and an assessment of their environmental impact. The

905

investigation is carried out in several steps by performing a life cycle inventory (LCI), which is then used for
an assessment of the life cycle impact. The results of the life cycle impact assessment (LCIA) are used to
determine comparative assessment criteria for solar thermal cooling systems.
3.1 Life cycle inventory analysis
In a first step a life cycle inventory (LCI) analysis is carried out to list all materials and processes needed
during the life cycle of the system. For this the investigated system is split up into its main components. The
main components are split up further into sub components until each component can be allocated to a dataset
of a LCA database. The presented investigation is based on the ecoinvent database (Frischknecht and
Rebitzer, 2005). To give an impression of the level of detail Tab. 2 shows the life cycle inventory regarding
the production of a main component of solar thermal cooling systems – a solar thermal driven chiller.
Materials and processes used in the production are accounted for for each component by quantity and unit.
Structure and level of detail interact with the available datasets of the LCA database. Hence the generation of
a life cycle inventory is an iterative process.
3.2 Life cycle impact assessment
On the basis of the life cycle inventory a life cycle impact assessment (LCIA) is carried out for different
aspects such as primary energy consumption or contribution to global warming. This is performed by
applying different impact assessment methods to the elaborated life cycle inventory. The goal of the life
cycle assessment is e.g. a statement if it is energetically and ecologically worthwhile to use solar thermal
driven cooling systems instead of conventional electrically driven cooling systems. In addition, information
about the quantity of energetic and ecological advantages of solar thermal driven cooling systems can be
gained. Investigations in this publication are based on two environmental impact categories, the cumulative
energy demand (CED) and the global warming potential (GWP).
The cumulative energy demand (CED) accounts for the primary energy required to produce, deliver, operate
and maintain the solar cooling system. Apart from the cumulative energy demand properties of the
substances that are emitted to the environment during the life cycle of the system play an important role. The
global warming potential (GWP) indicates the CO2-equivalent of emitted greenhouse gases. The
characteristic values for greenhouse gas emissions used in this publication are based on global warming
potentials published in IPCC’s Fourth Assessment Report (IPCC, 2007). The GWP can be determined for
different time horizons. In this publication the GWP is determined for the common time horizon of 100 years
(GWP 100a).
The total primary energy used for a system is the sum of the cumulative energy demand (CED) for
production (index p), operation (index o) and maintenance (index m). The CED [kWh] for production occurs
at the beginning of the life cycle of the system. Hence it is independent of time. For operation and
maintenance the CED is time dependent [kWh a-1] and therefore multiplied by the time t.
CED (t ) = CED p + CEDo ⋅ t + CED m ⋅ t

(eq. 1)

A similar equation can be defined for the GWP accounting for the greenhouse gas emissions caused by
production (index p), operation (index o) and maintenance (index m). The GWP is given in kg CO2equivalents (kg CO2-Eq.) respectively kg CO2-Eq. a-1 for time dependent values of operation and production.
GWP(t ) = GWPp + GWPo ⋅ t + GWPm ⋅ t

(eq. 2)

In the field of refrigeration technology it is common practice to use the TEWI (Total Equivalent Warming
Impact) method described in EN 378-1 (CEN, 2010) to determine the total GWP of a system according to:
TEWI = GWPe ⋅ L ⋅ t + GWPe ⋅ m ⋅ (1 − α R ) + t ⋅ Ea ⋅ β
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(eq. 3)

Where GWPe is the global warming potential of the emitted refrigerant in kg CO2-Eq. per kg refrigerant, L is
the leakage rate in kg a-1, t is the time in a, m is the mass of refrigerant filling in kg, αR is the recovery factor
that describes the fraction of refrigerant that can be recycled at the end of the system’s life time compared to
the total mass of refrigerant in the system. Ea is the annual electrical energy consumption of the system in
kWh and β represents the CO2-emissions caused by production of electricity in kg CO2-Eq. per kWh. The
three summands shown in eq. 3 are also accounted for within the presented life cycle impact assessment. Due
to the fact that the first and the last summand are time dependent those two are part of the GWP of operation.
The second summand of eq. 3 is considered within the GWP of production. Hence the presented method
includes the determination of the complete GWP according to the TEWI method. Apart from the processes
accounted for by the TEWI the presented life cycle impact assessment also considers the GWP of producing,
operating and maintaining the whole system. This also includes e.g. the production of the refrigerant and
initially filling the system as well as the greenhouse effect of refilling leakage losses during operation.
3.3 Comparative assessment criteria
To compare different systems, additional relative assessment criteria are derived from the CED and GWP.
Streicher et al. (2004) introduced the energetic payback time of solar thermal systems, which is defined as
the period the system has to be in operation in order to save the amount of primary energy that has been
spent for production, operation and maintenance of the system. On this basis an amortisation time (AT)
regarding the CED and the GWP is defined. The amortisation time (AT) specifies the time a solar thermal
driven system (index sol) has to be in operation to save the primary energy consumption or greenhouse gas
emissions that were caused by the additional expense of production, operation and maintenance compared to
a conventional system (index conv). By comparing the total CED or GWP of the solar thermal cooling
system with the total CED or GWP of the conventional system according to eq. 4 and eq. 5 the amortisation
time for the CED and GWP can be determined according to eq. 6 and eq. 7.

ATCED =

ATGWP =

CED(t ) sol = CED (t )conv

(eq. 4)

GWP(t ) sol = GWP(t ) conv

(eq. 5)

CED p, sol − CED p , conv

(CEDo + CEDm )conv − (CEDo + CEDm )sol
GWPp , sol − GWPp , conv

(GWPo + GWPm )conv − (GWPo + GWPm )sol

(eq. 6)

(eq. 7)

If a solar thermal cooling system has a lifetime longer than the specific amortisation time AT it is
energetically and ecologically worthwhile to use it. Hence, based on this assessment criterion a statement can
be made if the usage of a solar thermal cooling system is preferable, instead of e.g. using a conventional,
electrically driven compression cooling system to provide the same comfort.
Beyond the amortisation time the system effectively saves primary energy and reduces the emissions of
greenhouse gases. However the amortisation time AT does not give a conclusion about the quantity of saved
energy and emissions. The absolute values of saved primary energy or avoided emissions of greenhouse
gases (index sav) are time dependent and can easily be described by the difference between the total CED
resp. GWP of the conventional system and the solar thermal driven system:
CED sav (t ) = CEDconv (t ) − CED sol (t )

(eq. 8)

GWPsav (t ) = GWPconv (t ) − GWPsol (t )

(eq. 9)
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In order to provide a comparable criterion that takes the quantity of saved energy and emissions into account
a third assessment criterion is defined - the yield ratio (YR). This factor specifies how often a system saves
during its lifetime tlife the amount of primary energy or greenhouse gases that was caused by the production
compared to a conventional system. The yield ratio is an indicator of how effective a system is in saving
energy or preventing the emission of greenhouse gases. The yield ratio is calculated by the fraction of the
lifetime (tlife) and the specific amortisation time according to eq. 10 and eq. 11.
YRCED =

YRGWP =

(CEDo (t life ) + CEDm (t life )) conv − (CEDo (t life ) + CEDm (t life )) sol
CED p, sol − CED p ,conv
(GWPo (t life ) + GWPm (t life )) conv − (GWPo (t life ) + GWPm (t life )) sol
GWPp, sol − GWPp,conv

=

=

t life
ATCED
t life
ATGWP

(eq. 10)

(eq. 11)

Due to the fact that solar thermal cooling systems are a very young technology there is so far no reliable
information on the lifetime of these systems. The lifetime of solar combisystems is in the range of 20 years.
Hence, in the following a lifetime of 20 years is estimated for the whole solar thermal cooling system. This
value may be adapted with available long term data of solar thermal cooling systems.

4. Description of the investigated solar cooling system and the reference system
As already mentioned the life cycle assessment is performed by comparing a solar thermal cooling system, in
this case a SolarCombiPlus system, to a conventional heating and cooling system using an electrically driven
chiller and an oil fired boiler providing the same comfort. As an example, in the following a fictive typical
SolarCombiPlus system is opposed to a generic conventional heating and cooling system.
4.1 Solar thermal cooling system: SolarCombiPlus system
The operated thermal driven chiller is an absorption chiller using lithium bromide as sorbent and water as
refrigerant. It is driven by thermal energy provided by eleven evacuated tubular collectors with a total
aperture area of 38.5 m². The working fluid of all circuits is water. At nominal operation the absorption
chiller provides a chilling capacity of 10 kWth. To temporarily bridge a lack related to the availability of
thermal driving energy a heat store with a total volume of 2.000 l is used. The absorption chiller provides
chilled water to the cold distribution system consisting of four convectors with an electricity consumption of
56 W each. Full cooling capacity and high efficiency of thermal driven chillers can only be reached when
operating the chiller at relative high chilling temperatures (14 – 18 °C chilled water temperature). Due to this
fact the convectors are sized very large in comparison to the convectors of conventional cooling systems
providing space cooling at convector inlet flow temperatures of 14 °C. Waste heat of the solar cooling
system is rejected by a hybrid heat rejection unit with a nominal electricity consumption of the fans of
280 W. In times of high outdoor temperatures and high cooling loads the evaporative cooling is used by
spraying water onto the ambient air heat exchanger. Fig. 1 shows the investigated SolarCombiPlus system.
The dotted line indicates the boundary used for LCA. Boiler, domestic hot water distribution system, space
heating distribution system as well as the pumps in the boiler circuit and the heating circuit are outside the
boundary due to the fact that they are identical for both the SolarCombiPlus system and the conventional
reference system. The four circulation pumps inside the boundary are grouped in a hydraulic station. A
central controller with a nominal power of 1.5 W is used to control the whole system and the room
temperatures. The fractional energy savings of the system regarding the heat demand are considered to be
45 %. The rest is covered by the boiler.
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Fig. 1: Hydraulic scheme of the SolarCombiPlus system

4.2 Conventional reference heating and cooling system
The European market for individual air conditioning systems is dominated by single split units with 78 %
market share (Grignon-Masse et al.). Hence, as reference cooling system a conventional electrically driven
compression cooling system is used. A system consisting in total of four split units with a cooling capacity of
2.5 kWth each is assumed. The energy efficiency of an electrically driven cooling unit is characterised by the
&
Energy Efficiency Ratio (EER). According to eq. 12 it is defined as the ratio between cooling capacity Q
cool
and electric power input Pel.
EER =

Q& cool
Pel

(eq. 12)

Riviere et al. (2009) identified an average Energy Efficiency Ratio (EER) of single split units for cooling of
2.9. Taking this into account a total average electrical power consumption of 3,448 W is needed to provide a
chilling capacity of 10 kWth. Fig. 2 shows the conventional heating and cooling system used as reference
system. The boundary is given by the dotted line. It includes the split air conditioners and a 135 l heat store.
The volume of the heat store was chosen in accordance with the reference system used by Streicher et al.
(2004).

Fig. 2: Hydraulic scheme of the conventional reference system
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5. Impact assessment of the investigated cooling systems
In order to determine the cumulative energy demand and the global warming potential for each system the
CED and GWP for production, maintenance, and operation have to be determined. Disposal or recycling of
the systems apart from the recovery of the refrigerant is not accounted for in this investigation due to the
insufficient data base regarding disposal. All specific values for CED and GWP are taken from the ecoinvent
database v2.2, which represents the situation in Germany in 2010. Direct emissions of R134a to the
environment are accounted for with a GWP of 1,430 according to IPCC (2007).
5.1 Impact of production
The CED for production includes the primary energy needed for all production processes beginning with the
mining of raw materials, conversion to semi finished products, manufacturing of the final product, transport
and installation of the system. The GWP of production includes all emissions of greenhouse gases during this
phase of the life cycle. Following this procedure the cumulative energy demand and the global warming
potential are determined for all main components of the SolarCombiPlus system and the conventional
heating and cooling system as shown in Tab. 1.

Tab. 1: Determination of the cumulative energy demand and the global warming potential for production

SolarCombiPlus system
Reference system
Weight
CED
GWP
Weight CED
GWP
[kg]
[kWh] [kg CO2-Eq.] [kg]
[kWh] [kg CO2-Eq.]
380.0
7,157.0
1,623.2
Absorption chiller
151.0
2,303.2
410.9
Piping
268.0
3,634.0
720.5
90.0
920.0
187.0
Store
7.6
185.2
37.7
Extension vessel
45.5
557.1
117.5
Hydraulic station
634.2 26,248.3
3,717.5
Solar collectors
88.7
3,209.3
722.3
Collector field periphery
166.0
3,579.8
1,059.1
Heat rejection unit
244.4
7,856.9
1,844.4
Convectors
2,260.4
185.2 3,970.8
Split unit
1,985.3 54,730.9
10,253.2
275.2 4,890.8
2,447.4
Sum materials and processes
633.4
302.7
644.7
130.1
Transport (incl. 10 wt% packing) 2,183.9 3,123.0
5,785.4
1,088.7
553.6
257.8
Assembly and installation
2,183.9
63,639.3
11,975.3
302.7
6,089.1
2,835.3
Sum production
Main component

To determine the values of GWP and CED for production the main components are divided into smaller subcomponents until a suitable level of detail is reached to be able to use the given component properties (e.g.
mass, material) in combination with the corresponding data of the ecoinvent database. The absolute values
(CED [kWh], GWP [kg CO2-Eq.]) are obtained by multiplication of the specific quantity with the respective
unit-specific value (CED [kWh unit-1], GWP [kg CO2-Eq. unit-1]) from the ecoinvent database. As an
example of main components the life cycle inventory and assessment for the thermal driven chiller is given
in Tab. 2. The life cycle inventory and assessment of the other main components of the SolarCombiPlus
system and the reference system are not listed but where performed with the same level of detail.
Due to the fact that there is no dataset available for lithium bromide the dataset of a similar material (lithium
chloride) was used. In the conventional system each air conditioning unit contains 1 kg of the widely used
R134a as refrigerant. Based on the overview on refrigerant leakages of common cooling systems given by
Frischknecht (1999) the leakages are assumed to be 3 % during initial filling of the system and 15 % at the
end of the lifetime (αR = 0.85). These recovery losses at the end of the system’s life are accounted for within
the impact of production to reach conformity with the TEWI method.
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Tab. 2: Life Cycle Inventory and Assessment of the investigated absorption chiller

CED
GWP
Unit Quantity [kWh
[kg CO2- [kg CO2[kWh]
-1
-1
Eq.]
unit ]
Eq. unit ]

Component

Material / Process

Vessels, tube bundle heat
exchangers and plate heat
exchangers (generator,
condenser, evaporator,
absorber, solvent heat
exchanger, reservoirs)

chromium steel
chromium steel sheet rolling
drawing of chromium steel
pipe

[kg]
[kg]

150.0
125.0

21.3
3.0

3195.0
375.0

4.5
0.6

675.0
75.0

[kg]

25.0

1.2

30.0

4.5

112.5

steel welding using gas

[m]

5.0

0.6

3.0

0.2

1.0

chromium steel
chromium steel product
MFG
brass
brass product MFG
polypropylene handle
plastic injection moulding
controller
pumps (3 x 2,5 kg)
thermal insulation
chromium steel
chromium steel product
MFG

[kg]

5.0

21.3

106.5

4.5

22.5

[kg]

5.0

11.8

59.0

2.4

12.0

[kg]
[kg]
[kg]
[kg]
[kg]
[pcs.]
[kg]
[kg]

5.0
5.0
0.5
0.5
1.5
3.0
2.5
5.0

11.9
9.1
20.9
8.0
128.4
32.9
35.1
21.3

59.5
45.5
10.5
4.0
192.6
98.7
87.8
106.5

2.5
1.9
2.0
1.3
26.0
7.0
4.5
4.5

12.5
9.5
1.0
0.7
39.0
21.0
11.3
22.5

[kg]

5.0

11.8

59.0

2.4

12.0

[kg]

10.0

17.8

178.0

4.6

46.0

low-alloyed steel
steel sheet rolling
chromium steel
Base tub
chromium steel sheet rolling
low-alloyed steel
Sheet metal covering
steel sheet rolling
Welding seam of the casing steel welding
alkyd paint
Paint

[kg]
[kg]
[kg]
[kg]
[kg]
[kg]
[m]
[kg]

40.0
40.0
25.0
25.0
100.0
100.0
1.0
2.0

7.7
1.8
21.3
3.0
7.7
1.8
0.6
23.1

308.0
72.0
532.5
75.0
770.0
180.0
0.6
46.2

1.8
0.4
4.5
0.6
1.8
0.4
0.2
2.9

72.0
16.0
112.5
15.0
180.0
40.0
0.2
5.8

chromium steel
chromium steel sheet rolling
copper
copper sheet rolling
steel welding of piping

[kg]
[kg]
[kg]
[kg]
[m]

10.0
10.0
15.0
15.0
20.0

21.3
3.0
9.4
1.8
0.6

213.0
30.0
141.0
27.0
12.0

4.5
0.6
1.9
0.4
0.2

45.0
6.0
28.5
6.0
4.0

thermal insulation of tubes

[kg]

1.0

35.1

35.1

4.5

4.5

Metal working factory
Plastics processing factory
Pump factory

metal working factory
plastics processing factory
pump factory

[kg]
[kg]
[pcs.]

340.0
0.5
3.0

0.3
0.9
0.5

102.0
0.5
1.5

0.0
0.2
0.1

13.2
0.0
1.0

Sum

-

[kg]

380.0

-

7157.0

-

1623.2

Valves (hand valves and
actuated control valves)

Pumps
Thermal insulation
Screw connections of the
piping
Refrigerant (lithium
bromide)

production

Frame structure

Chromium steel piping
Copper piping
Welding seam of piping
Thermal insulation of the
piping

After manufacturing (MFG) the system has to be transported to the place of installation. As obvious and also
shown in Tab. 3 the cumulative energy demand and the global warming potential depend on the distance and
the total weight of the system. For transportation packaging of the system is necessary. The weight of the
packaging is assumed to be 10 % of the weight of the system. Hence the total weight for transportation
including packaging is 110 % of the system weight. In conformance with Streicher et al. (2004) it was
assumed that the systems are transported by truck from the manufacturing plant to the wholesaler over a
distance of 300 km. From the wholesaler to the place of installation the system is transported by delivery van
over a distance of 100 km. Split air conditioner units are usually produced in Asia. Hence an additional
transport effort from Osaka harbour to Hamburg harbour is considered for the split units.

911

For assembly and installation there is no general database available. The effort of installation varies
depending on the installation place and the system. Following Streicher et al. (2004) a general approach of
10 % of the CED resp. GWP of the production of materials and transport is used to calculate the impact of
assembly and installation. Taking manufacturing, transport and installation into account a total sum of CED
resp. GWP can be obtained as shown in Tab. 1.

Tab. 3: Determination of cumulative energy demand and global warming potential for transport

SolarCombiPlus system
CED
Vehicle
Distance [km] Weight [kg] [kWh t-1 km-1]
300
2,183.9
1.6
Lorry
100
2,183.9
9.5
Delivery van
Sum
-

GWP
[kWh] [kg CO2-Eq. t-1 km-1] [kg CO2-Eq.]
1,048.3
0.3
196.6
2,074.7
2.0
436.8
3,123.0
633.4

Reference system
CED
GWP
Vehicle
Distance [km] Weight [kg] [kWh t-1 km-1] [kWh] [kg CO2-Eq. t-1 km-1] [kg CO2-Eq.]
Transoceanic
20,800
203.7
0.05
211.8
0.01
42.4
freight ship
300
302.7
1.6
145.3
0.3
27.2
Lorry
100
302.7
9.5
287.6
2.0
60.5
Delivery van
Sum
644.7
130.1

5.2 Impact of Operation
The energetic and ecological impact of operation is primarily caused by the consumption of fossil fuel and
electrical power. The GWPo is additionally influenced by the leakage of refrigerant from the conventional
cooling system. The annual CED caused by electrical components is obtained by multiplication of the power
consumption, the operating hours and the primary energy factor for electricity. The CED caused by the boiler
firing is obtained by division of the annual thermal energy demand for space heating and domestic hot water
preparation by the boiler efficiency and multiplication with the primary energy factor of oil. For the annual
GWP the specific values of greenhouse gas emissions are used instead of the primary energy factors.

Tab. 4: Determination of the cumulative energy demand and the global warming potential for operation

SolarCombiPlus system
CED
GWP
Electricity
Power
Operating hours [kWh
[kg CO2-Eq. [kg CO2[kWh a-1]
[h a-1]
kWhel-1]
kWhel-1]
Eq. a-1]
consumer
consumption [W]
Cold distribution
40
500
3.5
70.0
0.7
14.0
pump
Chiller pump
120
500
3.5
210.0
0.7
42.0
station
120
1,500
3.5
630.0
0.7
126.0
Solar pumps
150
500
3.5
262.5
0.7
52.5
Chiller
280
500
3.5
490.0
0.7
98.0
Heat rejection unit
1.5
8,760
3.5
46.0
0.7
9.2
Controller
224
500
3.5
392.0
0.7
78.4
Convectors
Energy demand boiler efficiency [kWh
[kg CO2-Eq. [kg CO2[kWh -1]
Fuel consumer
[kWhth a-1]
kWhth-1]
kWhth-1]
Eq. a-1]
[-]
6,973.5
0.85
1.3
10,665.4
0.3
2,461.2
Oil fired boiler
Sum
12,765.9
2,881.3
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Reference system

CED

GWP

Electricity
consumer
Split Unit
Controller

Power
Operating hours [kWh
[kg CO2-Eq. [kg CO2[kWh a-1]
[h a-1]
kWhel-1]
kWhel-1]
Eq. a-1]
consumption [W]
3,448.3
500
3.5
6,034.5
0.7
1,206.9
6.0
8,760
3.5
184.0
0.7
36.8
Leakage of refrigerant
[kWh
[kg CO2-Eq. [kg CO2[kWh a-1]
[kg a-1]
kg-1]
kg-1]
Eq. a-1]
0.3
0.0
0.0
1,430.0
429.0
Energy demand boiler efficiency [kWh
[kg CO2-Eq. [kg CO2[kWh a-1]
Fuel consumer
[kWhth a-1]
kWhth-1]
kWhth-1]
Eq. a-1]
[-]
12,679.0
0.85
1.3
19,391.4
0.3
4,474.9
Oil fired boiler
Sum
25,609.9
6,147.6
The total annual thermal energy demand for space heating and domestic hot water preparation is considered
to be 12,679 kWhth. According to EN-12977-2 this value consists of 9,090 kWhth for space heating,
2,945 kWhth for domestic hot water preparation and 644 kWhth thermal losses of the heat store. Chiller
operation is assumed to be 500 h a-1 according to the guideline 2002/31/EG (EG, 2002) of the European
commission regarding energy labelling of room air conditioners. As shown in Tab. 4, for the reference
system no pumps are considered. Nevertheless the annual consumption of electrical energy of the reference
system is nearly three times as high as the electrical energy consumption of the solar thermal driven system
due to the operation of compressors in the split units. According to Frischknecht (1999) the leakages during
operation are assumed to be 7.5 % per year (L = 0.3 kg a-1 for four units).
5.3 Impact of Maintenance
Maintenance and service for the SolarCombiPlus system are considered to consist of revision effort like
inspection of the primary pressure of the expansion vessel and system pressure every year. Inspection mainly
causes expenditure of human labour which is not taken into account in the assessment with regard to CED
and GWP. For the reference system an annual inspection is required according to EN 378-4. Within this
inspection the refrigerant leakage is being compensated by refilling the lost amount of refrigerant. Apart
from this for both systems the energetic and ecological impact of driving to the place of installation has to be
taken into account. The bi-directional journey is considered to be 2 x 30 km = 60 km in a passenger car.
Hence a yearly value of 60 km in a passenger car is accounted for for both systems. The unit pkm refers to
passenger-kilometre. The impact of maintenance is summarized in Tab. 5.

Tab. 5: Summary of the cumulative energy demand and the global warming potential for maintenance

SolarCombiPlus system
CED
GWP
Maintenance
Unit Quantity [kWh a-1 unit-1] [kWh a-1] [kg CO2-Eq. a-1 unit-1] [kg CO2-Eq. a-1]
60
1.4
84.0
0.2
12.0
[pkm]
Passenger car
Sum
84.0
12.0

Reference system
CED
GWP
-1
-1
-1
-1
-1
-1
[kWh
a
unit
]
[kWh
a
]
[kg
CO
-Eq.
a
unit
] [kg CO2-Eq. a ]
Maintenance
Unit Quantity
2
[pkm]
60
1.4
84.0
0.2
12.0
Passenger car
0.3
44.6
13.4
103.3
31.0
Refilling refrigerant [kg]
Sum
97.4
43.0

By this CED and GWP for production, operation and maintenance are determined and listed in Tab. 6. A
total sum cannot be provided due to the fact that the values for operation and maintenance are time
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dependent. On the basis of these values the comparative assessment criteria introduced in chapter 3.3 are
determined and listed in Tab. 7.
Tab. 6: Summary of the CED and GWP potential for production, operation and maintenance

Unit
Production
Operation
Maintenance

kWh
kWh a-1
kWh a-1

CED
SolarCombiPlus Reference
system
system
63,639.3
6089.1
12,765.9
25,609.9
84.0
97.4

Unit
kg CO2-Eq.
kg CO2-Eq. a-1
kg CO2-Eq. a-1

GWP
SolarCombiPlus Reference
system
system
11,975.3
2,835.3
2,881.3
6,147.6
12.0
43.0

Tab. 7: Amortisation time, yield ratio and achieved savings during lifetime regarding CED and GWP

CED
AT
[a]
4.5

YR
[-]
4.5

GWP
savings
[kWh]
199,597.8

AT
[a]
2.8

YR
[-]
7.2

savings
[kg CO2-Eq.]
56,806.0

After 4.5 years of operation the investigated SolarCombiPlus system effectively saves primary energy. Due
to the fact that thermal driven chillers only use harmless working fluids with regard to global warming, the
amortisation time related to the GWP is only 2.8 years. After this period of operation the SolarCombiPlus
system effectively contributes to decreasing the greenhouse effect. In a lifetime of 20 years the investigated
SolarCombiPlus system is capable of saving nearly 57 tons of CO2 which is about five times as much as the
amount of greenhouse gases that have been emitted during production. Solar thermal cooling systems and
especially SolarCombiPlus systems can very effectively contribute to the reduction of global warming and
the protection of non renewable energy sources.

6. Ecological Assessment of cooling systems
Life cycle assessment according to the presented procedure not only provides a final statement on the
ecological and energetic profitability of solar thermal cooling systems. It also allows the comparison of
different system configurations and the determination of optimisation potential.
A SolarCombiPlus system gives the opportunity of using one distribution both for heat distribution and cold
distribution for example in a floor heating system. Hence it is possible to save the CED and GWP caused by
the convectors of the investigated SolarCombiPlus system. Apart from these savings the efficiency of the
thermal driven chiller can be increased using a floor cooling due to the higher cooling temperatures that are
possible. A case study for the combined use of the distribution system for space heating and cooling has been
carried out. All other system characteristics including operation characteristics of the chiller are estimated to
be the same.
Tab. 8: Summary of the CED and GWP potential for production, operation and maintenance

Unit
Production
Operation
Maintenance
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kWh
kWh a-1
kWh a-1

CED
SolarCombiPlus Reference
system
system
54,531.6
5,849.4
12,373.9
25,609.9
84.0
95.6

Unit
kg CO2-Eq.
kg CO2-Eq. a-1
kg CO2-Eq. a-1

GWP
SolarCombiPlus Reference
system
system
9,873.7
2,790.8
2,802.9
6.147.6
12.0
43.0

Tab. 8 shows the GWP and CED for production, operation and maintenance of the new system configuration
with a combined heating and cooling distribution system. Both the effort for production and the effort for
operation of the SolarCombiPlus system have been reduced.
As Tab. 9 shows the amortisation time can be decreased tremendously by 0.7 to 0.8 years when using a
combined heat and cold distribution system instead of convectors. The yield ratio is increased and
remarkable savings are achieved. The combined use of the distribution system results in an increase of the
savings of 6.4 % regarding greenhouse gas emissions and 8.4 % regarding primary energy during 20 years of
operation.

Tab. 9: Amortisation time, yield ratio and achieved savings during lifetime regarding CED and GWP

CED
AT
[a]
3.7

YR
[-]
5.4

GWP
savings
[kWh]
216,269.8

AT
[a]
2.1

YR
[-]
9.5

savings
[kg CO2-Eq.]
60,430.9

7. Conclusion
An energetic and ecological assessment based on life cycle assessment (LCA) of solar thermal cooling
systems was presented. The energetic amortisation time (AT) introduced for solar domestic hot water
systems and solar combisystems by Streicher et al. (2004) was used and extended by an assessment method
related to the Global Warming Potential (GWP) of solar thermal cooling systems including SolarCombiPlus
systems. As additional assessment criteria the yield ratio (YR) and the absolute savings where introduced.
An exemplary assessment of a typical SolarCombiPlus system showed the applicability of this method for
solar thermal cooling systems. On the basis of a life cycle impact assessment (LCIA) possibilities for
improvement of SolarCombiPlus systems have been identified and evaluated. Hence the described method
enables the determination of an overall environmental assessment of solar thermal cooling systems and may
additionally be used as optimisation tool.

8. Outlook
Regarding the final values of AT, YR and savings of primary energy and greenhouse gas emissions it has to
be taken into account that the compared systems are on the one side an emerging and young technology
using small scale thermal solar thermal driven chillers and on the other side a well established technology
that has already passed through decades of optimisation. Especially for the thermal driven chiller there is a
great potential of reduction of the impact of production and operation e.g. by reducing the material content or
weight of the system respectively as well as by decreasing the electrical power consumption. With the
beginning commercialization of these systems the ongoing cost reduction will lead to optimisation of
production processes and a decrease in the system weight. This will have direct positive effect on the CED
and GWP of production. Hence it can be expected that the environmental benefits resulting from the use of
solar thermal cooling systems will further increase.
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10. Nomenclature
Quantity
Cumulative energy demand
Global warming potential
Time
Total Equivalent Warming Impact
Leakage rate
Recovery factor
Global warming potential of electrical energy
Yield ratio
Power
Amortisation time
Energy efficiency ratio
Annual electricity consumption
Cooling capacity

Quantity
Production
Operation
Maintenance
Emissions
Savings
Electrical
Thermal
Solar
Conventional
Lifetime

Subscript
p
o
m
e
sav
el
th
sol
conv
life

Symbol
CED
GWP
t
TEWI
L
αR
β
YR
P
AT
EER
Ea

&
Q
cool

Unit
-1
kWh or kWh a
-1
kg CO2-Eq. or kg CO2-Eq. a
a
kg CO2-Eq.
-1
kg a
-1

kg CO2-Eq. kWhel
W
a
kWhel
kWth

Name
Life cycle assessment
Life cycle inventory
Life cycle impact assessment
German Ministry of Economy and Technology
Institute of Thermodynamics and Thermal Engineering
Research and Testing Centre for Thermal Solar Systems
Manufacturing
Pieces
Equivalent
Project Management Jülich

Abbreviation
LCA
LCI
LCIA
BMWi
ITW
TZS
MFG
pcs.
Eq.
PtJ
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Abstract
To investigate the feasibility of solar thermal air-conditioning systems in Canada, a 95m2 vacuum tube solar
array was installed and instrumented to drive a liquid-desiccant (LD) dehumidifier. The novel low-flow LD
unit was configured to operate as a dedicated outdoor air system. Phase I of the demonstration project
focused on characterizing and modelling the LDAC using a gas fired boiler to simulate the solar heat input.
As part of phase II, currently in progress, the TRNSYS simulation environment was used to model the
performance of the system when driven by solar energy. Simulations were used as a design tool for the solar
array which is currently being commissioned. The installed system was simulated for the months of July and
August using Toronto, Canada weather data and the system was predicted to have an average solar fraction
of 65% and average collector efficiency of 64% (based on absorber area). Latent cooling power was
predicted to be between 13 and 23 kW (3.8-6.6 tons). Experimental operating results will be used to validate
simulations and identify practical considerations not currently represented by system models. Performance of
the system is predicted to improve with upgrades including variable speed pump control and the installation
of desiccant storage.
1. Introduction
Air conditioning systems consume a significant amount of energy and contribute to peak electrical loads.
Due to the high peak power consumption of common vapour compression (VC) air conditioners, Ontario’s
electricity demand has shifted from a winter to summer peak (Ontario Power Authority, 2009). Thermally
driven air-conditioning systems using solar energy are an attractive alternative to traditional systems since
the air conditioning load is matched closely with the overall solar availability. In temperate climates, such as
Canada and Northern Europe, solar space cooling systems can be combined with combi-systems that provide
space heating and domestic hot water to allow for year round utilization of solar collectors, resulting in
improved economic performance.
While the majority of installed solar cooling demonstrations use absorption chillers, this project focuses on
liquid desiccant dehumidification technology as it requires lower temperature heat (60-90⁰C) that can be
provided by flat plate or evacuated tube solar collectors. A 95m2 evacuated tube solar array was installed and
instrumented as part of the second phase of a solar liquid desiccant demonstration project in Kingston,
Ontario, Canada. Characterization of the solar driven desiccant system under different operating conditions
will allow for optimization of control strategies and storage configurations to increase performance of both
the air conditioner and the collector array.
Building Ventilation and Latent Cooling Loads
Mechanical building ventilation is critical in maintaining acceptable Indoor Air Quality (IAQ) as well as
occupant comfort. As building envelopes have become tighter, required ventilation rates have increased
resulting in higher space cooling loads (ASHRAE, 2010). In the majority of Canadian cities, and in many
cities worldwide, cooling loads are dominated by dehumidification, or latent cooling. The Ventilation Load
Index (VLI) defines the sensible and latent portions of the cooling load and is a measure of the annual energy
required to bring a unit volume of ventilation air down to space neutral conditions (24⁰C and 50% relative
humidity). Figure 1 shows the VLI for several world cities.
Traditional vapour compression (VC) and fan coil systems are not ideally suited to handle latent cooling.
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Inadequate dehumidification can result in occupant discomfort, as well as mold, mildew, and other microbial
growth. Dehumidification with VC air conditioners is accomplished by cooling air below its dew point to
remove humidity, and then reheating air to the desired delivery conditions. As well, conventional air
conditioning systems are controlled through the use of thermostats, which only control the dry bulb
temperature of the delivery air.
Ventilation Load Index
(kWh/m3/hr)

16
14
12
10
8
6
4
2
0

Sensible Cooling

Latent Cooling

Fig. 1: Ventilation Load Index (VLI) for various world cities

Dedicated Outdoor Air Systems (DOAS) aim to mitigate the inefficiencies of conventional systems by
decoupling the latent and sensible cooling loads. Typically, the DOAS dehumidifies outdoor air while a
downstream evaporative cooler or smaller VC system is used to meet the sensible cooling load. This strategy
eliminates the overcool-reheat cycle and ensures adequate dehumidification since each system is designed to
meet its particular load.
Liquid Desiccant Air Conditioning
Liquid desiccant air conditioning systems (LDAC) utilize the hygroscopic properties of a salt solution to
dehumidify air. These systems operate on an open absorption cycle, ie, ventilation air is brought into contact
with the concentrated desiccant solution in the conditioner where water vapour is absorbed. Diluted desiccant
is then regenerated using low grade heat. The driving force behind the transfer of moisture is the difference
in the vapour pressure between the desiccant and the air (Mesquita, 2007). Since effective dehumidification
occurs only when the desiccant is at a low temperature and high concentration, the latent heat of
condensation must be removed to maintain conditioner effectiveness.
Liquid desiccant technology is ideal for use in solar cooling applications as it requires low temperature heat
(60-90⁰C) and provides the potential for high density (1000 MJ/m3), loss-less energy storage in the form of
cooling potential (Burch et al., 2009, Shi et al., 2007). The ability to store concentrated liquid desiccant
solution for use at times when solar energy is inadequate or unavailable is an important advantage of liquid
desiccant systems when compared to solid desiccant or enthalpy wheel dehumidifiers.
2. System Description
Low-flow Liquid Desiccant System
A novel low-flow LDAC system, shown in Fig. 2, has been designed for use in building air conditioning
systems (Lowenstein, 2007). The conditioner and regenerator are parallel plate heat and mass exchangers
which are internally cooled and heated. Desiccant flows in a thin wick over the outside of the plates while air
is blown horizontally between the plates to allow for absorption and desorption of water vapour. The
desiccant system, shown in Fig. 2 and Fig. 3, is configured as an air handling unit containing the regenerator,
conditioner, pumps, blowers, a desiccant sump and all required data acquisition and control equipment.
The low flow configuration eliminates carryover of the desiccant into the air stream. Carryover is a common
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problem in industrial packed bed structures. Additionally, lower desiccant flow rates provide a higher air to
desiccant mass flow ratio, improving the desiccant storage capacity (Kessling et al, 1998).
As part of an ongoing investigation of this technology, a prototype commercially available liquid desiccant
system was installed at Queen’s University in Kingston Ontario. Previous studies (Phase I) evaluated the
performance of the system using a gas-fired boiler as a heat source (Jones 2008, Mesquita 2007,).

Fig. 2: Left: Low-flow liquid-desiccant system (Adapted from Miller & Lowenstein, 2008), Right: Liquid desiccant DOAS
installed at Queen’s University in Kingston, Canada.

Fig. 3: Desiccant system schematic for Phase I testing (Andrusiak and Harrison, 2009)

Phase I testing of the system used a 90kW natural gas fired boiler as a heat source for the regenerator where
regeneration temperatures were varied from 50⁰C to 90⁰C, similar to temperatures produced by flat plat and
evacuated tube solar collectors. A 65kW cooling tower was used for heat rejection. The system, as shown in
Fig. 3, was operated for 23 days in 2008 and 51 days in 2009 and performance was characterized using
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experimental results. Table 1 summarizes the Phase I results from two summers of system operation.
Tab. 1: LDAC Experimental Operating Results from Phase I Testing

System Parameter

Results

Process Air Flow

1200 L/s

Hot Water Flow

90 L/min

Cold Water Flow

130 L/min

Desiccant Concentration

25.64-42.73 wt%

Conditioner Desiccant Flow

5.3 L/min

Regenerator Desiccant Flow

6.5 L/min

Regeneration Thermal COP

0.419 – 0.761

Heating Water Temperature

50 - 90°C

Measured Latent Cooling Capacity

4.5 – 23.3 kW (1.3 – 6.6 tons)

Measured Total Cooling Capacity

4.8 – 18.1 kW(1.4 – 5.1 tons)

Based on experimental results, models were developed for the conditioner and regenerator. It was found that
higher heating water temperatures increased the system capacity and coefficient of performance. As a result,
the solar array was designed using evacuated tube solar collectors (Jones 2008).
Solar Array Installation
Phase II of the project, currently in progress, involves connecting the previously studied liquid desiccant air
conditioner to an evacuated tube solar collector array. Based on previous system performance and simulation
results (Andrusiak et al., 2010, Andrusiak and Harrison, 2009), the solar array was designed and installed in
the summer of 2011. Initial simulations indicated system configurations and control strategies can have a
significant impact on performance, therefore the system was designed and installed to have variable
configurations. Figure 4 shows a simplified schematic of the solar driven desiccant system.
Cooling Water
Heating Water
Non-standard Operation
Ball Valve
Solenoid Valve
Pump

Evacuated Tube
Solar Collectors
P3

Liquid
Desiccant
Air
Handling
Unit

Cooling Tower

Boiler

Buffer
Storage

Dry Cooler
P1

P4

P2

Fig. 4: Simplified solar driven liquid desiccant system schematic

The system can be operated as a direct or indirect solar thermal system with, or without two buffer hot water
storage tanks. For initial cooling studies the array will be operated with water in a direct solar mode. For for
future heating studies a heat exchanger will be installed and the system will be operated as an indirect solar
system with glycol as a heat transfer fluid.
The boiler, used for auxiliary heat, can be run in parallel or series with the collector loop. Additionally, both
heat sources (boiler and collectors) can be isolated and operated with the desiccant air handling unit
independently. The ability to study different configurations and apply different control schemes in a fullscale demonstration will reveal operational features not currently represented by simulations to evaluate the
suitability of current modeling and simulation methods.
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The ground mount solar array consists of 24 evacuated tube solar collectors which provide 61m2 of absorber
area and cover a gross area of 95m2. The collectors were arranged in five parallel banks of 120 tubes (12m2
absorber area). Figure 5 shows the layout of the collector array. Hydraulic balancing valves were installed to
ensure balanced flow between collector banks. Collectors were oriented at an incidence angle of 45 degrees
and azimuth angle of 15 degrees due to space constraints. The collector circulator (P1), and the pump
between the storage and regenerator (P2), are high efficiency variable speed pumps which provide additional
testing and control configurations. System design parameters are summarized Tab. 2.

Fig. 5: Solar array layout and instrumentation (plumbing details such as ball valves, pressure relief valves, air vents, and drain
valves not shown).
Tab. 2: Solar Array Design Parameters

Parameter

Design Value

Design Temperature Rise

10⁰C

Total Collector flow rate

40-50 L/min

Collector Absorber Area

61m2

Buffer Storage Size

870L

Pumping Power (collector circulator)

25-450W

Dry Cooler Rated Capacity (used for
stagnation heat rejection)

56.5kW

The buffer storage is not intended to be a full scale thermal store for the system, and is instead meant to
provide a capacitance between the collector and air conditioner loop to allow for varying flow rates. Two
storage tanks, shown in Fig. 6, were installed in parallel and together provide 870L of storage capacity.
A 56.5kW dry cooler was installed for stagnation heat rejection, preventing collectors from overheating and
damaging sensors and other equipment. Thermostatically controlled solenoid valves will divert the flow to
the dry cooler when the tanks are charged and regenerator load is met. An 8kW natural gas powered
generator was installed to provide backup power to the pumps and dry cooler in case of a power outage.
The array is fully instrumented to experimentally assess the performance of the solar-thermally driven
system. Installed sensors, shown in Fig. 5 and Fig. 6 will be used to quantify total collected energy, collector
efficiency, heat losses, ambient weather conditions and parasitic power. A datalogger, installed on site,
continually monitors the array and transmits data to the Internet.
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Fig. 6: Tank room layout and instrumentation (heat exchanger not shown, will be located under expansion tank)

3. System Performance, Characterization, and Modelling
TRNSYS, a transient simulation software package, was used to model the liquid desiccant air conditioning
system. While TRNSYS types are available for solar array components, new types were created for the
desiccant conditioner, regenerator, and desiccant sump.
As mentioned, in Phase I of this study, the LDAC system was tested using a gas fired boiler to simulate the
solar thermal energy input. The system was then characterized using the experimental data and modeled by
adapting the effectiveness method, which is commonly used with packed bed and spray tower systems
(Gandhidasan 2004, Liu et al., 2009). Details pertaining to the characterization and modelling of these
components were outlined by Andrusiak and Harrison (2010).
Cooling systems are commonly compared using coefficient of performance (COP), which represents the ratio
of cooling power to required input power. For thermally driven systems the thermal COP (TCOP) compares
cooling power to input heat, and the electrical COP (ECOP) compares cooling power to the electrical power
required to drive the pumps and fans. For desiccant systems, the regenerator COP can also be defined,
comparing the desorption power to the input heat energy. Solar collector efficiency and total solar fraction
are also important performance measures for the system when driven by solar energy.
4. Simulation and Expected Results
At the time of this publication, final installation and commissioning of the solar array was ongoing and
experimental results were not yet available, therefore only predicted results are presented. TRNSYS was
used to model the solar driven liquid desiccant air conditioner and simulations were used as a design tool to
help size the solar array and storage tank components.
The system was modeled as a direct solar system with either a series or parallel boiler configuration (shown
in Fig. 4). In both cases the tanks (Type4) were used as a buffer between the collector loop and the desiccant
loop due to differing flow rates. Performance specifications from the manufacturers were used for the boiler
(Type26), cooling tower (Type51a), pumps (Type3d), and evacuated tube solar collectors (Type71).
The conditioner and regenerator were operated on a daily 6am to 6pm schedule. The collector loop was
controlled by a “delta T” controller (Type21), which compared the temperatures of the collector outlet to the
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bottom of the storage tank using a 12⁰C upper deadband and 0⁰C lower deadband.
System Sizing and Design
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Initial simulations using weather data from Toronto, Ontario were used to size the array. As shown in Fig. 7,
increasing collector area also increases solar fraction, however if the collector array is too large, utilization of
the collectors begins to decrease. Sizing collectors for a very large solar fraction leads to increased costs,
prolonged periods of stagnation, and higher pumping power (Lowenstein 2003, Carrillo et al., 2010). Use of
desiccant storage should decrease the required array size while simultaneously increasing utilization and will
be studied in the future.

120

Fig. 7: TRNSYS simulation results for solar LDAC performance as a function of collector area

The solar array was sized to provide approximately 65% of the required heat to mitigate the problems
associated with prolonged periods of stagnation and allow for future installation of desiccant storage.
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The system as installed was simulated in TRNSYS using parallel and series boiler configurations.
Performance was averaged daily and is shown in Fig. 8 and Fig. 9 for a heating water setpoint of 80⁰C.
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Fig. 8: Daily average solar LDAC performance for series configuration
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Fig. 9: Daily average solar LDAC performance for parallel configuration
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Table 3 summarizes the average, maximum and minimum predicted results.
Tab. 3: Daily average performance for the solar LDAC using typical meteorological year data from Toronto, Canada

Parameter

Series
Average

Parallel
Average

Maximum

Minimum

Latent Cooling Power, kW (tons)

18.3 (5.1)

17.8 (5.1)

23.3 (6.6)

13.4 (3.8)

Total Cooling Power, kW (tons)

14.9 (4.2)

14.6 (4.2)

19.8 (5.6)

10.9 (3.1)

Process Air Humidity Ratio, g/kg

5.55

5.68

9.61

3.19

Electrical Coefficient of Performance
(ECOP)*

2.97

2.91

3.94

2.17

Thermal Coefficient of Performance
(TCOP)

0.52

0.52

0.62

0.44

Absorption Rate, kg/hr

26.0

25.3

32.8

19.0

Collector Efficiency based on absorber area

64.5%

64.9%

69.1%

55.5%

Collector Efficiency based on gross area

41.4%

41.6%

44.4%

35.7%

Solar Fraction

64.7%

66.0%

80.8%

24.1%

The ECOP is directly proportional to the total cooling power and low in this case due to the high electricity
requirements of fan components, particularly in the cooling tower. Future system upgrades will greatly
improve the ECOP by replacing inefficient fan motors and pumps to reduce the parasitic power.
Previous work by Jones indicated that increasing heating water temperature resulted in higher LDAC cooling
power and ECOP (Jones, 2008). Since collector efficiency decreases with increasing temperature, the boiler
setpoint temperature is an important parameter for overall system performance. This design tradeoff was
investigated in TRNSYS and Fig. 10 plots the results for the parallel and series boiler arrangements.
It is important to note that Fig. 10 does not show the performance as a function of heating water supply
temperature since at times the collectors provide water at a higher temperature than the boiler setpoint.
Relationships for LDAC performance as a function of supply temperature were determined by Jones (2008).
Figure 10 is instead meant to show the effect of boiler setpoint temperature in actual system operation.
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Fig. 10: Effects of heating water setpoint temperature on solar LDAC system performance for series (left) and parallel (right)
configurations

Figures 8, 9 and 10 predict similar performance for the series and parallel configurations. It is, however,
expected that when implemented, the non-ideal boiler control will cause experimental results to show distinct
differences between the two configurations. In particular, the boiler may cause the delivery temperature to
exceed the setpoint temperature in the series configuration, reducing the solar performance. Additionally,
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solar array and LDAC performance is predicted to improve with the implementation of desiccant storage.
5. Conclusions
A novel low flow liquid desiccant dehumidification system was tested with a gas fired boiler for two
summers as part of Phase I of a solar cooling demonstration project. The experimental results were used to
characterize and model the system in the TRNSYS simulation environment. Phase II of the study, currently
in progress, involves running the LDAC unit on solar energy provided by a 95m 2 vacuum tube solar array.
While experimental operating results are not yet available, simulations predicted the solar array will provide
65% of the thermal energy while operating with an average solar collector efficiency of 65% (based on
absorber area). The desiccant unit was predicted to have an average thermal COP of 0.52 and latent cooling
power between 13 and 23 kW (3.8-6.6 tons).
6. Future Work
Operating data from the solar LDAC for August and September 2011 will be analyzed and compared with
TRNSYS results to validate system simulations. The system will be improved and expanded by
implementing the variable speed pumping capabilities of the collector circulator pump and installing a heat
exchanger between the collectors and storage tanks. Inefficient fans and pumps will also be replaced to
reduce the parasitic power and increase the ECOP.
The project will then focus on two main objectives. First, simulations will be used to investigate desiccant
storage configurations, culminating in the installation of storage within the current demonstration project.
Second, the array will be monitored during the winter of 2011 to determine its capacity for space heating and
evaluate the potential of a solar combi-system. By providing solar space heating and cooling to a laboratory
space this project aims to demonstrate the technical and economic benefits of solar heating and cooling
combination systems.
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1. Introduction
Liquid desiccant air-conditioning systems remove the latent load directly from the air by absorbing the
moisture by a strong solution of liquid desiccant. The main components of an open-loop liquid desiccant airconditioning system are the absorber (dehumidifier) and the desorber (regenerator) as shown in Figure1.

Fig. 1. Schematic diagram of a liquid desiccant air conditioning system

The mass transfer is driven by the difference between the partial pressure of water vapor in the air stream and
the vapor pressure associated with the desiccant solution. The vapor pressure above the solution decreases
with increasing solution concentration and increases with increasing solution temperature. Therefore, cold
and highly concentrated solution provides the best dehumidification while warm and dilute solution provides
the best humidification.
In the absorber, moisture absorbed from the conditioned air stream dilutes the desiccant solution by loading
the desiccant with water vapor. The solution weakened by absorption of moisture is reconcentrated in the
regenerator, where it is heated to elevate its water vapor pressure, the heat drives out the moisture and the
strengthened solution is returned to the dehumidifier. A scavenging air stream, usually ambient air, contacts
the heated solution in the regenerator. There, water evaporates from the desiccant solution into the air and the
solution is reconcentrated.
Liquid desiccant systems overcome the shortcomings of conventional air conditioning systems by decoupling
the treatment of latent load from sensible load. The air is dehumidified by being brought into contact with a
strong solution of liquid desiccant. When the solution is weakened by absorption of moisture, it is directed to
the regenerator where heat drives out the moisture and the strengthened solution is returned to the
dehumidifier. To provide sensible cooling in addition to dehumidification, either externally cold water is
provided to the dehumidifier, or moisture is added to the air exiting the dehumidifier in order to lower its
temperature by adiabatic saturation before it enters the space to be conditioned.
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2. Description of the dehumidifier design
Liquid desiccant systems overcome the shortcomings of conventional air conditioning systems by decoupling
the treatment of latent load from sensible load. The air is dehumidified by being brought into contact with a
strong solution of liquid desiccant. When the solution is weakened by absorption of moisture, it is directed to
the regenerator where heat drives out the moisture and the strengthened solution is returned to the
dehumidifier. To provide sensible cooling in addition to dehumidification, either externally cold water is
provided to the dehumidifier, or moisture is added to the air exiting the dehumidifier in order to lower its
temperature by adiabatic saturation before it enters the space to be conditioned.
The prototype consists of a stack of plates, made out of standard twin-wall polycarbonate plates. One of the
important aspects in this heat and mass exchanger requires the separation between the driving force medium
(cooling water) and liquid desiccant solution. This feature was realized by the use of double panels
commercially called twin-wall plates. Those plates have internal square channels through which the driving
cooling or heating water passes. The heat is transferred through the wall between the water and the liquid
desiccant. This prototype represents a plate type heat and mass exchanger in which heat is transferred
between the desiccant and water; the water and desiccant media are separated by the twin-wall to prevent
mixing.
The polycarbonate extruded sheets has the dimensions of 600x600 mm2 and a thickness of 6 mm. The
network structure of the channels ensures even distribution of the circulated water with a sufficient strength.
Six plates are installed in parallel; the distance between two adjacent plates is the width of the air passage.
The air passage between two adjacent plates in the current prototype is 5 mm, this distance representing the
polycarbonate spacer thickness. Each plate has 105 internal passages with a square cross section of 5x5 mm2.
The prototype contains an upper and a lower water-feeder box. Each water feed-box consists of four equal
chambers separated by baffles, Fig. 2. Cooling water passes through the internal passages of the
polycarbonate twin-wall plates in a three-loop serpentine path. It will enter the first chamber from a primary
opening in the upper wall of the chamber, and it collides with a perforated spreading surface that faces the
internal twin-wall passages. The spreading surface will direct the water equally to the internal channels.

Fig.2. Cooling water flow patterns, 3-loop serpentine path

Heat transfer between the water and the liquid desiccant is in parallel flow configuration in the internal
passages connected to the first and the third water champers, and in a counter flow configuration in the
internal passages connected to the second and forth water chambers, Fig.3. Counter flow achieved in the
second and forth chambers results in a greater effective temperature difference.

Fig.3. Water-desiccant flow pattern, solid lines represent the water flow and dashed lines represent the desiccant flow, n
represents the number of internal cooling water passages
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The plates are covered with a promising fleece fiber in order to increase the exposure time of the desiccant
on the plates and thereby enhance the desired mass transfer. Also, the diffusion of the desiccant through the
textile fibers prevents the desiccant from reuniting to larger runnels due to its high cohesion. The fleece was
tested regarding the absorption capacity and the diffusion behavior of the desiccant solution [1].
The liquid desiccant distributor in this design uses a plurality of parallel Poly-methyl methacrylate (PMMA)
tubes to horizontally distribute the liquid desiccant over the wick attached to the polycarbonate twin-wall
plates. Seven (PMMA) parallel tubes extend outwardly from openings in the lower edge of one of the sides
of the liquid desiccant feed box and are closed from the free end. Standard plugs were used to close the
perforated pipes from the free end. The outer pipes (the 1st and the 7th) were perforated only from the inner
side facing the textile since they are feeding one face only, Figure 4 shows the perforated pipes and how they
penetrate the twin-wall plates. The tubes penetrate the polycarbonate twin-wall plates horizontally and
deliver the desiccant solution over the coated plates at a number of equally spaced-apart locations (dischargeholes). The discharge holes are preferably formed on the plexiglass tubes by using a CNC machine to make
the fine drip points with high precision. The size and number of the discharge holes are selected to provide
the desired liquid flow. Likewise, the distance between the discharge-holes is selected to meet the desired
liquid desiccant flow rate with the maximum even distribution.

Fig.4. Schematic diagram of the liquid desiccant distribution through perforated (PMMA) pipes. 1-6 represent the PC twin-wall
plates and 1-7 represent the perforated plexiglass pipes

3. Instrumentation and experimental setup
3.1. Air channel system
Mass flow and temperature for all of the flow streams as well as water mass fraction in the desiccant and air
flow streams were applied in the test-rig. For clarity, each flow circuit will be presented separately in the
following.
The desired air flow rate was established with the help of a centrifugal fan. The air is directed by means of a
set of valves provided the option of adjusting the direction of the air stream into one of the vortex sensors
that were used to measure the air flow rate. The air channel system is applied with two vortexes type
OPTISWIRL 4070 DN 100 and DN 150. The first vortex sensor (OPTISWIRL 4070 DN 100) is used for low
air flow rates up to 1000 m3/h.
After passing through the flow meter, the air was directed to an air heating and an air cooling devices as well
as a steam generator. The electric air heater, P=20 kW, is controlled by an electronic temperature controller.
The air heater is used with PID temperature controller to heat the air to the needed set value. The air could be
heated up to 55 °C according to the needed air conditions at the prototype entrance.
Depending on the desired conditions, air can be cooled and/or dehumidified by using an air handling unit.
The air handling unit can provide cooling and/or dehumidification of the air according to the needed
conditions at the heat and mass exchanger inlet. Chilled water from the laboratory channel is pumped to coils
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located in the air handling unit to cool and dehumidify the air stream. The needed air temperature and/or
relative humidity for each experiment is controlled by modulating the chilled water flow rate through the air
handling unit coils.
In addition the air channel network is equipped with a steam generator device in order to humidify the air
according to the required set-value. The steam generator produces non-pressurized steam using heating
elements immersed in the water contained in an internal cylinder. The cylinder capacity for the steam
generator used is 10 l. The maximum capacity of the humidifier is 10 kg/h. The steam produced is applied to
the air channel system isothermally without increasing the inside air temperature.
Relative humidity and temperature are continually monitored by using humidity and temperature transmitters
(HygroFlex). The 3-wire humidity temperature transmitter uses chilled mirror and optoelectronic
mechanism to detect condensation on the mirror surface. Two HygroFlex sensors were applied in the middle
of the round-to-rectangle ducts (at the inlet and outlet) and they positioned deeply in the center of the air
flow streams. The air duct system is shown in Figure 5.

Fig.5. Air duct work with instrumentation

3.2. Desiccant hydraulic system
The liquid desiccant flow circuit is shown in Figure 6. The desiccant circuit consists of two desiccant storage
tanks made out of plastic.

Fig.6. Schematic diagram of the LiCl-solution hydraulic circuit

The desiccant solution was withdrawn from the upper surface of the primary tank with the help of a positive
displacement pump. A floater was used to keep the desiccant suction from the surface level so that the flow
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rate will not be affected with the head loss during the experiment. A T-valve was connected at the pump
outlet port in order to divide the outlet desiccant stream into two streams; one stream is returned back to the
primary desiccant tank in order to keep the desiccant homogeneity, and the second stream is directed to the
heat and mass exchanger.
A thin plastic sheet made out of polycarbonate was installed directly on the surface of the LiCl solution
stored to prevent greater contact of the solution with the air inside the primary tank. A filter with a pore size
of 300 μm was installed in the recirculation line to keep the solution clean in order to prevent clogging of the
small holes in the desiccant manifold.
The density and the temperature of the LiCl solution discharged from the primary tank to the heat and mass
exchanger was continually monitored while passing through a density meter. The density transmitter used in
the desiccant circuit was L-Dens 323 from the company Anton Paar.
The flow rate of the strong LiCl solution is continually monitored by using a magneto-inductive flow meter.
The desiccant flow meter used in the current desiccant circuit was from the company Endress+hauser.
The LiCl solution left the magneto inductive flow meter entered the desiccant distributor and then throttled
over the textile attached over the twin-wall plates. The desiccant is trickles down by gravity and left the
prototype. The density and the temperature of the desiccant that left the prototype were continually
monitored by passing through the density transmitter (L-Dens 323).
The pipes used for desiccant circulation through the desiccant circuit were made out of polyurethane (ϕ
out=12 mm). In order to minimize heat losses, the connections were made as short as possible and the pipes
were insulated with tubular type insulation with a slit down the length made out of polyethylene foam (K =
0.42 W/m.K) with a thickness of 50 mm.
3.3. Water hydraulic system
Figure 7 shows the water flow circuit. The circuit consists of two water tanks, the primary tank was insulated
with a synthetic rubber insulator (Armaflex, K = 0.033 W/m.K) with a thickness of 25 mm. The water
circulated from the primary water tank to the heat and mass exchanger via insulated polyurethane pipes. The
water flow rate was continually monitored using a magneto-inductive flow meter. The water inlet and outlet
temperatures were continually monitored by using two PT100 sensors. The accuracy for the PT100 sensors
were ±0.1 K.

Fig.7. Schematic diagram of the cooling-water hydraulic circuit
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The signals from the whole instruments were sent to a data acquisition system LAB/MSR manager was used.
The data were saved to an Excel file with a time step of 10 seconds. Figure 8 shows an overall view of the
whole system.

Fig.8. Liquid desiccant dehumidifier test-rig

3.4. Experimental setup
Experiments were conducted with the following parameter ranges: fixed air mean flow rate of about 105 g/s,
air inlet temperature of 24.5–28.1 °C, air humidity ratio of 12–15.3 g/kg, desiccant flow rate of 2.5–8.5 g /s
and water mean flow rate of 19-100 g/s. The air inlet conditions were chosen to comply with one of the test
conditions set by ARI Standard 940 (ARI, 1998). Table 1 summarizes the inlet and outlet conditions of all
circulated fluids; air, desiccant and water accompanied with the sensors accuracy.
Tab. 1: Inlet and outlet conditions of the circulated fluids; T (temperature), Φ (relative humidity), ρ (desiccant density) and ṁ
(mass flow rate)

ºC
ºC
%
±0.3K ±0.3K ±1%

%
±1%

kg/h
±1%

ºC
±0.1K

ºC
±0.1K

ρdes,in
ρdes,out
g/cm3 g/cm3
±0.001 ±0.001

kg/h
kg/h
ºC
ºC
±0.5% ±0.1K ±0.1k ±0.5%

1

27.3

28.5

64.5

45.1

374.9

27.1

32

1.2822 1.2390

13.08

18.2

28.5

70.5

2

27.3

26.8

67.1

49.4

361

28.2

31.4

1.2818 1.2438

15.07

18

25.8

133.2

3

27

25.8

67.9

51.4

375.2

28.7

30.9

1.2815 1.2468

15.51

18.2

24.8

242.7

4

28.1

24.9

59.4

48.9

373.2

27.6

28.9

1.2819 1.2438

13.84

18.2

22.5

357.6

5

28

26.4

61.5

51.1

372.1

27.4

30.3

1.2820 1.2464

15.51

18.2

25

176.1

The experiment runtime was 60 to 75 minutes started when the inlet conditions at the heat and mass
exchanger reaches quasi steady state conditions. The aim of the experiments was to study the effect of the
cooling water and liquid desiccant flow rates on the air outlet-conditions; temperature and relative humidity.
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4. Results and Discussion
The results of the supply air non-adiabatic dehumidification show a consistent reduction in the relative
humidity, a consistent reduction in the humidity ratio, and a reduction in the air temperature. In the
experimental runs the change in the relative humidity ranges between 8% to 27% points, the change in the
absolute humidity ranges between 3.5 to 4.6 g/kg, and the maximum reduction in the air temperature was 3.6
K, depending on the operation conditions of the affecting parameters; water and desiccant flow rate, air inlet
temperature and relative humidity. Figure 9 shows the experiment (Tab.1, no. 4), a reduction of about 19%
points in the relative humidity and a reduction in the air temperature of about 3.2 K.

Fig. 9: The interaction between the inlet parameters in one of the experimental runs; ṁa=373.2 kg/h, ṁdes.=13.84 kg/h,
ṁcoolingwater=357.6 kg/h.

One of the major aspects of this study was to investigate the air outlet conditions on the psychrometric chart
with human thermal comfort zones. ASHRAE Standard 55 specifies summer and winter comfort zones
appropriate for clothing insulation levels of 0.078 and 0.14 W/m2K, respectively [2]. Figure 10 shows the air
inlet and outlet state conditions for the experiment shown above. It is clearly shown in Fig.10 that the air
outlet condition is located in the area that represents the interaction between the summer and winter comfort
zones.
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Fig.10: Representation of the 6th experimental run on the psychrometric chart together with the thermal human comfort zones,
Tdb,air,in=28.1 ºC, ωair,in.=14.188 g/kg, Tdes.,in=27.6 ºC, Tcooling-water,in=18.2 ºC, ṁair=373.2 kg/h, ṁdes.=13.8 kg/h, ṁwater=357.6 kg/h

The mass transfer performance of the dehumidifier was evaluated in terms of the moisture removal rate and
the dehumidifier effectiveness. The moisture removal rate, ṁv, was calculated by Eq. 1 [3]. The dehumidifier
effectiveness, ε, is the ratio of the humidity ratio difference of the air passing through the dehumidifier to its
difference under ideal conditions, as shown in Eq. 2.
Eq.1
Eq.2
Where,
is the saturation humidity ratio of air at equilibrium with the desiccant solution at the desiccant
inlet-temperature. And it is defined as
Eq.3
and,

is the saturation pressure in (Pa)and is calculated by Eq. 4
Eq.4

The dimensionless quantity κ is used to analyze the mass and energy balance between air and desiccant
solution. Theoretically, the water vapor absorbed from the air stream should be equal to the water added to
the desiccant solution.
Eq.5
where, X is the water content in the desiccant solution, given by Eq. 6
Eq. 6
Reforming Eq.5
Eq. 7
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The same procedure was followed to obtain a dimensionless quantity for the energy balance between the
process air, desiccant solution and cooling water.
Eq. 8
Rearranging Eq. 8, the enthalpy balance for the circulated fluids was calculated using Eq. 9.
Eq. 9
The air to desiccant mass ratio (A/D) is given by Eq.10, and the air to cooling water mass ratio (A/W) is
given by Eq.11.
Eq.10
Eq.11
Table 2 summarized the moisture removal rate, ṁv, from the air stream to the concentrated LiCl solution, the
dehumidifier effectiveness, ɛ, mass energy balance, κmass-balance, and energy mass balance, κenergy-balance.
Tab. 2: Summary of the experimental runs results regarding the moisture removal rate, dehumidifier effectiveness, air to
desiccant mass ratio (A/D), air to cooling water mass ratio (A/W) and mass & energy balance.

A/D

A/W

5.3

Mass
balance
κ
0.76

Energy
balance
κ
0.96

0.33

28.7

0.45

0.38

24.0

2.7

0.87

0.94

0.396

0.48

0.40

24.2

1.5

0.99

0.71

0.44

0.391

0.48

0.42

27.0

1.0

0.98

0.85

0.44

0.395

0.37

0.32

24.0

2.1

0.77

0.75

[g/s]

[1]

0.386

0.39

0.44

0.392

10.67

0.44

14.19

9.60

14.62

10.99

[g/kg]

[g/kg]

1

14.72

10.97

0.4405

2

15.32

10.88

3

15.23

4
5

The optimal value of κ is equal to unity and any deviation from unity (κ≠1) represents deterioration in
dehumidification. The results show a deviation from unity that could be a result of sensors accuracy and
measurement errors.
The moisture removal rate, ṁv, the dehumidifier effectiveness, ɛ, and air outlet temperature, Ta,out, were
studied as a function of cooling water flow rate, ṁcooling-water. Figure 11 shows the results for the tests 1, 2, 3
as set I and the tests 4, 5 as set II. All the inlet parameters were kept nearly constant while varying the
cooling water flow rate. The air-to-cooling water mass flow rate for the 1st, 2nd and 3rd runs were 5:1, 2.7:1
and 1.5:1, respectively. And for the 4th and the 5th experiments were 1:1 and 2:1, respectively. Fig. 11 shows
that the moisture removal rate and the dehumidifier effectiveness are strongly increased by increasing the
cooling water flow rate, and that increasing the water flow rate caused a sharp decrease in the air outlet
temperature until a certain limit. An air-to-cooling water mass ratio of about 3:1 results in an isothermal
dehumidification for an A/D of 24:1 and cooling water inlet temperature of 18 ºC. The experiments showed
that an A/W of 1:1 results in an outlet air temperature that lies inside the thermal summer comfort zone.
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Moisture removal rate versus. the cooling-water flow rate

Humidifier effectivness versus the cooling water flow rate

Air outlet temp. versus the cooling water flow rate
Fig. 11: moisture removal rate, dehumidifier effectiveness and air dry-bulb outlet temperature as a function of the cooling water
mass flow rate, for experiments. 1, 2 & 3 (left) and experiments 4 & 5 (right)

5. Conclusion
The desiccant dehumidification technology is budding as an alternative to conventional vapor compression
systems for space air cooling and conditioning. Desiccant based systems are cost effective because of their
use of low grade thermal energy or waste energy to accomplish the same effect for removal of moisture from
the air.
The moisture removal rate and dehumidifier effectiveness were adopted as the dehumidifier performance
indices. The effects of the dehumidifier inlet parameters, including desiccant and water flow rates, air inlet
temperature and humidity ratio were investigated. The air outlet temperature and humidity ratio was studied
as a function of cooling water flow rate. The results showed a consistent reduction in the air humidity ratio
and temperature that matches the summer comfort zone on the psychrometric chart
The experimental results of supply air dehumidification and cooling showed an effective air

936

dehumidification and cooling on the thermal comfort zone on the psychrometric chart. The reduction in the
supply air humidity ratio ( ) could reach 4.6 g/kg and a reduction in the supply air temperature of 3.6 ºC.
The paper experimentally studied the heat and mass transfer between three circulated fluids; air, liquid
desiccant and cooling water. The moisture removal rate, humidifier effectiveness and supply air outlet
temperature were studied as a function of different ranges of cooling water and LiCl flow rates. The mass
and energy balance analysis showed promising results.
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1. Abstract
The paper studies thermal design and describes the experimental set-up of a domestic-scale prototype experimental cooling
system based on a 7kW of nominal capacity single-stage small LiBr-H 2O air-cooled absorption machine. The paper
illustrates the characteristics based on a methodical procedure for the design and sizing of the small capacity air-cooled
absorption machine.
2. Introduction
High initial investment is the main factor that impedes an extended use of solar absorption cooling system. Low capacity
installations have the price of the absorption chiller as the most limiting factor. The development of air-cooled systems in
order to explore the possibility of avoiding the cooling tower and therefore, to decrease the price of the whole installation,
results very interesting. In the present research an air-cooled absorption machine will be developed, in this case driven by
hot water below 100ºC (suitable for solar cooling applications) with a single effect cycle configuration. The key aspect in
the present development is the systematic application of advanced numerical tools and experimental techniques as usual
methodology for an accurate design.

3. Methodology
The whole research is divided in three main steps (Castro et al., 2006).
i)

The first stage consists in the design, construction and test of a pre-industrial prototype.

ii) New prototypes will be developed in the second stage. The main objective is to obtain a first experience in real-life
application of an absorption chiller with an autonomous control and purge systems.
iii) Development of a first small series of chillers with the definitive version of the control and purge systems.
In stage one thermal design is done using CTTC software as well as it will be described later. Mechanical design has been
done using CAD and 3D software in order to avoid errors, saving hours of mounting and in order to do an easy serie
fabrication as is described at third point before.
On the other hand this research is in parallel with project FERASOL which aim is obtaining new mathematical models in
order to simulate falling film in vertical tubes in several regimes as well as creation of new facilities where heat and mass
transfer phenomena can be observed and studied. An extended research is being carried so that results are being applied on
air-cooled absorption machine design (Garcia-Rivera et al., 2008). It is expected to reduce the size of the whole chiller in
the next future.

4. Numerical modelling
The whole system has been numerically analysed as well as each individual component, using a high level numerical
detailed heat and mass transfer analysis. Absorber, desorber, condenser and evaporator are dimensioned using semiempirical models that could use heat transfer and pressure drop correlations provided in the literature (Castro et al. 2008).
Flooded evaporators are modelled taking account of heat and mass transfer coefficients as well as absorber and condenser
are modelled using an own tube-fin high level numerical code; desorber is numerically modelled taking account absorption
phenomena of heat and mass transfer as Castro et al. (2008) shown on their work recently.
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Two types of heat exchanger have been considered: batteries of vertical finned tubes (absorber and condenser) (Oliet et al,
2000) and serpentines of horizontal tubes (generator and evaporator)(Castro et al. 2006). The solution heat exchanger is a
commercial plate heat exchanger. The type of heat exchanger to be modelled consists in a serpentine of horizontal finnedtubes flooded by water. The resolution strategy has the following methodology (Castro et al., 2008): the heat exchanger is
divided into control volumes along the tubes for both the solids (tube) and fluid (secondary flow). For the secondary flow
(water stream in this case), in each control volume (CV) the equations of conservation of mass, momentum and energy are
applied. The method of solution is a step-by-step procedure.

5. Description of prototype
5.1 General view
An absorption chiller is a type of thermal equipment quite complex. In order to make an optimal design of the absorption
machine, it is interesting to develop numerical design tools for the cycle and heat exchangers (Castro et al., 2007) to avoid
experiments. The evaporator of LiBr-H 2O absorption chillers normally is the second heat exchanger in terms of size and
difficult of design. The typical configuration is the falling film type. They have many advantages: low-pressure drop in the
primary stream, low amount of refrigerant, high heat transfer coefficients for small temperature differences, etc. However,
this type of configuration requires usually an additional refrigerant pump to take the maximum advantage of the heat
transfer area. In the case of small capacity absorption chillers results very interesting to remove the refrigerant pump
because final price of the chiller can be decreased due to electrical expense. Flooded evaporators are an interesting
alternative. They do not require any refrigerant pump, however, their design presents the main difficult of dealing with
lower heat transfer coefficients with respect falling film evaporators. The main reason is because normally flooded
evaporators do not work under boiling conditions, they work under natural convection regime, due to the small temperature
differences between the primary and secondary streams (Castro, 2008).
5.2 Layout of absorption cycle
Comparison of the numerical predictions with the empirical results obtained of a experimental facility, in this case the
laboratory prototype.
The arrangement between the air-cooled heat exchangers is in parallel flow (see Fig. 1). The absorber takes more than the
50% the total air flow, the same proportion as the frontal area. As can be observed in the two schematics views of figure 1,
all the heat exchangers have been divided in two parts in order to keep the design as compact as possible. The arrangement
of the heat exchangers forms a tunnel shape inside the machine.

Fig. 1. Layout of the absorption chiller
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Figure 2. General views of facility
Table l. Equipment specifications and main results of the cycle simulation (* output value)
Nominal capacity
COP
Dimensions
Volume
Electricity consumption
Hot water stream
Cooling air stream
Chilled water stream

Units
kW
WDH, mm
m3
kW
ºC
ºC
ºC *

kg/h
m3/h
kg/h

Specifications
7.0
0.7
800-800-2300
1.5
0.37 (fan)+0.25 (pump)
88
1730
35
16500
9
1200

5.3 Design of components
Evaporator
In this case the type of evaporator is of horizontal type. It consists in a battery of copper tubes with fins in order to enhance
the heat transfer produced during the boiling process. In this case the evaporation process is produced outside the tubes and
the secondary stream goes inside. Table 2 describes working conditions of the evaporator designed:
Table 2. Working conditions of the designed evaporator
Working conditions
Units
Evaporation pressure
Pa
Inlet temperature of the secondary stream
ºC
Mass flow of secondary stream
Kg/s

Specifications
1092
14.07
0.17

Although the size of the evaporator is much higher compared with a falling film evaporator, its final price is lower than the
mechanical pump needed for the recirculation of the refrigerant (Castro et. al, 2008).
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Air-cooled Condenser
The condenser is also of falling film type. In this case, the liquid film/drops of condensed water are formed in the inner part
of the tubes. It is also composed by two batteries made copper and fins.
Table 3. Working conditions of the designed condenser
Working conditions
Units
Condensation pressure
Pa
Inlet temperature of the secondary stream
ºC
Mass flow of secondary stream
Kg/s

Specifications
7857
35
1.5

Air-cooled Absorber
The absorber is of falling film type. It is composed by vertical finned tubes where the LiBr aqueous solution goes inside
where the absorption process is produced. It consists of two batteries.
Table 4. Working conditions of the designed absorber
Working conditions
Units
Absorption pressure
Pa
Inlet temperature of the secondary stream
ºC
Mass flow of secondary stream
Kg/s

Specifications
1092
35
2.5

Desorber
The generator is of falling film type, where the LiBr aqueous solution goes outside the tubes and the secondary stream
inside.
Table 5. Working conditions of the designed generator
Working conditions
Units
Generation pressure
Pa
Inlet temperature of the secondary stream
ºC
Mass flow of secondary stream
Kg/s

Specifications
7857
88
0.48

Solution heat exchanger
The solution heat exchanger is a commercial component. The calculation has been done using standard methods in heat
exchangers.

6. Instrumentation of prototype
A validation, which consists on comparing experimental versus numerical results, has to be done. In this way the facility
aimed to analyse the performance of the air-cooled absorption machine contains a calorimeter so that global balances can be
studied in high detail. The machine is supplied by 2 electrical boilers which have 3x2500W thermal impedances each one; it
is possible to simulate several service conditions by varying the parameters of internal and external circuits, as the driving
temperature, pressure and flow rate, all abled to be recorded in real time, i.e. varying the temperature and the flow rate of
the supplying hot water; allowing to study energy performances of the machine.
Temperature is measured using Pt100 DIN 1/3 and a thermocouple matrix in order to study air inlet distribution temperature
at secondary stream, mass primary flow using a Coriolis Flowmeter, volume flow using a Vortex flowmeter and pressure
using an absolute pressure sensor. All data is being processed in order to check energy balances. On the other hand, power
consumption of solution pump, secondary pumps and the fan is also measured by electronic instrumentation.
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Figure 3. Instrumentation scheme.
In order to validate the air-cooled absorption machine described above some tests are performed. First tests that were done
are vacuum tests. All components of the whole system were tested and validated with a very high requirement. The vacuum
ratio F could be less than 1e-5mbar·l/s, where F=(∆P·V)/ ∆t.
On the other hand, static tests are applied in order to obtain COP curves as dynamic tests are done describing a whole day
performance and to study as many hours of performance it is possible. The main objective is to obtain a first experience in
real-life application of an absorption chiller. Finally, it is important to incorporate the air-cooled absorption machine in a
bigger facility which It is feed by solar energy. Now we are on this stage.

7. Conclusions
Industrial and basic research is being done in parallel in order to construct an air-cooled LiBr-H2O absorption chiller. The
critical point is being studied as water vapor absorption in vertical tubes, evaporation in flooded tubes, etc.
At the present, in most cases empirical based model overestimates heat transfer rate, it can be due by the limitations of the
empirical information used. In order to avoid this kind of deviation in future more correlations that take into account more
aspects (e. g. incondensables) for heat and mass transfer coefficients calculation will be employed for the absorber and also
for the flooded evaporators.
The volume of the machine has resulted significantly bigger compared with the design of the referenced gas-fired machines,
due to the use of a lower heat supply in the generator. It has been designed without taking into account the influence of
additives or advanced surfaces that improve the heat and mass transfer. Moreover, it has to be taken into account the
limitations of the single effect cycle in terms of maximum LiBr concentrations.
Next steps in this research are static analysis, which are performed in order to obtain COP curves. Then dynamic analysis
will be done in order to describe a whole cycle day performance of the machine inside a calorimeter which allow varying
conditions of analysis (flow mass rate of secondary streams, inlet temperature of secondary stream, fan flow rate, etc.) and

942

validating software developed previously. Finally a simulation of solar heating/ventilating system residence in the
Mediterranean climate will be performed once the performance of air-cooled absorption machine components is widely
analysed. This study will be used in order to validate numerical models applied on heat exchangers simulation. This work is
also supported by FERASOL project, which is in parallel with the air-cooled absorption machine facility development
project.
Finally, energy savings are going to be studied, as the ones achieved in water-cooled systems. In this way dynamic analysis
are programmed in order to obtain a whole day performance of the whole solar cooling facility. A validation of the
numerical simulation of the whole cycle solar air-cooled facility will be done allowing to improve numerical modelisation
and to implement a virtual laboratory.
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Conventional cooling technologies that utilize harmful refrigerants consume more energy and cause peak loads
leading to negative environmental impacts. As the world grapples with the energy and environmental crisis,
there is an urgent need to develop and promote environmentally benign sustainable cooling technologies. Solar
cooling is one such promising technology, given the fact that solar energy is the cheapest and widely available
renewable energy that matches the cooling load requirements. However thermal storage systems are essential to
overcome the disadvantage of the intermittent nature of solar energy and variation in cooling demand. The
enhanced utilization of solar energy and other consequences of thermal storage integrated systems have gained
the attention of researchers in the recent years. This paper presents an experimental investigation of a 1kW
vapour absorption refrigeration system (VARS) that uses R134a-DMAC as the working fluid operated by the
heat generated from solar flatplate collector integrated with Phase Change Material(PCM) based thermal storage
system. The performance of the solar collector, storage tank and the VARS are obtained from the experimental
investigation. The capacity of the storage tank is capable of operating the VARS unit continuously for a period
of 8 hours at full load condition. It is observed from the results that the COP increases with increase in generator
temperature and decrease in sink temperature. An actual COP of 0.32 to 0.38 is achieved for the designed system
under the tested conditions.

Keywords
Solar cooling, Absorption cooling, Solar Collectors, Thermal energy storage, R134a-DMAC , Phase change
material, Latent Heat Storage
1. Introduction
The rapid industrialization and human desire to have a high standard of living and comfort has increased the
energy demand many folds. The recent energy crisis and the increased awareness for the need of conservation of
energy have led a large number of researchers to show interest in energy conservation through energy efficient
processes, equipment and devices. Refrigeration and air conditioning consume enormous energy. In recent years,
these sectors have witnessed manifold growth, and have become essential not only for human comfort but also
for a variety of applications, such as food preservation. Nearly 30% of all fresh produce, in developing countries
like India, are lost due to lack of cold storage facilities and unavailability of regular power supply. Conventional
cooling technologies are energy intensive and also the emission of gases used in the refrigeration systems affect
the environment. Reducing energy consumption and use of sustainable energy technologies are vital to meet the
increasing cooling demand in an environmentally friendly manner. Providing thermal cooling would minimize
post harvest losses.
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Solar cooling serves the cold storage needs in industries as varied as hospitality, pharmaceuticals, chemicals,
dairy and food processing, besides serving the residential and office air conditioning needs. Solar cooling
depends primarily on solar energy, either by hot water production through solar collectors or electricity
production through photovoltaic panels. In comparison with conventional electrically driven compression
systems, substantial primary energy savings can be expected from solar cooling, thus aiding in conserving
energy and preserving the environment. Another advantage of using solar energy is that the cooling demand is
highest when the solar intensity is at its highest, however the problem with solar energy is its intermittent nature.
Thermal storage is, therefore, critical.

Kim et al. (2008) have listed a variety of ways to use solar energy for refrigeration. They have ranked absorption
and adsorption comparable in terms of their reported performance and ahead of other solar cooling techniques.
Chidambaram et al. (2011a) have suggested PCM based thermal storage integration with solar collectors and
absorption chillers for performance improvement in solar cooling techniques. Rodrıguez Hidalgo et al. (2008)
describe the experimental research on a 50 m2 flat plate solar collectors driven single-effect commercial
LiBr/H2O absorption machine through a hot-water storage tank that produces 6–10 kW cooling power with a
generator driving power input of 10–15 kW, achieving a mean cooling period of 6.5 h of complete solar
autonomy. Gonzalez-Gil et al. (2011) have reported a COP of 0.6 with a cooling power between 2kW and
3.8kW for a direct air-cooled lithium bromide water absorption prototype operated by 48 m 2 flat-plate collectors.
Praene et al. (2011) have described the design and results of a field test on a 90 m 2 of double-glazed solar flatplate collectors driven 30 kW LiBr/H2O single-effect absorption cooling system. Syed et al.(2005) have
reported performance of a single-effect (LiBr/H2O) absorption chiller of 35 kW nominal cooling capacity
powered by 49.9 m2 array of flat-plate collectors. Daily average collector efficiency was 0.50 with average COP
and solar cooling ratio of 0.42 and 0.11. Umberto Desideri et al. (2009) have analyzed the technical and
economic feasibility of replacing/integrating existing compression refrigeration systems with solar absorption
cooling systems for meat refrigeration. Chidambaram et al. (2011b) have presented the performance of the solar
collector system and the charging characteristics of a PCM based latent heat thermal storage unit, for operation
of 1 kW vapor absorption refrigeration unit.

Belen Zalba et al. (2003) have reviewed different PCMs heat transfer and applications. Helm et al. (2009) have
described the operation of an absorption cooling system that involves latent heat storage supporting the heat
rejection of the absorption chiller in conjunction with a dry cooling system. Soutullo et al. (2011) in their
comparison between both absorption chillers with internal and external storage have indicated that in order to
reach similar values of storage energy, external storage based system requires more surface. Li and Sumathy
(2002) have recommended a partitioned stratified storage tank for solar air-conditioning. The stratified storage
tank has an advantage of obtaining higher energy output and providing higher COP when compared to a
conventional, fully mixed hot water storage tank. An experimental solar cooling system developed by Agyenim
et al.( 2010 ) consisted of a 12 m2 vacuum tube solar collector, a 4.5 kW LiBr/H2O absorption chiller, a 6 kW
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fan coil along with a 1000 litre cold storage tank that functions as a buffer between chiller and cooling demand
and. It produced a thermal COP of 0.58.
2. Experimental Set-Up
The schematic diagram of the experimental setup of the solar operated vapour absorption system designed for a
capacity of 1 kW integrated with a thermal storage system is shown in Fig 1. Array of flat plate solar collectors,
PCM based thermal storage system and Single stage continuous VAR systems are the three major subsystems
that constitute solar absorption cooling system. Water is used as heat transfer fluid and the heat energy gained
from the collector is stored in the thermal energy storage (TES) tank. A pump with a capacity of 0.25 HP is used
for circulating the water from collector to the storage tank. The photographic view of the experimental setup is
shown in Figure 2.
The thermal energy storage tank is made of mild steel with a double wall thickness of 5 mm each with an air
gap in between the plates and the storage tank is insulated with a glass wool of 100 mm thick. The tank has the
dimensions of 1130 mm height and 1169 mm diameter, with a storage capacity of 1250 litres. A total of 800
spherical capsules made of stainless steel is kept inside the thermal energy storage (TES) tank. The spherical
capsules are filled with a commercial phase change materials (PCM), HS58, that has a melting temperature of
58-60o C, procured from Pluss polymers Ltd, India. These spherical capsules are surrounded by water that acts
as sensible heat storage material and heat transfer fluid. A perforated plate of thickness 8 mm is kept at a height
of 370 mm from the bottom of the storage tank. The spherical capsules filled with PCM, are kept above the
perforated plate ensuring high thermal mass in the top of the storage tank to promote stratification. In the vapour
absorption refrigeration system heat is supplied to the generator from the top of the storage tank.

Figure 1 Layout of the experimental setup
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Figure 2 Photographic View of the experimental setup

3. Experimental Procedure
The major objective of the present research is to study the charging and discharging characteristics of the storage
tank. During the charging process, the storage tank is integrated with an array of solar collectors and during the
discharging process the VARS of capacity 1 kW is integrated with the storage tank. Several experiments were
carried out at Chennai, India, throughout the year and the results are presented. During the experiment, the
intensity of the solar radiation is measured using a pyranometer, with a time interval of 15 minutes. Water at a
mass flow rate of 2 kg/min is circulated through the storage tank and the collectors. In the thermal energy
storage tank thermocouples are located radially at six locations and axially at five locations to monitor the
temperature variation inside the thermal energy storage tank and at the inlet and outlet of the storage tank. The
measurements are monitored continuously a data acquisition system.The experiments are continued until the
bottom temperature of the storage tank reaches 65°C. Though experiments are carried out for different mass
flow rates the results are presented only for the mass flow rate of 2 kg/min. During the discharging process, the
hot water stored in the storage tank is allowed to circulate through the generator of the vapour absorption
refrigeration system. The temperature of the chilled water to the evaporator is maintained constant by heating the
chilled water in a heating thermostatic bath fitted with a 1.5 kW electric heater whose input voltage is controlled
by an autotransformer. This heating bath simulates the refrigeration load, which can be estimated by the
electrical power input.

4. Results and Discussion
Following sections deal with performance of the various subsystems such as solar collector, storage tank and the
absorption refrigeration system during charging and discharging process.
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4.1. Charging Process
The temperature of the HTF in the storage tank during the charging process, the instantaneous and cumulative
heat stored in the storage tank for the experiment conducted during the month of March are studied in detail and
presented. Figure 3 shows the variation of the HTF temperature at various heights in the storage tank during the
charging process for a mass flow rate of 2 kg/min. The location of the thermocouple in the storage tank at
various heights for the experiment conducted during the month of March with respect to the height of the storage
tank is given in the legend. x/L = 0 indicates the bottom of the storage tank. The initial temperature of the water
in the storage tank varies from 40 to 43°C, from the bottom to the top of the storage tank, due to the heat stored
during the earlier experiments.

Figure 3 Variation of Heat Transfer fluid temperature at different heights with time in the storage tank

The measurement of the instantaneous heat transfer and the cumulative heat stored in the storage tank for a mass
flow rate of 2 kg/min during the charging experiments conducted during the month of March between 7 AM and
5 PM from the solar collector is shown in Figure 4. It is seen from the figure that the instantaneous heat transfer
increases until 12 noon and then starts decreasing. The initial increase in the heat transfer is due to the increase
in solar insolation. However, after 12 noon the instantaneous heat transfer starts decreasing. The initial increase
in heat transfer is due to the increase in solar insolation. However, after 12 noon the instantaneous heat transfer
starts decreasing, though solar insolation increases until 1 PM. Around 12 noon, the HTF temperature entering
the solar collector increases above 50°C, and hence, the mean temperature of the solar collector also increases,
which will reduce the collector efficiency.
Hence, a further increase in instantaneous heat transfer is not observed beyond that time. In the
afternoon hours, after 1 PM, since the solar insolation decreases with respect to time, instantaneous heat transfer
also decreases.
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Figure 4. Variation of Instantaneous and cumulative energy stored with time during the month of March (m = 2 kg/min)

4.2. Discharging Process
The temperature variation of the HTF with respect to time in the storage tank at five different heights during
the discharge process are shown in Figure 5.

Figure 5 Temperature Variation of HTF in the storage tank during the discharge Process

The results correspond to the evaporator set temperature of 4°C and the sink temperature of 25°C. The higher
temperature gradient prevailed along the height of the storage tank during the end of the charging process is
disturbed and during the start of discharging process, only a temperature difference of 3°C is present between the
top and bottom of the storage tank. Since the heat transfer fluid enters the generator from the top of the storage
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tank, the HTF is initially at 62°C and as time increases the temperature also decreases. The experiments are
continued until top of storage of the storage tank reaches 58°C. It is seen from the Figure 5, initially for a
duration of two hours the thermocouple shows a drop of 2°C and another 2°C drop is observed during the
remaining 6 hours. This is due to the release of latent heat from the phase change material. The PCM based
storage tank is able to deliver a near constant temperature of 60°C for duration of 8 hours. During this period,
the bottom of the storage tank attains a temperature of 54°C. The decrease in temperature in bottom of the
storage tank is not disturbing the temperature of the heat transfer fluid at the top of the storage tank as
stratification is maintained due to low mass flow rate and also due to the presence of PCM capsules at the top of
the storage tank.
Experiments are conducted to study the performance of the VARS at various sink temperatures. The sink
temperature corresponds to the temperature of water at the ambient conditions. During the experiment, water at
the required temperatures of 20°C, 25°C and 30°C are simulated and this water is circulated through the
condenser and the evaporator temperature is maintained at 4°C. The cooling capacity is evaluated using the
following equation

Q = mw Cw ∆Tw Where mw is the mass of the water circulated through the evaporator

(0.08 kg/s) ∆Tw is the temperature difference between inlet and outlet of the chilled water passing through the
evaporator.

Figure 6 Variation of Cooling Capacity with Sink Temperature (Evaporator Temperature 4°C)

It is seen from the Figure 6 that when the sink temperature is at 20°C the cooling capacity achieved is 0.43 kW
and it reduces to 0.4 kW and 0.37 kW respectively when the sink temperature increases to 25°C and 30°C. This
reduction in cooling capacity is due to the performance reduction of the VARS as it is operating against higher
sink temperature. Hence it is construed that for every 1°C drop in sink temperature, an increase in cooling
capacity of 1.4 % is achieved in the VARS.
The COP is evaluated using the following equation
COP = Q evaporator / Qgenerator
where Qevaporator is the cooling capacity of the VARS and Qgenerator is evaluated using the following equation
Qevaporator = mg Cp ∆Tg
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where mg is mass flow rate of hot water circulated from the storage tank through the generator (0.33 kg/s).
∆Tg is the temperature difference of the heat transfer fluid between inlet and outlet of the generator.

Figure 7 Variation of COP with respect to Evaporator Temperature

Figure 7 shows the variation of COP for various evaporator temperatures varying from 0°C to 8°C by
maintaining the sink temperature at 25°C. It is seen from the figure that the COP of the VARS varies from 0.32
to 0.38 as the evaporator temperature varies from 0°C to 8°C. This indicates that when the temperature of the
chiller requirement is low the COP of the VARS also decreases. It is observed from the results that an increase
of 2.2 % in COP is seen for every 1°C increase in evaporator temperature from 0°C to 8°C.
5. Conclusion
Solar cooling is a promising potential for different applications and offers scope for innovation. Thermal storage
system enhances performance efficiencies and contributes to increased environmental benefit. The existence of
thermal stratification in the PCM based storage system improves the collector efficiency, and hence, the system
efficiency. Lower heat loss due to lesser surface area and higher storage capacity are its additional significant
benefits. The PCM based storage system is very useful in providing the required heat at higher uniform
temperature for a longer duration due to the large heat capacity associated with the PCM. It is observed that for
every 1°C drop in sink temperature an increase in cooling capacity of 1.4% is achieved in the VARS. The
coefficient of performance of the vapour absorption refrigeration system increases with increase in evaporator
temperature. It is observed from the results that an increase of 2.2% in COP is seen for every 1°C increase in
evaporator temperature.
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1. Abstract
A prototype of a modified solar ice maker was constructed and tested for ice making purpose under
Cairo climate. Activated Carbon and methanol have been used as the adsorbent - adsorbate pair. The system
consists of adsorbent bed containing Activated Carbon (AC-35) mixed with very small particles of copper to
increase the heat transfer through the adsorbent bed, copper condenser with circular fins, one valve and
evaporator. A flat glass mirror reflector was used to increase the incident solar radiation on the adsorbent bed
consequently the regeneration temperature, also an evaporative water cooler was used around the condenser
to condense the adsorbate vapor within the desorption process in a hot day. Indoor and outdoor experimental
tests were carried out on the solar ice machine. The experimental performance is presented in terms of gross
solar coefficient of performance (COP) and quantity of ice produced. The test results show a daily ice
production range from 1.38 to 3.25 kg ice/m2 with a solar coefficient of performance (COP) between 0.07 to
0.11 under climate condition of daily solar radiation on the surface of the adsorbent bed range from 12.4 to
25.2 MJ/m2 and daily average ambient temperature range from 21 to 35 °C. An increasing in the condensate
methanol of about 1.1 liter was observed with increasing the regeneration temperature from 90 to 120 °C.
Despite the simple technology used in the manufacture, the results show good and acceptable performance
compared to the results of the research published.

2. Introduction
Cooling and refrigeration are an attractive and promise application of solar energy where the supply
of solar radiation and the demand for cooling and refrigeration reach maximum levels in the same time. The
solar ice maker to produce ice for food and fish conservations is one of the most suitable applications of solar
energy in the coasts and remote area where there is no electricity grid. Different solar assisted cooling
systems, liquid absorption or solid adsorption systems, were studied and tested with successes (Enibe, 1997,
Meunier, 1998, Mesquita et al., 2006, Wang et al., 2000). However the use of liquid sorption for solar
cooling induces two futures. First, liquid sorption cycles operate continuously, while solar energy is inherent
transient during the day and vanish during the night, large heat storage must be installed between the solar
collector and the generator. Second, the solution is most often circulated by a pump working all the day long,
this pump consumes electricity that must be supplied by photovoltaic cells or reliable electricity network.
Solid sorption work differently. First, the cycle is intermittent: heat is accumulated in the adsorbents
resulting desorption of refrigerant vapor and only a cold storage is necessary for providing refrigeration over
24 hour period. Second, the cycle itself works without any mechanical input or moving parts. In addition to
reliability, full autonomy with solar energy should be achievable, which is very attractive for installation in
remote area.
The most important characteristic of adsorption systems, it is noiseless, not having any moving parts,
not use any electricity, environment friendly and has the unique potential of utilizing low grade heat
resources such as solar energy and waste heat. In comparison with mechanical vapor compression systems,
adsorption systems have the benefit of saving energy, if powered by waste heat or solar energy, simpler
control, no vibration and lower operation costs.
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Nomenclature
A

Absorber area, (m2)

AC

Activated Carbon

A–D

Points on Clapeyron diagram

C

Specific heat, (J kg-1 K-1)

L

Latent heat of evaporation of water, (J kg-1)

L.E.

Egyptian pound

G

Global solar radiation, (W m-2)

m

Mass, (kg)

Q

Energy, (kJ)

T

Temperature, (C)

COP

Coefficient of performance

SCP

Specific cooling power, (W kg-1)

Subscripts
c

Condenser

e

Evaporator

g

Generator

l

water liquid

In comparison with liquid absorption systems, adsorption systems can be powered by a large range of
heat source temperatures, starting at 50 and going up to 600 °C or even higher (Wang and Oliveira, 2006).
Moreover, the latter system does not need a liquid pump or rectifier for the refrigerant, does not present
corrosion problems due to the working pairs normally used, and it is less sensitive to shocks and to the
installation position. These last two features make it suitable for applications in locomotives, busses, boats
and spacecrafts.
Adsorptive refrigerating systems have been investigated by several research teams (Alghoul el al.,
2009, Boubakri, 2006, Boubakri et al., 2000, Khattab, 2006 ) and applied in different fields (refrigeration, ice
production, air conditioning, chillers…). In view of practical applications, the solid refrigeration system
using activated carbon and methanol as working pair have the advantages of low desorption temperature and
operation reliability. Although adsorption systems offer all the benefits listed above, they usually also have
the drawbacks of low coefficient of performance (COP) and low specific cooling power (SCP). However,
these inconveniences can be overcome by enhancing of the heat and mass transfer properties in the absorber,
by increasing the adsorption properties of the working pairs and by better heat management during the
adsorption cycle (Lu et al, 2006, Li and Wang, 2002). Thus, most research on this system is related to
evaluation of adsorption and physical-chemical properties of the working pairs (Wang, 2005), development
of predictive models of their behavior in different working conditions (Ej, 1996, Guilleminot et al., 1987),
and the study of the different kinds of cycles (Critoph, 1998, Wang et al., 1998).
Based on the results of above researches, one prototype was constructed and his performance was
evaluated in laboratory and in real site. One reason of the drawback of the adsorption system is the low
condensation of the methanol vapor during the adsorption process. For the above reason, this paper present
an evaporative water condenser to condense the methanol vapor, very small copper particles were also mixed
with the activated carbon to enhance the heat transfer through the carbon bulk. The sorbent bed was supplied
with a glass mirror reflector to increase the incident solar radiation on the absorber surface and increase the
regeneration temperature consequently. This paper presents an indoor and outdoor experimental results
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obtained for a fabricated prototype of a solar ice maker for studying the performance at different operating
and meteorological parameters

3. Principle of adsorption cooling system
The basis
The ideal adsorption cycle is usually represented in a ln P vs. 1/T diagram as shown in Fig. 1 where
the isosters (the lines of constant methanol concentration x) are approximately straight lines. The cycle steps
are:
• AB: isosteric heating of the adsorbent with increasing the pressure.
• BC: isobaric heating with decreasing the methanol concentration in the adsorbent bed.
• CD: isosteric cooling of the adsorbent with decreasing the pressure.
• DA: evaporating of the liquid at evaporating pressure and adsorbing the vapor through the adsorbent bed.
The heat is supplied during steps AB and BC, and the cold production occurs only in step DA. Thus,
the simple cycle represented in Fig. 1 is intermittent. In solar powered machines, the cycle lasts for a whole
day. The thick dashed diagonal line represents the saturation conditions of pure adsorbate. The other
diagonal lines are the isosters.

Ln P
Increasing x
C

B
Saturation
Isosters
A

D

-1/T
Fig. 1: The ideal adsorption cooling cycle in a (-1/T vs ln P) diagram.
4. Adsorbent–refrigerant pairs
The adsorbents and adsorbates (refrigerants) pair system is one of the most important elements of any
solar ice maker or solar refrigeration systems. The main requirements of the refrigerant for those systems are:
high latent heat per unit volume, low evaporating temperature and good thermal stability. The adsorbents
must have high adsorptive capacity at ambient temperature and low pressures and a small capacity of
adsorption at high temperatures and pressures. The suitable adsorbents are porous materials that should
adsorb a range of refrigerants according to their molecular size and degree of polarization and exhibit some
additional behaviors: wide concentration change within a small temperature range, reversibility of adsorption
process for thousands of cycles, low cost, good thermal conductivity and so on. Appropriate working pairs
are zeolite–water, zeolite–organic refrigerants, silica gel–water, salts–ammonia (ammoniated salts), activated
carbon–methanol, metal–hydrogen (metal hydrides) and some other materials in solid sorption systems
(Srivastava and Eames, 1998).
Choosing the adsorbent will depend on two basic factors:
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• The temperature at which the evaporator must operate
• The regenerating temperature that the thermal source can possibly attain.
Among all these pairs of adsorbents and adsorbates, silica gel–water, activated carbon–ammonia
(methanol), zeolite–water and calcium chloride–ammonia have been widely used in adsorption refrigeration
systems utilizing solar energy and waste heat for the regeneration of the adsorbent bed. Zeolite-water and
activated Carbon-methanol are the most used adsorbent-adsorbate pairs in refrigeration systems. These two
pairs have entirely different physical and chemical properties: methanol is easily desorbed from activated
carbon when it is heated, while in zeolite, the water is kept much longer.
5. Description of the solar ice maker
The solar ice maker consists of three main components which are solar collector containing the
adsorbent bed, condenser and the evaporator.
The solar collector constructed from insulated wooden box (solar collector) with two transparent glass
cover from the upper side. The solar collector containing the adsorbent bed is shown in Fig. 2. The adsorbent
bed consists of twelve copper tubes with 600 mm length; the inner and outer diameters are 45 and 50 mm,
respectively. The total absorbing area is 0.36 m2. All tubes contain 4.8 kg of activated carbon mixed with
very small copper particles in annular space. The outer surface of the copper tubes was black painted. An
axial perforated copper tube was used and allocated at the axis of adsorbent tube to allow for the desorbed
methanol vapor to flow out from the adsorbent bed toward the condenser. The inner diameter and length of
the perforated copper tubes are 12 and 700 mm, respectively.
The condenser was fabricated from copper tubes with diameter and length of about 12 and 500 mm,
respectively. Twenty five circular fins are used to enhance the cooling process for the condenser; the cooling
can be achieved by either air or water. During the water cooling mode the condenser is immersed in clay
container full of water as shown in Fig. 3.
Double glass cover

Copper tube

Activated
carbon
Insulation
Pressure
gauge

Connecting
tube
Water cooled
condenser

Valve

Evaporator

Insulated box

Fig. 2: Schematic diagram of the solar ice maker
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Condenser tube

25
15

Circular fins

300
Clay container

15

Fig. 3: A schematic view of the condenser.

The evaporator consists from two circler cylinders of copper various in diameter and length. The big
circler cylinder has a diameter and length of 18 and 12 cm, respectively, while the smaller one has a diameter
and length of 14 and 10 cm, respectively. The smaller cylinder put inside the big one forming a sump for
accumulating the condensate methanol between the two cylinders, the water liquid to be frozen put inside the
inner cylinder. The evaporator was placed inside an isolated box as shown in Fig. 2.
Two electric heaters of 1000 W were used to supply heat energy for indoor test only to simulate and
control the regeneration temperature, an electric thermostat was used to adjust the regeneration temperature
to the desired value. Flat mirror reflector was used to reflect the solar beam during the outdoor test for
increasing the regeneration temperature. A manual valve was used between the evaporator and the
condenser. Photographs for the solar ice maker and a sample of the ice produced are shown in Fig. 4

Ice produced

Fig. 4: Two photographs of the solar ice maker and ice produced
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6. The performance of the solar ice maker
The performance of solar refrigerator is mainly decided by the total condensed refrigerant, the
produced ice mass and the coefficient of performance (COP). The coefficient of performance of solar ice
maker is expressed as the amount of cooling delivered (cold produced) divided by the amount of the heat
input. The coefficient of cooling performance (COP) is calculated by the following formula
COP = (Cooling Delivered /Heat Input).
COP =

Qe ml * [ C * (Tc - Te ) + L ]
=
Qg
A ∫ G dt

(1)

Where, Qe denotes the heat removed from the cooled matter; and Qg denotes the total solar radiation
energy absorbed by the collector during one day operation, L denotes latent heat of fusion for water.
7. Experimental results

The experimental tests were carried out under both indoor and outdoor conditions. The indoor test
was carried out using an electric heater as a heat source and thermostat to simulate and adjust the
regeneration temperature, while the outdoor tests was carried out under the actual daily solar radiation and
ambient temperature of Cairo.
7.1. Effect of the solar radiation
An actual daily solar radiation values various from 12.4 to 25.2 MJ/ m2 day, at Cairo - Egypt (latitude
30° north), for different months through the year were selected for the study. The ambient temperature and
solar radiation on the tilted surface of 30°, which represent the optimum annual tilt angel for Cairo, during
two experimental test days for the test side are shown in Fig: 5 (one day in winter 21-Jan and other day in
summer 21- Jun). From the figure we can observe that the difference between the available solar radiation
failing on the tilted surface doesn't varies very much from Jan. to Jun. where the radiation increase in the
winter by about 4.7 % at solar noon and decrease by about 16.9 % at evening and morning period. But due to
the difference in the day length, the daily solar radiations on slop surface with angel of 30° varies from 15.7
to 23.4 MJ/m2 from January to Jun, approximately. While in horizontal surface it varies from 12.4 to 25.2
MJ/m2 from January to Jun, approximately.
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Fig. 5: Measured of solar radiation and ambient temperature versus solar time
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Fig. 6: Bed temperature during the desorption process for two days in the winter and summer

An increase in the bed regeneration temperature was achieved due to using a flat plate glass mirror
reflector with a reflectivity of about 0.95 during the outdoor test. Fig. 6 illustrates the temperature profile for
the adsorption bed with and without the flat mirror reflector for different two day in the summer and the
winter. An increase in the bed temperature of about 38 and 41 °C was observed at solar noon during summer
and winter, respectively.
35

Daily Radiation
Cooling Product

30

Energy MJ/m2

25

20

15

10

5

0
Jan

Feb

Mar

Apr

May

Jun

Months

Fig. 7: Variation of daily solar radiation with the cooling product through different months
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Effect of solar radiation on the performance of the ice maker has been studied experimental during the
first six months of the year as shown in Fig. 7. The different months represent different daily solar radiation.
The daily solar radiation varies from 12.4 to 25.2 MJ/m2 from Jan to Jun, respectively. Consequently the
cooling product per day varies from 1.03 to 2.77 MJ/m2 as shown in Fig 7.

The variation of the daily solar radiation and its effect on the coefficient of performance for the ice
maker and the daily ice produced are shown on Fig. 8. The COP increases from 0.07 to 0.11 with increasing
the daily solar radiation from 12.4 to 19.1 MJ/m2, respectively. The corresponding daily ice produced
through these values of solar radiation range from 0.5 to 1.19 kg. This means the daily ice produced per unit
area varies from 1.38 to 3.25 kg ice. Increasing the solar radiation from 19.1 to 25.2 MJ/m2 leads to a
decrease of the COP from 0.11 to 0.082, while the daily ice produced doesn't change.
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Fig. 8: Variation of COP and ice produced with daily solar radiation

7.2. Effect of the regeneration temperature
Indoor and outdoor tests were carried out for studying the effect of the regeneration temperature on
the performance of the ice maker. As shown in Fig. 9, during the adsorption process, the water temperature
in the evaporator was recorded through two adsorption processes for two different regeneration temperatures
of about 100 and 120 ºC. It can be observe that, the average water temperature decreasing through the
evaporator with higher regeneration temperature of 120 ºC is higher than that of the regeneration temperature
of 100 ºC by about 2.8 ºC at the first two hours, then the enhancement in deceasing the water temperature
became 4.1 ºC at the next three hours. Then the evaporator temperature increases slightly due to higher heat
loss through the wall of the evaporator box, and decreasing the absorption rate of methanol vapor, where the
rate of heat loss become higher than the rate of evaporated methanol at this period. It can be also noticed that
the evaporator temperature reach a minimum value of -5.3 and -7.5 ºC for regeneration temperature of 100
and 120 ºC, respectively.
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Fig. 9: Evaporator temperature during adsorption process

The alternation of adsorption and desorption process which carried out on the above described ice
maker are presented in the Clausius –Clapeyron diagram as shown in Fig. 10. The short dashed straight line
represent the methanol concentration in the activated carbon, the solid line cycle represent the desorption and
adsorption process for maximum regeneration temperature of 100 °C while the long dashed cycle represent
the desorption and adsorption processes foe max temperature of 120 °C. It can be noticed that the maximum
regeneration temperature effect the cooling effect, where for maximum regeneration temperature of 120 °C
the cooling effect are greater than the cooling effect of 100 °C heating temperature case by about 518 kJ. The
above observation effect also the quantity of ice produced where it increase with increasing the heating
temperature. It can be also notice a rapid adsorption of methanol for the higher regeneration temperature
case.
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Fig. 10: Experimental desorption and adsorption cooling cycle for activate carbon–methanol
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7.3. Effect of condenser cooling method and condensate temperature
Two methods were used for cooling the outer surface of the condenser. The first method is air cooling
while the other is the direct water evaporative cooling method. Using direct evaporative water cooling to
cool the condenser has a significant effect on the quantity of condensate methanol consequently the cooling
power. A comparison between air cooling method and water cooling method was illustrated in Fig. 11 at
ambient temperature of 25 °C. From the figure it can be observe that the increase in the methanol condensate
due to using the evaporative water cooling method varies from 0.03 to 0.2 Liter for regeneration temperature
varies from 90 to 120 °C, respectively. Increase the regeneration temperature above 120 °C results a
decomposition of the methanol.
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Fig. 11: Effect of cooling method on the condensate methanol at different regeneration temperature
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Fig. 12: Effect of condenser temperature on the condensate methanol for different regeneration temperature
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The effect of condenser temperature on the condensate methanol was studied for different
regeneration temperature as shown in Fig. 12. From the figure it can observe that decreasing the condenser
temperature from 30 to 15 °C leads to increase the condensate methanol from 0.06 to 0.32 Liter for
regeneration temperature range from 90 to 120 °C, consequently increases the cooling effect varies from 72
to 384 KJ. Increase the regeneration temperature above 120 °C results a decomposition of the methanol. The
previous values vary for different condensing temperature as shown in Fig. 12. The effect of condensing
temperature appears significantly at the higher regeneration temperature. For decreasing the condenser
temperature from 30 to 15 °C, the percentage increase in the condensate methanol quantity varies from 20 to
24 % at regeneration temperature varies from 90 to 120 °C, respectively. An increasing in the condensate
methanol of about 1.1 liter was observed with increasing the regeneration temperature from 90 to 120 °C
The cost of the solar ice maker is an important parameter for comparison with the conventional ice
maker powered by electric. The comparison now will not be in favor of the solar ice maker in terms of cost
and quantity of production to the size of the unit, but the solar ice maker is a fitting choice economically in
places where there is no electricity grid.
Tab. 1: Cost of the main component of the solar ice maker

Solar collector with steel supported frame

Cost
(LE)
1150

Adsorbing bed from copper tube

1600

Activated carbon (3.6 kg)

250

Methanol (1.44 Liter)

200

Copper condenser

320

Copper evaporator

380

Wooden Isolated box

400

Total price

4250

Item

Table 1 show the cost of the main component of the solar ice maker for 0.36 m2 absorber area
including the manufacturing cost. The total cost of whole ice maker is 4250 L.E around (720 $). It can be
notice that the main cost is from the solar collector and the adsorber bed.
8. Conclusion
The objective of this work has been to construct solar adsorption system for ice production in remote
area of south Egypt like Nasser Lake where a high solar energy potential are available. A prototype of the
solar ice maker was constructed to test the concept, identify problem carry out preliminary design
optimization and measure performance under Cairo climate as an initial step before testing at the site of
installation in southern Egypt.
The adsorption pair active carbon + methanol offer attractive possibilities for autonomous solarpowered cooling machines in Cairo climates. Addition of reflector mirror to concentrate solar radiation on
the adsorber bed is necessary to increase the regeneration temperature from 75 to 110 °C at solar noon, but
this increase is less gradually in the period before and after midday. Cooling the condenser using chilled
water through direct evaporation reduces the temperature of the condenser by 4 °C, which leads to increase
the methanol condensed consequently the cooling effect. This solar ice maker can produce about 1.38 to 3.25
kg of ice/m2 each sunny day under the condition of about 12.4 to 19.1 MJ/m2 daily solar radiation, which
corresponding to COP of 0.07 to 0.11. For these reasons, this machine seems to be appropriate to be
constructed for developing countries, despite the requirement of vacuum technology. The cost of
manufacturing solar ice maker was estimated at around 4250 LE (US $720) for a unit with 0.36 m2 collector
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area. The present experiments show a compatible results with that published in previous articles. In addition,
this study shows that there is a great potential for using a solar energy for ice production
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1. Introduction

Sorption machines for heating and cooling have the capability to be supplied with waste heat or heat out of
renewable energy sources. Especially in areas with a high solar radiation in Europe, the use of thermally
driven chillers have the potential to be an alternative to common compression chillers. In the summer period,
when air conditioning in buildings is needed, sorption chillers can significantly reduce the high electrical
energy consumption, reducing the load peaks on the electric grid. Therefore the development of this
technology shows increasing interest.
On this basis, since 2010, Eurac and Velta Italia began to collaborate at the development of an innovative
standardized system used to cover thermal loads for heating, cooling and domestic hot water preparation,
through the exploitation of a large fraction of solar energy. The project objective is the development of a
system consisting of solar collectors, hot water tanks, a thermally driven chiller and a compression heat
pump in combination with a floor distribution system, used for heating in the winter as well as for cooling in
summer. The target selected are residential buildings with surfaces between 150 and 250 m2.
Within this project, stationary tests were carried out in laboratory on the employed sorption machine to
verify manufacturer’s performance values, to define and develop a control strategy for the heat rejection
system and to validate simulation’s results. The paper presented shows the preliminary results of the
stationary tests carried out to define a control strategy for the heat rejection system to be used both during the
tests and on-site operation.
2. Stationary Laboratory Tests
The stationary tests were carried out at EURAC laboratory [Sparber et al., 2007], a configurable energy
system with an adsorption chiller in the middle, the heat production section (bottom right), the heat rejection
part (to the top) and the cold distribution (to the left) as can be noticed in Fig. 1.

Fig. 1: Schematic overview of the test facility
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The heat production is realized with a thermo-regulator, which provides a user-defined temperature at the
output. It can be used singularly or in conjunction with solar collectors that are set up on the roof of the
laboratory. These are connected to independent circuits and connected to the main circuit with a heat
exchanger. In the main circuit two barrels are setup that can be arranged in series, parallel or completely
bypassed. For the mentioned tests, the thermo-regulator was the unique heat source. The smallest tank (500 l)
was also employed to ensure smooth temperature conditions at inlet of sorption chiller generator.
The heat rejection circuit is equipped with a GÜNTNER air cooler, working as a dry or hybrid cooler with a
maximum cooling capacity of 50 kW. Three fans provide a maximum flow rate of 24600 m³/h, with electric
power consumption of 2,1 kW. The hybrid cooler is equipped with a sprinklers circuit that is activated to
enhance the cooler capacity. The sprinkled water is preconditioned by a reverse osmosis system to ensure a
clean surface of the cooler.
The cold water circuit is similar to the heat production one, with an independent thermo-regulator and a cold
water storage tank. The water cooled by the chiller can be stored or directly delivered to a virtual user (the
thermo-regulator). Again the cold water storage was used to provide stationary temperature conditions (as
much as possible) to the chiller’s evaporator.
During the tests, the adsorption chiller ACS08 from Sortech was analyzed. Tab. 1 reports manufacturer’s
data for the tested machine:
Tab. 1 - Chiller’s performance as declared by the manufacturer

SORTECH ACS08
Cooling capacity max.
11
ACS08
COP thermal max
0.65
Cooling capacity, nominal
8
COP therm. nominal
0.6
Power consumption
7

kW
kW
W

The chiller is equipped with an internal control that allows two different working modes: POWER and ECO
mode. In POWER mode the chiller is working with maximum power to reach the chilled water set point
temperature. To be noticed is that, due to the cyclic behavior, the inlet water is cooled down to the average
(over 1 cycle) of this temperature. If the set temperature is reached, the chiller automatically switches to
ECO mode to reduce the electric consumption at the heat rejection. In ECO mode the chiller is controlled
internally to reach the chilled water outlet average temperature by means of longer cycles compared to power
mode operation. The reported stationary tests are carried out in POWER mode.
The following conditions are kept during the tests at generator, condenser and evaporator inlet. The mass
flows (see Tab. 2) are identical to the manufacturer’s test conditions. The test temperature conditions are
shown in Tab. 3. Generator inlet temperatures are selected to allow direct comparison of the results with
manufacturer’s ones. Condenser inlet temperatures are selected for the tests to respect standards EN 14511
and EN 12309 (tests of compression and thermally driven heat pumps). The evaporator inlet temperature
(18°C) was kept constant for all tests, if the chilling capacity was enough to maintain 15°C average chilled
water temperature. If not, the inlet temperature was decreased to maintain 15°C average outlet water
temperature.
Tab. 2: Mass flows at adsorption chiller ACS08

Circuit
Generator
Condenser
Evaporator
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Mass flow
1.6
3.7
2.0

Unit
m³/h
m³/h
m³/h

Tab. 3: Inlet temperature to adsorption chiller

Circuit
Generator
Condenser
Evaporator

Inlet temperature
75/85/95
27/30/35
18

Unit
°C
°C
°C

All test were carried out following the next steps:

1.
2.
3.
4.

5.
6.
7.

The system with the heaters is started until the set temperatures in the storage tanks are reached
The sorption chiller is switched on
The adjustment of the three way valves is done to control the correct supply temperature to the sorption
chiller circuits
The chiller is operated until the behavior of the temperature plot over the time does not change
anymore: the last two cycles behave in the same way in terms of cycle time, powers delivered and
average temperatures to the chiller.
The average inlet temperatures to the three circuits of the chiller have to remain in a range of ±0.5°C
with respect to the set temperatures.
Four half cycles (two cycles) are carried out, during which relevant values are logged in a .txt file, with
a time period of 5 seconds.
The averages of the three inlet temperatures (Generator, Condenser, Evaporator) are calculated over the
two cycles. If the average is in the above mentioned range, this test is taken for further evaluation. If
only one average is out of range, the test is repeated.

This stated, due to the discontinuous behavior of the adsorption chiller, stationary conditions cannot be
reached at any time. Fig. 2 shows a common temperature plot of the chiller’s inlet and outlet temperatures.
Two cycles are plotted: each chamber operated twice in adsorption and desorption phase.

Temperature [°C]

Condition 75_30_15

90
80
70
60
50
40
30
20
10
0
0

250
Th1

500
Th2

750
Tco2

1000
Tco1

1250
Tch1

1500
Tch2

1750

2000
Time [s]

Fig. 2: Example of Sorption chiller temperature profile. Inlet average temperature 75°C at the generator, 30°C at the condenser
and 18°C of the chilled water

As can be seen, time dependent temperature conditions at outlet of the machine propagate to the temperature
values at chiller’s inlet. The plot shows small variations (less than 0.5°C) with respect to the set point for the
inlet chilled water Tch1 and relatively small variations (less than 2°C) for the heating fluid temperature Th1; a
basic control of the boundary temperature conditions (by means of three-way valves) was used in these cases
due to the limited temperature ranges, easily complying with the tests requirements (point 5).
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75_30_15 Condenser
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Fig. 3: Example of sorption chiller Tco1 temperature profile

Much larger deviations are encountered when heat rejection inlet temperature (T co1) is investigated, as can be
seen in Fig. 3. This is due, on the one hand, to the large thermal powers to be rejected after each swap (see
temperature peak in sector A) and to the fact that a storage tank, which could flatten temperature peaks, is
missing in the heat rejection circuit; on the other, the inlet temperature value is a direct consequence of the
dry cooler management strategy. Again, this is to some extent a limitation of the laboratory infrastructure,
since an accurate adjustment of the set conditions requires a complicated management of the heat rejection
circuit to be set; however, tests under real working conditions allow 1) a direct assessment of the limits
related to the operation of the sorption chiller with a specific heat rejection unit under real ambient
temperature and humidity circumstances and 2) the development of control strategies dedicated to the
specific machine both for tests and for on-site operation.
Regarding the latter point, the heat rejection fans are responsible for the largest electricity consumption of
the sorption cooling system; an optimization of the fans’ speed management, following the actual thermal
loads to be rejected, enhances significantly the total electric COP of the system.
3. Control of the heat rejection system
To avoid large temperature fluctuations, the heat rejection control needs to operate as fast as possible after
every swap, cooling down the condenser’s water toward the set point and rapidly rising chilling capacity to
maximum values allowed (with respect of the boundary temperature conditions). With this regard, different
control strategies were experimented.
First of all a strategy was used to control the return temperature from the hybrid cooler by varying fans and
pumps speeds in the heat rejection circuit. A parametric analysis was carried out to optimize the PID values
for both fans and pumps, reducing as much as possible the deviations of T CO1 with respect to the set point.
The extremely non-linear behavior of the condenser outlet temperature after each swap is responsible for
results that were not completely satisfying, and many tests needed to be rejected because not compliant with
the tests requirements; a more complex control strategy was established. Two parameters were considered
for the definition of the improved control strategy:
•
•

external ambient temperature during test (Tamb)
divergence of the condenser outlet temperature (ΔTCO2/Δt)

Based on these parameters, the actuators at the heat rejection circuit (pump speed, fans speed and sprinklers
spraying time) are regulated: when, after every swap, the divergence of TCO2 increases above a given value
(dependent on the specific system investigated) pumps and fans speeds are set to a Maximum Value and
sprinklers are switched on. When the divergence changes to negative (i.e. the temperature peak is reached) a
normal PID control of TCO1 is implemented.
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Still the problem is pretty much dependent on the temperature difference the external-ambient temperature
and the average temperature of the fluid inside the cooler. This difference is responsible, together with the
fans and pumps speed, for the heat flux evacuated to the ambient through the cooler. Therefore when outside
temperature is relatively low and actuators are operated at very high rates, risk of overcooling is found,
resulting in unsteady behavior of TCO2 and unnecessary high electric consumption; on the contrary, if high
external temperature is encountered and reduced performance of the actuators are set, undercooling might
result in unnecessary long working cycles or even set conditions might not be reached.

Eq. 2

Eq. 1

Tco2

Eq. 3

Eq. 4

Tco4

Adsorption
chiller

Hybrid air cooler

Pump
circuit 1

HeatExchan
ger

Pump
circuit2

TAmb
Air flow

Tco3

Tco1

Fig. 4: Model of the heat rejection system

The calculation of the Maximum Value to be given to the component is done with a simplified time
independent model of the heat rejection circuit (see Fig. 4), in which thermal losses are not taken into
consideration. The minimum mass flows (water and air) are computed allowing given thermal power to be
evacuated by the chiller for given ambient temperature. To elaborate this, stationary energy conservation
equations are elaborated for each component of the circuit: adsorption chiller’s condenser, heat exchanger,
water side of the cooler, cooler’s air side. The equations used are listed hereafter:

Qth condenser  mco  nom .  cP  (Tco 2  Tco1 )
Qth condenser   Hx  mco 2nom.  cP VMax  (Tco 2  Tco 3 )
Qth condenser  mco 2 nom .  cP VMax  (Tco 4  Tco 3 )
Qth condenser   HC  mAir nom.  cP  VMax  (Tco 4  TAmb )

 eq. 1
 eq. 2 
 eq. 3
 eq. 4 

The composition of the four equations allows the percentage Maximum Value to be determined. The results
obtained with the analysis are reported in Fig. 5 to Fig. 7. They show the Maximum Value as a function of
the external ambient temperature and the power to be rejected from the condenser, for given set temperature
TCO1 at adsorption chiller inlet. As it can be seen, the maximum percentage of fans/pumps speeds reach
100% only for a limited number of combinations.
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Fig. 5: Results of MaxValue for Tco1 set to 25°C
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4. Results
Chilling, generator and heat rejection thermal powers and fans’ electric power consumption were calculated
as the average over 2 working cycles of the data acquired every 5 seconds :

̅

∑

⁄

(eq. 5)

Thermal COP was computed as the ratio of the evaporator and generator average powers over 2 working
cycles:

̅

(eq. 6)

̅

The data are presented in the followings as a function of the ∆∆T parameter, accounting for the two
temperatures differences that are driving the sorption physics (
and
). The two
differences are linked by the Dühring constant (equal to 0.03 for the investigated application).

(

)

(

)
̈

(eq. 7)

For each test condition mentioned in Tab. 3, tests were performed using the control strategy described in
chapter 3 and varying percentage Maximum Value to the actuators between 65% and 100%. All tests
reported were carried out in a narrow range of ambient temperatures (between 22 and 26°C) to avoid large
effects on the fan loads due to varying temperature difference between warm fluid and air (see eq. 4).
The results of the tests are reported in Fig. 8 and Fig. 9 in terms of chilling capacity and thermal COP of the
chiller.

Fig. 8: Chilling power vs. DDT; percentage Maximum Value varies between 65 and 100%

As can be seen, the results obtained with the two different Maximum Values are in quite good agreement
with each other, showing that the tests were properly carried out with both strategies. Chilling power ranges
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between around 3 kW and 8 kW depending on the boundary conditions; values for typical working
conditions in solar applications vary between 6 and 7 kW. Thermal COP values range between 0.35 and
0.55, with typical values around 0.4 – 0.5.

Fig. 9: Thermal COP vs. DDT; percentage Maximum Value varies between 65 and 100%

Fig. 10 reports the results of the tests in terms of electric energy consumed by the dry cooler fans during one
operation cycle and for condenser inlet temperature (T CO1) of 35°C versus generator temperature.
For given condenser and evaporator temperature levels, the energy consumption varies as a function of the
generator temperature: the thermal power to be rejected increases accordingly to the generator temperature
rise. The measured values range between around 16 Wh/cycle and 60 Wh/cycle. Those data cannot be
considered as being representative for this kind of application due to the large temperature difference
between condenser (TCO1 = 35°C) and ambient air (Tamb  24°C) temperatures: lower condenser temperatures
could be easily obtained for mentioned ambient conditions.

Fig. 10: Electric Energy consumed by the dry cooler fans during one operation cycle vs. generator temperature; percentage
Maximum Value varies between 65 and 100%
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What is clearly shown is the effect of the percentage Maximum Value on the fans electricity utilization: with
regard to the stated test conditions, the operation with 100% Maximum Value produces an enhancement of
about 15 Wh/cycle consumption compared to the 65% Maximum value cases, corresponding to a relative rise
varying between 40% (at Th1 = 95°C) and 80% (at Th1 = 75°C).
In Fig. 11 the effect of the set condenser temperature on the electricity consumption is displayed. Energy
consumption for inlet condenser temperature of 30°C go from 90 to 180 Wh/cycle. Comparing full
(TCO1 = 35°C) with empty dots (T CO1 = 30°C) an increase between 100% and 200% is appreciated. In terms
̅
⁄̅
of electric COP (
, accounting here for the only fans’ contribution to the systems
electricity consumption), values between 15 and 35 are assessed for inlet condenser temperature set to 35°C;
a drop to values ranging between 8 and 25 is encountered with regard to the lower inlet condenser
temperature (TCO1 = 30°C).
Fig. 11 shows also that, as far as set condenser and ambient temperatures approach each other, the benefit of
assuming reduced fans’ rates is progressively lost. Comparing empty dots with empty square at 75 and 85°C
generator inlet temperature, it is shown that energy usage is almost the same for the two working loads. This
effect is mainly due to the fact that the dry cooler operated at low fans’ speeds is about to reach its
operational limits in terms of heat rejection capacity. Moreover, as can be noticed by looking at the empty
squares, the electricity consumption encounters a limitation at around 90 Wh/cycle, relative to continuous
working conditions at set speed. At 95°C generator inlet temperature, the energy consumption is significantly
lower than the corresponding value obtained with 100% Maximum Value; the set temperature could not be
obtained though: the test was carried out at around 33°C at condenser inlet.

Fig. 11: Electric Energy consumed by the dry cooler fans during one operation cycle vs. generator temperature; percentage
Maximum Value varies between 65 and 100% and condenser set temperature between 30 and 35°C

5. Conclusions
A control strategy was shown in this paper suitable for the management of discontinuous sorption machines,
accounting for the large non-linearity of the temperature profiles at condenser circuit.
The effect of the control strategy in terms of fans’ electric energy consumption was stated both as a function
of the set inlet temperature at the machine condenser and of the fans’ maximum speed (Maximum value was
varied between 65% and 100%). A large increase of electricity consumption is encountered as far as the
condenser inlet temperature reduces toward the ambient temperature. The benefit of assuming reduced fans’
rates is also progressively lost as far as ambient and condenser inlet temperatures move close to each other.
On the one side, the reported remarks show how a dedicated/optimized control strategy is necessary to
manage the heat rejection unit in a sorption cooling system: for on-site operation, the best compromise has to
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be assessed between reduced electricity consumption of the dry cooler and needed chilling power output by
the sorption chiller.
On the other hand, indications were given to develop a whole control strategy for on-site operation of
adsorption chillers: the management strategy of the dry cooler can be varied along the cycle to cope with the
large condenser’s temperature variations. The percentage Maximum Value of the actuators in the heat
rejection circuit can be set as a function of the actual monitored thermal power to be rejected (namely
generator and evaporator temperatures) and ambient temperature.
A final comment has to be made relating to the noise regulations. An upper limit to the percentage Maximum
Value has to be foreseen in on-site application, having in mind that the maximum noise level allowed in
residential areas is around 50 dBA in most of the European countries.
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8. Nomenclature
Quantity
Temperature generator inlet
Temperature generator outlet
Temperature condenser inlet
Temperature condenser outlet
Temperature heat exchanger inlet
Temperature
evaporator
inletoutlet
temperature heat
exchanger
Temperature evaporator outlet
Temperature ambient
Efficiency heat exchanger
Efficiency hybrid cooler
Specific heat water/glycol
Max value
Nominal mass flow 1st circuit
Evaporator power (Average on a 5 sec. period)
Generator power (Average on a 5 sec. period)
Condenser power (Average on a 5 sec. period)
Thermal COP
Dühring constant

Symbol
Th1
Th2
Tco1
Tco2
Tco3
Tch1
Tco4
Tch2
Tamb
εhx
εHC
Cp
Vmax
Mco-nom.
QEVAP-5sec
QGEN-5sec
QREJ-5sec
COPth
Düh

Unit
°C
°C
°C
°C
°C
°C
°C
°C
°C
kJ/(kgK)
%
Kg/h
kW
kW
kW
-
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1. Introduction
Solar cooling technology has been confirmed as a technically viable strategy for suppressing the electrical
peak load, because the peak cooling loads are always in phase with the maximum incident solar radiation.
The two main components of a solar cooling system are the solar collector and the chiller or air conditioner.
The overall efficiency of the system depends on the coupling between these two components.
Ejector cooling machines (ECMs) operating with low boiling point refrigerants are environmentally friendly
devices that are suitable for use in solar air conditioning applications due to their simple design and
operation, high reliability and durability, and low installation and maintenance costs.
The New Energy Center at National Taiwan University has been devoted to the development of different
solar-assisted ejector cooling/heating systems (SACHs) for many years. These SACHs consist of a
conventional inverter-type air conditioners (A/C) made of variable-speed compressors connected in series or
parallel with solar-driven ECMs. The energy savings of the A/C is experimentally shown to be 50-70% due
to the cooling performance of the ECM using R365mfc (Huang et al., 2010a). The long-term performance
test results show that the daily energy savings is around 30-70% when compared to the energy consumption
of the A/C alone (without solar-driven ECM). The total energy savings of the A/C was 52% over the entire
test period (Huang et al., 2010b).
The main objectives of the present research include: (1) to determine a more efficient working fluid for the
ECM; (2) to build an ejector test rig for the study of improved ejector construction and ejector flow profile
design and performance evaluation; and (3) to design and develop an ECM with an optimal working fluid
that will have high coefficients of performance (COPs).
2. Design of solar ejector air conditioners and chillers
A solar ejector air conditioning system consists of a solar collector and a heat driven ECM. The solar
collector transforms solar radiation into thermal energy, which then is used to operate the ECM. The main
features of a solar ECM are the solar collector and the heating mode of the generator. Figs. 1-3 show the
three different methods for heating the generator. Fig. 1 presents a design for a solar ejector air conditioner
(SEAC) with direct heating; that is, the surface of the generator is the absorbing plate of the solar collector.
Fig. 2 shows a design for a SEAC with a closed-loop mode for circulating a heating medium where heat is
supplied by an intermediate heat-transfer liquid – usually water – that is heated in the solar collector. Fig. 3
shows an open-loop mode for heating water that first is used to cool the condenser to reduce the condensing
temperature and raise the efficiency of the ejector chiller (Petrenko et al., 2005b).
The process of a continuously operating ECM is characterized by the points 1-9 illustrated in Fig. 4, which
shows a diagram of an ejector cooling cycle with the following working principle. Refrigerant is heated and
vaporized in the generator by solar thermal energy Qg at relatively high pressure Pg. This motive vapor, with
a mass flow rate mɺ p , flows through the primary nozzle of the ejector. At the exit of the nozzle, the
accelerated flow becomes supersonic, which produces a low-pressure region in the suction chamber of the
ejector.
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Fig. 1: Design of a solar ejector air conditioner with
direct heating

Fig. 3: Design of a solar ejector chiller with an open-loop
mode for the heating medium

Fig. 2: Design of a solar ejector air conditioner with a closed-loop
mode for circulating heating medium

Fig. 4: Diagram of thermodynamic cycle of ECM

Hence, vapor, at low pressure Pe, with a flow rate of mɺ s , is induced from the evaporator into the ejector.
Primary and secondary fluids are mixed in the mixing section of the ejector and these then undergo a
pressure recovery process in the diffuser section. The combined stream flows to the condenser where it is
condensed into liquid at intermediate pressure Pc. The heat of condensation Qc is rejected to the environment.
Some of the condensate is returned to the solar-powered generator via an electrically driven feed pump,
consuming mechanical power Wɺmech , whilst the remainder expands as it flows through a valve before
returning to the evaporator, where it re-evaporates to produce the necessary cooling effect Qe.
3. Analysis of ejector design and ejector cooling cycle performance
The supersonic ejector is the key component in the ejector refrigeration cycle. It is a simple jet device which
is used in the ejector cycle for suction, compression and discharge of the secondary vapor by the force of the
primary vapor.
Fig. 5 illustrates the structure of the advanced supersonic ejector with two symmetrical suction inlets inclined
to the axis of the ejector. The ejector consists of four main parts: a supersonic nozzle, a suction chamber, a
cylindrical mixing chamber and a diffuser. The design of the ejector with two retrofract symmetrical suction
inlet ducts provides both axisymmetric equal distribution of the secondary flow in the suction chamber and a
significant decrease in shock losses, which occur in the suction and mixing chambers of the ejector.
Operating conditions of an ejector are specified by the operating pressures Pe, Pc, Pg , the expansion pressure
ratio E = Pg/Pe and the compression pressure ratio C = Pc/Pe.
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The performance of an ejector is measured by its entrainment ratio ω, which is defined as:

ω=

.
. .

.

.
Fig. 5: Structure of the advanced ejector

mɺ s
mɺ p

(eq. 1)

Construction, geometry and surface condition of
the supersonic ejector flow profile must provide
the most effective utilization of primary flow
energy for suction, compression and discharge
of the secondary vapor (Huang et al., 2001;
Petrenko, 1978; Petrenko, 2001; Petrenko et al.,
2005b).

The performance of the ECM is usually measured by a single coefficient of performance (COP), which is the
ratio of the useful cooling effect Qe produced in the condenser over the gross energy input into the ejector
cycle. However, the fact that the ECM commonly utilizes a mechanical feed pump should be taken into
account, and, consequently, it requires an input of some amount of mechanical power Wɺmech in addition to a
low-grade heat energy Qg.
The mechanical power Wɺmech , consumed by the feed pump is very small compared to the thermal energy Qg
input to the generator to actuate ejector cycle, but it may not be neglected (Petrenko, 2001). Therefore, from
both thermodynamic and economic points of view, the efficiency of the ECM cycle can be correctly
characterized by separate use of both the thermal COPtherm and the actual specific power consumption of
mechanical feed pump wɺ mech , which are defined respectively as:

COPtherm =

wɺ mech =

Qe mɺ s qe
q
=
=ω e
Qg mɺ p q g
qg

Wɺmech mɺ p v5 ( Pg − Pc ) v5 ( Pg − Pc )
=
=
Qe
η pump mɺ s qe
η pumpω qe

(eq. 2)

(eq. 3)

where v5 and ηpump are the specific volume of intake refrigerant and feed pump coefficient of efficiency,
respectively and (Pg – Pc) is the generating and condensing pressure difference, in kPa.
Analysis of Eqs. (eq. 2) and (eq. 3) shows that COPtherm and wɺ mech strongly depend on the operating
conditions, the efficiency of the ejector and the thermodynamic properties of the refrigerant used.
Clearly, reliable performance of the ECM depends very much on the reliability of feed pump operation,
which is the critical component in the ejector cycle. This electrically actuated pump is the only element in the
heat-driven ECM that has moving parts and therefore it determines the reliability, leak resistance and lifetime
of the whole system.
The reliable operation of the feed pump is largely determined by the pressure difference (Pg -Pc). The best
way to decrease this pressure difference, and thereby to increase the dependability of the system as a whole,
is to use low-pressure refrigerants in the ejector refrigeration cycle.
4. Refrigerant selection and simulation of the ejector cooling cycle performance
The analysis and comparison of performance characteristics of various refrigerants showed that, from
thermodynamic and operating viewpoints, the most suitable refrigerants for ECMs are low-pressure types
with high critical temperature Tcr, large specific latent heat of vaporization at temperatures Te and Tg, small
specific heat of liquid refrigerant in the range of operating temperatures (Tg -Te) and a normal boiling point
temperature Tb about Te (Petrenko, 2001; Petrenko et al., 2005a).
Fig. 6 shows saturation curves of different low-pressure refrigerants in a T-s diagram and Table 1 presents
several parameters of these working fluids for comparison, to allow selection of the most appropriate one.
The analysis and comparison of performance characteristics of these refrigerants confirms that the
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environmentally friendly low-pressure hydrocarbons R600, R600a and working fluid R245fa offer the best
performance combinations and, at present, are the most suitable choices for application in ejector chillers and
air conditioners.
Hydrocarbons are well-known gases and can
be found in a number of general applications.
180
Their use in systems for commercial
160
refrigeration, chillers and heat pumps is well
140
established (Granryd, 2001). Results of
120
investigations of ECMs operating with
100
various hydrocarbon refrigerants have also
80
been reported in recent years (Selvaraju and
60
Mani, 2004; Pridasawas and Lundqvist,
40
2007; Nehdi et al., 2008; Boumaraf and
20
Lallemand, 2009; Raul Roman and
0
Hernandez,
2009).
A
number
of
-20
hydrocarbons
have
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as refrigerants from a thermodynamic, as
well as a heat transfer, point of view. They
Fig. 6: Saturation curves of different low-pressure refrigerants
in T-s diagram
have excellent environmental characteristics:
no Ozone Depleting Potential and negligible
Global Warming Potential. Hydrocarbons have been utilized as refrigerants for many years in the
petrochemical industry. Experience gained in recent years indicates that the use of hydrocarbons can be
implemented in an economical way for a number of other applications. However, safety precautions due to
their flammability must be seriously taken into account (Granryd, 2001).
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Refrigerant R245fa also has good thermodynamic properties, reasonable working pressures and a high
critical temperature that makes it a useful candidate fluid for an ejector cooling cycle. In addition, it is noncorrosive, non-toxic and non-flammable. For these reasons, refrigerant R245fa is selected as the most
suitable working fluid for general purpose applications in the present study (Petrenko et al., 2005a).
Tab. 1: Table of properties for different low-pressure refrigerants
Refrigerant

R123

R141b

R142b

R236fa

R245ca

R245fa

R600

R600a

Chemical Formula

C F HCl
2 3
2

C FH Cl
2 3 2

С H F Cl
2 3 2

C H F
3 2 6

C H F
3 3 5

CHF CH CF
2 2 3

C H
4 10

C H
4 10

Molecular
Weight M, kg/kmol

152.93

116.9

100.5

152.04

134.05

134.05

58.13

58.13

Normal Boiling
Temperature Tb , ˚С

27.87

32.20

-9.80

-1.44

25.13

14.90

-0.50

-11.61

Critical
Temperature TCRIT , ˚С

183.8

208.0

137.4

124.92

174.4

154.05

152.0

134.7

Critical
Pressure PCRIT , bar

36.7

43.4

42.0

32.0

39.3

36.4

37.9

36.4

Specific Heat Capacity
of Liquid ср

1.025

1.15

1.19

1.28

1.34

1.37

2.47

2.49

178.3

234.0

209.4

155.4

210.0

200.6

377.9

347.8

Ozone Depletion
Potential (ODP)

0.02

0.11

0.06

0.00

0.00

0.00

0.00

0.00

Global Warming
Potential (GWP)

90

630

2000

9400

950

950

0.00

0.00

Flammability

No

Yes

Yes

No

No

No

Yes

Yes

Property

at T = 30°°С, kJ/kg
Latent Heat hfg
at T = 8°°С, kJ/kg
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The ejector and ECM performance were determined using a computer simulation program based on the 1-D
theory of the ejector. This program predicts the performance and geometry of the ejector at critical-mode
operating conditions and provides optimum design data for the ejector and ECM (Huang et al., 1999;
Petrenko et al., 2005a). The model validation against the experimental data obtained for refrigerants R141b,
R236fa and R245fa has shown very good agreement under a wide range of operating conditions (Huang et
al., 1999; Eames et al., 2004; Eames et al., 2007).
This program was used for theoretical study of a supersonic ejector with a constant-area mixing chamber
operating with R245fa. The ejector and ECM were studied over the range of critical condensing temperatures
Tc = 30 – 40°C, and operating generating temperatures Tg of 90, 95 and 100°C at the evaporating
temperatures Te = 8, 12 and 16°C. All calculations were performed using REFPROP 8.0 (Lemmon et al.,
2007).
Figs. 7-12 illustrate the variations in the theoretical ω, COPtherm and A3/At with Tc at different Tg and Te = 8,
12 and 16°C. Figs. 7, 9 and 11 show that the characteristic ω and COPtherm have the same trend: they increase
with decreasing Tc and increasing Tg. Figs. 8, 10 and 12 show that the area ratio A3/At decreases with
increasing Tc and decreasing Tg.
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5. Description of the experimental setup
To verify the theoretical analysis of the ejector geometry and performance characteristics of the ECM using
refrigerant R245fa, an ejector test rig with a cooling capacity of 10.5kW (3RT) was designed and
constructed. A schematic diagram and a photograph of the ejector test rig are shown in Figs. 13 and 14,
respectively. The ejector test rig equipment includes the following nine major components: an experimental
ejector, a generator, an evaporator, a condenser, a receiver-subcooler, a float regulating valve, a gear-type
feed pump, a cooling tower and a control panel equipped with different measurement instrumentation.
Locations of measurement points around the circuit are shown in Fig. 13.
A photograph of the experimental ejector assembly with two retrofract symmetrical suction inlet ducts and a
suction manifold is shown in Fig. 15. The assembly of the ejector consists of the following main
components: a body, an axially movable supersonic nozzle, a mixing chamber made jointly with the diffuser,
a frame and a mechanism to move the nozzle into optimal position with respect to the entrance of the mixing
chamber. The ejector assembly is 510 mm in length, 60 mm in height and 130 mm in width. Photographs of
the tested supersonic nozzle and cylindrical mixing chamber made jointly with the diffuser are shown in Fig.
16 and Fig. 17, respectively; their specifications are listed in Table 2.

Fig. 13: Schematic diagram of the ejector test rig

981

Fig. 15: Photograph of the ejector assembly

Fig. 14: Photograph of the ejector test rig

Fig. 16: Photograph of the tested supersonic nozzle

Fig. 17: Photograph of the tested mixing chamber

Tab. 2: Specification of the supersonic nozzle and constant-area mixing chamber

Primary nozzle design
Throat diameter, dt
Throat area, At
Exit diameter, d1
Exit area, A1

Constant-area mixing chamber design

4.212 mm
2

13.93 mm
7.11 mm

2

39.68 mm

Constant area section diameter, d3

13.02 mm

Constant section area, A3

133.07 mm2

Length of constant area section, lmch

98.64 mm

Length of diffuser, ld

135.75 mm

Area ratio, A1/At

2.85

Diverging angle of diffuser

8.0˚

Convergent angle of nozzle

30˚

Exit diameter of diffuser, d4

32.0 mm

Diverging angle at nozzle exit

6.0˚

Exit area of diffuser, A4

803.84 mm2

The generator was designed with a cylindrical shape and had a glass level gauge for liquid level observation.
The working fluid in the generator was heated by two 13kW electric heaters that were separately controlled,
as were the heat load, generating temperature and pressure. The evaporator was also designed in a cylinder
shape with a glass level gauge for liquid level observation. Heat energy was directly transferred to the
evaporator by two 6 kW electric heaters to simulate the evaporator cooling load. The electric heaters were
also separately controlled, as were the cooling load, evaporating temperature and pressure. Electric energy
inputs to the generator and evaporator were measured by electrical power meters. The generator and
evaporator and all of their connecting lines were thoroughly thermally insulated. The condenser was a
conventional shell-and-tube heat exchanger with a glass level gauge, cooled by water supplied from the
cooling tower, with a rejected heat capacity of 52 kW. The condenser temperature and the ejector
backpressure were automatically controlled by varying the water flow through the condenser. The receiversubcooler was a specially designed shell-and-coil type vertical vessel cooled by water taken from the cooling
tower. It was equipped with a level gauge and level transmitter for liquid level observation and control. The
receiver-subcooler and all of its connecting lines were thermally insulated. A hydraulic gear-type pump
driven by a three-phased variable speed electric motor was used as the generator feed pump. Primary and
secondary flow rates were measured by gear-type flow meters. The pressures of the primary and secondary
flows, the back pressure at the condenser and the pressure after feed pump were measured using industrial
direct-reading pressure gauges and pressure transmitters. Suction and condensing pressures were measured
using high-precision Bourdon-tube gauges. Several K-type thermocouples were installed at appropriate
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places (T1-T11) for temperature measurement. RTD sensors were used to control the generating, evaporating
and condensing temperatures. The generator, evaporator and condenser were protected by pressure relief
valves. The flow rates of the cooling water circulating through the condenser and receiver-subcooler were
measured by glass flow meters. A control panel equipped with different instrumentation and other various
standard components of the refrigeration machine were also used in the construction of the ejector test rig.
Specifications of the main measurement instrumentation of the ejector test rig are given in Table 3.
A PC-based monitoring and control system was developed in the present study for the ejector test rig. The
data were sampled by a data acquisition system every 10 seconds. Pressures, temperatures, primary and
secondary flow rates, electric power consumption and other required data were recorded and the results were
calculated. This enabled the main performance to be determined in a steady state condition of system
operation.
Tab. 3: Specifications of the measurement instrumentation of the ejector test rig

Parameters

Instruments

Ranges

Accuracy

Temperature Tg

RTD sensor

0~200ºC

±0.12%

Temperatures Te, Tc

RTD sensors

0~50ºC

±0.12%

Temperatures T1-T11

K-type thermocouples

-200~320ºC

±1.5ºC

Pressures Pg , Pe, Pc, Pfp

Industrial pressure gauges

-1~30 bar

±1.5%

Pressure Psuc

Bourdon-tube pressure gauge

-1~1 bar

±0.25%

Pressure Pc

Bourdon-tube pressure gauge

-1~2 bar

±0.25%

Refrigerant flow rates

Gear-type flow meters

0.1~6.0 l/min

±3.0%

Electric energy input

Electrical power meters

0~30 kW

±0.6%

6. Experimental results and discussion
The first task of the experiments that used R245fa was to calibrate the supersonic nozzle under different
generating temperatures and pressures. In these tests, the rig was run with a closed suction line. The
calibration test for the nozzle was repeated 4 – 6 times to ensure that no variation occurred with the data
taken from the generator heaters. The primary flow was determined from the energy balance of the generator
and it was also measured using a flow meter. The theoretical mass flow rate through the nozzle can be
expressed by:
k

mɺ p = At ⋅ Pg

k

 2  k −1
⋅
⋅µ

Pg  k + 1 

(eq. 4)

2⋅k
⋅
k + 1 ρ1

where k is heat capacity ratio, µ - flow coefficient.
Fig. 18 shows the comparison of the measured mass flow rate and calculated values for a nozzle with dt =
4.212 mm. The calculated values with flow coefficient µ = 0.95 agree very well with the measured data.
Therefore the subsequent experimental data were converted using calculated primary mass flow rates instead
of the measured ones.
Once the supersonic nozzle was calibrated over a range of generating temperatures, the cooling machine was
ready to conduct the full test for the designed ejector geometry over a range of design and off-design
operating conditions.
For each test run, the generator heaters were switched on and set to the desired heat load input. When the
designed temperature in the generator was reached, the control valves on secondary flow line and on the
primary flow line were opened, and at the same time the feed pump and evaporator heaters were switched on.
The pressures at the generator and evaporator were controlled by adjusting the power consumption of the
appropriate electric heaters. By circulating cooling water from the cooling tower the condensing pressure
was maintained at the desired value using a 3-way control valve. The flow of cooling water through the
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receiver-subcooler was adjusted by an appropriate shutoff water valve and the cooling water flow was varied
during the tests, depending on the operating conditions.
The experimentation was carried out by varying the temperatures individually in the evaporator, condenser
and generator. For each test the critical condensing temperature was established and determined.
Some of the test results obtained for the ejector cycle are shown in Figs. 19 – 21. These data were obtained
with an ejector with an area ratio A3/At=9.55 and optimal position of the nozzle ln=21mm in the front of the
entry section of the cylindrical mixing chamber. An ejector using R245fa was designed for operation at Tg =
95˚C and Te = 12˚C. Figs. 19 – 21 show the effect of the condensing temperature Tc on the ejector and ECM
performance for evaporating temperatures Te varying from 8 to 16˚C and Tg = 95˚C. For each given Te, the
entrainment ratio ω, thermal coefficient of performance COPtherm and cooling capacity Qe are independent of
the ejector back pressure, i.e. the condensing temperature and pressure. However, when the condensing
temperature Tc is higher than a certain value, known as the “critical condensing temperature” Tc*, then ω,
COPtherm and Qe will decrease suddenly and then fall to zero (Huang et al., 1985).
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From obtained experimental results, it follows that the critical condensing temperature varies with generating
and evaporating temperatures. This is therefore an important design criterion, which is determined by the
highest temperature anticipated at the condenser heat sink. The optimum ejector and ECM performances can
be obtained when the system operates at critical condensing temperatures. At a constant generating
temperature, higher values of ω, COPtherm and Qe can be achieved when the evaporating temperature is
allowed to rise. Therefore, for air conditioning applications, it is preferable to design an ejector for high
evaporating temperatures. This then leads the ECM to operate at higher critical condensing temperatures as
the condenser heat sink temperature increases.
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In practice, the actual operating temperatures Tc, Tg and Te vary with the surrounding conditions and usually
are adjustable. A method for the determination of the optimal adjustment range subject to the requirements of
the refrigeration user and concrete application conditions is given in Petrenko and Volovyk (2007). This
method enables one to select the combination of three independent operating parameters Te, Tc and Tg to
provide maximum efficiency of the ECM at double critical off-design operating conditions.
The theoretical and experimental results were used to construct performance maps. Figs. 22 – 24 show the
theoretical (dotted lines) and measured (solid lines) variations in ω, COPtherm and Qe with the critical
condensing temperatures over a range of evaporating and generating temperatures.
From Figs. 22 – 24, for experimental data, it follows that at the given adjustment range of Te, which varied
from 8 to 16 ºС, in order to achieve the maximum performance of ECM with a variation of Tc in the range of
29.6 – 39.0 ºС, the temperature Tg must also be adjusted in the range of 88.0 – 102.0 ºС. Under these
conditions, the characteristics ω, COPtherm and Qe will take on various intermediate values in the following
ranges: ω = 0.23 – 0.70, COPtherm = 0.17 – 0.55 and Qe = 3.3 – 7.8 kW.
Theoretical data show good coincidence with experimental results not only for the design point (Tg=95ºС,
Te=12ºС), but also for other off-design points. The maximum difference between the experimental results
and the results of the proposed model is about 5%.
The ECM performance maps provide useful assistance for the development of an automatic control system
for the ECM operating at off-design double critical operating conditions. Obtained test results demonstrate
that solar energy or low-grade heat can be used to drive efficient ECMs operating with R245fa for air
conditioning and space cooling.
Extensive data for the feed pump operation were obtained. Fig. 25 shows how the measured feed pump
capacity increased with generating pressure Pg at
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Fig. 28: Variation in experimental feed pump coefficient of
efficiency ηfp with feed pump motor speed n

Fig. 28 shows that the experimental feed pump coefficient of efficiency ηfp increases with increases in the
feed pump motor speed n.
Analysis of the obtained results shows that the feed pump electrical power consumption at design and near
design operating conditions is about 0.24-0.26 kW, which is not higher than 1.6% of the generating heat load
Qg. At this condition, the actual specific power consumption of feed pump wmech reaches a value of 0.05
kW kW-1.
7. Conclusions
This paper presents the results of a theoretical and experimental investigation of an ejector and ejector
cooling machine designed for a solar air conditioning application. The main findings of the present study can
be summarized as follows:
• On the basis of the analysis and comparison of performance characteristics for various refrigerants, the
environmentally friendly working fluid R245fa is selected for the present study because it offers the best
performance combinations for application in ejector chillers and air conditioners.
• The effect of the ejector cycle operating conditions on the ejector and ECM performance characteristics is
studied; experimental results are in good agreement with the theoretical data.
• The obtained test results demonstrate that low-grade heat from solar collectors can be used to drive
efficient ECMs operating with R245fa and designed for air conditioning and space cooling.
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1. Introduction
When solar cooling is employed to generate chilled water utilizing heat from non-tracking solar thermal
collectors to drive the thermodynamic cycle, there commonly is a choice between single stage absorption or
adsorption chillers. In most installations realized to date, absorption chillers have been chosen due to their
superior coefficient of performance (COP) and lower investment costs (see e.g. Henning, 2007).
This paper reports on a way to improve the COP of adsorption chillers to make them competetive with their
absorption counterparts while avoiding some of the limitations of the latter. As has been pointed out by
Cerkvenik et al. (2001), the cycling of inert mass and incomplete heat recovery between adsorbers are the
key factors that lead to a lower COP of adsorption chillers compared to absorption ones. Therefore it is
mainly the lack of an equivalent to the solution heat exchanger that limits the COP of the adsorption cycle.
The idea of the cycle analyzed here is that instead of employing multiple adsorbers to improve heat recovery,
the heat recoverable during adsorption could be stored at many temperature levels within a stratified thermal
storage until needed for the next desorption half cycle. This cycle concept named “Stratisorp” was first
presented by Schmidt et al. (2007), patent applications are pending (Munz et al., 2009). A thermodynamic
analysis of the cycle for the case of a high temperature system with zeolite 13 X and thermal oil as heat
transfer fluid has been presented by Schwamberger et al. (2011, 2011a).
2. The Stratisorp system
Fig. 1 shows the system operation schematically for the adsorption phase. In its simplest configuration
considered here, the system requires only one adsorber. The temperature of the heat transfer fluid (HTF) in
the storage rises monotonically from the heat rejection temperature Treject at the bottom to the maximum
regeneration temperature Treg at the top. The adsorber is supplied with HTF extracted from the storage only.

Fig. 1: Schematics of the Stratisorp system in the adsorption half cycle. The large black bullet indicates the ring used for fluid
extraction; arrows at the loading pipe denote the fluid inserted into the tank.

The driving heat is supplied directly to the storage by an auxiliary heater connected to an external heat
source. Equivalently, the excess heat at lower temperatures is removed by a cooler connected to the cooling
tower. Both devices are integrated into the storage and may operate continuously over the cycle, since the
storage is used as a buffer. During adsorption, HTF is extracted from the storage at the highest level
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(indicated in Fig. 1 by a black bullet) whose temperature is lower by some ΔTset than that of the fluid within
the adsorber. When the fluid temperature difference falls below this value, a multi-way valve (not shown) is
used to select the next lower extraction ring. The HTF is heated up in the adsorber and then reinserted into
the storage via a concentric loading pipe. Due to the density gradient in the storage, the HTF leaves the pipe
at a height corresponding to its temperature, and the thermal stratification is preserved. Such stratification
devices are known from solar thermal systems (cf. Andersen et al., 2008), but they may have to be adapted to
different flow rates and temperature conditions. During desorption, fluid is extracted at increasingly higher
levels from the storage, again controlled by comparing the fluid temperature difference to ΔTset.
The fraction of heat recoverable in this way depends primarily on the external temperature conditions and the
adsorption equilibria of the selected working pair (e.g. zeolite/water), on the inert mass and heat transfer
properties of the adsorber and on the exergy loss through mixing and energy loss (heat transfer to the
surroundings) of the storage vessel.
For solar cooling of buildings with non-tracking collectors, suitable water adsorbents are silica gels or novel
crystalline adsorbents such as SAPO-34, which shows a high water adsorption capacity with an S-shaped
adsorption isotherm and is marketed by Mitsubishi Chemicals under brand name FAM-Z02 (Kakiuchi et al.,
2005). In this simulation study, SAPO-34 is considered as adsorbent. With regards to the adsorber, a novel
high-performance design that is currently under development at Fraunhofer ISE and Karlsruhe Institute of
Technology (Wittstadt et al., 2009) has been considered here. It is based on extruded flat pipes as fluid
channels (2 mm channel height) soldered to a composite of sintered metal fibers and SAPO-34. The
adsorbent/matrix mass ratio and heat conductivity assumed here are consistent with laboratory values
achieved on small samples with the same adsorbent (Füldner et al., 2011). In principle, the Stratisorp cycle
could be realized with any adsorber, but since the driving temperature differences between fluid and
adsorbent are small compared to the standard two-adsorber cycle, the power from standard packed-bed
adsorbers would be very low, leading to long cycle times and thus to high mixing and heat losses from the
storage.
The system is designed for a cooling power of 10 kW, leading to 20 kg of adsorbent (157 kg adsorber mass,
10 kg mass of piping, U(T)∙A ≈ 55 kW K-1 for the heat transfer between HTF and adsorbent) and a storage
fluid mass of 500 kg. Since we consider a single-adsorber system in our model, the evaporator is equipped
with a 400 kg pool of water to prevent freezing during adsorption and to provide a buffer storage for the
desorption phase (U∙A = 8 kW K-1 for condenser and evaporator).

Fig. 2: Differential heat curves based on adsorption equilibria for the adsorption pair SAPO-34/water at 18 °C evaporator
temperature, 38 °C condenser temperature and 120 °C regeneration temperature.
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3. Stationary analysis
In Fig. 2, the differential heat curves for adsorption and desorption based on adsorption equilibria and
adsorber configuration are shown. Adsorption equilibria have been parameterized using Dubinin‟s
„characteristic curve‟ with arbitrary fit functions, as introduced by Núñez et al. (1999). Cycle temperatures
are 120 °C for regeneration, 38 °C for heat rejection and 18 °C evaporator temperature. Heat released during
adsorption is shown as dashed line, heat supplied during desorption as solid line. The crisscrossed area
corresponds to the recoverable heat. It can be seen that besides the sensible heat, some of the sorptive heat
can be recovered. The COP for ideal heat recovery is 1.19 under these conditions. The dotted rectangle in the
high temperature range indicates the largest possible temperature spread of an external fluid heating loop that
heats fluid plugs extracted from the system at some extraction temperature, to be reinserted at maximum
regeneration temperature (i.e., heating at constant differential heat if temperature independent heat capacity
of fluid is assumed). In the same way, the dotted rectangle on the low temperature side represents the largest
possible temperature spread of an external cooler.
In order to estimate the potential for heat recovery for a system operated at finite cooling power, a driving
temperature difference between fluid and adsorber can be considered in calculating the differential heat
curves. This situation is shown in Fig. 3 for a driving temperature difference of 5 K during adsorption and
desorption.

Fig. 3: Differential heat curves as in Fig. 2, but including an assumed driving temperature difference of 5 K between adsorbent
and fluid both in adsorption and desorption mode.

It can be seen that the recoverable heat is strongly reduced, but still some sorptive heat can be recovered. If
qrec is completely recovered, the COP is 0.85 in this case.
4. System model for transient simulations
The dynamic model has been implemented in MATLAB®. It can be divided into the adsorber model and the
storage model. The fluid flow between the storage and the adsorber is modeled as an ideal plug flow.
The one-dimensional adsorber model consists of a number of temperature nodes (default: 32) that comprise
the heat exchanger and the adsorbent. Each of them interacts with the corresponding fluid plug and with its
two adjacent adsorber nodes: The heat transfer between the fluid and the adsorber nodes is computed via an
NTU model. Additionally, pipe nodes that represent the thermal mass of the pipings that do not belong to the
adsorber (connections between adsorber elements, inlets and outlets) are accounted for. Adsorption and
desorption of vapor is computed with the help of Dubinin‟s theory (Núñez et al., 1999) for every adsorber
node separately, since it is dependent on the current temperature of respective node. The same applies for the
adsorption enthalpies.
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Condenser and evaporator have been modeled with single node NTU models. The respective heat exchanger
receives heat from the cold supply loop (evaporator) or transfers heat to the heat rejection loop (condenser).
For the adsorber nodes as well as evaporator and condenser, a system of coupled differential equations for
the loading, the pressure, and the temperature is integrated over the duration of each plug flow time step.
During the isosteric phases of the cycle when all valves between adsorber and evaporator/condenser are
closed, the adsorber can exchange loading with a vapor chamber. This commonly leads to a redistribution of
adsorbate between adsorber nodes depending on the temperature gradient during the isosteric phase.
The storage model is also one-dimensional: The height of the storage is discretized into a number of layers
(about 1000). The extraction through the rings (default: 15 rings), the reinsertion through the loading pipe as
well as the extractions and insertions related to the cooler and the heater are performed ideally in every time
step. Due to the differing volume flows in the adsorber and heater/cooler loops, a fractional plug flow model
has been implemented. After each plug flow time step, a mixing step is conducted to account for all heat
transfer effects in the storage aside from the ideal plug flow (convection and conduction): At each inlet or
outlet, the actual heat conductivity of the fluid k is increased by an amplification factor (default value: 100).
Around the peak, it continues like a Gaussian function (default width: 5 % of the storage height for all inlets
and outlets except the loading pipe, where we assumed 10 % of the storage height as default width and a
default amplification factor of 50). These assumptions are somewhat arbitrary since they have not been
checked experimentally yet. One would expect the amplification factor to depend on the mass flow, which is
not the case in our model yet. Some preliminary CFD results suggest that the order of magnitude of the
mixing effects is correct, experimental investigations are underway. From a solar cooling application
perspective, it is clear that mixing effects in the storage could be reduced quite easily by using porous media
such as reticulated foams to suppress both large scale eddies and turbulence. The storage content is 500 kg of
fluid, and the height of the cylindrical storage is 1.9 m, with 25 cm of insulation (k = 0.04 W/(m K)).
The operating strategy is based on the mass flow ratios between the adsorber fluid loop (denoted as system
mass flow) and all other loops. Hence, altering the system mass flow for adapting the power output of the
system changes the other mass flows simultaneously, leading to a near-constant temperature spread over the
cycle if desired.
5. Simulation results
For each configuration and set of operating conditions, the transient system behavior is simulated until
stationary cycles are reached. The temperatures and loadings of the stationary cycle are shown in Fig. 4.

Fig. 4: Temperatures (left axis) and adsorbate loadings (right axis) over a complete cycle. External temperatures are 120 °C
(regeneration), 18 °C (evaporator supply), and 38 °C (condenser/adsorber cooling supply).
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The external temperatures are set to 120 °C (regeneration), 38 °C (supply to dry cooling tower, i.e. assumed
air temperature) and 18 °C (evaporator supply, e.g. from a chilled ceiling). These temperatures are taken as
the base case for all parameter variations. The system mass flow is 0.4 kg/s, leading to a cooling power of
5.5 kW (i.e. a part load state for a system with 10 kW design power) and a COP of 0.81. The heater and
cooler extraction heights have been set to 75% and 25% of the storage height, respectively. The heater and
cooler mass flows are set to 35% of the system mass flow.
It can be seen from Fig. 4 that in the adsorption phase, the cooling of the adsorber is insufficient to achieve
full adsorption of the SAPO-34, resulting in a large loading spread between adsorber nodes at the end of the
adsorption phase, and to a strong redistribution of adsorbate in the following isosteric phase.
Storage results
The storage can be looked at in two different ways: with a focus on spatial or temporal resolution. Fig. 5
shows the temperature profile of the storage averaged over a complete cycle (central line) along with the
intervals of one and two standard deviations from the mean values (shaded areas). The temperature profiles
at the end of each half cycle are plotted as dotted lines. It can be seen that the temperature profile is
approximately linear and the temperature spread between adsorption and desorption is about 20 K in the
central region of the tank between the heater and cooler extraction levels.

Fig. 5: Storage temperature profile over storage height, averaged over a full cycle (central line) as well as after adsorption
phase (top line) and after desorption phase (bottom line).

More details about the stratification of the storage over the cycle are revealed by Fig. 6. For this evaluation,
the storage has been divided numerically into 15 zones, with each solid line representing the average
temperature of one zone. The dashed lines show the temperatures of the fluid entering and leaving the
adsorber, and the fluid entering the heater and cooler. It can be seen how hot fluid at the top of the storage
and cold fluid at its bottom are accumulated (through the operation of heater and cooler) until needed
towards the end of the respective half-cycle. The intermediate zones of the storage are almost unaffected by
the heater and cooler, their function is purely to store heat from the adsorber until needed for the next
desorption. The adsorber inlet temperature Tin shows a characteristic sawtooth pattern as a result of the
switching of extraction rings. The temperature profiles of the heater and cooler inlet show the superposition
of the continuous operation of heater/cooler and the periodic visiting of the adsorber loop. The heater and
cooler are treated as ideal here in the sense that they always supply 120 °C and 38 °C to the storage,
respectively, independent of the required power (at constant mass flow). In this case, the power of heater und
cooler fluctuates quite strongly over the cycle. If a more constant power demand on heater and cooler was
desired, the buffer zones of the heater and cooler could be enlarged (either by moving their extraction heights
towards the center of the storage or by increasing the storage volume). For the solar cooling application, the
current heater operation scheme should be replaced by a „matched flow‟ of the collector loop with the mass
flow rate depending on collector insolation and temperature at the top of the storage.
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Fig. 6: Temperature variations in the storage over the cycle (same conditions as in Figures 4 and 5). The red vertical lines show
the beginning of half cycles, the green vertical lines the end of the isosteric phases (as in Fig. 4).

Power control
The cooling power can be controlled through the adsorber mass flow, see Fig. 7. The mass flows in the
heater and cooler loop are scaled to remain each at 35% of the adsorber mass flow. The tradeoff between
COP and power in the Stratisorp cycle can be clearly seen here. For decreasing mass flow, the COP increases
as the driving temperature differences in the adsorber are reduced and thus heat recovery is improved.
However, there is a sharp maximum of the COP at some low mass flow. Below this value, the cycle time is
increased so strongly that storage losses dominate.

Fig. 7: COP and power of simulated Stratisorp system for as a function of adsorber mass flow. Temperatures are 120 °C
(regeneration), 18 °C (evaporator supply), and 38 °C (condenser/adsorber cooling supply).

The design power of 10 kW is reached at a system mass flow of 1.0 kg/s with a COP of 0.73. If a high COP
is not of paramount importance, the power can be increased further to 15 kW at a mass flow of 3 kg/s and a
COP of 0.61. It should be noted, however, that auxiliary energy consumption for pumps and fans has been
neglected in this analysis and is expected to play a very significant role at high mass flows. It should also be
noted that operating parameters have not been adjusted or even optimized for each mass flow, so small
improvements of COP and/or power could be expected from careful adjustment of ΔTset.as well as the halfcycle switching criterion and the relative heater and cooler flow rates.

993

Variation of external temperatures
For the solar cooling application, which relies on the utilization of the storage as a buffer for solar energy
from the collector, it is of high interest to see how the Stratisorp system reacts to a variation in driving
temperature. From the base operating condition discussed in the previous section, the heater temperature Treg
is now varied between 70 °C and 130 °C (Fig. 8). The results are shown for two different system mass flows:
0.4 kg/s (as in Figures 4–6) denoted with subscript „low‟ and 1.0 kg/s denoted with subscript „high‟.

Fig. 8: COP and power of simulated Stratisorp system for stationary external temperatures: Variation of regeneration
temperature for evaporator supply at 18 °C and condenser/adsorber cooling supply at 38 °C.

It can be seen that even with a required temperature lift of more than 20 K between evaporator supply
(18 °C) and cooling tower supply (38 °C), the system is able to operate with driving temperatures as low as
70 °C, albeit at a low COP (0.48 and 0.41 at low/high power) and at a low power (0.8 kW and 1.4 kW). This
means that the storage can be cooled at least down to this level by driving the cycle after heat supply from
the collector has stopped. In this way, the heat losses of the storage over night can be strongly reduced.
Obviously, this operation mode may require a cold storage depending on the cooling load profile.
At increasing regeneration temperature, the COP rises steeply up to values of 0.78 and 0.72 (low/high power)
at 100 °C. At still higher temperatures, the cooling power continues to rise due to a higher mean driving
temperature difference in the desorption phase, but the COP rises only marginally. Temperatures higher than
130 °C have not been considered here since for water as a storage fluid, high pressures are required to
prevent boiling and thus safety requirements for steam boilers have to be observed.
Results on the variation of the evaporator supply temperature from the same base setting as before are shown
in Fig. 9, again for high power (system mass flow 1.0 kg/s) and low power (0.4 kg/s). It can be seen that both
COP and power vary almost linearly with evaporator temperature.

Fig. 9: COP and power of simulated Stratisorp system for stationary external temperatures: Variation of evaporator supply
temperature for regeneration at 120 °C and condenser/adsorber cooling supply at 38 °C.
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It can be seen that even at an evaporator supply temperature of 7 °C, COP values of 0.64 (at 3.5 kW) and
0.57 (at 5.9 kW) can be achieved. Thus, the system would be suitable for the operation of fan coils for air
dehumidification if required. At very high evaporator temperatures, the COP values continue to rise since the
recoverable heat is still increased.
Finally, results of a variation in heat rejection temperature are shown in Fig. 10. Again, the large possible
operating range of this cycle can be seen. In this figure, two additional curves have been included for the low
mass flow (0.4 kg/s), which correspond to an improved adsorber („opt‟) with a higher adsorbent mass
fraction in the composite and an increased thickness of the composite layer on the fluid channels. It can be
seen that this change would increase both power (by about 1 kW on average) and COP (by a value of about
0.05 on average, with larger values at extreme temperatures).

Fig. 10: COP and power of simulated Stratisorp system for stationary external temperatures: Variation of condenser/adsorber
cooling supply for evaporator supply 18 °C and regeneration at 120 °C.

With the standard adsorber, even at air temperatures of 53°C, the system would be able to operate and
achieve a COP of 0.54 (at 4.6 kW) or 0.6 (at 2.7 kW). Thus a dry cooling tower could be used even in hot
climates. At decreasing air temperatures, both COP and power increase, with an increasing difference in
COP between the two different mass flows. At 28 °C air temperature, the COP values are 0.97 (at 6.9 kW)
and 0.82 (at 13.2 kW). Again, it is seen that the COP can reach very high values at a low temperature lift
under part load conditions, since the overlap between the adsorption and desorption heat curves and thus the
recoverable heat increases.
6. Conclusion and outlook
The Stratisorp cycle has been presented and dynamic system simulation results have been discussed under
conditions relevant to solar cooling applications. We hope to have demonstrated that the cycle shows quite
promising properties for this application. The next step would be a full transient simulation of a solar cooling
system with fluctuating heat input from a collector and a fluctuating load from a building. Some basic ideas
regarding an applicable control strategy have been given (matched flow for collector and adsorber mass flow
control to match load), but we have not yet achieved a clean and robust implementation of such control
strategy. It is also still an open question whether a larger buffer storage on the hot side should preferably be
integrated into the Stratisorp storage or be kept separately from it.
We also hope to have shown that there still is a large potential to develop improved adsorption cycles and
machines so that in a solar energy future, the niche for adsorption systems may be larger than commonly
expected.
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1. Abstract
An investigation about the best procedures to increase the solar fraction of the total energy consumption
in hotels has been started. Several configurations of solar cooling and heating systems for buildings have
been designed to achieve different values of the fraction of primary energy saving using either the solar
thermal or the photovoltaic (PV) technology.
The main aim of this paper is to describe the simulation models of different solar air-conditioning systems
and their components. The models, developed in the Modelica language, will enable a systematic
comparative energy and economical analysis of the use of solar thermal and PV technologies to meet
energy demands of a building.
2. Introduction
Air-conditioning (AC) is one of the indispensable provisions in modern life. Normally, one third to half
of the annual total electricity consumption is used for air-conditioning and refrigeration in the metropolis
worldwide. 80% of electricity is still generated by burning the fossil fuels, leading to non-stopping
emission of global warming gases (Fong et al. 2009).
Solar cooling and heating is a sustainable means to provide air-conditioning that has a positive and longterm impact. For the continual population and economic growth, wider use of solar energy in airconditioning would secure the increasing energy demand for this use.
Recent studies indicate that solar electric compression refrigeration and solar absorption refrigeration are
the solar cooling options with the highest energy saving potential (Fong et al. 2009). The former uses the
solar electric gain, while the latter uses solar heat.
The option of simple electricity compensation of conventional cooling installations by electricity from
grid connected PV panels has its advantages and disadvantages when compared to solar thermal
absorption cooling.
The PV approach is very attractive, since electricity feed-in regulations exist in some European countries,
which allow not requiring electricity storage. Furthermore, investment costs for the cooling plant are
comparatively low, mainly due to the use of conventional cooling technologies. Nevertheless, preliminary
calculations (Wiemken et al. 2010) indicate that the real-time coverage of the electricity demand in a
PV/conventional system may not always compete with a solar thermally driven system without additional
measures. Such a system does not eliminate the dependence on public grid during peak cooling demands
in hot summer days. Furthermore, refrigerants with usually high global warming potential are applied.
A systematic comparison of both technologies remains an important task in the near future.
In the first part of this paper (section 3), different schematic diagrams of the solar cooling and heating
systems including either PV panels or solar thermal collectors, are presented.
In section 4, the component models developed in the Modelica language are described in detail.
The developed models will enable a comprehensive simulation-based analysis of the use of solar thermal
and PV technologies to meet energy demands of a building.
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3. Configurations of the solar AC systems
As the feasibility of a solar system depends on its fraction of primary energy saving, different plant
configurations, including different elements, are proposed according to the level of solar contribution both
for the thermal and PV options.
A low solar fraction thermal system, for example, that only meets the domestic hot water (DHW) energy
demand, requires a conventional electric vapor-compression chiller, while a higher solar contribution
system which covers completely the DHW demand and partly the heating and cooling loads, includes a
greater collector surface area and an absorption chiller instead of the conventional one.
The basic reference system includes the minimum solar collector area to partly meet DHW energy
demands of the building, between 30 and 70% depending on the climatic zone and on the building
demand, according to the criterion given at the Spanish Energy Saving Basic Document (DB HE).

Fig. 1: Schematic diagram of the basic reference system

In the high solar fraction system, DHW tank temperature controls whether the solar energy must
contribute to the DHW or to the heating/cooling (winter/summer) production.
Auxiliary boiler set point temperature must be high (about 85 ºC) during summer in order to activate the
absorption machine for cooling production, but can be reduced (to about 40 ºC) in winter time if fan
coils are used in the heating system.
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Fig. 2: Schematic diagram of the high solar thermal contribution system

In the PV system case, the PV panels compensate the chiller or building electricity consumptions to a
greater or lesser extent depending on the available panel surface. The system also includes the minimum
solar thermal collector area required to partly meet DHW energy demands of the building.
Another possibility for the PV system case is to use the electrical heat pump, instead of the gas boiler, for
the heating production.

Fig. 3: Schematic diagram of the PV system
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4. Component models library
Models of the components of the solar cooling and heating plants have been developed by means of the
physical laws that describe the relevant properties with the goal of emulating their thermal and energetic
behavior. Models have been developed for the next elements:















Pipe
Pump
Boiler
Fully mixed thermal storage tank
Manifold tank
Stratified thermal storage tank
Heat exchanger
Solar thermal collector
Cooling tower
Absorption chiller
Vapor-compression water chiller
Load emulator
PV panel
Weather and solar position data generation

The components modeling has been carried out in the Modelica language, which is an open, objectoriented, non calculation-causal (based on equations, no particular variables need to be solved manually)
simulation system, which is suited for modeling complex physical systems that consist of interconnected
sub-components. The software used for this application was Dymola/Modelica, specifically Dymola 7.0
from Dynasim.
Even though solar cooling with thermally driven absorption chillers allows for primary energy savings
and reductions in peak load electricity consumption from the grid, most of the current solar absorption
cooling installations do not achieve the desired performances to compete with conventional chillers,
especially with respect to the auxiliary electricity consumption (Wiemken et al. 2010; Thür et al. 2010).
Therefore, it is of great importance a correct component modeling that takes into account electricity
consumptions in order to optimize the electrical COP of the systems.
The chosen simulation environment, unlike others like TRNSYS, enables an accurate calculation of the
pressure drop on each component and the corresponding pump electricity consumption.
Other advantages, apart from the simplicity of creating new model libraries or modifying the already
made ones, are the possibility of using a medium with variable properties (specific heat and density)
depending on temperature, using an inertia mass in each desired component or starting simulations at the
desired temperature. Below, the developed component models are described in detail.
Pipe

Fig. 4: Schematic diagram of the pipe component

The pipe model is based on the standard ‘Thermal.FluidHeatFlow.Components’ Modelica library
‘HeatedPipe’ component. Both heat exchange with the ambient (thermal losses) and fluid friction heat are
considered:
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Q̇=Q ˙frict +Q˙loss

(eq. 1)

Mass balance is applied:

ṁ a =− ṁb= ṁ

(eq. 2)

Energy balance is applied to determine temperature evolution of the mass of medium within pipe (M):

dT
H˙ a + Ḣ b+Q̇ =M · c p
dt

(eq. 3)

Assuming a positive mass flow from ‘a’ to ‘b’, mixing rule is applied at ‘a’ and energy flow at ‘b’ is
defined by medium’s temperature:

Ḣ a =ṁ · h a

(eq. 4)

H˙ b=−ṁ · h

(eq. 5)

Where enthalpies are given by

h=c p · T , h a=c p ·T a

(eq. 6)

Thermal losses are calculated from ambient temperature, Ta, overall thermal losses coefficient for each
pipe meter, G, and pipe length, L, according to

Q˙loss =−G · L ·(T −T a )

(eq. 7)

Pressure drop, dP, for each meter of pipe is determined assuming a linear dependency of pressure drop on
volume flow in the laminar region and a quadratic dependency in the turbulent region, linear and
turbulent dependencies are coupled smoothly:

dP=

{

α V̇ , if V̇ ⩽V ˙lam
α V̇ +k ·( V̇ −V ˙lam )2 , if V̇ >V ˙lam

}

(eq. 8)

Coefficients  and k are calculated by means of two operation points, one in the laminar region and the
other in the nominal (turbulent) region, which must be obtained from catalogue data or available
measurements:

( V ˙lam , dP lam) , ( V ˙nom , dP nom)

α=

dP lam
V ˙lam

k=
,

(eq. 9)

dP nom−α V ˙nom
2
(V ˙nom−V ˙lam)

(eq. 10)

Friction heat rate is given by the product of volume flow rate and total pipe pressure drop:

Q frict =V̇ · dP · L

(eq. 11)

1001

The described approach to calculate pipe’s pressure drop has also been used in other components.
Pump
The pump model is based on the standard ‘Thermal.FluidHeatFlow.Sources’ Modelica library
‘VolumeFlow’ component. It models a variable speed pump that is able to maintain any desired fraction
of the design volume flow rate (given as an input) by speed control with no sacrifice in efficiency, η.
Pressure increase, dP, is given by the response of the whole system. Heat exchange with medium is
considered. An amount of mass of medium within the pump, at a temperature that evolves according to
the mixing rule, is considered.
Hydraulic power is given by

Ẇ = dP · V̇

(eq. 12)

The required electrical input power is calculated as

W ˙elect =

Ẇ
η

(eq. 13)

The energy transferred from the pump to the fluid stream is calculated as

Q̇=( W ˙elect −Ẇ )· f

(eq. 14)

Where parameter f is defined as the fraction of pump inefficiencies that contribute to a temperature rise in
the fluid stream passing through the pump; the remainder of these inefficiencies contribute to an ambient
temperature rise.
Boiler
The boiler has been modeled to elevate the temperature of a flow stream, at an input temperature Ti, with
a heat rate limited by a maximum and a minimum value. The boiler can modulate its heating capacity to
any required load in the allowed range to achieve a desired set point temperature Tset :

˙ =ṁ · c p ·(T set −T i )
Q requ

(eq. 15)

Activation/deactivation of the boiler is controlled by a hysteresys cycle depending on boiler’s outlet
temperature. When the boiler is ‘on’, its heating power is given by:

{

Q ˙max , if Q˙req >Q ˙max
˙ = Q ˙requ , if Q ˙min⩽Q˙req⩽ Q ˙max
Q boiler
Q˙min , if Q˙req <Q˙min

}

(eq. 16)

A fully mixed storage volume is considered within the boiler. Pressure drop between input and output is
calculated according to the same approach used for the pipe model. The primary energy consumption of
the boiler can determined from the energy delivered to the flow stream and the energy efficiency for gas
energy (or any other) converted into primary energy, ηg :

E primary =

Qboiler
ηg

(eq. 17)

When the boiler is operated by burning gas, ηg is assumed to be approximately 90%.
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Fully mixed storage tank
This component models the simplest case of a thermal storage tank: the whole mass of water within the
tank, M, is assumed to be fully mixed, at a homogeneous temperature T1.

Fig. 5: Schematic diagram of the fully mixed storage tank

The fully mixed tank model is analogous to the pipe model, but four flow ports (heat source input and
output from one side, and load input and output from the other side), instead of two, must be considered
in this case. The energy balance equation is

c p · ṁh (T hi−T ho )+c p · ṁ L(T Li −T Lo)+Q˙loss+ Q ˙frict=c p · M

dT 1
dt

(eq. 18)

In terms of the enthalpy flow rates, the equation results

H˙ hi+ H˙ ho+ H˙ Li + H˙ Lo+Q˙loss+Q ˙frict=c p · M

dT 1
dt

(eq. 19)

Where the enthalpy flow rates for each flow port can be expressed analogously as in equations (4) and
(5). Pressure drop and the corresponding friction heat term are calculated separately for each circuit (heat
source and load) using the same approach as for the pipe model.
Manifold tank
This component is useful to distribute the energy from a heat source circuit to different building loads.

Fig. 6: Schematic diagram of the manifold tank
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The storage volume is assumed to be fully mixed, therefore the model equations are analogous to the fully
mixed tank model, but additional flow ports for the additional load circuit must be considered:

H˙ hi + H˙ ho+ H˙L1i + H ˙L1o+ H˙L2i+ H ˙L2o+ Q˙loss+Q ˙frict =c p · M

dT 1
dt

(eq. 20)

Pressure drop and the corresponding friction heat term are calculated separately for each circuit using the
same approach as for the pipe model.
Stratified storage tank
The ‘multinode’ approach (Kleinbach et al., 1993; Duffie and Beckmann, 1991) has been used to model a
stratified thermal storage tank with fixed inlet positions. In this approach, the tank is modeled as N fully
mixed volume segments (nodes) with an energy balance for each node. It results in a set of N differential
equations that can be solved for the temperatures of the nodes as a function of time.

Fig. 7: Schematic diagram of the stratified storage tank

The degree of stratification is determined by the choice of N. This method assumes that the major cause
of stratification is the mixing introduced during charge and discharge cycles. The inlet and outlet
positions of the fluids from heat source and load can be chosen (usually at the top and bottom of the tank).
At the end of each time step, any temperature inversions that result from these flows are eliminated by
mixing appropriate nodes. This mixture process models the reduction of stratification, induced by
convective currents, in the case that the temperature of the heat source incoming fluid is cooler than the
upper portion of the tank.
An assumption used in the model is that the fluid streams flowing up and down from each node are mixed
before they enter each node, and a resultant flow, either up or down, is determined before an energy
balance on the nodes is done. Pressure drop between input and output both for the heat source and load
circuits, as well as the corresponding friction heat terms, have been included following the same approach
used for the pipe model.
In order to check the correct implementation of the stratified storage tank model in the Modelica
language, an exemplary system has been simulated using Dymola/Modelica and TRNSYS software. The
system consists of a 5-nodes storage tank with the heat source inlet and outlet positions at nodes 2 and 5,

1004

respectively, and at nodes 5 and 1 for the load circuit. Heat source mass flow rate takes a constant value
of 7920 kg/h, but inlet temperature evolves according to
1
1
T hi =80+8 ·sin ( · 2π t )· exp(− t )
2
3

(eq. 21)

Where temperature is given in ºC and time, t, in hours. Load flow stream enters at constant mass flow rate
of 2160 kg/h, and constant temperature of 15 ºC. Initial tank temperature is 0 ºC, the tank volume is 3 m3
and overall heat loss coefficient is 1.25 kJ/(h·m2·K). Friction heat terms have been neglected.
The results obtained with both simulation programs showed good agreement for the tank temperature
distribution and for the heat rates entering and leaving the tank. It can be seen that temperature inversions
do not take place in the tank. As time goes on and the temperature distribution becomes stationary, input
and output tank powers tend to equal each other showing that energy is conserved.

Fig. 8: Evolution of a 5-node stratified storage tank temperatures. Dotted lines show TRNSYS results and continuous lines
show Modelica/Dymola results.

Heat exchanger, solar thermal collector and cooling tower
The heat exchanger, solar thermal collector (with biaxial Incidence Angle Modifiers) and cooling tower
models have been based on TRNSYS 16 types 5, 71 and 51, respectively, whose mathematical
description is covered in the TRNSYS manual.
Pressure drop at these components has been calculated according to the same approach used for the pipe
model. An amount of inertia mass of medium within these components, at a homogeneous temperature
that evolves according to the mixing rule, has also been considered.
The correct implementation of these models in the Modelica language has been verified with TRNSYS
simulations of exemplary systems including the components.
Absorption chiller
The complete thermodynamic models of thermal chillers include many equations with a non-linear
structure that has hindered the development of reliable programmed solver modules of absorption
machines for simulating performance in detailed energy optimization programs. On the other hand,
knowledge of specific design parameters of each machine, normally not provided by manufacturers, is
required to use this kind of extensive numerical models of the internal thermodynamic cycle.
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In this work, the model presented by Kühn and Ziegler (2005) has been used. It is an adaptation of the
characteristic equation method (Hellmann et al., 1999) that can be used to fit catalogue or experimental
data of single- and double-effect absorption chillers to reduce their operating characteristics into easier to
handle simple algebraic equations. With this approach, both the cooling capacity and the COP of the
chiller are expressed as functions of the external heat exchanger fluid temperatures combined in the socalled characteristic temperature difference (∆∆t’):
ΔΔt ' =t G −a ·t AC +e · t E

(eq. 22)

Where tG, tAC and tE are the external arithmetic mean temperatures of generator, absorber-condenser and
evaporator. Cooling capacity is given by
Q̇ E =s ' · ΔΔt ' +r

(eq. 23)

Insertion of ∆∆t’ in the characteristic equation yields
Q̇ E =s ' · t G +s ' · a ·t AC +s ' · e · t E +r

(eq. 24)

The required energy input to the generator can also be expressed as
Q˙G =s 2 ' · ΔΔt '+r 2

(eq. 25)

These equations can be used to determine cooling and heat driving capacity depending on external
temperatures when the chiller is ‘on’. An amount of inertia mass of water is considered within each heat
exchanger (generator, absorber-condenser and evaporator). Heat exchange at the condenser and thermal
COP are determined by
Q˙AC =−( Q̇ E +Q̇ G )

COP=

Q˙ E
Q̇G

(eq. 26)

(eq. 27)

Pressure drop at each heat exchanger is calculated according to the same approach used for the pipe
model.
Kühn and Ziegler approach has been used by Puig-Arnavat et al. (2010) to fit catalogue and experimental
data from several single and double-effect absorption chillers with good results: in general, the data points
were in the 10% deviation range, and the obtained r-squared coefficients for ∆∆t’ were above 0.9454.
This approach can be used to describe the behavior of a chiller at design flow rates and different external
temperatures with a simple linear equation. For this model, the cooling capacity can be modulated varying
operation external temperatures, but not flow rates.
Vapor-compression water chiller
The main components of a vapor-compression water chiller include compressor and its driver, condenser,
throttling device, and evaporator (liquid cooler). The coefficient of performance (COP) for water chillers
is defined as the ratio of the evaporator cooling capacity to the compressor input power:
COP=

Q̇ e
Ẇ c

(eq. 28)

For the purpose of performance prediction, it is more convenient to express chiller performance COP in
terms of readily measured water-side data rather than refrigerant-side data. There are different models
(Lee and Lu, 2010) to predict chiller performance COP in terms of readily measured water-side data
(condenser inlet and outlet water temperatures, evaporator inlet and outlet water temperatures, and
condenser and evaporator water flow rates).
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Gordon-Ng empirically-based model (Gordon and Ng, 2000) have been used in this work. This is a graybox model, its functional form allows the parameter estimates be traced to actual physical principles that
govern the performance of the water chillers being modeled. Model parameters or fitting coefficients are
determined using a regression method applied to a set of training data. The Gordon-Ng model correlates
the chiller COP (dependent variable) with three input independent variables (the water inlet temperature
to condenser, water inlet temperature to evaporator, and the cooling capacity of evaporator) according to
the following form:
T wi
T
T −T wi
Q̇
1
1
(1+
)−1= β1 wi + β 2 ci
+ β 3 e (1+
)
T ci
COP
T ci
COP
Q̇ e
T ci Q̇ e

(eq. 29)

A comparative study (Lee and Lu, 2010) that evaluated the suitability of empirically-based performance
models for water chillers available in the literature with rich chiller data sets showed that the Gordon-Ng
model had acceptable ranges of the overall indicator of model accuracy for all kinds of data sets.
To implement the chiller model, it has been assumed that the chiller can modulate its cooling capacity to
any required load in the range between a minimum and maximum value.
Activation/deactivation of the chiller is controlled by a hysteresys cycle depending on water outlet
temperature from evaporator. When the chiller is ‘on’, its cooling capacity is determined by the required
power to cool the water to the desired set point temperature, Tset (as long as this value is in the allowed
range):

˙ =ṁ e ·c pe ·(T wi −T set )
Qrequ

(eq. 30)

An amount of inertia mass of water is considered both within the evaporator and the condenser. Heat
exchange at the condenser is determined by
Q̇c =∣Q̇ e∣+W˙ c

(eq. 31)

Where electricity input power is calculated from equations (27) and (28) given the chiller temperature
conditions and loading fraction.
Pressure drop at evaporator and condenser is calculated according to the same approach used for the pipe
model.
Load emulator
Three component models have been developed to emulate DHW, heating and cooling building loads. The
hourly load profiles must be entered as inputs in a table and they are periodically repeated, every 24
hours, during one month.
The models simply consist of a pump that varies its mass flow rate and the return temperature in order to
emulate the desired heating or cooling load:

˙ / (c p · ΔT load )
ṁ=Q load

(eq. 32)

In the case of DHW load emulation, the load input and return temperature are given by storage tank top
temperature and mains water temperature, respectively; but in the case of heating and cooling loads, the
temperature decrease or increase is set as a parameter (usually about 5 K).
PV panel and weather and solar position data generation
These two components have not been developed yet. The Photovoltaic panel is planned to be based on
TRNSYS 16 type 94.
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Another component must be developed in order to generate year-round weather data at each time step
(ambient temperature, relative humidity, overall, beam and diffuse radiation on a chosen surface), as well
as the incidence angle for beam radiation and incidence angles in the longitudinal and transversal
directions for a surface with a desired orientation; using as input a Typical Meteorological Year (TMY)
file.
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Abstract
Nowadays, the development of renewable energies is an issue of great interest worldwide. Therefore, the
development of new technologies that diminish the problems men has caused to the planet are pursued. In this
quest for new technologies, the solar refrigeration is a great alternative which enables the use of renewable
technologies. The adsorption Solar Refrigeration System is environment friendly equipment because it
accomplishes the main function of a common refrigerator without releasing gasses which affect or damage the
ozone layer. In addition, it makes the preservation of food and medicine possible in zones where there are no
electric energy sources.
In its application, solar refrigeration uses equipment called solar collectors. These consist of vacuum
sealed tubes in which the adsorption-desorption process takes place. In this way, the systems efficiency or
coefficient of performance (COP) is optimized. In such way, the necessary requirements are accomplished
perfectly to complete the cooling cycle proposed by Clapeyron. As a consequence, a pair of adsorbate adsorbent
is used. Thus, methanol/Zeolite, water/Zeolite, etc. can be used. Zeolites are aluminium silicates which adsorb, in
their cavities, great amounts of cooling gases at environmental temperature. In such way that, if they are heated in
a closed system, they desorbed these gases at considerably high pressure, allowing the substitution of mechanical
compressors, frequently used in cooling equipment.
Based on the previously exposed, the design, construction and functioning ofan equipment that can
generate cold from solar radiation and the adsorbate – adsorbent (Metanol Zeolite) which, in addition to having
good expectations in its use, can also bring a break to the Earth. In this work, Zeolite is used as a natural
clinoptilolite from the State of Oaxaca, Mexico.
Performed measurements in the Adsorption Solar Refrigeration Prototype allowed a coefficient of
performance (COP) of 0.1, which is very favorable, given that in the literature is of 0.22. Nevertheless,
improvements can be achieved in the system. It is because of this that, besides the functioning of this equipment,
the development of a new system with four collectors is being raised. In such a way that the efficiency will be
larger, it can benefit marginal communities, and so that the future investigations reduce the climate change
provoked by men.
1. Introduction
Zeolites are aluminium silicates which adsorb, in their cavities, great amounts of cooling gases at
environmental temperature. In such way that, if they are heated in a closed system, they desorbe these gases at
considerably high pressure, which allows the substitution of mechanical compressors, frequently used in cooling
equipment. If heat is supplied to the zeolite, these desorbe great amounts of the cooling gas at a high pressure,
which will be condensed. A subsequent low pressure adsorption causes the cooling liquid evaporation living
cooling as a result [De la Cruz et. al 1988, La Iglesia 1995, PiotrKowalczyk2006].
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Zeolites offer a porous structure which allows adsorption of great quantities of H2O, NH3, and CO2 steam,
different chlorofluorocarbonand Hydrocarbonsat environmental temperature. According to thermodynamics, the
principle used is the Arrhenius Equation because it implies a change of phase and describes the exponential
variation of pressure in regards to the temperature. On the other hand, the zeolite gas adsorption equilibrium (type
I isotherms) (Dubinin and Astakhov, 1971) gives as a result a great pressure variation during
adsorption/desorption processes thus generating slight temperature variations on the zeolites. These properties
allow zeolites, particularly natural clinoptilolite, to operate efficiently in cooling systems.[Bruce S. et al. 1984,
Xiaodong Ma. 2006a, Xiaodong Ma, 2007b.).Particularly, natural clinoptilolite proceeding from Etla, Oaxaca,
Mexico, adsorbs 30% in water weight after making the thermal and chemical treatment.
This way, adsorption solar refrigeration is intermittent, because it only produces cold during the adsorption
stage. In the present work, the functioning and operation of solar refrigeration prototype that uses methanolzeolite/activated carbon is described. This system is proposed for regions which lack electric energy and it is
necessary to preserve food and medicines.
2. Operating principle
The ClasiusClapeyron Diagram (LnPvs 1/T) explains the adsorption refrigeration cycle consisting of four
stages. Figure 1
.
1. Solar rays heat the collector in which the cooling gas is already adsorbed. Therefore, the steam pressure
and the temperature increase in the system.
2. When the saturation pressure corresponding to the condensation temperature is reached, the steam
condenses and creates a flux towards the evaporator.

3. When the sun sets, the sensor is cold and the pressure diminishes in the system to reach the pressure in
the evaporator. The cooling is favoured by air ducts inside the collector.
4.

Following the cooling, the adsorbent is physically without any balance, therefore it “leans” against the
adsorbent steam kept within the system. This steam is produced due to the liquid’s evaporation
inside the evaporator, which produces the cooling desired effect. When the temperature in the
evaporator reaches freezing point, an ice deposit is formed allowing the system to maintain a low
temperature for the next day [7, 8, 9].

Figure 1.Clapeyron Diagram.
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3. Characteristics of the par adsorbent – adsorbate
An important factor in the refrigeration processes by adsorption is to take into account that the
adsorbent must have a high adsorption capacity at an environment temperature and low pressures. On
the other hand, it must have a low capacity of adsorption at both high temperatures and pressures that
correspond to the regeneration phase and low calorific capacity. This way, the adsorbate must have a
fusion point below 0oC. The size of molecule below 2 nm in order to facilitate adsorption in
microporous and low boiling point.
Under these considerations, an adecuate adsorbent – adsorbate pair to be applyied for
refrigeration are: natural clinoptilolite, which is a crystalline, microporous aluminum silicate, and
methanol, which evaporates at temperatures below 0 oC, therefore they comply with the characteristics
mentioned above, making this system an adequate working pair to be taken into account for
refrigeration.

4. Design calculation
First of all, the amount of ice desired was defined; hence, it was considered equation No.1
Q1 = Cm ∆t(eq. 1)
Where C is the calorific capacity of water, m is water mass, ∆t the temperature difference. Once the
freezing temperature is reached, the solidifying heat Q2 must be extracted to create the ice, which is
related to its mass and fusion latent heatin equation 2
Q2 = Lm.(eq. 2)
Therefore, the heat necessary to produce ice is:this given by equation 3
Q1 + Q 2.(eq.3)
If the cold chamber is adiabatic, the heat is equal to the one generated by the methanol evaporation.
Therefore, the mass that has to be evaporated is given by equation 4.
mm = Q/Lm. (eq.4)
This information allows us to calculate the adsorbent quantity in the system through the Dubinin –
Astakhov equation 5.
n
é æT
ö ù (eq. 5)
X = x0 exp ê- k çç - 1÷÷ ú
T
ëê è s ø úû

Where k and n parameters are for the working pair zeolite/ activated carbon, methanol, Xo is the
adsorption capacity when equations 6 and 7 is the adsorption temperature. This result is explained by the
methanol steam pressure and its concentration difference. In table 1, the values of zeolite/ activated carbon–
methanol are given.
T = Ts

(eq. 6)
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P = Ps, T

(eq. 7)

5. Experimental results
Zeolites can refrigerate and even create ice using solar radiation without applying any other kind of
energy and without moving parts of the system. In addition to the low cost, the treatment required for its use is
low cost, allowing a sustainable project. This result is explained by the methanol steam pressure and its
concentration difference. In table 1, the values of zeolite–methanol are given.
It is important to mention that natural clinoptilolite proceeding from Etla, Oaxaca, Mexico comes with
other cementing materials, which allows us to use the term material zeleotoid. These materials are clay, quartz,
and feldspar among others, that when split from zeolites can reach a purity of 90% or more. The purity of used
clinoptilolite used is of 86% the rest of the minerals accompaning that present cristal-structural properties and
several binders like: orthoclase, kaolin, monmorillonite, quartz, feldspar, etc.
Table 1 Clinoptilolite-methanol of R.S ratio)

Ice quantity
Kg
4

Methanol
Volume (m3)103
3.5

Clinoptilolite natural
Volume(m3)103
6.47223

2

1.754

3.236

1

0.87724

1.6180

0.5

0.43862

0.80902

5.1 Adsorption refrigeration system

The adsorption refrigeration system has a solar collector/adsorbent bed, a condenser and an
evaporator. Components of the refrigerator: solar collector, condensator and evaporator.The design
proposal implies a cylindrical collector, not one of flan bed, and the equipment longitude was obtained
through the previously calculated volume shown on figures 2 and 3.

CondensationTank

Solar collector

EvaporationTank

Figure 2.Solar cooling tube
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When the adsorbent is heated by solar radiation in the system, the methanol is desorbed from its surface
flowing towards the condensator and during the night, the adsorbate is reabsorbed over the clinoptilolite in the
evaporator. In such way, that this behaviour can be observed in graph 1. It can be observed that in the desorption
process, the system is heated by solar radiation from 7:00 am to 16:00 pm, finding its maximum value of 155|oC,
observing the evolution of temperature during the day, night and the values thrown by the condensator.
In order to obtain the system’s efficiency defined as Coefficient of Performance(COP) of the adsorption cooling
cycle, it was calculated according to:
COPcicle= (Qre – Qce)/QAD
The solar collector’s efficiency is expressed:
Ncol =QAd/ Qsol

Figure 3.Solar refrigeration tube

6. Conclusions
This prototype’s final goal is to search for new and better alternatives in the creation of cold to preserve food and
medicines. Therefore, the necessary upgrades were done to it in order to achieve a good Coefficient of
Performance.This equipment generates a COP of 0.1. The result seems favorable given that in the literature it is
of 0.22, but it can still reach improvements within the system. Due to this, resides this equipments well
functioning, the development of two new systems is been planned. One consists of more collectors so that the
proficiency is larger, and the other one is of modular type.
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A NON-WASTE-HEAT AIR CONDITIONING SYSTEM USING WATER
EVAPORATION AND DECOMPRESSED SOLAR PANEL
Huynh T. M. Thu and Sato Haruki
Department of System Design Engineering, Keio University, Yokohama (Japan)

1. Introduction
About 40% of the annual global energy demand has been consumed in buildings; meanwhile more than a half
of the building-energy-demand is consumed for air-conditioning (Omer, 2008a). In industrial nations, from
35 % to 40 % of total national primary use of energy is consumed in buildings, the figure which approaches
50 % by including the energy for manufacturing building materials and for the infrastructure to serve buildings
(Aitken, 2003).
Combining space cooling and heating in one vapor compression cycle system is a common way in countries
with mild climate like Japan. Air-conditioning system is commonly used in houses and buildings due to its
simplicity in the operating and maintenance. By using sensible heat from the ambient air, outdoor-heatexchanger temperature is higher than the ambient air in cooling mode and lower in heating mode. The average
temperature difference is assumed to be about 7 °C. In summer, this system releases higher temperature thermal
load to the environment; hence, outdoor space is not comfortable for people, which causes “heat island”
problem in cities. When condenser temperature of outdoor unit of air-conditioning system could be lower than
that of existing system, it also makes the performance of air conditioning system to be higher in vapor
compression cycle because the smaller temperature difference between condenser and evaporator causes higher
performance in heat pump systems.
Besides, geothermal heat pump system is also favorable by utilizing the stable temperature of the earth. In
geothermal system, outdoor-heat-exchanger unit is buried underground. To avoid the destruction due to
oxidization, the heat exchanger material is selected and the installation cost makes the higher price. Harada et al.
(Y. Harada, 2010) have studied with multi-source and multiple-use heat pump system, in which outdoor-heatexchanger unit was built underground. From summer experiment results, they have found out that ground
temperature increase day by day, so it can make the performance decrease day by day as well. Consequently,
they have to use an additional heat pump as artificial recovery to keep the ground temperature to be constant.
In this paper, development of a non-waste-heat air conditioning system using water evaporation and
decompressed solar panel will be introduced by a prototype experiment for cooling in summer mode and a new
idea of heating in winter mode. Outdoor space at the place of outdoor unit is compared with that of the
conventional system. In order to understand how the new system improves compared to the conventional heat
pump system, Coefficients of Performance (COP) of this system in both cooling and heating modes will be
introduced. Finally, amount of energy saving is roughly calculated by using decompressed solar thermal panel.
2. System development and description
2. 1.

System development

The system of a new air conditioning system was modified from an existing commercial air-conditioning
system using R410A as the refrigerant and the nominal cooling capacity of original system was 2.5 kW, as
shown in Fig. 1. An air-heat-exchanger (AHEX) of the existing outdoor-unit was replaced by a helical waterheat-exchanger (WHEX), as shown in Fig. 2. The WHEX can make it possible to use cooled water from a
cooling tower in cooling mode and warmed water from solar thermal panels in heating mode. The cooling
tower in this experiment has a nominal cooling capacity of 13.6 kW with a 0.25-kW pump and a 0.05-kW fan
being commercially available as the minimum capacity in Japan.
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Fig. 1: Rough sketch of the proposed air-conditioning system

Fig. 2: Water-heat-exchanger (WHEX)

2. 2.

Proposal of an improved system

 Cooling mode
In order to save energy of cooling-tower pump in cooling mode, we developed a heat exchanger in the outdoorunit, as in Fig. 3. The fin of the existing air-cooled compact heat exchanger was taken out, and the straight tube
covered with porous ceramics was replaced. The length of copper tubing covered with porous ceramics is about
11 m, which is about a half of the total length in the existing air-heat-exchanger. The residual copper tubing
was insulated.
Since porous ceramics is hydrophilic material, it can automatically transfer water through. Hence, in order to
have wet surface for water evaporation, pumping power can be neglected. From our prototype design for
cooling mode, tap water is supplied from the top tank to one edge on the top row of copper tubing. While
airflow enhances water evaporation on the surface of ceramics, water continues supplying to keep ceramics
surface always to be wet.
 Heating mode
In actual manufacturing, a sophisticated heat exchanger is required to be developed for combining waterevaporation cooling mode and heating mode. For the helical WHEX, it is difficult to set porous ceramics
around copper tubing. Therefore, we are going to use the commercial multi-petal double copper tubing, which
is manufactured by Nishiyama company, Japan, as shown in Fig. 4. In this design, hot water from solar panel
flows in the inner tube, refrigerant flows in the “annulus” cross-section space, and outer copper tubing is
covered with porous ceramics. In cooling mode, solar panel is not used in this system but it can be used for
other purpose, i.e., hot water supply.

Fig. 3: Sketch of an improved system and a picture of outdoor unit

Fig. 4: Cross-section of copper tubing (Nishiyama)
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Decompressed solar-thermal panel
solar insolation

heat collection area

condenser
vapor and water

water

heat-transfar medium
(water)

Fig. 5: Sketch of a decompressed solar-thermal panel

Fig. 5 shows a sketch and principle of a decompressed solar-thermal panel, which was developed by one of our
group members for high efficiency solar desalination system. This system could transfer more than 80 % of
solar thermal energy collected as latent heat at about ambient temperature, depending on the temperature of
heat transfer medium. This kind of solar panel could reduce the heat island problem on the roof of building, and
can reduce the cooling load for house in summer. The decompressed solar-thermal panel can provide heat at
any temperature plus about five Kelvin from the temperature of heat-transfer medium, which can be used as a
evaporator of air-conditioning system.

3. Outdoor space and system performances
3.1.

Outdoor space in summer

Outdoor-unit of existing air conditioning system provides hot air with velocity about 0-3 m/s in cooling mode.
The exhaust air temperature is much higher than the ambient temperature due to absorbing heat from refrigerant
in the condenser. It causes the space near the outdoor unit to be uncomfortable. On the other hand, proposed
system can provide the exhaust air with the temperature near the ambient, it can make the surrounding space of
outdoor unit to be more comfortable.
As study of Omer (Omer, 2008b), he did mentioned that, in warm humid conditions, like in summer, airflow
can conduct heat from human skin. In steady airflow, human cooling sensation (CS), of airflow can be
estimated in degrees Celsius using equation:

CS  3.67 V  0.2   V  0.2  C
2

(1)

where average airflow, V , is in m·s-1.
3.2.

System performance

As in Error! Reference source not found., when a difference between condensation and evaporation
temperature is reduced, work required by compressor can reduce. By using a simple and practical estimation of
Coefficient of Performance (COP) was proposed by Koga (Koga, 2005), in which COP is estimated mainly by
condenser and evaporator temperatures with their relation.
The COP and enthalpies are obtained from the following simple practical correlations with the points indicated
in Error! Reference source not found.:

Cooling mode
h h
COPcooling  sys  1 4
(2)
h2  h1
2
h1 = -0.0043Tevap
+ 0.3196Tevap + 278.264

(3)

h2 = 0.0009 ΔT 2 + 0.5791ΔT + 284.11

(4)

2
h3 = 0.0073Tcond
+1.2633Tcond + 60.84

(5)

h4  h3

(6)

where T  Tcond  Tevap

Heating mode
h h
COPheating  sys  2 3
h2  h1

Fig. 6: Indication of the states in P-h diagram

(7)
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2
h1 = -0.0028Tevap
+ 0.3133Tevap + 278.25

(8)

h2 = 0.0024 ΔT 2 + 0.4625ΔT + 285.17

(9)

2
h3 = 0.0083Tcond
+1.225Tcond + 61.05

(10)

h4  h3

(11)

where  sys is system coefficient, which is calculated by:
COPcata
(12)
sys 
COPtheo_n
and COPtheo_n is the theoretical COP at nominal condition and COPcata is the COP in manufacturer’s catalogue.
Nominal condition is defined as an outdoor temperature of 35 ˚C, indoor setting temperature of 27 ˚C, and wet
bulb temperature of 19 ˚C where dew point temperature is 13.52 ˚C for cooling mode; and outdoor temperature
of 7 ˚C, indoor setting temperature of 20 ˚C for heating mode.
4. Results and discussions
4.1.

Better outdoor space in summer

From the experiment done in summer with the AHEX air conditioning system, temperature of exhaust air from
fan is higher than outdoor temperature more than 5 °C, as in Fig. 7. On the other hand, in case of using the
proposed system for cooling mode, exhaust air temperature is nearly as the outdoor temperature.

Fig. 7: Temperatures of exhaust air of AHEX system on Aug 7th 2009 (L) and the proposed heat exchanger on Aug 6th 2011 (R)

In addition, as existing fan in outdoor unit has velocity of 0 to 3 m·s-1, the sensation cooling of the fan is shown
in Fig. 8. Consequently, although it might be careful that the sensation cooling will strongly depending on the
relative humidity of the air, people who stay in front of the outdoor unit possibly feel some degrees cooler than
the surrounding.

Fig. 8: Cooling sensation vs. air velocity
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4.2.

System performance

For the WHEX system which is connected with a cooling tower, average condenser temperature and
compressor outlet temperature at every outdoor temperature are shown in Fig. 9. From the figure, it can
conclude that by getting lower condenser temperature, compressor temperature is also getting lower. For the
same outdoor temperature, indoor setting temperature and cooling space, with lower compressor outlet
temperature, it is expected that pressure ratio, which is the ratio between condenser and evaporator pressures,
can be reduced. Then, working power requirement can decrease. However, since power consumption in cooling
tower was not possible to be measured for, power consumption cannot be compared here.

Fig. 9: Comparison of average temperatures of condenser and compressor of WHEX and AHEX air-conditioning systems

The results of COP estimating in cooling and heating modes are shown in Fig. 10. In these figures, △T is
temperature difference between condenser and evaporator in air conditioning system. From the results, it can be
seen that △T plays an important role to the performance. In cooling mode, with the same cooling load required,
if condenser temperature decreases 1 °C, COP could increase about 4 %. Meanwhile, in heating mode, with the
same heating load required, if evaporator temperature increases 1 °C, COP could increase about 3 %.

Fig. 10: COP vs. △T in cooling mode (L) and heating mode (R)

4.3.

Possible of energy saving using decompressed solar-thermal panel

Tab. 1 shows the average amount of global solar radiation per day in different months, from 2001 to 2010 at
Tokyo, from Japan Meteological Agency (JMA). By assuming at solar-panel efficiency being 0.7, amount of
energy absorption is estimated on each m2 panel area. In the study about energy demand of residential houses
(Nagayama, 2001), monthly heating demand has simulated in Tokyo from November to April. Then, average
daily heating demand in each month is estimated based on her results.
Tab. 1: Average global solar radiation and amount of absorption

Month
Average solar radiation (MJm-2day-1)
Amount of energy absorption ( MJm-2day-1)

Nov
8.53
5.97

Dec
8.22
5.75

Jan
9.31
6.52

Feb
11.12
7.78

Mar
13.8
9.66

Apr
16.13
11.29
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Monthly heating demand (GJ)
Average daily heating demand (MJ)

0.89
29.70

2.10
70.12

2.14
71.35

1.93
64.32

1.70
56.71

0.65
21.82

With an assumption that heat absorbed by solar-thermal panel can be transfered to heating demand, Tab. 2
shows the amount of solar-thermal energy with different absorbed area that can contribute to the total heating
demand for 1 house in Tokyo area. If 4-m2-solar-thermal panels are used, heating demand can reduce more than
33%. Depending on the investment cost, electricity price, and area available on the roof, the number of panels
can be considered.
Tab. 2: The number of solar panels and the amount of solar energy contribution

Absorbed
area (m2)
2
4
6

Month

Nov

Dec

Jan

Feb

Mar

Apr

Amount of energy absorption (MJ/day)
Solar energy contribution (%)
Amount of energy absorption (MJ/day)
Solar energy contribution (%)
Amount of energy absorption (MJ/day)
Solar energy contribution (%)

11.58
40%
23.17
80%
34.75
121%

5.75
8%
22.33
33%
33.49
49%

6.52
9%
25.29
37%
37.93
55%

7.78
12%
30.20
48%
45.30
73%

9.66
17%
37.48
68%
56.22
102%

11.29
52%
43.81
207%
65.71
310%

5. Conclusions
In developing a natural air-conditioning system which is combined with cooling and heating modes,
experimental system was proposed to change from the WHEX system to the revised heat exchanger, which uses
water evaporation on surface of porous ceramics in outdoor unit.
A better comfortable space in front of outdoor unit was confirmed in cooling mode with the revised heat
exchanger using porous ceramics instead of aluminum fin.
By changing the temperature difference between condenser and evaporator to be smaller, higher COP was
expected from a simple calculation of COP both for cooling and heating modes.
Amount of heating capacity saving by solar thermal energy was summarized in Table for giving a rough idea
of designing the system.
Despite of a complicated air-conditioning system than the conventional system using AHEX in outdoor unit, it
can conclude that the new proposed system is a more friendly system to the environment.
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Operation Analysis and Experiences of a Solar-thermal System Assisting the Air Conditioning of an
Office Building in Esslingen Germany
Elmar Bollin, Klaus Huber, Eva Scheck
Hochschule Offenburg, Offenburg (Germany)

1. Introduction
Since July 2006, Offenburg University of Applied Sciences, in collaboration with the Fraunhofer Institute for
Solar Energy Systems in Freiburg and Stuttgart University of Applied Sciences, has been monitoring the
solar-assisted air conditioning of Festo AG & Co. KG in Esslingen. The system was funded by the German
Federal Environment Ministry in the scope of the research project Solarthermie2000plus. The existing
adsorption chillers, previously powered by waste heat from compressors and by gas boilers, was retrofitted
with a solar-thermal system as a third heat supply.
The solar-thermal system comprises a field of CPC vacuum tube collectors manufactured by Paradigma,
covering 1330 m² gross collector area, and two buffer storage tanks of 8.5 m³ storage volume each. The
collector circuit is filled only with water and connected to the buffer storage without a heat exchanger. The
system is prevented against freezing with an innovative thermal freezing protection in the controller unit. The
cooling power is produced by three adsorption chillers rated at 353 kW each. The solar system and cooling
system are connected via the heating system and various distributors. The solar system has also been
connected to the thermo-active building system of a new building in order to exploit the solar heat optimally
at low return temperatures for space heating while the chillers are not in operation.
Prior to and during system operation, Stuttgart University of Applied Sciences and the collector
manufacturer Paradigma GmbH performed dynamic simulations in order to dimension and evaluate the
system.
81 additional sensors allow detailed monitoring of the solar and cooling system operation [Huber et all. 2008,
2009, 2010, Bollin et all. 2009].
In this paper monitoring results of three years of system operation will be shown and discussed. Furthermore
the performed optimizations will be shown and rated.

Figure 1.1:

Foto of the Collector array of the solar air conditioning at Festo AG & Co. KG in Esslingen.

2. History and motives behind the construction of the system
At the factory premises of Festo AG & Co. KG in Esslingen, a large amount of waste heat is produced by
compressors, at temperatures between 65°C and 75°C. In order to exploit this energy even during the
summer, when no space heating is required, and thereby save on primary energy and CO2 emissions, Festo
considered installing thermal chillers. The mean driving temperature of approximately 70 °C was too low for
conventional absorption cooling machines, which is why three adsorption chillers, manufactured by
Mayekawa and rated 353 kW each, were purchased and commissioned in 2001.
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In addition to the compressor waste heat, these chillers also required heat from gas boilers to operate. In
order to reduce the proportion of heat from gas boilers, Festo decided to install a solar-thermal system as a
third source of heat. The saw-tooth roof of a factory hall was practically ideal for this, given its pitch (30°)
and orientation (south +18°). In order to achieve high yields, and to guarantee the required temperature level
of 80°C, Festo decided to install vacuum tube collectors.
3.

Monitoring and equipment

The additional measuring system was to measure all energy fluxes within the system boundary (solar
system/main distributor and adsorption chiller) and beyond the system limits. In particular, the volume flow
of heat fed from the collector field into the storage tanks and delivered to the heating system was to be
measured as well as the heat from the boilers and compressors. Given the “water-only system” and its freeze
protection circuit, the heat pumped from the heating system to the collector field via the buffer storage tanks
had to be measured separately. In the adsorption chillers, the heat flow volume was to be measured at all
three circuits of each machine.
Elaborate measurement of the electricity consumption of the adsorption chiller, its peripheral pumps and the
cooling towers was to shed light on the electrical energy requirements of the machines, and allow this to be
determined for each individual consumer. Furthermore, the solar incidence and outdoor and collector
temperatures were also to be measured.
This elaborate measuring system allowed a comprehensive evaluation of the plant operation. In addition to
this analysis of the optimization potential, it should also be possible to analyze malfunctions and to
determine plant characteristics for comparing plants (benchmarking) such as solar gain, efficiency, solar
fraction and useful solar heating costs. Figure 3.1 shows the system schematic with measuring and control
sensors in the solar system.
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Figure 3.1:

Schematic of the solar air conditioning at Festo AG & Co. KG in Esslingen with the measuring and control sensors of
the solar system.
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4. Operation results and experiences
4.1. Measurement results for the solar system
The intensive measurement phase of the Solarthermie2000plus project Solar Cooling has been running at
FESTO AG & CO. KG since 01 August 2008. Readings from 81 sensors are recorded at five-minute
intervals and called up daily by Offenburg University of Applied Sciences. All parties involved in the project
also have access to the scientific measurements. Except for a few disturbances, complete readings exist for
three years of intensive measurement from 01/08/2008 to 31/07/2011. The measured data is summarized in
Table 4.1 below, and partially graphed in Figure 4.1.
The sensor failure at the discharge flow rate measurement point (VSV), which occurred between 15
September and 06 October 2008, has been taken into account in the analysis in Table 4.1 and Figure 4.1, in
that the same percent heat loss in the store was assumed for this period as for the two weeks before and after
the sensor failure. The failure of a valve on the discharge side (06–15 Aug.), which led to a significant
reduction of the volumetric discharge flow and thereby the yield, has not been factored in.
During the first year of measurement, from a solar incidence on the aperture area (1218 m²) of 1563 MWh
(1283 kWh/m²) on the collector field, 543 MWh (445 kWh/m²) (efficiency 35 %) of heat was fed into the
solar storage tanks. The heat volume flow due to start-up and freeze protection losses (in total 66 MWh or 54
kWh/m²) has already been subtracted from this value. On the discharge side, 481 MWh (395 kWh/m²) of
heat was taken from the storage tanks (efficiency 31 %). Again, the start-up and freeze protection losses have
already been subtracted. The solar fraction of 6.3 % for the observed period appears very low. The limiting
factor in the design of the collector field was the area of the only suitable roof available, which did not allow
for a larger collector field. Until the last period of measurement from august 2010 to july 2011, the solare
fraction increased up to 9.8 %. One reason for this, among others, is the change in operation mode of the
adsorption chillers since august 2008, where the gas boilers are used less often. The reasons for the
increasing solar yield are described below.
Tab. 4.1: Results of the last three years of intensive measurement of the solar air conditioning at Festo AG & Co. KG in
Esslingen from June 2008 to May 2011.

Solar incidence on the entire
collector field in MWh
Net yield from the collector
circuit in MWh
Net useful solar heat yield
in MWh
System efficiency as % of net
useful heat yield
Total heat loss at collector
field in MWh
Heat from gas boilers
in MWh
Waste heat from air
compressors
Solar fraction as %
Fraction of
sustainable heat as %
Heat consumption of
adsorption chillers in MWh
Cooling energy produced by
the adsorption chillers in
MWh
COPth
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08/2008
07/2009
1563

08/2009
07/2010
1586

08/2010
07/2011
1621

543

574

594

481

528

538

31

33

33

66

50

51

4227

2009

1598

2914

3537

3335

6.3

8.7

9.8

45

67

71

3577

No results

No results

1665

879

478

0.47

No results

No results

The fraction of sustainably produced heat, calculated from the useful heat from the solar system and waste
heat from the compressors in relation to total heat consumption, is 45 %. This was significantly increased
after February 2009 as a result of increased operations of the compressors and consequently greater waste
heat production. The solar fraction also increases here due to the change in mode of operation of the
adsorption chillers and other optimizations (see 4.2). Operation of the adsorption chillers required 3577
MWh of heat from the Festo AG & Co. KG heating network to produce 1665 MWh of cooling energy. That
gives an average COPth (thermal Coefficient of Performance – quotient of useful cooling energy and driving
heat) in the first year of measurement of 0.47. In the other years of measurement the COPth can’t be
calculated because of an error in the measurement system.

Figure 4.1: Results of the first year of intensive measurement of the solar air conditioning at Festo AG & Co. KG in Esslingen
from June 2008 to June 2011. (essential data from Table 4.1 in monthly resolution)

4.2. Mode of operation and optimization measures
i.

Weak valve in the collector circuit

At the beginning, improper flow was discovered in the collector circuit at night time, caused by the high
temperature of the storage tanks compared to the collectors. This led to high heat losses across the collector
field. The cause of this was an anti-siphon valve with too little spring force to prevent the improper flow.
After changing the anti-siphon valve at the end of April 2008, almost no improper flow was detected (Figure
4.2).

Figure 4.2: Volumetric flow through collector circuit and operation time of the collector circuit pump during a 5-minute
interval on 29 April 2008.
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ii.

Optimization of switching to a direct branch to the thermo active building system of a new building

The solar system is connected to the adsorption chillers by a central distributor, to which the other heat
consumers are connected (see Figure 3.1). When heat is fed into this central distributor, the return
temperatures are mostly above 60 °C. The nominal temperature for storage tank discharge is 80 °C. For this
reason, a direct branch was installed to a thermo-active building system in a new building. The storage tanks
are discharged to the thermo-active building system at 35 °C and above. This makes return temperatures of
25 °C and lower possible. Since only maximum 200 kW of heating power can be dissipated in this fashion,
the predicted sunshine duration of the next day was added as a control parameter to prevent frequent
switching between the thermo-active building system and main distributor. As soon as the forecast sunshine
duration exceeded a certain value, it would switch permanently to the main distributor for the entire
following day. This control rule prevented feed into the low-temperature thermo-active building system on
many days. Given the high supply and return temperature upon discharge to the main distributor, the
temperature in the storage tanks rose significantly, with detrimental effects on the solar yield and the heat
loss over the freeze protection circuit (Figure 4.3). The forecast sunshine duration was therefore deleted as a
control parameter. Now, during heating operation, it is only the storage tank temperature that decides
whether to discharge to the thermo-active building system. Since this change was made only shortly before
switching to cooling operation, no concrete statements can be made as to the success of this improvement
measure. It already appears, however, that there is significantly more frequent discharging to the thermoactive building system.

Figure 4.3: Correlation between mean daily storage tank temperature and heat loss to the collector field during freeze
protection operation mode before (left) and after (right) optimization of control of discharge of storages.

Losses due to freeze protection cannot be recorded separately from losses at start-up, which add up to totally
66 MWh/a in first year of measurement. It must be noted at this point, however, that given the high storage
tanks mentioned above, the losses due to freeze protection were significantly higher than at lower storage
tank temperatures, and that the collector field with active freeze protection does not cool as much as without.
iii.

Optimize the operation of the adsorption chillers

At the beginning of April 2009, the mode of operation of the adsorption chillers was changed such that they
would only become operational if a sustained minimum heating power from the solar system and the
compressors was available over a certain period. The individual machines are then connected or
disconnected depending on the available heating power. This largely prevents the need for additional heating
from the gas boilers. The additionally required cooling power is produced by electric motor-driven
compression chillers. As can be seen from table 4.1, this significantly increased the solar and sustainable
fraction of the total heat consumption during the summer months. In April and September 2009, were several
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times stagnations of the solar system due to little heat consumption (Figure 4.4). The resulting shutdown of
the collector circuit pump due to exceeding the maximum temperature in the solar storage tanks led to a
reduction of the solar yield. This problem was overcome by a step-wise reduction of the above mentioned
sustained minimum power for the operation of an adsorption chiller from approximately 500 kW to 350 kW.

Stagnations in spring and autumn because of low heat

Figure 4.4: Carpetplot of collector temperature of the FESTO system: The shown temperature in collector increases up to 200
°C. It can be seen with the red lines where the temperature is much higher than 100 °C.

iv.

Behavior of the solar system during stagnation

In the event of stagnation, the following behaviour was observed (Figure 4.5). The collector temperature rose
as high as 200 °C (superheated steam). The temperature in the collector circuit supply line rose as high as
143 °C, which equates to a saturated steam pressure of approx. 3.9 bar. It can therefore be assumed that
steam existed in the pipe. The given pressure at the storage tank level was measured at the level of the supply
line temperature. A temperature rise was also observed in the storage.
Accordingly, it can be assumed that the liquid water was being pressed entirely out of the collectors, through
the supply line and into the first storage tank, and steam was being fed in, which condensed there. For this
case, the supply line was attached to the storage tank at half height, so that the steam would cool down and
condense as it rose through the water in the tank.
In the event of stagnation under full solar incidence, the solar system is able to take in the superheated steam
and, after condensation of the steam, to resume regular operation automatically.

Superheated Steam
in collector

Collector circuit supply line
143°C (approx. 3.9 barabs)
Steam condensation at 125°C,
(approx. 2.2 barabs)

Shutdown of
collector circuit pump

Figure 4.5: Behaviour at stagnation of the solar system for the solar air conditioning at Festo AG & Co. KG in Esslingen on 17
August 2008
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5. Conclusions
The results of three years of detailed system monitoring of the solar-thermal system assisting the air
conditioning of the Festo office building in Esslingen Germany shows that a large-scale solar thermal
adsorption cooling system could be operated under Central Europe climate conditions successfully.
The solar yield of 500 MWh and system efficiency of 33.4 %, guaranteed by the collector manufacturer, was
fulfilled. The required values were even exceeded with 543 MWh and 34.8 %. The control of the discharge
at the buffer storage cycle and the operational mode of the adsorption chillers have been optimized.
Therefore, lower heat losses concerning the freeze protection control and less system stagnations are
expected and therewith higher solar yields could be achieved. With an annual mean COP of 0,47 the
adsorption chillers operated below the expected 0.6, while a COP of 0,6 could be achieved punctually under
best conditions [Huber et all. 2010].
As a quality management tool, system monitoring is the base of system optimization. In the given case false
flows through the collector during night can be indicated and stopped as well stagnations due to malfunction
of the system control. The behavior of the collector field under stagnation conditions could be analyzed and
validated as well.
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1. Introduction
In recent years, the final energy demand of air conditioning systems has increased considerably. The
economic prosperity of the last decade and the increase in average seasonal temperatures have prompted the
installation of compressor cooling systems powered by electric energy. This has resulted in serious shortages
in the electricity supply in urban areas during peak summer temperatures, as well as negative consequences
to the environment.
One of the alternatives for these conventional cooling systems are the thermally-fed absorption cooling
cycles. These systems are now starting to be installed in the building sector, in combination with solar
thermal systems. This synergy is very interesting, given the fact that the period when the solar resource is
most available usually coincides with the maximum values of cooling demand. However, for large scale
application in buildings, it is necessary to reduce or eliminate several economic, technological and
knowledge barriers. This paper is focused in the latter.
There are numerous theoretical studies based on simulation analyses of these types of solar systems but there
are insufficient studies providing information about their experimental operation.
This paper presents the conclusions of an analysis of energy performance of the solar-powered absorption
cooling system installed at the University of Zaragoza in 2007. The solar cooling system, properly
monitored, has operated under five different scenarios since 2007.
The system was installed to resolve the overheating problems of an existing solar thermal system designed to
provide domestic hot water. In order to study the performance of the installation, a series of analysis
methodologies had to be developed to determine the energy behaviour of this system, both quantitatively as
well as qualitatively.
The solar cooling system has been operated under five different experimental scenarios. Initially, the solar
cooling installation consisted of 20 m2 of flat plate collectors, a 4.5 kW, single effect, LiBr-H2O rotary
absorption chiller and a dry cooling tower.
Since then several modifications have been made to the system in order to improve its performance.
The solar field surface of the system, the rotary drum speed of the absorption chiller or geothermal heat
rejection system have been, among other issues, the modifications made to the solar cooling system. These
modifications were made as result of evaluations made of each scenario.
2. Description of the installation
The installation (Fig. 1.) is located in the sports centre of the University of Zaragoza (Spain). The building
contains a sport pavilion, offices, dressing rooms and a gymnasium. The solar cooling installation was
designed to resolve the overheating of an existing solar thermal system, which was installed to provide
domestic hot water demand of the building. The chilled water produced by the absorption cycle is used to
improve the temperature within the gymnasium. The main components of the system are described below.

1029

The solar collector field of the solar cooling installation is divided into arrays. Each array contains 3, 5 and 7
collectors of 2.5 m2 respectively. Initially only 20m2 were used to thermally feed the absorption chiller. After
preliminary analysis, the solar field area was increased and a 37.5 m2 field was used to more adequately
supply heat to the chiller.
The installation includes a 700 liter hot water tank and an auxiliary boiler but both devices haven’t been
used, therefore, the absorption chiller will only work when the solar field is able to provide sufficient energy.
A 4.5 kW commercial Rotartica (Schroeder, 2000), single effect, LiBr-H2O absorption chiller has been used
to cool the gymnasium. It has a rotary drum in which the single effect absorption cycle is carried out with the
drum rotating at 400 rpm. The rotation favours mass and heat transfers. Inside the drum are the evaporator,
the condenser and, instead of a traditional compressor fed with electricity, there are both a chemical absorber
and a generator which reduce electrical consumption.
To cool the gymnasium, two fan coils with 6.21 kW of chilling power transfer the chilled water from the
evaporator of the absorption machine, thus reducing the ambient temperature.
The initial heat rejection system is a dry cooling tower, which evacuates the waste heat from the condenser
and the absorber of the chiller to the exterior of the building. Although the COP would be larger with a wet
cooling tower, a dry cooling tower was selected in order to reduce the likelihood of legionella in the humid
environment within the wet cooling towers.

Fig. 1: Initial solar cooling installation scheme

After analyzing the first two scenarios, where the chiller operated with a dry cooling tower, an open
geothermal heat rejection system was installed. In this way, as a water well exists near the sport centre
building, it was decided to use a geothermal system using this water well because the chiller would be able to
operate at a constant temperature in the heat rejection sink (Monne et al., 2011).
From measurements taken in nearby wells, the water temperature was estimated to be approximately 17 ºC.
This well water feeds a 25 m3 water tank, in which the heat produced in the absorption cycle, is rejected. The
well is also used to water the athletic fields surrounding the solar cooling installation in summer. This use
means the water in the tank is renewed daily. As such, the water temperature is constant, eliminating any
potential problems of thermal saturation in the well (Palacín et al, 2010).
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Fig. 2: Geothermal heat rejection scheme

The installation is completely monitored. The procedure of the implementation of the monitoring system was
designed to carry out the energy balances of the different components of the installation (Pérez de Viñaspre
et al., 2003). There is a PLC unit and a web controller which compose the controlling and value recording
system. The monitoring system consists mainly of temperatures sensors and flow meters located in the three
water flows that enter the absorption machine. Two temperature sensors (close to the absorber and the
condenser of the absorption machine) measure the inlet (Tc,i) and outlet (Tc,o) temperature of the flow
between the absorption chiller and heat rejection system. Two more temperature sensors measure the inlet
(Tch,o) and outlet (Tch,o) temperature of the flow between the absorption chiller and the fan coils (the measure
is taken near the evaporator in the absorption machine). Two temperature sensors measure the inlet (Tg,i) and
outlet (Tg,o) temperature of the flow between the absorption chiller and the heat exchanger (the measure is
taken near to the generator in the absorption machine). Furthermore, there is a flow meter in each one of
these loops; the water flow that goes to the generator (mg), to the fan coils (mch) and to the heat rejection
system (mc).
In addition, there are dry bulb outdoor temperature, humidity, and radiation sensors, flow meters and energy
meters placed throughout the installation. As such, the outdoor and indoor conditions of the installation are
well defined.
3. Methodology of analysis
To analyze the results of the experimental solar cooling system installation, a novel methodology was created
based on the consulted bibliography (Izquierdo et al., 2007). Four different types of graphics were prepared
in order to compare and relate variables: ‘Rank Graphics’, ‘Phase Graphics’, ‘Stationary Graphics’ and
‘Trend Graphics’(Monné et al., 2008).
‘Rank Graphics’. These graphics represent the evolution versus time of all the days that were studied, of the
following variables: the generator circuit flow rate (mg), the fan coils circuit flow rate (mch), the finned tube
heat exchanger circuit flow rate (mch), the inlet and outlet temperature at the generator (Tig, Tog), the inlet and
outlet temperature at the evaporator (Tch,i,Tch,o), the inlet and outlet temperature in the flow from the heat
rejection system (Tc,i, Tc,o), the irradiation (I), the coefficient of performance (COP), the power transferred in
the generator (Wg), the power transferred in the evaporator (Wch) and the power transferred in the condenser
and the absorber (Wc). By analyzing these variables of the installation, it is possible to comprehend the
overall performance of the rotary absorption system (Fig. 5).
‘Phase Graphics’. There are three different graphics for each day. The first represents Tg,i, Tg,o, Tch,o, Tch,o,
Tc,i, Tc,o, I and Tdbo evolution versus time, the second reflects mc, mch, mg, development versus time and the
third one shows COP, Wg, Wch and Wc evolution versus time. The influence of some variables on the others
is shown in this type of graphics.
‘Stationary Graphics’. To compare the performance of the absorption chiller on different days, it is necessary
to define the stationary period, in which the chiller works in a stationary situation. This period of time is
defined as an interval of time. For each day studied, the minimum Toev is recognized, and the interval of time
of the steady situation defined. The points inside this interval will be those which do not differ more than 5%
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from the minimum Tch,o ([(Tch,o)min, 1.05*(Tch,o)min]). The stationary interval is usually found in the central
part of the temporary representation, and the values placed in the stationary period represent a stable
behaviour in the performance of the chiller. The stationary values will form the base of the analysis
(Ausdurbali et al., 2003), (Martinez et al., 2009).
‘Trend Graphics’. For this type of graphic, a calculation of the average values of all the parameters analyzed
in the stationary time, of all the days studied, has to be made. Afterwards, each of the variables is charted
with the other ones, on different graphics. The average values follow the same evolution as the temporary
values, and the trend lines are overlapped. Consequently, average values can be considered representative
values of the temporary ones. With the average values, an average performance of the installation can be
calculated.
The results and the conclusions of this work are reached based on the Trend Graphics.
4. Definition of the experimental scenarios
With the aim of optimizing and improving the performance of the absorption chiller, several modifications to
the original installation built in 2007 were made. Because of these modifications the chiller performance has
been analyzed under five different scenarios:
a)

Scenario 1:

In the summer of 2007 the solar cooling system began operating with the following features:
-

Solar field surface area: 20 m2

-

Rotary drum speed: 300 rpm.

-

Heat rejection system: Dry cooling tower

b) Scenario 2
The analysis of the first results of the scenario 1 highlighted the need of increase the solar field surface area
because the initial field was insufficient to properly feed the absorption chiller. Using the modularity
capacity of the solar field, another array of five collectors was added, resulting in the following:

c)

-

Solar field surface area: 37.5 m2

-

Rotary drum speed: 300 rpm.

-

Heat rejection system: Dry cooling tower

Scenario 3

After a regular maintenance operation, the speed of the rotary drum of the chiller was increased to 400 rpm,
the rest of the main parameters of the installation being equal.
-

Solar field surface area: 37.5 m2

-

Rotary drum speed: 400 rpm.

-

Heat rejection system: Dry cooling tower

d) Scenario 4
The most important conclusion reached as result of the analysis of the first three scenarios was the negative
influence of the outdoor temperature on the COP, given that the heat rejection system used was a dry cooling
tower. For this reason, the 25 m3 water well was harnessed as the heat rejection system of the installation.
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-

Solar field surface area: 37.5 m2

-

Rotary drum speed: 400 rpm.

-

Heat rejection system: Geothermal system

-

Geothermal flow: 0.71 litre·s-1

e)

Scenario 5

Unfortunately the well water temperature during its operation was not 17ºC, as was found in nearby wells.
The mean well water temperature was 25ºC, implying that the heat exchanger placed between the absorption
chiller and the geothermal system had to be redesigned. Meanwhile, the geothermal flow value was increased
up to 95 l/min in order to step up the heat exchange in the flat heat exchanger.
-

Solar field surface area: 37.5 m2

-

Rotary drum speed: 400 rpm.

-

Heat rejection system: Geothermal system

-

Geothermal flow: 1.58 litre·s-1
5. Energy results of the scenarios

The results methodology explained in point 3, was applied to the entirety of results obtained from the
monitored system of the installation. Although the different types of graphics provide important information
about the performance of the chiller and the solar cooling system, the conclusions and the energy results are
based solely on the phase and trends graphics.
Using the phase range (Figure 3) the temperatures of a typical operation day of the chiller can be determined.
The chiller engages automatically when the inlet temperature of the generator reaches 80 ºC. At this point the
absorption chiller provides cooling energy by means of the evaporator. The outlet temperature of the
evaporator reaches values of approximately 10 ºC. According to the heat rejection system, the initial values
at the beginning of the day are between 30 ºC – 35 ºC, however, due to the inlet temperature of the generator
and the fact the outdoor temperature increases afternoon, the dry cooling tower cannot maintain the rejection
capacity. As result, the temperatures of this loop increases, too.
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Fig. 3: Typical day of the performance of the chiller (Temperatures)
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This fact is clearly shown in Figure 4 where the capacities and the COP of the chiller are shown. The best
results of the capacities and the COP of the chiller are shown between the 1 p.m and 2 p.m. when,, although
the generator temperature value does not exhibit the highest values of the day, due to the heat rejection
system operating properly, the chilled capacity and the COP values are at their optimum values. Then, as the
day progresses, the capacities fall in spite of a higher solar thermal availability in the generator of the chiller.
The main objective of this paper is to examine how the modifications made to the installation affected chiller
performance. To carry out this examination of the performance throughout the various scenarios, trends
graphics were used.
a)

Influence of the solar field surface area

The operational difference between scenario 1 and 2 is the size of solar field surface area. Whereas in the
first scenario the ratio between the surface and the cooling capacity of the chiller is 4.44 m2/kW in the second
one this ratio increases up to 7.44 m2/kW.
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Fig. 4: Typical day of the performance of the chiller (Capacities - COP)

Figure 5 shows capacities and the COP of the chiller operating in both scenarios. As can be seen in the
figure, the solar field is incapable of thermally feeding the chiller generator. On the other hand, the optimal
input temperature of the chiller is approximately 91 ºC. From this point the absorption machine gives out less
capacity and COP. This temperature coincides with the manufacturer’s recommendation.
These results indicate that the usual pre-design value for this ratio (3 m2/kW) is insufficient for the design of
the solar field. In this case the solar cooling system works suitably with higher ratios. As result, other
researchers have proposed ratios over 8.5 m2/kW (Izquierdo et al., 2007).
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Experimental Scenario 1 vs Experimental Scenario 2
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Fig. 5: Influence of the solar field surface area

b) Influence of the rotary speed of the absorption drum
As it was mentioned before, the original rotary speed of the absorption process drum was 300 rpm.
Nevertheless during regular maintenance,, this speed was increased to 400 rpm. As shown in Figure 6, this
resulted in an increase of the capacities of the chiller. The machine produces more chilling capacity with less
heat, so that the COP generates better values in the third scenario than in the first two.
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Fig. 6: Influence of the rotary drum speed
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c)

Influence of heat rejection system

One of the main problems of cooling systems is the influence of the heat rejection system on the performance
of the thermodynamics cycle. Figure 7 shows the results of this influence on the performance of the Rotartica
during the first two years of operation.
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Fig. 7: Influence of the outdoor temperature on the COP of the chiller

Figure 7 shows the negative influence of the outdoor temperature on the COP of the chiller. In 2009, to
mitigate this situation, the solar cooling installation began operating with a new geothermal heat rejection
system. The effect of this heat rejection system it can be seen on Figure 8
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The COP and the chiller capacities maintain values constant when the outdoor temperature increases, so the
negative influence of this temperature is offset.
d) Influence of geothermal heat rejection system flow
Although with the use of the geothermal system the chiller performance operates with more stable
values, these values do not reach the nominal values of the chiller.

Experimental Scenario 3 vs Experimental Scenario 5
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Fig. 9: Influence of the heat rejection system flow

This fact is, as was explained in point 4, due to the operational temperature of the water well. In the design
phase this temperature was set to 17 ºC. However, in the first month of operation, this temperature was
actually found to be 25 ºC. As such, the flat heat exchanger had to be redesigned according to the operational
temperature of the well. The solution adopted to increase the performance of the chiller was to increase the
geothermal flow from 0.71 litre·s-1 to 1.58 litre·s-1. The results of this modification are showed in Figure 9.
Figure 9 also shows the chilling capacity and the COP of the chiller when operated with the initial dry cooler
system and then with the new flow in the geothermal system. As can been seen in the figure, when the
outdoor temperature is below 33 - 34 ºC, the chilling capacity and the COP of the absorption chiller is greater
when it operates with the dry cooler, although the chilling capacity shows constant values in the case of
operation with the geothermal system. At this point, a hybrid heat rejection system could be implemented in
order to optimize the use of the optimal heat rejection sink at every moment (Salgado, 2009).
Lastly, a summary of the main values of the capacities and the COP of the absorption chiller working in the
different scenarios is shown in Table 1:
Tab. 1: Results of the absorption chiller capacities operating in the different scenarios

Scenario

Wg (kW)

Wc (kW)

Wch (kW)

COP (-)

Experimental Scenario 1

7.45

11.91

4.02

0.51

Experimental Scenario 2

10.62

16.16

5.38

0.49

Experimental Scenario 3

8.44

15.43

5.78

0.52

Experimental Scenario 4

7.08

10.50

3.5

0.47

Experimental Scenario 5

7.61

12.25

4.18

0.52
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The best results obtained of the chiller are found in the experimental scenario 3. This is due to the fact that
the solar field size was increased and the rotary drum speed had been previously optimized. On other hand,
in this scenario, where the chiller continued to be operated with the dry cooling tower, the outdoor
temperature values were lower than the values shown in the first scenarios.
It expected that after the optimization of the flat heat exchanger of the geothermal heat rejection system, the
chiller can improve the results of the third scenario, as can be seen in the simulation results carried out with
TRNSYS (Palacín et al., 2011), and shown in Figure 10.
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Fig. 10: Expected performance of the chiller operating with the geothermal system

6. Conclusions
In this paper, the results of an experimental solar cooling installation working under five different scenarios
of operation have been presented.
In each of these scenarios, a modification to the solar cooling installation was carried out. The solar field
size, the rotary speed of the absorption processes, the heat rejection system or its operation flow were
modified in order to evaluate the global performance of the absorption chiller.
The first conclusion of the paper has to do with the ratio between the solar field surface size and the cooling
power of the chiller. The usual value used to pre-design this kind of system is set to 3 m2/kW. In the case of
the installation presented in this paper, this value is inadequate. The experimental ratio in the installation
located in Zaragoza is 8.33 m2/kW.
The second conclusion is that an increase in the rotary drum speed improves the absorption cycle processes
so that the chiller capacities are also improved.
Finally, the use of a geothermal heat rejection system eliminates the known problem of the cooling system as
the negative influence of the ambient temperature on the COP of the chiller. Nevertheless, because of the
operational temperature of the well water is higher than originally calculated, the flat exchanger of the heat
rejection loop has to be redesigned.
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In addition, as the initial heat rejection system, the dry cooling tower, was not removed from the installation,
a hybrid heat rejection system could be implemented on the solar cooling system in order to optimize its heat
rejection capacity.
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1. Abstract
System performance of a novel Liquid-Air Transpired Solar Collector (LATSC) and a falling film type, parallel
plate liquid desiccant regenerator (LDR) using lithium chloride as the desiccant is evaluated. A brief overview of the
LATSC is provided followed by the development of a numerical model for the LDR. The LASTC and LDR are then
coupled and a sensitivity analysis is performed on the system. The combined LATSC-LDR system is optimized for
typical Abu Dhabi weather conditions. It is found that at LiCl desiccant solution entering and leaving concentrations
of 0.2 and 0.4 the optimal water thermal capacitance rate per unit collector area, air thermal capacitance rate per unit
collector area, and desiccant mass flow rate per unit collector area are 38.655 W/m2K, 10.979 Wm2K, and
0.00016645 kg/s-m2 respectively. The system efficiency under these conditions is almost 23%.

2. Introduction
Air conditioning is a large electricity user in hot and humid climates. For example over 60% of peak electricity use
in Abu Dhabi city is attributed to cooling and 20% of annual electrical energy required for cooling is attributed to
dehumidification (Ali, et al., 2011). It has been proposed that latent cooling loads can be economically addressed by
thermally regenerated desiccant cycles (Lof, 1956, Threlkeld, et al., 1998). This allows for the separation of latent
and sensible cooling functions and thus higher chilled water temperatures may be used to handle the sensible cooling
load, decreasing the energy input to vapor compression chillers (Armstrong, et al., 2009) and absorption chillers
(Threlkeld, Ramsey and Kuehn, 1998).
One potential regeneration heat source—the Liquid Air Transpired Solar Collector (LATSC)—has previously been
described by Qadir and Armstrong (2011). The LATSC is a novel, low-cost, unglazed solar thermal collector which
heats air and water simultaneously. Analysis of the LATSC application to desiccant regeneration is motivated by
the the fact that both hot water and air can be used to regenerate a liquid desiccant . The collector operates at
maximum efficiency when the water flow is zero and air suction through the absorber plate is high while the
regenerator efficiency is highest at high water flow rates. Furthermore the desiccant flow rate needs to be varied in
order to regenerate the dilute desiccant solution (0.2 LiCl concentration) to a strong solution (0.4 LiCl
concentration). Therefore the air, water and desiccant flow rates that maximize system performance must be
determined for any given condition. This paper presents a brief overview of the LATSC model and develops a
numerical model for a falling film type LDR. The LATSC and LDR are then coupled and performance of the
combined system is optimized for typical Abu Dhabi conditions. Solar cooling systems based on the LATSC-LDR
may be used for dehumidification only or may be combined with evaporative cooling to perform sensible cooling.

3. Method
LATSC Model. The LATSC (Qadir and Armstrong, 2011) consists of a uniformly perforated absorber plate with
tubes bonded or integral to the plate such that water flows parallel to the air moving behind the plate and toward the
top of the collector where both air and heated water exit. The LATSC can be thought of as a conventional transpired
air heating collector (Kutscher, et al., 1993) but with addition of tubes or channels to heat water. Conversely, one
can liken the LATSC to a conventional unglazed flat plate collector (Burch, et al., 2005) but with the addition of
perforations on the plate and a plenum behind the absorber plate to allow movement of the air from the front to
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behind the plate and then to the outlet duct. In operation, water is heated in the tubes while air is sucked through the
absorber plate and is heated at the same time. Figure 1 shows the schematic of the LATSC highlighting the
differential element dy. For simplicity and due to symmetry, the small shaded patch in the bottom left corner of the
collector is used to show the heat and mass balance on the differential element and is shown magnified in Figure 2.

Figure 1: Schematic of LATSC

Figure 2: Energy balance on differential area of absorber plate.

The heat and mass balance on the differential element lead to the formulation of three ordinary differential
equations (ODE) which determine the temperature of water, temperature of air and mass of air along the length of
the collector (assuming uniform suction along the plate) respectively. These ODEs are:
(1)
(2)
(3)
The three ODEs must be solved simultaneously for all dy to obtain the outlet air and water temperatures. Collector
efficiency is defined as the ratio of the total thermal energy gain of the air and water to the solar radiation incident
on the collector. It is given in mathematical form as:
(4)
LDR Model. A liquid desiccant regenerator (LDR) model was developed to test the performance of the LATSC for
one of its potential applications. For this purpose a simple model was built with the following assumptions:
1.
2.
3.
4.
5.

Steady state operation of the LDR
Enthalpy of dilution neglected because a small amount of water is added/taken from each control volume
Laminar, non wavy, fully wetted flow of liquid desiccant over parallel plate
Constant properties of air, water and desiccant in a control volume
Fully mixed desiccant film(no thermal gradient, no concentration gradient in x-direction)

The falling film configuration can operate with close approach temperatures and high thermodynamic efficiencies. It
also allows for internal heating of the desiccant by hot water and simultaneous regeneration of the desiccant by
contact with hot air, providing the opportunity for the use of both heated air and water from the LATSC.
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The regenerator consists of many parallel plates containing internal channels through which the hot water flows
from top to bottom. Desiccant is distributed uniformly at the top of the regenerator plate and it flows down the air
side of the plate as a thin film. Air is injected from the bottom and it moves towards the top giving the LDR a
counter flow configuration. There exists a plane of symmetry at the center of each air side and water side channel
about which symmetry of physical properties and chemical composition of the water, air and desiccant are
encountered in the negative and positive x-direction. A heat and mass balance is first performed on a control volume
of the regenerator shown in Figure 3.

Figure 3: Heat and Mass balance on a differential element of the LDR.
The three mass balance equations for each control volume are:
for the air:

(5)

for the desiccant:

(6)

and for the water:

(7)

where the mass of air is composed of dry air and moisture:

(8)

Similarly the desiccant solution contains desiccant salt and water:
(9)
The concentrations of water in air and in the desiccant solution must satisfy continuity for each control volume.
The air humidity is:

(10)

and the desiccant concentration is:

(11)

Finally the energy balances for the air, water and desiccant elements must be satisfied for each control volume. For
the air stream element the energy balance is given by:
(12)
Equation (12) says that the airstream enthalpy out of the regenerator equals the airstream enthalpy in, plus the
enthalpy of vapor from the desiccant, minus heat transferred to the desiccant . For the desiccant element we have:

1042

(13)
Equation (13) says that the change in desiccant solution enthalpy is proportional to the sum of heat gains from the
air and water, minus the enthalpy of evaporation of moisture rejected to the airstream. For the water element:
(14)
Equation (14) says that change in water temperatures is proportional to rate of heat transfer to the desiccant stream.
The correlation for heat transfer from air to the desiccant was developed by assuming a laminar, fully developed
flow of air between the two parallel plates. The temperature of the plate at each element was assumed constant for
which the Nusselt number (Nua) is 7.54 (Incropera, et al., 2006).
Similarly we assume that the water channel is in fully developed laminar flow with constant plate temperature over
each element and the therefore Nusselt number for heat transfer from the water to the desiccant (Nuw) is also 7.54.
Convection rates at the air-desiccant interface, qa, and water-desiccant interface, qw, are given by:
(15)
where

(16)

and

(17)

where

(18)

where the Dh,a Dh,w are the hydraulic diameters of the channels through which the air and water flow.
The mass transfer coefficient for water vapor transfer to the air stream can be estimated using the Chilton-Colburn
analogy:
(19)
The water vapor mass transfer for each element can then be determined:
(20)
Cint is the equilibrium water vapor concentration at the air-desiccant interface while Cai is the water vapor concentration in the inlet air. The desiccant used for the regenerator analysis is lithium chloride and the properties of the desiccant-water solution are given by Conde (2004). Properties of air and air-water mixtures built in to EES are based on
thermodynamic data developed by Hyland and Wexler (1983) and reported in handbooks ASHRAE(2009).
LDR Solving Procedure. The counter-flow configuration of the LDR means that the conditions at all nodes must be
solved simultaneously. One simple approach is to split the regeneration process in to two cycles, A and B. In cycle
A, the air temperature and concentration for each node are kept constant while the water and desiccant temperatures
and concentrations are evaluated for each node. These values are then plugged in to the nodes of cycle B, while the
air temperatures and concentrations are evaluated for each node. The process is repeated until the water vapor
transferred to the air at each node is equal in both cycles (i.e.
for all i as shown in Figure 4).
Combined Model. The model described above was combined with the LATSC model and simulated using
Engineering Equation Solver (EES) to obtain the overall system efficiency (
) for varying
and
. The overall system efficiency is:
(21)
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Where

(22)

Figure 4: Flow chart of solving procedure for LDR
and was defined in (4). The regeneration efficiency is the ratio of the energy used to evaporate water from the
desiccant solution to the total energy provided by the LATSC. The overall system efficiency is the ratio of the
energy used to evaporate the water from the desiccant solution to the incident solar radiation on the collector
surface. It can also be expressed as the product of the regeneration efficiency and the collector efficiency.
The schematic of the coupled model is illustrated in Figure 5. There are separate loops for the flow of water,
desiccant and air in the coupled system. The water and desiccant solution flow in a closed loop while the air and the
moisture in the desiccant flow in an open loop. The air enters the collector at Tamb and leaves at mass flow rate
.
Air then moves to the regenerator at Tao and in passing gains mass by evaporation of water from the desiccant,
leaving the regenerator with a mass flow rate of
and temperature of Tao,reg. The desiccant solution is pumped
from the top of a stratified tank in-to the regenerator with a concentration of Cdi, temperature Tdi and mass flow rate
. The desiccant solution loses mass in the regenerator as the water evaporates into the air stream leading to an
exit temperature, Tdo and concentration Cdo., with mass flow rate
.

Figure 5: Schematic of LATSC coupled with LDR and an ideally stratified storage tank.
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To simultaneously solve for collector and regenerator water outlet temperatures, the LATSC and LDR models are
evaluated iteratively as shown in Figure 6.
The physical dimensions and inlet conditions of the regenerator are summarized in Table 1.
Table 1: Parameters and Inlet Conditions of the Regenerator
Parameter

Value

Plate height

0.5 m

Plate width

0.5 m

Plate spacing

0.005 m

Desiccant flow rate

0.000653 kg/s

Inlet desiccant concentration

0.2

Control volume height

0.001m

Number of control volumes

500

Figure 6: Flow chart for the LATSC-LDR coupled model.
4. Sensitivity Analysis
LATSC and LDR parameters are listed in Table 2. The total (air + water) thermal capacitance rate,
, was
2
2
varied from 5W/m K to 25W/m K at five equal intervals. For each
, the air capacitance rate fraction,
, was varied from 0.2 to 0.9 in increments of 0.1 while operating conditions were kept constant at incident flux,
S =800 W/m2, wind, Vw = 3 m/s and Tamb = 25oC. The desiccant mass flow rate was also kept constant at 0.000653
kg/s. Figures 7-9 show the variation of the collector, regenerator and overall efficiency with
for different
for the coupled system.
The collector efficiency tends to increase as
is increased from 0.2-0.9 at a constant
. This is due to
the large temperature drop for water across the regenerator when
is increased, (
decreases), leading to
a lower inlet water temperature supplied to the collector. On the other hand the regenerator efficiency tends to
decrease with an increase in
. This is because higher water flow rates maintain a constant high temperature in
the internally heated regenerator, leading to higher regeneration efficiencies. It should be noted that while the
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temperature of the inlet water to the regenerator is higher at higher air thermal capacitance fractions,
s, that
temperature cannot be sustained along the length of the regenerator due to the constant heat transfer to the desiccant
for regeneration. The variation of the collector water outlet temperatures or regenerator water inlet temperatures
with
at a different
are shown in Figure 10.
Table 2: Geometric parameters, fluid properties and baseline conditions used in the sensitivity analysis
Property

Value

Length of collector (L)

2m

Width of collector (W)

1m

Plenum depth (D)

0.1m

Perimeter of plenum cross section 2.2m
Plate absorptivity

0.9

Plate emissivity

0.9

Hole diameter

0.00159m

Hole pitch (triangular pattern)

0.025m

Total free area of holes

0.00734 m2

The overall efficiency is seen to increase with an increase in
and to reach a maximum after which it tends to
decrease. The maximum overall efficiency is achieved at different
for different
. As
increases, the
at which the maximum efficiency is observed decreases. The trend observed can be explained by
the preference of the regenerator for hot water over hot air and of the collector for an air suction rate just enough to
suppress the majority of the convective losses so that the collector operates at a reasonable efficiency .
Collector Efficiency vs. Rmcp
(ṁcp)total=10 W/K
(ṁcp)total=40 W/K

(ṁcp)total=20 W/K
(ṁcp)total=50 W/K

(ṁcp)total=30 W/K

0.7
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0.6
0.5
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1

Rṁcp

Figure 7: Collector Efficiency vs

1046

for coupled system

Regeneration Efficiency vs. Rmcp
(ṁcp)total=10 W/K
(ṁcp)total=40 W/K
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(ṁcp)total=50 W/K
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Figure 8: Regeneration Efficiency vs

1

for coupled system.

Overall Efficiency vs. Rmcp
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Figure 9: Overall Efficiency vs

for coupled system.
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Figure 10: Collector water outlet/Regenerator water inlet temperature vs

.
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5. Optimization
In the sensitivity analysis shown above, only 2 parameters (
and
) were varied to assess the sensitivity of
the system to changes in these parameters. In practical applications, there are many more parameters that can be
varied to optimize the system for different weather conditions. In this section the combined LATSC and LDR
system is optimized according to typical weather conditions in Abu Dhabi.
Typical weather conditions were determined by assessing the weather data for one year in Abu Dhabi. The weather
conditions that affect the performance of the combined collector-regenerator system are solar radiation, ambient
temperature, wind speed and humidity. To determine these values for a typical Abu Dhabi day, TMY2(2005)
(Remund, et al., 2003) data for Abu Dhabi were plotted on a histogram for each of the parameters with different
equally sized bins depending on the variability of a particular parameter. For example solar radiation varies for most
parts of the day between 300W/m2 to over 1000W/m2 while wind speed tends to range between 0 and 5 m/s. The
range of values of the parameters and the bin sizes for the parameters are shown in Table 3.
Table 3: Frequency (hours/year) of Abu Dhabi weather used to select typical operating condition (Remund 2003)
Parameter

Range
2

Solar Radiation on tilt (W/m )
Wind Speed(m/s)
Humidity (kgw/kgda)
o

Ambient temperature ( C)

Bin size Below Bin 1 Bin 2

Bin 3

Bin 4

Bin 5 Above

100-900

200

4660

382

632

837

861

1088

300

1-5

1

2

725

1535

1799

1600

1186

1933

0.015-0.035

0.005

19

1804

2524

2142

1648

529

94

20-45

5

203

1222

1759

2124

1732

1283

437

The typical condition selected for optimization is S = 850W/m2, Vw = 4 m/s, w = 0.02kgw/kda and Tamb = 27.5oC.
The objective of the optimization is to regenerate the liquid desiccant to a concentration of 0.4 while maximizing the
desiccant flow rate. Thus an objective function, to be minimized, was defined as:
(23)
The numerator in the first term is the absolute difference between the outlet desiccant concentration and the desired
outlet desiccant concentration. Minimization of this term is vital since the desiccant outlet concentration is required
to be 0.4. Thus this term is divided by
, which is in the order of 10-4. This ensures that the optimization solver
brings the outlet desiccant concentration as close to zero as possible. The second term has the desiccant flow rate in
the denominator to ensure that as the desiccant outlet concentration reaches 0.4, the optimizer focuses on
maximizing the desiccant flow rate.
The optimum air and water thermal capacitance rates and desiccant mass flow rate per unit collector area were found
using a genetic algorithm (MATLAB) for the typical condition (Table 4) and the system efficiency was 22.59%.
Table 4: Optimum mass flow and thermal capacitance rates per unit collector area
Inlet Condition

Value

Water capacitance rate

38.655 W/m2-K

Air capacitance rate

10.979 W/m2-K

Desiccant mass flow rate at LDR inlet 0.00016645 kg/s-m2
per unit collector area
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6. Discussion
The increase in the collector efficiency with increasing
and
is due to the large temperature drop
for water across the regenerator when
is increased, (
decreases), leading to a lower inlet water
temperature supplied to the collector. The decreasing trend in the regenerator efficiency with increasing
is due
to the lower flow rates of heated water in the regenerator, which lead to lower heat transfer to the desiccant in the
regenerator, leading to lower regeneration efficiency. It should be noted that while the temperature of the inlet water
to the regenerator is higher at higher
s, that temperature drops quickly as we move down the regenerator water
channel due to the approximately constant heat transfer to the desiccant for regeneration.
The desiccant regeneration rate and efficiency strongly depend on the temperature of the desiccant at the airdesiccant interface. This temperature needs to be maintained by constant heat transfer from the hot water and air to
the desiccant. Most of the heat transfer to the desiccant is from the water due to the higher thermal conductivity of
water. Thus to increase the regeneration rate, the water that is supplied to the regenerator must have both a high
temperature and a high thermal capacitance rate. This can explain the decrease in regeneration efficiency when
is low for the very low
of 5W/m2K. It can be observed that even though the thermal capacitance rate of
the water increases with a decrease in
, the temperature of water supplied decreases rapidly due to convection
losses at the front of the collector, leading to a drop in the regeneration efficiency.
The efficiency of the optimized combined LATSC-LDR system was found to be 22.59%. This is comparable to the
efficiency 20-30% (Jones and Harrison, 2008) of a liquid desiccant regenerator which is provided low grade thermal
energy from a flat plate collector. However in this case the system cost is lower because the low cost of the unglazed
collector is the main determinant of system cost.
7. Conclusion
A simple numerical model of a falling film type liquid desiccant regenerator has been developed and coupled with
the numerical model of the LATSC. A sensitivity analysis is first performed on the combined system to assess the
change in performance of the combined system to variations in
and
. It was observed that the
collector efficiency tends to increase with higher
and
. The regeneration efficiency on the other
hand tends to decrease with an increase in
and
except at very low flow rates. The overall system
efficiency therefore exhibits an optimum
for each
. This optimum
value decreases as
increases, indicating that the system only requires a critical air flow rate to suppress the majority of the
convection losses.
The combined LASTC-LDR system was optimized for typical Abu Dhabi conditions. The aim was to determine the
values of the thermal capacitance rates of air and water and the desiccant mass flow rate which provides optimum
performance of the system. For the typical Abu Dhabi conditions it was found that the optimum water thermal
capacitance rate, air thermal capacitance rate, desiccant mass flow rate per unit regenerator area and desiccant mass
flow rate per unit collector area are 38.655 W/m2K, 10.979 Wm2K, 0.0003329 kg/s-m2 and 0.00016645 kg/s-m2
respectively. The optimized system efficiency was found to be 22.59%.
Nomenclature
A
Ca
Cd
Cint
cpa
cpw

Collector area (m2)
Concentration of water in air (kgw/kga)
Concentration of water in desiccant (kgw/kgd)
Equilibrium concentration of water at air-desiccant interface (kgw/kgd)
Specific heat of air (kJ/kgK)
Specific heat of water (kJ/kgK)
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Da
Dp
G
ha
hfg
hm
hw
k
L
( cp)total

Nu
qa
qback
qback,loss
qconv,loss
qedge
qrad,loss
qw

Re
Ta
Tamb
Td
Tpl
Tw
W
x
y

Mass diffusivity (m2/s)
Hydraulic diameter of plenum (m)
Absorbed solar radiation (W/m2)
Air heat transfer coefficient (W/m2K)
Latent heat of vaporization of water(kJ/kg)
Mass transfer coefficient of water vapor (kg/m2s)
Water heat transfer coefficient (W/m2K)
Thermal conductivity (W/mK)
Length of collector (m)
Total thermal capacitance rate of air and water
Mass flow rate (kg/s)
Ratio of
to
Nusselt’s number
Convection rate at air-desiccant interface per unit area(W/m2)
Convection to air in back channel per unit area(W/m2)
Back convection loss per unit area(W/m2)
Convection loss per unit area(W/m2)
Edge Loss per unit area of the collector(W/m2)
Radiation loss per unit area (W/m2)
Convection rate at water-desiccant interface per unit area(W/m2)
Heat transferred to suction air per unit area (W/m2)
Useful energy transferred to water (W)
Reynold’s Number
Air temperature (K)
Ambient temperature (K)
Desiccant temperature (K)
Plate temperature (K)
Water Temperature (K)
Width of collector (m)
lateral distance from tube(m)
distance from inlet end of collector(m)

Greek letters:
ρ
ω
Subscripts:
a
d
da
ds
i
o
reg
tot
w
wd
wv

Heat exchange effectiveness of perforated plate
Density (kg/m3)
Humidity ratio of air (kgw/kgda)
air
desiccant
dry air
desiccant salt
inlet
outlet
regenerator
air +water
water
water in desiccant
water vapor
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Abstract
Solar-driven air-conditioning with DEC-systems (Desiccant and Evaporative Cooling) is a renewable
solution and promising alternative to nowadays´ electricity based compression type refrigerating. While this
conventional technology, with its consumption of fossil primary energy affects the depletion of resources and
contributes to the global warming through CO2-emissions, solar air-conditioning is an approach, which uses
solar-thermal heat, in contrary to electricity, to drive air-conditioning systems. Against this background, the
CENTRE OF EXCELLENCE FOR RENEWABLE ENERGY RESEARCH at Ingolstadt University of Applied Sciences
(Germany) investigates a solar-driven desiccant and evaporative cooling system in a multipurpose building,
operated with two large arrays of solar-thermal flat-plate collectors. This paper initially describes the system
layout and the measurement equipment integrated in the solar DEC-system. Subsequently, the measurement
results of 2009 cooling period are summarised, which showed a considerably low refrigeration capacity of
the system. Operational optimisations that were realised prior to the 2010 cooling period are described and
consequently, the measurement results of the solar DEC-system in the 2010/11 cooling periods are analysed.
For this purpose, first the air-handling components desiccant wheel and heat recovery wheel are analysed,
which repeatedly showed considerable deficiencies in efficiency. Combined with the results of a process
water analysis, the impact of an insufficient water treatment (causing severe calcification in the air ducts) on
the efficiency of components and system is discussed. Secondly, as a main part of this paper, the analysis
focuses on the operation of the two large solar collector arrays and its integration in the DEC-process.
Intensive experiences on the operation of such a large complex system are discussed and the importance of
self control mechanisms as well as the enforcement of quality assurance processes are argued, in order
guarantee an energy efficient operation of the overall system. An outlook on the further proceeding in the
current research project particularly with regard to the system simulation concludes the paper.
1.

Introduction

The market for air-conditioning in buildings is growing worldwide due to increased thermal loads, increased
living standards and architectural concepts with an increasing ratio of glass facades (Henning, 2007). Today,
the commonly used technology for air-conditioning is electrically driven compression-type refrigeration.
However, this technology comes along with disadvantages of high energy consumption and CO2-emissions
as well as a refrigerating medium increasing the greenhouse effect. Due to decreasing energy resources and
an increasing awareness for the environment and costs, ecologic and economic aspects are gaining more
importance within purchasing and operating an air-conditioning system. Furthermore, the commonly used
chillers are frequently leading to peaks in the electrical demand during summer periods, especially in cooling
dominated climates.
Against that background, the use of solar-thermal energy for the air-conditioning of buildings carries a huge
but undeveloped potential. Especially when regarding the fact that cooling loads and availability of solar
radiation are approximately in phase. The open-cycle solar DEC-process uses the cooling effect of
evaporating water to regulate the air temperature through controlled dehumidification, sensible heat recovery
and humidification of the supplied air whereupon the process is driven by low temperature solar heat instead
of electricity (Bader et al., 2010).
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The CENTRE OF EXCELLENCE FOR RENEWABLE ENERGY RESEARCH at Ingolstadt University of Applied Sciences
investigates a renewable-only based HVAC-system of a multipurpose building in Ingolstadt as illustrated in
fig. 1. The 10,000 m² gross floor area building is part of the biggest logistic centre in the region. The
investigated building provides space for a training centre (ground floor), an office environment, a film studio
(first floor) and a hotel (second floor). The floor plan shows an area of 4,100 m², the building has a capacity
of approx. 45,000 m³. Next to a ground source heat pump for base-load heating and cooling, the building is
equipped with two arrays of solar-thermal flat-plate collectors and a DEC-system. Due to high internal and
external thermal loads, active cooling is required. While base-load cooling is supplied by the heat pumps via
the thermo-active building structure, peak-load cooling is realised by solar-driven DEC-technology
(Haller, 2007).

Fig. 1: Solar-driven DEC-system in Ingolstadt

On the one hand, this investigation is supposed to demonstrate the potential of solar-assisted cooling, on the
other hand, the research project focuses on the analysis and optimisation of the solar-driven cooling system
as well as the deduction of planning criteria for design, operation and control of solar-driven DEC-systems
particularly with respect to the multipurpose use of solar energy. The project is supported by the Bavarian
State Ministry of Sciences, Research and the Arts.
2.

System Layout and Measurement Equipment

2.1. Description of the overall system
The DEC-system consists of two separate plants with a nominal air flow of 8,000 m3 h-1 and a nominal
cooling capacity of 35 kW each, however, only one of the plants is investigated in detail. The overall design
data of the investigated solar DEC-system are summarized in tab. 1.
Tab. 1: Design data of the solar-driven DEC-System

Design Data
Geographic position of the building
Solar collector aperture area
Active area air-conditioned (both plants)
Nominal ventilation air flow rate
Max. nominal cooling capacity
Nominal capacity regeneration air heat exchanger

48.78 °N
262.5
2,040
2 x 8,000
2 x 35
87

11.40 °E
[m²]
[m²]
[m³ h-1]
[kW]
[kW]

The plant in Ingolstadt, as illustrated in fig. 2, uses a lithium chloride desiccant wheel based on a cellulose
matrix with a diameter of 1.41 m and a depth of 0.45 m. The wheel is operating as dehumidifier wheel in
cooling mode (20 h-1) and as enthalpy changer in heating mode (600 h-1). The heat recovery wheel is
approximately of the same size with a diameter of 1.42 m and consists of a seawater resistant aluminium
alloy (AlMg3). The spray nozzle humidifiers in the supply air duct and the return air duct are both driven
with decalcified (ion exchange) water and a pressure of 3 MPa (30 bar) to 7 MPa (70 bar) and are completed
with the integration of a droplet separator. The regeneration heat to dehumidify the desiccant wheel on the
return air side with a temperature of up to 70 °C is provided by the regeneration air heat exchanger with a
nominal capacity of 87 kW. The regeneration air heat exchanger is directly supplied by heat from the solar
collector arrays as described in section 2.2. The mass flow of the regeneration air heater is regulated
depending on the inlet temperature of the regeneration air heater.
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The system is accomplished with an additional surface radiator with a nominal cooling power of 40 kW and
a supply air heater with a nominal capacity of 34 kW in the supply air duct. The surface radiator is integrated
for back-up reasons. The cooling capacity of one of both DEC-plants is approximately 35 kW. However,
currently only one plant is in operation with an expected cooling capacity of around 24 kW due to a reduced
air volume flow set by the plant operator.

Fig. 2: Solar DEC-system layout with measurement equipment
(Ti: temperature, φi: relative humidity, Vi: volume flow, ω: frequency)

Prior to the 2009 cooling period, additional measurement equipment was installed within the DEC-plant, as
illustrated in fig. 2, to closely monitor the solar DEC-process and to evaluate the performance of its single
components. Thereby an inhomogeneous air-distribution within the ducts was approached with the
integration of special measurement devices as described by Bader et al. (2009, 2010a). Altogether, the entire
building energy system is equipped with extensive measurement equipment consisting of 121 measuring
points.
2.2. Description Solar System
Two arrays of solar-thermal high-performance flat-plate collectors (262.50 m²) are installed on the flat roof
of the building. The collectors are mainly supposed to supply the regeneration heat for the DEC-plant.
Additionally, they supply heat to the hot water stores, heating in winter as well as for the regeneration of the
heat pump energy source in the ground storage.
According to the planning documentation, the circulation pump in the solar circuit is controlled depending on
the absorber temperature and the collector volume flow is varied depending on the collector flow
temperature.
Due to leakages, the plant operator decided to bridge two collectors which therefore results in a total aperture
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area of 258.65 m2 in use. Tab. 2 summarises key information figures on the two collector arrays.
Tab. 2: Key figures of the solar flat-plate collector arrays

Design Data
Total aperture area (designed)
Total aperture area (currently in operation)
Azimuth of solar array (South=0°, East=90°)
Slope of solar arrays
Aperture area (currently in operation)
per module
Optical efficiency η0
Linear heat loss coefficient a1
Quadratic heat loss coefficient a2

262.50
258.65
-20
30
Array 1
91.25 [m²]
1.901 [m²]
0.841 [-]
3.430 [W m-²K-1]
0.0185 [W/m-²K-²]

[m²]
[m²]
[°]
[°]
Array 2
167.40 [m²]
1.860 [m²]
0.801 [-]
3.858 [W/m-²K-1]
0.0100 [W/m-²K-²]

Regarding the hydraulic collector circuit design, five collectors are connected in series, whereas the series
circuits of each collector array are connected in parallel. Downstream the circuits, both collector arrays are
jointing in a common point of transfer.
3.

Previous Monitoring Experiences

The solar DEC-system in Ingolstadt showed massive problems during the first year of operation (2006).
While the degree of comfort in the building was found to be satisfying during the cooling period, the solardriven DEC-plant showed major deficiencies in cooling performance, hydraulics and control. Especially, a
too high rotational speed of the desiccant wheel and an inadequate adjustment of solar collector arrays, DECplants and building structure were identified. Therefore, in an overhaul of the system several problems in the
hardware were identified and corrected such as blocked spray nozzles due to calcifications, leakages in the
sealing of the desiccant wheel and an incorrect installation of a non-return valve in the hydraulic system of
the regeneration air heater. Moreover, the control strategy regarding the cooling power of the plant and the
speed of the desiccant wheel were checked. Detailed results of cooling period 2006 are described by Haller
(2007).
In the second year of operation (2007), some deficiencies of the first year were found to be removed, but still
the plant did not work according to its capacity. Insufficient dehumidification by the desiccant wheel was
identified as a major problem. Based on a detailed analysis of the desiccant wheel, one-sided displacement of
the sorbent was assumed to be the reason for insufficient cooling capacity. Obviously, control or mechanical
malfunctions during operation led to a one-sided oversaturation and thus to a one-sided damage of the
desiccant wheel as described by Haller et al. (2007). Consequently, the damaged wheel was removed prior to
the 2008 cooling period.
During the third year of operation (2008), the DEC-plant was not permanently in operation throughout the
cooling period due to organisational complicacies. However, analyses on exemplary days proved that the
one-sided damage of the desiccant wheel in 2007 could be solved by replacing the desiccant wheel during
maintenance in spring 2008. Considering the plant settings of a reduced volume flow, a maximum
refrigeration capacity of around 24 kW was expected, when the plant was operating in DEC-mode. However,
with an analysed refrigeration capacity (ambient air to supply air) of around 15 kW (including the surface
radiator) this value was by far not reached. The reason for this malfunction was supposed to be a limited
dehumidification capacity of the desiccant wheel as described by Bader et al. (2009). Since the DEC-plant
was until then regarded as a black box, these kinds of in-process problems could hardly be analysed with the
existing measurement equipment (fig. 2; only temperature and humidity of ambient air, supply air, return air
and exhaust air were measured).
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4.

Monitoring and Operational Analysis of the DEC-system

4.1. Solar DEC-System Analysis in 2009 Cooling Period
The analysis of the thermal comfort in an exemplary selected hotel room in the entire month of August 2009
showed a “comfortable” or “still comfortable” room condition. Only approximately two percent of the
measured values could be ranked as “uncomfortable warm”. The temperatures within this time period rank
from minimum 20.92 °C to maximum 25.92 °C. The relative humidity measures its lowest value at 47.1 %
and reaches its maximum value at 67.94 %.
However, when regarding the thermal comfort in the same hotel room only during DEC-operation on
exemplary days, e.g. August 20th, 2009, 68 % of the measured values were “uncomfortable warm”. The
temperatures range between values of 25.88 °C and 24.94 °C while the relative humidity reaches values
between 63.35 % and 60.08 %. This phenomenon mainly occurred, since within the entire month of August
also air conditions of cooler days and nights were influencing the thermal comfort, while the comfort during
DEC-operation exclusively reflected the thermal comfort of the room on a hot summer day.
The analysis of the thermal comfort therefore shows that the DEC-plant obviously sets the room temperature
to certain conditions however these conditions do not locate within the comfort area according to EN
15251:2007. A probable reason for that might be an insufficient refrigeration capacity of the DEC-plant,
which therefore cannot reach the set supply air conditions. Hence, the refrigeration capacity of the solar
DEC-system is analysed in the following.
The monitoring of the DEC-plant in cooling period 2009 as described by Bader et al. (2010b) showed that
the expected refrigeration capacity of around 24 kW (reduced nominal capacity due to a reduced air-flow
rate) was not reached. The DEC-plant, which was supposed to supply peak-load cooling, only shortly
reached a maximum refrigeration capacity of 15 kW on one day (July 27th, 2009) while, as fig. 3 shows for
an representative exemplary day (August 20th, 2009), the average refrigeration capacity measured around 6
to 8 kW.

Fig. 3: Solar DEC-plant performance for an exemplary day (August 20th, 2009)

However, the regeneration air temperature measures around 68 °C throughout the entire DEC-process and
therefore provides appropriate conditions for the DEC-process. To solely analyse the solar DEC-process, the
surface radiator has been deactivated in cooling period 2009. On the exemplary day August 20th, 2009, the
supply air temperature of up to 25 °C during DEC-operation can be evaluated as too high, as illustrated in
fig. 3. Especially the described uncomfortably high room temperature indicates a higher available cooling
demand.
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To analyse the cause for the considerably low refrigeration capacity in spite of a sufficient regeneration air
temperature, the operation of the critical components in the DEC-process, such as desiccant wheel and heat
recovery wheel was investigated. The numbers in brackets in the following diagrams thereby refer to the
corresponding sensors in the system (cf. fig. 2).
The analysis of the desiccant wheel on the same exemplary day (August 20th, 2009) shows that the
regeneration air heater heated the return air in front of the desiccant wheel to around 68 °C (fig. 4, upper
diagram). Therefore, sufficient solar regeneration conditions for the dehumidification of the desiccant wheel
were available throughout the entire duration of the DEC-operation. A closer investigation of the desiccant
wheel’s dehumidification capacity (fig. 4, lower diagram) at a volume flow ratio of 1.14 (supply air to return
air), shows that the desiccant wheel initially dehumidified the process air by around 4.3 g kg-1 dry air. Thus,
at the beginning of the process the dehumidification capacity reached a value as it would be expected
according to manufacturer information. However, the dehumidification capacity steadily decreased with
ongoing DEC-process to around 2.5 g kg-1 dry air, even though the boundary conditions like the regeneration
air temperature were measured as stable. Further daily analyses reveal a dehumidification capacity
permanently measured around 2 g kg-1 dry air (e.g. July 27th, 2009) and therefore below the expected level.

Temperature [°C]

A temporary adjustment of the volume flow ratio from 1.14 to 1.05, as suggested by the manufacturer of the
desiccant wheel, did not result in an improved dehumidification capacity. Hence, the results gained by
Schürger (2007) in laboratory tests could be approved under in-situ conditions. The insufficient
dehumidification of the supply air did not create optimal conditions for the subsequent air-conditioning
processes within the DEC-plant. Cause for the decreasing dehumidification capacity could for instance be an
unexpectedly varying rotational speed of the desiccant wheel, which was subject to investigations in 2010
cooling period.
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Fig. 4: Desiccant wheel analysis (August 20 , 2009)

The behaviour of the heat recovery wheel as another core element of the DEC-process was also analysed in
detail. Fig. 5 illustrates the process conditions for the heat recovery on the exemplary day August 20th, 2009.
It was found that the heat recovery ratio only reached 58 % at a rotational speed of 600 h-1 and a volume flow
ratio (supply air to return air) of 1.14. According to information of the component manufacturer, a heat
recovery ratio of 75 % however, would be expected under the given conditions. Therefore, also this
component did not reach the planned efficiency. Comparable in-situ measurements carried out by Eicker et
al. (2002) at the DEC-plant in Althengstett (Germany) showed a similar difference between the measured
heat recovery ratio and the expected value.
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A close visual inspection of the DEC-plant
DEC
revealed that calcification has not only been a major problem of
the humidifier spray nozzles but proved
pro
that it affects the complete plant. Although the whole system has
been cleaned and renewed during maintenance
maintenanc in May prior to 2009 coolingg period, already in July 2009
severe deposits of calcification were observed as shown in fig. 6.

Fig. 6: Calcification of the DEC-plant

Therefore, a significant reason for the noticeable, insufficient low heat recovery rate might be founded in the
discovered immense calcification,
calcification lowering the heat transfer characteristics of the heat recovery wheels
aluminium alloy matrix.
Consequently, the humidifier process water was analysed regarding its water hardness
hardn
to evaluate the
effectiveness of the currently realised water treatment installation of an ion-exchanger.
exchanger. According to standard
VDI 3803, a general hardness of the humidifier process water of max. 7 °dH German degrees (~
( 8.87°e,
English degrees) is acceptable
eptable in the investigated case.
case. The manufacturer of the humidifier unit even
demands treated water with a general hardness of 3°dH (~ 3.8 °e) and a maximum electrical conductivity of
20 µS cm-1. The analysis of the supplied water, however showed a general hardness of 16°dH (~ 20 °e) and
the analysis of the process water directly upstream the humidifiers disclosed a general hardness of 11 °dH
(~ 13.8°e). This denotes that the realised water treatment is insufficient for the operation of a DEC-process.
(Bader et al., 2011)
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4.2. Solar DEC-System
System Analysis in 2010 cooling period
Prior to 2010 cooling period several operational optimisations
o
have been realised. The
he heat recovery wheel
aluminium alloy matrix was cleaned with high pressure hot water as shown in fig.. 7 in order to remove
calcification deposits from the wheel and therefore improving its heat recovery ratio.

Fig 7: Cleaning of the heat recovery wheel in May 2010
Fig.

Additionally,, the calcified steel droplet separators at the humidifier unit were changed into new fibrous web
droplet separators to filter calcifications from the air and therefore minimize its impact on further
components within the DEC-process,
process, such as the cleaned
clean heat recovery wheel. Furthermore, sealings
s
at both,
the heat recovery wheel and the desiccant wheel were thoroughly adjusted in order to
t reduce leakages to a
minimum and the desiccant wheel’s flat drive belt was shortened in order
der to minimize the probability that its
rotational speed varies due to a loose belt.
In 2010 cooling period, despite of the described implemented operational optimisations the refrigeration
capacity of the Solar DEC-system
system has been again measured beyond its expectations,, as it could be proven by
investigating diverse exemplary days, when the system was operating in DEC-mode
DEC mode (e.g. July 22nd, 2010 and
August 01st, 2010).
The analysis of the desiccant wheel performance shows results comparable to 2009 cooling
coolin period. The
dehumidification capacity decreases with ongoing DEC-process
DEC process and does not reach the expected values
according to manufacturer data. However it could be proven, that this is not caused due to an inadequate
wheel speed, as the newly integrated frequency measurements showed ann appropriate constant wheel speed
of 21 h-1 throughout the entire operation of the DEC-process
DEC
on various days.. According to results of
Schürger (2007) the dehumidification capacity of the lithium chloride desiccant wheel only
on decreases with
rotational speeds of above 25 h-11. Therefore the wheel speed cannot be regarded as cause for the decreasing
decr
dehumidification capacity. The decrease in dehumidification capacity could be partly explained by a
decreasing absolute humidity of the ambient air upstream the desiccant wheel as there is a trend of a higher
dehumidification capacity with a higher water content of air in front of the desiccant wheel (Schürger,
(Schürger 2007).
However this trend does not explain
plain the appearing decrease in dehumidification capacity in periods
period when the
absolute humidity of the ambient air upstream the desiccant wheel increases conspicuously. The
phenomenon rather must be explained with the oversaturation of the desiccant wheel matrix. While on the
one hand, the
he manufacturer recommends as possible solution raising the regeneration temperature up to
80 °C, Schürger (2007), on the other hand argues that temperatures significantly above 70 °C may damage
the desiccants wheel matrix.
Concerning the disproportionately low refrigeration capacity of the DEC-plant, the calcified heat recovery
wheel (cf. 4.1.) was identified as critical cause in 2009 cooling period. In 2010 cooling period the
t
investigations of the thoroughly purified wheel however, still resulted in measured heat recovery ratios
below 60 % on different analysed exemplary days with DEC-operation and therefore the heat recovery wheel
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did again not reach its expected efficiency. Fig. 8 shows the heat recovery ratio on the exemplary day,
August 01st, 2010.
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Fig. 8: Heat recovery wheel analysis during DEC-operation (August 01st, 2010)

Further investigating the reasons for this deficit and verifying the effectiveness of the hot water cleaning
process, the pressure drop across the wheel was measured in the supply air duct and the return air duct during
operation. At design conditions of a supply and return air flow rate of ܸሶ =8000 m3 h-1 a pressure drop across
the wheel of ∆psup= 122 Pa is expected in the supply air stream and a pressure drop of ∆pret= 106 Pa can be
anticipated in the return air duct. As the volume flow rate in operation significantly deviates from the design
ሶ =4060 m3 h-1) the pressure drop was expected to be ∆psup= 40.3 Pa in the
ሶ =4600 m3 h-1, ܸ௧
flow rate (ܸ௦௨
supply air and ∆pret= 27.3 Pa in the return air. The real concurrent decrease in pressure across the wheel,
however measures ∆psup= 85 Pa in the supply air stream and ∆pret= 62 Pa in the return air stream and
therefore appears more than two times higher than expected. According to these results, the calcification
deposits in the wheel could obviously not be reduced by hot water cleaning. In fact the calcification might
still reduce the cross section of the heat recovery wheels aluminium alloy matrix and therefore cause a higher
pressure drop. This is obviously not only the effect of reduced heat transfer characteristics due to declined
material properties but also because of a reduced cross section that leads to an increased air velocity reducing
the heat transfer through convection.
A new epoxy coated heat recovery wheel has consequently been recommended to be implemented together
with a reverse osmosis system for improved water conditions. Both optimisation measures are currently
being processed.
5.

Solar System Analysis

5.1. Solar Integration Analysis
Both solar-thermal flat-plate collector arrays have originally been designed for the operation of a solar airconditioning system including two DEC-plants with a nominal refrigeration capacity of 35 kW each. When
evaluating the solar integration, it must be considered that only one of both DEC-plants is in operation at a
reduced air flow (cf. section 2.2.). According to available design information, the currently realised
hydraulics and the control strategy allow the use of the solar heat either for the preparation of hot water for
the hotel or alternatively for the supply of regeneration heat for the DEC-plant. As a third option, the solar
heat can be used for the regeneration of the heat pump source in the building’s base plate or for the heating
support if required. At present, a simultaneous utilisation of the solar heat for diverse consumers is not
possible with the implemented hydraulics and control strategy. Due to the dimensioning of the collector array
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for originally two DEC-plants, however, this would in principle be interesting from an energetic and
operational point of view.
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Fig. 9: Daily operation of solar collector arrays on a day with DEC-operation (August 20th, 2009)

As fig. 9 illustrates, the flow temperature of the regeneration air heater constantly reached a temperature of
72 °C to 73 °C during DEC-operation on the exemplary day August 20th, 2009. Therefore, the DEC-process
was provided with an adequate regeneration temperature of around 68 °C (cf. fig. 4). The collector arrays,
however, provided flow temperatures of up to 110 °C. As these temperatures are far too high for the DECprocess, they were consequently adjusted using the flow temperature mixer of the regeneration air heater, in
order to reach reasonable temperatures for the DEC-process and to avoid a damage of the desiccant wheel.
This indicates an existing potential of an integration of further heat sinks in the hydraulics and control of the
overall solar system and furthermore approves the importance of a flow temperature control of the collectors
was approved. However, as discussed in section 4.1. (cf. fig 4), it can be detected that there was obviously no
interdependence between the insufficient refrigeration capacity of the DEC-plant and the integration of the
solar collectors in the DEC-process in cooling period 2009, as solar regeneration heat was sufficiently
available at a reasonable temperature level (fig. 9, lower diagram) during DEC-mode.
Regarding the collector arrays start of operation it becomes evident, that the collector pumps start is not
anymore controlled depending on the absorber temperature of the hotter array. The pump starts at 07:00 and
triggers switching on and off in 5 minute intervals until the flow temperature of collector array 2 TV2 (fig. 9,
lower diagram) finally endurably exceeds a temperature of 60 °C at around 08:50. Analyses of various
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additional days in cooling periods 2009/10 showed a similar behaviour and therefore proved that the
originally implemented control was obviously replaced by an insufficient time switch control. The collector
arrays end of operation reveals a similar pattern of the volume flow when the collector pump is again
triggering in five minute steps from 18:25 until 19:00. Due to this described control malfunction with its
fixed initial time switch, it was observed that the pump triggers from 07:00 until 19:00 on days with little
global irradiance without any permanent running. This control characteristic does not only contribute to the
lifetime reduction of components but also causes unnecessary electricity consumption. The collector arrays
end of operation is conspicuous for another reason. The approximation of the collector flow temperatures
(TV1, TV2) and their corresponding return temperatures (TR1, TR2) at 17:40 prefigures that that the solar heat
consumption of all available heat sinks stopped at a collector flow temperature of 60 °C. However the set
point starting triggering the pump to switch off is only reached at 18:25. This evidences on the one hand, that
the collector fluid was unnecessarily circulated through the solar collector system for 45 min and reveals on
the other hand that the currently hydraulics and control cannot use these heat quantities, e.g. to regenerate the
heat pump source in the ground storage. After end of operation at 19:00 the flow rate within collector array 1
remains at an average level of around 10 l min-1 (fig. 9, middle diagram) and therefore leads to negative
collector capacities at night time.
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Fig. 10: Solar integration analysis at DEC-process end (July 22nd, 2010)

Fig. 10 illustrates the end of the DEC-process on July 22nd, 2009 which can be regarded as representative for
this kind of system condition. At around 15:50 the DEC-process stops operating as the regeneration air
heater flow temperature drops below its critical set point caused by insufficient collector flow temperatures.
The room air conditions with a room temperature of Troom~ 25 °C and an absolute humidity of the room air
(approximates return air condition due to mixed ventilation) xroom~ 13.7 g kg-1 at the end of the DECoperation can be evaluated inappropriate for a conference room of building category II according to
EN 15251:2007. Together with the unaltered high ambient air conditions (Tamb~ 25 °C; xroom~ 13.0 g kg-1)
within the same time period it becomes evident that the DEC-process stop was not actuated by the DECcontrol due to a change of air-conditions respective cooling load but in fact by insufficiently provided
regeneration conditions in form of heat at a reasonable temperature of above 75 °C.
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The volume flows, as illustrated in fig. 10 lower diagram, of both collector arrays remain constant
throughout the entire time span at levels of around 20 l min-1 (collector array 1) and 40 l min-1 (collector
array 2). However, a decrease of collector volume flows by means of an intelligent solar DEC-integration
control lowering the pump power would be expected in order to lengthen the DEC-systems duration in
sorption mode. The total solar collector capacities of above 70 kW after 16:00 indicate a continuous
availability of solar heat after end of DEC-operation, which then partly supply other heat sinks (e.g. hot
water storage, ground storage) and cannot be utilised by the DEC-process.
6.

Conclusions

The in-situ analysis of this solar DEC-system in Ingolstadt, with multipurpose use of solar heat, unveils
considerable malfunctions on component level as well as on system control level. With this scientific
analysis, diverse problems could be detected and solutions could be initiated. The various problems as
described in this paper in detail would have been remained undiscovered and unremedied without this
scientific analysis. This clearly demonstrates the indispensable implementation need of adequate self-control
strategies especially regarding system efficiency of the overall system. The determination of the control for
the entire system has to be of priority in the system planning phase. As unaware, manual interventions of the
building operator into the hydraulic system of the overall system frequently caused additional malfunctions,
new concepts with a minimum of interference possibilities paired with an intensive training of the system
operator are highly recommended for these kind of complex systems. Obviously the planning reliability and
quality control of such extensive renewable energy systems is not sufficiently guaranteed in state-of-the-art
buildings as affirmed in a similar project by Häring et al. (2010). However, this is the requirement for a
further, appreciable distribution of this promising DEC-technology.
Hence, the CENTRE OF EXCELLENCE FOR RENEWABLE ENERGY RESEARCH carries out an operation
accompanying simulation to further optimise the system and develop advanced plant concepts and control
strategies. The optimisations and gained technical expertise on the system will essentially influence planning
criteria and strategies for construction, operation and control of solar-driven DEC-systems.
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1. Overview
This work was done in the SOLERA project (http://www.solera-project.eu), Sixth EU Framework Program
(FP6), co-funded by EC and coordinated by Fraunhofer ISE. It started in November 2007 and will stop in
November 2011. The goal of the project SOLERA is to install, operate and evaluate three different solar
cooling systems of different sizes.

Fig. 1 : Time line of the system design and operation

The system of the subgroup 3 is installed in the French Alps and is committed to refresh in summer and to
heat in winter a small office building occupied by INES’s employees. The design of the whole system was
based on standard components from southern Europe subgroup 3 industrial partners CIAT (CIAT group,
France), CLIPSOL (GDF SUEZ group, France) and ROTARTICA (FAGOR group, Spain) to evaluate the
feasibility of delivering a solar package within objective costs. We brought special attention to the controller
design in order to achieve the best global performance of the whole system.
Thanks to more than two years long monitoring period we optimized the control strategy and we want
provide a reliable refreshing experience of solar system to the public place.
2. System design
The design of the system was usually driven by dimensioning heat and cool load and by requirement of 3
operating modes : direct heating, heat pump heating, in order to maximize the use of solar energy along the
year and improve thereafter the annual productivity of the collector field. There’s no hot water demand in
this office building while the system has to be able to provide it for general use.
The thermal load in Tab. 1 : for one room was estimated from office building plans since it was not already
erected at the beginning of the project : there are 3 rooms in the building to connect to the system for heating
and cooling during whole year that are requiring a maximal cooling power of 4.5kW and to a maximal
heating power of 9kW which meets specifications of the hereunder proposed chiller.
Tab. 1 : Estimated thermal load for one of the three identical rooms connected to SOLERA installation

Area

Height

People inside

21m²

2.5m

2

Winter set temp.

Heat loss

Heating power

19°C

1107W

1500W

Summer set temp.

Total gains

Cooling power

25°C

2930W

3000W

The main investigations targets required by the project were:
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•

Small scale absorption chiller (LiBr - H2O) 045 from ROTARTICA with nominal
cooling power of 4,5 kW, low regeneration temperature 75-105°C that can be reached
by usual flat plate solar collectors while still showing reasonnable efficiency.

•

Flat plate collectors TGD from CLIPSOL, collector field sized to 30m2 for heating
space and driving the thermal absorption chiller.

•

Integrated system preferred for Solar Combined System (SCS, heating space and
domestic hot water supply), CombiRSD 120 from CLIPSOL embedding 400L buffer
tank, 12kW auxiliary electric boiler and the controller for the whole system.

•

Ground loop heat rejection exchanger, oversized to allow heat exchange performance
studies. Main advantage of this kind of exchanger is the null electrical parasitic
consumption in comparison with outside fan coils dry or wet-coolers.

•

Distribution design low heating temperature (38/45°C) to maximize direct use of solar
energy in winter and to allow medium operating distribution temperature (13/18°C) in
cooling mode.

•

Classical occupation scenario for office building : 7h00-19h00 from Monday to Friday,
no occupation during the weekend.

•

No use of boiler hot backup on the chiller’s generator during cooling season.

Fig. 2 : schematic of the main operating components of the installation, ie solar collectors, CSC, controller and monitoring system,
absorption chiller, hydraulic piping and motorized valves, distribution storage tank, distribution loop and heat rejection
ground loop.

3. System installation

Fig. 3 : 30m² flat plate solar collector field on the top roof

The concrete system is splitted in four installation areas connected to INES’s office building : solar collector
field, ground work, technical station and hydraulic distribution to fan coil in the three office rooms (see Fig.
3 : , Fig. 4 : ,Fig. 5 : ,Fig. 6 : respectively).
Since the building was already built when the ground was buried to install the ground heat exchanger loop, it
was necessary to make a hole in the existing wall : this solution was cheaper than to drill the foundations but
require to insulate the external path between the ground and the building to avoid freezing during the winter
since the whole circuit is filled with water, except solar collector loop. The ground heat exchanger itself was
made of 2200m long pipe of cross linked polyethylene 16/20 diameter and arranged into 2 maps of 1 x 25 m
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then buried in the earth close to the office building, at 0.75m and 1.1m depth. 15 sensors are inserted to
monitor both fluid and ground temperatures in various locations along this loop.

Fig. 4 : Focus on the main steps of the ground heat exchanger realization

Fig. 5 : View of operating installation, absorption machine, cold storage tank and ground loop collector

In the technical station, motorized 2-ways valves have been replacing originally manual ones so that
controller can switch from heat pump mode to direct heating mode in winter when running the boiler. The
switch criterion is based on outside temperature, power demand from the distribution loop and thermal
performance of the chiller in these operating conditions.

Fig. 6 : View of the 3 rooms and the high efficiency fan coil
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The hydraulic distribution integrates a 300L water buffer tank feeding 6 fan coils high efficiency energy
Coadis HEE from CIAT, two pieces installed in each of the three rooms connected to the system. The rooms
are located at 15m of the buffer tank.
4. Cost overview
Tab. 2 : Cost subsets and distribution for Solera demonstrator

Subsets

Full costs (k€)

distribution

Roof work - solar collector field

20.9

26%

Technical station - solar combi system & chiller

21.4

27%

Heat rejection circuit

20.5

26%

Hydraulic distribution circuit

9.2

11%

Data acquisition & control - wiring - commissionning

8.2

10%

Total

80.3

Costs included in items of Tab. 2 : : main subset components, pipework, insulation, installation’s work. It
should be noticed that heat rejection circuit cost’s share is as high as these of technical station or roof work :
this prototype of ground heat exchanger was laboratory made, assembled and installed. Processes were not
optimized as it would be by professional people. It is assumed that these costs could be drastically reduced
by industrial partners when redefining the whole system as a package including pipework, valves and pumps
between CSS and chiller, as well as pre-manufacturing the ground heat exchanger.
5. Numerical simulations
The absorption chiller and ground loop as TRNSYS components models were developed by INES and
parameters set was successfully fitted with experimental data as shown in Fig. 7 : . Absorption chiller
Rotartica was modeled according to Ziegler’s method (Ziegler et al., 1999) while ground heat exchanger was
modeled through our own electrical analogy. These empirical models were preferred to detail ones for the
sake of simulation speed up.
Additionally a controller model was also developed and linked with previously cited INES own models and
standard TRNSYS’s models: it allows to build a full system simulation and lead to a simplified dimensioning
tool for end-users, which is a public deliverable of SOLERA project and will be available from November
2011 on SOLERA’s website.

Fig. 7 : Electrical analogy description used to simulate ground behavior and Coherence of experimental powers measured at
Generator, Evaporator, Absorber-Condenser of Rotartica chiller and absorption chiller model output powers in various
operating conditions - data obtained from AbClimSol, french national research project PREBAT 2007

6. System operation
6.1. Monitoring and tools
The system is monitored according to IEA Task 38 recommendations (Sparber et al., 2008). Monthly data
analysis and performance criteria calculation according to reference defined in MéGaPICS (Le denn et al.,
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2011) french national research project is achieved since May 2009. A summary of the results is given in Tab.
3:.
A logbook is used for tracing every actions or observed troubleshooting what is useful while trying to
explain a posteriori performance indicators variations. Since the installation is dedicated to run over a long
period and already ran for more than two years, there’s a lot of experimental data to process : we develop in
2011’s spring a software written in Scilab language for reliable automated energy balances and performance
criteria computation.
Moreover since we observed that monitoring, controlling troubleshooting or components failures can be
tricky to detect, a second software written in Scilab was developed for this purpose by Simon Thouin,
engineer graduate student : the program is lightweight since it may be embedded in solar controllers in the
future and is computing online several performance criteria and checking normal behaviour predefined rules.
It is currently in test since August 2011 on the Solera system.
Tab. 3 : Results summary of 2 annual periods from May 2009 to May 2011, indicators names from Le denn et al. (2011)

year / [kWh]

Qsol

Q1 solar

Q2 Boiler

Q3
heat.
load

Q6 chill. gen.

2009 - 2010

42949

10115

1963

2545

4397

2010 - 2011

35426

7764

4987

6519

2305

Q7 chill. eva.

Q10 cool. load

total load

Eaux

ESU

3057

3250

7219

1383

6091

1667

1662

8817

764

5366

year / []

PER

SPF

SPF hot

SPF cold

COPeleccold

2009 - 2010

0.65

1.68

1.26

2.42

2.61

2010 - 2011

0.53

1.36

1.24

2.27

2.51

COPelechot

COPelec

fsavth

COPthChill

R stock hot

R stock cold

3.80

3.04

0.48

0.70

0.57

1.06

6.30

4.65

0.30

0.72

0.69

1.00

R sol U

COPelecSol

FS

R collector

Comfort

0.14

4.40

0.88

0.24

0.96

0.15

7.02

0.61

0.22

0.97

6.2. Results discussion
In July 2010 a new building was erected in front of the heated/cooled rooms and top of every buildings was
covered by a metallic grid causing noticeable solar shading : it is confirmed by table 3 that is showing
significant increase of heating load during winter season between 2010 and 2011 and decrease of cooling
load between summer season 2009 and 2010. During last one year period Usable Solar Productivity (defined
as ESU divided by solar collector aperture area) decreases from 203 to 178 kWh/m2, what can mainly be
explained by this cooling load reduction.
An additional hydraulic connections insulation was applied in September 2010 and controller optimization in
cooling mode (reduced cycling and parasitic consumption in low cooling demand conditions as in holidays
or weekend time, August 2010) as in heating mode (design heating temperature delivered to the fan coils
adjustments, February 2011): we can see through auxiliary consumption reduction Eaux and increase of
efficiency of hot storage tank RstockHot and of global COPelec in Tab. 3 : that these modifications improve
the performance and reliability of the system.
Solar collector efficiency Rcollector is decreasing at a low level during last period : it is a consequence of
cool load reduction combined with new protection algorithm of installation in case of room vacancy which
let the temperature rise to more than 100°C in the collector to reduce its efficiency and to avoid to load the
hot storage tank at high temperature while there’s no thermal energy demand to the system.
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Looking at value of COPthChill indicator in Tab. 3 : we can say that chiller performances integrated in
SOLERA system are reliable.
COPelec or PER indicators are not favourable for Solera because of electric boiler in comparison with gas
fired one for example. We noticed here that there are indicators for installation driving improvement and
indicators for multiple installations performances comparison.
From Fig. 8 : we can see monthly evolution of the system over the last two years and looking at COPelecSol
and Rsol indicators shows that modifications of control strategy improve solar efficiency of the system in
winter as expected and decrease in summer because of the heavy load reduction which lead to low solar
performances behavior of protection already discussed above.

Fig. 8 : Evolution of the system performances over 2 years, indicators names from Le denn et al. (2011)

7. Conclusions
The system requires only very reduced maintenance effort (only monthly check of pressure inside the
hydraulic distribution and collector loop) while exhibiting a good quality of service (see Comfort indicator of
the users in the Tab. 3 : ). That’s encouraging INES to run the installation and collect data even after the end
of the program, especially for critical components aging evaluation, long term performance evaluation and
automatic failure detection algorithm improvement. It is planned to extend the hydraulic distribution to other
rooms in order to compensate the cooling load reduction because of front shading building. Through this
demonstration operation partners learned to drive the solar heating/cooling installation to reliability thanks to
indicators which are providing a rich synthetic view of the system.
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1. Abstract
Within REFSOL project, born in 2009 by an international collaboration between Mexican CONACYT and
the European Union, two sorption refrigeration prototypes using salts as sorbents were developed. One
continuous chiller using lithium nitrate-ammonia as working pair and able to provide a chilling power of
5kW for air-conditioning purposes at a minimum driving temperature of 100 °C. The other one, based on a
thermo-chemical and discontinuous sorption cycle, which uses barium chloride-ammonia as working pair for
food storing purposes as well as for ice production at a minimum driving temperature of 60ºC. For both
refrigeration systems, the thermal energy supply is provided through two different solar collector systems,
which were simulated in TRNSYS ambient for their optimal configuration.
In present document, design concepts, preliminary results, and performance analysis of the two solar
refrigerators are presented as a result of the research of this project realized with funds of FONCICYT [1].
2. Introduction
Thermally driven sorption chillers represent an established technology for cold water production. Being the
ones using ammonia-water mixtures that reach temperatures below 0°C, suitable for the ice production (food
storing) besides air-conditioning purposes. Furthermore, the thermo-physical and thermo-dynamical
properties of this working pair allow these chillers to be air-cooled, crucial aspect in areas characterised by
high ambient temperature and by a scarce presence of cooling water. However, two issues hamper their wide
utilization in solar cooling systems: the high temperatures of the driving heat flux (>150°C); and the need of
a rectification column to separate the ammonia from the water produced in the desorber, which is also
responsible for the dissipation of thermal energy and for increasing the chillers size.
In order to overcome these problems, an international collaboration between Mexico and the European
Union was started in 2009 through a project called “REFSOL” (REFrigeración SOLar) sponsored by
FONCICYT (Fund for International Cooperation in Science and Technology) from the Mexican CONACYT
and the European Union. The participants of the project are: CIE-UNAM (Centro de Investigación en
Energía)of Universidad Nacional Autónoma de Mexico; Univerdidad Autónoma de Baja California
(Mexico); the Energy Department of Cartif (Spain) and EURAC (Italia).
The aim was the development of two sorption refrigeration prototypes, capable of producing cold with a heat
flux at relatively low temperatures (< 150ºC), (to be able to operate with medium temperature solar thermal
energy) and without a rectification column. From here the choice to use salts and not water as sorbent in
mixtures using ammonia as refrigerant: lower minimum driving temperature (COP around 0.50 at 90°C as
inlet generator temperature); higher COP for application lower than 0°C (ice production and food storing).
Through technological complementarities of the research centres involved, a synergic process was
established. CIE-UNAM and UABC (Mexico) were responsible of the design and manufacturing of the two
refrigerators; CARTIF and EURAC (Europe) developed and implemented the start up and control of the two
systems. Numerical analysis and procedures to test and assess the two chillers under different operating
conditions were defined and developed.
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3. Prototypes and Experimental equipment
Within REFSOL project, two sorption chillers prototypes, using salts as sorbents, were developed:
•

One continuous chiller using lithium nitrate-ammonia as working pair and able to provide a chilling
power of 5kW for air-conditioning purposes at a minimum driving temperature of 100 °C;

•

One thermo-chemical discontinuous chiller working with barium chloride-ammonia and designed to
produce 100kg of ice for food storing purposes at a minimum driving temperature of 60ºC.

Both the prototypes were installed in two different experimental solar cooling plants, each consisting of the
three main circuits:
•

Solar collector plant, whose design is the result of an optimization made trough numerical
simulations;

•

Heat rejection circuit, only for the system with the barium chloride-ammonia chiller;

•

Chilling/user circuit, able to reproduce several user profiles (chilling demand).

Mathematical models were also developed to allow the preliminary overall analysis as well as the design of
the main components of both refrigerating systems.
Below, the schemes and the design parameters of the two prototypes and the circuits connected to them are
showed and described separately.

3.1 NH3-LiNO3 Prototype
The NH3-LiNO3 prototype is an air-cooled absorption chiller with 5kW of chilling capacity. At first, it was
an air-to-air chiller designed to have a chilling capacity of 10kW. The condenser and the evaporator were
both located on the top of the system and air-cooled by the same fan. This configuration was set up in order
to have a compact unit to carry to any industry for demonstration purposes without the necessity to connect it
to a water or brine loop for the chilling load. Nevertheless the first tests on the machine showed a negative
effect of this solution on the overall chiller performances. Therefore, in a second phase, the evaporator was
substituted with a water-to-water flat plate heat exchanger and connected to a chilling loop [2].
Table 1 and Figure 1 show the actual scheme and the working design conditions of the NH3-LiNO3 chiller
respectively. The prototype consists of five main components: a generator, which is a falling film heat
exchanger with horizontal tubes; a condenser, which is a fin tube heat exchanger air-cooled by a fan; a
throttling valve for the lamination of the condensed ammonia; a flat plate heat exchanger used as evaporator
and connected to a water loop; an absorber, which is a vertical falling film heat exchanger air-cooled; and an
economizer (i.e. flat plate heat exchanger) located between the generator and absorber. Two solutions pumps
are also installed: one diaphragm pump placed between generator and absorber and having a control of 1%
precision on the discharge flow at constant pressure conditions; and one pump used for the recirculation of
the solution within the absorber. It facilitates the absorption process, which is critical in the design due to the
diffusion and thermal effects which are produced during this process between the ammonia and lithium
nitrate.
Table 1 Working design conditions of the NH3‐LiNO3 Prototype
DESIGN OPERATING CONDITIONS

RESULTS

TEV = 5 ºC

QAB = 8.3 kW

ṁR = 0.004675 kg/s

TAB = 40 ºC

QGE = 9.2 kW

ṁAB = 0.04772 kg/s

TCO = 40 ºC

QCO = 5.9 kW

ṁGE = 0.04305 kg/s

TGE = 120 ºC

COP = 0.546

PCO = 1556 kPa

η=0.8

(COP)C = 1.62

PEV = 515 kPa

QEV = 5 kW

CAB = 0.513 kgNH3/kgsol

CGE = 0.356 kgNH3/kgsol
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The internal operation of the chiller is characterized by the classical four phases: desorption, condensation,
evaporation and absorption. In details:
•

The thermal heating oil flows into the generator inside the bank of tubes, from the bottom to the top,
in four steps. While the NH3-LiNO3 solution flows downwards by gravity (falling) as a continuous
film on the tube walls where it is heated and ammonia vapour is generated. The solution is
distributed through three liquid feeders in equal parts in order to maintain an even liquid
distribution for all tubes along which the solution falls.

•

The ammonia vapour produced in the generator is then condensed at high pressure and, through a
throttling valve, is carried to a lower pressure level. Here it enters into the evaporator where
receives heat from the chilling circuit (load) and evaporates.

•

The vapour produced flows to the absorber where it is absorbed by the weak solution. In particular,
the solution circulates inside the finned tubes and the ammonia vapour is injected from the bottom
of each tube. The produced strong solution is pumped to the generator through a heat exchanger
which is used as an economizer between the absorber and generator.

•

Once the strong solution is in the generator, it receives heat from the thermal oil and NH3 vapour is
produced. Then the weak solution goes back to the absorber through a throttling valve; while the
NH3 vapour flows towards the condenser.

Figure 1: a) Scheme of NH3‐LiNO3 Prototype; b) Picture of NH3‐LiNO3 Prototype
As heat sources, two external circuits connected to the prototype’s generator and evaporator are used: the
solar heating circuit and the chilling/user circuit.
The solar heating circuit, shown in Figure 2, consists mainly of a solar collectors field whose configuration is
the result of a TRNSYS simulation carried out with uncertainties. The need of a large temperature jump
(20ºC) in order to operate the generator of the absorption cooler and, at the same time, the necessity to
maintain an adequate collector field efficiency, led to a configuration of three rows with six collectors in
series each. It provides, indirectly, the generator of the prototype with heat at a minimum temperature of
120°. tank of 500l is used to store the heat produced. An auxiliary electric heater with a maximum heating
capacity of 20kW and able to reach 140°C serves as back-up when the temperature at the top of the tank is
not high enough. Furthermore, it allows replicating the characteristic loads of different solar collector’s type
systems set up in different locations as well as producing heat at constant predefined temperatures for steady
state tests. Two 3-way valves are also installed: one between the auxiliary heater and the storage, which
allows regulating the inlet temperature at the generator by a PID controller; another one at the outlet of the
tank, to give the possibility to install a second tank in series or in parallel with the first one, at a second phase
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of solar heating system development. A variable pump is installed to work with different volume flows
instead.
The chilling/user circuit is shown in Figure 1. It is a water loop which connects the prototype’s evaporator
with a tank equipped with electric resistances used to simulate the chilling load. A 3-way valve, installed just
before evaporator and activated by a PID controller, allows regulating the inlet temperature; while a variable
pump allows working with different volume flows.

Figure 2 Heating system of NH3‐LiNO3 Prototype

3.2 NH3-BaCl2 Prototype
The NH3-BaCL2 prototype is a water-cooled absorption chiller designed to produce 100kg of ice per day at a
temperature of – 10 ºC. Based on the first results obtained in the Refrigeration and Heat Pumps Laboratory
of the CIE,UNAM, it can dissociate the ammonia refrigerant at temperatures between 60 and 80 ºC (allowing
the coupling with flat plate solar collectors) with a cooling water for the condensation and the absorption
process between 30 and 35 ºC.
The core component of the chiller is the thermo-chemical reactor (STIR) which is a special tube and shell
heat exchanger consisting of finned tubes where the bi-hydrate barium chloride is located. Inside each tube
gas refrigerant distributors are placed. Outside the tubes but inside the shell, the thermal fluid (water) flows
in several passes. Depending on the process that is being executed within the reactor, i.e. if the refrigerant is
being dissociated (desorption) or if the heat resulting from absorption processes has to be rejected, the
thermal fluid will come from the heating and cooling systems which are connected alternatively to the
reactor.
The other components installed into the machine, which guarantee the sorption cycle, are: the condenser,
which is a flat plate heat exchanger where the vapour of ammonia produced during the desorption phase is
condensed; a storage, for collecting the condensed ammonia; the expansion valve, used for the lamination of
the ammonia going towards the evaporator; and, finally, the evaporator, which is also a flat plate heat
exchanger that evaporates the ammonia by using the heat contained in a mixture of an external circuit (“brine
circuit”). A series of motorized 3-way and 2 way valves are also installed with the aim to switch the external
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circuits (i.e. the heating and cooling water circuits) connected with the reactor and between the reactor and
the condenser and to keep pieces of circuits apart.

Figure 3 Pictures of the thermo-chemical reactor (STIR): a) tube and shell heat exchanger; b) gas
refrigerant (NH3) distributors; c) complete thermo-chemical reactor
In the first phase of set-up, for design and space reasons, only a reactor able to produce 50kg of ice per day
was installed (see Figure4). However, the other components, i.e. condenser, evaporator, storage for
condensed ammonia, were dimensioned and installed in view of the addition of a second rector (50kg of ice
of chilling capacity).
Due to the fact that the reactor performs both the desorption and the absorption process, this chiller is
characterized by a discontinuous operation (batch mode) where the four typical phases are cyclically shifted
within the machine and processed by couples (i.e. desorption-condensation and evaporation-absorption)
once per time. In particular, it has been designed to operate as day – night cycle, i.e. during the day the
ammonia refrigerant is dissociated; while, during the night, the vapour of ammonia is absorbed. In details:
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•

The heat produced by a solar collector fields is used to desorb the ammonia during the day. The
vapours generated are then condensed in the condenser trough the cooling water coming from the
heat rejection system and the liquid refrigerant obtained is stored into the container at high pressure.

•

Once the reactor (in this case desorber) has desorbed the whole ammonia, trough 3-way valves, the
external circuit connected to it is switched from the heating to the cooling loop. By means of the
cooling water, the pressure inside the reactor decreases and the evaporation-absorption processes
can proceed. This usually occurs when the solar energy no longer available, i.e. during the night.

•

From container of condensate, the refrigerant flows towards evaporator through an expansion valve,
which allows the passage of most of liquid at lower pressure (i.e. operating pressure in the absorber
and evaporator). In the evaporator, it evaporates suck up heat from the secondary coolant loop
which is cooled at -10 ºC and the same time, cools the water for freezing (- 4 ºC).

•

After the evaporation, the refrigerant vapour flows towards the reactor, which in this case works as
absorber. Here it is absorbed and form the initial compound again proceeding with a new cooling

cycle. The heat generated by the chemical reaction is dissipated by cooling water coming from the
heat rejection system .
When the second reactor will be installed, the chiller will be suitable to work in two different working mode:
in batch (parallel) mode3], for the ice production, and in discontinuous mode, for the air-conditioning
purposes.

Figure 4 Scheme of NH3‐BaCl2 Prototype
In order to test the machine at the real working conditions, the prototype is connected with three external
circuits which serve as sink and heat sources respectively. They are: the heating (i.e. solar) circuit, cooling
circuit and brine circuit (see Figure 5).
The heating circuit is composed of: a solar field, consisting of three evacuate tube collectors which can be
connected in series or in parallel by means of ball valves; an horizontal tank of 500l used to store the solar
heat; and a vertical tank, of 500l as well, provided with two electric heaters of 3 kW each to be used as backup when the temperature at the top of the solar tank is not high enough. These three parts are connected in
such a way that, depending on the working temperature conditions, the prototype can be feed directly by the
solar field, indirectly by the solar tank and finally by the back-up. This last is used also to test the prototype
at steady state conditions. Concerning the solar field, a TRNSYS simulation was carried out with aim to
individuate the best configuration of the solar collectors. It was performed using the TMY2 data of
Cuernavaca, where the prototype is installed, and the characteristic curves of the collectors installed. The
simulation showed that, even if the connection in series allows an higher temperature difference, the
connection in parallel is preferable for three reasons: the outlet temperature of the collector field is high
enough to feed the prototype, the peak power is higher and the yearly energy is bigger.
The cooling circuit is a water loop connected to a compressor chiller which provide the cool water at the
desired temperature to reject the heat produced during the condensation and the absorption process. The
brine circuit, instead, consists of a tank full of brine provided with three containers with water for the ice
production (see Figure 3). All three circuit are provided with variable pumps and three way valves at the
inlets of the prototype for the control of the flow rate and inlet temperatures respectively.
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Brine container

Heating system
Figure 5 Scheme of the NH3‐BaCl2 system
Furthermore, for the correct working of the prototype and for its start-up as well, other two complementary
circuits, which are not represented in the picture, are installed: the circuit for the dehydration of the barium
chloride and the circuit to produce the vacuum inside the chiller.
4. Theoretical and Experimental Results
In order to assess the performances of the two prototypes as well as to verify the presence of possible design
and operation gaps, a series of tests and numerical simulations have been carried out on them at different
working conditions. With this purpose and due to the experimental nature of the prototypes, a large
investment on electronic instrumentation was done to obtain all meaningful information about their operation
(i.e. temperature sensors, pressure transducers, flow and level meters and weather station).
Since the NH3-BaCl2 chiller is still in the commissioning stage, in the present document, only theoretic
results are showed on it. While, the operational protocol and test results obtained for theNH3-LiNO3
prototype are here described and analyzed.
4.1 NH3-LiNO3 Prototype: Operational Protocol
During each test, protocols to start, run at full capacity and stop the NH3-LiNO3 prototype were defined and
applied. Before doing this, a preliminary procedure was followed. In particular, it was verified firstly that:
1. All components were in equilibrium with the environment (i.e. at ambient temperature)
2. Within the machine, the two pressure levels were kept. It was done by closing the zone valves
between the generator/condenser and evaporator/ absorber.
3. The generator and the condenser were well isolated and in the condenser, a certain quantity of
ammonia was stocked in order to speed the start up of the machine.
After these checking, the following steps were executed:
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Start-up procedure
1. The valve between the generator and condenser was opened. In this way the pressure into the
generator increased becoming higher than that one into the absorber. This allowed a recirculation of
the solution between these two components.
1. After that all valves were opened with the exception of the lamination valve between generator and
absorber and the valve at outlet of condenser.
2. The pump in chilling circuit was switched on
3. Once the thermal oil reached the trigger temperature, it flowed within the generator where the
temperature and pressure of the ammonia vapour increases quite fast. When the pressure went up
10bar, the solution pump was switched on and the lamination valve between the condenser and
absorber was opened. The recirculation between these two components started
4. When the pressure went up 18 bar on high level pressure, the fan was switched on at the maximum
speed.
5. When enough ammonia was stored in the condenser, the valve at the outlet of the condenser was
opened. In this way, the refrigeration cycle could start and the pump for the recirculation of the
solution into the absorber was switched on. This improved the absorption process.
6. The recirculation of solution between absorber and generator was regulated by the solution pump
and the lamination valve. At the beginning the pump run at maximum speed in order to have all
tubes wet.
7. The expansion valve between the condenser and the evaporator was regulating on the base of the
chilling effect desired at the evaporator (i.e. bigger was the quantity of ammonia flowing into the
evaporator, bigger was the heat extract from the body to cool down) and of the working conditions.
Running protocol
Once the start-up procedure was ended, the running protocol was applied. It consisted of some tunings of
specific actuators made in real time depending on the real time machine’s performance and on the ambient
working conditions.
8. The recirculation between generator and absorber was always kept under control. The opening of
expansion valve placed between these two components was always adjusted in order to have always
solution in the tubes of the absorber.
9. At the same time, for specific expansion valve’s openings, the solution pumps was adjusted in order
to have the solution levels in the generator and absorber more or less constant and, in particular, the
level within the absorber around the half.
10. The pressure into the condenser was regulated trough the fan speed and trough the thermal oil flow
rate at specific inlet temperature.
11. When it is possible, the condensed ammonia quantity was regulated by the condenser fan speed.
12. Depending on the power delivered by the machine, the expansion valve placed between condenser
and evaporator
Stop protocol
2. When the test ended, the flux of the thermal oil into the generator was stopped. The valve at inlet of
the generator was closed. In this way the pressure and temperature in the machine started
decreasing.
3. The valve at outlet of condenser was also closed in order to store the condensed ammonia for the
following test (because the following test could start faster)
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4. When the pressure into the generator and condenser is around 12 bar, the condenser fan was stopped
and the valve between these two components was closed. This procedure in order to have weak
solution into the generator.
5. When the pressure goes down 12 bar, the solution pump was stopped, the valves between absorber
and generator including the expansion valve were closed (in this way the two pressure level are
kept) and the absorber fan was stopped.
6. The pump in the chilling circuit was stopped when the temperature of the ammonia in the refrigerant
circuit was around 4°C.
However, the process can be simplified with only some structural changes equally related to the refrigerant
and absorbent volumes in the absorber and generator. For the chiller operation a regulating loop can be
established between the generator heat and the cooling power in the evaporator, estimated based on the
evaporator outlet temperature which should be the selected as the operating temperature. As the system is air
cooled the cooling power is dependent on the ambient temperature. This will change the generator and
absorber pressures as it varies, and as a consequence it affects the flow through the solution and refrigerant
expansion valves. Therefore the regulation of the solution pump is important
4.2 NH3-LiNO3 Prototype: Test and Results

Figure 6 Powers and inlet and outlet temperatures at the evaporator of the NH3‐LiNO3 chiller, both on
water‐side and ammonia‐side, vs. time, at an ambient temperature ~ 30°C.
Figure 6 shows the powers and the inlet and outlet temperatures, both on water-side and on ammonia-side, of
the NH3-LiNO3 chiller's evaporator. They refer to a test aimed to analyze the impact of the ammonia rate
variation and condenser fan-speed on the chiller capacity. In particular, during the test, the opening of
expansion valve and the condenser fan speed are modified in four different steps at an ambient temperature
of around 30°C. Until 0.8 h, the machine is let work with a constant condenser fan-speed and with a fixed
opening of the expansion valve. In this time, it reaches the thermal equilibrium with its surrounding. At
0.813h, through a frequency multiplier, the fan speed is increased (from 20 to 30 Hz). This produces, on one
hand, an increase of the ammonia level into the condenser; on the other hand, a decrease of its pressure (due
to a lower temperature generated by a bigger air flow) with a consequent decrease of ammonia flow through
the expansion valve. The result is a decrease of chilling power of around 5% (see Figure 5). At 0.83h, the
expansion valve is opened in order to increase the ammonia flow which passes trough. The pressure and the
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temperature of ammonia vapour within the evaporator increase until the equilibrium is reached. At the same
time, the chilling powers, both on water and on ammonia side, increase while the evaporator outlet
temperatures decrease (chilling effect). At 0.98h, the fan speed is increased again (from 20 to 40 Hz). This
causes a reduction of the pressure and temperature within the condenser with a consequent reduction of the
ammonia flow through the expansion valve. This results again in a reduction of chilling power but in this
case of around 15%. At 1.06 h, the fan speed is increased until its maximum value (60 Hz) and the expansion
valve is completely opened. After a first period of stabilization, at 1.18h the machine reaches the equilibrium
with a chilling power of about 4.8kW on the water side.

Figure 7 Inlet and outlet temperatures of the thermal oil and of the solution of the NH3‐LiNO3 chiller's
generator vs. time at an ambient temperature ~ 30°C.
Figure 7 shows instead the inlet and outlet temperatures of the thermal oil and the solution at the NH3LiNO3 chiller’s generator. It is possible to observe that, once the thermal oil reaches the desired inlet
temperature at the generator, in this case 140°C, the chiller has stabilized rapidly, i.e. after 0.2h. After this
period, the solution outlet temperature reaches a temperature of around 110 °C.
Both these two tests show that the machine is quite stable at different working conditions.
4.3 NH3-BaCl2 Prototype: Theoretic results
A mathematical model of the NH3-BaCl2 prototype was developed and used to predict its performance and
to support the research team during the design phase. It is based on the equilibrium equations of the chemical
reaction between barium chloride and ammonia [4], which is:

BaCl2 ,8 NH 3 ↔ BaCl2 + 8 NH 3
In details: Equation 1 expresses the relation between the vapour pressure and temperature of the barium
chloride:
Equation 1

LogP = 23.05 −

2779
T
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Where P is the pressure in Pascal and T is the temperature in Kelvin. Equation 2 expresses the relation
between the vapour pressure and temperature of the ammonia.

LogP = 29.3 −

Equation 2

5017
T

They are both plotted in the Figure 8.
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Figure 8 Thermodynamic equilibrium of barium chloride and ammonia

Through this model, the design parameters and the performances of the chiller , i.e. COP and chilling
capacity, at different working conditions were determined. In Table 2a) and in Table 2b) the absorption
temperatures and pressures corresponding at different evaporator temperatures are reported; the desorption
temperatures and pressures corresponding at different condenser temperatures are listed too.
Table 2 a) Absorption temperatures and pressures
at different evaporator temperatures

Table 2b) Desorption temperatures and
pressure at different condenser temperature

TE (°C)

PE=PA (bar)

TA (°C)

TC (°C)

PC=PD
(bar)

TD (°C)

-20

1.901

19.47

20

8.574

47.66

-15

2.362

23.23

25

10.031

50.91

-10

2.908

26.91

30

11.669

54.11

-5

3.548

30.52

35

13.504

57.26

0

4.294

34.07

40

15.549

60.35

5

5.158

37.56

In Table 3, the theoretic COP calculated at different condenser and evaporator temperatures are listed.
Table 3 Theoretic COP at different condenser and evaporator temperatures

1080

T condenser

TE(-20)

TE (-15)

TE (-10)

TE (-5)

TE (0)

TE (5)

TE (10)

15
20
25
30
35
40

0.531
0.489
0.452
0.418
0.388
0.531

0.537
0.494
0.456
0.422
0.392
0.537

0.542
0.499
0.461
0.426
0.396
0.542

0.547
0.504
0.465
0.430
0.399
0.547

0.552
0.508
0.469
0.434
0.403
0.552

0.557
0.513
0.473
0.438
0.406
0.557

0.562
0.517
0.477
0.441
0.409
0.562

From the Table 2a), it is possible observe that the chiller can produce chilled water suitable for airconditioning purposes, i.e. TE= 5°C, at high absorption temperatures, i.e. around 40°C (TA=37.56°C). To
reach lower evaporation temperatures suitable for food storing instead, it is necessary reduce the absorption
temperature (e.g. TE= -20°C; TA=19.47°C). Table 2b) shows the possibility to use solar thermal energy at
low- medium temperature (< 150ºC) as driving heat when the absorption/condensation processes use air as
heat vector (i.e. TC~ 40°C).
Table 3 shows that, theoretically, it is possible to have acceptable COP values at working conditions which
are considered extreme for this kind of machines. These values vary from ~0.4 (worst case) which occurs at
evaporator temperature, TE, equal to -20°C and condenser temperature, TC, equal to 35°C, until to 0.57 (best
case) which occurs at TE= 10°C and TC= 40°C.
5. Conclusion
Two novel solar sorption chillers have been developed through the technological complementarities and the
synergy established among the research centres involved in REFSOL project. Big efforts were done during
the designing and construction phases of the two prototypes which were strongly supported by dynamic
simulations.
Even if the experimental analysis is just started, the first results obtained, especially those ones related to the
NH3-LiNO3 prototype, are encouraging and let hope in future commercial development of these equipments
in the solar refrigeration market. In particular, tests carried out on the NH3-LiNO3 prototype have shown
that under steady conditions the machine has stabilized rapidly and has good performances in terms of
chilling capacity which is around 5kW. Furthermore the tests aimed to analyzed the influence of the fan
speed and the opening of expansion valve on the performance chiller have shown that big improvements can
be obtained with the internal control strategies. Concerning the NH3-BaCl2 prototype, although only
theoretic results obtained through the numerical model are available, they allow being optimistic about its
potential.
In the next future, an intensive experimental campaign will be started in order to achieve, on one hand, a map
of performance of the two prototypes at different working conditions; on the other hand, the optimization
both of their design and of the internal control strategies.
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1.5 Solar and Heat Pump Systems

ANALYSIS ON THE OPERATING CHARACTERISTICS OF SOLAR
WATER HEATER IN COMBINATION WITH AIR SOURCE HEAT
PUMP WATER HEATER
Jiang Ai-guo, Wang Xiao-zhong
Shanghai Maritime University, Shanghai, China
ABSTRACT
Solar water heater cannot supply hot water in cloudy and raining days alone. It in combination with air
source heat pump water heater (ASHPWH) is a good choice. The performance of the two kinds of water
heater is affected by the water temperature. It is important that the ASHPWH operate at a right temperature
of the water. A solar water heater with 4m2 flat-plate collector assisted by a 1.5kW ASHPWH is studied in
this paper. The results show that both the collector efficiency of the solar water heater and the COP of the
ASHPWH system decreases as the water temperature increases. The highest and lowest collector efficiency
of the solar water heater are 54.4% and 45.6% respectively. The COP of the ASHPWH system ranges from
6.48 to 2.61 as the water temperature increases. Operating sequences of these two kinds of water heater
affect solar energy utilization ratio and the power input of the ASHPWH system.

Keywords: solar; water heater; air source; heat pump
1. INTRODUCTION
Solar water heater is wildly used today. But solar water heater cannot supply hot water in raining days. A
auxiliary hot water heater is necessary for it to insure that hot water can be supplied all aroud the year. Air
source heat pump water heater (ASHPWH) acquires hot water by absorbing heat energy from the ambient air
and has been used since the 1950s. Solar water heater in combination with ASHPWH is a good choice(B. J.
Huang et al. 2004,2001; J. P. Chyng et al. 2003). Because of the high COP of ASHPWH (Jie Ji et al. 2005),
it can save more energy than electric water heater. As the COP of ASHPWH changes with water
temperature obviously, rational water temperatures can let it operate at high COP which can save more
energy. Water temperature also affect the efficiency of a solar water heater. So right water temperatures are
very important to solar water heater in combination with ASHPWH. This paper reports on simulation studies
on the operating performance of a solar water heater with 4m2 flat-plate collector and a 1.5kW ASHPWH.
The simulation results and their analysis are also presented.
2. SIMULATION OF SOLAR WATER HEATER

2.1. PARAMETERS AND CONDITIONS
A solar water heater with 4m2 flat-plate collector is studied. The 4m2 flat-plate collector is composed of two
pieces collectors. The parameters of each piece of collector is listed in Tab.1. Tab.2 shows the conditions of
the simulation.
Tab. 1: Parameters of the collectors

length

width

stuff

tube
number

tube external
diameter

tube internal
diameter

tube
pith

fin
thickness

2m

1m

copper

8

10cm

9cm

125cm

0.3mm
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Tab. 2: Conditions

radiation
intensity

wind
velocity

absorptivity
of fin

reflectivity of
cover plate

transmissivity of
cover plate

ambient
temperature

800W/m2

5m/s

0.95

0.12

0.88

20℃

2.2. RESULTS
In the simulation of the solar water heater, the ambient temperature is 20℃ and the temperatures of the
tested water are 20℃,25℃,30℃,35℃,40℃,45℃and 55℃. The collector efficiency of the solar water
heater is simulated at each of the temperature and the results are shown in Fig.1.
The results show that the collector efficiency of the solar water heater gradually decreases from 54.4% to
45.6% as the water temperature increases. This is caused by the increasing of the thermal loss with the water
temperature. The results also show that the collector efficiency is acceptable when the water temperature
increases to 55℃.
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Water Temperature/ C

Fig. 1: collector efficiency of the solar water heater

HPWH
3. SIMULATION OF AS
ASHPWH

3.1. CONDITIONS
A 1.5kW (rated power) ASHPWH is studied to find out the effects of the water temperature to the COP of
the ASHPWH system. In this simulation the dry-bulb temperature is 20℃ and the wet-bulb temperature is 15
℃. The initial and final temperature of the water are 20℃and 55℃ respectively.

3.2. RESULTS
The COP variation with the water temperature is showed in Fig.2. The results show that COP decreases
rapidly with time as the water temperature increases. During the water temperature changing period, the COP
of the ASHPWH system ranges from 6.48 to 2.61. This is caused by the increasing of the power input of the
ASHPWH system.
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Fig. 2: COP of the ASHPWH

system

4. DISCUSSION AND CONCLUSIONS
According to the simulation results, both the collector efficiency of the solar water heater and the COP of the
ASHPWH system decreases with time as the water temperature increases. The highest and lowest collector
efficiency of the solar water heater are 54.4% and 45.6% respectively. So letting solar water heater operates
at lower water temperatures can utilize more solar energy. The COP of the ASHPWH system ranges from
6.48 to 2.61 as the water temperature increases from 20℃ to 55℃. Operating at lower water temperatures is
also benefit for the ASHPWH system and more energy can be saved.
When solar energy is not enough, such as cloudy days, the solar water heater should combine with the
ASHPWH, either the solar water heater operate at lower water temperature or the later system do. Operating
sequences of these two kinds of water heater affect solar energy utilization ratio and the power input of the
ASHPWH system. Because the COP of the ASHPWH decreases more rapidly than the collector efficiency
of the solar water heater do, letting the ASHPWH operate fistly and the solar water heater operate
afrerwards in cloudy days is a good choice. The optimum operating strategy of the solar water heater in
combination with ASHPWH is too complicated to discussing in this report. More discussions will be given
in the future studies.
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DOMESTIC SOLAR/HEAT PUMP HEATING SYSTEMS WITH LOW AND
HIGH EFICIENCY COLLECTORS IN MEDITERRANEAN AREAS.
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1. Abstract
Recently systems that combine solar thermal technology and heat pumps have been marketed to heat
houses and produce domestic hot water. This new combination of technologies is a welcome
advancement, and need to be improved in the configuration. These systems will be cleaner as long as the
electricity will improve the renewable energy fraction and they improve its efficiency. In Mediterranean
areas, where there are less months of heating, the solar thermal systems for heating have a several months
with overheating; this fact is an obstacle for the designers and the users. The combination of solar-thermal
collectors and heat pumps provides interesting possibilities for innovative and energy efficient heating
systems with a high fraction of solar energy. Despite is high cost these systems are gaining more and
more importance due to the rising cost of the limited fossil resources. Several configurations of solar
systems have been studied. Some of them use cheap collectors that make the investment more attractive.
2. Introduction
The functionality of these systems can lead to special operating conditions which significantly differ from
conditions in standard solar systems, e.g. low collector temperatures below the dew point.
The cooler months when the external temperature is below 7 ºC, geothermal heat pump systems have a
higher efficiency than standard heat pumps. The solar systems with water-water heat pump with a big
storage tank can have as well a similar efficiency than the geothermal ones.
The most efficient system consists in using geothermal heat pumps in a closed loop circuit, but it’s one of
the most expensive configurations, because it needs a big surface of pipes for the heat transfer with the
ground. The biggest investment is the excavation (horizontal or vertical). The open loop systems are
cheaper but have more barriers (environmental and jurisdictional).
One interesting combination is for houses with big storage water tank or swimming pool, where we can
save the buffer storage tank using the isolated pool or tank. There are various solar pool heating systems
available, using high or low efficiency collectors. These systems cost little to run - the main cost is the
electricity for the pump. Over the life of the system, the total cost will end up being cheaper than systems
that use big storage tanks and close to that of the geothermal devices.
In Mediterranean areas many houses have a pool or a rain storage tank; in fact a lot of municipal
regulations obligate to have such tanks for family houses. Many of the houses with swimming pool have
solar collectors for its use it in autumn months. This kind of houses can take profit of the solar collectors
all the year, without overheating. The heat can be dumped into a swimming pool in autumn months, and
use the swimming pool like a big buffer tank in the cooler days, with enough storage to store during the
cloudy days. This pool will need to be aisled and covered to avoid heat losses.

3. Configurations of the solar HP heating systems
As the feasibility of a solar system depends on its fraction of primary energy saving, different plant
configurations, including different elements, are proposed according to the solar collector efficiency and
heat pump efficiency to see the optimum system with less energy consumption.
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The basic reference system includes the minimum solar collector area to partly meet DHW energy
demands of the house, between 60 and 95% depending on the climatic zone and on the building demand,
according to the criterion given at the Spanish Energy Saving Basic Document (DB HE).

Fig. 1: Schematic diagram of the high efficiency solar thermal contribution system with an air heat pump

In this first configuration the panels are high solar efficiency, and an air-water heat pump, we use
between a 500 and 1000 liter storage tank temperature, the solar energy must contribute to the DHW,
help to the house heating or pool system production.
Auxiliary heat pump set point temperature must be high (about 50 ºC) during winter in order to activate
the heating system (heated screed floor or fan coils), but can be reduced (to about 30 ºC) in autumn time
if the pools are used.
The heat pump is absorbing the heat from the air, these systems are very usual in Mediterranean areas,
where the winter it’s quite warm (7-10 ºC), only they have some days below 0ºC.
The surface of the solar panels can go from 6 to 18 square meters, depending of the size of the house
and the thermal demand. These systems provide with solar energy more than the 70% of the DHW and
30-50% of calefaction, and the 100 % of the pool necessities.
We can cover up to a 50% of the thermal necessities, with a COP of 3 to 4, consuming only the 16% of
the energy from the electricity.
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Fig. 2: Schematic diagram of the high efficiency solar thermal contribution system with a water heat pump

In the second configuration, the solar panels are low efficiency, with a water-water heat pump, it’s a
fully integrated system: the heart of the system is the heat pump but solar energy provides energy to the
evaporator side of the heat pump, either through a storage tank or directly, and when possible to the
DHW tank and/or to the heating distribution system.
The storage tank is between 300-500 litters. The surface of the unglazed solar panels, because they are
low efficiency is tree times bigger than the previous configuration, nevertheless the cost its tree times
cheaper. We will require from 25 to 50 square meters, depending on the size of the house and the
thermal demand. These systems increase with solar energy the efficiency for DHW and space heating,
during some month provides directly the DHW and heating necessities, and the 100 % of the pool
demand, with a volume between 50-100 m3.
We can cover up to a 50% of the thermal necessities, with a COP of 4 to 5, consuming only the 16% of
the energy from the electricity.
The biggest problem is the low efficiency of the solar panels when they are working with differences of
more than 20ºC between the water and ambient temperature the efficiency it’s falling down. The
systems 2 and 3 need less storage volume due to the pool acting as a big buffer.
The advantage of this system it’s than the water of the pool can go through the solar panels, saving
pumps and heat exchangers, thus simplifying the system. The biggest disadvantage it’s that we will need
a bigger surface of solar collectors.
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Fig. 3: Schematic diagram of the low efficiency solar thermal contribution system

In the third configuration, we take the same solar panels of the first configuration with a high efficiency,
with a water-water heat pump, it’s a fully integrated system: the heart of the system is the heat pump but
solar energy provides energy to the evaporator side of the heat pump, either through a storage tank or
directly, and when possible to the DHW tank and/or to the heating distribution system.
The storage tank is between 300-500 litters. The surface of the solar collector surface will be larger than
in the first system to be able to keep warm the pool in winter, it can go from 12 to 24 square meters,
depending on the size of the house and the thermal demand. These systems increase the efficiency for
DHW and space heating with solar energy. During some month provide directly the DHW and heating,
and a 100 % of the pool necessities, with a volume between 50-100 m3.
We can cover up to a 60% of the thermal necessities, with a COP of 4 to 5, consuming only the 11% of
the energy from electricity. We are taking the advantages of the two previous systems.

4. Results
Simulating the whole year system we reach different solar contributions, due to the efficiency of the
system, the working temperature of the storage system, and the different COP of the heat pump. It has
been simulated the minimum temperature of the pool, for the whether conditions at Balearic Island’s, we
have found out than the water-water heat pump has a higher efficiency than the air-water heat pump.
The average temperature never goes down of 11 ºC, this validates the second and third system in front of
a geothermal heat pump of either close or open loop. There are some short time periods when the pool
temperature decreases up to 9ºC, when the ambient temperature is -3ºC. For cooler areas, we can arrive
to freeze the pool; it has been studied than the water/ice latent heat storage tank to the heat pump
extraction circuit has a bigger efficiency than the air systems, and the latent heat increase the storage
energy capacity [Sonnleitner- Trinkl].
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Fig. 4: Temperatures of the pool and air at Balearic Island’s.
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Fig. 5: Efficiency of solar panel with gradient temperature (ambient-averaged solar panel)

For avoiding having a low averaged efficiency, each system tries find out the maximum efficiency for
the solar panels to have the maximum solar energy gains, the unglazed panels (low) are working usually
with a difference of temperatures of less than 10ºC, the pool will be usually in winter at 20ºC and in
spring and autumn at 25ºC, in summer they work close to 50ºC, making a direct heat transfer to the
DHW, working with a gradient temperature of 25 degrees.
The standard solar panels work with gradient temperatures of more than 25 degrees all the year, because
they transfer the energy to the DHW than it’s more than 50ºC. The result it’s that the efficiency it’s
similar in both systems.
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40

Tab. 1: Table monthly set point and efficiency of the three systems.

System 1. High ef. Solar
heat pump (air)
Month
JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEPT
OCT
NOV
DEC
Average

efficiency
44%
45%
43%
47%
51%
54%
57%
57%
52%
47%
49%
45%
49%

ac. Temp.
50
50
50
50
50
50
50
50
50
50
50
50
50

System 2. Low solar
ef.heat pump (water)
efficiency
45%
50%
43%
37%
47%
29%
11%
11%
27%
44%
42%
53%

ac. Temp.
20
20
25
30
30
40
50
50
40
30
25
20

37%

32

System 3. High solar ef.
heat pump (water)
ac.
efficiency
Temp.
55%
30
56%
30
52%
40
55%
40
58%
40
46%
60
50%
60
49%
60
61%
40
56%
40
59%
30
56%
30
54%
42

We can see that we can arrive to the same averaged solar fraction with different efficiencies and monthly
solar fractions. The system 2 has a low efficiency in summer because it produces DHW with the solar
panels without any auxiliary system. The fist and the third system have overheating from May to
September that potentially could be used for solar cooling applications. The second system reduces the
overheating working with higher temperatures, thus reducing its efficiency during summer months to
about 11%. The solar heat pump with solar collectors it’s a good option with high efficency compressors,
and they can reduce the overheating when combined with absortion systems.

Tab. 2: Table monthly solar fraction of the tree systems

Month
JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEPT
OCT
NOV
DEC
Average
Average aux. Energy cons. (MJ)
Aux. Energy cons. MJ/m2 year
Aproximated investment Cost (€)

System 1
6-18 m2

System 2
25-50 m2

System 3
12-24 m2

20%
20%
31%
38%
54%
100%
100%
100%
92%
45%
33%
18%
54%
12.812
107
12.325,11 €

0%*
0%*
8%*
42%*
89%
100%
100%
100%
100%
87%
19%*
0%*
54%
13.231
110
8.489,41 €

32%
32%
49%
59%
83%
100%
100%
100%
100%
72%
53%
30%
68%
8.846
74
10.472,48 €

The system 2 had the entire year solar energy fraction, but the cooler months it’s not straight, it’s
indirect through the heat storage tank (pool), to the heat pump extraction circuit, increasing the
efficiency.
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5. Conclusion
Solar heat pump systems are a good solution for family houses, where we can arrive to high comfort
levels with very low energy consumption. There are a lot of systems to be improved for engineers and
manufacturers of solar collectors and/or heat pumps. There is a need for the development of ’plug-andplay’ or ‘ready-to-install’ system kit solutions, at least to avoid errors in dimensioning and assembling.
To ensure energy efficient operation of such solutions, a control unit which continuously monitors the
basic functions of the system including adequate system self-control strategies should be aspired.
The best option from the energy savings it’s the thrid system, but the most economical it’s the second
one, with unglazed panels.
The unglazed panels combined with a pool or a big storage tank constitute a good system in
Mediterranean areas, with similar efficiency to geothermal systems, and a lower cost, and simpliying the
hydraulics and control systems.
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The electric function, solar energy and efficient water heating
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1. Introduction
In Uruguay much energy is used for water heating purposes. Most frequent energy sources are Joule effect
electricity (JUL) and gas combustion, while renewable energy sources are seldom used. The usual
requirements on solar heating systems (generally thermo-siphon systems TS): a) collectors should face the
equator, b) they should be inclined conveniently, c) shadows, when sun is on, should be minimized, are
minimal barriers when compared to the daily, seasonal and weather generated variations in solar irradiance.
To lift these barriers implies to have at our disposal an auxiliary source and a thermally insulated hot water
storage
Less used still, than TS, are the heat pump water heating systems (HPWH or HP), although their recognized
ability to extract “cold BTUs” from ambient and transform them into “hot BTUs”. Two versions of the HP
will be studied; the AHP with ambient air as the cold source and the SHP with ambient air preheated by the
sun as the cold source.
In this paper a comparison of the four ways of heating water JUL, TS, AHP and SHP, in their electricity
requirements is made. Results presented, are specific electricity consumption, economical behavior,
greenhouse gas generation and lost of load probability.
Twenty cities around the world have been studied. Results from Australia are in good accord with values
from [Lu Aye et al. (2002)].
2. Simulation models
A international standard [ UNIT-ISO 9459-2, (2009)] was used to simulate our Solar system TS. It
establishes test procedures for characterizing the performance of solar domestic water heating systems with
600 liters storage capacity or less, operated without auxiliary boosting, and for predicting annual
performance in any given climatic and operating conditions, but only for one evening draw –off.
A “black box” approach is adopted which involves no assumptions about the type of system under test; the
procedures are therefore suitable for testing all types of systems, including forced circulation, thermo-siphon,
freon-charged and integrated collector-storage systems.
To adjust the model to our needs, an ideal auxiliary Joule effect electric heating system is added at the end of
the line, that instantly complement the heat required to fulfill our temperature requirements.
Two strategies are suggested by the standard, to manage the hot water daily demand; temperature limited
(MOLTEM, variable daily volume draw-off with a constant temperature ) or volume limited (MOLVOL
variable daily temperature draw-off with a constant volume extraction ).
The MOLVOL strategy was selected, controlling the overheating temperature (Tmax) and the auxiliary heat
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- e-mail:
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Montevideo, March 21, 2011
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activation temperature (Tctrl).
The heat pumps were modeled using the Carnot theoretical efficiency, adjusted by a technological factor
(fHPWH).
3. Locations and weather data
Twenty cities from all latitudes and climates were chosen. Satellite meteorological data, at our disposal,
through Internet, from Surface Meteorology and Solar Energy [NASA; 2010] and the Australian
Government Bureau of Meteorology [AGBM; 2010] were used. Daily series of maximum temperatures,
minimum temperatures and global solar irradiation on horizontal plane, from the years 2000, 2004 and 2010
were examined and annual averages are shown in table 1.

Table 1
Satellital Meteorological Superficial Average Annual Data
cities

latitude

longitude

Anchorage (2000)
Estocolmo (2000)
Edimburgo (2000)
Beijing (2000)
Sevilla (1990)
Jerusalen (2004)
Florida (2004)
Caracas (2000)
Darwin (2010)
BeloHorizonte (2000)
Brisbane (2000)
Salto (2004)
Perth (2010)
Sydney (2010)
Montevideo (2000)
Adelaide (2010)
Camberra (2010)
Melbourne (2010)
Hobart (2010)
PuntaArenas (2000)

61° 13' N
59° 19' N
55° 57' N
39° 54' N
37° 23' N
32° 00' N
28° 00' N
10° 29' N
12° 27' S
19° 55' S
27° 28' S
31° 23' S
31° 57' S
33° 51' S
34° 53' S
34° 55' S
35° 18' S
37° 48' S
42° 52' S
53° 08' S

149° 54' W
18° 03' E
3° 11' W
116° 24' E
5° 59' W
35° 00' E
81° 00' W
65° 54' W
130° 50' E
43° 56' W
153° 01' E
57° 57' W
115° 51' E
151° 12' E
56° 09' W
138° 36' E
149° 07' E
147° 57' E
147° 19' E
70° 54' W

Tmin (°C) Tmax (°C) Tm (°C)
-5
6
5
7
14
14
20
23
24
17
15
14
12
15
14
12
7
10
8
1

3
10
12
17
23
24
24
27
33
26
26
25
26
23
21
22
20
20
18
6

-1
8
8
12
18
19
22
25
28
21
20
20
19
19
17
17
14
15
13
4

H
2
(kJ/m /day)
9.891
10.254
8.727
15.631
18.025
18.786
17.486
21.793
22.343
18.451
18.974
17.148
21.718
18.718
16.213
20.306
19.605
17.679
17.286
9.044

H
2
(kWh/m /day
)
2,75
2,85
2,42
4,34
5,01
5,22
4,86
6,05
6,21
5 ,13
5,27
4,76
6,03
5,20
4,50
5,64
5,45
4,91
4,80
2,51

4. Description of simulated systems
4.1 TS
The TS system consists of a solar collector, a hot water storage tank mounted on top, natural thermo-siphon
water circulation between them and an auxiliary electric heater in the outlet.
In the MOLVOL operation, the nominal daily draw off volume Vn, is fixed. If the draw off temperature Td
at night is less than the control temperature Tctrl, the auxiliary heat is turned on, until this temperature is
reached and only then the volume Vn is extracted.
If a Td temperature greater than Tmax is anticipated, then Td is set to be Tmax, to prevent overheating.
The replacement water volume is equal to Vn, but its temperature is low, equal to Tmain. The storage
mixture temperature Ts will depend on Vn, the storage volume Vs and the previous storage temperature Ts.
4.2 AHP
The AHP system consists of a heat pump, working between a cold source realized by ambient air, with a
temperature Ta, and a hot source at a control temperature THPWH. The electricity required is calculated with a
theoretical Carnot coefficient of performance COP, jointly with a technological factor fHPWH. Day after day
a water volume Vn, at the cold main temperature Tmain is heated to the THPWH temperature. No storage is
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considered
4.3 SHP
The SHP system consists of a heat pump, working between a cold source realized by ambient air heated by
the sun, with a temperature Ta + 15°C, and a hot source at the control temperature THPWH. The electricity
required is calculated with a theoretical Carnot coefficient of performance COP, jointly with a technological
factor fHPWH. Day after day a water volume Vn at the cold main temperature Tmain is heated to the THPWH
temperature. No storage is considered.
4.4 JUL
The JUL system consist of an electric heater activated by Joule effect. Day after day a water volume Vn at
the cold main temperature Tmain is heated to the THPWH temperature. No storage is considered.

Table 2
Reference Data for Montevideo
optical efficiency of solar
collectors
heat loss by collectors
collectors area
collectors tilt angle
superficial azimuth
storage tank volume
Heat loss through storage walls
Montevideo´s longitude
Montevideo´s latitude
solar constant
albedo
nominal daily consumption
T control HPWH
T control auxiliar
Tcontrol maxímum
T mains cold water for day n and
maximum and minimum
temperatures in the year
technological factor of heat
pumps AHP y SHP

FR(τα) (%/100)
FRUL (W/ºC/m2 )
Ac (m2)
β (°)
γ (°)
Vs (lt)
Us ( kW / K )
ψ
ϕ
Gsc (kW / m2)
ρ
Vcn (lt)
THPWH (°C)

0,6967
5,6508
6
35°
180°
400
0,00338
56° 09' 59,15'' W
34° 53' 00,00'' S
1,367
0,2
270
70

Tctrl (ºC)
Tmax (°C)

T main =

(T

a
max

+

2

T

a
min

) + 0.35 (T amax −T amin )
2

f HPWH

70
70
 2π (n − 51) 

365 

cos 

0,7

5. Specific electricity consumption
5.1 Temperature settings
Specific energy consumption of a water heating system can be defined as the ratio of the electrical energy
used to the volume of water heated in the year (kWh / literH2O).
For the TS system, the draw off temperature Td is limited twice, by a maximum temperature Tmax, to avoid
overheating, and a control temperature Tctrl to activate the Joule effect in the electric heater, when Td is less
than Tctrl.
For the AHP and the SHP systems, the hot source temperature is made equal to the hot water supply
temperature THPWH.
For the JUL system the maximum thermostat temperature is set equal to Tctrl and the main cold water
temperature is calculated in terms of the maximum and minimum ambient temperatures, Tamax and Tamin, by
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the formula shown in Table 2.
So a comparison can be carried out Tmax = Tctrl = THPWH.
5.2 Results and Discussion
In figure 6 and in table 3, our MOLVOL results are displayed. As expected and according to the simplified
model adopted, AHPs, not being sun assisted, have a higher specific electricity consumption than the SHPs.
On the other hand TS specific electricity consumption may be less, may be in between or may be greater than
values for AHP and SHP according to latitude and climatic conditions.
The Uruguayan cities Salto and Montevideo TS consumptions, have higher values than AHP and SHP,
escaping a somehow latitude dependent behaviour, as shown in table 3.

Figure 1

Specific energy consumption to heat water
0,085
0,08
0,075
0,07
0,065
0,06
0,055
0,05
0,045
kWh / lt
0,04
0,035
0,03
0,025
0,02
0,015
0,01
0,005
0

TS

SHP

AHP

Hobart

Punta Arenas

Melbourne

Adelaida

Canberra

Sydney

Montevideo

Salto

Perth

Brisbane

Darwin

Belo Horizonte

Florida

Caracas

Jerusalen

Sevilla

Beijing

Estocolmo

Edimburgo

Anchorage

JUL

Table 3

Specific energy consumption to heat water (kWh / liter H2O)
TS
Anchorage
Stockholm
Edinburgh
Beijing
Sevilla
Jerusalem
Miami
Caracas
Darwin
Belo Horizonte
Brisbane
Salto
Perth
Sydney
Montevideo
Adelaide
Canberra
Melbourne
Hobart
Punta Arenas
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0,05017
0,04176
0,04652
0,01799
0,01226
0,01150
0,00986
0,00260
0,00128
0,00798
0,00772
0,01422
0,00461
0,00908
0,01887
0,00858
0,00962
0,01445
0,01286
0,05218

SHP
0,01971
0,01491
0,01490
0,01360
0,01034
0,01032
0,00800
0,00685
0,00629
0,00903
0,00959
0,01007
0,01075
0,00999
0,01060
0,01116
0,01299
0,01207
0,01283
0,01725

AHP
0,02463
0,01941
0,01938
0,01781
0,01408
0,01405
0,01145
0,01011
0,00932
0,01256
0,01319
0,01373
0,01446
0,01370
0,01444
0,01502
0,01707
0,01607
0,01694
0,02205

JUL
0,07871
0,07207
0,07167
0,06729
0,06002
0,05970
0,05532
0,05213
0,04855
0,05649
0,05768
0,05860
0,05942
0,05947
0,06143
0,06191
0,06527
0,06404
0,06589
0,07690

6. Economic evaluation
The following battery of economic methods, that take into account the time value of money, will be used
[Rosalie T. Ruegg, et al, (1981)]:
•

VA – present value of life-cycle costs method in electricity.

• VAN – present value of net savings method in electricity of TS, AHP and SHP respect to JUL in life
cycle.
• VANP – annual value of net savings method in electricity of TS, AHP and SHP respect to JUL in
life cycle.
•

TIR – internal rate of return method.

•

PBK – payback method.

•

B / C – benefit/cost method (savings to investment ratio).

•

LPC – levelized production cost

Reference calculation was made for a life cycle of 20 years, discount rate of 7.5%, inflation rate of 7.5% and
a salvage of 35% at the end of the life-cycle. The price of kWh is 1,6763 URU / kwh for a quotation price
of 20 URU / USD. To level the very difficult task of assigning initial costs all over the world, all unit prices
were set equal to USD 2000 and its installation cost was estimated in 10% of the unit cost.
The present value of net savings of TS, AHP and SHP respect to JUL, are displayed in Figure 7. In table 4
calculated values with different economic methods are compared for all cities, using a colour code. The
technological factor adopted is fHPWH = 0.7, which is a reasonable value for this comparison and will be
explained in Section 10.4.
The Uruguayan cities Salto and Montevideo have higher HP VANs values than TS, revealing the
convenience of using HPs.

Figure 2
Present Value of Net Savings (VAN)
Savings in heating water by AHP, SHP, and TS
compared to the Joule effect heating JUL
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Table 4
Economical pointers in the water heating process

0,040 0,034 0,101

26% 32% 32% 6 5 5

4

3,7 4,1 4986

4958

4312 12561 7575 7604 8249 743 746 809 0,040

0,040 0,035 0,102

26% 30% 30% 7 5 5

4

3,5 3,8 4106

4386

3810 11444 7339 7059 7634 720 692 749 0,037

0,040 0,035 0,104

26% 30% 30% 6 5 5

4

3,4 3,7 3988

4381

3808 11396 7408 7016 7589 727 688 744 0,036

0,040 0,035 0,104

24% 29% 29% 7 6 6

3

3,3 3,6 3736

3981

3450 10723 6987 6742 7273 685 661 713 0,037

0,039 0,034 0,106

26% 27% 27% 6 6 6

4

3,2 3,4 2621

3774

3274 10232 7611 6458 6958 747 633 683 0,027

0,039 0,034 0,107

26% 26% 26% 7 6 6

4

3,0 3,2 2417

3654

3188

7265 6028 6494 713 591 637 0,027

0,041 0,036 0,109

26% 29% 29% 6 6 6

4

3,3 3,6 3447

4151

3609 10903 7455 6752 7294 731 662 715 0,033

0,040 0,035 0,105

26% 29% 29% 6 6 6

4

3,4 3,6 3407

4248

3695 11086 7678 6837 7391 753 671 725 0,032

0,040 0,035 0,105

Salto (2004) 23% 30% 24% 7 5 7

3

3,3 2,8 4556

4331

4364 10216 5660 5886 5852 555 577 574 0,042

0,040 0,041 0,095

Perth (2010) 29% 30% 30% 6 5 5

4

3,4 3,7 2930

4443

3873 11352 8422 6909 7479 826 678 734 0,027

0,041 0,036 0,104

26% 30% 30% 6 5 5

4

3,5 3,7 3617

4327

3757 11361 7744 7033 7604 760 690 746 0,033

0,040 0,034 0,104

23% 24% 27% 7 7 6

3

3,5 3,8 5121

4440

3850 11662 6541 7222 7812 642 708 766 0,045

0,039 0,034 0,104

27% 30% 30% 6 5 5

4

3,5 3,8 3540

4530

3936 11736 8196 7205 7800 804 707 765 0,031

0,040 0,035 0,103

29% 32% 32% 6 5 5

4

3,6 3,9 3699

4844

4218 12252 8553 7408 8034 839 727 788 0,031

0,040 0,035 0,102

26% 32% 32% 6 5 5

4

3,6 3,9 4441

4691

4076 12062 7621 7372 7986 748 723 783 0,038

0,040 0,035 0,103

27% 32% 32% 6 5 5

4

3,7 4,0 4198

4825

4192 12347 8148 7522 8154 799 738 800 0,035

0,040 0,035 0,102

15% 32% 32% 12 4 4

2

4,1 4,5 10240 5610

4872 14038 3799 8428 9166 373 827 899 0,073

0,040 0,035 0,100

1
1
1

2
2
2
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2
2
2

1
1
1

1
2

2
2
2

1
1
1

1
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1
1
1
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3,9 4,3 9370
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2
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15% 32% 32% 12 5 5
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0,039 0,034 0,101
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2
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LOGICA DE
COLORES

SHP

0,042 0,036 0,099

0,5
1,5
2,5

AHP

5251 14317 4393 8311 9066 431 815 889 0,069

TS

TS

6006

TS

4,1 4,5 9924

TS

AHP

precio nivelado - U$S/kWh

AHP
SHP

VANP VAN - actualizado actualizado neto
neto - (U$S/vida)
promedio (U$S/año)

2

Sydney
(2010)
Montevideo
(2000)
Adelaide
(2010)
Camberra
(2010)
Melbourne
(2010)
Hobart
(2010)
PuntaArenas
(2000)

SHP

VA - total actualizado (U$S/vida)

17% 32% 32% 11 4 4

Anchorage
(2000)
Estocolmo
(2000)
Edimburgo
(2000)
Beijing
(2000)
Sevilla
(1990)
Jerusalen
(2004)
Florida
(2004)
Caracas
(2000)
Darwin
(2010)
BeloHorizont
e (2000)
Brisbane
(2000)

AHP

ciudad

Beneficio/
Costo
SHP

PBK
(años)

TIR (%)

1
1
1

7. Greenhouse gas generation
The greenhouse gas generation of a water heating system relies on an estimation of greenhouse gases
produced over the lifetime of the system. The total equivalent warming impact (TEWI) is used as an
indicator, based in the use of the global warming potential (GWP)(GWP CO2 = 1),
TEWI = GWP x L x n + GWP x m x (1-α) + n x E x β.
Where L is the leakage rate per year = 10% of m (kg / year), n is the system operating time = 20 years, m is
the working fluid charge = 1.5 kg, α is the recycling factor = 70%, E is the energy consumption per year
(kWh /year), β is the CO2 emission per kWhe (kg CO2/kWhe) (in table 5).
The TEWI high value for Melbourne, results from an elevated emission β = 1,5085 kg CO2 / kWhe, related
certainly with an electric energy generation based in carbon combustion.
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The TEWI value for Uruguayan cities Salto and Montevideo were calculated using the CO2 emission value
for Uruguay, β = 0,47 kg CO2 / kWhe [Claudia Cabal el al., 2007]. It is a low value due to a country´s
extensive hydraulic electric generation.
Hobart on the other side has an extremely low value β = 0,072 kg CO2 / kWhe.
The first two terms indicate direct global warming potential, while the third term indicates indirect global
warming potential from the electric energy generation. In general, the highest proportion of the global
warming effect of a water heating system, can be attributed to the indirect carbon dioxide emission from the
electric energy generation

Tabla 5

Greenhouse gas generation by water heating systems - kg CO2 / vida
β (kg de CO2 / kWhe)
TEWI - TS TEWI - AHP TEWI - SHP TEWI - JUL
1,0116
Darwin
2.586
18.633
12.588
96.843
1,044
Brisbane
15.921
27.184
19.772
118.736
0,447
Salto
12.568
12.135
8.910
51.672
0,9504
Perth
8.676
27.123
20.173
111.340
0,9612
Sydney
17.247
26.005
18.969
112.715
0,447
Montevideo
16.667
12.760
9.380
54.165
0,9756
Adelaide
16.541
28.932
21.498
119.093
0,9612
Canberra
18.257
32.375
24.653
123.701
1,5084
Melbourne
42.990
47.815
35.926
190.430
0,0072
Hobart
224
282
223
976

Figure 3
Comparison of greenhouse gas generation by water heating
systems in life cycle (20 years)
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8. Lost of load probability by the sun
The daily TS model allows to count the days, from the 365 of the year, in which Td does not reach the
control temperature Tctrl and therefore the electric auxiliary heater has to be turned in. Some hints to
understand results shown in figure 11 and table 6 are the following:
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•

thermostat temperature is Tctrl = 70 °C, hence higher temperatures are never reached,

•

latitude influence is clearly seen,

•

only draw offs Vn less than the storage volume Vs allow some solar heat collected in the day to be
used in the next day, reducing the need to light the auxiliary the next day.

The auxiliary heat is evaluated summing for those days, the heat required to reach Tctrl from Td. The
different electric energy needed for this purpose, according the method used, is a result of the different
energy mixture required as shown in table 5.

Table 6
TS

Electricity & Sun

Only electricity if sun is off

Similar to JUL

AHP Electricity & Ambient
SHP Electricity & Ambient & Sun Only electricity & Ambient if sun is off Similar a AHP
JUL Electricity

Table 7

PuntaArenas

Hobart

Melbourne

Canberra

Adelaide

0
0
0
0
0
1
5
6
11
15
22
38
61
81
0
0
0
0
0
0
0

Montevideo

0 0 0 0
0
0 0 0 0
0
0 0 0 0
0
0 0 0 0
0
0 0 0 0
1
0 0 1 1 12
0 0 6 5 37
1 0 11 9 56
2 2 20 21 77
5 3 29 34 89
11 5 50 52 106
17 10 68 74 117
31 15 93 96 137
52 24 131 117 165
0 0 0 0
0
0 0 0 0
0
0 0 0 0
0
0 0 0 0
0
0 0 0 0
0
0 0 0 0
0
0 0 0 0
0

Sydney

Perth

Brisbane

BeloHorizonte

Darwin

Caracas

Miami

Jerusalen

Sevilla

Beijing

Edimburgo

Estocolmo

9 0 0 0 0 0 0
57 2 0 0 0 0 0
88 29 17 1 0 0 0
112 89 72 4 0 0 0
147 119 122 12 0 0 0
175 153 160 19 15 18 2
213 177 208 30 33 34 9
232 201 243 44 65 50 23
261 220 268 64 98 82 32
289 238 291 95 119 96 41
318 270 315 126 142 113 54
340 289 338 163 161 137 77
354 311 346 201 184 155 111
362 346 354 240 192 165 161
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0

Salto

0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100

Anchorage

Temperatura
Td

Number of days in the year when auxiliary is turned on

0 0 0 0 0 0 0
0 0 0 0 0 0 9
0 0 0 0 0 0 42
0 0 0 0 0 0 95
0 12 2 3 1 1 141
3 36 4 7 9 10 201
8 55 8 13 16 14 253
18 80 14 23 33 22 285
32 100 23 33 48 37 313
43 116 36 49 72 49 331
58 131 53 59 98 74 347
83 148 73 79 131 111 358
118 181 97 102 169 161 359
156 210 142 148 213 204 362
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0

9. Sensitivity Analysis
The system to be selected, will depend on geographic location, available technology and design.
Location is not relevant for Uruguay, as can be seen from similarities between Montevideo and Salto.
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However the quality of the heat pumps and the relation between the storage volume Vs and the draw off
volume Vn is important.
The quality of the heat pump is modeled by a technological factor defined with the following equations:

COP

HPWH

Q
W

=

+

+

=

Q
Q −Q
+

−

≤

+

T
T −T
+

−

= COPCarnot
HPWH

COP

HPWH

=

f

CARNOT

HPWH

* COP HPWH

(1)

According the value of the technological factor, the dilemma between TS, AHP and SHP is resolved. The
JUL option is always rejected.
An election is made between the different options, TS, AHP or SHP, counting the number of economical
methods that give the best value to the different solutions.
The winners in the polls are shown in table 7. When the technological factor increases the TS system is
slowly being substituted by the SHP, although some cities as Caracas, Darwin and Perth never change.
In our reference calculation, the daily draw off is Vcn = 270 lt,, that implies an equal volume of cold water
coming in, to the Vs = 400 liter storage, causing a drop in its temperature by mixture.
In figures 4, 5 and 6 the effect of a variable storage volume Vs is studied for a fixed draw off Vcn = 270 lt.
Singularities occur for Vs near Vd:
•

Td has a maximum value

•

The energy left in tank for the following day appears (green colour).

•

The number of days in which electricity has to be turned in takes a minimum value.

Figure 4
Montevideo´s annual temperature averages as funtion of storage volume Vs
for a constant daily draw off, Vn = 270 lt.
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Figure 5
Montevideo´s annual energy ratios as funtion of storage volume Vs for a constant daily draw off, Vn
= 270 lt.
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Figure 6

Quantity of days in the year where auxiliary has to be lighted as
funtion of storage volume
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Table 8
OptimumSolutions according F HPWH (TS - 1 SHP = 4)
FACTOR - HPWH
Anchorage
Stockholm
Edinburgh
Beijing
Sevilla
Jerusalem
Miami
Caracas
Darwin
Belo Horizonte
Brisbane
Salto
Perth
Sydney
Montevideo
Adelaide
Canberra
Melbourne
Hobart
Punta Arenas

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 _1.0
1 1 4 4 4 4 4 4 4
4
1 1 4 4 4 4 4 4 4
4
1 1 4 4 4 4 4 4 4
4
1 1 1 1 1 4 4 4 4
4
1 1 1 1 4 4 4 4 4
4
1 1 1 1 1 4 4 4 4
4
1 1 1 1 1 4 4 4 4
4
1 1 1 1 1 1 1 1 1
1
1 1 1 1 1 1 1 1 1
1
1 1 1 1 1 1 1 4 4
4
1 1 1 1 1 1 1 1 4
4
1 1 1 1 4 4 4 4 4
4
1 1 1 1 1 1 1 1 1
1
1 1 1 1 1 1 1 4 4
4
1 1 1 4 4 4 4 4 4
4
1 1 1 1 1 1 1 1 1
4
1 1 1 1 1 1 1 1 1
4
1 1 1 1 1 4 4 4 4
4
1 1 1 1 1 1 4 4 4
4
1 1 4 4 4 4 4 4 4
4
10. Conclusions

10.1 Comparison with Australian cities.
The reference case with fHPWH = 0.7, is in good accord with results in the paper by [Lu Aye et al. (2002)]:
•

For Darwin, where solar radiation and temperature are high and uniform through out the whole
year, the TS system is the most suitable.

•

For Melbourne and Hobart the transition between TS and SHP occurs just when f
from 0.5 to 0.7. The SHP system is the most suitable.

•

For Perth, Canberra, Brisbane, Sydney and Adelaide, TS system is the most suitable.

HPWH

changes

10.2 Results for other cities.
•

For Caracas and Belo Horizonte the situation is the same as for Darwin and Perth and TS is the
choice.

•

For Anchorage, Stockholm, Edinburgh and Punta Arenas, from as low a value as fHPWH = 0.3 the
SHP is the most adequate system.

•

For Beijing, Seville, Jerusalem and Miami the SHP recommendation begins from a fHPWH = 0.6
value.

10.3 Results for Salto and Montevideo.
•

The transition from TS to a SHP for Uruguayan cities occur for fHPWH = 0.4 to 0.5, a relatively low
value, less than the equivalent value for Australian cities of the same latitude.

10.4 The technological factor of heat pumps.
The formulae in (1) define our technological factor based on a Carnot scale going from 0 to 1, where 1 is the
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ultimate theoretical limit. A more practical situation, shown in figure 7, would be to consider an ideal heat
pump, working in a Rankine cycle with an isentropic compressor, with fluid R-134a, operating between a
maximum of 70°C and a minimum extending from 0°C up to 40°C. This gives an average fHPWH = 0.79 for
the Rankine cycle with an uncertainty of 0.06. For that reason our assumption of fHPWH = 0.7, for the
reference state, equal for AHP and for SHP, seems reasonable.
In regard to the use of R-134a refrigerant, it is considered environmentally friendly and is the natural
replacement of R-22.
.

Figure 7
Rankine heat pump´s COP and fHPWH as function of T-, with
T+ = 70 °C for fluid R134a.
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1. Abstract
The present work shows an approximation method for solar designers to evaluate the feasibility of solar
thermal plants in Europe depending on the type of solar collector used, the coordinates where the system is
going to be installed and the types of summer and winter demands to be covered classified by the design
temperatures needed for the processes.
This method evaluates the maximum amount of energy able to be captured from the sun to satisfy the needs
of a residential building in terms of Domestic Hot Water (DHW), heating and cooling demands.
The final result of the work is a matrix where it is evaluated the combination among:
•

Two different technologies of collectors: Flat Plate and evacuated tube collectors

•

Two different ways of covering heating demands. Thermal collectors combined with thermal back
up and thermal collectors combined with Thermally Driven Heat Pumps(TDHP).

•

Energetic and economical results plotted in maps will permit easy comparisons among the
configurations.

2. Methodology
The climatic conditions of 513 European locations have been studied to evaluate the relations between the
solar thermal renewable energy produced with different combinations of collectors and heat pumps, and the
energy demands that a determinate building has in the heating and cooling season. In order to have a
representative distribution of the climate around Europe a previous study on the results obtained from the
weather stations have been done, eliminating those places sited closer than 50 kilometres to another station
and with similar values of Total Horizontal Radiation, Heating Degree Days (HDD) and Cooling Degree
Days (CDD).
Once that the division of the European Climates is done, the study of the demands of a determinate domestic
building will be done, placing it in all the locations, to obtain dairy the heating, cooling and Domestic Hot
Water (DHW) demands, and those diary results will be compared with the diary energy able to be harvested
from the sun with the use of different solar thermal technologies. These results will be evaluated in an
energetic and economic base to advise on the approximated results that can be obtained from this kind of
facilities depending on the configuration and location where they will be installed.
It has also developed the design of a housing type on which to estimate the impact that different European
climatic zones can have on it and its associated demand.
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3. Study of the European Climates

The resulting 386 locations have been ordered in base to the results obtained for Winter and Summer
Climatic Severity parameters (WCS & SCS), based on the Average Global Irradiation and the
Winter/Summer degree days of three winter and summer months respectively, as (Duffie &Beckman 1973,
ISO13380, CTE) explained, creating a bi-dimensional matrix where all locations are included.

WCS = −8.35 *10−3 * GW int + 3.72 *10−3 *WDD − 8.62 *10−6 * GW int * WDD + 4.88 *10−5 * GW2 int + 6.81 *10−2

(eq. 1)
2
SCS = 3.724 *10−3 * GSumm + 1.409 *10−2 * SDD − 1.869 *10−5 * GSumm * SDD − 2.053 *10−6 * GSumm
− 5.434 *10−1

(eq. 2)
Where:
GWint= Global Average Irradiance cumulated in December, January and February. [kWh/m2]
GSumm= Global Average Irradiance cumulated in June, July, August and September. [kWh/m2]
WDD: Average Degree Days (base 20

C) for December, January and February

SDD: Average Degree Days (base 20

C) for June, July, August and September.

The results obtained from both climatic severities are lately scaled to comprised in a 0-10 interval, being
extreme summer weather values close to 0 for the SCS’s and extreme winters those values close to 10 in the
case of WCS’s.

Figure 1: Climatic Severities accumulative distribution for the climate files object of study

This definition of the climatic zones will permit to refer the results obtained for the locations to a finite
number of reference places (one by zone), that will be further deeply studied, decreasing the working load of
treating data of nearly 400 localities.
In Figure 1, it is shown that the correspondent WCS and SCS values are not homogenously distributed inbetween the group:
•
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Summer Climatic Severities take values over 9 for the majority of the studied cases, appreciating
that only a few locations have values under 5. These values show how homogeneous are the
summers for most of the European climates. Only a 2% of the values correspond with extremely hot
and sunny places. (Figure 2)

•

Winter Climatic Severities has a uniform distribution along Europe, with the exception of some
Northern climates that nearly duplicate the severity of the rest. (Approximately a 2.5% of the
climate locations have extreme winters). (Figure 3)

Figure 2: Summer Climatic Severities Spatial Distribution

Figure 3:Winter Climatic Severities Spatial Distribution

This lack of homogeneity produces an irregular distribution of the locations if their WCS and SCS would be
treated in quartiles or homogenous linear intervals. In order to solve this problem, the climatic zones are
defined by a square 7x7 matrix where the SCS’s are represented as columns and WCS’s are files. There have
been defined for each one of the severity indexes 7 classes, where the first and the last one are those climates
previously commented that represent distribution extremes, and the internally five intervals are classified by
five equal percentiles of the resting climates. (SCS’s lower interval has not been defined due to the
uniformity of the data obtained, changing the form of the climatic distribution to a 6x7 matrix). As it can be
appreciated , the adopted configuration distribute in an uniform way the climatic files into the classes.
(Figure 4).
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Figure 4: Distribution of the 387 weather files into climatic zones.

A combination of the Figure 2 and Figure 3 present a graphical description of the matricidal representation
labeled “Figure 4”. In this Figure 5, it is easily identifiable those extreme summer and winter climates
against the moderated ones.

Figure 5: European climatic distribution based on SCS's and WCS's

4. Description of the building
The effect of climatic conditions on domestic buildings has been evaluated with the definition of a building
simulated with an hourly code that transform environmental characteristics and internal loads into heating
and cooling to be satisfied by the heating and refrigeration facilities. The building simulated for the 387
locations around Europe is a single family house with a compressive area of 100 square meters and 2.4 m
height. In order to have all the possible boundaries due to orientations and external conditions, the building
is a regular poligon with its eight external walls oriented to the cardinal and intercardinal directions. It hasn’t
be considered any shadow on the walls, there is an energetic exchange with the surronding ground and the
roof interchanges energy with the ambient. This case define the most exposed domestic building typology to
the ambient conditions of the places, due to the high ratio external surface/climated space.
The occupancy load is a function of a four people domestic profile and the DHW demand is calculated
following (Ulrike Jordan, Klaus Vajen)
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Table 1: Main Physical parameters of the simulated building

Average U value (External walls)
Average U value (Windows)
Average U value (Ground floor)
Average U value (Roofs)
Fraction Windows /External Walls
Fraction Windows /Roofs
Windows gs value
Summer Set Point
Winter Set Point

0.5
1
0.45
0.35
20
0
65
25
21

W/m2 K
W/m2 K
W/m2 K
W/m2 K
%
%
%
ºC
ºC

The coefficients that define U values of the external surfaces, give enough insulation for most of the climate
classifications of this work, although the authors clearly agree that, in extreme cold cases should be
recommendable to have more externally isolated spaces. Analogously, in extreme hot zones, shadowing
systems should be planned to avoid excess of solar contributions through the windows. Nevertheless, the
building overpass the requirements of most of the European Building codes, letting it be the necessary
common object of study for this work.

5. Description of the installed systems
The effect of the climatology on the solar production technologies has been evaluated with two different
solar thermal configurations, both of them tested with a flat panel collector and an evacuated tube collector.
Table 2: Characteristics of the thermal collectors

Type of collector
Flat Plate Collector
Evacuated Tube Collector

•

k0
0.823
0.601

k1[W/m2K]
3.02
0.767

k2[W/m2K2]
0.0112
0.0062

The first one harvest all the radiation arriving to the collectors, to drive the domestic hot water
demands and the heating demands of the building, distributing the energy in the house through a
radiant floor system that works at 35ºC as maximum delivering temperature. The set point
temperature of the storage tank is determined by the existence or not of a building heating demand
at lower temperatures than the ones needed for DHW. This strategy optimizes the efficiency of the
collectors and increase the working periods of the solar facility. When no heating demand exists, the
set point temperature of the tank increases to the 60 degrees needed to deliver DHW.
A back up boiler is installed in serial with the solar plant, to assure the minimum temperatures that
the building occupants demand.

Figure 6: Squema of the first configuration.

•

The second case connects the solar plant to a Thermally Driven Heat Pump driven by the collectors
and a gas boiler. Solar collectors deliver energy to the evaporator of the heat pump with
temperatures around 15 to 20ºC, increasing much more the usage time and the efficiency of the
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solar facility. The gas boiler drives the heat pump at the optimum working temperature that permits
a maximum COP obtaining in the condenser of the machine a temperature of 35 ºC. This condenser
is connected to a distribution water tank that delivers the energy to the house. As far as the
distribution tank increases the temperature over 35ºC, heating and DHW demand are lower than the
heat pump production, this one is stopped and the new set point of the solar plant is moved to 35 in
order to work without a gas consume. As happened in the first case, when there is no solar resources
available, the gas boiler is connected in serial with the delivering water tank to provide the exact
temperatures needed.
In summer time, the solar collectors will be connected directly to the generator of the TDHP to
drive it as a chiller, providing the energy needed to cover the cooling load of the building. In this
cooling season, the priority is given to the DHW demand, according to the strategy of increasing the
efficiency of the solar plant, and the boiler will work as a high temperature back up for the chiller
and the DHW systems.

Figure 7: Squemas of the second configurations. (Winter&Summer modes)

In order to compare both solar plants, the number of collectors installed is decided, for each location and
collector technology, evaluating the heating and cooling demand of the building in that place and the
efficiency of the collectors when the maximum heating and cooling loads occur, dimensioning the solar plant
to cover the smaller of both demands. In this way, the system will not be overheated along the year (Along
the year, the solar energy harvested will not be higher than the demand of the building) and the total
efficiency, as well as the economic results of the system will be optimized.

Table 3: Solar system parameters

Efficiency of the boiler
Gas Price
Electric Price
Cooling system Price
Flat Plate collector facility Price
Evacuated Tube collector facility Price

95 %
0.1 € / kWh
0.15 € / kWh
900 € / kWCold
700 € / m2
1000 € / m2

6. Obtained Results
The number of square meters installed to cover the building demands and the return of investment periods
for the different solar thermal facilities are going to be shown in the following matrixes and maps. As it can
be seen in the Figure 8 and Figure 9, there is an important area that needs more than 40 square meters
installed to cover the building demands. The numerical values obtained are printed in the Table 4, divided in
the groups determined by the climatic zones previously defined.
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Figure 8 : Flat Plate Collectors that optimize the solar energy contribution [m2]

Figure 9: Evacuated Tube collector that optimize the solar energy contribution [m2]

Table 4: Number of square meters for each climatic zone (FP &ET)
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Figure 10 and Figure 11 represent graphically the number of years needed to recover the invesment of each
one of the thermal facilities installed to deliver hot water for heating and DHW purposes. Table 5 represent
the numerical results sorted by climatic zones.

Figure 10: Return of investment. Flat plate collectors. (DHW & Heating demands) [years]

Figure 11:Return of investment. Evacuated tube collectors. (DHW & Heating demands) [years]
Table 5: Return of Investment for both solar thermal technologies
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When the solar thermal plants defined in Table 4 are used in combination with a sorption machine for
summer and winter uses, the results obtained are represented graphically in the Figure 12 and Figure 13. The
numerical results are shown in Table 6.

Figure 12: Return of investment for a TDHP combined with Flat Plate Collectors [yr]

Figure 13: Return of investment for a TDHP combined with Evacuated Tube Collectors [yr]
Table 6: Return of Investment for both solar thermal technologies combined with thermal Heat pump
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7. Conclusions
The study developed in this article demonstrates the efficiency of the combination between solar thermal
technologies and thermally driven heat pumps around Europe for a determinate building and occupancy
profile. The prices studied are averages of the gas prices published in (ESTIF) although nowadays the cost of
each kWh gas in Europe is higher and as a consequence the periods of investment of the studied systems are
shorter.
The boundary condition imposed to avoid energetic overproduction when there are no heating, cooling or
DHW demands present a lower amount of Evacuated Tube collectors installed in comparison with the Flat
Plate ones. This smaller solar plant is not always translated to the user as a cheaper facility due to the
elevated price of the tubes and the climate severity of some European zones. Locations placed in southern
Europe with severe summers in terms of high radiation and elevated temperatures, and soft winters have
better economical results when installing Flat Plate collectors to provide thermal energy in winter use or also
when a thermal heat pump is installed, to deliver cold water in summer. In the rest of the European zones, fit
better the combination of the building with Evacuated Tube collectors.
When the return of investment is the parameter chosen to decide the facility, it must be explained that only a
limited amount of climatic zones have acceptable results (less than 20 years) when the solar plant is only
installed to deliver energy for heating and domestic hot water, but the numbers decrease drastically when a
combination with a sorption machine able to work in cooling and heating mode is done.
In every climate condition defined by low Winter Severity indexes or Summer Severity indexes below the
class C, the combination of solar collectors with thermally driven heat pumps are acceptable options in
terms of energetic and economical savings.
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1. Abstract
The paper describes Latvian experience in the Energy supply for Environment-friendly buildings. The first
Environment- friendly project and that successful realization influenced RES policy are analyzed. The
administration of the North Vidzeme Biosphere Reserve (NVBR) has completed erection of the
Environmental Education and Information Centre with a potential area of 675m2 in the town of Salacgriva.
This centre is expected to provide local residents, businesses, municipalities and state institutions with
information about the natural assets of the reserve as well as about protection of natural resources and the use
of innovative solutions in the regional development.
By now, a project of the environment-friendly building in the Biosphere Reservation (BR) on the north of
Latvia (Vidzeme) has been accomplished. The solar collector is considered in view of using renewable
energy for preparation of hot water and smoothing the heat balance of ground by heating it. The total area of
solar collectors is: 18 m2. Solar heat can be received during the daytime, and the greatest amount is
receivable in the summer.
The heat of ground, starting with reach of freezing depth, can be used during the whole year. For example to
receive 50 kW of heat power, 11 boreholes are to be drilled at depths of up to 100 m forming ground
collectors, which would require ground works in the area of about 400 m2.
The description of the technical solutions and functions of the equipment for heat production and microclimate control are presented. The paper describes experience and practice of this Policy and Strategy in
Latvia. The RES dealt with in the paper relate to the geothermal and solar energy in the Latvian conditions.
The use of fossil fuel energy in the country is limited due to changing price policies of foreign providers. At
the same time, RES play an ever increasing role in the Latvian energy balance. Nevertheless, besides
objective factors, there exist such subjective factors as prejudices of the people who are lacking trust and
confidence in new technologies and do not comprehend positive aspects of their use. All this retards more
active use of RES in Latvia.
2. Introduction
Biosphere reservations have been established throughout the world, and their goal is to find economic and
technological solutions in maintaining the balance between human activities and natural existence. Biosphere
reservations are also education, research and scientific centres.
The Environmental Education and Information Centre building with an area of 675 m2 were completed in
2009. The relevant project was funded by the European Economic Area and Norwegian Government
Financial Mechanism. The Centre will serve as a model for the use of environment-friendly renewable
energy. According to the project, the heating-and-cooling equipment was installed for geothermal energy use
and solar collectors – for preparing hot water. Such systems are highly efficient, therefore they were selected
with the aim to reduce the management costs of Environmental, Education and Information Centre.
Wind, solar, hydro energy as well as Latvian context can not be considered as the base capacity, the increase
would now be regarded as energy policy priority. However, these resource-based capacity-building can play
a positive role in reducing energy consumption of fossil fuels in the power plants, thereby increasing these
curity of supply and reducing greenhouse gas (GHG) emissions.
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Solar energy production profitability is much more distant in the future. Reliable information is available,
that solar energy equipment manufacturers cost approach level that would allow this technology to become
profitable. But it will take a long time before lower costs 'reach' equipment customers. Moreover, the same
conditions (and, perhaps, that they are progressively closer to Europe), investors will be interested in at first
of all to learn the potential of Southern Europe, where in some places every square meter of land during the
year to about twice the energy of the sun, than Latvian. If true now as fiction, though seriously discussed
projects on the Sahara produced electricity distribution in Europe by high-power direct current electricity,
then maybe converted solar energy into electricity in Latvia will be achieved.
2.1. Solar radiation in Latvia
The duration of solar radiation depends on the season, climatic conditions in the region and its geographical
position. The annual global radiation may rich 2200 kWh/m2 on a horizontal surface in solar regions. In
North Europe solar radiation is ~1100 kWh/m2 on the average. Considering the quantity of direct radiation,
the efficiency of heating system, losses, etc., Latvia can yearly receive 400 - 450 kWh per 1 m2.
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Fig.1. Solar Radiation in Latvia

2.2. Geothermal energy
Latvian territory the main geothermal resources are related to ground water at a temperature above 30 ºC,
and the bedrock of hot rocks. The main of geothermal water horizon is the Cambrian sedimentary rocks of
different ages, which are circulated throughout the Latvian territory and depth from 350m to2000m. Also, the
groundwater temperature varies from 16 ºC to65 ºC
Under Latvian conditions it is possible to use for heat energy production such kinds of RES as biomass, the
solar and geothermal energy. Solar heat can be received during the daytime, and the greatest amount is
receivable in the summer. The heat of ground, starting with reach of freezing depth, can be used during the
whole year. For example to receive 50 kW of heat power, 11 boreholes are to be drilled at depths of up to
100 m forming ground collectors, which would require ground works in the area of about 400 m2. The same
power could be obtained from the area of 2000 m2 using 1-1.5 m deep horizontal collectors.
A highly important issue is protection of groundwater, since deep drilling of holes for laying pipes can
damage the water horizons, city utilities, or soil into which refrigerant is discharged. Therefore, the designing
and building works should be managed with much care. Also, attention should be paid to the heat carrier
used, harmless substances, water, salts and alcohol liquids.
3. Heating and heat supply system
In creation of such a building it is important to choose among the technological solutions that would cause a
lower impact to the environment.
In the project it is important to evaluate the technological solutions that would have the least possible impact
on the environment at erection of the environment-friendly building while providing the needed comfort for
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the people. An additional heat exchanger implies the use of ground collectors for preparation of the
refrigerant at temperatures 15-200C°. In the case a greater cooling capacity or lower refrigerant temperature
is needed, a reverse heat pump should be used, which in a ground collector in winter receives heat whereas in
summer returns the unnecessary heat in a cooling process. The first saving option is to reduce the rooms’
pollution, and the second − to gain a more penetrating insight into the air circulation caused by energy
consuming equipment. After the preparatory stage, a further logical step is choice of the mechanical
ventilation with controlled air exchange, heat and moisture recovery.
With ever increasing number of alternative energy solutions related to the use of geothermal sources, the
informational deficiency about thermo-physical properties of ground at a depth more than 5-10 m makes
difficult the technically-economic substantiation of some projects. The most popular as to the operational
principle of heat pumps is the compression type, because the relevant technologies have sufficiently been
tested, so qualitative technical services could be rendered. Therefore it is reasonable to make a test borehole
and, based on the results of testing, to determine the heat power to be derived from one hole. For this
purpose, special measuring equipment is used, and the temperature variations are measured in series of
overnight periods. Such measurements allow identifying more precisely the specific ground conditions and
calculating the required number of vertical ground collectors.
The solar collector is considered in view of using renewable energy for preparation of hot water and
smoothing the heat balance of ground by heating it. The total area of solar collectors is: 18 m2.The larger
solar collector surface areas provide the possibility to prepare hot water during a year or even during a day
when the solar radiation is less than at its maximum.
The heating of buildings with wood seems to be the most economical and environment-friendly solution
However, to achieve acceptable working conditions in modern office buildings also air cooling required for
several months in summer. The ground provides an excellent opportunity to use the heat potential of both
heating and cooling. Employing the heat pump principle, compression type for such a pump was selected,
since the relevant technologies have sufficiently been tested, and qualitative technical service of the kind is
now available in Latvia. To estimate the useful area around the building, vertical ground collectors have been
built up.
As mentioned before, with increasing number of alternative energy solutions, which were used for
geothermal resources, the technical and economic justification makes difficult the there was lack of
information on the thermo-physical properties of ground at depths greater than 100 m see above 5-10 m. So
it was necessary to make control drill holes and determine heat capacity of one hole. This was done by
special measuring equipment. Have been measured changes of temperature in the number of overnight
period. Such measurements allow identifying the specific ground conditions and calculate required number
of vertical ground collectors.
Changes in the ground heat proceed very smoothly and the depth of 5 m, where sunlight effect is negligible,
this implies a much longer time than a couple of months of the heating period. Therefore it is necessary to
ensure a constant balance of heat in the winter taking heat from the ground, while in the summer − warming
the ground. Otherwise, the layers of ground might be overheated or cooled down, so in a next season the heat
pump would not work properly. Even high-capacity facilities require that heat records of ground collector
and the temperature records be done in a balance sheet and properly controlled.
3.1 Ventilation system
According to the laws of the Latvian Republic, every person while in the premise has the right to at least
15 m³/h of outdoor air. The simplest way to achieve this is to open a window; however, the outdoor air
temperature and humidity are not always comfortable, so the indoor air should additionally be filtered,
heated, cooled, humidified, drained, etc. First saving option is to reduce the area of pollution; the second is to
find out the air flow exchange determinants. In this case to mechanical ventilation with air circulation control
and heat (moisture) recovery would be the right choice.
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Comparing the air-handling units with the equipment used for heat and moisture recovery, the savings in
Salacgriva are up to 85% of heat energy.
Taking into account the technical capacity of ground heat pumps and in view of the energy demand for heat
carrier transportation, the air handling units of reversal compression type of an air heat pump are now under
built. With purified air heat from rooms is used to heat the outdoor air. In this way full autonomy and
economy of the air-handling equipment is achieved.
The allowed temperature of coolant in a compression cycle is determined by the type of substance and its
contraction rate. Higher temperature in the building engineering systems is needed because the compressor
should create more pressure, which, in turn, the amount of heat required to produce electricity in quantities.
Therefore, when the needed coolant temperature is to be above 50oC particularly careful consideration
should be given to the relevant solutions.
3.2 Description of the technical solutions and functions of the equipment for heat
production and micro-climate control
The problem of power supply for the micro-climate control in the building and of the heat removal unit is
solved by combining the functions of different thermal devices into a system in which one and the same
thermal unit is able to fulfill various functions. The corresponding technical solution includes:
− convert the heat power received from the ground, with using a reversal multi-stage compressor and a
vertical double U-like probe system. Eleven vertical thermal probes were drilled – 10 as planned in the
project application, and one additional to ensure the capacity incorporated in the design.
− to use the heat-transfer liquids in the process of heat carrier flow power exchange;
− to exert proper control of the heat carrier flow temperature using three-way valves and temperature
controllers;
− to use the circulation pumps for maintenance of heat carrier flow, the units ensuring safe operation of the
system and hydraulic piping;
− to install the low-temperature re-circulation devices for controlling the micro-climate indoors, with a
thermostat built in the air-water exchanger;

Fig.2. The heat exchange unit. The view of heat carrier flow in the cold period.
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1. Heat pump, Q - 50 kW; 2. Accumulation tank, V-2000 L; 3. Hot water tank, V-300 l; 4. Hot water boiler
with integrate electric heater, N-6kW; 8. Hot water arc circulating pump; 9. Primary arc heat circulation
pump; 10. Secondary arc heat circulation pump; 11. Booster pump of building’s heat supply system; 12.
Circulating pump of floor heating system; 13. Ground probe collectors of heat pump secondary arc; 14.
Primary arc heat distribution manifold; 15. Sensor of an outdoor air temperature; 16. Heat draining system's
exchanger for unused heat accumulated by vacuum solar collector; 17. Hydraulic separator for hot water
exchange systems; 18. Heat exchanger of “Passive cooling” heat draining systems; 19. Circulating pump
station for solar collector system; 20. Hot water circulation pump; 21. Volume of expansion vessel (EV), 23.
Vacuum solar collectors, 6 pieces, 3m2. 24. CW - cold water; 25. HW - Hot Water; 26. HWC – Hot water
circulation; 27. SDHC – Diesel Heating supply, 28. RDHC –Return diesel heating supply; 29. EHS Existing heating and air-flow cooling systems’ supply; 30. EHR - Existing heating and air-cooling systems’
return supply.
3.3 Description of heat conversion and distribution process
In the cold season of a year as a heat source the heat power accumulated by the ground can be utilized. To
collect this power a vertical probe system is constructed which, using the capability of heat carriers to
transfer the geowarmth to a multi-stage compression station – to the heat pump. The temperature schedule of
the fed heat carrier is not used for the building’s heat supply since this temperature varies from -5ºC to +5ºC.
Employing the unique properties of the cooling agent (Freon) in the ‘’Carnot cycle’’ the temperature
schedule at a direct pass of the heat carrier is extended up to 35 ºC - 50 ºC.
Using the building’s heat distributing and transferring hydraulic system the indoor air temperature indicated
in the normative acts. The main problem in this heat distribution and transfer process is comparatively small
difference between the direct-pass and indoor air temperatures: from 15ºC to 30ºC. Based on estimation of
various aspects of the system's operation the following has been established:
− a lower temperature difference between a heated surface and indoor temperatures seriously affects the
quality of room climate control, while the process with changeable heat carrier possesses much higher
inertia;
− the heat losses in the system decrease, since the temperature difference between the heat carrier and the
indoor space is small;
As inference, the decision has been made to utilize air as the liquidation for heat exchangers. To speed-up the
process of heat convective heat transfer the exchangers fitted with re-circulation flow fans were chosen.
In the calculations it has been revealed that the system's heat power consumption is non-uniform. Therefore
in its working cycle an accumulation tank was added. Such a tank allows the multi-stage compression unit to
be employed more rationally. The operational efficiency is increased owing to reduced number of switching
on/off and working with constant consumption.
Under temperate climate conditions the heated area can be increased by 700 m2. In the process of project
realisation to the heat generating unit of the new building the existing building was connected. This made it
possible to use the multi-stage compression unit more rationally; replacing the heat potentially generated by
the diesel-fuelled boiler house by the heat power converted using the mentioned compression unit. Such a
process is economically substantiated, since the results of calculation and comparison are in favour of the
multi-stage compression unit.
3.4 Description of the building’s ‘’passive’’ cooling solution
After the first successful experimental session of heating the experiments were not stopped, since the
system's configuration was to be performed that would allow using this system both for heating the air and
for cooling it.
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This solution was substantiated by a potential 200% improvement of the cooling/heating system's efficiency
in the warm period. For this purpose a building structure was erected, with possibility to produce the amount
of heat sufficient for warming water, which would allow interruption in the heat pump’s operation in the
warm season of a year.
When doing calculations and estimating the possibilities, it was decided to give up the idea of using the heat
from the cooling process for preparation of hot water, because:


owing to variable hot water consumption the air cooling system cannot be continuously cooled in the
reverse motion;



the payback possibilities for capital investments are estimated to be too slim.

In the warm period it is possible to equally well remove heat from the building using the vertical probe
system designed for heat power collection. The temperature amplitude of the heat carrier in the direct pass is
from +5 ºC to +10 ºC. The basically devised solutions of the heating system were supplemented by:


one heat exchange unit, which separates hydraulically the ground loop from the heating/cooling system
of the building;



enhanced flow circulation owing to a circulation pump installed in the primary cycle of the heat pump;



separation of the heat carrier flow from the hot water preparation system. This function in a warm season
is fulfilled by the collectors accumulating the solar heat;



replaced control and handling system.

Fig.3. The heat exchange unit. The View of heat carrier flow in the warm period.

The devices for the building’s micro-climate control (re-circulation air heaters) can
equally well fulfill the functions of air cooling in the warm period of a year.
The heat carrier temperature graph varies from +7 ºC to +12 ºC, and in the reverse motion – depending on
the accumulated heat power (while not exceeding +18 ºC.) The necessary air temperature in the rooms can
be achieved by raising the efficiency of re-circulation airflow fans of the devices for the building’s microclimate control. In so doing, the noise produced by these control devices has been estimated. The noise
measurements were performed using the chosen portative measuring apparatuses. The results obtained
confirm that the LVS CR 1752 requirements are met. The noise measurements were preventive measures of
informative character.
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In 2010, the new building’s cooling system preserving at the same time the multi-stage compressor
‘’Carrier’’ installed in the 90-ies. In that season it was not necessary to use the existing compression
equipment. The COP (coefficient of performance) was improved from ~2.7 up to ~ 9.9. The necessary
calculations have been performed and the electricity consumption by the air cooling system compared for
two seasons. The proposed technical solution considerably reduced the electricity consumption for the microclimate control in the building.
Energy savings through compression modular equipment were used in the reverse cycle heating of the
building and solar collectors − for hot water production up to 90 MWh/ year. As a result, the following was
achieved:


CO2 reduction (taking fossil fuel use as the basis) − 56.6 tonnes / year.



Number of holes drilled for space heating and cooling − 11;



Solar collector’s area for production of 500 l hot water − 18 m2.
4. Calculation

According to the laws and regulations of Republic of Latvia LBN 003-01 „Construction climatology", the
solar radiation on various oriented surfaces in the clear weather in July was estimated per hour for a solar
collector to be ~550 W/m2.
The maximum heat power per hour, which results from the use of the solar collector, is 18 m2 x 0.9 (η) x 550
W/m2 ~ 8.9 kWh, with η (the solar collector efficiency) reaching up to 90%.
Heat losses in the heat transfer system are negligible and not taken into account in the calculation.
The capacity of tanks for hot water preparation tanks is

2  300l  600l (eq. 1)
It turned out that the 200 l hot water tank is not sufficient for the staff. It is agreed to increase its capacity by
100 l for the needs of existing building. The new task for a designer of the new building implied that it is
necessary to set the water consumption up to 0.6 m3/h.
The cold water temperature is assumed to be 10 °C, which is to be raised to 55°C for the needs of hot water
use. The temperature difference is thus Δt = 45 °C.
According to the regulatory act LBN 221-98 "Building internal water-supply and sewerage" of the Latvian
Republic (item 34), the heat for warming 600 l of water to 55 °C is

1.16  600l  45 C  0  31.32 kW (eq. 2)
Lastly, the time required to warm this amount of water to 55 °C is

31.32 kW  8.9 kWh  3.5 h (eq. 3)
The calculation does not imply to raise the hot water consumption.
Heating:

 T  205d  24 h  4920 h (eq. 4)
Q

heating/hour

 23.5 kW (eq. 5)

Q

heating/year

 115 620 kW (eq. 6)

The annual electric energy consumption for heating and ventilation compression cycles (heating pumps).
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N

year

Q

heating/year

: COP  36 135 kWh (eq. 7)

Heat supply system devices using electricity:

N total annual   N yearly for ventilation kWh   N yearly for heating (eq. 8)
Electric energy price= 3692.35 € per year.
Diesel fuel heat supply system devices:

Q
N

year

 x1000   efficiency of heating boiler    1.163 annual costs of diesel heating capacity  16.8 m  

total per year

 10039.78 EUR per year (eq. 10)

To avoid overheating of the system, a heat exchanger has been designed for extra heat removal, which is
connected to the ground manifold. The heat exchanger has a power exceeding 10% of the solar heat capacity.
Using a hot water tank and heat extraction system it is possible to balance the system.
This system functioning also provides the possibility, to return the soil part of the thermal power, which is
consumed in the cold period.
5. Conclusion
As a result of the work the recommendations for the effective and rational use of RES have been prepared.
The realized project made it possible to clarify the main important aspects of heat pump use, such as:


protection of groundwater and communications,



ground heat energy balance over the years,



efficiency of a compression cycle,



prospects of heat pumps in view of technological development .

The Environmental Education and Information Centre fulfilled its function as to promoting the state’s
comprehension of the importance of the RES use. Investments involved in the project were an economically
viable option; besides, the realized project helps to reduce the yearly maintenance costs.
As a result of the project it has become clear that the energy independence of Salacgriva from imported
energy resources is an invaluable and nationally important issue, which could be as a model to several
European Union countries.
The project also includes informational events that promote the advantages of using renewable energy for
heating; this especially concerns heat pumps in combination with solar collectors.
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1. Introduction
The technological combination of solar thermal systems with heat pumps continues to be a highly topical
subject in the context of sustainable heating concepts, especially for single family houses. In the past years
more and more different types of such combined systems have been developed and introduced to the market for
both domestic hot water and space heating. The main background for this development is the expected increase
of efficiency for both, the solar heating system and the heat pump, and further synergetic effects in comparison
to separate conventional heating systems due to the mutual synergetic interaction of the components and high
system integration. This can lead to high system performances, thus to a decrease of electric power
consumption and emission of greenhouse gases like CO2, respectively [Loose, 2010]. In addition, the reduction
of the space heating load of new and renovated buildings leads to a relative increase of the fraction of energy
required for hot water preparation. This effect is of significant importance for the combination of heat pump
systems with solar thermal collectors since especially during the summer months a large share of the high
temperature heat required for domestic hot water preparation can be produced by means of solar thermal. As
result, higher seasonal performance factors (SPF) of the overall systems can be achieved.
The technical realisation of such a combination of different technologies has brought about a multitude of new
system concepts on the market which have to be distinguished [Loose 2011a]. However, up to now uniform and
objective criteria for the evaluation of the solar and heat pump systems’ thermal performance are not yet
available. For this purpose, new testing procedures for this kind of systems are being developed at ITW and
other institutions. These procedures are based on performance tests in the laboratory and in situ, as well as
corresponding simulations and the definition of system performance factors. Activities in this field are
concentrated in the IEA SH&C Task 44 / IEA HPP Annex 381 named “Solar and Heat Pump Systems” [Hadorn
2010] in which the ITW currently participates. This paper presents results of completed and running field tests
of different concepts of combined solar and heat pump systems with different heat sources.
2. Performance test of solar heat pump systems and field tests
Many manufacturers of combined solar and heat pump systems advertise their products by declaring relatively
high system performance factors, especially for such types of systems in which solar thermal unit and heat
pump are connected in a serial way, i.e. in which the heat pump can be provided with a higher source
temperature while the solar collector might be operated at lower return temperatures, respectively. Up to now,
these performance factors cannot be validated by laboratory tests for most types of systems and they also
cannot be verified by the customer because neither objective performance test methods nor quality labels (like
the solar keymark for solar thermal collectors and systems) are available for these combined systems.
Results from field tests with solar combisystems have shown that the effective thermal performance of the
heating systems in real operation depends significantly on the quality of installation and cannot be derived
directly from the sum of performance factors of the single components measured in the laboratory [Ullmann
2010, Mette 2011, Loose 2011b]. Therefore, not only the performance of the solar thermal collector and the
heat pump as such is important, but also the quality of the thermal insulation or the thermal stratification of the
heat store. For combined systems, also hydraulics and controlling are of significant importance and the more
complex a combined solar and heat pump system is built up the more important becomes the careful attention to
a reasonable sequence of the different possible modes of operation. Nonetheless, the real behaviour of these
systems can only be determined by means of in situ monitoring over a longer time period (at least one year).
1

IEA: International Energy Agency, SH&C: Solar Heating and Cooling Programme, HPP: Heat Pump Programme
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While for conventional – not combined – solar and heat pump installations broad studies and field tests have
already been conducted in order to determine the thermal performance under real operating conditions [Miara
2011, Combisol 2010], for the combined solar thermal and heat pump systems only relatively few experiences
from single installations are known until now.
In order to be able to describe the energetic performance and the environmental impact of combined systems
using solar thermal and heat pumps in an objective manner, corresponding test and assessment procedures are
necessary. These methods are not yet common standard. In this context, performance test methods are being
developed at ITW for laboratory measurements [Mette 2009]. Here, the main focus lies on a method which is
adapted from the CTSS test method (Component Testing – System Simulation) and uses a component
orientated approach which is based on physical tests of the key components. The aim of the component tests is
the determination of all relevant component parameters for the detailed description of the thermal behaviour of
the individual components. Therefore, numerical models are required in order to describe the dynamic
behaviour of the specific components. Parameters of these models are determined by means of parameter
identification using measured data from several test sequences of the component testing. Based on the
parameters determined for the different components, the annual thermal performance of the complete system
can be predicted for defined reference conditions (meteorological data, load profiles) by using a component
based simulation program such as TRNSYS [Mette 2009, Frey 2010]. The further development of a novel test
method for the thermal behaviour of heat pumps under dynamic conditions is part of the new project WPSol
(“Performance testing and ecological assessment of combined solar thermal and heat pump systems”). Within
this project measurements of different heat pumps are performed at the new heat pump test facility of ITW.
Furthermore numerical simulation models are developed for the detailed description of the heat pump’s
dynamic thermal behaviour combined with the entire solar heating system. A subsequent validation of this
assessment procedure on the basis of in-situ measurements of seven combined solar and heat pump systems of
different types installed in single-family houses is planned, as well. In parallel, simulations with the software
TRNSYS are performed to predict the thermal behaviour of the heating systems for a period of one year. The
first combined solar and heat pump systems have been installed in single-family houses in Germany and
monitoring equipment was mounted during the first months of 2011. Three out of seven systems are solar
thermal systems combined with air to water split heat pumps provided by Schüco International KG. This
company has gained field test experience during the past years and a new seasonal performance factor including
solar yield has been proposed for such type of heating systems by an employee of Schüco [Thole 2010]. Also
ITW has performed many field tests, e.g. within the European project CombiSol [combisol project 2010]. This
paper will present field test results of different combined solar and heat pump systems in single-family houses
in Germany. Two different heating systems will be described, the first of which has been monitored over a
period of three years, while the monitoring of the second system has started in 2011. Both installations can be
differentiated by the heat source of the heat pump (brine/water vs. air/water heat pump) and by their different
applications in new buildings and older housing stocks, respectively.
3. Performance figures for combined solar thermal and heat pump systems
The boundary conditions to be used for the energetic balance of combined solar thermal and heat pump systems
still have to be defined. Depending on these conditions the system monitoring has to be performed on a more or
less detailed level. Since no generally accepted performance factors for combined solar thermal and heat pump
systems exist by now, such performance figures have been proposed at the 3rd IEA Task44 /Annex 38 meeting
earlier this year (c.f. fig. 1). Several different figures can be taken into account, starting with the heat pump only
(e.g. COP – coefficient of performance) or the solar part only and including more and more parts of the system,
e.g. hot and cold storages, back-up heating and the heat distribution system, until all heat flows and final energy
consumptions are taken into account. This latter figure is called system or solar seasonal performance factor
(SPF6) and covers the overall system. At present, the performance factors are numbered SPF1 to SPF6, which
might be changed into more plausible terms or abbreviations later. In order to be able to calculate the system
SPF from measured data, at least the complete used energy for space heating and domestic hot water
preparation has to be measured, as well as the final energy consumption (electric energy in this case). For all
SPF’s with lower characteristic number additional sensors have to be used for monitoring in order to determine
specific heat flows and energy consumptions. The exact definition of the calculated performance factor has to
be given in any case, in order to make these values comparable to other systems. If additional simulations of the
system will be carried out which need to be validated by measured data, a more accurate (i.e. more detailed)
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monitoring needs to be performed. Additional factors like the primary energy ratio (PER), solar fractions or
CO2-emissions can be calculated furthermore [Malenković 2011].

Fig. 1: Proposal for the definition of performance figures for combined solar and heat pump systems [Malenković 2011]

4. System using a ground source heat pump with borehole heat exchanger and solar
collector (System A)
4.1 System description
The first monitored system is meant for the use in new buildings with lower thermal heat demand and low
temperatures in the heating circuit, e.g. due to floor heating. In combination with an additional photovoltaic
installation, even a net zero energy house can be achieved based on an annual energy balance (c.f. fig.2). The
system consists of the following components:






Brine/water heat pump: low temperature heat pump with 5 kW output, COP at B0/W35 = 4.22
Borehole heat exchanger, length 75 m
Solar thermal installation: system for solar domestic hot water preparation and space heating with
approx. 11 m² collector surface and 750 l solar combi storage; low-temperature collector designed
especially for this application (resistant against inside condensation of atmospheric humidity).
Photovoltaic installation: installed output approx. 2.2 kWp (not monitored).

Fig. 2: Schematic view of the monitored system A, 1: solar thermal collectors, 2: solar hot water storage and solar station,
3: brine/water heat pump, 4: borehole heat exchanger, 5: PV modules, 6: power inverter, 7: electric meter [Schüco]
2

COP = coefficient of performance at the operating point B0/W35, i.e. heat source temperature 0°C (brine) and heat sink
temperature 35°C (water), determined according to the European standard EN 14511
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The house is a single family house located at Herford near Bielefeld, year of construction 2006, with 140 m2
heated living area, 47.5 kWh/(m2a) space heating demand, 5.8 kW required heating load, 4 persons in the
household, floor heating 35/28°C. According to VDI 4650, 2006 the seasonal performance factor (SPF)
calculated for space heating only is SPF = 4.1 [Thole 2010a-d].
In addition to the traditional direct utilization of the solar energy delivered by the collectors for domestic hot
water preparation and space heating, solar gains which are insufficient for direct use or surpluses, e.g. when the
hot water storage tank is fully charged, can be used to support the heat pump and to actively regenerate the
ground via the borehole heat exchanger. The following four modes of operation are possible (c.f. fig. 3):
1) Direct use of solar energy with sufficient temperatures by charging the combistore for domestic hot
water preparation and space heating.
2) Solar support of the heat pump by raising the temperature level in the primary (brine) circuit.
3) Solar thermal regeneration of the borehole heat exchanger while the heat pump is switched off and
solar yield is available (with collector temperatures below 12°C).
4) Use of the solar heat stored in the ground during the first months the heat pump is operated again after
the summer months.

Fig. 3: Possible modes of operation in the monitored system A

The so called active regeneration of the ground means direct warming of the soil with solar yields. While this
operating condition is in use, brine with temperatures between 6 and 12°C is led into the solar collectors.
Because of these low temperatures the ground can be thermally regenerated by using solar energy even during
days with low solar irradiation. Direct charging of the hot water storage can be performed with collector
temperatures between 25 and 110°C and requires solar irradiation of more than 250 W/m2. The solar energy
used for regeneration is additional solar gain which would not be used at all in traditional solar thermal systems,
yet it increases the efficiency of the heat pump (increase of COP approximately by 2.5 % when the heat source
temperature is increased by 1 K). However, the additional electric energy consumption of the circulation pumps
must be accounted for in the energy balance, too [Thole 2010].
After a long heating period temperatures of less than -5°C can be reached in the borehole heat exchangers.
When the active regeneration of the ground is in operation, brine temperatures can thus be lower than the
ambient temperature. This effect leads to condensation of air humidity within the solar collector. Due to this a
special collector design is required for this type of application (special thermal insulation and drainage holes).
With the possibility of using additional solar gains at low irradiation and low temperatures, the specific
collector yield can be increased by ca. 10 % and solar yields of 600 kWh/(m2a) and more can be reached [Thole
2010b, d].
4.2. Monitoring results
In order to verify the results achieved from simulation studies for the optimal control strategy, the solar and
heat pump combination type A was monitored within a field test of selected pilot installations over a period of
three years (2007/2008 – 2009/2010). For the acquisition of the different energy quantities which are the basis
of latter energy balances, the systems were provided with measurement equipment already at the time of the
installation. Furthermore, sensors for the following data have been installed:
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Solar irradiation
Ambient temperature
Temperatures in the ground
Temperatures of the heat source (the temperature of the fluid in the borehole heat exchanger)
Electrical power consumption of the compressor
Operation times of the pumps.

As result over three heating periods the following facts can be seen:
A cooling down of the borehole heat exchanger over the years could be avoided. The temperatures in the
ground near the borehole heat exchanger were not below 1°C at any time. After one year the temperature of the
heat exchanger reaches the same value as at the start of the monitoring procedure (c.f. fig. 4 and 5) [Thole
2010a].

Fig. 4: Time dependent course of the borehole heat exchanger temperatures and solar regeneration of the ground

The ground cannot be seen as a seasonal storage, because a one borehole system for a single family house is too
small and thermal losses are too high. However, solar regeneration up to the undisturbed original temperature
state is possible, which results in higher heat source temperatures for the heat pump than in conventional
ground source heat pump systems without solar regeneration. In addition, no further temperature decrease
occurs during operation in the following years. The course of the temperature of the borehole heat exchanger
confirms the solar regeneration of the ground during periods of low solar irradiation, also in winter and spring,
as can be seen from the amount of energy used for solar regeneration of the ground shown by the dark bars in
fig. 4. The temperature of the solar collector for regeneration in summer was limited to 12°C, dependent on the
temperature of the undisturbed earth and for an optimized electrical power consumption of the pumps [Thole
2010b].

Fig. 5: Time dependent course of the source and ground temperatures over three heating periods
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The seasonal performance factor (SPF) of the heat pump corresponds to the calculation according to the
German standard VDI 4650 with an assumed mean heat source temperature of 5°C due to the solar
regeneration of the ground. (The normal base for calculations is 2°C for borehole heat exchangers and 0°C for
horizontal heat exchangers instead of 5°C). The SPF is calculated from the ratio of useful energy output QHP
of the heat pump to the electrical energy input Wel, integrated over an entire heating period:

SPFHP = QHP / Wel
(eq. 1)
The seasonal performance factor for the combined system was calculated as ratio of the energy gains of heat
pump and solar thermal system and the electric energy required for the operation of the heat pump and the
solar thermal system [Thole 2010b]. The SPF for the complete system could be increased by an average of
35 % as result of the solar gains and verifies the simulated predictions. The SPF of the 5 kW heat pump
installed in the new built low energy house amounts to 4.1 according to simulations without solar coupling for
space heating only. The solar and heat pump combination reaches an SPF of more than 5, both from simulation
and measured data (c.f. fig. 6). This is due to
 higher average temperature of the brine in the primary circuit of the heat pump
 lower operating time of the heat pump, and
 direct use of solar energy in bivalent regenerative operation3, thus decreased electrical power
consumption of the heat pump (-25 %).

Fig. 6: COP and system SPF as well as energy quantities during a 3 year period

The performance factors shown in fig. 6 have been determined from the field test measurements as follows:
1) COP = seasonal performance factor of the heat pump: measurement of heat supplied by the heat pump and
electrical power consumption of the heat pump including the primary pump.
2) Renewable factor = additional gains by the solar thermal system: measurement of the net solar yield plus
heat losses of the store of a reference heat pump domestic hot water storage (e.g. 1.7 kWh/d for a 300 l
store).
3) System SPF including solar gains = environmental heat (ground and solar) + electrical power consumption
(compressor + brine pump + solar pump)/electrical power consumption. The system SPF is the sum of the
averaged COP values (heat pump SPF) over one year + renewable factor in fig. 6 at the right side).
The determined average SPF for the heat pump only (without solar contribution and combined with floor
heating systems) of 3.7 (see fig. 6) lies above the values known from field tests with heat pumps only in
Germany. E. g. a survey of the Lokale Agenda Lahr results in a value of 3.4 for ground source heat pumps with
floor heating systems [Lokale Agenda 2006]. A Swiss study gives as mean value of about 100 installed
brine/water heat pumps an SPF of 3.5 [Erb 2004].

3

Bivalent operation of a heat pump in general means an additional fossil back up for the heat pump for very low
temperatures. In this case the heat pump is supported by the gas boiler and the solar thermal system stands for the additional
renewable, i.e. regenerative part.
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5.

Hybrid system using an air to water split heat pump, solar thermal and gas boiler
(System B)

5.1 System description
The second solar and heat pump system is being monitored starting in 2011 as part of the ITW project WPSol in
cooperation with Schüco International KG in this case. The heating system is called by the manufacturer
“hybrid heat pump – a multi-heat system for energy-efficient modernisation”. The hybrid heat pump system
was especially developed for the retrofitting of old central heating systems without the need for a building
renovation at the same point. Hence the major change in the building’s heating system is to replace the old
boiler by the hybrid heat pump system. The integration of solar thermal, air/water heat pump and gas
condensing boiler means considerable savings without intervention in the building and the heating system. In
particular, high flow temperatures of up to 70°C for the space heating system are no problem in combination
with a gas condensing boiler. By restricting to a bivalent alternative mode of operation (i.e. the heat pump and
the gas boiler don’t work at the same time), the contribution of the heat pump may be relatively small, in spite
of the high heating load of the building. In this way, the hybrid heat pump represents an energy-efficient and
economical alternative to high temperature heat pumps. According to the manufacturer, the gas consumption
for this combination can be reduced by over 80 % when upgrading from an old atmospheric gas boiler to a
hybrid heat pump system installation [Thole 2010a]. The monitored system consists of the following
components (c.f. fig. 7):






Air/water split heat pump: low temperature heat pump with 14 kW output, COP4 at A2/W35 = 2.7,
Zubadan technology (by means of a flash injection circuit in the external evaporator unit of the split
heat pump air temperatures as low as -15°C can still be used as “heat” source).
Solar thermal installation: system for solar domestic hot water preparation and space heating with
approx. 10 m² collector surface and 750 l solar combistore; double glazed collectors.
Condensing gas boiler, 25 kW.
Photovoltaic installation: installed output approx. 2.1 kWp (not monitored).

The house is a single family house located at Lotte near Osnabrück, year of construction 1980, retrofit in 2010,
with 190 m2 heated living area and 4 persons in the household (two adults/two babies), floor heating 35/28°C.

Fig. 7: Schematic view of the monitored system B, 1: solar thermal collectors, 2: hybrid heat pump,
3: external split unit

The hybrid heat pump system consists of well known components which are combined in a new way, thus three
different aspects are combined: A solar thermal system covers the domestic hot water load during the summer
and assists the condensing gas boiler during winter time. An air/water split heat pump covers the heating load
efficiently only during periods with relatively high ambient temperatures and still low system temperatures in
the radiators. The condensing gas boiler covers the high heating load during the few real cold winter days

4

COP = coefficient of performance at the operating point A2/W35, i.e. heat source temperature 2°C (air) and heat sink
temperature 35°C (water), determined according to the European standard EN 14511
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effectively, when high system temperatures are required. The so called bivalent point, at which the gas boiler
takes over and the heat pump is switched off, lies around 0°C ambient temperature (c.f. fig. 8).

Fig. 8: Definition of the application ranges for the hybrid heat pump system depending on ambient and flow temperatures

The hybrid heat pump system can be operated in the following modes:








Charging the combistore with solar thermal
Charging the combistore with the heat pump or gas boiler
Space heating via heat pump or gas burner directly
Solar space heating from the combistore
Combinations of the above mentioned modes
Domestic hot water preparation by the combistore
Defrosting the evaporator of the air/water heat pump with energy from the combistore, i.e. without
fossil energy like electricity.

The different modes of operation listed above have to be distinguished over a period of time and be taken into
account for the monitoring procedure.

5.2. Monitoring
The monitoring equipment applied within the project WPSol is based on the one used within the European
project CombiSol [Mette 2011, Ullmann 2010, Combisol 2010] for field tests of solar combisystems for
domestic hot water preparation and space heating. In our case, the equipment was extended with emphasis on
the additional requirements related to the heat pump, especially by the use of more than one electricity meter
and a sensor for air humidity. The following sensors are applied (c.f. fig. 9):
 Temperature sensors Pt 1000 for ambient temperature (outside), room temperature in the cellar,
thermal stratification in the combistore, temperatures in the primary circuit of the heat pump
 Temperature of the heated living area
 Solar irradiation
 Air humidity outside
 Heat meters (ultrasonic flow meters and 2 x Pt 500 temperature sensors each) for solar circuit,
domestic hot water circuit, hot water circulation, storage charging circuit, two heating circuits (floor
heating), “bivalent renewable circuit” (for solar heating from the combistore and defrosting of the
evaporator of the air/water heat pump), gas boiler circuit and the heat pump circuit
 Electric energy meters for the electricity consumed by the compressor of the heat pump, controller,
pumps and other parasitic electricity.
Data are measured every second and values for every minute are transferred once per day via mobile
communication to ITW.
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Fig. 9: Monitoring concept for the hybrid heat pump, system B

Since the in situ measurements within the ITW project WPSol have just started in 2011, not enough data for
feasible energy balances are available yet; especially no data from heating periods in winter. Instead of this,
some exemplary first monitoring results are shown in fig. 10 for one day in July, 2011.

Fig. 10a: Exemplary results for the hybrid heat pump for July 12th, 2011
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Fig. 10b: Exemplary results for the hybrid heat pump for July 12th, 2011
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It is too early for energy balances, but one can see in the diagrams shown above that reasonable data are being
measured. The ambient temperature and humidity are important for the behaviour of the air to water split heat
pump with the evaporator being located outside the building. When the ambient temperature rises, air
humidity decreases. The domestic hot water circuit and the solar circuit show reasonable values for flow and
return temperatures, which fit the corresponding tapping profile and the solar irradiation, respectively. All the
other monitored heat flows are similarly reasonable. The combi storage of the hybrid system might be charged
by the solar collector or by the heat pump/gas unit. The reactions of the combi storage to the different
charging processes can be seen, as well. In conclusion, the monitoring system is running in a stable way by
now. However, measurements need to be followed over a longer period of time before a serious assessment of
the heating system will be possible.
6. Summary and conclusion
Field tests of solar thermal and heat pump systems have shown that the thermal behaviour and performance of
the systems under real operating conditions depend on the control strategy and the interaction between the
individual components. This is especially true for combined solar and heat pump systems which have available
many distinguished modes of operation.
As for this type of systems for domestic hot water preparation and space heating only few field test data from
single installations are known, monitoring is being strengthened within the IEA SH&C Task 44 / HPP Annex
38 “Solar and Heat Pump Systems” in order to have a better basis for the assessment and comparison of the
systems’ performances.
Two solar and heat pump systems have been presented. The first one disposes of a borehole heat exchanger
while the second system includes an air to water split heat pump and an additional gas boiler. Both systems can
also be differentiated by their target buildings: newly built single family houses in the first case and retrofitting
of older buildings in the second case. The first installation has been monitored over a period of three years and
showed good results. The solar regeneration of the geothermal probes ensures a high temperature level in the
ground, so that the heat pump can be operated with a high system performance factor (SPF) in the long term.
Result of the field test is an impressive confirmation of the high solar SPF of over 5 for the combined system,
and of the stable ground source temperatures during several operating periods.
The second system called hybrid solar and heat pump system due to the additional condensing gas boiler is one
of seven systems to be monitored within the ITW project WPSol. Measuring equipment has been installed in
the beginning of 2011 and measurements are ongoing. Reliable data are expected for 2012.
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1. Introduction
In the future energy supply both efficient heat pump systems for heat generation and photovoltaic (PV) electricity production will play an important role. Therefore, a heat pump system with a combined heat source
consisting of a photovoltaic-thermal (PVT) collector and a borehole heat exchanger (BHE) is assumed to be
a promising solution, because this particular combination provides a double benefit compared to conventional heat pump and PV-systems. First, the PV cells in the PVT collector are cooled, leading to lower cell
temperatures and a higher PV efficiency. Second, the heat from the PVT collector raises the temperature level of the heat pump and the borehole heat exchanger. Consequently, the temperature increase of the heat
source leads to a higher heat pump performance factor.
Within a research project, a pilot system has been built up and experimentally evaluated. Simulation studies
allow analyzing the system behavior and extrapolating the results.
2. System configuration and measurement results
For the investigated system the PVT collector field is integrated in a heat pump system with borehole heat
exchanger by a simple switching valve. This valve allows connecting the PVT collector in series to the borehole heat exchanger. Accordingly, the supplied heat from the collector is restricted to the heat source side of
the heat pump. A hydraulic scheme of the system is given in Figure 1. The presented hydraulic concept is the
starting point for all following investigations and system simulations. The formal classification according to
an IEA SHC Task 44 proposal (Frank et al., 2010) describes the system as

Sol , Air
G,S
G,HP SHPSH,DHW

. This means

that the heat sources for the unglazed PVT collector are solar and during nighttime operation can also be heat
from the ambient air (Sol, Air). Its heat sinks are the ground and the heat pump (G, HP). The heat sources of
the heat pump in the system are the ground or the solar collector (G, S) while its sinks are the space heating
or domestic hot water preparation (SH, DHW).

Fig. 1 Investigated system concept with the unglazed PVT collector integrated in a heat pump system with borehole heat exchanger

The pilot system near Frankfurt a. M., Germany, is measured since March 2009 and consists of an 39 m²
unglazed PVT collector, 3 x 75 m pipe in pipe BHE and a 12 kW heat pump. The heat pump supplíes heat to
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a floor heating system and a domestic hot water (DHW) storage. The DHW storage is charged by the integrated condenser of the heat pump. The system supplies heat to a large single-family dwelling. In addition to
the cooled PVT collector field, identical but not cooled conventional PV-modules are installed in order to
determine the additional PV yield pv. The additional PV yield pv generated by cooling effects is determined by the comparison of both cooled PVT collectors and not cooled PV-modules.
Over a period of two years of operation an additional electrical PV yield of 4% was measured. The standard
deviation of the measurement is 1.5% points. Additionally the temperature T rear on the PVT-module rear side
was measured. This temperature is energy weighted with the produced electric energy Eel for all measured
time steps according to equation 1. This weighted temperature T*rear is 25°C for the PVT collector and 33°C
for the not cooled PV- module. To conclude, the cooling effect was measured and found to be approx. 8 K,
which leads to about a 3 to 4% higher yield, taking into account a PV cell temperature coefficient of 4 to 5%
per 10 K. Thus, this indirect method is in good accordance with the more accurate direct electrical measurement of the additional PV yield pv.
This comparison measurement is conducted for two different PVT collector designs, one with and the second
without rear side insulation. The difference for the additional PV yield pv between the two designs lies
within the range of measurement uncertainty.

Trear ,i E el
T * rear

i

E el

(eq. 1)

i

The second focus of the measurements is the performance of the heat pump. In the second year of operation
the seasonal performance factor (SPF) has been determined to 4.2 including solar and BHE pump energy and
4.5 without pump energy. The respected usable heat for the SPF is the measured energy consumption of the
user for space heating and domestic hot water. The SPF related to the energy flow rates measured directly at
the heat pump source is 4.6 including and 4.8 not including the pump energy. All SPF values for the first
year of operation are around 0.2 lower.
The SPF improvement in the second year can be explained by the replacement with a heat pump, that has a
0.1 better COP, and small modifications in the system (improved piping and DHW tank insulation, control
strategy). The temperature levels of the system stay unchanged for the investigated period. In their energetic
average they are 34°C for the hot sides running line temperature and 5.7°C for the brine inlet temperature of
the cold side of the heat pump.
The thermal system behaviour shows a significant seasonal influence that is well characterized by the heat
flow rates of the heat source side (Fig. 2).
In winter, during the highest heating demand of the heat pump, the unglazed PVT collector provides only
small thermal yields. In contrast, it is the dominating heat source during the summer, when it regenerates the
BHE with nearly the same amount of heat that is extracted in winter. During the transition periods, especially
in spring, the PVT collector provides a significant fraction of the evaporator heat. Here, the PVT collector is
warmer than the BHE, accordingly it improves the efficiency of the heat pump and it relieves the BHE:
In addition to the increase in efficiency the provided solar heat significantly stabilizes the BHE heat source.
The measured system presents an unintended example for this case. Here in the first year of operation
35 MWh/a have been consumed instead of the planned 27.8 MWh/a. In the second year of operation this
value lies even higher and reaches a value of 41 MWh/a. It may be assumed that the main reason for this
immense increase is mostly due to the user specific high consumption. The most obvious indications are the
room temperatures of app. 22-23°C instead of the planned 20°C and the 50% higher domestic hot water consumption. Corresponding to the far higher heat demand the BHE is undersized. Without solar regeneration
this would consequently lead to an extreme extraction from the heat pump and accordingly very low temperatures with clear decrease of the SPF or material damages in the BHE (compare Fig. 5).

1136

Fig. 2 Measured monthly heat flow rates on the heat source side over a period of 28 months of operation:. Solar collector yield,
BHE heat transfer (positive: removal, negative: charging) and evaporator heat

3. Solar support of borehole heat exchanger – calculation
In contrast to the additional PV yield due to cooling it is not possible to measure the efficiency increase at the
heat pump due to the heat injected to the borehole heat exchanger. Therefore, this improvement is determined with simulations based on measurement data.
The solar heat from the PVT collector increases the temperature level of the heat source at the heat pump.
Correspondingly the electrical consumption decreases. This temperature increase at the heat pump THP can
be determined from simulation and measurement data in two steps.
In the first step the heat source side is modeled as it is operated in the measured pilot system. This allows
controlling the accuracy of the simulation. The second step consists of a rerun of the simulation with identical heat demand from the heat pump, but without the support of the PVT collector. Finally, the comparison
of the temperatures with and without support of the PVT collector reveals the temperature increase for the
heat pump inlet temperature THP. The simulations are restricted to reproduce the heat source side of the
system and are run with the measured meteorological and heat source demand data.
The simulation with PVT collector, the first step, models the borehole heat exchanger, the PVT collector and
the complete pipe system. For this purpose, a model of an unglazed PVT- collector, that requires only conventional and commonly used performance data as parameters, was developed at ISFH (Stegmann et al.,
2011). Finally, the measured meteorological conditions, the mass flow rate of the heat source side and the
evaporator heat QHP, evaporator of the heat pump are applied to the developed model of the system. The simulation is conducted in one-minute time steps, the same time step like the measured data. The accordance between simulation and measurement is discussed by means of the energetic weighted fluid temperature
T*HP,inlet according to (eq. 2).

THP,inlet Q HP,evaporator
T * HP,inlet

i

Q HP,evaporator

,i

(eq. 2)
,i

i

The simulation of a complete year results in a T*HP,inlet of 5.7°C. For the whole year the summarized average
difference between measurement and simulation of T*HP,inlet is 0.02 K. The differences are higher for single
days, the standard deviation for the simulated daily values of T*HP,inlet results in 0.4 K, the maximum deviation between simulated and measured daily values reaches -1.7 K. In conclusion, the simulation reproduces
the measurement without systematic error and a good accuracy.
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In the second step, the simulation is conducted again with the very same measurement data but without PVTcollector. In doing so, the simulation is repeated under identical dynamic heat demand of the heat pump and
with the borehole heat exchanger as the only heat source. Due to the missing solar heat support T* HP,inlet reduces and results in 2.7°C. Accordingly, for the investigated year the PVT collector could increase the temperature level by 3.0 K.
The simulation is repeated for a period of several years. The simulations for 20 years are elongated based on
the measurement data from one year and are elongated to a time period of 20 years. The simulated temperatures of T*HP,inlet for the system with and without PVT collector are displayed in Fig. 3. The longer operation
period leads to an increase of THP for the systems with and without support of solar heat. For the complete
period results an energetic weighted temperature benefit for T*HP,inlet. of 4.3 K. At the end of the 20 years
period T*HP,inlet. is 4.7 K lower if not supported by the collector.

Fig. 3 Simulated heat pump inlet temperatures (heat source side, daily energetic weighted values) for the pilot system with and
without solar heat support for 20 years. For all years the applied data of meteorological conditions and heat pump heat demand consist of the first year’s measured data.

4. Solar support of borehole heat exchanger – assessment
The temperature increase at the heat pump THP is calculated from the simulation and the measured data to
3 K for one year and to 4.3 K for a period of 20 years. The heat pump performance characteristic allows an
assessment of the SPF improvement due to temperature difference. For the heat pump in the pilot system a
seasonal performance factor improvement is deducted of 1.2 / 10 K. Accordingly the injected solar heat leads
to a SPF improvement of 0.36 for the first year and 0.51 for a period of 20 years. This equals a saving of
electrical energy of 9% and accordingly 13%. The temperature increase in the 20 th year of operation reaches
even 4.7 K and therefore leads to an SPF improvement of 0.56 and 15% electricity savings.
The extrapolation from one year of operation to a period over 20 years implies a high inaccuracy for the simulations due to reasons like changed weather or heat demand conditions. Fig. 3 displays the long-term temperature development with and without solar regeneration. For this elongated time period of 20 years the
temperature decrease without solar regeneration becomes very obvious. On the contrary, with solar regeneration the over seasonal temperature decrease can be neglected. Here, the BHE temperature reaches already a
quasi-dynamic state in the second year of operation.
Of course, the reduced temperature level and a correspondingly lower SPF would lead to a reduced heat demand of the heat pump. This change is rather small. For the investigated year the difference of the evaporator
heat flow rate lies at 3% for the first year and at 5% for a period over 20 years and therefore is not taken into
account in the following.
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Fig. 4 Simulated daily average energetic weighted temperatures at the heat pump inlet T* HP,inlet for the pilot system in the first
year of operation

Fig. 4 displays the behavior of T*HP,inlet for every day in the first year of operation. The diagram allows a qualitative discussion of the influence from solar heat on the BHE in the course of the year. In summer the influence of the injected heat is especially big. Here, typical temperature differences of around 10 K are
reached with a slight rising tendency to the end of summer. However, the heat demand of the heat pump during the summer is small. In winter the benefit of the solar heat is significantly smaller and decreases to 1.5 K
in January. Therefore, the temperature difference in the course of the year reveals a qualitative analog behavior to the measured PVT collector heat flow rate.
The seasonal course of the solar influence gives important information on the general behavior and the limit
for the solar regeneration or charging of the BHE. During the transition months the PVT collector delivers a
significant fraction of the required heat and in summer it offers enough heat to regenerate the borehole heat
exchanger. In winter however the borehole heat exchanger is the essential source. Only this way a high heat
source temperature level is provided for the heat pump even at very low ambient air temperatures. Anyway,
the impact of the solar regeneration is not limited to the improvement of heat pump efficiency and its positive influence on the system should not be underestimated. Solar regeneration simplifies the required planning process, stabilizes the heat source side of the system and eliminates the over seasonal temperature drift
especially in larger fields of borehole heat exchangers (Bertram et al., 2009).
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5. System simulations and simplified dimensioning rules
The important influences for the described PVT system were investigated with TRNSYS simulations (Klein,
2007) for a typical reference system of a single-family dwelling. The reference system and its conditions are
given in table 1 and were mostly taken from the reference system in IEA Task 26 of the solar heating and
cooling program (Weiss, 2003). The simulations were conducted in one-minute time steps.
The PVT collector size and the borehole heat exchanger are varied for the reference system. The simulation
results are displayed in Fig. 5 for the SPF and in Fig 6 for the additional PV yield. The displayed SPF includes both the consumption for a direct electric back-up heater and for pumps.
For a conventionally dimensioned plant with 90 m borehole heat exchanger length and a PVT-field size of
1.6 m²/MWh/a (here 20 m²) lead to an SPF improvement of 0.2. The SPF in this point with PVT collector is
4.3.

Tab. 1: Parameters for the TRNSYS simulation of the reference system

Total heat demand Qtotal

12.5 MWh/a

incl. DHW, storage and distribution losses

Heat demand of domestic hot water

2.5 MWh/a

Length of Borehole heat exchanger (+ variations)

90 m

PVT- collecotor size (+variations)

20 m²

Heat conductivity of ground

2 W/mK

Type of borehole heat exchanger

Double U- tube

COP of the heat pump

4.6

35°C heat source side / 0°C heat sink side

PVT- collector, electrical
PVT- collector, thermal (OC)

0.12 Wp/m²
0=

0.73; b1=15 W/m²K

for open circuit operation and 1 m/s wind speed

Weather data

TRY 7, Kassel, central Germany

An attractive goal for the system dimensioning is an even balance between the yearly electric consumption
and the PV yield. A first dimensioning approach is given by (eq. 3.) The required PV-power PPV-Balance always depends on the predicted yearly PV yield pv. Of course, this predicted yearly PV yield pv differs
strongly with the location and specific system. Typical values for central Germany are around 1000 kWh per
installed kW PV- power. The additional PV yield caused by the cooling effect is respected by pv.

PPV

Balance

Q total
1
SPF pv (1 pv )

(eq. 3)

Equation 3 delivers for an even balance a required P PV-Balance of 2.8 kW or 24 m² PVT collector array in the
case of the described reference system with 90 m BHE and 20 m² PVT- Collector. When transferred in specific values this result equals an installed power of 0.23 kW/(MWh/a) or a collector array of
1.9 m²/(MWh/a). The specific values are related to the total heat demand Q total. Of course, this specific number is not fix but changes with the expected PV yield pv, the additional PVT-yield pv and the SPF.
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Fig. 5: The simulated SPF as a function of BHE length and PVT collector area for the reference system. The collector areas
and BHE lengths are given in absolute values and in specific values related to the total heat demand. The arrows 1 to 4 mark
operation points for the measured pilot system. 1 – typical for conventional BHE system, 2 – Design point according to planning, 3- first year of operation, 4 – second year of operation

Fig. 6: Simulated additional PV yield as a function of BHE length and PVT collector area for the reference system. The collector areas and BHE lengths are given in absolute values and in specific values related to the total heat demand. The ambient air
speed values in this figure are identical to the meteorological wind velocity values.
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Starting from the reference system a sensitivity analysis was conducted to investigate the main influencing
parameters for the additional PV yield. The most important results are presented in the following:
The influence of the location of the system on the additional PV yield was investigated for
different locations in Germany. This value increased or decreased up to 2.5% depending on
the location compared to the reference system with around 2.5% additional PV yield at
central Germany, Kassel (TRY 7). No clear correlation between yearly average weather
data and additional PV yield could be found. Nevertheless, locations with hotter climate
and higher solar irradiation show a clear tendency for better cooling benefits, while locations with higher wind velocity show a lower benefit.
The wind speed has a high influence. For the reference system with 20 m² PVT collector
and 90 m BHE a reduced wind speed to 25% compared to the meteorological wind speed
leads to a 2.2% point higher additional PV yield. In the measured system the wind speed is
two thirds lower than the given meteorological wind speed from the reference weather data
for the same location. Fig. 7 displays the additional PV yield for a gradually reduced meteorological wind speed.

Fig. 7:Influence of the wind speed on the additional PV- yield in the reference system. The length of the BHE is varied while
the PVT- collector is 15 m².

The type of installation on the roof of the PVT collectors or PV-modules influences the additional PV yield. The quality of the thermal contact between cells and collector heat exchanger, quantified by the internal conductivity uint, has also an impact on the additional
PV yield. Both effects can be seen in Fig. 8 for different wind speeds. In particular roof integrated and therefore rear side insulated PV-modules can lead to an additional PV yield of
up to 10%.
Several control strategies have been tested in the simulation. As a result, the recommended
control strategy is a simple 2-point on-off controller with temperature values of 6 K and
3 K. The electricity consumption of pumps has been included in the investigation.
The additional PV yield shows no dependency on the size of the system as long as systems
with identical specific BHE length and PVT- collector area are compared.
The heat conductivity of the ground only has a negligible effect on the additional PV yield.
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Fig. 8: Additional PV- yield in the reference system (90 m BHE length and 15 m² PVT- collector) for varying internal heat
transfer uint rates, wind speeds and different types of installation. The internal heat transfer is varied for values
of 25/60/80/95 W/m²K.

6. Summary and deductions
The additional PV yield for a PVT collector compared to an uncooled PV-system was determined in measurement and simulation for a heat pump system with borehole heat exchanger. In the measured pilot system
it is determined to a value of 4%, which is confirmed in the simulation. In extreme cases the additional PV
yield can reach values of 10%. Such a case would be a roof integrated i.e. rear side insulated PVT collector
at a hot, sunny and rather calm location in Germany. In most cases this benefit due to cooling alone does not
justify the additional effort for the PVT collector and the connection to the pipe system.
The efficiency gain at the heat pump due to thermal yield of the PVT- collector for the measured system was
determined for the SPF as 0.36 for the first year and 0.51 for the 20 th year of operation. The much smaller
simulation reference system shows an SPF improvement of 0.2. These results confirm earlier results (Bertram et al., 2009), in which larger BHE- fields do not show an over-seasonal down -cooling with increasing
heat demand, whereas systems without solar regeneration do, resulting in extreme cases in severe damages.
Accordingly, the obtained efficiency gain by solar heat regeneration depends on the size of the system, too.
Apart from efficiency aspects some attractive characteristics are connected with the presented PVT-system:
The PVT collector can be integrated to the roof. Higher module temperatures, caused by
the reduced rear side heat losses, are avoided.
Furthermore, the solar regeneration stabilizes the heat source BHE especially against an increase in the total heat demand. This simplifies the dimensioning and improves the reliability of the planning, what is demonstrated most impressively in the case of the measured
system.
Above all, the aim to reach an even electrical balance on a yearly basis offers the user an
easy way of track and control the integral process of planning, construction and the user
behavior itself.
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1. Introduction
The very low energy demand of passive houses, which has been proven by measurement, is in the range of
the target of the Nearly-Zero-Energy directive. Hence, the foundation of a development is already laid today
which will be introduced in Europe in 9 years (the recast Energy Performance of Buildings Directive, EPBD,
Directive 2010/31/EU). Due to the very high level of thermal insulation and the resulting very low heating
demand and heating load, passive houses show a well balanced load duration curve. The domestic hot water
demand can be covered with a high fraction by solar energy. However, solar heating of passive houses is
under most circumstances poorly effective as the heating demand is confined to few months in main winter.
The heat supply of passive houses is frequently realized with heat pumps – in particular in form of compact
units (heating, domestic hot water, mechanical ventilation with heat recovery in one device). Several types of
these compact units are available. In the meantime also units with higher power (up to 22 KW) are available
for very large single family houses, low energy houses or renovated houses where passive house standard
could not be achieved (Meyer 2010). Those systems often do not use the exhaust air as heat source but
ambient air or brine and integrate low temperature hydraulic heating circuits additionally or alternatively to
the typical air heating system. A further market penetration of these systems is mainly slowed down due to
the still high costs of these systems. In particular in multi-family houses the application of compact units is
hardly economic compared to centralized solutions (e.g. PH Pantuceckgasse).
2. Enhanced Heat Supply for Passive Houses
The heat supply of passive houses plays a minor role compared to existing buildings. Nevertheless, an energy
efficient solution should be aimed at also for passive houses. Compared to conventional buildings where the
heating demand prevails, the share of domestic hot water is in the range of 50 % and more in single-family
passive houses. Accordingly, for passive houses not only heat pumps with lower power are required but heat
pumps, which are adjusted to the high share of domestic hot water preparation with high condensation
temperatures compared to heating. Thus the performance factors could be increased and at the same time the
costs could be significantly decreased. Air to air heat pumps, e.g. as split heat pump, are a cost efficient
alternative to the compact unit however feature rather poor performance factors. An increase of the
performance factor can be obtained by a reduction of the sink temperature by means of a low temperature
heating (floor heating, thermo active building systems) and by using the ground as heat source with more
moderate and more balanced temperatures compared to ambient.
Vertical ground heat exchangers that are widely used with ground sourced heat pumps represent a good
choice from the technical point of view. However, with costs of considerably more than 5000 € per bore hole
they are generally hardly economic for single family passive houses.
Several different types of horizontal ground heat exchanger are available: e.g. horizontal collectors (harp,
meander, capillary pipe, bifilar), trench or basket collectors (compact absorber, helix) and different types of
building integrated collectors. Piping length is typically limited to 100 m (rarely 120 m or 150 m) due to
practical reasons on the one hand (length of pipe on coil) and on the other hand to keep the pressure loss in
limits. For brine-air heat exchanger which succeeded in the market for air preheating, frequently a coil of
80 m to 100 m is laid two times around the perimeter of the house. Larger ground heat exchangers are
installed in several parallel loops. All types have already been realized but have been investigated
scientifically only in different degree of detail, e.g. Cauret et al. (2009). The costs of these systems are
generally also still too high.
A horizontal ground heat exchanger that is installed in the blinding layer of the building represents a new
cost effective concept. This system has already been realized in several passive houses and was investigated
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in detail in one house (Peper et al. 2010). The horizontal ground heat exchanger is thermally decoupled from
the building by slab perimeter insulation, see Fig. 1.

EAST 1
SOUTH 1

CENTER

EAST 2

SOUTH 2

Sensors
-5 cm
-69 cm
-97 cm
-112 cm

Floor covering
Slab (concrete)
Insulation
Blinding layer with piping
Perimeter insulation

Fig. 1: Sketch of the horizontal ground heat exchanger in blinding layer with insulation skirt as well as position of
temperature sensors blow the building

Compared to systems with vertical ground heat exchanger this concept is significantly more cost effective.
However, as frost protection of the slab has to be guaranteed it works only with restrictions. Freezing of the
ground can be prevented either by limiting the inlet temperature and thus the power of the heat pump or the
operation time of the heat pump. Then a additional heat source would be required. Or the ground temperature
can be increased by charging the soil with solar energy. A prerequisite for this concept is a highly insulated
building envelope which ensures an extremely low heating consumption and the floor slab of the building
must be insulated to a very high standard.
3. Solar Heat Pump Concept, Example SFH Trykowski
The free-standing single-family house (SFH) near Bamberg being built according to the Passive House
Standard (152 m² treated floor area) is equipped with solar heating system with a size of 10 m² and combined
storage tank for supplying hot water and heating. The surplus heat is charged into the ground under the house
by means of the cost-efficient ground heat exchanger installed in the blinding layer below the building. A
small insulation skirt with a depth of 300 mm reduces the losses of the “heat reservoir”. This heat can be
discharged from the ground heat exchanger if required by means of a brine heat pump. If the temperature
level in the combined heat storage tank is insufficient, the water is reheated using an electrical continuous
flow heater. Hence, with regard to non-renewable energy sources, the supply in this building is mono-fuel.
The components of the energy system (see hydraulic scheme in Fig. 2) and their characteristics are listed in
table 1.
BH
BS

SC

HW (45 °C)

HXDHW
C
R3
HXSC

FH (35/30 °C)

R3b
R4

HP

CW (10 °C)

HGHX
R5
Fig. 2: Hydraulic scheme with solar thermal collectors (SC), ground heat exchanger (HGHX), heat pump (HP), buffer store
(BS) with solar (HXSC)- and domestic hot water heat exchanger (HXDHW), direct electric backup-heater (BH), three-wayvalves (R) as well as cold water (CW), hot water (HW) , floor heating (FH) and controller (C)
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Tab. 1: Components of the energy system, SFH Trykowski

Component

Details

Ventilation

mechanical ventilation with heat recovery (ηeff = 87 %) with additional ground heat
exchanger

Solar

10.2 m² (brutto) roof integrated flat plate collectors (Trüsolar GmbH)

Hot water store

750 litre buffer store (combi) with immersed tube-heat exchangers (solar and dhw)

Heat pump

brine/water P = 4.8 kW (Viessmann Vitocal 300, Type BW 104), brine temperature:
max. 25 °C, min -5 °C

Ground heat
exchanger

4 x 75 m PE (20 x 2 mm) = 3 m/m² below basement (and perimeter insulation) in
blinding layer

Heating system

floor heating (in 8 circuits) with thermo-electric valve actuators, 7 room temperature
controllers (35 °C flow)

Domestic hot water

Immersed tube heat exchanger, electric flow type backup heater

4. Monitoring Results
The detailed investigation of this building presented in Peper et al. (2010) has shown that this Passive House
functions properly. The slightly higher heating consumption of 23 kWh/(m² a) can be partly explained with
the fact that in spite of solar heat injection the ground under the floor slab is colder in winter than it would be
without active heat withdrawal. This leads to an increased flow of heat into the soil (about 2 kWh/(m²a)) in
spite of 300 mm of floor slab insulation. The indoor temperature in winter is apparently higher than the set
temperature of the PHPP balance which is 20 °C (effect: 2.5 kWh/(m² a) per Kelvin of temperature increase).
In addition, the heating consumption is increased compared to the calculations as at present the house is
occupied by only two persons leading to lower specific internal heat gains (the building was planned as a
two-family house with 152 m² treated floor area).
Only moderate temperatures of a maximum of 22 °C were measured in the ground below the building with
almost no horizontal deviations, see Fig. 3. As could be shown by simulation (Ochs 2010), a larger solar
collector area would only lead to slightly higher temperatures under the house, due to the comparatively
rapid dissipation of heat in the ground. It is apparent that seasonal storage of surplus solar heat under the
floor slab for the given dimensions of a single-family house is effective only to a limited degree. Hence, it is
rather a system with solar regeneration of the ground as the source for the heat pump than seasonal storage.
External (e)
Internal (i) e
Soil below ibuilding (s)
Soil next tosbuilding (su)

40

30

su

ϑ / [°C]

20

10

0

-10

-20

0

200

400

600
t / [d]

800

1000

1200

Fig. 3: Course of ambient temperature (e) internal temperature (i) ground temperature below the building (s) and
undisturbed ground temperature (su)

The annual performance factor heat pump (without auxiliary units such as circulation pumps) is in the range
of 3. The reasons for these rather average values are:
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•

individual components that have not been optimally adapted,

• the relatively low source temperature (soil) during the course of the winter in spite of solar charging,
and
• reaching the limit of the system at the end of winter due to lower temperature limit of the heat pump
to prevent freezing of the soil (The resulting pulsing and the rather low brine temperature of the heat
pump lead to very poor performance factor, however, the residents were always supplied with sufficient
heat; the domestic hot water was heated mainly by means of direct electricity in this periods).
The brine pump was found to have a low energy efficiency level and due to its over-dimensioning it could
only be operated at a poor operating point. Hence, here lies a great potential for optimisation. In contrast, the
solar heating system achieves good or excellent specific solar gains with 485 kWh/ (m²Collector a).
In terms of primary energy, with almost 44 kWh/(m² a) the system achieves a result similar to that in Passive
Houses with standard heat heating systems (based on energy reference area). This appears to be
disappointing with regard to the increased technical and financial effort compared with the reference systems
used in Passive Houses. However, with an improvement of the efficiency of the brine circulation pump, the
primary energy value of this system can be decreased to about 37 kWh/(m² a). According to the findings of
the simulation, if the further optimisation potential of 5 % to 15 % is realised (especially by reducing the
pulsing of the heat pump), primary energy values of about 32 kWh/(m2 a) may be achieved hence, it would
be possible to achieve quite good specific primary energy values with systems of this kind.
5. Modeling and Simulation
If at the same time efficient, robust and cost-effective systems are aimed at, an adequate dimensioning of
components in conjunction with an intelligent control concept is required. Sufficiently accurate and at the
same time sufficiently fast models, which are feasible for system simulations are required to determine the
potential of the different concepts and control strategies.
The literature of vertical ground heat exchanger models is extensive; see e.g. Yang et al. (2000) for more
details. However, there are few validated models for horizontal ground collectors. Previous studies are
limited mostly to very simple models also in case of complex ground collectors e.g. Cauret et al. (2009) and
Chiasson et al. (2010). For air-to-ground heat exchanger models have been developed, which are mostly
limited to single tubes Hollmueller et al. (2005), Feist et al. (1999).
Due to the shallow depth (usually well below 5 m) in contrast to borehole heat exchangers horizontal ground
heat exchangers are strongly influenced by weather conditions such as variation of the ambient temperature,
solar radiation and long-wave radiation as well as rain and snow (including thawing). In addition, freezing of
the soil next to the pipes may play an important role. Depending on the type of soil in addition to the
influence of groundwater diffusive moisture transport and the influence of moisture-dependent thermal
conductivity of the soil may be of importance. In the case of air ground heat exchangers, heat transfer due to
phase change (evaporation/condensation) has to be taken into account. Since the modeling effort is
significant, convergence is rather poor and last but not least, usually the knowledge of the relevant
parameters for the mechanisms mentioned above is poor, only heat conduction in the ground is taken into
account in most models.
Many of the commonly used ground heat exchangers have relatively complex geometries and must be
consequently depicted in 3D, if all relevant effects shall be considered. In particular trench or basket
collectors and construction integrated systems such as ground absorbers with additional perimeter insulation
such as in the case of the presented ground heat exchanger simplifications are hardly possible at the first
glance. In case of symmetries the model can be simplified more easily. It is not always necessary to map the
entire collector. For large collector areas, when edge effects play a minor role, the 2D or 3D simulation
domain may only include a part of the ground heat exchanger considering symmetries, see Figure 4. For
more complex geometries FE programs such as Comsol have to be used. Simplified models are required for
fast (multi-)annual simulations even with today's computing power in particular if parametric studies,
optimization or parameter identification (inverse simulation) are conducted. In such simplified 1D models
the ground heat exchanger is considered as a semi-isothermal heat exchanger with an effective heat transfer
capability (UA) depending on the pipe geometry and distance, see Fig. 5.
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Fig. 4: Simulation domain for 2D or 3D simulation of heat transport in the ground with depth of the
pipes zHGHX, pipe spacing aPipe, length of pipe Lm and area of ground heat exchanger AHGHX
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The heat flow is the product of the heat capacity flow C = c m and the difference of inlet and outlet
temperatures ϑ1’ and ϑ1’’.
and is equal to the product of the heat transfer capability UA and the logarithmic temperature difference:
∆ϑlog =

(ϑ1′ − ϑsoil ) − (ϑ1′′ − ϑsoil )
(ϑ ′ − ϑsoil )
ln 1
(ϑ1′′ − ϑsoil )

(eq. 3)

If the wall of the tube is not depicted, i.e. the radius r = 0 is on the outside diameter of the tube, the heat
transfer capability UA has to be referred to the outer diameter considering the thickness 0.5.(de-di) and
thermal conductivity λp of the pipe:
A = π ⋅ de ⋅ L

(eq. 4)
−1

 d
d
d
1
(eq. 5)
U =  e + e ⋅ ln e ⋅ 
2
d i λp 
 d i ⋅ hi
The internal hat transfer coefficient is a function of the pipe geometry, the operation conditions and the fluid
properties and is calculated at each time step
& ,ϑm , λfluid , ρfluid , cfluid ,ν fluid )
hi = f (d p , Lp , m

(eq. 6)

The theoretical upper bound for the heat transfer surface is twice the collector area. Such a model is
sufficiently precise for not too large pipe distances. For large pipe spacing (~ 1 m) or single tubes the heat
transfer capability (UA) is overestimated with such a model. In that case a radial symmetric model is
preferable.
Cartesian coordinates (1D model)
∂ϑi
1
λ
=
⋅
⋅ (ϑ j − 1 − 2 ⋅ ϑ j + ϑ j + 1 )
ρ ⋅ c ∆z 2
∂t

(eq. 7)
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Cylindrical coordinates (radial symmetric model)
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In the relevant range of the number of transfer unit (NTU = C/UA < 2) of brine or water ground heat
exchanger and common values of the thermal conductivity of the soil (1 to 3 W/(m K)) the error of using
only one node in flow direction compared to a model with multiple nodes is below 5% in most cases less
than 2%.
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Fig. 5: Flow in pipe with several segments (nodes n) and temperature profile of semi-isothermal heat exchanger with inlet
temperature ϑ’ outlet temperature and ϑ’’ soil temperature as a function of time (ϑ
ϑs=f(t)) and constant with respect to the
pipe length L

A 1D model and a radial symmetric model of a ground heat exchanger have been developed on the basis of
the PDE-Solver pdepe in Matlab. Furthermore, for both types models were implemented as level-2-sfunctions for Matlab/Simulink (Matlab2010) for the application in system simulations. The model validation
was performed with measured data for the ground heat exchanger in the blinding layer of the system
described above Ochs 2010, Ochs et al. (2011). Furthermore, both models were cross-validated against other
programs such as a Comsol model and a 2D ground heat exchanger model according to Glück. The
comparison of the 1D-model and the radial symmetric model with a symmetric 2D-model is shown in Fig. 6
as a function of the pipe spacing (d) or assuming a constant collector area of 100 m² for various pipe lengths
(L = 1000, 400, 200, 100, 50 and 25 m).
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Fig. 6: Specific extraction heat (q) as a function of the pipe spacing (d) or the pipe length (L), respectively
for a constant ground heat exchanger area of 100 m²; Boundary and initial condition top: ϑ0 = ϑBC = 10 °C
and bottom: ϑ0 = ϑBC = 8 °C; PE pipe DN 20, charging with V= 580 l/h, 40 % water glycol mixture
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Both models implemented in MATLAB (s-fun, pdepe) provide almost identical results. For large pipe
spacing (> 1 m) good results are obtained with the radial symmetric model, but the 1D-model overestimates
the extraction heat. For smaller pipe spacing, the 1D-model yields better results and the radial symmetric
model overestimates the extraction heat. In the range of spacing between 0.5 m and 1 m with both models
not very accurate results are obtained. For large or small spacing, respectively, the remaining relatively small
deviations with regard to the 2D-model can be explained among others by slightly different calculation
methods for the temperature-dependent material properties and transfer coefficients.
For relatively small ground heat exchangers edge effects may not be neglected. Then a 2D or even 3D
simulation is required. By means of comparison between 1D and 2D simulation results for several
geometries and extraction profiles it could be demonstrated that for most cases 1D-models predict the
behavior with satisfying accuracy. In Fig. 7 the contour plot of the 2D simulation with edge effects is
compared to a 2 D model where only a section is depicted. Furthermore the temperature profile of the 1D
model described above is plotted. In the 2D case different dimensions of the slab and of the surrounding soil
were considered (have slab 2.5 m and 5 m).
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Fig. 7: Contour plot of 2D model with edge effects (left), 2D model (section) using symmetry (without edge effect) and
temperature profile of 1D model after 8760 h with a constant heat extraction with ϑin = 0°C (m
m = 0.2 kg/s) in months
1,2,3,10,11,12; (rest of year m = 0 kg/s)

There are differences in the calculated extraction heat in the range of 10 to 20 %, see Fig. 8. For obvious
reasons, in the case of the “small” ground heat exchanger with 2.5 m (half size) edge effects have more
influence on the extraction heat than in the case of the 5.0 m ground heat exchanger.
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Fig. 8: Monthly specific extraction heat (q) for the model with 5.0 m slab with depth of 5 m (2Dl) and 10 m (2Dl10), model
with 2.5 m slab with extension in x-direction of 5 m and 10 m and depth of 5 m and 10 m (2D, 2D5,10, 2D10,10); 2D model
where a section is depicted with depth of 5 m and 10 m (2Ds, 2Ds10) and 1D model with 5 m (1D) and 10 m depth (1D10)

The choice of the distance of boundary condition at bottom of the simulation domain (here 5 m or 10 m
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below ground surface, indicated by “10”) is rather sensitive. The distance of right hand side boundary (5m or
10 m) does almost not influence the result if not chosen too narrow. The 2D model that depicts only a section
of the ground heat exchanger does not yield significantly more accurate results than the 1D model. With both
models climatic influences such as short and long-wave radiation rain, snow, cannot be predicted. Here, in
the case of the 2D model a periodic ambient temperature based on monthly values (Innsbruck) has been
assumed. In order to account for solar radiation the ambient temperature was increased by 1 K. The 1Dmodell serves at least for prediction of general trends with sufficient accuracy. In particular for uncovered
ground heat exchanger (next to the house) or in cases where there is ground water in shallow depths the
agreement is rather good.
The radial symmetric model can be applied for brine heat exchangers, which are installed around the
perimeter of the house in the excavated surrounding, see Fig. 9, right hand side. The choice of the boundary
condition, a very sensitive value in this case, is complex, as it depends on several parameters such as the
geometry (in particular depth z), the distance of the building as well as on the temperature in the building
(interior or cellar) and the respective U-values of the wall and slab as illustrated in Fig. 9.
pipe DN 20, DN 25 or.
DN 32

Example2: radial
symmetric model

OK, FB

OK, FB

pipe DN 20, DN 25 or
DN 32

Example 1:
1D-model

Fig. 9: Horizontal ground heat exchanger in blinding layer with 360 m piping in 4 parallel loops (1D model, left) and ground
heat exchanger in surrounding excavation with a length of 52 m (right)

The temperature of the boundary condition has to be determined by numerical simulation. Further
investigations about the quality of such a simplified model in particular in the case of two parallel pipes are
necessary and will be carried out in future. However, as a first approximation a damped and phase shifted
temperature depending on the depth z and the soil dependent penetration depth δ may be applied as boundary
condition (Fig. 10).

t
z
 z
 ⋅ cos 2 ⋅ π − 
t0 δ 
 δ


ϑ(t , z ) = ϑe,m + Gt ⋅ z − ∆ϑ ⋅ exp −

Soil
Refilled soil
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(eq. 9)
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Fig. 10: Complex 2D model of brine heat exchanger installed around the perimeter of the house in the excavated
surrounding (right) and equivalent radial symmetric model with boundary condition depending on depth z, distance to
the wall a, external (e), internal (i) and soil (s) temperature and on the overall heat transfer coefficients U of wall (w)
and basement (b)
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6. Primary Energetic Evaluation of Solar Heat Injection
The injection of solar heat into the soil increases the temperature level of the soil below the building. Thus,
the annual performance factor of the ground sourced heat pump can be increased. The resulting decrease in
primary energy has to be compared with the expense of the solar heat injection i.e. energy consumption of
the solar pump and control. An exact evaluation can only be performed by system simulation. Here, at first a
more general estimation will be given, using the ground heat exchanger model described above: Four
different variants of solar charging are compared with the reference case without solar heat injection. The
extraction and injection of heat is modeled with a synthetic profile according to Table 2 as more general
conclusions can be drawn and superimposition of effects can be excluded.
Tab. 2: Synthetic profiles for heat extraction (heating) and solar heat injection (variants Solar V1 to V4) in hours per day

Jan

Feb

Mar

Apr

Mai

Jun

Jul

Aug

Sep

Okt

Nov

Dez

extraction

12

6

2

0

0

0

0

0

0

2

6

12

Solar V1

0

0

0

0

0

0

0

2

0

0

0

0

Solar V2

0

0

0

0

0

0

2

2

0

0

0

0

Solar V3

0

0

0

0

0

2

2

2

0

0

0

0

Solar V4

0

0

0

0

2

2

2

2

0

0

0

0

The resulting outlet temperature for an inlet temperature of 0°C (const.) is plotted in Fig. 11. Regarding the
outlet temperature the influence of the different injection variants is small. After 1 year i.e. end of December
the difference between the minimum outlet temperature with four months of solar heat injection (0.57 °C)
and the minimum outlet temperature without solar heat injection (0.53 °C) is with 0.04 K almost negligible.
Hence, at least for the consequent months (January, February and March) a positive effect of the solar heat
injection is hardly observable. The resulting extracted heat for the five cases is summarized in Tab. 3.
30
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w/ 2
w/ 3
w/ 4
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Fig. 11: Course of temperature (after 1 month initial phase) without (w/o) solar heat injection and with (w/) solar
heat injection (variants 1 to 4); constant mass flow of 0.17 kg/s 40 % water-glycol per pipe (PE, DN 20); inlet
temperature 0 °C extraction and 40 °C injection;

With solar heat injection the results of the first simulation year rather do not deviate from the following
years. The system is nearly balanced after the one month initializing phase (deviation < 3 %). Without solar
heat injection the temperature level further decreases after the first year. The extracted heat in the first year is
about 12 % lower in year 2 compared to year 1.
For the primary energetic evaluation it is assumed that the expense for the solar heat injection QSolar with
regard to the electricity consumption Pel,Solar of the circulation pump and the controller is 50 based on the
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experience with the project mentioned above.
QSolar
(eq. 10)
Pel ,Solar
The surplus heat Qextra that can be extracted additionally (compared to the reference case without injection)
becomes useful energy (Q+) by means of the heat pump. The performance factor of the heat pump is assumed
to be 3 (the average brine temperature is in the range of 2 °C). The required extraction heat (Q-) is then
PFSolar =

 JAZ − 1 
(eq. 11)
Q− = Q+ 

 JAZ 
Without solar heat injection this surplus useful heat (Q+) has to be delivered by alternative means e.g. using
an air sourced heat pump. Assuming a performance factor of 2.5 for the air sourced heat pump, the different
cases can be evaluated based on primary energy units (PE factor for electricity 2.6)

Thus, the variants are not compared among each other, but it is determined for each respective variant
whether the surplus heat gained due to solar heat injection is more favorable from the primary energy point
of view than the alternative provision of the surplus heat by means of an air sourced heat pump. The
relatively high performance factor of the air sourced heat pump of 2.5 seems appropriate as the additional
useful energy of the variants with solar heat injection are mainly available in October where still moderate
ambient temperatures can be expected. The primary energy of the surplus heat of the 5 cases (without solar
w/o and variants V1 to V4 with solar w/) are summarized in Table 3.
Tab. 3: Injected heat (QInjection) and extracted heat (QExtraction) as well as primary energy expenditure (PE) of the variant Solar
injection and the reference variant with air-sourced heat pump

/ [kWh]
QSolar
QExtraction
QExtra
PESolar
PEReference

w/o
0
3024.35
0
0
0

w/ V1
1573.61
3461.56
437.21
650.20
682.05

w/ V2
2865.65
3742.88
718.53
1083.10
1120.91

w/ V3
4044.52
3967.01
1413.99
1435.77
1470.55

w/ V4
5239.15
4183.63
1159.38
1779.63
1808.63

With the above mentioned assumptions, the variant solar heat injection (PESolar) yields almost no benefits
with regard to primary energy over an air sourced heat pump (PEReference). Further, more detailed
investigation is necessary. However, solar heat injection - if at all - seems to be beneficial only during the
transition period, when injection is followed by a prompt extraction.
7. Cost-effective heating system for passive houses
The specific thermal heat demand of passive houses is limited to 15 kWh/(m² a) at a maximum heating load
of 10 W/m². It is determined according to the monthly balance method with the PHPP. With little error a
synthetic monthly profile (see table 4) may serve for assessment of the potential of a horizontal ground heat
exchanger as introduced above as source for a heat pump heating system. In reality, the monthly distribution
is not symmetric; in particular, the heat demand is usually slightly higher in March than in October.
However, this should not limit the general quality of the following conclusions. Taking a single family house
with an treated floor area of 120 m² and a brine heat pump with an annual performance factor of 3 as an
example, the required extraction energy for the ground heat exchanger (with an area of 120 m²) can be
calculated as listed in Table 4.
The monthly calculated extraction heat (Q 1D) lies even without solar injection with sufficient buffer above
the required extraction heat (Q-) for the ground heat exchanger in the blinding layer (Fig. 9, left hand side).
In the case of the second example, the pipe around the perimeter of the house installed in the excavated
surrounding (with a length of 54 m, see Fig. 9, right hand side) the extracted heat (Q RS) is nearly enough if
balanced over the entire year or the heating period, respectively. However, in January, February and March
the extracted heat is not sufficient to cover the demand. It will be investigated more detailed in future
whether and under which boundary conditions with a second pipe there may be potential for such a ground
heat exchanger to serve as sole heat source for heating.
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The performance of a ground heat exchanger installed in the blinding layer is less than that of the ground
heat exchanger installed in the ground next to the building (depending on the depth some 10% to 20%). In
addition, it must be considered that specific heat demand of a house with a ground heat exchanger in the
blinding layer can increase by up to1 kWh/(m² a) to 3 kWh/(m² a) in spite of a perimeter insulation of 30 cm,
see Ochs et al. (2011). Whether these disadvantages are compensated by the more economic construction has
to be determined individually.
Tab. 4: Synthetic monthly distribution of heat demand (q/[kWh/m²]); required annual heat demand Q+ / [KWh] and required
extraction heat Q- / [KWh] for the ground heat exchanger, as well as potential extraction heat Q / [KWh] for the 1D ground
heat exchanger (piping in the blinding layer) and radial symmetric ground heat exchanger (RS) with piping in the
surrounding excavation

Month

days

1
2
3
4
5
6
7
8
9
10
11
12
Σ

31
28
31
30
31
30
31
31
30
31
30
31
365

q/
[kWh/m2]
5
2
0.5
0
0
0
0
0
0
0.5
2
5
15

Q+
/[kWh]
600
240
60
0
0
0
0
0
0
60
240
600
1800

Q/[kWh]
400
160
40
0
0
0
0
0
0
40
160
400
1200

Q 1D
/[kWh]
508
357
272
0
0
0
0
0
0
645
677
595
3061

Q RS
/[kWh]
312
119
40
0
0
0
0
0
0
114
258
405
1249

8. Conclusions
Ground-coupled heat pumps are increasingly demanded for heating. The power of most available heat pumps
is too high for passive houses with the very low heating demand. The costs of vertical ground heat
exchangers as well as of conventional horizontal collectors are generally not justified for a passive house.
Here the development of low-cost solutions with customized power would make more sense. The feasibility
of such cost-effective concepts could be demonstrated by few realized examples with ground heat exchanger
in the blinding layer of the building. The solar heat pump system for a passive house presented in this paper
represents an efficient heat supply system provided that the components are well dimensioned (in particular
circulation pumps!) and the control strategy is well matched. However, compared to an air-to-air heat pump
(optional with solar collectors for tap water heating) the investment costs are still relatively high and the
system and control is complex and thus error-prone.
The experience with such systems is still limited and further optimization is required. Accordingly, the
investigation of different variants by simulation is an effective and cost-efficient solution. Overdimensioning causes unnecessarily high costs, whereas an under-sized system can lead to low efficiency of
the ground heat exchanger and heat pump and even to the failure of the system.
In this paper types of ground heat exchangers that are available are discussed with focus on ground heat
exchanger modeling. In particular for system simulations fast and therefore, simplified models are required.
Two of such models are presented. Using these models, the thermal behavior of horizontal ground heat
exchanger is examined in relation to the operation of the heat pump and the solar thermal system. The
potential and the limits of horizontal ground heat exchanger are determined. The often overestimated
potential of solar injection is demonstrated. Solar regeneration of the ground is, if at all, only beneficial
during the transition period just before the heating season. Provided a well-matched dimensioning of the
components combined with an intelligent control with this concept, an efficient and cost-effective heating
system for passive houses can be realized even without solar injection. A detailed individual investigation is
however highly recommended.
For a simple and cost-effective heat pump based heating system for passive houses (in conjunction with solar
domestic hot water systems) a ground heat exchanger installed in the excavated surrounding of the building
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in conjunction with a thermal activation of the intermediate ceiling as sole heat distribution system may be a
good option. Further detailed investigations with enhanced models which include e.g. freezing and especially
field measurements will be necessary.
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ON THE POTENTIAL OF USING HEAT FROM SOLAR THERMAL
COLLECTORS FOR HEAT PUMP EVAPORATORS
Michel Y. Haller, Elimar Frank
Institut für Solartechnik SPF, CH-8640 Rapperswil, Switzerland

Abstract
Solar thermal collectors can be used in combination with heat pumps to cover the heat demand for space
heating and domestic hot water preparation. Different concepts exist for the combination of these two
components into a system concept. Some of these concepts offer the ability to switch from using heat from
the solar collectors directly to serve the demand to using heat from the solar collectors indirectly as a heat
source for the evaporator of the heat pump. In the same system concept, the heat pump may be able to switch
from using heat from the solar thermal collector to using an alternative low temperature heat source, such as
ambient air. In this paper a general mathematical relationship is derived for determining whether using heat
from solar collectors for the evaporator of the heat pump instead of using it directly is beneficial for the
energetic performance of these systems. It is shown that there is a limit for the solar irradiation on the
collector field above which using collector heat for the evaporator of the heat pump instead of using it
directly is not advantageous. This irradiation limit depends on the characteristic performance curves of the
solar collector and of the heat pump, as well as on the operating conditions, above all on the temperature
levels of the heat sink and the different heat sources. Based on dynamic annual simulations, examples are
shown for the maximum amount of heat that can be delivered from the collector to the heat pump evaporator
at times where this mode of operation is of advantage for the performance of a solar and air source heat
pump heating system. Both the mathematical relationship and the examples show that using solar collector
heat for the evaporator of a heat pump is more beneficial for systems that operate with a large temperature
difference between the non-solar heat source and the heat demand.

1. Introduction
In central European countries, both the use of solar thermal collectors and the use of heat pumps for space
heating and domestic hot water (DHW) preparation have increased in recent years (EHPA 2010; Weiss &
Mauther 2011). Along with these developments, also combined solar and heat pump systems are now
increasingly demanded and advertised by manufacturers (Trojek & Augsten 2009). An overview of different
solutions for the hydraulic connections and the control of such systems used by different manufacturers and
presented in different research projects has been given by several authors (Trinkl et al. 2004; Henning &
Miara 2008; Haller et al. 2010, Frank et al. 2010). Some of the systems on the market today use heat from
solar thermal collectors not only directly to serve the heat load (Fig. 1a), but also indirectly by delivering
heat to the evaporator of the heat pump (Fig. 1b). In most of these systems, the heat pump has the possibility
of either using heat from the solar collectors or using a different heat source such as ambient air, which is
then often the main heat source for the heat pump. These are the systems that are in the focus of this paper.
Using solar heat for the evaporator of the heat pump instead of using e.g. ambient air may increase the
coefficient of performance (COP) of the heat pump because the collector delivers heat at a generally higher
temperature level than the ambient air. At the same time, the efficiency of solar collectors may be increased
in this operation mode since they run at considerably lower temperatures serving the evaporator of the heat
pump than they would run at if they were serving the required temperature of the final heat demand directly.
However, a higher efficiency of the collector together with a higher COP of the heat pump are not yet a
guarantee for a higher system performance. Citherlet et al. (2008) presented annual simulation studies for
systems where heat from the solar collector can be used for the evaporator of the heat pump instead of using
ambient air. They found only little improvement of the overall system’s performance factor ( PFsys ) in terms
of useful heat delivered ( Qu , sys ) over electric energy used ( Wel , sys ) as defined by eq. 1.
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PFsys 

Qu , sys
Wel , sys

(eq. 1)

Karagiorgas et al. (2010) found that using heat from a solar thermal collector for the heat pump increases the
system performance only in the morning and in the evening hours of an example day and presented a curve
for switching from indirect to direct use of collector heat depending on irradiation and outdoor temperature,
valid for their particular collector and heat pump characteristics only. A general mathematical explanation
for the point of switching from direct to indirect heat use or vice-versa and conclusions drawn from such an
analysis has not been found in the literature.

a)

solar collectors

G

b)

boundary

solar collectors

boundary

G

Qcoll ,dir
storage

heat pump

Qevap ,dir

Qcoll ,ind

storage

heat pump

Qhp ,dir

Qhp ,ind
Qevap ,ind
Wel ,ind

Wel ,dir

Fig. 1: Energy flows in a combined solar and heat pump system illustrating a) direct collector heat use and b) indirect collector
heat use (adapted from Haller & Frank 2010).

In this paper, the requirements that must be met in order to reach a higher system performance by using solar
collector heat for the evaporator of the heat pump instead of using it directly to serve the final heat demand is
analyzed for systems where the heat pump is a dual source heat pump that can use not only collector heat,
but also ambient air as a heat source, for days where there is an average heat demand that is higher than the
heat that could be delivered by the solar thermal collectors in direct operation. The research presented is
embedded into a joint Task 44 / Annex 38 of the International Energy Agency’s Solar Heating and Cooling
Programme and the Heat Pump Programme (Hadorn 2010). Part of the research presented in this paper is
currently under review for the ISES Solar Energy Journal and/or has been presented in German language at
the 21st OTTI Symposium Thermische Solarenergie in Bad Staffelstein, Germany (Haller & Frank 2011).
2. Methods
2.1 General assumptions
For the investigated system it is assumed that the solar collectors, the heat pump and the storage are
hydraulically connected in a way that collector heat may either be used directly (Fig. 1a) or serve the
evaporator of the heat pump (indirect use, Fig. 1b). The heat pump has the possibility to use a different heat
source instead of the collector heat (e.g. air, ground heat, etc.). The crucial question for the control of such a
system is when to switch from direct collector heat use to indirect heat use and vice-versa. In order to answer
this question, it is assumed that indirect collector heat use is better if the system’s performance factor for this
operation mode is better than the system’s performance factor in direct heat use mode (eq. 2).

PFsys ,ind  PFsys ,dir

(eq. 2)

The two modes of collector operation (direct and indirect) can be compared if the amount and temperature of
heat delivered to the storage is identical for both cases. This requires that enough energy is demanded from
the system in order to use the heat within a short time, such that the storage temperatures of both operation
modes are also identical.
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2.2 Simulation studies
All simulations have been performed with the software TRNSYS (Klein et al. 2004) and with simulation
time steps of 2 minutes. A simplified hydraulic schematic for the simulated combined solar and heat pump
system is shown in Fig. 2. In this system, the solar collectors deliver heat to the lower part of a heat store
with an immersed heat exchanger. The heat pump charges the upper part of the storage for domestic hot
water preparation, and the middle section of the storage for space heating. Domestic hot water preparation is
done with an external heat exchanger, and space heating is prepared with a low temperature heating system
with controlled supply temperature.
Heat Pump

DHW

Storage

M
T31
air
T805

T976

T803

T31

M

Solar Collectors

Space Heating
T11
T832

M

T31
T362

T31

T56
T14
T34
T91
T358

T11
T803

T340

Fig. 2: Simplified schematic of the combined solar & heat pump heating system.

The space heat load and the domestic hot water profile were taken from the IEA-SHC Task 32 reference
system’s SFH 100 building (Heimrath & Haller 2007). The supply and return temperature of the heating
system have been lowered to 35/30 °C in order to match the heat pump application. A general overview of
the key values for the climates of Zurich and Madrid is given in Tab. 1.

Tab. 1: Key parameters of the reference heating system SFH100 for the climates of Zurich and Madrid.
Parameter
Space heating load
DHW demand
Design ambient temperature
Heat load at design ambient temperature
Supply/return temperature for space heating at design ambient temperature
Radiator exponent
Global horizontal irradiation
Average ambient temperature

Unit
GJ/a
GJ/a
°C
kW
°C
GJ/m2a
°C

Zurich
50.7
10.9
-10
6.5
35/30
1.3
3.913
9.07

Madrid
22.0
10.7
-7
5.9
35/30
1.3
5.983
13.91

The heat pump model simulates the working fluid cycle based on a performance map of the compressor, the
UA-values of the heat exchangers, and the properties of the working fluid (R410A). The nominal power of
the simulated heat pump at A2W35 is 16 kW, and the mass flow rate of the heated water in the condenser
was assumed to be 3000 kg/h. Defrosting losses are taken into account by introducing a reduction of the
efficiency that is calculated when the temperature in the evaporator drops below -3 °C. The simulated steady
state performance of the heat pump operated with the air source evaporator and alternatively operated with
the brine source evaporator is shown in Fig. 3.
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Fig. 3: Coefficient of performance (COP) of the dual source heat pump at different inlet temperatures of the evaporator and
the condenser of the heat pump.

The curves show that the performance of the heat pump is in general lower when using air as a heat source
for three reasons:


the air fan is using electricity in addition to the compressor



the heat transfer from air to the working fluid is worse than from brine to the working fluid



defrosting losses that have to be taken into account (sharp drop of the performance below 5 °C).

Cycling losses are taken into account by a time constant for reaching 62% of the full heating power after
starting the compressor that drives the refrigerant cycle.
The solar collectors were simulated with a slightly modified version of the collector model of Perers &
Bales (2002). This collector model is based on the following equation:

Q out Acoll  F '    K b  Gb  F '    K d  Gd  cw, F '  uw   Gb  Gd 

cIR   L    Tamb 4    a1  cw,hl  uw   Tamb  a2  Tamb  Tamb  Ceff  dm dt



(eq. 3)



With m  coll , out  coll ,in 2 and Tamb  m  amb . The performance parameters of the solar
collectors correspond to the standard covered selective flat plate collector defined in the IEA-SHC Task 32
and to an uncovered selective flat plate collector tested at the SPF in Rapperswil (Tab. 2). The collector slope
was 45° and the orientation towards south for all simulations. Both collectors are equipped with selective
coating and therefore cIR  0 was assumed. The incident angle modifier Kb was calculated with
K b  1  b0  1 cos     1 . A collector area of 16 m2 was used unless other values are explicitly stated.





The storage tank was simulated using the model described by Drück (2006). The storage volume was 1 m3.

Tab. 2: Flat plate collector parameters with aperture area as the reference area..
Parameter

Unit

covered

Uncovered

-

0.8

0.954

a1

W/m2K

3.5

9

a2

W/m2K2

0.015

0

cw, F '

s/m

0

0.01

cw,hl

J/m3K

0

3.77

b0

-

0.18

0.018

Kd

-

0.87

0.99

F '  
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3. Results
3.1 General findings
The two modes of collector operation (direct and indirect) can be compared if the amount and temperature of
heat delivered to the storage is identical for both cases. This requires that enough energy is demanded from
the system in order to use the heat within a short time, such that the storage temperatures of both operation
modes are identical too. With the assumption that the electric work for running the collector loop pump is
identical for direct and for indirect collector heat use operation and can therefore be neglected in the analysis
( PFsys ,ind  COPhp ,ind ), it follows from eq. 2 that:

Qhp ,ind



Wel ,ind

Qcoll , dir  Qhp ,dir

(eq. 4)

Wel ,dir

 Qhp ,dir COPhp ,dir and assuming that the total heat delivered is equal in both cases, i.e.
Qcoll ,dir  Qhp ,dir  Qhp ,ind , it follows that:

With Wel , dir

COPhp ,ind
COPhp , dir



Qhp ,ind

(eq. 5)

Qhp ,ind  Qcoll ,dir

With the definitions of COPhp  COPhp ,ind  COPhp ,dir and coll   coll ,ind   coll ,dir , and with some
substitutions and rearrangements, the general criterion that has to be met in order to get an advantage in
terms of increased system performance from indirect heat use of the collector instead of direct heat use is
found to be:

COPhp

 COP

hp , dir



coll

 1 coll ,dir

1

(eq. 6)

The implication of this general condition can be demonstrated assuming e.g. a COP of the heat pump using a
different source than the solar collector ( COPhp ,dir ) of 2.5. In this case, an advantage from using collector
heat for the evaporator of the heat pump is possible if the COP of the heat pump increases by 1, and at the
same time the collector efficiency increases by +150% relative to the direct collector operation mode where
the heat pump uses a different heat source to deliver heat to the storage (Fig. 4). The curves of Fig. 4 show
for different values of COPhp ,dir the minimum increase of collector efficiency and of the COP of the heat
pump in order to be able to increase the systems performance factor by using collector heat indirectly.
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COPhp ,dir  3.5

100%

COPhp ,dir  2.5
50%

COPhp ,dir  1.5

0%
0

1

2

ΔCOP
COPhp

3

4

Fig. 4: Curves for switching to indirect collector heat use for different values of COPhp,dir (Haller & Frank 2011).
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A direct consequence of eq. 6 is that there is a limit for the irradiation on the collector field ( Glim ) below
which the indirect use of collector heat has a positive effect on the system’s performance factor. This limit
depends on the characteristics of the heat pump and of the collector, as well as on the temperatures of the
heat sink (heat use) of the different heat sources, and on the heat loss term of the collector:

Glim 

COPhp

 COP

hp , dir

 1



xdir  xind

0



xdir

(eq. 7)

0

Where x are the losses of the collector in [W/m2] which depend on the temperature difference between the
collector and the ambient:

x  a1  Tm  a2  Tm  Tm
With Tm 



coll ,in

(eq. 8)

 coll ,out  2  amb .

3.2 Irradiation limits for specific boundary conditions
For the heat pump and covered collector parameters presented in Section 2.2, Fig. 5 shows the irradiation
limit ( Glim ) below which an indirect use of the collector heat leads to an increase in the system’s
performance factor, depending on the ambient temperature ( amb ) and the heat load temperature ( u , flow ).
These curves are based on eq. 7, combined with steady state simulations of the heat pump and collector
performance for the different boundary conditions. It can be concluded that the value of Glim is increasing,
with increasing temperature levels of the heat load and with decreasing temperatures of the ambient air.
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450
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amb  5C

400

amb  0C

350
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250
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DHW

200
150
100
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space heat

50
0
25

30

35
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45

50

flow temperature
of heat demand [°C]
( u , flow )
Heiz‐Vorlauf‐Temperatur

55

Fig. 5: Irradiation limit (Glim) below which an indirect collector heat use leads to an increase in the system’s performance
factor of the investigated system, depending on the temperature level (flow temperature) of the heat load, the ambient
temperature (which is also the alternative heat source temperature of the heat pump) and the temperature difference between
the collector and the ambient for the indirect heat use case (Haller & Frank 2011).
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3.3 Potential for improving the system’s energetic performance for different climates
Based on transient yearly system simulations for the climates of Zurich and of Madrid with the Task 32
reference conditions, the maximum amount of heat (potential) that can be delivered from the solar collectors
to the heat pump with a positive effect on the system’s seasonal performance factor has been determined.
These potentials have been divided into a potential of using heat from the solar collector for the heat pump at
times where the solar collector cannot be operated in direct mode because it would not reach the
temperatures required for this operation mode (additional running times), and the potential for switching
from a less efficientdirect collector heat use to a more efficient indirect collector heat use (switching).

40%

limit for substituting evaporator heat

limit for substituting evaporator heat

Fig. 6 shows the potential for additional running times and switching from direct to indirect heat use for the
location of Zurich for a system with covered flat plate collectors and for a system with uncovered flat plate
collectors, and for space heating systems with different flow and return temperatures. It can be seen that the
benefit of using solar collector heat for the evaporator of the heat pump is substantially larger for uncovered
collectors than it is for covered collectors, and it increases with increasing temperatures of the space heating
system.

covered
flat plate
collectors
Zurich
covered

35%
30%
25%
20%
15%
10%
5%
0%
10

12
collector area

14

16

[m2]

40%
uncovered
flat uncovered
plate collectors
Zurich

35%
30%
25%
20%
15%
10%
5%
0%
10

12
collector area

14

16

[m2]

Aadditional runtime potential, 35/30 °C space heating

additional runtime potential, 45/40 °C space heating

Sswitching potential, 35/30 °C space heating

switching potential, 45/40 °C space heating

Fig. 6: Theoretical limit of using heat from the solar collectors for the evaporator of the heat pump with benefit for the
system’s performance factor, given in % of the heat needed for the evaporator of the heat pump, for the climate of Zurich.

Fig. 7 shows the range of values for the potential of advantageous indirect collector heat use for different
climatic conditions and collector field areas of 10-16 m2. For the climate of Madrid, a larger fraction of the
heat needed for the evaporator of the heat pump can be covered by heat from the solar collector than for the
climate of Zürich (Fig. 7a+b). However, due to the significantly lower space heat demand for the climate of
Madrid, in absolute values less heat can be delivered from the collector to the heat pump than for the climate
of Zurich (Fig. 7c+d).
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Fig. 7: Range of the annual potential of using heat from the collectors for the evaporator of the heat pump with benefit for the
system’s performance factor, given in % of the heat needed for the evaporator of the heat pump (a+b) and in absolute MWh of
heat delivered (c+d), ranges simulated for system sizes of 1.0 m3 of water storage tank and 10 – 16 m2 of collector area for the
climates of Zürich and of Madrid.

4. Discussion
The option to switch from using solar heat directly to using it for the evaporator of a heat pump has been
analyzed for systems where the heat pump has the possibility to use a heat source different from the solar
collectors (e.g. air). A general mathematical relationship to determine under which circumstances an
improvement of the systems performance factor can be expected by using solar heat indirectly instead of
using it directly is given with eq. 6. The relationship shows that the conditions for switching are not as easy
to meet as one would think of as both the COP of the heat pump and the collector efficiency must increase in
order to get a benefit for the system’s performance. From this relationship it is concluded that there is a limit
for the solar irradiation on the collector field above which using solar collector heat for the evaporator of the
heat pump is reducing the system’s performance factor rather than increasing it. This irradiation limit
depends on the characteristic performance curves of the solar thermal collector and of the heat pump. In
particular, the irradiation limit is always higher for collectors with large heat losses to the ambient (e.g.
uncovered collectors) than for collectors with low heat losses to the ambient (e.g. covered flat plate
collectors). Based on example calculations it has also been shown that the irradiation limit increases with
increasing temperatures on the heat demand side, and with decreasing temperatures for the ambient air that
was at the same time the alternative heat source for the heat pump in these studies.
5. Conclusion
From the analysis of the option to use solar heat for the evaporator of a dual source heat pump instead of
using it directly it can be concluded that this option has a higher potential for improving the overall system’s
energetic performance for systems with high temperatures on the demand side and low temperatures on the
side of the heat source and the ambient air. It has also been shown that the potential of increasing the
system’s performance by indirect collector operation is mainly based on additional running times of the
collector. At times where the solar collectors can be used in direct operation mode, this is most often the
preferred mode of collector operation. The effect on systems with the possibility of heat storage on the cold
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side of the heat pump has not been analyzed in this work.
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7. Symbols



symbols

Acoll

collector area, m2

a1

linear heat loss coefficient, W/m2K

a2

quadratic heat loss coefficient, W/m2K2

b0

factor for IAM calculation, -

Ceff

effective specific heat capacitance of
the filled collector, J/m2K

COPhp coefficient of performance of a heat
pump in terms of heat output divided
by electricity input, -

m


temperature, °C
mean collector temperature, °C
Stefan-Boltzman constant, W/m2K4

subscripts

amb

ambient

b

beam

coll

solar thermal collector

cond

condenser

influence of wind speed on F '   ,
s/m

d

diffuse

day

restricted by daily limits

cIR

long wave radiation exchange factor, -

dir

collector heat used directly

cw,hl

wind speed factor, J/m3K

el

electricity

evap

evaporator of the heat pump

flow

flow line

hp

heat pump

in

inlet

ind

collector heat used indirectly, i.e. for
the evaporator of the heat pump

cw, F '

F '   effective

transmission-absorption
product multiplied with the collector
efficiency factor, -

G

solar irradiation, W/m2

K

incident angle modifier, -

L

long wave irradiation, W/m2

Q
Q

Heat or solar energy, J

irrad

irradiation on the collector plane

Heat transfer, W

limit

limit

PF

performance factor in terms of heat
output divided by electricity input, -

OFF

during
times
operation

T

absolute temperature, K

ON

during times with collector operation

t

time, s

out

outlet

uw

wind speed, m/s

pot

W

work, J

potentially useable for the evaporator
of the heat pump

x

specific heat loss, W/m2

sys

system



incident angle, °

u

useful energy



collector efficiency, -

without

collector
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1. Introduction
In recent years several companies started offering Solar thermal And Heat Pump Systems (SAHPS) on the
European Market; already in 2009 an overview was given for example by Zörner W. et al (2009). For single
family houses the systems are offered as pre defined package (kit) solutions. The systems deliver thermal
energy for heating, domestic hot water and eventually as well cooling to the building usually without any
further back up burner. The hydraulic schemes of the single systems, especially the degree of integration of
the solar thermal and electrical driven heat pump unit vary significantly. The same is true for the used low
temperature heat source for the heat pump where ground heat exchangers (horizontal and vertical), ambient
air, specific solar collectors, phase change material storages (e.g. ice/water) and exhaust air are implemented.
The objective of combining solar thermal and heat pump units is to enhance the overall share of renewable
heat applied, by allowing a high Solar Fraction (SF) and an enhanced Seasonal Performance Factor (SPF) of
the heat pump system. This second figure is claimed to be up to SPF ~ 5 in some commercial presentations.
The practical experiences with such systems are still limited and the published monitoring results are only in
part in line with the mentioned expectations. Within the Task 44/Annex 38 of the International Energy
Agency (IEA) Solar Heating and Cooling Program / Heat Pump Program, such systems are analyzed in
detail, including simulations, evaluation of monitoring results and development of test procedures.
The target of the present paper is to give an overview on commercially available Solar thermal And Heat
Pump Systems (SAHPS) and a review on published monitoring results from realized installations.

2. Overview on commercial Solar thermal and Heat Pump Systems

Since the beginning of the IEA project Task 44/Annex 38 the partners collected information’s of
commercially available solar thermal and heat pump systems in order to get a possible complete overview of
the actual market situation. By June 2011 a list of over 95 different commercially presented systems could be
collected. These systems are of very different type including different heat sources. Therefore in order to
structure the number of single systems a methodology was needed. Frank E. et al (2010) proposed in their
publication a visualization and a notation scheme in order to analyze and classify the different solar thermal
and heat pump systems.
The visualization scheme allows in a graphical simplified way to represent such systems. Within the scheme
are shown the main components which are applied (e.g. solar collectors or heat pumps) which are
represented by squares being placed in the centre of the scheme; the renewable energy sources included (e.g.
solar energy or geothermal) which are represented by squares on the top row of the scheme; the additional
energy needed (e.g. electricity) which is represented by squares in the left row of the scheme and finally the
heat sinks served (e.g. heating and domestic hot water) which are represented by squares in the right row of
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the scheme. The energy flows are represented by different kind of arrows connecting the single squares. As
the scheme is based on squares it was denominated “square view” of a SAHPS. The square view allows the
reader in a short time to get a clear overview on the system components and energy flows. It does not give
detailed information’s on hydraulic connections, neither are there included any information’s of sizing of the
single components. The structure of the square view is shown in the following Figure 1:
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Heat
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(sink)
Driving Energy
Water
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Refrigerant

System name
Company

Figure 1: Structure of the “square view” diagram, showing the main components, heat sources, heat sinks and additional
energy carriers implemented in a solar thermal and heat pump system.

In order to record as well information’s on the main hydraulic connections, within the list of systems next to
a commercial diagram of the system and the square view, as well a unified hydraulic drawing scheme has
been elaborated and was collected for each system. In the following Figure 2 the unified hydraulic scheme
and the square view of a solar thermal and heat pump system is shown as example.
With the aim of structuring the list some primary properties have been collected allowing a classification of
the systems. As explained by the notation scheme presented in Frank E. et al (2010) a subdivision based on
the heat source used by the heat pump has been used as one characteristic aspect. In the following examples
of systems applying a geothermal heat source, an aerothermal heat source and the solar thermal collector as
only heat source will be shown. Examples could be recorded as well of systems using exhaust air of the air
ventilation system and water (from e.g. ground, lakes, rivers) as heat source.
Next to a classification based on the heat source applied as well the degree of integration of the solar thermal
and the heat pump system have been considered. Following Freeman T.L. et al (1978), Trinkl et al (2004) or
Frank E. et al (2010) the subdivision in “parallel” and “serial” will be considered onwards:
•

“Parallel” systems are characterized by the fact that the solar thermal collector field and the heat
pump are delivering heat in parallel to the heat sinks, sometimes via a central heat storage.

•

“Serial” systems are characterized by the fact that the heat delivered by the solar thermal collector is
used as low temperature heat source directly or indirectly by the heat pump

It has to be noticed that these two groups are not exclusive, so one system can be of both types. Next to this
two groups, in the mentioned publications a third type “regeneration” has been defined, including those
systems where the solar thermal heat is used for the regeneration of the source, usually ground. Within the
collected list as well the type “integrated” has been applied for the description of systems where solar
thermal heat is integrated in several ways in the overall heating system. For simplification reasons in the
present paper al this systems are collected under the type of “serial” systems.
In the following figures examples of the single system types are shown. In Figure 2 and Figure 3 solar

Page 2 of 12

1168

thermal and heat pump systems using geothermal heat exchangers are shown. In the first case the
interconnection is of “parallel” type only while in the second case of “serial” and “parallel” type.
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Drexel und Weiss GmbH

Figure 2: Unified hydraulic scheme (left) and the visualization scheme „square view“ (right) of a solar thermal and heat pump
system. The system shown applies a geothermal heat exchanger as additional heat source and the solar thermal system and
heat pump system are connected in a “parallel” way only.
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IDM Energiesysteme GmbH

Figure 3: Unified hydraulic scheme (left) and square view (right) of a solar thermal and heat pump system. The system shown
applies a geothermal heat exchanger as additional heat source and the two systems are connected in a “serial” and “parallel”
way.

In Figure 4 and Figure 5 solar thermal and heat pump systems using aerothermal heat pumps are shown. In
the first case the interconnection is of “parallel” type only while in the second case of “serial” and “parallel”
type.
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Figure 4: Unified hydraulic scheme (left) and square view (right) of a solar thermal and heat pump system. The system shown
applies external air as additional heat source and the two systems are connected in a “parallel” way only.
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Figure 5: Unified hydraulic scheme (left) and square view (right) of a solar thermal and heat pump system. The system shown
applies external air as additional heat source and the two systems are connected in a “serial” and “parallel” way.

The third typology of systems mentioned are those where the solar thermal collector represents the only heat
source for the system. In these systems specific collectors have to be used which are able as well to work as
efficient heat exchangers with the external air under conditions with no or reduced solar radiation.
In the following Figure 6 an example is shown of a solar thermal and heat pump system applying hybrid
solar collectors which are connected to a combi storage for DHW and to a storage including phase change
material (in the shown example water / ice) serving as low temperature heat storage. In Figure 7 an example
is shown of a system applying unglazed solar collectors. In this case the solar collectors are directly
connected to a heat pump.
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Figure 6: Unified hydraulic scheme (left) and square view (right) of a solar thermal and heat pump system. The system shown
applies only the solar thermal collector as heat source. A hybrid collector is used feeding the DHW tank and an ice / water
storage.
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Figure 7: Unified hydraulic scheme (left) and square view (right) of a solar thermal and heat pump system. In the present
system an unglazed collector is used serving directly as heat source for the heat pump.

Collecting the different solar thermal and heat pump systems, and classifying them the most typical
typologies could be identified.
Out of 80 collected systems, 46 apply only a “parallel” scheme of interconnection between the solar thermal
and the heat pump system.
With regard to the heat source applied it could be seen that the systems applying geothermal heat exchangers
are the most common typology. In fact out of 80 systems 33 apply a geothermal heat source, 27 an
aerothermal heat source and 12 systems use only the solar thermal collector as heat source. Within the rest of
the systems water or exhaust air is used as low temperature heat source.
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3. System performance evaluation methodology
Nomenclature:
Subscripts:
Units and Symbols:
E


electrical energy
electrical power

Q


thermal energy
thermal power

EH
CP
cond
comp
DHW
HP
HPS
SAHPS
Sol
tot
Vent

Electric Heater
Circulation Pump
condenser
compressor
Domestic Hot Water
Heat Pump
Heat Pump System
Solar thermal And Heat Pump
System
Solar
total
Ventilator

The performance evaluation of a Solar thermal And Heat Pump System (SAHPS) can be done on the base of
several figures. Possible key figures are Primary Energy Consumption, Final Energy Consumption, Electrical
Energy Consumption, CO2 emissions, Coefficient of Performance (COP) and Seasonal Performance Factors
(SPF).
All these figures do depend not only from the SAHPS but are strongly dependent from the boundary
conditions. These boundary conditions are in part directly related to the installed system and building, such
as climatic zone, thermal energy efficiency of the building, thermal gains within the building or the heat
distribution system. In part they are as well connected to the region, nation or macro area where the building
is located. This is especially the case if the way of electricity production is considered in order to calculate
figures such as the Primary Energy Consumption or CO2 emissions.
In order to do a direct comparison of Energy Consumption Figures or CO2 emissions it would therefore be
necessary to test the different SAHPS under unified boundary conditions. In order to do so unified test
procedures would be necessary, which have not been developed yet. As already mentioned by Zörner W. et
al (2009) or Bachmann S. et al (2008) the definition of such test procedures could enable a more transparent
system description.
The central performance figure used in the present paper is the Coefficient of Performance (COP) and
Seasonal Performance Factor (SPF) of the heat pump, the heat pump system and the solar thermal and heat
pump system. This approach has been used as well by Miara M. et al (2010), Stojanovic B. et al (2010) or
Ozgener O. et al (2007).
The Coefficient Of Performance is used to describe the performance power ratio of a single heat pump and
considers only the heat power delivered by the condenser and the electrical power of the compressor. It is
defined as follows:
 =





(eq. 1)

 

The Seasonal Performance Factor describes the energy performance ratio of a unit in a defined period of time
(e.g. one heating season). If the unit is the heat pump there is included the energy consumption of the
compressor, but as well the stand by energy consumption or the energy consumption of an eventually
installed electric back up heater. While the thermal energy produced by the condenser and as well the electric
heater are considered. The SPF heat pump is defined as follows:
 =

∑(      )
∑(   )

(eq. 2)

If the unit is enlarged not only the heat pump but as well the heat pump system is considered. In this case the
electricity consumption of the pumps (for the geothermal heat exchanger or to the outdoor unit) and of the
ventilators (in case of aerothermal systems) are included. The SPF heat pump system is defined as:
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∑(      )
!"  #   )

 = ∑(

(eq. 3)

  

If the unit is further enlarged the whole solar thermal and heat pump system is considered. In this case the
electricity consumption of the circulation pumps as well to the solar thermal collector field or between buffer
storages is included; on the thermal side as well the thermal gains of the solar collector field are considered.
The SPF solar thermal and heat pump system is defined as:
$ = ∑(

∑(      
%  )


!" 
# 
 

  

%)

(eq. 4)

The cited definitions are of general kind and intend to explain the concept of the performance figures shown
in the following chapter. As the single SAHPS show very different hydraulic schemes as well the
performance figures vary slightly in their definition in the single publications. In the explanations’ of the
single systems the authors mention eventual variations.

4. Review of published monitoring results of installed systems
In the following chapter an overview will be given on published monitoring results of solar thermal and heat
pump systems.
Heat pumps as energy units satisfying the heating demand, the domestic hot water demand and / or the
cooling demand of buildings are becoming increasingly popular in Europe. Forsén M. and Nowak T. (2010)
report within the Annual Outlook 2010 of the European Heat Pump Association an increase of sold units in 9
European countries from 250.000 units in 2005 to over 520.000 units in 2009, with a sales peak of over
580.000 units in 2008.
The combination of heat pumps with solar thermal systems lead to an increase of cost, size and complexity
of the system assuring comfortable indoor conditions and the provision of domestic hot water. On the other
hand such systems should lead to enhanced Seasonal Performance Factors of the overall system and to a
reduction of the electrical energy consumption.
In the following as starting point for this review and as reference for the Solar thermal And Heat Pump
Systems (SAHPS) some results of a large scale monitoring campaign carried out by Fraunhofer ISE in
Germany are presented. Miara M. et al (2010) evaluated about 112 heat pump systems installed in Germany
and monitored them within the time frame from July 2007 to June 2010. The measurement campaign
includes results of 18 aerothermal heat pump systems and 56 geothermal heat pump systems. Within this
second category 41 systems apply vertical boreholes while within 15 systems horizontal geothermal
collectors are applied.
The measured ground source heat pump systems showed an average Seasonal Performance Factor of the heat
pump system (SPFHPS) of 3.9 (including results in the range from 3.1 to 5.1) while the aerothermal heat
pumps showed an average SPFHPS of 2.9 (including results in the range from 2.3 to 3.4).
The systems provided in this time frame thermal energy in order to satisfy the heating demand (responsible
in average for 82% of the provided energy) and domestic hot water demand (responsible in average for 18%
of the provided energy).
Included in this report are as well measurement results of heat pump systems assisted by solar thermal. The
monitoring results of 2 solar thermal and geothermal heat pump systems and 4 solar thermal and
aerothermal heat pump systems are shown.
The measured seasonal performance factor of the whole system including the electrical energy consumption
and thermal energy gain of the solar thermal system (SPFSAHPS) is between 4.9 and 6 for the geothermal heat
pump systems and between 2.8 and 3.4 for the aerothermal heat pump systems. Detailed comments and
explanations to these results can be found in the report.
V. Trillat-Berdal et al (2006) (2007) describe in their studies an installation coupling a solar thermal system
and a heat pump connected with two vertical boreholes in order to cover heating and DHW demand of a new
single family building in the Savoy region in Southern France. The installation was carried out within the
project GEOSOL and monitoring results of the first year of operation are described.
The building has a surface of 180 m² and the envelope shows a heat transfer coefficient of U= 0,63 W/(m²K),
154 m² of radiant floors were implemented in order to keep a set temperature of 19°C during the heating
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season, the heat pump has a thermal output power of 15.8 kW and is connected to two bore holes of 90m
depth each, the solar thermal collector field has a size of 12 m² and consists of flat plate collectors, the
collector field is connected to a DHW tank with 500 l volume which is equipped with an electric heater.
There is no connection between the geothermal heat pump and the DHW tank. With regard to the
classification shown in the first chapter, the present system can be described as geothermal system of serial
and parallel type.
The system is implemented in such a way that the solar collector field heats up as first priority the domestic
hot water tank. If DHW temperature setting is reached but further thermal energy is available from the
collector field, this energy is injected in the boreholes contributing to the thermal balance of the ground.
Within the study the monitoring results of the winter season 2004 / 2005 are presented. Within this time
frame the system satisfies the thermal need of the building leading to an SPFHP of 3.75 and an SPFHPS of 3.2.
In the present case the SPFHPS does not include the provision of domestic hot water, therefore as well the
electrical energy consumption of the electric heater is not included. The solar gains through the solar thermal
collector field are considered in an indirect way. In fact the solar thermal energy not requested for domestic
hot water is injected in the boreholes. This energy flux amounted within the measured time frame for
2121 kWh (34% of the heat extracted from the boreholes), allowing to balance the ground load after the
summer season.
B. Stojanovic and J. Akander (2010) give in their study an overview of the monitoring results of an
experimental SAHPS set up in a test building in Sandviken (Sweden) within the European Project
“EndoHousing”. Within this project research installations where set up in Italy, Cyprus, Germany and
Sweden. The test building in Sweden is a single family house from 1920 with limited thermal insulation and
a high temperature heating distribution system (radiators). The roof is oriented east / west.
The building has been equipped within the project with a commercial heat pump (thermal output 8.4 kW), a
ground heat exchanger (~52 m² ground heat exchanger area, placed horizontally at a depth of 1.5 m in the
ground) used as well as seasonal heat storage and 42.5 m² prototype solar collector placed on the east slope
of the building. The roof integrated unglazed solar thermal collector (named Endopanel) consists of extruded
aluminum profiles with welded in / outlet pipes underneath. With regard to the classification shown in the
first chapter, the present system can be described as geothermal system of serial type. As the building was
not used during testing phase the consumption (heating and domestic hot water) where emulated. DHW was
drained twice a day to resemble a daily energy consumption of ~14 kWh, while the system had to provide the
necessary thermal energy to keep an indoor temperature of above +20°C. Within the study monitoring results
of a period from February 2006 till February 2008 are reported; the evaluation focuses on the second year.
The monitored performance figures for this period are SPFHP=2.8 and SPFSAHPS=2.1, where the difference
between the two figures are mainly explained through the electric energy consumption of the circulation
pumps (CPs). A further feature of this installation is the utilization of the ground as seasonal energy storage.
It is reported that the applied Ground Heat Exchanger (GHE) design “was not capable of extensive seasonal
heat storage”. Considering the unfavorable framework conditions the authors assess this first results positive
and propose several measures in order to enhance the SPFSAHPS.
M. Heppelmann et al (2006) report about the set up and run in of the German EndoHousing test site. The test
site has been installed in the city of Soest in Germany. An office building constructed in the year 1999 has
been used, where for the project the heating of the office and workers room has been applied. On the roof
facing west a 15 m² unglazed collector has been installed of similar type as applied in the EndoHousing
project in Sweden (see above). A heat pump with a thermal output of 6 kW is applied in order to supply
heating and DHW and a electric heater is installed as back up. Two thermal storages were implemented, a
cold storage with a volume of 160 l filled with glycol and a hot storage filled with water respectively before
and after the heat pump. The space heating has been realized by warm air convectors except of one room
where a radiant floor heating system is used. In this system no ground heat exchanger has been implemented.
With regard to the classification shown in the first chapter, the present system applies solar thermal
collectors as only heat source connected to two storages.
In the study only monitoring data of a few month are reported. Within the period of March 2006 the
measured COPHP varied between 3.2 and 6.7. The authors report of major problems of the system in cold
day’s. In fact in February 2006 when outside temperature dropped below -5°C the, the temperature in the
cold water tank dropped below -8°C leading to a safety switch off of the heat pump for a period of time of
3000 s. In order to avoid this switching the authors propose an improved control strategy loading the two
storages during day time in order to avoid such situations.
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Wang X. et al (2010) present in their study the monitoring results of a one year measurement campaign of an
installed solar thermal and heat pump system including vertical boreholes in Harbin (China). Harbin is
located in a cold climatic area, in the measured winter 2008 / 2009 the average outdoor temperature was
-7.6°C.
The experimental set up was installed in a new detached house with three stories. The total heating area is of
500 m², the external walls and roof were externally insulated with 150 mm polystyrene insulation boards
while 30 mm boards of the same material were laid on the ground. The building is equipped with a radiant
floor for heating and cooling purpose. The SAHPS is composed by a 50 m² solar thermal collector field
applying “independently developed high efficiency flat plat collectors”. The collectors are south oriented and
mounted with a tilted angle of 60°. The ground heat exchanger consists of 12 boreholes, which are 50 m deep
each and arranged in three rows with a minimum distance of 3.4 m between the single bore holes. The
applied heat pump had a rated electrical input power of 3.7 kW.
The hydraulic scheme is of such type that the solar thermal energy can be used for direct heating, for
regeneration of the boreholes and can be connected to the evaporator of the heat pump. With regard to the
classification shown in the first chapter, the present system can be described as geothermal system of serial
and parallel type. The experimental set up has been used for heating and cooling but not for the provision of
DHW. In fact during the measurement period of April 2008 to April 2009 the building was not used, the
indoor temperature was set to be at least 18°C, no internal loads were emulated.
The set temperature was mostly reached, only in the coldest day’s with average outdoor temperature of 18.1°C the average indoor temperature was with 16.5°C, slightly below the set value. For the heating season
a SPFHP = 4.29 has been measured, while the SPFSAHPS was in the same timeframe 6.55; This is due the fact
that 49.7% of the total heating output was supplied directly by the solar thermal collector field. In the
measured year the soil temperature at 50 m rose from 4.2°C to 7.2°C in the period from April to October, it
decreased again to 4°C in January of the following year and from then it rose to around 6°C in April. These
temperature where measured in an observation well, placed with 2.5 m distance from one row of the
boreholes.
Ochs F. et (2011) report in their study monitoring and simulation results of a SAHPS applied in order to
satisfy the heating and domestic hot water demand of a thermally very energy efficient (passive house) two
family building in Austria. The building has a calculated heating demand of 15 kWh/m²y and includes a
mechanical ventilation. The heat is distributed via radiant floors, on the roof are placed 10,2 m² of glazed flat
plate collectors. A heat pump with a rated electrical input power of 4.8 kW and an electric direct back up
heater (for DHW only) is installed. Key component of the system is the ground heat exchanger placed
horizontal below the building. In order to save cost and enhance the construction is has actually been
included in the base construction, which is mainly set up of the ground heat exchanger, isolation layer and
concrete layer.
The hydraulic scheme is of such type that the solar thermal energy can be used for direct heating of the
central storage and for regeneration of the borehole. With regard to the classification shown in the first
chapter, the present system can be described as geothermal system of parallel and serial type.
The measurement results show an actual heating demand of 23 kWh/m²y within the year 2009 / 2010 and an
energy demand for the DHW of a similar order of magnitude. The overall electricity demand for the
ventilation, heating and DHW system is given with 16.7 kWh/m²y. The specific solar yield of the solar
thermal collector field was 485 kWh/m²y, while the SPFHP is reported with 3.1. This limited SPFHP is
commented with not optimally suited single components and the low ground temperatures, in fact the ground
below the building even after the summer month did not reach temperatures above 22°C, similar
temperatures have been measured as well in the undisturbed ground next to the building in the same time
period. The seasonal storage effect is therefore regarded by the authors as very limited and actually the
system is described as geothermal system with solar ground regeneration. The primary energy consumption
of the system is given with 44 kWh/m²y and through the carried out simulations and optimization potential
down to 32 kWh/m²y is estimated. This value is regarded as interesting low value but the system as quite
complex with a significant risk of failures / not optimized control situations. It is highlighted that such low
values are only possible if a very energy efficient building envelope is applied.
Thissen B. (2011) reports about a test installation in Switzerland where the monitoring started in March
2010. Within this test installation unglazed solar thermal collectors have been coupled to a commercial solar
thermal and heat pump system which uses only solar thermal collectors as heat source and includes a latent
(ice / water) storage. This system is commercially offered with glazed hybrid collectors. The test installation
has been done in an energetically renovated single family house with a ground gross surface of 230 m². The
overall measured heating demand is given with 11 MWh/year and the DHW demand with 1.5 MWh/year. A
radiant wall heating system is applied for the heat distribution and 30 m² of the mentioned unglazed
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collectors where installed on a roof facing east + 10°, with a tilted angle of 22°. With regard to the
classification shown in the first chapter, the present system applies solar thermal collectors as only heat
source connected to two storages.
Within the period of 18th March 2010 and 23rd February 2011 the installed system showed an SPFSAHP of 4.3.
In the timeframe from May to October the heating and DHW demand could be covered completely by the
solar thermal system and the heat pump did not switch on. In single days during the winter time, it can
clearly be seen that the collector works as well as heat exchangers with collector fluid temperatures being
significantly below outside air temperature. For example in the night of the 13th March 2010 the outside air
temperature was -4°C while the collector fluid temperature was below -12°C.
Bertram E. et al (2011) report on a pilot installation realized on a single family house near Frankfurt
(Germany). The system consists of 39 m² unglazed solar thermal photovoltaic collectors, 3 vertical ground
heat exchangers with a debt of 75 m and a heat pump with a rated input power of 12 kW. The application of
solar thermal photovoltaic collectors (PVT) is expected to have a benefit for thermal energy production by
enhancing the source temperature of the heat pump and for the electrical energy production by reducing the
temperature of the PV modules. In order to measure this second effect at the pilot installation not thermally
connected reference PV modules have been installed. The hydraulic scheme seems of such type that the solar
thermal energy can be used for regeneration of the boreholes. With regard to the classification shown in the
first chapter, the present system can be described as geothermal system of serial type.
Within the measured period from March 2009 till April 2010 an enhanced electrical energy production of the
PVT collector by 4% in comparison to the reference PV module has been measured. The SPFHPS is given
with 4.3 while the SPFSAHPS is given with 4.0, the average brine temperature from the ground heat exchanger
is given with 5.7°C.
A TRNSYS model has been realized by the authors in order to research the effect of the PVT collector on the
average brine temperature, using the measured data of the installed system. According to the given
explanations the average brine temperature is expected to be 2.3 °C, if no PVT collector would have been
coupled to the geothermal heat pump systems; this difference results according to the authors in an electrical
energy saving of 10%. Further details as well to the simulated long term behavior are given in the
publication.

5. Conclusions
The target of the present paper was to give an overview on commercially available Solar thermal And Heat
Pump Systems (SAHPS) and a review on published monitoring results from realized installations.
Regarding the market overview within the IEA SHC Task44 / HPP Annex 38 a list of 95 commercially
presented SAHPS could be collected. These systems were collected including the elaboration of the “square
view” diagram and of a unified hydraulic scheme of each system. Within these systems different additional
thermal energy sources are used (geothermal, aerothermal, …) and they vary strongly regarding the degree of
integration of the solar thermal and the heat pump system. Not to all systems detailed information’s were
available to the authors. Out of 80 collected systems, 46 SAHPS apply a “parallel” scheme of
interconnection between the solar thermal and heat pump system. Again out of 80 systems 33 apply a
geothermal heat source, 27 an aerothermal heat source and 12 systems use only the solar thermal collector as
heat source. Within the rest of the systems water or exhaust air is used as low temperature heat source.
Regarding the practical experiences a field test monitoring of installed heat pump systems in Germany
served as reference. Within this field test geothermal heat pump systems showed an average SPFHPS of 3.9,
while aerothermal heat pump systems showed an average SPFHPS of 2.9. In the presented review monitoring
results of 6 commercially and 7 experimentally installed solar thermal and heat pump systems could be cited.
For solar thermal and geothermal heat pump systems the installations showed SPFSAHPS in the range from 2.1
to 6.55. For solar thermal and aerothermal heat pump systems (including those systems where the solar
collector is applied as well as heat exchanger with external air and represents the only heat source) the
SPFSAHPS were in the range from 2.8 to 4.3.
In most cases the installations of which detailed monitoring results have been published are individual
installation’s realized within scientific projects. Therefore a direct comparison between the commercially on
the market presented systems and the available monitoring results are not possible. Nevertheless the cited
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results show that an enhancement of the SPF factor of the SAHPS is not always given in comparison to heat
pump systems without a solar thermal system. In fact complex hydraulic schemes, not optimized hardware
components and limited control strategies can strongly limit the overall systems performance. On the other
hand, specific systems do show promising performance figures.
Further simulations, monitoring results of installed systems and specific test procedures for solar thermal and
heat pump systems can support the clarification of which systems can show high performance figures under
specific framework conditions.

6. Acknowledgments
The authors would like to thank to all IEA SHC Task 44 / HPP Annex 38 partners for their collaboration and
contributions to the task.
The authors from EURAC research would like to kindly thank the STIFTUNG SÜDTIROLER
SPARKASSE for the financial support.

7. References
Bachmann S., Drück H., Müller-Steinhagen H., 2008. Solarthermie und Wärmepumpe – Vorstellung
verschiedener Konzepte für Solar Kombianlagen, Proceedings of the Symposium Thermische
Solarenergie, Bad Staffelstein / Germany.
Bertram E., Stegamnn M., Kundmüller K., Rosinski Ch., 2011. Wärmepumpensysteme mit unabgedeckten
photovoltaisch-thermischen Kollektoren, Proceedings of the Symposium Thermische Solarenergie, Bad
Staffelstein / Germany.
Forsen M., Nowak T., 2010. European Heat Pump Statistics, [Online, cited: July 17th, 2011]
http://www.ehpa.org/fileadmin/red/Heat_Pump_Statistics/2010_EHPA_Outlook_executive_summary.pdf
Frank E., Haller M., Herkel S., Ruschenburg J.,2010. “Systematic classification of combined Solar Thermal
and Heat Pump systems”, EUROSUN International Conference on Solar Heating, Cooling and Buildings,
Graz /Austria.
Freeman T.L., Mitchel J.W., Audit T.E., 1978. Performance of combined Solar Heat Pump Systems, Solar
Energy 22, 125 – 135.
Heppelmann M., Bitzer B., Morton D., Virk G. S., 2006. Run In and Usage of a Solar Assisted Heat Pump
System, International Conference on Energy & Environmental Systems IASME / WSEAS, Greece.
Miara M., Danny G., Kramer T., Oltersdorf T., Wapler J., 2010. Wärmepumpen Effizienz – Messtechnische
Untersuchung von Wärmepumpenanlagen zur Analyse und Bewertung der Effizienz im realen Betrieb,
[Online,
cited:
July
16th,
2011]
http://wp-effizienz.ise.fraunhofer.de/download/
wp_effizienz_endbericht _langfassung.pdf.
Ochs F., Peper S., Schnieders J., Pfluger R., Feist W., 2011. Neues Solar-Wärmepumpenkonzept-Konzept
für die Wärmeversorgung von Passivhäusern – Beurteilung der Effizienz durch Monitoring und
Simulation, Proceedings of the Symposium Thermische Solarenergie, Bad Staffelstein / Germany.
Ozgener o., Hepbasli A., 2007. A review on energy and exergy analysis of solar assisted heat pump
systems”, Renewable and Sustainable Energy Reviews 30, 482 – 496.
Stojanovic B., Akander J., 2010. Build up and long term performance test of a full-scale solar assisted heat
pump system for residential heating in Nordic climate conditions. Applied Thermal Engineering 11, 188
– 195.
Thissen B., (2010). Kopplung von unverglasten selektiven Solarkollektoren mit einer Wärmepumpe und
einem Latentwärmespeicher, Proceedings of the Symposium Thermische Solarenergie, Bad Staffelstein /
Germany.
Trillat-Berdal V., Souyri B., Fraisse G., 2006. Experimental study of a ground coupled heat pump combined
with thermal solar collectors, Energy and Buildings 38, 1477-1484.
Trillat-Berdal V., Souyri B., Achard G., 2007. Coupling of geothermal heat pumps with thermal solar
collectors, Applied Thermal Engineering 27, 1750 – 175.
Trinkl C. Zörner W., Hanby V., 2004. A Review on Solar Assisted Heat Pump Systems for Domestic
Heating. Proceedings of EuroSun Conference, Freiburg / Germany.
Wang X., Zheng M., Wenyong Z., Zhang S., Yang T., 2010. Experimental study of a solar-assisted ground-

Page 11 of 12

1177

coupled heat pump system with solar seasonal thermal storage in severe cold areas. Energy and Buildings
42, 2104-2110.
Zörner W., Holger M., Trinkl C., 2009. Domestic solar / heat pump heating systems: Market overview,
systems and components technologies, Proceedings of ESTEC Conference, Munich / Germany.

Page 12 of 12

1178

SIMULATION STUDY ON THE PERFORMANCE OF SOLAR AND
GEOTHERMAL HYBRID R22 HEAT PUMP
1

2

3

Byun Kang , Jae-Kyeong OH , Cha-Sik Park , and HongHyun Cho

4

1

Graduate school of Mechanical Engineering / Chosun University, Kwangju 501-759 (korea)

2

Graduate school of Mechanical Engineering / Chosun University, Kwangju 501-759 (korea)
3
4

Department automotive Engineering / Hoseo University, Asan 336-795 (korea)

Department Mechanical Engineering / Chosun University, Kwangju 501-759 (korea)

ABSTRACT
A simulation study on the performance of the solar and geothermal hybrid heat pump system by using R22
was carried out with a variation of operating conditions. The system was consisted of solar system
(concentric evacuated tube solar collector, heat storage tank) and geothermal heat pump system (double pipe
heat exchanger, electric expansion valve and compressor). As a result, the heating capacity is linearly
decreased from 13.2 kW to 11 kW as the heat pump operating temperature increases from 40 oC to 48oC.
Besides, the heating COP decreases by 13.6% from 4.4 to 3.8 when the ground temperature raises 13oC to
17oC. The heating capacity is increased by 4.7% from 11.5 kW to 12.2 kW and the heating COP rises by 19%
from 4.7 to 5.6.

KEYWORKDS
Heat pump, R22, COP, Hybrid, Solar, Geothermal
NOMENCLATURE
2

A

area (m )

c1-c5

coefficients in eq. (6)

D

diameter (m)

FR

collector heat removal factor

FRτα

intercept of the efficiency curve

h

enthalpy (KJ kg-1)

It

solar radiation (W/m2)

L

length in EEV (m)

̇

mass flow rate (kg/s)

N

RPM

Sp

Relative piston stroke length

P

pressure (kPa)

T

temperature (oC)

Ti

inlet temperature at the collector (oC)

Ta

outlet temperature at the collector (oC)

UL

collector overall heat loss coefficient
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Vcomp

compressor volume (kg/m3)

Vs

compressor inlet volume (kg/m3)

W

compressor work (kW)



density (kg/m3)



compression ratio

1. INTRODUCTION
Recently, awareness of the effect of human activities on the environment and the developing debate on
climate change has heightened and interested in non-fossil energy source. Since the limitation of energy
usage and energy crisis became the problem in the world, the necessity of developing new energy resources
has been a hot issue for the whole world in related to an alternative energy. Among the renewable energy,
solar energy has advantages such as the cheaper maintain cost, clean and limitless. However, solar energy
has serious problems like the low density solar energy, the impact of climate change and unstable energy
supplies. To solve these problems, solar and geothermal hybrid heat pump system has been developed in this
study. As solar radiation is enough, solar and geothermal hybrid heat pump system absorbed solar energy by
solar collection. On the other hand, when the solar radiation is not enough to operate, the required energy can
be filled by using heat pump. Besides, geothermal heat pump system can be used a constant temperature for
year. Furthermore, the energy usage could be decreased by using this system for all season. In this study, a
heat pump model with solar and geothermal heating system for residentail heating was developed. For
efficient use of the solar and geothermal hybrid heat pump an optimal operation control emthod is required in
order to save enery and increase reliablility. To address these problem, the performance date of the solar and
geothermal hybird heat pump system have been analysed against the pump operating temperature and
goethermal temperature.
2. SYSTEM MODELING
The solar and geothermal hybrid heat pump system (SG-HHPS) consists of a solar heat system and a
geothermal heat pump system used refrigerant R22. The solar heat system has a concentric evacuated tube
collector and a heat storage tank. The geothermal heat pump system consists of two double-pipe heat
exchangers (high- & low-temp), a double pipe type evaporator, an EEV (electric expansion valve) and a
compressor. For modeling of system components and calculating of thermodynamic refrigerant properties,
EES (engineering equation solver) is used. A schematic diagram of the SG-HHPS used in this study is shown
in Fig.1.

2.1 Solar collector and heat storage tank modeling
The solar collector has eight concentric evacuated tube collectors which can be reliably operated for getting
heat for residential application. As a working fluid water-propylene glycol mixture (water to propylene
glycol ratio of 80:20) is used. The solar collector model was developed based on test results of the concentric
evacuated tube collector by Korean Institute of Energy Research. In this study, the efficiency of solar
collector is calculated by eq.(1).
*

(

)

+

*

(

)

+

(eq. 1)

Solar hybrid systems show some dependability problems because of the time lag when solar energy is
acquired and when it is used. To solve this problem, the heat storage tank (1.0 ton) was designed, and total
collection heat was calculated by eq.(2).
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Fig. 1: Schematic diagram of the SG-HHPS (solar and geothermal hybrid heat pump system)

∫

∫

∫

∫

∫

∫

(eq. 2)

2.2 Compressor modeling
The reciprocating type compressor used for the simulation analysis used as the heat pump system of using
R22 for developing the analytical model. In addition to, the mass flow rate of the compressor was calculated
by using volumetric efficiency and isentropic efficiency, respectively.


m  Vcomp N v
Vs

(eq. 3)

v  0.3596  1.1072S p  0.08132  0.0001175N  0.4025S p2  2.449  108 N 2

i  0.2402  1.4187S p  0.09698  0.000123N  0.5852S p2  2.457  108 N 2

(eq. 4)
(eq. 5)

2.3 Heat exchanger modeling
The heat pump system consists of three double-pipe heat exchanger (high & low temperature condenser and
evaporator), an EEV (electric expansion valve), and a reciprocating type compressor. In the heating mode,
the double-pipe heat exchanger acts as an evaporator to exchange heat between the refrigerant and water that
is supplied from the GHX (ground heat exchanger). And two double-pipe heat exchangers play the role of
the condenser. The high temperature heat exchanger is placed at the compressor outlet. It exchanges the heat
from high-temperature water to the middle of the heat storage tank so as to supply the hot water to the user.
The low temperature double-pipe heat exchanger exchanges the heat from low-temperature water at the
bottom of heat storage tank to supply the mean temperature water for heating. Table 1 shows property
reference data for heat exchanger simulation used in this study.
2.4 EEV modeling
The EEV with a diameter of 1.6 mm is used as an expansion device so as to calculate the mass flow rate
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Tab. 1: Property references for simulation

Condenser
Evaporator

Type

Refrigerant heat transfer
coefficient

Refrigerant pressure
drop

Water transfer
coefficient

Double
pipe

Gnielinski (1976)
Shah (1979)

Churchill (1977)
Churchill (1977)

Dittus and Boelter
(1985)

through the expansion device. In this study, the expansion process is assumed to be isenthalpic. The mass
flow rate of the EEV is calculated by using 6-physical and 4-geometrical variables based on Buckingham-π
theory as shown below in eq. (6). The constants of eq. (6) are shown in Table 2.

(

̇
√

)

(

) (

) (

) (

)

(eq. 6)

Tab. 2: Constants in EEV correlation of eq. (6)

Constant
C1
C2
C3
C4
C5

Value
1.17  100
3.99  10-2
-7.27  10-2
3.86  10-1
-4.55  100

2.5 Simulation conditions
To simulate heating load, the indoor space of 66.25 m2 was assumed. The heat loss on inner walls was
ignored, but losses on roof and outside walls with windows have been considered. Besides, the daily usage of
the hot water was assumed to be 280L for four-member family according to ASHRAE standard 116 (1983).
The design parameters of heating load and hot water load are shown in Tables 3 and 4. In this study, the
performance analysis of the SG-HCHP system with heat pump operating temperature was carried out in
order to compare the performance characteristics. The heat pump operating temperature means the setting
temperature that can supply the heat to heat storage tank by the heat pump when the water temperature is
reduced below the designed temperature. Simulation conditions used in this study are shown in Table 5.

Tab. 3: Heating load design

Parameters
Indoor
space
Thermal
conductivity
(W/moC)
Windows
(cm)
Wall (cm)
Roof (cm)
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Tab. 4: Hot water load design

Conditions

Time

Usage water (L)

65.25 m2

09 : 00

100

Brick: 0.53
Styrofoam: 0.02
Glass: 0.5
90×170×1.5 cm
Glass 8 EA
Brick : 15 cm
Styrofoam: 5 cm
2Brick: 20 cm2

13 : 00

80

18 : 00

100

Tab. 5: Simulation conditions

Parameter

Conditions

Heat pump
operating
temp. (oC)

40, 42, 44,
46, 48

Ground temp.
(oC)

11, 13, 15,
17, 19

3. RESULTS AND DISCUSSION
3.1The effect of heat pump operating temperature on system performance
Fig. 2 shows the variations of the optimal EEV opening, mass flow rate, heating capacity, and COP with heat
pump operating temperature. The heating capacity is proportionally decreased from 13.2 kW to 11 kW as the
heat pump operating temperature increases from 40 oC to 48oC. Besides, the heating COP decreases by 13.6%
from 4.4 to 3.8 EEV opening of the heat pump is one of the most important control factors to determine
system performance because it affects the mass flow rate of the refrigerant and the compressor discharge
pressure. In this study, when the heat pump operating temperature increase from 40 oC to 48oC, the optimal
EEV opening decreases from 46% to 40%, and mass flow rate decreases from 76 g/s to 65 g/s.
Fig. 3 shows the variations of the compressor work, pressure ratio, condenser outlet temperature and quality
with heat pump operating temperature. Mass flow rate has to tendency to decrease with the rise of heat pump
operating temperature. Besides, the pressure ratio increases from 4.61 to 5.25 and the compressor work
decreases by 0.29% from 2.9 to 2.8. Generally, heat exchanging rate is reduced at the condenser with the rise
of heat pump operating temperature. Thus, the temperature and pressure of refrigerant through the EEV are
increased proportionally with the outlet temperature at the condenser. Therefore, the quality of refrigerant at
the inlet of evaporator is increased. Furthermore, the entering pressure at the compressor inlet decreases and
compressor work increases owing to the increase of pressure ratio between inlet and outlet of compressor. In
this study, when the heat pump operating temperature increases from 40oC to 48oC, the condenser outlet
temperature increases from 93.4oC to 100oC and quality increases from 0.321 to 0.379. Since heat pump
operating temperature is very effective to system performance, the operator should control to maintain the
optimal heat pump operating temperature according to operating condition in order to save energy and
increase system reliability.
3.2The effect of ground temperature on system performance
Fig. 4 shows the variations of the optimal EEV opening, mass flow rate, heating capacity, and COP with
ground temperature. The heating performance can improve as the ground temperature rises. As the ground
temperature increases from 13oC to 17oC, the heating capacity is improved by 4.7% from 11.5 kW to 12.2
kW and the heating COP increases by 19% from 4.7 to 5.6. The temperature and pressure at the compressor
inlet increases as the ground temperature elevates. At this case, the mass flow rate of refrigerant increases
because of the high temperature and pressure. Hence, the optimal EEV opening increases with a rise of
ground temperature. In this simulation result, the optimal EEV opening increase from 42% to 46% when the
ground temperature increases from 13oC to 17oC. The mass flow rate of refrigerant is also increased from 68
g/s to 74 g/s.
Fig. 5 shows the variations of the compressor work, pressure ratio, evaporator outlet temperature and
evaporator capacity with ground temperature. The compressor outlet temperature decreases with reduction of
compressor pressure ratio when the ground temperature elevates. Since the evaporator is directly affected by
the ground temperature, the pressure of compressor inlet increases, and the pressure ratio of a compressor
reduces as the ground temperature rises. Besides, the compressor work decreases during compression
process due to rise of compressor efficiency. Therefore, the system performance improves under the same
indoor heating load condition with the increase of ground temperature. As the simulation result, the
compressor pressure ratio is reduced from 5 to 4.6 and compressor work decreases from 2.9 to 2.8 kW when
the ground temperature increases from 13oC to 17oC. The evaporator capacity increases by 7.7% from 9.0 to
9.7 kW and evaporator outlet temperature increases from 6.5oC to 7.7oC. From the simulation result, it can be
deduced that the heating capacity can be maintained over the wanted heating capacity whole of winter season
and system performance is also improved significantly by adapting the solar geothermal hybrid heat pump
system.
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Fig. 3: Variations of compressor work, pressure ratio,
quality and condenser outlet temperature with
heat pump operating temperature.
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Fig. 5: Variations of compressor work, pressure ratio,
evaporator outlet temperature, and evaporator
capacity with ground operating temperature.

4. CONCLUSIONS
The simulation model of solar geothermal hybrid heat pump system (SG-HHPS) was developed to
investigate system performance under variations condition. The performance characteristics of refrigerating
system were analyzed with heat pump operating temperature and ground temperature. The results of
numerical analysis was obtained through this study are followings.
When the heat pump operating temperature increase from 40 to 48 oC, the optimal EEV opening decreases
from 46% to 40%, and mass flow rate is also decreased from 76 g/s to 65 g/s. The heating capacity is linearly
decreased from 13.2 kW to 11 kW. Besides, the heating COP decreases by 13.6% from 4.4 to 3.8. When the
ground temperature increases from 13oC to 17oC, the heating capacity is improved by 4.7% from 11.5 kW to
12.2 kW and the heating COP increases by 19% from 4.7 to 5.6. Compressor pressure ratio is reduced from 5
to 4.6 and compressor work decreases from 2.9 to 2.8 kW. Besides, the evaporator capacity increases by 7.7%
from 9.0 to 9.7 and evaporator outlet temperature increase from 6.5oC to 7.7oC. From the simulation result, it
can be deduced that the heating capacity can be maintained over the wanted heating capacity and system
performance is also improved significantly by adapting the solar geothermal hybrid heat pump system.
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SOLAR AND HEAT PUMP SYSTEMS
Status of IEA SHC Task 44 & HPP Annex 38
Jean-Christophe Hadorn
Operating Agent for the Swiss Federal Office of Energy
BASE consultants SA – 8 rue du Nant – CH 1207 GENEVA
T: +41 22 840 20 80, E-Mail:jchadorn@baseconsultants.com

Synopsis
Over the past few years, systems that combine solar thermal technology and heat pumps have been marketed
to heat houses and produce domestic hot water. This new combination of technologies is a welcome
advancement, but standards and norms are still required for its long term successful commercialization.
At this time, most of the manufacturers are developing systems without a clear framework of what could be
the best combinations of the two worlds and customers are lacking comparative approaches. The result is
that systems reaching today the market are far from being optimized and sometimes simple enough to
guarantee a lifetime problem free and efficient operation both technically and economically.
What is needed is a systematic analysis of the different possible systems and their potential for application in
different climates and under different boundary conditions. To begin to tackle this, the SHC Programme has
launched Task 44, Systems using solar thermal energy in combination with heat pumps (HP+Solar), a joint
effort with the Heat Pump Programme under the name Annex 38.
The scope of this new Task, which has begun in 2010 and will end in 2013, is on the following items:
−

Small-scale residential heating and hot water systems that use heat pumps and any type of solar thermal
collectors as the main components.

−

Systems offered as one product from a system supplier/manufacturer.

−

Electrically driven heat pumps, but during the development of performance assessment methods
thermally driven heat pumps will not be excluded.

−

Market available solutions and advanced solutions (produced during the course of the Task).

Task is divided into four Subtasks:
·

Overview of solutions (existing, new) and generic systems

·

Performance figures and performance assessment

·

Modeling and simulation

·

Dissemination and market supporting measures

[1] www.iea-shc.org/task44

1186

Background
The solar thermal market is expanding since 2000 due to two factors: the near cost effectiveness of solar hot
water preparation and the incentives and promotions in place in many European countries. However reaching
100% solar is still a cost challenge. A good passive house in mid Europe can be almost 100% solar with
about 30 m2 of collectors and 10 to 20 m3 of storage. The initial cost can reach 60 to 70’000 € for such a
solution and it also deserves some space inside the house. In most cases an auxiliary heating system will be
needed.
It has become very popular to heat a house with a heat pump solution due to the promotion undertaken by
electrical utilities since a few years and the willingness of consumers not to dependant upon fossil fuels. In
some countries electricity is however produced by fossil fuels. More and more customers are thus attracted
by a heat pump solution combined with a solar installation at least for domestic hot water preparation.
Manufacturers have started to offer since a couple of years solution combining a heat pump and solar not
only for hot water but also for heating purposes. Of course such combinations are more complex and need
more control strategies and electronics. Therefore the optimisation of the combination is more complex and
the cost effectiveness of the combination is not obvious.
Types of heat pumps can be all kinds but the market is clearly oriented towards brine to water in ground
coupled heat pumps and comes slowly more and more to air to water heat pumps since their performance,
reliability, frost and noise protection have improved over past years.
IEA Solar Heating and Cooling
The International Energy Agency has started the Solar Heating and Cooling programme in 1977. It has
followed or lead the development of solar thermal market through a number of cooperative tasks that have
confronted many new ideas within international groups of experts. The SHC programme started its 44th Task
by the beginning of 2010. The task is called “Solar and heat pump systems”.
IEA Heat pump programme
The IEA Heat pump programme has decided to jointly initiate the Task with the SHC programme under the
name “Annex 38”. This gives the Task 44 group a great opportunity to share solar knowledge with Heat
pump experts and vice versa. The nickname of the activity is therefore T44A38.
IEA T44A38 scope
The scope of this new Task, which has begun in 2010, is on the following items:
−

Small-scale residential heating and hot water systems that use heat pumps and any type of solar thermal
collectors as the main components.

−

Systems offered as one product from a system supplier/manufacturer.

−

Electrically driven heat pumps, but during the development of performance assessment methods
thermally driven heat pumps will not be excluded but are seldom proposed yet.

−

Market available solutions and advanced solutions (produced during the course of the Task).
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To better focus on the current market demand which is on one family solutions, large scale systems i.e.
systems using any type of district network or systems for large buildings are not directly included, nor is the
comfort cooling of buildings. However a heat pump can also be used for cooling, and the performance
assessment methodology of T44A38 will not forget this “optional” feature.
Companion technologies?
Solar and heat pump technologies share some common points:
•

Both solar collectors and heat pumps use electricity to make „free“ energy available for hot
water and space heat.

•

In both cases, the „free“ resource varies with the seasons in terms of exergy (quality).

•

Both have decreasing efficiency with increasing supply temperature.

•

Both have relatively high capital costs and lower running costs compared to conventional
heating systems.

•

Both use thermal storage in systems.

The optimisation of one technology will therefore often help the other one and it makes much sense to look at
both in a consistent and global way. On top of that, they have “complementary disadvantages” such as:
•

Collectors cannot easily supply 100% of load: solar systems need auxiliary heater unless big storage
volumes are possible.

•

Heat pumps use a significant amount of primary energy: improving COP (coefficient of
performance), SCOP (seasonal COP) or SPF (Seasonal Performance Factor) by the use of solar can
thus be an environmental advantage for HPs.

They are however two “mature” technologies and the combination will not be easy to tackle for this reason.
Solar companies and research institutes are busy on:
•

Increasing solar fraction for heating and hot water with less material and less complexity in
systems if possible to increase the system or components MTBF (mean time before failure).

•

Finding alternative to concepts using very large heat storage to reach high renewable fraction.

•

Looking for overall solar fraction larger than 50 %.

•

Trying to keep the investment cost in limits where the cost of heat is 1 to 2 to the most of that of
more historical heating solutions (fossil, direct heating).

•

Trying to provide affordable solutions for thermal solar cooling.

Heat pump companies and research institutes are busy on:
•

Increasing annual COP or SPF (above 5 is the target).

•

Possibly making direct use of solar energy for hot water or heating if produced temperature is
sufficient.

•

Avoiding any or significant temperature decrease of the ground over many heating seasons in
the case of a ground coupled heat pump.

•
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Making reversible machines for additional summer cooling at marginal cost.

IEA Task 44 organisation
Task 44 is divided into four Subtasks:
−

Subtask A: Overview of solutions (existing, new) and generic systems, lead by Sebastian Herkel from
Fraunhofer ISE of Stuttgart, Germany

−

Subtask B: Performance assessment, lead by Ivan Malenkovic from the Austrian institute of technology
(AIT)

−

Subtask C: Modeling and simulation, lead by Michel Haller from the SPF in Rapperswil, Switzerland

−

Subtask D: Dissemination and market support, lead by Wolfram Sparber form the EURAC research
center in Bolzano, Italy.

Like all IEA SHC Tasks, Task 44 – Annex 38 (T44A38) meets twice a year during two days where experts
report the status and progress of their work and discuss new methods or tools for assessing and optimizing
combinations of solar and heat pump. The task has been organized by the Operating Agent so as to separate
important activities with clear boundaries and the minimum of overlapping.

Participants
The following countries are participating: Austria, Belgium. Canada, Denmark, Finland, France, Germany,
Italy, Spain, Sweden, Switzerland, UK, USA. However funding is often a problem and all countries are
unfortunately not devoting the same level effort to the common work. As of April 2011, there are 13
countries and 55 to 70 persons participating, with a stronger representation form Austria, Germany and
Switzerland.
In Switzerland we have managed to have five institutions participating (SPF, HES Yverdon, Uni Fribourg,
Uni Geneva, HES Muttenz) and 2 companies (ESSA, 3S) in line with the strategy of our BFE research
programmes “Solar Waerme” on one side and “Heat pump” on the other side, that both are investigating with
a strategical focus the combinations of solar and heat pump since swiss customers tend to buy both
technologies.
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Subtask A: analysis of existing systems

Subtask A is a collaborative work to compare the results of existing systems combining solar and heat pumps
that are monitored. A list of 55 systems has been collected, 22 from AT, 15 DE, 3 CH, 3 CAN, 8 DK, 1 SE
and 1 SP. Not all are monitored at the same level but we can expect to have a common description of at least
20 of them. Following the recommendations of subtask B, it is proposed to use the SPF definitions developed
in subtask B for analyzing the subtask A demonstration projects. This could help to prove both, the analysis
concept and the measurement concept.
The “square view” of a system was developed in subtask A as the common tool to describe graphically every
system. Almost all participants had prepared the square view of their system allowing a rapid understanding
of any type of systems.

Example of a square view depicting the system functions

Using the square view to show one definition of the system performance (blue rectangle = the output divided
by orange rectangle = the non local energy input
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Conventional naming of a system as proposed by T44A38. The method is useful to describe in short both the
sources and the sinks of a solar+heat pump system.
A collection of marketed available systems compiled by Fraunhofer ISE is available on the Task web site and
a common reporting format will be soon available for the reader to understand rapidly every system. All
presentations of field test results already available have shown, that valuable results from demonstration
projects are already available and show that :
•

Some achieved the expected system performance,

•

Some give hints regarding potential improvements. In most systems, the storage and its temperature
management seems to be the critical component.

•

New systems are coming with combination of solar and a heat pump and a PV array trying to reach
an annual net 100% renewable fraction. T44A38 can handle these cases too, since the PV system
can be considered totally independently of the heating system, entering only in the primary energy
ratio performance.

Subtask B: Performance assessment
Participants are discussing a proposal for the system boundaries at all levels from components to subsystems,
and for the definition of performance figures. The question is not simple: what to or not to include into the
definition of COP or a SPF ? It is foreseen to use the same “square view” as the subtask A does for reporting
cases to define a SPF and its limits. Figure below from Subtask B leader I. Malenkovic, shows the definitions
of all possible SPFs, including all auxiliary inputs present in solar and heat pump system.

The vision of a system and all possible définitions of performance indicators from S1 to S6, SPF and PER
Primary Energy Ratio (Subtask B)
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Subtask B is defining test conditions for laboratory testing of solar and heat pump systems in a way analog to
what is available for solar combisystems and was derived from IEA SHC Task 26 work. T44A38 is therefore
in discussion with CEN TC113 and TC320 to reach some common views and hopefully a normative
environment. This will be based on the 5 research institutes who have installed a test bench for at least one
configuration of a solar and heat pump system.
Subtask C: Modelling and simulation
The T44A38 Reference Framework has been thoroughly worked out by Subtask C leader. Climate, heating
and cooling loads and all characteristics defining a common reference case for simulations have been defined
and made available in a Trnsys deck.
A review of component models has been done. Lacks have been identified for the purpose of our Task in heat
pump modelling (transient finishing aspects), solar collector models (condensation, frosting, etc..), ground
heat storage (dynamic behaviour of single boreholes). Subtask C is working on providing these three
component models.
Started by a team for uncovered collectors, some system simulations for collector heat use for the evaporator
of a heat pump has been done, but not with T44/A38 boundary conditions and reference framework yet. The
priority is still on the definition of the reference framework before detailed system simulations will be carried
out by what we think will be at least 10 different teams providing the Task with enough results for good
comparisons.
Subtask D: Dissemination and market support
The website of the Task is updated frequently. Educational material will be uploaded after Meeting 3. It will
be slides of existing systems described in the “square view”. This material comes from Subtask A.
The Task brochure has been issued in March 2011 (enclosed). It is a 2 pages leaflet. It was decided not to
print it for a wide distribution but use pdf only. For international events the OA might print some copies to
distribute on the IEA booth.
The first newsletter is late and rediscussed at meeting 3. It should be available and distribute during June
2011. Content is not yet new material from Subtasks, but more a description of intentions still. It is too early
for guidelines.
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Conclusions: Task expectations
•

The combination of a heat pump and solar will represent a large market share in future decades. In some
regions, systems are already installed in 80% of new homes ! T44A38 will contribute to select best
solutions mainly in terms of SPF and reliability.

•

The T44A38 pre normative work will produce materials to define a SCOP or SPF factor and to assess
performances of combined systems. Such common international definition is currently lacking.

•

An IEA framework provides a unique opportunity to meet and share with the experts from universities
and industries working on thermal solar and heat pumps to exchange new ideas and to test them.

•

Models to simulate such any type of combination of solar and heat pumps will be available in a
TRNSYS framework and the most common ones will probably appear in common design tools like
Polysun.

•

Future systems will be sketched and new ideas will emerge from the exchange of practice, knowledge
and experience, as past IEA SHC Tasks did.
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The summary. In article results of the analysis of schemes of installations with the solar collectors, the
buildings intended for a heat supply and constructions of different function are presented. Features of work
of solar collectors with accumulators of warmth of various types and heat pumps are investigated.
Schemes of installations with low temperature sources of warmth which can replace a solar energy at a
sunlight lack are offered. Optimization of schemes of solar installations is executed for cases of application
of special regenerative heat exchangers, accumulators of warmth and the heat pump providing recycling of
warmth of sewage and ventilating air of buildings.
Keywords: a solar collector, the accumulator of warmth, the thermal pump, the heat exchanger, drains.
Introduction. The heat supply in the conditions of Russia with its long and severe enough winters demands
considerable expenses of fuel which surpass almost in 2 times of an expense for electro supply. The basic
lacks of traditional sources of a heat supply are low power, economic and ecological efficiency. Besides,
high transport tariffs for delivery of energy carriers aggravate the negative factors inherent in a traditional
heat supply.
It is necessary to consider and such serious thermodynamic lack, as low efficiency of use of chemical energy
of fuel for systems of a heat supply which in the centralized systems of heating usually does not exceed 60 70 %.
Every year in Russia expenses on operation of thermal networks and boiler installations which are, possibly,
most unreliable element in systems of the centralized heat supply increase. All listed negative factors of a
traditional heat supply press a heavy use of nonconventional methods of power supply.
One of such methods is useful use low temperature (5 - 30 °C) natural warmth or waste industrial heat for a
heat supply by means of heat pumps (HP). The considerable economy of fuel and the electric power we can
see at a combination of the heat pump and solar water heating system (SWHS). In this case there is a
possibility to duplicate a changeable source of thermal energy - a sun light at the expense of reception of
additional warmth from the thermal pump connected to low temperature source of warmth, and also to
provide accumulation of surpluses of the warmth, generated SWHS.
Choice of type HP. Now it is created and the big number HP the installations differing under thermal
schemes, a kind of a working body and on structure of the used equipment is maintained.
For the systems of a heat supply including SWHS, working on the liquid heat-carrier in the range of
temperatures 60 - 150 °C, the most comprehensible are compression HP and absorpsion HP, heat supplies
most often used in systems and air-conditionings.
Choice of low temperature source of warmth. Application of the heat pump in a combination with SWHS
allows to solve some the important problems:
- HP transforms warmth from low temperature source, duplicating SWHS in the absence of a sunlight or
small productivity of solar collectors;
- HP provides seasonal accumulation of warmth during the summer period at the lowered consumption of
warmth and use of the warmth saved up in heat accumulators during the winter period;
- HP reserves surpluses of warmth from solar collectors SWHS, for daily accumulation of thermal energy. It
allows to consume in regular intervals hot water with constant temperature within day;
- HP constantly recycles the warmth consumed from system of a heat supply with solar collectors, increasing
efficiency SWHS to the greatest possible level.
Application HP in a combination with SWHS in this or that foreshortening is defined basically by presence
low temperature a warmth source.
Geothermal sources of warmth. As geothermal sources of warmth soil thermal accumulators, underground
waters, artificial underground pools and special water underground thermal accumulators are used. In most
cases soil heat exchangers of a various design are applied to a heat transfer. These designs are widely
applied last 10-15 years as low temperature source of heat to systems of heating and hot water supply with
use HP. The basic lack of geothermal sources of warmth is considerable cost of a design of the soil heat
exchanger or the specialized thermal accumulator.
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Air sources of warmth. Except use of heat of a ground by the most attractive source of warmth for HP air is.
As the source of heat air possesses a number of lacks, careful optimization of a design of system of
regeneration of warmth depending on an installation site as air temperature can essentially change both on a
season, and on time of days therefore is required. For increase of economic efficiency and reliability of
system of a heat supply additional heaters (for example an electric copper), joining when the heat pump
cannot cover full thermal loading of a building are established. If the heat pump is connected to SVHS
demanded capacity the electric heater or a gas copper joins only in extreme climatic conditions or at an
emergency.
Thermal drains and ventilating emissions. HP can use thermal emissions of a building, for example, deleted
air or gas streams, and also waste water (for example, from system of consumption of hot water). Efficiency
use of these thermal emissions is defined by the expense of utilized warmth and temperature potential of a
drain. In some cases the expense of the warmth reserved in drains can be equal to total daily generation of
thermal energy from SWHS, and sometimes and to exceed capacity SWHS. It allows to double thermal
productivity of system of the heat supply equipped SWHS at application HP.
Operating experience HP in Russia has shown, that because of the big duration of the heating period in
comparison, for example, with the Western Europe, and also is considerable more an acute problem of
transport of fuel economic efficiency of application HP in Russia more than in other countries. Mid-annual
factors of transformation HP for regions Russian Federations with duration of the heating period 5000 5600 hours depending on temperature a source make:
Source temperature, ° C________________ 5 10 15 20 25 30 35 40
COP_______________________________ 3,6 4,1 4,6 5,3 5,9, 6,6, 7,2 7,9
At identical thermal productivity (for example equal 1,16 МВт), the economy of fuel at use HP in systems
of the decentralized heat supply makes in comparison: with electro heating 0,277 - 0,335 tons; from a coal
boiler-house (efficiency = 0.65) 0,113 - 0,121 tons; from a gas boiler-house (efficiency = 0,8) 0,072-0,130
tons., where the first value concerns use in the heat pump of low temperature source of heat with
temperature 5 °C, the second - with temperature 40 °С. In case of combination HP with SWHU the
settlement economic prize resulted above can be increased in 1,5 - 2 times.
Optimization of schemes of SWHS. In most cases industrial SWHS provide a part of manufacture of the
warmth consumed by system of a heat supply of a building. For increase of thermal generation SWHS it is
necessary to analyze various variants of modernization of maintained installation for the purpose of
definition of necessary changes of hydraulic and electric schemes, and also the knots of automatics which
are ensuring functioning SWHS.
In climatic conditions of Russia SWHS has usually three contours working on different heat-carriers. The
solar power plant investigated in work concerns this type SWHS (fig. 1).

Fig. 1: Basic scheme SWHS with regulation of the expense of heat-carriers in circulation contours (designations in tab. 1)

The first contour including solar collectors 1 and heat exchanger 2 (type M6-FG), is filled by the
nonfreezing heat-carrier. The maximum temperature of the heat-carrier in the first contour is 105 °C.
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The second contour is intended for water heating in accumulator tanks through the heat exchanger 2 first
contours. The maximum temperature of water in tanks accumulators is 85 °C. A problem of the second
contour is also giving of the heat-carrier from accumulator tanks on the lamellar heat exchanger 3 types M6MFG for heating of cold water for needs of consumers to temperature 60 °C. The third contour provides
giving of hot water to consumers.
SWHS it is equipped by gauges of date in each of three considered contours - water measured counter,
gauges of temperature and pressure of environment. 3 contours of heating of water and the valve of
switching-off of solar collectors concern automatics means in first contour SWHS a regulator of pressure at
achievement of temperature of water in a accumulator tanks is 85 °C.
Industrial SWHS it is necessary to carry the limited thermal productivity (35-40 KW) to the basic lacks,
caused by insufficient quantity of solar collectors at low heat-sink ability of system because of small volume
of a accumulator tanks and non-uniform distribution of loading in a contour of consumption of hot water
within days. In high intensity solar lights (day time) consumption of hot water slightly and solar collector
SWHS work with low efficiency. Increase of norm of consumption of hot water during the evening period
leads to fast fall of temperature of water in a accumulator tanks and necessity of inclusion of an electric
copper for additional heating of water.
Optimization of scheme SWHS can be executed by several methods:
- At the expense of increase in volume of an accumulator tank. That increases duration of a supply of
warmth in a contour of heating of water in a maximum of consumption of warmth;
- At the expense of increase of the surface of the mounted solar collectors for increase in thermal
productivity SWHS (this decision will be effective only with increase the volume of an accumulator tank);
- At the expense of using of the heat pump. HP are pumping thermal energy from a source with a having low
temperature and are transporting additional warmth in the thermal accumulator. In this case we have the
maximum expense of hot water for consumers.

Fig. 2: Scheme SWHS with HP, connected to a tank of sewage (Designations in tab. 1)

As the most effective variant scheme SWHS with the heat pump is analyzed. Such decision not only is
economically more favorable (on capital expenses) but also allows to receive an additional source of warmth
as the additional source to a sunlight transformed by solar collectors SWHS in thermal energy. Sources of
warmth of low temperature potential for the heat pump are sewage from system of hot water supply of a
building or warmth of ventilating emissions.
As an additional variant it is offered to use the intermediate buffer thermal accumulator for alignment of the
schedule of consumption of hot water.
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At connection to SWHS the heat pump (fig. 2) is required complication of system with addition in two
circulating contours. The first additional contour connects a tank 12 with evaporator HP 4. The second
additional contour connects condenser HP 4 to the basic accumulator tanks 11. The tank 12 serves for
accumulation of the sewage having temperature 25 - 30 °С.
The investigated scheme allows to recycle the warmth submitted from a accumulator tank 11 in system of a
heat supply of a building by means of the heat pump. However at transition from a night operating mode on
day in the maximum generation of warmth by solar collectors 1 SWHS swapping of warmth from a tank 12
in a accumulator tank 11 heat pump 4 can lead to fast rise in temperature of water in a storage container 11.
After that transfer of warmth from collectors 1 to a accumulator tank 11 will be impossible. Therefore at
achievement of certain temperature in the thermal accumulator 11 HP 4 should be switched off. It will lead
to partial loss of the warmth which is taken away from sewage.
For redistribution of thermal loading between SWHS and HP the effective decision is application of the
additional buffer accumulator of warmth (fig. 3). According to considered schemes knot HP is allocated in
the separate element including two circulating contours: the tank of sewage 12 incorporates to the heat pump
4 as well as in the previous scheme (fig. 2), and the high-temperature heat-carrier from the heat pump 4
passes through the coil which has been built in an additional accumulator tank 13.

Fig. 3: Scheme SWHS with HP and the buffer accumulator of warmth (Designations in tab. 1)

In the investigated scheme rise in temperature of cold water from system of water supply of a building can
lead to infringement of steady work of a accumulator tank 11 and a contour of solar collectors SWHS.
Besides, at scheme realization (fig. 3) will are a problem connected with a choice of volume of a
accumulator tank 13. It can be solved only by installation modeling. In the scheme on fig. 3 independent
work HP is provided, however it is negatively reflected in thermal mode SWHS. Therefore in heat
exchangers 2 and 3 it is required to apply the special accumulator tank 11 divided on some sections to
effective heat exchange, working at various change of temperature of the heat-carrier The problem of
accumulation of the additional warmth arriving from HP 4, can be solved by application of the special
thermal accumulator working by a principle of change of a phase condition of substance. Such scheme is
presented on fig. 4.
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Fig. 4: Scheme SWHS with a buffer storage container and switched HP (Designations in tab. 1)
Tab. 1: The specification to fig. 1-4

The name

№
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Designation

Quantity

Type

Characteristics

1

Solar collector

1

1

2

Heat exchanger

2

1

M6-FG

70 kW

3

Heat exchanger

3

1

M6-MFG

270 kW

4

Circulating pump

5

2

WILO-30/10

300 W

5

Circulating pump

6

2

WILO-25/7

195 W

6

Circulating pump

7,9,10

4

WILO-40/10

480 W

7

Circulating pump

8

2

WILO-25/2

195 W

8

Accumulator tanks

11

3

3,5 m3

9

Accumulator tanks

12

1

5,0 m3

10

Accumulator tanks

13

1

5,0 m3

11

Temperature gauge

t1-t20

20

PT1000

12

Pressure converter

P1-P3

3

MSB 32

13

Differential gauge of
pressure

dP1-dP2

2

14

Water measured counter

G1-G5

5

AS-001-50

15

Crane

V1-V3, V5

4

X2777

15

Valve four-running

V6

1

16

Consumer

17

Level gauge

L1, L2

2

18

Heat pump

4

1

Electric drive
Electric drive

V4
DUU2М

Proceeding from structure of the investigated scheme the accumulator tank is connected to condenser HP 4
13 with the substance having the set temperature of phase transition. In this case HP it will be connected
with the basic accumulator tank 11 through the buffer accumulator tank 13, phase transition of substance
working on a principle. In the scheme (fig. 4) the accumulator tank 13 starts to work effectively at
achievement of the set maximum temperature of the heat-carrier in the bottom part of a accumulator tank
11. Such operating mode allows to protect system of accumulation of warmth from an overheat and to
reserve surplus of warmth in the additional accumulator 13 instead of its emergency dump.
Conclusions
1. The analysis of perspective circuit decisions for modernization of system of a heat supply of the building,
including a solar power plant, the compressor heat pump and accumulators of warmth of various type is
made. The technical decisions, allowing to recycle thermal energy consumed in the form of hot water, by
means of the heat pump are offered, and also to use for a heat supply warmth of ventilating emissions.
2. The choice of a working variant of scheme SWHS with HP for designing and realization will be executed
on the basis of data of mathematical modeling of investigated installations and the estimation of operating
modes of system of a heat supply equipped with modern devices of automation and monitoring of dates.
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TEST SETUP FOR AN ACTIVE CONTROLLED HEAT PUMP INSTALLATION
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1. Introduction
Energy efficiency in building is becoming more and more important; a recent Directive of the European
Parliament and Council (European Parliament and Council, 2010) stated that from 2021 onwards all new
buildings should be ‘nearly zero-energy buildings’. This implies that both efficient heating techniques and onsite production of renewable energy becomes more and more prominent. Heat pumps, in combination with onsite photovoltaic electricity production can play an important role in this transition toward an energy efficient
building envelope. The major obstacle of powering heat pumps for heating with photovoltaic electricity is the
imbalance in time between heating demand and the availability of solar electricity. In future smart electricity
grids, active control is needed whereby the heat pump is switched on when electricity is available. The heat
produced at moments of low heat demand is stored in thermal storage buffers.
2. The test setup
2.1. Description of the installation
The hydraulic scheme of the heat pump is shown in Figure 1. The installation consists of a domestic water to
water heat pump (“HP”: 11 kW) and two short-term thermal storage vessels: one for domestic hot water storage
(“DHW”: 300l ) and one for space heating storage (“HHW”: 400 l).

Figure 1: Hydraulic scheme of the heat pump installation

The evaporator of the heat pump is coupled to the existing lab infrastructure. Water at a certain temperature T1
(e.g. 25°C) and a certain flow rate Q1 is delivered to the evaporator. By mixing this flow with the return flow of
the evaporator by means of tempering valve CV1, the supply temperature to the evaporator (T2) can be
controlled. This makes it possible to emulate temperature profiles of the well of the heat pump (e.g. ground
water at 10°C).
By means of control valve CV2, the heat pump can supply heat to either the domestic hot water buffer or the
space heating system and heat storage. In heating mode, the outlet temperature of the heat pump is controlled by
tempering valve CV3. CV4 controls the supply temperature to the heating supply system. The heating of the
building is emulated by means of a heat exchanger (HX), coupled to the lab infrastructure at the secondary side.
By adjusting CV5, the power of the heat exchanger is changed. This enables to simulate the heat demand of a
certain building. Domestic hot water draw profiles are emulated by controlling a solenoid valve on top of the
DHW-buffer.
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To monitor the installation, 25 PT100 temperature sensors are installed (in red on Figure 1) as well as five flow
meters (in blue on Figure 1). All measuring signals are logged to a server via a PLC. A Labview user interface is
implemented to control the installation. Once inserted the heating demand and hot water demand profile of the
building, the interface allows to run automatic test cycles during nights and weekends. A picture of the lab setup
is shown in Figure 2.

Figure 2: Picture of the heat pump installation

2.2. Standard control strategy
First tests were carried out with a standard heat pump control algorithm in order to get a good understanding of
the characteristics of the system and to get a reference situation to compare to. In this control strategy, if the
water in the DHW-buffer needs heating, the heat pump prioritizes this. If not, the heat pump switches to heating
mode. In this mode, first the set point of the supply temperature of the heating system is calculated by the
ambient temperature and a heating curve: the lower the ambient temperature, the higher the supply temperature.
Then the outlet temperature of the heat pump is determined, based on the lowest ambient temperature of the last
three days and the heating curve. Once the set temperatures are known, the difference between the set
temperature of the heat pump and the actual outlet temperature is evaluated and integrated (degree minutes
control). When this value exceeds an upper limit, the heat pump is switched on. The heat pump is switched off
again once the degree minutes exceed a lower limit.
An important notion in a smart grid context is flexibility. By this we mean how long the start-up of the heat
pump be delayed in the presence of heat demand, or how long the heat pump can work in absence of a heat
demand. Of course the flexibility is dependent on the capacity of the buffers. One can say that tests with this
standard control strategy reveal the maximum flexibility of the system, since the heat pump is only switched on
when the HHW buffer is empty and switched of when the buffer is fully loaded.
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2.3. Smart control strategy
In the next steps intelligent control algorithms were developed, in order to switch on the heat pump when the
electricity of solar panels is available. Of course, the heat pump does not know whether or not the electricity
available is coming from renewable energy sources like solar panels. To cover this, a software package called
Intelligator was developed to set up a virtual electricity market between the various electricity producing and
consuming components of an intelligent energy network.
As a first attempt, a priority is determined based on the state of charge of the two buffers. The priority is a value
between 0 and 100 which indicates how crucial it is for the buffers to get heat: when the buffers are about empty
the priority will be close to 100. When they are almost full, the priority will be low. This priority is then
transferred to Intelligator. In this way, the heat pump makes a bid on the electricity available from renewable
energy sources together with other device which require electrical energy (e.g. washing machines, electrical
boilers...). On the other hand, the solar panels on the roof of the VITO-office provide a priority based on the
amount of PV-power available. By combining supply and demand the software decides whether or not to switch
on the heat pump.
At the submission of this paper, this rather simple algorithm is finalized and implemented. Later, more complex
business cases can be implemented, e.g. peak shaving, variable connection power of the building, or optimal use
of renewable electricity. In these business cases, besides the state of charge of the buffers, also weather
predictions and user behaviour will be included. The installation will also be extended to more sophisticated
forms of short term energy storage (e.g. in PCM) and to seasonal storage in the ground.
3. State of the research
The first tests were performed to check the stability and robustness of the control algorithms. Next, two
situations will be tested in the lab. First is a single household house in a very cold winter week. Second is a
moderate winter week for the same house. To implement this, the heat demand profile for heating and sanitary
hot water is needed as an input. These profiles were calculated by means of Type 56 in the building simulation
software TRNSys. The resulting profiles are then applied to the heat exchanger and the solenoid valve of the
DHW-buffer. Temperatures and flow rates are recorded and stored. These tests will be performed both with a
standard control algorithm and a smarter control algorithm.
The cases with a standard control algorithm are performed to serve as a reference situation. The purpose of these
tests is to assess which fraction of the energy consumed by the heat pump is coming from renewable energy
sources. By performing the same tests with the intelligent control algorithm, the difference in this fraction can
be calculated.
4. Conclusions
We developed a test setup for an active controlled heat pump installation. This installation makes it possible to
simulate the behaviour of the heat pump in real conditions. The objective of this test setup is to develop a heat
pump which is utilised as much as possible when renewable energy such as solar photovoltaic power is
available.
As a reference case, the heat pump will be tested with a standard control algorithm based on degree minutes
control. These tests revealed the maximum flexibility of the system in a cold winter week and a moderate winter
week. Afterwards, a first control algorithm was developed to combine the heat pump with solar photovoltaic
panels. To date however, the results of the tests are available yet.
Next steps in the project are the development of more complex control algorithms, by which other business
cases can be developed (e.g. peak shaving or variable connection power of the building).
5. References
European Parliament and Council, 2010, Directive 2010/31/EU on the energy performance of buildings. To be
consulted at http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:153:0013:0035:EN:PDF, last
accessed on 22 March 2011.
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1. Introduction
The wide variety of solar assisted heat pump systems makes it difficult to assess the energetic behavior and
to find optimized solutions. In order to come to a deeper understanding, scientists from different subjects are
cooperating with the aim to analyze the synergy effects of solar heat and heat pumps with borehole heat
exchangers (BHE).
The research project, which is funded by the European Union and the Federal State of Lower Saxony, is
running from September 2010 until August 2013. Several industry partners from Lower Saxony will support
the project with regard to the technical feasibility and the market relevance.
The Geoscience Centre of the Georg-August-University of Göttingen and the State Authority for Mining,
Energy and Geology of Lower Saxony will investigate the ground heat transfer issues, carrying out detailed
geologic and hydro-geologic experiments and simulations.
Within a field investigation of realized ground-coupled heat pump systems Ostfalia – University of Applied
Sciences of Wolfenbüttel will analyze the potential efficiency improvement by optimizing the heat supply
system of 8 to 10 existing solar assisted ground-coupled heat pump systems. System simulations will
complete the evaluation of measured data.
The goal of ISFH is to analyze different system concepts by TRNSYS simulations and carry out reproducible
experiments at the new test system. The setup of the test system and first experiments with the borehole heat
exchangers are presented in this paper.
2. New test system at ISFH
ISFH has installed a variable test facility, consisting of a ground source circuit, two different heat pumps,
which may be operated alternatively or
simultaneously, and three programmable Emulation of Emulation of
hot water
space heating
high precision modules, which allow
demand
demand
Emulation of
emulating
solar collector circuits,
solar collector
domestic hot water and space heating
circuits, see Fig. 1.
This test system allows investigating
different solar and ground-coupled heat
pump combinations, where especially the
solar heat may be directed

2 Heat
pumps

a) to the ground,
b) onto the evaporator of the heat pump,
c) into a storage at the source side
d) or directly to the demand side,

Electricity

Optional heat
source storage

3 Borehole
heat exchangers
Fig. 1: Simplified scheme of the test facility at ISFH

depending on its current temperature level
and energy saving potential.
Heat flow rates into or out of various subsystems like heat pump, solar circuit, borehole heat exchanger, heat
storage may be measured with high accuracy sensors for mass flow rates and temperatures. Temperature
sensors are calibrated and have a standard uncertainty of 0.064 K. Mass flow rate sensors are calibrated as
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well and have a standard uncertainty of 0.1 to 0.2 %. Electric energy is measured for the compressor and for
auxiliary consumers.
As Fig. 2 shows, the ground source test field consists of three borehole heat exchangers (SW, SN, SO) placed
in the corners of an isosceles triangle each with a depth of about 70 m. Furthermore, the borehole field
comprises a temperature-measuring borehole (TW) 1 m next to the left BHE and two ground water
measuring wells (BM, BS) in order to determine the permeability in different layers of the ground. Every
borehole heat exchanger and the temperature-measuring borehole are equipped with at least one temperature
chain consisting of 10 Pt100 sensors. These measure the temperature from a depth of 7 m to 70 m in a
distance of 7 m. On top of each BHE in a depth of about 1.2 m the fluid temperatures are measured in the
elbow fittings at the inlet into the horizontal pipes. So, the actual length of the BHEs (see Fig. 2) is less than
their depth due to overlying ground and weights at the end of the BHEs.
Additionally, all 6 boreholes are provided with a distributed temperature system (DTS) based on fiber optic
cable. The DTS system allows the measurement in the ground with a spatial resolution of 1 m. In total, over
1700 m of fiber optic cable are installed in the ground. The BHEs are realized as double U-pipes, made of
cross-linked polyethylene, which may be operated up to 95 °C. In a step size of one meter, spacers have been
assembled and the measuring cables were fixed with tape. The BHE were grouted with enhanced backfilling
material having a thermal conductivity of k≈2 W·m-1·K-1.

SN

4.2
m

5m

2.9

m

BM
1 .9 m

SW
4.2 m

TW

SO

BS
60
°

Name

Type

SN
SO
SW
BM
BS
TW

BHE
BHE
BHE
Well
Well
Temperature

°
60

Pt100
chain
2
1
1
0
0
1

DTSloop
2
1
1
1
1
1

Length of
BHE
68,5 m
69,3 m
69,5 m
67
67
68,8 m

Fig. 2: Detailed map of test field at ISFH
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Depth of
borehole
71 m
71 m
71 m
67 m
70 m
70 m

Max. deviation
of vertical line
0.27 m
0.38 m
0.15 m
0.53 m
0.89 m
0.15 m

The boreholes were drilled with a double-head rotary drilling equipment aiming at a low deviation from the
vertical line. With the double head the casing and drilling rod operate at the same time. The 165 mm steel
casing is lowered to the final depth of the boreholes and removed after borehole completion. The deviations
of the boreholes from the vertical line were measured for quality reasons. The maximum deviation appeared
at the south well (BS) with 0.89 m (see Fig. 2 and Fig. 3).
Very low deviations were achieved at the borehole heat exchangers, which is very important for the
investigation of their interaction.

Fig. 3: Measured borehole deviations of the test field (left: view from above, right: vertical section)

In order to assess the boreholes, geologic measurements like gamma-ray, density, salinity, neutron-log were
performed. The ground water level was identified to be at 28 m.
The State Authority for Mining, Energy and Geology of Lower Saxony (LBEG) analyzed the drilling mud of
every meter chemically and geologically.
The profiles of the drillings show a sequence of sandstone belonging to the Upper Triassic (Carnian)
Stuttgart-Formation and below an alternating sequence from marlstone, claystone and dolomite. The
complete sequence could be dated to the upper Julium subunit of the Cranium.
Fig. 4 shows the ground layers, which show mainly two sections. Down to 13 m below ground there is
sandstone. From 13 m to 70 m a mixture of claystone and marlstone with slightly varying composition has
been found.
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Sandstone
Marlstone with parts of claystone
Claystone with parts of marlstone

Fig. 4: Brief documentation of the ground layers at the test facility (modeled after: LBEG)

3. Properties of ground and borehole heat exchangers
Different tests with borehole heat exchangers were and will be carried out and compared to simulations. For
that purpose it is important to know the starting conditions in the ground and the ground properties.
Usually TRNSYS types are initialized with the undisturbed ground temperature according to (KUSUDA &
ACHENBACH, 1965), so this empiric approach has to be adapted. The measured undisturbed ground
temperatures in different depths can be described by equation 1 from (KUSUDA & ACHENBACH, 1965), which
was here supplemented with the geothermal gradient:
1/2
 2π

 π  
ˆ
ϑ (t , z ) = ϑ − ϑ ⋅ exp − z ⋅ 
  ⋅ cos
 T ⋅ a  
 T


With:
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1/2

z  T   
dϑ
⋅ t − t 0 − ⋅ 
  + z ⋅
2  π ⋅ a   
dz


(eq. 1)

ϑ (t, z )

Undisturbed ground temperature at specific time t and depth z

ϑ

Long-term ambient air temperature, at location of ISFH 9.73 °C

ϑ̂

Amplitude of the ambient air temperature, at location of ISFH 12 K

z

Depth [m]

T

Periodic time of the sinusoidal temperature curve (365 d)

t

Time, at ISFH 30 d

t0

Phase shift between the time with minimal ambient air temperatures and 1. January [d]

a

Thermal diffusivity of the ground, here [m²/d]

The measured geothermal gradients between 20 and 70 m at the boreholes at ISFH are about 1.1 K/100 m.
Fig. 5 shows the comparison of equation 1 with measured temperatures from two different days after the
installation. The visible offset of about 0.7 K may be caused by the ambient air temperature that has been
measured on top of a building nearby with a height of about 7 m. Additionally, equation 1 with a hypothetic
mean ambient air temperature of 10.4 °C is plotted in Fig. 5.
Undisturbed ground temperature (BHE SN)
0
-10

Depth [m]

-20
-30
-40
Equation 1: 25.03.2011
Equation 1: 30.05.2011

-50

Measured values 25.03.2011
Measured values 30.05.2011

-60

Mean ambient temperature 10.4 °C
-70
0

2

4

6

8

10

12

14

16

18

Temperature [°C]
Fig. 5: Comparison of measured and expected ground temperatures according to eq. 1

Ground properties like thermal conductivity of the ground and thermal resistance of BHE can be obtained
from geothermal response tests, as described e. g. in (GEHLIN, 2002). Fig. 6 shows the measured values of
the mass flow rate, the heat flow rate and the mean fluid temperature of the GRT of the borehole heat
exchanger SO.
Geothermal response test of BHE SO
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Fig. 6: Measured data of the geothermal response test of BHE SO
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Tab. 1 gives an overview of the determined borehole properties from the geothermal response tests.
Tab. 1: Thermal conductivity and borehole thermal resistance for the three BHEs

Borehole heat exchanger

Thermal conductivity k
-1

Borehole thermal resistance Rb

SN

2.25 W·m ·K

-1

0.118 m·K·W-1

SO

2.61 W·m-1·K-1

0.100 m·K·W-1

SW

2.29 W·m-1·K-1

0.070 m·K·W-1

Although construction and installation of the borehole heat exchangers are identical, a high deviation in Rb
can be seen. The deviation in thermal conductivity is remarkable as well because the distance between the
BHEs is rather small (4-5 m). This is assumed to be caused by different ground water permeability
coefficients. The rock system at the test site is fractured so that ground water can circulate in the network of
fissures. The fissures are not equally distributed which means the contact zone of ground water to the BHE
differs for each borehole and depth. This affects the temperatures in different layers.
This can be analyzed more precisely using the DTS system (see Fig. 7). First, the match between the DTS
system and the Pt100 chain is remarkable. Second, the regeneration happens with different velocities at
different layers. For example, the temperature in a depth of 7, 37, 56 and 70 m sinks after the GRT (left)
more rapidly. This can be seen after the heat extraction test (see Fig. 7, right diagram) as well.
Temperature profile of BHE SO 9 h after heat extraction

Temperature profile of BHE SO 3 h after GRT
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Fig. 7: Comparison of DTS and Pt100 chain 3 h after GRT (left) and 9 h after heat extraction (right) on the BHE SO

With the detailed temperature information of the ground it is possible to reach designated ground
temperature conditions, like undisturbed ground temperature, before starting a new test. In order to avoid a
temperature drift in the ground the energy balance of the BHEs can be set to zero after every test, like
proposed in (KOENIGSDORFF et al., 2010).
The different strategies for improving the COP by solar thermal heat on the source side
•

by directly increasing the evaporator inlet temperature,

•

by leading the solar heat via the BHE to the evaporator side or

•

by merging both heat sources circuits in a storage or manifolds

will be investigated during the project. Aspects of BHE fields will be investigated as well, which includes
e. g. the opportunities for storing solar heat over a longer period and the regeneration of BHE fields, which
have been deep-discharged over a long period.
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4. Heat pump testing
TRNSYS simulations show that regeneration of the ground with solar heat increases the mean evaporator
inlet temperature. This is of course depending on the length of the BHE, the heat load, the ground properties
and the collector area. (BERTRAM et al., 2011)
Fig. 8 shows an example for the evaporator inlet temperature in the course of a year.

Fig. 8: Daily average energetic weighted temperatures at the heat pump inlet THP,inlet for a pilot system
(user heat demand 35 MWh/a, 12 kW heat pump, 39 m² PVT-Collector, 3x75 m coaxial BHE) in the first year of operation
(with PVT-Collector: validated simulated data; without PVT-Collector: extrapolated data) (BERTRAM et al., 2011)

Fig. 8 shows, that the solar heat increases the evaporator inlet temperature. A significant difference appears
during the summer months that typically have a rather low COP. Meanwhile in wintertime the difference is
only a few degrees, however representing the largest fraction of annual energy demand. Over the year, the
energetic weighted increase of the evaporator inlet temperature is about 3 K, which leads to an electricity
saving of about 10 %.
One important question may be derived from Fig. 8, i. e. how does the heat pump’s COP react to different
inlet temperatures, and what may be concluded from this with regard to system interconnection.
For this purpose, the test system allows the measurement of characteristic curves of heat pumps according to
DIN EN 14511. Equation 2 shows the complete equation for COP for a heat pump with external circulation
pumps (DIN EN 14511-3, 2008).

COP =

Q& Cond + Ppump _ Cond
Pel ,Comp + Pel ,Contr + Safety + Ppump _ Cond + Ppump _ Eva

(eq. 2)

For one heat pump different source and sink temperatures at different mass flow rates have been
investigated, which is shown in Fig. 9.
It is well-established that high source temperatures and low sink temperatures promote heat pump efficiency.
The COP shows almost a linear dependency of the source temperature. But at higher temperatures than 15 °C
and 20 °C respectively the characteristic curves at sink temperatures of 50 °C and 60 °C respectively feature
a modest gradient. This effect seems to shift with higher sink temperatures to higher source temperatures.
This means that solar heat at higher temperatures is useful for operation periods of the heat pump to provide
high sink temperatures.
The dependency on evaporator flow rate is rather low. Following that coupling of the solar collector loop to
the heat source loop may influence the flow rate without affecting the COP.
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Measured characteristic curves
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Fig. 9: Measured characteristic curves of a heat pump at 3 different heat sink temperatures, each with 2 evaporator flow rates

The curves for different evaporator side flow rates show, that there is nearly no effect even with this rather
high variation (the nominal flow rate is 1900 l/h). It is not surprising, that increasing source temperatures and
decreasing sink temperatures lead to higher COP values. However, it may be seen, that above a certain
temperature the COP stays approximately constant, what is in contradiction to the Carnot factor. To analyze
this, the quality grade of the heat pump, which is the measured COP divided by the Carnot factor at the
measured temperatures, has been determined. A quality grade of 1 would represent an ideal heat pump with
the efficiency of the Carnot process.
It can be seen in Fig. 10 that this ground-coupled heat pump is optimized for temperatures between 0 and
15 °C. For higher evaporator temperatures, which may be caused by solar input to the evaporator, the quality
grade decreases rapidly.
If the source flow rate is reduced from 2.5 (nominal value is 1.9) to 1.0 m³/h, the quality grade reduces only
about 1-3 %-points.
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Quality grade for condenser output 50 °C
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Fig. 10: Measured heat pump quality grade vs. source temperature, with different source flow rates and constant sink outlet
temperature

Fig. 11 shows that the quality grade is more sensitive to sink flow rate if the condenser output is kept
constant (here 50 °C). This is due to the fact that the mean condenser temperature sinks with decreasing flow
rate. Vice versa Fig. 11 shows that a low return temperature of the load is more important with low flow
rates. This has a high impact on COP and quality grade.
Quality grade for condenser output 50 °C
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Fig. 11: Measured heat pump quality grade vs. source temperature, with different sink flow rates and constant sink outlet
temperature

The examples discussed show that the test facility for heat pumps allows for example the testing of improved
heat pumps, which are designed for the combination with solar heat.
The measurements will be compared with computer simulations in order to improve the heat pump models
for example for variable mass flow rates.
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5. Conclusion and outlook
ISFH has built a variable test facility with three borehole heat exchangers for testing complete brine-water
heat pump systems. The test facility is equipped with high quality sensors in the ground and in the system.
The test facility allows carrying out tests on complete systems, including dynamic load and solar heat flow
rates. Subsystems may be investigated in details and will be compared with simulations. E. g., the behavior
of a borehole regenerated through the day and discharged during the night is of interest as well as the
behavior of a heat pump at higher source temperature or varying fluid flow rates.
Furthermore, the test facility enables to test different strategies and operating modes for the input of solar
heat to the source side and the sink side. One question will be, whether a lower heat flow is directed to the
sink side or a higher amount is used on lower temperature level at the source side, at a given collector and
heat pump configuration.
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1. Introduction
Heat Pumps to supply hot-water for domestic consumption are widely used especially in countries where
electric energy is also employed for this purpose. Brazil is a country where most of the domestic hot-water
requirements are supplied by electric energy, but basically it is done with electric showers. This solution,
although cheap for the user in terms of initial investment, has a strong impact on the generation, transmission
and distribution – GTD costs. Electric showers have an average power of more than 5 kW, and are a strong
contribution to the residential electric energy end use (around 24% in Brazil (Procel/Eletrobras, 2007)). Also,
they are partially responsible by the “peak hour” of the power consumption in the residential sector that
occurs from 18:00 to 21:00 hours in Brazil. The consumption growth observed in the last years leads to a
lack of reliability of the system, and energy efficiency measures are necessary to avoid risks and to postpone
investments in GTD. Solar hot-water systems have been used as an effective way to mitigate the problems
caused by the intensive use of electric showers, however, this solution faces some problems when used in
low-income housing units: absence of hot-water piping, inadequate structure to install collectors and thermal
storage, increase of specific thermal energy costs for small systems, and use of an electric shower as the
backup system.
The compact heat pump can be an alternative to electric showers since its use can result in energy savings
and reduction in the power demand. The Coefficient Of Performance – COP of a heat pump can be more
than three times the one of an electric shower and it can be combined with thermal accumulation to reduce
the power requirements. The energy for the heat pump can be supplied by photovoltaic panels that can be
combined to solar thermal collectors to improve the heat exchange in the cold side of the heat pump.
Rocha et al. (2010) modeled a compact solar assisted heat pump and showed the first obtained results. The
present work summarizes aspects of the model simulation showing the outputs of the system as a function of
temperature in the hot water tank and solar irradiance.
2. Literature Review
Several authors suggest different configurations of heat pumps assisted by solar energy but the basic
assumption of all works is to improve the performance of the equipment using the collected solar thermal
energy. In some cases is also considered the possibility of using PV panels to generate the electricity needs
for fluid compression.
Kalogirou (2001) proposed a simulation model for a hybrid PV-thermal system where the PV panel acts as
the solar collector. Although it does not work integrated with a heat pump, the following conclusions are
interesting: (1) the PV-thermal coupling improves the efficiency of the PV panels due to the reduction of the
panel temperature; (2) heat and electricity can be produced together. Fraisse et al. (2007) also worked with
PV-thermal and highlighted the importance of a good coupling between the PV and thermal collectors
suggesting that both should be integrated during the manufacturing process. On the other hand, one of the
disadvantages of PV-thermal systems is that as the temperature increases, the PV efficiency drops so the
thermal accumulation will decrease the electric performance. The opposite is also true, efficient thermal
collectors are not desirable to avoid overheating of the PV panels limiting the thermal performance of the
system.
An alternative to surpass this problem is to couple the PV-thermal collector to the evaporator of a heat pump.
Heat pumps transfer heat throw a fluid working between a heat source and a heat sink, so the temperature of
the evaporator (connected to the heat source) is always lower than the condenser temperature (connected to
the heat sink – the thermal storage). In this case, efficient solar thermal collectors are not necessary and the
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working fluid evaporation keeps the PV panel in a low temperature increasing its efficiency. This kind of
system is usually called “Photovoltaic-Solar Assisted Heat Pump” and will be referred as PV-SAHP.
Pei et al. (2007) developed a PV-SAHP and observed that the performance of the PV panels was improved
due to the temperature reduction. Pei et al. (2007) also studied the influence of the solar thermal collectors on
the performance of the heat pump. The “Coefficient of Performance” – COP is the most known way to
evaluate the performance of heat pumps and Equation 1 shows how it can be obtained:

COP = Q& C / W& comp (eq. 1)
where Q& C is the useful heat on the condenser and W& comp is the compressor power. Obtained results indicate
that the PV-SAHP has a better COP and operational conditions can be adjusted varying the compressor
frequency.
This work was continued by Ji et al. (2008) where they studied a new PV-SAHP configuration. Using R22 as
the working fluid and a compressor power between 150 and 1300 W they analyze the behavior of the
condenser capacity, compressor power, PV generated power and COP along the day. It was observed that the
maximum COP and PV power were found during the irradiation peak period around noon. The same result is
not verified for the compressor power since it presents a slightly decrease as the solar irradiation increases
and the opposite when the solar irradiation decreases. Ji et al. (2009) completed this work presenting a
mathematical model to calculate the temperatures and efficiencies of the main components. The authors
considered that the model shows a good agreement since the errors on the thermal performance were under
10%.
In the present work, a theoretical study is conducted for a mini heat pump with R134A as the working fluid
that is coupled to a solar thermal collector and a PV panel. The system was designed to attend the hot water
necessities only for bath purposes for one single person or a small family. The main objective of the present
work is to show a sensibility analysis of the theoretical model regarding some design parameters and also to
have an idea about the working characteristics of this equipment before the prototype construction.
3. Simulation Model
Figure 1 shows a schematic diagram of the mini heat pump integrated with the PV panel and the solar
collector. This is a complete version of the proposed development, but some possibilities are not explored in
the present paper and should be better evaluated in the future. The main idea is to have a validate model for a
simpler configuration and, as the work evolves, new improvements can be added without doing relevant
modifications in the model.
It can be observed that both the PV panel and the solar collector receive solar irradiation that is transformed
in electric or thermal energy respectively. The generated electricity is used to supply energy for the electric
components of the system: compressor, recirculation pump and actuators. The equipments can work using
AC or DC power, so the Power Controller box should be selected in order to attend the chosen configuration,
having the capability to transform DC to AC and providing electricity from the grid when necessary.
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Fig. 1: Schematic diagram of the proposed PV-solar assisted heat pump

The heat absorbed in the solar collector is used to evaporate the working fluid in the cold side of the heat
pump improving the COP of the heat pump. The recirculation pump has the function of make benefit of the
thermal stratification of the hot water tank to improve the heat exchange on the condenser. The recirculation
pump, compressor and condenser were installed inside the hot water tank, so all the rejected heat is used to
heat water. In the case of using not waterproof equipments, the compressor and pump can be removed from
the thermal storage. The use of this complete configuration implies in a complex conception of the hot water
tank so the detailed study of the influence of this components in the global performance of the system should
be done later as a further development.
The hot water consumption occurs through a thermostatic mixing valve that receives water from the thermal
storage and the water mains. Additional heating, can be done by an adjustable electric heater located just
after the mixing valve. Although this capability is not included in the model yet, the water from the mains
can be pre-heated by the grey water using a heat exchanger located inside the drain, recovering part of the
heat usually lost.
The basis of the heat pump model is the work of Gonçalves et al. (2009) that presented a semi-empiric model
for steady-state simulation of frost-free domestic refrigerators. This model divides the system in modules
where each component is represented by its characteristics equations, whose input and output data creates
interdependence among the components. Choosing the correct set of equations it is possible to solve the
complete system finding its working characteristics that can be used for design purposes.
Basically these equations represent the heat transfer phenomena on the components and the changes on the
thermodynamics properties in the working fluid between the input and output, so the output from a
component is used as the input for the following component. Figure 2 shows the thermodynamic cycle of the
working fluid on a p x h diagram. The numbered points represent the transition between adjacent
components.
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Fig. 2: Pressure versus enthalpy Schematic diagram of the proposed PV-solar assisted heat pump

The process 1-2 represents the isentropic compression of the working fluid where the work is added to the
system and heat is rejected inside the hot water tank. During the condensation process 2-3, first sensible
cooling is observed, then the condensation itself occurs and finally the subcooling guarantees that only fluid
in the liquid phase enters the expansion valve where the pressure of the working fluid drops from the high to
the low pressure (process 3-4). The evaporation process 4-5 is improved by the heat collected by the PV and
thermal solar collectors. To guarantee that only fluid on the gaseous phase arrives the compressor, an
intermediary heat exchanger overheats the fluid in the process 5-1. This also avoids that too much fluid
evaporates during the expansion improving the thermal performance of the evaporator.
In the next items, the components used in the simulation model are detailed.
3.1. Model input data
Some parameters during the simulation process are assumed to be fixed and are showed in Table 1.
Tab. 1: Model input data

Name

Symbol [unit]

Valor

Nome

superheating

∆Tsup [K]

1,0

subcooling

∆Tsub [K]

1,0

water specific heat

cp,water
[J (kgK)-1]
∆pwater [kPa]
υwater [m3kg-1]

4,186

compressor overall
thermal conductance
condenser overall thermal
conductance
compressor volumetric
displacement
photovoltaic efficiency
recirculation pump
efficiency
solar thermal collector
area
PV panel area

water pressure drop
water specific
volume
water mass flow
efetiveness of the
intermediary heat
exchanger

-1

50
0,001

m& water [kg s ]

0,02

εIHE [-]

0,0

Símbolo
[Unidade]
UAcomp [WK-1]

Valor

UAC [WK-1]

100,0

Vcomp [cm3]

1,4

ηPV [-]
ηpump [-]

0,1
0,3

Acol [m2]

0,2

APV [m2]

1,0

1,0

3.2. Compressor
The objective of the compressor analysis is to determine parameters like fluid mass flow displaced by the
compressor, power consumption and output thermodynamic properties of the working fluid. As a first
approach, the present work uses data available in the manufacturer technical sheet of a commercial
compressor that can be observed in Table 2. The compressor size is compared with a coin in the right side of
Table 2 giving an idea of its small dimension.
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Tab. 2: Picture and technical data of the compressor (Aspen, 2009)

Condensation temperature - TC [oC]

26,7 a 71,1

o

Evaporation temperature - TE [ C]

-1,1 a 21,1

Coefficient of performance - COP [-]

0,4 a 9,6

Cooling capacity – CC [W]

58 a 613

rotation - N [rpm]

3000 a 6000

According Gosney (1982), the volumetric and global efficiencies of the compressor, ߟ௩ and ߟ , can be
determined as a function of working characteristics of the compressor: condensation and evaporation
temperatures (TC and TE), rotation (N) and compression ratio (CR). The compression ratio is given as the
ratio between the condensation and evaporation pressures, so CR = pC pE . Using performance data
provided in the technical sheet from the supplier equations 2 and 3 can be derived. The values of the adjusted
coefficients are given in Table 3.

ηv = a1 + a2 TC + a3 TE + a4 N + a5 RC + a6 TC TE + a7 TC N + a8 TC RC + a9 TE N + a10 TE RC + a11 N RC (eq. 2)
ηg = b1 + b2 TC + b3 TE + b4 N + b5 RC + b6 TC TE + b7 TC N + b8 TC RC + b9 TE N + b10 TE RC + b11 N RC (eq. 3)

Tab. 3: Coefficients an and bn adjusted for equations 2 and 3.

a1
a2
a3
a4
a5
a6

9.6375 x 10-1
7.5308 x 10-3
5.1875 x 10-3
7.1382 x 10-6
- 1.6677 x 10-1
- 2.2132 x 10-4

a7
a8
a9
a10
a11

5.9617 x 10-8
1.7961 x 10-4
- 1.9711 x 10-6
1.2424 x 10-3
3.5009 x 10-6

b1
b2
b3
b4
b5
b6

1.2534 x 100
7.5697 x 10-2
-2.5956 x 10-2
-5.1088 x 10-6
-1.4662 x 100
-5.8892 x 10-4

b7
b8
b9
b10
b11

2.3953 x 10-6
8.2607 x 10-3
-3.0970 x 10-6
-2.3759 x 10-2
-2.0941 x 10-5

To determine the mass flow of the working fluid in the heat pump circuit, ݉ሶு (kg s-1), it is necessary to
know the volumetric efficiency given by equation 2 (dimensionless); compressor rotation (Hz); specific
volume of the working fluid in the compressor inlet (point 1) (m3kg-1); and displacement volume of the
compressor (m3).
m& HP =

η vVcomp N
(eq. 4)
ν1

The compressor power, W&comp (W), is calculated using equation 5, where h2 s is the isentropic enthalpy in the
output of the compressor and h1 the enthalpy value in the input (J kg-1). The values of the mass flow and
global efficiency are given by equations 4 and 3 respectively.
m& (h − h )
W& comp = HP 2 s 1 (eq. 5)

ηg

The heat losses of the compressor, Q& comp (W), are determined by equation 6 considering process 1-2 an
adiabatic compression. In this equation c p , 2 ,a and T2 , a are respectively the specific heat and temperature of
the working fluid in point 2 considering an adiabatic compression.

Q& comp = m& HP c p , 2,aε comp (T2 ,a − TC ) (eq. 6)
The compressor heat transfer effectiveness, ε comp (dimensionless), is given by equation 7:
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ε comp = 1 − e

 −UAcomp

 m& HPc p , 2 , a







(eq. 7)

The value of T2 , a is calculated from two known thermodynamics properties: the condensation pressure and
the adiabatic enthalpy of the working fluid in the output of the compressor determined using equation 8.

h2,a = h1 + W&comp m& HP (eq. 8)
Finally, to determine the temperature at the output of the compressor, T2 , it is necessary to know another
thermodynamic property than the condensation pressure. From the energy conservation between the input
and output of the compressor it is possible to find the enthalpy at point 2 as shown in equation 9.

h2 = h1 + (W&comp − Q& comp ) m& HP (eq. 9)

3.3 Condenser and hot water tank
Since the condenser is immersed in the hot water tank, all the heat rejected is transferred to the water, so the
heat flow rate from the condensation process 2-3 is the same used for water heating. Equations 10 and 11 are
used to calculate the heat flow rate on the working fluid side (10) and hot water side (11).

& HP (h2 − h3 ) (eq. 10)
Q&C = m
Q& C = m& water c p ,waterε C (TC − Twater ) (eq. 11)

& water
where ε C is the condenser effectiveness (equation 12); cp ,water is the water specific heat (J kg-1K-1) and m
is the mass flow of the recirculation pump (kg s-1).

εC = 1− e


−UAC

 m& water c p , water







(eq. 12)

3.4 Intermediary heat exchanger
One of the ways to improve the COP of the heat pump is avoiding the evaporation during the expansion
process 3-4. Using an intermediary heat exchanger, it is possible to combine this with the superheating of the
fluid (process 5-1) necessary to guarantee that only gas arrives in the compressor. Using the effectiveness of
the intermediary heat exchanger ( ε IHE ), it is possible to determine the input temperature in the compressor as
shown in equation 13.

T1 = T5 + ε IHE (T3 − T5 ) (eq. 13)
In the present work, ε IHE was set to zero, so the compressor input temperature ( T1 ) is equal to the output of
the evaporator ( T5 ).
The enthalpy in the output of the expansion valve ( h4 ) is calculated doing the energy balance for this point.
Since the heat rejected in the hot side of the intermediary heat exchanger is the same of the absorbed in the
cold side and both mass flows are equal, equation 14 can be used to evaluate h4 .
h4 = h'4 −(h1 − h5 ) (eq. 14)

Considering an isoenthalpic expansion (figure 2), the enthalpies in the input and output of the expansion
´
´
valve are the same ( h3 = h4 ). As ε IHE was set to zero, in the studied case h4 = h4 .
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3.5 Evaporator, PV panel and solar thermal collector
The heat flow rate in the evaporator Q& E is determined by the energy balance on this component as shown in
equation 15.

& HP (h1 − h4 ) (eq. 15)
Q& E = m
This heat flow can also be considered by the solar thermal collector side using equation 16, where Gt ,tilt is the
global irradiance on the tilted plan where the collector is installed (W.m-2), Acol is the solar thermal collector
area (m2) and η col is the solar thermal collector efficiency (dimensionless).

Q& E = Gt ,tilt Acolηcol (eq. 16)
The solar thermal collector efficiency in its linear form is given by equation 17.

η col = FR (τα ) − FRU L

TE − Ta
(eq. 17)
Gt ,tilt

The linear coefficient of the efficiency curve FR (τα ) (dimensionless) is a parameter that represents the
optical efficiency of the collector and the angular coefficient FRU L (Wm-2K-1) represents global heat losses
of the collector. Both can be obtained experimentally and will be treated separately from the PV panel in this
work. TE is the evaporator temperature and Ta is the ambient temperature.
Combining equations 16 and 17 it is possible to determinate TE and consequently the evaporation pressure

PE , that allows the determination of the compression ratio (CR) used in equations 2 and 3. The temperature
T1 can be obtained just adding the given superheating (Table 1), so T1 = TE + ∆Tsup . With these two
thermodynamic properties, other properties in point 1 can also be determined: h1 in equation 14, ν1 in
equation 4 and the entropy s1 . Since the compression process 1-2 is isentropic, s1 = s2 and together with TE
it is used to determine the properties in point 2.
Table 4 shows two characteristic efficiency curves of solar thermal collectors used in the present work: (i)
unglazed collector without insulation and (ii) glazed flat-plate collector with back insulation. These values
are only a first reference, since they are based in collectors working with water instead the two-phase flow of
the working fluid used in this work.
Tab. 4: Coefficients an and bn adjusted for equations 2 and 3.

Solar collector type
glazed flat-plate
unglazed flat-plate

FR(τα)e,
[-]
0,75
0,95

FRUL,
[Wm-2K-1]
5
25

The produced electric power by the PV panel is calculated from its efficiency as shown in equation 18.

W&PV = η PV APV Gt ,tilt (eq. 18)
When the solar thermal collector and the PV panel are coupled, it is necessary to consider that part of the
available global irradiance will be transformed in electricity. The global irradiance in equations 16 and 17
should consider this effect and can be rewritten changing Gt ,tilt by Gt ,tilt ' defined by equation 19.

Gt ,tilt ' = (1 −ηPV )Gt ,tilt (eq. 19)
Although the coupling between the thermal and PV collectors decreases available solar irradiance for thermal
purposes, the efficiency of the PV panel is increased by its temperature reduction. This effect was not
analyzed in this work.
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3.6 Recirculation pump
The recirculation pump has the objective of improve the heat exchange inside the hot water tank between the
condenser and the water, so the water at lower temperature from the bottom of the tank is forced through a
heat exchanger constructed around the condenser. The power consumption of the pump W&
(W) is
pump

calculated using equation 20, where m& w , ∆pwater , η pump and ν water are given in Table 1.
m& ∆p ν
W& pump = water water water (eq. 20)

η pump

In the case that the recirculation pump is not used, the NTU method cannot be implemented as done in item
3.3 and the model for the condenser should be revised.
3.7 Coefficient of Performance - COP
The useful heating rate of the system Q& heat (W) for water heating in the thermal storage includes the rejected
heat in the condenser, water recirculation pump and compressor. The total amount electrical power W&t (W)
used in the system is given by the sum of compression and pumping powers. From the definition of COP as
the ratio between the useful and expended energies, it can be defined for the proposed heat pump by equation
21.

COP =

Q& heat Q& C + Q& comp + W& pump
=
(eq. 21)
W&t
W& comp + W& pump
4. Results

The presented results will consider variations in three input parameters: (1) solar irradiance (100 to 1,000
W.m-2); (2) water temperature in the thermal storage (25 to 55 °C); and (3) ambient temperature (10, 20 or
30°C – 20ºC was used as the reference temperature in other cases). All graphics show the behavior of the
heat pump for selected operational conditions showing curves for the glazed and unglazed flat-plate solar
collectors.
During the simulations it was considered that the thermal collector is coupled to the evaporator, and all
electric energy used in the pump and compressor was produced by the PV-panel. Limiting conditions of the
system work due to small irradiance level were not taken in consideration in this work.
4.1 Compressor rotation
Figure 3 shows the control map of the compressor rotation for water temperature and solar irradiance
variations. The output power of the PV-panel is also showed and it is proportional to the solar radiation since
a constant efficiency was used. The compressor rotation is limited by the available electricity so it increases
for high solar irradiance levels. It is also observed that as the temperature of the hot water tank increases the
rotation decreases as a consequence of the larger difference between the evaporation and condensation
pressures. Both curves for the two simulated collectors have similar behaviors.

1220

Water temperature - TWATER, [oC]

55

Rotation - N [rpm]
Glazed insulated
Unglazed not insulated
Ta=20oC

50

45
2000

40

3000

2000

3000

4000
4000

1000

35

5000
5000

1000

30

25

0

200

400

600

800

1000

80

100

Global irradiance - Gt,tilt [W m-2]
0

20

40

60

Electric power - WPV [W]
Fig. 3: Control map of the compressor rotation as a function of the water temperature and solar irradiance.

4.2 Condensation and evaporation temperatures
Figures 4a and 4b shows the condensation and evaporation temperatures respectively. It is clearly observed
that the condensation temperature is regulated by the temperature of the hot water tank (Figure 4a). For low
levels of irradiance, almost no heat is rejected and the condensation and water temperature are almost the
same. As the irradiance increases, the difference between these temperatures also increases and consequently
the heat transferred to the hot water tank. Figure 4b shows that the evaporation temperature in the glazed
collector is lower. Since the compressor power is limited by the available solar irradiance as shown in section
4.1, lower evaporation temperatures implies in higher compressor powers so the heat pump has more
difficult to transport heat from the cold to the hot sides. At low levels of irradiance, the evaporation process
does not occur and the evaporation temperature tends to the ambient temperature.
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Fig. 4: Condensation and evaporation temperatures as a function of the water temperature and solar irradiance.

4.3 Heating rate
The heating rate of the system is the most important output of the model. Figure 5a shows its variation for
the two chosen solar thermal collectors and it can be observed that the performance of the unglazed collector
is better. This is auspicious since the cost of this kind of collector is low and it can be easily construct using
industrial processes from refrigeration component manufacturers. Preliminary calculation estimates that the
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proposed configuration is enough to heat around 50 liters of water per day considering an irradiation of 5
kWh.m2 (18 MJ.m2), that is enough at least for one bath. The system can be scaled for higher hot water
demands and optimal configurations can be derived. Figure 5b shows the effect of the ambient temperature
using the unglazed collector as the showcase. As expected, the system heat power decreases as the ambient
temperature drops, indicating that the system performance will be worse during cold weather days.

(a)

(b)

Fig. 5: Heating rate as a function of the water temperature and solar irradiance.

4.4 Coefficient of Performance - COP

55

It is desired that the COP of the system has a large value and would be as constant as possible for the
different operational conditions. As shown in figure 6, the COP of the system varies a lot with the water
temperature and solar irradiance. The unglazed collector is again better and its COP decreases with lower
intensity with respect to the increase in the solar irradiance. By the way, once the compressor power comes
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Fig. 6: COP of the system as a function of the water temperature and solar irradiance.
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5. Conclusions
The main objective of the present work that was to develop a model that shows the integration among the
heat pump, solar thermal collector and PV-panel was achieved. This can be observed through the variations
in the operational conditions induced by the solar irradiation and ambient temperature. The performance of
the system is better using cheaper unglazed collectors than glazed back insulated ones, which is very
important in terms of cost reduction of the whole system. The proposed configuration can deliver around 50
liters of hot-water per day without necessity of any kind of external energy, which fulfill the requirements for
one single person. The same model can be used to size the system for other heating demands just changing
the input data.
The possibility to connect the PV-SAHP the grid shown in figure 1 was not taken into account in the present
work. Its use implies in additional study to determine the best balance among solar thermal, PV generated
electricity and grid supplied electricity that returns the most financially feasible or the best performance
configuration.
The next step of the development will be the construction of the first prototype to validate the model. Results
from the prototype will be used to refine the critical components of the model. More realistic characterization
of the components is also necessary, since in the present model informations like heat transfer coefficients of
the heat exchanges (condenser, evaporator, etc.) were only first approaches. After this, configurations for
specific applications will be optimized using the same model and real climatic data from solar irradiance and
ambient temperature.
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1. Introduction
Radiant heating and cooling terminal heat exchangers have become very popular in the last decades because
of the thermal comfort they provide and the energy savings potential respect to conventional systems.
Renewable energy technology's for heating and cooling such as solar, geothermal or both coupled, can be
often optimized by the use of low/high impulse water temperature in winter/summer to the terminal heat
exchangers. The radiant floors and ceilings are able to work efficiently with these conditions due to the large
exchange area in both heating and cooling applications.
A careful design and optimal control strategy are important aspects to obtain expected energy savings
(Abdelaziz, 2004). Therefore, a model capable to capture transient effects, system control strategies, and it’s
coupling with building energy simulation models, is of importance.
A transient numerical model for radiant floors and ceilings is presented and validated. The model has been
implemented in RDmes online web platform (OTV) and can solve both steady and transient states for sizing
and predicting respectively. The radiant floor/ceiling model has been developed under the frameworks of the
IEA-Task44 (Solar and Heat Pump Systems) and FREDSOL project (Cadafalch, 2010).
2. Mathematical formulation
The model developed is based on the composite fin model for radiant floors described by Kilkis et al. (1994)
coupled with a multi layer model as explained by Cadafalch (2009). The multi layer model solves the
transient one-dimensional conduction of the different layers. The two models are coupled considering the
heat flow from the pipe as a sink source term in a typical transient conduction problem (Patankar, 1980).

The model can be used for any terminal heat exchanger device with almost no significant modifications. The
multi layer model can include any number of predefined-type layers which provides generality to the model.
In fact, a similar approach has been used by Cadafalch (2009) to successfully model a flat plate collector.
The model is applied in this study for radiant floors and ceilings and validated over a large set of cases.
2.1 The composite fin model
The fin is composed by several layers of different materials. The total heat transfer loss/gain U L at the
surface between the heat exchanger and the room air is calculated from the radiative (r) and convective (c)
terms as:

U L = Ur + Uc
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(eq. 1)

In order to calculate the fin efficiency, it is necessary to define the total (T) conductivity of the composite fin
with n covers:
n

λT =

∑λ x

i i

(eq. 2)

1

xT

where xi is the thickness of the layer i and xT is the total fin thickness. Special attention should be paid to
the conductivity of the layer where the pipe is present. Jin et al. (2010a) proposed an expression to evaluate
this equivalent conductivity based on a relation between a finite volume method and their simpler model:

λeq =8.545ln(2.0335 + λ p )(1.1596 + λlp )(1.3219 + Ar ) −1.4264
λeq = −0.031 + 23.8723(0.2844 + λlp )(−0.9502 + Ar ) −1.5753

for
for

λ p < 2W / mK

λ p ≥ 2W / mK

(eq. 3)

(eq. 4)

Here the subscripts lp and p are used to refer to the layer where the pipe is embedded and the pipe
respectively. The area ratio is defined by:

4 MDo
(eq. 5)
π Do2
being Do the external pipe diameter and M the distance between pipes.
Ar =

The fin efficiency is defined by:

η=

tanh(mL f )
mL f

(eq. 6)

where the fin length is obtained from:

Lf =

M − Do
2

(eq. 7)

and the parameter m as:

m=

UL
λT xT

(eq. 8)

At this step, it is useful to define the floor/ceiling efficiency F’:

F′ =

1/ U L
1
1
1
+
+ ]
M[
U L [ Do + ( M − Do )η ] hiπ Di Cb

(eq. 9)

where hi is the fluid to pipe heat transfer coefficient and Cb the bound conductance.
With the efficiency F ' , the fluid outlet temperature

T f ,o can be evaluated assuming an exponential

distribution (Duffie and Beckman, 1991):

T f ,o = Ta + (T f ,i − Ta )e

−U L At F ′
m in c p

(eq. 10)
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being Ta the ambient temperature,
the inlet mass flow and

Tf ,i the fluid inlet temperature, At the total floor/ceiling surface area,

m in

c p the specific heat capacity.

The useful heat Qu is then obtained from:

Qu = m in c p (T f ,o − T f ,i ) (eq. 11)

In order to obtain the average floor/ceiling surface temperature, the renovation factor FR is used:

FR =

Qu
(eq. 12)
AU
t L (Ta − T f ,i )

The average temperature of the layer where the pipe is present is defined by:

Tlp = T f ,i +

Qu 1 − FR
(eq. 13)
At U L FR

and the fluid averaged temperature as:

T f ,av = T f ,i +

Qu 1 − F ''
(eq. 14)
At U L FR

where

F '' =

FR
(eq. 15)
F'
2.2 Heat transfer coefficients

Several expressions have been developed for free and mixed convection heat transfer in horizontal plates
both for heating and cooling applications. In the present model, the expressions from ASHRAE (2008) are
used for cooled floor/ceiling, while for heated floor/ceiling, the equations are calculated as explained by
Awbi et al. (1999). When mixed convection is present, the equations from Neiswanger et al. (1987) and
Awbi et al. (2000) are employed. In order to calculate the heat transfer coefficients for radiation, the
simplified model presented by Kilkis et al. (1994) is used.
2.3 The multi layer model
The model considers the transient one-dimensional heat transfer through N different layers with internal heat
2
sources. Each layer is characterized by a heat transfer coefficient Λ i in [W / m K ] , a thermal capacity c i
in [ J / m K ] and a heat source qv in [W / m ] (Cadafalch, 2009). See Fig. 1 for details.
2

2

To identify each layer a subindex i is used from i=1 to i=N corresponding to the bottom and top layers
respectively. Linear temperature distribution in each layer is assumed. Therefore, the distribution of
temperatures through all layers is a polyline with the vertexes at the interlayer surfaces.
Numerating the temperature of the different interlayer surfaces from 0 (bottom) to N (top), the temperature
of limiting surfaces of the layer i are Ti −1 and Ti .
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Fig. 1: Multi layer configuration

The temperature Ti at each interlayer surface is evaluated by solving the energy conservation law in a control
volume made up by half of the two touching layers. The resulting discretized equation, using an implicit
temporal discretization and a first order scheme for the time derivatives, reads as follows:

0.5(ci + ci +1 )
where

Ti − Ti 0
= 0.5(qv ,i + (qv ,i +1 ) + Δ i (Ti −1 − Ti ) − Δ i +1 (Ti + Ti +1 ) (eq 16)
ΔT

ΔT is the time increment and the superindex 0 refers to the value of the previous time step.

The bottom and top layers are related to the surroundings of the multilayer by means of a heat transfer
coefficient and a surrounding (or ambient) temperature, Λ bot and Tbot for the bottom, and Λtop and Ttop
for the top.
Temperatures at the boundaries of the multilayer system, T0 and TN , are calculated by solving the energy
conservation law in a control volume consisting of the external half of the layer and considering the
appropriate boundary conditions. See the boundary control volumes indicated in Fig.1.
As a result, a set of N+1 non-linear algebraic equations with the N+1 unknown temperatures, are drawn.
Non-linearity of the equations arises from possible temperature dependence of the parameters Λ i , c i and qv .
An iterative solver based on a tridiagonal matrix algorithm is used to solve the resulting equation system
(Patankar 1980).
By convention, the bottom layer of Fig.1 is the ground in a radiant floor and the top part of the roof in a
radiant ceiling. Therefore, the temperature of the last surface TN +1 is always the average surface temperature
of the floor/ceiling “panel” T p , av .
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The coupling between the multi layer and the fin composite models is due to the term qv of the layer where
the pipe is present:

qv ,lp = −

F 'U L
(Tlp − T f ,av ) (eq 17)
1− F '
3. Results

The model has been validated under steady state conditions with a large set of experimental data in some
cases of interest. Some of these results are shown hereafter. Comparison between the numerical model and
the experimental data from other sources is presented. The validation in transient states has not been
provided due to the lack of experimental data found in the literature useful for this purpose. This kind of
validation will be provided in a near future work.
The first case analyzed is a radiant floor presented by Song, 2005. Results of interest for the present study are
the average floor temperatures under heating and cooling conditions. This study was realized on a radiant
floor composed by four layers: concrete, insulation, mortar with an embedded pipe and the floor covering.
Several floor coverings were analyzed. Constructive details of the floor and thermal properties of each layer
can be found in the source article (Song, 2005).
The experimental data were provided using several floor covering materials and different fluid inlet
temperatures. The average floor temperatures of the numerical calculations and experiments (in parenthesis)
are presented in Tab.1 for three different floor covering layers and six fluid inlet temperatures. The ambient
temperatures of the room analyzed in the experiments were kept constant to 24ºC. Therefore the first two
columns of Tab.1 are considered to be cooling cases, all the others are heating applications.
Tab. 1: Radiant floor numerical surface temperature

Tp ,av compared to experimental data from Song, 2005 (in parenthesis)

15

20

25

30

35

40

Aluminum

16.79(-)

20.78(20.4)

24.78(24.8)

28.47(27.7)

32.00(31.2)

35.45(34.4)

Carpet

19.63(18.2)

22.03(20.5)

24.45(24.5)

26.41(26.0)

28.17(29.5)

29.83(29.7)

Plywood

18.36(19.1)

21.47(21.3)

24.59(23.5)

27.27(26.1)

29.75(28.1)

32.12(30.1)

T f ,i [ 0 C ]
/Covering

As it can be observed from the results presented in Tab.1, the numerical results are quite accurate. Most of
the errors are below 5% and the maximum differences are obtained in cooling cases and are always below
10%. The reason is that coefficients from the heating case may be more accurate, since they have been
obtained from specific references for the present case.
The variations of the inlet fluid temperature and floor covering materials are captured properly by the model.
However the mass flow rate effect has not been analyzed.
The next case has been selected in order to validate the model with different mass flow rates and also with
different pipe conductivities. Experimental results of the radiant floor were presented by Jin et al. (2010b).
The radiant floor is composed by seven layers (described from bottom to top): floor slab, insulation, cooling
pipe, concrete, cement mortar, moisture proofing and wood layer. Details of the experiments can be found in
the source article. Experimental data were presented using an average fluid temperature. The fluid inlet
temperature in the numerical calculations has been adjusted until the average temperature was close to the
experiments, even thought in the experiments this temperature was calculated assuming linear distribution.
According to the experiments, the temperature at the bottom boundary is assumed to be 16.5ºC. In order to
set the first temperature of the model T(0) to a predefined value, the heat transfer coefficient of the bottom
boundary condition Λ bot has been set to infinity along with the predefined temperature as Tbot .
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Tab. 3: Radiant floor numerical results compared to experimental data from Jin et.al. , 2010b (in parenthesis)

T f ,av [ºC]

m in [kg/s]

Tp ,av [ºC]

Qcool [W/m2]

10.87 (10.8)

0.134

20.68(20.7)

49.45

15.93(15.8)

0.134

22.72(22.4)

41.21

20.31(20.2)

0.134

23.55(23.8)

27.37

11.21(11.0)

0.0265

21.87(20.2)

51.16

11.03(11.4)

0.06615

21.39(19.9)

53.76

10.96(11.2)

0.1614

20.86(19.6)

50.99

Numerical calculations presented in Tab.3 are in the expected order of accuracy in all analyzed conditions.
For the first three lines of Tab.3, the mass flow rate has been kept constant and the averaged fluid
temperature has been modified. Results are very accurate in these three cases with errors below 2%. When
the mass flow rate is modified, the errors increase slightly to values around 7-8%.
In the following study, the model has been used to simulate a radiant ceiling and compared to manufacturer’s
data from Jeong and Mumma (2004). In this case, the experimental data provided is the cooling capacity,
Qcool . Numerical results are presented in Tab.4 along with manufacturer’s data (in parenthesis).
Experimental values were provided by Jeong et al. (2004) for panels of aluminium and steel, and inlet fluid
temperatures ranging from 14ºC to 20ºC with 1ºC intervals. For the present comparison, the temperatures of
16 and 20ºC has been chosen for the two panels.
Tab. 4: Radiant ceiling numerical cooling capacity compared to experimental data from Jeong and Mumma, 2004 (in
parenthesis)

Panel type

Tf ,i [ºC]

Tp ,av [ºC]

Qcool [W/m2]

Aluminium

16

17.86

78.94(79.5)

Aluminium

20

21.07

46.09(43.9)

Steel

16

19.20

64.97(76.6)

Steel

20

21.88

38.25(42.5)

Results for aluminium panel match quite well manufacturer’s data for both inlet fluid temperatures.
However, numerical results in the case of steel panel are significantly lower than experimental data with
errors around 15% and 10% for 16ºC and 20ºC fluid inlet temperature respectively. Notice that errors in
aluminium panel are around 0.7% and 4.5% for 16ºC and 20ºC water inlet temperature respectively.
Since the source article of Jeong and Mumma (2004) does not provide any additional information of the
experiments and panel configuration details, it is difficult to give a reason for this difference when a steel
panel is used. It may be possible that porosity in the ceiling panel or any other method for enhancing
convection would be present in the real steel panel and may cause these differences. In fact, numerical results
presented by Jeong and Mumma (2004) using the four different models they compared, were also more
accurate for the aluminium panel.
In summary, the model performs quite well for radiant floors with several layers both in heating and cooling
applications under steady state conditions. The model applied to radiant ceilings also predicts satisfactory
results. However, more studies must be realized using a more detailed radiant ceiling experimental setup.
4. Conclusions
A generic transient model for terminal heat exchangers has been developed and applied to radiant floors and
ceilings in heating and cooling applications. The model has been validated with comparisons against
experimental data under steady state conditions. Transient states validation has not been provided due to the
lack of experimental data found in the literature. The dynamic validation will be provided in near future
works. The model can be applied to radiant floors and ceilings without any modification providing a quite
general model.
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The model has been shown to perform quite well under steady state conditions over a large number of cases.
However, more validation studies are needed for ceilings panels using a well defined experimental setup.
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Abstract
An improved unglazed collector model has been validated for use in TRNSYS and IDA and also for future
extension of the EN12975 collector test standard. The basic model is the same as used in the EN12975 test
standard in the QDT dynamic method. In this case with the addition of a condensation term that can handle
the operation of unglazed collectors below the dew point of the air. This is very desirable for simulation of
recharging of ground source energy systems and direct operation of unglazed collectors together with a heat
pump.
The basic idea is to have a direct connection between collector testing and system simulation by using the
same dynamic model and parameters during both testing and simulation. The model together with the
parameters will be validated in each test in this way.
This work describes the method applied to an unglazed collector operating partly below the dew point under
real dynamic weather conditions, for a long period during the autumn 2010. The validation results also show
that the model can handle operation of such a collector during the night. This is a common mode of operation
for this collector type in a real system.

1. Introduction
Unglazed collectors are commonly used for pool heating where the temperature demand is low. Then the
energy cost can be very favorable with the simple design of an unglazed collector. The use of ground source
heat pumps is expanding and in many cases the storage needs more recharging that the natural energy flow
from the surroundings can give. In this application the operating temperature will be extremely low even
below the dew point of the air and also 24 hour operation can be possible. To model this operation mode of a
solar collector this work has been done to find a solution where an existing model for standardised testing
can be upgraded with some correction terms instead of starting from scratch with a new model.
The model validation work has been done in cooperation with SP Technical Research Institute of Sweden
and ÅF Infrastructure Stockholm Sweden. SP has made specially adapted instrumentations and tests for this
analysis. ÅF has supported the work and implemented the model in IDA and participated in the model
validation work for IDA. In an early stage of this modeling and validation work also IVT in Sweden
supported the experimental work at Lund University.
Some pictures of the collector sample and the test rig at SP in Borås are shown below. The test object was a
flat plate unglazed collector made of polymeric materials. It was mounted on a 45 degree tilted surface.
Sensors were installed as close as possible to the collector without disturbing the performance. New high
class sensors for humidity, ambient temperature and wind speed were added to the standard test equipment
for unglazed collectors. Some of the sensors were doubled on each side of the collector.
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Fig. 1: The unglazed solar collector on the test stand with extra sensors for humidity, wind speed and air temperature. Also
sensors for solar radiation and long-wave thermal sky radiation in the collector plane can be seen to the right of the collector. In
the upper right corner a new kind of wind sensor is located. (Photo from SP)

Fig. 2: Close up of the collector absorber surface during condensation operation. A lot of water is “produced” so it is important
to have a really water tight roof under the collector. Here the inactive round welding spots on the absorber can be seen too. This
affects the parameter values somewhat from the ideal numbers. (Photo from SP)
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Fig. 3: Close up of the absorber showing the connecting pipe and header along the left side of the collector. The mounting screws
to the roof can also be seen. It is assumed while modeling that no large amount of air flow can go behind the collector, so that a
one sided operation/condensation can be expected. In a real situation a “two sided” mounting arrangement allowing air behind
the collector may increase the performance during low temperature operation. (Photo from SP)

2. Model Theory
The EN12975 dynamic collector model used in the validation work. As this basic model does not consider
condensation yet in the standard an extra term is added for this energy flow. This term becomes active when
very low operating temperatures are applied. This model then covers an extreme range of collectors from
high concentrating or vacuum tube collectors to extreme low temperature unglazed collectors.
q = F´()en Kb(L)Gb + F´()en KdGd – c6 u GT - c1 (tm - ta) – c2 (tm - ta)2 – c3 u (tm - ta) +
+ c4 (E L - Ta4) – c5 dtm/d – c7 (2.8 – 3.0 u) (a - sat(tm))
(eq. 1)
Variables in eq. 1
Gb = beam solar radiation in the collector plane [W/m2]
Gb = diffuse solar radiation in the collector plane [W/m2]
GT = total (beam + diffuse) solar radiation in the collector plane [W/m2]
L, T = Incidence angles for beam radiation onto the collector plane in longitudinal and transversal direction
from the normal.
u = wind speed in the collector plane [m/s]
tm = (tin + tout) 0.5 arithmetic mean fluid temperature between inlet and outlet of the collector [°C]
E L = long wave or thermal radiation (incident from sky + ambient) in the collector plane [W/m2]
Ta = ambient temperature close to the collector (in the shade) [K] (only radiation calculations)
ta = ambient temperature close to the collector (in the shade) [°C]
a = absolute humidity of air (derived from measured relative humidity and ambient air temp) [kg/m3]
sat(tm) = calculated saturated absolute humidity, of the ambient air, at temperature t m [kg/m3]
 = time during measurements and simulation.
Parameters in eq 1:
F´()en = zero loss efficiency of the collector, at normal incidence
Kb(L,T) = incidence angle modifier for beam solar radiation. Kb varies with incidence angles L and T.
Note that for many collector designs like concentrating collectors, vacuum tube´s or CPC´s, Kb() is
generalised to Kb(L,T) where L,and T are transversal and longitudinal incidence angles.
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Kd = incidence angle modifier for diffuse solar radiation (assumed to be a fixed value for each collector
design). This value can be either determined experimentally in a dynamic test or integrated from beam
incidence angle modifier curves [24].
c1 = heat loss coefficient at (tm - ta) = 0 equal to F´U0 [W/(m2 K)]
c2 = temperature dependence in the heat loss coefficient equal to F´U1 [W/(m2 K2)]
c3 = wind speed dependence of the heat losses equal to F´Uwind [J/(m3 K)]
c4 = long wave irradiance dependence of the heat losses, equal to F´
c5 = effective thermal capacitance, equal to (mC)e [J/(m2 K)]
c6 = wind dependence of the zero loss efficiency, a collector constant [s/m]
c7 = humidity factor of collector [J/kg]. Ideally equal to r w / (aircp_air Le(1-n)) for a flat surface and the back
side insulated. In reality, the value will depend on the collector design and especially the absorber.
3. Test Results
3.1 Example of collector output power validation results from September 24 –October 14.
Figure 4 and 5 show model vailadation results.Note that 24 hour operation is applied with also negative
collector output power. This was to stress the model and check the heat loss modeling. No selection of data
was applied. No correctionfor for wet collector absorber surface due to rain was possible, as this
information is not available in raw data. 5 minute average values are shown. Less condensation operation.
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Fig. 4: Data from 2010 09 24 to 2010 10 14. 5 minute values. Less condensation operation.

Fig. 5: Example of output power data from 2010 09 27 until 2010 10 01. 5 minute average values. No condensation operation in
this period. Red= modeled Pout, Blue = measured Pout.
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3.2 Example of collector output power validation results from September 8 – September16.
In this period more condensation is present see figure 7. Still the model works accurately.
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Fig. 6: From 2010 09 08 until 2010 09 16. 5 minute average values. More condensation operation.

Fig. 7:. Example of output power data from 2010 09 09 until 2010 09 14 . 5 minute average values. Red= modeled Pout, Blue =
measured Pout, Green= absolute humidity difference. High green values corresponds to a large amount of condensation.
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3.3 All data from September 8 until October 14. 2010.
Model versus measurements for the whole test period from September 8 to October 14. All data day and
night are shown. The large scatter is mostly caused by rain onto the collector that evaporates and reduces the
output power for short period. The model can handle this but there is no information about rain in the test
data in this data set so this has no correction term in the model here. (Rainy weather can be deduced from the
long wave radiation data)
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Fig. 8: Data from 2010 09 08 intil 2010 10 14. 5 minute average values. Data with and without condensation operation.

Fig. 9: Results for the whole test period: Red= modeled Pout, Blue = measured Pout, Green= absolute humidity difference.
High green values corresponds to a large amount of condensation.
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3.5 The model parameter values derived for the whole test period:
The parameters and statistical results are summarized in numerical form in table 1.
Tab. 1:. Output of Multiple regression analyze on all test data from September 8 until October 14. Both day
and night = 24 hour operation.

SUMMARY OUTPUT
Regression Statistics
Multiple R 0.992588
R Square 0.985231
Adjusted R Square
0.985113
Standard Error
24.28287
Observations 10364

Incidence angle curve for
beam radiation and effective
diffuse incidence angle
modifier

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

Zero loss
Efficiency

Diffuse
Efficiency

0 10 20 30 40 50 60 70 80 90

ANOVA
df
Model
Parameters
from test

a1(5)
a1(15)
a1(25)
a1(35)
a1(45)
a1(55)
a1(65)
a1(75)
a1(85)
a2(Diffuse)
c1 (Convec)
c3 (Wind)
c5 (Dynam)
c4 (Longw)
c7(Conden)
c6(W*Gtot)

Regression
Residual
Total

SS
MS
F Significance F
16 4.07E+08 25440107 43143.84
0
10348 6101780 589.6579
10364 4.13E+08

Coefficients
Standard Error t Stat
Intercept
0 #N/A
#N/A
X Variable 10.712947 0.019059 37.4075
X Variable 20.760532 0.00427 178.0942
X Variable 3 0.75518 0.004216 179.1049
X Variable 40.747095 0.004942 151.1867
X Variable 50.757919 0.005601 135.3113
X Variable 60.765452 0.007324 104.5059
X Variable 70.704728 0.010371 67.94955
X Variable 80.588547 0.025987 22.64816
X Variable 90.304363 0.153746 1.979642
X Variable 10
0.743831 0.002783 267.3183
X Variable 11
-11.6739 0.056009 -208.426
X Variable 12
-4.03431 0.03964 -101.773
X Variable 13
-12831.5 185.1486 -69.3039
X Variable 14
0.519665 0.009468 54.88474
X Variable 15
1210.659 58.88078 20.5612
X Variable 16
-0.03072 0.001271 -24.1658

P-value Lower 95%Upper 95%Lower 95.0%
Upper 95.0%
#N/A
#N/A
#N/A
#N/A
#N/A
2.3E-287 0.675588 0.750307 0.675588 0.750307
0 0.752161 0.768903 0.752161 0.768903
0 0.746915 0.763445 0.746915 0.763445
0 0.737409 0.756781 0.737409 0.756781
0 0.746939 0.768898 0.746939 0.768898
0 0.751094 0.779809 0.751094 0.779809
0 0.684398 0.725058 0.684398 0.725058
7E-111 0.537609 0.639486 0.537609 0.639486
0.04777 0.00299 0.605735 0.00299 0.605735
0 0.738377 0.749286 0.738377 0.749286
0 -11.7836 -11.5641 -11.7836 -11.5641
0 -4.11201 -3.95661 -4.11201 -3.95661
0 -13194.4 -12468.6 -13194.4 -12468.6
0 0.501105 0.538225 0.501105 0.538225
4.17E-92 1095.242 1326.077 1095.242 1326.077
1.5E-125 -0.03322 -0.02823 -0.03322 -0.02823

The parameters (called coefficients in table 1) in the collector model are within expected ranges from theory
for this collector design. The total accuracy of the model is very good with a Multiple R of 0.99 and a
standard deviation of 24 W/m2. This is in spite of no selection of data. All 5 minute average values available
are used (over 10000 lines or time records of data).
The t-ratios (column “t Stat” above in table 1) are all much larger than 2 (with one exception a1(85) for 85
deg incidence angle) often more than 10 times lager. This indicates very reliable parameters and terms in the
collector model. The a1(85) value has a lower t-ratio 1.97 At 85 deg incidence angle it is hard to determine
the parameter and the alignment of the test rig and solar sensors are very critical. In many cases there are too
few values available that cause this low t-ratio. The parameter a1(5) is also less well determined and the
value is a bit lower than a1(15) that is not expected from the collector design. But here the problem is mainly
that the sun is in this angular position (within 5 deg from the normal to the collector) very few if any hours
during this period of the year. A change of the tracker tilt for a shorter period could probably have solved this
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weaknes in this parameters. The two columns in table 1 to the right are repetitions of the two columns to the
left of them. This is because no other confidence value than 95% was specified. If for example 90% would
have been specified these columns would have had different values.
3-6 Explanation of the parameter values presented:
a1() = 0.30 - 0.76 (Zero loss or “optical” efficiency coefficient for beam solar radiation from  = 5 deg
incidence angle until  = 85 deg).
a2= 0.74 (Zero loss or “optical” efficiency for diffuse solar radiation)
c1=11.7 W/m2/K (Convective and radiation heat transfer coefficient at no wind)
c2=0.0 J/m2/K2 (Temperature dependence of the heat loss coefficient, This is set to zero here as the
temperature variation in data is low and the Excel 2007 tool used here, could not handle enough parameters)
c3= 4.0 J/m3/K (Wind dependence of the heat loss/gain)
c4=0.52 (Absorber effective emissivity for long wave radiation, includes inactive areas of the absorber)
c5= 12830 J/m2/K (Effective one node thermal capacitance)
c6=0.031 s/m (Wind dependence in zero loss efficiency)
c7=1211 (Condensation gain parameter. Ideally expected to be 1900 for a perfect flat absorber with a 100%
wetted, active surface).
A note can be made that c1, c2 and c7 are active absorber surface area dependent. Therefore absorber surface
enlargements (compared to the aperture or front area of the collector) with corrugations and/or individual
pipes may improve the performance. These 3 parameters will then be increased in proportion to the surface
area increase, compared to a flat absorber. This is taken into account in the TRNSYS model for the
condensation term, as a separate input parameter. Also a double sided mounting arrangement “above the
roof” of a flat absorber will give the same tendency.
4. TRNSYS model check with measured data
To be able to verify that the TRNSYS model is programmed correctly the measured collector model input
data, from the test, was read into TRNSYS and the collector output was calculated/simulated, with the same
collector parameters, that were derived in the model validation.
Figure 7.1 shows the result for a few days with variable climate and operating temperatures. The TRNSYS
model can follow the measured data in a good way, even if there are small deviations in the same order as in
the Excel tool due to small imperfections in the model and for example missing information about rain. Of
course also the inevitable measurement uncertainty will always add to the scatter.

Measured and modelled ouput power Pout

Measured and modelled outlet temperature Tout from the collector

Fig 10: Output diagram from TRNSYS simulation with measured input data from the collector test. It can be seen that the
simulation tool works as close as one can expect compared to both day and night measured data.

5. Comparison of TRNSYS versus IDA
ÅF is mostly working with the IDA software for system simulation and wanted to implement the model in
their simulation system to be able to investigate for example recharging of large borehole systems with
seasonal storage capacity. Therefore the proposed collector model model was added to IDA and compared to
TRNSYS for the same annual climate data and operating conditions, see table 2. The match was very good
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and the small differenced come most probably from for example differences in how solar radiation is
converted from climate data to a tilted collector area and also differences in how long wave sky radiation is
treated. This could not be changed or synchronized. Therefore some small differences remains that are not
caused by collector model errors or differences.
Tab. 2: Comparison of annual energy flows per m2 collector aperture area, between IDA and TRNSYS for the same climate
data and model parameters. Main units are kWh/m2 and Deg C.

Condensation
energy flow

Collector
Output

Diffuse Solar
Radiation

Direct Solar
Radiations

IDA
Condensation
energy flow

Collector
Output

Diffuse Solar
Radiation

Direct Solar
Radiations

Collector
operating
temperature

TRNSYS

0

609

573

2400

254

602

510

2381

266

5

609

573

1537

123

602

510

1510

132

10

609

573

928

36

602

510

898

41

15

609

573

546

5

602

510

516

7

20

609

573

325

2

602

510

300

4

To have a more detailed comparison, also some hourly values during 4 days are shown in figure 11 and 12
for the two softwares. Both total collector output and the condensation energy contribution separated. The
match is satisfactory. A small time lag can be seen partly caused by the different definitions of time in IDA
and TRNSYS.

Fig. 11: Comparison of collector putput power from TRNSYS and IDA for the same input parameters, operating condtions
and climate.
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Fig. 12: Comparison of collector putput power from TRNSYS and IDA for the same input parameters, operating condtions
and climate.

6. Discussion and Conclusions:
The model validation has shown that the extended EN12975 QDT (Quasi Dynamic Testing) model in full
dynamic application can predict the output power of a flat plate unglazed collector very well also during low
temperature operation when condensation add to the power output.
The model can also handle night time operation except when rain comes to a hot absorber and evaporation
will occur and increase the heat loss. This can be handled with the model if information of rain is added in
the measurements. (Operation with evaporation is only interesting for cooling applications.)
The parameter values derived are close to expected values even if the individual collector and absorber
design will always shift the values somewhat. In this case the absorber has a quite uneven surface when filled
with water. This will affect the surface boundary layer thickness and the parameters c1, c2 and c7. These
parameters will also be affected by the inactive round welding “spots” (see figure 2 and 3) where no heat can
be extracted to the fluid due to the low thermal conductivity of polymeric materials.
The extreme check of the model during 24 hour operation shows good agreement, except when there is
rainwater on the absorber. (this can be deduced from the long wave net radiation that goes to zero with very
thick clouds, as it is, only during rainy weather). This rainwater will evaporate from the absorber and reduce
the output power in the opposite way as compared to condensation. Measurement of precipitation will make
the test evaluation much easier and more accurate, if applied. The model can handle this if rain data is
available.
Normally the collector will not be operated at negative output power in an application except for cooling
purposes, so this is of a more academic and testing interest to shorten the testing time.
The heat transfer rate from condensation is limited and the convection heat transfer is most often larger (not
shown in this summary but visible in the evaluation tool).
Therefore a very detailed modeling for the condensation below the level done here, is not necessary, if
accuracy of the total collector output power is the main modeling goal.
Both convection and condensation heat transfer will increase with larger absorber surface area per m2 of
aperture area. Therefore some kind of surface enlargement by corrugation of the surface, or a design with
individual pipes, or even fins, are probably very favorable for this kind of collector. This is if it used for
operation at low temperatures together with a heat pump or recharging a ground storage. Ths still needs moe
validation work that is discussed for the further validation of the model.
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1.6 Solar District Heating
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1. Introduction
Solar energy is one of the renewable energies used for the heating or production of DHW (Domestic Hot
Water) for buildings (residential, industrial, tertiary, etc.). Solar energy can be developed on a large scale, as
for a district or a city, to meet the energy demand of several buildings connected to one another by a heating
network. These thermal solar power plants integrated on heating networks can offer good performance, in
particular because of the possible coupling with seasonal storage tanks: this makes it possible to store a
surplus of produced energy in summer to restore in winter and thus take advantage of solar energy
throughout the year. This is known as a Central Solar Heating Plant with Seasonal Storage (CSHPSS), (Novo
and al., 2010; Mangold, 2007).
Few CSHPSS systems exist and the design rules are not well identified (Bauer D, 2010 ; Lund, 1989 ;
Matrawy, 1996 ; Peltola and Lund, 1992 ; Peltola and Lund, 1992a). The main objective of this work is to
better understand the operating mode and to explore the potential of the CSHPSS with water hot water
storage tank by using numerical experiments with TRNSys software. We want to obtain recommendations
for the design of low temperature heating networks. From a methodological point of view, this work consists
of identifying the most favorable configurations. In this study, the costs are not related to real projects and
the energy costs presented here are just used to define a methodology to identify key parameters and design
rules by a modeling method with numerical experiments.
2. CSHPSS with hot water storage tank
2.1 Operating mode
Figure 1 shows a CSHPSS with a hot water storage tank. The solar energy collected by the thermal collectors
is stored in the tank via the exchanger HX1. If the top tank temperature is higher than the return temperature
of the heating network, stored energy is used via the exchanger HX2. An energy production method (such as
a boiler) is used to increase the temperature of the water sent to the consumers if necessary.

Fig 1 : General hydraulic diagram of a CSHPSS

The power plant shown in Figure 1 is one example to describe the general operating mode of a CSHPSS.
There are several configurations for connecting the various elements together (collectors, seasonal storage,
district heating, etc.), and each power plant has its own characteristics. There are no “standard” design rules
for central solar heating plants with seasonal storage. The objective is to conduct a sensitivity study of
various parameters to evaluate their influence and to obtain recommendations for the design. This sensitivity
study using TRNSys software is performed with different parameters: the surface of the solar collectors,
storage volume, solar and storage loop flow rates, annual energy production of the heating networks,
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temperature levels, relative fraction of domestic hot water, etc.).
2.2 Technical and economic evaluation
To evaluate the performance of such an installation, the following two parameters are studied: the Solar
Fraction (SF) and the cost of the energy produced with the solar installation (€/MWh). The duration of the
investment plan is 20 years. The cost of the produced annual heat takes into account the annual investment
costs, maintenance and other operating costs. The investment is calculated at 300€/m2 for the flat solar
collectors (including the equipment and installation), with a storage cost represented below with existing
plants (Mangold, 2007). Hypotheses have been taken to define a cost for solar collectors. This cost can seem
to be low in comparison with other small solar plants dedicated to DHW production. But for this study, the
collector surfaces are greater than 1000m2 and the cost do not take into account the storage. This solar
collector cost does not correspond to any existing plant but is used to present the methodology and to
propose design rules. The efficiency of the flat solar collectors is shown in Figure 2.

Fig 2. Cost of seasonal storage and efficiency of the flat solar collectors

The economic model is very simple and could be modified according to the particular studied cases.

K Solar _ Energy =

K invest / n + K op + K ma int
E net

(€/MWh)

(eq. 1)
Kinvest : total investment costs of the solar power plant (€).
n : project duration (20 years).
Kop : annual operating costs (€).
Kmaint : annual maintenance costs (€).
Enet : solar energy provided to the heating network per year (MWh). Energy balance for exchanger 2.
Kmaint is calculated by taking 0.25% of the amount of the total investment of the power plant Kinvest.
Kop is calculated by taking a percentage of the cost of provided solar energy Enet.
Kop= 0.05.Enet.Kelec where Kelec is the cost of electricity (70 €/MWh for this study).
3. Modeling using the TRNSys software
The CSHPSS is modeled using TRNSys software (Fig 3). The operating mode of a CSHPSS depends mainly
on the energy demand and thus on the behavior of the heating network. This network demand is
characterized by the return and supply temperatures with the power demand. These parameters are inputs for
the model and are time-dependent values. The profiles of the studied heating networks come from data
obtained from existing heating networks or are built from a model of the buildings energy demand (TRNSys
software).
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Fig 3: TRNSys model of a CSHPSS diagram

4. Numerical study of the influence of the various parameters for a particular case
For the whole study, only solar fractions SF higher than 15% are taken into account. The influence of the
collector surface, storage volume, flow rate values, relative fraction of DHW, etc., is analyzed through
parametric studies. Matlab software controls all of the TRNSys loop calculations. To study the influence of
these various parameters, the case study defined in table 1 is used.
Tab. 1: Characteristics of the heating network studied (annual energy demand: 5GWh)

Characteristics of the heating network

Studied values

Geographical zone

A city near Paris (France)

Power

1.6MW (approximately 600 apartments)

Annual energy production

5GWh

DHW part (% of MWh)

26%

Supply and return temperature

70°/40°

Collector slope

45°
2

2

Flow rates (solar and storage loop)

15 l/m ; 20 l/m ; 25 l/m2 of collector surface

Collector surface

1000m2 ; 2000m2 ; 3000m2 ; 4000m2 ; 5000m2 ; 6000m2

Ratio R= Storage Volume /Collector Surface

0.05 ; 0.1 ; 0.5 ; 1 ; 1.5 ; 2 ; 2.5 ; 3 ; 3.5

The return temperature of the heating network (40°C) is a constant value which is not very realistic but this
value is used to present the methodology. The energy demand profile of the studied network is obtained
using existing profiles. A factor was applied to each time step to obtain an annual production of 5GWh (with
too large a production, it is not possible to obtain a significant solar fraction).
4.1. Influence of the ratio R (=storage volume/collectors surface)
162 calculations have been performed (6 surfaces × 9 volumes × 3 flow rates, table 1). Figure 4 shows results
with a cost lower than 150€/MWh and a solar fraction FS higher than 15%. For a fixed surface, the lower
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costs are obtained where ratio R (Volume/Surface) = 0.5. Nevertheless, for surfaces of 2000m2 and 3000m2,
R=1 allows us to obtain a larger solar fraction at a slightly higher cost. The ratios R=0.5 and R=1 lead to the
lowest cost (€/MWh) for this case study. It is observed that the solar fraction and the cost increase with
volume.

Fig 4 : Influence of R (=Storage Volume /Collector surface)

4.2. Influence of the storage volume on the solar fraction and energy cost
Figure 5 shows changes in the solar fraction and the energy cost according to the volume of seasonal storage
for a surface of 2000m2 and 5000m2. In both cases, the solar fraction reaches a maximum, which is
dependent on the surface of the thermal collectors but not on the storage volume. This result provides an
optimum (maximum solar fraction at the lowest possible cost) which is close to R=0.5 for both cases.

(a) : S = 2000 m2

(b) : S = 5000 m2

Fig 5: Influence of the storage volume on the solar fraction and energy cost

4.3 Influence of flow rates (solar and storage)
The solar and storage loop flow rates are the same for this study. The values of the studied flow rates (l/m2 of
collector surface) are as follows: 15; 20; 25; 30; 40; 50; 60. Various collector surfaces (m2): 1000; 2000;
3000; 4000; 5000; 6000 are studied with the constraint R = Volume/Surface = 0.5. Figure 6 shows the results
where the cost of produced energy is lower than 200€/MWh with a solar fraction SF higher than 15%. The
collector surface flow rate of 15 l/m2 is the design that makes it possible to obtain the lowest cost for all
surfaces.
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Fig 6: Influence of solar and storage flow rates on the study case

Another series of calculations showed that for R=1, a flow rate of 20 l/m2 is the best design. Consequently,
there are no reference flow rates; the flow is also related to the volume of storage which thus needs to be
taken into account.
5. Generalization of the parametric study
The preceding section highlights the influence of parameters such as the surface of the collectors, the volume
of storage and the solar loop and storage loop flow rates on a particular heating network with a heat
production of 5GWh per year. The objective is now to try to generalize these first results for several types of
heating networks, with a heat production of 1GWh, 5GWh and 10 GWh per year and a relative fraction of
domestic hot water of 17%, 25% and 30% of the total energy consumption. This energy demand was
obtained from existing networks or from the modeling of buildings using the TRNSys software. The supply
and return temperatures of the heating network are 70°C/40°C and the climate considered is near Paris.
Table 2: Maximum solar fraction value and energy cost for different heating networks

Production (GWh)

1 GWh

5 GWh

10 GWh

Surface (m2)

Maximum possible value for the
Solar Fraction (%)

Energy Cost (€/MWh)

1000

25 – 30

138 – 158

2000

40 – 45

162 – 187

3000

50 – 55

190 – 216

4000

55 – 60

220 – 244

5000

60 – 65

245 – 272

2000

15 – 20

96 – 116

3000

20 – 25

101 – 136

4000

25 – 30

104 – 146

5000

30 – 35

109 – 156

6000

35

115 – 166

4000

15 – 20

87 – 105

5000

15 – 20

92 – 128

6000

20 – 25

95 – 127

For each of these 9 heating networks, 162 calculations were carried out, corresponding to the various
possible combinations defined in table 1. Only the results corresponding to a solar fraction higher than 15%
are taken into account.
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All the calculations show similar results to the preceding section with the 5GWh network: the best designs
(the lowest energy cost with a solar fraction higher than 15%) are always obtained for a ratio R (storage
volume / collector surface) equal to 0.5 or 1 and for flow rates between 15 and 20 l/m2. This result seems
significant because of the diversity of networks studied here. In addition to these design results, calculations
allow us to make links between the collector surfaces available with a solar fraction and an optimum possible
energy cost (table 2) for the three categories of heating networks (1GWh, 5GWh and 10GWh).
Logically, the costs decrease with the size of the heating network because solar energy is more easily used
when the energy demand is greater. Moreover, the storage cost decreases when the volume increases.
The best results in the preceding section are obtained for the highest fractions of DHW, from 25% to 30%.
The influence of the relative fraction of DHW is a determining factor on the performance of the central solar
system. The networks with the most energy potential are those in which the fraction of DHW is the highest
because there is more solar valorization in summer. Figure 7 provides an example of this, where calculations
correspond to a heating network with an energy production of 5GWh per year with three different DHW
profiles, leading to fractions of 17%, 25% and 30% of the total energy consumption. These different profiles
are built using the TRNSys software, by modeling the time energy demand of several residential and tertiary
buildings. The best configurations (the lowest energy cost with a solar fraction higher than 15%) are obtained
when the relative fraction of DHW is the highest (30%).

Fig 7: Influence of the relative fraction of domestic hot water demand

6. Conclusion
The results from this study show that the technical and economic performance of a CSHPSS depend on many
parameters, and that the most important for the design are the collector surface, the ratio R ( = Storage
volume/Collector surface), the flow rates (solar and storage), the energy production of the heating network,
and the fraction of DHW. Even if this was studied here, the influence of the return and supply temperature
can be taken into account and analyzed using a numerical approach.
For a given project, a parametric study with numerical experiments can allow us to take into account the
project constraints (limits of investment, surface and volume available, etc.), to define the optimal
configuration. With the economic assumptions chosen here, and for heating networks with an energy demand
ranging from 1GWh to 10GWh, the results of the experimental plans show that it is possible to define some
design rules. The more profitable configurations (lowest energy cost in €/MWh) are always obtained for a
ratio R (= volume/surface) equal to 0.5 or 1 and for variable flow rates (solar and storage) ranging from 15 to
20 l/m2.
A modeling approach for this problem with multi-parameters phenomena allows us to define design rules
and study the technical and economic potential of this type of energy production. Other CSHPSS
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configurations could be tested with this modeling approach.
The value of the return temperature of the heating network (40°C) is a constant value and it is not very
realistic. This value has an effect on the CSHPSS performances and it will be interesting to use values
measured on an existing heating network. The next step could be the improvement of the economic model
(with accurate costs for the solar collectors), the test of the impact of the return temperature of the heating
network and a validation with experimental data.
7. References
Bauer D., Marx R., Nußbicker-Lux J., Ochs F., Heidemann W., Müller-Steinhagen H. 2010. German central
solar heating plants with seasonal heat storage. Solar Energy, Volume 84, pp 612–623
Lund P.D, 1989. Effect of climate on major CSHPSS design parameters. Solar Energy, Volume 42, Issue 6,
pp 487-494.
Mangold D., 2007. Sun & Wind Energy 1/2007, pp48-56.
Matrawy K.K, Farkas I, 1996. An estimation for the solar storage size based on the annual solar fraction.
Worls Renewable Energy Congress 1996.
Novo A. V., Bayon J. R., Castro-Fresno D, Rodriguez-Hernandez J, February 2010. Review of seasonal heat
storage in large basins: Water tanks and gravel–water pits. Applied Energy, Volume 87, Issue 2, pp 390-397.
Peltola S.S., Lund P.D., 1992. Comparison of analytical and numerical modeling approaches for sizing of
seasonal storage solar heating systems. Solar Energy, Volume 48, Issue 4, pp 267-273.
Peltola S.S., Lund P.D., 1992a. SOLCHIPS—A fast predesign and optimization tool for solar heating with
seasonal storage. Solar Energy, Volume 48, Issue 5, pp 291-300.

1249

HIGH SOLAR FRACTION WITH PIT HEAT STORAGES
Head of dep. Per Alex Soerensen and M.Sc. Niels From
PlanEnergi, Jyllandsgade 1, DK 9520 Skoerping (Denmark)
Tel +45 9682 0400
E-mails pas@planenergi.dk and nf@planenergi.dk

1. Introduction
In the latest years solar district heating has been common as a supplement to the heat production from Danish
CHP plants using natural gas. In 2010 has been implemented 45,000 m2 new solar collectors in connection to
natural gas fired CHP plants and more than 100,000 m2 are expected to be implemented in 2011. But the
typical yearly solar fraction is 10-20% and the district heating utilities ask for solutions with higher solar
fraction and solutions with 100% renewable energy.
In the projects SUNSTORE 3 and SUNSTORE 4 pit heat storages are used as seasonal storage to extend the
solar fraction. The first pit heat storage (1,500 m3) was build in Denmark in 1996 and a 10,000 m3 pilot storage was built by Marstal District Heating in 2004 as a part of the project SUNSTORE 2 supported by EU
and the Danish Energy Agency. The two new storages represent a further development of the pilot storage in
SUNSTORE 2. They are situated in Dronninglund, DK, as part of a new project, SUNSTORE 3, with 50%
fraction of renewable energy and 50% fraction of heat from a natural gas fired CHD plant and in Marstal,
DK, as a part of another new project, SUNSTORE 4, with 100% renewable energy.
2. Concept
The concept for the energy systems in SUNSTORE 3 and SUNSTORE 4 is illustrated in Fig. 1.

Fig. 1. Illustration of the SUNSTORE concept for energy systems with large solar fractions in DK.

This concept can provide a district heating utility with up to 100% renewable energy. In the summer period
the heat demand is produced by the solar thermal plant. Surplus heat is stored in the pit heat storage. In the
winter period the heat pump produces heat in periods with low electricity prices and uses the storage as heat
source and the CHP–plant produces heat in periods with high electricity prices.
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Fig. 2. Electricity prices in DK (Nordpool).

In Fig 2 Danish electricity prices from the last 3 years are illustrated. One of the reasons why the prices are
fluctuating is the amount of wind power produced. In periods the wind power production in West Denmark
reach more than 100% of the consumption and flexible consumption is therefore needed to reduce the power
transmission. The SUNSTORE concept offers flexible electricity consumption and can harvest economical
benefits from that. Also the heat production prices will be low because the solar systems are large and with
prices at app. 200 €/m2 and the storages are large and cheap. The advantages by combining the technologies
in the SUNSTORE concept is illustrated in Fig. 3.

Fig. 3. Advantages by combining the technologies in the SUNSTORE concept.
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3. Design in Dronninglund and Marstal
3.1. Dronninglund (SUNSTORE 3)
The district heating utility in Dronninglund has a yearly heat production of app. 40,000 MWh. App. 20,000
MWh is produced from natural gas in gas engines and app. 20,000 MWh is produced from bio oil in bio oil
boilers. Dronninglund has decided to replace at least 50% of the present heat production by energy from a
large solar thermal plant and heat pumps.
Caused by high taxes on electricity a heat driven absorption heat pump has been chosen instead of a compressor driven heat pump. The system diagram can be seen in Fig. 4.

Fig. 4. System diagram for SUNSTORE 3 (Dronninglund). (CHP plant not illustrated).

The total system has been simulated in TRNSYS 16.1. For the pit heat storage the XST-model (type 342) has
been used. The shadow in the collector field, the CHP, the DH heat exchanger, boiler 1 and the absorption
heat pump has been modeled by equations in the equation component. The absorption heat pump has been
modeled by two separate single stage heat pumps. For the remaining components standard TRNSYS types
has been used.
The DH mass flow is determined by the heat load. In the control strategy it has been chosen to have the same
mass flow on the primary side of the DH heat exchanger. As shown at Fig. 4 the DH water is first heated by
directly heat exchange with the water in the pit heat storage and afterwards by the absorption heat pump.
Seen from the other side of the DH heat exchanger, the pit heat storage is cooled by first the DH return temperature and then the heat pump.
Some key figures from the simulation are: Heat load = 40,000 MWh/y; overall heat transfer coefficient of the
solar HX = 5 MW/K and LMTD of the DH HX = 3 K.
Calculated temperatures in the pit heat storage and monthly heat production can be seen below.
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Fig. 5. Calculated max., average and min. temperatures in the pit heat storage, SUNSTORE 3 during simulation year 2.
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Fig. 6. Monthly heat production.

The resulting size of the production system was 35,000 m2 solar collectors (ARCON-HT), 60,000 m3 pit heat
storage and 2.1 MWcooling absorption heat pump.
Totally over the year the fuel consumption will be reduced with 30% from 51,815 MWh to 36,486 MWh
without any changes in amounts of electricity and heat production.
3.2. Marstal (SUNSTORE 4)
The district heating utility in Marstal had an yearly heat production of app. 28,000 MWh in 2008. Solar covered app. 7,500 MWh (27%) and the rest was covered with bio oil boilers.
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Marstal has decided to replace the bio oil with more solar collectors, a pit heat storage, a heat pump and heat
from a wood chip boiler with an Organic Rankine Cycle (ORC).
TRNSYS calculations in connection to an application for support from EU (FP7) had as result, that an additional energy system with 15,000 m2 solar collectors, a 1.5 MWheat heat pump, a wood chip boiler producing
3.25 MWheat and 0.75 MWel combined with a 75,000 m3 pit heat storage could cover nearly 100% of the heat
consumption and more than 50% would be covered by solar and heat pump. The application was accepted
and during Autumn and Winter 2010-11 the system has been optimized and designed in detail. The system
diagram can be seen in Fig. 7.
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Fig. 7. Preliminary system diagram for SUNSTORE 4 (Marstal).

Since 2008 further customers has been connected to the district heating network, resulting in a calculated
yearly heat production of 32,000 MWh from 2012. Therefore the wood chip boiler ended up at 4 MWheat.
Calculated temperatures in the 75.000 m3 pit heat storage and results from optimization of the total system
can be seen below.

Fig. 8. Calculated max., average and min. temperatures in the pit heat storage SUNSTORE 4 during simulation year 2 as well
as DH forward and return temperatures and HP (heat pump) operation.
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Fig. 9. Yearly heat production and heat production prices for TRNSYS simulations with different preconditions.

4. Tests of liners for pit heat storages
The pit heat storage is a quite simple construction. A 10,000 m3 pilot storage was implemented in Marstal in
2004.

Fig. 10. Cross section of the edge of the pit storage in SUNSTORE 2.

The storage is filled with water and covered with an insulated floating lid. Plastic liners secure water tightness, but these liners have limited lifetime primarily depending on the water temperatures in the storage.
Therefore Danish Technological Institute has carried out tests of lifetime of different liners. In year 2000 a
1.7 mm PolyPropylen-liner (PP) was tested, in 2003 two 2.5 mm HDPE-liners were tested and in 2010-11 a
third 2.5 mm HDPE-liner was tested. The tests has been a carried out as accelerated tests. Typical test temperatures has been 100-117°C. The tests has taken place in “eldering cells” (see Fig. 11) with constant temperature.
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Fig. 11. “Eldering cells”.

The lifetime is defined as the time it takes to reduce the extension of the liner to 50% when it is broken according to the conditions in ISO 527-3, 1997. The results were, that the PP liner has a significant shorter lifetime than the HDPE-liners and for the HDPE-liners the results can be seen below.

Table 1. Lifetime for HDPE-liners.

Temperature
°C

Liner 1

90
80
70
60

2.5
6.1
15.9
43.7

Lifetime (years)
Liner 2
3.2
7.2
17.0
42.4

Liner 3
2.9
6.8
15.6
35.9

Liner 2 is slightly better than liner 1 and 3 and is therefore used.
It is our target to have a lifetime for the pit heat storages of at least 20 years. To ensure an acceptable lifetime
of the liner the maximum water temperatures in the storage has to be limited.
According to experts in plastic liners it should be possible to develop HDPE or PEX liners with better thermal resistance than the liners already tested. We look forward to that!
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5. Design of lid for pit heat storages
The storage lid is the most expensive part of the pit heat storages and the part causing the main part of the
heat loss. In the 10,000 m3 pilot storage in Marstal a floating lid (see Fig. 10) was designed. This was a cheap
solution, but it had some weak points.
•
•

When the water is heated up air occurs under the lid, and since the construction is not steady it can
make “bumps” in the lid.
Rain water pits on top of the lid can deform the lid.

•

The insulation (mineral wool and EPS) cannot stand wet conditions.

•

It has not been possible to find a cheap material for moisture protection.

A new design of the lid has therefore been carried out for SUNSTORE 3 and SUNSTORE 4.
•

Ventilation pipes will be introduced to get rid of air under the lid.

•

The slope of the top will be changed to min. 5 ‰ near the edge of the lid.

•

The insulation will be changed to ventilated expanded clay (LECA) so that condensed water can be
avoided.

Fig. 12. Detail of new lid construction

In the tender process for the storage in the SUNSTORE 4 project an alternative lid solution was proposed. In
this alternative solution coated elements of PUR are used as lid. The elements can be glued together. This
construction is remarkably cheaper than the expanded clay solution and tests are therefore going on to investigate if the alternative solution can be used.
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6. Experiences with implementation of the pit storage
Construction of the storage in Marstal started 26. April 2011. The in- and outlet arrangement was placed 12.
July 2011 and implementation of the liner started 15. August 2011. The excavation has been very complicated because of heavy rain during June and July and therefore the project is app. 8 weeks delayed.

Fig. 13. The storage in Marstal 2. August 2011.

7. Costs of energy from the SUNSTORE concept
The costs of pit storages in Denmark build according to the chosen design are shown below.
The graph shows the costs for a relevant range of sizes.
The central line is based on the results of the tender for the 75.000 m3 storage in Marstal (primo 2011). In
rounded figures the costs were as shown in the table below:
M€
Excavation etc.
Liners
Insulation in lid
Roof foil
In- and outlet etc.
Consultants
Total
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0.34
0.27
0.75
0.34
0.13
0.07
1.90

Fig. 14. Costs of pit heat storage.

The extrapolation to other sizes is based on the assumption that excavation costs varies with the size of the
storage in m3. Liners, insulation and roof foil varies with the size to the power of 2/3 (area) and finally ‘others’ varies with the power of 0.5.
The lower line in the graph represents the possibility of savings by further developments in the design of the
lid. The estimate is based on ongoing experiments with a solution based on floating elements with cores of
PUR foam.
The top line represents an upper limit for situations where costs are higher than in the actual project in Marstal e.g. because of more difficult conditions for excavation.
Total costs and yearly savings are as follows in the two projects.
Table 2. Investment and savings in the SUNSTORE projects.

SUNSTORE 3

SUNSTORE 4

Investment, mio. € 1)

13.92

13.65

Yearly surplus
excl. capital costs, mio. € 2)
Support, mio. €

0.83

0.71

2.24 3)

4.08 4)

1)

Excl. support

2)

Compared to the present situation

3)

From the Danish EUDP program

4)

From EU, FP7

Without support and including financial costs the heat production price from SUNSTORE 3 and SUNSTORE 4 is 5-6 €cents/kWh. Financial costs are calculated as average cost for a 20 years annuity loan with
5% interest rate and 2%/year inflation.
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IEA-SHC TASK 45 – LARGE SYSTEMS
Jan Erik Nielsen
PlanEnergi, Hvalsö (Denmark)

1. Introduction
i

A new IEA-SHC task has started: Task 45: Large Systems: Large Solar Heating/Cooling Systems, Seasonal
Storage, Heat Pumps.
The main objective of this task is to assist in the development of a worldwide strong and sustainable market of
large solar heating and cooling systems by focusing on cost effectiveness, high performance and reliability of
systems. The work's main focus will be on solar assisted district heating and cooling systems dealing especially
with the system level and how to match a system configuration to the local needs and conditions.
The Task started January 2011, and first meeting was held in Barcelona in April 2011.
2. Background
The background for starting the Task is the recent growing interest around the world for this kind of systems
and an even dramatic development in a few markets.
Large solar thermal systems have proven to be cost effective in several cases - and the combination of a large
solar system with long term storage and also heat pump seem to be very attractive in an efficient modern energy
system due to:
flexibility when supplying combined heat and power production in a liberal market for electricity
potential for obtaining very high solar and renewable fractions of supply.
The use of solar thermal in connection with district heating is far behind (relatively only one tenth of) the use of
solar thermal in individual houses - even though it is in most cases much cheaper to supply solar energy
centrally to a district heating network, than to supply solar energy to the individual houses.
The Task should serve the need for development in the following fields:
Solar collectors for large systems:
Improve cost / performance ratio
Secure long life time
Seasonal storages:
Reduce cost of the “expensive concepts”
Increase durability / maintenance cost / performance of the “cheap concepts”
Systems:
Optimize performance of such systems through analyzing control strategies and the right combination
of solar thermal, heat pump, seasonal storage and others
Optimize such systems with respect to integration in the surrounding regional / national energy system
Minimize maintenance and operation cost
Apart from developing the technology there is also a big need for spreading out existing success stories and best
practice in order to inspire people to utilize the huge potential of this cost effective energy supply - and in order
to avoid “re-inventing the wheel”.
As almost half of our total energy use is low temperature heating and cooling it is obvious and essential to
utilize this possibility for very cost effective solar heat and cold production and save fossil fuels and biomass
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resources.
The issue of large solar thermal systems with heat pumps and seasonal storage is not included in the IEA SHC
Task 44 ”Solar and heat pump systems”. The scope of Task 44 is limited to small systems for one-two family
houses.
The Task 45 is proposed from Danish side. In Denmark we see right now “an explosion” in numbers of large
scale solar district heating systems see fig.1 and 2 below. Not because of special subsidy schemes - but simply
because the systems in many cases are competitive with gas and biomass based district heating systems.

Fig. 1: Market development in Denmark.

Fig. 2: Existing and planned solar district heating systems in Denmark - it is seen that a lot of new
systems are underway.
Some of these Danish projects already include:
large scale seasonal thermal storage
combination with heat pumps
combination with combined heat / power production (gas motor)
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If large scale solar systems are so popular in Denmark - this could also be the case in other countries.
A European project: “Solar district heating - Take-off” (www.solar-district-heating.eu), dealing also with large
solar systems is running in parallel with this Task.
3. Objectives and scope
The main objective of this Task is to assist in a strong and sustainable market development of large solar
district heating and cooling systems. The systems can include seasonal storages and/or heat pumps/chillers.
The main focus is on the system level: How to match the actual system configuration to the actual needs and
local conditions including the surrounding regional energy system (free electricity market). Or in other words:
For the given conditions of load and energy prices, which system type and size to choose to have a competitive
heat price and a large solar fraction. It is important that the systems are installed and controlled/operated
properly in order to perform well. To secure that, guidelines and standards have to be updated and developed
and recognized performance guarantee procedures established.
To push the market development, a strong effort will be done in promoting the benefits of the technologies and
results from the Task to the decisions makers in the sectors of district heating and cooling and process heating
and cooling. The issue of financing the “upfront investment in 25 years of heat production” will be dealt with and models for services of Energy Service Companies (ESCo’s) will be proposed and sought tried out.
The scope of the Task covers large-scale solar thermal systems – preferably with a collector area larger than
700 m² (0.5 MW). Included are pre-heat systems as well as any combination with storages, heat pumps, CHPunits, boilers, etc. for the supply of block and district heating & cooling.
Any type of solar collector is in principle possible:
liquid based
air based
flat plate (glazed / un-glazed)
evacuated tubes (direct / heat pipe)
concentrating (tracking / stationary)
Concerning heat pumps the main focus will be on heat pumps driven by electricity. However during the course
of the Task it might be become relevant to consider also thermally driven heat pumps.
Concerning thermal driven cooling machines (chillers) no restrictions in scope.
Concerning storages the main focus will be on seasonal storages.
4. Subtasks
The work is organized in the following subtasks:
Subtask A: Collectors and collector loop (Subtask leader DTU/DK)
Subtask B: Storages (Subtask leader SOLITES/DE)
Subtask C: Systems (Subtask leader S.O.L.I.D./AT
4.1. Subtask A: Collectors and collector loop
The general objectives of Subtask A are:
to assure use of suitable components
to assure proper and safe installation - including compatibility with district heating and cooling
network to assure the performance of the collector field
The following activities are proposed:
A1: Improve use and accuracy of collector test results
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Investigate and describe influence from operation conditions on the collector field performance - and
draft an amendment to EN 12975 and/or EN 12977 on how to correct standard test results.
A2: Define requirements and test methods for collector loop pipes
Investigations on requirements and test methods on durability of pipes for solar collector loops will be
carried out. Among other things, thermal expansion, corrosion and boiling behavior with different
solar collector fluids will be studied. Consider EN 13941, EN 235, which changes are needed?
A3: Requirements to hydraulic design of collectors and collector fields
Parallel theoretical and experimental investigations on the flow distribution for different rows of serial
connected solar collectors will be carried out for differently designed solar collector fields with
different piping systems and circulation pumps. Includes:
o

applicable hydraulic design of collectors

o

flow distribution in parallel absorber pipes, collectors and collector groups

o

uniform distribution of flow rates in overall collector area with less regulation valves

o

pipe heat losses

Guidelines for design, control and operation of solar collector fields will be worked out.
A4: Precautions for safety and expansion
Thermal expansion and stagnation behavior and measures to handle stagnation.
The solar collector loop design will also be investigated with focus on air escape, thermal expansion of
solar collector fluid.
A5: Guaranteed performance of the collector loop
A procedure for how to guarantee and check the performance of collector field and heat exchanger will
be elaborated and tried out on existing plants.
A6: Cost/performance improvement
Investigations with focus on reduction of the cost/performance ratio for building integrated solar
collector fields inclusive the applied control and operation strategies will be carried out.
4.2. Subtask B: Storages
The following activities are proposed in subtask B:
B1: State of the art – Evaluation of existing projects
Definition of selected pilot and research projects to be evaluated by national participants.
Evaluation based on questionnaire
Overview analyses of pilot projects and storage developments: main findings, constructions and
materials to be recommended, problems found.
Cost analyses of construction technologies and materials.
Cost for operation and maintenance.
System interaction.
B2: Technical improvements
Identification of necessary developments / improvements.
Collection of possible improvements, new concepts, materials, investigations …
If possible: investigations on identified technical improvements.
B3: Quality management
Definition of technical requirements and procedure(s) for checking the performance of storages
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(materials, thermal losses, stratification, …).
Definition of characteristic parameters for comparison of storages (equivalent storage volume,
equivalent heat capacity, usability of stored thermal energy etc.).
B4: Knowledge transfer / dissemination
Preparation of design guidelines for seasonal storages.
Review of design / simulation tools.
Database on seasonal storages: Gather data on all large seasonal thermal storages - present via web
(co-op. with the IEA storage group: IEA ECES / www.energy-storage.org).
4.3. Subtask C: Systems
The general objective of this subtask is to provide decision makers and planners with a good basis for choosing
the right system configuration and size. More specifically the objectives are:
provide an overview of applications and system configurations
see the large solar systems in the context of the surrounding regional/national energy system
(competition with waste heat, integration in the free market for electricity, …)
provide a good basis for decision makers to decide on investment in large solar systems
provide state of the art of simulation tools and simulation models
provide general design requirements for DH networks (comment: material is available from IEA DH
task, EIE SDH take off, Swedish DH association)
define parameters to identify suitable existing DH networks
give models for ESCo services (contracting)
give procedures for performance guarantee - and check
give recommendations for monitoring and checking system output
define criteria to adapt solar systems to the DH networks (existing and new)
sensitivity analysis of SDH systems, considering different parameters such as DH distribution
temperature, solar fraction, storage size, load, economics
give recommendations for operating strategies
give design guidelines for “substations units” (units controlling the in- and output of heat for buildings
with collectors fields on e..g. the roof)
The following activities are proposed:
C1. Overview
Overview of system categories (systematic categorization of large solar systems with respect to
applications, components, component types,
Detailed description of (all) existing systems with (seasonal) storage and/or heat pump by each
national representative
Updated database for all large solar systems > 0.5 MW
C2. Feasibility
Does a large solar system fit into the surrounding regional/national energy system (competition with
waste heat, integration in the free market for electricity, …) (each national representative)
Tools for feasibility studies: overview on calculation tools providing strong and weak points and users’
categories
Develop a dedicated pre-feasibility tool
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Written guidelines (including requirements from DH IEA task and parameters to identify existing
suitable DH networks and sensitivity analysis) Examples: Economy for realized systems
Case studies; different application; different countries (comment: 20 case studies will be carried out
within FP7 Sunstore4)
Guidelines for environmental assessment
C3. Models for ESCo services
Financing models, financial risks, ownership, system maintenance
Existing examples
Case studies; different application; different countries
C4. Performance check/monitoring/surveillance
Procedures for performance check
Recommendation for monitoring and verification / surveillance of systems
C5. Guidelines for planning, installation, commissioning, operation
Give inputs for Design Handbook
Give inputs for handbook in subtask E for the overall installation, commissioning and operation of
SOLAR DH
C6: Guidelines for connection of decentralized solar thermal systems
Give inputs for handbook for direct and indirect connection of decentralized solar thermal systems
distributed in the district heating supply network and handling both solar production and user load
(e.g. in building with a large collector field on the roof.
5.

More information

More information at: www.iea-shc.org/task45
Contact: Jan Erik Nielsen, jen@planenergi.dk, Operating Agent of IEA-SHC Task 45
Next meeting: October 23-27, 2011 - Calgary & Banff, Alberta, Canada
6. Acknowledgements
The work is supported through the usual IEA-SHC financing mechanisms - each country support its own
participants. The Operating Agent is partly financed by the Danish Energy Agency.
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IEA-SHC: International Energy Agency - Solar Heating and Cooling, www.iea-shc.org
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1. Abstract
The Drake Landing Solar Community in Okotoks, Alberta, Canada utilizes a solar thermal system with
borehole seasonal storage to supply space heating to 52 detached energy-efficient homes through a district
heating network. Figure 1 is a photograph showing the community on a summer day. Several systems of
similar size and configuration have been constructed in Europe, however, this is the first system of this type
designed to supply more than 90% of the space heating requirements with solar energy and the first operating
in such a cold climate (5200 degree C-days). Solar heat captured in 2293 m2 (gross area) of flat-plate
collectors, mounted on the roofs of detached garages, is stored in soil underground and later is extracted and
distributed through a district system to each home in the subdivision, when needed for space heating.
Independent solar domestic hot water systems installed on every house are designed to supply more than
50% of the water heating load. Annual greenhouse gas emission reductions from energy efficiency
improvements and solar energy supply exceed 5 tonnes for each house.
The seasonal storage utilizes approximately 34,000 m3 of earth and a grid of 144 boreholes with single utube heat exchangers. The borehole storage system is configured to maintain the centre of the field at the
highest temperature and the outer edges at the lowest temperature to minimize losses and maximize delivery
temperature. A short-term thermal storage consisting of 240 m3 of water is used to interconnect the
collection, distribution and seasonal heat storage subsystems.
The system has undergone detailed monitoring since it was brought into service in July 2007 to characterize
its performance and to improve the TRNSYS model employed in the system design. In its fourth year of
operation the solar fraction was 86%, indicating that the system should achieve the design target of more
than 90% in year five. This paper describes the system and its operation, presents measured system and
subsystem performance over the first four years of monitored operation and compares those results against
the TRNSYS predicted performance for the same period.
2. Background
In Canada, more than 80% of residential energy consumption is for space and domestic hot water heating,
and most of the population lives in areas receiving more than 5.3 GJ/m2 global solar radiation annually (on a
south-facing surface with slope equal to the latitude), which is more than in many European countries
currently active in the solar energy market. However, a long-standing barrier to large-scale adoption of
solar-heating technology is the relative lack of sunshine during the fall and winter seasons, when space
heating demand is high.
Provident House and the Aylmer Senior Citizen’s Apartment Building were constructed in Ontario roughly
30 years ago with large water tanks for seasonal storage of solar thermal energy for space and service water
heating. These systems demonstrated the technical feasibility of solar heating with seasonal heat storage but
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met limited success for a variety of reasons. Recent advances in solar seasonal storage development in
Europe coupled with cost reduction in solar collectors in Canada led to the evaluation of utilizing the solar
resource to displace large fractions of fossil fuel for residential space heating on a community scale in
Canada. Promising feasibility study results prompted the design and implementation of the first solar heated
community with seasonal storage in North America and the first in the world with a solar fraction over 90%.
The design process involved careful study of the European experience and utilized a single design team with
a broad range of expertise including several expert simulators. Since the concept was untried in North
America on this scale, the resulting system design was developed with the full knowledge that the system
was smaller than the economic optimum.
The overall intent of the Drake Landing Solar Community (DLSC) project is to demonstrate the technical
feasibility of achieving substantial conventional fuel energy savings by using solar energy collected during
the summer to provide residential space heating during the following winter (seasonal storage). Previously,
McClenahan et al. (2006) and Wong et al. (2006) reported on the system design and project implementation.
Sibbitt et al. (2007) reported on preliminary monitored data taken before project completion. The objective
of this paper is to report on the performance of the complete solar system over its first 4 years of operation.
3. System Description
DLSC consists of 52 homes located on two east-west streets, in Okotoks, Alberta. Each home has a detached
garage behind the home, facing onto a lane. Each garage has been joined to the next garage by a roofed-in
breezeway, creating 4 continuous roof structures, approximately the length of the 3 laneways, which support
2,293 m2 of solar collectors. Figure 1 is an aerial photograph of the site and a simplified schematic of the
system is shown in Figure 2.
A borehole thermal energy storage (BTES) field is used to save heat collected in the spring, summer and fall
for use the following winter. Installed under a corner of a neighborhood park, and covered with a layer of
insulation beneath the topsoil, 144 boreholes, each 35 m deep, are plumbed in 24 parallel circuits, each a
string of 6 series boreholes. Each series string is connected in such a way that the water flows from the
centre to the outer edge of the BTES when storing heat, and from the edge towards the centre when
recovering heat, so that the highest temperatures will always be at the centre.
Space heating is supplied to the 52 energy-efficient detached houses through 4 parallel branches of a 2-pipe
district heating system. Certified to Natural Resources Canada’s R-2000 standard and Alberta’s Built GreenGold level, each house benefits from upgraded insulation, air barrier, windows, low water consumption
fixtures and heat recovery ventilation. An integrated air handler and heat recovery ventilator, incorporating
fans with electronically commutated motors and a large water-to-air heat exchanger, supplies forced-air
heating and fresh air. An independent, 2-collector, solar domestic hot water system, backed-up with a highefficiency gas-fired water heater, supplies service hot water.
Most of the district energy system mechanical equipment (pumps, controls, auxiliary gas boilers, etc.) is in a
dedicated building (Energy Centre), which also houses two short-term thermal storage (STTS) tanks with a
combined water volume of 240 m3. The STTS acts as a buffer between the collector loop, the district loop,
and the BTES field, accepting and dispensing thermal energy as required. The STTS tanks are critical to the
proper operation of the system, because they can accept and dispense heat at a much higher rate than the
BTES storage which, in contrast, has a much higher capacity. During periods of intense summer sunshine,
the BTES field cannot accept energy as quickly as it can be collected; thus heat is temporarily stored in the
STTS tanks, with transfer to the BTES continuing through the night. This situation is reversed in the winter,
when heat cannot be extracted from the BTES field quickly enough to meet peak heat demands, typically in
the early morning hours. Variable speed drives are employed to power the collector loop and district heating
loop pumps to minimize electrical energy consumption while handling a wide range of thermal power levels.
A functional schematic, Figure 3, shows system details and the locations of monitoring sensors.
A fluid cooler mounted on the roof of the energy centre is available to reject collected energy when solar
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collector return temperatures become high enough that there is a risk of boiling water in the collector loop
heat exchanger. This situation could arise when there are power interruptions or when there is a long series
of days with high rates of solar energy collection. An automatic power fail system utilizes batteries and
inverters to power critical equipment in the event of an electric power interruption in sunny weather. The
batteries are charged with a PV array, which also reduces system electricity consumption, once charging
requirements are met.
3.1 System Control
The control system is designed to initiate and maintain collector loop operation whenever there is sufficient
incident solar energy available. Initial operation each day warms up the collector loop and when the
collector loop fluid is hot enough, heat is transferred from the glycol to the STTS through a plate-frame heat
exchanger and water loop. When space heating is required, energy from the STTS heats the district loop
fluid through a second plate-frame heat exchanger. If there is insufficient energy in the STTS to meet the
anticipated heating requirement, heat is transferred from the BTES into the STTS to meet the requirement. If
the stored water temperature is insufficient to meet the current heating load, natural gas fired boilers raise the
temperature of the district loop as required. When there is more heat in the STTS than is required for space
heating in the short-term, water is circulated from the STTS through the BTES to store heat for later use.
In summer when space heating requirements are small, virtually all of the solar energy collected is
transferred to the BTES. In winter when heating loads tend to exceed collected solar energy, heat is retrieved
from the BTES. In the shoulder seasons, heat must be available to the homes and there must also be
sufficient capacity available in the STTS to accept large quantities of solar heat. Control of charging and
discharging must balance the anticipated heating requirement against the need for capacity to accept solar
energy that may be collected. The anticipated short-term heating requirement is based on the time of day and
the outdoor temperature and is expressed as “Charge Required” and it is compared against “STTS Charged”
which is based on the current district loop set point temperature and several temperatures in the STTS.
Thermal stratification is important in both the BTES and the STTS to allow the high temperature water to be
available for space heating needs while making relatively low temperature glycol available to supply the
collectors. Both glycol and water collector loops utilize variable speed pumping. The control system was
designed to vary the flow rate to achieve a 15 C temperature rise in the glycol loop and the water side pump
would mimic the glycol side flow rate. This strategy enhances stratification in the STTS while reducing
pump electricity consumption.
The district loop supply water temperature is varied linearly from 37 C for ambient air temperatures of -2.5 C
or above to 55 C for ambient air at -40 C. Variable water flow rates are also used in the district loop to allow
a wide range of space heating loads to be met while facilitating efficient use of solar heat over a range of
source and load temperatures and limiting pump electricity consumption.
4. Simulated System Performance
During the project design phase, a detailed TRNSYS (Klein 2007) model was developed to simulate the
Drake Landing system including the collectors, short term storage, seasonal storage, district heating system,
all interconnecting piping and controls. The house heating loads were predicted using detailed ESP-r
simulations and the resulting load data were used in the TRNSYS system simulation. With Canadian
Weather for Energy Calculation (CWEC) weather data driving it, the simulation model was capable of
predicting temperatures and energy flows in each component of the system. Using an optimization routine,
the distribution and number of solar collectors, the size of the short-term storage tanks, and the number and
depth of the boreholes for the ground storage were varied within the limits defined by the project constraints
and objectives, to find the combination that maximized the economic performance of the system.
Using 50 years of historical weather data as a basis, the simulation model predicted that the system would
provide on average, more than 90% of the heating energy to the homes with solar. The simulated 5-year
design system performance, shown in Table 1, was generated by repeating the CWEC weather data five
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times. It predicts that collector efficiency will drop from 32% to 25% over that period, as the average
operating temperatures increase. It also predicts that the BTES efficiency will increase from 9% to 41% over
5-years of operation, as the soil temperature increases. The solar fraction was expected to increase from 66%
to 89% over the period. These design simulations were performed with a January 1st start date.
One of the objectives of this project was to calibrate and improve the accuracy of the design simulation
model through comparisons of predicted subsystem performance with measured performance. Initial results
of this calibration activity were reported by McDowell and Thornton (2008). Further comparisons against
additional monitoring data are underway and will be reported in the future. The calibrated models will
facilitate more accurate design predictions and the investigation and evaluation of modifications to the
system design and control strategies for enhanced performance in future projects.
5. Measured System Performance
The complete solar system began operation in late June 2007 and its performance has been monitored since
then using its automated control and data acquisition system. A summary of the performance measured
between July 1, 2007 and June 30, 2011 is presented in Table 2. The annual collector efficiency has
remained relatively constant over the period at approximately 33%, based on the gross area of the collectors
and the collected energy measured at the heat exchanger in the energy centre. Based on aperture area, the
four year average collector efficiency is 35%. In the first year of operation, most of the collected energy
(2610 of 4470 GJ) was sent to the BTES. Although the BTES only returned 152 GJ (6%) of that input
energy for heating later in the first year, a significant solar contribution (1520 GJ) was provided by heat
from the STTS, which did not go to BTES. Together, 1670 GJ of solar energy, out of a total of 3040 GJ was
delivered to the district loop, giving a solar fraction of 55%. In each of the subsequent years, the BTES has
returned a greater fraction of the heat supplied to it, reaching 54% in the fourth year, allowing the solar
energy contribution to the load to increase to 60% in year two, 80% in year three and 86% in year four.
Part of the improvement in performance is due to modifications to the system and controls that were
implemented to allow the system to operate in accordance with the design. In the first year of operation, it
was observed that the highest temperature water in the STTS was not accessible to the district heating loop or
to charge the BTES. The tanks were modeled in more detail and replacement diffusers were designed and
constructed. The tanks were drained, the new diffusers installed and the storage systems returned to
operation in late March and early April 2009. Also, during early system operation, before all 52 homes were
completed, the district loop temperature control settings were raised to ensure occupant comfort in homes
near the end of one street. The design settings were not restored until early January 2010. Both of these
corrections contributed to the noticeable improvement in system performance in the second half of the third
year of operation.
6. Subsystem Performance
The performance of the three main Drake Landing system energy transfer loops, the solar collector loop, the
borehole thermal storage and the heat distribution loop are examined in more detail in the following
subsections.
6.1 Collector Loop
Several sample collectors supplied to the DLSC project have been tested at the National Solar Test Facility
(NSTF). The performance characteristic, measured at a flow rate of 0.02 l/s, after a 30 day stagnation period
is:
T T 
collector  0.693  3.835 i a 
 G 

(eq. 1)

Performance of the array of 798 collectors, together with the piping to and from the energy centre, for the

1270

third year of operation, was compared to the efficiency of a single collector module in Figure 4. Collector
flow rate is variable. Assuming uniform flow distribution in the array, the flow per collector has been
limited to flow rates greater than 0.013 l/s. The data has also been filtered to limit transient data and incident
flux values below 700 W/m2 and to minimize incident angle effects by using only data recorded within one
hour of solar noon. Given that the field data includes pipe losses, agreement with the laboratory measured
module efficiency is excellent.
6.2 Thermal Energy Storage
The STTS is intended to operate with a high degree of thermal stratification so that high temperature water is
available for space heating and for charging the BTES, while relatively low temperature glycol is available to
supply the collectors. The highest temperature zone in the STTS is frequently 15 C warmer than the coldest
temperature and heat losses average approximately 6% of the input energy over the four years of operation.
Large seasonal storages require a significant length of time to charge and achieve final efficiency since the
storage medium must be heated-up to the minimum useful temperature, before heat can be extracted from
them. Figure 5 shows the amount of energy delivered to the BTES and the amount extracted from it , in each
year of system operation clearly illustrating the steady improvement in storage efficiency (defined here as
energy extracted divided by energy input). Figure 6 shows how the BTES core temperature has cycled over
the same period. Since the measured soil temperatures are strongly influenced by the temperature of water
flowing through adjacent boreholes (during charging and discharging), the core temperature is based on soil
temperatures measured at least 4 hours after water flow has stopped. It is defined as:

Tcore = (Tt + 2 x Tm + Tb) / 4

(eq. 2)

Before July 2007, one quarter of the collector array had operated for a few months and warmed the soil at the
centre of the BTES to about 25 C. Subsequently, operation of the whole system allowed that temperature to
peak above 45 C in late October 2007 and fall to a minimum of approximately 37 C in February 2008.
Operation over the next two years brought higher maximum and minimum core temperatures which
permitted increased heat output. The peak temperature in the third and fourth years were similar, however,
the warm core temperatures extended to a larger radius in year four than they had previously. The fourth
year was also colder than usual with 12% more heating degree-days than in the year before. As a result, the
core temperature was drawn to a lower minimum than in the 2 previous years. The core temperature has
recovered rapidly since then.
6.3 Heat Distribution Loop
The quantity of heat delivered to the distribution loop is measured in the energy centre and heat meters in
each of the homes record the amount that is delivered to the homes. The distribution loss quantity in Table 2
is calculated as the difference between heat delivered to the loop and the sum of heat quantities reaching the
homes. Much of the variability in that quantity is attributed to the significant uncertainty when taking the
difference of 2 large numbers. A trend towards lower heat loss in recent years is consistent with the lower
delivery temperatures in those years. Figure 7 shows a breakdown of heat delivered to the distribution loop
over the operating period. It shows that the solar component of the heating, particularly that part coming
from the seasonal storage, has increased in importance in each successive year.
7. Comparison of Measured and Predicted Performance
In the first two years of system operation, the system appeared to be falling short of the predicted solar
fraction, although some uncertainty resulted from the design simulations using a January 1st start date while
the effective system start date was actually July 1st. Collector array efficiency, STTS efficiency and BTES
efficiency were all reasonably close to predicted values, however, the total heat supplied to the distribution
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loop was 20% higher than expected in the first year and 17% higher in the second. Calculated district loop
losses weren’t very different from predicted values so the house heat loads were examined more closely. It
was determined that on average, internal heat gains were as expected, however, testing showed that the heat
recovery ventilator efficiency was considerably lower than specified and modeled. The simulations used to
determine the house heat loads employed a heat recovery efficiency of 65% at both 0 C and -25 C, whereas
test efficiencies at those temperatures were approximately 48% and 40%, respectively. The added
ventilation air heating requirement was identified as the primary cause for the higher than anticipated system
heating load. As noted previously, STTS diffuser design and control system set points also limited overall
performance in the first two and a half years of operation.
In the third year, it appears that better than expected collector efficiency partially compensated for the
increased heating load and helped raise the solar fraction reasonably close to the predicted 85%. It is likely
the monitored annual solar collector array efficiency was greater than predicted for several reasons, however,
the relative importance of each has not yet been quantified. The side and back heat losses will tend to be
lower for flashed-in, array-mounted collectors than those measured in single-collector testing. The
pyranometer used in the monitored collector efficiency calculation, which is mounted at the centre of one of
the four collector blocks, experiences shading at the very beginning and end of days, when the sun path is
low in the sky (estimated to reduce the measured annual incident radiation and radiation incident on the
collectors by 4.9% in a typical year). Stratification in the STTS may be better than predicted on average,
resulting in lower than predicted collector inlet temperatures. Finally, piping losses to and from the four
collector blocks may be lower than those simulated, due to shared trenches.
With the year-over-year improvement in BTES efficiency, the installation of new tank diffusers and the
restoration of design district loop set points, solar fraction in year four reached 86%, within 2 percentage
points of the design prediction, despite a colder than usual winter.
The measured BTES efficiency closely tracked the simulated efficiency for the first three years of operation,
however, it appears to significantly exceed the prediction in year four. It is likely that the departure from the
earlier agreement is due mainly to the cold weather and the corresponding high load imposed on the system
that year. As a result, the greater peak to trough temperature change in the BTES allowed access to energy
stored before year four. This effect was not observed in simulations that use the same weather year for
several years in a row but it does appear when a series of real weather years is used.
The Drake Landing Solar Community system was the first of its kind to be constructed in North America and
some unusual costs (such as those related to flooding of the site) were encountered. Table 3 summarizes best
estimates of what it would have cost to build it again, with those unusual first costs excluded. If annual
operating and maintenance costs and an allowance for future replacement of most of the collectors is added,
the unit cost of solar energy delivered over 40 years may be estimated to be approximately 0.17 CAD $/kWh.
8. Summary and Conclusions
The system is performing very close to expectations. In its fourth year of operation the solar fraction was
86%, indicating that the system should achieve the design target of more than 90% in year five.
The TRNSYS and ESP-r design simulations have proven to be generally very accurate. Of course,
discrepancies occur when design inputs are incorrect.
Monitored performance over four years of operation has proven that high solar fraction systems of this type
are technically feasible in a cold Canadian location with 5200 heating degree-days and a design temperature
of -31 C.
The combination of ongoing monitoring and detailed simulation results have been extremely important in
identifying aspects of performance that differed from design expectations, understanding the importance of
various parameters and the reasons and permitting corrective actions. This is viewed as particularly valuable
for system designs where there is limited field experience.
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The success of the Drake Landing Solar Community project has led to the possibility of implementing a
similar but much larger system, serving twenty times the number of living units. The feasibility study for this
second project is underway.
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10. Nomenclature
G

-2

incident solar flux (W m )

 collector collector efficiency
Ta

ambient air temperature (C)

Tb

BTES centre bottom temperature (C)

Tcore

BTES core temperature (C)

Ti

collector inlet temperature (C)

Tm

BTES centre mid-height temperature (C)

Tt

BTES centre top temperature (C)
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Table 1: Summary of Design Simulation System Performance

Year of Operation

1

2

3

4

5

5200

5200

5200

5200

5200

4.97

4.97

4.97

4.97

4.97

Incident Global Irradiation (GJ m )

6.08

6.08

6.08

6.08

6.08

Collected Solar Energy (GJ)

4480

3830

3630

3550

3520

Collector Efficiency

0.32

0.28

0.26

0.25

0.25

STTS Efficiency

0.99

0.99

0.98

0.98

0.98

Energy into BTES (GJ)

3030

2390

2200

2110

2080

BTES Efficiency

0.09

0.23

0.35

0.40

0.41

Solar Energy to District Loop (GJ)

1670

1930

2140

2230

2240

Total Energy to District Loop (GJ)

2530

2530

2530

2530

2530

Solar Fraction

0.66

0.76

0.85

0.88

0.89

Pump Electricity Consumed (GJ)

54

54

53

52

52

District Loop Losses (GJ)

247

249

250

251

250

January 1-December 30
Heating Degree-Days (K d)
-2

Horizontal Global Irradiation (GJ m )
-2

*

Table 2: Summary of Monitored System Performance

Year of Operation

1

2

3

4

Period (July 1-June 30)

2007-2008

2008-2009

2009-2010

2010-2011

5060

5230

4890

5480

4.63

4.96

4.65

4.58

5.82

6.07

5.49

5.45

4470

4580

4270

4060

Collector Efficiency

0.34

0.33

0.34

0.33

STTS Efficiency

0.96

0.91

0.95

0.93

Energy into BTES (GJ)

2610

2810

2500

2260

BTES Efficiency

0.06

0.20

0.35

0.54

Avg. BTES Core Temperature (C)

38.7

50.0

54.1

52.2

Solar Energy to District Loop (GJ)

1670

1790

2030

2460

Total Energy to District Loop (GJ)

3040

2960

2550

2860

Solar Fraction

0.55

0.60

0.80

0.86

Purchased Electricity (GJ)

198

197

186

163

District Loop Losses (GJ)

235

385

142

141

Heating Degree-Days (K d)
-2

Horizontal Global Irradiation (GJ m )
-2 †

Incident Global Irradiation (GJ m )
Collected Solar Energy (GJ)
‡

§

*

Based on gross collector area
Pyranometer shading at very low sun angles; 4.9% estimated annual impact
‡
Based on gross collector area
§
Energy Centre electricity consumption including pumps, controls & monitoring, interior & exterior lighting
and ventilation fans less rooftop PV generated
†
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Table 3: System Cost Summary

Item

Cost (CAD$ 2005-07)

Solar Collectors

710,000

Installation of Solar Collectors

430,000

Seasonal Storage Borehole Field

620,000

District Heating & Solar Collection Loops

1,025,000

Energy Centre including STTS Tanks

600,000

Total

3,385,000

Fig. 1 Drake Landing Solar Community

Fig. 2 Simplified System Schematic
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Fig. 3: Functional System Schematic including Monitoring Sensors

100%
Monitored Array Efficiency

90%

Single Module Efficiency

80%

Efficiency

70%
60%
50%
40%
30%
20%
10%
0%
0.00

0.02

0.04

0.06

0.08

(Ti-Ta)/G (°C m²/W)
Fig. 4: Monitored Collector Array Efficiency and Single Collector Module Efficiency
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0.10

Injected Into BTES

Extracted from BTES

3000
2810
2610
2500
2500
2260

Energy (GJ)

2000

1500
1219

1000

864
562

500
152
0
2007-2008

2008-2009

2009-2010

2010-2011

Fig. 5: Energy Injected Into and Extracted from BTES

Fig. 6: BTES Core Temperature
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Direct Solar

Indirect Solar (BTES)
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700
600

Energy (GJ)

500
400
300
200
100
0
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Fig. 7: Energy Supplied to the Distribution Loop
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PIPE-SOIL INTERACTION IN LARGE SOLAR THERMAL
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Ingo Weidlich1 and Daniel Trier2
1

AGFW, German Heat and Power Association, Frankfurt am Main (Germany)
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1. Introduction
Currently positive circumstances for the expansion of solar thermal heat can be observed in Europe. Because of
climate change and the connected wish to reduce CO2-emissions and because of doubts on the security of
nuclear power generation the broad use of renewable heat sources are supported by the European Union. A very
promising technology in this field is heating and cooling of urban areas with large solar thermal plants
connected to a district heating pipe network. Coupled with seasonal storages and other efficient district heating
technologies this technology can be integrated in the heat supply concept of European municipalities (Huther et
al 2011). Nevertheless the integration of large solar thermal plants is a special technical challenge.
In solar thermal plants large collectors provide the heating of water by solar radiation. These collectors (Fig. 1)
are usually connected to a storage and a district heating network.

Fig. 1: Solar collectors, Graz Austria
A leading position in solar thermal plants has Denmark with today more than twenty large solar thermal plants
with a total nominal power well over 100 MWth. The biggest plant has a nominal power of 12.9 MWth and
delivers heat for the Danish town Marstal with 2347 inhabitants. In Germany eleven large solar thermal plants
were built with a total power of 17.5 MWth so far.
During the last few years a growing interest for this technology in Europe has been observed. Solar district
heating and solar block heating are today entering a phase of actual marketing (Pauschinger et al. 2010).
2. Temperature load in solar thermal pipes
Because the sun only shines during the daytime, the solar collectors provide no heat by night. Thus the
connected pipelines are exposed only to the environmental temperature. A typical collector load curve is shown
in figure 2 for a summer day.
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Example of summer operation
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Fig. 2: collector load curve in summer, Hillerød Denmark
During the day that leads in this case to an average temperature of ~67°C in the pipes for solar district heating.
Depending on the weather the water in the supply line can reach temperatures up to 100 °C and for pressurized
systems sometimes even higher.
Furthermore the heat can be used as well for cooling purpose. Feeding an absorption chiller with the required
energy for cooling by solar collectors is one of the most environmental friendly cooling solutions. Even the
timeline of cooling demand and the availability of radiation fit very well, because sunlight is available when the
cooling is needed.
By night the temperature in the system drops to the environmental conditions. If the pipelines are buried in the
ground the temperature of the surrounding soil is decisive. Fig. 4 show typical temperature distribution in the
ground according to Dahlem (Dahlem 2000).
Temperature in °C
0
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Temperature in °C
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Fig. 3: Temperature in the ground (Dahlem 2000)
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For an average environmental temperature of 20 °C a maximum temperature difference of ∆T = 80 K has to be
taken into account for the design of the district heating grid components. According to fig. 3 ∆T is even higher,
when pipes are buried in the ground. In any case the system has to be able to cope with the ambient temperature
levels throughout all different seasons during a year. Peak loads can be reduced by using water tanks as bufferstorages.
3. Cyclic loading
The described maximum temperature changes occur once a day. For a suggested lifetime of a district heating
network of 30 years a number of cycles for the temperature load of N = 30 x 365 = 10950 is accumulated.
Compared to conventional district heating pipelines the cyclic load is much higher. In table 1 the estimated
equivalent action cycles for conventional district heating pipes are shown according to EN13941 (EN13941
2010).
Tab. 1: Equivalent action cycles according to EN13941

Pipe type

Equivalent full action cycles in 30 years according to EN13941

Major pipelines

100

Main pipelines

250

House service connections

1000

Because of the significant difference in the cyclic load the structural design of conventional district heating
pipes cannot be easily transferred to pipes in solar thermal driven grids. For a reliable assessment of the longterm behaviour of solar thermal pipes the cyclic behaviour of the used material must be known. On the one
hand it is a question of durability of the material; on the other hand it is a question of the structural stability of
the whole pipe-system.
For solar thermal plants preinsulated bonded pipes (steel medium pipe, polyurethane insulation and
polyethylene coating) and special pipes for solar thermal conditions are used. The structural design of these
pipes can be carried out according to EN13941. However only few known investigations take into account the
cyclic behaviour of buried district heating pipes. For a safe design of solar heating pipelines this lack of
information must be filled in the near future.
4. Structural analysis for cyclic temperature loading
In the EN13941 the structural analysis for the steel medium pipe is regulated. According to this standard the
ultimate limit states A1 and A2 for one severe action and few actions respectively. B1 and B2 indicate low
cycle fatigue and high cycle fatigue and have to be respected. Furthermore limit states C and D are defined,
which are not explained here.
For the equivalent action cycles according to table 1 only the safety against low cycle fatigue is to be verified.
For conventional district heating pipes the limit state B2, high cycle fatigue, is only of importance in the case of
large diameter pipe, small soil cover and heavy traffic actions or pipes above ground subject to vibration, e.g.
from wind. The EN13941 refers to Eurocode 3 (EN 1993), Structural Use of Steel, for high cycle fatigue
analysis, which is relevant for solar thermal pipes with more than N = 104 cycles.
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Fig. 4: Stability curve for steel under cyclic loading (Puthli 1998)
For the insulation polyurethane foam changes in the mechanical properties due to cyclic loading are expected.
However cyclic testing of insulation foams for district heating is underrepresented in current testing standards
(e.g. EN253 2009, EN498 2009). For a better understanding of the whole district heating pipe network
investigations on the mechanical behaviour of insulation foams under cyclic loading have to be carried out.
5. Cyclic pipe – soil interaction
5.1. Cyclic soil behaviour
Due to cyclic loading the bearing capacity of soils can be significantly reduced compared to the initial state.
The manner of the reduction of the bearing capacity depends on the properties of the soil, the load boundary
conditions and on the geometry of the construction element. The soil behaviour under cyclic loading is
currently seen as a form of creeping-reaction.
Different creeping-reactions of soils are known. Proportionally increasing plastic displacements with increasing
number of cycles are known as „ratcheting“ or „incremental collapse“. The rate of displacement remains
approximately constant. This cyclic soil behaviour leads finally after a certain number of cycles to failures in
the system.
Another creeping-reaction is the „shakedown“-behaviour. This soil behaviour is characterised by plastic
deformations reaching a stable state during cycling. The displacements occurring have no remaining influence
on the system. The remaining deformation rate is zero (Goldscheider et al. 1976).
The third form of creeping-behaviour is the „sedation“. The deformation rate decreases with increasing number
of cycles. A linear relationship between deformation and the number of cycles in logarithmic scale can be
observed. This soil reaction will lead step by step to the failure of the system.
In some cases a combination of the different reaction-types can happen. An apparent stable state may change to
a non stable soil reaction during cycling, that lead to a failure.

1282

Plastic deformation

ratcheting

sedation

shakedown

Number of cycles
Fig. 5: Soil reaction types due to cyclic loading (Lesny et al. 2005)
Schwarz collected 2002 results for the „Critical Level of Repeated Loading (CLRL)“ (Schwarz 2002). The
CLRL is the ratio between the cyclic load amplitude to the static failure load. When the CLRL is exceeded the
cyclic loading leads to a failure. Schwarz identified values for CLRL according to table 2.
Tab. 2: CLRL - values

Type of soil
Sand
Silt
Normal consolidated clay
Over consolidated clay

CLRL
0.1 – 0.4
0.4 – 0.6
0.35 – 0.55
0.85 – 1.0

According to the results of Schwarz sand has the highest potential for failure due to cyclic loading. Already a
small cyclic loading ratio related to the static failure load lead to decreasing effects of the bearing capacity.
This must be respected for buried district heating pipes, because the favourite refill material for pipe trenches is
usually a poor graded sand.
5.2. Axial cyclic pipe soil interaction
Several laboratory tests and in situ measurements showed a reduction of friction on buried pipelines due to
cyclic axial displacements (so-called tunnel-effect). It was observed, that the reduction of friction happens
during the first 5 to 10 cycles. After that a constant remaining residual value for the friction force is reached
(Weidlich 2008). Today the halving of the initial friction force is assumed for the residual state.
According to EN13941 the recommended coefficient of friction for initial movement of the pipes is µ = 0.4 and
considering long term effects (tunnel-effect) the recommended coefficient of friction is µ = 0 - 0.2. The low
values should be used e.g. when designing expansion.
For high numbers of cycles no changes in the residual friction force are expected.
5.3. Lateral cyclic pipe soil interaction
The lateral cyclic pipe soil interaction is not well known today. The calculation of lateral bedding pressures on
pipelines are based on laboratory tests with monotonic loading. According to EN13941 the coefficient of
horizontal soil reaction or “horizontal bedding constant” kh is defined as the ratio between horizontal soil
pressure (p) and horizontal movement of the pipe system (v) as shown in equation 1.

kh =

pu
p
=
v 0.15 ⋅ vu + 0.85 ⋅ v

(eq. 1)

Where pu is the ultimate resistance of the soil and vu is the ultimate displacement related to pu. The ultimate
horizontal soil resistance pu can be assessed using the equivalent action capacity formula for side support (in
cohesion-less soils) given by equation 2.
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pu = γ ⋅ H ⋅ K q

(eq. 2)

Where γ is the weight of the soil and H is the overburden height. The soil pressure coefficient Kq can be chosen
in Fig. 6 depending on the relative overburden height H/OD and the angle of internal friction Φ of the soil.

Fig. 6: Soil pressure coefficient Kq
The ultimate horizontal displacement vu is not known precisely and depends also on soil properties. The results
of a number of tests with small diameter pipes are summarised in table 3.
Tab. 3: Ultimate horizontal displacement vu for small diameters

Outer diameter (OD)

Loose Sand

Dense Sand

75 mm

4.5

2.7

120 mm

3

2

300 mm

2

1.5

The value for the line bedding constant ksoil is derived from kh as shown in Equation 3.

k soil = k h ⋅ OD

(eq. 3)

Cyclic effects are not respected in the above presented equations. Because of the lack of scientific
investigations in the field of lateral cyclic pipe soil interaction only the analogy of pipes to other cylindrical
structural elements may give an outlook towards possible cyclic soil response.
Because of the massive expansion of offshore platforms for wind energy the design of cyclic loaded piles got
into the focus of scientific research. The often used analogy between pipes and piles seems to be useful for the
described problem. Since spring models are often used for numerical calculation of district heating pipe systems
simple calculation methods using a cyclic spring model for the design of cyclic lateral loaded piles may be
adapted to district heating pipelines.
Such a calculation method is for example the already well established p-y-methodology (p = bedding pressure,
y = lateral displacement) of the American Petroleum Institute (API 2000). For the ultimate lateral bedding
pressure pu of offshore piles two general failure mechanisms were suggested. 1st: Wedge mechanism near soil
surface (equation 4) and 2nd: Plastic flow of the soil around the pile in deeper areas (equation 5). Thus two
equations are given for pu, in which the lower value is decisive.
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pus = (C1 ⋅ z + C2 ⋅ OD) ⋅ γ ⋅ z

(eq. 4)

p ud = C 3 ⋅ OD ⋅ γ ⋅ z

(eq. 5)

Where pus is the bedding pressure for the surface area, pud is the bedding pressure for the deeper area and z is
the overburden height. The coefficients C1, C2 und C3 are empirical derived parameters and have to be chosen
depending on soil conditions from API diagrams (Fig. 7).

Fig. 7: Coefficients for p-y curves
According to API the p-y curves can then be derived using a tangent hyperbolic formula shown in equation 6.

⎤
⎡ k⋅z
p = A ⋅ pu ⋅ tanh ⎢
⋅ y⎥
⎣ A ⋅ pu ⎦

(eq. 6)

The bedding modulus k depends on the relative density and the inner shear strength of the soil and can also be
chosen from API-diagrams (API 2000). Cyclic effects are respected by setting A = 0.9. For the static case A is
to be calculated as shown in equation 7.

z ⎤
⎡
A = ⎢3 .0 − 0 .8 ⋅
≥ 0 .9
OD ⎥⎦
⎣

(eq. 7)

Simple calculations for standard trench conditions of buried district heating pipes showed a significant
discrepancy determining pu according to EN13941 and API 2002. It was observed, that pu according to
EN13941 is twice to four times higher than after API 2000. Furthermore assuming A to be at least 1.0 for static
conditions lead to equation 8:

z ≤ 2.5 ⋅ OD

(eq. 8)

For standard trench conditions this term can be followed only in some cases. From this observation it is evident,
that the API approach is not suitable for buried pipes. This may be the case because of its empirical character
and the purpose of the approach to be used for piles with a diameter of several meters - even though the shown
relationship was derived from model tests with small diameter of D=0.61m (Reese et al. 1974). Furthermore
pipes are buried at shallow depth. Small diameter and shallow depth lead according to equation 4 and equation
5 to low pu-values and small differences for the parameter A in the static and cyclic case. Because of this scale
effect and the differences in the confining pressure the application of the API approach to buried pipelines is
not recommended without further investigations and modifications.
This leads directly to the strong need of research in the field of cyclic lateral loaded pipelines. Model tests
should be carried out in a sensible statistical extent. Other approaches for cyclic loading should be tested (e.g.
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the stiffness degradation methodology) and its transferability to pipelines should be examined.
6. Conclusions
From the presented investigation a highly cyclic loading must be assumed for solar thermal pipelines due to
daily temperature changes from maximum heat load to environmental temperature by night. The assessment of
long term behaviour of this kind of pipelines and also the assessment of the investment security of a solar
thermal plant can only be accurate, when the cyclic behaviour of the used material in the pipes and the cyclic
interaction with the surrounding soil is well known and respected in the pipe design.
However only a few investigations on the cyclic behaviour of a whole district heating system are known
(EnEff:Wärme 2010, Weidlich 2008). In current testing standards cyclic loading is underrepresented too
(EN253 2009, EN498 2009).
On the one hand we need answers concerning the serviceability of the used material components under cyclic
loading, for example the deterioration of polyurethane insulation foams due to 104-times compression and
shearing. On the other hand the cyclic pipe-soil interaction behaviour must be known as exact as possible for an
accurate design of the pipe-system. Furthermore additional technical challenges are expected for the integration
of solar thermal plants in existing grids because of the different technical conditions in solar systems and
conventional systems.
Research is needed here. Especially investigation of the cyclic bearing behaviour of buried pipelines in
extensive research projects and the modification of recommendations and standards is strongly recommended.
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1. Introduction
Solar district heating (SDH) stands in front of a potentially very
large upswing in the near future. However in some countries there
are significant barriers blocking the way for solar energy to cover a
large(r) share of the heating demand. An international project
involving both consultants and district heating companies from six
different countries takes up this issue and focuses on overcoming
the barriers for the development of solar district heating in Europe.

Fig. 1: Project logo and website URL.

The project is supported by Intelligent Energy Europe and is called “SDHtake-off – Solar District Heating in
Europe”. It includes training schemes, support structures and workshops held in different European countries
where people can exchange experiences and learn more about the possibilities of SDH. Another outcome of
this project is a series of written guidelines for the industry. They are aimed at utilities from across Europe
who may be considering investing in solar district heating. These guidelines will be published on the project
website in the autumn of 2011.
2. Guideline format
The guidelines are split in different documents called fact sheets each describing a topic in a short, concrete
way. The fact sheet configuration provides a quick overview of the different subjects so the reader can easily
pick out the desired information on solar district heating. That being said, the fact sheets may also be used as
a “read through”-report if the reader wants a broader perspective on the entire subject of solar energy used
for district heating.
The fact sheets include both technical and “non-technical” topics. The goal is to bridge the gap between
wanting a plant and actually having a plant, i.e. describing both the processes and which obstacles that might
occur as well as how to avoid or overcome them.
The barriers for SDH can be split into four categories: knowledge & understanding, technical, financial and
political barriers. The fact sheets address these barriers by describing the following general points:
-

Possibilities and how to proceed step by step through the process of realizing an SDH plant.

-

The technical solutions available on the market today.

-

How to make preliminary feasibility studies considering the total economy of a project during its
lifetime instead of focusing on the large investment costs.

-

How lowering of a country’s CO2 emissions can be made in an economical favorable way.
3. List of fact sheets

The “non-technical” subjects (below to the left) describe what to be aware of when considering investing in a
solar district heating plant – from the idea is formed until the actual plant is constructed and operating.
The technical subjects (below to the right) describe the plant design, its components and the control of the
operating plant.
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Introduction to SDH:
•

System:

Overview of SDH implementation steps

Preliminary investigations:
•

Solar heat combined with other fuels

•

Where to place the solar collectors

•

Questionnaire for SDH site assessment

•

Feasibility study

•

Ownership and financing

Permissions, tendering, contracts & guarantees:
•

Permissions from authorities

•

Tendering and contracts

•

Performance guarantees

Supervision of construction
and commissioning

•

Monitoring

Interaction between SDH plant and
district heating network

•

Decentral integration of solar thermal
energy in district heating network

•

Control strategies

Components:
•

Solar collectors

•

Storage

•

Pipes & pumps

•

Heat exchanger

Precautions:

Implementation:
•

•

•

Temperature variations

•

Safety equipment

Fig. 2: Example of fact sheet layout. Header and logo make the fact sheets easily recognizable and an info-table on each front
page gives a quick overview of the document.

4. Description of the fact sheets
4.1. Preliminary investigations
-

Solar heat combined with other fuels

Technically speaking solar heat can be combined with all other fuels for district heating, but it is not always
economically feasible to do it. The production price from a solar heating plant will in Northern Europe be at
least 3 € cents/kWh and in Southern Europe at least 2 € cents/kWh. This price has to be compared to heat
production prices from other sources.
A lot of Danish SDH-systems are installed in combination with natural gas fired CHP-plants since this way
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the CHP-plant can be turned off a large part of the summer months and utilized most efficiently when both
heat and power is needed.

-

Where to place the solar collectors

For ground mounted collectors, normally large collectors units (10-15 m2) placed in parallel rows of up to 20
collectors are used. For 1 m2 solar collector 3-4 m2 land is needed. The distance between the solar collector
rows is normally at least 4.5 m (depending on the collector height) – measuring from the front of a collector
row to the front of the next row – allowing people to move around between the rows. Larger distances give
higher production because of less shadowing but also higher costs for ground and piping. A calculation
example of shadow losses and the optimum tilt of a ground mounted SDH plant is seen in figure 3.

Fig. 3: Optimum tilt and losses due to shadows as function of the ratio between row distance and collector height.
In the example a ground mounted SDH plant in Tørring, Denmark is used.

-

Questionnaire for SDH site assessment

In order to be able to make an investigation on the most profitable energy generation mix and the possibility
of having a large scale solar collector field and thermal energy storage, a questionnaire has been developed to
help gather all the required information. Several conditions such as electrical and thermal loads of
consumers, heat and electricity price, climatic and economical boundary conditions, present heat distribution
system properties and the available area for the collectors have to be evaluated for the specific site.
-

Feasibility study

By means of rough calculations of the costs and expected yield from a solar district heating plant, the
feasibility of a given plant project can be investigated. The calculations include variables for
•

availability of solar radiation

•

locations available for collectors and storage

•

cost of land (for ground mounted collectors)

•

distance between collector field and district heating network connection point

•

approximated operating temperature in the district heating network

When the approximated costs (€) and yield (MWh) is found, the estimated heat price (€/MWh) will show if
the project can compete with alternative energy solutions (with or without subsidies).
In figure 3 an example of the cost distribution shows that the collectors represents the largest part of the plant
costs by far, in the case of a ground mounted SDH plant in Denmark (without a long term storage).
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Fig. 4: Example of cost distribution for an SDH plant in Denmark with a collector area of approx. 7000 m2.
Note that storage is not included.

-

Ownership and financing

Several examples of ownership solutions are described along with an example of “ownership interface” for
roof mounted solar collectors when the collector owner and house owner is not the same person. The fact
sheet also includes the most important issues in case a contract between the utility and the plant owner is
needed (including feed in tariffs for delivering heat to the district heating network).

4.2. Permissions, tendering, contracts and guarantees
-

Permissions from authorities

To make sure that all the necessary legal permissions are granted, a check list is developed including a
description of its different points:
•

Check the local plan (the area might already be pointed out for other use e.g. apartment building)

•

Environmental permission

•

Check that there is no conflict with the heat plan / energy planning

•

Building permission (if mounted on roof).

-

Tendering and contracts

This fact sheet includes a list of things which the tender document should specify in order to be sure that the
quality of the plant in the end will be as expected when it was ordered.
The plant construction may be handled by one total contractor or more contractors. A check list for a total
contractor is also found in this fact sheet.

-

Performance guarantees

The procedures for the following four scenarios are described in the fact sheet:
•

How to give performance guarantees for large collector fields

•

How to give performance guarantees for heat exchangers

•

How to check performance guarantees for large collector fields

•

How to check performance guarantees for heat exchangers

The measurements needed to perform the performance checks and the requirements for data logging are
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listed in the fact sheet as well. Besides this, templates for taking notes of the equipment used for data logging
and for taking notes of the solar collector fluid properties are included.

4.3. Implementation
-

Supervision of construction and commissioning

During the building process the plant owner (and/or the consultant company) has to follow the process and
gather all contractors in a meeting which should be held at least every second week. This gives the
opportunity to discuss state of the art of the implementation, unsolved problems and the work in the coming
weeks while keeping the time table in mind.
After implementation the contractors has to show, that the plant works as promised. At the delivery day the
plant owner and the contractors have to agree upon that the work is performed according to the contract.
From that point on the guarantees apply.

-

Monitoring

The minimum time resolution of the monitoring system should be 10 minutes when logging the following
data:
•

Logging of heat meter data
o

Heat

o

Thermal power

o

Flow rate

o

Supply / return temperatures

•

Solar irradiation

•

Temperatures in the storage(s)

•

Ground temperatures and heat flux sensors (for this, the resolution could be 30-60 minutes)

4.4. System
-

Interaction between SDH plant and DH network

This fact sheet deals with the subject of handling the unstable solar heat as it feeds into the district heating
network which should always maintain the desired supply temperature.

-

Decentral integration of ST in DH networks

In this case “decentral” means that the solar thermal plant is not close located to another major heat generator
like a biomass or fossil fuel fired plant. The different possibilities for the position of the solar collector field
in the district heating network is described along with the different options for feeding in the solar heat into
the grid. This can be done by:
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a.

Heating up the return water of the DH network and feeding in the heat in the flow direction.

b.

Heating the return water and feeding it into the return pipe.

c.

Heating the flow water and feeding it into the flow pipe.

-

Control strategies

The energy output of the solar district heating system is highly dependent on the conditions on which it is
operated. In order to get the most out of the plants potential, it is necessary to consider what the optimum
control strategy will be for the given system, i.e. pros and cons for every control setting.
There are several more or less contradicting points in the optimization of a solar district heating plant
control:
•

Obtaining the required temperatures for the district heating grid

•

Avoiding stagnation in the solar system

•

Minimize heat losses in collectors, pipes and storages

•

Minimize wear of the solar plant, i.e. reduce changes in temperature and pressure

•

Minimize electricity consumption of pumps

•

Minimize requirement of human intervention

•

Optimize use of other heat sources like heat pumps, and boilers.

4.5. Components
-

Solar collectors

Different types of solar collectors are described in terms of efficiency expressions, the effect of operating
temperature and flow rate and comparison of approximated annual yield.
The choice of collector type depends on a combination of several factors:
•

Collector price (which also depend on the number of collectors in the plant – the bigger the
collector field is, the lower is the cost per m2)

•

Other costs (piping, ground shaping, storage etc.)

•

Collector efficiency expression

•

Operating temperature

•

Location (which tells the available solar radiation and the ambient temperatures)

-

Storage

There are four main types of seasonal thermal energy storages. These are shown in figure 5 below and
include tank thermal energy storage (TTES), pit thermal energy storage (PTES) both with and without liners,
borehole thermal energy storages (BTES) and aquifer thermal energy storages (ATES).
To make the right choice of collector type and size, it is necessary to take into account the local geological
situation, system integration, required size of the storage, temperature levels, power rates, no. of storage
cycles per year, legal restrictions etc. In the end the decision can be taken when an economical optimization
of the different possibilities has been developed.
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Tank Thermal Energy Storage (TTES)

Pit Thermal Energy Storage (PTES)
(60 to 80 kWh/m³)

Borehole Thermal Energy Storages (BTES)

Aquifer Thermal Energy Storages (ATES)

Fig. 5. The four main types of storage used as long term heat storages (Solites).

-

Pipes & pumps

The pipes in an SDH plant have to cope with daily temperature variations. This means that – due to the
thermal expansion and contraction of the pipe materials – the conditions for these pipes are far more
demanding than the conditions for the pipes in a conventional district heating system.
The dimensioning of the pipes and the pumps has to be done simultaneously since the pump in the solar
collector loop (“primary side” of heat exchanger) has to be powerful enough to overcome the pressure losses
and still maintain the desired flow rate. At the same time the total sum of the following should be minimized:
•

Buying and installing pipes

•

Buying and installing pumps

•

Electricity costs for the pumps during operation throughout the lifetime.

In other words the optimal balance between the following scenarios must be found:
a.

Small pipe diameter  large pressure loss  low costs for pipes but high electricity costs for
pumps

b.

Large pipe diameter  low pressure loss  high costs for pipes but low electricity costs for pumps.

The pump on the secondary side of the heat exchanger (i.e. in the district heating network) has to be able to
maintain a capacity rate similar to the one in the primary loop, to have the most efficient heat transfer in the
heat exchanger.
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-

Heat exchanger

Normally a counter flow plate heat exchanger is used for large SDH systems. The heat exchanger unit
transports the actual useful performance of the system. It is the sole component linking the solar heat to the
district heating network. Therefore it is crucial for the overall plant efficiency to have a well performing heat
exchanger with a properly balanced capacity flow on both sides. The capacity flow is the power which can
be transferred to or from the liquid per degree (K) in difference between inlet and outlet temperature of the
heat exchanger for one side – e.g. primary side (unit: W/K).
In this fact sheet the calculations of both the capacity flow and the heat exchanger factor (which is the
efficiency of transferred energy from the primary to the secondary side) are described.

4.6. Precautions
-

Temperature variations

This fact sheet describes the thermal expansion and contraction of both the system components and the
collector fluid and how the system is configured to be able to handle this cyclic behavior.

-

Safety equipment

It is necessary to take precautions in terms of extreme temperatures which may damage the system, i.e. in
case of freezing and boiling. In most large scale systems an antifreeze mixture is used in the solar collector
loop to avoid freezing. Typically a mixture mainly consisting of water and glycol is used. In case of
stagnation the system must be able to cope with the pressure which occurs, but only to the extent where a
safety valve releases the pressure by letting some or all of the fluid out of the loop if necessary. A collecting
vessel must be able to contain all overflowing liquid since it is normally not allowed to pour the most
commonly used solar collector fluids into a drain.
To avoid continuous boiling in the collectors in case of stagnation (which could be caused by a power
failure, pump failure or an overheated buffer storage) the collectors can be made in a way that ensures quick
emptying of the collector fluid. Examples of collector configurations with good emptying behavior are also
described in this fact sheet.
5. Conclusion
With these guidelines made available, the solar district heating technology will hopefully seem less strange
to the readers and it may even be the last ‘push’ for some utilities or investors to move on with the idea of
having their own solar district heating system. If these guidelines will help break down some of the barriers
solar district heating faces today, then perhaps we have only seen the beginning of a blooming industry so
far. In any case there is no doubt that the potential is huge and even today we see a significant (and
increasing) number of good examples of economically feasible solar district heating plants in operation.
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1. Introduction
Solar district heating especially with long-term heat storage is one of the most promising solar technologies
to supply energy for space heating and domestic hot water at a high solar fraction. Since 1996 several pilot
plants of different size and with different diurnal and seasonal storage were realized in Germany, mostly as
pilot installations within German research and demonstration programs.
The latest systems realized in Germany are the plants in Munich (in operation since 2007), in Eggenstein
(since 2009) and Crailsheim (since 2009). A key-component of such installations is the seasonal heat storage,
requiring large storage capacities combined with an efficient heat transfer for charging and discharging.
Solar heat cost for the new plants are calculated to 24 €ct/kWh for Munich and 19 €ct/kWh for Crailsheim
(without VAT and subsidies). This means, for only twice the price of fossil fuel costs the CO 2-emission of
entire urban areas can be reduced to a half! To reach this goal, also other sustainable energy technologies like
passive houses, combined heat and power production or biomass combustion are available. Depending on the
distinctive prerequisites of every single project, solar assisted district heating with seasonal storage shows
excitingly often competitiveness to these measures. Two main reasons are responsible for that: The large size
of the system causes price reduction effects and the engineering progress that could be obtained by the R&Dprograms leads also in storage technologies to substantial cost reductions.
2. Technology
2.1 Solar district heating
The integration of a large collector field in a block or district heating plant is the most economic opportunity
to provide solar thermal energy in housing estates for the support of domestic hot water preparation and
room heating. Block or district heating systems consist of a heating central, a heat distribution network and
heat transfer substations in the connected buildings (Fig. 1). Centralized heat production offers high
flexibility concerning the choice of the type of energy used. It allows the application of a seasonal storage in
an energy- and cost efficient way. In case seasonal heat storage is included in the plant, over 50 % of the
fossil fuel demand of an ordinary district heating plant can be replaced by solar energy. The seasonal heat
storage is included in the plant to store solar thermal energy during summer and provide solar energy also
through the heating period in winter.
Solar assisted district heating systems are differentiated in systems with direct integration of the solar circuit
and a solar fraction of 3 to 7 %, with short-term or diurnal heat storage, designed to cover 10 to 20 % of the
yearly heat demand for space heating and domestic hot water preparation by solar thermal energy, and solar
systems with seasonal heat storage with solar fractions of 50 % and higher. The so called solar fraction is that
part of the yearly energy demand that is covered by solar energy.
To gain solar thermal energy large collector areas are installed on buildings that are preferably near to the
heating central (Fig 2). The heat obtained from the collectors is transported via a solar district heating net to
the heating central and is directly distributed to the buildings. The surplus heat of the summer period is fed
into the seasonal heat storage. All over Germany the sun provides over two third of its yearly energy supply
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only during the summer period. Thus during the room heating period, when an ordinary residential house
needs more than 80 % of its yearly energy demand, the sun provides not sufficient energy for higher solar
fractions. With the beginning of the room heating period, the seasonal heat storage delivers solar thermal
energy that is transported to the houses via the district heating net.
solar collectors
central
heating plant

heat distribution
network
seasonal thermal
energy storage

solar network

Fig. 1: Scheme of a central solar heating plant with seasonal storage

Fig. 2: Solar collector area for district heating net on retrofit buildings in Crailsheim, Germany

2.2 Seasonal heat storage
During the past fifteen years of research on seasonal storage technologies four different types of storages
turned out as main focus for the ongoing engineering research. Figure 3 gives an overview for these storage
technologies. They are explained in detail in the following. The decision for a certain type of storage mainly
depends on the local prerequisites like the geological and hydro-geological situation in the underground of
the respective construction site. Above all an economical rating of possible storages according to the costs
for a kWh of thermal energy that can be used from the storage allows the choice of the best storage
technology for every single project.
Tank thermal energy storage
Tank thermal energy storage is built as steel or reinforced pre-stressed concrete tank, and as a rule, partially
built into the ground. The storage is heat insulated on the outer surface of the tank construction. The storage
volume is filled with water as storage medium.
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Tank thermal energy storage (TTES)

Pit thermal energy storage (PTES)

(60 to 80 kWh/m³)

(60 to 80 kWh/m³)

Borehole thermal energy storage (BTES)

Aquifer thermal energy storage (ATES)

(15 to 30 kWh/m³)

(30 to 40 kWh/m³)

Fig. 3: The four technologies for storing solar thermal energy seasonally

Pit thermal energy storage
The usually naturally tilted walls of a pit are heat insulated and then lined with watertight plastic foil. The
storage is filled with water and a heat insulated roof closes the pit. The roof can be floating on the water like
in the storages in Denmark (Ottrupgard and Marstal) or is built like a self supporting structure as a rugged
roof. Due to the fact that the construction of the roof over the storing “lake” is difficult and might be quite
costly, the first storages were filled with a gravel-water mixture as storage material. Heat is fed into and out
of the storage directly or indirectly.
Borehole thermal energy storage
In this kind of storage the heat is directly stored in the ground. U-pipes – the so called ducts - are inserted
into vertical boreholes to build a huge heat exchanger. While water is running in the U-pipes heat can be fed
in or out of the ground. The heated ground volume comprises the volume of the storage. The upper surface of
the storage is heat insulated.
Aquifer thermal energy storage
Naturally occurring self-contained layers of ground water – so called aquifers - are used for heat storage.
Heat is fed into the storage via wells and fed out by reversing the flow direction. Aquifers cannot be found
everywhere. Thus an extensive exploration program has to be passed for the building site before one can be
sure that an aquifer thermal energy storage can be suitable.
3. Examples
3.1 Solar District Heating “Am Ackermannbogen” in Munich
3.1.1 System Concept
South of the Olympic Park in Munich a large military area was converted into a new residential estate. As the
location is almost downtown Munich it has developed towards a prime residential area. The solar district
heating “Am Ackermannbogen” supplies solar energy for space heating and domestic hot water for about
320 apartments in 12 multi-story dwellings with about 30,400 m² living area (Fig. 4). The system is designed
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to cover more than 50% of the annual heat demand by solar energy either directly or via the large seasonal
thermal energy storage. Supplementary heating is provided by an absorption heat pump which is driven by
the city district heating system using the seasonal storage as a low temperature heat reservoir.

heating
centre

seasonal
storage
district system

Fig. 4: Site plan and architectural model of the area

The hydraulic scheme of the solar district heating system is shown in Fig. 5.

Fig. 5: Hydraulic scheme of the solar district heating “Am Ackermannbogen” in Munich

The local heat distribution network (Fig. 5) delivers the heat from the heating centre to each building and is
there hydraulically directly connected to the heating system in each apartment. Domestic hot water
preparation directly and on demand via fresh water heat exchangers in each apartment avoids the typical hot
water boilers in the buildings as well as the circulation lines. These measures reduce the heat losses
significantly and improve the hygienic status of the drinking water.
Because of the domestic hot water preparation the design supply temperature of the district system is set to
60 °C. An operational temperature difference of 30 K with a resulting return temperature of 30 °C reduces
the thermal losses of the district system. Due to lower flow rates smaller pipe dimensions can be installed
and the electricity demand for pumping is reduced.
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3.1.2 Solar Collectors
The flat plate solar collectors mounted on the roofs of the three south facing buildings cover a total area of
3078 m² with 2761 m² of aperture area (Fig. 6). Within an architectural competition for the realization of the
buildings aesthetic aspects of roof integration of solar collectors was one important requirement. The divided
shed roof was selected as favorable solution. The collector roof is constructed from large elements of 12 m²
each which are connected via the solar network and charge the collected heat into the seasonal storage.

Fig. 6: Solar collectors

3.1.3 Storage Concept
The site investigation in the conceptual phase showed already that the local hydro-geological situation with a
rather high ground water level and a high flow velocity is not feasible for aquifer, borehole or pit storage.
Thus a well insulated tank storage was selected which was finally integrated into an artificial hill to fit into
the landscaping of the district. It is partially built into the ground with a distance of about 2 m from the
highest ground water level. The storage itself is made of concrete that inside is covered with a stainless steel
liner. While the bottom is made from in-situ concrete placed on an insulation layer of foam glass gravel the
side walls and the top cover consist of prefabricated reinforced concrete elements. The side walls and the
cover were insulated with an up to 0.70 m thick packed bed of expanded glass granules. Finally the whole
tank was covered with soil and forms now a hill within the recreation area beside the building area. Fig. 7
shows pictures of the construction phase of the storage.
In total the storage has a volume of 6000 m³ and was filled with 5700 m³ cold water. It is operated as a nonpressurized tank and thus requires the additional volume of 300 m³ for thermal expansion.
The system concept implies several functions of the storage. In general it serves as seasonal storage for solar
heat to be stored from summer to winter. The upper part, about 30 % of the volume, is also used as shortterm buffer. This part is heated up with high priority to the supply temperature of the district heating of 60 °C
to maximize the solar fraction. This is the typical operation in spring. In winter when the storage temperature
falls below the return temperature of the district system the storage serves as low temperature source for the
absorption heat pump (AHP). It is obvious that these different operation modes require a strong thermal
stratification for an optimal use of the solar heat in order to achieve a high solar fraction. Therefore it is
equipped with a stratification device and several fixed inlets and outlets. Thus the operational temperature of
the storage varies from 10 – 90 °C as it is shown in Fig. 8. With this concept the storage volume can be used
in an optimum way as the maximum possible temperature difference of a non-pressurized water storage is
utilized.
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Fig. 7: Construction of the seasonal tank storage: In-situ concrete bottom,
side wall from prefabricated elements, side wall insulation and soil cover
layer temperature
max. charging temperature

top layer

buffer storage operation

storage temperature in °C

extraction

direct use
AHP operation or direct use
with supplementary heating
AHP heat extraction
bottom

Fig. 8: Storage temperature profile over 1 year (simulated data)
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3.1.4 Absorption Heat Pump
In this project for the first time an absorption heat pump (AHP) was integrated in a solar district heating
system for supplement heating. The operational heat is provided from the district heating network at
temperatures between 90 – 130 °C while low temperature heat is extracted from the lower part of the
seasonal storage. The LiBr absorption heat pump is designed for a heating power of 200 – 560 kW with a
COP of 1.5 – 1.7.
3.2 Solar district heating “Hirtenwiesen 2” in Crailsheim
3.2.1 System Concept
In Crailsheim-Hirtenwiesen a former military area is recently transferred into a new residential area (see
Fig. 9).
Area
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Hirtenwiesen 1

Hirtenwiesen 2
2. Phase
Solar network

Heat distribution
network
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Hirtenwiesen 2
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Central heating plant
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Fig. 9: Site plan of the solar assisted district heating system in Crailsheim, Germany
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Figure 10: System concept of the solar assisted district heating system in Crailsheim, Germany
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The solar system is separated into two parts: a diurnal and a seasonal part (Fig. 10). The diurnal part consists
of the solar collectors on the modernized buildings, the school and the gymnasium (see Fig. 9) and a 100 m³
buffer tank that is located close to the school. The solar energy from this part can mostly be used directly to
supply the heat demand from the Hirtenwiesen 2 area. The solar collectors on the noise protection wall
together with the BTES and a second water tank with 480 m³ present the seasonal part of the system. The
water tank of the seasonal part was added because of the high capacity rate of the solar collectors during
summer. This high capacity rate cannot be charged directly into the BTES during daytime but has to be
distributed over a longer time period.
Heat from the seasonal part can be transferred to the diurnal part by a 300 m district heating pipeline either
directly or via a heat pump. The heat pump allows a higher usability of the temperature difference of the
seasonal heat storage and thus a higher storage capacity. In addition it reduces the temperature level in the
storage and therefore results in lower storage heat losses. Furthermore the efficiency of the whole solar
system becomes much more robust against high return temperatures from the heat distribution network.
3.2.2 Solar Collectors
The solar collector area comprises altogether 7,500 m² of aperture area. A part of this area was realized
within a energetic renovation as roof integrated solar collectors like shown in Fig. 2. The major part is
situated on a noice protection wall (Fig. 11). To avoid high operation expenses for cutting the green around
the collector fields a ecological concept was developed and realized for the south side of the noice protection
wall.

Fig. 11: 3.500 m² of flat plate collectors on the noise protection wall in Crailsheim

3.2.3 Storage Concept
The storage consists of 80 boreholes with a depth of 55 m in a first construction phase. The storage volume
(37,500 m³) is a cylinder with the boreholes situated in a 3 x 3 m square pattern, see Fig. 12. The ground heat
exchangers are double-U-pipes made from cross-linked polyethylene (PEX). The storage volume will be
doubled when the second part of the connected residential area is going to be built in some years.
The hydro-geological investigation showed an intermittent water movement in the upper part (5 m) of the
storage volume. For this reason the boreholes were drilled with a bigger diameter in this part. After
installation of the ground heat exchangers the lower part was filled with a thermally enhanced grouting
material (thermal conductivity 2.0 W/mK), whereas the upper part was filled with a thermally reduced
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grouting material to reduce the heat transfer into this layer and thereby the thermal losses due to the water
movement in this region. The horizontal piping on top of the storage is embedded into an insulation layer of
foam glass gravel. On top of the insulation layer a protecting foil (water-tight but open for vapor diffusion)
and a drainage layer (gravel) are installed below a 2 m layer of soil.
gras
soil

foil

gravel
foam glass gravel

5m

casing
layer with natural
groundwater flow

thermally reduced
grouting

50m

double-U-pipe
BHE

limestone

grouting pipe
thermally
enhanced
grouting

Fig. 12: Top view with horizontal piping (left) and vertical cross-section (right) of BTES in Crailsheim

4. Findings
4.1 Solar collector fields
Large collector fields require a careful planning and calculation of the tubing. Today most of the large
collector fields in Germany are realized with minimized pipe length. If a lot of collector fields are connected
in parallel like in Crailsheim (Fig. 11), a differential pressure regulating valve for each collector field secures
the same flow through each field.
If a lot of collectors are connected in series, the linear thermal expansion of the piping can reach impressing
high figures, especially if the collectors cannot be cooled e.g. in case of a pump failure. Some new deliverers
unfortunately had to focus problems with this and had to adjust parts of the collector fields.
Even in complex solar nets like in Crailsheim (see Fig. 9) the security concept for the entire solar circuit uses
only one security valve that is situated in the heating central.
In no one of the described systems there is an air vent in the collector fields itself. The only de-aeration
possibility of the solar circuit is an air vent that is situated in the heating central.
4.2 Seasonal heat storage
Storage of sensible heat in large water tanks and in the underground in water pits, aquifer or boreholes are
still the most economic solution for long-term respectively seasonal storage of large quantities of thermal
energy. The selection of type depends on the local geological and hydro-geological conditions.
In case of a high ground water level with high flow velocity ATES, BTES and sometimes also pits are not
feasible. Then tank storage situated above the ground water table has proven as alternative solution. From the
economic point of view the temperature difference in the storage should be maximized. Thermal
stratification is a highly desirable feature in water tanks to increase the direct use of solar heat. The
experiences from the project in “Am Ackermannbogen” in Munich have shown that thermal stratification is
not yet state-of-the-art and thus requires still intensive R&D efforts.
Well designed and constructed BTES is the most promising storage type from the technical and economic
point of view. Nevertheless the local geological situation has to be analyzed very thoroughly in advance.
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Proper design based on extensive site investigation and correct construction is compulsory to avoid any
environmental impact while drilling or operation. New techniques for site investigation like the Thermal
Response Test deliver valuable data for design. For construction quality control is an important issue,
prefabricated and tested BHEs for high temperatures and connection techniques like manifolds as well as
grouting materials and pumps for grout injection in boreholes are commercially available from industry.
In Eggenstein-Leopoldshafen a pit thermal energy storage was built in 2007. It is the first storage where the
call for tender ended in contracting one of Europe’s leading building companies for a turn-key realization of
the entire seasonal heat storage. All storages could not be realized turn-key ready.
4.3 System integration
Decisive for the optimum function of the solar system is its correct integration into the conventional heating
system and the careful design of the solar part as well as of all other components for heat supply: district
heating network, heat transfer substations and building services.
Direct hydraulic coupling of the heating system in the buildings to the solar district network has shown
several advantages. First of all the district system can be operated at low supply temperatures, typical
temperature drops at heat exchangers are avoided. Also low return temperatures down to 30 °C can be
realized as show in the project “Am Ackermannbogen” in Munich. Thus heat losses on the return line of the
district system are negligible small. Direct domestic hot water preparation via a heat exchanger in each
apartment avoids hot water boilers and hot water circulation. Thus the heat losses are reduced and the
hygienic status is improved. Within the two years monitoring program the success of this concept could be
proven.
4.4 System performance
In general heat pumps are a favorable option to increase the useful temperature difference in storages and
thus improve the economics of the storage. Additionally the operation in case of high return temperatures can
be improved. The projects have shown the successful implementation of compression and absorption heat
pumps.
The control has a significant high impact on the system performance and therefore requires concentration on
this subject.
In the monitoring phase of the project “Am Ackermannbogen” in Munich a reduced solar gain by 15 % was
identified due to a new absorber type in the collectors with reduced efficiency. Also the charging unit for
thermal stratification did not meet the requirements of the planning. Additionally the control program
requires significant optimization. Therefore the solar fraction found for the 2nd year was only 45 %. A total
revision of the control program may allow reaching the set point of 50 %.
5. Prospects
The increase of efficiency in heat supply and the energetic renovation of the building stock form together
with the expansion of renewable energies in the heat market the basis to meet the German goals of CO 2
emission reduction in the heating sector.
The strategies to meet these goals developed in the national Lead Study 2010 as well as the previous versions
initiated by the German Federal Ministry of Environment, Nature Conservation and Nuclear Safety assume a
reduction of the heat demand of buildings by approx. 50 %. Half of the left energy demand should be
covered by solar, geothermal and biomass which amounts to about 360 TWh/a. This study assumes for 2050
about 45 TWh/a covered by solar district heating which is about 13 % of the heat delivered by renewable
energies. The increase of new estate developments in Germany will be limited. Also the rate of
refurbishment of buildings is in the order of 1- 2 %/a. In order to achieve the goal of the Lead Study 2011
system concepts and technologies have to be developed to introduce solar district heating in the building
stock even with limited energetic renovation of the buildings.
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The advantages of solar district heating are obvious. For the building stock it is one of the few possibilities to
integrate renewable energies and in a lot of cases it is more cost effective than passive house retrofit.
With regard to variable conditions of the building stock new concepts have to be developed to meet the
requirements regarding heat demand and temperature levels of the heating systems with solar district heating.
With increasing refurbishment of the buildings in the future the heat demand will decline which can be
compensated by expanding the district heat by connecting further consumers. Heating systems in existing
buildings typically require high supply temperatures with a rather small difference between supply and return
temperature. Integration of heat pumps can solve such problems.
The major problem for a fast implementation is still the high initial investment. But if this obstacle could be
overcome, the known capital costs together with low maintenance and operation costs can guarantee prize
stability for thermal energy on a long-term perspective.
In the upcoming years, further large-scale systems with seasonal heat storage will be built not only in
Germany. Within the last years the interest on seasonal solar thermal energy storages internationally raised:
Europe’s largest central solar heating plant with over 19,000 m² of collector area, that is situated in Marstal,
Denmark, was complemented with a seasonal pit heat storage of 10,000 m³ (www.solarmarstal.dk). In
Canada the first seasonal solar thermal energy storage was built in 2006 in the residential area Drake
Landing Solar Community in Okotoks as borehole thermal energy storage (www.dlsc.ca).
Ongoing R&D will focus on improving the cost-effectiveness of the storage technologies by a further
reduction of the specific storage construction costs and by increasing the technical efficiency and durability
and by this the useable heat output of the storage. More cost effective storage technologies are considered for
the implementation in different applications like combined solar and biomass systems.
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SOLAR WATER PREHEATING FOR OPEN DISTRICT HEATING NETS –
OPTIMIZATION OF THE AIR-TO-WATER HEAT EXCHANGER DESIGN
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1. Introduction
District heating nets for heat supply are very common in cities of the CIS. In contrast to the EU countries
some district heating nets in the CIS are constructed as an open-circuit system regarding the hot water supply
(Budig et al. 2008)1, e.g. in Bishkek, the Capital of the Kyrgyz Republic. In such systems hot water itself is
delivered to the consumers via the district heating net, whereas in closed systems only heat is supplied. A
simplified scheme of an open-circuit system of the combined heat and power plant (CHP) in Bishkek is
shown in Fig. 1. This district heating net supplies 350,000 inhabitants in the city center with the base load of
around 2,600 m³ of hot water per hour and the peak load up to 3,000 m³/h. Beside this CHP in Bishkek there
are over 60 boiler houses with much smaller open district heating nets for remote city areas.

Central Heat and Power Plant
Condenser

Deaerator

Consumers

Heat exchanger

2.600 m3/h
12°C

drinking water
supply

25..35°C

30..40°C

60°C (in summer)

40..60°C (only in winter)

Fig. 1: Simplified hydraulic scheme of an open-circuit district heating net of the CHP Bishkek (Kyrgyzstan).

The low water inlet temperature of 12°C, high base load and continental climate (= high solar irradiation and
hot summer) in Bishkek are very favorable for preheating of the water using solar energy. For this purpose
uncovered solar collectors can be applied very effectively reaching very high annual solar gains of over
1000 kWhth/m²a and low solar heat costs of less than 1 Euro-Cent/kWhth (Vajen et al. 2008). Uncovered
collectors can, however, cover only up to 20% of the heat demand as the outlet temperature is limited.
Covered collectors, e.g. flat plate collectors, can be used to achieve higher temperatures and, thus, higher fuel
savings. However, they are economically less effective than uncovered collectors because of the higher
investment costs, so that a combination of both collector types is economically more feasible if higher
temperatures should be achieved.
The extraordinary low water inlet temperatures of district heating nets in Bishkek open more technical
options. As the ambient temperature Tamb in summer (up to 40°C during the day and 20…25°C during the
night) is predominantly much higher than the water inlet temperature Tin, it is possible to preheat water with
the ambient air using fin-and-tube heat exchangers (Frank et al. 2006a), Fig. 2. By this, heat gains can also be
achieved during the night. Fin-and-tube heat exchangers (Fig. 3) are widely used for heat transfer between a
liquid and a gas in industry and in the residential air conditioning. They have low investment costs and a very
compact construction. For water preheating under the climate conditions of Bishkek the air-to-water heat
exchangers have similar economical effectiveness as uncovered collectors (Frank et al. 2006b).

1

About 20% of the CHP plants in the CIS identified by the Budig et al. 2008 have open or partly open district heating nets. The
investigations do not consider the size of the nets and smaller district heating nets combined with boiler houses.
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Fig. 2. Simplified hydraulic scheme of water preheating with
the ambient air using an air-to-water heat exchanger

Fig. 3. Schematic diagram of a fin-and-tube heat exchanger
(taken from Wang et al. (2002) with own changA es)

A specific problem of implementing air-to-water heat exchangers are the non-standard design requirements
for this application. Due to the “back-up” heating by boilers, there are no requirements for heat transfer rate
or increase of water temperature. Air flow rate and pressure drops are not restricted too. The air inlet
temperature and humidity (ambient air) are changing during day and season. The only known parameters are
water inlet temperature and water flow rate, so that even basic thermal design (e.g. calculation of the required
UA value) is not possible without additional information or assumptions. Even after setting missing
operating parameters and getting the required UA value of the heat exchanger, there is still a lack of design
experience regarding the heat exchanger geometry, which strongly affects the heat transfer and pressure
drops. Not optimal geometry and operation parameters may lead to higher investment and operating costs of
the whole system.
The aim of this study is to elaborate a design procedure of the air-to-water heat exchangers for water
preheating in district heating nets with an integrated economical optimization.
2. Heat exchanger design
The heat exchanger design (sizing problem) is a complex problem, since the heat exchangers performance
and costs depend on many variables (geometrical and operating parameters). As the analytical identification
of the optimal design is in the most cases not possible, the sizing problem is usually reduced to the rating
problem by specifying the geometry and operating parameters, and then calculating the heat exchanger
performance for evaluation. There is, however, a large number of configurations 2 possible if (nearly) all
geometry and operating parameters shall be varied. An optimization algorithm can be integrated into the
design procedure to find the optimal configuration without calculating all possible configurations. Due to
complex dependencies of the heat exchanger performance on its dimensions and operating conditions, a
genetic optimization algorithm (Eshelman, L. J. 1991) is applied here, which is more reliable to find the
global optimum in comparison to classic (e.g. gradient) algorithms.
The selected objective function for the heat exchanger design optimization is the lowest heat generation costs
HGC i.e. the lowest price for the water preheating:

HGC
with the capital recovery factor f a

f a Cinv

cmain

cop

Q
i 1 i
1 i

n

€
kWhth

(1)

n

(2)
1

Investment costs Cinv include heat exchanger, fan, pump and piping costs:

Cinv

2
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Chx C fan Cpump Cpipe

(3)

For example, 106 configurations are possible having only 6 variables and 10 values for each variable.

Operation costs cop are calculated by multiplying the annual parasitic energy demand (electricity
consumption for boosting air and water flows) and electricity price. The parasitic energy demand and heat
gains (transferred from ambient air to water) are determined by annual simulations, since ambient air
temperature and humidity are time dependent variables. Transport costs to Kyrgyzstan, possible Kyrgyz
import duties and installation costs are not considered due to the wide range of prices and the lack of reliable
data.
The optimization procedure is shown in Fig. 4. Heat exchanger configurations are specified and evaluated by
a genetic optimization algorithm, implemented in open-source optimization software GenOpt (Wetter 2004).
The objective function for each configuration is evaluated by annual simulations in the simulation
environment TRNSYS3 (Klein et al. 2000). Both programs interact with text files.

Fig. 4. Scheme of the optimization procedure.

The optimization procedure requires a heat exchanger performance model, parasitic energy and cost
functions of the system components to calculate the objective function for each configuration. These factors
are described in the following paragraphs.
3. Heat exchanger model
The heat exchanger model uses empirical heat transfer and flow friction correlations and is described in
detail in (Orozaliev et al. 2008). Although models based on empirical correlations usually have higher
inaccuracies than those using finite element methods, the latter are not appropriate for an optimization of the
whole heat exchanger configuration, because of a too large computing effort. Depending on the optimization
algorithm and the complexity of a problem, several thousand calculations can be required.
The model structure is based on the detailed cooling coil model of the ASHRAE4 HVAC Secondary Toolkit
(Brandemuehl 1993, Chillar and Liesen 2004), implemented in TRNSYS as Type1223new. The model
accounts for possible condensation of vapor on parts or even all over the heat exchanger surface by
considering separately wet and dry parts of the heat exchanger surface. Furthermore, heat losses to the
environment are neglected and no capacity effects are implemented.
Type1223new uses airside heat transfer correlations of Elmahdy and Biggs (1979), which is restricted to
coils with circular or continuous plain fins and to the coil dimensions used in the experiment (9 samples with
plain fins and 12 finned tube heat exchangers). In order to extend the validity range and the generality of the
model, other correlations were identified in literature, which had been derived from larger databases.
Unfortunately, different correlations cannot be directly compared in terms of heat transfer coefficients,
because different data reduction methods were used by the authors, so that it is difficult to choose the “best”
one.
Jacobi et al. (2001) reviewed many correlations and recommended for plain fin round-tube heat exchangers
3
4

TRNSYS is a flexible tool designed to simulate the transient performance of thermal energy systems
American Society of Heating, Refrigerating and Air-Conditioning Engineers
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the correlations of Wang et al. (1998) for dry surface and Wang et al. (1997) for wet surface. Nevertheless,
the more recent correlations of the same authors (Wang et al. 2000a and 2000b) have been implemented in
the model, which include data of previous reports (in total 74 samples with dry surface and 31 samples with
wet surface).
The structure of Type1223new has been also extended to the calculation of pressure drop on both water and
air sides. Airside pressure drop is calculated using friction correlations (Wang et al. 2000a and 2000b). Water
side pressure drop consists of friction pressure losses in tubes and local pressure losses in bends and is
calculated according to the standard equations of Hagen–Poiseuille, Blasius and Nikuradze (Wagner 2001)
depending on the flow regime. Further differences to Type1223new are temperature-depending physical
water and air properties, evaluated at the mean flow temperature, instead of constant values. Furthermore,
convergence procedures had to be adapted to increase the model stability for optimization calculations.
4. Heat exchanger cost function
The most common heat exchanger cost function types – as a function of heat transfer rate or heat exchange
surface – are not appropriate for fin-and-tube heat exchangers. The heat transfer rate depends not only on the
heat exchanger geometry, but also on operating parameters, so that the same heat exchanger can have
different heat transfer rates depending on operating parameters. Cost functions as a function of heat exchange
surface are available for plate and shell-and-tube heat exchangers (UITA 2002, Hewitt 2002). However, it
cannot be applied for fin-and-tube heat exchangers as the ratio between fin and tube surfaces, made of
different materials (e.g. aluminum and copper) and having different costs, is not considered. Such a cost
function would move the optimization algorithm to increase the tube surface comparing to the fin surface
(heat transfer coefficient on the tube surface is higher than on fins) and, thus, falsify the optimization results.
Therefore, another cost function type is proposed here. Taking into account that fins (or aluminum plates),
tubes and heat exchangers are industrial mass products and the manufacturing process is highly automated, it
can be assumed that the material costs are the most sensitive parameter in the price formation of the heat
exchangers. A heat exchanger cost function depending on the material costs has been developed with data of
74 heat exchanger samples with staggered tube layout varying from small heat exchangers (1.25 m x 1 m
flow area) to very large ones (11 m x 2 m flow area). All samples are from a large manufacturer (Güntner
Group). Unfortunately, heat exchangers of other producers cannot be used due to the lack of necessary
information about geometry and/or prices. Heat exchanger prices have been calculated by the producerspecific software Güntner Product Calculator (GPC 2006) for different geometry parameters. To estimate the
material costs, the mass of aluminum (fins) and copper (tubes) needed for the heat exchanger was multiplied
with aluminum and copper prices from the London Metal Exchange (LME). The developed cost function
with prices from 2006 is shown in Eq. 4 and 5:

Chx
with material costs
C Al

1.7 €/kg and CCu

Cmat

2
0.0005 Cmat
10.338 Cmat

mAl C Al

mCu CCu

432.84

(4)
(5)

4 €/kg (LME 01/2006)

The cost function is in a good agreement with the source data (Fig 5). The deviation is up to 15% for small
heat exchangers and up to 10% for medium and large heat exchangers.
Although, the cost function is derived from prices from only one producer and some geometry parameters
could not been varied over a wide range restricted by available standard values (tube diameter, longitudinal
and transverse tube pitch), it can still be assumed that the heat exchanger costs will be predicted pretty well
because the different producers have very similar prices because of the strong market competition.
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Fig. 5. A cost function of the heat exchanger Chx (line) and the source data (dots)

5. Fans, pumps and piping
Air or water flow rates and pressure drops determine the required fan or pump. During the optimization
process, different heat exchanger geometries and operating conditions need to be calculated. For all these
configurations it is necessary to estimate the costs and the parasitic energy demand of fans and pumps. As
shown in (Fan 2009) for fans, estimation of the power consumption based on a constant fan efficiency and a
cost function depending on operating parameters (flow rate and pressure drop) have large uncertainties over
the large range of operating parameters. This makes these approaches not suitable for an optimization of the
heat exchanger design. Therefore, a tool for automated selection of an appropriate fan from a special data
base was developed in (Fan 2009). The data base contains parameterized characteristic curves (coefficients
of the total pressure increase and the efficiency as a function of the flow rate) and costs of about 400 axial
fans with an impeller diameter from 630 mm to 1250 mm. Although all fans are from one producer
(Wolter 2009), a comparison with fans of other producers (with available information about fan power
consumption and prices) showed that prices of the chosen producer are often lower or in the same range as
others, so that no fans from other producers need to be included in the data base (Fan 2009).
Another advantage is the possibility to select not only the fan nearest to the operating point, but also the fan
with the lowest annual costs (incl. operation costs), Eq. 6. In this case, however, additional information about
the capital recovery factor fa, the expected hours of operation per year top and the electricity price is necessary
cel (Table 1).

Cann

fa C fan cmain

Pfan top cel

(6)

In a similar way, a data base for pumps has been established containing characteristic curves and costs of
about 100 pumps. All pumps in the database are from a large producer (WILO 2009).
For the selection of the pump, additional information about pressure losses in other hydraulic parts (piping)
of the system is necessary. The pressure drop in the piping, caused by friction, is calculated according to the
equations of Hagen–Poiseuille, Blasius and Nikuradze (Wagner 2001) depending on the flow regime. The
local pressure losses in fitting and elbows are assumed to be equal to the friction pressure losses, which is
typical assumption in water supply calculations (Recknagel et al. 2005). Furthermore, the selection of the
pump is coupled with a selection of the piping diameter, so that a combination of both leads to the lowest
annual costs of hydraulics (Eq. 6). Piping costs are calculated using prices for polypropylene pipes
(Akatherm 2009) with 50% extra for fittings.
6. Optimization results
A heat exchanger for a test plant in Bishkek (Frank et al. 2006a) was redesigned using the described design
procedure and compared with the installed one, designed by an established producer. The boundary
conditions for dynamic simulations are listed in Table 1.
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Table 1. Boundary conditions for dynamic simulations

Parameter

Value

Simulation period

Unit

May-Sep (frost-free period)

Weather data for Bishkek

from Meteonorm 6.0

Simulation and data time step

1

hour

Water inlet temperature

12

°C

Water flow rate

6

Control function

m³/h
Tamb > T w_in

Electricity price Cel

2

€-ct/kWh

Interest rate i

6

%/a

Years in operation n

10

a

Maintenance costs Cmnt

1

% of CAPEX

Expected operation hours per year of a fan and a pump top

4000

h/a

Piping length

100

m

In the optimization nearly all geometry parameters and the air flow rate have been varied over a wide range.
The variation range of some parameters has been restricted by production possibilities (e.g. fin pitch and
thickness) or even distribution of the air flow (finned length and height). Tube thickness has not been varied,
because the smallest tube thickness will always be selected by the optimization concerning the material costs,
pressure drop on the water side and heat conduction in the tube. The smallest tube thickness is determined by
the operating pressure. Therefore, the same tube thickness of 0.32 mm has been specified as in the installed
heat exchanger. Other fin (e.g. louvered, split fins) and tube (e.g. oval, flat) types have not been considered
because of the absence of respective heat exchanger cost functions. The varied parameters are listed in
Table 2 together with their variation range, value at the installed heat exchanger (Ref) and optimal values
(Opt). A comparison of different properties of the reference and optimal configurations relevant for the
evaluation is given in Table 3.
Table 2. Varied parameters, their variation range and values at the reference and optimal configurations

Parameter

Unit

Variation
range
min

Air flow rate

m³/h

9,000

Opt

max
40,000 10,000

- capacity flow ratio
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Ref

20,000

2.1

1.0

Fin pitch Fp

mm

1.5

5

3

1.5

Fin thick

mm

0.15

0.45

0.25

0.15

Finned length L

m

0.8

1.5

1.25

1.3

Finned height H

m

0.8

1.5

1

1.5

Tube rows

2

9

6

4

No. of passes

2

16

10

6

Tubes per row

15

90

20

50

50

30

- Transverse tube pitch Pt

mm

Longitudinal tube pitch Pl

mm

15

50

25

20

Tube outer diameter

mm

6

22

12

6

Table 3. Comparison of different properties of the reference and optimal configurations

Parameter

Unit

Ref

Opt

change

Heat generation costs HGC

€-ct/kWh

0.75

0.53

-29%

Annual transferred heat Q

MWh/a

82

132

61%

€

3681

4008

9%

Maintenance costs cmain

€/a

37

40

9%

Operating costs cop

€/a

79

117

47%

Heat exchanger costs Chx

€

1841

1727

-6%

Fan costs Cfan

€

947

1253

32%

kW

0.50

1.06

113%

€

563

563

0%

kW

0.70

0.70

0%

€

330

465

41%

Outer diameter of piping tubes Dout_pipe

mm

40

50

25%

Heat exchanger airside pressure drop Δphx_air

Pa

71

67

-6%

Heat exchanger waterside pressure drop Δphx_liq

kPa

34

123

265%

Piping pressure drop Δppipe

kPa

152

53

-65%

Pump head

kPa

193

193

0%

Investment costs Cinv

Fan electrical power Pfan
Pump costs Cpump
Pump electrical power Ppump
Piping costs Cpipe

The objective function HGC of the optimal design is approx. 30% lower than in the reference configuration,
this is caused by a different geometry and different operating parameters. In the optimal configuration the air
flow rate has been doubled and the fin pitch is only half of that in the reference configuration (Table 3).
These changes had been expected due to the low electricity price. A higher air flow rate and a smaller fin
pitch would lead to a higher heat transfer coefficient on the one hand and a higher airside pressure drop on
the other hand. The airside pressure drop of the heat exchanger remained, however, at the same range
(Table 3) due to a larger frontal area (product of heat exchanger length and height) and a shorter flow length
(product of longitudinal tube pitch and number of tube rows). Nevertheless, a more expensive and powerful
fan is required due to a higher air flow rate. The increased waterside pressure drop of the heat exchanger,
caused by a smaller tube diameter, was compensated by selecting a larger piping diameter, so that the same
pump is used in both configurations.
Although the fin surface is 75% larger in the optimal configuration (approx. 200 m²) than in the reference
one (115 m²), the mass of fins is almost the same (42 kg) in both cases due to the different fin thicknesses.
The heat exchanger costs decreased slightly because less copper is needed for smaller tube (13.6 kg of
copper instead of 16.3 kg in the reference configuration). The total heat transfer area is increased from 120
m² to 200 m². Together with a higher air flow rate and a smaller fin pitch, a larger heat transfer area led to
significantly higher annual energy gains Q (heat transfer). Total investment costs are approx. 10% higher
and operation costs are approx. 50% higher (mostly) caused by a more expensive fan with a higher power
consumption.
It has to be emphasized, that the improvement of the heat costs is the result of combination of all parameters.
Changing of only one parameter without changing others can even lead to higher heat costs due to the very
complex dependencies between parameters (e.g. doubling of the air flow rate in the reference configuration
leads to 6% higher HGC).
7. Conclusion
This paper describes an air-to-water heat exchanger design procedure for water preheating in open district
heating nets. The design procedure includes an integrated economical optimization. The target function for
the optimization is the cost effectiveness. In the optimization, different heat exchanger geometry and
operating parameters have been varied by a genetic optimization algorithm. The influence of the heat
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exchanger design on its costs, heat transfer and friction performance has been evaluated economically by
determining investment and operation costs of the system.
For the test plant in Bishkek, an optimized heat exchanger design leads to 30% lower heat generation
(transfer) costs compared to the installed one, which was designed by a heat exchanger producer. Such a
large optimization potential is definitely to some extend caused by special boundary conditions of the nonstandard application and by the lack of experience of the design engineer with these constrains.
The design procedure can be further used for other application of fin-and-tube heat exchangers such as air
collectors, air conditioning or heat pumps. A critical point in the optimization procedure is the relatively high
uncertainty of the heat exchanger model and cost functions. In order to increase the accuracy and reliability
of the optimization results, more precise heat exchanger models and cost functions are necessary.
8. Nomenclature
Cinv

€

HGC

€/kWh Heat generation costs

Cel
Cfan

€/kWh Electricity price

i

%/a

Interest rate

€

Fan costs

L

m

Heat exchanger finned length

Chx

€

Heat exchanger costs

n

a

Years in operation

cmain

€/a

Maintenance costs

Pfan

W

Fan electrical power

cop

€/a

Operation costs

Pl

m

Longitudinal tube pitch

Cpipe

€

Piping costs

Ppump

W

Pump electrical power

Cpump

€

Pump costs

Pt

m

Transverse tube pitch

CHP

Combined heat and power

Quse

kWh/a Annual heat gain

CIS

Commonwealth of Independent
States

Tamb

°C

Ambient temperature

fa

Capital recovery factor

Tw_in

°C

Water inlet temperature

Dout_pipe m

Tube outer diameter (piping)

Δphx_air Pa

Heat exchanger airside pressure
drop

Fp

m

Fin pitch

Δphx_liq Pa

Heat exchanger waterside pressure
drop

H

m

Heat exchanger finned height

Δppipe

Pressure drop in piping

Investment costs

Pa
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SOLAR WATER PREHEATING FOR OPEN DISTRICT HEATING NETS –
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Abstract
In combined heat and power (CHP) plants with so-called open district heating nets, large quantities of cold
water (e.g. 12 °C) are heated to supply temperatures (e.g. 60 °C) using fossil fuels. Such water can be
effectively preheated by solar thermal systems before conventional heating to supply temperature. Due to
high basic load, low inlet temperature and good climatic conditions in most parts of the Commonwealth of
Independent States (CIS), extraordinary solar gains and solar heat generation costs of less than 1 EuroCent/kWhth can be achieved during the frost-free season.
The purpose of this investigation is to identify the most suitable solution to integrate large-scale solar thermal
installations into the complex process of CHP plants in Central Asia and Russia. The influence of a solar
thermal system on the CHP process and on the electricity generation has been investigated based on the
actual process of the central CHP plant in Bishkek (Kyrgyzstan). The results indicate that the construction of
a large solar thermal plant is possible under the present technical boundary conditions. Preheating of feed
water does only have a small impact on power production of electricity, which will be overcompensated by
the heat production of a solar thermal system.
Keywords: district heating, preheating of feed water, combined heat and power (CHP) process, effect on
electricity generation
1. Introduction
District heating has its origin at the end of the 19th century. Currently approx. 210.000 km (5,3 times
circumference of the earth) district heating pipes are installed in all countries of the European Union,
covering around 10 % of the heat demand (cf. Dalenbäck, 2010; Euroheat, 2007). Over the past 100 years
large capital investments in public district heating have been made in Scandinavia, the Commonwealth of
Independent States (CIS) and the Baltic countries with the result of a high market penetration (e.g. in Russia
by 63 %) (cf. Euroheat, 2007). Since the end of the 1970’s all major countries of the European Union use
large-scale solar thermal systems1 for the integration into local and district heating networks. At present
Europe has a total of 126 large-scale solar thermal systems with an installed capacity of 175 MWth.
Dalenbäck (2010) describes these systems and their typology of integration into district heating networks.
Due to the return temperatures of 40..50 °C in the European heat nets only flat or vacuum tube collectors are
operating with average solar heat costs of 4..8 Euro-Cent/kWth.
District heating nets for heat supply are very common in cities of the CIS and are very often combined with
large combined heat and power (CHP) plants. A situation valid for most regions of Central Asia and Russia
has been found in Bishkek, the capital of Kyrgyzstan with similar latitude as Rome (Italy). Official statistics
indicate that about 350.000 inhabitants in the city center of Bishkek receive domestic hot water and energy
for space heating from the central CHP plant of Bishkek. The real number of consumers is difficult to
estimate, local authorities assume the overall number to be around 700.000. The district heating net shows
various differences to technologies used in Europe: It is constructed as an open-circuit system, where
domestic hot water is used by the consumers directly out of the net without any heat exchanger coupling (see
Figure 1). Thus, the district heating net of Bishkek has to be refilled with approx. 2600 m3 cold water (12 °C)
1
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large-scale solar thermal system: installed capacity over 350 kWth

per hour. This is accomplished by the CHP plants with the conventional heating of cold water to 60 °C, the
temperature level required in the period from May to September (frost-free period) when no space heating is
needed and ambient air temperature is usually above 20 °C, even at night.

Combined Heat and Power Plant
Condenser

Deaerator

Consumers

Heat exchanger

2.600 m3/h
12°C

25..35°C

30..40°C

60°C (in summer)

40..60°C (only in winter)

drinking water
supply

Fig. 1: Simplified hydraulic scheme of a typical open-circuit district heating net in CIS: Domestic hot water is used by the
consumers directly out of the net without any heat exchanger coupling.

Alternatively this water can be preheated using uncovered collectors before the conventional heating to the
supply temperature (cf. Vajen et al. 2008). For this application no solar buffer storage is necessary because of
the high basic load. Due to the low inlet temperature and furthermore excellent climatic conditions (high
irradiation, high ambient temperature) very high solar gains can be achieved. For Bishkek specific solar
gains are estimated to be around 1000 kWh/m²coll during the frost-free period, which is about four times
higher than the solar gains typically achieved in swimming pool heating in Central Europe. Solar heat cost of
less than 1 Euro-Cent/kWh and an annual emission reduction of 0,31 t CO2 per m2 collector area are
expected (cf. Budig et al. 2008). The CHP plant of Bishkek has a total potential of approx. 45.000 m2 of
uncovered collectors and thus offers an emission reduction of annually 14.000 t CO2.
However, not all CHP plants in the CIS have similar boundary conditions so that not everywhere solar
preheating is reasonable. The following technical characteristics of CHP plants are necessary in order to
apply uncovered collectors for water preheating:
•

high basic load (

•

open-circuit or mix-circuit district heating net (

•

CHP-operation mode based on the heat load in the frost-free period

no storage is needed + large solar thermal installation)
low water inlet temperature)2

The purpose of this investigation is to identify the efficient way to integrate large-scale solar thermal
installations into the complex process of CHP plants in Central Asia and Russia. Hereby, the influence of a
solar thermal system on the power plant process and on the electricity generation is of particular importance.
The investigations are based on the actual process of the CHP plant in Bishkek (Kyrgyzstan). Possible
negative effects caused by the integration of a large system into a CHP plant are discussed and concepts are
presented to avoid or minimize these effects.
2. System integration of large scale facilities
In order to find solutions for optimal solar integration of large-scale solar heating systems, it is necessary to
consider the basic operation process of a CHP plant in detail. Figure 2 shows the simplified hydraulic scheme
of the Bishkek CHP plant with particular emphasis on the feed water within the entire CHP process: Cold

2

Approx. 40 % of the CHP plants have a closed-circuit system with almost no need for water refilling and
relatively high return temperatures like in Europe.
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feed water at 12 °C supplied by the public utilities is treated3 at the beginning and preheated afterwards in the
condenser to approx. 27 °C. After the condenser the water passes the deaerator4 and finally the heat
exchanger, in which it is heated up to 60 °C. Figure 3 illustrates the temperature profile of the feed water
during CHP process.

Fig. 2: Simplified hydraulic scheme of the CHP plant of Bishkek. The blue line illustrates the feed water stream through the
CHP process. Points 1, 2 and 3 indicate possible integration points for a solar thermal system.

Fig. 3: Temperature profile of the feed water during the CHP process in summer. During winter the water is heated up in the
heat exchangers to approx. 80 °C, while the forward-connected process is not subject to any changes.
3

After mechanical cleaning there is a chemical treatment of the water. This process is required to reduce the
water hardness (removal of cations (calcium, magnesium and sodium)). In order to protect the installations
that are in contact with the feed water from corrosion and deposition of antisoluble salts, various additives
are added to the water.
4
The deaerator separates aggressive gases (such as oxygen and carbon dioxide) from the feed water, while
the feed water is being heated up.
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Due to the low feed water temperature, the energetic and economic optimal integration point for solar
thermal system is before the condenser (point 1). The maximum feed water temperature is limited to
TW,in = 30..33°C, because of the condenser material (see chapter 4). Uncovered collectors are the most
effective solution for this temperature range. Furthermore, the solar thermal system can be integrated
between condenser and deaerator (point 2). Due to the higher feed water temperatures flat plate collectors
should be used instead of uncovered collectors. These, however, are not yet economically competitive with
the still low, but rapidly increasing energy prices in the CIS. Between deaerator and heat exchanger (point 3)
the integration of flat plate collectors are also technically feasible, but increasingly uneconomic.
According to the results of the detailed analysis of the CHP process, changes of the existing installations and
mode of operation is not necessary while integrating a solar thermal system for feed water. However, an
increase of feed water temperature before the condenser affects the electrical power generation and can lead
to increasing corrosion of the condenser. These possible negative effects on the CHP process are discussed in
detail within the next chapter.
3. Effect A: Decrease of electrical power generation
The operating mode of a CHP plant in the CIS does not differ from those in Europe and is based on the
Clausius-Rankine cycle. In a steam turbine the enthalpy of steam is converted into mechanical energy. The
expanded steam can be extracted from various stages of the turbine and used for district heating or supply of
industrial process heat. After the last turbine stage, the steam is cooled down in a condenser before entering
the steam generator. Figure 4 illustrates the part of the CHP process, in which the steam is condensed using
the feed water. Increased feed water temperatures (e.g. caused by a solar preheating) are responsible for an
increase of steam enthalpy ℎ of the last turbine stage. This process is responsible for both a reduction of
the overall turbine efficiency as well as a decrease of electrical power generation
.

Fig. 4: Detail of the CHP process (Bishkek CHP plant). In the turbine, steam is released from three stages of the turbine.

The total turbine power P
is the equivalent of the sum of the partial performance, which can be
determined from the product of the respective mass flow and difference of enthalpy of the individual steam
extractions (cf. Schaumann, 2005):
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(Eq. 1)
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is therefore greater, the higher the live steam parameters values and the lower
The total turbine power P
the waste steam parameters values. The relation between steam enthalpy ℎ and feed water temperature
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results from the energy balance of the condenser, (see Figure 4):
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on the feed water
is obtained by inserting Eq. 2 in
The dependency of the total turbine power P
,
Eq. 1. The electrical generator power is determined by the product of the turbine power and the overall given
efficiency of the CHP plant:
∗(

(Eq. 3)

According to Eq. 2 the waste steam temperature depends on the feed water temperature: Higher feed water
temperature leads to higher waste steam temperature. Figure 5 shows the correlation between waste steam
temperature and the resulting maximum feed water temperature. For example, steam with 27 °C requires a
feed water temperature of approx. TW,in = 10 °C to condense (this is valid for the design point of the turbine).
During summer period at Bishkek CHP plant the feed water has an average temperature of TW,in = 12,8 °C.
According to the dimensioning the waste steam temperature should be 30 °C. However, at present the
measured waste steam temperature is TE3 = 40°C. Due to long operation time (more than 40 years) a possible
explanation for this effect could be material wear of the condenser. This can have two consequences: It is
likely that the vacuum at the exit of the turbine has been deteriorated (increase of pressure pE3), as the steam
could not cool down to TE3 = 30°C during the expansion. Furthermore, it is possible that the heat transfer of
the condenser (e.g. caused by fouling) has been decreased. The kind of material wear is important for the
effect on the electrical power generation: If the increased waste steam temperature is only caused by a poorer
vacuum, an increase of feed water temperature up to TW,in = 23°C would not have an impact on the electrical
power production. It is evident from Figure 5, if the feed water temperature is higher than TW,in = 23°C, a
waste steam temperature higher than TE3 = 40°C will be archived. If the increased waste steam temperature
would only be caused by decreased heat transfer of the condenser, an increase of feed water temperature will
trigger an increase of waste steam temperature and so lead to a decrease of the electrical power production.

Fig. 5: Correlation between the waste steam temperature and the feed water temperature.

In reality, it is generally assumed that both kinds of material wear occur with unknown impacts. Figure 6
shows the correlation between the feed water temperature and the reduction in electricity generation.
“Reference 40” describes the correlation for a poorer vacuum and “Reference 30” describes the correlation
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for a decreased heat transfer of the condenser. The real correlation lies in between these two extremes.
Hence, the electrical power production will decrease by 1,4..2,9 %, if a solar preheating results in a feed
water temperature of TW,in = 33°C. The turbine in Bishkek has a nominal power of around
32 +, and therefore the electrical power generation will decrease by 460..950 kWel. In contrast, there is a thermal
gain of approx. 60 MWth5.

Fig. 6: Electricity underproduction as a function of feed water temperature according to kind of material wear (Reference 40:
poorer vacuum at the exit of the turbine; Reference 30: decreased heat transfer of the condenser).

4. Effect B: Increase of corrosion
At the CHP plant in Bishkek the waste steam is cooled down in the condenser, after leaving the last turbine
stage. During this process the feed water flows through the brass pipes of the condenser, whereby the feed
water is heated up. An increase of feed water temperature before the condenser can lead to strengthened
corrosion of these brass pipes.
Brass is an alloy of copper and zinc, which can be damaged by the so-called dezincification (a form of
selective corrosion). Dezincification selectively removes zinc from the alloy, leaving a weakened copper-rich
structure (cf. Piatti et al., 1963; Held and Schnell, 2000). Due to the complex interactions of the factors on
dezincification, the extent of the dezincification only can be specified in terms of probabilities (cf. Köhler,
1996; EN 12505-2, 2004). Conditions favoring dezincification are (a) alloys with a higher content of zinc6,
(b) an operating medium with higher chloride / sulphate ion contends as well as low carbonate hardness and
(c) higher temperatures as well as lower velocities of the operating medium. According to the TurnerDiagram7 the condenser at Bishkek CHP plant is operating nearby critical chloride-carbonate ratios under the
current material and water properties. Due to the catalytic effect of the feed water temperature, the rate of the
dezincification increases with increasing feed water temperature. Operational experience of (Borodin, 2008)
indicates that an operation of the condenser with feed water temperatures higher than TW,in = 30..33°C (ca.
TW,out = 45°C) should be avoided.
5. Conclusions
Large solar thermal installations can be effectively applied to preheat water for open district heating nets in
cities of CIS. Solar heat cost of less than 1 Euro-Cent/kWh are expected, which is about four to eight times
lower than the solar heat costs typically achieved in large-scale solar thermal systems integrated into district

5
6

32,8°0

12,7°0 ∗ 4187

4
56 $

∗ 2570

56
9

: 60 +,"9

Brass containing more than 15% is susceptible to dezincification.
7
The Turner diagram is an indicator of the water ability to support dezincification.
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heating networks in Europe. According to the results of a detailed analysis of typically CHP processes, there
are no changes of the present technological processes required while integrating a solar thermal system.
However, an increase of feed water temperature affects the electrical power generation and can lead to
corrosion of the condenser. The electrical power generation will decrease by 1,4..2,9 % (460..950 kWel), if a
solar preheating increases the feed water temperature from TW,in = 12 °C to TW,out = 33 °C. In contrast, there is
a thermal gain of approx. 60 MWth, whereby a coefficient of performance of 21..44 results.
Furthermore, solar thermal preheating of feed water can lead to strengthened corrosion of the condenser.
Operational experience of Bishkek CHP plant stuff indicates that an operation of the condenser with feed
water temperatures higher than TW,in = 30..33°C should be avoided. Preheated feed water with higher
temperatures should be integrated into the CHP process after the condenser.
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Nomenclature
ℎ

steam enthalpy (turbine stage 1), kJ/kg

partial turbine power (stage 2), kW

ℎ

steam enthalpy (turbine stage 2), kJ/kg

partial turbine power (stage 3), kW

ℎ

steam enthalpy (turbine stage 3), kJ/kg

<

pressure (turbine stage 1)

ℎ

steam enthalpy (turbine inlet), kJ/kg

<

pressure (turbine stage 2)

ℎ$

condensate enthalpy, kJ/kg

<

pressure (turbine stage 3)

<

pressure (turbine inlet)

ℎ

,

water enthalpy (condenser inlet), kJ/kg

ℎ

, !"

water enthalpy (condenser outlet), kJ/kg

steam temperature (turbine stage 1), °C

steam mass flow (turbine stage 1), kg/s

steam temperature (turbine stage 2), °C

steam mass flow (turbine stage 2), kg/s

steam temperature (turbine stage 3), °C

steam mass flow (turbine stage 3), kg/s

,

water temperature (condenser inlet), °C

steam mass flow (turbine inlet), kg/s

, !"

water temperature (condenser outlet), °C

water mass flow (condenser), kg/s

$

condensate temperature, °C

electrical generator power, kW

(

overall efficiency

total turbine power, kW

CHP

Combined heat and power

partial turbine power (stage 1), kW

CIS

Commonwealth of Independent States
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Abstract
In this work, barriers to solar process heat (SPH) applications are described as experienced mainly in two
German research and demonstration projects on SPH. Being aware of already published studies the authors
focus explicitly on selected topics based on their observations and discussions with project partners from
universities, research institutes and industry, instead of giving an overall view of possible market barriers.
The knowledge gained by monitoring and optimising solar process heat systems is documented. Two main
findings beside others are, that solar process heat in comparison to conventional heat generation can only be
applied successfully by developing standards and that the documentation and publication of well-operating
pilot plants in the industrial sector must go on to serve as best practice examples.
In the frame of the project Solare-Prozesswärme-Standards (Solar Process Heat Standards, Sol-Pro-St),
which is funded by the Federal Ministry for the Environment, Nature Conservation and Nuclear Safety
(BMU) e.g., simulations of thermal processes on a temperature above 75°C with the software
MATLAB®/Simulink® and the toolbox CARNOT1 showed specific solar yields of 400 kWh/m2a for a SPH
plant for an electroplating company. Such yields lead to payback periods of approximately 16 years and can
be one of the main reasons for the industry not to invest in solar technologies. As a result, in this project
three out of four industrial partners opted out of an investment in solar thermal systems and implemented
measures of energy saving, installed a new and more efficient gas fired boiler or a cogeneration appliance
instead. With the fourth partner negotiations are still in process.
1. Introduction
Studies of the IEA Task 33/IV–SHIP (Solar Heating for Industrial Processes) state a high potential for solar
process heat applications. In the EU about 30 % of the industry’s heat demand is used for processes with a
temperature below 100 °C and approximately 57 % for processes with a temperature between 100 °C and
400 °C [1]. Many efforts have already been made by stakeholders and researchers to develop new strategies
in order to open this immense potential and thus to strengthen the market for solar process heat. In
dependence on the geographical location there is potential for a large share of the required process heat to be
delivered by solar collectors. But the incentives for and activities of companies in Germany to install solar
process heat are still very restrained. Referring to the results presented by various studies and publications,
there are several main technical and non-technical barriers [2, 3].

1
CARNOT: The “Conventional And Renewable eNergy systems OpTimization Blockset” was developed in 1999 at the SIJ and was
designed as a complementary program library for MATLAB® / Simulink®. It is primarily suited for the simulation of thermal systems
using renewable energy.
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Technical barriers
•

Unavailability of adequate space for the solar field, the buffer storage or the hydraulic piping
between energy production and energy consumption.

•

High process temperatures in combination with an inappropriate process strategy lead to low
collector efficiencies and specific collector yields.

•

The installation of solar plants may cause production downtimes, which are economically
unacceptable.

•

The integration of solar heat into an existing, steady operating process is technically complex,
especially because the supply of solar energy is varying during the course of the day and year.

•

Each process temperature range has a recommendable technology from flat plate collectors (FPC)
over compound parabolic concentrator collectors (CPC) to vacuum tube collectors (VTC) to
parabolic trough collectors (PTC). That means that the adequate choice is essential for the optimum
of efficiency of a SPH-system.

•

Alternative energy saving measures such as heat recovery or combined heat and power (CHP) can
have technical and/or economical advantages compared to SPH-systems.

•

Complex and individual production processes require a time and cost intensive planning of the solar
plant, which includes preliminary and mostly cost-intensive data monitoring and simulations.

Non-technical barriers
•

Missing information about technical options inhibit the interest of potential customers. Furthermore
the number of qualified energy consultants with specific knowledge in SPH applications is not
sufficient to meet the demand.

•

The employment of plant designers and installers with insufficient knowledge of the technology
may lead to different categories of faults and thus to bad examples and negative publicity.

•

High investment costs on the solar part on one hand and low costs for fossil fuels on the other hand
lead to long pay back periods for SPH-plants and thus lower their economic attractiveness.

In the next chapter, some of the listed barriers will be discussed on the basis of completed or ongoing SPHresearch projects with the involvement of the Solar-Institut Jülich of FH Aachen and E²-Erneuerbare
Energien und Energieeffizienz of FH Düsseldorf.
2. Experiences of two Solar Process Heat research projects
2.1 Experiences of the Project Sol-Pro-St
The project Solare-Prozesswärme-Standards [4,5] is funded by the German Federal Ministry for the
Environment, Nature Conservation and Nuclear Safety (BMU). Universities, industrial partners of the
electroplating industry, food industry and solar industry are involved. The definition and implementation of
solar process heat standards are suitable to reduce investment costs. Because of the diversity of industrial
processes requiring heat, standards must be introduced specifically to common processes. One aspect is, for
example, the supply of heat at different temperature levels. A customized realization can reduce the return
temperature and thus, increase the efficiency of solar collectors. Furthermore recommendations for system
engineering and dimensioning are given in this research project.
Simulations of thermal processes on a temperature level of about 75°C using the software
MATLAB®/Simulink® and the toolbox CARNOT showed realistic specific solar yields of approximately
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400 kWh/m2a. An example for such yields is given in the simulation results below. The simulation was
carried out with the aim to design a solar process heat system for one of the participating project partners
from the electroplating industry. The galvanic process requires approximately 340 MWh of thermal energy
annually for heating the electroplating baths. The required target temperature is 75°C. Below this
temperature, no further heat sinks are available. Furthermore, there is no production on weekends. The
simulated system consists of a collector field which is connected to a buffer storage by means of a heat
exchanger. The collector field is aligned in south-west direction with an angle of 45° and the location is
Velbert, Germany. The collector type is a vacuum tube collector from Buderus (Model CPC12) with an
aperture area of 2.56 m². The solar heat is directly supplied from the buffer storage to the heat load. A
backup system is connected to the storage, which provides the required residual energy in the case that there
is not sufficient solar energy available and ensures that the target temperature is kept on 75 °C in the upper
area of the storage. In the simulation, collector energy is directly fed to the storage whenever the current
collector temperature exceeds the storage temperature.
Several simulation runs were performed to analyse variations of collector area and storage volume.

Tab 1: Solar heating provision as a result of the parameter variations
collector area
storage volume

5 m³

100 m²

125 m²

150 m²

12.9 %

15.9 %

18.9 %

7 m³

19.0 %

10 m³

175 m²

200 m²

225 m²

22.0 %

23.7 %

22.1 %

24.4 %

26.5 %

175 m²

200 m²

225 m²

43.5 %

42.6 %

43.7 %

42.7 %

Tab. 2: Efficiency of collector circuit as a result of the parameter variations
collector area
storage volume

5 m³
7 m³
10 m³

100 m²

125 m²

150 m²

44.1 %

43.7 %

43.1 %
43.8 %

41.1 %

In table 1 and table 2 the simulation results for the optimal combination of storage volume and collector area
are highlighted in green. A combination is considered optimal, if stagnation can be avoided. In the case of
stagnation the solar system has been oversized (red figures). To prevent serious damage to the collectors one
has to reduce the collector area or increase the storage volume. For the remaining values the system can be
regarded undersized, which was realized in the simulation by increasing the collector area or reducing the
storage volume.
The solar heating provision is defined as the annual collector yield fed to storage divided by the total annual
energy (collector yield + backup energy) fed to storage. The efficiency of the collector circuit is defined as
the annual collector yield fed to storage divided by the annual global irradiation on the collector surface.
In order to calculate the efficiency of the collector circuit the annual global irradiation of 986.54 kWh/m²a
was calculated on the basis of the simulated weather data. Further simulation results for the respective
optimal combinations are listed in table 1 and 2.
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Collector area 125 m² and storage volume 5 m³
Collector yield:

53.889 kWh

Backup energy:

285.035 kWh

Energy demand:

338.924 kWh

Spec. collector yield:

431 kWh/m²a

Collector area 175 m² and storage volume 7 m³
Collector yield:

75.100 kWh

Backup energy:

266.263 kWh

Energy demand:

341.363 kWh

Spec. collector yield:

429 kWh/m²a

Collector area 200 m² and storage volume 10 m³
Collector yield:

84.262 kWh

Backup energy:

261.960 kWh

Energy demand:

346.222 kWh

Spec. collector yield:

421 kWh/m²a

For the industrial project partners the calculated payback time of a SPH-system is crucial when investments
have to be decided. In the case of the electroplating company mentioned above which is currently producing
their process heat by a gas boiler, a SHP system would be paid off after 16 years. The payback period has
been calculated with a gas price of 5 ct/kWh, investment costs of 450 €/m2, 30% subsidy, an interest rate of
3%, life cycle of 20 years and specific yields of 400 kWh/m2a. Figure 1 shows payback times also for other
technologies. A payback time of 3.6 years (self-consumption) or 11 years (feed-in the grid) is expected for a
cogeneration system (CHP). After 3 years a wood chips heating system will be paid off. Although current
financial support is about 30 % SPH is still not competitive. Subsidies of 30% are granted by the state North
Rhine-Westphalia for CPC collectors producing process heat through the program progress.nrw. On the other
hand it can be seen that energy price is an important factor when calculating the pay back time. When energy
prices increase by 50 % for gas and electricity, as shown in figure 1, payback time of SPH will be reduced
from 16 to 9.5 years. This is still a critical time period for investors to take up a loan. CHP (selfconsumption) would be paid off after 2.5 years. A payback time of 10 years for CHP (in case CHP-electricity
is fed in the grid) is calculated with an expected increase of feed-in tariff of 50 %. The feed-in tariff depends
on policies and thus can vary in the future. It is about 6 ct/kWhel today. With the current feed-in tariff and an
energy price increase of 50 % CHP would not be economical. Higher energy prices reduce the payback time
of SPH significantly, and make SHP more attractive, but nevertheless other technologies are found to be still
more economical on the basis of the parameters used in this calculation.
Furthermore figure 1 shows the emission savings of the discussed technologies in comparison to SHP: Under
ecological aspects solar process heat is a competitive option. The CO2e savings of the different technologies
are similar. But considering the TOPP (tropospheric ozone precursor potentials)-equivalents savings
cogeneration is the most effective in comparison to wood chips, gas boiler and SPH. Emissions have been
calculated with the software GEMIS (Öko-Institut).
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Fig. 1: Influence of energy prices on payback periods, exemplarily for an industrial partner

Independence on energy price developments and low operating costs are clear advantages of SPH systems
compared to the other mentioned technologies. Costs of fossil fuels are in the long run not predictable. In
addition CO2 savings have not only advertising appeal but help to slow down the climate change.
As a result of the calculated pay back periods for each company involved in the project, three out of four
industrial project partners opted out of an investment in SPH systems and implemented measures of energy
saving, installed an efficient gas fired boiler or a cogeneration appliance instead. With the fourth partner
negotiations are still in process. Apart from long pay back periods and the lack of standards the project SolPro-St has shown that current flat plate or vacuum tube collectors are not suitable for an economic operation
above 75°C.
To sum up, SHP is currently not competitive. One possibility to open up the market could be a higher
financial support for the investor. This could help to encourage stakeholders to build up more pilot plants.
There are still not enough existing well-operating and well-documented pilot plants to serve as best practice
examples.

2.2 Experiences of the Project P3
The research project P3 (Pilot Plant for Generating Process Heat with Parabolic Trough Collectors) [6,7] was
funded by the German Federal Ministry for the Environment, Nature Conservation and Nuclear Safety
(BMU) and coordinated by the German Aerospace Center (Deutsches Zentrum für Luft- und Raumfahrt,
DLR) in Cologne. As co-operating partner the Solar-Institut Jülich of the FH Aachen (SIJ) was responsible
for the monitoring and the data analysis of the P3 pilot plant. The plant with a collector area of 108 m2 was
built in 2009 and is located on the flat roof of the company ALANOD Aluminium-Veredlung GmbH & Co.
KG in Ennepetal, North Rhine-Westphalia, Germany. The project partner ALANOD is a manufacturer of
anodized aluminum coils and requires saturated water steam at a temperature of 143 °C and a pressure of
4 bar a for its productions line. The solar plant is connected to the company’s existing steam infrastructure.
Figure 2 shows the hydraulic scheme of the P3 plant. The main components are twelve parabolic trough
collectors (PTC1800, Solitem GmbH) and a steam drum. It is designed according to the recirculation
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principle whereby water is pumped from the steam drum through the parabolic trough collectors (PTCs) and
back into the steam drum. The water is vaporized directly in the absorber tubes of the PTCs. When the fluid
parameters in the steam drum equal those of the steam line, a check valve opens the connection and steam
will be fed into the steam line. The test mode started in April 2010 and after some optimisations the plant is
producing saturated steam since July 2010.

Fig. 2: Hydraulic scheme of the P3 plant

The main purpose of this pilot project was to demonstrate the feasibility of direct steam generation by PTCs
and its integration in an existing steam infrastructure. The plant was planned by the DLR. Simulations were
carried out to determine an optimal plant configuration, which included the collector orientation, the
hydraulic lines, the interface between the solar field and the steam line. The installation was done by the
company SOLITEM GmbH. Since there were no preceding experiences with this kind of SPH-plants,
especially the planning of this plant was very individual and thus extensive. All components have been
purchased from specialized manufacturers and retailers and showed no malfunctions at those exceptional
temperature and pressure levels. As a general result of the monitoring performed by the SIJ, it could be
proven, that the plant design is suitable for this type of application. With a simple check valve the directly
produced steam can be easily fed into the steam line. Because of the automatic control of the existing
conventional steam generator, the maximum fraction of solar steam compared to the total process heat
production is restricted. The feeding of steam into the steam cycle has the same effect on the steam
production as a varying heat load. Before the solar steam can be fed into the process steam cycle the whole
system has to be heated up. The warm up time is dependent on the direct solar irradiance and the ambient
temperature. The effect of low direct solar irradiance and of low ambient temperature on the warm up phase
is illustrated in figure 3. In the diagram the water temperature at the inlet and outlet of the collector field as
well as the temperature of the water and the steam inside the steam drum are shown. Before the plant starts to
operate, the ambient temperature cooled down the water inside the collector tubes. On June 27th 2010, the
plant reached the normal operating mode after about 2 hours at a direct radiation of close to 800W/m² on the
aperture surface. The long warm up time is also caused by long hydraulic lines and a great steam drum so
more water than the required must be heated before the normal operating mode can be reached. ALANOD
staff members supported the test phase and are now able to maintain and operate the plant.
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Fig. 3: Warm up phasse on 27th of June 2011
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successfully build and economically offer large scale solar process heat plants can be seen in the turnkey
approach some European suppliers already have in their portfolio. Turnkey means that one single supplier is
responsible for the installation of a complete plant. The lack of qualified or specialized staff is a second
important factor for the relatively slow development of SPH market not only in Germany but also in some
other European countries. In order to remedy this unbalanced situation some competence centres for solar
process heat have been established in Germany recently. Their programs may help to close the gap between
the standard technical education and the specific requirements needed to plan and install large scale solar
thermal facilities for process heat.
4. Summary
The presented findings from the project Sol-Pro-St have shown that a major obstacle for the installation of a
solar process heat system is the required temperature level. Current flat plate or vacuum tube collectors are
not suitable for an economic operation above 75°C. Normally, specific collector yields of about
650 kWh/m²a (for example in case of solar heating) are expected for the type of collector (Buderus Model
CPC12) used in the simulation. In the simulation, yields between 421 kWh/m²a to 431 kWh/m²a were
obtained. The main reason for this deviation is the temperature level that has to be reached in the different
applications. In case of the considered galvanic process the collector temperature has to be higher than 75°C.
Because there is no use for energy below this temperature, the specific collector yields and also the solar
heating provision is being reduced. The required temperature level for solar heating systems is normally
between 35°C to 60°C. The lower temperatures have a direct effect on the operating time of the collector
field and the expected collector yields. Among other aspects, the operating time of the collector field depends
directly on the temperature level. The higher the target temperature is, the lower is the expected specific
collector yield and, as a consequence, the lower the efficiency of the collector circuit.
The location of the solar plant has a major influence on the efficiency and the yield of SPH applications.
Although there was no comparison carried out between different sites, it seems plausible that with increasing
solar radiation and the same given temperature, a higher efficiency of the collector circuit can be achieved.
The simulated yields from 421 kWh/m²a to 431 kWh/m²a of the collector field at the site Velbert, Germany,
lead to an amortization of approximately 16 years. Beside the high investment costs this was mainly the
reason for the industrial partners not to invest in solar technology. For all partners it applies that complex and
individual production processes were identified, which required a time and cost intensive planning of the
solar plant, including a foregoing data monitoring and simulations. In order to limit the investment and
maintenance costs a SPH system needs simple hydraulics, fail-safe controllers, adequate monitoring and has
to be properly designed. Recent experiences are proof to the contrary. Fault-prone solar process heat systems
are still built. Such negative examples can delay the market penetration of a new technology by years.
In general, the PTC-technology used in the P3 project is appropriate for direct steam production at these
temperature ranges. The used PTCs enable a reliable operation, but in comparison to flat plate and vacuum
tube collectors there is still some development work needed to be done. However, to guarantee an
economically working SPH-plant, it should be installed at a location with high direct solar radiation.
The previously stated barriers have to be determined individually for every considered SPH application.
Beside these barriers, independency on energy price developments is a clear advantage of solar process heat
systems compared to competing technologies. Energy costs of fossil fuel based systems are not predictable in
the long run. In addition, CO2 savings have an advertising appeal. These facts must be communicated with
the investors and may lead to the decision to invest in a solar process heat system.
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DEVELOPMENT OF A COST EFFECTIVE LINEAL FRESNEL SOLAR
THERMAL COLLECTOR FOR HIGH TEMPERATURE PROCESSES, THERMAL
DRIVEN CHILLERS AND HYBRID ELECTRICITY GENERATION
Ignasi Gurruchaga1, Angel Carrera1, Oscar Camara1, Xavier Jane2 and Carles Marti3
1

AIGUASOL ENGINEERING, Barcelona (Spain)
2
3

AIRA TERMOSOLAR, Cardona (Spain)

MAFRICA, Sant Joan de Vilatorrada (Spain)

1. Introduction
According to studies of potential published recently1, the potential of solar thermal energy for process heat
and cold in industries at medium and high temperature (T >250 ° C) accounts for more than 20 million
square meters of solar thermal collectors. It would represent primary energy savings of about 2 000 000
MW per year. Not only process cold has a big potential but also solar air conditioning is increasing due to the
rising of demand, solar air conditioning’s installations realized last recent years have shown that could not
yet be considered as cost competitive to conventional technologies.
In this framework, a cost effective Lineal Fresnel solar thermal Collector is being developed inside a
cofounded research project in Catalonia , focusing on the production of solar heat and cold and considering
as mid-term goal renewable electricity generation,.
2. Background
A first small Prototype (300 square meter) was designed and constructed by AIRA TERMOSOLAR in 2009
for process heat; it has been producing meat industry cleaning water in Catalonia.

Fig. 1: First 300 m2 Prototype.

These two years of operation have allowed us not only to be able to assess the actual performance of the
prototype (η = 55% for a global beam horizontal Gbh = 700 W/m2 and an average temperature above ambient
∆T = 50ºC), but also to identify improvements in collector’s design (from the standpoint of energy and cost).
Furthermore this operation experience has led to take into account relevant aspects related to the
maintenance of the plant, such as mirror cleaning. The estimated cost of the first Prototype was over 450
€/m2 of mirror.
With the purpose of improving the solar thermal collector efficiency and reducing costs in 2010 AIRA
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TERMOSOLAR, AIGUASOL and MAFRICA began the development of new prototypes which had also the
goal of reaching a wider field of possibilities, such as solar air conditioning and electricity generation.
3. Second Prototype
From autumn 2011, a pilot plant of approximately 3000 square meter, with an optimized new design suitable
for high temperatures, will provide energy for the meat industrial process cleaning water.
For reaching the optimal design, the following steps have been undertaken:


Determination of optimum solar cone for each target temperature range.

Definition of the geometry through the optimization of the distribution of primary reflector and focal
length, taking in account shadowing and blocking effects between reflectors, the cosine and atmospheric
attenuation, and the spillage and end-focus effect, for which has been necessary the development of a tool.

Fig. 2: Developed software for determining the optimal solar cone.



Design of the secondary absorber according to the range of temperatures.

Determination of several geometry models developed during the study phase according to a cost effective
criteria. Modeling in EES2 and characterization of the different geometries of secondary energy absorber.
Selection of promising designs for different temperature ranges. Optimizing the design of the secondary absorber. Analysis of energy distribution and homogeneity of the incident radiation on the absorber and
its effects on himself and the absorber heat carrier fluid. Development of hydraulic solutions.

Fig. 3: EES Diagram Window with data and results .

1336



Structural design

Analysis of structural requirements of the structure weight, snow loads and wind. Selection of materials
and surface treatments.


Thermo hydraulic design of the plant and annual production.

For the evaluation of the annual production TRNSYS simulations of the whole system will be developed.


Monitoring and control design of the plant.
4. Design conditions and targets for second Prototype

The design targets for this second Prototype are:
 A global solar collector efficiency of η = 70%, for a global beam horizontal Gbh = 732 W/m2 and an
average temperature above ambient ∆T = 50ºC. A global solar collector efficiency of η = 50%, for a
global beam horizontal Gbh = 732 W/m2 and an average temperature above ambient ∆T = 150ºC.
 An investment cost below 300 €/m2 of mirror (despite it is foreseen to achieve investment costs
below 200 €/m2 in next prototypes).
5. Lineal Fresnel solar thermal collector Modeling in EES
In order to evaluate the performance of the Lineal Fresnel solar thermal collector, a detailed model in EES
has been developed. The hypotheses used are listed below:

Fig. 3: EES Model characterization

Hypothesis


steady state model, no transient issues,



dimensional discretization on the x-axis (longitudinal); therefore, end-effect will be considered,



dimensional discretization in the y-axis (transverse heat transfer ) not considered,



air non-participating of radiation,



glass completely opaque to long-wave radiation,

 convection heat transfer between inner glass cover and absorber considered as a steady-state
correlation obtained from CFD's simulations,


thermal conduction from back absorber isolating as conduction through an infinite planar surface,



water as HTF (Heat Transfer Fluid),
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conductive resistance through the selective coating of the absorber has been neglected,



thermal conduction through glass cover as conduction through an infinite planar surface,

 convection heat transfer in the outer face of the cover: top of a plate. As it is turbulent flow, the
approach is anywhere close plausible. Wind perpendicular to the cover,
 optical looses for primary reflector obtained from the Developed software for determining the
optimal solar cone.
6. Future developments
This new Prototype, which is expected to provide energy for the cleaning water meat industrial process, will
be used for testing future developments for of reaching the suitable conditions of efficiency and cost for solar
air conditioning or electric generation systems.
7. Conclusions
As a result of design tasks which have brought to the optimal design, we can conclude:
 Lineal Fresnel solar thermal collector modeling, both from the optical and thermal point of view,
leads to a more efficient and economically reliable design, than constructing real prototypes,
 Lineal Fresnel solar thermal collector modeling allows the selection of the most suitable materials
and treatments. Not always the best and most efficient results in a higher benefit,
 Lineal Fresnel solar thermal collector modeling can "test" the operation of the collector in different
operating conditions, obtaining a deeper knowledge about its operation.
8. Acknowledgments
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FEASIBILITY ASSESSMENT OF SOLAR PROCESS HEAT APPLICATIONS
Christoph Lauterbach, Shahrdad Javid Rad, Bastian Schmitt, Klaus Vajen
Kassel University, Institute of Thermal Engineering, Kassel (Germany)
www.solar.uni-kassel.de, solar@uni-kassel.de

1. Introduction
The industrial sector represents a very promising application area for the further spread of solar thermal
technology, since the sector accounts for 28 % of the total final energy consumption in Germany and other
highly industrialized countries, and 75 % of this final energy consumption is used as thermal energy
(Lauterbach et al., 2010). Several industrial sectors and processes were identified as suitable for the
application of solar heating systems in potential studies, which have been carried out in the past for different
countries or regions. A subtask of IEA SHC Task 33/IV summarized the outcomes of the potential studies
performed in different countries all over the world (Vannoni et al., 2008). This summary mainly contains the
outcomes regarding suitable industrial sectors and the quantified potential for solar heat in industrial
processes. In previous studies, the suitability of industrial processes was mainly judged by their temperature
level. As the decision for installing a solar heating system is mainly based on its economic feasibility, the
solar heat generation costs have to be considered.
In this paper, the previous potential studies in the field of solar process heat were analyzed regarding suitable
processes. Additional industrial processes for solar process heat applications were identified in a potential
study for Germany (Lauterbach et al., 2011b). The analysis of industrial processes shows that similar
applications for solar process heat exist across several sectors. Therefore, industrial processes are categorized
which facilitates the identification of typical “solar process heat applications”. The feasibility for a selected
solar process heat application is assessed by combining simulation results with a cost analysis of solar
heating system using different collector types and conventional heat generation costs in industry. This
assessment is done for different regions and also facilitates the choice of a collector type for the selected
application. The determination of the annual specific energy yield for applications in industry is performed
on the basis of system simulation, using TRNSYS. This results in typical annual specific energy yields for
the solar process heat application in dependence of temperature level, location and collector type. The cost
for solar heating systems of fossil fuel prices for different sizes of industrial companies are analyzed based
on literature and recent demonstration plants in industry and other applications. The annual energy yield, fuel
price and costs for solar heating systems are used for the assessment based on the Guideline VDI 6002 (VDI,
2004) of “Association of German Engineers” which provides a methodology for calculating the solar heating
costs.
2. Solar process heat applications
The analysis of industrial sectors shows, that many processes which seem to be promising for the integration
of solar heat exist across several sectors. Additionally, similar processes across all industrial sectors can be
categorized into typical applications for solar process heat. The processes displayed in Figure 1 were
identified as promising for the integration of solar heat in various studies (Aidonis et al., 2002,
Lauterbach et al., 2011b, Müller et al., 2004, Schweiger et al., 2001) as they all take place at low or medium
temperatures. They can be categorized in the following three major application.
Heating of fluid streams
Processes where a cold (or in some cases a preheated) fluid stream has to be heated up to a certain
temperature are classified in this application. These processes can be found in nearly all industrial sectors as
heating of make-up or boiler feed water, preheating of materials, washing, cleaning and sterilization belong
to this application.
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Heating of baths/vessels
The processes which are classified in this application have in common that a bath or vessel filled with a
liquid has to be heated to a certain temperature and/or kept at this temperature during production hours. Like
the first application “heating of fluid streams” it can be found in nearly all industrial sectors. Processes like
cooking, blanching, pasteurization, degreasing, bleaching and surface treatment in the machinery and
equipment sector belong to this application.
Drying
Although for drying processes a fluid stream has to be heated. However, it is considered separately since
there is a possibility to use different components (e.g. air collectors) and system configurations for this
application. Figure 1 shows that drying processes can be found in nearly all industrial sectors. Furthermore
smoking in the food sector can be assigned to this application as air has to be heated very similar to drying
processes.
Sector

Process

Temperature (°C)
20

40

60

80

100

120

140

160

180

Make-up water
Several
Preheating
sectors
Washing
Biochemical react.
Distillation
Chemicals
Compression
Cooking
Thickening
Blanching
Scalding
Evaporating
Cooking
Pasteurisation
Food
Smoking
& beverages
Cleaning
Sterilisation
Tempering
Drying
Washing
Bleaching
De-Inking
Paper
Cooking
Drying
Pickling
Chromatiing
Degreasing
Fabricated
Electroplating
metal
Phosphating
Purging
Drying
Rubber
Drying
& plastic
Preheating
Surface treatment
Machinery
& equipment Cleaning
Bleaching
Coloring
Textiles
Drying
Washing
Steaming
Pickling
Wood
Compression
Cooking
Drying
Fig. 1: Promising processes for the integration of solar heat (Aidonis et al., 2002, Lauterbach et al., 2011a,
Müller et al., 2004, Schweiger et al., 2001)
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Besides the possibility to integrate solar heat on process level like it is done in most of the above mentioned
applications it is possible to integrate a solar heating on heat supply level of an industrial company, as
described in (Schmitt et al., 2011). In addition to preheating make-up or boiler feed water the heating of a
hot water circuit or direct steam production by a solar heating system are the main applications on supply
level. As these applications on supply level require a high temperature which is unfavorable for the
feasibility at central European climate conditions, they are not covered in this paper.
To verify the results regarding the importance of the industrial processes displayed in Figure 1 and the
classification into “solar process heat applications” results of former studies and working groups were
analyzed. Various solar heating systems built in industrial companies in the past were analyzed within “IEA
SHC Task 33/IV - Solar Heat for Industrial Processes” of the International Energy Agency. Beside the size
of the system and industrial sector of the company, other characteristics of the analyzed systems such as the
processes in which the solar heating system was integrated were documented. Of 71 installed solar heating
systems 36 or 51 % were used to provide hot water, heat up make-up water or washing processes, which
refer to the application “heating of fluid streams”. 14 % of the analyzed systems were integrated in processes
of the application “heating of baths/vessels”, 6 % for drying processes and 29 % for other processes, which
do not belong to the industrial sector, most of them being car washing facilities (Task33, 2006). The
temperature level needed for an industrial process is crucial for the feasibility assessment, as the annual
energy yield of a solar heating system strongly depends on provided temperature. Figure 1 shows the
temperature levels of the most promising processes for the integration of solar heat that were identified
within several potential studies. Many processes can be found at temperatures below 40 °C, and 40 to 60 °C.
Processes within the temperature range of 60..100 °C are of high importance as well. Figure 2 shows the
temperatures of processes, which were supplied with solar heat in the past. This also demonstrates the
importance of the above mentioned temperature ranges (Task33, 2006).

Fig. 2: Temperature level of the supported processes of existing solar heating systems (Task33, 2006)

A short analysis of 90 industrial companies was performed within the European project “Solar Process Heat SO-PRO”. Within these screenings suitable processes for the integration of solar heat were identified.
Figure 3 shows the identified processes/applications and the distribution of their temperature levels.

Fig. 3: Promising processes and applications for the integration of solar heat and their temperature level identified within the
screening of the SOPRO Procject (SOPRO, 2010)
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Figure 3 contains processes e.g. cleaning/washing as well as applications e.g. vessel/bath heating. The
processes cleaning/washing, raw water (which refers to the preheating of make-up water) and preheating, can
be assigned to the application “heating of fluid streams” representing 40 % of the identified processes. The
application “heating of baths/vessels” also has a major share of 35 %. Within the SOPRO project three
“priority applications” were determined, which are “cleaning/washing”. “heating of baths/vessels” and
“drying”. In this paper “Cleaning/washing” is considered part of the application “heating of fluid streams” as
the basic principle of heating water for washing or make-up water for a steam boiler is the same.
Furthermore “drying” is considered as a application, due to the reasons explained above. Beside the analysis
of the suitable processes, their temperature level was documented as Figure 3 shows. The importance of low
and medium temperature processes shown in Figure 1 can be verified with these results (SOPRO, 2010).
3. Selected collector types for process heat applications
In contrast to DHW applications, the temperatures at which process heat applications take place vary
significantly. As Figure 1 shows the processes which were identified as promising for the integration of solar
heat have set temperatures between 20 °C to more than 200 °C. As this paper only covers stationary
collectors, the temperature range for the simulations was limited to processes between 20..120 °C. Following
collector types were used for the simulations:
•

Flat-plate collector (FPC)

•

Double-covered flat-plate collector (FPC-DG)

•

Evacuated tube collector (ETC)

•

Evacuated tube collector with flat reflector (ETC-FR)

•

Evacuated tube collector with CPC-reflector (ETC-CPC)

Table 1 shows the collector parameters for each collector type used in the simulations. η0 is the optical
efficiency, a1 the linear and a2 the quadratic heat loss coefficients. Typical values were chosen for each
collector type from different manufactures. Figure 4 shows the corresponding efficiency curves.

Tab. 1: Collector parameters for each collector
type used in the simulations

Collector type

η0 (-)

a1
(W/m²K)

a2
(W/m²K²)

FPC

0.848

3.460

0.017

FPC-DG

0.811

2.710

0.010

ETC

0.776

1.936

0.006

ETC-FR

0.586

1.485

0.002

ETC-CPC

0.644

0.749

0.005

Fig. 4: Efficiency curves for each collector type used in the simulations

As shown in Figure 4, at low temperatures the efficiency of FPC, FPC-DG and ETC is significantly higher
than the efficiency of ETC-FR and ET-CPC. At medium temperatures the efficiency of the collector types is
very similar. Just the evacuated tube collector with flat reflector has a significantly efficiency due to the fact
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that efficiency parameters are determined at normal incidence and the efficiency of evacuated tube collectors
with flat reflectors is especially low for a normal incidence angle. E.g. at 15 ° incidence angle the optical
efficiency rises to 0.749. For high temperatures the efficiency of FPCs drops strongly, whereas ETCs are still
reasonably efficient. Overall, considering the efficiency curves for the selected collector types is not
sufficient for the choice of an appropriate collector type for a certain temperature level or solar process heat
application.
4. Simulation model and results
To determine the annual specific energy yields for the application “heating of fluid streams” various
simulations were done for three locations in Europe: Madrid, Stockholm and Würzburg (Germany). Table 2
shows the annual global and direct irradiation and the average ambient temperature at these locations.
Tab. 2: Metrological data for the selected locations
Global irradiation Direct irradiation Average am bient
(kWh/m²a)
(kWh/m²a)
tem perature (°C)
981
477
7
Stockholm
1091
486
9
Würzburg
Location

Madrid

1662

1008

16

Figure 5 shows the configuration of the system model for the application “heating of fluid streams”. It is
assumed that the heat demand of the process is always higher than the heat generation by the solar heating
system.

Fig. 5: System configuration for “heating of fluid streams”

An open process is modeled as the secondary loop has an inlet Temperature (Tin) which is independent of the
temperature of the process. Besides heating of cold water (Tin = 20 °C) higher inlet temperatures are
considered which often occur due to preheating by heat recovery. Water-glycol (cp = 3,819 kJ/kgK) is used
in the primary loop which is operated with a specific mass flow rate of m p =15 kg/m²colh (related to aperture
area of the collector). In the secondary loop water with a mass flow rate which results in equal capacity flows
(C p = C s ) is used. The heat exchanger has a specific heat transfer coefficient of ua = 100 W/Km²col. The
pump of the primary loop (P1) is controlled by the total irradiation on the tilted surface Gt (Madrid = 30 °,
Würzburg = 40 °, Stockholm = 50 °). If Gt > 200 W/m² the pump P1 is switched on. The secondary pump P2
is controlled by the temperature difference between collector temperature (Tcol) and the inlet temperature
(Tin). If Tcol ≥ Tin + 7 K the pump is switched on and if Tcol ≤ Tin + 3 K it is switched off. Figure 6 shows the
annual specific energy yield for the system “heating of fluid streams” for Madrid, Würzburg and Stockholm.
As expected the results vary substantially between the locations. The annual specific energy yields in Madrid
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are nearly twice as high as the ones in Stockholm. In all locations the system with FPC achieves good results
for low inlet temperatures. As the FPC-DG only have a slightly lower optical efficiency compared to FPC
this collector type achieves a higher annual specific energy yield already at low inlet temperatures in the
secondary loop (Tin). Likewise the ETC achieves high annual specific energy yields due to the fact that it is
constructed with a single pipe with a vacuum inside. This leads to a very high optical efficiency of 0.776.

Fig. 6: Annual specific energy yield (related to aperture area of collector) for the system “heating of fluid streams”
in Madrid, Würzburg and Stockholm

The utilization of an ETC-CPC delivers higher annual specific energy yields compared to an ETC in
Stockholm from Tin ≥ 60 °C, compared to 70 °C in Madrid. The energy yields of the ETC-FR do not exceed
the one of an ETC because its aperture area is much larger. The extent of additional yield depends on the
location. It is important to point out, that the achieved energy yields of the modeled system are higher than
for real systems, because of the assumption that the heat demand of the process is always higher than the heat
generation by the solar heating system. Although a tendency for the choice of a collector technology can be
derived from the results shown in Figure 6, a clear decision for or against a collector technology is hardly
possible. Therefore the solar system costs have to be considered for the determination of the suitable
collector type and feasibility assessment of a solar process heat application.
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5. Economical analysis and feasibility assessment
As shown in the previous chapter, the costs of the solar heating system have to be considered in addition to
the annual specific energy yield for the feasibility assessment of a solar heating system in industry. These
costs are determined in the first part of this chapter, followed by the calculation of solar heat generation costs
and feasibility assessment.
5.1. Solar system costs
The collector costs have the largest share of the solar system costs with about 30 % (Remmers, 2001). The
prices of several manufactures were analyzed to determine the collector costs for the selected collector
technologies considering discounts for collector fields with an aperture area of 500 m² like it is common for
solar process heat applications. These costs were checked with the collector costs listed in (Remmers, 2001).
The average costs of installed solar heating systems for the additional components besides the collector were
taken from (Peuser et al, 2009) for the above mentioned collector field size. These costs are based on solar
heating systems that were built within the funding program “Solarthermie2000” of the German Federal
Ministry for the Environment. Value added tax is deducted in case a company purchases a solar heating
system, so it is not considered in this calculation. Table 3 shows the specific investment costs for the selected
collector field size.
Tab. 3: Collector costs for selected collector types and collector field sizes of 500 m² (aperture area)

Collector type System costs (€/m ²)
FPC

443

FPC-DG

466

ETC

641

ETC-FR

558

ETC-CPC

603

As Table 3 shows, the specific system costs of the solar heating system are significantly lower for a FPC than
for ETC. The costs for ETC-FR are lower than for the other ETCs because of the simple construction and
large resulting aperture area. For the calculation of the solar heat generation costs no subsidy for the system
costs was considered. On the one hand this is done for better comparability, on the other hand the calculated
annual specific energy yields are quite high because of the assumption that all generated heat is consumed.
5.2. Solar heat generation costs and feasibility assessment
The feasibility for the solar process heat application “heating of fluid streams” is assessed by combining
simulation results with the cost analysis performed in the last subchapter to calculate solar heat generation
costs (kSOL) for this applications. The calculation of the solar heat generation costs only takes into account
the additional investment for the solar heating system, which are capital-related (kINV), operational (kBETR)
and consumption-related (kVERBR) costs in this simplified calculation (VDI, 2004). fa represents the annuity
factor.
k =

kINV . fa + kBETR
QSOL

+ kVERBR

(eq. 1)

For the calculation of the solar heat generation costs a service life of 20 years was considered, as (VDI,
2004) suggests. Furthermore, a capital interest rate and increase of energy prices of 5 %, maintenance cost of
1 % of investment costs and a price for electricity of 11 €-Cent/kWhel was assumed.
Figure 7 shows solar heat generation costs for the solar process heat application “heating of fluid streams” in
dependence of inlet temperature of the secondary loop (Tin) for Madrid, Würzburg and Stockholm for a
collector field size (aperture area) of 500 m². Just as the annual specific energy yield, the solar heat
generation costs depend strongly on the location. The lowest costs can be achieved in Madrid for preheating
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cold water (Tin = 20 °C) with about 3.5 €-Cent/kWh. The costs rise for applications with Tin = 90 °C to
6.5 €-Cent/kWh using ETC-CPC. For Würzburg the corresponding costs are 6 and 12 €-Cent/kWh, while for
Stockholm a little more than 6 €-Cent/kWh can be achieved with FPCs for preheating at Tin = 20 °C and
13 €-Cent/kWh at Tin = 90 °C, using ETC-CPC

Fig. 7: Solar heat generation costs for the system “heating of fluid streams” in Madrid, Würzburg and Stockholm. The grey
box represents the conventional heat generation costs

Recommendations for the use of collector types for different system inlet temperatures Tin can be given
considering the results presented in Figure 7. For inlet temperatures below 60 °C using FPC or FPC-DG
provides the lowest solar heat generation costs. For Madrid there is hardly a difference of the solar heat
generation costs up to 50 °C using FPC or FPC-DG. At inlet temperatures higher than about 70 °C (or
slightly higher for Madrid) ETC-FR and ETC-CPC are economically more feasible than FPCs. ETCs without
a reflector never achieve the lowest solar heat generation costs.
To judge about the feasibility of a selected application the solar heat generation costs have to be compared
with the heat prices of conventional heat generation technologies. In (Lauterbach et al., 2011a) the gas prices
for industrial companies and their development in the past were analyzed. The price for gas, which is the
mostly used fossil fuel in industry, is in the range of 3..4 €-Cent/kWh depending on the size of the company.
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These costs lead to conventional heat generation costs in the range of 6.5..9 €-Cent/kWh, as displayed in
Figure 7. A capital interest rate of 5 %, an increase of energy prices of 5 % and an average boiler and heat
distribution efficiency of 75 % was assumed.
Figure 7 shows that the use of solar heating systems in industry is feasible for all inlet temperatures in
Madrid, as lower solar heat generation costs can be achieved with different collector types compared to
conventional heat generation costs. For Würzburg solar process heat applications with inlet temperatures
below 60 °C are economically feasible, respectively for Tin < 50 °C in Stockholm.
6. Summary and Outlook
The analysis of industrial processes shows that similar applications for solar process heat exist across several
sectors. Therefore, industrial processes were categorized, which facilitates the identification of typical
applications for solar process heat. The three major applications are “heating of fluid streams”, “heating of
baths/vessels” and “drying”. Further possibilities to integrate solar heat exist in the heat supply level of an
industrial company. The feasibility for a major solar process heat application, the “heating of fluid streams”,
was assessed by combining simulation results with a cost analysis of solar heating system using different
collector types and fossil fuel prices. This assessment was done for different regions.
It was found, that for inlet temperatures below 60 °C using flat-plate or double-covered flat-plate collectors
provides the lowest solar heat generation costs and at inlet temperatures higher than about 70 °C evacuated
tube collectors with flat or CPC reflector are economically more feasible. The use of solar heating systems in
industry is feasible for all investigated inlet temperatures in Madrid. For Würzburg solar process heat
applications with inlet temperatures below 60 °C are economically feasible, respectively for Tin < 50 °C in
Stockholm.
Additional investigations are necessary for the other solar process heat applications, not covered in this paper
as well as applications on heat supply level. Furthermore, the determination of annual specific energy yields
has to be performed for different industrial load profiles and methodology for a fast and simple estimation of
losses within the solar heating system has to be developed.
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1. Abstract
Within this paper the possibility to use solar thermal energy for the preheating of gas in gas pressure
regulating stations is investigated. First the operating principle and the technical characteristics of gas
pressure regulating stations are described and different options to integrate a solar thermal system are
discussed. Then the plans for the realization of a pilot plant are presented. Annual system simulations are
performed to identify the optimal dimensions and operation parameters for the pilot plant. Finally, it is
concluded that in gas pressure regulating stations ideal conditions can be found for an economically
competitive use of solar thermal energy.
2. Introduction
Gas pressure regulating stations are used to reduce the pressure of natural gas in long distance grids to the
consumer level. Gas pressure regulating stations are to be found distributed all over Germany. The pressure
reduction is endothermic, i.e. the addition of heat is required to avoid the freezing of system components and
to guarantee the security of gas supply. For the preheating of the natural gas conventional gas burners are
used. Due to the unbundling law, the operators of natural gas grids in the EU have to pay market-based
prices for their own gas consumption. This premise as well as the profile of the heat demand of gas pressure
regulating stations pose ideal conditions for the economically competitive use of solar thermal energy for
preheating of gas.
However, grid operators hesitate to invest in such rather new and therefore insecure technologies like solar
thermal systems. By law the apportionment of their additional invest in new technologies is not granted. That
is why within this project a new approach, the solar thermal heat contracting, is investigated to nevertheless
make the use of solar thermal energy possible. Within the frame of a development project, a consortium of
three industry partners and Kassel University work on the elaboration of a contracting model and the
realization of a pilot plant since September 2010. This paper focuses on the technical aspects of the project. It
gives a description of the technical characteristics of gas pressure regulating stations and presents the
investigations made for the realization of a pilot plant. These investigations comprise reflections on different
options for the hydraulic integration as well as system simulations (TRNSYS) that are carried out to
investigate how the specific collector area and specific heat store volume influence the amount of heat that is
delivered to the system. More information on solar thermal heat contracting and its regulatory boundary
conditions in Germany can be found in (Schaede, 2011).
3. Technical Characteristics of Gas Pressure Regulating Stations
Gas pressure regulating stations reduce the pressure of natural gas from about 80 to100 bar in the long
distance grids to about 16 bar in the district distribution grids. The pressure reduction by a throttle valve
forces the Joule-Thomson effect, which causes a temperature decrease of the gas of up to 25 K. Therefore,
the components behind the throttling valve suffer by the risk of freezing, which could cause corrosion and
material defect in this very safety sensitive application. Hence, the gas is preheated before the throttling
process. This is usually done by a gas burner and a heating cycle. Preheating of the natural gas usually
consumes 0.2 % of the natural gas calorific value. This can result to an annual heating demand of a large
station of about 0.5 to 4 GWh/a. Yet, the rather low needed temperature level of only about 20 to 40°C in the
natural gas before the pressure reduction and the almost constant annual heat demand for large gas pressure
regulating stations present ideal conditions for the use of regenerative heat sources like solar thermal
systems.
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Fig. 1 shows the monthly cumulated gas mass flow through an exemplary gas pressure regulating station for
the years 2008 and 2009, respectively. It has an annual heat demand of about 1.7 GWh/a . Although there is a
maximum in winter, the summer gas demand decreases only by 40 to 50% compared to the winter demand.
This is caused by a large share of industrial customers in many large gas pressure regulating stations, which
have an almost constant gas demand throughout the year.
The high summer gas demand is one of the reasons why this respective station was selected for the
installation of the pilot plant. Other reasons were the availability of sufficient area for the installation of the
collectors on building roofs or in open space and its topography and current usage.
In the selected station the gas is reduced from 90 bar at 7° C to 16 bar at 10° C, the gas before the throttling
process thus needs to have a temperature of about 40° C.

Normalized gas mass flow [-]
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0.60
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0.00
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Fig. 1: Normalized monthly gas mass flow profile for 2008 and 2009 for an exemplary large gas pressure regulating station.

4. Realization of the Pilot Plant
In a first step it had to be determined how and where the solar thermal system can be integrated into the gas
pressure regulating station. Then annual system simulations were performed to identify the optimal
dimensions and operating parameters for the solar thermal system.
4.1. Integration of the Solar Thermal System into the Gas Pressure Regulating Station
The upper part of fig. 2 shows the hydraulic scheme of the gas pressure regulating station where the pilot
plant will be installed.
The most efficient way for the integration of a solar thermal system would be to install an additional heat
exchanger in the gas inlet flow and directly preheat the gas with solar energy. At the heat exchanger inlet the
gas has a constant temperature of only 7°C. However this option would require construction works in an area
with potentially explosive atmosphere. Due to the high safety requirements for components and works in this
area this option would be too expensive.
Instead, the solar thermal system will be installed in the return flow of the existing heating system of the
station, as shown in the lower part of fig. 2. The disadvantage of this option is the high return flow
temperature of about 42°C from the gas to water heat exchanger. This is because the heat exchanger is
operated with co-current flow. The influence of the return flow temperature on the yield of the solar thermal
system is discussed in the next chapter.
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natural gas/ water heat exchanger
gas inlet flow (

gas outlet flow (
T
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return flow of heating
system (T 42°C)

conventional
gas burner

 existing heating system of the gas pressure regulating station

sea container
as heat store

discharge
loop

collector
loop

solar thermal system in return flow of the existing heating system
Fig. 2: Hydraulic scheme of the gas pressure regulating station and the planned integration of the solar thermal system.

4.2. System Simulations
For the hydraulic integration of the solar thermal system as shown in fig. 2 annual system simulations were
performed with the aid of the simulation program TRNSYS 16.1 (Klein et al, 2006). The aim of the
simulations was to identify the optimal dimension of the main components collector and heat store. Also, the
influence of the return flow temperature and the use of different types of collectors on the solar thermal
system yield was investigated. In tab. 1 the boundary conditions for the simulations are summarized. The
measured gas flow rate of 2009 was used as load profile for the investigation.
Tab. 1: Boundary conditions for the simulations with TRNSYS 16.1:

Weather data

Gießen (location of the nearest weather station)

Simulation time step

0.05 h

Load profile

Measured load profile of the gas pressure regulating
station from 2009, hourly values

Gas burner

500 kW, eta 85 %

UA-value of charge and discharge heat exchanger

140.000 W/K

Azimuth angle

0°/South

Collector slope

35°

Specific mass flow in collector loop

17 kg/m²h

The system components shall be dimensioned according to the lowest summer load, i.e. the solar energy
shall always be directly used. The heat store is only used to buffer daily load peaks and to store the energy
for the night.
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4.3. Influence of the Return Flow Temperature on Solar Thermal Energy Yield
For the pilot plant a rather constant return flow temperature of the heating system of about 42°C was
measured. As mentioned before this is because the gas to water heat exchanger is operated in co-current
flow, which is the case in most gas pressure regulating stations. Fig. 3 shows the influence of the return flow
temperature on the amount of solar heat that can be delivered to the gas station for a reference case with a
heat store volume of 25 m³ and a collector area of 500 m² (flat plate collector). As expected, the return flow
temperature has a large influence on the solar thermal system yield and thus on the economic viability of the
system. By reducing the return flow temperature from 42° C to 26° C the specific yield increases from 420 to
550 kWh/m²a.
It can be concluded that the return flow temperature is a decisive parameter for the eligibility of a gas
pressure regulating station for the integration of a solar thermal system.
In case of the station where the pilot plant will be installed reconstruction works in the existing heating
system made it possible to change the flow regime of the heat exchanger without additional costs. With this
modification a return flow temperature of about 26° C can now be expected.

heat delivered to the gas pressure
regulating station in kWh/m²a

650
600
550
500
450
400
350
300
20

22

24

26

28

30

32

34

36

38

40

42

return flow temperature in °C
Fig. 3: Influence of return temperature on specific solar thermal system yield

4.4. Influence of Collector Type and Area on Solar Thermal Energy Yield
Fig. 4 shows the amount of heat that is delivered to the gas pressure regulating station per m² collector area
for different collector types. The simulations were performed with a specific store volume of 75 l/m²
collector area and an average return flow temperature of 26°C and 42°C. The thermal performance values for
the different collector types are taken from the respective test reports according to DIN EN 12975-2:2006.
The given collector area in Fig. 4 is the aperture area.
The comparison shows large differences in the performance of the various collector types. As expected, the
highest energy yields are achieved with vacuum tube collectors. They yield up to 30% (200 kWh) more than
the large scale flat plate collector. Disappointing is the result for the low cost vacuum tube collector that lies
well below the performance of the flat plate collector.
The results also show that the influence of the return flow temperature is higher for the flat plate collector
than for the vacuum tube collectors. This is due to the typically better heat insulation of vacuum tubes. For
gas pressure regulating stations where high return flow temperatures have to be expected the use of vacuum
tube collectors therefore should be considered. For this pilot plant, where a return flow temperature of 26°C
is expected, it was decided to install the large scale flat plate collector. Despite the higher specific energy
yields of the vacuum tube collectors, the flat plat collector resulted to be more cost effective under these
circumstances.
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Other than the collector type, the variation of the collector area has only a small influence on the specific
yield. Since the specific costs per installed m² are more or less constant for large collector areas of more than
100 m² the collector area itself thus has no influence on the economic viability of the system. Therefore other
criteria like the available area or the available capital have to be considered to decide on the dimensioning of
the collector area.

heat delivered to the gas pressure regulating
station in kWh/m²a

800
high efficiency vacuum tube
collector
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vacuum tube collector with
HeatPipe

650

vacuum tube collector with
reflector

600
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500
low cost vacuum tube
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450
400

continous lines: return temp. 26°C
dashed lines: return temp. 42°C

350
0

100

200

300

400

500

600

700

collector aperture area in m²
Fig. 4: Influence of collector type and collector area on specific solar thermal system yield (heat delivered to the gas pressure
regulating station)

4.5. Volume of the Heat Store
As heat store a customized 20 feet marine container is used (see Fig. 5). To make the container useable as hot
water store the walls are reinforced with a steel construction and a heat insulation made of polyurethanefoam is introduced. A casing of polypropylene sheets makes the store watertight. One container can keep a
water volume of 25 m³.

Fig. 5: Customized 20 feet marine container that serves as heat store.

Fig. 6 shows the amount of heat that is delivered to the gas pressure regulating station with different heat
store volumes. The specific volume per m² collector area was varied from 0.045 m³/m² to 0.12 m³/m² at a
collector area of 300 and 500 m². As for the specific collector area, the variation of the specific store volume
has only a small influence on the specific yield. Thus for the pilot plant one container heat store with a
volume of 25 m³ will be installed.
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Figure 6: Influence of the specific heat store volume on the specific solar thermal system yield (heat delivered to the gas
pressure regulating station)

5. Discussion & Outlook
In this paper, the use of solar thermal energy for the preheating of gas in gas pressure regulating stations was
investigated from the technical point of view. As a first result it can be stated that the technical
characteristics of large gas pressure regulating stations are ideal for the integration of alternative energy
sources. That is due to a rather constant annual heat demand profile and the low required set temperatures for
the preheated gas.
In a next step, different options for the hydraulic integration of solar thermal systems into gas pressure
regulating station were considered. The conclusion here is that due to safety reasons the option to directly
preheat the gas with solar energy is too expensive. The remaining option is the installation of the solar
thermal system in the return flow of the existing heating system.
Finally, the first planning steps towards the realization of a pilot were presented. Annual system simulations
were performed with the aid of the simulation program TRNSYS.
The results can be summarized as follows:
 The return flow temperature from the gas to water heat exchanger was identified as an important
factor for the economic competitiveness of solar thermal energy in gas pressure regulating station.
 The influence of the return flow temperature is higher for the investigated flat plate collector than for
the vacuum tube collectors. The choice of the most appropriate collector type thus depends on the return
flow temperature that has to be expected in a gas pressure regulating station.
 In contrast to that the dimensioning of the solar thermal system components (collector area and heat
store volume) showed to have only a small influence on the specific yield and thus on the economic
viability.
Until spring 2012 the solar thermal pilot plant will be erected and ready for operation. The system will be
equipped with a detailed monitoring system, which will allow to proof the system design.
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1. Introduction
Many studies have been carried out for different countries or regions to estimate the potential for the
utilization of solar heat for industrial processes (Vannoni et al., 2008). All studies arrive at the conclusion
that the industrial sector is one of the most promising application areas for solar heating systems within the
near future. This is based on the facts that the industry sector accounts for a large amount of consumed
thermal energy with a relatively continuous demand over the year and a reasonable share at a temperature
range below 150 °C. A recent potential study for Germany (Lauterbach et al., 2011a) showed the large
number of industry sectors and processes that seem to be suitable for the integration of solar heating systems.
Besides industry sectors in general that have with a significant heat demand below 150 °C, processes such as
cleaning, washing, pre-heating, etc. were identified as promising application areas for the supply of solar
process heat. Based on the research findings of the last years, Heß and Oliva (2010) tried to identify priority
applications within a recently published planning guideline for solar process heat systems, to simplify the
planning procedure for solar process heat systems with respect to dimensioning.
Although many industry sectors and processes have been classified as promising for the implementation of
solar process heat systems, most considerations for the integration of solar heating systems are based on
theoretical assumptions such as overall heat demand, temperature level and monthly production rates or on
experiences of single demonstration plants. However, to estimate the feasibility for the supply of solar
process heat, relevant boundary conditions of selected processes have to be identified and analyzed. These
boundary conditions are important to estimate the future development and distribution of solar heating
systems within the industry sector and can show the opportunities and constrains of this application area.
This paper gives an overview of technical requirements for the integration of solar heating systems in
industrial applications. Since there are various possibilities for the integration of solar heating systems, it is
reasonable to classify those possibilities to identify important boundary conditions. Therefore, a distinction is
drawn between system integration on supply level and system integration on process level. After a definition
and specification of those levels, the influence of boundary conditions on system integration is exemplified
by selected applications.

2. Principles of system integration
There are different possibilities for the integration of solar heating systems to provide process heat.
Basically, the integration on supply level can be distinguished from integration on process level. Industrial
companies with a significant heat demand typically have a central boiler house, which supplies thermal
energy for different processes. Mainly natural gas and heating oil are used within the boiler house to generate
hot water or steam. Sometimes other fuels such as coal, biomass or organic residues are used. The heat
generated by a boiler is usually fed into a central heat distribution network (mostly steam or hot water
circuit). The steam or hot water circuit is able to supply all processes with the required thermal energy.
Therefore, heat exchangers are connected to the heat distribution network.
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Figure 1 illustrates the heat distribution network of a virtual company in a simplified way. In this example,
all processes are heated by a steam circuit with a flow temperature of 165 °C (equivalent to 7 bar). Most
processes have a heat exchanger and if necessary a pressure reducing valve to reduce the steam temperature.
The condensed steam is collected and returned to the boiler house by an open condensate line with a mean
temperature of 90 °C. Based on the respective boundary conditions it is also possible to heat a process
without a heat exchanger e.g. for washing processes steam can be directly injected into cold water to reach
the set temperature. In this case, not only the energy content of the steam is used, but also the mass, whereby
no condensate can be returned to the boiler house (Process A).

Fig. 1: Distinction between supply and process level

Depending on whether solar energy is used in the boiler house or directly to heat a specific process, the
integration of the solar heating system is assigned to process or supply level. Both levels of system
integration have different characteristics, advantages and disadvantages that will be explained within the next
subchapters.

2.1. System integration on supply level
Referring to the integration of solar heating systems, the supply level includes the generation and distribution
of thermal energy. Major differences within the supply level may arise through the utilization of different
energy sources or heat distribution media. Oil or gas fired boilers are most commonly used to generate hot
water or steam. Steam is usually used as heat distribution medium for temperature requirements above
100 °C. However, it is also possible to supply temperatures up to 240 °C with pressurized hot water circuits.
Standard hot water cycles might be used if there are no processes that require temperatures above 100 °C.
The processes with the highest temperature demand determine the flow temperature provided by the boiler.
The dimensions of the hot water or steam circuit also have a major impact, since long piping and large
amount of armatures cause thermal losses that reduce the temperature of the heat distribution medium.
Usually, the centralized heat generation in the boiler house also supplies heat for domestic hot water
generation and space heating. However, it is also possible to find several heat supply systems with different
technologies that provide heat at different temperature levels for the respective applications.
Regarding the integration of solar heating systems on supply level, a distinction can be drawn between
(pressurized) hot water systems and steam circuits. A pressurized hot water system consists mainly of a
boiler that heats the return of the water circuit. This circuit is usually closed and no water leaves the system.
The solar heating system can either increase the return temperature right before the boiler by a serial
connection or supply hot water with the required flow temperature that is fed into the flow parallel to the
boiler.
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Gas or oil fired steam systems are more widespread in industrial companies than (pressurized) hot water
systems. The process of steam generation starts with the condensate return. The accumulated condensate can
be returned to the boiler house with a pressure of 2..5 bar. In this case, the condensate equals the boiler feed
water and enters the boiler directly to be heated and evaporated. This is comparable with the pressurized hot
water cycle described before. However, 90 % of all condensate systems are not operated at
overpressure (Sattler and Schibel 2011). Figure 2 shows all important installations that can be found in the
boiler house for steam generation with open condensate systems. Since the condensate within those open
systems gets in contact with the environment, it has to be treated before entering the steam boiler. This
process is called degasification. The degasification takes place at ambient pressure with 95 °C or with slight
overpressure at 105 °C. Therefore, a small amount of steam is used to heat the condensate to the required
temperature to remove oxygen, carbon dioxide and other gases. After degasification the so-called feed water
enters the boiler for steam generation.
A continuous loss of condensate is another important characteristic of open condensate systems. Flash
vaporization occurs in different sections of the network due to ambient contact and causes mass losses in the
range of 5..15 %. This depends on the respective pressure range (Sattler and Schibel 2011). Additional losses
can occur if processes are heated directly by steam injection. These losses can vary from a few percent up to
a large share of the overall amount of condensate and have to be compensated with so-called make-up water.
This is raw water (surface-, well- or tap water) that passes through a softening process to remove alkaline
earths before entering the degasification (Ernst 2009).

Fig. 2: Relevant components of a steam boiler house. Simplified illustration based on (Sattler and Schibel 2011)

According to Figure 2 there are three possibilities to integrate a solar heating system on supply level to assist
the steam generation. The first possibility (number 1) is the parallel integration of a solar heating system to
generate and feed-in steam. Secondly, the increase of the feed water temperature seems reasonable. After
degasification the feed water can be heated from approx. 100 °C up to 150 °C, depending on the steam
pressure that is produced within the boiler. If there is an appropriate amount of make-up water, the third
possibility is the pre-heating of make-up water before it enters the degasification.
Besides the heating of make-up water, all integration alternatives on supply level come along with high set
temperatures that have to be provided by the solar heating system. The minimum set temperature for the
solar heating system is approximately 100 °C, and can easily exceed 200 °C, based on the respective system
concept (parallel or serial integration) and the boundary conditions of the heat generation and supply system
(hot water or steam circuit, open or closed condensate system, etc.) Therefore, the integration on supply level
should only be realized in regions with very good irradiation.
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2.2. System integration on process level
The integration of solar heating systems on process level can hardly be generalized, since there is a multitude
of processes with varying installations and temperature demands. Solar energy can be used directly for one
or more processes, at temperatures below the return temperature of the heat distribution network. Therefore,
the supply of solar heat on process level generally comes along with lower temperatures compared to
integration on supply level. Figure 3 shows exemplary three processes of a brewery that are fed by a steam
circuit with a flow temperature of 165 °C. The accumulated condensate is returned to the boiler house with a
mean temperature of 90 °C.

Fig. 3: Exemplary illustration of selected processes fed by steam circuit within a brewery

The first process illustrated in Figure 3 is washing of bottles that are filled with beer afterwards. Therefore,
all bottles run through different cleaning sections of a bottle washing machine. The biggest section is an
alkaline bath with several cubic meters and a set temperature of 80 °C during operation. Usually, a tube
bundle heat exchanger is installed within the alkaline bath that is heated by the steam circuit. Before entering
the heat exchanger the steam pressure has to be reduced to 2..5 bar due to technical reasons. The condensed
steam is returned. All other baths within that washing machine are heated by internal heat recovery, as they
usually have lower set temperatures. The integration of a solar heating system for this process is strongly
influenced by the heat exchanger of the alkaline bath (internal or external). The necessary temperature that
has to be supplied by the solar heating system during operation would be at least 90 °C, resulting in a return
temperature in the range of 85 °C.
The second process illustrated in Figure 3 is supply of hot water for cleaning of production facilities. Lots of
sections within a brewery have to be cleaned daily or weekly. All tanks and piping that are directly in contact
with beer are usually cleaned automatically by so-called CIP-systems (Cleaning-in-Place). However,
machineries and sections exist, which cannot be cleaned automatically, such as fillers, casings or floors.
Therefore, fresh water is heated up to 60 °C or 80 °C within a storage or by a hot water preparation unit.
Using steam as heat distribution medium, heating of water is typically realized with an additional water
circuit that is heated by the steam circuit. Compared to the bottle washing, the integration of a solar heating
system for this process seems much easier. An additional heat exchanger for the integration of solar energy
can be connected to the storage. Alternatively, cold water can be heated by a solar heating system before
entering the storage. In both cases, a solar heating system can assist the cleaning process even when the
temperature of supplied heat is below the set temperature of the process.
The third exemplary process is pasteurization. This can be done in continuous or batch mode by various
installations before or after the filling process. The displayed pallet pasteurization is a discontinuous process
for pasteurizing bottled beer. This process is usually applied for smaller amounts of beer, when larger
continuous installations are not affordable. Therefore, it is commonly used in small-sized breweries that
produce smaller amounts of beer-based mixed drinks or non-alcoholic beer that have to be pasteurized after
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filling. For the pasteurization process, complete pallets of bottled beer are put into a chamber in which steam
is directly injected, increasing the core temperature of the bottles to a set temperature of 76 °C. After
injection, the steam condenses and is usually drained. A condensate recovery is usually not feasible due to
few operating hours and soiling of condensate. Direct steam production is the only way to supply this type of
pasteurization with solar energy, since hot water cannot be used for this process. However, it might be
reasonable to produce low pressurized steam by a solar heating system that is used for this process so high
pressure steam can be saved.
The processes described before are representative for the large number of alternatives that exist in industry.
In addition to the actual process temperatures, there are large variations in the load profiles and the heating of
the process. It can be distinguished between open and closed processes, batch and continuous operation,
direct or indirect heat transfer and so on. Therefore, a generalization on process level is not easily possible.
However, there are often processes, e.g. the heating of cold water, where solar heat can be integrated with
relatively low temperatures compared to the heat supply system.

3. Analysis of selected applications
As pointed out in the previous chapter, a generalization of integration possibilities of solar heating systems in
the industrial sector is very difficult. The processes listed in chapter 2.2. show that the integration of a solar
heating system is different for each process, which is valid for various processes within the industrial sector.
Hence, not only the temperature level of a process or heat distribution network is important for the
integration of a solar heating system, but also the technical installations and mode of operation. Therefore, it
is necessary to investigate the specific characteristics of a potential integration point comprehensively.
Following aspects play an important role: the hydraulic integration into the heat distribution network and the
required hardware and changes in control strategy of the conventional system. These characteristics will be
analyzed for selected applications in the following subchapters.

3.1. Selected applications on supply level
As mentioned in chapter 2.1. two possibilities to integrate a solar heating system on supply level exist: A
serial integration prior to the boiler for increasing the return temperature or an integration parallel to the
boiler to provide steam or hot water with the required flow temperature. However, the serial integration
differs between steam and hot water circuits. A serial integration into a hot water circuit results in an increase
of return temperature before entering the boiler. A serial integration into a steam cycle includes the heating
of boiler feed- and/or make-up water.
Parallel integration
The feasibility of integrating a solar heating system in parallel to the conventional heat supply system is
strongly influenced by the used heat distribution medium. Using steam as a heat distribution medium, the
parallel integration is relatively easy. On the one hand there is a buffer available due to the condensate tank
and degasification and on the other hand there are different state of aggregations within the flow and return.
Hence, steam supplied by a solar heating system can be easily fed into the existing network. The impact on
the boiler is similar to a reduced heat demand so power of the boiler is reduced and less steam is produced.
This kind of integration is illustrated in Figure 4. A fraction of boiler feed water is heated by concentrating
collector loop and fed into a steam drum where the water steam mixture is separated. The feed water that
remains in the steam drum is recirculated for evaporation within the collector loop. The solar steam is fed
into the steam line as soon as the pressure is sufficient. Based on the amount of evaporated water, new boiler
feed water from degasification enters the solar loop. This way of system integration was realized in Germany
within the framework of the research project “P3 – Pilot plant for solar process heat generation with
parabolic trough collectors”. Anthrakidis et al. (2011) have recently shown that this parallel integration on
supply level is relatively uncomplicated regarding the required hardware and changes in control strategy of
the conventional system. However, a continuous steam production during daytime and an economic
operation of the system is strongly affected by high irradiation. Therefore, this application should be favored
at locations with very good irradiation and high ration of direct irradiation.
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Although flow temperatures of hot water circuits can be similar to steam lines, the parallel integration of a
solar heating system into a pressurized hot water circuit is more complicated, since these circuits are often
closed systems. Similar to steam circuits, the set temperature provided by the solar heating system has to be
at least as high as the temperature of the pressurized hot water circuit, e.g. 150 °C (approx. 7 bar). Due to the
closed and pressurized circuit, solar heated water with 150 °C can only be fed into the circuit, if the same
amount of water leaves the return simultaneous. This increases the complexity of the hydraulic integration,
because an appropriate buffer store or bypass is needed. For closed pressurized water circuits, a serial
integration would be preferred instead of a parallel integration. In this case, the return temperature can be
increased by an additional heat exchanger that is fed by a solar heating system.

Fig. 4: Parallel integration of concentrating collector for direct steam production

Increase of return temperature
For steam circuits the increase of return temperature includes the heating of boiler feed- and make-up water.
Basically, these applications (number two and three in Figure 2) seem feasible due to the continuous demand
and in case of make-up water the relatively low temperature level. However, for both applications there are
boundary conditions that reduce the potential impact of solar heating systems. Typically, steam boilers have
an economizer which is a special heat exchanger for the exhaust gas. This economizer is usually used to heat
the boiler feed water from degasification temperature (95..110 °C) up to 130..140 °C. The actual
temperature lift that can be achieved depends on the exhaust gas temperature which is typically 60..80 K
above steam temperature. If an economizer is installed, solar heating of feed water is usually not reasonable,
since this is done by heat recovery. However, if the utilization of an economizer is not possible, or it is used
to heat a different stream, the increase of feed water temperature by solar heating system can be considered.
For the hydraulic integration of a solar heating system a buffer storage is required, since the feed water is
pumped discontinuous into the steam boiler. During operation at full load, a solar buffer store is not
necessary. The share of full-load operation and turndown strongly depends on the specific boundary
conditions of the company (sector, processes, annual production, production time, etc.). For this application
the solar buffer store must be designed for high pressures that go along with the required temperatures. The
integration of a solar heating system to heat the feed water has no major effect on control and operation of
conventional steam generation system.
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Usually, there are also possibilities for heating make-up water by heat recovery before entering
degasification. These alternatives have to be checked before the integration of a solar heating system is
considered. If the condensate is fully degassed at slight overpressure, make-up water can be heated by
condensing the occurring vapors of degasification in an additional heat exchanger. For small to medium
amounts of make-up water this kind of heat recovery should always be considered. In a partial degassing,
this is usually not possible, due to the lack of overpressure. If an industrial company has lots of processes
that are heated by direct steam injection and therefore no or only a very small amount of condensate is
returned, the condensing boiler technology is usually the best alternative for heating make-up water.
Therefore, the economizer is followed by an additional heat exchanger in which make-up water is heated by
condensation of water in the exhaust gas. If the verification of possible heat recovery options shows that a
solar heating system can be used for heating make-up water, the hydraulic connection is relatively simple. In
this case, a solar buffer store is necessary too, since the replenishment of degasification is done in batch
mode. Also this type of system integration has no noteworthy effects on control and operation of the
conventional system.

3.2. Selected applications on process level
As an example of the relevant parameters for integration on process level, the bottle washing will be
described in more detail. For this application, both the existing hardware and the load profile of the process
affect the feasibility of integrating a solar heating system. Bottle washing machines can be operated in two
states. In addition to the regular operation during the cleaning of bottles, there is the heating mode, in which
the entire machine is heated to the operating temperature of about 80 °C. The initial temperature for the
heating mode and the frequency within a week are largely determined by the production time of the brewery
(single or multi-shift operations and bottling days per week). On average 1.5 hours are required for the
heating mode before bottle cleaning can start. In reality, the heating mode often starts a few hours before
cleaning, leading to a higher heat demand by keeping the machine at operating temperature. Under normal
conditions, the heat demand for cleaning is about 8..30 kWh per hour for 1,000 bottles. The heat required for
regular heating mode from ambient to operating temperature is in the range of 50 kWh per 1,000 bottles
(Grossmann and Buhler 2010). These values are strongly dependent on the particular capacity of the bottle
washing machines that can range from 2,000 to 170,000 bottles per hour.

Fig. 4: Integration of solar heating system for heating of bottle washing machine

Typically, tube bundle heat exchangers are used for heating bottle washing machines, since the heated
alkaline solution is contaminated with particles. Depending on the specific type of bottle washing machine,
one or more of these heat exchangers exist, which are placed inside or outside the alkaline bath. The flow
temperature of the heating medium (steam or hot water) is typically in the range of 120..150 °C. Based on the
hardware of the bottle washing machine, the integration of a solar heating system is influenced by the
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arrangement of the tube bundle heat exchanger. If the heat exchanger is placed directly in alkaline bath, an
additional heating by solar heating system is difficult to realize. In case of external arrangement of heat
exchangers it is easier, since an additional heat exchanger fed by solar heat can be installed prior to the
conventional one. Retrofitting existing bottle washing machines with a solar heating system is mostly very
complex and costly due to the piping design and packing density. For new installations it would be possible
to integrate an additional heat exchanger. As shown in Figure 5, the first heat exchanger is fed by solar
energy, the second by the conventional heat distribution medium.
The flow temperature that has to be provided by the solar heating system during operation is strongly
determined by the used heat exchangers. Flow temperatures below 90 °C can only be applied with plate heat
exchangers or with relatively large sized tube bundle heat exchangers. However, the utilization of plate heat
exchangers requires a filtration of alkaline solution. Lauterbach et al. (2011b) figured out that CPC collectors
should be used for this application due to the relatively high flow temperature that is required. Additionally,
it was found that in regions with moderate irradiation such as Central Europe relatively low specific system
yields can be expected. Therefore, this type of process integration should be favored in climates with high
irradiation. Besides the regular operation during the cleaning of bottles, at certain times also lower flow
temperatures provided by the solar heating system can be used. After bottle washing, the temperature of
alkaline solution slowly decreases to ambient temperature, so it has to be heated up before the next cleaning
cycle. The required energy for heating mode can be provided by a solar heating system, which needs a
relatively large buffer store. So far, many studies have concluded that processes with internal storage
capacities are very well suited for the integration of solar heating systems because there is no need for a solar
buffer store. Related to the bottle washing machine, this means that the solar heating system could feed in
heat into the alkaline bath during off-times. Another advantage of this way of integration would be that no or
a smaller amount of energy is required to heat the bottle washing machine at operating temperature.
However, a detailed analysis shows that it is not conducive to keep the alkaline bath permanently at a high
temperature. During off-times the alkaline bath should not be kept over 50..60 °C, since the forced and selfadjusting flows within the alkaline solution have negative effect on the desired sedimentation (GM 2011).
Therefore, the volume of alkaline bath is not available as solar buffer at any time. Moreover, not every
kilowatt hour that is fed into the alkaline bath by the solar heating system can be assigned to the system
yield. During longer off-times of the bottle washing machine higher heat losses occur due to the increased
temperature. A cool down to ambient temperature and following heating to operating temperature would be
more reasonable based on energetic considerations. This makes it difficult to determine the economic
efficiency of the solar heating system.
In summary, solar heating of bottle washing machines should be favored in regions with high irradiation, if
the technical boundary conditions allow an appropriate integration. Additionally, a constant and long
operation of the washing machine over the week should be given. Especially for smaller breweries with two
or three cleaning days per week, solar heating of bottle washing machine is not recommended for economic
reasons, in particular if there is no other heat sink during off-times.
4. Summary and outlook
The industry sector is one of the most promising application areas for solar heating systems within the near
future due to the large amount of consumed thermal energy and continuous demand. Several potential studies
identified numerous processes that seem promising for integration of solar heating systems based on the
respective temperature level and spreading within the industry sector. However, detailed analysis showed
that not only the process temperature is relevant for the feasibility to integrate a solar heating system.
Therefore, also processes that were identified as promising in the first instance can be excluded for the
integration of a solar heating system. Besides possibilities of heat recovery, hydraulic integration into the
heat distribution network and the mode of operation of the process can lead to the conclusion that the
integration of s solar heating system is not feasible due to technical or economical reasons. Therefore, these
aspects should be considered while assessing the feasibility of solar process heat generation. For detailed
conclusion, more processes have to be analyzed regarding the aspects described above. Additionally,
different types of load profiles that can be found for those processes should be analyzed by simulations to
estimate operating time and energetic contribution of an integrated solar heating system.
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1. Abstract
Low temperature water heating for industrial process is one of the ideal applications for solar energy. The
paper looks at an investigation of the feasibility of solar water heating systems for industrial applications in
Northern Ethiopia. The study was conducted at four factories, namely, a tannery, a particleboard factory, a
textile factory and an edible oil factory. The factories use hot water for different processes for the production
of their products. The daily hot water consumption is high but most of the processes in the factories require
low temperature hot water (<800C). The current source of energy for water heating at the factories is mainly
furnace oil.
The first part of the study was to conduct measurements on the hourly hot water demand in each factory. The
processes demanding hot water, the temperature and volume needed were studied to establish the heat load in
each factory. In summary the hot water demand for each factory was: a) Tannery, 141 m3/day, 35 – 65 oC, b)
Textile, 49 m3/day, 60 - 80 oC, c) Edible oil, 24 m3/day , 70 – 90 oC, d) Particleboard, 7 m3/day , 40 – 55 oC.
The hourly hot water demand was found to be mainly during the day time having peak demand around noon.
The second part is on study of the solar energy availability. Ethiopia is one of the countries endowed with
plenty of sunshine. However, long term solar radiation data is scarce. Hence, study on solar radiation
estimation models was conducted. Data from solar radiation instrumentation recently installed at Mekelle
University was used to compare with results of the estimation models. Measurement data were available for
one year (July 2010 - June 2011). The comparison indicates that the estimated monthly average solar
radiation is close to the measured data for the months of January to April and September to December. For
the rainy months of June until August the estimation was higher than the measured data.
The third part is the overall system design and sizing based on the hot water demand of part one and the solar
radiation data of part two. Flat plate solar collector with unit collector area of 2 m2, aluminum absorber, eight
copper tubes, single 4 mm thick glass and mineral wood insulation was selected as it is appropriate for such
industrial applications. The system sizing results for each factory are: a) Tannery, number of collectors 960
and overall space requirement 3200 m2 b) Textile, number of collectors 384 and overall space requirement
1500 m2 c) Edible oil, number of collectors 240 and overall space requirement 800 m2 d) Particleboard,
number of collectors 48 and overall space requirement 300 m2. All factories have plenty of space to
accommodate the solar collector systems.
Finally economic analysis for the implementation of the solar water heating systems was conducted. The
current furnace oil cost is estimated at 9 USD cents per kWh. The analysis results on solar water heating
indicate that it will cost the factories about 5 USD cents per kWh and the payback period will be 6 – 7 years.
In addition to the advantage of using clean energy, the factories can save their energy cost up to 30% by
implementing the solar water heating systems.
2. Hot Water Demand in the Factories
Many developed countries in the world are applying solar energy for industrial processing. The majority of
the projects on solar industrial process heat plants operating worldwide are in the sectors of food and
beverage, textile and tannery (IEA, 2004). Developing countries like Ethiopia with plenty of solar energy
have yet to harness the potential. With the aim of studying the feasibility of solar water heating for industrial
processing, four factories situated in North Ethiopia were selected. The study was conducted at four
factories, namely, Sheba Tannery (ST), Maichew Particleboard Factory (MPF), Bahirdar Textile Factory
(BTF) and Ashraf Edible-oil Factory (AEF). The factories use hot water for different processes for the
production of their products. The hourly hot water demand in each factory was studied as there was no
recorded data available. The study was made during regular operation of the factories for one week and
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includes identifying: i) process demanding hot water, ii) working temperature of the process, iii) hourly
consumption of hot water and iv) current source of energy for heating water. The summary of the hot water
demand study is shown in Table 1. In summary the hot water demand for each factory was: a) Tannery, 141
m3/day, 35 – 65 oC, b) Textile, 49 m3/day, 60 - 80 oC, c) Edible oil, 24 m3/day , 70 – 90 oC, d) Particleboard,
7 m3/day , 40 – 55 oC. The energy needed to heat the amount of water per day is estimated to be 14 GJ, 8 GJ,
6 GJ and 1 GJ for the Tannery, Textile, Edible Oil and Particleboard factories, respectively.
Table 1: Summary of the processes and hot water demand in each factory.

No.

Factory

Process

1.

Sheba
Tannery

2.

Maichew
Particleboard
Bahirdar
Textile

Skin Tanning
Skin Re-tanning
Hide Tanning
Hide Re-tanning
Glue preparation
Impregnation
Pre-heater
Washing
Chemical Preparation
Conditioning
Degumming
Neutralization
Washing

3.

4.

Ashraf Edible
Oil

Working
Temperature
(0C)
35
50
40
65
40
55
60
70
80
85
90
90
70

Consumption
(m3/day)

Current Source
of Energy

18.4
66.6
29.3
27.0
6.0
1.2
36.0
7.8
5.2
6.0
5.0
5.0
7.7

Furnace oil for a
steam boiler

Furnace oil, fire
wood
Furnace oil for a
steam boiler
Furnace oil for a
steam boiler

The hourly variation of the hot water demand was also studied at each factory. All the factories mainly
process their products during the day time. The hourly hot water demands averaged during the days of
measurement for Sheba Tannery and Maichew Particleboard factories are shown in Figure 1a and 1b. Figure
1a indicates that the peak demand is around noon for the Tannery, which is an advantage for storage size
reduction for solar energy application. Figure 1b shows that the demand at the Particleboard factory is
intermittent at some interval of hours. The figures also show two different scenarios: large scale hot water
consumption reaching 15,000 liters per hour at Sheba Tannery and relatively small scale consumption
reaching 1,100 liters per hour at Maichew Particleboard Factory.
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Figure 1: Hourly hot water demand a) at Sheba Tannery and b) at Maichew Particleboard Factory.
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3. Solar Radiation Measurement and Estimation Models
Long term solar radiation data is scarce in the country. Previous studies on solar energy resource assessment
available in literature are (Mulugeta and Drake, 1996), (Aregaw, 1996) and (SWERA, 2008). The first two
papers discuss about the solar energy resource potential based on solar hour measurements from the National
Metrological Agency. The third report is based on satellite data simulation and modeling. The National
Metrological Agency has long term monthly average sunshine hour data from many stations around the
country (NMA, 2010). Therefore, it was necessary to look into solar radiation estimation models to convert
the sunshine hours to daily and hourly data.
The monthly average sunshine hour for the three cities where the factories under study are situated is shown
in Figure 2. The figure shows that the sunshine hour for the cities of Mekelle and Bahirdar are close to each
other ranging from minimum of about 4 hours during the rainy season to a maximum of about 10 hours
during the dry season. In Maichew the sunshine hour varies from 4 hours in the rainy seasons to about 8
hours in the dry season.
12

Sunshine (hrs)

10
8
6

Maichew

4

Mekelle

2

Bahirdar

0
Jan Feb Mar Apr May Jun

Jul

Aug Sep Oct Nov Dec

Month of the Year
Figure 2: Sunshine hour data for the cities of Maichew, Mekelle and Bahirdar (NMA, 2010).

3.1 Estimation of Monthly Average Daily Global, Diffuse and Beam Radiation from Sunshine Hours
Angstrom’s linear model (Duffie and Beckman, 2006a) has been used to estimate the monthly global solar
radiation from the sunshine hour data. Similarly the model was used to estimate the diffuse and beam
component of the solar radiation. Specific data for each city was applied to find the Angstrom coefficients
and the estimated values have been calculated from the model. The results of the model for Mekelle and
Maichew are shown in Figure 3 below representing the cities with higher and lower sunshine hours
respectively.

3.2 Estimation of Average Hourly Global, Diffuse and Beam Radiation from Daily Radiation
A method proposed by Collares-Pereira and Rabl (Duffie and Beckman, 2006b) based on the disaggregation
of daily data in to hourly data has been used. In this method, the hourly global solar radiation is obtained
from the daily global solar radiation and the hour angle. Similarly, the diffuse and beam components are
obtained from the equation by Liu and Jordan (Duffie and Beckman, 2006b). Plots of results for
representative days in the year are shown in Figure 5 in the next section.
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Figure 3: Estimated monthly average solar radiation (kWh/m2/day) for Mekelle and Maichew.

3.3 Comparison of Measured Solar Radiation with Estimation Results
Solar radiation instruments have been installed at Mekelle University metrological station. The instruments
have been recently installed and include pyrheliometer and pyranometer. The data collected so far are for one
year. Comparison is made here between the measured data and estimated from the solar radiation models
discussed in the previous sections.
Comparison of the global solar radiation measured and estimated is shown in Figure 4 below. The plots show
good correlation in the months January to April and November to December. The measured data for the year
was lower than the estimated values during the rainy season of June to August. Since the measured data are
only for one year (2010/11) it may not be a conclusive observation. It would be necessary to get average
values of a number of years of data. But from the data available it seems that the estimation models over
estimate the solar radiation during the rainy season.
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Figure 4 Comparison between measured data and estimated values of global solar radiation.

Comparison of the measured and estimated hourly solar radiation data in the months of August and
December are shown in Figure 5 below. The figure shows estimated monthly average, measured monthly
average in the months of August and December. There is good correlation in the month of December. In the
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month of August, a slight difference is observed between the estimation and the measured data. However, the
difference observed is not significant to affect the design and sizing of the SWH systems.
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Figure 5 Hourly solar radiation for the months of August and December.

4. Overall Solar Energy System Design and Sizing
Flat-plate solar collectors were found to be appropriate instead of other types for the factories. The main
reasons for selecting flat-plate collectors were: i) cost and availability of materials and labor, ii) simple
design without any need for tracking mechanism, iii) no significant space limitations in the factories. The
overall design and sizing of the SWH systems are discussed below.
4.1 Description of the unit flat-plate collector
A unit flat-plate collector with a collector area of 2 m2 is assumed in the design. The unit size was selected
for ease of fabrication and transportation. The dimensions and materials of the collector selected are shown
in Table 2 below. Thermal analysis of the collector was done for assumed mass flow rate of water 0.06 kg/s.
The overall heat loss coefficient for the collector (Uc) in the expected temperature range of application was
found to be 8.6 W/m2 0C. Similarly the heat removal factor (FR) was found to be 0.85.
Table 2

Dimensions and materials for the unit flat-plate collector.

Collector Area (Ac)[m2]

2

Tube Material

Copper

Collector Perimeter [m]

6

No. of Tubes

8

Depth of the Collector [m]

0.095

Tube Diameter [m]

0.022

Absorber Material

Steel

Insulation Material

Mineral wool

Thickness of the Absorber [m]

0.002

Edge Insulation Thickness[m]

0.025

Number of Glass Cover

1

Back Insulation Thickness[m]

0.05

Glass Thickness [m]

0.004

The useful heat gain from the unit collector to deliver the required hot water in each hour of the day can be
calculated from: [Duffie and Beckman, 2006c]
q𝑢𝑢 = Ac FR [(τα)Ic − Uc (Tf − Ta )]

(eq. 1)

Where Ic is the hourly solar radiation and (Tf – Ta) is the temperature difference, which depends on the hot
water temperature requirement and ambient temperature in each factory. The total amount of heat gain in the
day will be the sum of the calculated values in each hour of the day. Calculations were made for the month of
May based on the monthly average hourly solar radiation from the estimation models discussed in the
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previous section. The design daily useful heat gain was found to be 12, 11, 13.5 and 15 MJ/m2 for ST, MPF,
BTF and AEF respectively. The detail calculations may be referred in [Robel, 2011].
The solar fraction for each month with respect to the design month of May for each factory was then
determined. The annual average solar fraction was found to be 0.66 for ST, 0.63 for BTF and AEF, and 0.76
for MPF. The solar fraction indicates the percentage of the hot water demand that can be satisfied by the
SWH systems. The remaining fraction has to be satisfied with auxiliary system. The existing boilers in the
factories will be used as auxiliary systems.

4.2 Determination of size of the SWH systems and hot water storage tanks.
Based on the unit size of the collector and the hot water demand discussed in section 2, the number of
collectors needed and the space requirement were calculated. The hot water storage tank, the overall system
layout and the space requirements needed for each factory were estimated. The calculation results for each
factory are summarized in Table 3. The overall system layout for the Tannery and the Particleboard factory
are shown in Figure 6. The figure is an indicative diagram to show the arrangement of the collectors, the
storage tanks, the pipelines and location of pumps.
Table 3 Summary of the SWH systems for each factory.

Energy
Demand
(GJ)

Useful Heat Gain
Unit Collector
(MJ/m2)

Number of
Collectors

11.2

12

960

BTF

5.2

13.5

384

AEF

3.6

15

240

MPF

0.5

11

48

Factory
ST

Space
requirement
(m2)

Storage
Tank
(m3)

3200
1500
800
300

2x50

40m

80m

a) ST
Figure 6 Overall system layouts of the SWH systems.
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b) MPF

1x24
1x15
1x3.2

5. Economic Analysis of the Solar Energy Systems

Solar Water Heating systems have high initial investment but can run for a number of years with very low
operational cost. SWH systems have the advantage that the source is renewable with no contribution to
environmental pollution. In addition to the environmental benefit, industries would be encouraged to
implement if the SWH systems are economically feasible. The methods of payback period and life cycle cost
are used to check the feasibility of the systems for the implementation in the factories under the study.
5.1 Cost of Energy for the Current Furnace Oil
The factories in the study use mainly furnace oil for heating water. The heating value of furnace oil is about
35 MJ/liter and the price during the study period was USD 0.69 per liter. This means, assuming no losses, the
cost of energy is 0.07 USD/kWh. The way the furnace oil is used to heat water has significant heat losses.
The furnace oil is fed to a boiler to generate steam. The steam is then used to heat cold water circulated
through heat exchanger. Therefore, it is expected that there will heat loss due to combustion and at the heat
exchanger. Actual efficiency of the systems in the factories was not available during the study. However, an
overall efficiency of 0.8 was assumed, which is typical combustion efficiency of steam boilers. The cost of
energy including the assumed efficiency becomes 0.09 USD/kWh.
5.2 Cost of Energy for the SWH
The cost of energy includes: i) investment cost for the SWH collectors, storage tanks, pumps and pipelines,
ii) manufacturing and labor cost, iii) operation and maintenance cost. The basic assumptions that were made
for the feasibility calculations are shown in Table 5. Based on the assumptions and the design discussed in
the previous section, the costs are calculated for each factory as shown in Table 6.
Table 5

Basic cost assumptions.

Assumption
Unit cost of 2 m2
collector
Life of the SWH
system
Manufacturing and
labor cost
Operation and
Maintenance
Interest rate

Table 6

Value
USD
250

Estimated cost in USD
No.

Cost item

1 Collectors

15 years
10%

2

2%

3

10%

Estimated cost of the SWH system in each factory.

Storage tanks,
pipelines and
fittings
Manufacturing
and Labor
Total

ST

AEF

BTF

MPF

240,000

96,000

60,000

12,000

14,000

2,500

3,000

1,000

30,000

12,000

8,000

1,600

284,000

110,500

71,000

14,600

5.3 Payback Period (PP), Life Cycle Cost (LCC) and Cost of Energy(CoE)
Payback period is one type of economic feasibility method that determines the number of years required to
recover an initial investment through project returns. The basis of the payback method is that the more
quickly the cost of an investment can be recovered, the more desirable is the investment. Based on the
investment cost estimated in the previous section and an interest rate of 10%, the payback period calculated
for the SWH system is found to be 6-7 years.

The Life Cycle Cost (LCC) of the SWH system is the total cost of investment and the cost of operation and
maintenance over the entire life of the system. LCC of the SWH system can then be compared to the total
cost of fuel that could be saved to check its feasibility. The Life Cycle Saving can then be calculated to
quantify the benefit obtained due to the implementation of the SWH. In similar manner, the unit cost of
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energy of the SWH system can be calculated to compare with the unit cost of fuel that was already found in
section 5.1 above.
In all the above calculations the solar energy fraction has to be included. The annual average solar energy
fraction was 60% as already determined in section 4. Therefore, the SWH system will require an auxiliary
energy supply of 40%. The auxiliary system will be the existing boiler with furnace oil as a fuel. The cost of
the fuel for the auxiliary system is therefore included in the economic calculations. The results of the
calculations are shown in Table 7 below. The table shows the LCC and LCS for the SWH systems in each
factory. The costs of energy in USD/kWh for the case of the SWH system and the existing situation of using
furnace oil are also included. As indicated in the table the percentage saving ranges from 26-33 %.
Table 7 Results of the economic feasibility analysis.

Cost of Energy (USD/kWh)
Current
Furnace Oil
SWH
only

Factory

SWH
LCC
(USD)

SWH
LCS
(USD)

ST

293,873

105,250

0.05

0.09

26%

AEF

118,496

58,480

0.05

0.09

33%

BTF

76,666

28,463

0.05

0.09

27%

MPF

15,875

6,652

0.05

0.09

30%

Percentage
Savings

6. Conclusions and Recommendations
6.1 Conclusions
The study found that there is very high hot water demand in tanneries and edible oil factories, medium
demand in textile factory and low demand in particle board factory. In all the factories under study the major
hot water consumptions is during the day time which is an advantage for the solar energy application. Based
on the demand study and solar energy data, it was possible to design SWH systems for each factory.
The analysis results on solar water heating indicate that it will cost the factories about 5 USD cents per kWh
and the payback period will be 6 – 7 years. In addition to the advantage of using clean energy, the factories
can save their energy cost by 26-33% by implementing the solar water heating systems. The above results
were for conservative estimates. If an optimized SWH system is considered, the savings can even be higher.
It is evident from this result that the SWH system is economically feasible for the factories.
6.2 Recommendations
The solar radiation measurements should continue in order to have long time data for future analysis. It is
recommended that a database of the solar radiation data be established to organize the data to be shared by
researchers seeking measured solar radiation data.
It is recommended that the factories in the study take the work done in this research in to implementation. It
is suggested that some detail design and optimization be carried out. Implementation can be phase by phase,
starting with small amount of share of the solar energy and then developing it in to full capacity. It is
suggested also that capacity building in local manufacture of the collectors is essential. There are small
enterprises in the cities where the factories are situated that can be trained to manufacture the collectors.
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1. Abstract
The integration of solar heat in industrial processes has a huge potential, but up to now most of the solar
thermal plants that are operated for the heat delivery to industrial processes are small scale pilot plants. First
and simple assessments of the integration options and the expected solar energy yields may often lead to a
basic feasibility decision. If parabolic trough collectors are used, the orientation of the rows is one of the
planning parameters to be decided. Based on the early planning phase of a SHIP plant in Switzerland, the
calculations presented in this paper may serve as a first indicator for planning decisions regarding the
orientation of parabolic trough collector fields for latitudes in central Europe. For the configuration of a
parabolic trough collector field, not only the yearly specific or total energy yields but also the course of
direct irradiance and peak power over a day and the distribution over months can help to optimize the costbenefit ratio of the solar heat plant. However, depending on technical, economical or other boundary
conditions (marketing, vacation close-down of the company etc), a solar heat plant concept which is not
leading to the highest specific yields may be chosen.
2. Introduction
In recent years, the huge potential of the integration of solar heat into industrial processes has been addressed
(cf. http://www.iea-shc.org/task33/publications/index.html). Potential studies for a number of European
countries have been carried out, showing that e.g. the solar heat integration for industrial processes (SHIP) in
Austria is in the range of 3 GWth and 100..125 GWth are estimated to be the solar process heat contribution
potential for the EU-25 countries (cf. Vannoni et al., 2008). Nevertheless, SHIP is still at an early stage of
development. Many of the solar thermal plants that are operated for the heat delivery to industrial processes
are small scale pilot plants. In Switzerland, several demonstration plants have been built since 2010 or are
currently in the planning phase (cf. SFOE, 2011). In this paper, one of those plants in the planning phase is
taken as a starting point to focus on the solar thermal process heat integration using parabolic trough
collectors at that site and more general at similar latitudes. The company is located nearby Fribourg in
Switzerland and produces dairy products. A gas driven boiler delivers process steam to a network at 175 °C
and 9 bar.
3. Solar heat integration options
Basically, three general options can be considered:
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-

Integration option #1: In parallel to the existing steam boiler (labelled with #1 in Fig 1) a second
solar heat driven steam boiler could be installed also feeding steam to the net at 9 bar and 175°C (or
above).

-

Integration option #2.1 and #2.2: Heating-up of the steam boiler feed water (between 10 and 8 in
Fig 1 or between 8 and 9). At the site, the heat demand at these integration points by far exceeds the
yield of a solar field of less than 1000 m2 gross area.

-

Integration option #3: Direct solar heat delivery to one or more specific thermal process(es),
represented, for example, with label #3in Fig 1.

Fig 1: Illustration of a process steam network with open condensate reservoir and several options to
integrate solar heat, source: www.spiraxsarco.com, adapted by the authors.
The company decided that their preferential aim is to have a very high solar fraction of heat for one specific
pasteurization process due to the configuration of the production site, marketing reason and minimal
modifications on the heat distribution system. The process considered in this case study must be fed by steam
at 6 bar and 165 °C. The process is operating 5 days per week and continuously about 10 h per day. The time
of the process start can be freely chosen. It is possible to schedule the process in a way so that the process
halftime is reached at solar noon. The process steam demand while the process is active (at 165°C and 6 bar)
accounts to approximately 300 kW and can be considered as constant. Thus, to reach a maximum solar heat
integration without an additional storage or heat sink for the solar heat during the operation time of the
process, the collector aperture area of the solar plant would roughly be in the range of 550..670 m2 (assuming
a maximum/minimum collector efficiency of 0.55 and 0.45, respectively, and taking no other effects into
account). The roof available has a size of about 40m by 20m with an inclination of 16° facing south. On
those two days when the specific process is not active, the energy supply of the solar plant can be delivered
to the local heat network that is operated with a return temperature of 80°C. The energy supply of the heat
network which feeds several processes is around 8’700kWh/a, so that also for the tow days when the specific
process is not active any deactivation of the solar plant could be avoided without an additional storage for
solar heat. Nevertheless, delivering solar heat to the heat network should only be done if there is excess heat
because the heat from the local network is supplied externally with less than 40 US$/MWh (exchange rate of
August, 2011).
4. Assessment of the solar energy yield for north-south and east west orientation
Focusing on integration option #3, in this section the solar energy yield for a parabolic trough collector field
is assessed with orientations north-south (NS) and east-west (EW). Several steps have been carried out:




Calculations of the direct irradiance and irradiation on a one-axis tracked surface
Calculation of the end effect correction and the Incidence Angle Modifier (IAM) for specific
parabolic trough collector configurations
Calculation of the yearly solar energy yields taking into account the collector efficiency
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Direct irradiance and irradiation on a one-axis tracked surface
In a first step, the direct irradiance on a one-axis tracked surface is calculated for two orientations (NS and
EW). Several generalizations have been made: The roof is assumed to be horizontal and not shaded, and the
one-axis tracking is ideal. The roof dimensions are 40m east-west and 20m north-south.
For the calculation of the direct irradiance, climate data from Meteotest (www.meteotest.ch) have been used.
They are based on longtime measured values for weather stations nearby (Payerne: Global irradiation
1159kWh/m2.a, DNI, 1041kWh/m2.a; Plaffeien: Global irradiation 1171kWh/m2.a, DNI, 1150kWh/m2.a)
and extrapolated for the location of Fribourg in Switzerland (Swiss midlands, latitude 47°N, longitude 7°E,
588m above sea level) with the software Meteonorm by Meteotest. For the calculation of the direct
irradiance on one-axis tracked surfaces, a routine has been programmed and integrated in the software
Polysun1 and simulations have been carried out with one-hour time steps.
Thus, the direct irradiance (DI) on an imaginary one-axis tracked surface with no inclination and an ideal
tracking accuracy describes which fraction of the total irradiance is basically usable for a one-axis tracked
concentrating solar collector. In Fig 2, a typical daily course for the DI for a summer day without clouds at
the location of Fribourg is shown. The NS-oriented surface has peaks in the morning and evening because
then the cosine factor for the conversion of the irradiance onto a tilted surface equals one. An EW-oriented
surface has only one peak during a day without clouds that occurs when the solar azimuth angel is zero
because only then the cosine factor equals one. The peak of the EW-orientated surface (959 W/m2, hourly
mean value) is only slightly higher (about 5%, relative) than for the NS-orientation. However, the total direct
irradiation on that specific day is much lower for EW (8.65 kWh/m2d) than for NS (11.88 kWh/m2d). In
winter, the courses of DI are similar (cf. Fig 3) with a reduced time frame for both orientations due to
different times of sunrise and sunset. In winter, the direct irradiance on the EW-oriented surface is
significantly higher (reaching about 200% of the maximum of the NS-orientation) and the peak of EW still
reaches high values (789W/m2, hourly mean value). In contrary to the day in summer, the daily direct
irradiation in winter is much higher for EW (4.16 kWh/m2d) than for NS (2.32 kWh/m2d).
Direct irradiance f or a one-axis tracked surf ace (lattitude 47 N, Jul 13)
W/m2 1000
900
800
700
600
500

EW

400

NS

300
200
100
0
04:00

07:00

10:00

13:00

16:00

19:00

22:00

Fig 2: Daily course of the specific direct irradiance onto an imaginary one-axis tracked surface on a
summer day without clouds for the location of Fribourg/Switzerland (Swiss midlands, latitude 47°N,
longitude 7°E, 588m above sea level). The direct irradiance is calculated with Polysun and based on
Meteonorm weather data.
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Polysun Version 5.7.11 15184, cf. www.velasolaris.com.

Direct irradiance f or a one-axis tracked surf ace (latitude 47 N, Jan 10)
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16:00

19:00

22:00

Fig 3: Daily course of the specific direct irradiance onto an imaginary one-axis tracked surface on a
clear winter day for the location of Fribourg/Switzerland (Swiss midlands, latitude 47°N, longitude
7°E, 588m above sea level). The direct irradiance is calculated with Polysun and based on
Meteonorm weather data.
In Fig 4, the monthly maxima of the direct irradiance on one-axis tracked surfaces for both NS and EW
orientation are shown. The peak levels of the EW oriented surface are higher (or approx. the same for June,
July and August) than those of the NS field and show less variation over the year. In terms of monthly direct
irradiation, Fig 5 shows that NS has higher values in summer and lower values in winter (up to about
+/- 40%, relatively) for this latitude, just as Fig 2 and Fig 3 indicate. With higher latitudes, the differences
increase. For the whole year, the total direct irradiation sums up to 804 kWh/m2a in case of EW and
959 kWh/m2a, which is a plus of 16% (relatively).
Summarizing, EW reaches higher values for direct irradiance both in summer and winter and also higher
daily and monthly irradiation in winter, but the yearly direct irradiation is significantly higher for NS.
However, the maxima of monthly direct irradiance and the monthly direct irradiation are varying less for
EW.
Monthly maxima of the direct irradiance on one-axis tracked surf aces
W/m2 1200
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Fig 4: Monthly maxima of the direct irradiance on one-axis tracked surfaces for EW and NS
orientation for the location of Fribourg/Switzerland (Swiss midlands, latitude 47°N, longitude 7°E,
588m above sea level).
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Monthly direct irradiation f or one-axis tracked surf ace
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Fig 5: Monthly direct irradiation for one-axis tracked surfaces for EW and NS orientation for the
location of Fribourg/Switzerland (Swiss midlands, latitude 47°N, longitude 7°E, 588m above sea level).
Calculation of the end effect correction and the Incidence Angle Modifier (IAM) for specific parabolic
trough collector configurations
Following Duffie and Beckman (2006) the end effect correction  can be calculated depending on the
aperture width (a), the length of the trough (l), the focal length (f) (which is the distance from the focal point
to the vertex) and the incidence angle :
f a2
·tan( )
l 48· f 2

  1 ·

eq. (1)

Appointing f = 0.65m and a = 1.2m, the end effect correction is shown in Fig 6 for different trough lengths
(5, 10, 20 and 40m).
End effect correction for parabolic troughs with f = 0.65m and a = 1.2m
κ,ee 1.00
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0.80
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Trough length l = 5m
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Trough length l = 10m
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Trough length l = 20m
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Trough length l = 40m
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80

90

incidence angle in deg

Fig 6: Calculation of the end effect correction for parabolic troughs based on eq. (1) for f = 0.65m and
a = 1.2m and different trough lengths.
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Furthermore, the collector model that is implemented in Polysun includes the option to define Incident Angle
Modifiers (IAM) in one-degree resolution. Fig 7 shows the IAM longitudinal of the collector that has been
used for further calculations.
Correction of optical losses for a parabolic trough collector
κ,c
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Fig 7: Specific Incidence Angle Modifier (IAM) for a parabolic trough that has been used for the
calculations in this paper.
Calculation of the yearly solar energy yields
Based on the assessment of the direct irradiation on one-axis tracked surfaces (as described above) a solar
energy yield can be calculated choosing parabolic trough collectors to supply heat. For this, the end effect
correction, the IAM and the collector efficiency have to be considered. For the efficiency curve, the
following parameters have been used: eta0 = 0.685, c1 = 0.4 W/m2/K, c2 = 0.0015 W/m2/K2. Dynamic effects
like system control, heating-up of the thermal capacity (especially in the morning), shading effects of clouds
(in minute time resolution) and effects/losses of the piping etc. are not addressed. For the calculations, the
roof area is not shaded and horizontal with dimensions of 40m east-west and 20m north-south. Instead of the
imaginary surfaces of the sections above, now two collector fields are defined: EW with trough lengths of
40m and a row spacing of 1.8m (=1.5*aperture) and NS with trough lengths of 20m and a row spacing of
2.4m (=2.0*aperture). Based on these assumptions, shading effects due to row spacing are similar for both
orientations and can be neglected for the comparison. The EW configuration has an aperture area of 576 m2
(72% of the gross roof area) and the NS configuration an aperture area of 408 m2 (51% of the gross roof
area). However, it has not been taken into account that the trough lengths depend on module lengths of the
collectors and are not arbitrary which, together with the aperture and the row spacing, influences the gross
roof area usage ratio. Furthermore, the yield has been assessed assuming that solar heat is always supplied by
the parabolic trough collector field if the efficiency is greater than zero and assuming that the solar heat can
always be fed into the process. For the integration, three different mean collector temperatures Tm have been
set (165°C, 150°C, 135°C).
Fig 8 shows the monthly energy yields for the one-axis tracked parabolic trough collector fields as described
before with EW and NS orientation for Tm = 165°C. The specific monthly energy yield is presented on the
left axis and the total monthly energy yield of the respective aperture areas on the right axis. The distribution
of the specific energy yield is similar to Fig 5 but now including the end effect correction, the IAM and the
collector efficiency. Naturally, all specific values are lower for the yield than for the direct irradiances, and
mainly due to the different IAM factors, the differences between EW and NS regarding the specific energy
yields are higher than the differences of the direct irradiation on one-axis tracked surfaces.
Although the aperture area of the EW orientated field is 41% larger than of the NS-orientated field, in
summer the specific energy yields as well as the total energy yields are significantly higher for NS. The
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yearly total energy yield in case of EW sums up to 136 MWh/a which is even less (almost 4%) than the
yearly total energy yield of the NS orientated field (141 MWh/a). This is also confirmed by the yearly
specific energy yield which is significantly smaller for EW (236 kWh/m2a) than for NS (345 kWh/m2a).
kWh/m2

kWh

Monthly energy yields of parabolic trough collector fields
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Fig 8: Monthly energy yields of an EW-orientated (576m2 aperture area, row length 40m, row
spacing 1.5*aperture) and a NS-orientated (408m2 aperture area, row length 20m, row spacing
2.0*aperture) parabolic trough collector field. On the left axis, the monthly specific energy yields for
both orientations are displayed, on the right axis the monthly total energy yield. The results have
been calculated using hourly values for the direct irradiance on one-axis tracked surfaces, the IAM
factors and the collector efficiency for Tm = 165°C at the location of Fribourg/Switzerland (Swiss
midlands, latitude 47°N, longitude 7°E, 588m above sea level).
Yearly energy yield
115%
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110%
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Fig 9: Yearly energy yields of both EW and NS orientated fields for different mean collector
temperatures Tm, normalized to the yields achieved with Tm = 165°C
While Fig 8 is showing energy yields assuming a collector mean temperature of 165°C, the mean collector
temperature may vary depending on the control, the flow rates in the collector circuit, the heat exchanger
area for the integration of the solar heat, the process temperature etc. Fig 9 shows the yearly total energy
yields of both EW and NS orientated fields, normalized to the yields achieved with Tm = 165°C. The
monthly distribution is qualitatively the same as what has been shown for Tm = 165°C in Fig 8, and the
relative deviation of the specific yearly yield is the same as for the total yearly yield. Lowering Tm to 150°C
would increase the solar energy yield by about 7.0% (EW) or 6.4% (NS), and lowering Tm to 135°C would
increase the solar energy yield by about 14.0% (EW) or 12.8% (NS).
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5. Summary and conclusions
For the integration of solar heat in industrial processes, several integration options and connected with that
also several technological options for the collector have to be compared. In the early planning phase of a
SHIP plant for a company in Fribourg/Switzerland, the question came up whether a north-south orientation
or an east-west orientation of a parabolic trough collector field is favourable. Amongst other influences, the
latitude of the location (47°N in this case) plays a central role.
In a first step, the specific direct irradiance and irradiation for one-axis tracked surfaces has been analyzed.
EW reaches higher values for direct irradiance both in summer and winter and also higher daily and monthly
irradiation in winter, but the yearly direct irradiation is significantly higher for NS. However, the maxima of
monthly direct irradiance and the monthly direct irradiation are varying less for EW.
For calculating the solar energy yields of parabolic trough collector fields, an end effect correction was
calculated for chosen collector geometry parameters, and an IAM as well as a collector efficiency curve has
been set. Taking a horizontal roof with 40m east-west and 20m north-south, the maximum aperture areas for
EW (576m2) and NS (408m2) have been assessed assuming an aperture width of 1.2m, row lengths of 40m
(EW) or 20m (NS) and row spacing of 1.5*aperture (EW) and 2.0*aperture (NS) so that row shading does
not make a difference for the yield comparison of the fields.
With some simplifications (e.g. assuming that solar heat can always be used if provided at a temperature high
enough), the monthly and yearly energy yields for the one-axis tracked parabolic trough collector fields with
EW and NS orientation have been analyzed for Tm = 165°C. The energy supply of EW is distributed more
evenly over the year, however, although the aperture are of the EW orientated field is 41% higher than of the
NS-orientated field, the yearly total energy yield in case of EW sums up to 136 MWh/a which is even less
(almost 4%) than the yearly total energy yield of the NS orientated field (141 MWh/a). Also, the yearly
specific energy yield is significantly smaller for EW (236 kWh/m2a) than for NS (345 kWh/m2a). However,,
if the process heat demand profile limits the solar energy supply, e.g. the specific energy yield for NS which
was higher than for EW is decreasing because NS has significantly longer daily operation times in summer.
In that case, either a storage or a different field orientation could be advantageous
If the yields are calculated with lower mean collector temperatures, a relative increase of the solar energy
yield compared with Tm = 165C by about 7.0% (EW) or 6.4% (NS) for Tm = 150°C and 14.0% (EW) or
12.8% (NS) for Tm = 135°C can be expected.
The calculations presented in this paper may serve as a first indicator for planning decisions regarding the
orientation of parabolic trough collector fields for latitudes in central Europe. For the configuration of a
parabolic trough collector field, not only the yearly specific or total energy yields but also the course of
direct irradiance and peak power over a day and the distribution over months can help to optimize the costbenefit ratio of the solar heat plant. However, depending on technical, economical or other boundary
conditions (marketing, vacation close-down of the company etc), a solar heat plant concept which is not
leading to the highest specific yields may be chosen. Yet, the true energy yield can only be calculated
simulating the process heat demand, piping losses, dynamic collector and collector field effects etc.
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Abstract
The potential of solar energy for industrial processes has been demonstrated by International Energy Agency
(IEA) Task 33 Solar Heat for Industrial Processes. A large number of industrial process heat (IPH) facilities
with parabolic-trough collectors (PTCs) erected since the eighties, mainly in the U.S.A., but also in Europe,
some of which are still in operation, confirm that small-sized parabolic-trough collectors are the best solar
option in a temperature range from 80 to 250ºC. This paper presents design process and simulation results of
a small-sized PTCs field pilot plant for supplying process heat in the cork industry in Badajoz (Spain), in
which raw cork must be processed by immersion in hot water at 98ºC for one hour to eliminate any taste
before being used in the food industry. There is no previous experience in application of solar heating in
processing cork. A model with TRNSYS simulation environment of the PTC solar field was developed to
take design decisions, such as PTC type, optimum size and configuration of the solar field and piping layout.
This simulation environment was also used to analyze the performance of the selected solar field
configuration over the operation period. According to results obtained, the solar field supplies 65% of the
industrial process heat demand, with 50% annual system efficiency and 50% savings in the fossil energy
required for conventional cork processing. Implementation of the system designed is expected to produce
references and guidelines for future installations in the geographic area of the pilot project, characterized by
high solar resource availability as demonstrated by the rapid deployment of CSP facilities in recent years.
1. Introduction
According to latest statistics from the IEA, it is expected that energy demand in 2030 will be of the order of
17 TW, volume whose satisfaction seems insufficient taking into consideration only the traditional energy
sources (IEA, 2010). Therefore, a sustainable future in terms of energy will hardly be feasible without the
outstanding participation of renewable energy in general, including in particular solar energy, since it is the
one with the highest potential development. This research focuses on the provision of the thermal energy
required for an industrial process by solar energy. Statistics of the IEA (corresponding to 2008) show that
industry is globally one of the sectors that consumes a greater amount of energy, with around a 30%. In
Spain, the industry is not only the largest user of energy (more than 50% of total demand), but also a 35% of
it takes place in the medium temperature range, for which the PTCs are very appropriate (Schweiger et al.,
2000). This paper aims to further research and development of a pioneer technique in the field of
optimization of energy resources.
A number of initiatives, such as the already finished IEA Task 33 and the recently in creation IEA Task 49,
have attracted increasing attention to the development of specific PTCs for industrial applications. Smallsized PTCs are able to work up to temperatures of 250ºC, which is an appropriate range for the energy needs
of a wide range of industrial processes, as well as the production of large volumes of hot water. Some
industries with high needs of thermal energy at temperatures below 250°C are food and beverages, textiles,
wood, plastics and chemical industry. To be noted that there is no special legislation or regulations governing
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the production of IPH using solar energy. There exist some examples of demonstration plants that use PTCs
to provide the thermal energy needed in industrial processes. A pilot plant was operating for six years in
Lactaria Castellana in Madrid (Spain), providing the solar thermal oil at 220ºC to produce steam for
sterilization. There is a plant currently in operation coupled to an industrial process in El Nars, near El Cairo,
Egypt. This is a 1900-m2 solar field, circulating pressurized water at 8 bar, with an outlet temperature of
173ºC, to produce steam for pharmaceutical products (Fernández-García et al., 2010a).

2. Methodology
A PTC solar field is integrated by a number of parallel loops, being each loop composed of several collectors
connected in series. The design of the solar field consists of determining the optimal number of collectors in
each loop (N) to achieve the temperature increase, as well as the number of loops necessary to reach the
energy needs required by the industrial process (M). In order to know those energy needs (mainly the thermal
power and the temperatures that the solar field has to supply) the specific industrial process, the cork
processing, was studied. With these energy data required by the industrial process, the solar field was
calculated in two stages: a pre-design or first estimation of the solar field (at a given moment of the year),
and the simulation of the thermal performance over a long period of time. The most suitable solar field
configuration is thus optimized following the thermal and hydraulic performance of PTC models.
2.1. The cork processing facility
This section describes the case study of this project, the integration of a PTC solar plant in the cork
processing. The Instituto Tecnológico del Corcho, la Madera y el Carbón Vegetal (Technology Institute of
the Cork, Wood and Charcoal), belonging to the Junta de Extremadura (a public entity of a region of Spain),
is working on a series of projects to improve the quality of its final product, cork cap, by eco-efficient
treatment of process water. In the framework of the ECOTRAFOR project, a facility with the same name has
been built in San Vicente de Alcántara (Badajoz, Spain), which implements a number of improvements over
the traditional cork processing. Today, this facility is in beta and not yet in operation. Through the
collaboration of this public entity with the CIEMAT-Plataforma Solar de Almería (PSA), it is planned to
establish a pilot solar plant that supplies the thermal energy needed for cork processing so as to improve the
energy efficiency of their facilities.

Fig. 1: ECOTRAFOR plant in San Vicente de Alcántara (Badajoz, Spain)

Raw cork must be processed by immersion in hot water at 98ºC for one hour to eliminate any taste before
being used in the food industry, following a specific quality system called Systecode, which certifies
compliance with the International Code of Cork Stopper Manufacturing Practice (CELIÈGE, 2006). This is
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done on farms in auxiliary facilities usually for six months a year, from April to September. This process
operates for eight hours a day, from Monday to Friday. The cork industry is therefore a very interesting
process, not only for its temperature range but also for its coincidence with the maximum solar irradiation
levels in Spain along the year. Figure 1 shows the ECOTRAFOR plant, where the cork is stored in the yard
and processed in boilers.

Fig. 2: Simplified scheme of the PTC solar field connected to the ECOTRAFOR plant

Figure 2 represents a simplified scheme of a PTC solar field connected to the ECOTRAFOR plant; the
scheme includes the solar field, an auxiliary fuel boiler and, the box depicts the industrial process under
study. The use of a heat exchanger is essential to separate the working fluid from the solar field circuit or
primary circuit and the industrial process circuit, because the primary circuit requires a special fluid suitable
for solar collectors.
As preliminary data for the solar field design, a first estimate of the power demand and the temperature
increase required to carry out the cooking was made, taking into account that the volume of water to heat is
about 15 m3, the filtered water returns at about 85°C and the whole system is isolated to minimize heat
losses. Therefore, considering the pipes and heat exchangers losses, the thermal power to be supplied by the
solar field (Pt) was established as Pt = 260 kW. Due to thermal losses in the heat exchanger, the expansion
tank and pipes between the solar field outlet and the industrial process inlet, the solar field outlet temperature
(Tout) was set at about 10ºC above that required in the industrial process, in this case, Tout = 110°C. The fluid
temperature at the solar field inlet (Tin) is fixed, as is the case of solar power plants, not only by the return
temperature of the heat exchanger, but also taking into account that in this type of application, to provide an
adequate mass flow to the power required, a suitable temperature increase would be 20ºC. Therefore, taking
the above into account, Tin = 90ºC.
The usual practice is that a solar field does not provide the total energy needs of the industrial process, but,
together with a conventional energy source, takes part of the overall energy supply to the industry. A
conventional fuel boiler, connected in series to the solar field, may be added. The use of thermal storage in
the solar field has been ruled out because, among other reasons, is an extra cost, not only associated with the
design of a much larger solar field to perform the storage charging cycles, but also the raw material stored. In
addition, there is a limited space on the parcel where the facility is currently located. Apart from that, most of
the operation hours of the industrial process match up with the highest solar gain ones, so it is cheaper to
design the solar system without thermal storage, and the solar field feeds directly the industrial process.
Hence, the auxiliary fuel boiler is sufficient to deal with hours with no or not enough direct solar irradiation,
and absorb small variations on it, such as the passing of clouds. The main advantage of the auxiliary fuel
boiler in front of the thermal storage is that it allows, if necessary, the use of higher temperatures in the
industrial process than those provided by the solar field itself. As shown in figure 2, the boiler would be in
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series with the solar field and coupled to it through a heat exchanger. The boiler would come into operation
when the temperature of the solar field outlet temperature does not reach the one needed by the industrial
process. Also, in days under unfavorable weather conditions in which there is no direct solar irradiation
(totally cloudy or rainy days), the boiler would provide the thermal demand of the industrial process, thanks
to some 3-way valves on the installation that would isolate the solar circuit of the boiler.
2.2. Pre-design of the PTC solar field
A pre-design of the solar field was made considering the power and temperature data set by the industrial
process, meteorological and geographical location of the facility, and the data set by the solar field, in
accordance with the technical specifications for each collector, working fluids and other elements of the
hydraulic circuit. At this stage, the number of collector per loop is calculated depending on Pt and the
temperature difference between Tout and Tin.
Since the solar height varies throughout the year at the same site, the incident irradiation on the collector
aperture plane depends on its tracking-axis orientation. Since the period of operation of the industrial process
throughout the year coincides with the peak months of irradiation, the optimal orientation for this application
is the North-South one. The design point is the moment of the year chosen for the calculations of the predesign. The solar noon on the summer solstice was chosen, which provides energy values in the most
suitable time of year, where the incidence angle would be smaller. The Typical Meteorological Year (TMY)
at the site is available and contains mean values in 10-minutes time periods of the ambient temperature (Ta),
and direct normal irradiance (DNI). The annual average of the direct irradiation in the area of study is 1641
kWh/m2. Data at the design point are: Ta = 31.65ºC, DNI = 907 W/m2. The incidence angle (Θ), taking into
account the location of the site and the orientation of the collector, is Θ = 15.9º.
The PTC selected for the solar field, after considering other technology options presently available, was the
CAPSOL-02 prototype, designed, constructed and tested under the CAPSOL Project (Fernández-García et
al., 2010b). The collector has a flat glass cover in the aperture plane and the concentrator is made of
composite materials. Its soiling factor is higher than other collectors because the flat glass cover is the only
surface exposed to dirt. Cleaning the collector is considerably easier than in other ones. Also, the flat cover
reduces the collector torque, thus improving its interception factor. CAPSOL-02 maximum operating
temperature is 250ºC and the heat transfer fluid is pressurized water. Figure 3 shows the CAPSOL-02
prototype and its test facility. A third and commercial prototype, CAPSOL-03, is currently being developed.

Fig. 3: CAPSOL-02 prototype and its test facility

To sum up, taking into account the data described above and known collector-performance parameters
(thermal losses, the peak optical efficiency and the incidence angle modifier), some technical collector
features (the cross-sectional area of the absorber tube and the aperture area) and the properties of the working
fluid under operation conditions of the plant (density, specific heat, etc.), we are able to perform the predesign of the solar field (González, 2008). It is also necessary to reach a compromise between the limitations
of space where the facility will be located and other further calculations such as turbulent flow, the quality of
heat transfer between the fluid and the receiver losses (analyzing the convection heat transfer coefficient in
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the inner metal absorber tube wall), and parasitic loads associated with pumping through the solar field (that
depends, among other things, on the shape and size of the field) (Zarza, 2007). As a result of the pre-design
process, the most suitable configuration consists of 9 parallel loops of 6 collectors in series in every loop. A
collector area of 432 m2 would be required to reach the energy needs of the industrial process described
above.
2.3. Simulation of the solar field thermal performance
The simulation of the solar-field thermal behavior over the six months of operation of the industrial process
was carried out, based on the configuration obtained by the pre-design. To make the simulation is necessary
to have a model of the system. In this case, a computer program, whose tool is the TRNSYS simulation
environment, was used. The program, composed of TRNSYS blocks specially created for this work, mainly
contains the mathematical model of thermal and hydraulic behavior of the collector. The model also contains
other blocks such as piping models, the load profile of the industrial process of the case study, the power
supply provided by the auxiliary fuel boiler and its starting consumption. The model is stationary but
includes a 10-minute time step and a transport delay to simulate behaviour during transients. The program is
completed with standard library of TRNSYS blocks, mainly for TMY data reading and processing (i.e., to
estimate the incidence angle at each instant by calculating the sun position in the location of study), and the
integration of meteorological variables, such as power, for energy calculations. This makes possible to
analyze the thermal and hydraulic behavior of the solar field, taking into account the connection between
collector pipes, the supply and return pipes of the solar field, the transients in direct irradiation or in the
ambient temperature due to the thermal inertia of the system, the facility start up, and the losses due to
shading of parallel rows.
In order to carry out the calculations, the user has to introduce several inputs to the program. Some of them
(N, M, nominal flow rate, Moody’s friction factor, etc.) are previously calculated in the pre-design stage. The
time-varying inputs (DNI and Ta) are loaded from the TMY file, 10-minute averages to account for cloud
transients. Other possible inputs are the set point temperature and the load profile of the industrial process,
the collector nominal reflectance, the mechanical-electrical efficiency of the circulation pump and so on. The
main results of the program are shown in the following section. It should be pointed out that the models used
for this particular application are flexible, capable of being used for other types of collectors or working
fluids, and for any other application, whether for the production of process heat in any other industry or for
electricity generation plants.
3. Results
This section presents TRNSYS simulation results of the solar field that was confirmed as the best option in
the design process to supply the energy needs of the industrial process under study: 9 parallel loops of 6
CAPSOL-02 collectors in series in every loop, that is a collector area of 432 m2. Figure 4 shows the main
simulation results, particularized for a clear day in June. These results are listed below:
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•

Curve 1: DNI.

•

Curve 2: DNI available due to the cosine effect of the incident angle.

•

Curves 3 and 4: inlet and outlet temperatures of the solar field (Tin, and Tout, respectively).

•

Curve 5: solar power incident onto the solar field

•

Curve 6: power demanded by the industrial process (Pt) throughout the day.

•

Curve 7: useful power provided by the solar field, taking into account thermal losses pipes.

•

Curve 8: solar power used by the industrial process (Pu), taking into account the thermal inertia of the
system.

•

Curve 9: fossil power supplied by the auxiliary fuel boiler (Paux).

•

Curve 10: mass flow rate of the solar field.

The pressure losses and the electrical pumping power required by the solar field are not represented because
they are not visible in this scale. All simulation results can be obtained both graphically and in 10-minute
data files. By analyzing figure 4, the maximum of the useful power curve does not match the solar noon but
is shifted to the right along the time axis due to the effect of thermal inertia. Moreover, it is necessary to use
the auxiliary boiler when the solar field can not reach either the outlet temperature of 110°C (typically during
the first and last hours of the day) or a useful power equal to the demand (usually when there is not enough
solar radiation). Finally, the mass flow is being adjusted to achieve the required outlet temperature.

Fig. 4: Simulation results of a clear day in June

Then some variables of the simulation are discussed in more detail and in two different situations: a clear day
and a cloudy day. DNI (curve 1), Tin, and Tout, (curves 3 and 4, respectively) and Pt (curve 6) are shown in
figures 5 and 6. Figure 5 depicts that the outlet temperature on a clear day in June respond adequately to both
the input temperature, since the field can reach 90 ºC by itself before 8:00 am, and the outlet temperature,
which is very stable around the set temperature of 110 °C. Since there are no disturbances, the delay in the
outlet temperature is not significant. However, with an interval cloud around the solar noon (figure 6), the
outlet temperature, which is not stable at all, oscillates around 110 °C and that temperature does not recover
as well as irradiation and with a lag.

Fig. 5. DNI, Pt, Tin, and Tout in a clear day of June

Fig. 6. DNI, Pt, Tin, and Tout in a cloudy day of June
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DNI (curve 1), Pt (curve 6), Pu (curve 8) and Paux (curve 9) are shown in figures 7 and 8. Similarly, they
show that the output power provided by the solar system is very close to the demanded by the industrial
process in clear days (figure 7). The support of the auxiliary system is only needed in the first and the last
hour of the workday. On cloudy days (figure 8), power output curve follows the solar irradiation curve, but
with a lag.

Fig. 7. DNI, Pt, Pu and Paux in a clear day of June

Fig. 8. DNI, Pt, Pu and Paux in a cloudy day of June

The analysis of the solar-field energetic behavior is possible by integrating performance data over the six
months of operation of the industrial process. Simulation results were used to calculate the facility efficiency,
pressure losses, energy balance, solar fraction and conventional energy saved, under different operating and
weather conditions. The solar field efficiency is defined as the ratio of the solar energy incident onto the
solar field and the useful energy that it can supply; and the solar fraction as the ratio of useful solar energy
used by the plant and the energy demand.
During the semester in which the plant is in operation, the efficiency reaches values well suited to an average
of almost 64% and its value is very steady throughout the working period (figure 9). The solar fraction
indicates how much energy is supplied by the solar energy system. According to data obtained in this plant,
average solar fraction is 65% (figure 10), which is considered quite high. The value of solar fraction grows
during the summer months due to an increase of the available solar irradiance.
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Figure 11 shows the energy required by the industrial process, the useful solar energy, the fossil auxiliary
energy needed to reach the demand and the energy used in pumping, whose value is not appreciated because
it is several orders of magnitude smaller than the rest. Moreover, 50% savings in the fossil energy required
for conventional cork processing during the six months of its operation was achieved.
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Fig. 11. Energy required by the process, supplied by the solar system and requested to the auxiliary system

4. Conclusions
This project is the first step to erect the first small-sized PTC pilot plant for IPH applications currently in
Europe. A software tool for design and optimization of PTCs solar fields for IPH has been successfully
developed. Despite of the fact that it was developed for a specific case of study, the flexibility of the
programs allows analyzing the behavior of any PTC solar field, providing heat to any application, whether
for process heat or for power generation. However, the model developed in this specific case of study, the
CAPSOL-02 PTC solar field connected to the ECOTRAFOR plant, will be validated after the construction
and start-up of the pilot plant.
Small-sized PTCs with pressurized water as working fluid are the best candidates for process heat in
industry, in the temperature range of cork processing (around 100ºC). The collector chosen for this
application, CAPSOL-02, is the one with longer life, lower soiling rate and less torque. According to results
obtained, the designed solar field supplies the 65% of the thermal energy demand of ECOTRAFOR facility,
with an overall efficiency of 64% over the six months of operation of the industrial process (from April to
September).
On the other hand, the implementation of solar systems in the industry requires the set up of solar pilot plants
with the help of public funds or other incentives and, the market introduction of small-sized PTCs for IPH
applications in order to achieve a reduction of the manufacturing costs and to improve their quality. In this
regard and since concentrated solar technology for electricity generation has entered the commercial stage, a
trend in recent European projects for the promotion of research on concentrated solar thermal technology for
process heat has been detected.
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1. Introduction
Forced-circulation solar heating system has been widely used in process and domestic heating applications.
Additional pumping power during the solar energy absorption is required to circulate the working fluid
through the collector banks to absorb the solar heat. The solar heat absorbed increases with increasing flow
rate as well as pumping power. A lot of solar heat systems were usually designed to operate at a flow rate
given by the assigned flowrate of collector test standards, 0.02 kg m-2 s-1, which may be over-estimated and
causes large pumping power consumption.
Many researchers intended to develop an optimal control technique to reduce the pumping power at optimal
solar heat collection [1-4] such as using exergy concept [2] or system optimization method [4]. The control
algorithms however were very complicated and not easy to be implemented in field. In addition, no feedback
control scheme was ever been applied to assure the optimal performance under variable solar radiation. In
the present study, we intend to develop the technology maximum-power-point tracking control (MPPT)
similar to MPPT of solar PV system and implement it in a solar heating system for field test.
2. Design of solar heating system
A solar heating system using flow-through vacuum-tube solar collector was designed and installed for
experiment. The solar heating system consists of 24 sets of vacuum-tube solar collectors with 25.92 m2 total
absorber area, as shown in Fig.1. The piping is designed with 8 collectors in series and with 3 parallel
connections, for total 24 collectors. The reverse-return piping design is adopted to maintain a uniform flow
through the collector banks. An inverter for frequency control of the circulation pump was installed and a
PC-based control system was developed to control the circulation pump. The system configuration is shown
in Figure 2.
Most of solar heating systems design the flow rate according to the standard flow rate (0.02 kg m-2 s-1) used
in the standard test of solar collector. That is, the total flow rate for the present solar system will be rated at
0.02 L m-2 s-1 according to the test standard of collector, i.e. 31 L min-1 with 423 W pumping power. This
may be too high and can be reduced without affecting the energy collection.

Fig. 1: Solar heating system used in present study
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Fig. 2: Optimal control system

3. Cost function for MPPT control target of solar heating system
In order to develop a MPPT feedback control algorithm for water pump, the tracking target must be found
first. The solar heat absorbed by the solar collector increases with increasing flow rate. The total solar energy
collection Qs may increase with flow rate. However, the associated pumping power may become
unreasonably large. After certain range of high flow rate, the increase of flow rate no longer increases the
total heat collection Qs . The net energy gain Qnet can be defined as the total heat energy collected Qs minus
the pumping energy Wp which is converted into the primary heat energy:

Qnet  Qs 

Wp

e

(eq. 1)

where ηe is the primary energy efficiency of the electrical grid (0.365 in Taiwan). There seems exists an
optimal flow rate at which the net heat collection is optimal and the pumping power is minimized. The
definition of net energy gain Qnet is similar to the cost function of Kovarik and Lesse [4] or the exergy
concept [2] and may have an optimal value as shown in Figure 3. Since Qnet varies with solar radiation and
ambient conditions (wind and temperature), there may not be an optimal value of Qnet all the time. The
feasibility of using Qnet as the cost function in the MPPT of solar heating system needs to be verified
experimentally.

Fig. 3: Useful heat energy v.s pumping power
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Fig. 4: Steady performance of solar heating system

A steady or quasi-steady state data were taken from field test at different mass flow rates to determine the
instantaneous Qs and Qnet. Figure 4 show that there exists an optimal flow rate at which the net heat gain
Qnet is optimal. There exists an optimal Qnet (14.9 kW) at flow rate 22 L min-1. The pumping power is 113 W
with reduction of 73% pumping power and the total heat energy collected Qs is 15.2 kW. A very high
electrical COP of the solar heating system (Qs/Wp=134.5) is obtained.
4. MPPT control system construction
4.1 System identification
The cost function existing optimal value (Qopt) could be considered as MPP tracking target of solar heating
system. The feedback control diagram can be designed as Figure 5 shown. The tracking filter includes the
dynamic model of solar heating as eq. 2 and predicts the useful heat energy variation which would be
substituted into cost function.



dqs
 qs  FR ( )  IT  FRU L  (Ti  Ta )
dt

(eq. 2)

where qs=Qs/Ac , Qs= Cp(Te-Ti), and  is the time constant of the solar heating system which was determined
from a step response test of the solar system (Figure 6) by shading the solar radiation at a steady state. The
test result shows that  = 237 s.
Collector
GI(s)

IT

Low-pass ITf
Filter

Tracking
Filter

Qopt

Controller
C(s)

m Collector
Gm(s)

r

Wp

Qs

1/ηe

Qnet=Qs-Wp/ηe

Fig. 5: Feedback control structure of MPPT
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Fig. 6: Step response test of solar heating system

The two parameters FR(τα) and FRUL are determined from the steady-state test data collected from field
operation as shown in Figure 7. The following correlations were derived:
FR ( )  0.51m2  0.72m  0.62 (eq. 3)

FRU L  2.97m2  3.9m  0.14 (eq. 4)

Fig. 7: Variation of FR(τα) and FRUL with flowrate.

4.2 Low-pass filter design
The solar collector is a kind of low-pass system. The useful heat energy would almost not be affected by
high-frequency variation of solar irradiation. A low-pass filter was designed with cut-frequency as 1/237 Hz
and sampling time as 7 seconds. The transfer function of low-pass filter was derived:

H ( z) 

0.044  0.044 z 1
1  0.911z 1

(eq. 5)

The frequency and time domain of first order low-pass filter were shown as Figure 8.
Magnitude frequency response
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0.2
0 -4
10

Solar irradiation,IT, ITf (W/m2)

1

-3

-2

10

10

10

-1

0
0

2000

Freq(Hz)

Fig. 8: 1storder filter response diagram
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4.3 Tracking filter algorithm
Using the system dynamic model attained as section 4.2, the useful heat energy Qs with different flow rates
could be predicted. Substitute the Qs into cost function and derivative by flow rate (eq. 6). The optimal cost
function value, Qopt, could be obtained.

 Qnet  Qs - W p / e

0
(eq. 6)
m
m

4.4 Optimal tracking controller design
The maximum cost function, Qopt, calculated by tracking filter was considered as optimal control tracking
target. In order to reducing the disturbance and steady state error, the PID controller was adopted in the
present study. Use the program “Matlab Simulink” (Figure 9) to construct the solar heating system’s
dynamic model and the PID controller parameters was derived:

Gc (s)  10 

0.2
 10s
(eq. 7)
s

Fig. 9: Matlab simulink diagram

5. Test of solar heating system with MPPT
Date : 2011/6/19; Ta=36.2 oC ;Ac=17.28 m2
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Fig. 10: Field test result at 2011/6/19
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Date : 2011/6/23; Ta=33.4 oC; Ac=25.92 m2
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The solar heating system was tested with MPPT control. The test results from Fig. 10 show that the MPPT
tracking control work well. The pumping power is between 50 W and 120 W with instantaneous energy
collection Qs is 4-20 kW. The maximum instantaneous COP is 260.5 at Qs= 12.3 kW, pumping power 47 W
and IT= 872 W/m2. The overall COP is 100.1 between test period AM 10:51 to AM 13:09 with average Qs
=8.43 kW and average pumping power 84.1 W.

15:10

Fig. 11: Field test result at 2011/6/23

The test was also carried out for the larger collector area (25.92 m2). The test result is shown as Fig. 11. The
pumping power is between 80 W and 170 W with total energy collection Qs is 15-18 kW during clear
weather. The maximum instantaneous COP is 137.5 at Qs = 14.7 kW, pumping power 107 W and IT = 815
W/m2. The overall COP is 103.9, for MPPT test period between AM 9:57 to PM 15:10, with average Qs =
14.5 kW and average pumping power 139.8 W.
6. Conclusion
The present study developed a maximum-power point tracking control (MPPT) to obtain the minimum
pumping power consumption at an optimal heat collection. The net heat energy gain Qnet (=Qs-Wp/ηe) was
found to be the cost function for MPPT. The optimal performance tracking controller was used in the
feedback design of MPPT on Qopt. The field test results show that the very high COP between field test
period of solar heating system could be obtained (Qs/Wp=103.9).
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ABSTRACT
From Indian perspective there is a large potential available for low cost solar water heating systems. With
above system we can instantly fulfil needs of hot water in industrial sector. Concentrated solar collectors
have high efficiency. Therefore for water heating application, we can achieve high efficiency. We used
parabolic dish collector for instant water heating that can be used as a boiler feed water. Also this type of
system is used for instant water heating in domestic applications. System consist of parabolic dish of 1.4 m
diameter .It is made of anodised aluminium mirrors & supported with locally manufactured steel stand. This
paper revels prototype design of solar parabolic dish collector with truncated cone shaped helical coiled
receiver made up of copper & coated with nickel chrome at focal point. The concentrator receives
approximately 1.064 kW/m2 of solar insolation with geometrical ratio of 21 (dependent upon time of year),
which is concentrated and reflected to the receiver. Instantaneous collector efficiency of 68% was achieved
with above described system.
This prototype was evaluated for its performance during month of April & May 2010.
KEY WORDS: Solar energy, instant water heating, truncated cone shaped helical coiled receiver,

concentration ratio, standard test conditions, high efficiency,

INTRODUCTION
The concentrated solar thermal energy system is designed and constructed with the conventional parabolic
concentrator with the receiver placed along the line between the center of the concentrator and the sun. The
receiver used was coiled helically with specific design so that all the solar rays concentrated at center were
received without shadow. Manual tracking was used during evaluation stage. This allows for effective
collecting and concentrating of the incoming solar irradiation. The concentrator receives approximately
1.064 kW/m2 of solar insolation (dependent upon time of year), which is concentrated and reflected to the
receiver. By concentrating the incoming radiation, the operating temperature of the system increases
significantly and subsequently increases the efficiency of the conversion.
NEED OF RESEARCH IN LOW COST PARABOLIC DISH SOLAR WATER HEATER:
1. Hot water can be made instantly available within short period of time
2. Reduction in the quantity of material & material cost required for the collector
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3. Increasing the rate of water heating
4. Reduction in heat losses & to increase efficiency of total system.
5. Production of significant amounts of high-temperature heat for industrial processes.

DESCRIPTION OF SYSTEM USED:
System consist of parabolic dish of 1.4 m diameter .It is made of anodised aluminium mirrors & supported
with locally manufactured steel stand. At focus truncated cone shaped helical coil, made up of copper is
fitted & it is coated with nickel chrome. Inner & outer diameters of hollow receiver coils are 5.0 mm &
5.1mm respectively. The spacing between two coils is 5 mm & angle of helix is 5°. Inlet & outlet pipes
made of high temperature & pressure PVC are attached to coil. Inlet water flow is controlled by using inlet
valve & hot water at outlet is collected in insulated tank. Flow rate of water is 0.5 litres per min.
Thermocouples are used to measure the temperatures of inlet & outlet water, receiver surface temperature.
Wind speed is measured using anemometer & solar radiation is measured by using Pyranometer. This
prototype was evaluated for its performance during month of April & May 2010 under standard test
conditions.

Figure 1 Schematic Diagram of Test Set up and Instrumentation

T1 –Cold water supply tank at inlet
T2 - Hot water storage tank at outlet
P1- High temperature & pressure flexible pipe at inlet
P2- High temperature & pressure flexible pipe at inlet
R1-Rotameter for measurement of inlet flow
R2- Rotameter for measurement of outlet flow
F-flow control valve at inlet

TA –Tracking axis of collector
C –Parabolic dish collector
GC-Cylindrical shaped Glass cover on receiver
S- Wooden supports for receiver
-Thermocouple for measuring receiver surface
temperature
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Figure 2 Receiver (with black Nickel chrome paint coating)

Sr. no
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Name of component
Diameter of Parabolic dish
Thickness of mirror of Parabolic dish
Reflectivity of Parabolic dish
Depth of Dish
Focal length of dish
Surface area of parabolic dish collector
Aperture area of parabolic dish collector
Diameter of receiver at bottom
Diameter of receiver at top
Mean Diameter of receiver
Surface area of receiver
Effective length of receiver coil
Thermal conductivity of copper (W/m k )
Density of copper (gm/cm3 )
Melting point of copper (°C )
Specific gravity of copper
Absorptivity-transmitivity product of copper
Emissivity of copper
Absorptivity-transmitivity product of coating
Emissivity of coating

Dimension
1.4 m
2mm
0.86
0.38 m
0.3223 m
1.9295 m2
1.54 m2
0.135 m
0.095 m
0.115 m2
0.2357 m2
3.96 m
384
8.9
1083
8.9
0.7
0.725
0.94
0.10 - 0.14

Table 1.Parameters of system used for experimentation
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EXPERIMENTAL PROCEDURE
The schematic of the experimental set-up is shown in Figure.1. It consists of a cavity receiver supported by
support. The receiver is kept vertically upright with respect to the horizontal. The cold water circulated in the
receiver is supplied from a water tank of 100 litre capacity. The working fluid is circulated through the
receiver tubes by gravity. A rotameter at inlet measures the mass flow rate of cold water entering the
receiver. The cold water is circulated at constant inlet temperature through the receiver. The temperatures of
the fluid in the tube at four locations (including the outlet) are measured using K-type thermocouples. The
flow is kept constant for the complete period of an experimental run on a given day. The system is operated
under open loop condition as the water exiting from the receiver is not circulated back to the inlet cold water
supply tank. The hot water is stored in an insulated tank at the near the outlet. The wind speed measurements
are taken at a fixed location near the parabolic dish collector plane. The wind blows in the direction normal
to the receiver & also the direction of the wind is parallel to the receiver.
All the measuring instruments used in the experiments are calibrated. The working fluid is cold water and on
experiment days inlet temperatures varies between 23°C and 27°C. For each test, the inlet fluid temperature
is measured using thermocouple. The working fluid enters and exits the receiver as shown in Fig.1. The
working fluid inlet is at the bottom portion of the receiver and flows through the helically coiled receiver &
leaves receiver at the uppermost portion. This is to ensure that the highest temperatures are at the top of the
cavity receiver and lower temperatures near the concentrator. The flow rate of water is kept constant at on
given day of experiment.
The solar radiations, tube temperatures and the fluid temperatures are measured at intervals of half hour and
the experiment is continued till the solar radiation is available at sufficient intensity. The thermal losses are
estimated at steady state. Helical coil as shown in Figure.2 representing the receiver with coating of black
nickel chrome paint. For the experiments with black coated receiver, the region outside the cavity is
surrounded by a downward facing cylindrical glass enclosure. The fluid inlet and the outlet tubes of the
receiver are extended to the enclosure walls and are assumed to be adiabatic so that they do not affect the
temperature and flow profile in the region external to the cavity. The material properties of air, working fluid
used for the calculation are taken from S.P.Sukhatme (2009). The boundary conditions used for the
numerical analysis are as follows:
(1) The fluid inlet temperature (at the receiver outlet) and the fluid velocity as specified.
(2) Enclosure walls are maintained at ambient temperature.
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EXPERIMENTAL MEASUREMENTS
Table 2 below shows measurements for May 2010 at Shivaji University, Kolhapur, (Maharashtra, India)
Table 2 Experimental data

wind
speed
(m/s)

Tin
(ºC
)

Tout
(ºC
)

9:00

2.725

26

42

9:30

3.7

27

51

Time

10:00

4.25

28

54

10:30

5.175

29

50

11:00

5.525

30

56

11:30

3.8

30

64

12:00

4.275

31

60

12:30

4.25

31

48

13:00

5.2

32

50

13:30

3.875

32

51

14:00

6.025

33

61

14:30

5.2

33

64

15:00

4.275

32

64

15:30

3.1

32

63

16:00

4.475

31

57

∆T
(ºC
)

16
24
26
21
26
34
29
17
18
19
28
31
32
31
26

Beam
radiation
on
collector
(W/m²)

Optical
Energy
Captured
by
Receiver
(W)

Overall heat
loss
coefficient
(W/m²°C)

Total heat
Loss (W)

Useful heat
gain by Water
(W)

Collector
Efficiency
(%)

56

616.055

475.35324

6.2270801

36.6930

438.66017

71.20471

31

76

873.889

674.30009

7.4745583

79.2789

595.02119

68.08888

32

80.75

725.41664

8.2408162

94.6900

630.72658

67.08889

32

65.75

590.39791

9.3341971

74.2523

516.14555

67.45658

32

104

819.34665

10.643559

180.625

638.72121

60.15069

33

114.2
5

956.63668

7.8932902

151.161

805.47524

64.96839

33

107

825.31534

8.5707814

149.489

675.82549

63.18466

33

63.25

455.69038

7.9395254

56.6082

399.08217

67.57552

33

60.25

500.97622

9.0407042

58.0668

442.90937

68.21733

34

62.25

547.25528

7.1740289

47.7684

499.48683

70.42568

33

67

812.96556

9.9416384

79.6703

733.29526

69.59911

33

73.25

862.61851

8.6332586

81.9030

780.71544

69.83465

33

71

821.91333

7.2012315

64.4985

757.41479

71.10575

32

67.25

738.67589

5.4091385

44.9414

693.73447

72.46634

32

62

618.25976

7.5176983

53.1576

565.10212

70.5266

Tamb
(ºC)

Tr-avg
(ºC)

31

940.135
7
765.152
2
1061.86
8
1239.79
6
1069.60
4
590.572
1
649.262
2
709.239
6
1053.59
9
1117.94
9
1065.19
5
957.319
6
801.261

RESULTS & DISCUSSION
Fig.1 below shows variation of useful heat gain by water, overall heat loss & optical energy captured by
receiver throughout the day. It is observed that as the beam solar radiation incident on the collector
increases, more optical energy is captured by the receiver.
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Figure 3 Variation of Useful Heat Gain, Optical Energy at Receiver & overall heat loss throughout the Day

Figures 4 & 5 below shows variation of collector efficiency with convective heat loss & convective heat
loss coefficient. Higher the wind speed, higher will be convective heat loss & lower will be the collector
efficiency at instant. Radiative heat losses are very small, so their effect on collector efficiency is very less.
Variation of Collector Efficiency
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Collector Efficiency
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Figure 4 Variation of Collector Efficiency with Overall Heat Loss
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Variation of Collector Efficiency
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Figure 5Variation of Collector Efficiency with Overall Heat Loss Coefficient

Figures 6 & 7 below shows variation of overall heat loss with average receiver temperature & variation of
convective heat loss coefficient with wind velocity .This variation plotted shows that as receiver surface
temperature increases , it increases thermal conductivity of air surrounding the receiver, and hence therefore
a increases convective & radiative heat losses from receiver. An average receiver temperature was
determined to provide accurate receiver loss predictions. Also wind velocity affects the variation of
convective heat loss coefficient. From variation plotted, it is clear that as wind velocity increases the
convective heat transfer coefficient increases.
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Figure 6 Variation of Convective Heat Loss with Wind Velocity
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Variation of Overall Heat Loss
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Figure 7Variation of Overall Heat Loss with Average Receiver Temperature

Figures 8 & 9 below shows variation of collector efficiency with wind velocity throughout the day. Wind
velocity at instant adversely affects the efficiency of collector. Higher the wind speed, higher will be
convective heat loss & lower will be the collector efficiency at instant.
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Figure 8 Variation of Collector Efficiency, beam radiation with wind Velocity throughout the Day
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Figure 9 Variation of Collector Efficiency & Wind Velocity throughout the Day

Figure 10 shows variation of direct or beam solar radiation throughout the day with average receiver
temperature. An analysis was performed to determine the variation in the average cavity receiver
temperature with insolation. It is observed that as the beam solar radiation incident on the collector
increases, more optical energy is captured by the receiver.

Beam solar radiation on collector
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Figure 10 Variation of beam radiation on collector, average receiver temperature & Wind Velocity throughout the Day

CONCLUSION:
From Indian perspective there is a large potential available for low cost solar water heating systems. With
above system we can instantly fulfil needs of hot water in domestic as well as industrial sector. Also this
type of system helps for reducing deforestation in rural regions for hot water purpose. This system also
helps to reduce electricity bills in urban area.
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ABBREVIATIONS & SYMBOLS USED:
Tamb = Ambient temperature
Tair = Temperature of air
Qloss = Total heat loss from receiver
Qopt = Optical Energy Captured by Receiver
Quseful = Useful heat energy available a receiver that is used for water heating
ηCollector = Instantaneous Efficiency of collector
Tin= Temperature water at inlet from storage tank
Tout= Temperature of water at outlet
Travg. =Average temperature of receiver
∆T =Tout –Tin = Temperature difference between outlet water temperature & inlet water temperature
generated instantly
List of Units:

°C- Celsius degrees (temperature)
°K -Kelvin degrees (temperature)
W –Watt
KW/m2- Kilowatt per meter square
W/m2 –Watt per meter square
W/m2oC- Watt per meter square per degree centigrade
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1. Introduction
Using parabolic-trough solar collectors (PTC) for industrial thermal processes in the temperature range up to
300ºC is not new (Fernández-García et al., 2010), but in the last five years there is a boosted interest in this
type of concentrating solar technology. The Capsol project was born under this framework with the
objectives of design, developing, and testing a new PTC collector prototype (Fernández et al., 2010).
One of the problems that arise when designing PTC solar fields is how to deal with the pressure losses which
are particularly critical when producing saturated steam. Depending on the industrial process, the specific
heat demand and the inlet/outlet process fluid temperatures, a solar field configuration can be feasible or not.
For the case study presented in this paper, a sensitive analysis of a small-sized PTCs solar field loop is
performed. The PTC selected is the Capsol collector, which has a focal length of 0.2m and an aperture area
of 2 m2 (1mx2m), and its steel absorber pipe has an inner diameter of 15 mm. From the results obtained, it is
possible to conclude which loop length and nominal working conditions would be optimal. The study has
been done considering the production of pressurized hot water and saturated steam.
2. Methodology
The study is based on steady-state process modeling. This tackles the general problem of solving the
behavior of a system of interconnected equipment units with streams of energy, momentum and mass
between them. The tool has been developed in the software environment MatLab/Simulink® and allows
simulating single-phase and two-phase parabolic-trough solar collectors system flows (Hernández et al.,
2011).
The Capsol-PTC collector has a parabolic aluminum reflector surface which concentrates beam solar
radiation on the absorber tube which is a fixed carbon steel tube located in the focal line of the parabola. The
absorber tube is covered by a non-evacuated glass pipe. In the aperture plane of the parabola there is also a
flat glass cover which improves structural stability and reduces maintenance requirements. The geometric,
optical, and thermal characteristics of this solar collector are listed in Table 1.
Considering the data of the collector Capsol-PTC in Table 1, calculation of the effective thermal power in the
collector has been done as follows:

η overall =

Q& useful
Q& solar

(eq. 1)

where overall efficiency ηoverall in a solar collector is the ratio of useful thermal power transferred to the heat
transfer fluid, Q& useful , and the incident solar radiation on the collector, Q& solar . Therefore the heat flow rate
transferred to the fluid can be expressed as:

(

Quseful =G b ·cos(θ )·K (θ )· Acap · 0.63 + 4·10 −4 ·∆T − 14·10 −6 ·∆T 2

)

(eq. 2)

where Gb is the direct normal irradiance (DNI) (in W/m2), Acap is the collector’s aperture area (in m2), K(θ) is
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the incidence angle modifier (dimensionless), and ∆T is the difference between the fluid’s average
temperature in the receiver and the ambient temperature (in ºC).
Tab. 1: Geometric, optical and thermal characteristics of the Capsol-PTC collector

Characteristic

Value or function

Aperture (m)

1.0

Length (m)

2.0

Absorber outer diameter (m)

0.018

Absorber inner diameter (m)

0.015

Absolute roughness of the pipe (m)

50·10-6

Peak optical-geometrical efficiency (-)

0.63

Incidence angle modifier (-)
Overall efficiency (-)
1
2

1

2

K (θ ) = 1 − 1.63·10 −3 ·θ − 4.64·10 −5 ·θ 2
−4

(eq. 3)
−6

η overall = 0.63 + 4·10 ·∆T − 14·10 ·∆T

2

(eq. 4)

The incidence angle is in degrees.
∆T is the difference between the fluid’s average temperature in the receiver and the ambient temperature (in ºC).
Tab. 2: Nominal working conditions of the Capsol-PTC collectors’ loop at the design point

Parameter

Value

Location

PSA, Tabernas (Latitude 37º05´28´´N, Longitude 2º21´19´´W)

Design date

June 21st, 12:00 (Solar time)

Direct normal irradiance (W/m2)

850

Ambient temperature (ºC)

25

Collectors axis orientation

North-South

Number of collectors per loop

38

Loop inlet pressure (MPa)

{1.0, 2.0}

Loop inlet temperature (ºC)

{90, 125}

Loop inlet mass flow (kg/s)

{0.01, 0.02}

The nominal working conditions selected for simulations were established selecting a possible industrial
process heat (IPH) demand in terms of temperature/pressure levels, and considering a specific geographical
location as well as a specific date and solar time to compute the incidence angle at the design point. Once
these values were established, several configurations of collectors’ loop were selected and simulations were
performed to determine inlet water mass flows needed to achieve temperature/pressure requirements. Finally
a loop length was established and nominal working conditions defined are those shown in Table 2.
For this study, it was considered that mirrors were completely clean with a reflectance value equal to the
nominal one (0.88). This value is included in the peak optical-geometrical efficiency (see Table 1).
The assumptions considered to calculate the pressure drop and heat losses in the interconnections between
collectors within the loop are: a) the collectors’ loop has a U form; and b) collectors in the line are coupled
just one after another but c) in the interconnection between the two lines of the U loop there are 10 elbows of
90º and a straight pipe of 4m-length.
3. Sensitivity analysis
Sensitivity analysis has been performed changing different process parameters, i.e. working pressure, mass
flow rate, inlet water temperature, DNI, and incidence angle. Pressure losses in the collectors’ loop and
steam fraction at the outlet have been obtained in these analyses to compare different process conditions.
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3.1. Inlet pressure
The first parameter that was varied to study the evolution of pressure drop in the collectors’ loop was the
feedwater pressure at the entrance of the loop. Pressure values chosen were 1.0, 1.5, 2.0 and 2.5 MPa. Other
working conditions were those listed in Table 2.
Pressure Drop vs. Inlet Pressure
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Figure 1. Pressure drop versus inlet pressure in the collectors’ loop:
a) feed water temperature of 90 ºC, b) feed water temperature of 125ºC.

Figure 1.a) includes the results corresponding to an inlet water temperature of 90ºC. In this case study steam
fraction at the collectors’ loop outlet is equal to 1 only when inlet mass flow is 0.01 kg/s and inlet pressure is
1 MPa. With these process conditions, pressure drop in the whole loop is higher than 0.5 MPa, which is
around a 50% of the inlet pressure, and superheated steam temperature in the outlet is only 151ºC. Figure 1
shows the pressure drop in the three consecutive sections of the collectors’ loop (water preheating,
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evaporation and steam superheating), so that the total pressure drop for every case study is the sum up of
these three values. Inlet pressure values of 1.5 MPa and 2.0 MPa gives steam fractions higher than 0.5 and
pressure losses in the loop are smaller than 0.1 MPa. With an inlet pressure of 2.5 MPa, the steam fraction at
the outlet is only 0.38 but pressure drop is quite small, less than 0.01 MPa, therefore the outlet two-phasefluid temperature is 224ºC. When inlet mass flow is 0.02 kg/s, steam fraction at the outlet varies from 0.42,
when inlet pressure is 1.0 MPa, to 0.12, for 2.5 MPa; and outlet fluid temperature varies from 170ºC to
224ºC in the pressure range considered. According to these values, pressure losses are only significant when
inlet pressure is 1 MPa. In all cases analyzed, pressure drop in the preheating section is not relevant
compared to pressure losses in evaporation or superheating sections.
Tab. 3: Pressure drops in the preheating, evaporation and superheating sections of the collectors’ loop, outlet steam fraction
and outlet fluid temperature as a function of the inlet fluid pressure in the Capsol-PTC collectors’ loop

∆Ppre
(MPa)
Tin

Pin

(ºC)

(MPa)

90

125

∆Peva
(MPa)

∆Psup
(MPa)

Xout
(-)

Tout
(ºC)

∆Ppre
(MPa)

m& in =0.01kg/s

∆Peva
(MPa)

∆Psup
(MPa)

Xout
(-)

Tout
(ºC)

m& in =0.02 kg/s

1.0

4E-05

0.5101

-

0.98

151

0.0003

0.2092

-

0.42

170

1.5

6E-05

0.0746

-

0.73

196

0.0004

0.0383

-

0.29

197

2.0

8E-05

0.0217

-

0.54

212

0.0005

0.0120

-

0.20

212

2.5

9E-05

0.0071

-

0.38

224

0.0006

0.0052

-

0.12

224

1.0

3E-05

0.4711

0.0064

1.00

192

0.0002

0.3347

-

0.48

163

1.5

4E-05

0.0874

-

0.77

195

0.0003

0.0538

-

0.33

197

2.0

6E-05

0.0253

-

0.57

212

0.0004

0.0162

-

0.23

212

2.5

8E-05

0.0082

-

0.40

224

0.0005

0.0066

-

0.14

224

3.2. Inlet mass flow rate
The second parameter that was varied to study the evolution of pressure drop in the system was the feedwater
mass flow rate of the collectors’ loop. Flow rates chosen were 0.01 kg/s, 0.015 kg/s, 0.02 kg/s and 0.025
kg/s. Two values of feed water temperature, 90ºC and 125 ºC, and two working pressures, 1.0 MPa and 2.0
MPa, were considered. In addition the nominal working conditions defined in Table 2 were used.
The effect of the inlet mass flow on the total pressure losses in the collectors’ loop can be seen in Table 4.
Tab. 4: Pressure drops in the preheating, evaporation and superheating sections of the collectors’ loop, outlet steam fraction
and outlet fluid temperature as a function of the feed water mass flow rate in the Capsol-PTC collectors’ loop

∆Ppre
(MPa)
Pin

m& in

(MPa)

(kg/s)

1.0

2.0
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∆Peva
(MPa)

∆Psup
(MPa)

Xout
(-)

Tout
(ºC)

∆Ppre
(MPa)

Tin = 90ºC

∆Peva
(MPa)

∆Psup
(MPa)

Xout
(-)

Tout
(ºC)

Tin = 125ºC

0.010

4E-5

0.5101

-

0.98

151

3E-5

0.4711

0.0064

1.00

192

0.015

0.0001

0.2999

-

0.61

165

8E-5

0.4530

-

0.68

155

0.020

0.0003

0.2092

-

0.42

170

0.0002

0.3347

-

0.48

163

0.025

0.0006

0.1550

-

0.31

173

0.0004

0.2687

-

0.37

167

0.010

8E-5

0.0217

-

0.54

212

6E-5

0.0253

-

0.57

212

0.015

0.0002

0.0152

-

0.31

212

0.0001

0.0193

-

0.34

212

0.020

0.0005

0.0120

-

0.20

212

0.0004

0.0162

-

0.23

212

0.025

0.0010

0.0105

-

0.13

212

0.0008

0.0148

-

0.16

212

Figure 2.a) includes the results corresponding to an inlet water pressure of 1.0 MPa. In this case study steam
fraction at the collector loop outlet is equal to 1 only when inlet mass flow is 0.01 kg/s and inlet water
temperature is 125ºC. With these process conditions, pressure drop in the whole loop is 0.48 MPa, which is
about 50% of the inlet pressure, and superheated steam temperature at the outlet is 192ºC. When inlet water
temperature is 90ºC, steam fraction varies from 0.98 for a mass flow rate of 0.01 kg/s to 0.31 for a mass flow
rate of 0.025 kg/s. Pressure drop is 0.51 MPa for 0.01 kg/s and 0.16 MPa for 0.025kg/s. When inlet water
temperature is 125ºC, steam fraction varies from 1.0 for mass flow rate of 0.01kg/s to 0.37 for a flow rate of
0.025 kg/s. Total pressure drop is 0.48 MPa for 0.01 kg/s and 0.27 MPa for 0.025kg/s.
Figure 2.b) includes the results corresponding to an inlet water pressure of 2.0 MPa. In this case study, steam
fraction at the outlet varies within the range 0.1 to 0.6 for the two inlet water temperature values considered.
Pressure losses are higher when steam fraction is near 0.6, but they are within the range of 0.022 to 0.025
MPa (about 1% of the inlet fluid pressure).

0.4

0.8

0.3

0.6

0.2

0.4

0.1

0.2

0.0

0.0

0.008

0.012

0.016

0.020

225

200

175

o

1.0

Temperature ( C)

0.5

Steam quality (-)

Pressure drop (MPa)

Pressure Drop vs. Inlet Flow
(Nc=38, Pin,loop=1 MPa)

150

0.024

Flow rate (kg/s)
DP preheater

DP evaporator

DP preheater

DP evaporator

min,lazo

o
DP superheatermin,lazo Steam quality m
Tout,loop , T
= 90 C
in,lazo
in,lazo
DP superheatermin,lazo Steam quality m
o
Tout,loop , T
in,lazo
= 125 C
in,lazo
m,lazo

a)

0.020

0.8

0.015

0.6

0.010

0.4

0.005

0.2

0.000

0.0

0.008

0.012

0.016

0.020

225

200

175

o

1.0

Temperature ( C)

0.025

Steam quality (-)

Pressure drop (MPa)

Pressure Drop vs. Inlet Flow
(Nc=38, Pin,loop=2 MPa)

150

0.024

Flow rate (kg/s)
DP preheating

DP evaporator

DP preheating

DP evaporator

min,lazo

o
DP superheatermin,lazo Steam quality m T
=90 C
in,lazo out,loop , T
in,lazo
DP superheatermin,lazo Steam quality m T
o
in,lazo out,loop , T
=125
C
in,lazo
m,lazo

b)

Figure 2. Pressure drop versus inlet mass flow in the collectors’ loop:
a) inlet pressure of 1 MPa, b) inlet pressure of 2 MPa.
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3.3. Inlet temperature
For this case study, subcooled water temperatures considered for the collectors’ loop entrance were: 80ºC,
100ºC, 120ºC, and 140ºC. Two working pressures were selected, 1.0 MPa and 2.0 MPa. Additionally, mass
flow rates considered were 0.01 kg/s and 0.02 kg/s.
Pressure Drop vs. Inlet Temperature
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Figure 3. Pressure drop versus inlet fluid temperature in the collectors’ loop:
a) inlet pressure of 1 MPa, b) inlet pressure of 2 MPa.

Figure 3.a) includes the results corresponding to an inlet working pressure of 1.0 MPa. In this case study
steam fraction at the collectors’ loop outlet is equal to 1 when inlet mass flow is 0.01 kg/s in almost all inlet
water temperature values considered. With these process conditions, pressure losses in the whole loop are
around 0.46 MPa and superheated steam temperature varies from 162ºC, when inlet water temperature is
100ºC, to 208ºC, when inlet temperature is 140ºC. Outlet steam fraction varies from 0.41 to 0.52 when inlet
mass flow rate is 0.02 kg/s, and pressure losses in the collectors’ loop varies from 0.19 MPa to 0.44 MPa.
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Figure 3.b) includes the results corresponding to an inlet working pressure of 2.0 MPa. In this case study
steam fraction is in the range of 0.5 when mass flow rate is 0.01 kg/s, and is in the range of 0.2 when mass
flow rate is 0.02 kg/s. With these process conditions, pressure losses in the whole loop are in the range of
0.02 MPa when mass flow rate is 0.01 kg/s, and is in the range from 0.01 to 0.018 MPa when mass flow rate
is 0.02 kg/s. As pressure losses are relatively small compared to the inlet working pressure, the outlet watersteam mixture temperature is 212ºC in all cases.
The pressure losses and outlet water-steam temperatures resulting from the analysis can be seen in Table 5.
Tab. 5: Pressure drops in the preheating, evaporation and superheating sections of the collectors’ loop, outlet steam fraction
and outlet fluid temperature as a function of the inlet fluid temperature in the Capsol-PTC collectors’ loop

∆Ppre
(MPa)
Pin

Tin

(MPa)

(ºC)

1.0

2.0

∆Peva
(MPa)

∆Psup
(MPa)

Xout
(-)

Tout
(ºC)

∆Ppre
(MPa)

m& in =0.01kg/s

∆Peva
(MPa)

∆Psup
(MPa)

Xout
(-)

Tout
(ºC)

m& in =0.02 kg/s

80

5E-5

0.4651

-

0.98

154

0.0003

0.1859

-

0.41

171

100

4E-5

0.4540

0.0031

1.00

162

0.0003

0.2355

-

0.44

169

120

3E-5

0.4484

0.0061

1.00

187

0.0002

0.3092

-

0.47

164

140

2E-5

0.4508

0.0094

1.00

208

0.0002

0.4359

-

0.52

156

80

8E-5

0.0208

-

0.53

212

0.0006

0.0110

-

0.19

212

100

7E-5

0.0227

-

0.55

212

0.0005

0.0131

-

0.20

212

120

6E-5

0.0248

-

0.57

212

0.0004

0.0156

-

0.22

212

140

5E-5

0.0272

-

0.59

212

0.0004

0.0187

-

0.24

212

3.4. Direct normal irradiance
The fourth parameter considered in the sensitivity analysis was the direct normal irradiance on the collectors’
aperture that influences the evolution of pressure drop in the collectors’ loop and the steam fraction or
superheated steam temperature at the outlet. DNI values chosen were 450 W/m2, 600 W/m2, 750 W/m2 and
900 W/m2. The feed water temperature considered was 90ºC, inlet mass flow rates were 0.01 kg/s and 0.02
kg/s, and other working conditions are listed in the Table 2.
The pressure losses and outlet fluid temperatures resulting from the analysis can be seen in Table 6.
Tab. 6: Pressure drops in the preheating, evaporation and superheating sections of the collectors’ loop, outlet steam fraction
and outlet fluid temperature as a function of the direct normal irradiance in the Capsol-PTC collectors’ loop

∆Ppre
(MPa)
Pin

DNI

(MPa)

(W/m2)

1.0

2.0

∆Peva
(MPa)

∆Psup
(MPa)

Xout
(-)

Tout
(ºC)

∆Ppre
(MPa)

m& in =0.01kg/s

∆Peva
(MPa)

∆Psup
(MPa)

Xout
(-)

Tout
(ºC)

m& in =0.02 kg/s

450

8E-5

0.0573

-

0.44

177

0.0006

0.0243

-

0.15

179

600

7E-5

0.1366

-

0.64

174

0.0005

0.0617

-

0.25

177

750

5E-5

0.2887

-

0.84

166

0.0004

0.1323

-

0.35

174

900

4E-5

0.4571

0.0064

1.00

203

0.0003

0.2618

-

0.46

167

450

0.0001

0.0039

-

0.22

212

0.0010

0.0023

-

0.03

212

600

0.0001

0.0085

-

0.34

212

0.0008

0.0050

-

0.10

212

750

9E-5

0.0155

-

0.46

212

0.0006

0.0088

-

0.16

212

900

7E-5

0.0253

-

0.58

212

0.0005

0.0140

-

0.22

212
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Figure 4.a) shows the results for an inlet pressure of 1 MPa and two mass flow rates. When mass flow rate is
0.01 kg/s, superheated steam is generated only when DNI is 900 W/m2 and pressure losses are 0.47 MPa in
this case. For lower DNI values, steam fraction at the outlet varies from 0.11 when DNI is 450 W/m2, to 0.84
when DNI is 750 W/m2, and pressure losses in the evaporation section go from 0.06 MPa to 0.29 MPa, five
times higher when DNI is 900 W/m2. When mass flow rate is 0.02 kg/s, the steam fraction varies from 0.15
when DNI is 450 W/m2, to 0.46 when DNI is 900 W/m2, and pressure losses in the evaporation section range
from 0.025 MPa to 0.26 MPa, ten times higher when DNI is 900 W/m2. This fact causes the outlet fluid
temperature to be higher when DNI is lower, 179ºC when DNI is 450 W/m2 and 167ºC when DNI is 900
W/m2.
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Figure 4. Pressure drop versus direct normal irradiance in the collectors’ loop:
a) inlet pressure of 1 MPa, b) inlet pressure of 2 MPa.
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3.5. Incidence angle
Finally, keeping DNI constant, the incidence angle was varied to analyze its influence on pressure losses.
Results expected were similar to those obtained varying DNI, but we have included this section to show how
pressure losses change even with a complete sunny day but due to the movement of the sun from the sunrise
to sunset. Incidence angles chosen for this case study were reduced to the following values: 0º, 15º and 30º.
Keep in mind that the collectors’ loop is oriented in North-South direction. Feed water temperature was 90ºC
and two mass flow rates were again considered, 0.01 kg/s and 0.02 kg/s. Other working conditions are listed
in Table 2.
Pressure Drop vs. Incidence Angle
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Figure 5. Pressure drop versus incidence angle in the collectors’ loop:
a) inlet pressure of 1 MPa, b) inlet pressure of 2 MPa.
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Figure 5.a) includes the results for an inlet pressure of 1 MPa. When mass flow rate is 0.01 kg/s, superheated
steam appears at the outlet with incidence angles of 0º and 15º, but steam temperature varies from 228ºC to
184ºC. It is important to remark this fact because, from the operating point of view, mass flow rate should be
varied during the daily operation to maintain constant the outlet steam temperature according to the process
heat demand. Incidence angles for solar fields North-South oriented could vary more than 15º even for
latitudes near the equator. When incidence angle is 30º, steam fraction drops to 0.84 and outlet water-steam
temperature is 165ºC. Pressure losses in the evaporation section are maximum, 0.45 MPa, for an incidence
angle of 15º; for incidence angle of 0º, pressure losses are 0.42 MPa, and for incidence angle of 30º, pressure
losses in the evaporation section are 0.31 MPa. When mass flow rate is 0.02 kg/s, outlet steam fraction varies
from 0.53 for 0º to 0.38 for 30º. Pressure losses are 0.44 MPa for the lowest angle and 0.18 MPa for the
highest angle. It makes outlet water-steam temperature be higher for the highest incidence angle.
Figure 5.b) includes the results for an inlet pressure of 2 MPa. For this working pressure, differences in the
results obtained for the two mass flow rates considered are only relevant regarding outlet steam fraction
achieved, but pressure losses are quite small compared to the working pressure and therefore outlet watersteam temperature is maintained at 212ºC when incidence angle varies from 0º to 30º.
Table 7 compiles the data obtained when simulating the influence of the incidence angle in pressure losses.
Tab. 7: Pressure drops in the preheating, evaporation and superheating sections of the collectors’ loop, outlet steam fraction
and outlet fluid temperature as a function of the incidence angle of solar radiation in the Capsol-PTC collectors’ loop
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3.5. Producing saturated water at the collectors’ loop outlet.
For the analysis presented in this section, two inlet fluid pressures, 1.0 MPa and 2.0 MPa, and two feed water
temperatures, 90ºC and 125ºC, were considered. Considering these values, for each feed water pressuretemperature combination, it was calculated the minimum mass flow rate to get saturated liquid water at the
collectors’ loop outlet, i.e. steam fraction equal to 0 but water temperature equal to saturation temperature at
the pressure calculated at the outlet. Once this minimum mass flow rate was calculated, simulations were run
considering other three mass flow rates for the same set of inlet pressure and temperature. The mass flow rate
values for the pair 1 MPa-90ºC are 0.08 kg/s, 0.1 kg/s, 0.12 kg/s, and 0.14 kg/s. For the couple 1 MPa-125ºC,
the mass flow rates analyzed are 0.13 kg/s, 0.15 kg/s, 0.17 kg/s, and 0.19 kg/s. For the pair 2 MPa-90ºC,
mass flow rates are 0.05 kg/s, 0.07 kg/s, 0.09 kg/s, and 0.11 kg/s. And finally for the pair 2 MPa-125ºC, the
mass flow rate values are 0.07 kg/s, 0.09 kg/s, 0.11 kg/s, and 0.13 kg/s.
Figure 6 shows the simulation results. Observing in detail the graph, it can be seen that pressure losses in the
collectors’ loop follow a curve that could be adjusted to a growing exponential curve to calculate pressure
losses in the collectors’ loop designed as a function of mass flow rate, when at the collectors’ loop outlet the
subcooled-water temperature is close to saturation temperature. The evolution of the outlet temperature is
just the opposite one, for higher mass flow rates water temperature decreases following a curve that could be
adjusted to an exponential decay when inlet water temperature is the same, but even changing inlet water
pressure.
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Pressure losses in all cases are significantly lower than those obtained in previous case studies with lower
mass flow rates (pressure losses are ten times lower or even less).

Pressure Drop vs. Inlet Flow Rate
(Nc=38)
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Figure 6. Pressure drop and saturated outlet water temperature versus mass flow rate .

Tab. 8: Pressure drops in the collectors’ loop and outlet saturated water temperature as a function of the inlet water mass flow
in the Capsol-PTC collectors’ loop
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4. Conclusions
For a specific industrial process demanding thermal energy in the temperature range up to 300ºC, the use of
concentrated solar technology, in particular PTC systems, could be feasible. The use of suitable simulation
tools helps to optimize the configuration of the solar fields considering the particular process heat demands
and other working conditions. This is a particular relevant topic when the considered size of the PTC is
relatively small (i.e. the concentrator aperture and the diameter of the absorber tube are small) and direct
steam generation with a two-phase flow exists in the absorber tube. It is therefore highly recommended to
perform complete numerical studies of the thermal-hydraulic behaviour of different solar field
configurations.
In the study presented in this paper, the Capsol-PTC collector has been considered. The number of collectors
per row in the solar field considered is 38; therefore the collectors’ row length is 76m. Pressure losses
obtained when inlet working pressure is 1 MPa are relevant and can jeopardize the solar field operation in
steady state conditions if two-phase flow is being generated. Increasing the working pressure to 2 MPa
reduces pressure losses significantly and outlet fluid temperature is maintained constant in a wide range of
working conditions, even when at the outlet of the solar collectors’ loop there is two-phase flow, although
outlet steam fraction varies.
Simulation results explained in this paper point out the technical feasibility of using small parabolic trough
collectors to produce saturated steam within a temperature range suitable for many thermal industrial
processes. Pressure drops obtained from this study show that the pumping power required for the solar field
is affordable, thus opening the door to the implementation of solar fields with small parabolic troughs
working with direct steam generation.
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1. Abstract
Industrial process heat accounts for more than 20 % of the final energy consumption of the European Union.
This sector is a very promising but also challenging application field for solar thermal technology. In this
paper, the potential of solar thermal systems to generate heat for industrial processes is described and the
state-of-the-art is discussed. The IEE dissemination project SO-PRO, which works on decreasing the barriers
for solar process heat generation is introduced. Interim project achievements and results are presented. In the
project, a Design Guide, promoting a holistic planning approach for low-temperature solar process heat was
elaborated. The most important conclusions for solar thermal system design for four industrial applications
are summarized on the following pages. Complementary to the guide, the usage of design nomograms and
their limitations are illustrated in detail. A system design example for a cleaning process is also discussed.
2. Process Heat Demand, Potential for Solar Thermal and Status Quo
2.1 Process heat demand
The final energy consumption of the European Union (13,609 TWh in 2006) can be divided into electricity
and transport (51 %), high temperature heat above 250 °C (15 %) and low temperature heat below 250 °C
(34 %) (Weiß and Biermayr, 2009). Industrial processes account for 44 % of the overall heat demand
(2,934 TWh/a). Almost the whole high temperature heat demand is process heat, since 68 % of the industrial
heat demand has to be provided at temperatures above 250 °C (Sanner et al., 2011). Fig. 1 shows that within
the low-temperature heat demand below 250 °C (4,640 TWh/a), industrial processes have a share of 19.5 %
or 905 TWh/a (Weiß and Biermayr, 2009).

Fig. 1: Distribution of the low-temperature heat demand < 250 °C (4,640 TWh/a) by type of use in the EU (2006).
SFH = single family house, MFH = multi family house (Sanner et al., 2011)

2.2 Solar thermal potential for process heat generation
To estimate the potential of generating industrial process heat with solar thermal technologies, it is essential
to look at the required temperature levels in detail. Fig 2 shows that in Germany as a typical industrialized
country 21 % of the industrial heat demand can be provided at temperatures below 100 °C, 6 % between
100 °C and 150 °C, 4 % between 150 °C and 250 °C and very similar to the European average 69 % above
250 °C (Lauterbach et al., 2011). The share below 100 °C includes hot water and room heating demand.
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Several national and international projects proved the high potential of solar thermal systems to generate
industrial process heat and identified the most promising and suitable industrial sectors and processes. The
most comprehensive studies are POSHIP (Schweiger et al., 2001), PROCESOL II (Aidonis et al., 2002) and
PROMISE (Müller et al., 2004). Among others, the industry sectors of food and beverage, textiles, paper,
metal treatment, machinery as well as wood and tobacco processing were identified to be promising.
The potential study of the IEA-SHC/SolarPACES Task 33/IV “Solar Heat for Industrial Processes”
summarized the main outcomes of the existing potential studies (Vannoni et al., 2008). For Germany, a
potential study was elaborated by Lauterbach et al. (2010). In a first step, Lauterbach et al. (2011) identified
Germanys promising industrial sectors and summarized their heat demand below 250 °C including the
demand for domestic hot water and space heating. The demand above 250 °C was excluded. This way a
technical potential of 130 TWh/a was estimated. It was assumed that 60 % of this theoretical potential could
not be used due to the priority of energy efficiency measures, the necessity of electrical heat supply (e.g. for
plastic products) or restrictions in terms of available roof area. For the remaining potential Lauterbach et al.
(2011) suggest an average solar fraction of 30 %. These restrictions result in a potential of approx. 16 TWh/a
for Germany, corresponding to 3.3 % of Germanys overall industrial heat demand (or approx. 10 % of the
industrial heat demand below 250 °C).
For Europe, Vannoni et al. (2008) roughly
estimated a potential of 3.8 % of the industrial
above 250°C
heat demand. For the 2,934 TWh/a process heat
69 %
demand in the EU 27 calculated above, the
estimated potential would be about 111 TWh/a or
below 100°C
21 %
approx. 250 Mio. m2 (solar gains of
450 kWh/(m2*a) assumed). The order of
magnitude of this potential gets obvious when it
is compared to the overall installed collector area
in the EU 27, which according to Weiß and
150..250°C
100..150°C
Mauthner was (2011) about 46 Mio. m2 in 2009.
4%
6%
The solar system gains per m2 of aperture area of
Fig. 2: Industrial heat demand in Germany per temperature
solar process heat installations at beneficiary
range (based on Lauterbach et al., 2011)
framework conditions (low temperature level,
constant thermal load) can be twice as high as in the residential sector (Hess and Oliva, 2010a). This offers
the long-term perspective to cover a part of the industrial heat demand by solar thermal technologies at
comparably low heat generation costs. Also against the background of the energy policy targets of the EU
and the strategy of the RHC-Platform (Sanner et al., 2011) solar process heat is a necessary and promising
renewable energy source.
2.3 Status quo and barriers for market deployment
Contrary to the high potential and the ambitious political aims, currently only a few hundred solar process
heat systems are installed worldwide. In Europe, the market for solar process heat is very much in its
infancy. Remarkable growth rates are observed in China, India and the Middle East (Weiß and Mauthner,
2011). The national and international projects mentioned above identified the main barriers for market
deployment, which are mainly financial restrictions (see e.g. Lauterbach et al., 2011), but among others also
the priority of energy efficiency measures, the complex system integration and the lack of planning tools and
standardized solar thermal system designs. Because of these barriers, solar thermal process heat installations
often have a higher effort for planning and installation than such for the domestic sector. Currently, several
projects are focused on the reduction of costs for solar process heat by developing new or more effective
collectors or components (e.g. Hess et al., 2010b). Also a number of demonstration and monitoring projects
are carried out to reduce the technical barriers and to make the systems more efficient (e.g. Hess et al., 2011).
But not only from the solar engineering point of view the planning of solar process heat installations is often
complex. To design economical and optimum sized solar thermal systems, energy efficiency measures must
always be investigated before planning the solar thermal installation. Reducing the heat consumption of a
production site by process optimization and heat recovery measures is essential to determine the remaining
heat demand of the industrial processes which shall partly be covered by solar thermal and to know the
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temperature levels and load profiles at the integration points for the solar heat correctly and reliably for the
future. Solar companies and solar planners are usually not experienced in this field of work.
The future plans of a company and the risk of reduced or changed production, resulting in a lower heat
demand, higher solar fraction, lower gains and longer stagnation times have to be assessed in advance.
Because of the complexity of solar thermal process heat installations, but also due to the non-technical
factors mentioned above an experienced and frequent maintenance of solar process heat installations is of
major importance and must be ensured for the overall time of system operation.
3. The Project SO-PRO
3.1 Approach and aims of SO-PRO
The Intelligent Energy Europe project SO-PRO (www.solar-process-heat.eu) is a dissemination project
bringing together the know-how from experts on industrial processes, solar thermal and regional market
development. It started in June 2009 and will end by September 2011. The focus of the project is to
overcome some of the non-technical barriers for solar process heat generation, since many of the previous
projects in the field identified these barriers as the main reasons for the currently poor market deployment.
SO-PRO aims to trigger the starting-up of markets for solar process heat in 6 European regions (see Fig. 3),
among others by targeted awareness raising for industrial decision makers, training of professionals,
development of design guides and 12 pilot projects (two per region). The project brings together key actors
and target groups by combining perspectives of process planners and know-how of industrial and solar
companies and by starting a market development process. In total, the project aims to trigger 60-100
installations within 6 years in Europe. Focusing on the most economical installations with state-of-the-art
solar thermal technology, the project mainly addresses low-temperature processes below 100 °C.

Partner

Region

Coordinator: O.Ö. Energiesparverband
(ESV)

Upper Austria
(Austria)

ESCAN

Regions of Castillas y Madrid
(Spain)

Energy Centre Ceské Budejovice
(ECCB)

South Bohemia
(Czech Republic)

Scientific partner (industrial processes):
GERTEC

North Rhine-Westphalia
(NRW, Germany)

Sächsische Energieagentur
(SAENA)

Saxony
(Germany)

Energy agency of Podravje
(Energap)

Podravije region
(Slovenia)

Scientific partner (solar thermal):
Fraunhofer Institute for Solar Energy
Systems ISE

(Germany)

Fig. 3: SO-PRO project partners and regions

The project activities already carried out include:


regional inventories of solar process heat in each participating region



energy screening of 91 companies



development and dissemination of checklists and design guides



regional campaigns, training seminars and conferences



international conference (Solar Process Heat Conference at the WSED in March 2011)



stand at the Hanover fair (April 2011)



international training seminar (in the framework of the Intersolar fair in June 2011)
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3.2 Results of the regional inventories
In each of the participating regions, a “Regional Inventory” was carried out and reported. For each region the
primary energy prices, the structure of the heat generation and the state of the art in solar thermal were
collected. Important market players and stakeholders for solar process heat in every region are listed.
Existing solar process heat installations are described and regional support programs for solar process heat
installations as well as industry sectors of special interest are mentioned.
The regional partners also carried out “energy screenings” within their region, using the simple and easy to
handle checklists developed in SO-PRO (English version at www.solar-process-heat.eu/checklist). The main
aims of the energy screenings were to identify potential candidates for solar process heat installations and to
get an overview of promising industrial sectors and processes in each region. Based on these screenings, the
so called “priority applications” were selected. The regional selection criteria and results as well as all the
energy screenings with their lessons learned are documented in “Regional Reports” on the energy screenings
and the selection of priority applications. Furthermore, each regional partner elaborated a regional report on
“Needs and Requirements of Successful Solar Thermal Contracting”.
The publications


“Regional Inventory”



“Regional Report” on the energy screenings and the selection of priority applications



“Needs and Requirements of Successful Solar Thermal Contracting”

can be downloaded for each region in English and in the respective regional language at www.solar-processheat.eu/publications/reports.

3.3 Summary of the energy screenings

Fig. 4: Overview of the companies screened in all participating regions, distributed by industrial sector (left) and basic
processes (right) (Source: “Report on 90 energy screenings”, www.solar-process-heat.eu/publications/reports)

The shares shown in Fig. 4 and within this subsection are all related to the number of companies screened.
They do not represent the heat demand of the investigated sectors and processes.
In the regions, the energy sources to be potentially replaced by solar thermal were mainly natural gas (55 %)
and oil (39 %). District heating (5 %) and electricity (1%) only played a minor role.
The flow temperatures of the screened processes at the potential heat integration points were distributed as
follows: 5 % below 30 °C, 38 % between 30 °C and 60 °C, 20 % between 60 °C and 75 °C and 37 % above
75 °C.
The energy costs per kWh varied between 2 and 12 euro cent and were on average 4.7 euro cent per kWh.
Based on the regional inventories and the screenings it was decided to follow a trans-sectoral approach (not
limited to specific industrial sectors/branches) and to focus on the four basic processes called “priority
applications” explained in the following section on the Design Guide.
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4. The SO-PRO Design Guide
4.1 Objectives and content of the Design Guide
The SO-PRO Design Guide (http://www.solar-process-heat.eu/guide) was elaborated in the framework of
SO-PRO by Hess and Oliva (2010a) and builds upon the concept of Aidonis et al. (2002). The guide is
practice-orientated and aims to provide “missing links” between solar companies, process planners and
industrial energy advisors for four specific industrial applications:


Heating of water for washing or cleaning



Heating of make-up water for open steam networks



Heating of baths or vessels



Convective drying with hot air

The information given within this section is complementary to the Design Guide. It is intended to illustrate
its concept and to explain how the guide can be usefully applied. The exemplary thermal load profiles and
solar thermal system concepts are identical with the ones in the Design Guide but also printed to make the
document in hand more consistent and to allow a stand-alone use.
To keep the Design Guide short and readable, the document does not go much into detail but provides the
most relevant information on solar thermal installations as well as on the typical characteristics of each of the
four selected processes. This way it is intended to ensure that solar companies, planners of industrial
processes and industrial energy advisers can quickly get the most relevant information of the fields of work
which are not their typical daily business.
The guide follows a “holistic planning approach” and several consecutive steps are recommended.
Preliminary to the installation of a solar thermal system the pre-analysis of the building and the boundary
conditions as well as the detailed analysis of the process characteristics and the heat distribution network are
mandatory and described in the guide. Possible measures for process optimization and waste heat recovery
are recommended.
Some important terms and values are introduced:


Thermal load: heat demand per day or year



Thermal load profile: daily, weekly and annual variation of the heat demand

 Available temperature level: temperature level at the integration point of the solar heat (i.e. the heat
exchanger, low temperatures are favorable)


Support of open or closed processes: A process is open, if the medium to be heated is not circulated.

 Directly or indirectly heated processes: Heat supply to a process via heat exchanger is indirect. The
supply is direct, when the heat carrier is consumed by the process.
 Integration on process or supply level: On the process level the solar heat is supporting a process; on
the supply level the solar thermal system is supporting a hot water or steam network for heat distribution.
The major part of the design guide contains exemplary thermal load profiles, solar thermal system concepts
and simulated system design nomograms for each of the four selected processes. This part of the guide is
mainly intended for training purposes. By means of the exemplary load profiles typical process
characteristics are explained. These are likely to be observed by planners during the preliminary analysis of
an industrial plant with similar processes. The exemplary system concepts for each of the four priority
applications are simplified and intended to illustrate possible solutions for solar thermal heat integration.
They are adapted to the exemplary thermal load profiles and other framework conditions of the processes
considered.
The most relevant information on the exemplary load profiles and the solar thermal system concepts are
shortly discussed in the following. For more detailed information please refer to the Design Guide. The usage
of the exemplary design nomograms is explained in the subsections 4.6 and 4.7.
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4.2 Heating of water for washing or cleaning

hot water 60 °C

solar thermal system
backup
heating
tank

solar
buffer
storage
tank

boiler

cold water supply 15 °C

Fig. 5: Exemplary system concept for solar pre-heating of water for industrial use

The system of Fig. 5 is very similar to a conventional large solar thermal installation. The solar loop can be
heated up by a bypass before the charging pump is activated. Stratified charging can be realized by different
solutions; Fig. 5 exemplary indicates a three-way-valve. The stratified storage can for example be discharged
by a so called “fresh-water station”, meaning a heat exchanger with pump and three-way valve maintaining a
temperature of 60 °C (or below) at the outlet of the heat exchanger by an own independent control
mechanism. The system supports an open cleaning process and shows a very favorable temperature level of
15 °C at the heat integration point. The cleaning water is cooled down and contaminated after use, so that
heat recovery is often not possible. Since occasionally high quantities of water with a constant temperature of
60 °C are needed, a backup heating tank is suggested.
working week

120

100

100

100

80
60
40
20

heat demand [ % ]

120

heat demand [ % ]

heat demand [ % ]

working day
120

80
60
40
20
0

0
0 2 4 6 8 10 12 14 16 18 20 22 24

time of day

year

80
60
40
20
0

0

1

2

3

4

day of week

5

6

7

0

5 10 15 20 25 30 35 40 45 50

week of year

Fig. 6: Example for the discontinuous load profile of the cleaning water demand in a medium-sized company

The exemplary thermal load profile in Fig. 6 shows the cleaning water demand of a medium-sized company,
working two shifts (5:30 am to 10 pm). There is no heat demand at weekends and for two weeks in August
and around the turn of the year, since the company is closed down at these times of the year. The daily load
profile shows a high demand within the last two working hours, since the whole production equipment is
cleaned manually at this time. An example for a design nomogram indicating the high potential of such
applications for solar thermal heat integration is explained in the subsections 4.6 and 4.7.
4.3 Heating of make-up water for open steam networks
The solar pre-heating of make-up water (Fig. 7) is a very promising application for many industrial sectors,
since the solar gains can be high because of the low temperatures of the make-up water (depending on the
possibilities for heat recovery). Solar make-up water pre-heating usually is only applicable to (partly) open
steam networks. In a partly open steam network, the steam generated by the steam boiler is consumed
indirectly and directly by the industrial processes. The steam consumed directly is removed from the steam
network, so that new demineralized water, the so called make-up water, has to be added to the feed water
tank. This water has to be degassed before it enters the steam boiler. This can be done in several ways, in our
example it is done thermally by steam from the boiler itself. With solar thermal heating of the make-up water
up to a maximum temperature of 90 °C, this energy for degassing can be significantly reduced.
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The system concept is also very similar to conventional large systems. The heat integration can often be
realized easily without a separate control mechanism. This can be understood from the load profile in Fig. 8.
The fill level control of the feed water tank opens the make-up water inlet for certain intervals per day (e.g.
for 30 min). The mass-flow is quite constant at these times, so that the heat exchanger at the integration point
(discharging side of the solar buffer storage) can be dimensioned according to this. Whenever a make-up
water mass flow is detected, the discharging pump of the buffer storage is activated and depending on the
pipe length between storage and heat exchanger the make-up water mass flow can be heated up after a short
time. No bypass on the discharging side of the buffer storage is needed since usually the maximum storage
temperature at low-temperature solar thermal systems does not exceed 90 °C.
solar thermal system

make-up water
condensate return flow

solar
buffer
storage
storage
tank

steam for
degasification steam

feed water
tank 90 °C

steam to
processes

boiler

feed water

demineralized
cold water 20 °C

Fig. 7: Exemplary system concept for pre-heating the make-up water of a steam process
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Fig. 8: Example for the make-up water consumption profile of a partly open steam network in a small laundry

Heat recovery is a very important issue at this application. In companies with steam networks often processes
with very different temperature levels occur, so that heat recovery is usually possible. By applying these
measures the available temperature at the integration point (cold water temperature after waste heat recovery)
can rise significantly and the solar gains can decrease.
4.4 Heating of baths or vessels
solar thermal system

solar
buffer
storage
storage
tank

boiler

raw parts

convective
heat losses

treated parts

inlet 90 °C
heater

65 °C

outlet 70 °C

Fig. 9: Exemplary system concept for the solar heating of an industrial bath. Direct heating of the bath is possible by bypassing
the storage. The electrical heater is mainly used for temperature control.

At quasi closed-loop processes like the heating of baths the solar gains are usually significantly lower than
for the two open processes mentioned before. Thus, the economics highly depend on the temperature of the
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medium in the vessel or bath which has to be kept at a certain temperature level. Additionally, the solar
thermal system concepts are more complex and also complex technical issues regarding the boiler and the
heat exchangers of e.g. a galvanic bath have to be considered.
From the system concept of Fig. 9 it gets obvious that for a constant bath temperature of 65 °C the lowest
possible return-flow temperature to the buffer storage is 70 °C. This significantly reduces the solar gains
compared to the examples of subsection 4.2 and 4.3. The stratified inlet of the return flow from the bath to
the storage must be ensured to prevent the buffer storage from being heated up by the bath at times when the
buffer is not charged completely (i.e. the temperatures on the bottom are below 70 °C). Due to the high
temperature level, the option of bypassing the storage in times with sufficient solar gains should be checked.
To realize this option, a very accurate and reliable control mechanism for the charging pump has to be
ensured, depending on the bath’s requirements with respect to temperature stability etc. When the existing
heat exchangers of the bath shall be used it has to be checked if the boiler can modulate in the required range.
Otherwise the boiler has to be bypassed in case of solar heating.
Also for the heating of baths and vessels, the possibility of heat recovery from baths with higher
temperatures should always be checked. Regular refill is very favorable, since it decreases the temperature
level in the solar thermal system. Small buffer storage volumes can be applied when the baths itself can act
as a buffer for solar heat (depending on the temperature variation allowed e.g. in a galvanic process).
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Fig. 10: Example for the continuous heat demand of a galvanic bath in a smaller company

In the galvanic bath analyzed in Fig. 10, cold raw parts are treated and heated up by the bath. This heat
demand forms the major part of the thermal load. But the load profile also indicates that the bath itself has
certain temperature losses due to convection (if the bath is not covered) and conduction. This means that
when e.g. the electrolyte has to be kept above a certain temperature level all the time, there is also a certain
heat demand when the company is not producing. A heat demand at weekends can be favorable for the solar
thermal system, since the solar gains can be used to compensate the heat losses. This way sometimes
electricity for heating can be saved or the boiler can be prevented from working at inefficient part-load.
4.5 Convective drying with hot air
Convective drying is a promising process,
since usually ambient air is heated up (open
process) and no buffer storage is required.
Air collector fields can be used for preheating the air. A constant heat demand is
favorable. Control mechanisms to maintain
certain air temperatures are explained in the
design guide. Depending on the pressure
losses, the heat exchanger could also be
bypassed when the solar irradiation is
sufficient (not indicated in Fig. 11).
Electricity consumption is a relevant issue
for air collectors, because their efficiency
decreases with decreasing mass flows.
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air collector array
hot air for drying 40 °C

boiler
boiler

air / water heat exchanger

ambient air

Fig. 11: Exemplary system concept of an open drying process.

4.6 Application and limitations of design nomograms
In the following, the usage of the system design nomograms shown in the Design Guide is briefly explained.
The nomograms result from system simulations for one individual industrial plant. They can be a
useful tool for planners to determine how high the solar thermal system gains and the solar fraction
can be for an investigated process, what would be a reasonable ratio between process heat demand and
collector area and which storage volume should be applied. They also can be applied for training
purposes like it is done in the Design Guide.
Only two parameters were varied in the system simulations to generate the nomogram of Fig. 12:


ratio between the thermal load and the installed collector aperture area (utilisation ratio)



specific storage volume, i.e. the storage volume per m2 of aperture area

All the other individual framework conditions like the location of the industrial production site, the load
profile and temperature of the supported process, the solar thermal system design, the type and slope of the
collector etc. are constant during the simulation. To generate the nomogram of Fig. 12, seven different
utilisation ratios were simulated for four specific storage volumes with the software TRNSYS 16. This
means that 28 annual energy gain simulations were carried out to generate the curves shown.
Example: demand = 10,000 l / day
Example: demand = 20,000 l / day
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Fig. 12: Example of a solar thermal system design nomogram for a washing process in a small company (valid for the system of
Fig. 5 and the thermal load profile of Fig. 6, temperature lift 15 °C to 60 °C, single covered flat-plate with slope 35°)

When, like in Fig. 12, specific values like the utilisation ratio are used, the nomograms are completely
scalable. This means that the system design gets independent form the absolute quantity of the thermal load,
since the ratio between thermal load and collector area (utilisation ratio) is shown. When „reading“ the
nomogram, the thermal load (cleaning water demand per average day) is constant. If for example the
simulated process in Würzburg, Germany had a demand of 10,000 l cleaning water per average day of the
year, the utilisation ratio of 100 would correspond to 100 m2 of aperture area. If the demand was 20,000 l the
utilisation ratio of 100 would be 200 m2 aperture area.
In Fig. 12 for each of the four specific storage volumes the development of the solar fraction is indicated for
different utilisation ratios with continuous lines. The solar fraction is of course only referring to the thermal
load of the processes connected to the solar thermal system. On the left side of the diagram, rather large solar
thermal installations compared to the load can be found (high solar fraction), the right side shows rather

1445

small installations (low solar fraction). Oppositional to the solar fraction, the development of the usually
more important solar thermal system gains is indicated with dashed lines. In smaller systems the solar gains
are higher, because the solar heat can always be used by the process. The large systems offer a higher solar
fraction, but the gains per m2 are lower since the temperature in the collectors and the buffer storage is
higher, which increases the losses. It gets obvious that specific storage volumes of 10 or 30 l/m2 of aperture
area are far too small for this application. A reasonable area for system design is indicated with the dashed
red lines.
The application of nomograms to design “real life” installations is limited. From the explanations above it
gets obvious that for every application, load profile, available temperature level, location and solar thermal
system concept the planner has to create individual design nomograms by own system simulations. Of
course, if the framework conditions are similar to the nomograms shown in the Design Guide, the planner
gets a backup for his own simulations and the finally selected collector area and storage volume. But design
and planning also contains many aspects, which cannot be evaluated by nomograms. One of these issues is
e.g. stagnation. Only the decreasing solar system gains are visible in the nomogram, but it cannot be
determined which parts of the reductions are assigned to higher working temperatures and which part is lost
due to stagnation times when the pump is not working. Stagnation times can only be assessed from system
simulations directly and the technical handling or avoiding of stagnation needs experienced planning.
4.7 Training example: design of a solar thermal system for a washing process
Example: demand = 6,440 l / day
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Fig. 13: Example for the solar thermal system design nomogram for a washing process in a small company (valid for the
system of Fig. 5 and the thermal load profile of Fig. 6, temperature lift 15 °C to 60 °C, single covered flat-plate with slope 35°)

A company in Würzburg, Germany has a measured cleaning water demand of 10 m3 per working day. The
load profile of this company is shown in Fig. 6. The water has to be heated up from 15 °C to 60 °C. The heat
demand per working day can be calculated (simplified):

QWorking day  mWorking day  c p  T  (10,000 kg  4.18

kJ
kJ
 45 K ) / 3600
 522.5 kWh
kg  K
kWh

(eq. 1)

The load profile of Fig. 6 shows, that between 05:30 and 20:00 the hot water demand is about 408 l / h.
Within the last two hours of a working day it is 2040 l / h. Weekends and company holidays (235 working
days out of 365) lead to a mean daily demand of 6.44 m3 per day and an annual energy demand of this
process of 122.8 MWhth / year.
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Which part of this annual demand can be covered by solar thermal in a reasonable way? Which solar gains
can be achieved? The numbers indicated in Fig. 13 show two possible designs. If there is enough roof area
and financial investment volume available, the design with 86 m2 should be selected, since the solar fraction
is much higher and the solar gains are only slightly lower than for the 64 m2 design. Even with the missing
demand at Saturdays and Sundays and despite the two weeks of company holidays in summer, the solar gains
are far above what can be achieved with a domestic hot water system in Würzburg.
For each design point, the collector area AAp results from the utilisation ratio and the storage volume Vsto can
be calculated from the specific storage volume of the selected curve:
AAp  (6,440

l WW
l WW
2
) / (75
)  86 m Ap
2
day
day * m Ap

(eq. 2)

VSto  50

l
2
* 86 m Ap
 4,300 l
2
m Ap

(eq. 3)

The resulting solar gains can be calculated either by using the specific system gains or the solar fraction:
E year  515

kWh
MWh
2
* 86 m Ap
 44.3
2
year * m Ap
year

(eq. 4)

E year  122.8

MWh
MWh
* 36 %  44.2
year
year

(eq. 5)

In Fig. 14, the location is changed to Madrid (nothing else changed). Here, the gains can be nearly doubled
even for a smaller solar thermal system. The necessary specific storage volume is of course higher (even
more than 70 l/m2Ap could be applied), but the reasonable solar fraction can rise up to 60 % in this case.
Example: demand = 6,440 l / day
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Fig. 14: Example for the solar thermal system design nomogram for a washing process in a small company (valid for the
system of Fig. 5 and the thermal load profile of Fig. 6, temperature lift 15 °C to 60 °C, single covered flat-plate with slope 35°).
The location changed from Würzburg to Madrid

5. Summary and Outlook
Even below 100 °C the solar generation of industrial process heat is economically and technically
challenging. But since about 44 % of the total heat demand of the European Union is caused by industrial
processes, this very high potential has to be exploited for solar thermal to achieve our environmental targets.
Technically, industrial processes with a low available temperature level look very promising (heating
of cold water or ambient air). The annual energy gains of solar thermal systems supporting these
processes can be twice as high as in the domestic sector. Often the integration of solar heat on the process
level is more efficient than the support of a hot water or steam network (lower temperatures possible).
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Planners should always stick to the holistic planning approach! Reliable knowledge of the process
parameters (load profile, temperature levels, mass flows etc.) are pre-conditions to plan and design a reliable
and economical solar thermal system. Energy efficiency measures (efficient processing and control, use of
waste heat, etc.) should always be considered before planning a solar thermal system.
Experience with realized demonstration plants proved that the “optimal” design is often not defined by
technical parameters like thermal load or available irradiation but by the motivation of the industrial
company, their future plans and the financial support schemes.
From the today perspective, public funding of demonstration plants should be increased to reach a
critical mass of installations within the promising industrial sectors and processes. These systems must be
planned, monitored and documented by experts to ensure the expected impact of such lighthouse projects. In
the mid-term, more cost-effective collectors and components for collector loop temperatures far above
100 °C are needed and solar companies, planners and installers have to be trained to realize also these
systems reliably. Some of these issues are addressed in the new IEA-SHC Task 49: “Solar Process Heat for
Production and Advanced Applications”, which will start at the beginning of 2012.
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1. Introduction
The Hofmühl brewery solar project demonstrates the use of solar energy for process heat applications at
temperature levels above 100 °C. The results can be used for high temperature solar energy applications in
other brewery companies or other sectors of industry in the future.

2. Project overview
The Hofmühl brewery in the Altmühltal is a small private brewery in Eichstätt with a beer production of
approx.8.000 m³ per year. Before the installation of a solar plant the brewing process was already optimized
and an energy-saving brewing technique was introduced, which is reducing the energy consumption by more
than 60 %. Previous to the installation of the solar thermal plant in July 2009 the annual consumption of
7.920 GJ of primary energy for process heat, hot water and space heating was supplied by oil. The beer is
produced to two thirds during the summer period, so that energy supply and energy demand synchronize.
Additionally the process management was adjusted to the supply from solar energy so that energy costs can
be drastically reduced. The energy that is gained from the solar system is used at several positions with
different temperature levels in the brewery and production process as well as for the space heating.
After creating the necessary foundations two solar storage tanks, each 55m3, were installed in April 2008.
The solar system uses pure water as heat transfer medium, therefore it is necessary to provide an active
freeze protection in the winter months. Neither the installer of the solar plant nor the operator at the brewery
had had experience with the freeze protection of a pure water system at that time. So in October 2008 a first
smaller test collector field from vacuum-tube collectors with water as heat transfer medium was put into
operation. Using only solar energy stored in the buffer tanks, the active freeze protection was tested on a first
field during winter 2008/09. In spring 2009 the collector field was installed and at the same time the two
loads bottle washing machine and the heating of brewing and process water were connected using the already
existing ring main. Currently there are three sub fields installed with an overall aperture area of 735,5 m2.
All subfields are oriented south-west (52°) and the collector inclination is 23° respectively 26° from the
horizontal. In November 2009 the space heating was integrated as an additional load (fig.1.). The outlet flow
of a load with a higher temperature level can be used as inlet flow for loads with a lower input temperature
needed.
Because the space heating as the connected load with the lowest temperature requires at least 60°C, a solar
support is not possible at lower storage temperatures. For freeze protection the warm water in the storage
tanks is pumped through the collector field. Should the temperature in the storage tanks decrease under a
critical value in winter a conventional reheating is possible using the heat exchanger of the brewing and
process water preheating.
The start up of the measurement and the data transfer of the measured values to the university took place in
June 2009.
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Fig. 1: Scheme of the solar process heat application

Fig. 2: View on Hofmühl Brewery with the collector arrays

Fig. 3: View on the collector arrays (left) and the storage tanks (right) in July 2009
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3. Monitoring results
3.1. Summer operation
The July 2010 can be seen as a representative moth for the summer operation at the location Eichstätt. The
balance shows that about 40% of the irradiated energy is transformed into thermal energy at the collector.
During the month the stores are charged with about 189,8 GJ. The averaged temperature in the upper store
area is about 105 °C. This is sufficient to serve the bottle washing machine and the heating of brewing and
process water. At low irradiation (in the morning, at overcast days) about 16,6 GJ are used from the storages
as start-up waste to heat the collector field to operating temperature. The following figure 4 shows the
irradiation on the collector field, the collector yield and the amounts of energy that are used in the process in
July 2010.

Fig. 4: Energy gain and storage temperatures in July 2010 [MJ]

Tab. 1: Percentage of total energy consumption provided by solar system for each load

Bottle washing
machine

Heating of brewing and
process water

Space heating

Freeze protection

32 %

38 %

-

-

When the efficiency is calculated for a complete collector field this efficiency will be lower than the
efficiency of a single collector under standardized collector test conditions. Experiences show that this is in
the range of 5 and 10 percentage points. The field-efficiencies of the single subfields were calculated in a
reference period at the end of July 2009 lies between 3 and 8 percentage points under the theoretical
efficiency of the single collectors under test conditions. Due to this small deviation and on the present data
basis a good operation of the collector field can be assumed.
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3.2. Operation in spring and autumn
Due to the decreased irradiation on the collector surface during the transitional period collector field outlet
temperatures higher than 100°C are only rarely reached. As a result the temperature level in the upper store
area decreases below the requirements of the bottle washing machine, so this load cannot be served using
solar energy any more. The energy is used for heating the brewing and process water and space heating,
since both require a lower flow temperature. At the same time in the transitional period the operating state
freeze protection can occur. The amount of energy that is discharged from the storage tanks to the collector
fields now consists of energy for the field preheating and the freeze protection.

Fig. 5: Energy gain and storage temperatures in March 2010 [MJ]

Tab. 2: Percentage of total energy consumption provided by solar system for each load
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Bottle washing
machine

Heating of brewing and
process water

Space heating

Freeze protection

-

2%

35 %

100 %

3.3. Winter operation – Freeze protection
As a result of less solar radiation during winter time, the outlet temperature of the collector array is seldom
high enough to provide energy at a useable temperature level. Therefore it is not possible to support the
space heating system or the brewing processes. Because of low ambient temperatures the collector array is
nearly permanently flown for freeze protection and the temperature in the buffer tanks decrease below 15 °C.
A conventional auxiliary heating by using the heat exchanger of the brewing and process water heating was
not necessary in both winters.

Fig. 6: Energy gain and storage temperatures in January 2010 [MJ]

Tab. 3: Percentage of total energy consumption provided by solar system for each load

Bottle washing
machine

Heating of brewing and
process water

Space heating

Freeze protection

-

-

-

100 %

4. Active freeze protection
At times of low ambient temperatures it is necessary to protect liquid flown solar collectors against freezing.
Conventional solar systems use antifreeze liquids like glycol-water solutions. These solutions got two
disadvantages. First there is a higher consumption of electricity for the circulation pumps. Second
disadvantage is that this heat transfer mediums are not temperature resistant at temperatures over 150 °C in
case of stagnation.
An equal flow all over the collectors in a collector field is an essential requirement for a reliable active freeze
protection. The parts of the collector field which are less flown will freeze first. Reasons for uneven flow
include air in the system or lack of hydraulic balance. Even a beginning of freezing has to be avoided,
because freezing is a self reinforcing effect. The icing of pipes reduces the inside diameters and increases the
pressure drop, so the flow rate will decrease even more.
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If the collector field is heated with warm water from the buffer tanks for freeze protection the balance of the
used thermal energy can be calculated on two different ways.
The first way is reducing the solar gain by the amount of thermal energy used for freeze protection. The
thermal auxiliary energy for freeze protection is then equivalent to the energy taken from the storages to
warm up the field.
The second way is applicable for solar systems using water as heat transfer medium. The freeze protection
can be defined as a system specific load with a very low temperature level needed. Balances can be done
equal to the other loads, which cannot be served because of the low temperature in the storage tanks. The
thermal auxiliary energy for freeze protection is only the amount of energy which is provided by
conventional sources. In the winters 2009/10 and 2010/11 was no conventional auxiliary heating necessary.
The electrical auxiliary energy for the freeze protection is in both cases the electricity used for the pumps.
Tab. 4: Energy consumption for freeze protection

Thermal energy used for freeze
protection
Electricity used for freeze
protection

Winter 2009/10

Winter 2010/11

79.314 MJ

37.113 MJ

6.479 MJ

7.709 MJ

5. Summary of gain measurements
The following table shows the solar energy gain from two years of monitoring.
Tab. 5: Energy gain of the solar system

Energy gain
08/2009 - 07/2010

08/2010 - 07/2011

Radiation on collector surface

3.005 GJ

3.082 GJ

Collector gain

954 GJ

923 GJ

Storage input

941 GJ

909 GJ

Bottle washing machine

160 GJ

194 GJ

Heating of brewing and process
water

317 GJ

232 GJ

Space heating

143 GJ

172 GJ

Electricity used

27 GJ

27 GJ

Specific gain of the solar system

843 MJ/m²

814 MJ/m²

Efficiency of the solar system

20,7 %

19,4 %

Specific use of electricity

0,044 MJel/MJth

0.050 MJel/MJth

Percentage of total energy
consumption provided by solar
system

11,5 %

11,1 %
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1. Introduction
Saturated steam is a common and widespread medium to transfer heat in industrial processes. To replace a
significant amount of process heat from fossil resources one option is the use of solar thermal energy. Within
the project “Pilotanlage zur solaren Prozesswärmeerzeugung mit Parabolrinnenkollektoren” (Pilot Plant for
Solar Process Heat with Parabolic Trough Collectors) a parabolic trough collector field has been mounted on
the roof of an industrial production site to demonstrate the solar supply of saturated steam for a steam
network.
The industrial partners Solitem and Alanod were responsible for the preparation of the roof installation and
the set-up of the solar field and other equipment. Scientific support has been provided by the Solar-Institut
Jülich of the Aachen University of Applied Sciences, the Institute of Thermodynamics and Heat Technology
at the University Stuttgart, Prof. Volker Quaschning of the HTW Berlin and the Institute of Solar Research at
the German Aerospace Center. Major scientific subjects were the solar system design and its integration into
the plant’s energy supply and monitoring followed by evaluation. They were accompanied by a test of the
PTC1800 parabolic trough collector (Janotte et al, 2009), an extension for process heat applications within
the program Greenius (Dersch et al, 2008) ) and investigations on the integration of parabolic trough
collectors into the standard DIN EN 12975-2 for collector testing. The project ended in 2010. This paper
focuses on the layout and monitoring results of the installation.
2. Layout
The solar system produces saturated steam at a pressure of 4 bar absolute and a temperature of 143 °C, which
is fed into a steam line of the aluminium processing company Alanod. A description of the consumer
structure and layout discussion is given in (Hennecke et al, 2008). The solar field consists of 108 m2 of
PTC1800 parabolic trough collectors of the company Solitem. Due to space restrictions the field has been
erected in 6 rows with each two modules in nearly a north-north-west to south-south-east alignment (Fig. 1
and 2).

Fig. 1: Solar field with PTC1800 parabolic trough collectors
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Fig. 2: Pedestals for collector pylons and drive system (before collector mounting)

In this installation the so-called direct steam generation has been applied. Figure 5 shows an overview of the
plant layout. When the water enters the solar field, it first gets preheated up to the evaporation temperature
and then partly is evaporated in the serially connected collectors. The steam/water mixture leaving the solar
field (Fig. 3) gets separated in a steam drum from where the steam flows to the main steam line of the
production.

Fig. 3: Water steam mixture leaving the solar field downstream

A pump recirculates the water out of the steam drum back to the solar field. The steam needs to pass a check
valve before entering the main steam line, thus it can only enter the steam line after reaching a pressure
which is higher than in the steam line. Evaporated water is being replaced by feed water from the plant
controlled by a level indicator with four levels (Fig. 4 left side). As soon as the water level falls below the
third level from below, the feed water pump is started, running until the third level has been reached again.
Operation starts when the solar radiation reaches a programmed level. The recirculation pump gets started
and the collectors are being focused. The water is circulated until the pressure (and the related temperature)
is high enough to overcome the check valve towards the main steam line of the production. Steam supply
starts.
After operation the plant cools down and the pressure falls below ambient pressure. Then, air enters through
a vacuum breaker valve. This way the steam drum and the solar field piping and absorbers are most of the
time partly filed with air, which will inevitably cause corrosion. This is still to be investigated. Alternatively
it might be an option to flood the circuit.
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Fig. 4: Steam drum with level indicator at the right (left) and touch screen for control (right)

Fig. 5: Solar field hydraulic circuit (Eurosun, 2008)

1457

The plant can also be operated manually with the help of a touch screen (Fig. 4 right side).
The main steam line supplies various consumers in the conveyer line for anodic oxidation treatment, such as
degreasing and sealing bathes. In Figure 6 one of Alanod’s conveyer lines is depicted.

Fig. 6: Conveyer line for anodic oxidation treatment

3. Experiences
The solar plant is under operation since July 2010 (Anthrakidis et al, 2011). Since then several difficulties
have been resolved. Major subjects were the system control, a hidden, blocked filter and the tracking
precision of the collectors. The direct steam generation in the trough collectors has proven to be a “peaceful”
process, since water hammering did not occur. Steam can well be supplied directly to the steam network
along the steam drum. At the begin of winter, the water has been drained from the installation to prevent
damage of the piping. To avoid corrosion it has been filled with nitrogen. Beginning of May 2011, the
system was started again and has been running in automatic mode since then.

3.1. Hydraulic circuit
During the planning process the water/steam quality entering the production steam line was intensively
discussed, as it could possibly lead to an interruption of the production. A separate hydraulic circuit with
indirect heat transfer through a heat exchanger was therefore initially the preferred solution. The installation
of the direct steam supply was much simpler though and proved to be uncomplicated. A steam line is quite
sensitive to water quality, but the continuous measurements show no soiling deriving from the collector field,
as feared originally. The production has never been obstructed by the solar system.
A major concern with direct steam generation is the dry-out and heating of the absorbers causing bending
stress and possibly subsequent destruction of the glass envelope tubes. Due to a blocked filter, the flow rates
were temporary significantly below the calculated flow rates. However, no visible damage has been detected.
Up to now the direct steam generation seems to be a reliable and simple to handle process.
To compensate for fluctuations of water volume in the solar field a water volume in the steam drum is
necessary, which has to be pumped into the solar field as soon as the steam production collapses. In addition,
the steam drum buffers feed water, which enters periodically. A volume of 200 litres seemed appropriate.
During operation the lower two levels never were reached though, thus the volume could be reduced at least
by one third. As the steam drum is an expensive component and causes significant thermal losses and
thermal inertia a tighter layout should be applied in future.
The system has been well equipped with sensors, so that its behaviour and efficiency can be monitored (TIB
Bericht, 2011, SIJ 2011). The data are being processed in a resolution of 15 seconds and sent to the partners
every 24 hours. The power output of the solar field cannot immediately be detected, as the steam output is
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being measured at the end of the solar steam line just before the entrance into the production steam line. Thus
it measures the net output of the solar field including all piping losses.
Figure 7 displays the temperatures at in- and outlet of the solar field during the 2nd of June and the steam
production (in red). Also the feed water volume flow is displayed (in dark blue). The feed water control
sends great and seldom loads of water. As an effect, the inlet temperature of the solar field drops and the
steam production comes down. A more continuous feed water supply would be preferable.

Fig. 7: Steam production on the 2nd of June 2011

The start-up of the collector field takes a long time. This is the effect of great thermal capacities, thermal
losses and reduced collector field efficiency, which again may derive from tracking inaccuracies, soiling and
end losses. End losses occur at non-perpendicular radiation on the collector surface when the rays at the end
of the collector modules are reflected beyond the absorber. Due to space limitations on the roof, the rows are
comparatively short (up to 6 modules are placed in a row if enough space is available), causing high end
losses.
The major components besides the solar field are: steam drum, feed water and recirculation pump,
condensate separator and safety instrumentation. Concerning the costs, piping cannot be neglected since
welding is necessary. The overflow line (Fig. 5) has been shut off; it might not be of any significance
anymore for the solar circuit. It needs to be checked though, if water purges pass the steam trap and get into
the production steam line.

3.2. Measurement of the collector tracking
The solar field rows are connected via a steel rope, which is moved by an electrical motor and a tracking
control using an astronomic algorithm to position the collectors towards the sun. No sun sensor is being used
for the tracking control of this collector system.
For parabolic troughs a high accuracy of the tracking system is important for the overall performance of the
solar field. Therefore measurements of the alignment were performed in January 2011. For this purpose the
collector field has been tracked into 6 positions and the angle of each collector row has been measured with
the help of an inclinometer. This gave information about their relative position towards each other. The
algorithm of the tracking and the absolute positions in automatic tracking were not yet determined.
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After first tests it became obvious, that the collector rows have a backlash of up to 0.5°, which complicated
the measurements. Furthermore, the optical axes of the six trough rows were misaligned up to 3.3° to each
other (Fig. 8). The main difference between the rows can be corrected by alignment. Especially row 5 in
relation to row 2 shows though, that the rows do not move in parallel along the tracking range. This
misalignment depends on the tracking angle. By turning the parabolic troughs, the angle to each other
changed between 1° and 2°. Stretching of the steel ropes might be one of the reasons for the problems.

Fig. 8: Differences in inclination of collector rows related to row 2

The collector supplier recommends a correction of the tracking in case of deviations. It is difficult for the
maintenance personnel though to know when to align and how to do it exactly. Up to now the personnel
visually checks the position without any precise equipment.
The measurements happened after a long period without alignment and might therefore not be representative
regarding the offset between the rows. The differing tracking through the day will persist though. The
deviation of the collector positioning can cause significant optical losses, but it is difficult to translate this in
a thermal effect.
4. Summary
The solar steam generator has been running automatically since its start in 2010 except for a winter pause up
to now, August 2011, without any malfunction. It has supplied steam at 4 bar absolute and 143°C to the main
production steam line on sunny days. Direct steam generation has proven to be a viable technology to supply
saturated steam to an industrial steam network. Only a few hydraulic components are necessary to set-up the
installation, no major difficulties occurred in implementing the control.
It was found that the steam drum size can be reduced and the overflow line can be left out. This would
reduce costs, speed up the start-up phase and reduce thermal losses.
Tracking of the collectors has been investigated for relative positions of the modules to each other.
Deviations have been detected, which could be resolved by a change in tracking mechanism in a follow-up
project.
The effect of air in the steam drum will need a closer look. The option of flooding steam drum and receivers
should be checked.
An exhaustive project report in German language has been written by Krüger et al, 2011.
The project has been supported by the German Ministry for the Environment, Nature Conservation and
Nuclear Safety.
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1. Introduction
One third of the European primary energy consumption is used for industrial applications. A huge amount of
this energy is needed for heating processes. Today’s process heating systems are normally fossil fired. Not
only the increase as well as the development in fuel costs in recent years requires the industry to reconsider
their approach regarding process heat supply but at the same time the finite nature of fossil fuels and the
negative impact of CO2-emissions on the climate.
A very promising option is the implementation of solar-thermal power into the conventional process heat
systems. The food industry, especially breweries and dairies, provides consistently favourable conditions
regarding their processes and applications as shown in ‘Fig. 1’. Additionally to the low process temperatures,
there is often a high base load energy demand for production and cleaning processes. In particular, the
energy demand in breweries and dairies in summer is higher than in winter times, so it follows the solar
radiation. This is a very interesting fact for using solar-thermal energy.
Evacuated Tube Collectors
Flat Plate Collectors

Liquid Food Industry
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Fig. 1: Process Temperatures of the Liquid Food Industry (especially breweries and dairies)

Several studies within the framework of IEA TASK 33/IV – Solar heat for industrial processes (SHIP) –
identified the high potential of this technology. With today’s state-of-the-art components (e. g. flat-plate or
evacuated tube collectors, storage tanks, …) processes of up to 80 °C can easily be supplied with solarthermal energy.
For this reason, the CENTRE OF EXCELLENCE FOR RENEWABLE ENERGY RESEARCH at Ingolstadt University of
Applied Sciences carries out a research project with two industrial partners. In cooperation with the brewery
Herrnbräu GmbH & Co. KG (Ingolstadt, Germany) and the dairy Zott GmbH & Co KG (Mertingen,
Germany), standardised solutions for the implementation of solar-thermal process heat systems will be
developed to boost the distribution of this technology, however, not only in the food industry.
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2. Low-Temperature Heating Networks
Nowadays, low-temperature heating networks are known as a part of district heating systems or systems for
the heat supply in large social buildings such as hospitals or retirement homes. The supply of energy for
space heating and domestic hot water is the central task of such systems. Heat energy supply of these
systems is realised by one or more conventional heat generators. Such heat generators are occasionally
supported by a solar-thermal system and combined with a short-term or a long-term thermal storage.
As a fact of regional development and an increasing use of waste heat from biogas plants as well as the usage
of wood fired heat generators, low temperature district heating systems become more and more important. In
urban areas, district heating systems are already more common. The advantage in this situation/case is the
ratio between the supplied area and the heating demand which is better than in regional areas. Also, the
available space on the roofs of the buildings provides considerably good conditions for solar-thermal systems
as a support of conventional heating.
A remarkable number of solar-thermal supported systems were installed and analysed within the framework
of the research program SOLARTHERMIE2000 (n. d.). In several studies it was shown that the most
challenging topic is the functional integration of the solar-thermal system. Due to an appropriate system
configuration and favourable load profiles such systems can reach solar-thermal earnings of
350…550 kWhth/m²collector area per year. However, systems with satisfying solar-thermal earnings often could
not reach the earnings prognosticated within the previous simulation. Hence, the planning and designing of
such low-temperature heating networks will be a major challenge.
The most important fact for satisfactory operation and solar-thermal earnings is the return temperature of the
heating network which correlates to the operating temperature of the solar-thermal system. Hofmann et. al.
(2009) describes this problem in his study of the urban heating supply of Wanzleben (Germany). ‘Fig. 2’
shows typical flow and return temperatures for the two collector fields of the solar-thermal system which is
directly (without any thermal storage) connected to the local district heating of Wanzleben. The return
temperatures are found to be mostly beyond 70 °C which is mainly the reason for solar earnings only about
170 kWhth/m² collector area per year.

Fig. 2 Flow and Return Temperatures of Collector Fields at District Heating Wanzleben (Hofmann 2009)

Furthermore, the type of thermal storage (long-term or short-term storage) and the direction as well as the
angle of the collector array have a significant influence on the annual earnings of a solar-thermal system.
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With an energy flow-rate of a few hundred MWhth up to more than five thousand MWhth per year such
district heating systems are quite comparable to industrial low-temperature heating networks at mediumsized industry plants of the liquid food industry considering their energy supply. Also the configuration of
the heat sources and heat sinks is similar to district heating systems. The most important differences exist
regarding the load profiles. Where the heat demand in district heating systems in winter is much higher than
in summer the load profile of industrial low-temperature heating networks depends on the supplied heat sinks
on a more constant level.
Such low-temperature heating networks are usually supplied by the main heat generator of the industry plant.
Moreover, waste heat potentials are used for heat supply if possible, for example the energy of wort cooling
in breweries. The flow and return temperatures in most heating networks are determined by the supplied
processes and their temperature ranges as well as the temperatures of specific heat sources like the waste heat
applications. Industrial low-temperature heating networks are often used also for space heating applications
or hot domestic water supply. Further applications are the heating or preheating of water used in production
processes (e. g. brew-water for mashing) or thermal energy supply for cleaning equipment (e. g. Cleaning-inPlace). But also the thermal energy demand of production processes can be supplied. This wide range of
applications provides generally a huge base load and therefore often continuous heat sinks which is
favourable for solar-thermal systems as a heat source.
3. The Zott Dairy
The Zott GmbH & Co. KG is a large size dairy in Mertingen located in the south of Germany. In 2010 about
1,100 employees processed 430,000 tons of milk. With this processing capacity Zott belongs to the ten
biggest dairies in Germany. The product portfolio of the main factory in Mertingen ranges from yoghurt,
yoghurt and whey drinks up to mozzarella. For processing these products, about 65,000 MWh of thermal
energy and more than 50,000 MWh of electrical energy are necessary.
The primary focus of Zott is a sustainable thermal energy supply. Several million Euros were invested in
improvement measures and modernization of the thermal energy supply and waste heat recovery
applications. A wood fired biomass combined heat and power plant (CHP) was commissioned to supply the
factory with process steam. The existing fossil fired steam boilers were consequently shut down at the end of
2009. However, there is still a fossil fired steam boiler necessary whenever the steam supplied by the
biomass plant is not sufficient. At a central transfer station the process steam line from the CHP is connected
to the dairy. The generated condensate from the supplied processes is transferred back to the CHP and reused
for steam production. Besides the dairies steam network the industrial low-temperature heating network is
partly supplied by the steam of the CHP.
4. Low-Temperature Heating Network at Zott Dairy
The low-temperature heating network was originally implemented to use the waste heat of Zott’s gas fired
combined heat and power units. After decommissioning of the combined heat and power units the network
was redesigned for heat supply at a temperature level of 65 °C (former 95 °C with the combined heat and
power units). This happened in the course of the commissioning of the CHP and the now coming up
condensate which has to be cooled before transferring it back from the dairy to the CHP. Thus, the lowtemperature heating network is a favourable heat sink.
The present configuration of the heating network is shown in ‘Fig. 3’. Currently, the prior heat source for the
redesigned heating network is the Condensate Cooling. In times of insufficient energy supply by the
Condensate Cooling, additional steam can be delivered by two heat exchangers. Production Processes,
Cleaning-in-Place Facilities, Hot Domestic Water and Space Heating are the applications supplied with
energy from this heating network. In the network, a Buffer Storage Tank of 160,000 l is integrated. This
storage tank is placed outside the dairy buildings. Since the total thermal energy of the condensate is at
present consumed, the storage tank remains unused.
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With a flow temperature level of 65 °C it is possible to supply the Hot Domestic Water as well as the
cleaning equipment with sufficient energy. Also, for Space Heating the temperature level is high enough. For
applications in the production, the heating network is only used for preheating the processes whereas the
steam network ensures the temperature level needed.

Fig. 3: Configuration of the Zott Low-Temperature Heating Network

About 11 % of the total thermal energy demand of Zott can be provided by the low-temperature heating
network. An extensive analysis of the network in 2010 has shown that the Condensate Cooling contributes
about 45 % of the network energy. 3,900 MWh of steam energy were necessary in 2010 to compensate for
missing condensate energy as ‘Tab. 1’ shows.
Tab. 1: Energy of the Low-Temperature Heating Network (2010)

Energy [MWhth]
Proportion [%]

Condensate Cooling
3,350
~ 46

Steam Heating
3,900
~ 54

On average, the Condensate Cooling contributes on a relative constant level about 280,000 kWh each month.
Additionally, 325,000 kWh of steam energy are needed. The supplied steam energy is at its minimum level
between May and August. During this period, the energy demand drops to 180,000 kWh. The peak energy
demand is between January and December with more than 600,000 kWh. As shown in ‘Fig. 4’, there is a
significant increase of energy demand in winter.
A further analysis of the provided heat sinks shows the relation between these load profiles and the total load
profile of the low-temperature heating network. ‘Fig. 5’ shows the heat sinks Production and Cleaning, Hot
Domestic Water and Space Heating. Production and Cleaning as well as Hot Domestic Water are relatively
constant consumers over the year. Nearly two thirds of the network´s energy is used for these applications.
The remaining energy is for Space Heating. This consumer is first of all responsible for the typical load
profile of the network.
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At first sight, the network´s load profile is not very promising with regard to the use of a solar-thermal
system. However, the base load of additional steam energy as shown in ‘Fig. 4’ of about 180,000 kWh in
summer is considered to be supplied by a solar-thermal system.

Fig. 4: Load Profile of Zott Low-Temperature Heating Network (2010)

Fig. 5: Load Profile and User Groups of Zott Low-Temperature Heating Network (2010)

As a part of the energetic analysis, the flow and return temperatures of the network were considered. As
mentioned before, the flow temperature is set at 65 °C. This was confirmed by the measured data which have
shown a slightly fluctuating temperature of 65  1.5 °C. More important regarding the solar-thermal system
is the return temperature which is at about 61.5 °C in summer and 52.5 °C in winter. The difference between
summer and winter is due to the supply of the Space Heating which is a considerable energy consumer. In
general, the high return temperatures in the heating network are critical. In case of the Zott dairy the reason
for this temperature was found to be the high operating temperatures of the Cleaning-in-Place Facilities and
the high flow temperature of the Hot Domestic Water.

1466

5. Concepts for a Solar-Thermal Process Heat Integration
In consequence of the energetic analysis of the low-temperature heating network and the result of a base load
for steam energy of 180,000 kWh in summer, it is not only possible but also recommendable to analyse the
possibilities to integrate a solar-thermal system as additional heat source. Another challenge in the
integration of solar-thermal energy is to find the optimum sequence of the three available heat sources:
Condensate Cooling, Steam Energy and Solar-Thermal Energy. Therefore, a problem to handle is the cooling
of the still necessary condensate. As mentioned before, the condensate has to be cooled down before
transferring it back to the CHP. So, there is always the demand to get as much energy out of the condensate
as possible by supplying it to the low-temperature heating network. Otherwise, an emergency cooling system
will be necessary for reaching the defined temperature level of the condensate.
For the following development of simulation models, three different basic integration concepts as well as a
concept for the solar-thermal system are designed.
5.1 Concept ‘Reference Model’
The first integration concept is based on prior cooling of condensate. Accordingly, the fist level of heating
the network remains the Condensate Cooling. In order to reach the final temperature the steam network will
compensate for the missing energy. As shown in ‘Fig. 6’, the heat exchanger for the solar-thermal energy
will be integrated between the Condensate Cooling and the Steam Energy. The major disadvantage of this
configuration is the high temperature level of the low-temperature heating network at this stage. As shown in
‘Chapter 4’, the return temperature of the network is generally at a high level. Downstream of Condensate
Cooling it is still higher, sometimes already at 65 °C so that there will be no possibility to supply solar
energy to the heating network.

Fig. 6: Concept Design ‚Reference Model‘

5.2 Concept ‘Solar Priority’
In comparison to ‘Reference Model’, this model shows the potential of a solar-thermal energy supply at the
first stage of the heat exchanger network. First of all, this model is used for an energetic comparison to the
‘Reference Model’. The model ensures the possibility of higher solar-thermal due to lower return
temperatures at the first stage. To avoid the start of the emergency condensate cooling system, the
condensate needs to be cooled to a certain temperature. Further investigations need to be carried out in this
matter.
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5.3 Concept ‘Parallel’
A variation of the two first concepts is based on the idea to integrate the Condensate Cooling and the Solar
Energy in parallel and divide the volume flow of the low-temperature heating network before. With the help
of an intelligent flow control, the volume can be diverted exactly to the two heat exchangers. This enables
the possibility for the solar part of this stage to work at the lower return temperature. Simultaneously, the
Condensate Cooling is supplied by a sufficient volume flow for the essential energy output. Challenges with
this concept will be the control strategy for the volume flow in connection with the temperatures of solarthermal energy as well as the temperatures of condensate and heating network.
Economic considerations are not considered important at this phase of conceptual work. First of all, the
optimum energetic solution for all the three stages of energy supply to the network is in focus and with this
the optimisation of the three designed concepts. As a result, a concept for a solar-thermal system has to be
designed too.
5.4 The Solar-Thermal System
Basis for the solar-thermal system integrated to the Zott low-temperature heating network is the already
existing storage tank. This storage tank with a total volume of 160,000 l was built to store waste heat from
CHP-Units. Currently, the storage tank is equipped with a perforated load pipe designed as a ring in the
lower part of the storage tank. Tapping of heat energy takes place at the upper part with a connected pipe
direct to the storage medium. For the use in a solar-thermal system, the concept design includes, besides the
current storage tank configuration (isolation, height, diameter, …), the reconstruction of the tank including
the equipment for a stratified charging. Both variations will be simulated within the system simulation for
comparison and optimisation.
For the dimensioning of the collector area, the available flat roof was analysed. So, the collector area for the
preliminary simulation runs is defined at 2,000 m². Further, a standard flat-plate collector is used within a
collector array connected in parallel. The heat transfer medium is water. This enables the possibility to avoid
an additional heat exchanger between storage tank and Solar Circuit but requires in further concepts the
integration of an anti-freezing system. ‘Fig. 7’ shows a simplified drawing of the solar-thermal system
concept.

Fig. 7: Concept Design of the Solar-Thermal System
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6. Simulation of the Solar-Thermal Process Heat System
MATLAB&Simulink with the CARNOT Toolbox (Conventional And Renewable eNergy systems
OpTimization Blockset) is used for the simulation of the systems. This software ensures the necessary
flexibility with regard to configuration and development of the system´s components as well as the
specification of control strategies.
All the simulation runs in this first phase are carried out as annual simulation to calculate the solar earnings
and to analyse the system´s behaviour during a complete year. As basic reference, the real system of the Zott
low-temperature heating network was also developed as simulation model and simulated based on the
measured load profiles, temperatures and energy data. The deviation of the simulation results was found to
be at around 2 %. Hence, the model is considered to be close to the real system.
‘Tab. 2’ shows results of the annual simulation runs of the three basic simulation models with the integrated
solar-thermal systems ‘Reference Model’, ‘Solar Priority’ and ‘Parallel’. Input data for the simulation are the
measured load profiles and temperatures of the low-temperature heating network of 2010 as well as weather
data of the location Mertingen (REMUND, J.).
Tab. 2: Annual Results of Simulation Models

‘Reference Model’

‘Solar Priority’

‘Parallel’

Condensate Energy
[kWhth]

3,389,000

3,148,500

3,384,700

Solar Energy to Storage
[kWhth]

700,240

776,900

731,100

Collector Earnings (Storage)
[kWhth/m²collector area a]

349.2

387.5

364.6

Storage Losses
[kWhth]

135,590

121,070

131,790

Solar Energy to Network
[kWhth]

564,650

655,830

599,310

Collector Earnings (Network)
[kWhth/m²collector area a]

281.6

327.1

298.9

Steam Energy
[kWhth]

3,433,600

3,584,800

3,409,300

Focus of these simulation runs is on the results of the solar-thermal system as well as the mutual interference
of the solar-thermal system and the Condensate Cooling. Furthermore, the specific collector earnings and the
heat losses of the storage tank are compared.
With the ‘Reference Model’, collector earnings of 349.2 kWhth/(m²collector area a) regarding the storage tank
and 281.6 kWhth/(m²collector area a) considering the supply of solar energy to the network are reached. The
heat loss of the storage tank is at 135,590 kWh/a which is about 20 % of the energy of the storage tank.
Slightly better results shows the ‘Solar Priority’ model. Here, the specific collector earnings regarding the
supply to the heating network are at 327.1 kWhth/(m²collector area a), i.e. about 16 % better than the ‘Reference
Model’. Besides, the storage losses are minimised. This is a consequence of the lower working temperatures
of the solar-thermal system due to its priority to the Condensate Cooling. Solar earnings of the ‘Parallel’
model are 298.9 kWhth/(m²collector area a), i.e. between the two other simulation models. The same applies for
the heat loss of the storage tank. Concerning the demanded steam energy for the heating network to reach the
necessary temperature, the ‘Parallel’ model shows the best results. It is about 25,000 kWh below the
‘Reference Model’ and about 175,000 kWh below the ‘Solar Priority’ model.
To summarise, the model with the most promising result is the ‘Parallel’ model, however, regarding the
solar-thermal performance the model is not as good as the ‘Solar Priority” model. As a remarkable advantage
of the ‘Parallel’ model the necessary steam energy can be minimised. Since steam energy is the only form of
energy in the low-temperature heating network which has to be paid for by the Zott dairy, it is important for
an economical analysis respectively has to be reduced.
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7. Conclusions and Further Steps
The results of the simulation runs show, that the most important problem of all concepts is the high return
temperature of the heating network. This fact is difficult to handle. Also, the past activities of Zott have
shown that there are only limited possibilities for a reduction of this temperature. With specific modifications
of the consumers of the production, hence a wider spread of flow and return temperature only a small
reduction can be realised. More complex still is a modification of the domestic water heating. The problem
here is that the domestic water is preheated by the residual energy of the condensate after cooling within the
heating network.
As a result, the energy supply of the low-temperature heating network takes place on a comparatively high
temperature level and cannot be modified as the condensate energy must be used. Also, the energy supply of
Cleaning- in-Place facility cannot be modified. A constant heating of the acid tank on a temperature level of
55 °C is necessary and therefore a high spread of temperature is not possible. To summarise, there is only
limited possibility to modifying the production processes to reach a lower return temperature of the network.
The simulation runs of the three models with the integrated solar-thermal system already show satisfying
results with regard to the solar-thermal earnings as well as the interaction with the other heat sources. The
next step is the optimisation of the solar-thermal system. With this, two variation studies will be carried out.
The first variation study concerns the storage tank of the system. It will be analysed whether stratified
charging as used in the previous simulation and combined with this a reconstruction of the existing storage
tank is more energy efficient against simple charging with two connections in the upper part and two in the
lower part similar to the current configuration. Also, the volume of the storage tank will be varied to define
the optimum storage volume.
The second variation study concerns the collector array of the system. As a result, the first sub-variation will
be the collector area. It has to be optimised together with the storage volume. Also, several collectors will be
tested in the simulation. Here the various collectors´ performance figures will be used. Furthermore, the flow
volume as well as the connection varieties of the collector array will be simulated. With this, the correlation
of specific collector volume flow and the method of parallel and serial connection of the collectors are tested.
All the results are finally used for the design of a real system concept for integration in the low temperature
heating network. This designed solar-thermal system will be tested concerning technical feasibility and
economics.
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ABSTRACT
Concentrating solar thermal systems offer a promising method for large scale solar energy collection.
Although concentrating collectors are generally thought of as large-scale stand-alone systems, there is a huge
opportunity to use novel concentrating solar thermal systems for rooftop applications such as domestic hot
water, industrial process heat and solar air conditioning for commercial, industrial and institutional buildings.
This paper describes the thermal performance of a new low-cost solar thermal micro-concentrating collector
(MCT), which uses linear Fresnel reflectors, and is designed to operate at temperatures up to 220°C. The
modules of this collector system are approximately 3 meters long by 1 meter wide and 0.3 meters high. The
objective of the study is to optimize the design to maximise the overall thermal efficiency. The absorber is
contained in a sealed enclosure to minimise convective losses. The main heat losses are due to natural
convection inside the enclosure and radiation heat transfer from the absorber tube. In this paper we present
the results of a computational investigation of radiation and convection heat transfer in order to understand
the heat loss mechanisms. A computational model for the prototype collector has been developed using
ANSYS-CFX, a commercial computational fluid dynamics software package. The numerical results are
compared to experimental measurements of the heat loss from the absorber, and flow visualization within the
cavity. The efficiency of the collector is established on the basis of ray tracing and heat loss analysis.
1. Introduction
Concentrating solar collectors offer a promising method for large scale solar energy collection. It is feasible
to use concentrating solar collectors for applications such as domestic hot water and industrial and
institutional process heat. In recent years, many non-concentrating roof-integrated collectors have been
proposed, such as hybrid systems with photovoltaic or thermoelectric elements (Juanico, 2008). Rooftop
integrated concentrating solar thermal systems are not common, and only a few projects are mentioned in the
literature (Gee et al., 2003, Petrakis et al. 2009, Sultana et al. 2010, 2011). Until now, the commercially
available high temperature solar thermal technologies such as parabolic trough and linear Fresnel
concentrators, have not integrated well on rooftops as they have been complex, cumbersome, have high wind
loading and are difficult to maintain.
In this paper, a new low-cost micro-concentrator collector (MCT) has been studied, which is designed to
operate at temperatures up to 220°C, and be seamlessly integrated into the architecture of buildings. The
applications of this system include domestic hot water, industrial process heat and solar air conditioning for
commercial, industrial and institutional buildings.
Rooftop collectors for solar cooling applications need to be very space efficient and be able to deliver energy
above 140oC as low temperatures can only be used to drive single effect chillers. Traditional flat plate solar
collectors need more than twice the roof area to produce sufficient cooling for a low rise building. High
temperature systems, such as parabolic trough collectors, require more space on the rooftop to avoid shading
as they track the sun. In this regard the MCT is more efficient compared to both low temperature collectors
and more complex high temperature systems (Sultana et at. 2010).
2. Overview of the MCT collector
The MCT system module is approximately 3.2 meters long by 1.2 meters wide and 0.3 meters high (Fig. 1).
The MCT collector utilizes linear Fresnel reflector optics that concentrate beam radiation to a stationary
receiver. The receiver consists of two 16 mm diameter stainless steel absorber tubes. Each receiver has a
secondary reflector that directs beam radiation to the absorber tube. The entire optic system is enclosed in a
sealed glazed canopy. The design of the receiver is illustrated in Fig. 2.
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3.2 m

Absorber tube
Fresnel reflector

0.3 m

1.2 m
(a)

Section A-A
(b)

Fig. 1: (a) Exploded view of a solar micro-concentrator system (Chromasun, Inc.), (b) Cross-section of the MCT collector

Fig. 2: Receiver design in the micro-concentrating collector

3. Heat Loss of MCT Collector
Evaluation of heat losses from the receiver is an important input to the performance evaluation of the solar
collector. To achieve high efficiency in a concentrating solar collector, there should be minimum thermal
losses from the absorber. Fig. 3 shows a schematic cross section of the collector along with the internal
modes of heat transfer. During operation, the hot absorber tube emits long-wavelength radiation into the
cavity that is absorbed mainly by the bottom wall, which in turn heats up. This promotes buoyancy-driven
flows within the cavity, resulting in convection losses and a further reduction in thermal efficiency
(Reynolds, 2004, Sultana et al. 2010).
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Fig. 3: Cross-section of the micro-concentrating collector showing modes of internal heat transfer

The current study investigates the role of radiation and natural convection heat transfer inside the cavity,
along with heat transfer at the boundaries in order to fully understand the heat loss mechanisms.
4. Computational Modelling
A computational model of the prototype absorber has been developed using ANSYS-CFX (ANSYS, 2010).
For simplicity, a two dimensional geometry with a symmetry plane is created (Fig. 4) assuming the collector
is mounted flat on a roof.

Fig .4: Cavity geometry for CFD modelling with zoomed up view of the receiver section (right)

The absorber tube is modelled as an isothermal surface. The convective flow and resulting temperature
difference between the absorber tube and the secondary reflector and glass cover are studied for various
absorber temperatures. The absorber tube is coated with a black chrome selective surface, and the emissivity
is taken as 0.2 (Chromasun, Inc.). The cover glass at the top and sides of the cavity are modelled as
convection boundaries with external heat loss coefficients of 15 W/m2K, exchanging heat with an ambient
temperature of 23oC. The glass has an internal emissivity of 0.9. The base of the cavity and aluminium side
walls are also modelled as convection boundaries with external heat loss coefficients of 5 W/m2K,
exchanging heat with an ambient temperature of 23oC. The air flow in the cavity is modelled as laminar as
the Rayleigh number is in the range of 1.8 x 104 - 2.7 x 107. Radiation is modelled using the Monte Carlo
simulation method (Wang et al. 2010). All discretization is carried out using second order schemes and air
properties are calculated using an ideal gas model. Minimum convergence criteria were set at 10-3 for
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continuity and velocity, and 10-6 for energy. A hybrid mesh is used with structured quadrilateral elements in
the wall zones and unstructured triangular elements in the central zone of the collector cavity. The resulting
mesh size is approximately 3 mm, with 60,000 mesh points in total. A grid dependency study has been
undertaken to ensure the adequacy of this mesh density.
5. Experiment
An electrically heated absorber tube has been constructed to allow direct measurement of losses under
laboratory conditions. A schematic representation of the equipment used to supply electrical power to the
heating elements inside the absorber tubes is illustrated in Fig. 5. The absorber tube surface temperature is a
function of the ambient temperature, thermal resistance from tube surface to the ambient environment and
the heat lost. Under steady-state temperatures, all the electrical power applied to the heating element is lost
through convection and radiation heat transfer into the cavity heat. The overall heat loss coefficient (U) of
the absorber tube can be calculated by:

(eq. 1)
Where, P is the electric power supplied to the heating element, Aabs is the absorber tube surface area, Tabs is
the absorber tube average surface temperature and Ta is the ambient temperature.

Fig. 5: Schematic diagram of the experimental setup

K-type fibreglass insulated thermocouples were used to measure the absorber tube temperatures inside the
collector. The temperature measurement system was calibrated against a standard platinum resistance
thermometer. Measurements from the thermocouples and power supply are recorded on a laptop PC. During
operation, a time interval of approximately one hour is required for the system to reach steady state (Fig.6).
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Fig. 6: Time required to reach steady-state condition (Pabs = 295 watt, Ta = 23oC)

The emissivity of the absorber tube was measured using an infrared camera (FLIR-TITANIUM 560M).
Infrared calibration was performed by comparing IR and thermocouple measurements of the heated tube.
Fig.7 shows an infrared photograph of the absorber tube. The average temperature measured by the
thermocouples attached to the tube was 200°C. To match this temperature with the infrared measurements,
the emissivity of the absorber tube (εabs) was set at 0.6 using the camera settings. However, using
manufactures data (Lowery, 1981) the calculated equivalent emissivity of the absorber tube at 200oC was
0.24 (Fig.8). One possible reason for the difference is that while modifying the tube and attaching/reattaching
the thermocouples numerous times, the selective surface may have been damaged.

Fig. 7: Infrared photograph of absorber tube from bottom view (Tabs = 200oC, εabs = 0.6, Infrared wavelength = 3-5μm)
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Fig. 8: Absorber tube emissivity for different absorber temperatures

Flow visualisation experiments were also performed to test the validity of the numerical model. The
experimental set-up used a Nd:YAG continuous laser and digital camera. A modified MCT collector was
used to facilitate optical access for the laser light and camera. The base was replaced by a plastic cover
(without mirrors) and a viewing hole was made on the front face of the collector.
6. Results
6.1 Experimental results
Fig. 9 shows the heat loss measurements as a function of absorber tube temperatures. The measurements
show that the tube reaches a temperature of approximately 200°C when 295W of energy is applied to each of
the absorber tubes.

Absorber tube temperature (oC)

250
Tabs = 200oC at 295 W
200

150

100

50
50

100

150

200

250

300

350

Heat loss (W)
Fig. 9: Experimental heat loss vs. temperature for an absorber tube

The effect of inclining the MCT collector was also investigated over an inclination range of 0° to 20°. Fig.
10 illustrates that there is negligible effect of inclination up to 20o.
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Fig. 10: Experimentally measured temperature as a function of input power

6.2 CFD results
The air flow patterns in the receiver cavity of the collector are shown in Fig. 11. Locations where fluid
motion is fastest are along the glass side walls, and along the top surface. The next fastest fluid motion is a
layer along the upper glass cover, with the fluid dropping down into the cavity from the top glass boundary at
the symmetry plane. Although the bottom convective cells cover most of the cavity they do not significantly
affect convection around the absorber. Rising fluid around the absorber tube is entrapped by the secondary
reflector thus reducing the convective heat loss from the absorber tube to the cavity (Fig. 12). In this study
the secondary reflector around the absorber tube was considered to be a thin aluminium sheet. It may be
possible to reduce the strength of the upper convection cell by using an insulated reflector. For the boundary
conditions specified in the CFD simulations, the results show significant thermal gradients in the cavity only
around the absorber and secondary reflector (Fig. 13).

Fig. 11: Velocity streamlines in the cavity receiver (absorber tube
temperature 200oC)

Fig. 12: Streamlines near the receiver section (absorber
tube temperature 200oC)

Fig. 13: (a) Temperature contours, (a) in the cavity receiver, (b) near the receiver
(absorber tube temperature 200oC)
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Due to the mixing caused by the bottom convection cell there is a relatively constant temperature in the
cavity below the level of the absorber tube and a higher temperature convection cell under the top glass
surface as shown in Figs. 14 & 15.
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Fig. 14: Temperature profiles within the cavity for different absorber heat loss
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Fig. 15: Velocity profiles within the cavity for different absorber heat loss

Due to the low emissivity of the absorber selective coating the radiation heat loss is only 15% to 20% of the
convective heat loss (Fig. 16). The CFD model indicates that the total heat loss at 200°C is approximately
77W per metre length compared to an expected solar input of approximately 300W to 400W per meter
length. Heat loss from different boundary zones is shown in Fig. 17.
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Fig. 16: Absorber heat loss for different absorber temperatures
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Fig. 17: Heat loss of external boundary elements for different absorber heat loss

6.3 Comparison between Experimental and CFD results
The heat loss predicted by the CFD model (230W) under –predicts the experimental results (295W) at 200oC
absorber temperature by approximately 22% (Fig. 18). There are a number of uncertainties in the
experimental work, the main ones being the emissivity measurements. The infrared testing indicated that
the emissivity of the absorber tube used in this experiment was 0.6 at 200oC. However, the CFD model used
an emissivity of only 0.2, which could explain some of the differences. Minimising radiation heat loss results
successful modelling of the cavity and therefore the accuracy of the absorber tube emissivity reading is
important. Fig.19 shows the absorber tube temperature decreases as absorber emissivity increases. A second
area of uncertainty is the determination of the appropriate convection coefficient to be applied to the base
cover and side covers of the cavity model. A three-dimensional CFD model is also being developed to more
accurately represent the collector heat losses through the side cover walls.
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Fig. 18: Heat loss comparison of CFD model and experiment
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Fig. 19: Absorber tube temperatures versus absorber emissivity for 295 watt heat loss (CFD model)

The overall heat loss coefficient of the absorber tube at 200oC from CFD results is approximately 9 W/m2/K,
whereas the experimentally measured overall heat loss coefficient is approximately 11 W/m2/K. Correlations
between the overall heat loss coefficient and the absorber temperature were developed and shown in Fig. 20.
The general relationship between overall heat loss coefficient (U) and absorber tube temperature (Tabs) can be
given as follows (Singh et.al. 2010).

(eq. 2)
Where a and index b are constant for 50oC ≤ Tabs ≤ 250oC.

Overall heat loss coefficient
(W/m2K)

12
y = 1.9851x0.3172

11
10

y = 2.092x0.2726
9
8
7
Experiment

6

CFD
5
50

100

150

200

250

Absorber tube temperature (oC)
Fig. 20: Variation of overall heat loss coefficient vs. absorber tube temperature for CFD model and experiment
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Figs. 21-22 shows a comparison of the CFD velocity flow fields and experimental results. The photograph
assists in validating the CFD model, as the flow visualisation clearly captures the airflow rising around the
secondary reflector, as predicted by CFD simulation. There are common traits of convection cells within the
cavity of the collector.

(a)

(b)
Fig. 21: Airflow near the absorber tube, (a) CFD, (b) Flow visualisation

(a)

(b)

Fig. 22: Airflow in the receiver cavity, (a) CFD, (b) Flow visualisation

The MCT thermal efficiency characteristic was determined by combining the calculated optical efficiency
(Sultana et al., 2011) and heat loss as plotted in Fig. 23. Solar beam radiation is taken as G = 1000 W/m2.
The MCT system shows an efficiency of 56% at its design operating temperature of 200oC.
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Fig. 23: MCT collector efficiency
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7. Conclusion
Preliminary results have been obtained for the performance of a new cavity solar collector incorporating a
linear Fresnel micro-concentrator. The performance was numerically simulated using computational fluid
dynamics package, ANSYS-CFX. To analyse the thermal performance of the collector, a 2-D numerical
simulation of convective and radiation heat loss has been carried out for steady-state laminar conditions and
total heat loss coefficient obtained. Natural convection inside the cavity and thermal radiation between
surfaces were modelled. Experiments performed to determine the heat lost from the MCT collector for
varying operating temperatures. In comparison to the CFD model, the experimental results indicated 22%
higher heat loss. Infrared testing revealed the selective surface of the absorber tubes is 0.6 which is higher
than the design value of 0.2 used for CFD study. However, another possibility is that the heat transfer
coefficient assumptions in CFD were understated. Experimental flow visualisation of air movement inside
the collector yielded very similar results to the CFD velocity vectors, providing some confidence for
numerical model. The work presented here indicates that the MCT collector has an efficiency of about 56%
at its design operating temperature of 200oC.
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Abstract
The two-step water splitting thermochemical cycle is composed of the T-R (Thermal Reduction) and W-D
(Water Decomposition) steps. The mechanism of this cycle is oxidation-reduction, which produces hydrogen.
The reaction temperature necessary for this thermochemical cycle can be achieved by a dish-type solar
thermal collector (Inha University, Korea). The purpose of this study is to validate a water splitting device in
the field. The device is studied and fabricated by Kodama et al (2010, 2011). The validation results show that
the foam device, when loaded with NiFe2O4/m-ZrO2 powder, was successfully achieved hydrogen
production with 9 (10 with a Xe-light solar simulator, 2009, Kodama et al.) repeated cycles under field
conditions. Two foam device used in this study were tested for validation before an experiment was
performed. The lab scale ferrite-conversion rate was in the range of 24~76%. Two foam devices were
designed to for structural stability in this study. In the results of the experiments, the hydrogen percentage of
the weight of each foam device was 7.194 and 9.954μmol g-1 on average, and the conversion rates
4.49~29.97 and 2.55~58.83%, respectively.
1. Introduction
Energy is an essential element for the development of any country's industry and economy. Globally, the
demand for energy has increased over the years. In particularly, it is predicted that energy consumption will
increase with the continuing development of developing countries and that the amount of energy
consumption in 30 years will be more than triple the amount of energy consumption at present (C.A. Dahl
and L. McDonard, 1998). Furthermore, the unstable oil price situation in the world market and pollution
problems related to fossil fuel energy have had the effect of increasing the demand the development of
alternative energy types, such as hydrogen. The use of solar energy conversion systems for the production of
hydrogen, which is a promising solar fuel, solves these problems (Stéphane Abanades, Gilles Flamant, 2006).
Hydrogen can be produced from a thermal process, an electrolytic process, and photolytic process (Korea
Energy Economics Institute, 2007). Among these processes, the thermal process can use solar thermal energy
as a heat source with the advantage of the abundance and sustainability of solar energy. In case of a direct
thermal process from water, for a feasible process, heat source capable high-temperature 2500K is required
and additional devices are necessary for the prevention of the creation of an explosive mixture (Kogan, A.,
1998). For these reasons, the thermal process cannot easily be put into practical use. Therefore, a two-step
thermochemical cycles is being studied, These methods involve hydrogen production by water splitting at a
relatively low temperature (Aldo Steinfeld, 2005).
The equations below (eq. 1) and (eq. 2) denote the two-step thermochemical cycle using a ferrite redox pair
(Nakamura, T, 1997).
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Fe O = 3FeO + 

(eq. 1)

3FeO + H  =   + 

(eq. 2)



The first step is the thermal-reduction (T-R) step, which is highly and thermodynamically desirable at
temperatures above 2500K under a pressure of 1 bar (eq. 1). The second water-decomposition (W-D) step is
slightly exothermic and possible at temperatures of less than 1000K (eq. 2).
Kodama et al. (2003) performed a repeat cycle-experiment using a solar simulator for a two-step reaction
with 10mm diameter NiFe2O4/m-ZrO2 foam device. Patrice et al. (2007) drew a conclusion of the relation
with the amount of hydrogen production according to the condition of temperature using a furnace.
In this study, two water-splitting devices are tested in the reactor installed onto a solar thermal collector.
The first device was tested for feasibility of a continuous water-splitting reaction in actual climate conditions
on site (Inha Univ. Incheon, Korea). The second device was reinforced against thermal stress, and more
metal oxide was loaded onto it to increase hydrogen production. In this article, we refer to the experiment
with the first device as “Case I” and to that of the second experiment, with the second water-splitting device
as “Case II” for convenience. In Case I, a prototype of the reactor and the first water-splitting device are
tested. With considerations of the previous results, a re-design and improved procedure are utilized for the
second reactor and the second device in the subsequent experiment, of Case II.
2. Experiment setup
2.1. NiFe2O4/m-ZrO2 /MPSZ Foam Device
NiFe2O4 is excellent for its reduction characteristics. It can stably create hydrogen without a change in the
crystal structure. Furthermore, to enhance the cycle repetition characteristics and the thermal stability, MPSZ
(MgO-Partially Stabilized Zirconia) was used as a supporter. Based on experimental results in 2010 (Case I),
at foam device which was used in a 2011 experiment was created (Case II). Generally, a thick foam device
has a larger surface area than a thin foam device. Consequently, more NiFe2O4 can be coated onto a thick
foam device. However, a thick foam device is easier to break than a thin foam device. As zirconia has a high
thermal expansion coefficient. The NiFe2O4 loading amount is high and the m-ZrO2 loading amount is low
on the foam device. High reactivity is expected, but prevention of the sintering of NiFe2O4 is not guaranteed
(Nobuyuki Gokon et al. 2009). The features of the NiFe2O4/m-ZrO2/MPSZ foam device, shaped as a disk, as
shown in Fig.1. The specifications are listed in Tab. 1.

Fig. 1 NiFe2O4/m-ZrO2/MPSZ foam device
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Tab. 1: Properties of the foam device used in the experiment

Specification
Diameter (mm)
Thickness (mm)
Weight of ferrite foam device (g)
NiFe2O4 loading of NiFe2O4/m-ZrO2 particles (wt%)
NiFe2O4 loading on MPSZ foam(wt%)
NiFe2O4 loading amount(g)
m-ZrO2 loading amount(g)

Case I
80
15
124.0
20
7.1
8.8
32.8

Case II
80
20
165.7
16
5.8
9.5
50.1

2.2. Chemical Reactor
In the Case I experiment, Alumina (Al2O3) was used for the inside of the reactor. Alumina is strong against
thermal shocks (∆T>1,000°C). Another advantage is that the upper range of its temperature is high, at
2,000°C. However, it is a brittle material.
Reactive
Ceramic
Foam

Inlet

Quartz
Window

Outlet

Fig. 2 Chemical reactor made of alumina: Case I
Quartz
window

Reactive
Ceramic
Foam device

Inlet

Outlet

Fig. 3 Chemical reactor made of SUS304: Case II
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For this reason, in the Case II experiment, the SUS304 reactor was used. Fig. 2 and Fig. 3 show external
images of reactor used in the experiments.
The concentrated solar radiation of reactor was attached to quartz glass which transmittance is high and
NiFe2O4/m-ZrO2/MPSZ was located into the center of the inside of reactor. Inside the tube of the reactor, two
gas inlets and one gas outlet in the center of the lower part were installed.
R-type thermocouples were also set in the center part and in the edge part of the foam device and the
temperature was measured at these points.

2.3. Dish Type solar Thermal System
A Dish-type solar concentrator (Inha Dish-1) was used for the experiment in the field, Which took place
under the sun. Using this system, the temperature required in the T-R and W-D steps was controlled by
adjusting the exposure of the reflectors. Fig. 4 and Tab. 2 show an image and the specifications.

Fig. 4 Dish-type solar thermal system (Inha Dish-1)

Tab. 2: Specification of the Dish System

Specification

Size

From ground to center

1.83 m

Maximum height

4.11 m

Reflectivity of reflector

Above 95%

Diameter of reflector

3.2 m

Focal length

2m

Total area of reflectors

5.90 m2

Rim angle

43.85˚

3. Experimental process
The devices used in the experiment are shown in Fig 5. The experiment was conducted by first purging
using nitrogen gas, the cycling between the T-R step and the W-D step, and finally by conducting an analysis
of the produced gas with a gas chromatography. Purging, conducted before the experiment, was done using
an inflow of 99.999% pure nitrogen gas. This gas is not reactive in the tube and mitigates fouling in the tube.
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Quartz window
R-Type
(edge)

Steam
Generator

Water Pump

Foam device
Flow meter

R-Type
(center)

W-D step
H2O/N2

K-Type
(back)

99.999%
Nitrogen
gas
regulator

G.C
Chille
r

Heating
Coil

T-R step
N2

Fig. 5 Experimental set-up

In T-R step, nitrogen gas reaches the reactor through a flow meter and generates a reduction reaction in the
device. In this step, the oxygen that is produced by reduction using the 99.999%pure nitrogen gas is released
out through the gas outlet. The time for the performance for T-R step is essentially 20min at 1,500°C and
about 20~30min at 1400~1500°C.
At the end of the T-R step, the W-D step is conducted. During this step, an oxidation reaction is generated
by injecting nitrogen gas and vapor. In the W-D step, the temperature of the foam device is maintained
within the range of 1,100~1,200°C and the experiment until the amount of oxygen detection among the
produced gases becomes zero.
Because these experiments used solar energy and not solar simulator, the performance time is adjusted
after considering solar radiation and temperature.
To eliminate H2O component completely, a cooling device is positioned at the end part of the gas outlet.
After the final amount of gas produced via this process component was analyzed by gas chromatography
(Agilent 7890A) using a 0.5ml syringe. This was done every three minutes.
4. Result
4.1 Insolation and the temperature of the NiFe2O4/m-ZrO2 /MPSZ foam device
The experiment was conducted during clear weather to minimize a weather effect. Generally, in the T-R
step, the temperature was maintained in the range of 1,300∼1,500°C while the temperature of the W-D step
remained in the range of 1,000∼1,200°C. The time necessary for each step is shown in Tab. 3. The T-R step
is controlled on the basis of 20 minutes as regards the solar radiation and temperature at each step of the
performance. The W-D step proceeded until the content of hydrogen became zero among the produced gases.
Fig. 6(a)-(i) show each cycle experimental boundary condition. It shows center temperature of foam device
in reactor and solar radiation during the experiment.
The R-type thermocouple located at the edge of foam device was damaged as a consequence of exposure.
According to this, the data of thermocouple was excluded from the results of the experiment.
Although the experiment could not take a stable solar radiation due to the use of solar as a source of light,
the foam device could attain enough solar radiation to maintain the reaction temperature. The cycle
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performed near sunset, it was impossible to take a uniform temperature in chemical reactor because the sun
tracking sensor system could not note the location of the sun given its scattered focus.
Tab. 3: Duration of each cycle

Date
May 13th 2011
May 14th 2011
June 20th 2011
June 21th 2011
June 21th 2011
June 21th 2011
June 21th 2011
June 21th 2011
June 21th 2011

T-R step

T-R step
14:50 ~ 15:10
10:57 ~ 11:17
13:11 ~ 13:34
14:13 ~ 14:35
15:41 ~ 16:00
13:43 ~ 14:04
14:44 ~ 14:59
16:22 ~ 16:38
11:01 ~ 11:23

Temperature
Insolation

1400

W-D step
15:15 ~ 16: 18
11:27 ~ 12:35
13:37 ~ 14:06
14:41 ~ 15:34
16:05 ~ 17:20
14:11 ~ 14:36
15:05 ~ 15:27
16:44 ~ 17:16
11:29 ~ 11:58

T-R step
1400

Temperature
Insolation

1400

Temperature
1200

W-D step
800

800
Insolation
600

600

400
200
0
10

20

30

40

50

60

70

80

Temperature(°C)

1000

1000

1200

Insolation(W/m2)

Temperature(°C)

1200

0

1400

Temperature
1200

1000

1000
W-D step

800

800
Insolation

600

600

400

400

400

200

200

200

0

0
90

0

10

20

30

Time (min)

40

50

60

70

80

Insolation(W/m2)

Cycle No.
1st Cycle
2nd Cycle
3rd Cycle
4th Cycle
5th Cycle
6th Cycle
7th Cycle
8th Cycle
9th Cycle

0
90 100

Time (min)

Fig. 6 (a) 1st Cycle

T-R step

Fig. 6 (b) 2nd Cycle
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Fig. 6 (c) 3rd Cycle
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Fig. 6 (d) 4th Cycle
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Fig. 6 (g) 7th Cycle

Fig. 6 (h) 8th Cycle

1800

T-R step

Temperature
Insolation

1600

1800
1600

Temperature
W-D step

1400

Temperature(°C)

400

1400

1200

1200

1000

1000

800

800
Insolation

600

600

400

400

200

200

0
0

10

20

30

40

50

Insolation(W/m2)

20

1400
1200

400

0

1600

1200

400

10

0
60

W-D step

1200

1000

Temperature

1400

Insolation(W/m2)

1200

Temperature
Insolation

T-R step

1600

Temperature

0

50

Fig. 6 (f) 6th Cycle
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Fig. 6 (i) 9th Cycle
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4.1 The amount of hydrogen production
Fig. 7 shows, the performance period and the amount of hydrogen production during the W-D step. In each
cycle, the amount of hydrogen production early in the W-D step reached at its peak. Subsequently, it
diminished gradually.
Tab. 4 and 5, it indicates the results of the Case I and Case II experiments, respectively. These results
calculated the ferrite conversion rate and the amount of hydrogen production using equations (eq. 3) and (eq.
4) as shown below. With the T-R step and in the W-D step, the stability of hydrogen production was
confirmed in an analysis of the results of the experiment.

Ferrite conversion rate(%) =



H   =

 



    

(eq. 3)

    
   


[%]∗  
∗
 

   [  ]

(eq. 4)

 ∗      []

Additionally, the repeat cycle count and the amount of hydrogen production increased beyond these results
for the foam device used in the Case I experiment as the thermal stress endurance had improved.
11

1st Cycle
5th Cycle
9th Cycle

10
9

hydrogen production rate
mmol/(min g-device)

8
5th cycle

7
6
5
4

1st cycle

3
2
9th cycle

1
0
0

10

20

30

40

50

60

Time(min)

Fig. 7 Hydrogen production
Tab. 4: Case I experimental results of hydrogen production and ferrite conversion in the repeated two-step water splitting

Cycle Number

1st

2nd

3rd

4th

5th

Hydrogen production (μmol/g-device)

10.97

13.19

6.87

3.29

1.65

Ferrite conversion rate (%)

29.9

36.0

18.7

8.99

4.49

Tab. 5: Case II experimental results of hydrogen production and ferrite conversion in the repeated two-step water splitting
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Cycle NO.

1st

2nd

3rd

4th

5th

6th

7th

8th

9th

Hydrogen production
(μmol/g-device)

14.63

4.19

1.86

21.17

23.85

2.69

1.03

11.98

8.19

Ferrite conversion rate(%)

36.31

10.41

4.61

52.55

58.83

6.65

2.55

29.55

20.20

5. Conclusion
In this study, the experiment was conducted involving concentrated solar radiation in a system with a
capacity of 5kWth, the experiment was the two-step water splitting thermochemical cycle experiment that
was done to compare its results to those of an experiment conducted in Case I and Case II. In the Case I
experiment, for five cycles, hydrogen production as a percentage of the weight of the material was
7.194μmol g-1 on average. However, five cycles of the Case II experiment obtained hydrogen per weight at
13.14μmol g-1 on average. After a total of nine cycles, hydrogen per weight of material was 9.954μmol g-1
on average. In addition the Case II experiment showed an increase in the number of repeated cycle
compared to Case I.
A NiFe2O4/m-ZrO2/MPSZ foam device was performed for two-step water splitting thermochemical cycle
on a laboratory scale using a solar simulator. This experiment could be repeated for 10 cycles, the hydrogen
production was shown the typical profiles (Nobuyuki Gokon et al. 2009). In this study, the experiment not
using a solar simulator, but using the sun in the experimental environment indicated above, influenced
directly the solar radiation of the foam device owing to the fluctuation in the solar radiation, and the thermal
stress. Consequently, trend of hydrogen production was not shown or was minimal. In the future, study of the
optimization of the NiFe2O4/m-ZrO2/MPSZ foam device considering the thickness of the foam device and
the NiFe2O4 loading amount should be done.
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1

Petra Nezdarová , Stanislav Frolík
1

1

Czech Technical University in Prague, Faculty of Civil Engineering, Department of Microenvironmental and
Building Services Engineering, Czech Republic

1. Introduction
This article deals with the calculation of energy payback time which is used as a parameter for the
optimization of solar systems. The main goal is to calculate the energy payback time which results from the
embodied energy of all system components, energy for the operation of circulation pumps per year and
utilized solar energy in the building. As a consequence an optimization graph shows the lowest energy
payback time for the input parameter. The calculations of energy amount are done hourly which ensures
sufficiently detailed results.
The second part of the article presents an example of the optimization for a 20 year old swimming pool
which is located in the Czech Republic near Prague. The pool is operated daily, mainly for school children,
therefore the energy consumption is very high during the whole year. This example demonstrates the specific
contribution of the energy payback time evaluation in the terms of sustainable development.
2. Assessment of solar systems
Nowadays, the most widespread method for building (or system) evaluation is the life cycle assessment
(LCA). This methodology deals with the system over the whole life cycle from production of all components
to recycling at the end of lifetime. The assessment using this methodology is very valuable due to the
complexity. However, into this evaluation enters a wide range of parameters which are very often unknown.
There is the whole series of examples that can change the initial assumptions. The most questionable part of
this evaluation in case of solar thermal systems for buildings is the certainty that the system will be operated
during the whole life-cycle. We do not know either how the energy demands of the assessed building will
change over the lifetime. Perhaps the most likely is the change in operation of the building - instead of the
originally designed building for four persons a building only for two will be in place. The payback of the
system will greatly increase. Similarly, a different operation temperature in the building may change the
outcome. Another example is the destruction of the system before the end of lifetime which can occur for
example due to a natural disaster. If the situation changes around the building in terms of shading (grown
trees or new buildings) there will be again a reduction of energy gains.
2.1. Energy payback assessment
The energy payback time can be a simple way to evaluate the overall effectiveness of solar systems. The
energy payback time is equal to the duration when it is necessary to operate the solar system until the
building utilized the same amount of solar energy which was inserted into the production of all system
components. Whereas the payback period for the well designed systems is several years, we can assume with
a high probability whether the system will be energy efficient.
3. Description of calculation tool
This paragraph deals with the description of a new calculation tool which is created for the evaluation of the
energy payback for solar thermal systems. The main goal of this tool is to calculate the payback time of
embodied energy and afterwards use this parameter to optimize the system of solar collectors. The
calculation tool is processed in the program MS Excel using VBA. The calculation procedure consists of
several parts: the calculation of incident solar energy, the energy from solar collectors, the estimation of the
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energy in a storage tank, the energy for the operation of pumps and controller, the calculation of embodied
energy in all components of the solar thermal system. Then the embodied energy payback time is figured out
and finally the optimization of different parameters in terms of energy payback is done. Calculations are
done hourly for every day during the whole year. The whole procedure is based on formulas by U. Eicker
(2003).
3.1. Incident solar energy
Firstly it is necessary to estimate the hourly incident energy on the tilted surface Ht (J m-2) and then the
usable energy gains from solar collectors. The incident energy is calculated from the direct normal irradiation
Hbn (J m-2) and the total diffuse irradiation Hdh (J m-2) which consists of the sky and ground reflected
radiation incident upon a horizontal surface. In this case an isotropic diffuse model is used. The data in the
calculation tool (a typical metrological year) come from the METEONORM database for Czech localities
(Prague, Ostrava, Hradec Kralove, Churanov, Kucharovice). The incident energy depends on the azimuth
and tilt of the collector surface. The fig. 1 shows the incident energy for the tilted surface with orientation to
the south which is located in Prague.

Fig. 1 The incident solar energy on the tilted surface with a south orientation during the year

3.2. Energy from solar collectors
The total energy from the solar collectors ES (J) is calculated from the incident energy Ht on a tilted surface,
the efficiency of collectors ηk (-), the incidence angle modifier Kθ (-) and the aperture area of the solar
collector Aa (m2) as shown in following formulas:
Es = K θ η k H t Aa

(eq. 1)

η k = η 0 - a1
tm =

t −t 
t m − te
- a2  m e 
Gt
 Gt 

t k1 + t k2
2

2

(eq. 2)

(eq. 3)
where te (°C) is the outside air temperature and tm (°C) represents the mean temperature of the fluid in the
collector. η0 (-), a1 (W m-2 K-1), a2 (W m-2 K-2) and incidence angle modifier Kθ are characteristic values
which differs according to the type of collector. Gt (W m-2) is the mean global irradiance on solar collector.
The mean temperature of the fluid is dependent on the temperature in the storage tank which depends on the
total energy from the solar collectors; therefore there is an iteration process in the calculation tool.
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3.3. Energy in a storage tank
The next part is based on charging and recharging of the storage tank and results in the total amount of
energy which can be substituted by the solar collectors Es,year (J). The heat loss of the tank depends on the
actual temperature and therefore the temperature in the tank is the main parameter for these calculations. The
temperature differences are estimated from the energy amount from the solar gains ES (J), the heat losses of
the storage tank EL (J) and the hourly energy demands of the building EBD (J). The difference of temperature
in the tank is calculated hourly by following the formula:
E − EBD − EL
∆T1 = S
VT c ρ
(eq. 4)
3
where VT (m ) is the volume of the tank, c (J kg-1 K-1) and ρ (kg m-3) represent the heat capacity and density
of water or another liquid fluid. Hourly heat losses of the storage tank are estimated as follows:
E L = S U (T0 − 20 °C)

(eq. 5)
T0 (°C) is the initial temperature in the storage tank, it is equal to the final temperature in the previous hour
T0 = T1. S (m2) is the surface of the tank. U (W m-2K-1) is the overall heat transfer coefficient of the tank
surface.
If the temperature in the tank is higher than 90 °C then T1 = 90 °C. If the temperature in the tank is lower
than 50 °C then the secondary heat source starts to prepare hot water and in this case T1 = 55 °C. At this
point it is necessary to estimate the amount of energy from secondary heat source:
E2 = VT ρ c (55 °C − T1 )

(eq. 6)
Finally the daily amount of energy which can be substituted by solar collectors is:
Es, year = ΣEBD − ΣE 2

(eq. 7)
3.4. Calculation of energy payback
The payback time of energy which was used for the production of all components of the solar collector
system (the embodied energy) can be evaluated by this formula:
 Es, year − Eo,year 

n = 
Eem


(eq. 8)
where Eo,year (J) is the operation energy (the consumption of pumps and controller), Eem is embodied energy
of the whole system (the most significant parts being collectors, holders of collectors, storage tank and
piping). Values used in the tool are derived from the data published by E. Streicher et al. (2004) and consist
of the energy necessary for the production of the system components at all phases, including the extraction,
mining of raw materials, semi-manufactured products and the production process itself.
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3.5. Scheme of calculation process
The previous calculation procedure is the basis of the calculation tool. The scheme of the procedure is shown
in fig. 2. Input parameters for calculation are shown in tab. 1.

Fig. 2: Calculation tool scheme

Tab. 1 Input parameters

Input parameters:
LOCATION
AND
SOLAR
CLIMATE
COLLECTORS
CONDITIONS
Locality in the
Area
Czech Republic
Tilt
Type of collector
Azimute angle

STORAGE TANK

ENERGY DEMANDS
OF THE BUILDING

OPERATION
ENERGY

Volume of the tank
Insulation of the tank
Regulations temperature
Pipe insulation

Space heating
Hot water consumption
Swimming pool water
heating

Type of pump
Pipe length
Pipe dimension
Type of fluid

4. Optimization of the swimming pool solar system
As an example of the solar thermal system optimization an old swimming pool which is located in the Czech
Republic near Prague have been chosen. The pool is operated daily mainly for school children, therefore the
energy consumption is very high during the whole year. The heat source is a gas boiler which ensures the
energy supply for the heating system, hot water preparation and swimming pool water heating. The boiler is
considered as the secondary heat source, in the analysis with thermo solar system, in the case of low energy
supply from solar collectors.
The measurement of the minute flow rate and the temperature difference of the swimming pool water was
carried out during April 2011. The measured values together with the daily gas consumption lead to the
determination of monthly consumption as shown in fig. 3.
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Fig. 3: Swimming pool heat demands

The volume of a new storage tank is designed in the tool according to the energy demands of the building. It
is assumed that the storage tank can contain energy which is equal to 1.5 – 2 times of the daily consumption
during the summer period. The input parameters of the collector for this analysis are in tab. 2. The detailed
determination of embodied energy of the flat plate collector is shown in tab. 3 and the other components of
the solar system are in tab. 4. The operation energy for the pumps and the controller is in the calculation tool
dependent on the collector area. It is estimated that the pumps are approximately operated 1500 h per year
with the power of 8 W per square meter of the collector and the controller is operated the whole year
(8760 h) with a power of 2 W m-2.
Tab. 2: The flat plate collector characteristics

Flat plate solar collector with black chrome coating
Height

2 m

η0

0.778 -

Width

1 m

a1

4.207 W m-2 K-1

0.096 m

a2

0.024 W m-2 K-2

Thickness
Aperture area

1.87 m2

Recommended flow rate

Absorber area

1.74 m2

Maximum working temperature

Weight without fluid

37 kg

Recommended fluid

propylene glycol

0.017 – 0.033 l s-1

Stagnation temperature

120 °C
139.9 °C

Tab. 3: Embodied energy of the flate plate collector with a supporting frame

COLLECTOR
Absorber
Casing
Cover

Insulation
SUPPORTING
FRAME

Material
copper
galvanic coating (black chrome)
aluminium
glass
glass hardening
mineral wool
polyurethane
silicone

Unit
[kg]
[m²]
[kg]
[kg]
[m²]
[kg]
[kg]
[kg]

stainless steel
aluminium

[kg]
[kg]

Quantity

[MJ/unit]
5
97
1.74
45
7
152
13
15
1.87
20
1.67
18
2
100
0.33
101
TOTAL COLLECTOR
2
97
3.39
152
TOTAL FRAME

[MJ]
515
77
1 011
204
37
30
167
34
2 076
230
514
745
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Tab. 4: Embodied energy of other components of the system

pcs.

MJ / unit

MJ

Storage tank 5000 l

4

42483

169 932

Tank´s insulation

1

535

535

Expansion tank

1

18914

18 914

Exchanger

1

541

541

Solar station

1

444

444

Piping Cu

30

58

1740

Piping insulation

30

3

90

Expansion tank for solar circuit

1

18914

18914

Total

4.1.

211 109

Results

After the calculation of the energy payback time of the system it is possible to make an optimization of
different parameters (area, tilt, different types of collectors and orientation of surface). In fig. 4 there is an
analysis of a different angle of tilt for the swimming pool. It is possible to see the optimal point where the
energy payback time is the lowest.

Fig. 4: Payback time of embodied energy

5. CONCLUSION
The main task of this article was to calculate the return time of embodied energy and show that this
parameter can be easily used for the optimization of the solar system or for the consideration of which
solution is better from the global point of view. The results enable the comparison of different systems in
terms of the lowest energy payback time. This version of the calculation tool already enables to
automatically make an optimization graph where the y-axe is the energy payback and x-axe is one of the
input parameters, e.g. the collector area.
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1. Introduction
A multi-effect distillation is one kind of practical technology which can be combined with solar heating
system to produce fresh water from seawater. El-Nashar and Qamhiyeh (1990) had calculated the
performance of MES evaporators under unsteady state operating conditions. The performance of a
multi-effect solar desalination system was investigated by Abdel Dayem (2006) on the base of
experimental study and numerical calculation. Zheng et al. (2006) developed a new kind of solar
desalination unit, which is a triple-stage desalination unit, and the performance of the unit was tested
under steady state conditions. Afterwards Chen (2007) and Chen (2009) continued to investigate the
parameters optimization and the heat and mass transfer of the unit (Zheng et al. 2006) by simulation. In
this paper one quadruple-stage tower type of solar desalination unit is developed on the basis of the unit
(Zheng et al. 2006). The influences of the parameters on the fresh water production and the
performance ratio of the solar desalination unit will be tested indoors under steady state conditions. The
parameters of the unit are the flow rates of the heating water for the evaporator and the cooling water
for the condenser, the flow rate of the feedstock, the inlet temperature of the heating water for the
evaporator and the cooling water for the condenser, the start-up pressure inside the unit, etc, which will
be classified into key parameters and secondary parameters after the experimental study based on how
much the influences of the parameters are on the production of fresh water and the performance ratio of
the unit. The experimental results also can be used to validate a simulation model proposed for the
theoretical calculation for multi-stage tower type of solar desalination units and the optimization of the
parameters.
2. Description of a multi-stage tower type of solar desalination unit
2.1. Overview of the solar desalination unit
As shown in Fig.1 the quadruple-stage tower type of solar desalination unit has a cylindrical outer shape with
a height of 3260 mm and a diameter of 880 mm. It is composed of an evaporator, the first stage of
evaporator-condenser, the second stage of evaporator-condenser, the third stage of evaporator-condenser and
a condenser. See Fig.2. The shell of the unit is made of stainless steel and the components inside the unit are
made of copper. The first stage of evaporator-condenser, the second stage of evaporator-condenser, the third
stage of evaporator-condenser and a condenser are separated.
2.2. Evaporator and condenser
Evaporator and condenser are designed in the same way. They are made of 222 copper pipes with a length of
300 mm and a diameter of 25 mm. The copper pipes are connected with one upper copper plate and one
bottom copper plate vertically. See Fig.3. The heat exchange area for evaporator and for condenser is about
6.22 m2.
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Fig.1: Photo of the solar desalination unit.

+

+

+

+

Fig.2: Components of the solar desalination unit.

Fig.3: Photo of the evaporator and condenser.
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2.3. Evaperator-condensers
The first stage of evaporator-condenser, the second stage of evaporator-condenser and the third stage of
evaporator-condenser have the same structures. All of them are made of 121 copper pipes with a length of
480 mm and a diameter of 22 mm. The pipes are connected horizontally with the walls of the evaporatorcondensers. See Fig.4. The heat exchange area for the evaporator-condensers is 4.0 m2.

Fig.4: Diagram and photo of the evaporator-condensers.

Fig.5: Experimental setup.

3. Experimental setup
Fig.5 shows that one quadruple-stage solar desalination system is tested indoors under steady state condition.
The experimental setup includes a hot water storage tank, a cool water tank, a desalination unit, four fresh
water tanks, pumps, sensors and data logger. Those parameters, which are the flow rates of heating water and
cooling water, the inlet and the outlet temperatures of heating and cooling water, the pressures and the
temperatures in different stages, the mass of fresh water entered into the fresh water tanks from different
stages, the mass of sea water entered into the desalination unit, are measured.
3.1. Operating principle
The schematic diagram of the solar desalination unit is shown in Fig.6. Before the fresh water production, the
desalination unit is evacuated to a certain value to reduce the boiling temperature of sea water inside the
desalination unit. Hereafter the hot water with a temperature higher than the boiling temperature inside the
desalination unit flows through the evaporator. The seawater outside the evaporator will evaporate. While the
circulation pump in the first stage is operating, the sea water is sprayed from the spouts on the top of the
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stage and flow through the outer surface of the horizontal tubes. The sea water outside the horizontal tubes
evaporates and the vapour from evaporator condenses inside the horizontal tubes. The evaporation and
condensation in the second stage and the third stage of evaporator-condensers take place in the same way as
they do in the first stage of evaporator-condenser. The feedstock is absorbed into the desalination unit from
outside. The feedstock flows through the condenser, the third stage of evaporator-condenser, the second
stage of evaporator-condenser, the first stage of evaporator-condenser and finally reaches the evaporator.
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Fig.6: Schematic diagram of the solar desalination unit.

4. Performance ratio
Performance ratio (PR) is a parameter introduced to evaluate desalination units. It is defined as:
𝑃𝑅 = (𝑚ℎ𝑓 )⁄𝐸

(Eq.1)

where m is the total mass of the fresh water produced by the desalination unit (kg).
hf is the latent heat of sea water (kJ/kg).
E is the thermal energy supplied to the evaporator by the heating water (kJ).
5. Experimental study in the future
The influences of the parameters, such as the flow rates of the heating water and the cooling water, the flow
rate of the feedstock, the inlet temperatures of the heating water and the cooling water, the start-up pressure
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inside the unit, on the fresh water production and the performance ratio of the solar desalination unit will be
carried out.
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Abstract
Experimental investigation of an axial transient thermal performance of heat pipes has been carried out. An
experimental apparatus was designed and constructed to produce heat pipes. Two types of heat pipes, with
wick and wickless, in lengths of 1m, 1.3m and 1.6m were produced. The inclination angle of the heat pipe
with respect to the horizontal ground level was varied in angles of 7o, 8o, 9o and 10o. The influence of the
parameters has been observed for various configurations of the experiment to provide vital information on
the performance of the heat pipes. The set up includes a hot water storage to model the heat source. Copper
heat pipe with internal and external diameters of 11.7mm and 12.7mm respectively and cold water storage
were used to model the heat load. Thermocouples were attached at different points to measure temperature.
The initial temperature of the hot storage was 80oC. Axial temperature gradient of the heat pipes for the
different configurations was measured and recorded using a data logger. Maximum condenser temperatures
of 77oC and 72.29oC are obtained for heat pipes with wick for 1 m and 1.3 m respectively. For wickless heat
pipes, maximum condenser temperatures of 72.37oC and 71 oC are obtained for 1 m and 1.3m respectively.
These results are for the set up when there is no heat load at the condenser section. But when there is heat
load at the condenser section, maximum condenser temperatures of 47.26oC and 45.62oC for heat pipes with
wick are obtained for 1 m and 1.3 m respectively. For wickless heat pipes, maximum condenser temperatures
of 39.55oC, 36.5 oC and 29.83oC are obtained for 1 m, 1.3 m and 1.6 m respectively. As a result of the
experimental investigation, copper heat pipes can be employed to achieve low cost and compact heat
exchangers for the application of solar thermal systems.

Keywords: heat pipe; experimental investigation; transient; thermal performance; wick.
1. Introduction
Several researchers have carried out a number of researches on various means of efficient energy
transportation devices. The researchers develop from a simple to highly sophisticated systems to ensure the
effective transfer of energy obtained from different sources. One of the researches that came out with fruitful
output was the development of heat pipes as a means of heat transportation device. Over the past 30 years
(Zou and Faghi, 1998), extensive studies have been conducted in order to provide a thorough understanding
of the heat pipe operation and appropriate design schemes for practical applications.
As a highly-effective heat transfer element, heat pipes have gradually recognized, and are playing a more and
more important role in almost all industrial fields. A heat pipe is an evaporation-condensation device for
transferring heat in which the latent heat of vaporization is exploited to transport heat over long distances
with a corresponding small temperature difference. The heat transport is realized by means of evaporating a
liquid in the heat inlet region (called the evaporator) and subsequently condensing the vapor in a heat
rejection region (called the condenser). A heat pipe is basically a sealed cylinder tube containing a wick
structure lined on the inner surface and a small amount of fluid such as water at the saturated state. Closed
circulation of the working fluid is maintained by capillary action and /or bulk forces (Yunus, 2002). In this
study two types of heat pipes have been used, wickless and heat pipe with wick. In the case of thermosyphon
the condensate is returned to the evaporator by gravitational force where as in the basic heat pipes a wick,
constructed from a few layers of fine gauze, is fixed to the inside surface and capillary forces return the
condensate to the evaporator(Dunn P. and Reay, 1994).
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According to (Feng Y. et.al., 2002) compared with other convectional heat exchangers, heat pipe heat
exchanger has many advantages, i.e. large quantities of heat transported through a small cross-sectional area
with no additional power input to the system; less pressure drop of fluid; high reliability; simpler structure
and smaller volume.
2. Methodology and Experimental Set up
2.1. Design and construction of heat pipes
The first task to produce a heat pipe was to design and construct a system which could easily be able to
produce a heat pipe. A geometrically suitable device was designed and constructed successfully. Copper
pipes were welded together to form the system shown in Figure (1) which was found to be appropriate in
producing a heat pipe. Then vacuum valves were used to connect this arrangement with a pressure gauge,
vacuum pump, pipe line that connect one end of the copper pipe, pipe line that connects to the working fluid.
Working Fluid (Water)

Pressure gauge

A

C

4

D

2

1

Valve

Vacuum Pump

3
Transparent tube
B

Heat Pipe

Figure 1: Schematic of the filling assembly

Figure 2: constructed device
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With the help of the device, heat pipes with the following specifications were prepared for the experiment.
Table 1: Parameters of heat pipes (Heat pipe experimental configurations)

Material specification
Effective length(m)

Wickless heat pipe
1,1.30 & 1.60

Heat pipe with wick
1 and 1.30

Outside diameter(mm)
Wall thickness(mm)
Wall material
Wick structure
Wick material
Working fluid
Liquid filled volume (%)

12.7
1.00
Copper

Distilled Water
25

12.7
1.00
Copper
Mesh
Copper
Distilled Water
25

Evaporator section length(mm)
Condensation section length (mm)
Heat Pipe Inclinations

30
25
70,80,90 & 100

30
25
70,80,90 & 100

2.2. Data collection
Once heat pipes with different parameters were produced, experimental set up was prepared. An experiment
was conducted for the various configuration options (length, wick and inclination angle); the collected data
were used to observe the performance characteristics of the heat pipes.
2.2.1.

Effect of varying length

Maintaining the other parameters constant the variation in length (1.00, 1.30 and 1.60 m) of heat pipes were
considered during the experiment. These variations are for both the wickless and with wick heat pipes. The
effect of this variation is observed on the heat transfer capability of the heat pipe.
2.2.2.

Effect of using wick

Wickless heat pipes (thermosyphon) and heat pipes with wick were produced and experimental set up was
prepared. Then experimental investigation was conducted to observe the variation in the thermal behavior of
the two types of heat pipes.
2.2.3.

Effect of inclination angle

An adjustable structure was made to observe the effect of inclination of the heat pipes’ thermal performance.
In all cases the angular variations considered were 70, 80, 90, 100.
Inlet/Exit
Thermocouple

Inlet/Exit
Insulation

Heat pipe
Thermocouple
Insulation

Thermocouple

Storage(Cold water)

Adjustable holder
Storage(Hotwater)
Figure 3: Schematic diagram of the overall arrangement of the system
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Condenser Section

Hot Storage(Evaporator Section)
Adiabatic Section

Thermocouples
Adjustable Holder

Recorded Data
Data Logger

Computer Interfacing Cable

Figure 4: Experimental setup of the system

2.3. Data analysis
After the completion of the experimental process, data was collected and organized according to a certain set
of category which was helpful to analyze the results. Then, the result was analyzed using different graphs for
each category.
2.4. Instruments used
A number of materials have been used to carry out the study. A vacuum pump with a capacity of creating a
vacuum pressure up to 200 mm-Hg ≈ 26.62 kPa has been used to evacuate the copper pipe. A hand press
device and an oxyacetylene welding were used to seal heat pipe ends. A container made of stainless steel and
insulated with a fiber glass was used as a heat storage material. A structure made of rectangular steel tube
was built to hold the overall experimental materials. Thermocouples were attached at different points on the
heat pipe and a data logger from the National Instrument by interfacing with a computer has been used to
record the data in the experiment.
3. Thermal analysis
3.1. Working fluid compressibility
The compressibility of the working fluid in the heat pipe was checked using the following formulas (Chi,
S.W., 1976).

M

Q
A ρ

γ R T

(eq. 1)

The calculated value is much smaller than 0.2, thus the fluid is incompressible and the vapor flow can be
assumed as laminar flow.
3.2. Checking heat transfer limitations
Faghri (1995) stated that a heat pipe undergoes various heat transfer limitations depending on the working
fluid, the wick structure, the dimensions of the heat pipe, and the heat pipe operational temperature. The type
of the limitations restricting the heat transport capability of a heat pipe is determine by which limitation has
the lowest value at the temperature considered. Heat pipe performance is affected by sonic, entrainment,
capillary and boiling limitations. In this section, a theoretical calculation was made to check if these
limitations are enough to cause a failure or an effect on the thermal performance of the heat pipe.
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3.2.1.

Capillary limitation

The maximum heat transfer rate due to the capillary limitation is expressed using the following formula (Chi,
S.W., 1976).

⎡ ⎡⎛ ρl σ l h fg
⎢⎣ ⎣⎢⎜⎝ μ l

Qc,max= ⎢ ⎢⎜
3.2.2.

⎞⎛ Aw K l
⎟⎜
⎟⎜ L
⎠⎝ eff

⎞⎛ 2 ⎛ ρl ⎞
⎞⎤ ⎤
⎟⎜
⎜⎜ ⎟⎟ gLt sin ψ ⎟⎥ ⎥
−
⎟ ⎥
⎟⎜ r
⎠⎥⎦ ⎦
⎠⎝ c,e ⎝ σ l ⎠

(eq. 2)

Sonic limitation

This equation is used to determine the maximum heat transfer rate due to the sonic limitation (Sami S. and
Leblanc W., 1990).

Qs ,max

⎡γ RT ⎤
= Av ρ v h f , g ⎢ v v o ⎥
⎣ 2(γ v + 1) ⎦

3.2.3.

1

2

(eq.3)

Entrainment limitation

The following equation from (Sami S. and Leblanc W., 1990) is used to determine the conservative estimate
of the maximum heat transfer rate due to entrainment of liquid droplet.

Qe ,max

⎛ σρ
= Av h f , g ⎜⎜ v
⎝ 2rh , s

3.2.4.

⎞
⎟
⎟
⎠

1

2

(eq.4)

Boiling limitation

This is used to determine the conservative estimate of the maximum heat transfer rate due to boiling limit. It
is given by the following equation (Sami S. and Leblanc W., 1990).

Qb,max =

2πLeff K eTV ⎡ 2σ
⎤
⎢ − pc ⎥
⎛r ⎞ r
⎦
h fg ρV ln⎜⎜ i ⎟⎟ ⎣ n
⎝ rv ⎠

(eq.5)

From the above calculation results, all the limits are above the amount of the energy used in the evaporator
(hot) section of the heat pipe. This means that the heat energy used at the evaporator section can be
transferred without any failure of the limitations along the axis of the heat pipe.
3.3. Heat energy transferred to load
The amount of heat energy gained at the condenser section of the heat pipe is determined using the following
formula (Incropera et.al, 2007):

Q = mcw c p (Tcwf −T cwi )

(eq.6)

3.4. System efficiency
The system efficiency is determined by dividing the heat energy gained in the condenser section to the heat
energy given from the evaporator section. The maximum heat transfer rate is attained when the outside
evaporator temperature is equal to the outside condenser temperature.

η sys =

mcw c p (Tcwf − Tcwi )

mbw c p (Tbwi − Tbwf

)

(eq.7)
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3.5. Storage and adiabatic section insulation thicknesses
Figures (5) and (6) show schematic diagrams of the radial heat transfer and thermal resistance from the hot
storage and heat pipe adiabatic section to the exposed surface ambient temperature respectively. Some
assumptions have been considered to determine the insulation thickness to minimize heat transfer loss from
the hot storage and heat pipe adiabatic section.

Figure 5 Radial heat transfers of the hot storage

Figure 6: Radial heat transfers along the adiabatic section of the heat pipe

Calculations have been made based on the above thermal resistance network and the minimum thickness of
insulation required were found to be 19 mm and 16 mm for the hot storage and heat pipe adiabatic section
respectively.
4. Experimental procedure
Measurements of axial transient temperature gradients were carried out during the experiment in different
configurations. The inclination angles that have been used for all tests were 7o, 8o, 9o and 10o from the
horizontal, with the evaporator section located at the bottom and the condenser section at the top, Figures (3)
and (4). Two type of heat pipes, wickless and with wick, have been used in lengths of 1.00, 1.30 and 1.60 m.
Once the experimental set up was prepared, thermocouples attached in the heat pipe were connected to the
data logger. Temperature at three positions of the heat pipe (evaporator, adiabatic and condenser sections)
were measured and recorded before the start of the experiment for some time. Then, boiling water was
poured to the evaporator section while the condenser section was filled with cold water at ambient
temperature. Two liters of water at ambient temperature was used as a load in the condenser section of the
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heat pipe. For heat pipe without end load the condenser section is exposed to the ambient temperature. This
was done repeatedly for each configuration. Then, for each experiment, the temperature distribution along
the heat pipe was measured and recorded. During each test run, the condenser, the adiabatic, the evaporator
and the ambient temperatures were recorded every second.
In this study, boiling water with an initial temperature of 80oC was used as a heat source for each test. The
benefit of using boiling water as a heat source instead of a convectional electric heater is that boiling water
can easily supply a sudden heat load than a conventional electric heater (Wang 2009). Besides, the study
deals with an investigation of heat pipes as a heat transport device for the application of solar thermal
systems from a hot storage to a load at some distance. Hence, using boiling water as a heat source will be
more close to the practical application instead of using conventional electric heater.
5. Results and Discussions
5.1. Effect of different lengths and angles of inclination on the axial transient temperature profile
5.1.1. Wickless heat pipes with no end load

Figure 7: Comparison of condenser section temperatures for 1 m, wickless heat pipe

Figure 8: Comparison of condenser section temperatures for 1.3 m, wickless heat pipe
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Figure 9: Comparison of condenser section temperatures for 1.6 m, wickless heat pipe

Figures 7-9 show the axial transient temperature gradient of wickless heat pipes at different inclination
angles. In all cases, the temperature of the evaporator section has a sudden rise from the ambient temperature
of 21oC to the maximum 80oC under a sudden heat load. Then, the temperature of the evaporator decreases
gradually with time. The maximum temperature of the evaporator section on all configurations is the same as
the boiling water poured into the hot storage. The temperature of the boiling water is controlled to maintain
at the required temperature. The maximum temperatures of the condenser section achieved with such
arrangement are 72.37oC, 71oC and 53.84oC for 1 m, 1.3 m and 1.6 m respectively. The temperature
difference between the heat pipes condenser section for the different inclination angles is small. This implies
that the thermal resistance of the heat pipes for each inclination angles is small and the heat pipes have nearly
the same heat transport capacity for these inclination angles. From the results it can also be observed that the
heat transport capacity of the heat pipes decreases as its length increases. This is mainly due to the increase
in thermal resistance with increase in length which in turn reduces the heat transport capacity of the heat
pipe.
5.1.2.

Wickless heat pipes with end load

Figure 10: Comparison of condenser section temperatures for 1 m, wickless heat pipe with end load
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Figure 11: Comparison of condenser section temperatures for 1.3 m, wickless heat pipe with end load

Figure 12: Comparison of condenser section temperatures for 1.6 m, wickless heat pipe with end load

Figures 10-12 show that with an initial evaporator temperature of 80oC the maximum temperature of the
condenser section achieved are 39.55oC, 36.51oC and 29.83oC for 1 m, 1.3 m and 1.6 m respectively. The
maximum efficiencies obtained using (eq.7) are 27%, 18.38% and 8.73% for 1 m, 1.3 m and 1.6 m
respectively. The heat transfer capacity for the 1.6 m heat pipe is very low .i.e. this length is so long to
transfer heat into the condenser section.
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5.1.3.

Heat pipes with wick without end load

Figure 13: Comparison of condenser section temperatures for 1m, heat pipe with wick without end load

Figure 14: Comparison of condenser section temperatures for 1.3m, heat pipe with wick without end load

Figures 13 and 14 show a transient temperature gradient along the axis of 1 m and 1.3m heat pipes with
wick. It can be noticed from the figures that the maximum condenser surface temperature is higher than that
of the wickless heat pipe with the same lengths and inclinations angles. This implies that the heat pipe with
wick has a lower thermal resistance and a higher heat transport capacity at the beginning of the experiment
when the temperature of the evaporator is high. Afterwards when the evaporator temperature starts
decreasing, the condenser temperature sharply drops to a lower temperature and the gap keeps on increasing
with further decrease in temperature. This shows heat pipes with wick are very sensitive to temperature
gradient compare to wickless heat pipes. This may happen due to the slow vapour and condensate flows with
a decrease in temperature in addition to the obstruction of the wick which also increase as the temperature
goes down. The maximum temperature of the condenser section achieved using these arrangements are 77oC,
72.29oC for 1 m and 1.3 m respectively. From Figure (13), it is observed that the heat transfer is decreasing
with increasing in inclination angle. This is due to the negative effect of gravitational force to the flow of
working fluid against gravity.
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5.1.4.

Heat pipes with wick with end load

Figure 15: Comparison of condenser section temperatures for 1m, heat pipe with wick with end load

Figure 16: Comparison of condenser section temperatures for 1.3m, heat pipe with wick with end load

Figures 15 and 16 show the axial transient temperatures of 1 m and 1.3 m heat pipes. The maximum
condenser temperatures obtained with such arrangement are 47.26 oC and 45.62oC for 1 m and 1.3 m
respectively. The maximum efficiencies using (eq. 17) are 24.68 % and 20.95 %. By making comparisons
between Figures 9-12 and Figures 13-16 it can be observed that unlike wickless heat pipes the variation in
heat transfer capacity of heat pipes with wick are independent of inclination angles. In addition, heat pipes
with wick have very good heat transfer capacity compare to wickless heat pipes.

6. Conclusion
The results of the experimentally measured values indicate that both types of heat pipes (Wickless and wick)
can be used for the application of solar thermal systems. This is mainly from where the heat energy is stored
to some distance with a small temperature difference as long as the temperature of the heat source does not
drop very much below the operating temperature, 80oC. By making comparisons between Figures 9-12 and
Figures 13-16 it is observed that unlike wickless heat pipes the variation in heat transfer capacity of heat
pipes with wick are independent of inclination angles. In addition, heat pipes with wick have very good heat
transfer capacity compare to wickless heat pipes. Thus, in the lengths considered heat pipes with wick are
found to work better compared to wickless heat pipes.
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Nomenclature and Symbols
Qb, max
(Q) c,max
Pc
Tcw
rc,e
Ke
Leff
Qe, max
mbw
Tbwf
Tcwf
g
Q
rh,s
Ψ
Tbwi

Boiling heat transport factor
Capillary heat transport factor
Capillary Pressure
Condenser cold water Temperature
Effective capillary radius
Effective conductivity
Effective length
Entrainment heat transport factor
Evaporator mass of boiling water
Final temperature of boiling water
Final temperature of cold water
Gravitational acceleration
Heat transfer rate
Hydraulic radius
Inclination angle
Intial temperature of boiling water

Tcwi

Initial temperature of cold water

ri

Internal radius of the pipe
Latent heat of vaporization

,

ρl

Liquid density

k
µ
m
r1
r2
R
Qs, max
Cp
σ
ηsys
T
Lt
rv
Av

ρv

Rv
Tv
Aw

Liquid thermal conductivity
Liquid Viscosity
Mass of cold water
Operating temperature
Pipe inner radius
Pipe outer radius
Thermal resistance
Sonic heat transport factor
Specific heat ratio
Specific capacity of water
Surface tension
System efficiency
Temperature of the environment
Total pipe length
Vapor core radius
Vapor cross sectional area
Vapor density
Vapor gas constant
Vapor temperature
Wick area
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Abstract
Comparative measured performances of a double-exposure absorber-plate single-slope solar still and the
conventional single-exposure solar still are reported. The single-slope basin-type solar still (SSBSS) is
modified by attaching a semi-cylindrical reflector to its exposed base to obtain the Reverse-side Absorberplate solar still (RASS). Solar radiation thus impinges on the absorber plate from both the top-side and
below. Outdoor tests were conducted on experimental models of both the RASS and the SSBSS of similar
dimensions to obtain diurnal variations in absorber-plate temperatures, Tp, glass cover temperatures, Tgc,
instantaneous distillate outputs, mw,inst, cumulative distillate distillate yields, Mw,cum, and cumulative still
efficiencies, ηcum. Compared to the SSBSS, significantly higher absorber-plate temperatures were recorded
by the RASS, and overall daily distillate yields from the RASS were up to 46% above those obtained from the
SSBSS. However, the cumulative efficiencies of the RASS (26-29%) were lower than those of the SSBSS (3540%). The tests also showed that distillate yields from both stills were improved by increasing the initial
masses of water contained in the stills.
1. Introduction
In many rural locations in Nigeria pipe-borne clean portable water, are frequently unavailable. Over 70% of
Nigerians live in semi-urban and rural areas; where they face serious healthcare challenges associated with
the lack of clean water for basic domestic needs and indeed for drinking. Nigerian healthcare statistics are
amongst the worst in the world. In most of the rural homes and many urban homes in Nigeria, the traditional
and most popular sources of water, even for drinking, are stagnant pools of muddy ponds, brackish water
from shall wells and highly polluted rivers. The high prevalence of dracunculiasis, popularly known as
guinea worm disease (GWD) in Africa is associated with the drinking of stagnant water contaminated with
copepods infested by the larvae of the guinea worm (http://en.wikipedia.org/wiki/Dracunculiasis). The
common name "guinea worm" appeared after Europeans saw the disease on the Guinea coast of West Africa
in the 17th century. The challenges posed by dearth of clean portable water are worse during the dry season.
Even for many urban dwellers the cost of clean portable water can be prohibitive. Regularly, a large
proportion of the family income and/or enormous man-hours that could have been utilised in more
productive services are expended in the procurement of water for basic domestic uses. Under these
conditions, solar-energy stills appear increasingly attractive as viable alternatives.
The history of solar distillation has been traced to the experiments of Della Porta (1535-1615) (Delyannis,
2003). Since then, tremendous amounts of documented research have been undertaken to bring it to its
present status. The investigations undertaken have included the development of novel solar still designs
(Ismail, 2009; Abu-Qudais et al., 1996; Zhang et al., 2003; Kumar et al., 2008; Garg, 1987), experimental
studies and the improvements of existing designs (Aboabboud et al., 1997; Abdallah et al., 2008), the
development of analytical models for analyzing the performance of solar stills and the experimental
validation of same (Cooper, 1969; Shawaqfeh and Farid, 1995; Kumar and Tiwari, 1996; Hongfei et al.,
2002). The factors that affect the performance of solar stills have also been variously studied (Porta et al.,
1997; Dimri et al., 2008).
By far, the most popular solar still type is the single-slope basin-type solar still (SSBSS), also known as the
asymmetric greenhouse-type still (Fig. 1). It consists of a basin which is painted black on the inside, which
holds the water to be distilled (the brine). The basin is housed in an insulated casing and is covered airtight
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with a transparent (glass or plastic) cover inclined at an angle to the horizontal. The solar radiation which
gets into the still through the cover is absorbed and converted to thermal energy by the blackened surface of
the basin, which then heats up the brine. This induces evaporation from the surface of the brine. The vapour
generated condenses on the under-side of the slanted cover and slides down into a channel from which it is
collected. Between 3.3 - 5.0 litres m-2day-1 of the distillate can be obtained with the typical SSBSS (Garg,
1987).

Fig. 1: The single-slope basin-type solar still.

Though the SSBSS has been shown to be a cost effective, easy-to-construct, easy-to-maintain and relatively
simple means of producing clean water in locations where other alternatives such as piping and trucking will
be unfeasible, certain limitations which attend its usage have been identified. Most prominent among these
being the low distillate output which it is capable of. Thus several modifications to the basic SSBSS have
been proposed and implemented which have resulted in varying degrees of improvements in its performance.
A few of such modifications are listed in Table 1.
Tab. 1: Performance of some modified Single Slope Basin-type Solar Stills.

Modification
Introduction of a
floating absorber plate:
Aluminium
Mica
Copper
Integration of a separate
condenser and double
glass cover

Use of a step-wise
water basin with suntracking
Addition of a thermal
energy recycle unit

Location

Distillate Yield

Efficiency

Comment

Bahrain
Tanta, Egypt
Tanta, Egypt
Ankara,
Turkey

4.21 litres m-2day-1
4.311 litres m-2day-1
3.325 litres m-2day-1
4 − 6 kg m-2day-1

57%
35.8%
27.6%
48-70%

Amman,
Jordan

5.68 litres m-2day-1

-

(Rahim, 2003)
(El-Sebaii et al., 2000)
(El-Sebaii et al., 2000)
The higher values were
obtained when the
condenser was cooled with
flowing water (El-Bahi and
Inan, 1999)
(Abdallah et al., 2008)

Lab
Experiment

12 kg m-2day-1

-

(Aboabboud et al., 1997)

The attachment of a semi-cylindrical reflector to the exposed base of solar collectors, variously referred to as
reversed absorber, inverted absorber, reverse-side absorber-plate, has been suggested (Chandra et al., 1983;
Madhusudan et al., 1983; Tiwari, 1986) as a means of improving the performance of such collectors because
it enables the absorber plate of the collector to receive solar radiation on both its top- and under-sides,
increasing the solar radiation input to the collector. The conclusion of several analytical studies on the
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application of this concept to solar crop dryers (Goyal and Tiwari 1997; Jain, 2007), air heaters (Chandra et
al., 1983), and shallow solar ponds (Njoku et al., 2009) is that reverse-side absorber-plate configurations will
deliver higher performances when compared to the conventional ones which receive solar radiation only on
the top surfaces of their absorber plates. The reverse-side absorber-plate solar still (RASS) which is
obtained by attaching a cylindrical reflector to the base of the SSBSS is shown in Fig. 2. It was first
suggested by Suneja and Tiwari (1998) (who called it the inverted absorber solar still). They developed an
analytical model for the inverted absorber solar still which predicted higher distillate outputs from it
compared to the SSBSS. The higher temperatures generated in the water basin as a result of the extra solar
radiation received on the under-side of the absorber plate led to higher temperature differences between the
brine and the cover, and thus higher distillate outputs (Suneja and Tiwari, 1998, 1999).
Two advantages of using a cylindrical reflector to augment the solar radiation received by a solar still (as is
the case in the RASS,) are immediately apparent:
•

•

Unlike when a plane reflector is used, where much of the radiation from the reflector bounces off the
surface of the titled cover (the glazing), all the radiation reflected from a cylindrical reflector arrives at
the absorber-plate.
Convection heat losses which would otherwise have occurred from the now-exposed base of RASS are
suppressed because when the air in contact with the under-side of the absorber-plate gets heated up by
conduction, in attempting to rise due to buoyancy, it gets stuck to the absorber-plate, stifling the
convection mechanism.

However, in spite of the positive results obtained from analytical studies, reports on experimental work on
the RASS, or indeed any other reverse-side absorber-plate-type solar collector device have not appeared in
the literature. This paper presents results of experiments which were carried out to evaluate the performance
of the RASS. The experiments were done simultaneously on experimental models of the RASS and the
SSBSS for comparison.

Fig. 2: A schematic of the reverse-side absorber-plate solar still.

2. Experimentation
2.1. Description of the reverse-side absorber-plate solar still unit
The sketch of the experimental unit is as shown in Fig. 2 and a picture is shown in Fig. 3. The basin was
constructed of galvanized steel; it had a cross-sectional area of 100cm ˣ 30cm and heights of 25cm and 12cm
on the higher and lower sides, respectively. The top- and under-sides of its bottom were painted black, while
its sides were lined with a reflective aluminum foil in order that solar radiation falling on the sides may be
reflected onto the bottom. It was covered with a 4mm thick sheet of plain glass, fixed to it with silicone glue
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and making an angle 23.43º to the horizontal. The basin was encased in a wooden box with a 30mm gap
between basin and casing which was filled with sawdust insulation. The reflector was formed with particle
board and was lined on the inside with a reflective aluminum foil. Its radius, fixed by the width of the solar
still basin, was 30cm. the unit was suspended on a frame constructed using mild steel angle bars.

Fig. 3: Picture of experimental model of the RASS.
2.2. Measurements
The experiments were conducted at the Solar Energy test ground of the Department of Mechanical
Engineering, University of Nigeria, Nsukka (lat. 6.87º N and long. 7.38ºE). The first set of the observation
started at 8.00 a.m. 9th December, 2009 and continued non-stop till 8.00 a.m.13th December, 2009, while the
second set of observations started at 8.00 a.m. 14th December, 2009 and continued non-stop till 8.00 a.m. 18th
December, 2009. Data of solar radiation intensity and ambient temperature were obtained from the weather
stations of the Center for Basic Space Science and the Department of Geography, University of Nigeria,
Nsukka. The arrangement of the test set-up for both RASS and SSBSS is shown in Fig. 4.
At the beginning of each test day, at 8.00 a.m., equal masses of water were poured into both stills. These
initial masses of water, M ini , poured into the stills, however varied from one day to another as shown in

Fig. 4: Experimental set-up of the RASS and SSBSS. ( Tp = Absorber-plate temperature sensor;

Tgc = Glass cover temperature sensor.)
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Tw = Water temperature sensor;

Table 2. K-type thermocouples (Fig. 4) were used to measure temperatures in the glass covers, water masses
and absorber plates of both solar stills. One thermocouple sensor each was attached to the glass covers and
immersed in the water masses, while two each were attached to the absorber plates. The sensors were
connected through a multi-input selector switch to a digital meter (accuracy of ±0.01.) from which
temperatures were read off every half-hour during daytime (from 8.00 a.m. - 8.00 p.m.) and every hour
during night-time (from 8.00 p.m. - 8.00 a.m.). Distillate outputs were measured with measuring cylinders
which were emptied after each set of recordings.
Tab. 2: Initial water masses daily contained in the stills

Initial water mass, M ini
5 kg
10 kg
15 kg

Day
9th, 10th and 11th December
12th, 14th and 15th December
16th and 17th December

2.3. Measures of performance
The instantaneous rate of distillate yield mɺ w,inst (kg/m2·hr) was computed using Equation 1. M dist (kg) is the
mass of distillate collected after the time interval, ∆t . ( ∆t is equal to 0.5 or 1 hour, depending on whether
intervals of the measurements were half-hourly or hourly, respectively.) Ap is the area of the absorber, taken
to be equal to the area of the bottom of the basin (i.e. Ap = 0.3m 2 ).

mɺ w,inst =

M dist
Ap × ∆t

(1)

2.3. Measures of performance
The instantaneous rate of distillate yield mɺ w,inst (kg/m2·hr) was computed using Equation 1. M dist (kg) is the
mass of distillate collected after the time interval, ∆t . ( ∆t is equal to 0.5 or 1 hour, depending on whether
intervals of the measurements were half-hourly or hourly, respectively.) Ap is the area of the absorber, taken
to be equal to the area of the bottom of the basin (i.e. Ap = 0.3m 2 ).

mɺ w,inst =

M dist
Ap × ∆t

(1)

The cumulative distillate yield up to a given time instant M w, cum ( t ) (kg/m2) is the sum of all distillate
outputs collected from the start of the day’s operation till that time. It was computed using Equation 2:

 t

 ∑ M dist 

M w, cum ( t ) =  t = 0
Ap

(2)

The overall efficiency up to any given instant ηo is the efficiency of the still from the start of its operation
for the day till that time. It is given by equation 3.
M
(t ) × L
(3)
ηo = w,cum
Ap H cum
Where, L is the latent heat of water (2430J/kg) and for the SSBSS, H cum = ∑ t = 0 ( G ( t ) ⋅ ∆t ) , while for the
t

RASS, H cum = ∑ t = 0 ( 2G ( t ) ⋅ ∆t ) , since the RASS receives twice the quantity of solar radiation received by
t

the SSBSS. G ( t ) (W/m2) is the total solar flux intensity over a time interval, ∆t .
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3. Results and discussions
Data of ambient temperature, insolation and wind speed for the location used were obtained at 30 minute
intervals. Wind speeds during the period of the tests were in the range of 0-2.992m/s.
3.1 Temperatures
Plots of temperatures in the solar stills when M ini = 5kg are shown in Figure 5. Temperatures peaked at about
midday when the insolation was highest. Plots of temperatures when M ini = 10kg and when M ini = 15kg are
also shown in Figures 6 and 7, respectively. It is seen from these figures that as M ini increased, the time-lag
between the peak ambient temperatures and peak temperatures in the stills also increased due to the higher
thermal inertias of the water masses contained in the stills. The temperatures recorded in the RASS were
always higher than those in the SSBSS irrespective of the M ini . When M ini = 5kg , the maximum absorberplate and glass cover temperatures in the RASS were greater than those in the SSBSS by up to 7.86ºC and
5.50ºC respectively. The difference between the maximum absorber-plate temperature in the RASS and that
in the SSBSS was 8.15ºC when M ini = 10kg , and 12.70ºC when M ini = 15kg . The effect of M ini on the glass
cover temperatures however, were not apparent from the results obtained. Furthermore, and in support of the
findings of Tiwari and Suneja (1999), higher temperatures were recorded in the stills with greater M ini at the
end of the 24 hour test period because of their greater thermal inertias which resulted in longer retention of
heat. This is seen from Figures 5, 6 and 7 in which the absorber-plate temperatures at the end of the 24 hour
periods in the SSBSS are higher than those in the RASS, by 0.6ºC, 1.3ºC and 4.35ºC, respectively,
corresponding to M ini of 5kg, 10kg and 15kg, respectively.
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Fig. 5: Plots of variations in absorber-plate temperatures, Tp ,SSBSS and Tp ,RASS , glass cover temperatures, Tgc ,SSBSS and Tgc, RASS in
the SSBSS and RASS, respectively, together with prevailing ambient temperatures, Tamb , when M ini = 5kg and total insolation
for the day, H = 17.9MJ/m 2 (Test started 8 a.m. 09/12/2009).
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Fig. 6: Plots of variations in absorber-plate temperatures, Tp ,SSBSS and Tp ,RASS , glass cover temperatures, Tgc ,SSBSS and Tgc, RASS in
the SSBSS and RASS, respectively, together with prevailing ambient temperatures, Tamb , when M ini = 10kg and total insolation
for the day, H = 17.3MJ/m 2 (Test started 8 a.m. 15/12/2009).

3.2 Distillate yields
The instantaneous rates of distillate yields, mɺ w,inst from both stills generally increased from the start of the
day’s operation till it peaked at about 14:00hrs local time, lagging behind the peak insolation by about 2
hours due to the thermal inertia of the water masses. mɺ w,inst . Figures 8, 9 and 10 show the rate of
instantaneous distillate yields when M ini was 5kg, 10kg and 15kg, respectively, in the two solar stills. For all
cases, the distillate outputs from the RASS were higher than those from the SSBSS, and the difference
between the distillate outputs from the two stills kept increasing from the start of the day till midday when
the peak rates of distillate yield were achieved. Thereafter, the difference reduced till outputs from both stills
became almost equal during night-time operation. As was alluded to in section 3.1, the plots show that with
higher M ini , distillate production from both stills extended further into the off-sunshine periods of operation:
when M ini was 5kg, distillate production in both stills ceased after about 15 hours of operation (11.00 p.m.
local time Figure 8); when M ini was 10kg yield from the stills continued till after 20 hours of operation (4.00
a,m local time, Figure 9); and when M ini was 15kg yield continued till after 24 hours of operation (8 a.m
local time, Figure 10).
The cumulative distillate yields for three representative days – 11th, 15th and 17th December 2009 are plotted
in Figure 11, corresponding to M ini equal to 5kg, 10kg and 15kg, respectively. The plots show clearly that
for the same M ini in the stills, the RASS yielded higher overall distillate outputs at the end of a 24 hour
period of operation. This agrees with the results of Tiwari and Suneja (1998, 1999).
The overall outputs from the RASS and SSBSS respectively were 3.203 and 1.97kgm-2day-1 when M ini was
5kg, 3.723 and 2.762 kgm-2day-1 when M ini was 10kg, and 4.263 and 2.923 kgm-2day-1 when M ini was 15kg,
showing that, on the average, the RASS produced about 46% more distillate per day than the SSBSS. These
are comparable to the outputs shown in Table 1, in spite of the RASS being a passive-type still while most of
the stills listed in the table are active stills.
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Fig. 7: Plots of variations in absorber-plate temperatures, Tp ,SSBSS and Tp ,RASS , glass cover temperatures, Tgc ,SSBSS and Tgc, RASS in
the SSBSS and RASS, respectively, together with prevailing ambient temperatures, Tamb , when M ini = 15kg and total insolation
for the day, H = 17.9MJ/m 2 (Test started 8 a.m. 17/12/2009).
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Fig. 8: Plots of instantaneous yields, mɺ w,SSBSS and mɺ w,RASS in the SSBSS and RASS, respectively, when M ini = 5kg and total
insolation for the day, H = 13.8MJ/m 2 (Test started 8 a.m. 11/12/2009).
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Fig. 9: Plots of instantaneous yields, mɺ w,SSBSS and mɺ w,RASS in the SSBSS and RASS, respectively, when M ini = 10kg and total
insolation for the day, H = 17.3MJ/m 2 (Test started 8 a.m. 15/12/2009).
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Fig. 10: Plots of instantaneous yields, mɺ w,SSBSS and mɺ w,RASS in the SSBSS and RASS, respectively, when M ini = 15kg and total
insolation for the day, H = 17.9MJ/m 2 (Test started 8 a.m. 15/12/2009).

1525

5

Cumulative Yields (kg/m2)

4

3

Mini = 5kg
Mcum,SSBSS (11/12/09)
Mcum,RASS (11/12/09)
Mini = 10kg
Mcum,SSBSS (15/12/09)
Mcum,RASS (15/12/09)
Mini = 15kg
Mcum,SSBSS (17/12/09)
Mcum,RASS (17/12/09)

2

1

0
0

2

4

6

8

10

12

14

Time [hrs]

16

18

20

22

24

Fig. 11: Plots of cumulative yields, mɺ w,SSBSS and mɺ w,RASS in the SSBSS and RASS, respectively, when M ini = 15kg and total
insolation for the day, H = 17.9MJ/m 2 (Test started 8 a.m. 15/12/2009).

3.3 Efficiencies
The overall efficiencies for three representative days -11th, 15th and 17th December 2009, corresponding to
M ini of 5kg, 10kg and 15kg, respectively, are plotted in Figure 12. The overall daily efficiencies of the RASS
were always lower than those of the SSBSS – as is the case for all other solar thermal collectors, this is
because higher temperatures in the RASS resulted in higher rates of heat loss and thus lower efficiencies.
The overall efficiencies of the RASS at the end of the day’s operation are between 26-29%, while those of
the SSBSS increase from about 34.75% to 39.85% as M ini increases from 5kg to 15kg.
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4. Conclusions
The conventional Single Slope Basin-type solar still has been modified by adding a cylindrical reflector to its
exposed underside to obtain the Reserve-side Absorber-plate Solar Still. Experimental models of both stills
of identical dimensions were built and tested side-by-side in order to determine the extent of performance
improvements that may be obtained from the modification to the SSBSS, while varying the initial water mass,
M ini contained in the stills. For all test days, higher temperatures were recorded in the RASS, and it was able
to achieve a 46% increase in overall daily distillate yield compared to the SSBSS. The distillate yields and
the efficiencies of the two stills over 24 hour periods were shown to improve as the initial mass of water in
the stills was increased because of the accompanying increase in thermal inertia. However, the efficiency of
the RASS was found to be lower than that of the SSBSS due to the higher temperatures encountered in them.
Acknowledgements
The assistance of Messrs Enabulele, O., Ishiwu, C., Uzoeri, J.C and Orimuo, G.O., former students of the
department of Mechanical Engineering, University of Nigeria, Nsukka, during the field experiments is
gratefully acknowledged. We are also grateful to the Centre for Basic Space Science and the Department of
Geography, University of Nigeria, Nsukka for graciously providing the climatic data used in the work.
5. References
Abdallah, S., Badran, O., Abu-Khader, M.M., 2008. Performance evaluation of a modified design of a single
slope solar still. Desalination 219, 222-230.
Aboabboud, M.M., Horvath, L., Szepvolgyi, J., Mink, G., Radhika, E., Kudish, A. I., 1997. The use of a
thermal energy recycle unit in conjunction with a basin-type solar still for enhanced productivity. Energy 22,
83-91.
Abu-Qudais, M., Abu-Hijleh, B.A., Othman, O.N., 1996. Experimental study and numerical simulation of a
solar still using an external condenser. Solar Energy 21, 851-855.
Chandra, R., Goel, V., Raychaudhuri, B., 1983. Performance comparison of two-pass modified reverse flatplate collector with conventional flat-plate collectors. Energy Conversion and Management 23, 177-184.
Cooper, P.I., 1969. Digital simulation of transient solar still processes. Solar Energy 12, 313-331.
Delyannis, E., 2003. Historic background of desalination and renewable energies. Solar Energy 75, 357-366.
Dimri, V., Sarkar, B., Singh, U., Tiwari, G., 2008. Effect of condensing cover material on yield of an active
solar still: an experimental validation. Desalination 227, 178-189.
El-Bahi, A., Inan, D., 1999. Analysis of a parallel glass solar still with separate condenser. Renewable
Energy 17, 509-521.
El-Sebaii, A., Aboul-Enein, S., Ramadan, M., El-Bialy, E., 2000. Year-round performance of a modified
single-basin solar still with mica plate as a suspended absorber. Energy 25, 83-91.
Garg, H., 1987. Solar desalination techniques, in: Garg, H., Dayal, M., Furlan, G., Sayigh, A. (Eds.), Physics
and Technology of Solar Energy. D. Reidel Publishing Company, Dordrecht, pp. 517-560.
Goyal, R., Tiwari, G., 1997. Parametric study of a reverse flat plate absorber cabinet dryer: A new concept.
Solar Energy 60, 41-48.
Hongfei, Z., Xiaoyan, Z., Jing, Z., Yuyuan, W., 2002. A group of improved heat and mass transfer
correlations in solar stills. Energy Conservation and management 43, 2469-2478.
Ismail, B.I., 2009. Design and performance of a transportable hemispherical solar still. Renewable Energy 34,
145-150.
Jain, D., 2007. Modeling the performance of the reverse absorber with packed bed thermal storage
convection solar dryer. Journal of Food Engineering 78, 637-647.
Kumar, B. S., Kumar, S., Jayaprakash, R., 2008. Performance analysis of a “V” type solar still using a
charcoal absorber and a boosting mirror. Desalination 229, 217-230.
Kumar, S., Tiwari, G N., 1996. Estimation of convective mass transfer in solar distillation systems. Solar
Energy 57, 459-464.
Madhusudan, M., Tiwari, G., Seghal, H., 1983. Transient performance of normal/reverse flat plate collector
with selective surface. Energy Conversion and Management 23, 107-111.

1527

Njoku, H.O., Ekechukwu, O.V., Odukwe, A.O., 2009. Comparative study of the effect of depth and season
on the performance of the reverse-side absorber-plate shallow solar pond in the Nsukka climate. International
Journal of Sustainable Energy 28, 203-215.
Porta, M., Chargoy, N., Fernandez, J., 1997. Extreme operating conditions in shallow solar stills. Solar
Energy 61, 279-286.
Rahim, N., 2003. New method to store heat energy in horizontal solar desalination still. Renewable Energy
28, 419-433.
Shawaqfeh, A.T., Farid, M.M., 1995. New development in the theory of heat and mass transfer in solar stills.
Solar Energy 55, 527-535.
Tiwari, G., 1986. Simple transient analysis of a normal and reverse flat-plate collector. Energy Conversion
and Management 26, 145-146.
Tiwari, G.N., Suneja, S., 1999. Performance evaluation of an inverted absorber solar still. Energy
Conversion and Management 39, 173-180.
Tiwari, G.N., Suneja, S., 1999. Thermal analysis of an inverted absorber solar still for higher yield.
International Journal of Sustainable Energy 20, 111-127.
Zhang, L., Zheng, H., Wu, Y., 2003. Experimental study on a horizontal tube falling film evaporation and
closed circulation solar desalination system. Renewable Energy 28, 1187-1199.

1528

RECENT RESULTS OF THE FIELD TESTS WITH THE NEW SOLAR
DESALINATION SYSTEM FOR DECENTRALIZED DRINKING WATER
PRODUCTION IN NAMIBIA AND BRAZIL
1

2

3

3

Klemens Schwarzer , Maria Eugênia Vieira da Silva , Tarik Schwarzer , Phillip Wedding , Maria
Elieneide Araujo
1

2

Ingenieurbüro für Energie- und Umwelttechnik, Juelich (Germany)
2
3

Federal University of Ceara, Fortaleza (Brazil)

Solar Institut Juelich, FH-Aachen, Juelich (Germany)

1. Introduction
It is known that only 2.5 % of the water in the Earth is sweet, while 97.5 % is salty. The 2.5 % of freshwater
is distributed as: 0.001 % water in the atmosphere, 1.979 % in glaciers, 0.006 % in rivers and lakes, and
0.514 % as groundwater. There is an important need for potable water throughout different regions of the
world and the solution to meet the increasing demand is to desalinate salty water by processing sea, ground
or waste water into drinkable water.
For different desalination applications, there are different technologies to be used. Various large scale
desalination plants have been developed and installed in industrialized and oil rich countries. These
installations require high investment and maintenance costs, which are impossible to be met by less
developed regions. Regions in rural and costal zones, particularly in developing and less developed
countries, have a demand for a lower-price, low maintenance, environmentally friendly, and decentralized
smaller-scale desalination systems.
A general classification of the techniques to desalinate salty water is in thermal and membrane processes:
Thermal processes use heat from renewable or non-renewable sources to evaporate pure water from salty
water. These processes include: Multiple stage flash desalination [MSF], multiple effect desalination [MED],
Humidification and de-humidification desalination [HDD], Solar thermal desalination [STD], and Freezing.
Membrane Processes are Electrical dialysis [ED] and Reverse Osmosis [RO]. Multiple stage flash
desalination [MSF] and the reverse osmosis [RO] processes are the most commonly installed capacities.
The new solar thermal desalination system with heat recovery has been developed to contribute in the
solution of the water shortage problem. The aim is to develop a robust and reliable multi-stage desalination
[MSD] system to produce drinkable water for families and institutions, which cannot afford the installations
and maintenance costs of the MSF and RO systems. The system can be filled with salty or contaminated
water, to produce drinkable water in the desalination tower. The tower maintenance is simple and it does not
use any chemical product, which reduces costs and avoids polluting the ambient. The processes in the
desalination tower are repeated evaporation and condensation (heat recover mechanism), which require
simple maintenance work and cost.
The system has two components: a desalination tower with multiple stages and a set of solar thermal
collectors. Water to be desalinated, sea or ground water, is fed on the top stage of the desalination tower, and
flows down by gravity, filling the lower stages. The tower produces desalinated and decontaminated water in
its 5 to 8 horizontal stages. The set of solar collectors is used as the energy source to heat up a primary water
flow, which moves by natural convection to a storage tank in the lowest level of the tower. The collectors are
installed in the lowest part of the system and the outlet water reaches high temperatures and can partially
boil, as it enters the desalination tower. Water evaporates in the storage tank and rises in the tower, until it
reaches the bottom surfaces of the directly above stage, which is filled with cooler water to be desalinated.
On this surface, the vapor condenses and flows to the side due to this surface tilt angle (tray or stage
inclination). The condensate flows in side channels to be collected outside of the tower. When the vapor
condenses on the tray surfaces, it releases its latent heat that is transferred to the stage above, and the process
is repeated. The solar collectors used so far have been flat plate and evacuated tubes, but other type or heat
sources are possible. The system has been developed and tested in different countries (Schwarzer et al. 2009;
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Silva et al. 2009). The use of waste heat alone or associated with solar energy enhances continuous
operation. The desalination system has a night production due to the heat storage during the day.
The system has no moving parts, it is user’s friendly, and it has very low maintenance costs. The
disadvantages are the lower production rate, when compared to the reverse osmoses systems and the higher
price, when compared to the simple solar distiller. For these reasons, the system is adequate for rural and
costal zones, particularly in developing countries, with a demand for decentralized smaller-scale desalination
water production.
This article presents the field results of the two latest installations, in Namibia (Akutsima, 18 °S, 15 °E) and
Brazil (Fortaleza, 4 °S, 39 ºW). As part of the projects CuveWater, the German Federal Ministry of
Education and Research [BMBF] between Germany and Namibia, six systems were installed with a total
capacity of 500 L per day. All systems used flat plate collectors. Vacuum tube solar collectors were not used
because of the possibility of hailstorms that would damage these collectors in the winter months. Field tests
in other locations using vacuum tube collector showed a daily production of 20% higher than with flat plate
collectors. With three collectors, the system can produce 87 L per day and with two collectors about 60 L per
day. The maximum production rates were 12.5 L d-1 and 6 L d-1 for the systems, respectively. Two systems
were tested in Brazil, also with flat plate collectors, 6.6 m² collector area, and 7 condensation stages. The
daily production was 60-70 L per system during the raining period, with partially clouded skies and lower
ambient temperatures. Higher production is expected for the dry period with clear sky.
2. Literature Review
Most solar energy desalination stills operate at temperatures below 70 °C. A comparative study on the
models to estimate the thermal performance of solar desalination system was presented by Schwarzer and
Müller (2001), where the authors show that agreement is found among the models for salty water
temperature below 70°C. At higher temperatures, the models do not show agreement among themselves.
The use of solar energy to desalinate water is an old theme that has been studied by many researchers. In
2003, three papers were published reviewing the state of the art of these systems (Garcia-Rodríguez, 2003;
Delyannis, 2003; Tiwari et al., 2003). A review of the theoretical models to determine the performance of
these systems was presented in [8], where the author suggested changes in a constant parameter in the model
presented in Dunkle (1961). This latest model has been used to study systems by many researchers.
To increase the performance of a thermal desalination system, it is necessary to increase its temperature of
operation. There is an exponential increase in the vapor pressure of water with an increase in temperature, for
evaporation temperature above 60 °C (Kays and Crawford, 1980). This increase in operation temperature
was achieved in the present work through the use of efficient thermal collectors. The heat recovery
mechanism allows the operation of 2 to 3 more stages of the desalination tower at temperatures above 60 °C.
3. Materials and Methods
This section presents the procedures used to carry out the field tests and the theoretical model to determine
the performance of the systems installed in Namibia and in Brazil.
The field tests took place in Namibia, where six systems were tested, and in Brazil, where two systems were
tested. In all systems, flat plate collectors were installed, but in other field tests, evacuated tube collectors
were used (Schwarzer et al., 2010).
Fig. 1 is a photograph of one the six systems installed in Namibia. The systems were tested with three flat
plate solar collectors (6.6 m² collector area). The collectors were installed in a parallel hydraulic loop. The
desalinated water from the towers was delivered by a small photovoltaic pump to a container installed above
the ground for drinkable water distribution. The experience so far shows that the system is very robust and
simple to operate. The salty water, pumped from a 100 m deep ground well, had very high levels of calcium
carbonate and sulfates, which caused high lime and gypsum deposits in the system. Because of these
deposits, the trays needed to be cleaned every 4 to 6 months. Measurements showed, however, that the
production was very little affected by these deposits.
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Fig. 1: Photograph of one of the six solar thermal desalination systems with heat recovery installed in Akutsima, Namibia.

Fig. 2 is a photograph of three systems installed in Brazil. The first two systems were tested with three flat
plate solar collectors (6.6 m² collector area) and third one will be tested with 4.4 m² collector area. The upper
water tank in this figure is used feed the system with salty water to be desalinated. The desalinated water
flows out of the desalination tower and is collected in the water container shown on the side of the tower.
Fig. 3 is also a photograph of the same systems, but showing the back side.

Fig. 2: Photograph of the three solar thermal desalination systems with heat recovery installed in Fortaleza, Brazil.

Fig. 3: Photograph of the back side of the three desalination systems installed in northeast Brazil.

Fig. 4 is a schematic drawing of the solar desalination system showing the measurement points. Temperature
was measured with type K thermocouples located at the collector inlet and outlet, storage tank, and in the
trays or stages. Ambient temperature and incident global radiation (precision pyranometer, Kipp&Konen
CM21) on the collector tilted plane were also measured. The electrical conductivity of the salty (in the
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storage tank) and of the desalinated water (collected from the stages) were measured using a bench
conductivity meter (Omega, CDB-70 Conductivity meter).

Fig. 4: Schematic drawing of the system with indication of the measurement points: T-thermocouple, and G-pyranometer.

To determine the theoretical performance of the thermal desalination system, energy and mass balance
equations were written for the individual components and used in the definition of the Coefficient of
Performance (COP) and the Gain Output Ratio (GOR) values.
Fig. 5 shows the schematic representation of the heat transfer rates for the storage tank heated by solar
energy. The important parameters, the collector efficiency η and the collector overall heat loss coefficient
are known from the collector technical data, and the energy gain from the collector system can be
calculated. The expressions for the net solar heat rate are,
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is the incident solar flux,
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is the heat rate of the energy lost
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is the overall collector heat loss coefficient,
collector temperature, and
the ambient temperature.
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The heat loss rates from the storage tank can be calculated using thermodynamic properties and heat transfer
correlation data. These rates are the conduction, convection, and radiation, as well as the sensible heat flux.
The coupled heat and mass transfer fluxes among the stages and the collector energy rate have uncertainties
and require experimental investigation to thermodynamically characterize the system.
The heat balance in the storage tank can be written as,
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The stored energy rate,
also be expressed as,
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, describes the heating and cooling of the masses in the storage tank and it can
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Fig. 5: Schematic drawing of the heat flow rates in the storage tank of the desalination tower.

The heat rate , ,
from the surface of the storage to the first condensation stage represent 3 parallel
rates: convection, evaporation, and radiation. These heat rates flow upwards to heat up the salt water in the
above stage. The most important processes are evaporation at the water surfaces and condensation at the
above tray surfaces because they are responsible for the system desalinated water production. These two
processes also occur in the storage tank and in each stage. The heat rate is strongly dependent on
temperature, as presented in Equation (3). The rate of heat lost ,
represents the side and bottom surface
losses through the insulation. The terms
and
represent the in and out energy rates in the brine
and desalinated masses. Additionally, there is the possibility of some vapor loss in the interfaces among the
stages and in the tower cover. This loss is estimated by
.
All stages in the desalination tower have similar energy balance, except for the first stage that lies above and
receives heat from the storage tank. All other stages are heated by the stage immediately below. The energy
balance in the i-th stage is,
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In these equations, the subscripts c, e, and r, stand for convection, evaporation and radiation. The heat
transfer coefficient
is determined from the experimental measurements and condensation area,
.
Two important parameters to characterize the performance of the desalination system are the Coefficient of
Performance (COP) and the Gain Output Ratio (GOR). The COP is calculated as,

+,- =

∑1
%23 /0,%
/0,3

(eq.7)

where ∑4$5' ,$ represents the total amount of desalinated water produces by all stages, and
,' the
amount of desalinated water produced by the first stage. The COP is used to analyze to heat recovery
processes and to optimize the efficiency of the stages. The GOR value is defined as,

6,7 =
where

∑1
%23 /0,% ∆9
:

(eq.8)

is the energy input to the desalination tower from the solar collector, (eq.1).
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4. Results
This section presents the field test results for the systems installed in Akutsima, Namibia and in Fortaleza,
Brazil. All systems were operated with 3 solar flat plate collectors, and a total collector area of 6.4 m². In
Namibia, the system was also tested with 2 collectors and the production was approximately 35% lower.
4.1. Field Results for Akutsima, Namibi.
Fig. 6 shows the temperature profile along a 24-hour period in the stages of the desalination tower (S1 to S8)
and in the storage tank (Sp). The water temperature in the storage tank and in the stages 1 to 6 reached values
above 60 °C. The highest temperature values were in the storage tank and reached 96 °C, as the place of
installation was 1200 m above sea level.

Temperature [°C]

100
90
80
70
60
50
40
30
20
10
0
6

8

10

12

14

16

18

Time [h]
Sp

S1

S2

20

22 24 26 28 30
Namibia, with 3 Collectors
Qs = 7.1 kWh m-2
S3
S4

Fig. 6: Temperature profiles for a 24-hour period in the stages of the desalination tower (S1 to S8) and the storage tank (Sp).

Fig. 7 shows the plots of the total desalinated water mass and mass rate along a 24-hour period. In this
period, which includes the sunshine hours and the flowing night hours, the system produced 87 L, which is
an adequate amount for the daily needs of 20 people. The mass rate reached its highest value of 12 kg h-1 at
2:00pm. The night rates were due to the heat storage in the tower components.
The gain output ratio (GOR) value for the Namibia systems was 2.85. The COP-Value was about 5. The rate
of desalinated water production as a function of the collector area was about 13 L m-2.
Fig. 8 shows the plots of the system production rates as a function of the incident total radiation in a 24-hour
period and for two similar systems. It is seen that the production rate shows an exponential growth for daily
values higher than 5 kWh m-2.
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4.2. Field Results for Fortaleza, Brazil.
Fig. 9 is a similar plot to Fig. 6. It shows the temperature profile along a 24-hour period in the stages of the
desalination tower (S1, S3 to S5) and in the storage tank (Sp). The water temperature values are somewhat
lower than their equivalent values in Figure 6, although the incident solar radiation value was approximately
the same. This result is due to lower ambient temperature values and higher wind velocity, and consequently
higher thermal losses from the collector to the ambient.
The average conductivity value for the desalinated water was 1.71 µS cm-2 and the feed water was
510 µS cm-2. As a reference values, the measured conductivity value of the city water from the local
distribution varied from 250 to 300 µS cm-². The desalinated water conductivity was over 150 times lower
than the city water. These results show the effectiveness of the desalination process. The desalinated water
can be adjusted to the local requirements by adding the appropriate amount of desired salts.
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Fig. 9: Temperature profiles for a 24-hour period in the stages of the desalination tower (S1, S3 to S5) and storage tank (Sp).

5. Comments
Figs 6 to 9 show the field performance of the solar thermal desalination system with heat recovery proves its
effectiveness to be used in communities. The individual units with 3 solar flat plate collectors produced 65 L
to 80 L of desalinated water per day, depending on the incidence of solar radiation and ambient conditions.
The good performance of the desalination system is also due to the higher operation (evaporationcondensation) temperature in the lower stages of the desalinated tower. The heat transfer mechanism from
the solar collectors to the water to be desalinated in the tower proved its effectiveness as temperatures values
above 60°C were measured in 6 of the 8 stages of the desalination tower.
The excellent quality of the desalinated water was verified by the low electrical conductivity of the produced
water, which was much lower, by a factor of 200, than the requirements. Water decontamination is also
achieved by the system because of its high temperature operation. Laboratory results for total Coli form and
fecal Coli form bacteria were presented by Schwarzer et al. (2008).
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Appendix: SYMBOLS AND UNITS
Table 3: Subscripts

Table 1: Properties and materials.
Quantity
Area
Specific heat
Global irradiance or
solar flux density
Enthalpy
Mass
Mass flow rate
Heat flow rate
Temperature
Overall heat transfer
coefficient
Time

Symbol
A
c
G

Unit
m2
J kg-1 K-1
W m-2

h
m
m&
Q&

kJ kg-1
kg
kg s-1
W

T
U

K
W m-2 K-1

t,

s

Table 2: Greek
Quantity
Difference
Efficiency

Symbol

Unit

Quantity
Ambient
Brine
Collector, convection,
condensation
Condensation
Desalination, desalinated
Evaporation
Stage
Losses, lost
Normal
Optical
Pressure
Radiation
Storage
Solar constant
Thermal
Useful
Spectral

Symbol
a
b
c
co
d
e
i
l
n
o
p
r
s
sc
t, th
u
λ

∆
η
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SOLAR WATER DISINFECTION:
FIELD TEST RESULTS AND IMPLEMENTATION CONCEPTS
Lars Konersmann, Elimar Frank
Institut für Solartechnik SPF, CH-8640 Rapperswil, Switzerland

Abstract
Between 2006 and 2010, a simple solar water disinfection system called SoWaDis with almost no need for
maintenance has been developed at the Institute for Solar Technology SPF in Rapperswil (Switzerland). Since
2009, several systems have been installed at various locations in Bangladesh, Mozambique and Tanzania. The
device has been developed for remote areas with a maximum output capacity of the smallest unit in the range of
500 liters per day. The whole development covers three main working areas: A detailed study on thermal
inactivation of pathogen microorganisms, the technical development of the device and field testing including
the investigation of suitable implementation concepts that lead to a sustainable application.
In this paper, measurement data and experiences from almost two years operation time are presented and
analyzed. It can be shown that the SoWaDis system fulfills the requirements for conditions in developing
countries with a reliable long-term operation and almost no effort for maintenance. The correlation between
irradiance and drinking water output from the systems in the field corresponded to the output expected from
previous measurements at the laboratory at SPF in Rapperswil. Although the output fluctuations from day to
day can be significant, also during rain seasons the monitored devices did not stop to produce drinking water
over longer periods of time.
Currently, 11 systems are in operation in the three countries mentioned. They are operated with different
concepts by different type of people: Some in schools or hospitals where staff members like teachers or health
post chiefs are in charge, some by village water committees where the committee is responsible for the
operation of the system and the distribution/selling of the drinking water and some by private operators (e.g.
selling the water at a kiosk or restaurant). For all locations and concepts, social and economical aspects
(responsibility, acceptance, involvement of local authorities, distribution of the water etc.) were at least as
important as technological aspects.
1. Introduction
About two million people die worldwide each year due to lack of safe drinking water (WHO, 2000), and up to
two billion people do not have access to safe drinking water which not only leads to diseases but also to
constraints with regards to the economical and social development.
Starting in 2006, a research project has been carried out at the Institute for Solar Technology SPF in Rapperswil
(Switzerland) to develop a simple, robust and affordable solar water disinfection system with almost no need
for maintenance. Initially, the striking aim was to produce up to 500 liters of drinking water per day with initial
system costs less than 500 USD. The whole development covers three main working areas:
A detailed study on thermal inactivation of pathogen microorganisms,
the technical development of the device and
field testing including the investigation of suitable implementation concepts that lead to a sustainable
application.
In chapter 2, the first two working areas are presented shortly as they have been published in detail before (cf.
Konersmann and Frank, 2009; Konersmann and Frank, 2011). Emphasis is put on the description of field tests
in chapter 3 where measurement data from almost two years operation time is presented and analyzed. In
chapter 4, different implementation concepts and experiences with the operation of the devices under real (post
field test) conditions are presented and discussed.
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2. Technological development
Several methods and technologies exist to purify water (e.g. filters, UV treatment, thermal disinfection etc.)
They all have specific advantages and disadvantages, not only technical, but also social and economical.
Therefore, a catalogue of criteria was defined to assess different options for components and system assembly.
This catalogue was developed with feedback from different experts coming from different fields, mainly solar
technology, microbiology and development cooperation. The most important criteria were: Simple technology
and little to no maintenance, no parasitic energy use, output capacity for small communities (100-1000 l/d), low
initial costs, low treatment costs, high effectiveness. This implies many more aspects like a low vulnerability to
scaling, high stagnation temperatures, corrosion, qualification for maintenance, a high expected service
lifetime, high social acceptance (e.g. regarding the method of treatment, taste etc.), suitability for transportation,
operation security, risk of theft, supply of peripheral parts, no need for additional energy sources (such as
electricity), possibility for local production and distribution.
Before starting to investigate the technical specifications, an extensive microbiology study has been carried out
in cooperation with Eawag in Switzerland which is among the world’s leading aquatic research institutes (cf.
Konersmann and Frank, 2011). The results confirmed that for the inactivation of all pathogenic microorganisms
in water a temperature of 75°C with an exposure time of five minutes is sufficient (see also Konersmann and
Frank, 2010).
As described in (Konersmann and Frank, 2009) a market survey on solar thermal water disinfection methods
has been carried out. Based on that, a concept such as shown in Fig. 1 was investigated and further developed
that meets the criteria as described above. The three main components (collector, thermostatic valve and heatexchanger) have been investigated separately regarding their functionality and their cost/benefit ratios, and then
the system behavior and performance has been investigated in detail both in the lab and in the field. To cope
with the high complexity of requirements listed above (of which some are even contradictory), the defined
criteria were weighted in order to assess the various possibilities for each of the three main components and
finally for the overall system.

Fig. 1: Scheme of the solar thermal pasteurization plant with its main components heat-exchanger, collector and thermostatic
valve (adapted from Konersmann and Frank, 2009). General functionality is indicated in the text box on the right.

As far as the collector is concerned, three different types (vacuum tubes, usual flat plate collectors and polymer
collectors) have been looked at regarding the technical feasibility (especially clogging and cleaning) and costs.
As the water is directly heated by the system and the flow is a sensible parameter of the gravity-driven system,
the small pipe diameters of usual flap plate collectors and the effort for cleaning were mainly excluding flat
plate collectors from the list. Based on literature (e.g. Burch, 1998), a self-developed polymer collector seemed
to be a promising low cost solution for this low temperature application (cf. the section on microbiology).
However, more detailed analysis showed that the suitable polymers which fulfill the requirements (such as
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temperature, UV-stability) would still have higher costs than those of directly flooded vacuum tubes.
Furthermore, an important advantage of the vacuum tubes (which in this application are completely filled with
water) is the large inner diameter so that the flow in the collector is not sensitive to clogging or scaling and
allows a simple cleaning. The collectors of the systems operated in the field are of two kinds: Some with 24
tubes below a header tank which is horizontal (cf. Fig. 1) and a version with 48 tubes which are located on two
sides of a header tank that is also tilted (a so-called “butterfly” collector, cf. Fig. 4).
In order to analyze the functionality and the efficiency of several heat exchangers, a test rig has been installed
and experiments have been carried out. Not only low costs, but especially low maintenance and pressure drop
were the main criteria for the assessment. Finally, a tube-in-tube concept with a comparably large diameter
operated in counter-flow turned out to be the best option. Several versions have been developed and tested, with
tubes made of copper, polymer or combinations. It could be shown that a polymer concept for a heat exchanger
with almost the same heat exchange rate is not cheaper if all necessary parameters are met (again such as
temperature resistance which is important as stagnation may occur in the collector if there is no water left in the
first tank, so that steam may enter the heat exchanger) than a copper/copper version. Furthermore, an advantage
of copper compared to polymer is the lower likelihood for recontamination. The final concept of the tube in
tube heat-exchanger consists of two copper tubes with inner diameters of 22mm and 12mm, respectively, both
with a wall-thickness of 1mm. Investigations have been carried out regarding the optimal dimensioning which
is depending on the collector area with the aim of minimizing the cost/benefit ratio (see below).
The thermostatic valve was also investigated experimentally. To find an optimal solution that is opening and
closing at the set temperature with a characteristic suitable for this application, ten products already available
on the market have been analyzed. One of them was found to meet all technical criteria for the valve (set
temperature of 82°C and a flow regulation leading to almost constant outlet temperatures for the right
dimensioning of the system, cf. Fig. 8) while having a low price due to mass production. Other products were
showing a less appropriate characteristic leading to a stop-and-go operation of the system which reduces the
daily production. With the set temperature of 82°C and a mean flow time through the system in the range of
several minutes, both the results of the microbiological study as well as further experiments with the system
showed that a total inactivation according to the WHO standard can always be achieved.
With the single components described, the system behavior has been investigated thoroughly on the SPF test
roof in Rapperswil/Switzerland using contaminated water. System parameters such as relative dimensioning
(length of heat exchanger vs. size of collector-field), difference of height of water tanks (resulting volume flow
through pressure difference) and the related start-stop characteristic of the valve were analyzed in detail on the
system level. In Fig. 2 the daily produced amount of drinking water as a function of the daily irradiation are
shown for different system configurations. The maximum daily production lies at around 600 liters per day for
the system with 48 tubes and a 10 meter heat-exchanger and around 300 liters for the system with the 24 tubes
and a 5 meter heat-exchanger. Fig. 3 shows the typical system behavior on a summer day in Rapperswil. The
system has quite a large thermal mass containing about 100 liters of water in the tubes and in the header tank.
Therefore the system’s operation only starts a few hours after the collector is exposed to irradiance. As shown
in Fig. 2 and Fig. 7 an irradiation offset in the range of 2.5 to 3 kWh/d (depending on the climate) is needed to
have a drinking water production of the system on that particular day. Furthermore Fig. 8 shows how the system
starts producing when the temperature at “collector out” exceeds 82°C. The volume flow is variable according
to the opening position of the valve, which again depends on the temperature. This way the operating
temperatures are kept almost on constant optimal values for a steady state operation.
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Total daily disinfected water
volume[l/d]

700

48 tubes collector;
10m heat-exchanger

600

48 tubes collector;
5m heat-exchanger

500
400

24 tubes collector;
5m heat-exchanger

300
200
100
0

2
3
4
5
6
7
8
Integrated daily solar radiation on collector plane [kWh/m2*d], 45° inclination,
south-orientated

9

Fig. 2: Daily production of disinfected water for systems with different dimensioning (24- and 48-tube collector, different lengths
of the heat-exchanger). Data measured on the testing roof at SPF in Rapperswil/Switzerland.
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14.00 h
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Fig. 3: Typical system behavior of the solar water disinfection device with 48 tubes and 10meter heat exchanger on a sunny day
on the SPF testing-roof in Rapperswil (27.07.2009). The global irradiance (45° inclination, south-oriented, measured in collector
plane), temperatures and the volume-flow are shown. The thermostatic valve regulates the flow in order that outlet collector
temperature remains almost constant at optimum.

The long-term test in the testing facilities at SPF and also the experiences in the field (cf. section 0) showed that
the system basically works without any maintenance. It is recommended that a coarse pre-filter (100micron) is
used to restrain sediments from entering the system which has to be washed occasionally. The problem of
scaling was also analyzed on a long-term-basis. The water used for the tests at SPF is rather calciferous with
33-36°fH. With water temperatures in the collector between 60°C and 100°C, scaling can be a serious problem
to be considered regarding long-term operation. Also in many developing countries this can be an issue.
However, due to the large diameters of the tubes neither scaling nor soiling led to an observable decrease in
production or even a production stop. Yet, lime and dirt that may settle at the bottom of the tubes could easily
be removed manually. As mentioned above, this was one of the main reasons for choosing a vacuum tube
collector instead of a flat-plate collector with small diameters of the absorber-tubes.
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3.

Field Tests

By now the solar water disinfection (so-called “SoWaDis”) system has been operated in three different least
developing countries over almost two years. In Table 1 an overview over the field tests is given. The aims of
field testing and thus the choice of the locations and their conditions were twofold: To analyze the technical
long-term-functionality and to find out about the acceptance and the sustainable operation (also economically)
of these systems. By now three different types of locations/operation concepts are analyzed: schools, hospitals
and water kiosks that are operated by private entrepreneurs.
Some of the SoWaDis systems have been monitored in detail. The measured data include global irradiance (on
collector plane, 15° inclination, orientation north), volume flow and 4 temperatures (upper tank with
contaminated water, collector inlet, collector outlet and inlet of clean water tank). The monitoring is a selfdeveloped stand-alone concept with a logger in combination with a PV-panel, charge-controller and a carbattery (see Fig. 5).
Measurement data for the SoWaDis system at the university campus in Tanzania from March 2010 to April
2011 is presented in Fig. 6. For this period, data for less than 70 days is missing. As expected, the measured
data show a correlation between irradiance and drinking water output that corresponds to the measurements
conducted before at the laboratory at SPF in Rapperswil (see Fig. 2). The system installed is a collector with 48
evacuated tubes and a heat-exchanger of 6 meters in length (see Fig. 4). As it is shown in Fig. 6 the output
fluctuations from day to day can vary significantly for the climate at the location in Tanzania, but even during
rain seasons the monitored device did not stop to produce drinking water over longer periods of time. The
annual average production of the system was about 200 liters per day, with a peak production of almost 600
liters per day. As mentioned above, an offset of about 2.5 kWh/d is needed to have a drinking water production
of the system on that particular day at this location. Furthermore, the drinking water production stops if (a) for
any reason there is no water available in the contaminated water tank or (b) when the safe water tank is
completely filled (both tanks are equipped with a flow valve to avoid overflow).

Table 1: Overview of field tests of the SoWaDis system in three least developed countries.
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Mozambique

Bangladesh

Tanzania

Start

Oct. 2009

Oct. 2009

Mar. 2010

Partner

International NGO

Local NGO

Evangelic-Lutheran Church of
Tanzania (ELCT)

# Systems
installed

7

2

2

Environment

Rural, remote
(Macomia district)

Dense urban environment
(Dhaka)

Rural / small village
(Usambara mountain region)

Implementation
concept

- schools (public and
private)
- health posts
- community operated water
kiosk
- privately operated by a
foundation (the water is used
for guests of a lodge, the
staff and people from nearby
villages)

Commercial: The water was
filled in buckets and sold on
the local market.

- University campus (owned and
managed by the ELCT) in a rural
area (see Fig. 4). The water is
consumed free of charge by the
students, the staff and the teachers.
- The second system is operated as
a water kiosk (see section
“implementation”).
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acceptance may be a crucial factor for some locations and/or implementation concepts for several reasons, e.g.
a remaining turbidity of the water (especially during rain seasons). In case of the university campus, the level of
acceptance was induced by different factors, such as professors that acted as role-models and water quality tests
that had been conducted repeatedly (the SoWaDis water even showed better results than bottled water that is
locally available and rather expensive).
4. Implementation of the technology
A reliable technology with low costs and low maintenance is not yet assuring a long-lasting and effective use of
the technology. Rural Water Supply Network (2010) describes that „thousands of people, who once benefited
from a safe drinking water supply, now walk past broken hand pumps or taps and on to their traditional, dirty
water point.“ Therefore, after having the system developed and operated almost two years in pilot-projects in
three different least developing countries, the investigations were extended to find suitable ways for the
deployment of the technology ensuring a sustainable operation. In this context the SwissWaterKiosk
Foundation has been launched in spring 2011 (see www.swisswaterkiosk.org). The foundation aims to catalyze
the SoWaDis projects in order to create fair access to safe water to people in developing countries. It is
projected that in a first phase 70 systems will be installed until end of 2013.
The SwissWaterKiosk Foundation pursues three core objectives (in hierarchical order):
1.

SwissWaterKiosk provides safe drinking water for people that otherwise have no access to drinking
water. This is leading to an improvement of health standards, a reduced infant mortality rate, lower
non-productive times of the consumers etc.

2.

SwissWaterKiosk creates an economically sustainable operation after an initial funding for the set-up.
With a (small) profit from selling the drinking water, a long-lasting operation and upkeep of the kiosk
as well as a motivation to provide as much water as possible to the local people shall be achieved. The
foundation especially supports the set-up of further kiosks in the same community and/or region with
the help of local partners.

3.

By this, not only the consumers of the water benefit but the economical situation in the community
should improve (by creating new jobs and incomes with the water kiosks and education programs for
water entrepreneurs etc.).

The foundations financing is multifaceted, e.g. by private donors, project funding, Corporate Social
Responsibility programs etc. Apart from the water kiosk concept (operated by community or private entities
and/or individuals) the SoWaDis-System is also implemented in schools and hospitals where usually no income
is generated by the sale of water. In these cases the systems have to be financed completely by the foundation
or the government or by implementing partners, in most cases non-governmental organizations.
In Table 2 and Fig. 9 an example of the financial operation of a water kiosk is presented that has been
implemented in Tanzania in a rural village. The water could be sold at around 0.02 USD per liter so that the
expenses for the operators (success-oriented) salary and for system amortization (here 7 years) can be covered.
The water kiosk concept creates a strong sense of ownership and incentive for the operator since he or she can
create an income by the operation of the water purification system. This is a good basis for the sustainable
operation of the technology, which is one of the major challenges for most projects in the field of developing
cooperation. However, the concept should not aim at the maximum economical benefit because the price for
selling the water should remain so low that poor people can afford buying the drinking water. In general, the
selling of water is being discussed highly controversially. In the case of the SwissWaterKiosk water is sold not
in order to create profit for the foundation, but in order to guarantee the long-term operation. The revenues of
the water sold in the shown case can only cover expenses needed for the operation and for the hardware, but
they cannot cover the costs associated with the overhead to initiate and organize these projects. Based on field
experiments with the SoWaDis implementation in Mozambique, Schiebold (2011) describes the main
determinants for the successful operation of a water kiosk, concluding that enabling local microentrepreneurship is very important to create sustainable development in developing countries. A scheme for a
possible implementation model is shown in Fig. 10. The basis for the successful implementation of the water
kiosk (besides the availability of water in general) is the awareness of people regarding hygiene in water and
sanitation. If people are not aware about the consequences of consuming water that is not safe to drink, there
will be no willingness to pay. But even projects where safe water is offered for free can only work if there is a
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minimum level of awareness. Therefore, safe water projects usually have to involve a strong social marketing
campaign. According to Heierli (2008) these campaigns should not only emphasize on rational arguments but
also include lifestyle elements. From a technical point of view, one of the challenges of the water kiosk concept
in combination with the SoWaDis technology might be the dependency on sunshine that could lead to a
mismatch between demand and supply of drinking water at the kiosk.
Table 2: Overview of financial sustained operation model of the water kiosk concept.

Costs for local operation of water kiosk
a

Initial cost of system and peripherals

2000 $

b

System operator

60 $/month

c

System maintenance and controlling

30 $/month

Assumptions
d

Average output per system

e

System service lifetime

200 l/d
7 a

Calculations
f

Daily total costs of operation

g

Resulting water price

4 $
0.02 $/l

Further Explanation
a
b
e
f

Initial costs for material, production and transportation and peripherals such as water buckets, kiosk hut etc.
Assumption of salary in Tanzania
The lifetime in Europe is 20+ years, assumption for rough conditions
Including the amortization of the initial system costs

Fig. 9: In the left picture the SoWaDis system in the village of Lukozi/Tanzania is shown that was set up in August 2011. On the
right hand side, the SwissWaterKiosk hut for selling the purified water is shown.
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Fig. 10: Schematic diagram how a financially sustainable operation of SoWaDis could be implemented.

5. Summary and Outlook
The technical development of a water disinfection device (so-called „SoWaDis“) has been presented. Both by
experiments on the laboratory test roof in Rapperswil (Switzerland) as well as by extensive field testing and
monitoring in Bangladesh, Mozambique and Tanzania it was shown that the system fulfills the requirements to
be reliable, robust, user-friendly (simple and socially accepted technology, very low operation and maintenance
effort) and effective. With a proven record of success, the SoWaDis system is a suitable solution for the
implementation in schools and hospitals where the system is under the responsibility of the staff and causing
almost no extra-work. Beyond that, a water kiosk concept is presented that is meant to amplify the deployment
and the long-lasting sustainability of the technology. In total, three out of eleven systems that have been
installed so far are now operated with a commercial water kiosk approach, and though there is no long-term
experience yet the evaluation of the sites will show in the near future if a financially self-sustained operation of
the system can be achieved.
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1. ABSTRACT
We present the modeling, TRNSYS simulation, and parametric analysis of a solar water distillation system
based on a humidification-dehumidification cycle. The thermal processes that constitute the cycle are carried
out in devices designed for maximum individual efficiency. In order to achieve this, it is necessary for the
evaporative process (in which an air current is humidified) to happen at the highest temperature attainable
without boiling. This maximizes the amount of vapor that can be carried by the air current. This process is
performed in a vertical packed tower, where a stream of hot water falls as a current of hot air ascends in
countercurrent and directly contacts the water. The air at the exit of the tower is saturated with vapor at the
same temperature as the entering water, thus maximizing the amount of moisture carried. The hot and humid
air then passes through a condenser that releases heat to the atmosphere, bringing air nearly to ambient
temperature and maximizing distillate condensation. In order to achieve the previous, it is necessary for the
thermal capture and storage system to work with thermal oil, an insulated storage tank, and evacuated-tube
solar collectors. The system must maintain a steady oil temperature of 110°C. We propose a condenser based
on heat pipes and with excess surface area for dumping heat to the atmosphere, in order for the condensation
temperature to be as close as possible to atmospheric. The efficiency of the distiller is substantially increased
by forcing the process to occur between the described temperature limits, not unlike what happens in the
power cycles of heat engines. The thermal oil transfers energy to the air and water currents through two heat
exchangers, and the insulated storage tank makes it possible to operate the system at night as long as
sufficiently hot oil is still available. A flow control system regulates the temperature reached by the water that
flows to the evaporation tower.
The described system was modeled in the simulation platform TRNSYS, which incorporated modeling of the
evaporation tower and condenser. Using the climatic conditions of the city of Chihuahua, Mexico, we
performed a parametric study of the system and determined the effect of varying the number of solar
collectors, volume of the thermal tank, and flow rate of water. We simulated the behavior of the system over a
year of continued operation, measuring the amount of condensate produced during that period. The objective
of this analysis was to determine the variation of distillate production, in kilograms of water distilled per year
per square meter of solar collector, and per cubic meter of thermal tank. This was used to determine the
optimal characteristics of the proposed distillation system.
2. INTRODUCTION
Water is an essential element for all life forms. In order to be consumed by people, however, it must be
treated to eliminate particles and organisms that could be harmful to human health [Bouchekima, 2003]. The
process of water purification requires an energy source to separate contaminants from water, and a system that
can efficiently use this energy. Distillation is a highly effective method for purification, given that when water
transitions from liquid to gaseous state it leaves all impurities in the liquid phase [Bermudez, et al., 2008].
However, it is important to note that distillation depends on the great amount of thermal energy required to
evaporate water.
At present, most thermal energy worldwide is obtained from burning fossil fuels. These are limited resources,
however, the use of which contributes to local air pollution and global climate change. A sustainable
alternative is the use of renewable resources like solar energy, which conveniently is most available in the
places that are in greatest need of drinking water [Jiang, 2010; Peidong, et al., 2009].

Perhaps the most common method for solar distillation is the simple solar still, which is an application of the
solar humidification-dehumidification (HDH) method. HDH uses air to evaporate significant quantities of
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water vapor out of a saltwater source, and then condenses this moisture out of the air and onto a colder
surface. Stills are characterized by performing the entire HDH method in a single enclosed space, which is a
relatively inexpensive design for small systems but becomes very expensive for large ones [Thomas, 1997].
Stills are made very inefficient by their defining feature. Given that condensation and evaporation happen in
the same enclosed space, they also happen at temperatures that are very close to each other, which results in a
system efficiency far removed from the theoretical and practical maxima.
An alternative HDH configuration separates the evaporation and condensation processes, optimizing the
conditions for each. The productivity of these HDH systems is significantly greater than that of solar stills
working under the same conditions [Orfi, et al., 2004]. They can produce as much as five times more water
than a solar still receiving the same amount of energy [Amara, et al., 2004].Thus, HDH can be an
environmentally sound, technically and economically feasible water purification method, but only if the
system performing it is adequately designed [Bermudez, et al., 2008].
The objective of this work is to use numerical simulation in TRNSYS to design a more efficient solar water
distillation system based on the HDH method.
2.1 Justification
There exist "integral" solar distillation systems, in which two or more different thermodynamic processes
occur in a single physical component of the system. Any design modification introduced to this component
will simultaneously affect two or more processes, hopefully benefitting one but possibly damaging another.
This design causes the efficiency of each process to be lower than what could be reached if it happened in a
device specifically designed for it, and makes the system inherently difficult to improve. Still distillers have
been proven to have low distillation efficiency, and are limited to small capacities due to their steep cost
scaling (Thomas, 1997).
Escobedo-Bretado (2010) analyzed the behavior of a distillation system fitted with an evaporation tower, in
which each thermodynamic process occurred in a component designed specifically for it. They detected that
the most important variable to achieve a high operation efficiency is the temperature of the water flow
entering the tower. This is due to the fact that the air exiting the column will match the temperature of the
feed water, and the capacity of said air to carry moisture depends exponentially on its temperature. Higher
feed water—and thus process air—temperatures lead to a dramatically higher rate of water transport to the
condenser (Figure 1). The present work reports the results obtained by modifying the design by EscobedoBretado (2010) to control the temperature of the water feed to the evaporation tower and thus maximize
distillate production.
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Figure 1. Air saturation curve as a function of temperature

3. METHODS
3.1 Description of the system
The proposed design consists of a field of vacuum-tube solar collectors, a thermal oil storage tank, two heat
exchangers for heating water and air, a direct-contact evaporation column, and a condenser (Figure 2). In this
design, thermal oil is heated in the collector field, stored in the thermal tank, and then used in the heat
exchangers to heat the water and air currents entering the evaporation tower. We use a flow controller to
maintain at 90°C the temperature of the water entering the evaporation column. The tower works at counterflow, with hot water entering the top of the column and hot air entering the bottom. A flow of hot, saturated
air leaves the tower and is directed to a condenser, from which distillate is obtained.
3.2 Parametric analysis
We performed a parametric analysis, considering systems with different numbers of solar collectors, different
thermal storage volumes, and different water feed flows. We modeled this system in the software platform
TRNSYS, analyzing each design variation during a continuous simulated year of operation at 15-minute
intervals. The climatic conditions used in this study correspond to the city of Chihuahua, Mexico. The
variable we sought to optimize was annual distillate production per unit area of solar collection, kg/(year ·
m2). Table 1 shows the analyzed parameters and their ranges of variation. The number of studied design
configurations results directly from the number of possible combinations of the considered parameters. From
these results we determined the optimal solar water distillation system.
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Figure 2. Distillation system.

Table 1. Analyzed parameters.

Number of collectors

2, 4, 6, 8, 10 and 12

Thermal storage volume (m3)

1, 2, 3, 4, 5 and 6

Feed-water flow rate to the evaporator (kg/h)

From 1 to 220

4. RESULTS
The TRNSYS implementation of this system is shown in Figure 3, including the equipment and all its
connections. The figure also shows and differentiates between the subsystems for distillation and heat storage.
Our results confirm that vacuum-tube solar collectors are capable of producing the thermal oil temperatures
necessary to continuously maintain the feed-water to the column at the desired 90°C. Figure 4 shows the
cyclic variation of the oil temperature in the thermal storage tank. This temperature variation is due to a
combination of a) the cyclic variation in solar radiation reaching the collectors, and b) the controlled variation
of the water-flow, needed to keep stable air and water temperatures in the heat exchangers.
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Figure 3. TRNSYS diagram of the desalination system

The amount of water fed to the heat exchanger is varied by the control system, such that its exit temperature
(the feed to the column) is always 90°C. Since the oil temperature in the storage tank varies during the day, so
does the flow of feed water. This is shown in Figure 4.

Figure 4. Temperature of the thermal oil and the heated water, as well as the feed rate of water to the evaporation tower.
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The temperature reached by the water in the heat exchanger is so closely controlled because it has an
enormous effect on the system's distillate production capacity. This temperature, and not the amount of total
solar energy gathered by the system, is the governing variable. Therefore, keeping the water entering the
tower as close as possible to the boiling point produces the highest distillation rate (Figure 5).

Figure 5. Distillate production and temperatures of the oil and feed water.

Despite the importance of feed-water temperature, annual distillate production is still dependent on the total
amount of collected solar energy. This collection occurs during the day, but the evaporation subsystem works
as long as the thermal storage system still has available heat. With favorable weather conditions, sufficient
heat can be available 24 hours a day. Figure 6 shows how distillate production increases substantially with a
greater thermal storage volume and number of collectors. This figure also shows how, for a small number of
collectors (2, 4, and 6), increasing the thermal storage volume in fact decreases distillate production. This
happens because a greater thermal storage volume requires more energy to maintain its temperature, and few
collectors may not be enough to provide it.
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Figure 6. Annual distillate production

Distillation efficiency is defined as the amount of distillate produced per square meter of solar collector.
Figure 7 shows how a given thermal storage volume corresponds to an optimal number of solar collectors. As
the former increases, so does the latter. For example, a volume of 6 m 3 corresponds to an optimal number of
collectors between 10 and 12. An important thing to note is that maximum distillate production, per m2, is
similar for any combination of thermal storage volume and number of collectors. Volumes of 3, 4, and 5 m 3
have optimal collector counts of 6, 8, and 10, respectively, but the annual distillate production in all cases is
still 2,800 kg/(year∙m2). Which of these combinations to use depends on which represents the best economic
option.

Figure 7. Annual distillate production per square meter of solar collection
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Another factor that influences distillate production is the amount of water fed to the evaporation tower. One
might think that feeding more water to the evaporation tower would result in more distillate, but this is not the
case. Figure 8 shows that a given number of collectors corresponds to an optimal feed water flow, as marked
by the maxima in the graph. Too much water in the system will cause its temperature to drop, along with its
distillate production. For a storage volume of 6 m3, for example, the optimal combination is 70 kg/h of feedwater and 12 solar collectors. A greater flow results in a significantly lower distillate production.

Figure 8. Annual distillate production for a thermal storage volume of 6 cubic meters

In order to obtain large volumes of distilled water, it is necessary for the system to be properly dimensioned.
Small systems will use few collectors have small storage volumes, and produce little distillate. The only way
to efficiently increase that production is to scale the entire system. Figure 9 shows the effect of using different
numbers of solar collectors for a given storage volume. As the number of collectors increases, distillate
production maxima occur at higher flow-rates and maximum distillate production plateaus. For 6 m3 of
storage volume and 10 collectors, for example, the optimal water feed is 60 kg/h and distillate production is
2,770 kg/m2.
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Figure 9. Annual distillate production per square meter for a thermal storage volume of 6 cubic meters.

These results show that the simulation tool presented here makes it possible to dimension and optimize solar
distillation systems with a higher theoretical efficiency than any reported in literature until now. Table 2
shows several combinations of optimal parameters for such distillation systems.

Table 2. Parameter combinations for several optimally efficient distillation systems

Thermal tank
volume

Water flow
rate

Distillate
production

Annual water
production

( m3 )

( kg / h )

( kgw / m2 year)

( kgw / year )

2

1

15

2,932

11,731

4

2

25

2,814

22,513

6

3

40

2,826

33,915

8

4

50

2,818

45,095

10

5, 6

60

2,793

55,862

12

5, 6

70

2,762

66,310

Solar collectors

5. CONCLUSIONS
A solar desalination system can be thoroughly studied through simulation. The parameters affecting its
behavior, such as ambient temperature and solar radiation, are intrinsically variable. Specialized computer
simulation is the only way to follow the thermal behavior of these systems over extended periods of time.
We show that dynamic simulation can be used to determine the long-term behavior of any thermal system,
and based on this knowledge it is possible to make design changes to optimize the systems' behavior. When
designing thermal systems, the behavior of the working substance must be the main focus of attention.
Physical components must be selected and dimensioned to permit the work substance to behave as desired,
not vice versa.
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Solar energy offers a promising alternative for meeting the fundamental drinking water needs of remote
populations. The availability of fossil fuels or access to the electrical grid are not necessarily requisite for
access to safe drinking water. With dynamic simulation, these technologies have greater potential than ever.
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1. Introduction
The state-of-the-art modelling of solar collectors as described in the European Standard EN 12975-2
(EN 12975, 2006) is based on equations describing the thermal behaviour of the collectors by characterising
the physical phenomena, e.g. transmission of irradiance through transparent covers, absorption of irradiance
on the absorber, temperature dependent heat losses and others. This approach leads to so called collector
parameters that describe these phenomena, e.g. the conversion factor η0 or the heat loss coefficients a1 and
a 2.
For more complex systems it is not always possible to describe the thermal performance with parameters
having a direct “physical” meaning. In these cases often artificial neural network (ANN) modelling is
successfully applied. There are several significant reasons why ANNs are such a powerful tool for modelling
dynamic systems (Yang, 2008):
1.

ANNs have a powerful ability to recognize accurately the inherent relationship between any set of
input and output without a physical model or even without information about the internal behaviour,
and yet the ANN results do account for all the physics relating the output to the input. This ability is
essential independent of the complexity of the underlying relation such as nonlinearity, multiple
variables and parameters. This essential ability is known as pattern recognition as the result of
learning process.

2.

The methodology is inherently fault tolerant, due to the large number of processing units in the
network undergoing massive parallel data processing.

3.

The learning ability of ANNs gives the methodology the ability to adapt to changes in the
parameters. This ability enables the ANN to deal also with time-dependent dynamic modelling.

Although the state-of-the-art approach in collector modelling and testing fits most of the collector types very
well there are some collector designs (e.g. “Sydney” tubes using heat pipes and “water-in-glass” collectors)
which cannot be modelled with the same accuracy than conventional collectors like flat plate or standard
evacuated tubular collectors. The ANN approach could be an appropriate alternative.
To compare the different approaches of modelling investigations for a conventional flat plate collector and
an evacuated tubular collector have been carried out based on performance measurements according to the
European Standard EN 12975. The investigations include the parameter identification (training), the
comparisons between measured and modelled collector output and the simulated yearly collector yield for a
solar domestic hot water system for both models. All ANNs described in the present paper were performed
under the MATLAB (MathWorks, 2010) environment using the Neural Network Toolbox (MathWorks,
2010b). To carry out the simulation the neural network has been implemented in TRNSYS (2004).
The paper describes in detail the different approaches of modelling and the results of the described
comparisons.
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2. Application of ANN in the field of solar thermal energy
ANNs have been widely and successfully applied in various fields of mathematics, medicine, engineering,
economics, meteorology, etc. Comprehensive overviews of applications of ANNs for thermal engineering
and especially renewable energy systems are presented in Kalogriou (2000, 2001), Kalogriou et al. (2010)
and Kwang-Tzu (2008). Following is a list of the most relevant works in the field of ANN related to the
study described in the present paper:
The paper of Roberto et al. (2010) deals with the development of methods for non steady state test
procedures of solar thermal collectors. The goal is to infer the collector performance for steady-state
conditions in terms of the efficiency curve when only data from measurements under transient conditions are
available. The authors used a Grey-box Identification Model and a Dynamic Adaptive Linear Neural network
model.
In the study of Sözen et al. (2008) an approach based on ANNs was developed to determine the efficiency of
flat plate solar thermal collectors. As input data the collector temperature, date, time, solar radiation,
declination angle, azimuth angle and tilt angle were used.
Kalogriou (2006) used different ANNs for the prediction of the collector parameters describing the
instantaneous efficiency, the incidence angle modifier coefficients at longitudinal and transverse directions,
the collector time constant, the collector stagnation temperature and the collector heat capacity. As inputs of
the ANN model the collector dimension, collector constructional characteristics and collector performance
characteristics are used. This approach is proposed as a useful instrument for engineers to obtain the
performance parameters of new collector designs without the need to perform tests. Of course the final
product would have to be tested in the normal way according to the standards.
In the work of Lecoeuche and Lalot (2005) an application of ANNs was presented to predict the in-situ daily
performance of solar air collectors. Output of the ANN is the outlet temperature of the collector, and inputs
to the network are the solar radiation and the thermal heat loss coefficients. It was assumed that the inlet
temperature and the mass flow rate of the fluid are constant.
Farkas and Géczy-Víg (2003) developed for three different kinds of solar thermal collectors (air and water
collectors and a latent heat storage collector) ANN models to predict the outlet temperature of the solar
collectors based on to the inlet temperature, the ambient temperature and the global solar radiation.
The objective of the work of Kalogirou et al. (1999) was to train an ANN to predict the useful energy
extracted from solar domestic hot water systems and the temperature rise of the stored water with minimum
of input data. Physical characteristics of the system, such as collector area, storage type, and capacity, mean
storage tank heat loss coefficient, and weather conditions, such as solar irradiation at collector aperture, mean
ambient air temperature and mean cold water temperature, were use as input data.

3. State-of-the-art collector testing
At present two different standardised methods are available for the determination of the collector
performance:
1.

The so called steady-state method (e.g. EN 12975, 2006 or ISO9806, 1995) and

2.

The quasi-dynamic method (EN 12975, 2006)

Although the steady state method is still part of the European and ISO Standards it is considered out-dated by
the authors because transient behaviour of the collector cannot be characterised and no distinction between
diffuse and beam irradiance is considered which is important especially for concentrating collectors.
Therefore the quasi-dynamic test method is considered being state-of-the-art and described briefly in the
following.
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3.1. Collector model
The used collector model of the quasi-dynamic test procedure is shown in equation 1. Equations 2 and 3
describe the incidence angle modifier for isotropic collectors (e.g. flat plate collector) and biaxial collectors
(e.g. evacuated tubular collectors).
dϑ fl ,m
⎡
G
Gd ⎤
Q&
= Ghemη 0 ⎢ K b (θ ) b + K d
⎥ − a1 + a 2 ϑ fl ,m − ϑamb ϑ fl ,m − ϑamb − ceff
A
Ghem
Ghem ⎦
dt
⎣

[

⎛ 1
⎞
K b (θ ) = 1 − b0 ⎜
− 1⎟
⎝ cosθ
⎠

(

)](

)

(eq. 1)

(eq. 2)

K b (θ l , θ t ) = K b (θ l ,0) ⋅ K b (0, θ t )

(eq. 3)

To describe Kb(θl,θt) the following angles of incidence (θl and θt) are used: 0°, 20°, 40°, 50°, 60°, 70° and
90°.
3.2. Test procedure
The collector is mounted under a fixed tilt angle facing the equator and operated with a fixed mass flow rate
as specified by the manufacturer. Altogether four different inlet temperatures are chosen for the test, equally
spread over the range of operation. Usually the lowest inlet temperature is close to ambient temperature and
the highest inlet temperature is approximately 100 °C. To determine the conversion factor η0 a day with clear
sky is needed, all other days may have partly overcast sky conditions.
All quantities shown in equations 1 to 3 are either measured or calculated over the whole day to serve as
input data for the parameter identification.

4. State-of-the-art parameter identification
Determination of parameters in a model by adjusting them to measured data is a well established procedure.
The basic approach is usually the same for all models (Press et. al., 1992). A merit function is designed that
measures the agreement between the measured data and the output of the model calculated with a particular
choice of parameters. The merit function is conventionally arranged so that small values represent close
agreement between the measured data and the output of the model. The parameters of the model are then
adjusted to achieve a minimum in the merit function, yielding best fit parameters. The adjustment process is
thus a problem in minimization in many directions and can be performed using different methods. Some
methods are briefly described in the following:
4.1. Multi linear regression (MLR)
The MLR is a non iterative fast matrix method. Linear does only mean that the model is written as a sum of
terms with the parameters pm as a multiplier in front of the terms (equation 4).
y ( x1 , x 2 , x3 ) = p1 ⋅ f ( x1 ) + p 2 ⋅ g ( x 2 , x3 ) + p3 ⋅ h( x1 , x 2 , x3 )

(eq. 4)

The sub models f(x1), g(x2,x3) and h(x1,x2,x3) in each term can be non-linear.
Suppose fitting N data points (x1,i, x2,i, x3,i , yi), i = 1,…, N, to a model that has m adjustable parameters pj,
j = 1,…, m. The model predicts a functional relationship between measured independent and dependent
variables (equation 5).
y ( x1 , x 2 , x3 ) = y ( x1 , x 2 , x3 ; p1 ... p m )

(eq. 5)

The dependence on the parameters is indicated on the right hand side. These functions can be minimized
using the least-square fit (see equation 6).
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N

Min = ∑ [ y i − y ( x1 , x 2 , x3 ; p1 ... p m ) ] 2

(eq. 6)

i =1

To perform the matrix operations needed for the minimization process typically spread sheet programs are
used.
4.2. Dynamic parameter identification
Iterative parameter identification methods use the same approach as in the previous section, namely to define
a merit function and to determine the best fit parameters by its minimization using the least-square fit. With
non-linear dependence, however, the minimization must be performed iteratively.
For this study the DF program (Spirkl, 1994) was used as reference parameter identification tool. The DF
program uses the Levenberg-Marquardt algorithm for the parameter identification process. This is a well
known algorithm documented in Press et al., 1992

5. Artificial neural networks (ANN)
The human brain is a highly complex, nonlinear and parallel information-processing system with the
capability to organize its structural constituents, known as neurons, so as to perform certain computations
like for example pattern recognition and perception many times faster than any digital computer. The basic
principles believed to be used in the human brain are so-called neural networks.
Haykin (1999) defines a neural network as a massively parallel distributed processor made up of simple
processing units (so called neurons), which have a natural propensity for storing experimental knowledge
and making it available for use. Artificial neural networks resemble the brain with regard to two aspects:
(a) the knowledge is acquired by the neural network from its environment through a learning process, and
(b) interneuron connections strengths, known as (synaptic) weights, are used to store the acquired
knowledge.
According to Haykin (1999) the massively parallel distributed structure and its ability to learn are the two
information-processing capabilities that make it possibly for neural networks to solve complex problems.
Artificial neural networks (ANNs) are computational models which are inspired by biological neural
networks and attempt to mimic the information processing system of the human brain.

Fig. 1: Basic neural network unit (neuron, node) (McCulloch and Pitts, 1943)

The following description is taken from Yu (2002). The basic building block and the fundamental processing
element of an artificial neural network is a neuron (also called basic node or unit). According to the
fundamental work of McCulloch and Pitts (1943) Fig. 1 illustrates how information (input) is processed
through a single neuron. Basically the neuron receives signal inputs from other sources. The inputs can either
be outputs of other neurons or they can be external inputs. The inputs {xi: 1 ≤ i ≤ n} are weighted by
parameters {wki: 1 ≤ i ≤ n} which are called (synaptic) weights or inter-neuron connection strengths. The
parameter bk is called the bias (also called threshold value) and it is used to model the threshold. The
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weighted inputs are combined and summed up in a special way depending on the used network input
combination method (net function). The output of the neuron is related to the input via linear or non-linear
transformation which is called the activation function of the neuron.
In a neural network multiple units (neurons) are interconnected in a particular arrangement or configuration.
The network usually consists of an input layer, one or more hidden layers and an output layer. Fig. 2 presents
an example of typical neural network architecture.

Fig. 2: Typical neural network architecture

As already mentioned one main characteristic of ANNs is their ability to learn and store information.
Therefore a so called learning or training process is necessary. In the learning mode the input is presented to
the network along with the desired output. Through certain training algorithms the values of weight
coefficient between processing neurons are adjusted in such a way that the network attempts to produce the
desired output. When the training reaches a satisfactory level the network holds the weights constant. Now
the weights contain meaningful and important information, whereas before training they are random and
have no meaning. After the successful training step the trained ANN model can be used to predict the output
parameters as a function of the input parameters.
5.1. Modelling the solar collectors with ANNs
In the present work a NARX model (Nonlinear AutoRegressive model with eXogenous inputs) was used for
modelling the thermal behaviour of two different collectors (flat plate collector and evacuated tubular
collector with CPC reflector). The NARX-type model is a recurrent dynamic network which is commonly
used in time-series modelling and modelling of nonlinear dynamic systems. In recurrent dynamic networks
the output depends in general not only on the current input to the network but also on the current and/or
previous inputs, outputs, or stages of the network. The standard NARX architecture is shown in Fig. 3.

a)

b)

Fig. 3: NARX network architecture: a) parallel mode (closed feedback loop)

b) series-parallel mode (open feedback loop)

The equation defining the NARX model (parallel mode) is shown in (eq. 7), where the value of the
dependent output y(t) is regressed on previous values of the output and on previous values of the (exogenous)
input.
y ( t ) = f ( y ( t − 1) ,..., y ( t − d ) , x ( t − 1) ,..., x ( t − d ) )

(eq. 7)

In the equation x(t) and y(t) denote the input and output of the network at the discrete time t. Parameter d
represents the number of the time-delays (memory delays), which can be seen as the input-memory and
output-memory order. The time-delays are used to store previous values of the x(t) and y(t) sequences.
For efficient training often a series-parallel architecture (open feedback loop) of the NARX network as
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shown in Fig. 3b is preferred. This enables that during the training process the real (measured) output can be
used instead of feeding back the estimated output. The main advantage of this approach is that the input to
the network is more accurate. Another advantage is that series-parallel NARX network has a purely feed
forward architecture, and static back-propagation can be used for training. As soon as the (open loop)
training process is successful finished the feedback loop is closed (Fig. 3a).
5.2. Neural network model for modelling the flat plate collector
The selected architecture of the ANN used in this study to model the collector output of flat plate collectors
is schematically illustrated in Fig. 4.
The ANN consists of an input layer representing the input variables, an output layer corresponding to the
output variables and one hidden layer. The inputs to the ANN are the beam and diffuse irradiance (Gb, Gd),
the incident angle of the beam irradiance (θ), the temperature difference between the collector fluid inlet
temperature and ambient temperature (ϑfl,in-ϑamb) 1 and the mass flow rate ( m& ). The output from the ANN is
the collector output ( Q& ).
To find the ANN with the smallest deviation between measured and calculated collector output different
configurations for the ANN were used. By trial and error the number of neurons in the hidden layer is chosen
as 5 and the number of the tapped time-delay d is chosen as 2. In the (open loop) training procedure, the
weighting coefficients are adjusted using the Levenberg–Marquardt algorithm.

a)

b)

Fig. 4: Structure of the ANN for modelling the collector: a) parallel mode b) series-parallel mode (open feedback loop)

5.3. Neural network model for modelling the evacuated tubular collector
Here, instead of the incident angle of the beam irradiance (θ) the incident angle of the beam irradiance in
longitudinal plane (θl) and in transversal plane (θt) were used as inputs. All other inputs and outputs of the
ANN for modelling the evacuated tubular collector were the same already described in 4.2.
By trial and error the number of neurons in the hidden layer is chosen as 4 and the number of the time-delay
d is chosen as 2. The same training algorithm as for the flat plate collector was used.
For both type of collectors the (open loop) training of the ANN model was carried out by using measured
input-output data which were acquired under quasi-dynamic conditions according to the test procedure
described in the European Standard EN 12975-2 (EN 12975, 2006) at the Research and Testing Centre for
Thermal Solar Systems (TZS) of ITW, University of Stuttgart.
Investigations not presented in this paper have shown that the term (ϑfl,in-ϑamb) has to be used as input
instead of using ϑfl,in and ϑamb as separate inputs. This approach enables the ANN to deal also with collector
inlet ambient temperatures that were not used during the training process.

1
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6. Comparison of measured and calculated collector output
For this study two solar collectors, one flat plate collector and one evacuated tubular collector with CPC
reflector were tested according to section 3. State-of-the-art parameter identification was performed using the
method described in section 4.2 and compared to the results using an artificial network (ANN) as described
in section 5.2 and 5.3 respectively. This section compares the results obtained by the two approaches on the
basis of measured and calculated collector output data. The figure of merit for the comparison is the
difference in transferred energy ΔQ ([ΔQ] = J), calculated as the sum of absolute error for each time step i as
defined in equation 8.
N

ΔQ =

∑Q

i , cal

− Qi , meas

(eq. 8)

i =1

6.1. Flat plate collector
The investigation was carried out on a flat plate collector with an aperture area of 2.17 m² with a Cu-Cu
absorber. The absorber sheet with a thickness of 0.2 mm is connected to the riser tubes (10 in parallel) and
manifolds using ultrasonic welding. The absorber uses a selective coating. Mineral wool with a thickness of
60 mm is used as backside thermal insulation. Tab. 1 shows the collector parameters determined using the
state-of-the-art collector test method.
Tab. 1: Collector parameter describing the thermal performance of the flat plate collector under investigation

a1

η0

b0

Kd

0.815

0.119

0.948

-

a2

-1

-

ceff

-2

Wm²K

Wm²K

3.577

0.019

-

-1

Jm²K

12870

Fig. 5 shows the comparison of the measured and calculated collector output for the state-of-the-art and the
ANN modelling for the used test sequence at (ϑfl,m - ϑamb) ≈ 0 K under clear sky conditions
(Qmeas = 43374 kJ). The state-of-the-art model shows a very good agreement between measured and
calculated collector output. The difference in the transferred energy is 436 kJ (1 %). At certain angles of
incidence the calculated collector output shows slight differences to the measured output. The main reason is
the incidence angle modifier model, which has to be used during the state-of-the-art testing and which does
not perfectly fit flat plate collectors.
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The ANN model shows an even better agreement, since it is not restricted to limited number of parameters.
The difference in transferred energy is 184 kJ (0.4 %).
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Fig. 5: Measured and calculated collector output flat plate collector: a) state-of-the-art collector modelling b) ANN modelling
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Fig. 6 shows the comparison of the measured and calculated collector output for the state-of-the-art and the
ANN modelling for the used test sequence at (ϑfl,m - ϑamb) ≈ 25 K under broken clouds conditions
(Qmeas = 19040 kJ). Again the ANN model shows the better agreement between measured and calculated
collector output. This time the mean reason is the fact that the state-of-the-art approach uses a 1-node model,
approximating the transient behaviour of the collector by one effective thermal capacity (ceff) at mean fluid
temperature (ϑfl,m). This approach leads to over- and under prediction, respectively, in case of rapidly
changing input values. The difference in transferred energy yields to 1160 kJ (6.1 %) with the state-of-the-art
approach and to 477 kJ (2.5 %) by using ANN.
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Fig. 6: Measured and calculated collector output flat plate collector: a) conventional collector modelling; b) ANN modelling

6.2. Evacuated tubular collector
The investigation was carried out on an evacuated tubular collector with an aperture area of 1.9 m² using
“Sydney” tubes and a CPC reflector. The heat from the absorber is transferred to the heat transfer fluid by an
aluminium heat transfer sheet and copper U-tube. Tab. 2 shows the collector parameters determined using
the state-of-the-art collector test method.
Tab. 2: Collector parameter describing the thermal performance of the evacuated tubular collector under investigation

η0

Kd

0.872

1.026

a1
-

-1

a2
-

-2

Wm²K

Wm²K

0.986

0.006

ceff
-

-1

Jm²K

40860

Incident
angle

0°

20°

40°

50°

60°

70°

90°

Kθb(θl)

1.00

0.99

0.94

0.89

0.79

0.64

0.00

Kθb(θt)

1.00

1.00

1.01

1.10

1.12

1.32

0.00

In Fig. 7 the comparison of the measured and calculated collector output is shown for the state-of-the-art and
the ANN modelling for the used test sequence at (ϑfl,m - ϑamb) ≈ 0 K under clear sky conditions
(Qmeas = 30964 kJ). Due to the more advanced incidence angle modifier model (eq. 3) used for evacuated
tubular collectors, the state-of-the-art approach gives almost as good results as the ANN approach. The
difference in transferred energy yields 307 kJ (1 %) (state-of-the-art) and 200 kJ (0.6 %) (ANN).
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Fig. 7: Measured and calculated collector output evacuated tubular collector: a) conventional collector modelling; b) ANN
modelling

Fig. 8 shows the comparison of the measured and calculated collector output for the state-of-the-art and the
ANN modelling for the used test sequence at (ϑfl,m - ϑamb) ≈ 85 K under broken clouds conditions
(Qmeas = 20075 kJ). The difference in transferred energy yields 1015 kJ (5.1 %) (state-of-the-art) and 856 kJ
(4.3 %) (ANN), showing again a better agreement between measured and calculated collector output for the
ANN approach.
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Fig. 8: Measured and calculated collector output evacuated tubular collector: a) conventional collector modelling; b) ANN
modelling

7. Dynamic system simulation
Section 6 shows that the ANN approach yields a slightly better agreement between measured and calculated
collector output than the state-of-the-art approach. To be a true alternative, however, it must also be possible
to use the ANN collector in a dynamic system simulation together with other components of a solar thermal
system.
To evaluate this ability a solar domestic hot water system (SDHW system) was defined and implemented in
the simulation tool TRNSYS. Fig. 9 shows a sketch of the solar domestic hot water system and Tab. 3 the
most relevant used system parameter. The simulations were performed for a single family house (located in
Würzburg, Germany) occupied by 4 persons with a domestic hot water draw off of 200 l/d at 45 °C. The
following tapping cycle was used: 80 l at 7 am, 40 l at 12 am and 80 l at 7 pm.
To implement the ANN which was generated under the MATLAB environment the TRNSYS “TYPE 155Calling MATLAB” was used. This TYPE enables the communication between the two software packages
TRNSYS and MATLAB. The communication is realised by a so called Component Object Model (COM)
interface which launches MATLAB at every single TRNSYS time step as a separate process.
The ANN was implemented in the TRNSYS deck parallel to the collector. Using this approach the collector
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TYPE 132 and the ANN receive always the same input values, thus the collector yield of the collector type
and the ANN can be compared directly. In the simulation the output of the collector TYPE 132 is used as
input for the other types.

Fig. 9: Schematic drawing of the solar domestic hot water system
Tab. 3: Main system parameter for the SDHW TRNSYS simulation

System parameters for SDHW system concepts

value

Collector area flat plate collector, m²

4.34

Total heat store volume, l

300

Auxiliary volume for domestic hot water preparation, l

150

Set temperature for domestic hot water, °C

52.5
-1

Overall heat loss capacity rate of store, W K

2.5

Total pipe length of collector loop, m

20

Inner diameter of collector loop pipe, mm

13

Maximum heat store temperature, °C

80

Temperature difference collector start-up, K

10

Temperature difference collector shut-off, K

2

Fluid heat capacity (collector loop and hot water loop), J kg-1 K-1

4180

Tab. 4 shows the yearly collector yield of the flat plate collector calculated using the collector TYPE 132 and
the ANN collector model. Compared to the state-of-the art approach the collector output of the ANN within
the dynamic system simulation is overestimated by 1.2 %. What seems to be a good agreement turns out to
be still quite far away from the defined goal.
The analysis of the simulation data revealed the fact that the generated ANN is not able to handle periods
without mass flow through the collector. No flow conditions have not been part of the state-of-the-art test
sequences and could thus not be trained and remembered by the ANN. The consequence of this “lack of
knowledge” is the calculation of some unrealistic collector outlet temperatures.
Tab. 4: Comparison of the yearly collector yield calculated using the collector TYPE 132 and the ANN

Yearly collector yield flat
plate collector

TYPE 132
kWh a-1

ANN
kWh a-1

Deviation
%

1724

1745

+ 1.2
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Since the results of the TRNSYS simulation using the evacuated tubular collector shows the same effects and
does not deliver further finding it is not presented in this paper.

8. Conclusions
Artificial neural networks are a powerful tool that can be used to characterize the thermal behavior of solar
collectors. However special care has to be taken during the training process to cover all operation conditions
that will be encountered during the future usage of the ANN.
To use ANNs instead of the state-of-the-art collector model as a reliable tool in dynamic system simulation
special test sequences have to be designed. These test sequences need to cover a large range of operating
conditions, including no flow conditions. In case the system simulation shall be performed with a heat
transfer fluids that differ from the one used for testing, also a variety of different fluids to cover different
values of the fluids’ specific heat capacity is needed during testing.
The investigations also showed that the determination of the ANN that fits the thermal performance of the
collector the best depends on the expertise of the user and can be quite time consuming. Especially when
ANNs based test method should become part of European or international standards an algorithm is needed
which ensures a reliable and fast determination of the best ANN.
If the above presented improvements have been made artificial neural networks can become an interesting
alternative to the state-of-the-art collector models used today.

9. Nomenclature
Symbol
A
a1
a2
b0
bk
ceff
d
η0

Qcal

J

Quantity
Collector area
Heat loss coefficient
Temperature dependent heat loss coefficient
Factor to calculate the incidence angle modifier for beam irradiance
Bias
Effective collector heat capacity
Number of the time-delays
Conversion factor
Ambient temperature
Fluid inlet temperature
Mean fluid temperature
Fluid inlet temperature
Beam irradiance
Diffuse irradiance
Hemispherical irradiance
Index of the time step
Incidence angle modifier for beam irradiance
Incidence angle modifier for diffuse irradiance
Incident angle of the beam irradiance
Incident angle of the beam irradiance in longitudinal plane
Incident angle of the beam irradiance in transversal plane
Mass flow rate of the heat transfer fluid
Number of time steps
Transferred energy (calculated)

Qmeas
Q&

J

Transferred energy (measured)

W

Collector output

ΔQ
t
wki

J
s
-

Difference in transferred energy
Time
Synaptic weights

ϑamb
ϑfl,in
ϑfl,m
ϑfl,out

Gb
Gd
Ghem
i
Kb(θ)
Kd

θ
θl
θt

m&
N
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Unit
m²
W m-² K-1
W m-² K-2
J m-² K-1
°C
°C
°C
°C
W m-²
W m-²
W m-²
°
°
°
kg s-²
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1. Abstract
The Solar Thermal Testing Laboratory (LEST) of CENER has been performing durability and efficiency
tests on solar collectors since 2004 according to the European Standard EN 12975-2. This standard describes
different testing methods to determine the thermal efficiency curve of solar collectors. The LEST is an, by
the Spanish Accreditation Entity (ENAC), accredited laboratory for performing thermal efficiency curves in
steady and quasi-dynamic states according to parts 6.1 and 6.3 of the standard EN 12975-2, respectively. In
this paper, we focus our work on tests carried out in outdoor conditions under both methodologies. We will
analyze the differences of thermal efficiency curves for two different kinds of solar collectors.
In 2010, the LEST conducted different thermal efficiency tests on one flat plate collector and also on an
evacuated tube collector. Both solar collector technologies were tested under quasi-dynamic and steady state
conditions according to EN 12975-2 requirements. We will analyze the differences obtained by testing the
same collector with both methodologies. Another important objective of this paper has been to know the
influence of selecting different data sets in order to characterize the optical and thermal properties of two
solar collectors tested under quasi-dynamic conditions.
The aim of this paper is to confirm that the present outdoor efficiency test methodologies proposed by the
EN 12975 are fully compatible with flat-plate and evacuated tube collectors.
2. Introduction
The performance model equation for a solar thermal collector is defined in part 6.1 in steady-state conditions
and in part 6.3 in quasi-dynamic state conditions of EN 12975-2 standard. The efficiency curve test of a solar
collector consists basically of circulating a heat transfer fluid through the absorber at different inlet
temperatures, under the same radiation and flow rates. The mean physical measured and registered data are:
solar radiation (global G and diffuse Gd), ambient temperature ta, inlet temperature tin , outlet temperature te,
mass flow rate m& and wind speed over the collector plane. For quasi-dynamic tests, the relative thermal
radiation EL is also recorded. Each testing period is called a “data point”, and we need to vary the inlet
temperature in order to draw an efficiency curve for a reduced temperature X = (tm-ta)/G from 0 to at least
0,06 K m2/W.
3. Description of testing methods
3.1. Description of the model under quasi-dynamic conditions
The efficiency model under quasi-dynamic conditions is:

(

)

G
G
(t − t ) (t − t )
(t − t )
E − σTa
η = F ' (τα )en Kθb (θ ) b + F ' (τα )en Kθ d d − c1 m a − c2 m a − c3u m a − c4 L
− c5
G
G
G
G
G
G
2

4

dTm
G

dt − c u
6

(eq. 1)

This model, according to part 6.3 of the standard, takes into consideration the dependency of the unglazed
collector on the wind speed, and on the relative radiation. Parameters c3 and c6 are equivalent to parameters
b2 and bu in part 6.2 of the Standard for unglazed collectors. As CENER mainly tests glazed collectors at
wind speeds between 2 and 4 m/s using artificial wind generator, this dependency is negligible. So, in the
case of glazed collectors, the coefficient of the dependence on wind speed and the relative solar thermal
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radiation can be neglected. Then, the equation model may be reduced to:
η = F ' (τα )en Kθ (θ )
b

Gb
G
(t − t ) (t − t )
+ F ' (τα )en Kθ d d − c1 m a − c2 m a − c5
G
G
G
G
2

dTm

dt

G

(eq. 2)

For the outdoor quasi-dynamic method, every mean interval (5-10 minutes) is a data point, and over 300 data
points with variability in all ambient conditions (inlet temperature, wind speed, diffuse radiation) are
necessary.

Fig. 1: Outdoor quasi-dynamic testing bench

To compare the test results obtained in quasi-dynamic state regarding the results of the steady state test, the
test results shall be presented in the form of a power curve as a function of the temperature difference
between mean fluid and ambient temperature (tm–ta), using values G = 1000 W.m-2, Gb = 850 W.m-2, Gd=
150 W.m-2, θ=15º, dTm/dt = 0, u = 3 m/s and EL-σTa4 = - 100 W.m-2, in equation 3:

η = η 0 + a1

(t m − t a )
G

+ a2

(t m − t a ) 2
G

(eq. 3)

where,

G
G
η 0 = F' (τα ) en K θ b (θ ) ⋅ b + F' (τα ) en K θ d ⋅ d − c 5 ⋅
G
G

dTm

dt = F' (τα ) en K (θ )G + K G
θb
b
θd
d
G
G

(

)

a1 = −c1
a 2 = −c 2
3.2. Description of the outdoor model under steady-state conditions
For the outdoor steady-state method, 4 data points per inlet temperature for a total of 16 points are necessary.
The thermal performance curve is calculated using the matrix method multiple linear regression model
equation (4):

1573

•

m c f (te − tin )
(t − t )
(t − t )2
Q&
G
η=
=
= F ' (τα )en b + a1 ⋅ m a + a2 ⋅ m a
Aa ⋅ G
Aa ⋅ G
G
G
G
(eq. 4)
A collector is considered to operate in steady-state conditions over a given measurement period if none of the
experimental parameters deviate from their mean values over the measurement period by more than the
limits given in table 1:
Tab. 1: Permitted deviation of measured parameters during a measurement period

Parameter

Permitted deviation from the mean value

Test solar irradiance (Global)

± 50 W.m-2

Surrounding air temperature (indoor)

±1K

Surrounding air temperature (outdoor)

± 1,5 K

Fluid mass flow rate

±1%

Fluid temperature at the collector inlet

± 0,1 K

To establish that a steady state exists, average values of each parameter taken over successive periods of
30 seconds shall be compared with the mean value over the measurement period.

Fig. 2: Outdoor steady state test bench with solar tracker

3.3. Collector samples
The tests have been performed on two typical low temperature solar collectors. Tests were performed on a
flat plate collector and evacuated tube collector. We describe the technical characteristics of each collector:
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Tab. 2: Technical characteristics of tested collectors

Type

Flat plate with cover

Asymmetric direct vacuum
tubes collector with reflector

Aperture Area

2,25 m2

2,01 m2

Absorber

Grid of 9 x 2 tubes welded to a
copper plate with Black Chrome
selective treatment

Double concentric glass tube with
selective treatment and copper foil
in contact with pipes flow

Fig. 3: Solar collectors tested

4. Measurement results
Each test sample was subjected to a thermal performance test according to quasi-dynamic and steady state
methods. A comparison of the results obtained for each collector was evaluated regarding the two different
testing methods.
4.1 Flat Plate Collector:
Steady-State method
The thermal performance test was performed according to part 6.1 of the standard EN 12975-2 under steady
outdoor conditions between 15/07/2010 to 20/07/2010. The results of the coefficients that characterize the
efficiency curve are:
Tab. 3: Efficiency curve values, steady-outdoor conditions

η0

u(η
η 0)

a1

u(a1)

a2

u(a2)

[-]

[-]

[(m²K)/W]

[(m²K)/W]

[(m²K²)/W]

[(m²K²)/W]

0,726

± 0,004

4,05

± 0,26

0,015

± 0,004

Quasi-dynamic method
The thermal performance test was performed according to part 6.3 of the standard EN 12975-2 under quasi-
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dynamic conditions between 21/06/2010 to 05/07/2010. In this period of time, different inlet temperatures
have been tested to have enough days for three different treatments that meet the requirements of the
standard.
Tab. 4: Different quasi-dynamic combinations groups

Date

Group 0

Group 1

Group 2

21/06/2010

X

X

22/06/2010

X

X

23/06/2010

X

X

24/06/2010

X

X

25/06/2010

X

X

28/06/2010

X

X

29/06/2010

X

X

30/06/2010

X

X

01/07/2010

X

X

02/07/2010

X

X

05/07/2010

X

X

The results of these three possible combinations are:
Tab. 5: Efficiency curve values for different quasi-dynamic combinations groups

Parameters

Group 0

Group 1

Group 2

η0 [-]

0,715

0,715

0,715

a1 [(m²K)/W]

3,911

4,118

3,721

a2 [(m²K²)/W]

0,013

0,009

0,017

Comparison method:
To compare the results obtained in both test methods we have calculated the thermal performance of the
collector according to equation (4) from a temperature difference (tm-ta)/G from 0 to 0,06 Km2/W. The
efficiency curve representation is normalized for G = 1000 W/m2, the final results are indicated in table 6.
We believe that this method of comparison is more coherent and realistic than comparing the representative
coefficients of the efficiency curve obtained in each test method, independently. In some cases efficiency
curves coefficients that apparently may seem different, represent thermal performance curves which are
similar because their regression coefficients are compensated.
Tab. 6: Thermal Efficiency comparison for quasi-dynamic and steady-state test methods

Efficiency η [-]

(tm-ta)/G
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Absolute difference in
percentage points

[Km2/W]

Outdoor Steady-state

Quasi-dynamic

| η max - η min|*100

0

0,725

0,715

1,0

0,01

0,682

0,674

0,8

0,02

0,636

0,631

0,5

0,03

0,588

0,585

0,3

0,04

0,536

0,537

0,1

0,05

0,482

0,486

0,4

0,06

0,425

0,432

0,7

Table 6 shows that the maximum difference is 1,0 percentage points from (tm-ta)/G = 0 to 0,06 Km2/W.
These differences are considered acceptable as the estimation of the performance uncertainties in both curves
are similar to the differences observed between both methods. The efficiency curve selected for the quasidynamic method has been the group 0 which represents all the tested days.
Fig. 5 shows also similar representation of efficiency curves and a very high compatibility index between the
two test methods.

Fig. 5: Comparison graph of a thermal performance for flat plate collector tested according to the outdoor steady-state and
quasi-dynamic methods.

As we indicated in Table 5, the collector has been characterized under quasi-dynamic conditions in three
different day groups. Table 7 shows a comparison of the observed differences.
Tab. 7: Efficiency curve value comparison for different quasi-dynamic combination groups

Efficiency η [-]

Absolute difference
in percentage points

(tm-ta)/G
[Km2/W]

Group 0

Group 1

Group 2

| η max - η min|*100

0

0,715

0,715

0,715

0,0

0,01

0,674

0,673

0,676

0,3

0,02

0,631

0,63

0,634

0,4

0,03

0,585

0,584

0,588

0,4

0,04

0,537

0,537

0,539

0,2

0,05

0,486

0,488

0,486

0,2

0,06

0,432

0,437

0,43

0,7
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Fig. 6: Comparison graph of three different characterizations of the thermal performance flat plate collector tested according
to quasi-dynamic method.

Table 7 and Fig.6 show that the maximum difference is 0,7 percentage points from (tm-ta)/G = 0 to 0,06
Km2/W. These differences are considered acceptable as the estimation of the performance uncertainties in all
curves are similar to the differences observed among the three groups of data. In this comparison we can also
see that although the coefficient characterization for groups 1 and 2 (table 5) apparently could differ when
the thermal performance for the same group is represented, according the expression (4), the efficiency
curves are really close because coefficients are compensated in the three cases.
4.2 Evacuated tube collector
Steady-State method:
The thermal performance test was performed according to part 6.1 of the standard EN 12975-2 under steadyoutdoor conditions between 29/06/2010 to 01/07/2010. The results of the coefficients that characterize the
efficiency curve are:
Tab. 8: Efficiency curve values, steady-outdoor conditions

η0

u(η
η 0)

a1

u(a1)

a2

u(a2)

[-]

[-]

[(m²K)/W]

[(m²K)/W]

[(m²K²)/W]

[(m²K²)/W]

0,616

± 0,002

0,709

± 0,238

0,009

± 0,004

Quasi-dynamic method:
The thermal performance test was performed according to part 6.3 of the standard EN 12975-2 under quasidynamic conditions between 14/07/2010 to 09/08/2010. In this period of time, different inlet temperatures
have been tested to have enough days to get three different treatments that meet the requirements of the
standard.
Tab. 9: Different quasi-dynamic combination groups
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Date

Group 0

Group 1

14/07/2010

X

X

15/06/2010

X

X

16/06/2010

X

X

19/06/2010

X

X

20/06/2010

X

X

23/06/2010

X

Group 2

X

X

26/06/2010

X

27/06/2010

X

X

X

28/07/2010

X

X

X

10/07/2010

X

11/07/2010

X

16/07/2010

X

17/08/2010

X

18/08/2010

X

05/08/2010

X

X

06/08/2010

X

X

09/08/2010

X

X

X

The results of these three possible combinations are:
Tab. 10: Efficiency curve values for different quasi-dynamic combination groups

Parameters

Group 0

Group 1

Group 2

η0 [-]

0,611

0,613

0,613

a1 [(m²K)/W]

0,603

0,913

0,970

a2 [(m²K²)/W]

0,007

0,000

0,000

Comparison method:
To compare the results obtained in both test methods we have calculated the thermal performance of the
collector according to equation (4) from a temperature difference (tm-ta)/G = 0 to 0,06 Km2/W. The
efficiency curve representation is normalized for G = 1000 W/m2, the final results are indicated in table 11.
Tab. 11: Thermal Efficiency comparison for quasi-dynamic and steady-state test methods

Efficiency η [-]

Absolute difference in
percentage points

2

(tm-ta)/G [Km /W]

Outdoor Steady-state

Quasi-dynamic

| η max - η min|*100

0

0,616

0,611

0,5

0,01

0,608

0,604

0,4

0,02

0,598

0,596

0,2

0,03

0,587

0,587

0,0

0,04

0,573

0,576

0,3

0,05

0,558

0,563

0,5

0,06

0,541

0,550

0,9

Table 11 shows that the maximum difference is 0,9 percentage points from (tm-ta)/G = 0 to 0,06 Km2/W.
These differences are again considered acceptable as the estimation of the performance uncertainties in both
curves are similar to the differences observed between both methods. The efficiency curve selected for the
quasi-dynamic method has been the group 0 which represents all the tested days.
Fig. 7 shows also a similar representation of efficiency curves and a very high compatibility index between
the two testing methods.
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Fig. 7: Comparison graph of a thermal performance evacuated tube collector tested according to the outdoor steady-state and
quasi-dynamic methods.

As we indicated in Table 9, the collector has been characterized under quasi-dynamic conditions in three
different day groups. Table 12 shows a comparison of the observed differences.
Tab. 12: Efficiency curve value comparison for different quasi-dynamic combination groups

Efficiency η [-]

Absolute difference
in percentage points

(tm-ta)/G
[Km2/W]

Group 0

Group 1

Group 2

| η max - η min|*100

0

0,611

0,613

0,613

0,2

0,01

0,604

0,604

0,603

0,1

0,02

0,596

0,595

0,594

0,2

0,03

0,587

0,586

0,584

0,3

0,04

0,576

0,577

0,574

0,3

0,05

0,563

0,568

0,565

0,5

0,06

0,550

0,558

0,555

0,8

Fig. 8: Comparison graph of three different characterizations of the vacuum collector’s thermal performance, tested according
to quasi-dynamic method.
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Table 12 and Fig.8 show that the maximum difference is 0,8 percentage points from (tm-ta)/G = 0 to 0,06
Km2/W. These differences are considered acceptable as the estimation of the performance uncertainties in all
curves are similar to the differences observed among the three groups of data. In this comparison we can see
again that although the coefficient characterization of groups 0 and 2 (table 11) apparently differ when the
thermal performance of the same group is represented, according to the expression (4), the efficiency curves
are really close, due to compensated coefficients in the three cases.
5. Conclusions
After having tested both collectors under the two testing methodologies, and having analyzed the maximum
differences regarding the thermal performance of the collectors, it can be concluded that:
o

The test methodologies described in EN 12975-2:2006 regarding the determination of thermal
performance in steady state or quasi-dynamic conditions are applicable and compatible with covered flat
plate and evacuated tube collectors. In both cases, the maximum absolute difference has been of 1,0
percentage point for the range of temperature differences (tm-ta)/G = 0 to 0,06 Km2/W.

o

The determination of the thermal performance, according to the expression 4 from the coefficients of
thermal characterization for each collector, is confirmed as a comparative method which allows an
accurate determination of the differences between the efficiency curves. In our case, we found data sets
with apparently different loss coefficients that have very close efficiency curves, after calculating the
thermal performance.

o

A thermal performance test conducted according to standard EN 12975-2 can have different parameter
identifications for the characterized collector coefficients depending on the selected data to determine its
efficiency curve. However, the representation of the thermal performance curves or extracted power per
collector unit reduces the differences observed when comparing the coefficients individually.
6. References

Standard ASHRAE 93:2010, Methods of testing to determine the thermal performance of solar collectors.
Standard EN 12975-1:2006, Thermal solar systems and components – Part 1: General requirements.
Standard EN 12975-2:2006, Thermal solar systems and components – Part 2: Test methods.

1581
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1. Abstract
The Solar Thermal Testing Laboratory of CENER performs outdoor efficiency tests for factory-made solar
systems according to international standard ISO 9459-2, using the CSTG method, as well as ISO standard
9459-5, using the DST method.
The first method (CSTG for “Collector and System Testing Group”, also called Input-output method)
consists of three different parts: one part for determining mixing in the storage tank during draw-off, another
part for determining daily system performance, and the last part for the determination of storage tank heat
losses.
The efficiency test in the DST method (also called Dynamic method) consists in different test sequences with
different system behaviors: S-Sol for characterizing the collector array performance at high efficiencies, SStore for characterizing store heat losses and collector array performance at low efficiencies and S-Aux for
determining the heat losses and the volume fraction of the auxiliary heated portion of the store.
In both methods the result is a characterization of the solar system thermal behavior and then a long-term
performance prediction. For the long term performance prediction, the thermal output energy of the solar
system (Q) and solar fraction fsol at on different reference locations and for different load volumes are
calculated. In this study we tested two solar thermosyphon systems according to both methods.
The purpose of the paper is to show the results of the measuring output energy (Qmed) compared to the
modelized output (Qmod) and to analyze the system characterization obtained for each methodology. Then we
will compare the long-term prediction results obtained for those two solar thermosyphon systems using both
methods, as done in Carvalho et al. (2000) and Kaloudis (2010) et al.
We will analyze the causes of the maximum differences between both test methods for in the new results as
well as in the context of the literature results. A new approach which includes the uncertainty derived of
applying the literature conversion factors is proposed.
2. Introduction
According to the Spanish Technical Building Code (CTE) and Ministerial Order ITC/71/2007, all solar
thermal systems on the Spanish market must be authorized by the Ministry of Industry to be eligible for
government subsidies, and for this they have to pass all the UNE-EN 12976-2 European Standard tests. This
Standard stipulates durability and efficiency tests, and user and installer documents to be checked.
The CENER Accredited Solar Thermal System Testing Laboratory in Seville has been performing all the
tests for factory-made solar thermal systems according to the European Standard since 2008. And solar
systems had been tested in this laboratory for 25 years before that.
The European Standard efficiency test refers to two ISO Standard, ISO 9459-2 (CSTG method) and ISO
9495-5 (DST method). The CSTG method, named for the group which originally developed it, “Complete
System Testing Group”, makes use of an input-output ratio, while the DST method, called the “Dynamic
System Test”, makes use of dynamic software for parameter identification.
The difference between both methods has been identified in the Standard EN 12976-2, based on the project
EU-SMT "Bridging the Gap" presented in October 1999. This report presented some conversion factors for
the long-term prediction results between both methods:
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QDST = (a ± σ a )QCSTG

(eq. 1)

For the thermosyphon systems these values are: a = 1,056 and σa = 0,004. In the paper, we will presented the
test results on two thermosyphons according to both methods and check this conversion factor providing
more experimental data.
3. Description of testing methods
3.1. Description of ISO 9459-2 test method
The first method (CSTG for “Collector and System Testing Group”, also called Input-output method) is a
“black box” procedure. It is applicable to solar-only and solar-preheat systems. It consists of three different
parts: one part for determining daily system performance, another part for determining mixing in the storage
tank during draw-off, and the last part for the determination of storage tank heat losses.
3.1.1. Determination of daily system performance
The daily system performance test consists in conditioning the system at least six hours before solar noon,
circulating water in the tank until it is sufficiently uniform. Then, the solar system operates normally for 12
hours. Finally, six hours after solar noon, the tank water is drawn off until outlet and inlet temperatures are
equalized, while the inlet water temperature is maintained constant.
The same test procedure is repeated until a set of one-day points is obtained with a sufficient range of daily
solar radiation H and temperature difference [ta(day) - tmain]. According to the Standard, the set should contain
at least four different days with approximately the same values of [ta(day) - tmain] and daily solar irradiation
values H evenly spread over the range between 8 MJ/m2 to 25 MJ/m2, and also contain at least two additional
days with values of [ta(day) - tmain] at least 9 K above or below the values of [ ta(day) - tmain] obtained for the first
four days. The value of [ta(day) - tmain] shall be in the range - 5 K to + 20 K for each test day.
The mathematical model for the output energy production of the solar system Q dependst on daily solar
irradiation H and the temperature difference between mean ambient temperature ta(day) and inlet water
temperature tmain as following:

Q = a1 H + a 2 (t a(day) − t main ) + a3

(eq. 2)

The results consist of the coefficients a1, a2 and a3 obtained by a multiple linear regression using the leastsquares fitting method.
During each testing days, also the draw-off profiles are recorded and normalized for low and for high daily
solar radiation days f(V).
3.1.2. Determination of the degree of mixing in the storage vessel during draw-off
The procedure aims to determinate the mixing draw-off profile g(V).
The test may be performed with the system mounted indoors or outdoors. If the test is performed outdoors,
then the collector shall be shaded.
The test consists in conditioning the system, circulating water at a temperature above 60 ºC in the tank at a
rate of at least five times the tank volume per hour until it is sufficiently uniform. The water in the store is
assumed to be uniform when the outlet temperature and the inlet temperature vary by less than 1 K for a
period of 15 min.
Afterwards, the storage tank is drawn off at a constant flow rate, while the inlet water introduced in the
storage tank is maintained at a constant temperature of less than 30 ºC. The draw off volume should be at
least three times the tank volume and until that the temperature difference between inlet and outlet water
temperature is less than 1 K.
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3.1.3. Determination of storage tank heat losses
The test consists in conditioning the system, by circulating water at a temperature above 60 ºC in the same
way as the mixing draw-off test. Afterwards, the tank is left for cooling for a time period between 12 h and
24 h at night or without any incident solar radiation. During the cooling period, the air circulates freely over
the collector’s plane with a mean wind speed between 3 m/s and 5 m/s. After this cooling period, the water is
again circulated in the same way in order to measure the drop of temperature suffered by the tank over the
night.
The procedure aims to determinate the heat loss coefficient Us of the storage tank.
3.1.4. Prediction of long-term performance
With the total energy output characteristics of the system [a1, a2 and a3], the normalized draw-off temperature
profile [f(V)], the normalized mixing draw-off temperature profile [g(V)], the storage tank heat loss
coefficient [Us], the daily meteorological data [daily solar irradiation H, daily mean ambient temperature
ta(day), night mean temperature tn] of the reference locations and the system characteristics [Vc], the
performance of the system is calculated day-by-day for different reference locations and load demand.
3.2. Description of ISO 9459-5 test Method
The efficiency test in the DST method (also called dynamic method) consists in different test sequences with
different system behaviors: S-Sol for characterizing the collector array performance at high efficiencies, SStore for characterizing store heat losses and collector array performance at low efficiencies and S-Aux for
determining the heat losses and the volume fraction of the auxiliary heated portion of the storage tank. Like
in the CSTG method all the significant parameters (solar ration, inlet and outlet water temperature, ambient
temperature, flow-rate) are recorded. The mathematical model of the system energy output is based on be
described by a partial differential equation.
3.2.1. S-Sol Sequence
These sequence aims to characterize the collector array performance at high efficiencies. The test consists in
conditioning the system and then letting the solar system operate normally for several days and finally doing
the conditioning again to make uniform the tank temperature. Those sequence types are the called Test A and
Test B. During those sequences a series of 5 or 7 draw-offs are executed with different durations according
to the system characteristics and at different times of the day. The Test A is supposed to let the system work
at high efficiencies with enough closed draw-offs to not let the collectors heat too much. The Test B is
supposed to let the system work at low efficiency leaving the tank as warm as possible.
Within those sequences, there should be a minimum of valid days with enough daily solar radiation and
outlet temperature higher then a minimum for Test B.
3.2.2. S-Store Sequence
This sequence aims to characterize the store heat losses parameter of the system. It consists of a Test B
sequence for at least 2 days and a cooling period of for between 36 and 48 h.
3.2.3. S-Aux Sequence
This sequence aims to characterize the volume fraction of the auxiliary heated portion of the store. But it is
not used in the tests of solar-only solar system as the thermosyphon.
3.2.4. Identification of system parameters and prediction of long-term performance
The identification of the characteristics parameters of the system is done using all the measured data
recorded during the whole testing sequences. It is made by the validated commercial software InSitu (version
2.7) referred in the Standard ISO 9459-5.
The same software is used to calculate the yearly performance of the system for different reference locations
and load demand using hourly meteorological data [H, ta] of reference locations.
The results consist in the coefficients Ac* (effective collector area), uc* (effective collector loss coefficient),
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Us (total store heat loss coefficient), Cs (total store heat capacity), DL (mixing constant), Sc (store
stratification). Each of those parameters is a coefficient of the terms in the physical model used for the
thermosyphon.
3.3. Comparison
As the physical models of both methods are not the same, the parameters obtained can not be compared
directly. The long-term prediction results gives both the demand load energy Qd and the output energy QL
from which we calculate the solar fraction fsol = QL / Qd. The comparison will be realized on the yearly output
energy QL and a relation between the two methodologies results will be calculated.

∆Q% =

(Q

L ( DST )

− QL (CSTG ) )

QL ( CSTG )

* 100
(eq. 3)

For this comparison we use the load volumes referred in the Standard EN 12976-2 in the range between one
half and one half higher than the storage tank volume. The reference locations are also referred in this
Standard : Stockholm, Wuerzburg, Davos and Athens.
4. Experimental measurements
4.1. Experimental facilities and testing samples
The comparison of both methods was realized in CENER testing laboratory in Seville. The 4 testing benches
are prepared to perform the system efficiency test according to both CSTG and DST methods.
For the comparison we use two only-solar systems. One is a thermosyphon with a storage tank of 300 l
volume, and 2 flat-plate collectors with an aperture area of 3,81 m2. The second is a thermosyphon too with a
storage tank of 180 l volume, and 1 flat-plate collector with an aperture area of 1,95 m2.
The first system was tested between 11/04/2011 and 01/05/2011 for CSTG and between 13/02/2011 and
10/04/2011 for DST. The second system was tested between 01/12/2010 and 19/12/2010 for CSTG and
between 19/02/2011 and 24/03/2011 for DST.
For the long-term prediction we use load volumes from 170 l/day to 400 l/day for the first system and from
140 l/day to 300 l/day for the second system.
4.2. Results
We indicated in Tables 1 and 2 the systems parameters results.
Tab. 1: CSTG parameter identification

Parameter

System 1

System 2

Unit

a1

1,89

0,98

m2

a2

0,57

0,37

MJ.K-1

a3

-2,11

-0,17

MJ
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Fig. 1: Comparison graph of measured output energy QL med vs modelized output energy QL mod for the CSTG testing days

In both cases, the maximum difference between measured and modelized daily output energy for the testing
days used in CSTG methods are less than 1 MJ/day.
Tab. 2: DST parameter identification

Parameter

System 1

System 2

Unit

Ac*

2,28

1,283

m2

uc*

5,986

10,83

Wm-2K-1

Us

4,172

3,089

WK-1

Cs

1,385

0,7885

MJ.K-1

DL

0,05055

0,01742

--

Sc

0,1131

0,2353

--

We indicated in Tables 3 and 4 the long-term prediction results.
Tab. 3: Long-term prediction for system 1
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CSTG

DST

Location

Load
volumes [l]

Qd [MJ]

QL [MJ]

Qd [MJ]

QL [MJ]

∆QL%

Stockholm

170

9467

4199

9489

4903

17

Wuerzburg

170

9078

4617

9099

5247

14

Davos

170

10271

6782

10295

7714

14

Atenas

170

7055

5757

7071

6226

8

Stockholm

200

11138

4769

11163

5450

14

Wuerzburg

200

10680

5265

10705

5905

12

Davos

200

12084

7664

12112

8556

12

Atenas

200

8300

6608

8319

7084

7

Stockholm

250

13922

5580

13954

6198

11

Wuerzburg

250

13350

6202

13381

6817

10

Davos

250

15104

8889

15140

9666

9

Atenas

250

10375

7884

10398

8352

6

Stockholm

300

16706

6099

16745

6744

11

Wuerzburg

300

16020

6861

16058

7524

10

Davos

300

18125

9595

18168

10422

9

Atenas

300

12450

8888

12478

9407

6

Stockholm

400

22275

6487

22327

7227

11

Wuerzburg

400

21360

7391

21410

8224

11

Davos

400

24167

10063

24225

11055

10

Atenas

400

16600

10305

16637

10955

6

Tab. 4: Long-term prediction for system 2

CSTG

DST

Location

Load
volumes [l]

Qd [MJ]

QL [MJ]

Qd [MJ]

QL [MJ]

∆QL%

Stockholm

140

7796

3094

7814

3428

11

Wuerzburg

140

7476

3448

7494

3559

3

Davos

140

8458

4774

8479

4952

4

Atenas

140

5810

4387

5823

4477

2

Stockholm

170

9467

3405

9489

3829

12

Wuerzburg

170

9078

3848

9099

4019

4

Davos

170

10271

5214

10295

5478

5

Atenas

170

7055

5001

7071

5145

3

Stockholm

200

11138

3540

11163

4071

15

Wuerzburg

200

10680

4045

10705

4320

7

Davos

200

12084

5390

12112

5779

7

Atenas

200

8300

5456

8319

5669

4

Stockholm

250

13922

3627

13954

4173

15

Wuerzburg

250

13350

4147

13381

4460

8

Davos

250

15104

5512

15140

5886

7

Atenas

250

10375

5957

10398

6187

4

Stockholm

300

16706

3678

16745

4192

14

Wuerzburg

300

16020

4203

16058

4485

7

Davos

300

18125

5586

18168

5904

6

Atenas

300

12450

6170

12478

6383

3
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Fig. 1: Comparison graph of yearly output energy for the reference locations (ST: Stockholm, WU: Wuerzburg, DA: Davos
and AT: Athens)

We observed differences up to 17% between both methods. According to Carvalho et al. (1999) the
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differences obtained had been up to 14% and according to Kaloudis et al. (2010) up to 21%. So we consider
this difference as acceptable.
4.3. Conversion factor
We calculate the conversion factor as described in the equation 1 is: for system 1: a =1,094 and σa = 0,006;
for system 2: a = 1,061 and σa = 0,008. The conversion factor obtained are higher than the one mention in the
Standard EN 12976-2 (a = 1,056 and σa = 0,004). A combined conversion using both systems would be a =
1,084 and σa = 0,005.
Another way to compare the two methodologies would be using a constant difference as:
QDST = (b ± σ b ) + QCSTG

(eq. 4)

We found for the two systems a main difference of b = 492 and σb = 244 MJ.
5. Conclusions
Two thermosyphon solar systems have been tested according to two different testing methodologies. The
CSTG method according to international standard ISO 9459-2 is a Input-output method. The DST method
according to international standard ISO standard 9459-5 is a dynamic method. In this study we have
analyzed the maximum differences regarding the long-term prediction results and we concluded that:
• The differences observed between both test methodologies described in Standard ISO 9459-2 and
Standard ISO 9459-5 are up to 17%.
• Those differences are considered acceptable as in the references all found similar differences are
given.
•

The conversion factor a found for the solar systems tested are higher than in Standard EN 12976-2.

The conversion factors could be added to the database of tests performed under both methods and thus
contribute to re-calculate this factor in the Standard EN 12976 for future revisions of the Standard.
It is clear that the difference found shows that the DST methods gives better long-term prediction results than
the CSTG method. For this reason it is important to apply the conversion factor when comparing a solar
system tested with both methodologies
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1. Abstract
Baltic States climate is colder than the average European climate, and solar radiation amount is less. This
gives an increased need to optimize the overall solar thermal system for the Baltic States conditions.
Solar thermal system manufacturers and vendors emphasize attention to solar energy absorption unit, but the
rest of the system components remain in consumer choice. The publication describes a method for selection
of the more energy effective and cost profitable pipe insulation type in solar thermal systems.
A certain proportion of the solar thermal system generated energy is missed as the heat loss in pipes between
the solar energy absorbing devices to the heat-accumulation tank.
Pipe isolation is necessary for both an outdoor and indoor pipes of solar energy heating system. Outdoor
pipes insulation should conformed to outdoor climate conditions and indoor pipes insulation accordingly
should conform to indoor conditions.
Amount of pipe heat losses mostly depends on pipe diameter, heat carrier temperature, air temperature of the
room or environment. Solar systems heat carrier temperature depends on solar radiation intensity in a given
period, and the outside air temperature changes throughout the year. Instantaneous pipeline heat losses are
calculated according to the instantaneous heat carrier, outdoor and indoor air temperatures. Results of
calculations using the average values are not correct. Therefore, it is necessary to use modeling programs
with precise meteorological data.
The amount of pipeline heat energy losses in accordance with the pipeline isolation type of solar thermal
system was determined with the PolySun simulation program models.
The most popular heat pipe insulation materials in Baltic region were inspected and compared. The amount
of absorbing energy value and heat losses were calculated and displayed in the graphic form.
As a result the method was defined. The method helps determine most cost-effective solar thermal systems
pipe insulation type.
2. Introduction
Solar radiation intensity in the Baltic region is lower in comparison with the average European values. The
average solar radiation intensity reaches 1100 kWh/m2 per year in Baltic region. And outdoor air temperature
range is below average values in Europe. Range of outdoor air temperature in the Baltic region is -3 oC in
winter and +16 oC in summer. Therefore, there is a particular need to optimize the solar thermal system in
the Baltic region.
A significant part of the solar thermal system generated energy is consumed as heat losses in pipelines, in
stage from the solar energy absorbing devices to the heat-accumulating tank. Pipe isolation is necessary for
both an outdoor and indoor pipes of solar energy heating system. Outdoor pipes insulation reduces heat
output to the environment. Indoor pipes insulation reduces an additional heat release in indoor in hot period.
Solar thermal system manufacturers and vendors emphasize attention to solar energy absorption unit, but the
rest of the system components remain in your choice.The publication describes a method for selection
energy-cost effective pipe insulation type in solar thermal systems.
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Metrological data collect from Solar Energy Polygon, which located in the Institute of Physical Energetic in
Latvia.
3. Description of the IPE Solar Energy Testing Polygon
The IPE is the leading institute for solar energy research and development in Latvia.
As shown by experimental studies in Institute of Physical Energetics in Latvia, the application of solar
collectors in Latvia can give good results. The energy of solar radiation can be employed for 1700-1900
hours annually.


The reasons that make the use of solar energy attractive and suitable in Latvian conditions in the last
years are as follows: High consumption of cold water in summer time (typically taking place in dwelling
houses and such public institutions as hospitals, hotels & camps, sportive and summer camps).



Tendency for price increasing.



Construction of new buildings in which solar collectors and PV could be built-in. Latvian’s energy
policy now provides use of RES, accordingly to the “Law of Energy Efficiency in Building” article 7
recommends use of RES in the new buildings and renovated buildings.

The IPE is the leading institute for solar energy research and development in Latvia.

Fig.1. Solar Energy Polygon in the Institute of Physical Energetic

On the roof of the Institute of Physical Energetics a testing polygon for the devices using solar energy, which
consists of the following four large parts (see Figure 1), has been created:
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An autonomous system for testing solar photo-voltaic (PV) elements.



A quasi-autonomous system for testing PV elements.



A system for testing solar collectors.



Sensors of solar parameters and weather conditions.

The system for testing solar collectors consists of seven solar collectors, accessories, monitoring devices,
control system's devices, and a heat accumulator. Each solar collector possesses its own separate frame
capable of changing its slope to the horizon. The installed collectors are: five collectors of the popular
producers and two self-made collectors. From each collector a pair of tubes is extended, which forms for it a
separate heat carrying loop. A collector’s loop contains a circulating pump, a heat meter, a bidirectional
valve with drive, and a balance valve. For automatic pump operation, in the forward and backward directions
of each collector’s loop temperature sensors are arranged. Similar arrangement is provided for the meters and
driven valves.
4. Methods and Results
Companies of Solar collector installation were interviewed to determine pipe insulation types used in Solar
thermal systems. Questionnaire was determined that Stone wool insulation types with different thickness are
most used in solar thermal systems. As well as, special for solar thermal systems, pre- insulated copper pipes
are used in some cases. 20 mm and 30 mm Stone wool insulation types are most often used for solar
collector circuit in indoor part, and 30 mm Stone wool insulation type the most commonly used in outdoor
part. 4, 5, 6, 8 and 10 cm thick rock wool insulation types were included in the research list for deeper and
wider issues research.
Amount of pipe heat losses mostly depends of pipe diameter, heat carrier temperature, air temperature of the
room or environment. Solar systems for heating temperature depends on solar radiation intensity in a given
period, and the outside air temperature changes throughout the year. Instantaneous pipeline heat losses are
calculated according to the instantaneous heat carrier, environment and room air temperature. Calculation of
average values is not correct. Therefore, it is necessary to use modeling programs with accurate
meteorological data.

Fig. 2. Principal scheme of Solar thermal system.

Values of pipe heat losses were determined with the PolySun program modules for each type of pipe
insulation and for three diameter dimensions. Model was created for hot water pre-heating with Solar thermal
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system in typical single-family house. The main elements of the Solar thermal system: 6 m2 area of
absorbent (2 vacuum tube Solar collectors); 1m3 accumulation tank; 15, 18 and 22 mm diameter dimension
pipes. Hot water consumption was created with inconstant daily water demand and without the breaks in
holidays. Hot water is heated from 10 to 50 ºC in this model. Solar collectors can provide about 65% of the
hot water heats on consumption in the Baltic States under the climatic conditions, it is therefore necessary in
addition to the heater. Hot water have extra heating with electricial heater. Electric heater placement does not
affect the pipe heat losses in Solar collector contour.
Latvian meteorological data of several years entered into the program. PolySun Program results were
compared with results from Solar Energy polygon. Program results can be suitable for other neighboring
countries, such as Lithuania and Estonia.
Collector field yield and pipe Heat-Losses in 10m flow and return
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Fig.3. Monthly comparison of amount of absorbing energy with heat losses (H-L) in Dn18 pipelines.

Pipe diameters adopt after solar thermal systems hydraulic calculations. 15, 18 and 22 Dn pipes can be used
in
this
case.
2
types
of
materials
are
used
for
pipe
insulation
in program models. The first is the rock wool with a coefficient of thermal conductivity λ= 0,039W/m*K.
The second is the porous material of synthetic rubber with thermal conductivity λ=0,037W/m*K for preinsulated pipes.
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Table 1. Heat loses in pipe per year.

Insulation
Type

Non
insulation

Thickness

Pre- insulated
14
mm

19
mm

Stone wool

26
mm

20
mm

Indoor pipe

Outdoor
pipe

Pipe
Ø

30
mm

40
mm

50
mm

60
mm

80
mm

100
mm

kWh/m*year

15mm

90.72

18.31

15.08

13.39

16.43

14.14

12.83

11.98

11.35

10.49

9.92

18mm

103.37

21.37

17.59

15.59

19.11

16.37

14.87

13.87

13.16

12.19

11.54

22mm

117.97

25.49

21.11

18.73

22.78

19.54

17.72

16.54

15.73

14.61

13.86

15mm

77.58

15.35

12.57

11.15

13.77

11.79

10.66

9.92

9.38

8.64

8.14

18mm

88.24

17.81

14.58

12.82

15.83

13.48

12.20

11.36

10.74

9.90

9.34

22mm

100.45

21.03

17.26

15.20

18.70

15.88

14.35

13.32

12.63

11.67

11.03

Table 1 shows pipe insulation main effect on the system from viewpoint of energy consumption. This table
displays average value of flow and return heat losses for each pipeline meters.
Results of Table 1 show that heat losses from 1m non insulated pipelines are equal to heat losses from 9m
good insulated pipelines.
Negligible change of Solar heat systems structure may affect the total energy production. But it not much
effect values of pipeline heat losses in solar collector contour. Therefore, it can be used also in similar
projects.
50 mm is the maximum thickness of the standard stone wool insulation for copper pipes with 15 mm
diameter dimensions, and 60 mm for copper pipes with 18 and 22 mm diameter dimensions. It is difficult to
find the stone wool pipe insulation with a higher thickness in this case, so it should be rendered on order.
Price for pipe insulation types included insulation put up work in Latvia
(Feb. 2011)
30
27.58

25

20

EUR/m

24.92

Dn 15 mm
Dn 18 mm
Dn 22 mm

22.81
19.40

20.48
17.51

17.12

15
12.06

10

9.90
8.24
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8.51
7.05
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8.18

12.75
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Fig. 4. Price for pipe insulation types included insulation put up job in Latvia (Feb. 2011)
*prices for pre- insulated pipes are without cupper pipe and put up prices.
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As previously mentioned, the solar thermal systems require an additional heat source in Baltic state
conditions. It makes hot water after heating. The more energy is spent on the pipeline in the form of heat
loss, the more energy it takes to further heating of the water. Therefore, heat losses energy prices are equal to
the energy prices from auxiliary heat source.
Most energy- cost profitable type of insulation can be calculated having regard: price for pipe insulation with
put up job; annual amount of energy consumption in the form of heat losses; and energy price volatility for
auxiliary heater in calculated time period.
The cost of certain type of insulation and operating costs in calculated time period is:
j

Pi , j  p0i  Ei   f ( j )
n 1

(eq. 1)

i – type of pipe insulation;
j – a calculation time period;
E0i – pipe insulation price;
bi – annual amount of energy consumption in the form of heat losses;
f(j) – energy price volatility for auxiliary heater.
Most energy- cost effective insulation type has the smallest amount spent in a certain time.
Example: Ø 18 mm copper pipe; fixed energy prices (ƒ(j) =const ), and it is equal with Latvenergo enegy
price (Apr 2011g. with VAT) 152.77 EUR/MWh [9]; 20 -year time period.

20

PDn18i , 20  p0 Dn18i  EDn18i  152.77 EUR/MWh

(eq. 1)

n 1

Pipe diameter 18mm, 20-years time period
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67.22

59.94
58.30

57.05

55.74

55.14

55

53.60

51.61

50.67

51.54
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Fig 5. Amount of consumed money for different type of insulation and operating costs in 20-years time period.
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It can be concluded from figure 5, that 60mm stone wool insulation type is the most energy- cost profitable
in this case for outdoor and indoor copper pipes with 18 mm diameter dimension.
Dn 18 mm outdoor cooper pipes
80

70

60

EUR/m

50

40

30

20

10

0
0

14 mm

5

19 mm

10
26 mm

20 mm

15

30 mm

40 mm

50 mm

60 mm

80 mm

100 mm

years

20

Fig. 6. Price and operating costs for different type of insulation

Figure 3 describe flow of money for each type of pipe insulation in 20 years. Insulation Selection can affect
the repayment more than 25 Euro per pipe meter in this example. It can be conclude from Figure 5 and 6.
Pipe is flow and return. Therefore repayment increases two times for each double pipeline meter.
Double pipe line length is up to 20 m for standard Solar thermal system. Amplitude of repayment different
can reach 1100 Euro in 20-years.
5. Conclusion
There is increased need to optimize the overall solar thermal system for the Baltic States conditions. It is due
to colder climate than the average European climate value and lower amount of solar radiation intensity in
Baltic States.
Balancing investments and operating costs can increase reimbursement system within a specified period.
Most energy- cost profitable type of insulation can be calculated with this method. This method takes into
account important factors:
1) Heat losses energy prices are equal to the energy prices from auxiliary heat source. And energy prices
are volatility for auxiliary heater;
2) Prices of Insulation type can vary depending on supplier;
3) But values of heat losses not change over the time.
Calculation results show that heat losses from 1m non insulated pipelines are equal to heat losses from 9m
good insulated pipelines.
This Method, for calculation of most energy- cost profitable type of pipe insulation, is useful for all Solar
thermal systems designer, manufacturers and vendors.
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1. Introduction
It is the aim of this paper to review the international standards for determining the thermal performance of
solar thermal collectors and solar water heating systems and introduce the details of a test center which is
under construction in our university.
The motivation for this research is the increasing interest and use of solar energy for domestic and industrial
water heating in Iran. This made a lot of products both locally manufactured and imported without any test
procedure for their performance evaluation. In this regards, a project is defined to evaluate the feasibility of a
solar collector/solar water heating system test centre in the country.
The paper which originates from the above project is divided into two parts. In the first part, test procedures
and standards developed or under development are described. For solar collector testing, the main standards
reviewed in this paper are ISO 9806, EN 12975 and ASHRAE 93. Standards ISO 9459, EN12976/EN12977
and ASHRAE 95 are among those standards which are described for solar water heating systems. A
comparison is also made among the standards in terms of their requirements and limitations.
Final part of the paper outlines the results of the review, selected standards for thermal performance tests and
details of the system which is now under construction are presented.
2. Solar collectors test standards (ASHRAE 93, EN 12975-2, and ISO 9806-1) and
comparisons
In this section we are going to review three solar collector test standards, namely ASHRAE 93[1], EN
12975-2[3] and 9806-1[8]. The steady state conditions and parameters have been mentioned in all these three
standards. Time constant, thermal efficiency and incidence angle modifier test are three common tests that
shall be done in all of the above mentioned standards. There are also some other parameters that are not
common in standards. As EN 12975-2 is very similar to ISO 9806-1 in methods and parameters, the main
comparison is made between these two standards and ASHRAE.
2.1 ASHRAE 93:1991:
2.1.1 Time constant test – τ:
Time constant calculation includes two steps. First, while there is radiation on the collector, the inlet fluid
temperature is controlled in a way to bring it near ambient dry bulb temperature. After complying with
steady state conditions mentioned in Table 2, collector surface will be shielded from the sun while the
working fluid is circulating. The inlet fluid temperature (which is controlled) and the outlet fluid temperature
(which is not controlled) will be recorded. The decrease in the collector outlet temperature over time
provides information needed to estimate the collector’s thermal time constant. The collector time constant
shows the time needed for the temperature difference between outlet and inlet to decrease to 0.368 (1/e) of its
initial value.
2.1.2 Thermal efficiency test – ηg:
Thermal efficiency is calculated by dividing the useful energy to solar radiance, as shown in eq. 1.

ηg =

Qu
A 
T −T a 
= a  FR (τα )e − FRU L i

A gGt A g 
Gt 

(eq. 1)

If thermal efficiency test is performed in normal incidence conditions which (τα)e is constant, and FR and UL
are constant at the test temperature too, a straight line will be produced when plotting ηg against x where
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x = [(T i −T a ) / G t ]
The measured value pair for ηg and x is called ‘‘data point”. All of the steady-state test standards require a
minimum of 16 data points at four different inlet temperatures to obtain the efficiency curve for a collector.
The test conditions for performing the efficiency test are mentioned in Table 3.
2.1.3 Incidence Angle modifier - Kθb(θ):
Real efficiency test of a collector depends on incidence angle modifier of solar irradiance. Incidence angle
modifier, Kθb(θ), is used to measure the dependence of the angular radiance on incidence angle. Incidence
angle modifier test includes the measurement of collector efficiency in constant working fluid temperature at
steady state and by different incidence angles. Different incidence angles are obtainable by changing the
solar collector azimuth angle. Dependence of incidence angle modifier is approximately calculated by eq.2.

 1

K θb = 1- b0 
− 1
 cos θ


(eq. 2)

b0 assumed as a constant parameter and called incidence angle modifier coefficient which is usually a
positive number. In ASHRAE 93 four angles of 0, 30, 45 and 60 degree are needed to perform the test.
2.1.4 Inlet temperature distribution for thermal efficiency tests
ASHRAE 93 efficiency tests are conducted for four distinctly different collector inlet temperatures.
ASHRAE 93 specifies two methods to determine these temperatures. The lowest inlet temperature is equal to
the ambient temperature at the test site, which can be a problem during winter in some locations. The highest
inlet temperature is defined based either on the manufacturer’s recommendation or on specified efficiencies
achieved during the tests. In both methods the temperature may exceeds 130 °C which seems to be
impractical when water is used as working fluid.
2.2 EN 12975-2:2001 and ISO 9806-1:1994:
It should be mentioned that EN 12975-2 contains some physical test procedures. These physical tests are
mentioned in other ASHRAE or ISO standards like ISO 9806-2 and are not compared in this article.
2.2.1 Time constant test – τ:
The procedure in ISO and EN standards is fundamentally the same as ASHERAE. The difference is in
temperature measurement where the difference between collector outlet and ambient temperatures is
measured instead of the difference between outlet and inlet temperatures. Firstly, the collector is shielded
from the sun until the steady state condition achieved. Then the cover is removed quickly and the
measurements start till the second steady state condition is met. In this test the time constant is the time taken
for the difference between collector outlet temperature and ambient temperature to rise by 63.2% of the total
increase of this difference. The steady state limits are mentioned in Table 2. Performing this test is optional
in EN 12975-2.
2.2.2 Thermal efficiency test – ηg:
Thermal efficiency of a collector is also calculated using data points, but the calculation method is scantly
different. Thermal efficiency is calculated by dividing the useful heat to solar irradiance, as shown in eq.3.

ηg =

Q
A gG

(eq. 3)

Thermal efficiency is introduced as a function of reduced temperature difference (T*) where reduced
temperature based on the fluid inlet temperature is shown in eq. 4.

Ti* =

t in − t a
G

(eq. 4)

Thermal efficiency can be calculated using eq. 5. Two unknown parameters a1 and a2 are calculated by curve
fitting in first or second order fitting methods.
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*
η = η0 − aT
− a2G (T * )2 (eq. 5)
1

2.2.3 Incidence Angle modifier - Kθb(θ):
The test should be performed at four angles of 0, 30, 45 and 60 degree in ISO 9806-1, but in EN 12975-2
only one angle 50 degree is enough for performing this test.
2.2.4 Inlet temperature distribution for thermal efficiency tests
When water is used as the working fluid, EN 12975-2 and ISO 9806-1 recommend 80 °C and 70 °C in
sequence. On the other hand, quasi-dynamic test method of EN 12975-2 has categorized collectors due to
their applications and specified the maximum fluid inlet temperature based on their application.
2.2.5 Quasi-dynamic test method (EN 12975-2)
The most significant difference between EN 12975-2 and two other standards is quasi-dynamic test method.
In all three standards the steady state conditions shall be verified before performing tests but by using this
test procedure in EN 12975-2 the test may be performed without complying with steady state conditions and
is based on quasi effect. The difference between this method and steady state method is in measuring useful
energy gain from the collector in small 5 to 10 minutes periods while solar radiance and ambient temperature
may vary. Other remaining operation parameters are controlled to within a specified range. The conditions
are shown in Table 1.
Tab. 1: Quasi-dynamic test conditions

Parameter

Range

Collector orientation(°)

Facing south ± 5

Tilt angle(°)

45 ± 5
2

Solar radiation (W/m )

more than 300

Wind speed (m/s)

1–4
2

Mass flow rate (kg/s.m )

1%

The data collected in this method are used in multiple linear regression (MLR) method in order to obtain
final collector parameters. Recommended procedure is for 4-5 days test period, but the real time needed for
this test depends on weather conditions during the test period. Day types (DT) are specified as a combination
of collector plate temperature and weather conditions. In the case that the measured quantity depends on
time, the data collection period is 1 to 6 seconds and averaging time is 5 to 10 minutes.
Tab. 2: Parameters comparison for steady state conditions in three standards

Variable

maximum value or allowed variation

Standard

ISO 9806-1

EN 12975-2

ASHRAE 93

Minimum solar radiance for
performing test (W/m2)

800

700

790

Normal incidence variation on
surface (W/m2)

± 50

± 50

± 32

Ambient temperature variation

±1K

±1K

± 1.5 K

± 1%

± 1%

Flow rate variation

in successful 30 sec.
period measurement

in successful 30 sec.
period measurement

0.1 K

0.1 K

in successful 30 sec.
period measurement

in successful 30 sec.
period measurement

the greater in 15 min.

± 0.05 °C per
minute

± 0.05 °C per minute

-

Inlet fluid temperature variation

Outlet fluid temperature variation

± 2% or ± 0.005 gpm
the greater in 15 min.
± 2% or 1 K
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2.3 Standards comparison:
Table 2 indicates the variation of key variables for steady state conditions in the three standards. As it has
mentioned before, all of the parameters shall be within the limits of this table for performing any test.
Table 3 also shows the weather conditions needed for steady state test.
Tab. 3: Required environmental conditions

Variable

Allowed variation

Standard

ISO 9806-1

EN 12975-2

ASHRAE 93

Total solar irradiance normal to
sun (W/m2)

800 min.

700 min.

790 min.

Maximum diffuse fraction (%)

20%

30%

20%

Wind Speed, u (m/s)

2<u<4

2<u<4

2.2<u<4.5

Incidence angle modifier

98%<normal
incidence
value<102%

98%<normal
incidence
value<102%

98%<normal
incidence
value<102%

3. Solar water heater test standards (ASHRAE 95, EN 12976-2 and ISO 9459-2) and
comparisons
A comparison is made in this section among ASHRAE 95[2], EN 12976-2[4] and ISO9459-2[6] which are
used for testing solar water heaters. It should be mentioned that all the tables and comparisons are made for
outdoor test conditions and indoor test conditions using sun radiance simulators have not been discussed.
3.1 ISO 9459:
ISO standards are known as international standard. The related standards for testing solar water heaters as
issued by the Institute of Standards and Industrial Research of Iran (ISIRI) are also based on ISO standards
[13]. Solar water heater test procedures are defined by ISO 9459. This standard evaluates system
performance in three aspects.
3.1.1 Performance rating procedure using indoor test methods:
This test is performed based on ISO 9459-1:1993[5]. It is a one day indoor test using sun radiance simulator,
which defines the yearly water heater system efficiency.
3.1.2 Outdoor test methods for system performance characterization and yearly performance
prediction of solar-only systems:
This test is performed based on ISO 9459-2:1995. This test is applicable for solar-only systems and solar
systems with preheater. Test reports could be directly used with daily average solar radiance, ambient
temperature and fluid temperature for predicting yearly system performance prediction. Daily useful energy
and environmental conditions shall be measured for more than 10 to 15 days.
3.1.3 Performance test for solar plus supplementary systems
This test is performed using ISO 9459-3:1997[7]. The performance test for solar-only systems is a “black
box” procedure which produces a family of “input-output” characteristics for the system. Average daily solar
radiance, ambient air and inlet fluid temperature could be used for yearly performance prediction. This test
needs monitoring inlets and outlets for more that 6 to 8 weeks and there is no need to control efficiency of
system components.
3.2 European standard for solar thermal systems; EN 12976-2:2001:
This standard is almost based on ISO standard and it has been edited in a form that could be verity European
codes and needs. Moreover, some other tests have been added to this standard such as: Freeze resistance test,
over temperature protection, pressure resistance, water contamination, lightning protection, mechanical
strength of supporting frame and safety equipments.
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3.3 American standard ASHRAE 95:1987:
The procedure which has been presented in this standard is helpful to determine the thermal performance of
three kinds of domestic solar water heating systems as: Solar only systems, solar preheat systems, and solar
plus supplementary systems. During this test, amount of energy consumed by circulation system (pumps,
controllers, magnetic valves and etc) shall be measured. Supplied heat by heater collector circuit shall be
measured daily and recorded after each test day. Energy consumption of accessories, pumps, fans and valves
shall be separated from the energy consumption of the system components. For all systems, solar fraction or
fractional energy saving shall be measured. For solar-only and solar preheat systems, the fraction of the daily
system hot water load supplied by solar energy shall be calculated by eq. 6. The fractional energy savings
shall be calculated by eq. 7.

sf =

QS − Q PAR
QL

e = 1−

(eq. 6)

Q AUX − Q PAR
QCON

(eq. 7)

3.4 Solar water heaters standards comparison
Table 4 shows the common parameters in three standards which have been compared to each other. As
mentioned before, EN and ISO procedures were nearly the same, except some physical test procedures which
have not been specified in ISO 9459 standard. As we were looking for a test procedure which is more
applicable in our country, we chose ISO for performing the tests. ISO standard is also acceptable by the
Institute of Standards and Industrial Research of Iran (ISIRI).
Tab. 4: Solar water heaters parameters comparison in three standards (ASHRAE 95, EN 12976-2 and ISO 9459-2)

Variable

ISO 9459-2

EN 12976-2

ASHRAE 95

Pipe length between collector
and tank (when separated) (m)

15

15

15

Pyranometer

Class I

Class I

Class I

Accuracy of temperature
ambient air (°C)

± 0.5

± 0.5

± 0.5

Precision of temperature
ambient air (°C)

± 0.2

± 0.2

± 0.2

Temperature measurement of
the water being draw-off

measured at least every
15s and average value
recorded at least every
time a tenth of tank
volume is drawn off

measured at least every
15s and average value
recorded at least every
time a tenth of tank
volume is drawn off

30s after
withdrawal is
complete

facing equator

facing equator

within ±10

within ±10

Wind velocity (m/s)

3 to 5

3 to 5

----

Ambient air temperature
measurement position

on shaded position, 1 m
above the ground, not
closer than 1.5 m and
not further than 10
from collector

on shaded position, 1 m
above the ground, not
closer than 1.5 m and
not further than 10
from collector

1.2 m from the
floor and not closer
than 1.5 m to the
tank and system
components

Collector angle (degree)

-----

4. Suggested system test plan and reports
Test plan for testing collectors and systems is based on the ISO standards as it was more applicable as
mentioned before. The system components specifications are mentioned in what follows. The heat pipe
collector is model TZ 58/1800-20R manufactured by Sunrain [9] and flat plate collector is DAC18
manufactured by Derya[11]. A UPS 25-60 inline pump by Grundfos [12] is used for circulating the working
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fluid in the circuit. Reservoir tank volume was about 150 Lit. made of galvanized steel. PT-100 temperature
sensors are used for measuring the inlet and outlet fluid temperatures of each collector and reservoir tank. In
order to control the tank fluid temperature two no’s of 2 KW electric heater and one 1 KW heater are used.
The heaters were controlled by a SSR controller. Autonics model TZN4S-14S PID temperature controller
was used for this purpose [10]. The pyranometer, ambient temperature probe, wind velocity sensor and data
logger are all supplied by Soldata [14].
Test stand diagrams based on ISO standards mentioned before are shown in Fig. 1 and Fig. 2 for collector
testing and water heater system testing, respectively.

Fig. 1: Open loop test plan for testing collector based on ISO 9806-1.

Following parameters shall be calculated for completing test procedure of collector:
•

Effective heat capacity

•

Collector time constant

•

Incidence angle modifier

•

Pressure drop in collector test circuit

Fig. 2: Forced Open loop test plan system for testing solar water heater system based on ISO 9459.
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The solar water heater test system is based on ISO 9459-2 as an open loop system. The following parameters
shall be calculated after test:
•

Energy available at 6 hours after solar noon

•

Draw-off volume to meet minimum temperature limit

•

Energy drawn off

•

Energy left in tank

•

Energy loss overnight

•

Water volume

Fig. 3 shows a sample climate data report as logged by the data logger. Recorded parameters are ambient air
temperature, global radiation, diffuse radiation and wind velocity. Fig.4 shows the weather station facilities
located at test station including two pyranometers, anemometer and thermometer. Fig. 5 shows the test site
designed and manufactured in Islamic Azad University for performing collector and water heating system
tests.

Fig. 3: Environmental conditions which have been plotted by weather station logger system

Fig. 4: Weather station including equipments for recording weather conditions at the test station
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Fig. 5: collector and test facilities used for testing system and collectors

In Fig. 6 some of the test results for the evacuated collector are presented. As can be seen in the diagram on
the right, theoretical efficiency is reduced by increasing the parameter Tf-Ta/I. The expected fluid outlet
temperature and the measured temperature, efficiency and solar radiance are also shown in the left diagram.
It should be noted that further tests are underway at the time of writing this paper and results will be
presented during the conference.

Fig. 6: Theoretical and experimental fluid outlet temperature on the left, efficiency vs. Tf-Ta/I on the right

It is planned to enter discussion with ISIRI (institute of standards and industrial research of Iran) to equip the
facility at the level of a national certified testing lab for solar water heaters and solar collectors.
Among the future plans in the solar energy group of the university are installation of a grid connected PV
(photovoltaic) system on the car parking lot of the university, test facility for PV panels, development of
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three solar cooling systems (adsorption/absorption and PV operated), manufacturing and testing a solar
assisted heat pump water heater and testing a MEH solar desalination system.
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1. Introduction
Within the European project QAiST (Quality Assurance in Solar Thermal Heating and Cooling Technology)
a Round Robin test on solar collectors and solar thermal systems is carried out in the years 2010 and 2011.
For two different collector types, one flat plate collector and one evacuated tubular collector with CPC
reflector, thermal performance tests according to EN 12975-2 (EN 12975, 2006) are carried out by 12
different test institutes throughout Europe. The two different solar thermal systems, one thermosiphon
system and one system with forced circulation are subject to a thermal performance test according to EN
12976-2 (EN 12976, 2006) and are tested by 9 different test institutes.
In order to finish the Round Robin test within two years despite of the high number of participants, the
following procedure was applied: Each participant received in the year 2010 samples of the two different
collector types and of the two solar thermal system types respectively. After testing, the samples have been
sent to the next test institute to be tested within the year 2011. Thus all institutes are testing identical
collectors and system types taken out of the same production batch, however each unique collector or system
is only tested by two institutes.
For the first time Round Robin tests on solar thermal products are evaluated by an independent institute
(Institut für Eignungsprüfung) using the acknowledged procedures for the evaluation of proficiency tests.
This paper presents some of the midterm results of the Round Robin test in an anonymous and standardised
way.

2. Statistical design
The statistical design for proficiency testing is based on ISO 13528 (2005) and ISO/IEC 17043 (2010). The
deviation of laboratory’s mean MVLAB value from the assigned value X was evaluated.
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2.1. Determination of assigned value
The assigned value X is determined as a consensus value of the results of all participating laboratories. It is
calculated as a robust mean value (see figure 1). For each test parameter an assigned value was calculated.
The respective assigned value X is the median of all laboratories results MVLAB.
The normalised inter-quartile range nIQR is used as standard deviation for the proficiency assessment σ (nIQR):
nIQR = 0,7413 (Q3-Q1)

(eq. 1)

75 % of all values are lower than Q3, 25 % of all values are lower than Q1. (Q3-Q1) is called inter-quartile
range (IQR). Figure 1 graphically presents the (IQR). The factor 0.7413 derives from the standard normal
distribution, which has a mean of zero and a standard deviation equal to one. The width of the inter quartile
range of such a distribution is 1.34898 and results to 1/1.34898 = 0.7413. Multiplying IQR by this factor
makes it comparable to a standard deviation (PTPM 1.1, 2008).
The results of proficiency tests are assessed with the help of a Z-score that is calculated for each laboratory
and each test parameter according to equation 2:
Z=

MVLAB − X
σ (n IQR )

(eq. 2)

According to ISO/IEC 17043 (2010) the following judgements are made:
|Z| ≤ 2 satisfactory participated
|Z| ≥ 3 unsatisfactory participated
2 < |Z| < 3 result questionable.
Figure 1 presents an example for the statistical evaluation as presented above.
320

Beispielparameter / Example parameter
in [Units]

Lab xx: 132,0 [Units]

310

300

Z= 3
Z= 2

290

Q3

Median

280
Q1
Z = -2
Z = -3

270

260

250
25 %

50 %

75 %

Labor-Nr. / Laboratory Code

Fig. 1: Example of the statistical evaluation

In the special case of the QAiST project the evaluation for the intermediate report had to be adopted to
ensure an independent testing in round 1 and 2. Therefore the results were only displayed using the resulting
Z-scores. The standard deviation of each parameter (in percent) was displayed to give all participants a first
look on the result without publishing the assigned value. Additionally more than one parameter could be
summarised in one drawing. Examples are presented in section 3.
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3. Round Robin test collectors
During the last 10 years two Round Robin collector tests have been carried out on European level with more
than 5 participants. The first was carried out on two identical flat plate collectors by 7 test laboratories from
Austria, Germany and Switzerland in the years 2003 and 2004 (Fischer et. al., 2005). The second and latest
was carried out during the years 2007 and 2008, with participants from Austria, France, Germany, Greece,
Portugal, Spain and Sweden (Fischer et. al., 2008). Subject of comparison have been two identical flat plate
collectors and one evacuated tubular collector.
This Round Robin constitutes the first comparison of test results involving 12 laboratories with the main
objective of evaluation of laboratory proficiency in performance testing of solar collectors.
3.1. Test samples and procedure
Test samples
Subject of the Round Robin tests are:
•

A flat plate collector with copper absorber, polymeric frame and a standard glass cover. The
absorber strips are coated with black chrome and are fixed to the fluid channels by ultrasonic
welding.

•

An evacuated tubular collector (Sydney type) with CPC reflector. The heat from the absorber is
transferred by an aluminum heat transfer sheet to the U-pipe which is passed through by the heat
transfer fluid.

Altogether 13 test samples of each collector type have been sampled from the production line by independent
inspectors. All major components of the collector like the glass cover, absorber, reflector and evacuated
tubes were taken from the same batch to ensure the maximum compatibility of the picked test sample to each
other.
Preconditioning of test samples
Before testing the empty collectors were exposed to at least 5 h, but not more than 10 h of irradiance of more
than 700 W/m². Ambient temperature and radiation have been monitored and reported.
Cleaning during testing
When outdoor testing was carried out the collector has been cleaned every morning.
Test methods
All test methods according to EN 12975-2:2006, section 6 could be applied by the participants. Collector
parameters to be determined are: η0, a1, a2, ceff and the incident angle modifiers.
Test methods
Flat plate collector: In case the steady state method (section 6.1) is used the incidence angle modifier K(θ)
has to be determined for an angle of incident of 50°, in case of the quasi-dynamic method (section 6.3) the
collector parameter b0 has to be determined and the values (beam and global) for 50° have to be calculated.
Evacuated tubular collector: In all cases the incidence angle modifier K(θ) has to be determined for angles of
incident of 30°, 40°, 50° and 60° in transversal direction and 50° in longitudinal direction.
The following sections present selected results at midterm of the Round Robin test.
3.2. Presentation of selected results
To not interfere with the ongoing Round Robin test only some results are presented using the Z-score
without presenting values of the corresponding collector parameter.
Figure 2 shows as example the Z-score of the determined aperture area of the evacuated tubular collector.
The x-coordinate from 1 to 11 represent the different measurements of the eleven laboratories which turned
in a report sheet. All participants are well between the ± 2-threshold representing satisfactory participation.
The standard deviation of all measurements is 0.5 %.
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Fig. 2: Z-scores of all measurements of the aperture area of the evacuated tubular collector

Figure 3 and 4 show the Z-score of the collector output of the flat plate collector and the evacuated tubular
collector for a hemispherical irradiance of 1000 W m-2. The values are calculated according to
EN 12975:2006 from the collector parameter η0, a1, a2 derived during the performance test of the collectors.
The different symbols represent the different temperature difference between the mean fluid temperature and
ambient temperature (ϑfl,m - ϑamb = 0 K, 10 K, 30 K and 50 K).
Z-score for collector output at 1000 W/m²
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Fig. 3: Z-scores of all measurements of the collector output at 1000 W m-2 for the flat plate collector

The x-coordinate of figure 3 shows 14 values because one test laboratory handed in 3 different results for
evaluation to IfEP. Except for measurement 8 the majority of the Z-scores are well between the ± 2-threshold
representing satisfactory participation. The result was classified by IfEP as very good.
An even slightly better result shows figure 4 representing the Z-scores for the same collector output of the
evacuated tubular collector. Only measurement no. 10 is rated as questionable, nevertheless again IfEP
classifies the overall results as very good.
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Z-score for collector output at 1000 W/m²
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Fig. 4: Z-scores of all measurements of the collector output at 1000 W m-2 for the evacuated tubular collector

To present a more familiar picture of the results the power curves for all measurements are presented in
figure 5 and 6. The power curves have been calculated from the Z-scores shown in figures 3 and 4 using
arbitrarily values of η0, a1, a2 to not interfere with the ongoing Round Robin test. The black curves displayed
represent the error bands calculated for a 95 % confidence interval according to GUM, 1995. Although the
power curves show a deviation of ± 2 percentage points all derived power curves are within the error bands.
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Fig. 5: Power curves and error bands (95 % confidence interval) for the measurements of the flat plate collector
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Fig. 6: Power curves and error bands (95 % confidence interval) for the measurements of the evacuated tubular collector

At midterm of the ongoing collector Round Robin test the Institut für Eignungsprüfung (IfEP) attested the
participants a very good outcome compared to other proficiency tests so far.

4. Round Robin test systems
Collector and Systems Testing Group (CSTG), whose activities were co-ordinated by the Joint Research
Centre of Ispra (Aranovitch et al., 1989), developed a test method – CSTG test method - which is now
described in ISO 9459-2:1995. This work included round robin tests of different systems for validation of the
test method. Analyses of these tests and of its validation can be seen in reference (Bourges et al., 1991).
In the frame of the European Programme, SM&T (Standards, Measurements and Testing), the project
“Bridging the gap: Research and experimental validation on the DST performance test method for solar
domestic water heaters” (Naron, 1999), had as its main objective the validation of the DST test method (ISO
9459-5). In this project several European test laboratories tested different types of Factory Made Systems.
Analyses of the comparison between DST and CSTG tests can be seen in reference (M.J. Carvalho and D.
Naron, 2001).
This Round Robin constitutes the first comparison of test results involving a large number of laboratories
with the main objective of evaluation of laboratory proficiency in testing of Factory Made Systems.
4.1. Initial conditions for testing
The main characteristics of the two types of systems tested are described in Table 1.
Table 1 - Characteristics of systems tested.

Number of collectors
Collector Aperture Area
Store Volume
Collector loop Heat Exchanger
Type of Auxiliary

Thermosyphon System
1
1.87 m2
180 l
Jacket
Not Applicable

Forced Circulation System
3
2.35 m2
400 l
Coil on bottom of storage tank.
External with coil on upper part of the
storage tank as heat exchanger.
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Before testing the participating laboratories agreed on the following conditions for the tests:
•

Mounting of the systems made by the laboratory, following carefully the instructions from the
manufacturer; the same instructions followed on the first (2010) and second (2011) mounting of the
system; The heat transfer fluid: 100% water;

•

Test methodologies for thermal performance determination: Chosen by each laboratory according to
Table 2 of EN 12976-2:2006;

•

Presentation of results: According to Annex B of EN 12976-2, the thermal performance indicators
are calculated for four locations (Athens, Davos, Stockholm and Wuerzburg) and for five load
volumes (different load volumes depending on the store volume).
-

Thermosyphon system (180 l storage tank): 140, 170, 200, 250, 300 l

-

Forced circulation system (400 l storage tank): 200, 250, 300, 400, 600 l

4.2. Preliminary results.
The results of 2010 show that all laboratories used Dynamic System Testing Method according to ISO 94595:2007 for testing of both, thermosyphon and forced circulation systems. All laboratories reported the full set
of parameters of DST test, according to Table 2.
Table 2 - DST parameters.

Parameter
Effective collector area
Effective collector loss coefficient
Total store heat loss coefficient
Total store heat capacity
Mixing constant
Store stratification
Fraction of the store heated by the
auxiliary heater1
1
Only for solar plus supplementary systems.

Symbol
Ac*
uc*
Us
Cs
DL
Sc
faux

Unit
m2
W m-2 K-1
W K-1
MJ K-1
%

The analysis of Z-score (see section 2. for definition) was applied to all parameters (except faux) and it is
possible to conclude that almost all laboratories obtained a Z-score lower than 2 (Satisfactory results) for
all parameters, as can be seen in Table 3.
Table 3 - Number of Laboratories with Z-score within stated intervals
(thermosyphon system (solar only system) / forced circulation system).

-2< Z <2
Satisfactory
-3<Z<-2 and 2<Z<3
Questionable
Z<-3 and Z>3
Unsatisfactory

Ac*

uc*

Us

Cs

DL

Sc

7/8

8/9

8/9

8/7

6/8

6/8

1/0

0/0

1/0

1/0

2/0

1/0

1/1

1/1

0/0

0/2

1/1

2/1

The results presented for the forced circulation system are not final results since the evaluation was made not
separating the system when tested as solar only system (6 laboratories presented these results) and when
tested as solar plus supplementary system (4 laboratories presented these results).
The indicator considered to compare results of Long Term Performance Prediction is fsol. Although the
standard deviation in each parameter is high, the results of Long Term Performance Prediction (LTPP) for
the thermosyphon system show standard deviations lower than 10% (see Table 4). Almost all laboratories
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obtained a Z-score lower then 2 (satisfactory results) for all load volumes, as can be seen in Table 5.
Table 4 - Standard deviation (%) for thermosyphon system results.

Vload

Stockhom

Wuerzburg

Davos

Athens

6.2
6.4
7.3
5.6
5.7

5.2
5.0
9.6
7.1
6.0

5.0
6.5
9.1
8.4
7.6

2.7
3.1
1.8
5.3
6.6

[liter]

140
170
200
250
300

Table 5 – Number of Laboratories (Satisfactory/questionable/Unsatisfactory)

Vload

Stockhom

Wuerzburg

Davos

Athens

8/1/0
6/2/0
8/1/0
7/1/1
7/1/1

7/2/0
6/2/0
8/1/0
8/0/1
7/1/1

6/2/1
6/0/2
8/1/0
8/0/1
7/1/1

7/1/1
6/1/1
8/1/0
7/1/1
7/1/1

[liter]

140
170
200
250
300

Considering the demand volume of 200 l, the Solar Fraction values obtained are shown in Fig.7. In this
figure only the values corresponding to results obtained with Z-score lower than 2 are shown. Lower
deviations are shown for Athens when compared with other locations. In general it is reasonable to expect
that for locations with higher irradiation, the deviation in the test results is lower.
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Fig. 7 - fsol for Thermosyphom System (Vload = 200 l) (only values for Z < 2)
In the case of the forced circulation system it was not possible to do an analysis of the results considering the
separation between Solar Only System and Solar Plus Supplementary Systems. The analysis of results made
until this moment shows that almost all laboratories obtained a Z-score lower then 2 (satisfactory results) for
all load volumes, but with higher standard deviations.

5. Conclusion and Outlook
The midterm results of the Round Robin for the collectors can be considered as very good since a majority of
laboratories presents “satisfactory” results. All power curves derived from the performance measurements
are with the 95 % confidence interval when an uncertainty assessment is carried out according to GUM
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(1995).
The preliminary results of the Round Robin for thermosyphon systems show that results can be considered
good since a majority of Laboratories presents “satisfactory” results. It is possible to consider that the
uncertainty of the results is within 10% and this uncertainty covers:
•

Differences in testing

•

Differences in systems

In the case of the forced circulation system, the analysis of results made until this moment shows that almost
all laboratories obtained a Z-score lower then 2 (satisfactory results) for all load volumes, but with higher
standard deviations. Clarification on the results presented as Solar Only Systems and Solar Plus
Supplementary Systems is still needed.

According to IfEP that evaluated the results of the Round Robin test of collectors and systems the overall
results can be classified as very good compared to other proficiency tests.
In September 2011 the second round of the Round Robin test will be completed followed by a final
evaluation of all results which will be subject of a further publication.

6. Nomenclature
Symbol
a1
a2
Ac*
ceff
Cs
DL
faux
uc*
Us
Sc
η0

ϑamb
ϑfl,m
K(θ)
θ

Unit
W m-² K-1
W m-² K-2
m2
J m-² K
MJ K-1
%
W m-2 K-1
W K-1
°C
°C
°

Quantity
Heat loss coefficient
Temperature dependent heat loss coefficient
Effective collector area
Effective collector capacity
Total store heat capacity
Mixing constant
Fraction of the store heated by the auxiliary heater1
Effective collector loss coefficient
Total store heat loss coefficient
Store stratification
Conversion factor
Ambient temperature
Mean fluid temperature
Incidence angle modifier
Incident angle of the beam irradiance
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EVALUATION PROCEDURE FOR STORAGE TANK TESTS
USING THE COMBINATION OF TRNSYS WITH GENOPT
AND NEW PROPOSAL FOR HOLISTIC ERROR ESTIMATION
C. Schmidt, S. Notz, W. Striewe, J. Ansari, A. Jung, K. Kramer
Fraunhofer Institute for Solar Energy Systems ISE. Heidenhofstraße 2, 79110 Freiburg
Tel: +49 (761) 4588 5620, E-Mail: christian.schmidt@ise.fraunhofer.de

1. Introduction
The Fraunhofer Institute for Solar Energy Systems (ISE) has been operating a test center for solar thermal
systems since 1997. Within this test center in- and outdoor test stands are operated for performance and
functional testing of solar collectors and for prefabricated solar thermal systems for hot water preparation.
Custom built solar thermal systems can have a large number of possible combinations of the various
components. Therefore, it is appropriate to have component-wise performance evaluation of solar systems
for domestic hot water and/or for space heating according to CEN/TS 12977-2:2010 (CTSS - component
testing system simulation). According to the CTSS method controller, storage tank and collector will be
tested individually. Based on the determined parameters of the components, a simulation for calculating the
energy output of the whole system is performed later. In this way, a lot of different combinations can be
evaluated within acceptable costs.
To test the component store, Fraunhofer ISE established a test stand and implemented an evaluation
procedure with TRNSYS and GenOpt to determine the storage parameters according to EN 12977-3:2008
(domestic hot water storage tank) and CEN/TS 12977-4:2010 (combistores). With this method, parameters
such as heat loss rate can be determined on basis of the measurement data (measured input and output) of the
tested store. A parameter identification procedure is used to determine the parameters. The “Generic
Optimization Program” GenOpt performs iterative TRNSYS (TRaNsient SYstems Simulation Program)
simulations continuously adjusting parameters of the storage tank model and comparing simulated output
with measured output. When the difference between measured and simulated outputs, which is calculated in
a target function called “objective”, is minimized to a certain degree, the simulation represents the thermal
behavior of the store with sufficient accuracy and therefore the store parameters are identified.
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The considered store in the subsequent investigations is a typical solar water heater storage tank with 300
liters nominal capacity and two immersed heat exchangers.
2. Normative validation of the evaluation procedure
A parameter set determined by parameter identification can be validated according to EN 12977-3:2008
Annex B. Verification sequences which have not been used to determine the storage parameters are used for
the validation. The permissible error between simulation and measurement (of power transferred through
each hydraulic circuit) must be lower than 5 % (validity criterion). For the examined storage tank the error
was with a maximum of 4.6 % below the validity criterion. Previously, the evaluation procedure was
validated according to 12977-3:2008 Annex C. Within this evaluation procedure, parameter identification on
the basis of input and output storage tank measurement data from the German Institute for Standardization
was carried out and an error analog to 12977-3 Annex B was calculated. A maximum error value of 1.9%
was obtained which is significantly lower than the maximum permissible error of 3%.
3. Uncertainty of storage tank parameters by evaluation procedure
When carrying out several parameter identifications with an identical measurement data set, a model with
(partially) correlating parameters leads to several different parameter sets. Therefore the goal of the
subsequent analysis is to determine whether these parameter sets still provide a basis for reliable system
simulations according to the CTSS method. Furthermore, it should be found with what repeat accuracy the
storage tank parameters can be determined.
Four sets of parameters have been identified using the Hooke Jeeves algorithm. All parameter sets satisfy the
said validity criterion. It can be assumed that the statements made below are transferable for storage tanks
with a similar design.
In tab. 1 for each parameter type the maximum relative deviation of the average range is specified
(subsequently called “deviation”). The average range is defined as the difference between maximum and
minimum value.
 m aximum value 
relative deviation of average range [%] = ± 
− 1 ⋅ 100
 average range


(eq. 1)

The deviations listed in tab. 1, cannot be understood as a general error indicator for the storage parameters,
since they contain no error component from the data logging system. This topic is discussed separately in
section 5. For some parameters with strong correlation, the deviation shown in tab. 1 is not meaningful, e.g.
for the heat loss rate through the bottom (UA)S,bot since this parameter correlates with the heat loss rates
through the storage tank side wall (UA)S,wall and through the top (UA)S,top. Therefore the deviations for these
parameters are much higher compared to the deviations for the other parameters. Therefore the deviations for
these parameters are not given, instead the deviations for the heat loss rate and the heat transfer capacity are
combined to single storage tank parameters (second column) and a deviation for these parameters are given.
The highest deviation constitutes in the number of nodes Nnodes. It can be used as an indicator for reduction of
thermal stratification during discharge. In state of the art storage tanks usually certain design measures
prevent the destruction of the thermal stratification when streams of water enter the storage tank. Such a
storage tank tested will most likely have an identified number of nodes in the range of 100 or higher.
Sensitivity analysis has shown that different numbers of nodes in the range of 100 to 199 have little impact
on the solar fraction (less than 0.05 % difference in fsav). Thus the parameter is only of minor significance.
The second biggest deviation is reflected in the “effective vertical thermal conductivity” λeff. [DRÜCK]
describes λeff as a parameter of 2nd order which hardly affects the thermal behavior. A certain correlation
between individual parameters of the heat loss rate and λeff is assumed as the parameter reacts sensitive to
changes of individual components of the heat loss rate.
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Tab. 1: Maximum relative deviation of average range (eq. 1) of storage tank parameters from a limited sample size of
evaluations of a storage tank test. Some of the determined parameters are combined due to strong correlation.

Determined
parameters

Combined
parameters

Meaning

Deviation of valid
parameter sets
[%]

λeff

-

Effective vertical thermal conductivity

λeff ±3.0

Nnodes

-

Number of nodes

Nnodes ±6.0

zhx,NK,in

-

Relative height of the inlet position of the
auxiliary heat exchanger

zhx,NK,in ±1.0

VS

-

Capacity of the entire heat storage tank

VS ±0.2

(UA)S

Heat loss rate of the entire storage tank

(UA)S ±0.8

(UA)hx,SK,20°C

Heat transfer capacity of the heat exchanger
in the solar loop at 20°C, 40°C, 60°C average
water temperature

(UA)hx,SK,20°C ±2.5

Heat transfer capacity of the heat exchanger
in the auxiliary loop at 20°C, 40°C, 60°C
average water temperature

(UA)hx,SK,20°C ±2.1

(UA)S,bot
(UA)S,top
(UA)S,wall
Khx,SK

(UA)hx,SK,40°C

b3,hx,SK

(UA)hx,SK,60°C
(UA)hx,NK,20°C

Khx,NK

(UA)hx,NK,40°C

b3,hx,NK

(UA)hx,NK,60°C

(UA)hx,SK,40°C ±0.5
(UA)hx,SK,60°C ±0.6
(UA)hx,SK,40°C ±0.5
(UA)hx,SK,60°C ±1.2

The parameters "relative height of the inlet connection of the auxiliary heat exchanger" zhx,NK,in, the
combined "heat loss rate" (UA)S, and in particular the capacity of the storage tank VS show a small deviation.
The parameter zhx,NK,in is needed to determine the thermal capacity of the auxiliary volume.
The combined parameters (UA)hx,SK and (UA)hx,NK describing the heat transfer capability of the heat
exchanger, show partially larger deviations depending on the mean temperature level in the area of the heat
exchanger. The parameter b3 describes the dependence of the heat transfer capability on the viscosity
(respectively the temperature) of the fluid. Studies showed that the parameter b3 has a large influence on the
outcome of the objective and therefore should always be identified in a parameter identification process.
The same applies to parameter b1 if the test sequences contain variations of the mass flow rate through the
heat exchanger. Parameter b2 showed no significant impact on the objective. This parameter describes the
dependence of the heat transfer capability of the temperature difference between heat exchanger inlet and the
temperature of the fluid in the corresponding storage tank segment (at the height of the inlet).
The influence of different parameter sets on the fractional thermal energy savings fsav of a typical solar
thermal system was examined 1 in an annual simulation based on [12977-2] and compared in tab. 2.
Tab. 2: Comparison of calculated fsav values based on different sets of parameters (ISE 1 to 4) in comparison to a simulated fsav
based on a set of parameters of an identical storage tank that was measured at the Institut für Thermodynamik und
Wärmetechnik, Stuttgart (ITW).

fsav

ISE 1

ISE 2

ISE 3

ISE 4

ITW

63.06%

62.52%

62.81%

62.72%

63.36%

According to tab. 2 the four parameter sets with its distinguishing parameters caused by correlations due to
the simulation model show little impact on the fractional energy savings. The average range of the values
based on the parameter sets ISE 1-4 is 62.79 % with a deviation calculated according to eq. 1 of ±0.43 %.
1

DHW-System, Site: Essen in Germany, Load: 175 l/d at 45°C,
auxiliary heater with set temperature = 52,5°C, Aap = 7,08 m², Vstore = 300 liter
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The fractional energy savings calculated on the basis of the parameter set of an identical storage tank,
measured at Institut für Thermodynamik und Wärmetechnik ITW, only differ slightly. The test procedure as
well as the evaluation procedure leads, considering this limited sample size, to good matching results.
4. Algorithms in GenOpt
The software GenOpt is suitable for the evaluation procedure which is described in the present paper.
GenOpt features a user-friendly interface which displays the parameter identification process graphically.
Moreover GenOpt offers various algorithms. In [WEATHER, WRIGHT] these algorithms were tested with
the building simulation software Energy Plus. From a numerical point of view this software is comparable
with TRNSYS. Based on these studies, the most powerful algorithms for the evaluation procedure were
selected and tested (tab. 3).
Tab. 3: Assessment of the tested algorithms for the evaluation procedure.

Algorithm

Advantages

Disadvantages

Particle Swarm
Optimization
(PSO,
Evolutionary
Algorithm)

Effective also with wide (unknown)
parameter interval limits

Converges usually further away from the
presumed global minimum

Result independently from choice of
initial values

Hooke Jeeves (HJ,
General-PatternSearch Algorithm)

Finds the lowest target function value
(multi-start mode)

Many search runs needed, therefore
parameter identification takes
comparably very long (multi-start mode)

Combined
algorithm: PSOHJ

Combines meaningful advantages of
PSO und HJ, therefore good results on
single search run

Usually not the best result since no
multi-start mode available

The lowest objective could be achieved using the Hooke Jeeves (HJ) algorithm. This algorithm however
depends on good initial values meaning narrow interval limits in which the global minimum is assumed and
an appropriate step size (small enough to be precise, big enough to be not too time-consuming). In multi-start
mode, multiple search runs can be automatically set up and the lowest objective can be found. At the
beginning of the parameter identification process the interval where the parameters are assumed can be
unclear; then the interval limits have to be chosen accordingly wide. In this case PSO-HJ (combined Particle
Swarm Optimization and Hooke Jeeves algorithm) can be used to approximate smaller interval limits. In a
second step applying HJ algorithm will more effectively achieve low objectives.
Another finding is that parameter sets which achieve low objectives will also lead to lower errors in the
verification sequences. However, also exceptions were found.
5. Method to quantify the error of the storage tank parameters
The parameters determined by parameter identification are influenced by the following sources of error
[DRÜCK]:
1)

Measurement errors

2)

Errors caused by the simulation model

3)

Errors caused by the optimization procedure

The parameters determined with the test sequences can be checked for conformity using verification
sequences. This verification procedure considers errors caused by 2) and 3). Since in both cases the same
data logging system is used, in both test and verification sequences, the calculated error cannot contain any
information about errors caused by measurement deviations. Thus it is not suitable to make a statement about
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the errors of the determined storage tank parameters. The following considerations do not intend to provide a
solution to investigate the influence on storage parameters of a faulty data logging system. Instead the
presented proposal aims to examine the impact of the accepted measurement uncertainty given in the
standard (flow rate: 2 %, etc.) on an identified set of parameters.
A calculation of the error according to GUM (Guide to the Expression of Uncertainty in Measurement) is not
feasible as neither the model error nor the error caused by the optimization procedure can be estimated
reasonably. However, such error models are a requirement for the application of GUM. Up to now there is no
generally accepted method for the holistic error estimation of determined storage tank parameters.
Problems where an analytical solution is not possible or does not produce satisfactory results can be achieved
by random experiments that are carried out very often (Law of large numbers). In this section a proposal for
a single holistic error estimation method for typical domestic hot water storage tanks and combistores based
on Monte Carlo experiments is presented (fig. 1).

Fig. 1: Error estimation of storage tank parameters by modeling of measurement errors, multiple parameter identification
and yield simulation.

The principle of the proposed method is modeling of typical measurement errors (Step 1). Afterwards
different artificially modeled errors are added to measurement data from a storage tank test. Therefore many
different measurement data files with artificial errors are generated (Step 2). The following steps 3 and 4
comprise the evaluation of these modified data sets and finally system simulations (Step 5). Thereby an
automation mechanism is required in order to be able to carry out the necessary steps in reasonable time
(Necessary automation steps). In order to provide sufficiently good results, a very large number (>1000) of
parameter identifications and simulations might be necessary. The actual number of simulations cannot be
predicted in advance.
In step 4 one can investigate whether or not it is useful to add the same artificial error to the verification
sequences as to the test sequence. After all this step might have an effect on the amount of parameter sets
that are finally included in the error estimation process. However, since additional effort is necessary, does
not seem to be recommendable.
For the determined and validity checked parameter sets parameter normal distributions and therefore the
wanted error limits of individual storage tank parameters can be derived. Furthermore scatterplots can be
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generated to visually present correlations between individual parameters. The derived error limits will be
high for parameters which are correlated to a high degree with other parameters. For these parameters a
statement of the grade of the evaluation procedure is limited. In order to bypass this problem yield
simulations can be performed to calculate the fractional energy savings of each parameter set and therefore
combine all correlated parameters. In conclusion a more meaningful error limit for the grade of the entire
measurement and evaluation procedure can be stated.
As mentioned earlier the grade of the error modeling will determine the quality of the performed error
estimation. In a rather simple case standard normal distributed random variables can be generated (e.g. Box
Muller method) and transformed to a normally distributed measurement error. Following the central limit
theorem of the probability theory a normal distribution for measurement values can be assumed, because
they are usually available as arithmetic average values.
This approach assumes time independent measurement errors. Therefore the actual measurement error will
clearly be overestimated because in reality there is a time dependency between consecutive measurement
errors. One possibility to model such time dependencies are Markov-Chains which can also be generated
using a random generator. Finally, by using the Glivenko theorem and by carrying out a sufficient number of
simulations, empirical distributions which approximately correspond to the true error distribution can be
obtained.
6. Conclusion
The testing of solar storage tanks according to EN 12977-3:2008 and CEN/TS 12977-4:2010 can be divided
into a measurement phase at the test stand and an evaluation phase using a simulation program coupled to an
optimization program to determine the characteristic values of the storage tank. This paper deals with the
evaluation procedure that has been worked out at the TestLab Solar Thermal Systems of Fraunhofer ISE and
validated according to the standard. Furthermore, investigations based on exemplary measurement data of a
measured solar water heater storage tank have been carried out.
In the first part it is being analyzed which inaccuracy can be expected when determining the storage tank
parameters. The accurately ascertainable parameters are thermal capacity of the entire storage tank, the heat
loss rate and the auxiliary heated volume. Yield simulations show that differences in parameter sets which
are caused by parameter correlations have little effect on the fractional energy savings.
In the second part advantages and disadvantages of different tested algorithms are compared. The Hooke
Jeeves (HJ) algorithm shows best results, however carrying out evaluations using this algorithm is very time
consuming. It turned out that the application of the combined Particle Swarm Optimization and Hooke
Jeeves algorithm (PSO-HJ) in the beginning of the evaluation process is useful in case the parameter
intervals are not clear.
The validation procedure described in EN 12977-3:2008 does not consider errors of the data logging system.
Therefore in the third part a new proposal is presented how holistic error estimation based on the Monte
Carlo method could be performed in order to specify the uncertainty of the determined storage tank
parameters.
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Abstract

Dynamic testing and modeling (in contrast to Steady State line of action) of solar collectors is to prefer in
most climates, except for the most extreme locations with clear skies every day. A very important part of
dynamic testing and modeling is not only the thermal capacitance correction, but also the split of the solar
radiation absorption modeling, into beam and diffuse and the modeling of the collectors’ incidence angle
dependency for both beam and diffuse radiation. These optical features are in most situations more important
than the accuracy of the dynamic and thermal loss part of the model. This can be seen from the statistical
analyze when evaluating test data. The t-ratios i.e. the parameter values divided by their standard deviations,
are generally much higher (often 10 times higher) for the optical parameters than for the thermal loss ones.
There are also important details concerning solar radiation measurements for beam and diffuse including
alignment of sensors and test object, that are often not considered, which will be discussed and lessons
learned will be given. A misalignment of just a few degrees of the collector test stand or the solar sensors
will immediately show up in a dynamic test evaluation, especially when analyzing the incidence angle
modifier behavior and thermal capacitance of a collector.
To achieve good results in dynamic testing it is essential to understand the basic concepts of the method and
to use this understanding when designing a test rig and collecting data during a test for later analyze. It is
very desirable to use a continuous parameter feedback during the test, so that the test conditions can be
changed hour by hour to derive more accurate results and shorten the testing time. Such advice will be
discussed in the paper. Some of these findings has not yet reached the EN12975 standard level, and
suggestions for revisions and improvements will be presented that have general application also for non
standardized testing, for example research and development testing.
1.

Introduction

This work presented here with dynamic testing, modeling and evaluation was started at Studsvik in Sweden
in a pilot plant project for solar seasonal storage systems in 1979 (Rosén and Perers, 1980 and 1983). There
was a need to accurately test and model the components and system to be able to further develop the concept
into full scale. One of the tools was online simulation of all major components including the office building
and comparison to measured results. In this attempt it was found that quite simple first or second order
models could be applied with reasonable accuracy for this purpose. Especially the collector model was
developed quite far already at this time as the plant was heated with medium concentrating CPC collectors
that required that the optical modeling was up to date even of today’s requirements. Also a one node
capacitance correction term was applied and it was found that this could improve the model quite satisfactory
for all day evaluation of the performance. An annual performance calculation software was also programmed
based on this collector model to evaluate new CPC (Compound Parabolic Collector) collector designs in
comparison to other collectors. (Perers, 1980). This collector model was later used and further developed in
the Minsun software for optimization of seasonal storage systems within IEA SH&C Task VII (Chant and
Håkansson, 1985). The construction, first year monitoring and evaluation experiences for the project was
also presented at ISES in Perth 1983. (Perers 1983).
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Fig. 1: The solar seasonal storage system at Studsvik Sweden built in 1979 that was heating the low energy office building
behind. On line dynamic modeling and evaluation was tested here to understand the components and system better.

At the ISES 2009 conference there were several papers showing that the concept of dynamic testing in the
EN 12975 standard in the form of the QDT method was failing or not giving satisfactory results. This was
partly due to that the method was not correctly applied or fully understood. One example is the very
important control of the test conditions so that the optical and thermal loss parts of the collector equation can
be separated accurately in the evaluation step. If the inlet temperature is not varied enough and uncorrelated
to the solar radiation, no method can accurately distinguish optical, from thermal loss parameters. This is the
general reason why field test data often give unsure or even wrong parameter results as the inlet temperature
variations are very much limited by the system and often also correlated to the solar radiation. There are
charts proposed in the standard that should be used to verify that there is enough and independent variation in
different input variables. Especially important is as mentioned above that the collector inlet temperature is
varied enough and in an uncorrelated way against the solar radiation in the collector plane.
Figure 2 is an attempt to illustrate this. The performance of a collector is in the first order characterized by a
plane in the figure. A stationary test just works in a small part of the plane at high irradiation conditions
except for the incidence angle test. A dynamic test can use points all over the plane and the coefficient can be
very well determined if the spread of points is out to all the corners. Perhaps one even can recommend to
prioritize test points close to the corners. The stationary test just spans a small part of the surface. The there
are second order model terms that also need variation in the test conditions that are important achieve too.

Fig. 2: The power output plane for a solar collector illustrating the importance of having systematic variation in both solar
radiation and inlet temperature (Tf-Tamb) to determine the “power” plane.

The QDT method is a compromise between complexity, accuracy and cost of a test, so of course there can be
better solutions if time and money is available for test and evaluation. The QDT method as described in the
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standard is also very much limited by the old requirement to derive also stationary (SS) test data during the
same test sequence, for backwards compatibility. If leaving this requirement for backwards compatibility the
QDT method can be further improved and more accurate parameter values can be derived.
It is also important to understand that the concept of dynamic testing in the QDT method is directly
connected to simulation, if the same model and parameters are used in the simulation tool. The evaluation of
a test performed with the QDT method can be seen as the opposite of simulation. The parameters derived
from a QDT test give practically zero error for the total energy output of the collector during the test period.
The collector parameters are determined for minimum error in power output and not in efficiency as in the
SS method. If the test conditions are variable and representative enough, the simulation model is then
validated at the same time in every collector test, for the specific collector type. This is not generally
understood but a basic principle of the QDT method (Perers, 1995). This principle is now implemented in the
new calculation tool developed in the QAIST project that will be presented separately at this conference
(Perers et. al, 2011). Figure 2 illustrates this chain of methods and tools where the testing is one important
part.

Fig. 3: The chain of tools where collector testing and the model an parameters are very well integrated in the chain if a dynamic
test is applied. The paper numbers are from The Phd (Perers, 1995)

In connection to the development of this annual calculation tool it was also identified the need to correct
stationary (SS) test data concerning zero loss efficiency, as this parameter in an (SS) test evaluation will be
dependent on the diffuse fraction during the stationary test points. This correction is avoided in a dynamic
test. This error has until now been neglected and not even understood. In a separate paper (Kovacs, 2011)
this is described and quantified and a correction method is shown. This correction method is now part of the
standardized annual calculation tool in Excel.
The application of night time data for determination of heat loss parameters will also be discussed. This may
shorten the testing time dramatically if the collector model and method is designed for this. In a separate
paper at this conference it is described how testing and modeling of an unglazed collector operating below
the dew point, can give accurate results using such a test procedure.
This paper will explain the essentials of QDT testing and present experiences gained during the last decades
of research and international cooperation in this field. From this platform dynamic testing and simulation can
be further developed in the application for standardized testing but also as a powerful tool in research and
product development. Also stationary collector testing may gain from some of these experiences.
This paper is focusing on liquid heating collectors and outdoor testing, but some parts are also applicable to
air collectors and solar simulator testing.
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2.

Checklist for improved dynamic collector testing

Careful design of the test rig:
-Stable pressurization of the loop to avoid under-pressure anywhere in the loop and suck air into the fluid.
-Durable and rigid piping materials and components that will not leak or cause sudden flow restrictions.
-No air in the test loop. This can be avoided by deaeration devices in the loop and proper mounting and
maintenance of the expansion vessel. A sight glass close to the inlet to the collector is a good tool to detect
air and also particles and fluid deterioration in the test loop. Note that cold water contains a significant
amount of air that will be released when the fluid is heated the first hours. This air has to be removed too.
-Flow and temperature sensors should be located in rising flow to avoid air at these points.
- There should be a filter in the loop and regular checks should be done so that the fluid is clean and not
degraded or mixed with residues of other fluids. Some flow meters are affected by degraded fluids.
-Water is the best fluid for accuracy as the thermal properties are very well known. But the influence of
changes of the fluid properties on the collector performance can’t be completely neglected. The performance
is often slightly lower for glycol/water than pure water. But it also depends on the flow rate and absorber
design.
-Enough straight pipe length should be present before and after the flow meter.
-Fluid temperature sensors in mixing flow after a bend or a special mixing insert.
-Good thermal insulation between collector and temperature sensors in and out of the collector and around
the sensor location.
-Temperature sensors well inserted into and directed against the flow and same arrangement for in an outlet
temperature.
-The ambient temperature sensor radiation shielding and location is more important than generally thought.
A location in the shade behind the collector can be quite a good compromise as a first order arrangement. A
forced ventilated and shaded ambient sensor is the best option but needs attention too, as small animals like
spiders may clog the inlet of air after some time.
-The diffuse radiation measurements with normal shading ring needs attention too, even if it looks like a
simple device. During dynamic testing the shading ring has to be perfectly “in operation” all day and shading
the whole glass dome and not only the detector surface. Even a small misalignment of the diffuse sensor in
tilt or azimuth or misalignment of the two rods holding the shading ring may give shading only a part of the
day and then strange intermediate diffuse values the rest of the day. This destroys the accuracy of the
evaluation. It has also happened that the diffuse sensor is wrongly assembled and gives strange errors due to
wrong geometry.
-Possibilities to check and calibrate sensors during measurements by double mounting arrangements is very
efficient to allow more testing time.
-Rigid fixtures in metal for solar sensors, carefully aligned parallel to the collector. Never use wood here,
that easily bend, when the moisture content changes after some time! Even small misalignments hardly seen
can cause large errors at higher incidence angles se fig. 4.
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Fig. 4. Error due to a small misalignment of a solar sensor away from the collector plane (Perers 1993)

-Check that the test stand is due south. Also tracker azimuth calibration. The polar star is very close to north
as a double check.
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-No shading of collector or solar sensors during a testing day. Even thin shadows from a flag pole, Street
lamp or wind mast will cause strange and wrong results.
-A parallel test rig design with two or more similar collectors in operation is very powerful when looking for
small improvements on a collector. One collector can be kept unchanged as a reference all the time.

Fig. 4: A simplified sketch of a test rig layout with sensors and temperature control. Note also the deairation device after the
collector that is also working as an expansion vessel. Many variants are possible.

Measurement equipment:
-Dataloggers have to be of high class as both thermocouples and the most accurate thermopile solar sensors
have very low output signals in the mV or even uV range. The common mode rating is very important too.
Double ended inputs are recommended. Avoid loggers with common grounding of minus.
-Mechanical multiplexers should be avoided. After some years the contacts can cause irregular measurement
errors.
-Shielding of cables and grounding of the shield only in one end is very important. A cable shield should be
grounded preferably at the data logger. Measurement cables and AC cables should be separated.
-Cable connections should be protected from water and made of corrosion resistant materials.
-If PT100 sensors are used for temperature measurements, four wire connections/cabling should be used so
that the cable length will not influence the accuracy.
Check during testing:
-Check and clean the glass domes of the solar sensors preferably each day. Sometimes birds can find it
pleasant to sit on or close to these sensors and shade and may give bird droppings that of course is destroying
the measurements accuracy totally.
-Check that there is no condensation inside the solar sensor glass domes. Dry the glass surfaces and change
or dry the desiccant if condensation will occur.
-Check and clean also the collector glazing at start of the test and when necessary.
-Check for fluid leaks (pressure meter readings and visual inspection of condense in the collector.
Condensation can be caused by micro absorber leaks.)
-Check for small rain leaks in the collector glazing frame and edges ( It is not meaningful to test and evaluate
a collector accurately with condensation inside.)
-Check incoming data every working day.
-Check of time in the data file/logger especially if several loggers are used. Use wintertime.
-A preliminary collector model calculation of expected collector output (online simulation) is a very
powerful tool to find problems with measurements, test rig and test object during testing.
-Perhaps the most important “on line” check is that the inlet temperature has been varied enough and
independently in relation to the solar radiation. A plot of (Tf -Ta) versus Gtot is very useful to see if this
requirement is fulfilled. There should be points all over this diagram and especially in the “corners” if the
test has enough data.
- Online simulation is very effective to find out problems early in new collector designs that otherwise will
lead to a lot of unnecessary testing time. This can be heat pipes with wrong pressure or too little fluid, or
micro leaks in the absorber or rain leaks into the collector as a few examples.
Check between tests
-Calibration of all sensors at regular intervals as recommended by the manufacturer or according to the
standard.
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-Check that Tin- Tout shows close to zero and save the residual value for later correction, when short
circuiting the collector connections with flow in the test loop. Preferably run at elevated temperatures too.
-Check for condensation in solar sensors and change the desiccant inside at regular intervals or if needed.
-Check the gas pre-pressure in expansion vessels of closed loop type and assure that they are mounted with
the fluid connection upwards to avoid air being trapped on the fluid side of the membrane.
Test sequence design:
This is perhaps one of the most important possibilities to improve accuracy and at the same time shorten a
standard collector test. By varying the inlet temperature in a systematic way during the day, much more
information can be gained from the test data and collector, than keeping the temperature constant all day.
There is also a potential for use of night time measurements, of the heat losses but there are theoretical
problems due to the reversed heat flow direction in the absorber that need to be solved to achieve the best
accuracy. Some collectors like heat pipe designs can’t use this possibility. For many collector designs the
inaccuracy is limited and night measurements can be very helpful to assure the accuracy of the parameters
when unexpected daytime results occur.
Tools for data evaluation and calculation of annual collector performance:
When enough test data have been collected, a lot of small steps remain before it is possible to identifying the
collector parameters in an accurate way. Incidence angles onto the collector have to be calculated accurately.
Up to date asymmetrical biaxial incidence angle formulas are given in (Perers 2011). Data has to be scaled to
standard units and pre-calculated according to the collector model. The collector aperture area has to be
measured accurately according to the standard and used in the evaluation, as it affects all parameter values.
Data has to be checked and strange data has to be deselected. Averages of 5 to 10 minutes have to be created.
After that comes the parameter identification that can be done with MLR (Multiple Linear Regression) but
also other tools. Here is though important the statistical method will minimize the error in collector output
power and not outlet temperature or efficiency that is common alternatives. Then the parameters will be
optimized for the wrong output quantity for the later use in simulation and annual performance calculation.
The difference may seem academic but it introduces and unnecessary uncertainty in the parameter values.
The model that is validated is also rewritten in another form than later used in simulation and annual
performance calculations, so the direct model plus parameter validation step and connection is lost.
These evaluation steps can preferably be done in Excel. But other tools can also be used. In a separate paper
a first version of a tool developed in the open source statistical software R is described (Bacher and Perers
2011). The goal of this tool is to cover the whole evaluation chain and derive the results starting from raw
data in one single run, but of course with intermediate user checks on the way. This R tool also gives good
documentation of all the steps taken in a “run” - text file
After the parameters have been determined it is very desirable to also be able to give a standardized annual
energy output for the collector. A new Excel tool is now available for this purpose (Perers 2011) that has
been developed within a European cooperation project QAIST, in a work package lead by SP in Sweden. A
detailed description of this tool is given in the paper mentioned.
System simulation:
The parameters and model from the EN12975 - QDT method can now also be accurately used in system
simulation with for example TRNSYS.
A TRNSYS Type 832 is available from the IEA SH&C Task 26 and 32 work, that can take the parameters
directly from a test and with exactly the same model as during the evaluation of the test to simulate the
collector performance very accurately in a system.
The collector array part UMSORT of the Minsun software (Chant and Håkansson 1985) has also been kept
alive and updated for this purpose for accurate research and development calculations.
A TRNSYS Type 136 very close to Type 832 but including also condensation effects for extreme low
temperature operation together with heat pumps, is available for research use. This model was recently
validated directly against test data using test parameters for a longer period (Perers et. al. 2011. This kind of
validation is a further step to assure am accurate connection between testing and system simulation.
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3.

Discussion and Conclusions

When applying dynamic testing, it is very important to have all links in shape: Test rig, test rig control,
measurement equipment, test object not to forget and finally the analysis tool. After these steps a
standardized calculation of collector annual performance can be done with a new Excel tool (Perers, 2011)
using exactly the same model and parameters but standardized climate data for the location choosen.
The perhaps most forgotten part of dynamic testing is the strategy for test rig control of the inlet temperature.
The inlet temperature has to be varied a lot and uncorrelated to the solar radiation in opposite to stationary
testing, where a stable inlet temperature is very important for accurate results. Here the EN 12975 standard
can be improved for the QDT testing by easing the requirement for backwards compatibility.
The most forgotten sensors are often the solar ones. They are extremely important for the accuracy of the test
results, not only concerning calibration, but also mounting, alignment and maintenance like cleaning and
check of condensation inside.
No test is fully automatic. A good test requires experienced persons that check the test and data regularly and
take action immediately when something is wrong, preferably every working day. Efficient display of the
ongoing measurements is very helpful here. Also remote connection should be available from the office.
On line simulation in the measurement system of the expected collector output and comparison to the
measured, continuously during test, can help a lot to give early warnings if something is wrong with sensors,
wires, test rig or test object.
In the future more advanced statistical model and parameter analysis tools may be applied (Bacher et. al,
2011). Then it may be possible to use almost instantaneous measurements like 2 second data to use the full
dynamic information of a solar collector test and gain very much information every testing hour. This may
shorten the testing time dramatically and also give a deeper understanding of the performance of different
collector designs.
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GLOBAL CERTIFICATION OF SOLAR COLLECTORS
Jan Erik Nielsen
PlanEnergi, Hvalsö (Denmark)

1. Introduction
The idea of establishing a global certification scheme has been discussed in the IEA-SHCi Task 43ii and
amongst the participants in the European project IEE/QAiST iii.
As a result of these discussions, a coordinated revision of the European collector standard EN 12975 and the
international collector standard ISO 9806 is going on now - with the aim of establishing a common EN/ISO
standard for collector test methods.
When such common international standard is realised, it would be possible to establish a global collector
certification scheme.
Such global certification scheme could open up the world market for collectors as then this one certificate can
be used all around the world to compliance with the EN/ISO “world collector standard”.
2. Background
The Solar Keymark certification scheme has been very successful in Europe - and works also for overseas
products on the European market. But until now it was (due to rules of the owner of the mark: CEN iv) only
possible for European certification bodies to participate in the certification scheme and issue licences. NonEuropean manufacturers do not have the possibility to use local certification bodies. Even stricter for some
national certification scheme like the North American SRCC certification scheme - here everybody has to use
one specific certification body.
To illustrate problem: At present, if you e.g. want to sell your collector in both EU and USA, you need both the
Solar Keymark and the SRCC certificates - and hence double testing and certification are required. In the future
ONE “Global Solar Q-Mark” should allow you to sell in all countries in all continents.
3. Proposal for new global certification scheme
3.1. How it works
The global certification scheme will refer directly to the upcoming EN/ISO 9806 series concerning test
procedures for efficiency and reliability/durability and it will be based on EN 12975-1 with respect to
requirements.
The certification scheme is a 3rd party certification scheme - involving well recognized certification bodies, test
labs and inspectors fulfilling strict requirements.
The main components in the scheme are:
Factory inspecting - an inspector is checking the quality management system of the manufacturer,
initial inspection before certification - and then surveillance inspection regularly e.g. every year
Product testing - a test labs is testing collectors taken out from production line by random sampling
In fig.1 the principles of the certification scheme is shown:
The accreditation bodies are checking the certification bodies, test labs and inspectors (and they are
checking each other too)
The certification bodies are checking if the requirements in the certification scheme are fulfilled based
on test and inspection reports. The certification bodies issue the license to mark the product to the
manufacturer (if requirements are fulfilled)
The test labs test the products (collectors) according to the standards
The inspectors inspect production lines (and sample products for testing)
Manufacturers produce products - and mark them
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Fig. 1: Principles in the proposed 3rd party certification scheme

3.1. How to organise
Inspired by the Solar Keymark Network an organizational framework around the certification scheme is
proposed: “Solar Q Network”. The idea is that both industry and the actors working within the certification
scheme are involved and that they are all represented in a balanced way in the organization. See fig. 2.

Fig. 2: How the global certification scheme could be organized
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3.2. Requirements
Requirements for products
The requirements for being Solar Q certified could be based on the requirements in the European standard EN
12975-1 “Solar thermal systems and component - Solar collectors - General requirements”. This standard is
being revised, taking now into consideration that the requirements should be applicable all over the world. One
major step in this direction is the introduction of classes, making it possible to have certification at different
levels for different parameters. For instance in cold climates with risk of strong hail strong storms and heavy
snow load, requirements could/should be different from the requirements in hot and dry climates with no hails
and little wind.
In fig. 3 examples of classes for mechanical load, hail, climate and performance are given.

Fig. 3: How the global certification scheme could be organized

Requirements for accreditation bodies, certification bodies, test labs and inspectors
Accreditation bodies should be signatories to IAF MLAv, which us a “club” of the best accreditation bodies
who recognize each other.
Certification bodies, test labs and inspector should be accredited by the above accreditation bodies according to
the relevant ISO 17000 series standards.
3.4 Next steps
The next steps are:
a. to finish the revision of EN/ISO 9806 standards for collector test procedures and the EN 12075-1 for
requirements
b. establish the the Solar Q Network
With respect to the revision of the standards, work is ongoing - final published standards are expected in 201213. To be ready with a certification scheme and the framework around it when the standards are published, it is
proposed to work on this issue in parallel.
Hence, the following time schedule for initiating the global collector certification scheme is proposed:
Proposal for global certification scheme rules should be made. A draft has already been presented
(Nielsen, 2011).
Proposal for organization and working rules for the Solar Q Network to be elaborated before the end of
2011.
Call for interested parties to participate in the Solar Q Network early 2012 and invite for the first Solar
Q Network mid 2012. Discuss here more in detail the requirements in the certification scheme and the
internal rules of the Solar Q Network.
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IMPLEMENTATION OF DATA PROCESSING AND AUTOMATED ALGORITHM
BASED FAULT DETECTION FOR SOLAR THERMAL SYSTEMS
Stefan Küthe, Corry de Keizer, Reza Shahbazfar and Klaus Vajen
Institute of Thermal Engineering, Kassel University (Germany)

1. Introduction
Solar thermal systems are designed to function for about 25 years, but faults and malfunctions are likely to
occur at a certain time causing reduced solar gains and economic losses. Due to the fact that usually a backup
heater is installed to guarantee the supply of the heat demand, faults and malfunctions of the solar thermal
systems are often not recognized or only with a delay. Hence, fault detection is an important issue. Because a
manual monitoring would be time and cost intensive, an automated detection method is needed. In this paper
an automated algorithm based fault detection is presented. The data transfer and storage is done via data
emails, which are written into a server based database guaranteeing the usage of different structures of data
files. Data can then be accessed everywhere, so that the data analysis can be handled on different computers.
This leads to the possibility to use several computers at once in order to increase the performance of the fault
detection. The fault detection itself is carried out by functions (algorithms) analyzing the data for deviations
from normal operating conditions. The structure of the database and the different levels of algorithms used
for the fault detection as well as an example implemented on a monitored solar thermal system are presented
in this paper.
2. Data processing
2.1.Transfer and storage
Good data storage and easy and fast access to the gathered data of monitored systems are important issues for
long term monitoring and fault detection. Hence, a database is used to handle the large amount of resulting
data in an efficient way. To ensure flexible access the database is server based. So, stored data is generally
available everywhere via an internet connection. Restrictions are set by applying user rights to the database.
Figure 1 shows the data administration.

Fig. 1: Data administration. Data is transferred via email from the logger to a given email account. The Emails can either be
sent via a mobile communication network or via an Ethernet connection. The data parser fetches the data files from the emails
and fits them to the database structure before inserting the data into the database. The data is then accessible and can be used
for visualization etc.
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Data transfer from the monitored systems to the database is done via emails with attached data files. The
emails are fetched and parsed by server side software in order to make the transferred data files suitable for
the given structure of the database. Therefore, different data formats from varying logging hardware can be
handled easily. Emails can either be sent via a mobile communication network or, if available, directly via an
Ethernet connection. There is a redundant backup system: on the one hand the emails are stored for a given
period and on the other hand the database is backed up daily.

2.2. Database structure
Beside the data itself there are different levels in the database structure to store additional information about
the monitored systems and their measuring equipment. In the first level administrative and general
information of the systems like details of contact person, system specifications, etc. are stored. In the next
step details of installed sensors are given, e. g. name, min/max values and system reference. Data is saved in
the last level of the structure containing timestamp, value and sensor reference. Figure 2 shows the simplified
database structure.

Fig. 2: Database structure. In Level 1 administrative and general information as well as the description based on subsystems is
stored. Level 2 holds information about the sensors while the data itself is stored in Level 3. Levels are linked with each other via
identification numbers (ids), e. g. each data line has a reference to the respective sensor id.

As one can see the layers are linked with each other via references, implemented as so called identification
numbers (ids), e. g. in order to get all sensors of a monitored system, the sensor table is searched for all
sensors with given system id, afterwards data of a sensor is extracted by filtering the data table with a chosen
sensor id. Ids are always unique, whereas names can be used as often as needed.
Another important aspect regarding automated fault detection is the standardization of the sensor names in
the database. The fault detection is carried out by programmed algorithms analyzing the data, whereas the
algorithms itself are described in more detail in the next section. So, if there is a standardization of sensor
names, it can be checked whether all sensors needed by a certain algorithm are available for a respective
monitored system. In case this is true, the algorithm is applicable to the system. Because a sensor can have as
many attributes as needed, alias names can be defined beside the standard names. This is an important
feature when visualizing data for the user, because it is easier to understand. Also conversion functions for
the sensor units are stored as additional sensor information. Table 1 shows a possible naming of sensors on
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the primary side of a solar loop; standard names are used by the algorithms and aliases for visualization.

Tab. 1: Sensor attributes stored in the sensor table of the database structure.

Id

Standard Name

Alias

Function

1

SOL_T_FL_PRI

T_Flow_Solar_Loop_Primary_Side

None

2

SOL_T_RT_PRI

T_Return_Solar_Loop_Primary_Side

None

3

SOL_V_PRI

Flow_Rate_Solar_Loop_Primary_Side

Value*0.06

The system description of the monitored systems is specified as a connection of defined subsystems based on
a subsystem approach developed in Dröscher et al. (2009). Algorithms for fault detection can be linked with
the subsystems and therefore, applicable algorithms for a monitored system can be filtered by querying the
available subsystems. In Figure 3 two examples of subsystems of solar loops are presented.

Fig. 3: Subsystems of solar loops with details. Every monitored system is described clearly by the connection of several
subsystems. SOL1 and SOL2 are different variants of a solar loop.

2.3. Access and visualization
Data is accessible via programmed software interfaces and can be extracted to files for further use with other
programs or handled directly. The only requirement for the used programming language is an available
connector to the database server. Therefore, data can also be visualized easily, e. g. in a web browser
implementing a PHP/HTML-interface with the advantage that no additional software needs to be installed by
external users in order to view and analyze plots. Such an interface was implemented at Kassel University
but will not be discussed in this paper.
3. Algorithms
Because of data quantity and the fact that an analysis by hand would be cost intensive and time consuming,
an automated method for fault detection is unavoidable. This is done by implemented software objects,
afterwards called algorithms. The algorithms run in defined time intervals fetching needed data from the
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database in order to check the correct function of the respective solar thermal system. They can run on the
server where the database is located as well as on other computers or rather servers. Hence, if needed for a
better performance, it is possible to have several servers doing the data analysis. Thereby, the algorithms
vary from simply calculating key figures and comparing them to references to a complex linking of several
algorithms with each other. Another task is to examine the data regarding quality and missing time series.
Nevertheless the structure for each algorithm is always the same: an algorithm itself is a so called class with
n attributes and main functions like run, calculate and get_result. So, new algorithms can be integrated in the
fault detection in an easy and flexible way by more or less simply overwriting or rather implementing the
calculate function. Figure 4 shows the structure.

Fig. 4: Algorithm structure. An algorithm is started by calling the run function. When calculation is finished the result is
returned by the get_result function. In the calculation step also other algorithms can be called in order to use their results. In this
way algorithms can be linked with each other. The attributes correspond to the sensors needed for the calculation.

There are several categories or levels of algorithms. While in the first level only data quality and quantity is
checked, the last level deals with the final detection of faults. So, the classification is described below and
based on approaches in (Isermann, 1994, 2006), whereas example algorithms are presented in a simplified
syntax showing the calculation step or rather the calculation function.
Level 1: sensor value/measured value
Algorithms in level 1 examine the quality and quantity of the data transferred by the sensor. It is checked
whether the values of the sensors are in their measuring range. Therefore, broken sensors can be found.
Quantity checks mean that missing time series are identified and handled. If too many data is missing in a
certain time interval, it is not used for the fault detection. Another task can be, to get a not directly
logged/measured value by calculating it with the help of other sensor values. The following example checks
the measuring range and returns false, if the value is out of range; the range is stored in the database as
sensor attributes min and max:
CLASS *VALUE_RANGE*:
IF value < sensor.get_attribute(“min”)
OR value > sensor.get_attribute(“max”):
RETURN false
Level 2: measured value/characteristic
In this step the measured values from level 1 are used to generate system characteristics. Characteristics can
be key figures like energy yields, number of charging-cycles of the tank or temperature differences. As a
result the algorithms only return states of the system, but no faults yet. In the following example the
temperature difference between flow and return in a primary solar loop is returned:
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CLASS *CHAR_DELTA_T_SOL_PRI*:
CHARACTERISTIC = SOL_T_FL_PRI – SOL_T_RT_PRI
RETURN CHARACTERISTIC
Level 3: characteristic/symptom
In this step extracted system characteristics are compared to reference values. Thereby, deviations from
normal conditions are identified and handled as so called symptoms. Often multiple characteristics are linked
with each other for the plausibility checks in level 3. In the following simple example the temperature
difference between flow and return temperature in the solar loop is compared to a given reference variable:
CLASS *SYMP_DELTA_T_SOL_PRI*:
IF *CHAR_DELTA_T_SOL_PRI* > REF_DELTA_T_SOL_PRI_MAX
OR *CHAR_DELTA_T_SOL_PRI* < REF_DELTA_T_SOL_PRI_MIN:
RETURN false
As one can see the algorithm is linked with the example from level 2 in order to get the temperature
difference as characteristic.
Level 4: symptom/fault
If a plausibility check returns false and therefore, a symptom is generated, in level 4, a fault diagnosis is
carried out in order to determine a possible malfunction or fault of the system. In the simplest way, a certain
symptom matches exactly one unique fault. But usually this is not the case, so that multiple symptoms must
be taken into account and maybe also be linked with already extracted characteristics of the system.
Figure 5 shows the different levels of algorithms.

Fig. 5: Levels of fault detection. A1 to A4 correspond to the 4 levels of algorithms described above.

4. Case Study/Example
In this section a simple fault detection is shown for a solar thermal system with space heating and domestic
hot water support. Figure 6 reveals a data gap of three days between January 2 and January 5, which
corresponds with the email generated by a level-1-algorithm checking data quantity:
*Missing Time Series, Location 1*
guessed time step: 60 seconds
from_date,
---------2011-01-01
2011-01-02
2011-01-05

to_date, missing_time_steps
12:00:00, 2011-01-01 12:04:00, 3
12:03:00, 2011-01-05 00:02:00, 3598
22:48:00, 2011-01-05 22:52:00, 3
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In thee next step a fault diagnosis is carriedd out. Therefo
ore, a charactteristic algoritthm is called to check
whethher the auxiliaary heater is ruunning correcttly in order to supply the neeeded temperaature. As can be
b seen in
Figuree 8, this is nott the case: althhough there iss a hot water demand
d
and thhe supply tempperature is no
ot reached,
neitheer the solar looop nor the auxxiliary heater supply
s
the sett point temperature in the uppper part of th
he store.

Fig. 8: Although thee needed flow tem
mperature for doomestic hot wateer is not reached
d, neither the sollar loop nor the auxiliary
heater su
upply the set point temperature in
i the upper parrt of the store.

Depennding on the settings
s
of thee fault detectioon algorithm further
f
charactteristics are taaken into acco
ount to get
more information about
a
the malffunction, or a message is sent to a responnsible person iin order to cheeck, if e.g.
hing is wrongg with the conntroller. In thiss example
the auuxiliary heaterr was switched off by acciddent or someth
it is im
mportant that the malfunctioon is detectedd as early as po
ossible, becauuse otherwise there will be a negative
effectt in the comfoort for the userr. In this casee it turned outt that the heateer was switchhed off manuaally by the
user for
f testing purpposes.
5. Summ
mary
In thiis paper a fauult detection method
m
based on algorithm
ms for solar thhermal system
ms was presen
nted. As a
basis, data storage of monitored systems is im
mplemented as a server bassed database, which holds beside
b
the
i
all inforrmation needed by the fauult detection method. The data is transsferred via em
mails with
data itself
attachhed data files,, whereas the structure of the data files can have anyy format, beccause data is parsed
p
by
software before it is
i written intoo the database. The algorith
hms for the fauult detections are classified
d into four
t quality annd availabilitty of data is checked, e.gg. missing tim
me series,
levelss: in the firstt level only the
transfferred values of the sensorss are not in thhe measuring range, howevver, in level 4 the final diaagnosis is
carrieed out by exam
mining identiffied so called symptoms. A symptom is detected in caase a characteeristic like
energyy yield or a teemperature diifference doess not match a reference vallue or intervall. Additionally
y the data
can bee visualized inn a simple way to analyze a found fault more
m
in detail,, e. g. via a weeb browser. In
n a further
step stored
s
data cann also be usedd to compare simulated and
d measured ennergy yields iin order to detect faults
as donne in (Keizer, 2010).
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1. Introduction
The European standard for solar collector testing (EN 12975-2:2006) offers two different methods for
characterizing the thermal performance of solar thermal collectors: The steady state method (SS) and the quasi
dynamic method (QDT). The first one originates from the Ashrae 93-77 and ISO 9806 standards where the
performance model parameters are determined under clear sky conditions (maximum 20 % diffuse fraction
allowed, however EN 12975 states maximum 30 %) and at high irradiance levels (minimum 800 W/m 2, EN
12975 states 700 W/m2). The QDT method was developed and introduced in the EN standard in 2001, as the EN
12975 was first published. Compared to the SS method, the QDT method offers the following main advantages:
It allows for accurate characterization of a wide range of collector types
It allows for testing under a wide range of operating and ambient conditions which
effectively reflect normal operation conditions
It gives a more complete characterization of the collector through an extended parameter set
as compared to steady state testing
The fact that all model parameters are determined at the same time, from the same all day
data base makes it possible to perform a direct model validation, especially when testing
odd collector designs or when obtaining unexpected results
In the QDT collector model (Perers 1993, Perers 1995, Perers 1997, Fischer 2004), see equation 1 below, the
original steady state equation has been modified and extended with some correction terms. A single incidence
angle modifier (IAM) for hemispherical irradiance has thereby been divided into incidence angle modifiers for
direct ( K

b

( ) ) and diffuse ( K

d

) irradiance and the thermal capacitance term (c5) is integrated in the

equation. Furthermore, terms for the heat loss dependence on long wave irradiance (c4) and wind speed (c3) and
wind speed dependence of the zero loss coefficients (c6) have been added.
When introducing the IAM, the term

0

in the steady state equation has been replaced by F' ( )

en

, indicating

that it is the optical efficiency for direct irradiance only. However, as shown in the following, the

0

from a steady state test is biased by diffuse irradiance and therefore cannot be assumed equal to F' (
more relevant designation of these two parameters reflecting this fact,
and

0 b, en (resulting

K

)

en

.A

from a steady state test)

from QDT), has been proposed in the current revision of the EN standard.

.

Q / A F' ( )
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( ) Gb F' ( )

K

en
b
en
d
4
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a
m

Gd - c 6 u G * - c1 (t

- t ) - c 2 (t - t ) 2
m a
m a
(Eq. 1)

These generalizations make it possible to test collectors under the most varying weather conditions and in fact, a
certain variation in the weather during testing is desirable in order to have all relevant parameters properly
identified. This feature is a great advantage in some European locations where steady state testing can be very
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time consuming. On the contrary, applying the present version of QDT can be difficult in other locations for
some collector designs, where the weather is very stable or where diffuse fractions are constantly very low
(Alfonso el al 2008). There is thus a need for further development of the QDT in order to make it fully
applicable also at such locations.
The other very advantageous feature of QDT is its applicability to a wide range of collector designs, including
ETC:s, concentrating, semi concentrating (Rönnelid, Perers, Karlsson 1996, 1997) and unglazed collectors
(Perers 1987). A further extension of the QDT method for test of unglazed collectors operating under the dew
point of the air (for heat pump applications) is also available, but not yet fully validated (Perers 2006, Perers
2010). An interesting future perspective of the QDT method is that it has the potential for radically shortening
the required testing time e.g. by using night time measurements and frequent controlled step changes in the
collector inlet temperature.
As the market now grows, the collector types mentioned are becoming increasingly common and it is essential
that performance testing within reasonable effort can deliver results that are not biased by unique features of a
single collector type. Recent experiences from testing of these products however tell us that steady state testing
in this respect is not powerful enough, which is shown in the following example. A method for increasing
accuracy of the steady state method and the compatibility between the two performance test methods by
calculating “missing” parameters from the ones determined in the steady state test is outlined. The method
described here has been implemented in an Excel tool for collector annual energy output calculation which was
recently introduced in the proposed new EN 12975-2 standard (Boverket 2009, Perers 2011). The following
example focuses on an ETC collector of the Dewar type, i.e. with a cylindrical absorber, as this is the most
obvious case where the accuracy of the steady state method can be improved. However, the correction method
may also be possible to use in order to generalize the steady state method to different concentrating designs even
though QDT presently is the most appropriate method for these collectors.
2. Method to increase accuracy of steady state testing
When testing ETC:s with cylindrical absorbers according to the steady state method, the ability to utilize
irradiance coming from non-normal incidence angles, a specific feature of this collector type, can result in a
significant bias in the resulting model parameters. This is due to the following two effects:
The impact of the incidence angle modifier for direct irradiance in the transverse direction K

b

(

T

)

) > F' ( ) ) and much more pronounced compared to e.g. flat plate
en
e
collectors. Requirements in the EN (SS part) and ISO standards are that the IAM must not differ
more than 2% from its value at normal incidence during performance testing. This makes the
“acceptance angle” for determining F' ( ) by steady state measurements very small (often below
is positive (i.e. F' (

en

±5 degrees). This should be further stressed in the EN 12975 standard as measurements at higher
angles can lead to significant over estimation of the F' ( )
parameter. From a practical point of

en

view it means that a solar tracker should be used in testing unless very stable weather conditions are
guaranteed at the test site. If the collector is mounted on a fixed structure the acceptance angle of ± 5
degrees corresponds to a time window of only ± 20 minutes around solar noon.
The incidence angle modifier for diffuse irradiance is normally in the range of 1,0 < K

d

< 1,5 for

this kind of collector i.e. resulting in a higher efficiency for diffuse than for direct irradiance as
compared to e.g. flat plate collectors where it is normally between 0,85 and 1,0 i.e. a less pronounced
effect resulting in a lower efficiency for diffuse than for direct irradiance. Determination of
F' ( ) that should represent direct irradiance at normal incidence will therefore be positively

en

biased even at relatively low diffuse fractions during an EN-SS test. As

K

d

is not identified

through the steady state test, this effect cannot be directly corrected for. If different diffuse fractions
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occur when

F' (

)

en

and

F' (

) are measured this will probably also give a bias in the values
e

of KθbL and KθbT.
The impact of these two effects are shown in table 2 by calculating the zero loss coefficient 0 (which is
effectively what is determined as F´(τα)en in the steady state measurement) from a “fixed”

F' (

)

en

for a set

of incidence angles and diffuse fractions, according to equation (2). Here, a zero loss coefficient for
hemispherical irradiance is weighted together by the corresponding coefficients for direct and for diffuse
irradiance.
0=

F´(τα)en*Kθb(θ=θi)* a + F´(τα)en*Kθd* (1-a) [--]

(Eq. 2)

Where Kθb(θi)= KθbL(θi,l)* KθbT(θi,T), a=fraction of direct irradiance, (1-a)= fraction of diffuse irradiance. 0=
zero loss efficiency from stationary testing. θi is the average incidence angle during the SS - 0 test
Now, if the IAM for diffuse irradiance Kθd can be determined, equation (2) can be used to calculate F´(τα)en
from measured values of 0 and measured or default values of the IAM for direct irradiance Kθb(θi) and a.

F´(τα)en=

0 /[

Kθb(θ=θi)* a + Kθd* (1-a)]

(Eq. 3)

In the proposed method for adjusting steady state parameters to better accuracy, Kθd is first determined from the
measured values of KθbL and KθbT, by integrating them over a hemisphere, assuming isotropic sky conditions
(Perers 1995). Thereafter, F´(τα)en is calculated according to equation (3).
3. Results
A typical evacuated tube collector with cylindrical absorber tested according to the steady state method is partly
characterized by the IAM parameters according to table 1.
Table 1. Incidence angle modifiers for direct hemispherical irradiance in the transverse and longitudinal directions for the example
collector
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Figure 1. Incidence angle modifiers for direct hemispherical irradiance in the transverse and longitudinal directions for the example
collector

Integrating the values of KθbL(θi,L) and KθbT(θi,T) over the hemisphere gives a calculated Kθd equal to 1,22.
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Depending on the diffuse fraction and any incidence angle offset from normal incidence during steady state
measurements of this particular ETC, the measured

0-value

will deviate from the true F´(τα)en value (0,65)

according to table 2. In other words, the conventional steady state test will only produce the true F´(τα)en in the
case represented in the first row of table 2 (for parallel light=beam radiation, at normal incidence, no diffuse
radiation at all). The annual energy gain in table 2 has been calculated using weather data from Meteonorm for
Stockholm and an Excel tool developed within the Solar Keymark II and Qaist projects (Boverket 2009, Perers
2011). The following collector model parameters have been used:
0=

According to table 2
-2

a1=1.5 Wm K

-1

-2 -2

a2=0.01 Wm K

IAM (KθbL and KθbT )= According to table 1

Kθd=1,22 (calculated from KθbL and KθbT according to the method described above)
Over estimation in annual energy gain due to different fractions of diffuse irradiance and non normal incidence
angles during an EN-SS test is shown in table 2. It is calculated as the output as it would have been if testing had
taken place at 0 % diffuse fraction and normal incidence angle (699 kWh/(m2*a)) relative to each specific case
e.g. (709-699)/699 in the second row.
Table 2. Bias in 0 and annual energy gain due to deviations from optimum test conditions. Values based on normal incidence and
direct irradiance in the first row and on possible ranges of incidence angle of direct irradiance and diffuse fractions in the following
rows.

Angle offset from normal
incidence during 0
measurement
(longitudinal/ transverse)
[degrees]
0/0
0/0
0/0
0/0
0/5
0/10
0/15
0/5
0/10
0/15
0/5
0/10
0/15

Diffuse
fraction

Steady state
measured 0

True F´(τα)en

Annual
energy gain
at Tm=50°C

Over estimation
in energy gain

[%]
0
5
15
30
5
5
5
15
15
15
30
30
30

[-]
0,65
0,657
0,672
0,693
0,679
0,700
0,722
0,691
0,710
0,730
0,709
0,725
0,741

[-]
0,65
0,65
0,65
0,65
0,65
0,65
0,65
0,65
0,65
0,65
0,65
0,65
0,65

[kWh/(m2*a)]
699
709
729
758
739
767
797
755
781
808
780
801
823

[%]
1,4
4,3
8,4
5.7
9,7
14,0
8,0
11,7
15,6
11,6
14,6
17,7

It shall be noted here that the proposed method for deriving Kθd, as a result of assuming isotropic sky conditions,
tends to underestimate the value of Kθd. From QDT measurements on this type of collector, Kθd- values >1,4 have
been determined. Applying steady state testing on a collector with an F´(τα)en- value= 0,65, a Kθd=1,4 and a
diffuse fraction of 15 % would result in an 0=0,69 even with measurements carried out at normal incidence. For
collectors of conventional design with Kθd- values < 1,0 the result will be the opposite i.e. an under estimation of
0 , however less pronounced as the IAM for diffuse irradiance (Kθd ) is closer to that for direct irradiance in this
case.
As a pragmatic approach to the issue of choosing incidence angles and diffuse fractions for a standardized
correction procedure, it is suggested that normal incidence and a diffuse fraction of 15 % is applied in all
calculations. This figure has no scientific basis but is merely an assumption or an estimate of average conditions
prevailing during steady state testing. This is partly in accordance with the weighting procedure applied in EN
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12975 where a reference steady state case has been defined for graphical presentation of QDT results. In that
case 15% diffuse fraction and Θi equal to 15 degrees is used.
4. Conclusions
It has been shown that the zero loss coefficient and thus the energy performance of ETC:s with cylindrical
absorbers when determined according to the steady state method described in EN 12975-2 is over estimated due
to the specific characteristics of this collector type.
The proposed method will deliver a more accurate value of F ´(τα)en as well as a “new” parameter, Kθd when
steady state testing is applied to an ETC collector with cylindrical absorber. Considering that the diffuse fraction
of annual irradiance for many European locations is in the order of 35-45 % it is essential that this dependency
can be accurately modeled. System simulations and annual performance predictions based on the steady state test
can thus be carried out with significantly improved accuracy for this type of collector. In particular the modeling
of collector characteristics and system performance can be improved at low irradiance levels and high diffuse
fractions, more often occurring during the heating season i.e. autumn to spring, where heat produced is generally
more valuable than in the summer season.
The method tends to under estimate Kθd and could thus be further refined. If the method could be shown to give
good agreement between measured (using QDT) and calculated (based on steady state measurements) values of
Kθd it could open up for a wider application range also for steady state testing. The presented findings reveal a
need for some further clarifications in the EN 12975 standard in order to avoid overestimation of collector
performance for certain collector types.
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1. Introduction
In order to enable indoor testing of solar thermal systems the international standard ISO 9459-5:2007 has to
be adapted to indoor test conditions. If a system test is performed with the Dynamic System Test Method
(DST-method) according to ISO 9459-5:2007, the measured data are evaluated by using the InSitu Software
ISS (Spirkl, 1997). The characteristic system parameters derived by this process are used for the long term
performance prediction (LTP) to determine the solar fraction f sol of the system. As a basis for performing
indoor tests it is necessary to define appropriate artificial radiation profiles. To do this, artificially generated
“measured data”, so called “synthetic data” were used. This synthetic data was generated by means of
TRNSYS simulations and evaluated with the InSitu Software ISS according to the procedure specified in
ISO 9459-5:2007. Using different sets of data as input data for the TRNSYS model, different system answers
and thus different LTPs were obtained. This effect is well known from outdoor measurements with the same
system under different weather conditions. According to Naron and Ree (1999) the observed maximum
deviation in the solar fraction due to different weather conditions is ± 5 % relative. This paper describes the
newly developed dynamic solar simulator and presents an indoor system test procedure on the basis of ISO
9459-5: 2007.
2. Background
The increasing number of new products of the European solar thermal industry is leading to a growing
demand for tests of collectors and solar thermal systems. Due to the limited testing capacity caused by the
Central European weather conditions, especially during the winter period, the realisation of short
development times remains a key problem. With respect to the European objectives for climate protection
and reduction of fossil fuel demand this situation is unsatisfying. Hence new solutions for accelerated tests
and an enlargement of the test capacities of the European research and testing institutes are required.
In order to overcome this obstacle a new dynamic solar simulator has been developed and constructed at
ITW. Its lamp array consists of 14 metal halide lamps and enables testing of solar collectors and systems
with a total collector area up to 10 m². In a distance of 2 m from the lamp array the homogeneity of the
irradiance distribution is ± 12 %. A spectrum similar to the hemispherical irradiance specified in CIE 851989 Tab. 4 (1989), AM 1.5 G is achieved.
One major innovation of the dynamic solar simulator is the computer controlled variation of the irradiance.
By a combination of electronic dimming of the lamps and a mechanical shading device, user-defined
irradiance levels from below 100 W m-² to nearly 1200 W m-² can be achieved in a reproducible way. Hence
it is worldwide for the first time possible to expose collectors and solar thermal systems to realistically varied
computer controlled solar irradiance profiles during an indoor test.
3. Technical specifications of the dynamic solar simulator
The key component of the dynamic solar simulator is the lamp array with its accessories, consisting of 14
metal halide lamps in combination with a special filter glass array, the so called “cold sky” and the shadingdevice. The tilt angle of the lamp array can be adjusted from 0° (horizontal) to 70°. To ensure constant
ambient conditions the solar simulator is located in a climate chamber which is 9 m long, 6 m wide and
5.1 m high. The temperature inside the climate chamber can be set between 10°C and 30°C. The complete
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test area is 3.7 m wide and 2.7 m high. This area of almost 10 m² is large enough to test either several
collectors in parallel or one complete solar thermal system.
A sketch of the new solar simulator, consisting of the collector support rig with temperature control unit and
lamp array with cold sky situated in a climate chamber, is shown in Fig. 1. The temperature control unit is
used to supply the collector test samples, or store respectively, with water at different temperatures needed
according to the corresponding test procedures. To check the intensity and homogeneity of irradiance in the
test area a moveable pyranometer situated on the xy-scanner is used before every measurement. The test area
of the collector support rig can be set to tilt angles from 0° (horizontal) to 60°. This allows testing of
thermosiphon systems mounted on the manufactures support frame as well as any other systems designed for
sloped roof installations.

Fig. 1: Arrangement of the solar simulator within the climate chamber; collector support rig, temperature control unit, test area
and lamp array

In contrast to the sun the lamp array produces thermal radiation to a larger extend which has to be blocked
from the test area. This problem is solved by a “cold sky”. In this solar simulator a novel construction of a
cold sky is used. It is split into 3 tracks. Each of the tracks is composed of two solar glass panels with a gap
in-between. Cold air provided by a chiller is circulated through the gap cooling the glass panels.
The cold sky is directly connected to the lamps in such a way that it moves together with the lamp array
when the tilt angle is changed. In Fig. 2 the solar simulator is shown in operation, the 3 tracks of the cold sky
can be seen in front of the lamps. This placement of the cold sky close to the lamps allows the use of thin
glass panels of small dimensions which results in a comparatively light construction. Furthermore the
relatively thin glass panels only absorb a small amount of radiation leading to an increased efficiency of the
solar simulator. Special glass, having the same transmittance for the whole solar spectrum is used. The
temperature of the cold sky can be constantly kept close to ambient temperature even while the simulator is
operated at maximum power.
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Fig. 2: View of the solar simulator. At the back: Lamp array with cold sky. In the foreground: collector support rig with three
collectors and hot water store on the right

The collectors and systems are mounted on a moveable collector support rig (in the foreground of Fig. 2).
This wagon can be moved outside the climate chamber to mount the collectors or systems respectively. Since
the temperature control unit is part of the support rig, all hydraulic connections can be done outside.
Furthermore the xy-scanner is situated on the collector support wagon.

Fig. 3: View of the solar simulator. At the back: Lamp array with mechanical shading device in operation. In the foreground:
collector support rig with three collectors
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One major innovation of the dynamic solar simulator is the computer controlled variation of the irradiance.
By a combination of electronic dimming of the lamps and a mechanical shading device, user-defined
irradiance levels from below 100 W m-² to nearly 1200 W m-² can be achieved in a reproducible way. Fig. 3
shows the simulator with the just reeling-out mechanical shading device. In the range from 1200 W m-² to
700 W m-² the lamps are dimmed electronically. Further dimming leads to an inacceptable change in the
spectrum of the lamps. Hence, to generate values beneath 700 W m-² a mechanical shading device is used
(see Fig. 3). It consists of several fins which can be set in different angles.
The lamps can be dimmed in 5 % steps (relative to the maximum power) in which the irradiance decreases
linear. The fins can be moved in 5° steps between 0° and 65°. Position “65°” means completely open, i.e. the
fins are standing in a right angle towards the lamp array. Hence the maximum radiation can pass through. In
position “0°” the fins are fully closed and almost no radiation can pass through any more. In Fig. 4 the mean
irradiance on the test area depending on electrical and mechanical shading effects is depicted. By using a
computerised control system irradiance profiles in discrete steps of approximately 50 W m-² can be created in
a reproducible way. Hence it is for the first time possible to apply dynamic irradiance profiles of a whole day
inside an indoor solar simulator.

Fig. 4: Resulting irradiance (mean value) on the test area depending on electrical and mechanical shading effects

As dimming and shading has an effect on the spectrum of the lamps, spectral analyses where performed. In
Fig. 5 a spectral analysis at 1000 W m-² hemispherical irradiance is depicted. Additionally shown in Fig 5 is
the reference spectrum at air mass (AM) 1.5. The measurement and the reference AM 1.5 differ, but are still
in the acceptable range as defined in DIN V 4757-4: 1995 1.

1

DIN V 4757-4: 1995 is substituted since 2001 by DIN EN 12975 part 1 and 2. However, no other
normative reference for solar thermal systems is known in which an interval of tolerance for the spectral
distribution of solar simulators is defined.
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Fig. 5: Comparison of the spectra: measurement at 1000 W m-² hemispherical irradiance and AM 1.5 reference according to
CIE 85 (1989)

Further measurements where done to determine the influence of dimming the lamp power (LP) and
mechanical shading (MS) on the spectrum. The results are depicted in Tab. 1. Dimming the lamps increases
the UV-fraction between 0 and 400 nm. Down to a relative lamp power of 60 %, the change in the spectrum
is still in the acceptable range of DIN V 4757-4: 19951 as shown in Tab. 1. Further dimming leads to an
inacceptable high UV-fraction of the spectrum, as shown for a relative lamp power of 50 % with no
mechanical shading (grey coloured fields). In contrast to the electrical dimming of the lamps, the mechanical
shading increases the near IR-fraction. The change in the spectrum is small and in interval of tolerance. Thus
it can be stated that all 21 discrete settings shown in Fig. 4 are within the exactable range required by DIN V
4757-4: 19951.
Tab. 1: Relative spectral distribution in dependency of the relative lamp power (LP) and mechanical shading (MS).

Wave length
[nm]
0-400
400-700
700-1000
1000-2500
Irradiance
[W m-²]

DIN V 4757-41
min...max
[%]
0...8
30...60
18...40
15...45
1000

1000

LP 100
MS [%]
3.8
43.6
22.8
29.7

LP 80
MS [%]
5.3
44.5
18.9
31.3

LP 50
MS [%]
9.7
43.6
14.7
32.0

LP 100
MS 65°
[%]
3.8
41.4
19.2
35.6

LP 100
MS 40°
[%]
2.7
39.5
19.6
38.3

LP 100
MS 10°
[%]
1.4
45.7
21.2
31.6

1150

884

510

756

634

110

In Fig. 6 the homogeneity distribution of the irradiance in a distance of 2 m of the lamp array is shown. The
irradiance on the Z axis is depicted versus the location on the test area, which is shown on the X- and Y- axis
starting in the upper left corner of the test area. It deviates ± 12 % from the mean value of 1135 W m-². This
is even better than the value of ± 15 % required by the EN 12975-2: 2006. The two minima in the x-y-axis
direction are caused by the strut section of the cold sky and the mechanical shading (see also Fig. 3).
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Fig. 6: Irradiance homogeneity measurement in the test area

The above described dynamic solar simulator is fulfilling all planned tasks. Its mechanical shading device is
working unobstructed and enables together with the electric dimming solar irradiances between 100 and
almost 1200 W m-² in steps of approximately 50 W m-². The spectral distribution for all discrete selectable
positions is within the interval of tolerance. The homogeneity of the irradiance is even better than the 15 %
deviation allowed by EN 12975-2: 2006.

4. Adaptation of the outdoor test procedure of solar thermal systems according to
ISO 9459-5 to indoor test conditions
If a system test is performed with the Dynamic System Test Method (DST) according to ISO 9459-5: 2007,
the measured data are evaluated by using the InSitu Software ISS by Spirkl (1997). Using this method the
characteristic system parameters are derived which can then be used for the long term performance
prediction (LTP) to determine the solar fraction f sol of the system. For the adaptation of the outdoor test
procedure to an indoor test, it is necessary to define appropriate artificial radiation profiles. To do so,
artificially generated “measured data”, so called “synthetic data” were used. These pseudo-measurements
were generated by means of TRNSYS simulations and evaluated with the InSitu Software ISS (Spirkl, 1997)
according to the procedure specified in ISO 9459-5: 2007.
In a first step a TRNSYS model of a forced circulation solar domestic hot water system was implemented
into TRNSYS 16.1 to generate these data. This SDHW system has been tested according to the DST method
under outdoor conditions before and is therefore suitable as a reference system. The system has a collector
area of 4.7 m² and a store volume of 300 litres. The validation of this TRNSYS model required for the
generation of the artificial measurement data was performed in the following way: Measured data
(hemispherical and diffuse irradiance in collector plane, collector and storage ambient temperature, cold
water inlet temperature and cold water (load) mass flow rate) recorded during the outdoor test sequences
performed with the system were used as input data for the TRNSYS system model. By re-simulating the test
sequences with the TRNSYS model output data such as e.g. the storage hot water outlet temperature were
calculated. These “synthetic measurement data” were then used as input data for the ISS software to
determine the characteristic system parameters that provide the basis for the annual system simulation.
The results of the annual system simulation can be characterized by the solar fraction f sol . To validate the
TRNSYS system model the solar fractions determined based on an evaluation of the measured data and the
synthetic data can be compared. Fig. 7 shows the comparison for different daily draw off volumes. As can be
seen from Fig. 7 the differences in the solar fractions ∆f sol is below one percentage point (absolute) for all
draw off volumes, indicating a good agreement between the results gained from measured data and the ones
determined on the basis of synthetic data. Based on these findings the TRNSYS system model can be
considered as validated.
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Fig. 7: Resulting solar fractions f sol and deviation ∆f sol determined with ISS based on measured and synthetic data

In order to investigate the influence of different indoor test conditions on the system test results simulations
were performed with different radiation profiles and ambient temperatures. Within the solar simulator, the
radiation intensity can be varied as shown e.g. in Fig. 4. The incidence angle of the lamp array to the
collector support rig is fixed, thus the ecliptic cannot be reproduced. The ISS software is taking the
hemispherical irradiance over the whole day into account. Hence the irradiance on the collector G ISS [W m-²]
has to be recalculated to be similar to outdoor measured radiation profiles. This is done using equation 1:
𝐺𝐼𝑆𝑆 =

𝐺𝑏

𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑜𝑟

𝐼𝐴𝑀

+

𝐺𝑑

𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑜𝑟

𝐾𝜃𝑑

(eq. 1)

𝐺𝑏𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑜𝑟 [W m-²] is the beam irradiance during the measurement within the solar simulator, 𝐺𝑑𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑜𝑟
[W m-²] is the diffuse irradiance, IAM [-] is the incident angle modifier and 𝐾𝜃𝑑 [-] is the incident angle
modifier of the diffuse solar irradiationThe IAM is calculated as a function of to the collector tilt angle, the
day to be simulated and the location. For the following simulations a sequence of days representing
irradiation conditions at the end of June at the location Würzburg was assembled. Using the mechanical
shading device to produce low irradiances will lead to higher diffuse fractions compared with a not (or
partially) shaded lamp array. As it is almost impossible to measure the diffuse fraction of the irradiance
within the solar simulator, the diffuse irradiance was set, according to experience at ITW with an older solar
simulator, to a constant value of 15 % of the hemispherical irradiance for all radiation levels (see Fig. 4)
during all simulations.

4.1. Investigation of the influence of the ambient temperature
At first the influences of the collector ambient and store ambient temperature has been investigated. The
radiation profile of the “day” used to determine the possible influences is shown in Fig. 8a. Plotted is the
irradiance over time. The daily irradiation of this day is 20.83 MJ m-². To identify the effect of varying or
constant store and collector ambient temperatures during the test sequences two simulations, each consisting
of 10 similar days (see Fig. 8a), have been accomplished. The first simulation was done with a constant
ambient temperature of 20°C for all test days. The solar fractions f sol resulting from the LTP are depicted in
Fig 8b as “const. temperature”. Plotted is f sol for different draw of volumes. The second simulation was done
with a varying ambient temperature which is described by a sinus-function with a minimum at hour 5 of
12.5°C and a maximum at hour 17 of 22.5°C for all test days. Collector and store ambient temperature where
equalized as the collector and store are within the same climate chamber. f sol resulting from the LTP is
depicted in Fig. 8b as “varying temperature”. Furthermore the relative deviation between the two curves is
shown as ∆f sol .
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The maximum observed relative deviation occurs for draw-off volumes larger than 400 l but is still below
1 % absolute. Thus the system model used by ISS determines the model parameters characterizing the
storage and collector heat losses correctly and independent of the ambient temperature during the test
sequence. Therefore it can be stated that a varying or constant collector and storage ambient temperature
does not have an identifiable influence on the solar fraction determined by the test method according to ISO
9495-5 (2007).

Fig. 8a: Hemispherical (G) and diffuse irradiance (G d )
during the “day”
daily irradiation in collector plane: 20.83 MJ d-1 m-²

Fig. 8b: Results determined for constant and varying
ambient temperature

4.2. Investigation of the influence of the radiation profiles
At second the influence of the radiation profiles on the results of the system test was examined. For this
many different radiation profiles have been investigated in addition to the one shown in Fig. 8a. Profiles
without a realistic natural shape, like rectangular profiles, lead to stronger deviations in the results,
represented by the solar fractions, compared with the results determined by using the outdoor measured data.
Therefore these profiles were not used for further contemplations. Profiles with a daily irradiation in the
collector plane from 12 to 26 MJ m-² have been created and used for the investigations as a minimum daily
irradiation of 12 MJ m-² is required by ISO 9459-5: 2007. Uniform sequences consisting of several identical
days as well as sequences of mixed days were used. Fig. 9 shows an exemplary sequence of 6 days
representing a possible so called “sol-sequence” (see ISO 9459-5: 2007 for further information), consisting
of two different profiles arbitrarily mixed.

Fig. 9: Example of hemispherical (G) and diffuse (G d ) irradiance of a sequence of test days. Hemispherical irradiation in
collector plane: 20.83 MJ m-² and 15.02 MJ m-² respectively.
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In Fig. 10 the deviation of the determined solar fractions for several possible sequences related to the f sol
determined based on outdoor measurement are plotted versus the daily draw off volume. The bars above and
below the zero-line indicate the ± 5 % relative error range of the outdoor measurement, indicating the
deviation in f sol in % absolute. The obtained maximum deviations for these sequences are lesser than the
error range. If the sequence consisting of only the profile with a daily irradiation of 20.83 MJ m-² d-1 is used
(●), the obtained deviation is less than ± 2% relative for all draw off volumes, compared to the original
results determined based on real outdoor measurement.

Fig. 10: Deviation of solar fractions ∆f sol determined for different radiation profiles sequences:
▲ sequence consisting of 2 different radiation profiles arbitrarily mixed with daily irradiation of 23.54 MJ m-² d-1 and
12.94 MJ m-² d-1
♦ sequence consisting of 2 different radiation profiles arbitrarily mixed with daily irradiation of 20.83 MJ m-² d-1 and
15.12 MJ m-² d-1
● sequence consisting of 1 radiation profile with daily irradiation of 20.83 MJ m-² d-1
■ sequence consisting of 1 radiation profile with daily irradiation of 15.12 MJ m-² d-1
is the ± 5 % relative error range by Naron and Ree (1999)

5. Conclusion
A new solar simulator has been designed and constructed at ITW. Its main technical innovation is a computer
controlled lamp array with a mechanical shading device. It allows varying irradiance levels from below
100 W m-² to almost 1200 W m-². The test area has a size of approx. 10 m² and enables to test up to two
collectors in parallel or one complete solar domestic hot water (SDHW) system. For the adaptation of the
outdoor test procedure acc. to ISO 9459-5: 2007 to indoor tests, suitable operation conditions of the solar
simulator have been determined. TRNSYS simulations for a SDHW system where performed to produce
synthetic system output data for different radiation profiles. The results for four different sequences of
radiation profiles have been shown. The deviations of the resulting solar fractions are within a range of
± 3.5% relative compared to the solar fraction determined based on outdoor measurement. Since this is
below the typical inaccuracy of ± 5 % (Naron and Ree, 1999) of the DST method according to ISO 9495-5:
2007 the presented approach of performing indoor system tests is theoretically appropriate for performing
standardised tests according to ISO 9495-5: 2007.
In the next steps, the presented simulations have to be validated by real measurements in the dynamic solar
simulator. The resulting solar fractions determined of two different forced circulated systems and one
thermosiphon system by measurements in the dynamic solar simulator will be compared to the results
determined by outdoor measurements. Furthermore it is intended to perform investigations if it is possible to
reduce the time for testing for instance by shortening the “night” period which can be easily done in the solar
simulator. The possibility for performing standardized indoor system tests is a large step forward toward
more flexible and accelerated system test procedures.
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7. Nomenclature
Symbol

Unit

Quantity

AM

-

Air mass

f sol

-

Solar fraction
-

Gb

Wm²

Beam irradiance

Gd

W m-²

Diffuse irradiance

IAM

-

Incident angle modifier

ISS

-

Insitu Scientific Software (Spirkl, 1997)

𝐾𝜃𝑑

-

incident angle modifier of diffuse solar irradiation

LP

%

Lamp power

LTP

-

Long term performance prediction

MS

°

Mechanical shading

SDHW

Solar domestic hot water
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Abstract
Large solar thermal systems (LSTS) are a promising market segment for solar energy. However, the realization of LSTS is more challenging compared to smaller plants, in both technical and economical terms. Permanent monitoring, data evaluation and fault detection during the operation of LSTS has shown by Fink et
al. (2010) and Peuser et al. (2008) to be crucial for ensuring optimal performance.
The only cost-effective way for permanent surveillance of LSTS operation is to make use of a computeraided tool that performs as many steps as possible in an automated mode. The ongoing R&D project ‘IPSolar’ is developing the scientific basis and the technical fundamentals for such a system, resulting in a prototype of a webbased software tool. This paper presents the current state of
development emphasizing the methodology of the operation
diagnostics. In particular, the algorithm-based approach, its
implementation and testing are described in detail.

1. Introduction
This publication is mainly based on Ohnewein et al. (2010)
and expands on software testing results.
1.1. Motivation
While small solar thermal plants have become state of the art in many countries, large solar thermal systems
(LSTS) still show huge unused market potential concerning Fink et al. (2008). The decision to build a LSTS
generally depends on economic parameters with investors claiming a guarantee for solar energy yields.
However, though engineered for a service life of about 25 years, the energy yields of many LSTS have
shown by Peuser et al. (2008) to be below expectations: The performance predicted in the engineering phase
is not reached, operational faults in the LSTS remain undetected for a long time because the backup system
still provides hot water. Besides loss of confidence in the technology, this results in economic losses. Permanently high energy yields are only achieved in monitored installations: ongoing surveillance of plant operation by evaluation of measuring data is required. If conducted by humans, trained expert staff causes high
expenses in both time and human resources. For these reasons, IP-Solar aims at an automated process: The
web-based software being developed provides users a standardized and low-cost permanent monitoring and
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failure detection tool.
1.2. Objectives of the R&D Project
IP-Solar (‘Intelligent Platform for long-term automated quality assurance and energy output monitoring of
solar plants’) is the name of both the ongoing R&D project and the LSTS monitoring tool being developed.
The aim is to create the scientific basis, the technical fundamentals and a software prototype for the software
tool with the features described above. This paper is organized following the main steps of the R&D project:
standardization and modularization, development of the methodology for systematic failure analysis, implementation of the methodology in terms of algorithms, verification and validation, software implementation
and quality assurance. In this context, the term ‘intelligent’ refers to combining and automating all these
steps.
Two strategies for function control are pursued in IP-Solar: an algorithm-based and a simulation-based approach. The latter is basic research oriented. This paper focuses on the algorithm-based approach.

Table 1. Overview of IP-Solar modules: detail variants, data points, control logics

Module

Module description

# detail
variants

# data
points

# data points,
recommended

# generalized
control logics

SOL

solar circuit

12

62

7

15

HST

heat storage

24

24

3

6

AUXH

auxiliary heating

4

34

3

7

DHWP

domestic hot water preparation

32

52

9

11

DNET

distribution net (2-line-systems)

2

27

3

2

SINK

general heat sink

1

3

1

0

DHWIO

domestic hot water input / output

1

0

0

0

CDTA

special connector module

2

0

0

0

2. Standardization and Modularization
In order to design IP-Solar as a market-oriented tool, tailored to the various common configurations and system types of LSTS, extensive market analysis was carried out. 200 existing LSTS in Germany and Austria
have been examined. The analysis was based on the hydraulic design, measurement equipment and control
strategies of the plants. The state-of-the-art and most widespread system concepts were identified and are
pursued in IP-Solar.
We evaluated various modeling approaches, including component-oriented modeling (cf. PolySun) and system-oriented modeling (cf. T*Sol). Finally, a module-oriented modeling approach (cf. Tachion) was considered as best trade-off between standardization, flexibility, complexity and usability. This has led to the concept of a modular design for IP-Solar which specifies hydraulic configurations, measuring equipment and
control logics of LSTS (see table 1). The approach is described in detail in Dröscher et al. (2009).
IP-Solar regards not only the solar circuit but the entire energy supply system. For example, all typical DHW
configurations for larger solar systems are available as modules; process heat or 2-line-systems are other options. In order to map a plant configuration exactly, the modules can be adapted by means of detail variants.
For example, stratified charge of the storage tank in various heights may be chosen as an option. This individual customization allows modeling a wide variety of system types. Finally, the software automatically
connects the selected modules and sets them up for the diagnostics.
All modules in table 1 are inside IP-Solar’s system boundaries, while decentralized home stations are outside
the boundaries. Other sub-systems such as heat pumps, solar cooling or biomass heating systems are currently not included in IP-Solar, but may be added in the future following the same modular approach.
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Fig. 1. Modular configuration and data points for one of the pilot plants validated with IP-Solar.
Minimum recommended measurement sensors are marked with a ‘+’.

2.1. Measuring Equipment and Data Acquisition
The modularization process described above also includes the measuring equipment and data acquisition of a
solar plant. IP-Solar stipulates no obligatory measuring equipment: rather, it automatically adapts the failure
diagnostics to the existing measuring concept, taking into account a wide variety of user-installed sensors.
These include temperature, pressure, irradiance and volume flow sensors as well as heat meters and various
control signals such as on/off signals, rotation speeds etc. Beyond defining standardized data points (see fig.
1 for an example), IP-Solar recommends a ‘minimum measuring equipment’ including those sensors that are
essential to detect the most important failures.
IP-Solar can understand virtually any data format provided by control systems and converts it to a standardized internal IP-Solar data format. The only requirement to the control system is the capability to send or let
IP-Solar retrieve the ongoing measuring data via an Ethernet connection. Thus, IP-Solar can work with virtually any important control system. Independent of controller manufacturer, the sensors of a solar plant are
mapped onto the standardized IP-Solar data points. Each sensor is assigned a specific position and a sensor
type with determined properties (see chapter 3.4. for details).
Besides the data transfer, neither the control nor the measuring equipment of a solar plant needs to be
adapted in order to make IP-Solar work. Basically, no extra peripheral hard- or software is necessary. Measuring data may be imported into the IP-Solar database in quasi real-time applying data filtering methods
such as a compliance test with regular expressions, check of various error limits and an optional unit conversion (e.g. from °F to °C). IP-Solar comprises storage of data in a central database for an unlimited period;
this means comprehensive documentation for all monitored installations.

3. Methodology of Failure Analysis
3.1. State of the Art
During extensive literature research, a series of function and yield control methods for solar thermal plants
have been identified. Beside methods for manual monitoring of operation and energy yields such as the Optisol approach explained in Fink et al. (2006), all known methods for automated fault detection have been examined. Here is a selection of the most remarkable approaches. Altgeld (1999) was the first to use industrial
techniques for failure analysis (namely FMEA and fault-tree analysis). However, the number of detectable
failures is limited and the method is restricted so small installations (less than 5m²).
Räber (1997) presented a spectral method, based on Fourier transformation of a temperature step response
signal and a subsequent pattern comparison that allows the identification of a few failures. This method, limited to the solar circuit, was tested by Grossenbacher (2003).
Deviations between simulation results and measuring data of a solar plant are another option, but in general
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failure localization is difficult. The Input-Output method by Pärisch and Vanoli (2007), though limited to the
solar and to some extent to the heat storage circuit, was commercially implemented. Related approaches include the ISTT method explained by Staudacher et al. (2004), designed to verify promised energy yields, and
the TRNSYS based Kassel method shown in de Keizer et al. (2010) and Wiese et al. (2005). The latter is currently limited to basic research.
Several approaches such as Parabel Energiesysteme GmbH (2010) are not manufacturer-independent or are
limited to the solar circuit. Gebauer’s (2007) Solar Expert method is based on an innovative diagnostic expert system and is available online, but automation seems to be difficult following this approach.
3.2. Failure Analysis, FMECA
The IP-Solar diagnostic system is based on a thorough failure analysis of solar installations which includes
all system parts (modules) mentioned above. First of all, two important terms were clarified: malfunction and
failure. A malfunction indicates the state of a system component not operating as expected (example: broken
collector cover). It is generally not possible to detect a malfunction directly by means of measuring data; following the example, there is generally no glass breakage sensor on a solar collector. On the contrary, a failure is the effect of a malfunction on the system; it is the way in which a malfunction becomes visible and
quantifiable by evaluating measuring data; going back to the example, the power output of a collector with
broken cover will be lower than expected.
The project consortium collected its experience in LSTS design and operation in a systematic expert system.
As an established method, an FMECA (failure mode, effect and criticality analysis) was performed on a
component basis: for each component of a solar installation, all possible malfunctions were specified. The
next step was to gather all possible failures resulting from the malfunctions. In doing so, the failures were
expressed as detailed questions about the system behavior, for example: “Is the volume flow in the secondary
circuit currently too low?”, or “Has the power of the heat exchanger decreased over the last months?”. A total of 199 malfunctions and 193 failures were identified.

Table 2. Criteria for evaluating the system failures identified in the FMECA

failure
classification
groups
criticality
analysis
effects
failure
evaluation
criteria

general failures

critical safety failures

failures due to broken measuring sensors

failures due to inadequate system control

alarm signals from the control
safety-critical

reduced comfort

possible system damage

minor reduced comfort

reduced solar energy yield

suboptimal operation of a component

severity of all malfunctions linked to the failure

severity of the failure on the system

frequency of occurrence (based on experience)

complexity of detection

time scale on which the failure occurs

The failures were classified into groups and a criticality analysis was performed by assessing their effects
considering the evaluation criteria stated in table 2. Based on these criteria, a priority figure was calculated
for each failure, serving as a basis for the development of the diagnostic algorithms.
3.3. Key Figures
The calculation of key figures from measuring data was identified as a simple possibility for a characterization and a quick check of a system’s behavior. Typical key figures include solar energy yield, average return
temperatures, solar system efficiency or number of heat storage charging cycles. In total, 92 key figures are
calculated automatically on a daily, monthly and yearly basis.
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3.4. Error Propagation
The uncertainty of a calculated value is affected by the uncertainties of the underlying sensor values. Neglecting the uncertainty treatment thus carries the risk of (a) generating false alarms or (b) not detecting an
existent failure. Hence, some error propagation technique must be included so as to allow accurate and powerful failure detection.
IP-Solar incorporates automatic error propagation techniques following GUM “Type B” from ISO/IEC
Guide 98-3 (2008). As generally only maximum measuring errors are available from sensor specifications,
rectangular probability distributions are assumed. All function derivatives are calculated by means of central
differencing. The maximum measuring errors are taken from predefined sensor types (e.g. “Pt1000 DIN class
B”) which are selected when a new plant is added to IP-Solar. Thus, the “true” uncertainties of the installed
measuring equipment are considered. Consequently, better measuring equipment leads to more accurate
statements and improved failure detection performance.

Table 3. Statements remain fuzzy if measuring uncertainties are neglected: worst vs. best case example

worst case

best case

sensor equipment

Pt1000 DIN class B, 2-wire system
assumed connection error: 0.9 K

Pt1000 DIN class 1/3B, 4-wire system
assumed connection error: 0.2 K

∆Tlog

6.95 K

4.93 K

uncertainty of ∆Tlog

1.53 K

0.35 K

relative error

21.9%

7.1%

possible ∆Tlog range,
95% confidence

5.43…8.48K
can be good or bad, low significance

4.58…5.28K
sharp statement, high significance

setting

4. Algorithms for Failure Diagnostics
IP-Solar performs a detailed system monitoring and failure detection analysis based on different classes of
diagnostic algorithms. These five classes of algorithms are described hereafter.
Class 1, failure algorithms try to find answers to the specific failure questions stated in the FMECA. A failure algorithm answers the failure question by returning a specific value: 0 if the failure is not present in the
tested time interval, 1 if it is present and reaches the warning limit, 2 if it exceeds a critical limit. Warning
and critical limits are defined specifically for each algorithm and may be adapted to each solar plant. The selection of algorithms to be executed and the way the algorithms work internally depend on the hydraulic configuration and on the sensors installed at the plant. Failure algorithms can be enabled or disabled by the user
for a specific plant. All enabled algorithms are run automatically as soon as new measuring data are available. Failure algorithms vary in complexity, ranging from simple exceeded limit checks to self-learning regression-based algorithms.
Class 2, key figure algorithms are used to calculate the key figures described in chapter 3.3.
Class 3, data base functions: Failure and key figure algorithms retrieve measuring data and a variety of parameters from the central IP-Solar database by taking advantage of standardized data base functions that can
be used to get data a set or min / max / average values of the data set. The data base functions perform several data format checks, they verify data information density (too many missing or NaN values) and they map
different data sets to a common time grid, making future calculations easier. In total, there are 7 data base
functions.
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Class 4, auxiliary algorithms may be called by any other algorithm. An example is the function “hasMinOPTimeExpired” that checks whether a pump is currently operating and has been operating for at least its
set minimum operating time. This same function may be used for any pump in the system. In total, there are
approximately 45 auxiliary algorithms.
Class 5, criticality Algorithms: Should a failure detection algorithm return a “warning” or “critical” result,
a criticality algorithm is called: its task is to statistically assess a series of return values and take into account
other parameters such as the severity of the failure in question, in order to calculate a criticality value
(0%...100%) that represents the degree of harm that the failure pattern is causing in the system.
Class 6, notification Algorithms: In case unwanted system behavior is detected, IP-Solar provides the user
with a specific notification by SMS or email. The constantly updated criticality values are used to combine
the capabilities of sending the messages quickly and of preventing false alarms.

5. Verification and Validation
All of the described algorithms and functions have been tested independently, which means that the algorithm author is different from the algorithm tester. The verification and validation process is highly standardized and automated: It comprises generating test data, setting up expected results files, running automated
testing procedures and comparing the outcomes between actual and expected results.
For validation purposes, IP-Solar is being tested on 3 pilot plants (commercial installations) located in Graz,
Austria. As the plants have different hydraulic configurations, the functionality for a variety of systems is being examined. The 3 pilot installations are of types ‘hot water generation’, ‘2-line-system’ and ‘district heating supply’. Their measuring data are being recorded since mid 2009, delivering new data to IP-Solar every
few minutes. The algorithms described above run automatically on these data.
5.1. Test procedures and test results
Currently approximately 75% of all developed algorithms have been tested and work as required.
Unit testing is a procedure in which individual algorithms are validated with artificial data to check their
expected behavior. For this purpose smallest possible pieces of testable algorithms have been isolated and
tested neglecting all other algorithms of the application. In a first step database functions and auxiliary functions have been checked due to their functionality. After a valid result in the first step, failure and key figure
algorithms have been tested in a second step. An example unit test result for a failure algorithm is shown in
fig. 2.
Historical data testing uses real data from the three pilot plants mentioned before. The testing applies different groups of algorithms (class 1 and class 2) in individual tests on the same historical data. For instance
the solar yield may be calculated for a certain time period. Additionally the critical collector temperature is
checked in the same period. In the first step algorithms calculate results, which are verified by the algorithm
tester. In a second step, input data values and expected results are modified to exceed limits. By reaching
warning and critical limits, failure algorithms are activated and expected failure-messages are generated.
From the software developing point of view, successful unit tests declare well working parts. Historical data
tests make a point to the operative users: Linking historical data testing to criticality algorithms (class 5),
which calculate the degree of harm that the failure pattern is causing in the system.
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Fig. 2. Example of a unit test result

6. Software Issues
IP-Solar comes with no distributed software, it is available at any internet-connected PC; the web-based design makes it straightforward to use and maintenance-free for users. All diagnostics are run on a centralized
server which also collects the measuring data of the monitored plants in the central database and runs the IPSolar internet platform. On this platform, among other things users can prepare data charts, export measuring
data and evaluation results and see a history of the diagnostics’ results.

7. Quality Assurance
Quality assurance measures adopted in the IP-Solar R&D project include clear competences and responsibilities for each task, thorough documentation and traceability (glossary, user requirement documents, use cases,
pseudo code definition, online document management tool etc.). General principles of risk avoidance such as
dual control prior release form the basic foundation of internal control. As to the algorithms, a stringent verification and validation procedure guarantees a high quality level.

8. Conclusions
This paper describes the R&D basis and validation for a monitoring and diagnostics tool for large solar thermal installations (LSTS). Only continuous quality assurance guarantees satisfactory economic performance
and maximum primary energy savings. This is where IP-Solar contributes by increasing technical and financial reliability of LSTS: IP-Solar is also a tool for reducing operational risk, leading to optimized and reliable
economics and reduced fossil fuel consumption and CO2 emissions. In the long term, this quality increase
will contribute to spreading the technology.
The development of IP-Solar is especially interesting in view of the current development of standards about
function and yield control of LSTS, described in QAiST (2010) and in VDI 2169 (2007). Target user groups
of IP-Solar are the end-users of a solar installation and its operators, but also scientific institutions and public
institutions like funding authorities who may use it as a tool supporting the targeted use of subsidies based on
real energy yields, and offering a concise survey of existing LSTS. An exciting aspect is the fact that the basic methodology of IP-Solar is easily extendable to smaller plants and to other scopes of application where
automatic monitoring and failure detection are important.
Here are the key features of the IP-Solar monitoring and failure detection tool: IP-Solar…
•

provides permanent plant surveillance
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•

is independent of manufacturer and plant design

•

sends users a targeted notification in the case a failure occurs

•

results are available at any internet-connected PC, no extra software needed

•

develops a highly sophisticated diagnostics kernel for analyzing solar plant behavior

•

is market-oriented: its modular approach is suitable for numerous common system types of LSTS

•

analyzes the entire system (solar loop, but also auxiliary heating, hot water generation,…)

•

goes for high automation level and will therefore need little human interaction

•

adapts to existing measuring and data-logging equipment

•

works with any solar plant location worldwide

Currently, the functionality of the IP-Solar prototype is limited. The next steps in the R&D project are to verify and validate live diagnostic algorithms and corresponding notification events and to enhance the user interface for improving the efficiency of testing tasks.
For more information about IP-Solar visit www.ip-solar.com.

This project is supported by the Austrian Climate and Energy
Fund and is carried out as part of the "Energy of the Future"
programme under contract number FFG 815747.
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Abstract: This paper introduces a global Solar Combisystem model that could estimate system performances
for any kind of climate and any kind of building, only from a short experimental data set. The aim of this
study is to improve the “Short Cycle System Performance Test” (SCSPT) that is being developed at the
French National Solar Energy Institute (INES) and that shows relevant results but its performance prediction
is limited to only one environment (climate and building). This improvement would lead to a complete and
reliable method to characterize SCS performances. The proposed model is based on standard equations
conjugated with Artificial Neural Networks (ANN). It shows results very close to TRNSYS simulations of
three detailed SCS models.
Key words: Solar Combisystem, Artificial Neural Network, Performance prediction, Characterization.
1. Background
1.1. Solar Combisystems: performances and market curbs
Solar Combisystems (SCS) are solar thermal systems which provide energy for DHW and space heating
demand of a building. To meet those demands, SCS use both solar energy (through solar collectors) and
auxiliary energy (from one or more auxiliary heat generators: gas boiler, electric resistance…). They deal
with several hydraulic loops, heat storage(s), and controller(s) (that can sometimes be advanced) to manage
energy sources and meet energy demand. This aspect plays an important role to reduce auxiliary energy
consumption as much as possible.
SCS can be very efficient at reducing primary energy consumption of a house. According to on-site
monitoring projects realized in France, some combisystems has already saved up to 500 kWh.m-2 collector
over a year in France (Papillon et al., 2007). However, good performances of SCS are only met for very
precise conditions. Unfortunately, there is no common test method nowadays to predict SCS performances.
This penalizes the SCS market because there is no reliable information to help potential users to choose
between products and to guarantee good performances of a SCS when installed. There is a real need for the
SCS market to have a reliable test method that would be able to predict and characterize annual
performances of systems.
Developing such a test is difficult because SCS performances are very sensitive, mainly to two points:
• Firstly, even though every component of a system is efficient, a little mistake in design, installation or
even controllers programming can make the combisystem behave differently as it was supposed to. Its
performances could be then deeply reduced. Therefore, a reliable SCS test should be done on the
complete system, as it is installed in a real house, to take into account actual design, installation and
control aspects in the performance evaluations;
• Secondly, combisystem performances strongly depend on climatic conditions and energy demand.
Therefore, a complete methodology should be able to predict SCS performances for any “environment”
(characterized in this paper by a kind of thermal efficiency of building, a kind of climate and a collector
area that defines the solar resource).
1.2. The current SCSPT method
Some laboratory tests are currently being developed to evaluate SCS performances. One of them, the SCSPT
(Short Cycle System Performance Test), uses a “Global approach” (i.e. it tests the whole system on a test
bench).
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The SCSPT consists in installing the complete system on a semi-virtual test bench (i.e. that links a real
thermal system with a virtual environment) and to apply a specific 12 days sequence that closely matches an
annual weather cycle of one precise climate to make the SCS behave as it usually does over a year (Albaric
et al., 2008). The auxiliary energy consumption of the tested SCS is recorded during the test. The “12 days”
sequence allows approximating its annual consumption (and then its annual performance) with a simple
extrapolation of the results (multiplication by a factor 365/12).
This method has shown relevant results (Albaric et al., 2010; Mette et al., 2010). Performances estimations
are quite accurate but they are limited. The application of one test of this kind allows the evaluation of
auxiliary energy consumption for only one environment (the climate and the type of building used as virtual
environment) and for the sizing of the SCS during the test sequence. This is not enough to characterize the
performances of the tested system for any kind of environment, for instance with the FSC method proposed
by Letz (Letz et al., 2009), from only one test.
1.3. The envisaged improvement of the SCSPT method

“12 days” Test

SCSPT

The current SCSPT method extracts only one information from a 12 days sequence whereas there would be
much more to learn about each tested SCS, analyzing their inputs and outputs recorded during the test. To
further develop this “Global approach”, identifying a kind of dynamical global model of the whole tested
combisystem would let it be simulated with different external conditions. Its performances would be thus
evaluated in a more complete way.
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Fig. 1: Goal of the envisaged SCSPT method improvement

In this paper, an artificial neural network based model is built to demonstrate the feasibility of this
improvement.
2. The proposed “Gray Box” model to learn SCS behaviors
2.1. General description
The global SCS model must evaluate the powers managed by the system (outputs) functions of external
variables, independent of the system (inputs). Those variables are described in Table 1.
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Tab. 1: Variables involved with the proposed global SCS model

Inputs

Outputs

States

Variables

Description

Unit

Ta

Ambient temperature

[°C]

Gb

Beam solar radiation on a horizontal plane

[W.m-2]

Gd

Diffuse radiation on a horizontal plane

[W.m-2]

θS

Solar zenith angle

[°]

γS

Solar azimuth angle

[°]

m& DHW

DHW draw-off

[kg.hr-1]

Ttap

Tap water temperature

[°C]

Q& aux

Auxiliary power consume

[W]

Q& coll ,out

Power supply by collectors

[W]

Q& em

Power received by heat emitters

[W]

Q& dhw

Power of DHW demand

[W]

Tcoll

Mean collectors temperature

[°C]

Tem

Mean emitters temperature

[°C]

Troom

Room temperature

[°C]

Tsto

Mean storage tank temperature

[°C]

A state space representation is chosen to form the dynamic aspect of the model. Considering the different
temperatures generally controlled by a SCS when functioning, it seems relevant to call mean temperatures of
the system’s main elements as the dynamic states of the model (Table 1). This is all the more interesting
since those temperatures can be evaluated by some equations. Finally, the relationship to identify from test
data is the link between outputs on the one hand and inputs/states of the system on the other hand, which
represent the real characteristic behavior of each SCS. This part to be identified must be non-linear in order
to be able to face every system’s behaviors.
To sum things up, the proposed model is made up of two main parts (also represented on Figure 2):
• The “White Box” part acts as a linear dynamical state feedback, supplying elements temperatures
evaluation through known equations, according to external variables and energy flows within the
combisystem.
• The “Black Box” part is a static non linear model that evaluates powers involve when the SCS is
working according to external inputs and internal states of the system.
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Gray Box
INPUTS

OUTPUTS

Ta
Gb
Gd

θS
γS
m& dhw

Black Box
STATES

Q& aux

Tcoll

Q& coll ,out

Tem

Q& em

Troom

q-1

White Box

Q& dhw

Tsto

T tap
Fig. 2: Architecture of the “Gray Box” model proposed to model SCS behavior from SCSPT experimental results

This way, the global SCS model forms a “Block oriented Slate-Gray” model according to Ljung (Ljung,
2010). This shape of model has shown good results in different scientific field.
2.2 The “White Box” part
The “White Box” part contains equations of combisystem elements: auxiliary energy system, storage tank,
solar collectors, heat emitters and building. In order to eventually propose this method as a future normative
test, equations are principally based on several standards and need almost only characteristic parameters of
the system.
So far, this part has been built to model SCS using gas boiler as auxiliary energy system and radiators as heat
emitters but the “Gray Box” architecture seems flexible enough to be adapted to other elements (like heating
floor for instance) for the next steps of this work.
The mean collectors temperature is evaluated by the collector model described in (Perers, 1997). This model
is based on the well-known “Hottel-Whillier-Bliss” equation for flat plate solar collectors that is adapted to
characterize almost every kind of collectors, except ICS collectors. It has been widely used for standards (EN
12975-2, 2006; ASHRAE 93-86, 1986). It is also used during the SCSPT test as part of the virtual
environment.
The radiator model used to evaluate the mean temperature of the heat emitter is based on standard
parameters, calculated with (EN 442-2, 1996). This model is also used during the SCSPT test as part of the
virtual environment.
The building model used to react with the global SCS model is the one defined in the international standard
(ISO 13790, 2008). Every heat transfer coefficients and the internal capacity can be calculated out of
architectural and physical parameters of the building. So far, parameters used are calculated to have three
building models similar to the IEA SHC Task32 reference ones (Heimrath and Haller, 2007): SFH30, SFH60
and SFH100 (i.e. buildings with space heating loads respectively of 30kWh.m-2, 60kWh.m-2 and 100kWh.m-2
over a year for Zurich climate). This model is also used during the SCSPT test as part of the virtual
environment.
The storage tank is one of the proper parts of a combisystem. Unlike elements presented above, this part is
not modeled during the SCSPT. The goal of this model is to give information about the energy stored in the
tank. Since there is not enough variables and parameters available to have a detailed storage tank model,
equations come down to a simple energy balance, completed by a heat capacitance Csto and a heat loss
parameter (UA)sto to be roughly estimated (Equation 1).
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C sto

dTsto
= Q& aux ,out + Q& coll ,out − Q& em − Q& dhw − (UA) sto (Tsto − Tamb, sto ) (eq. 1)
dt

The equation above-mentioned needs an estimation of Qaux,out, the power supplied by the auxiliary system.
That is why a gas boiler model is also employed in the “White Box” part. The one currently used is taken
from the French thermal regulation for building (RT2005, 2006). It evaluates the energy losses of the boiler
according to the heat demanded with a simple second-order polynomial. Parameters of the polynomial are
calculated with characteristic powers and losses of the boiler, determined by standards - like the (EN677,
1998) for instance.
For numerical computing, all equations described in this section are calculated with an explicit discretization
scheme.
2.3. The “Black Box” part
The “Black Box” part is a pure numerical model. It learns the characteristic behavior of the tested SCS by
identifying its parameters from a test data analysis. A specific model must be adapted to face non-linear
behaviors of combisystems.
Artificial Neural Networks (ANNs) are widely appealed to different research projects nowadays, even in
solar energy field because, as Kalogirou highlights (Kalogirou, 2001), they can learn from examples, are
fault tolerant and are able to deal with non-linear problems. Therefore, ANNs are adapted in the “Black Box”
part.
A mathematical neuron is presented on Figure 3.

y

κ

γ
1

β1
x1

…

βi
xi

βn
…

xn

Fig. 3: Representation of an artificial neuron

Neuron inputs xi come from other neurons outputs or model inputs. Those signals are transmitted to the
neuron through connections called “synapses”. Synaptic weights βi are linked to each connection. There are
several ways to combine neuron inputs with their corresponding synaptic weights. In this model, a simple
linear combination, as described in Equation 2, is used. The result of this combination υ is the argument of a
transfer function κ (taken as a sigmoid for every neuron in this paper). The outcome y is the activation of the
neuron.
n −1

υ = γ + ∑ β i xi
(eq. 2)

i =1
 y = κ (υ )


ANNs are built linking neurons together and with the model inputs and outputs. When presenting a training
data set, an optimization algorithm searches the best synaptic weights set to minimize a cost function. For
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this work, the cost function is the sum of squared error over the training sequence, to be minimized by the
Levenberg-Marquardt algorithm (Marquardt, 1963), completed by Bayesian regularization (Mackay, 1992).
An important inputs and outputs pre-processing step helps both the training procedure and the capacity of the
“Gray Box” model to simulate correctly the SCS behavior for any environment. It consists in creating
regressions of raw temperatures and heat flows in order to have reduced criterions of the interaction between
the system, the building and the climate, at the bounds of the ANN. The network would simulate more easily
the system’s behavior in different loads and climatic conditions.
The inputs regression vector is presented in Equation 3.



Q& sol ,net Gref


Q& sh Q& sh ,nom


ϕ (t ) = (Troom − Tset ,room ) (Tset , room − Ta ,d ) (eq. 3)


 (Troom − Ta ) (Tset ,room − Ta ,d ) 

(Tstore − Tset ,dhw ) 100 

The net input solar irradiation on collectors plane Qsol,net (i.e. that takes into account Tcoll and collectors
optical and thermal losses) is divided by a reference irradiation Gref (taken as 1000W.m-2). The heat delivered
by radiators to building rooms Qsh is divided by the nominal power of radiators (which depends on the
thermal quality of the building and the climate). The room temperature is compared with both the room
temperature set-point Tset,room and the ambient temperature Ta. Difference between Tset,room and design
ambient temperature Ta,d is used to weight those comparisons. The mean storage tank temperature is
compared with the DHW set point temperature Tset,dhw. Since there are no obvious limits to this comparison,
it is only divided by 100 to reduce the variation of this criterion.
The nominal power of the boiler Qaux,nom, the reference solar radiation and the nominal power of radiators are
used to compose the outputs regression vector, presented by Equation 4.

 Q& aux Q& aux ,nom

y (t ) = Q& coll (Acoll Gref
 Q& em Q& sh ,nom



) (eq. 4)



To have a first evaluation of this approach, the DHW demand Qdhw is supposed to be fulfilled. So this “Gray
Box” output is not considered at the bounds of the ANN to make its learning easier in a first place.
Finally the global structure of the neural network chosen to be part of the “Black Box” is presented on Figure
4. It is composed of one output layer and one hidden layer, for which the right complexity (number of
neurons) has to be tested from several trainings to match the SCS behavior as best as possible.
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…

ϕ2

ϕ4

y3

ϕ5
Fig. 4: Representation of the neural network considered in the “Black Box” part

For a given network complexity, the optimization algorithm to train neural network from a data set is also
applied several times with different initial weights using the Nguyen-Widrow method (Nguyen and Widrow,
1990) to enhance the ANN trainings. In this paper, the best “Gray Box” model is selected thanks to TRNSYS
simulation comparisons, according to the process described below.
3. Validation of this approach
3.1. Protocol
To validate this approach, three detailed combisystems models (called SSC1, SSC2 and SSC3 below) are
used within TRNSYS. Training data sets for neural network are calculated from a simulation of the “12
days” sequence. Trained “Gray Box” models are then used to do the 27 annual simulations presented in
Table 2, corresponding to 3 climates, 3 buildings and 3 collector areas (defined as A1, A2 and A3 below, to
be chosen according to the volume of the storage tank and usual sizing considerations). Annual results of
these simulations are then compared to the corresponding TRNSYS simulations ones. The scheme of this
process is represented on Figure 5.
Tab. 2: Definition of the 27 (3x3x3) environments for annual simulation
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Building

Climate

Collector area

SFH30

Stockholm

A1

SFH60

Zurich

A2

SFH100

Barcelona

A3

SCS TRNSYS model
« 12 days » test
simulation

Training and selection of
a « Gray Box » model

Annual simulations with
the selected « Gray
Box » model

Definition of the 27
reference environments
for results comparisons

Annual simulations with
the TRNSYS model

Comparison of the
results
Fig. 5: Process for the validation of the proposed approach from a detailed SCS model

TRNSYS “12 days” and annual simulations are done with a 3 minutes time step. TRNSYS “12 days”
simulations data are processed to train “Gray Box” model with a 30 minutes time step, which seems a good
compromise between sufficient precision of the system’s behavior and quite smooth signals for the network.
3.2. Results
Figure 6, Figure 7 and Figure 8, presented below, show the comparison between the TRNSYS model results
and the best “Gray Box” model results, for each of the three tested SCS. They represent estimations by both
types of model of annual energy consumed by the boiler (blue stars), supplied by the collectors (green stars)
and received by the radiators (red stars) of the tested SCS for the 27 simulations. The statistical regression
coefficient R2 is also noticed on these figures, for each energy evaluation.
4

SSC1 : Energy evaluation

Calculated energy (TRNSYS) [kWh]
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2
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Fig. 6: Comparison of annual energy evaluations between the TRNSYS model of SSC1 and its “Gray Box” model selected

1675

4

SSC2 : Energy evaluation
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Fig. 7: Comparison of annual energy evaluations between the TRNSYS model of SSC2 and its “Gray Box” model selected
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SSC3 : Energy evaluation
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Fig. 8: Comparison of annual energy evaluations between the TRNSYS model of SSC3 and its “Gray Box” model selected

This approach seems to be relevant since for the three combisystem models tested, energy estimations are
really close to the corresponding TRNSYS calculations, within +/-10% precisions for most simulations.
“Grey Box” models seem precise enough to characterize SCS performances.
Globally, estimations are less accurate for Qcoll. It seems that the training sequence does not let the tested
system activate all of its control function. Moreover, there should be more information about the heat storage
to be more precise on how the system controls the solar loop. (Statistical regression coefficient is very low in
this case because the energy Qcoll doesn’t vary as much as other energy from one simulation to the other.
That makes one flawed estimate have a more important effect on R2).
Simulations that seem a little harder to model represent environment that require few auxiliary energy and
that have large solar resource. Actually, those environments involve mainly the Barcelona climate, which
imply different weather conditions compared to the Zurich climate used as reference for the test sequence.
Figures above also show that accuracy of the “Gray Box” models depends on the kind of system. SSC2's
behavior seems easier to learn.
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This “Grey Box” modeling is very acceptable for the characterization of the three tested combisystems.
Therefore, this study shows that the new approach is promising in order to predict thermal efficiency of
combisystem.
4. Conclusion and outlook
The study presented in this paper offers a basis to get ahead with a complete method to characterize SCS that
could lead to develop a standardization method from performance evaluation (and eventually complete the
European norm (EN 15316-4-3, 2008) for instance) and to plan a combisystems performance labeling.
The next step is to arrange this methodology to fit current lab tests and so to be able to evaluate combisystem
performance in a complete and reliable way.
This starts with developing a process to select only one “Gray Box” model trained from a test data set or to
handle results from several ones to have a unique performance characterization. Currently, most of trained
“Gray Box” models show good results but they don’t calculate exactly the same estimations. Moreover few
of them can be “over-trained” (i.e. they can’t simulate the SCS behavior correctly but for the only training
sequence). Those ones have to be sought out and put aside.
Another important point is to consider how the tested SCS supply DHW. The current “Grey Box” model
estimates that the demand is fulfilled but it should take into account the temperature of DHW delivered more
precisely to have right performances evaluations.
Moreover, the methodology has to be adapted to other kind of SCS in order to be able to characterize any
type of SCS, considering equations for other elements like heating floor for instance, in the “White Box”
part.
The methodology must even be further improved by studying a different way to model the energy storage,
that takes into account the quality of the heat stored (with a multi-nodes storage model or an exergy
calculation for instance). Some other leads could probably also act in this way like for instance studying
other regression vectors and optimizing the test sequence to get more information about the tested SCS
behavior in the training data set.
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Abstract
The need for fast and accurate performance testing of solar collectors is increasing. This paper describes
a new technique for performance testing which is based on non-linear continuous time models of the heat
dynamics of the collector. It is shown that all important performance parameters can be accurately estimated
with measurements from a single day. The estimated parameters are compared with results from standardized
test methods (Fischer et al., 2004).
Modelling the dynamics of the collector is carried out using stochastic differential equations, which is
a well proven efficient method to obtain accurate estimates of parameters in physical models. The applied
method is described by Kristensen et al. (2004) and implemented in the software CTSM1 . Examples of
successful applications of the method includes modelling the of the heat dynamics of integrated photo-voltaic
modules (Friling et al., 2009) and modelling of the heat dynamics of buildings (Madsen and Holst, 1995).
Measurements obtained at a test site in Denmark during the spring 2010 are used for the modelling.
The tested collector is a single glazed large area flat plate collector with selective absorber and Teflon anti
convection layer. The test rig is described in Fan et al. (2009).
The modelling technique provides uncertainty estimates such as confidence intervals for the parameters,
and furthermore enables statistical validation of the results. Such tests can also facilitate procedures for
selecting the best model to use, which is a very non-trivial task.

1

Introduction

This paper presents a new statistical approach for modelling the heat dynamics of a solar thermal collector. The
applied modelling technique facilitates application of detailed models on data sampled with a relatively high
sample rate. It is demonstrated that this allows for parameter estimation with high accuracy to be achieved with
measurements from a single day. In the present study 2 seconds values averaged to 30 seconds values are used.
Conventional non-dynamical models - by some called pseudo-dynamical models - of solar collectors cannot use
such a high sample rate due to auto-correlation of the errors caused by non-modelled dynamical effects. The
applied models are based on stochastic differential equations (SDEs), which gives the possibility to combine
physical and data-driven statistical modelling. Such models are called grey-box models. A very strong feature
of grey-box models is that they provide the possibility to estimate hidden state variables, i.e. variables in the
model which are not measured. This allows using the same data for fitting models, with which the system is
lumped differently, i.e. the physical model of the system can either be a single-state or a multi-state lumped
model, which can be required for different types of collectors. Furthermore the modelling technique facilitates
application of statistical tests to determine which model is most suitable for the given data. This is important
for model identification and the approach is demonstrated in the paper. The modelling is carried out based on
measurements from a period of 9 consecutive days in the beginning of May 2010. None of the days could have
been used for stationary testing that is still the most common test method for solar collectors. Stationary testing
requires perfect stable clear weather around noon. The measurements were performed on a single glazed large
area flat plate collector with selective absorber and Teflon anti convection layer. The collector was not brand
new, but has been in operation for 15 years, which affects the parameter values compared to todays products
of the similar design. The results from the grey-box models are compared with results from the standardized
EN 12975 Quasi Dynamic Test Method (CEN, European committee for standardization, 2006), which is based
on multiple linear regression (MLR) modelling, to see if the estimation results matches current test standards.
Finally, a thorough discussion and perspectives of the technique are given.
The paper is arranged as follows. The next section is a presentation of the theory of the applied grey-box
models, with a simple example. This is followed by a section with a description of the MLR models used and
thereafter a section with a description of all the considered grey-box models. Then the results are presented,
and finally a discussion and perspective is given before the paper ends with a conclusion.
1 www2.imm.dtu.dk/

˜ctsm/
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Ufa (Ta − Tf )
To

Tf =

Ti +To
2

Ti

Qf cf Ti

Qf cf To

F 0 (τ α)en Kτ αd Gd

F 0 (τ α)en Kτ αb (θ)Gb

Figure 1: Diagram of ToComp1 illustrating all the energy flows included in the model.

2

Grey-box models of a dynamic system

A grey-box model is established using a combination of prior physical knowledge and statistics, i.e. information embedded in data Kristensen et al. (2004). The prior physical knowledge is formulated by a set of
non-linear stochastic differential equations (SDEs), also called a stochastic non-linear state-space model in
continuous time. The equations describe a lumped model of the heat dynamics of the system.
The output of the solar collector is calculated by
(1)

qu = cf Qf (To − Ti )

where To is the outlet temperature and Ti is the inlet temperature. The output qu is power output per square
meter of collector aperture area and Qf is flow per the same area. From Perers (1997) it is known that the
output of a standard flat plate collector in first order accuracy level can be described by the heat balance
cf Qf (To − Ti ) = F 0 (τ α)en Kτ αb (θ)Gb + F 0 (τ α)en Kτ αd Gd − F 0 U0 (Tf − Ta ) − (mC)e

dTf
dt

(2)

For explanation of the symbols, see page 11. A linear temperature profile through the collector is applied by
modelling the fluid temperature as a simple average
Tf =

To + Ti
2

(3)

The differential of the fluid temperature can then be written as
dTf
1 dTo
1 dTi
=
+
dt
2 dt
2 dt

(4)

which for a constant inlet temperature is
dTf
1 dTo
=
dt
2 dt

(5)

This substitution, together with the addition of a noise term, is used to form the SDE


dTo = F 0 U0 (Ta − Tf )dt + cf Qf (Ti − To )dt + F 0 (τ α)en Kτ αb (θ)Gb dt + F 0 (τ α)en Kτ αd Gd dt

2
+ σdω
(mC)e

(6)

which describes the heat dynamics for the collector in the simplest grey-box model considered in the paper. It
is denoted as ToComp1. In grey-box terminology this is called the system equation of the state-space model.
The noise term σdω is called the system noise and consist of increments of {ω}, which is a standard Wiener
process, and σ 2 , which is the incremental variance of the Wiener process. In this model the collector is lumped
into one single part and the state variable is the outlet temperature To . An illustration of the model is found in
Figure 1.
The physical model part is coupled with the data-driven model part with which the information embedded
in observed data is used for parameter estimation. The data-driven part in the considered example is represented
by the discrete time measurement equation
Yk = Tok + ek
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(7)
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Figure 2: The data as 10 minutes averaged values. The upper plot is the measured temperatures, the middle plot is the
diffuse and direct (beam) radiation, and the lowest plot is the fluid flow.

where k is the point in time tk of a measurement, Yk is the measured outlet temperature, and ek is the measurement error, which is assumed to be a Gaussian white noise process with variance σ 2 . This assumption plus the assumption that W is a Wiener process - enables evaluation and tests of the performance of the model,
since such tests can show if the physical model is consistent with the observed heat dynamics of the collector.
2.1

Maximum likelihood estimation of parameters

Given a grey-box model, as described above, maximum likelihood estimates of the parameters can be obtained.
Let the N observations be represented by
(8)

YN = [YN , YN −1 , . . . , Y1 , Y0 ]
then the likelihood function is the joint probability density
!
N
Y
L(θ; YN ) =
p(Yk |Yk−1 , θ) p(Y0 |θ)

(9)

k=1

where p(Yk |Yk−1 , θ) is a conditional density denoting the probability of observing Yk given the previous observations and the parameters θ, and where p(Y0 |θ) is a parameterization of the starting conditions Kristensen
et al. (2004). The maximum likelihood estimates of the parameters are then found by

(10)
θ̂ = arg max L(θ; YN )
θ

Due to the previously mentioned assumptions about the system and measurement noise, it follows that the
conditional densities in Equation (10) can be well approximated by Gaussian densities. Hence an extended
Kalman filter can be used to calculate the likelihood function, and an optimization algorithm can be applied to
maximize it, thereby calculating the maximum likelihood estimates, see Kristensen et al. (2004) for a detailed
discussion. This is implemented in the computer software CTSM, which has been used for carrying out the
parameter estimation. See more about the methods and software at 2 and in Kristensen and Madsen (2003).
3

Experimental setup and data

The experiments are described by Fan et al. (2009) and were carried out in the spring of 2010. The measurements were obtained with a 2 seconds sample interval. For the present study models are identified for both 30
2 www.imm.dtu.dk/

˜ctsm
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Figure 3: The 10 minutes averaged values from days where the model ToComp1 is fitted. The upper plot is of the inlet-,
outlet-, and the ambient temperature. Below this is shown a plot of the direct- and diffuse solar radiation, followed by a plot
of the fluid flow. The lowest plot is the residuals from the fit from each day, this is referred to in a later in the paper.

seconds and 10 minutes average values. The data resampled to 10 minute average values is plotted in Figure 2.
Only time points where the angle of incidence is lower than 84 degrees are used. For the parameter estimation
it is important to acquire a period, for which the input signals are as uncorrelated as possible and cover the
typical range of operation. Periods with full cloud cover are not feasible, since there is not enough variation
in the direct radiation and in periods with no cloud cover the radiation and the module temperature is highly
correlated. Hence days with varying cloud cover are most appropriate and these days are the most common in
most locations where people traditionally live.
4

Multiple linear regression models

The EN 12975 Quasi Dynamic Test Method (CEN, European committee for standardization, 2006) is applied
to have a reference for the results from the new proposed method. The method is based on multiple linear
regression (MLR) modelling, where down to 5 minutes average values are recommended. The data was resampled to 10 minutes averages, which for all 9 days gives 593 time points. MLR modelling with 5 minutes
averages was tried and the results were only marginally different. The following model structure is applied
qtu = F 0 (τ α)en Kτ αb (θ)Gbt + F 0 (τ α)en Kτ αd Gdt + F 0 U0 ∆Tt + F 0 U1 ∆Tt2 − F 0 Uw ∆Tt wt − (mC)e

dTtf
+ et
dt
(11)

where ∆Tt = Tta − Ttf . Three models are fitted: MLR1 without F 0 U1 and F 0 Uw , MLR2 without F 0 U1 , and
MLR3 with all inputs.
5

Applied grey-box models

This section gives an overview of the applied grey-box models and the parts of the data on which the parameter
estimation was carried out. First the single state grey-box model ToComp1, described in Section 2 was fitted
to 10 minutes average values on the days with varying cloud cover. This data is plotted in Figure 3. The model
was fitted to each day separately and finally to all four days pooled together. In addition to the ToComp1 model
four other grey-box models have been fitted to the data from the 10’th of May resampled to 30 second average
values. This gives N = 1413 data points, which are plotted in Figure 4. The additional four models are
expanded as more detailed versions of ToComp1. There are two ways to expand the model: either more inputs
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Figure 4: The 30 seconds averaged data for which the modelling is applied. The upper plot is of the inlet-, outlet-, and the
ambient temperature. Below this is a plot of the direct- and diffuse solar radiation, followed by the plot of the fluid flow.

(explanatory variables) can be used, or - since the models are lumped models - a better representation can
maybe be achieved by lumping the system into more parts (also called compartments, states, zones, or nodes).
The latter approach is considered in the following. The first two expanded models are made more detailed by
lumping the collector into more than one compartment in the flow direction of the collector fluid, such that
the temperature of the collector is represented by two or more temperature state variables. This allows for a
better representation of the temperature differences between the inlet - the cold side when solar radiation level
is high - and the outlet of the collector. Furthermore this also gives a better description of the delay introduced
since it takes time for the fluid to flow through the collector. For the current setup and the flow of the 10’th of
May, this is around 1 minute. These two models are denoted by ToComp2 and ToComp3. The third expanded
model is denoted by ToTmComp1 and in this model the collector is lumped in two parts: one representing the
fluid and one representing the solid part of the collector. This is a better description of the system, in which
the solar radiation first heats up the collector which then heats up the fluid. Finally, the fourth expanded model
TmToComp2 is a combination of the two approaches, where the collector is first divided in two parts - one for
the fluid and one for the collector - which then each are divided into two compartments in the flow direction of
the fluid.
5.1

Models with multiple compartments in the flow direction

The ToComp1 model can be expanded to a nc compartment model with the system equations
2
dt + σ1 dω1
(mC)e
(12)

 2
= F 0 U0 (Ta − Tf2 ) + nc cf Qf (To1 − To2 ) + F 0 (τ α)en Kτ αb (θ)Gb + F 0 (τ α)en Kτ αd Gd
dt + σ2 dω2
(mC)e



dTo1 = F 0 U0 (Ta − Tf1 ) + nc cf Qf (Ti − To1 ) + F 0 (τ α)en Kτ αb (θ)Gb + F 0 (τ α)en Kτ αd Gd

dTo2
..
.



dTonc = F 0 U0 (Ta − Tfnc ) + nc cf Qf (To(nc −1) − Tonc ) + F 0 (τ α)en Kτ αb (θ)Gb + F 0 (τ α)en Kτ αd Gd

2
dt + σ2 dω2
(mC)e

where nc is the number of compartments. The accompanying measurement equation is
Yk = Tonc k + ek

(13)

Two models of this type are fitted to the data: ToComp2 with two compartments, and ToComp3 with three
compartments. A diagram illustrating ToComp2 is shown in Figure 5
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Figure 5: The ToComp2 model with two compartments in the flow direction of the fluid.

5.2

Models divided into a collector and a fluid part

The TmToComp1 model illustrated in Figure 6, where the panel is divided into two parts, has the system
equation


dTm = F 0 (τ α)en Kτ αb (θ)Gb + F 0 (τ α)en Kτ αd Gd + Ufm (Tf − Tm ) + Uma (Ta − Tm )



dTo = Ufm (Tm − Tf ) + cf Qf (Ti − To )

1
dt + σm dωm
(mC)e

(14)

2
dt + σo dωo
(mC)e

It is seen that the solar radiation enters the collector part, which then heats up the fluid by conduction. Of the
considered models the most detailed model is TmToComp2, in which the collector is both divided into two parts
and 2 compartments in the fluid flow direction for each part. The following system equations is formulated for
a model with two parts having each nc compartments


dTm1 = F 0 (τ α)en Kτ αb (θ)Gb + F 0 (τ α)en Kτ αd Gd + Ufm (Tf1 − Tm1 ) + Uma (Ta − Tm1 )


dTo1 = Ufm (Tm1 − Tf1 ) + nc cf Qf (Ti − To1 )

1
dt + σm1 dωm1
(mC)e

2
dt + σo1 dωo1
(mC)e

(15)



dTm2 = F 0 (τ α)en Kτ αb (θ)Gb + F 0 (τ α)en Kτ αd Gd + Ufm (Tf2 − Tm2 ) + Uma (Ta − Tm2 )


dTo2 = Ufm (Tm2 − Tf2 ) + nc cf Qf (To1 − To2 )

1
dt + σm2 dωm2
(mC)e

2
dt + σo2 dωo2
(mC)e

..
.


dTmnc = F 0 (τ α)en Kτ αb (θ)Gb + F 0 (τ α)en Kτ αd Gd + Ufm (Tfnc − Tmnc ) + Uma (Ta − Tmnc )


dTonc = Ufm (Tmnc − Tfnc ) + nc cf Qf (To1 − Tonc )

1
dt + σmnc dωmnc
(mC)e

2
dt + σonc dωonc
(mC)e

i.e. the TmToComp2 model has nc = 2.

Tf =

To

Ti +To
2

Ti

Qf cf Ti

Qf cf To
Ufm (Tm − Tf )
Uma (Ta − Tm )

Tm
F 0 (τ α)en Kτ αb (θ)Gb
F (τ α)en Kτ αd Gd
0

Figure 6: Diagram illustrating the TmToComp1 model. The collector is divided into a part representing the fluid and another
part representing the collector.
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Table 1: Parameter estimates with MLR models. The standard deviation of the estimate is in parenthesis to the right of the
estimated value. Insignificant terms are marked with ∗ .

Parameter
0

F (τ α)en
b0
Kτ αd
F 0 U0
F 0 U1
F 0 Uw
(mC)e

MLR1
0.737
0.166
0.891
2.18
4699

MLR2

(0.0031)
(0.45)

0.741
0.172
0.904
2.13

(0.045)

(130)

0.192
4751

(0.034)
(127)

6

(0.0030)

Units

MLR3
0.746
0.175
0.895
2.02
0.0031∗
0.179
4788

(0.0043)
(0.082)
(0.0020)
(0.035)
(129)



2
W/(m2 K)
W/(m2 K)
K)
W/(m

J/(m2 K)

Results

In this section the results of the parameter estimation with the described models are presented. Firstly, the
results from the traditional MLR models fitted on the entire data set of 10 minutes values is presented, secondly
from grey-box model ToComp1 fitted on individual days of 10 minutes values, and finally all grey-box models
fitted on 30 seconds values from the 10’th of May. The parameter estimates together with the their standard
deviation are presented in tables, and time series of the residuals together with other relevant error measures
are plotted. A short outline of the model identification carried out is also provided.
6.1

MLR models

The parameter estimates are listed in Table 1. The estimates are clearly within the typical range for this type
of collector, see Perers (1993) and Solar Keymark homepage (Solar Keymark, 2011). The collector under test
has been in operation for 15 years, this affects the parameter values compared to todays products. The standard
deviations show that the parameters are very accurately determined. The only non-significant term are F 0 U1 in
MLR3, which leads the conclusion that MLR2 is the most appropriate model of the three. For evaluation of the
model fit the measured collector output versus the predicted is plotted in Figure 7. It is seen that the measured
output is predicted very well, although it does seems like the variance increase slightly with the output. This
is most likely due to the periods with low flow rate for some of the days. Furthermore the inlet temperature
variation range is not fully as high as specified in the standard for the selected days.
6.2

ToComp1 fitted to 10 minutes values

600
400
200
0

Predicted collector output W/m2

The single state grey-box model defined in Equation (6) is fitted to both 10 minutes values from four separate
days and all four pooled together. The estimated parameter are listed in Table 2. Clearly the parameter estimates matches the estimates from the MLR models quite well considering the standard deviations, especially
the parameters F 0 (τ α)en and F 0 U0 , which are the most important parameters for evaluation of the collector
performance. A very apparent deviation of the results between the days is that the lowest uncertainty is found
on the 5’th of May. This is not a surprise considering a plot of the residuals, which is shown in the lowest plot

0

200

400

600

Measured collector output W/m2

Figure 7: Measured versus the predicted collector output from MLR2.
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Table 2: Parameter estimates from ToComp1 fitted to 10 minutes values from single days and all four days pooled. The
standard deviation is given in parenthesis to the right of the estimate.

2011-05-02
0

F (τ α)en
b0
Kτ αd
F 0 U0
(mC)e

0.755
0.204
0.903
2.07
6050

(0.032)
(0.039)
(0.42)
(1.1)
(1060)

2011-05-04
0.785
0.201
0.857
2.4
6200

(0.032)
(0.046)
(0.11)
(0.35)
(1130)

2011-05-05
0.746
0.18
0.819
1.73
5040

(0.0086)
(0.017)
(0.027)
(0.13)
(279)

2011-05-10
0.758
0.182
0.867
2.16
5020

(0.014)
(0.023)
(0.049)
(0.26)
(92)

Pooled
0.763
0.195
0.839
2.05
5666

(0.011)
(0.020)
(0.034)
(0.18)
(638)

Table 3: The parameter estimates from the grey-box models fitted to 30 seconds values from the 10’th of May. Note that the
parameters represent different physical entities from the three first model (prefixed with To) to the last two models (prefixed
with TmTo) and therefore cannot be directly compared. For each estimate the standard deviation is given in parenthesis to
the right of the estimate.

ToComp1
0

F (τ α)en
b0
Kτ αd
Ufa
Ufm
Uma
Cf
Cm

0.767
0.172
0.942
2.55
6960

(0.0036)
(0.0063)
(0.015)
(0.076)
(80)

ToComp2
0.751
0.177
0.933
2.31
8020

(0.0027)
(0.0017)
(0.0042)
(0.049)
(17)

ToComp3
0.743
0.18
0.931
2.2
8580

(0.0015)
(0.00044)
(0.002)
(0.023)
(36)

TmToComp1

TmToComp2

0.816
0.188
0.929

(0.0025)
(0.0038)
(0.008)

0.792
0.189
0.927

(0.00096)
(0.00067)
(0.0021)

49.8
2.37
3750
962

(2.5)
(0.042)
(114)
(64)

83.7
2.22
3390
1690

(0.83)
(0.016)
(54)
(22)

of Figure 3. The level of the residuals from the fit to this day are smaller than for the other days, and this is
apparently due to the level of the fluid flow, which is plotted above the residuals in the figure. The parameter
estimates based on the four days pooled together seems like a compromise between the estimates from the
single days.
6.3

Grey-box models fitted to 30 seconds values

The five grey-box models described are fitted to the data from the 10’th of May resampled to 30 seconds
averages. The parameter estimates are listed in Table 3. First, it is noticed that the parameters of the three
models prefixed with To are not representing the same physical entities as they do in the models prefixed with
ToTm, since the collector is lumped differently in the models. The increase of the value of F 0 (τ α)en from To
to ToTm models is found to be consistent with the physical representation, since the reference temperature is
closer to the absorber surface. This means that the estimated optical parameter for the ToTm models is rather
τ α. The value F 0 is in the range of 0.95 for this collector design, which leads to an estimate of F 0 (τ α)en to
0.752 for ToTmComp2.
Plots of the residual series from each model are shown in Figure 8. Clearly the level of the residuals
decrease from the upper to the lower plot and the highest errors occur when a cloud passes by and the level of
direct solar radiation shifts rapidly. The decreased level of the variation of the residuals indicates that the more
detailed models are better. To verify this, statistical likelihood-ratio tests is applied as described by Bacher
and Madsen (2011). The log-likelihood of the fit for each model is listed in Table 4, together with the number
of parameters, and the p-value of tests for model expansion. The tests for expansion is a model versus the
expanded model a single step to the right in the table, except for nl2TmToComp1, from which the expansion is
from nl2ToComp2. The results of the tests are very clear, all expansions are significant. Hence it is concluded
that nl2TmToComp2 is the most suitable model of these five models and that it might very well be, that the
model could be further expanded. Finally, the auto-correlation function (ACF) and the cumulated periodogram
(CP) Madsen (2007) of the residuals are shown in Figure 9. The dashed blue lines indicate 95% confidence
intervals for a white noise. According to theory, presented in Section 2, then if the residual series are white
noise this indicates that the grey-box model is consistent with the observed heat dynamics of the collector.
From the ACF and CP it is seen that the residuals are close to having white noise properties. Interestingly it is
seen that residuals from ToComp1 are more white noise like than the residuals from TmToComp1. It is found
that this is caused by a low signal to noise ratio in the residuals for ToTmComp1, i.e. the dominating errors
are on a high frequency which have characteristics like white noise. As the detailed models includes the faster
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Figure 8: The residual series from the grey-box models fitted to 30 seconds values from the 10’th of May. The greyed series
are the direct solar radiation.

dynamics, the high frequency errors are decreased, and they do not “hide” the remaining signal components in
the residuals. However for the most detailed model almost all the systematic variation in the data is described.
7

Discussion and applications

In general the results from the MLR models and the grey-box are found to match well, but it is noted that the
result the from grey-box model ToComp1 fitted on separate days - which have different conditions, especially
in the fluid flow level - gives some variation to the estimates. Therefore it is concluded that attention has to be
put on the experimental design in order to ensure stable and accurate parameter estimation for collector testing
with grey-box models. Regarding the more detailed grey-box models fitted to 30 seconds values, it is found that
since the likelihood is not saturated, i.e. the likelihood-ratio tests are very significant, further expansion of the
TmToComp2 is still possible. From the plots of the residuals in Figure 8, it is seen that the error level certainly
is highest just after the direct radiation shifts its level very rapidly, and it is this effect that seems to be improved
as the more detailed models are used. Hence the main improvement from the one-state model ToComp1 to the
multi-state models are in the description of the fast dynamics, which includes the delay caused by movement of
the fluid through the collector, e.g. when the direct radiation shifts from a high to a low level, the fluid passing
out of the collector are still hot for some time. This also indicates the importance of the experiment design,
since for dynamic condition the frequency, with which the system is excited, affect which grey-box model is
optimal. For example if the direct radiation varies with a lower frequency, a simpler model might be in favour
over more complex models, whereas for variation with a higher frequency the inclusion of the fast dynamics
Table 4: Log-likelihood, number of parameters, and p-value of likelihood-ratio tests for model expansion for each of the
grey-box models.

Log-likelihood
Number of prm.
p-value

nl2ToComp1

nl2ToComp2

nl2ToComp3

nl2TmToComp1

nl2TmToComp2

-35.51
9

454.8
12
≈0

661
14
≈0

1185
13
≈0

1307
18
≈0
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Figure 9: Plots of the auto-correlation function (ACF) and the cumulated periodogram of the residuals from each of the
grey-box models fitted on 30 seconds values.

are more important. Therefore if the main excitation of the system, i.e. the direct radiation, can be controlled,
it will be possible to achieve fast and accurate parameter estimation. This could be carried out with a simple
shadowing device, which should be controlled with PRBS signal to gain maximum information of the heat
dynamics of the system (Madsen and Holst, 1995). Higher accuracy can also be achieved with more systematic
variation of the inlet temperature, this also applies for the MLR modelling. The right experiment design will
allow inclusion of night measurements - which will improve the separation of heat loss and radiation effects
and thereby more accurate estimation - and furthermore allow for inclusion of more effects, such as wind and
non-linear radiation effects between the collector and the surroundings. Finally, dividing the collector into
more parts, e.g. one representing the fluid, one representing the metal, and one representing the surrounding
collector body could be tried.
7.1

Applications

The most apparent application of grey-box modelling of the heat dynamics of solar collectors are for the development of fast and accurate performance testing, especially for some types of collectors multi-state models
are needed to obtain a required level of accuracy. Especially vacuum tube collectors of dewar type can have an
extra time delay due to the high thermal resistance between the heat transfer fluid and absorber surface that is
not fully taken up by the present collector model used for performance testing. The new approach described
here, particularly with the TmTo models, has the potential to deal with this in an accurate way. Additional
applications include optimization of operation with model predictive control, which the grey-box models are
perfectly suited for. Especially larger solar thermal plants might be able to gain much in performance by
applying grey-box modelling and model predictive control.
8

Conclusion

Successful modelling of a the heat dynamics of a solar collector with grey-box models has been carried out.
The results have been compared to the EN-standard MLR modelling and they are in agreement. It is shown that
high accuracy parameter estimates was obtained with measurements from a single day resampled to 30 seconds
average values. This will enable lowering of testing time significantly compared to current test methods.
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Highly detailed models of the heat dynamics of the solar collector can be applied, which can be useful for
many types of collectors. It is found that the conditions under which the experiment was carried out influence
the parameter estimates. Therefore it is concluded that experiment design is the key to achievement of fast,
reliable and high accuracy collector testing methods with grey-box models. Experiments with PRBS variation
of direct radiation with shadowing device should be carried out to obtain higher accuracy and reproducibility of
the results, and finally models with more explanatory variables, such as wind and long-wave radiation should
be further elaborated.
Nomenclature
The same notation as in Perers (1997) are used as widely as possible.
Collector model parameters:
F 0 (τ α)en

Zero loss efficiency for direct radiation at normal incidence

Kτ αb (θ)

Incidence angle modifier for direct radiation

Kτ αd
F 0 U0
F 0 U1
F 0 Uw
(mC)e
Cf
Cm
Ufa
Ufm
Uma
nc

Incidence angle modifier for diffuse radiation


Heat loss coefficient at (Ta − Tf ) = 0, W/(m2 K) .


Temperature dependence of the heat loss coefficient, W/(m2 K2 ) .


Wind dependence of the heat loss coefficient, Ws/(m3 K) .


Effective thermal capacitance including piping for the collector, J/(m2 K) .


Fluid thermal capacitance, J/(m2 K) .


Collector thermal capacitance, J/(m2 K) .


Heat transmission coefficient from fluid to ambient, J/(Km2 ) .


heat transmission coefficient from fluid to module, J/(Km2 ) .


heat transmission coefficient from module to ambient, J/(Km2 ) .
Number of compartments

Measured variables:
Gb



Diffuse radiation onto the collector plane, W/m2 .


Direct radiation onto the collector plane, W/m2 .

Ta

Ambient air temperature near the collector, [◦ C].

To

Outlet temperature of the collector, [◦ C].

Ti

Temperature of the inlet to the collector, [◦ C].

Gd

Qf



Flow of the fluid per square meter of collector, l/(sm2 ) .

θ

incidence angle for the direct solar radiation onto the collector plane, [radians].

w

Wind speed, [m/s].

Derived variables etc.:
Tf

Average temperature of the collector fluid, [◦ C].

qu

Average temperature of the collector, [◦ C].


Collector power output, W/m2 .

cf

Specific heat capacity of the fluid, [J/(lK)].

Tm

References
P. Bacher and H. Madsen. Identifying suitable models for the heat dynamics of buildings. Energy & Buildings, 43(7):
1511–1522, 2011. ISSN 03787788. doi: 10.1016/j.enbuild.2011.02.005.

1689

CEN, European committee for standardization. En 12975-2:2006, thermal solar systems and components - collectors - part
2: Test methods, 2006.
J. Fan, Z. Chen, S. Furbo, B. Perers, and B. Karlsson. Efficiency and lifetime of solar collectors for solar heating plants.
Proceedings of the ISES Solar World Congress 2009: Renewable Energy Shaping Our Future, 2009.
S. Fischer, W. Heidemann, H. Müller-Steinhagen, B. Perers, P. Bergquist, and B. Hellström. Collector test method under
quasi-dynamic conditions according to the european standard en 12975-2. Solar Energy, 76(1-3):117–123, 2004. ISSN
0038092x. doi: 10.1016/j.solener.2003.07.021.
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1. Introduction
Spain has been one of the first countries worldwide to develop a legal framework that aims to fully develop
the potential of the solar thermal systems for DHW in the residential building sector. Given the lack of
references and the complexity of the building sector, several problems have arisen as the application in
practice has showed more difficulties than expected. One of the problems detected it’s been the lack of
standardization of sizing methodologies among the installers and engineers; to solve this, the administration
has made a big effort to generate a precise and simple sizing method for all the actors in the sector. This
paper describes the work carried out to generate that methodology.
The developers have done an F-Chart approach to build such a calculation method: to run a big number of
simulations of some detailed TRNSYS models and extract correlations from the results to evaluate the
performance of the systems without having to deal with detailed models. However, given the faster
computers available nowadays it’s been possible to extend the application range for the results.
The results for the 69.000 thousand simulations have yield a total of more than 800.000 integrated data in
monthly basis, that have been correlated to generate a monthly based method for the sizing of solar thermal
systems, as well as for the prediction of the fulfilment of the solar energy production set by the law for
domestic hot water systems. All the procedure has been included in an easy to use and free downloadable
graphical user interface. Several extensions of the procedure for solar heating and/or cooling systems are
now in a previous feasibility stage to try to increase the application framework of the procedure.
2. Boundary conditions: overview of the Spanish market
We find convenient to briefly introduce the requirement that the legal framework states over the solar
system. The main indicator stated by the CTE (Spanish building code) for the solar systems in residential and
tertiary buildings is the obligation of achieving a certain Solar Fraction of the domestic hot water demand
(hereafter, DHW) delivered by the solar thermal system. Since the code also sets the daily DHW demand,
mainly as a function of application, this requirement is equivalent for a given building to install a solar
system with the necessary properties to generate and deliver in yearly basis a certain amount of solar energy.
The solar fraction required is dependent on the daily load, the radiation at the location and auxiliary system
planned.
This calculation can be done with a wide variety of available methodologies and software packages, with
different degrees of complexity and precision. As the calculation precision is mandatory, a dynamic
simulation method is more attractive, but, given the standardization and verification nature of the
methodology needed, we are inclined to consider a simple calculation method as a reference for the process
due to:


The final users are mainly installers, engineers and architects so they have an unknown and variable
degree of knowledge of engineering and numerical calculation methods.



The number of inputs and outputs should be small in order to ease the administrative managing of
the information.



It is preferred an instantaneous calculation method since this strengthens its user-friendlessness and
is more efficient from the user point of view, what helps its widespread utilization.



The reference meteorological data (radiation, ambient temperature, cold water temperature) from
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available legal codes are set in monthly basis, that is, a format incompatible with dynamic
simulations.
Given that, the most popular solution is the F-Chart method (Klein et al., 1975), that it is well-known, userfriendly and precise, but has the following limitations:


The correlations characterizing the F-Chart method are deduced for a single system configuration;
this is, a combisystem for single family solar thermal systems that is very different from most of the
solar thermal systems installed in Spain, that are DHW solar thermal systems installed in multidwelling urban constructions with different degrees of centralization of the solar storage and
auxiliary system.



The F-Chart method assumes that neither the solar tank nor the solar field reaches its maximum
allowed temperatures. This hypothesis is far from the actual behavior of most of these installed
systems that, in some cases, should reach up to 70 % of the yearly DHW load coverage.



The collectors second order coefficient is not considered in the calculations, maybe due to the
relatively low stagnation temperatures achieved when the method was developed.



The daily load profiles used for the F-Chart are somewhat different than those legally established in
Spain.



The range of validity for the input parameters defined in the F-Chart method is relatively small in
comparison with the average systems installed in Spain (Klein et al., 1975).

Given all this factors, we decided to develop a specific calculation methodology to fit within the legal
validation process for the mandatory thermal systems; the Table 1 summarizes the main differences among
the F-Chart and the developed method.
Tab. 1: Summary of differences among F-Chart and the new proposed sizing method

Field
Configurations
Number of simulations
Locations
Load

F-Chart
1
Over 300
1
Up to 560 kg/day

Aiguasol Chart
7
Over 69.000
5
Up to 4.600 l/day

3. METASOL: The New Calculation Methodology
The approach used to generate the new method is identical to the one used to develop F-Chart: starting from
a TRNSYS model, a set of key parameters (inputs) is varied, simulations executed and results (outputs) are
used to extract a set of correlations (statistical functional dependencies) among inputs and outputs.
In the case of MetaSol, 7 different configurations are considered;. TRNSYS 16 (Klein et al., 2004) models
are taken from TRANSOL 3.1 (Salom et al, 2009), a TRNSYS-based application for the dynamic simulation
of solar thermal systems. TRANSOL is a GUI that allows parameterizing very detailed models for DHW,
space heating, cooling and industrial applications. The systems considered are the following:
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System 1: Solar system with solar field, coiled heat exchanger inside the solar tank, auxiliary
system in series, thermostatic valve and single consumption.



System 2: Solar system with solar field, external heat exchanger, solar tank, auxiliary system in
series thermostatic valve and single consumption.



System 3: Solar system for multiple consumption (dwellings) with decentralized solar tank and
auxiliary system.



System 4: Solar system for multiple consumption (dwellings) with centralized solar tank,
decentralized auxiliary system and instantaneous heat exchanger at each consumption point.



System 5: Solar system for multiple consumption (dwellings) with centralized solar tank,
decentralized auxiliary system and direct connection to consumption.



System 6: Solar system for multiple consumption (dwellings, hotels, etc) with centralized solar tank
and auxiliary system and direct connection to consumption.



System 7: Solar system for multiple consumption (dwellings, hotels, etc) with centralized solar tank
and auxiliary system, direct connection to DHW consumption and parallel connection to a
swimming pool.

A schematic diagram of the systems 1 to 6 is given in Figure 1.

Fig. 1: Schematic layout of systems 1 to 6. System 7 is the same as the system 6 but with a covered swimming pool in parallel to
the DHW consumption.

Each model has between 110 and 140 TRNSYS units, (including equations, plotter and printers), and a
number of parameters ranging from 500 and 1000, so a complete description of the model is outside the
scope of this document. Most of the types come from standard TRNSYS libraries, except collector field (type
539, from TESS libraries), storage tanks (type 340, distributed by TRANSSOLAR), piping (type 709, from
TESS libraries), boiler and instantaneous heat exchangers (type 801 and 803, developed by Aiguasol) and
swimming pool (TRANSSOLAR). It is well known that there exist dependencies between the parameters,
based on literature (Heimrath and Haller, 2007), design guides (Martinez, 2008) and sizing criteria of the
Aiguasol engineering team.
The dependency between the parameters of the input file is a key fact as it allows keeping consistency in the
sizing of all the components of the model. For example, given a certain solar field area, most of the solar
field parameters are resized accordingly (solar field flow rate, solar piping diameter, etc) and, given a certain
load and number of consumption points, then the distribution loop parameters are automatically sized
(distribution length, distribution piping diameters and flow rates, etc). To set a useful model, the number of
input parameters must be reduced as much as possible. To this end, the parameters that automatically resize
depending on the other inputs are discarded.
Each system is simulated in five different locations: Bilbao, Barcelona, Salamanca, Madrid and Sevilla, each
of them representing the five different climatic regions described in the Spanish Building Code, and
meteorological data are taken from Meteonorm6.1, a meteorological database distributed by Meteotest. Load
profiles and cold water network temperatures are generated according to Spanish thermal systems for
building regulation.
3.1. Exploratory analysis and nomenclature
As a first step, an exploratory set of simulations was carried out to determine the most influencing
parameters on the model output. Although the collector efficiency parameters show a non negligible impact,
as well as distribution loop thermal losses and other parameters specific for some systems (for instance, the
instantaneous heat exchanger for system 4 or the thermal losses coefficient for system 3), it was, as expected,
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evident that there are two parameters that basically determine the solar useful gain (denoted by Y1 and
defined in this work as the solar energy delivered to the auxiliary system connection point): solar radiation
on the absorber, G (kJ), and energy demand, D (kJ). Notice that the kind of relation described by the FSC
method (Letz, 2003) is close to a quadratic polynomial on the quotient G/D, but in that reference they relate
it with the fractional energy savings, instead of the solar useful gain, however the relation among this two
variables is straightforward. In Section 3.3 we show that G, D and specially the dimensionless ratio G/D play
a key role in the final model.
As a second step, also exploratory but oriented to initiate the model building process, new parameters and
more simulations were added, yielding 30501 cases for the system 1. At this stage, it was found that a
multiple linear model1 could be adjusted at logarithmic scale, that is, considering a linear model that
expresses the response2, ln Y1, as a linear combination of the regressors2, ln G and ln D. The Figure 2 shows
this regression plane, with R2=0.9529, for the simulations of system 1. This multiple linear model seems to
fit properly but the residuals, that is, the dot lines projecting individual cases over the plane, are too large for
accurately predicting the output.
Remarks:


The notation ln represents the natural or base-e logarithm.



R2 or R-square, also called determination coefficient, computes the proportion of the variability of the
dependent variable (output) explained by the functional model in the explanatory parameters. Referring
to Figure 2, it should be interpreted that a 95.29% of the variance of ln Y1 is explained by taking only
account the projections over the regression plane. See (Jobson, 1991) for knowing more on this and
other statistical concepts.



Most statistical computations were obtained using the GNU-R programming language or using some of
their packages (see the references section).

Fig. 2: Graphical representation, at logarithmic scale, of the regression plane fitting the solar useful gain (Y1) as a linear
function of two explanatory variables: the radiation (G) and the demand (D). The values of Y1 are simulated by TRNSYS and
correspond to 30501 cases for system 1. This regression plane representation has been obtained with the Rcmdr package
developed in GNU-R programming language.

By the discussion above, it seems clear that in order to adjust a good model for the useful energy gain, the
parameters G (the radiation on the absorber) and D (energy demand) must be used. Note that G also includes
implicitly the absorber area, as the radiation is the total energy incident. To improve the model predictive
potential, some new inputs where added o the parametric simulations; they are:

1

When the relationship between two or more variables appears to be nonlinear, the technique of linear regression can
still be applied if the model can be written as a linear combination of variables which themselves are nonlinear functions
(quadratic, logarithmic, etc.) of the initial parameters. This class of models is called intrinsically linear.
2

In regression analysis, the output is also called dependent variable or response, and the input parameters are often called
regressors, as well as explanatory or independent variables.
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First order coefficient of the solar field (that is collector lineal coefficient corrected by solar field
collectors in series, solar field flow rate, solar field piping insulation and length and heat exchanger
effectiveness, as described in (Duffie and Beckmann, 1980)).



Meteorological data (this includes ambient temperature and cold water network temperature).



Storage volume per solar collector area.



Collector second order coefficient.



Number of users.



Collector field area.



Number of dwellings (for systems 3, 4, 5 and 6).



Distribution loop thermal losses coefficient (systems 3, 4 and 5).



Domestic storage overall thermal losses coefficient (system 3).



Distribution loop set temperature (systems 6 and 7).



Instantaneous heat exchanger power (system 4).



Pool volume and surface (system 7).

The range of the most important parameters considered appears in Table 2. Note that the range specified here
is for the whole simulation set, and individual configurations may have reduced applicability ranges. The
Table 3 summarizes the symbols used to denote the parameters (explanatory variables) used in the equations
describing the final models (see the next subsection).
Tab. 2: Range of the system simulated principal parameters

Variable
Collector field area (m2)
Collector 1st order coefficient (W/m2·K)
Ratio storage/collector area (m3/m2)
Users
Dwellings
Collector 2nd order coefficient (W/m2·K2)
Daily load (l/day)

Minimum
2
2.5
0.05
4
8
0.005
190

Maximum
160
5.8
0.1
300
36
0.225
4600

For the 30501 simulations in system 1, statistical analyses were applied to indentify factors main effect and
interactions. Some results are shown in Figure 3: All the graphics in the panel analyze the effect of factor A2
Tab. 3: Notations for the parameters used in the final models. In two cases, two different notations are used interchangeably:
F1 or G denoting radiation on the absorber and A3 or D denoting energy demand.

(var)
Description
A1
First order coefficient of the solar field (corrected*)
A2
Collector field area
A3 (D)
Energy demand
A4
Storage volume per solar collector area
A5
Collector second order coefficient.
A6
Distribution loop thermal losses coefficient
A7
Instantaneous heat exchanger power
A8
Domestic storage overall thermal losses coefficient
A9
Distribution loop set temperature
F1 (G)
Radiation on the absorber
F2
Meteorological data (≈ Mean ambient temperature)
F3
Meteorological data (≈ Cold water network temperature)

Systems
All
All
All
All
All
3, 4 and 5
4
3
6 and 7
All
4, 5 and 6
4, 5 and 6

* That is collector lineal coefficient corrected by solar field collectors in series, solar field flow rate, solar field piping insulation and
length and heat exchanger effectiveness, as described in (Duffie and Beckmann,1980).
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on the mean response, each time interacting with a second factor (A1, Users, A4 and A5) and leaving the
remainder factors varying freely. The following facts can be observed: (a) A direct increasing trend effect of
the size collector area (A2) on the mean response value. (b) A curvilinear type curve is suggested when the
number of users is fixed. (c) The influence of factors A4 and A5 seem to be poor at mean level, but will be
non negligible for prediction purposes. See Table 3 for the descriptions of these parameters.

Fig.3: The graphics in this panel show some factors individual influence and second order interactions over the useful energy
gain. All the cases correspond to simulations of system 1. In all the graphics, the mean values of Y1 (averaged within the
groups defined by factor A2) are represented in the vertical axis. Moreover, a second factor is considered in each graphic (A1,
Users, A4 and A5, from top left to down right); each line corresponds to a different level of the second factor.

3.2 Statistical methodology
Once completed the exploratory analysis, several functional transformations for the initial parameters are
tested and a handmade variable selection has been performed sequentially (introducing new parameters one
by one). The aim was to obtain a final model with a good predictive behavior. Different data sets are
considered for defining and validating the models. The goodness of fit is evaluated by:
a)

The R-square coefficients, at the logarithmic scale first and at the usual scale secondly.

b) A primary analysis of the residuals, at the logarithmic scale.
c)

The analysis of the relative residuals, at the usual scale (non logarithmic), that is,
relative residuals  .

Y1- predicted Y1
.
Y1
(eq. 1)

The relative residuals are often multiplied by 100 and expressed in %.
Furthermore, only statistically significant variables are introduced in the final model. Multicollinearity is
taken into account and some redundant variables are eliminated, but some collinear variables are kept in the
final equation because they do not reduce the reliability of the model and, moreover, it is observed that
coefficients do not change erratically with small data changes. In Jobson (1991) there is a complete
discussion on linear models analysis.
At the end of the mathematical process, several models are evaluated by Aiguasol Engineering. The models
presented in this paper are chosen because they balance simplicity and goodness of fit. The results are
analyzed in the Section 3.3.
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3.3 Main result: equations of the models
The key results of the METASOL methodology are summarized in Table 4. This table gives the necessary
information for predicting the useful solar gain for each system from 1 to 6. The system 7 is treated
separately and does not appear in the following sections.
The METASOL’s approach to STS consists in to compute Y1 through a linear expression for ln Y1. For each
configuration, Table 4 shows the coefficients of this linear equation in the parameters expressed in the first
column of the table. For instance, for the system 1, the equation is
ln Y1  0.53  1.06 ln F1  0.02 ln A3  0.06 X 2  0.04 X 3  0.01 X 40.07 A1  23.32 (A2 /A3 )  2.07 A4  3.06 A5

(eq. 2)
where
X  ln (F1/A3 )  ln (G/D). (eq. 3)

For the systems 2 to 6, the equations can be obtained in the same way.
Tab. 4: Summary of coefficients for each system. The explanatory variables appear in the first column, and the model
coefficients in the subsequent columns. Recall that lnA means base-e logarithm of A. The term F1F2 denotes F1 times F2.

(Intercept)
lnF1
lnA3
X2
X3
X4
A1
A2 /A3
A4
A5
lnA6
lnA8
lnA7
F1F2
lnF3
lnA9

system 1
-0,52849919
1,06087913
-0,02008222
-0,06270279
-0,03782808
-0,01152248
-0,07211289
-23,3244249
2,06557417
-3,06340657

system 2
-0,17352839
1,12695378
-0,09126768
-0,06593306
-0,05819713
-0,01403032
-0,04599847
-45,9672722
0,82504083
-1,41551984

system 3
-0,87138227
0,77652561
0,37556283
0,02711028
-0,0412086
-0,02135282
-0,03261289
-12,1873339
-0,06083965
-0,71907997
-0,04381463
-0,09197948

system 4
-1,90944159
0,88981308
0,2720786
-0,04533852
-0,02627021
0,05491462
-0,03547851
-24,2126945
0,01511333
-0,68177441
-0,16347837

system 5
-0,73550385
0,89949822
0,22688735
-0,09178239
-0,00919135
0,05467863
-0,03714765
-27,7105928
1,14048506
-0,86638184
-0,14943719

system 6
1,3348784
0,95731909
-0,01741347
-0,05237765
-0,02668652
0,05470568
-0,05754523
-26,407206
0,80450244
-1,72811438
0,05107806

0,09388373
9,76E-07
0,08617483

8,87E-07
0,06435627

8,28E-07
0,03248366
-0,28998103

3.3.1 Analysis of the models
The Table 5 and the Figure 4 show some important features of the models. The value of R2 is close enough to
one in each model for lnY1 (see Table 5, column R2 (logarithmic scale)). Moreover, coming back to the usual
scale, the values of R2 in Table 5, last column, are close to one too, indicating that models fit reasonably well.
Tab. 5 Linear models quality of fit.

System
1
2
3
4
5
6

R2
(log sccale)

0,991
0,997
0,992
0,994
0,996
0,991

Absolute residuals Relative residuals (quantiles)
min
max
05
25
75
95
-493.73 157.97 -12.13 -4.30 4.28 10.40
-2090.46 1114.31
-7.94 -3.27 3.42
7.23
-415.18 407.01 -11.53 -3.37 3.80
8.18
-442.55 302.65
-9.57 -3.48 3.44
8.22
-386.21 269.68
-7.28 -2.97 2.95
6.54
-819.28 449.77
-9.71 -3.55 3.57
8.64

R2
0,986
0,995
0,991
0,992
0,994
0,991

Nevertheless, as it is said before, the most important indicators are those referring to the relative residuals
(eq. 1). Looking at (eq. 1), it is clear that the negative values of residuals indicate overestimation of Y1 and
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that the positive values correspond to underestimation of this variable. The lowest and the highest quantiles
in Table 5 express a bound for the percentage of cases giving rise to predictions far from the simulated value
of Y1. Indeed, the quantile values can be understood as follows: in system 1, the 05-quantile equals -12.13
(an underlined value in the table), telling us that only a 5% of cases are highly overestimated with predictions
for Y1 of the order of 1.1213Y1 or higher. Symmetrically, the underlined value +10.4 of the 95-quantile for
system 1 indicates that only a 5% of cases are highly underestimated with predictions of the order of 0.896Y1
or lower (0.896=1-0.104). All the relative residuals are represented in the schematic box plot graphics in
Figure 4. The highest relative errors arise in systems 1 and 3.

Fig.4: Comparative box plot of the relative residuals, in % (see (eq. 1)) of the six systems models. The scale in the vertical axis
corresponds to the relative residual (%). The horizontal line near the middle of the box is the median (50th percentile) relative
residual, which is close to zero; the bottom and top of the box are the 25th and 75th percentiles. Any data not included between
the whiskers is plotted with a small circle and so it is considered an outlier. Only a one percent of data are outlier.

3.2 Synthetic expressions
For description purposes, the model equations can be transformed to more compact expressions. For
instance, the model of system 1, described by (eq. 2) and (eq. 3), can be easily changed to appear as an
expression of the type

Y 1  f(G/D) exp (g(A1,A2 ,D,A 4 ,A5 )), (eq. 4)
where, for the sake of simplicity, we use G instead of F1 and D instead of A3, the functional f is

f(G/D):  (G/D)1.06 exp (  0.06 X 2  0.04 X 3  0.01 X 4), (eq. 5)
with X=ln(G/D), and the functional g is defined by

g ( A1, A2, D, A4, A5) :  0.53  1.04 ln D  23.32 (A2 /D)  3.06 A5  0.07 A1  2.07 A4. (eq. 6)
By analogous reasoning, similar but more complex equations can be derived for systems 2 to 6. Going a little
bit further, an approximate expression is obtained relating two dimensionless quantities Y1/D and G/D, with
an exponential correction term:

Y1
:  f(G/D) exp (  0.53  0.04 ln D  23.32 (A2 /D)  3.06 A5  0.07 A1  2.07 A4 ).
D
(eq. 7)
4. Contrast between F-Chart METASOL and F-Chart
Nowadays, due to its speed and simplicity, the F-Chart method (Klein et al., 1975) remains one of the most
used. However, the calculation of systems with this methodology involves important simplifications and
assumptions, which are not always taken into consideration.
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In the beginning, F-Chart was designed to calculate a single type of system (DHW systems for single family
and heating). Although subsequent amendments, allowed its use in more types of configurations, their range
of validity remains limited.
The use of F-Chart for the calculation of the most common systems in the Spanish market (residential
buildings) is often inadequate. These limitations motivate the creation of a new methodology.
4.1 Differences in the process of developing methods
During the process of developing the F-Chart method (Klein et al., 1975), a number of hypotheses were
assumed. Thus, it could obtain a physical phenomenon governing equations relatively simple. Analyzing
these equations it was found that the physical phenomenon depended mainly on only two dimensionless
groups. Thanks to this fact, it was possible to generate a model of precision, from a small number of
simulations.
With a single curve, function of two dimensionless groups, F-Chart can predict the solar fraction of the
system with high accuracy (as long as they fulfill all the hypothesis assumptions).
If the complexity of the systems increases, the above procedure may not be reproduced and no dimensionless
group can be determined. Because of this, the subsequent statistical treatment should be much more complex
and the number of simulations required will be higher.
4.2 Results contrast
Below there’s a comparison between the results of the two methodologies. It is not meant to be a rigorous
analysis of their accuracy. It's just an example to illustrate their key differences.
The case analyzed corresponds to an apartment building with a demand of 3740 l/day, located in Seville. All
the systems calculated have the same collector area (40.2 m2) and a volume of 7m3 of accumulation. As a
reference, it has also has been simulated using TRNSYS (Transol).

Fig. 5: SF of the different systems calculated by METASOL, TRNSYS and F-Chart.

As already mentioned in the previous section, F-Chart only considers a single type of system and its use for
other configurations can lead to major deviations. Another problem associated with the use of F-Chart for the
calculation of such systems is the lack of consideration of the distribution losses. In detached systems, as
originally proposed in F-Chart, such losses can be considered negligible. However, in systems for residential
buildings they may mean a significant percentage of total losses.
As shown in Figure 5, using the F-Chart for the calculation of any of the systems would mean an undersized
of them.
5. CHEQ4: Implementing METASOL
The calculation methodology METASOL it’s created with the aim to offer to all the sector players, a simple
tool for dimensioning. For this reason, it has been necessary to develop an intuitive interface, called CHEQ4.
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Fig 6. Screenshots CHEQ4 software.

CHEQ4 is a free downloadable software that allows validating compliance with the minimum solar
contribution, as required by Spanish law. The software incorporates all the necessary government databases
and generates an official justifying report; see an example of some of its windows in Figure 6.
6. Conclusions
Spain has been one of the first countries worldwide to develop a legal framework that aims to develop the
potential of the solar thermal systems for DHW in the residential building sector. However, it is necessary to
define a clear and standard sizing methodology in order to keep developing its full potential.
The METASOL methodology, displayed in this paper, allows to predict, in a quickly and accurately way the
behaviour of the main types of solar thermal systems that are more common in Spain.
The models are close to natural solutions for the heat transference equations, as (eq. 7) says, and show
satisfactory predictive behaviour. In the future, more accurate models could be tested.
7. References
1.
2.
3.
4.
5.
6.
7.
8.

Duffie, J. A., W. A. Beckman, 1980. Solar Engineering of Thermal Processes. John Wiley, New
York.
Jobson, J. D., 1991. Aplied Multivariate Data Analysis. Volume I: Regression and Experimental
Design. Springer-Verlag, New York.
Klein, S.A., Beckman, W.A. and Duffie, J.A., 1975. A design procedure for solar heating systems.
Solar Energy. 18, 113-127.
Klein et al, 2004. A Transient System Simulation Program, TRNSYS 16.0.0038, Solar Energy.
Laboratory, Univ. of Wisconsin-Madison, http:\\sel.me.wisc.edu\trnsys
Heimrath, R., Haller, M. 2007. The Reference Heating System. The Template Solar System of Task
32.
Martinez, J. C., 2008. La Guía ASIT de la Energía Solar Térmica. Asociación Solar de la Industria
Térmica, Madrid.
Letz, T., 2003. Validation and Background Information on the FSC Procedure, A Report of IEA
SHC - Task 26 Solar Combisystems.
Salom, J., Gurruchaga, I., Carrera, A., 2009. A Transient Solar System Simulation Program,
TRANSOL 3.1. Aiguasol, http://aiguasol.coop/transol

7.1. Statistical software
1.

1700

The R Project for Statistical Computing. Retrieved 2011-06-06. Free Software Directory - GNU R.
Retrieved 2011-06-06.

A NEW TOOL FOR STANDARDIZED COLLECTOR
PERFORMANCE CALCULATIONS
Bengt Perers1, Peter Kovacs2, Marcus Olsson2, Martin Persson2 Ulrik Pettersson2
1

Department of Civil Engineering, Technical University of Denmark, Kgs. Lyngby, Denmark and
SERC Dalarna University, Borlänge, Sweden.
2

SP Technical Research Institute of Sweden, Borås Sweden.
Abstract

A new tool for standardized calculation of solar collector performance has been developed in cooperation
between SP Borås Sweden, DTU Denmark and SERC Dalarna University. The tool is designed to calculate
the annual performance for a number of representative cities in Europe on the basis of parameters from
collector tests performed according to EN12975, without any intermediate conversions. The main target
group for this tool is test institutes and certification bodies that intend to use it for conversion of collector
model parameters derived from performance tests, into a more user friendly quantity i.e. the annual energy
output. Energy output both per m2 and per collector module can be calculated.
1. Introduction
It is a common experience that different simulation tools do not agree as good as one could expect when
comparing collector energy gains. There are many reasons for this aside from the obvious possibility of
wrong programming in the tools. It can be differences in the collector models used, different ways to
interpret and use the collector parameters from a standard test, different operating conditions for the collector
and different climate data for the same location as some examples. Even the same solar calculation software
like Meteonorm can give different climate data between different versions that was an unexpected experience
during the development of the tool and adding and updating climate data. No huge differences, but in the
range of 5% in solar radiation. The collector output difference is often larger than the difference in climate
input data. Also the split of global solar radiation between beam and diffuse radiation can be changing
without notice. Therefore a well defined calculation tool is very desirable.
In the competition on the solar market even a few percent difference in predicted collector output can have
an influence on who will get a contract. Also in advertisement and marketing it is important to have
comparable performance data for the customers.
To overcome this uncertainty that sometimes can be very large especially when applying different simulation
tools to new collector designs, the Excel tool described here has been developed as a benchmark for collector
output to have comparisons on a common ground. The direct compatibility to EN12975 (2006) QDT test
results and with built in corrections also SS test results, is also a big advantage.The international cooperation
and agreement to use the tool within EU is also an important step.
To make the calculation tool more easily accepted, the equations used in the tool are put together from the
well known solar textbook Duffie and Beckman (2006) or journal publications Braun (1983), Fisher (2004),
Mc Intire (1983), Theunissen (1985). The equations are fully defined and described as a set in a document
available together with the software. Also some work has been done to exactly select and define the climate
input data, including ground albedo (0.2) and describe the procedure to calculate global, beam and diffuse
radiation onto a fixed tilted or tracking collector plane. This is otherwise a very common reason for
differences between simulation tools alone in the range of +-10%.
The collector model used is exactly the same as in the QDT method (Quasi Dynamic Test Method) in the
European standard, except that the dynamic correction term c5 is omitted, in order to make the
implementation in Excel easier. This thermal capacitance term has its main advantage during collector
testing for correction of short term dynamic effects during rapid variations in solar radiation. By this
dynamic correction much more measurement points can be gained during a normal testing day, than with the
stationary test method (SS). The thermal capacitance term has less importance for the annual performance at
constant operating temperature applied in the tool and the difference between common normal collector
designs is limited. In a full system simulation c5 can still be used from a QDT test and then added to the
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effect of capacitance of piping, valves pumps etc. in the collector loop. This can be an important factor to
optimize together with the flow rate and insulation in a system.
The required calculations for correction of creation of missing parameters from a stationary test (SS)
compared to the QDT test method, e.g. the incidence angle modifier for diffuse irradiance or zero loss
efficiency for beam radiation, are done within the tool in a standardized and reproducible way. This “SS to
QDT conversion” is described and demonstrated in another paper at this conference Kovacs (2011).
The underlying equations used, for the collector model, solar radiation processing and for calculation of
incidence angles relative to the collector are described as a complete validated set below, in chapter 3. This
set of equations may be interesting also for other purposes, as the literature is full of different equations in
this area with a variety of nomenclature and hidden limitations in application ranges. This may lead to
unexpected errors when programming even simple solar energy calculations.
The tool can handle all collector designs on the market except ICS collectors (integrated collector storage)
where the built in storage with a very large time delay needs a special thermal capacitance correction.
Unglazed collectors, vacuum tube collectors, low, medium and high concentrating collectors and flat plate
collectors are all within the application range.
The tool is also prepared for unglazed low temperature collectors operating below the dew point of the
ambient air. Presently only the climate data, but not the equations are adapted, as the model additions are not
fully validated for all normal variants of these collectors.
Calculations can be performed for any collector tilt and orientation as well as for some common tracking
alternatives on the market. Tracking limitations and shading between throughs in a collector module is not
implemented yet in the tool. The shading can be taken care of by the incidence angle modifier if a complete
module, with several throughs, is tested.

2. Description of the tool
Together with the tool there is a description and documentation in English, so that the tool will be as
transparent as possible and allow an independent check with other tools. One can also then investigate and
understand why there may be differences in results compared to other softwares.
The Excel tool has been developed within the Solar Keymark II and QAIST projects, see www.quaist.org .
The tool is presently saved as an Excel 97-2003 spreadsheet and a activation of macros is needed in order to
run it.
The tool calculates the energy output from solar thermal collectors based on weather data from four
European locations Stockholm, Würzburg, Davos and Athens. The tool can directly use parameters derived
from collector tests according to EN 12975 and presented on the ESTIF / Solar Keymark homepage
http://www.estif.org/solarkeymark/ .
The tool calculates the collector gain at three user defined operating temperatures which are assumed to be
constant over the year. The collector tilt and orientation is free and also standard tracking options are
available. It produces Energy output figures and a diagram on an annual and monthly basis as default. But
hourly values can also be accessed. It is also possible to add new locations and climates by the user.
Some extra effort has been spent to define the biaxial incidence angle inputs, in a consistent way, as the
traditional wordings transversal and longitudinal can be misleading. Especially when the same collector is
turned on the mounting plane that can be the case for some ETC- and low concentrating collectors. The
software need the parameters as they are seen from the “sun” so the collector independent indices EW (East
West) and NS (North South) are introduced. Also the case of double asymmetrical collectors is taken care of.
For example for collectors that have a cut off angle at a certain apparent solar altitude (an angle similar to the
profile angle). They are mounted in different directions and this has a large effect on the annual performance.
The calculation procedure is shown in 5 steps below (figure 1 to 5) and finally a result picture is shown
figure 6.

1702

Figure 1. Step 1: Start Page for the calculation tool.

Figure 2. Step2: Id name of the run. Location/climate, operating temperatures and collector module area.

Figure 3. Step 3: Collector parameters according to EN12975 test data and Solar Keymark
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Figure 4. Step 4: Incidence angle modifier input page. Also extreme double asymmetrical collectors can be handled.

Figure 5. Step 5: Collector orientation and tracking options.
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Results from the Energy Output Calculator
Version 3.0 (TRIAL VERSION THAT HAS NOT BEEN VALIDATED, Feb, 2011)

Identification label for the solar collector: Not specified
Date of evaluation: 11 August, 2011

Location:
Athens
Longitude:
-23.73
Latitude:
38.00
Climate data, time period:

500

300

400

350

250

200

300
250

150

200
150

100

100

50

Monthly yield per collector unit (kWh)

450

Monthly irradience per collector unit (kWh)

Monthly irradiance and yield per collector unit (kWh)
Irradiance
Yield (three collector mean temperatures)
25°C
50°C
75°C
January
269
132
82
45
February
264
120
70
35
March
317
147
81
35
April
375
189
115
60
May
416
225
145
81
June
425
236
154
84
July
453
257
171
98
August
476
276
191
113
September
440
263
185
115
October
368
206
134
72
November
265
138
86
44
December
226
112
67
35
Year
4 294
2 300
1 484
818

Irradiance

Yield, 25°C
Yield, 50°C
Yield, 75°C

50
0

0

1996-2005

Collector information (all inputs are based on aperture)
Aperture area: 2.5 m²
Evaluation method: Quasi Dynamic Testing
F'() en
0.85
K, d

0.9

(0 = F'()en·(K, b(15°)·0.85 + K, d·0.15) = 0.835)

c1

3.5 W/m² K

 a1 = c 1 + 3·c 3 = 4.1 W/m²K (including wind 3 m/s)

c2

0.015 W/m² K²

 a2 = c 2 = 0.015 W/m²K²

c3

0.2 J/m³ K

c4

0.5 [--]

c6

0.05 s/m

wind correction 0.5
Type of tracking: No tracking
IAM Type:
Simple, one-direction
b0 = 0.1

Figure 6. Step 6: Result page with solar radiation in the collector plane and collector module output. Also the main input data
are documented here together with the results, for printing or saving.

3. Theory
Using a similar notation as in Fisher (2004) for the collector equation in EN12975 and adding the accepted
simplified terms for unglazed collectors, we derive the full dynamic collector model for power output per m 2
of a solar collector:
Qt/Aa = F´()en Kb(L)GbT + F´()en KdGdT – c6 u GT - c1 (tm - ta) – c2 (tm - ta)2 –
– c3 u (tm - ta) + c4 (E L - Ta4) – c5 dtm/d

(eq. 1)

The thermal capacitance correction term is used and derived in the QDT method but it is marked in grey as it
was decided to leave this correction factor out in this version of the calculation tool. The influence on the
annual performance figures is limited and similar for most normal collector designs.
Variables in equation 1:
GbT = beam solar radiation in the collector plane
[W/m2]
GdT = diffuse solar radiation in the collector plane
[W/m2]
GT = total (beam + diffuse) solar radiation in the collector plane
[W/m2]
L, T = Biaxial incidence angles for beam radiation onto the collector plane in longitudinal and transversal
direction from the normal. Index L is usually defined along ETC tubes/reflectors and T is perpendicular to
the tubes/reflectors. Index L and T are replaced by EW and NS on the input page in the tool to make sure
how the collector is turned on the tilted plane. This can be the case for some ETC and also low concentrating
collectors.
u = wind speed in the collector plane
[m/s]
tm = (tin + tout)* 0.5 mean fluid temperature between inlet and outlet of the collector
[°C]
E L = long wave or thermal radiation (incident from sky + ambient) in the collector plane
[W/m2]
Ta = ambient temperature close to the collector (in the shade)
[K]
(Kelvin is specified only to have correct thermal radiation calculations results)
ta = ambient temperature close to the collector (in the shade)
[°C]
 = time during measurements and simulation.
[s]
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Explanation of parameters in equation 1:
F´()en = zero loss efficiency of the collector for beam radiation, at normal incidence angle

Kb(L,T) = incidence angle modifier for beam solar radiation. Kb varies with the incidence angles i L
and T. Note that for many collector designs like concentrating collectors, vacuum tube´s or CPC´s, K b() is
generalised to Kb(L,T) where L,and T are transversal EW and longitudinal NS incidence angles onto the
collector plane. The directions are extra defined at this input area in the tool. 


Kd = incidence angle modifier for diffuse solar radiation

(assumed to be a fixed value for each collector design). This value can be either determined experimentally
in a quasi dynamic test QDT or integrated from beam incidence angle modifier curves from an SS test,
Pettersson (2009).
c1 = heat loss coefficient at (tm - ta) = 0, c1 is equal to F´U0
[W/(m2 K)]
c2 = temperature dependence in the heat loss coefficient equal to F´U1
[W/(m2 K2)]
c3 = wind speed dependence of the heat losses equal to F´Uwind
[J/(m3 K)]
c4 = long wave irradiance dependence of the heat losses, equal to F´ 


c5 = effective thermal capacitance, equal to (mC)e
[J/(m2 K)]
c6 = wind dependence of the collector zero loss efficiency
[s/m]
The collection or set of equations for calculation of solar position, incidence angle, biaxial incidence angles
and the calculation of solar radiation on a tilted surface are given below. Here it is very easy to make
mistakes when collecting equations from different publications with different nomenclature and definitions.
Calculation of incidence angle modifiers
One directional incidence angle modifier.
Kθb(θi) = 1 − b0 · (1/cos θi − 1)

(eq. 2)

User defined biaxial incidence angle modifiers.
From the user input, a linear interpolation of the Kb,i value is made between the angles closest to the given
one. For example, if the angle is 73°, the Kb-value is calculated as (both Transversal and Longitudinal):
Kθb,i(73°) = [70° − 73° / (70 − 80) · (Kθb,i(80°) – Kθb,i(70°)] + Kθb,i(70°)

(eq. 3)

Kθb,i = Kθb_EW or Kθb_NS
Kθb(θi) = Kb_EW · Kb_NS

(eq. 4)

Calculations of the solar incidence angles θi , θTsunEW and θLsunNS onto the collector plane
The equations to calculate the position of the sun and the incidence angle to the collector surface are
described below. The nomenclature and equations follows the ones in the text book Duffie and Beckman
(2006), as closely as possible. Solar time is corrected for the longitude shift from the local time zone and
equation of time E (minutes) and to the mean solar time for the time step (therefore -0.5 hour below).
Solar_time= ((hour_day-0.5) · 3600 + E · 60 + 4 ·
(STD_longitude − longitude) · 60) / 3600

[hours] Duffie&Beckman (2006) (eq. 5)

E = 229.2 · (0.000075+0.001868 · cosB − 0.032077 ·
sinB − 0.014615 · cos(2B) − 0.04089 · sin(2B))

[min]

B = (day_of_year − 1) · 360/365

Duffie&Beckman (2006) (eq. 7)

 = 23.45 · sin(360 · (284 + day_of_year)/365)

Duffie&Beckman (2006) (eq. 8)

Hour angle
 = −180 + Solar_time · 180 / 12
Solar Zenith angle
θZ = arcos(cos  · cos  · cos  + sin  · sin )
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Duffie&Beckman (2006) (eq. 6)

(eq. 9)

Duffie&Beckman (2006) (eq. 10)

Solar azimuth from south, south=0 east= -90 west=90
s = SIGN() · | acos [(cos θZ sin  sin )/(sin θZ cos 
SIGN() = 1 if  >0 and -1 if  < 0
If θZ < 90 and θi < 90 then
θTsunEW = arctan [sin θZ · sin ( s -  ) / cos θi]
(>0 means to the “west” of collector normal)
Else
θTsunEW = 90

Duffie&Beckman (2006) (eq. 11)

Theunissen (1985)

(eq. 12)

If θZ < 90 and θi < 90 then
θLsunNS = - (arctan [tan θZ · cos (s -  )] - )
Theunissen (1985)
(eq. 13)
( >0 means to the “north” of collector normal)
(note absolute value signs removed for handling of “double asymmetric” collectors as some CPC:s)
Else
θLsunNS = 90
Incidence angle between the direction of the sun and collector normal for all orientations of the collector,
with tilt  and azimuth 
θi = arcos[cos θZ · cos  + sin θZ · sin  · cos ( s -  )]

Duffie&Beckman (2006) (eq. 14)

Fig. 7: The solar and collector biaxial geometry from Theunissen (1985)

Calculation of solar radiation onto a tilted collector plane with free orientation Tilt  and Azimuth 
including tracking surfaces.
The notation Ghoris, Gb_horis and Gd_horis are used for total, beam and diffuse solar radiation onto a horizontal
surface. Gbn is the beam radiation in direction to/from the sun. The notation Go and Gon is used for
extraterrestrial solar radiation on horizontal surface respectively extraterrestrial rad. in the normal direction
to the sun.
The total radiation on to a tilted collector plane GT according to the Hay and Davies model can be written:
GT = Gb_horis·Rb + Gd_horis·Ai·Rb + Gd_horis·(1-Ai) ·0.5·(1+cos() + Ghoris·g · 0.5·(1-cos ())

(eq. 15)

GbT= Gb_horis·Rb
and
GdT= GT - GbT
(eq. 16)
Note here GbT does not include the circumsolar diffuse radiation that most collectors, except high
concetrationg collectors, will accept as beam and the incidence angle modifier should work on this part
too.This has to be investigated more but as this is the convention we propose this solution.
Rb = cos(θi)/ cos(θz)
Rb is the conversion factor between the normal direction to the sun the and collector plane.
Conditions: θi<90 and θz<90 else Rb=0
Ai= Gb_horis/Go
Anisotropy index (how large fraction of the diffuse radiation that is circumsolar]
g= Ground albedo or ground reflection factor typically 0.1-0.3 but may be higher for snow
Go= 1367·(1+ 0.033·cos(360·n/365))·cos(θZ)

(eq. 17)

(eq. 18)

(eq. 19)
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If Ghoris and Gd_horis are given in the climate file (previous version of the tool) Gb_horis=Ghoris - Gd_horis
If Ghoris and Gbn are given in the climate file Gb_horis= Gbn·cos(θZ) and Gd_horis= Ghoris - Gb_horis (this alternative
gives higher accuracy at low solar altitudes and at high latitudes. But a solar collector is seldom in operation
at these situation so for annual kWh it may be academic)
Note: One second order effect to consider here is that the second term (=circum solar radiation) in the G T
equation above should be added to the beam radiation in the collector plane for most collectors, also when
calculating the output power. But for high concentrating collectors this circumsolar diffuse radiation may not
be accepted as beam radiation and will miss the absorber. This is not explained fully in the simulation
literature and needs some attention and further validation in special case of high concentrating collectors. To
be on the safe side the circum solar radiation should not be added to beam radiation in these cases.
Formulation of transformations of angles for fixed and tracking collector surfaces
As the equations used for incidence angles onto the collector surface above are for arbitrary Tilt and Azimuth
orientation angles of the collector, it is now quite easy to specify the basic tracking options:
Freely oriented but fixed collector surface with tilt  and azimuth  : No equation changes
Vertical axis tracking with fixed collector tilt  : Set azimuth  = s all the time
Full 2 axis tracking: Set the collector tilt = θZ +0.001 and collector azimuth  = s all the time. +0.001 is to
avoid division by zero in the equations of incidence angle.
Horizontal NS axis tracking with rotation of collector plane to minimize the incidence angle. Collector tilt
angle =arctan(tan(θZ)*|cos( - s)|) and collector azimuth  = -90 if s< 0 and  = 90 if s>=0
Horizontal EW axis tracking with rotation of collector plane to minimize the incidence angle. Collector tilt
angle =arctan(tan(θZ)*|cos(s)|) and collector azimuth  = 0 if |s|<90 and  = 180 if |s|>=90
4. Validation of the Excel tool
Collector input data for a typical extreme ETC collector with round absorbers is used, same as in Kovacs
(2011). The climate here is slightly different as there was a change in the meteonorm data used for the Excel
sheet and also the ground albedo is changed to 0.2 instead of 0.3 used above. The TRNSYS collector variant
is also here Type 832 the is exactly the same as Type 136 except that 136 has also condensation included.
The input of asymmetric IAM was easier in this case for type 832. The type 136 has a more scientific input
as a matrix of IAM:s that could give a minimal source of uncertainty for this validation.
Results for Stockholm and Athens are given below. As can be seen the differences in annual sums are very
small. It should also be mentioned that TRNSYS calculates dynamically with a thermal capacitance of the
collector that can not be set to exactly zero and gives a small theoretical difference. The “testexcelark BP”
given for Stockholm is a an intermediate Excel tool to check the basic formulas before and during
programming of the SP Excel.
Table 1. Validation results for Stockholm and Athens. Both solar radiation and Collector output in [kWh].

Stockholm Metenorm Climate
ETC validation
Gtilt 45deg
Excel SP version 3
1 166
Testexcelark BP
1166
TRNSYS Type 832
1168
Excel SP/TRNSYS
0.998
Athen Metenorm Climate
ETC validering
Gtilt 45deg
Excel SP version 3
1 718
TRNSYS Type 832
1713
Excel SP/TRNSYS
1.003

25.0
876
876
875
1.001

50.0
728
728
726
1.003

75.0
580
580
578
1.002

25.0
1 377
1379
0.998

50.0
1 198
1199
0.999

75.0
1 004
1005
0.999

To give an impression of the accuracy of the monthly values of solar radiation on horizontal and 45 deg tilted
surface and collector output figure 2 and 3 below are shown.
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Figure 8. Comparison of total solar radiation on horizontal and 45 degree tilted surface
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Figure 9. Comparison of Energy output for 50C operating temperature Stockholm.
(The curves overlap so accurately that only the red TRNSYS can be seen clearly)

Tab. 2: Collector input parameters for the ETC collector:
ETC
F'ta_en
Ktätadiff

0.65
1.22

b0
c1 (tm-ta)
c2 (tm-ta)^2
c3 wind*(tm-ta)
c4 (EL-Ta^4)
c5 dTm/dt
c6 wind*Gtot
Korrection vind

0
1.5
0.01
0
0
0
0
0.5

Tab. 3:Assymmetric Incidence angle input data for the ETC collector:
Angle, °
K b, T
K b, L

-90
0
0

-80
0.88
0.35

-70
1.76
0.7

-60
1.76
0.84

-50
1.73
0.92

-40
1.41
0.97

-30
1.275
0.985

-20
1.14
1

-10
1.07
1

0
1
1

10
1.07
1

20
1.14
1

30
1.275
0.985

40
1.41
0.97

50
1.73
0.92

60
1.76
0.84
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Below is shown the TRNSYS setup in Visual Studio for the validation of the calculation tool. The type 832
is used that has been continuously developed within IEA SH&C Task 26 and 32 and now will be used in IEA
44 with some additions. The collector model programming has all the time followed the EN 12975 standard
so that the collector parameters from test can be used directly even without TRNSYS unit conversions. The
climate data is from the same Meteonorm version 6.1 but added to TRNSYS in the form of a TMY file.

Figure 10: TRNSYS 16 Studio setup for type 832 validation calculations

5. Discussion and conclusions
A well documented and transparent calculation tool is created for calculation of exactly comparable collector
energy output values under well defined conditions for the European market.
EN12975 test data from both stationary SS testing and quasi dynamic testing QDT can be used directly in the
tool.
The tool is not intended to replace detailed system simulation, as the operating conditions of constant
temperature is just an approximation of the conditions in a real system to have a well defined common
ground for comparisons.
A TRNSYS model type 832 is also available with exactly the same model setup for the use in system
simulation. This model has been used to validate the excel tool.
In the future upgrades of the tool are possible to cover unglazed collectors that are operating below the dew
point. Also PVT (Photovoltaic Thermal collectors) and Air collectors are on the list. For concentrating
collectors tracking limitations and internal shading could be added.
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OPENSOURCE SOFTWARE FOR MLR-MODELLING OF
SOLAR COLLECTORS
Peder Bacher
DTU Informatics, Richard Pedersens Plads, Building 321, DK-2800 Lyngby, Denmark
Bengt Perers
DTU Civil Engineering, Brovej, Building 118, DK-2800 Lyngby
Abstract
A first research version is now in operation of a software package for multiple linear regression (MLR)
modeling and analysis of solar collectors according to ideas originating all the way from Walletun et. al.
(1986), Perers, (1987 and 1993). The tool has been implemented in the free and open source program R
http://www.r-project.org/. Applications of the software package includes: visual validation, resampling and
conversion of data, collector performance testing analysis according to the European Standard EN 12975
(Fischer et al., 2004), statistical validation of results, and the determination of collector incidence angle
modifiers without the need of a mathematical function (Perers, 1997). The paper gives a demonstration with
examples of the applications, based on measurements obtained at a test site at DTU in Denmark (Fan et al.,
2009). The tested collector is a single glazed large area flat plate collector with selective absorber and teflon
anti convection layer.
The package is intended to enable fast and reliable validation of data, and provide a united implementation
for MLR testing of solar collectors. This will furthermore make it simple to replicate the calculations by a
third party in order to validate the results. Finally more advanced methods can be implemented and easily
shared as extensions to the package, for example methods for statistical estimation of the incidence angle
modifier with non-linear functions for collectors with more complicated optics.
The overall advantage of this kind of tool and analysis is that it is almost the inverse of simulation. Therefore
the model and parameters will be very well validated for application in later use for system simulation, even
if the test is no real system test. Also for annual collector performance calculations with a new Excel tool
connected to EN 12975 (Kovacs, 2011) this built in validation gives an extra quality assurance.
Introduction
A large database is created during a normal solar collector test according to the EN12975 (2006) standard.
To have a fast check and efficient evaluation of the data there is a need for a software that can run through
the data quickly. Some of the steps are check and selection of OK data points, scaling of units and
conversion of raw data to an appropriate MLR input form and finally statistically estimated collector
parameters can be reported. When applying stationary testing (SS) a larger amount of data, has to be
collected compared to a quasi dynamic test (QDT). But the number of data points finally used in the analysis
to get the collector parameters is much larger in the QDT method. Therefore a fast and efficient evaluation
tool is very desirable.
For the QDT method several parameter identification methods can be used. One of them is Multiple Linear
Regression (MLR). In opposition to what you normally think, due to the word Linear, the collector model
can still be highly nonlinear in the terms, when using MLR. Also stepwise identification using so called
“dummy variables” can be applied to identify a parameter in different ranges of the database in the same run.
This is for example very useful for collectors with an incidence angle behavior that can’t be described with a
simple mathematical function. A big advantage of the MLR method proposed in the QDT method is also that
a time sequence of data without gaps is not needed. Therefore the deselection of data points due intermittent
problems with for example the test rig, test object or sensors is no problem.
In Sweden an Excel tool has been developed at SP www.sp.se for the analysis of QDT test results. This is
used for all kinds of collectors. When the database becomes large, and when highly asymmetric collectors
are investigated, Excel has limitations in capacity and the first steps have been taken to develop an
alternative tool using the open source statistical and graphical software “R” http://www.r-project.org/
Some of the ideas implemented here come from the period when the first steps towards the MLR/QDT
method was taken and access to the Minitab statistical software was available. This work was done in
connection to the IEA SH&C Task III cooperation for collector and system testing. Walletun et. al. (1986),
Perers, (1987 and 1993).
The overall advantage of this kind of tool and analysis is that it is almost the opposite of simulation so the
model and parameters will be very well validated for application in later use for system simulation even if
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the test is no real system test. Also for standardized annual collector performance calculations with a newly
developed Excel tool for EN 12975 Perers et. al. (2011) this built in validation in the QDT method and this
tool gives an extra quality assurance.
The test design is also very important and should be a systematic emulator of all normal operating states for
the collector in a real system, plus some extra extreme states of high and low operating temperature to
separate the model parameters from each other.
This principle can be further improved in the EN12975 QDT method. The QDT method was very much
restricted in the standard writing to also give stationary test (SS) data points in the same test period.
Therefore a perfect constant inlet temperature was specified during all test days. In this respect the SS
method is far from an all day model plus parameter validation, even if the model plus parameters are very
well defined for clear sky conditions within a certain diffuse fraction range, that is the requirement during
testing. The built in error due to varying diffuse fraction during an SS test, is quantified and a correction
method is proposed in Kovacs et. al. (2011)
The proposed evaluation tool can be extended to also select and evaluate stationary collector test data if the
test sequence is run according to the SS method. MLR is already applied to determine the stationary collector
parameters and efficiency curve in an SS test, but in a limited form for only tree parameters.

1. Description of the main parts of the tool
The tool can be divided in a number of important steps from reading of raw data until final results.
1) Raw test data reading into the software
2) Input of collector parameters as Aperture area, Tilt and Orientation. Latitude and Longitude of the
test site.
3) Organisation of the data in a standardized format including units for further analysis
4) Check of data and removing obviously wrong data points like negative solar radiaton, temperatures
or other variables out of range. (This can be caused by power failures or repair of sensors or wires
for example). Plots of raw data can be a very efficient check too to see strange or wrong values.
5) Creation of the collector model terms in a standardized way like the term (Tm-Ta) or (Tm-Ta)2 or
the dTf/Dt capacitance term. Note that the collector model terms are set up in output power form
and not efficiency form so that the parameters set derived in the analysis will minimize the error in
collector output power and not the error in efficiency like in the SS method.
6) Re-sampling from the time step in raw data like 30 sec averages or 2 sec instantaneous values to a
time step suitable for the model analysis, normally 5-10 min averages, presently when using just a
one node capacitance correction term.
7) Check of the cross correlation of the input series in the collector model to see that the requirement
for independency is fulfilled and that the input variables like inlet temperature and incidence angles
are varied enough during the test to achieve reliable parameter values. This is an often forgotten
requirement not only for an MLR analysis. It is not possible to identify accurate and reliable
parameters if for example the inlet temperature variations has been too limited like in most cases in
system operation of a collector.
8) Selection of data according to specific rules in the standard or research requirements. It can be
positive collector output, incidence angles smaller than 85 deg or solar radiation greater than
50W/m2 for example.
9) Run the MLR routine. Check if the parameter values and statistical results are reasonable. For
example the t-ratio should be greater than 2 to keep a parameter and term in the collector equation.
10) Plot of the statistical results and model output power versus measured output. Check for outliers that
can indicate wrong data in some way. For example visitors shading the collector sample for some
minutes unintentionally or a bird sitting on a solar sensor for some time. A lose wire or connector
can also give intermittent measurement errors. There are many more examples in real testing life
that has to be removed from data before accurate results can be achieved. In this step the R tool is
very efficient in plotting the data and finding the strange points. Also the allowance in the MLR
procedure to have data gaps when data has to be removed is very useful.
2. Some examples of results from the MLR/QDT- R tool
Below are some diagrams showing results of an analysis of measurements on a large area flat plate collector
at DTU, (Fan et. al. 2009). The test was done according to the SS method, but as different operating
temperatures were present within the test period also the QDT and MLR method could be used to analyse
data. In this case as it was a research test also data points during the night could be used to check the future
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possibilities to shorten the testing time, by varying the inlet temperature during night and estimate the heat
loss parameters more accurately and faster.
Figure 1-3 gives all day and also night results showing that the analysis method gives a very good model fit
to real measurements of collector output. Also some large fluctuations in inlet temperature and flow are
shown to be handled well as rapid fluctuations in solar radiation.
Figure 4 gives an example of the option in the tool to determine the incidence angle modifier with statistical
estimation of non-linear functions without the need of a simple mathematical function (black and red points).
Also the separation of morning and afternoon values are shown to give an impression of the reproducibility
that the method can give. As a comparison the standard b0 equation is shown for the same data set. It is
interesting to note the cut off before 90 degrees that is caused by shading of the absorber from the frame of
the collector. This detailed evaluation of the measurements, require a test rig and sensors in very good shape.
Small errors will otherwise show up here like a test rig not oriented due south for example or bad adjustment
or mounting of a shading ring or misalignment of solar sensors. Also other measurement problems or errors
will show up and this is also one advantage with this tool that the quality of the test rig can be improved step
by step based on this kind of results.

Modelled and measured
collector output power

Fig. 1: All day measurements and validation of the method and model plus parameters. The red curve in the upper diagram is
measured collector output and the green curve is the model output with the identified parameters for the whole test period
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Modelled and measured
collector output power

Fig. 2: All day measurements and validation of the method and model plus parameters. The red curve in the upper diagram is
measured collector output and the green curve is the model output with the identified parameters for the whole test period
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Modelled and measured
collector output power

Fig. 3: All day measurements and validation of the method and model plus parameters. The red curve in the upper diagram is
measured collector output and the green curve is the model output with the identified parameters for the whole test period

1716

Figure 4. Example of the option to determine the Incidence angle modifier with statistical estimation of non-linear functions
without the need of a simple mathematical function (black and red points). Also the separation of morning and afternoon values
are shown to give an impression of the reproducibility that the method can give. As a comparison the standard b0 equation is
shown.

Fig. 5: Model versus measurements including also night heat loss measurements. (Points with negative collector output).
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3. Discussion and Conclusions
A first version of a tool has been developed and tested, for all day test data evaluation according to the QDT
option in the EN 12975 standard .
The tool contains all steps from import of data to display of final parameters with statistical information.
In the tool the built in model plus parameter validation in the EN12975 QDT method can be applied and
displayed. This helps a lot to assure reliable results and especially to find intermittent errors in the test rig,
collector samples (like condensation or micro fluid leaks), measurement equipment problems or even
unusual occasions like visitors or birds shading the test instruments or collector.
The tool is prepared to deselect obviously wrong data from the analysis and use the advantage with the QDT
and MLR method to allow data gaps if needed.
The development has been done with no dedicated project for the work. Therefore further improvements and
refinements, as more user friendliness, are possible if a project could be created for this. Also the addition of
the EN12975 stationary test SS evaluation could be an option.
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1. Introduction
The Scheffler Reflector (SR) is a fix-focus parabolic type solar concentrator applied to produce heat for
industrial processes (Jayasimha 2006) and potentially for the generation of electricity as well. An optical
model has been developed to study the characteristics of the Scheffler Reflector with a ray tracing algorithm.
1.1 Development History
The original design of the SR was conceptualised by Wolfgang Scheffler to enable construction in rural
workshops of developing countries. The energy available at the focal point was intended to be used for
cooking purposes. The improvement this development brought with it was the fact that cooking with the
power of the sun could take place indoors (Oelher and Scheffler 1994). The reflectors are positioned outside
(on the northern side of the house in the northern hemisphere) and reflect the sun's energy to holes in the wall
(focus is spot fixed in space) through which the concentrated radiation reaches and heats cooking vessels.

Figure 1: Scheffler Reflector steam system at a Mount Abu hospital in Rajasthan, India.[Source: Heike Hoedt]

In the late 1990’s further development of the application saw the construction of the first SR solar steam
kitchens in India. The receivers of the SRs were connected by a header pipe, enabling the production of
saturated solar steam at an operating pressure of 8 to 12 bar (corresponding to temperatures up to 190 °C)
(Pilz 2006; GTZ 1997). The SR systems thus have been delivering solar process heat (SPH) in the medium
temperature range since 1997.
Wolfgang Scheffler and Heike Hoedt have been accompanying and driving development of this technology
for many years and have supported this work with advice and sharing of their experience.
1.2 Components
To understand how the SR tracks the sun throughout the day, changes its shape throughout the year and how
it is installed, knowledge about the three assembly groups (stand, rotating support, reflector) is required. In
the following figure the colour coded components groups can be seen. The yellow axis of (daily) rotation is
actually welded to the purple rotating support.
The stand has to carry the whole structure and defines the orientation (north-south), inclination (according to
the latitude of the installation site, see Figure 7) and height of the axis of daily rotation.
The rotating support is installed on the stand and its main function is to support the dish as it turns about the
axis of daily rotation.
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Figure 2: Components of Scheffler Reflector: Stand (Green), Daily Rotation Axis (Yellow), Rotating Support (Pink), Dish
{Elliptic Frame, Centerbar and Crossbars} (Red), Seasoal Adjustment linear actuators (Blue)

The reflector is mounted in the rotating support at three nonlinear points (points “A” at the sides and “B” on
the center bar). Furthermore two telescope bars connect the ends of the center bar to the rotating support.
They serve in adjusting the reflector according to the declination of the sun. The crossbars, center bar and
elliptical frame are welded together to form the carrying structure of the reflective material. These
components are constructed as two-dimensional curvatures for a specific declination of the sun (equinox).
These curves all lie in a rotational paraboloid as can be seen in Figure 3. The form of the reflector at equinox
is thus a section from the side of a rotational paraboloid.

Figure 3: The paraboloid with crossbars, center bar and the elliptical frame as curves on the paraboloid surface.

The aperture area Ap0 of the dish is defined by the area enclosed by the elliptical frame at equinox. This area
is used as reference when expressing the optical efficiency based on direct normal irradiation (DNI).

For industrial applications glass mirror tiles are used to cover the surface of the SR. As the SR was originally
designed to make use of locally available material, normal bathroom mirror tiles were cut to size and given
one to two coatings of acrylic paint at the back and cut edges to prevent corrosion of the specular coating in
ambient conditions. The mirror tiles are then fixed to so-called “long bars”
Glass mirror tiles, if prepared correctly before installation, may last more than fifteen years. Should one
break, it is easy to replace. Due to gaps between the mirror tiles not the whole surface of the dish is
reflecting.
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Figure 4: The focal point of a 2.7 m² Scheffler Reflector solar cooker is seen reflected in the mirror tile segments of its primary
reflector.[Source: Denis-Luc Ardiet]

The receivers used in most steam systems resemble flasks. They are made of normal steel and the produced
steam is fed into a header pipe. The inlet of the receiver is also in the header pipe, but below the water
surface, thus making sure that the receiver is always filled with water during operation. Receivers of this type
are generally produced with a diameter of forty centimetres.

Figure 5: An example of a round flask shaped receiver used with Scheffler Reflector process heat steam systems.[Source: De
Wet van Rooyen]

2. Functioning Principles
The fix focus attribute of the collector is achieved by adjusting the three dimensional curvature of the
reflector in dependence of the solar declination (adjusted shape of reflector referred to as “reflector
declination” 𝛿r ) and tracking the sun throughout the day by rotation of the SR about a rotation axis (yellow in
Figure 2) which is aligned parallel to the earth's axis of rotation. In Figure 6 the axis of daily rotation is
depicted with a dotted “x-axis”. It can also be seen that the focal length of the paraboloid at equinox (F0) is
shorter than the focal length of the parboloid at the winter solstice (Fw) and larger than the focal length of the
paraboloid at the summer solstice (Fs).
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Figure 6: Sections of paraboloids for three different seasonal declinations (Winter solstice, equinox and summer solstice) at
solar noon..

This axis is always installed at an inclination equal to the latitude at which the device is located (see Figure
7).

Figure 7: Two reflectors at equinox and solar noon at different latitudes. The inclination of the daily rotation axis corresponds
to the latitude at the site. Furthermore the axis of rotation is aligned with the true north-south line.

For a perfectly tracked and adjusted system the direct beam incidence angle on the aperture of the SR (θ in
the following) is given in dependence of only the declination 𝛿𝑠 of the sun.
θ(𝛿𝑠 ) = tan−1 (0.93986) +

𝛿𝑠
2

(eq. 1)

The effective aperture of the SR thus stays constant throughout the day but changes throughout the year as
can be seen in the following figure.
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Declination of the sun ds / °
Figure 8: The cosine factor of the incidence angle of the direct beam radiation on the aperture of Scheffler Reflector.

3. Optical Modelling
A theoretical geometrical model was developed to enable a full theoretical analysis of the optical
characteristics and behavior of the Scheffler Reflectors (SR). The theoretical model for the site and time
dependent geometry of the SR was than implemented into the Fraunhofer ISE simulation environment
Raytrace3D.
1.3 Raytrace3D – Ray tracing algorithm
Raytrace3D is a monte-carlo forward ray tracer, describing the characteristics of rays as they are influenced
by the defined optical characteristics (absorptance, transmittance and reflectance) of geometries with which
they are incident and eventually the spatial intensity distribution of the incident rays on the receiver. A ray
which is incident with a geometric object is thus treated according to the defined characteristics of the object
following the laws of refraction and reflection according to geometrical optics.
The light source in Raytrace3D incorporates the sunshape distribution either by a defined Gaussian standard
deviation or by measured values or other representations of a sunshape distribution function as input from a
“sunshape file”.
A specular surface error (𝜎surface ) and reflectance value (𝜌) is defined for all reflecting surfaces. For
absorbing surfaces (such as representing the receiver in the model) an absorptance value is defined.
Furthermore the absorber plane is divided into a specified number of bins in order to register a ray hit and
display the spatial intensity distribution of the radiation on the absorber surface. Transparent media can also
be modelled requiring a transmittance value. The so-called “absorber file” supplies the spatial intensity
distribution on a defined receiver area and allows further analysis of the ray tracing simulation results.
Raytrace3D was developed for resource efficient simulations of linear Fresnel collectors (Mertins 2009) and
later enhanced for parabolic trough collectors, solar dishes and power tower systems (Branke 2010).
1.4 The Scheffler Reflector model
An algorithm was developed to generate the geometries (rectangular mirror tile segments tangential to
paraboloidal surface with required orientation and spacing) representing the reflective surface of the SR dish.
Table 1 gives a list of geometrical input parameters for the SR model used for the results displayed in
section 4
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Table 1: Input Parameters for Scheffler Reflector model

Parameter

Description

Default

F0

Focal length of paraboloid at equinox (Size of reflector)

2,02638 m (Ap0=16,17221 m)

Mh

Mirror tile height

0,23 m

Mw

Mirror tile width

0,17 m

D

Distance between mirror tiles

0,002 m

latitude

Latitude of site

30.0°

eps_latitude

Rotation inclination axis error

0.0°

eps_NS

Deviation of rotation axis orientation from true north-south

0.0°

omega_r

Hour angle of reflector

-

delta_r

Declination of reflector

-

abs_r

Absorber radius

0,2 m

abs_s

Deviation of Absorber position along axis of rotation

0.0 m

With these parameters the size, position, orientation (relative to the sun) and shape (declination) of the
reflector is defined. Furthermore the size and position of the absorber plane can be defined relative to the
ideal focal point. Figures 1,2 and 7 depict geometries as generated by the SR Model.

Figure 9: Scheffler Reflector with different mirror tile geometries

Certain assumptions have to be made about the shape accuracy of the SR. Hafner (1999) stated the shape
error (𝜎shape ) of the SR is an average of 1.5° (0,026 rad). Together with the assumed spectral surface error
(𝜎surface ) of planar glass mirrors, this results in the total error (𝜎total ) if the errors are assumed to have an
isotropic Gaussian distribution.
2
2
𝜎total = �𝜎surface
+ 𝜎shape

(eq. 2)

For the following simulations a total optical error (combined surface and shape) with a standard deviation of
0.026 rad is assumed as the specular surface error is of planar mirrors is negligible compared to the shape
error. The sunshape distribution is assumed to have a circumsolar ratio (CSR) of 17 percent(Neumann et al.
2002). Unless stated otherwise the mirror tile geometry given in Table 1 is used.
The reflectance of the glass mirror tiles is assumed to be 0.92. The absorber surface will be represented by a
planar disc with a radius “r” in the following simulations. The absorptance of the receiver is taken as 0.9.
4. Results
The optical characteristics of the SR can be described by its receiver intercept factor, optical efficiency and
acceptance angle.
The receiver intercept factor 𝛾(r) is defined as the fraction of rays which are incident on the receiver aperture
(disc with radius “r”) relative to the number of rays incident on the absorber plane.
𝛾(r) =

ReceiverAp(r)

𝑁rays

Absorber Plane
𝑁rays

(eq. 3)

The extension of the focal spot in the focal plane is defined to a large extent by the geometry of the planar
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mirror tiles used in the model for the primary reflective surface. The receiver intercept factor ( 𝛾(r)) can thus
be adjusted by choice of absorber aperture radius.

Receiver intercept factor

Width and height of the mirror tiles have been varied to assess their influence on the optical performance. In
Figure 10 it can be seen that the choice in mirror tile geometry determines the receiver intercept factor for a
given receiver aperture radius.
1.1
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

Mirror width 0.1 m / Mirror height 0.1 m /
Solar declination 0.0°
Mirror width 0.17 m / Mirror height 0.23 m /
Solar declination 0.0°
Mirror width 0.23 m / Mirror height 0.23 m /
Solar declination 0.0°
0.1

0.2

0.3

Receiver aperture radius / m
Figure 10: Receiver intercept factor for different mirror tile geometries at equinox over a receiver aperture radius range of 0.1
m to 0.3 m. Mirror width (Mw), mirror height (Mh) and receiver aperture radius in meters.

Receiver intercept factor

Furthermore the intensity distribution of the focused solar radiation on the absorber plane changes
throughout the year. For a chosen mirror tile geometry with width 0.17 m and height 0.23 m three curves in
Figure 11 depict the way in which the receiver intercept consequently changes throughout the year. This
effect also influences the optical efficiency of the SR as can be seen in Figure 13.
1.1
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

Mirror width 0.17 m / Mirror height 0.23 m /
Solar declination 0.0°
Mirror width 0.17 m / Mirror height 0.23 m /
Solar declination 23.45°
Mirror width 0.17 m / Mirror height 0.23 m /
Solar declination -23.45°
0.1

0.2

0.3

Receiver aperture radius / m
Figure 11: Receiver intercept factor for different times of the year (equinox, summer solstice and winter solstice) for a specific
mirror tile geometry. Mirror width (Mw), mirror height (Mh) and receiver aperture radius in meters.

The optical efficiency 𝜂opt takes further factors into account such as the reflectivity of the primary mirror, the
cosine factor (incidence angle of 𝐼beam on the primary reflector), the packing ratio 𝜌packing and the
absorbtivity of the receiver (𝛼).
𝜂opt =

Absorbed radiation
DNI×Ap0

(eq. 4)

The packing ratio is retrieved by projecting each mirror tile onto the plane of elliptical frame at equinox and
dividing the sum of these projected areas by the aperture. This value varies in dependence of the chosen
mirror tile geometry, gap size between the mirror tiles and packing procedure followed. In Figure 12 the
packing ratios achieved with different mirror tile geometries is represented. In all cases the starting position
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from which the packing begins is the same. The packing ratio is an expression of how large the fraction of
reflective surface of the SR aperture is. A high packing ratio is an indication that the available surface area is
used well.

0.98

Packing ratio

0.97
0.96
0.95

Mirror width 0.23 m

0.94

Mirror width 0.17 m

0.93

Mirror width 0.1 m

0.92
0.91
0.1

0.15

0.2

Mirror height / m
Figure 12: Packing ratio variation for different mirror tile geometries, plotted against height Mh of the the mirror tiles.

From Figure 12 it is clear that a smaller mirror tile leads to a lower packing ratio. A higher packing ratio can
be achieved if the mirror height is smaller than the mirror width. Within a range of 0.1 m and 0.23 m the
maximum packing ratio (0.97907) was achieved with mirror tiles with a width of 0.217 m and a height of
0.122 m.
The optical efficiency was generated in dependence of the solar declination for a perfectly seasonally
adjusted SR with two sets of parameters. The first set was based on the assumptions as described in section
1.4 and can be seen in Figure 13 as the lowest curve. Depicted again is the cosine factor of the beam
radiation’s incidence angle on the SR’s aperture (see upper curve Figure 13). The orange curve depicts the
optical efficiency of a SR with the newly optimized mirror tile geometry and a reduced shape error. It can be
seen that the cosine factor as given in equation 1 influences the optical efficiency’s trend throughout the year.
From the graph it is also evident that the difference to the cosine value is higher in winter (solar declination =
-23.45°) than in summer (solar declination = 23.45°). This can be ascribed to the higher receiver intercept
factor in summer. The light blue curve in Figure 13 was generated by implementing the optimized mirror
geometry, but assuming a shape error as described by Hafner (1999).
1

cos tan−1 0.93986 +

Optical Efficieny

0.9
0.8
0.7

Max packing ratio: 0.979,
Shape error: 0.013 rad

0.6
0.5

Max packing ratio: 0.979,
Shape error: 0.026 rad

0.4
0.3
-23.45

0
Declination of the sun ds / °

23.45

Packing ratio: 0.9413,
Shape error: 0.026 rad

Figure 13: Optical efficiency improvement through choice of mirror tile geometry and lower shape error.
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𝛿𝑠
2

For stationary collector systems, the acceptance angle is defined as the angle within which all radiation
incident on the aperture is reflected to the absorber (Duffie and Beckman 2006). The geometry and
functioning principles of the Scheffler Reflector however does lead to a change in the intensity distribution
within the absorber aperture for any misalignment of the reflector with the 𝐼𝑏𝑛 direction. The acceptance
angles 𝜃c,𝜔 and 𝜃c,𝛿 are defined as the angles within which 90% of the radiation is incident on the absorber
aperture for deviations between the solar and reflector declination and hour angle respectively.
At equinox the optical efficiency is reduced more with every degree the sun’s declination becomes more
positive compared to the deviation in the negative direction. This behavior can partly be ascribed to the
increase of effective aperture of the SR if 𝛿𝑟 − 𝛿𝑠 is positive. For a receiver aperture of 0.2 m the reduction
in optical efficiency is portrayed in Figure 14 for a deviation of the solar declination at a reflector declination
of -23.45° and 23.45°.

Reduction in optical efficiency

𝜃c,𝛿 thus lies between 1.1° at the winter solstice and 1.4° at the summer solstice for a SR with parameters as
defined in Table 1.
20%
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Solar declination deviation from reflector declination / °
Figure 14: Reduction in optical efficiency due to the difference between solar and reflector declination at solstices.

Reduction in optical efficiency

To assess the influence of daily tracking accuracy, a deviation between solar hour angle and hour angle of
the SR has been modeled. There seems to be no significant difference in the deterioration of optical
efficiency with an hour angle tracking error throughout the year (See Figure 15). 𝜃c,𝜔 has an average value
of 1.25° throughout the year.
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14%
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Summer solstice
Winter solstice
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0.5

1

1.5

Solar hour angle deviation from reflector hour angle / °
Figure 15: Reduction in optical efficiency due to the difference between solar and reflector hour angle at solstices.
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5. Conclusion
The developed geometrical model for the ray tracing analysis is versatile and flexible allowing the study of
numerous effects and circumstances influencing the optical efficiency of the Scheffler Reflector. Through
variation of parameters improved, optimized configurations can be found for specific sizes of the Scheffler
Reflector with respect to the optical efficiency as depicted in Figure 13.
The receiver intercept factor is dependent on the mirror tile geometry used for constructing the primary
mirror surface. Furthermore the change in intercept throughout the year influences the optical efficiency
seasonally.
The packing ratio also varies depending on the chosen mirror tile geometry. Whereas smaller mirror tiles
might ensure a larger receiver intercept factor (for a specific absorber aperture radius), the induced relatively
large total gap area between the mirror tiles reduces the packing ratio, thereby reducing the effective
aperture.
With a deviation from the optimal orientation of the SR, a loss in optical efficiency occurs. Introduction of a
secondary reflector could increase intercept and angular acceptance of the SR system.
6. Outlook
Solar gain simulations aid the industry in making decisions to invest in new solar driven processes and solar
process heat installations. As the interest in solar process heat grows, information concerning the expected
solar gain from the spectrum of concentrating solar collector systems on the market must be available and
expressed in comparable terms.
The model presented in this paper allows the simulation of yearly optical solar gain for future installed
systems considering a number of factors previously not accounted for. In combination with thermal models
of receivers which will be implemented in future work, prediction of annual solar energy gains will be
possible.
There is a margin of error with which the SR approximates its supposed shape for a specific solar
declination. As a next step in refinement of the optical model , this shape error needs to be determined and
may be described e.g. in terms of a mean angle of deviation either through a finite element analysis or
measurement in dependence of the reflector declination.
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8. Symbols
𝛼

Absorbtance

Ap0

DNI

Direct normal irradiation

CSR

Circumsolar ratio

𝛿𝑟

Declination of the Scheffler Reflector

𝛿𝑠

Area enclosed by the elliptical frame of the Scheffler Reflector at equinox

Declination of the sun

𝜂opt

Optical efficiency

𝛾(r)

Receiver intercept factor

𝜌packing

Packing ratio

𝐼bn

Beam normal irradiation

𝜌

Reflectance

SR

Scheffler Reflector

𝜎surface

Specular surface error

𝜃

Incidence angle of Ibn on the aperture of the Scheffler Reflector

𝜃c,𝛿

Acceptance declination angle

𝜎shape

Shape error

𝜃c,𝜔

Acceptance hour angle
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1. Introduction
A thorough assessment of the hydraulics of a solar thermal collector can lead to a significant amelioration of
its performance. Of main interest in this context is the turbulence and hence the improved heat absorption of
the collector fluid. But also the distribution of this fluid over the parallel riser pipes of the collector should be
as uniform as possible (Weitbrecht et al., 2002). There are several means for the investigation of fluid flow
and heat transfer in solar thermal collectors, which sometimes also depend on the collector under
consideration. In this paper we focus on CFD (computational fluid dynamics) simulations in comparison to
experimental results and also phenomenological 1D calculations for a particular concentrating collector (see
section 3).
Very recently there have already been numerical studies on the heat transfer and fluid flow in solar thermal
collectors. For example Cheng et al. (2010) used an in-house radiation modeling together with Fluent to
investigate the heat transfer to a thermal oil in a parabolic-cylindrical collector (see also Kassem, 2007). Also
for other types of collectors discretized numerics have been applied, e.g. to flat-plate collectors for the
assessment of heat conduction to the thermal fluid in corrugated channels (Alvarez et al., 2010) and for the
investigation of the complete collector physics, including radiation, air-side convection, and thermal fluid
flow (Selmi et al. 2008), or to special polymer collectors with a directly radiation absorbing, black fluid
(Martinopoulos et al. 2010).
Distributing the flow of the thermal fluid over the different riser tubes in a collector as equally as possible
has been the focus of investigations for quite some time now (Jones and Lior, 1994), while the utilization of
CFD is a quite recent phenomenon in this field. Nevertheless, the flow distribution over the riser tubes in a
common U-configuration (inlet/outlet at bottom/top manifolds) has already been investigated with CFD (Fan
et al., 2007, Fan and Furbo, 2008), including thermal behavior of the fluid side via a model that assumes
uniform energy generation in the tube wall.
CFD as a method can be also applied to a solar thermal system on a larger scope, for example a collector in
combination with a thermal storage (see e.g. Gertzos and Caouris, 2007), but our investigations focus on the
collector described in the next section itself and its performance.
2. Geometry and Conditions
The configuration of the riser and manifold pipes in the present publication is neither a Z-configuration (see
e.g. Weitbrecht et al., 2002) nor a common U-configuration (see e.g. Fan and Furbo, 2008). It is what we call
an Ω-configuration: The thermal fluid (in our investigations water) enters one manifold and is distributed
over half of the riser pipes (in our case 5), since the manifold is blocked in the middle. In the other manifold
the water is collected and again distributed over the other half of the riser pipes. It joins again in the second
half of the first manifold and exits through the outlet. Fig. 4 gives a clear picture of this situation and also
illustrates how a double-knee bend is attached to both the in- and outlet for construction reasons.
The standard dimensions of the involved pipes are:
•

Manifold: outer diameter 15 mm, inner diameter 13.6 mm

•

Riser pipes: outer diameter 8 mm, inner diameter 6.8 mm

These quantities were also subject to variations in our calculations, see section 4, in particular Fig. 9. The
two manifolds are about 1 m apart while the axial distance between neighboring riser pipes is 109 mm.
The flow rate is sometimes given in terms of liters per minute per area, where area is the collector area with a
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value of 2.8 m² in this case.
As mentioned the fluid entering the collector piping was water in all investigations so far, mostly at room
temperature (20 °C), where the density is 998 kg/m³ and the kinematic viscosity equals 1.006 mm²/s. These
properties of water were considered constant through the whole collector, i.e., the thermal influence on the
fluid has not been taken into account yet. If the temperature does not vary much between in- and outlet, this
is a valid approximation. It is quite exact as long as the temperature is kept roughly constant, which was the
case in our comparative experiments on the test rig. The operating pressure in the pipes was 1 bar, and the
inlet volume flow rate was varied up to 11.7 l/min.
3. Methods
For our experimental investigations we used the indoor test-rig for solar collector testing at AIT. The flow
rate was adjusted with the help of the Coriolis measurement device ELITE from Micro Motion, and the total
pressure drop between the in- and outlet (immediately after the double-knees) was measured with a LD301
SMAR pressure transmitter . To obtain the flow through each of the riser pipes in a non-invasive way the
ultrasound flow measurement device FLUXUS F601 from FLEXIM was utilized.
CFD simulations were performed with Fluent. Stationary solutions were calculated with the turbulence
model being k-ω SST transitional, to automatically obtain the turbulent or laminar solution, whichever
happens to be the case. At the inlet a parabolic velocity profile was applied, which respects the total volume
flow given as a parameter; the outlet was given a constant pressure.
In Weitbrecht et al. (2002) an analytic method for the calculation of pressure drop in pipe networks was
presented, which is quite similar to what we apply here. The pressure drop along a pipe of length , also
called major loss, can be calculated via the D'Arcy-Weisbach Equation

(1)
with the average flow velocity u, the fluid density ρ, the hydraulic diameter dh (equal to the diameter for
circular cross sections), and the friction factor f. For laminar flow f is given by 64/Re, where Re is the
Reynolds Number of the flow, while in the turbulent regime it has to be calculated through e.g. the
Colebrook Equation

(2)
a transcendental equation in f that also contains the absolute roughness k of the pipe material. For new
Copper, Lead, Brass, and Aluminum k is about 1 to 2 µm. Usually the flow is considered laminar for
Re<2300 and turbulent for Re>4000, in the transition regime 2300<Re<4000 it is not well defined and
depends on other factors like the inlet conditions. With a common linear interpolation in the transition
regime for f the friction factor can be visualized as in Fig. 2.
For T-junctions and bends the so called minor loss is given by

(3)
where the minor loss coefficient ζ is dependent on the flow
fractions in junctions and can be obtained e.g. from the VDI
Wärmeatlas (2006). In each of the junctions of the collector harp
the according pressure drops can hence be calculated as visualized
in Fig. 1.
Now consider two neighboring riser pipes, 1 and 2. for a given
flow distribution, the pressure drop from point A1 of the first pipe
to point E2 of the second pipe (see again Fig. 1) can be calculated
Fig. 1: Pressure drops according to Eq. (3) at
the two T-junctions of one riser pipe.
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along two paths: The first one is along the first riser pipe and the lower manifold (A1-C1-F1-E1-D2-E2) and
the second one is along the upper manifold and the second riser pipe (A1-B1-A2-C2-F2-E2). From a physical
point of view there has to be exactly one (positive) solution for the flow distribution where the pressure
drops along both paths are the same.
Since the distribution also enters the calculation of the minor loss coefficients and especially the friction
factor through the Reynolds number there is no way to solve for this distribution analytically. Therefore we
applied an efficient method (Powell, 1964, Press et al., 1992) for finding the (vanishing) minimum of the
total pressure drop discrepancies through all five paths in the 4D space of the flow distribution (the fifths
flow follows from the constant total flow), i.e., we minimize the function

(4)
where “left” and “right” correspond to the pressure drops along the two different paths (see description
above).

Fig. 2: The friction factor f versus Reynolds Number Re and the fraction of absolute roughness and hydraulic diameter (aka
Moody Diagram). The smaller plot shows the same relation with a logarithmic f-axis.

4. Results and Comparison
The experimental result for the total pressure drop over the complete collector hydraulic system is visualized
in Fig. 3 (left). The data are plotted together with the fit-function

(5)
with fit-parameters P0=0.24±0.01 and n=1.85±0.03. There are two reasons why the exponent n is not equal to
2, the expected value for turbulent flow in pipes. Firstly, at low flow rates – in the laminar regime – the
pressure curve is expected to be linear, which has a decreasing effect on an overall fit-exponent. Secondly,
when the flow rate is increased, the distribution of the flow over the riser pipes changes, i.e, the system can
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partially “evade” the increasing flow resistance, leading to a smaller exponent.

Fig. 3: The total pressure drop vs. volume flow rate on the left side. The percentage of the total flow through each of the riser
pipes according to the ultrasound measurement device on the right side; the vertical, dotted line indicates the change in flow
direction.

As one can see in Fig. 3 on the right hand side, the ultrasound measurement device had some difficulties in
determining the flow through the riser pipes, which was due to the small diameter of the pipes. The device
and its data acquisition are changed and adapted to such small diameters during the time of writing;
improved results will be obtained soon. Nevertheless, one can recognize a general trend: At low flow rates
(red) the distribution is nearly even (note that the total sum does not add up to 1 and hence must be
corrected). When turbulent phenomena kick in at an increased flow, it becomes unevenly distributed in a
more or less systematic way: earlier pipes get less flow, later ones get increasingly more. This phenomenon
becomes slightly reduced when turbulence is completely established.
With these experimental data as a basis the CFD calculations could be performed, an impression of its results
is given in Fig. 4. The total pressure drop over the collector can be extracted from simulation data created for
several volume flows and compared to the experimental results. The outcome is visualized in Fig. 5.

Fig. 4: Left: Total pressure drop over the collector harp in Pa. Right: Streamlines of velocity (m/s). Both pictures are taken
from the case of a volume flow of 0.93 l/min.
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Fig. 5: Total pressure drop versus volume flow rate from simulation and experiment (experimental fit-function also included).
The right panel uses a double logarithmic scale to better visualize the low-flow regime. Volume flows that are interesting from
an applicational point of view are indicated with vertical dotted lines.

One recognizes, that the experimental and CFD simulation data coincide extremely well. In the low-flow
regime (below 1 l/min), which is hardly accessible experimentally, the simulation reveals what should be
expected: When the flow becomes laminar, the pressure drop varies linearly with volume flow. For the
experiments this phenomenon disappears within the error bars of the accuracy for the test rig and
measurement series.
The pressure drop data can also be compared to the 1D-calculation results, where two considerations have to
be made. Firstly, different values for the unknown effective absolute pipe roughness k have to be
investigated, and secondly, a reasonable way to deal with the transition regime has to be found. In Fig. 6 the
pressure drop in dependence on volume flow is depicted for four different values of k. One can see, that the
method of interpolating the friction factor in the transition regime between the laminar and turbulent values
at the boundaries of this regime (see Fig. 2) leads to an unfavorable, obviously wrong behavior of the curve
of the pressure drop. If, on the other hand, one always chooses the larger value of the two candidates from
laminar and Colebrook calculations – which means the turbulent value is used at much lower Reynolds
numbers – the curves of pressure drop versus volume flow behave very much alike the experimental and
CFD data. The reason for this behavior most probably is, that the bends and junctions introduce turbulence at
lower flow rates (and hence smaller Reynolds numbers) where the flow could be laminar in a long, straight
pipe.

Fig. 6: Left: Pressure drop vs. volume flow from experimental, CFD, and 1D calculation data. 1D-int means the interpolation
method visualized in Fig. 2 was used. Other 1D calculations favored the larger value of the friction factor. Right: The absolute
and relative error between 1D calculation on the one hand and experimental and CFD data on the other hand for different
values of k.

If one calculates the square root of the sum of squared differences between the 1D calculation results on the
one hand and all experimental and CFD data on the other hand – in absolute as well as relative values – one
finds (see Fig. 6, right), that the optimum absolute pipe roughness lies somewhere around 0.5 mm. Note
however, that this is only an effective value for the complete collector harp piping which depends on but not
directly represents the roughness of a particular pipe in the system.
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Another instructive plot is the one of the logarithmic derivative of the pressure drop curve, motivated by the
relation

(6)
and depicted in Fig. 7.

Fig. 7: The logarithmic derivative according to Eq. (6) for the same values of k as in Fig. 6. The experimental fit for this
exponent [see Eq. (5)] in the range of the experimental data is given as a dash-dotted line.

Very clearly one can see, that the potential law starts with an exponent of 1 (linear) in the low-flow, i.e.,
laminar regime. The smaller the roughness, the higher the volume flow at which the transition to turbulence
starts, where the exponent changes from 1 to 2 (quadratic). Also, the transition regime is broader for smaller
k. In addition one recognizes again, that the curve obtained with the interpolation of the friction factor (1Dint in Fig. 7) behaves quite unrealistic: The transition appears at a higher volume flow than when favoring
the turbulent friction factor and an unphysical peak in the derivative is formed near the end of the transition
(also compare Fig. 6, where a sharp rise is visible).
Hence we conclude that due to the “history” of the flow – entering through a double-knee and going through
several T-junctions – turbulence dominates the behavior in the transition regime. Therefore, the friction
factor f is best chosen to be the larger one of the laminar or Colebrook values.
The pressure drop inside the collector pipes can be directly visualized from CFD and 1D calculation data, see
Fig. 8.

Fig. 8: Pressure drop along the pipe axes for a volume flow of 2.8 l/min from CFD simulation and 1D calculation.

Having thus verified the 1D calculations, quick investigations of diameter variations can be performed. For
the manifolds pipes with outer diameters of 18, 20, 22, and 24 mm were considered (the inner diameter is
always 2 mm smaller), while for the risers only one further pipe geometry was taken into account, with outer
and inner diameters of 10 and 8 mm, respectively. Of course, the initial pipe geometries (see Section 2) were
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also part of the parameter study.

Fig. 9: Pressure drop vs. volume flow rate from 1D calculations for different combinations of manifold and riser diameters, see
legend (ordered by pressure).

In Fig. 9 one can see, that the increase in riser diameter results in a much more dramatic decrease in pressure
drop than an increasing manifold diameter. On the other hand, a larger riser diameter causes the transition
from (overall) laminar to turbulent behavior to occur at considerably higher flow rates, while this transition
regime is more or less unchanged for the considered manifold diameter variations.
Pressure drop results can also be compared to tests of collector efficiency at an average collector fluid
temperature of 25 °C, see Fig. 10. It is clearly visible, that when the transition from laminar to turbulent flow
occurs, the collector efficiency increases quite sharply. The second jump in efficiency, at about 3 to 4 l/min,
cannot be explained by the laminar/turbulent behavior of the flow and hence the pressure drop.

Fig 10: Pressure drop compared to collector efficiency at a fluid temperature of about room temperature.

Finally, the distribution of the volume flow over the different risers can be compared between CFD
simulation and 1D calculation results. In Fig. 11 this distribution is visualized for several volume flows.
Due to the simple 1D model, the distribution between the pipes of each of the two groups of 5 pipes with the
same flow direction is the same for these calculations. The CFD simulations support this model, with only
one small exception at the onset of the transition regime (0,93 l/min); there, the first riser behaves slightly
differently in the to and from directions, probably due to the different flow “history” (see above).
Comparing the flow distribution between CFD simulations and 1D calculations one can see, that the 1D
calculations always result in a smaller deviation from the ideal average value (20%) than the simulations.
This discrepancy vanishes for very slow flows (laminar regime), is largest at the transition regime and
decreases again with further increasing flow rate. The general trend, i.e., which riser has less/more flow than
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the average is always correctly reflected by the calculations.

Fig. 11: Distribution of the volume flow between the 10 riser pipes of the collector at different total volume flows (indicated in
the legend in l/min) from CFD simulations and 1D calculations. The vertical, dashed line separates the two parts of the
collector in each of which the flow goes into the same direction.

The general trend can be described as follows:
•

At very low flow rates (completely laminar regime) the flow is nearly evenly distributed across the
5 riser pipes, with only small (less than ½% of the total flow rate) deviations. These deviations
result in slightly favored first and last (fifth) riser pipes.

•

In the transition regime, at flow rates about 1 l/min in our example collector, the distribution
becomes strongly uneven. The later the fluid reaches a riser through the manifold, the more flow
enters this riser. The difference between first and last riser in one such distribution can reach even
more than 4% of the total flow rate.

•

Increasing the total flow rate further does not change the qualitative behavior, but the discrepancy
between first and last riser decreases.
5. Outlook

Since we are investigating a solar thermal collector, it is important also to consider heat flow and temperature
dependence in our experiments, simulations, and calculations. For example, the kinematic viscosity of water
is higher by a factor of 2.75 at a temperature of 20 °C compared to 80 °C. Therefore the pressure drop at this
higher temperature follows a different curve (see Fig. 12). In particular, the transition from laminar to
turbulent flow occurs at much lower flow rates at elevated temperatures.
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Fig. 12: Pressure drop vs. volume flow rate at two different temperatures of the water.

But not only the overall parameters can vary. When taking the heat flux through the absorber to the thermal
fluid (water) into account, Temperature and hence many material parameters attain local values that have to
be taken into account – a situation which is predestined to be treated with CFD. This will be the topic of our
future work, a visualization of some preliminary simulations can be seen in Fig. 13.

Fig. 13: Temperature distribution of the water at a constant surface temperature of 350 K (77 °C) at the absorber surface
(pipes with fins).
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1. Introduction
Hybrid photovoltaic and thermal (PVT) collectors combine photovoltaic (PV) cells and solar thermal
components and enable the simultaneous conversion of solar energy into heat as well as into electricity. They
provide potentially the most efficient conversion of solar radiation into useful energy. The combination of
PV and Thermal for the co-generation of electricity and heat is not a new concept. Since the middle of the
seventies, many regular journal articles have been published on this topic. In spite of the continuous interest
in this concept, still no technological breakthroughs have been made to overcome the fact that with
increasing temperature the electrical efficiency decreases. The best performance compromise caused by the
combination of photovoltaic and thermal technologies is still to be found.
Many different configurations of PVT concepts have been investigated (different PV cell technologies,
collector types, heat transfer media, heat removal constructions, system configurations, etc.). However, two
main groups of PVT concepts can be identified: flat-plate PVT collectors (PVT) and concentrating PVT
collectors (CPVT). Figure 1.1 shows a selection of different prototypes of PVT collectors: a non-covered
flat-plate PVT air heating collector (a), a covered flat-plate PVT water heating collector (b), a CPVT
collector with low concentration ratio using a trough concentrator (c) and a CPVT collector with high
concentration ratio using a paraboloidal dish concentrator (d).

(a)

(b)

(c)

(d)

Fig. 1.1: (a) Non-covered flat-plate PVT air collector (Joshi et al., 2009), (b) covered flat-plate PVT water collector
(Fraunhofer ISE), (c) concentrating PVT collector with low concentration ratio using a trough concentrator (Coventry, 2005),
(d) concentrating PVT collector with high concentration ratio using a paraboloidal dish concentrator (Fraunhofer ISE).

Although the concept of PVT is not new, there is recent renewed interest in research and development in this
field, not only regarding flat-plate PVT collectors but also regarding CPVT concepts.
Since PV and thermal components operate under conflicting conditions a straightforward integration of
existing technologies has not resulted in a performance similar to separate PV and thermal performances. A
fundamental analysis regarding materials, coatings, concepts and systems is currently undertaken for
progress in this field. This includes accurate characterization of the components under various conditions,
and determination of PV and thermal performance variations as a result of construction, material or
geometric changes. Hence, appropriate and sufficiently accurate testing of the influence of these changes is
required. In this paper, we present recent advances regarding both development and testing of flat-plate and
concentrating PVT components at Fraunhofer ISE.
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2. Development and testing of flat-plate PVT collectors
2.1. Development of flat-plate PVT collectors
The focus of the first part of this paper is on the development and testing of a flat-plate PVT collector.
Through broad numerical and experimental investigations on PV technologies (PV cell, module construction
and materials) several prototypes of a covered flat-plate PVT collector were manufactured. In figure 2.1 the
designs of two prototype PVT collectors are presented.
Crystalline silicon solar cell

Air layer

Glass cover

Thin film module (CdTe)

Glass cover

Air layer

PV-T absorber

Glass
Solar cell
Glass
Thermal glue

Water channel
Thermal insulation (edge)
Thermal insulation (bottom)

Water channel
(square shape)
Thermal insulation (edge)

PVT-A (c-Si)

Thermal insulation (bottom)

PVT-B (CdTe)

Fig. 2.1: Cross sections of two covered flat-plate PVT water collectors. Left: (PVT-A) with laminated c-Si solar cells. Right:
(PVT-B) with CdTe thin film solar cells.

For the first collector (PVT-A), the PVT absorber was manufactured using an improved technique for the
lamination of single-crystalline silicon solar cells on the top of an optimized flat heat exchanger (Dupeyrat et
al., 2011). This PVT absorber was then encased in the frame of a solar collector. At the front, between the
absorber plate and the high transmission glass cover (τ > 0.93), a static air layer with a thickness of 20 mm
was set up to ensure good thermal insulation. The aperture area is Acol=1.01 m².
For the second collector (PVT-B), the PVT absorber was assembled connecting square copper channels
mechanically and thermally on the back of a conventional thin film module (CdTe). CdTe modules have a
lower efficiency than sc-Si modules, but their temperature dependency is much lower as well. The relative
temperature coefficient of CdTe thin film is around -0.20 %/K, compared to -0.45 %/K for silicon cells. This
PVT absorber was also encased in the frame of a solar collector. At the front, the static air layer has a
thickness of 45 mm. The aperture area of the collector is Acol=1.55 m².
2.2. Testing of flat-plate PVT collectors: Test set-up
In the second part of this chapter the performance evaluation of the developed PVT prototypes is presented.
In spite of a recent and growing interest in the field of PVT, there is still no standardized test procedure for
PVT collectors available.
Therefore, an appropriate test procedure to measure accurately both thermal and electrical performance was
developed. The test procedure is based on the relevant standards for both solar thermal collectors
(EN 12975-2) and for photovoltaic modules (IEC 61215). This paper only focuses on performance
evaluation, collector durability is not subject of this work.
The performance measurements on the PVT collectors were carried out at the accredited test facility TestLab
Solar Thermal Systems of Fraunhofer ISE, indoor test facilities. The thermal measurements on the developed
PVT collector were carried out according to EN 12975. The collector was tilted with an angle of 45° and
exposed to a constant average global irradiation in the solar simulator. This artificial sun is realized by a
field of a 2 by 4 array of metal-halide lamps, each having a radiation output in a spectrum close to the
AM1.5g spectrum.
In order to accurately account for losses from the collector to its surroundings, the simulator has an artificial
sky and artificial wind, in accordance to EN 12975. The artificial sky is made of two highly transparent
covers cooled by forced ventilated air, imitating the naturally cool sky. The artificial wind parallel to the
collector simulates natural air convection (see figure 2.2).
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Fig. 2.2: Schema of the test set-up at the indoor solar simulator. Parameters indicated in this figure are measured. Tamb,
ambient temperature; Tin and Tout, collector in- and outlet fluid temperature; Vwind, speed of the artificial airflow along the
collector; G, solar radiation intensity; Tsky, artificial sky temperature; Pmpp, electrical power output.

In a first set of measurements, the PVT collectors are operated in open-circuit (oc) mode, i.e. the electric
output of the PVT collector is not connected to an electrical load. Hence, there is no electric power output
and the collector behaves like a normal ‘thermal only’ collector. In a second set of measurements, the PVT
collector is connected to an electrical load in order to perform measurements of electrical and thermal
performances in hybrid mode. The electrical output PPV is regulated by a maximum power point (MPP)
tracker connected to an I-V scanner. This allows for measurements of the I-V characteristics under simulated
operating conditions. The MPP tracker is connected with a four-wire system in order to not impact the fill
factor.
2.3. Testing of flat-plate PVT collectors: Performance evaluation in hybrid mode
In figure 2.3 the measured thermal and photovoltaic power are plotted versus the reduced temperature for
both collector types PVT-A (a) and PVT-B (b). The reduced temperature corresponds to the temperature
difference between the fluid (Tm=(Tin+Tout)/2) and the ambient temperature (Tamb) divided by the global solar
irradiance (G): (Tm-Tamb)/G.
For both collectors first, power measurements were carried out in open-circuit (oc) mode (‘thermal only’
mode) where no electrical power is extracted from the collector. Then, power measurements were carried out
in maximum power point (‘hybrid’ mode) where the collector produces both thermal and electrical power.
In figure 2.4 (a), thermal efficiency curves of prototypes PVT-A and PVT-B are plotted based on the test
results of both test sequences (‘thermal only’ mode and ‘hybrid’ mode).
The prototype is designed to replace a conventional thermal collector operating in a heating system.
Therefore, the performance measured on the developed PV-T collector was compared to a benchmark
thermal collector with a selectively coated absorber.
The thermal efficiency of the collector with selectively coated absorber at η0 was 0.82 whereas they were (in
‘thermal only’/’hybrid’ mode) 0.82/0.72 for the prototype PVT-A and 0.67/0.61 for the prototype PVT-B.
This shows that the thermal efficiency η0 of the prototype PVT-A reached values almost as good as a
conventional thermal collector. However, for both PVT collectors, the thermal losses (indicated by the
downward slope) are still quite high.
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Fig. 2.3: Power measurement results for collector types PVT-A (a) and PVT-B (b) in thermal and hybrid modes.

In the Fig 2.4 (b), electrical efficiency curves of prototypes PVT-A and PVT-B are plotted based on the test
results in ‘hybrid’ mode. To assess the accuracy of these measurements, the temperature dependency of Isc,
Voc and Pmpp were plotted and the corresponding temperature coefficients were extrapolated for both
collectors according to the mean absorber plate temperature measured with temperature sensors. The
temperature coefficients obtained for the collector PVT-A were around +0.05 %/K for Isc, -0.35 %/K for Voc
and -0.49 %/K for Pmpp, whereas the values indicated by the manufacturer were +0.05 %/K for Isc, -0.37 %/K
for Voc and -0.47 %/K for Pmpp, respectively. This means that in spite of the inhomogeneous temperature
distribution over the collector due to the temperature gradient between the inlet and outlet fluid temperature
and in spite of the indoor simulator lamp spectrum which is slightly different than a dedicated I-V flasher,
the values measured follow very well the temperature dependency of the PV cell efficiency given by the
manufacturer.
According to the standard EN 12975, the thermal efficiency curve of a collector (see figure 2.4) is
characterized by three parameters: a0 (efficiency at y-intercept), a1 (slope at y-intercept, in [W/(m²K)]) and
a2 (curvature, in [W/(m²K²)]). The parameters are determined by a ‘least square fit’ of the measured data to
the curve determined by the quadratic function:
 th  a 0  a1 

Tm  Tamb   a  Tm  Tamb 2 (eq. 1)
2
G

G
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Fig. 2.4: Efficiency curves from PVT collector parameters based on the test results.

The curve fitting parameters obtained from the tests for each collector, in both ‘thermal only’ and ‘hybrid’
mode, are summarized in table 2.1.

Tab. 2.1: Curve fitting parameters for collectors PVT-A and PVT-B derived from the measured test results.
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a0

a1

a2

Thermal collector

0.82

3.6 W/(m².K)

0.012 W/(m².K²)

PVT-A in ‘thermal only’ mode (oc)

0.82

6.45 W/(m².K)

0.026 W/(m².K²)

PVT-A in ‘hybrid’ mode (mpp)

0.67

5.52W/(m².K)

0.017 W/(m².K²)

PVT-B in ‘thermal only’ mode (oc)

0.72

6.14 W/(m².K)

0.024 W/(m².K²)

PVT-B in ‘hybrid’ mode (mpp)

0.61

5.46 W/(m².K)

0.015 W/(m².K²)

2.4. Testing of flat-plate PVT collectors: Summary
The efficiency measurements of PVT collectors, involving the evaluation of both thermal and electrical
performances, similar to testing of conventional solar components, are required for:
 An assessment of the collector’s performances in comparison with other PVT collectors as well as
with other solar thermal collectors and with PV modules.
 As parameter input into computer models for the simulation of annual (thermal and electrical) system
yields.
The ‘thermal only’ mode-tests allow for comparison of their performance with conventional ‘thermal only’
solar collectors as well as other PVT collectors in ‘thermal only’ mode. However, when electricity is
generated less energy is available for thermal use, thus their thermal efficiency depends also on the electrical
operation. It is foreseen that a PVT collector will be able to feed into the electricity grid whenever it receives
incoming solar radiation, i.e. the collector will mostly operate in ‘hybrid’ mode. For annual thermal and
electrical yield simulations ‘thermal only’ as well as ‘hybrid’ mode thermal efficiency tests (and curves) are
required.
The efficiency of solar cells is temperature dependent. The temperature of PV cells which are part of a PVT
collector depends partly on ambient conditions (i.e. solar irradiation, ambient temperature, wind), partly on
the way the cells are integrated into the collector, and also depend on the operating mode of the collector
(‘electrical only’ or ‘hybrid’ mode). The electrical performance of the PV cells thus depends on the operation
of the thermal system in which the collector is integrated (e.g. domestic hot water system or combi-system
for example) – whereas operation of a PV module only depends on its surroundings. However, for annual
electrical and thermal yield simulations ‘thermal only’ as well as ‘hybrid’ mode efficiency tests (and curves)
are sufficient (no ‘electrical only’ tests are needed) because the ‘electrical only’ operating point (i.e.
temperature) is at the stagnation temperature in the ‘hybrid’ mode curve.
Measurement of ‘electrical only’ mode using a flash test under standard test conditions (i.e. 1000 W/m²,
AM1.5g, 25 °C cell temperature) to compare the PVT performance with conventional PV modules evaluated
under the same standard test conditions is, from the fact that the PVT collector will practically never operate
under these conditions, not relevant and even misleading. Therefore, the standard flash test is neither
appropriate to make an assessment of the collector electrical performances nor to estimate the PVT electrical
yield. In fact, the more appropriate way to compare the PV performances of PVT collectors is by comparing
the simulated annual electrical yield of PVT collectors operating as part of the same thermal system in the
same environmental situation. The thermal and electrical ‘hybrid’ mode efficiency curve (see Fig 2.4) of the
PVT collector is sufficient for this.
The current test results show that the ‘thermal only’ and ‘hybrid’ mode method are accurate and that these
modes characterize the performance of a PVT collector in a sufficiently realistic way. Current work focusses
on further development of detailed collector models and their representation in simulation software, as this
will make visible how effective the PVT collectors potentially are in comparison to ‘thermal only’ as well as
‘electrical only’ collectors.
There is also more work needed on PVT specific testing procedures addressing their durability (Hoffman et
al., 2010).
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3. Development and testing of concentrating PVT collectors
In the second part of this paper, the focus is on development and testing of concentrating PVT collectors. In a
CPVT collector the receiver is illuminated by highly concentrated solar irradiation, focused by appropriate
optics. As for non-concentrating PVT collectors, so far there is no standardized measurement routine for
CPVT collectors available.
3.1. Development of CPVT receivers
As CPVT receivers operate under highly concentrated sun light (>200 times), one main challenge for the
design of an appropriate CPVT receiver is to remove a comparably large quantity of heat from a small area.
At the same time the solar cell operating temperature should be as small as possible, i.e. the thermal
resistance (Rth) between heat transfer fluid and solar cell has to be low. Additionally, the solar cells in use
need to operate under high concentration ratios, i.e. special concentrator solar cells are used. Furthermore,
the receiver is located in front of the concentrator and shades the optics. Therefore, the packaging density,
i.e. the ratio of active photovoltaic area to total area, should be high.
In a first approach two different receivers, Uno and Quattro, were manufactured for application in a CPVT
system. The designs differ in the size of the receiver and, therefore, in the number of solar cell dices per
receiver. In Figure 3.1 photographs of Uno and Quattro receivers are shown. The total receiver area (Arec) is
7.75 cm² (Uno), respectively 27.45 cm² (Quattro).
The receivers consist of the following main components. High-voltage/low-current dual-junction MIM
(monolithic interconnected module) solar cells with a total area of AMIM=4.37 cm² are used as photovoltaic
converters. Each MIM solar cell consists of 23 serially interconnected segments (Loeckenhoff et al., 2008;
Helmers et al., 2010). Therefore, a homogenous light distribution over the MIM area is necessary for
efficient power conversion. MIMs are specifically designed as large area devices operating under highly
concentrated sun light (up to concentration ratios of 1000). The MIMs are attached to a miniature heat
exchanger containing micro-channels which removes the generated heat to a thermal loop. The microchannels feature a high surface to volume ratio as well as a turbulent flow inside, leading to an efficient heat
transfer from the heat exchanger to the fluid. The inlet and outlet ports for the cooling fluid as well as electric
terminals are located at the back of the heat exchanger. A thermally conductive adhesive with a low thermal
resistance was used to attach the cells to the cooler.
The receivers are designed for testing purpose and yet have not been optimized for application as thermal
absorber. Although the solar cells have an anti-reflective coating optimized for AM1.5d, the part of the
receiver area that is not covered by the cells has a highly reflective, untreated gold-plated surface. As the
packaging density (PV=APV/Arec) is 56.4 % (Uno) and 63.7 % (Quattro), the optical losses due to reflection
at the receiver surface are significant, as can be seen in figure 3.1.

Fig. 3.1: Photographs of the two CPVT receivers, Uno (left) and Quattro (right), assembled with one and four MIM solar cells,
respectively. Each MIM chip has an area of 4.37 cm² and consists of 23 serially interconnected segments. The difference
between the receiver area and the PV area are shown for the Uno.

3.2. Testing for CPVT systems: Test setup
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In addition to the test procedure for flat-plate PVT characterization, an appropriate test procedure and test
setup for CPVT systems was developed and installed at Fraunhofer ISE. One main challenge in testing
CPVT systems is the need for highly concentrated light on the receiver. As no laboratory light sources are
available that generate these high intensities, the developed test setup operates outdoors and uses an optical
concentrator that focuses direct sunlight onto the receiver under test.
In the presented setup a paraboloidal solar mirror with a diameter (d) of 1.17 m is mounted on a two-axis
tracking unit (see figure 1d) which follows the sun’s position over the day. The CPVT receiver is mounted
on a three-axis positioning arm, enabling variable positioning on the optical axis as well as motorized
scanning of the focal plane. Due to manipulation of the position of the receiver on the optical axis around the
focal distance of the concentrator the size of the focal spot and the irradiated intensity onto the receiver area
is adjustable. E.g. at 35 mm behind the focal distance of the mirror the focal spot expands to a diameter of
about 7 cm (see also figure 3.3). Taking shading into account the effective aperture area (Aap) is 1.035 m².
T
in

CPVT Receiver

T
out

Ambient Conditions
T
amb

G
DNI

G
GNI

v
Wind

Electr.
Load

Process Thermostat
PC

Fig. 3.2: Schematic drawing of the main measurement equipment used for characterization of CPVT systems.

The procedure for characterization of the thermal performance of the CPVT collector follows a stationary
approach based on EN 12975-2. Figure 3.2 shows a schematic drawing of the measurement equipment. The
inlet temperature of the cooling fluid at the receiver is controlled by a process thermostat. The mass flow is
regulated by a control valve and measured using a magnetic inductive flow meter. Inlet and outlet
temperatures (Tin and Tout) are measured using calibrated Pt100 resistance thermometers. The closed thermal
cycle can operate at a maximum pressure of 6 barabs. Hence, at temperatures above 100 °C water can still be
used as cooling fluid. The maximum inlet temperature is 120 °C.
For characterization of the electrical performance, the CPVT receiver is connected with an electronic load
through a four-wire system. Current-voltage characteristics and the photovoltaic parameters (short-circuit
current Isc, open-circuit voltage Voc, fill factor FF, and maximum power Pmpp) can then be measured. For the
characterization of ‘thermal only’ mode the photovoltaic module is held at open-circuit condition. In order to
characterize the hybrid performance, a MPP tracking algorithm is integrated in the electronic load.
Furthermore, direct (beam) and global normal irradiation, wind speed and ambient temperature are measured
during the tests.
3.3. Testing of CPVT collectors: Performance evaluation in hybrid mode
The characterization of the operating performance of a CPVT collector follows in principle the routine
described above for PVT collectors. However, the concentrating optics of the two-axis tracking system only
focuses the incident radiation parallel to the optical axis, i.e. the direct (‘beam’) normal irradiance Gb. Hence,
the reduced temperature difference for a concentrating system is defined by the difference between mean
fluid and ambient temperatures divided by the direct normal irradiance (Gb) only: (Tm-Tamb)/Gb.
The thermal and photovoltaic conversion efficiencies of the system (th,System and PV,System) are defined by the
output power (Pth and PPV, respectively) divided by the incident radiated power on the aperture area
(Pin,ap=Aap·Gb), thus: th/PV,System=Pth/PV/Pin,ap. However, with changes in the receiver position around the focal
distance (f) of the concentrator, the incident radiated power onto the receiver surface (Pin,rec) varies. This
means there is an inhomogeneous light distribution in the focal plane and spilled light does not meet the
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receiver. As a result these spillage losses have to be taken into account for a system assessment of a complete
CPVT system. However, if the aim of the characterization is the investigation of the receiver performance
under different conditions these spillage losses should not be included when determining receiver efficiency.
This is done using only the incident radiated power onto the receiver area (Pin,rec) for normalizing the power
outputs: th/PV =Pth/PV/Pin,rec.
In order to characterize different focal planes around the focal distance, the focal spot was scanned in x- and
y-direction with a test module consisting of only one solar cell with an area of APV=1.1 cm². Normalizing the
measured short-circuit currents Isc(x,y) with the short-circuit measured in the laboratory at one sun standard
test conditions (STC; 1000 W/m², AM1.5d, 25 °C) leads to a map of the concentration ratio
C(x,y)=Isc(x,y)/Isc(STC) over the investigated focal plane. Figure 3.3 shows the concentration map in the
focal plane at z=f+35 mm.1

Fig. 3.3: Map of the concentration ratio C(x,y)=Isc(x,y)/Isc(STC) in the focal plane z=f+35 mm. Closer to the focal point, the
focal spot becomes smaller and the concentration ratio increases.

The Uno CPVT receiver was characterized while operating in ‘hybrid’ mode with maximum (electric) power
point tracking. Due to the series connection of the segments the MIM solar cell is sensitive to
inhomogeneous illumination. Therefore, the measurement was performed at a position on the optical axis of
z=f+35 mm (i.e. 35 mm behind the focal point), where the concentration ratio over the MIM solar cell is
C=267±7 (see figure 3.3) and, thus, sufficiently homogenous. However, in this position a significant part of
the concentrated radiation does not hit the MIM solar cell with an edge length of 20.9 mm. In order to derive
the respective thermal and electric efficiencies for the receiver, the measured thermal and electric power
outputs were divided by the incident radiated power onto the receiver area, where for simplicity
homogeneous illumination with C=267 is assumed: Pin=C.Arec.Gb.
In figure 3.4 the thermal and electric efficiencies are plotted versus the reduced temperature difference. The
values A ‘least squares fit’ to the function determined by equation 1 resulted in the parameters listed in table
3.1. Because of the small receiver area, the thermal losses are lower than for non-concentrating PVT. The
higher the concentration ratios the more significant this effect will be.
The photovoltaic efficiency is fitted linearly. The relative (reduced) temperature coefficient is:
(PV/T*).Gb/PV(T*=0) = -0.077 %/K. The temperature coefficient is significantly lower than for nonconcentrating systems. This is expected because (i) multi-junction concentrator solar cells feature low
temperature coefficients because of the material properties of the III-V semiconductors they are made of, and
1

The deviation of the shape from the expected circular symmetry is not part of this paper and will be
described elsewhere.
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(ii) the temperature coefficient of Pmpp (i.e. PV) decreases with increasing concentration.
Further, the measured ambient conditions and system parameters were fed into a theoretical model for CPVT
systems [Helmers et al., 2011]. As can be seen in figure 3.4, the simulated efficiencies (simu: cross/plus)
agree very well with the fitted experimental data (dashed lines).

Tab. 3.1: Curve fitting parameters for CPVT receiver Uno derived from the test results.

Efficiency [%]

Uno receiver in ‘hybrid’ mode (mpp)

a0

a1

a2

0.48

2.88 W/(m².K)

0.004 W/(m².K²)
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Fig. 3.4: Performance measurement test result of a CPVT receiver (Uno design) operating in hybrid mode at a concentration
ratio of C=267±7. The thermal and photovoltaic efficiencies are plotted with quadratic and linear fits (dashed lines),
respectively. The measured data (meas: square/triangle) is compared with simulation results (simu: cross/plus), using ambient
data as input parameters. It should be noted that the receiver was not yet optimized for CPVT application, i.e. 43.6 % of its
area is an untreated gold surface with high reflectivity. Consequently, the thermal and photovoltaic efficiencies are reduced by
high reflective loss.

It should be noted that the presented efficiencies are efficiencies of the receiver under the given illumination
conditions. For comparison with other samples it is important to keep in mind that a large part
(1-PV=43.6 %) of the investigated, non-optimized Uno receiver area has a highly reflective surface
(untreated gold). This means the thermal absorption is low. In addition, this area is not covered with solar
cells meaning less active cell area for electrical power generation. Consequently, the measured thermal and
photovoltaic efficiencies of this test receiver are reduced.
Optimized CPVT receivers will have higher packaging densities of solar cells as well as an optimized
absorber coating for the non-photovoltaic part of the surface. A simulation of the thermal and photovoltaic
efficiencies for an optimized CPVT system, assuming realistic system parameters for optics, receiver, and
solar cells and ambient conditions, yields a total efficiency of th+PV=0.53+0.26 at η0 conditions [Helmers
et al., 2011]. Hence, despite the optical losses at the concentrator the total efficiency at η0 conditions is
comparable to thermal and PVT collectors. About a quarter of the incident radiation power is transformed
directly into electricity, i.e. 100 % exergy. In addition, because of the comparably small area the thermal
losses for high temperatures are very low, especially for very high concentration ratios. Therefore, a CPVT
system can deliver usable heat at a high temperature level.
3.4. Testing of CPVT collectors: Summary
As for non-concentrating PVT collectors a thorough characterization, involving the evaluation of both
thermal and electrical performances, is also required for CPVT collectors. Then
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an assessment of the collector’s performances in comparison with other (C)PVT collectors as well as
other (concentrating) solar thermal collectors and with (C)PV modules is possible.



input parameters for computer models to simulate annual (thermal and electrical) system yields can be
generated.

Therefore, in principle the conclusion described in the summary for testing of flat-plate PVT collectors are
also valid for CPVT collectors. However, some aspects of CPVT characterization need special attention.
The need for high irradiation intensities requires the application of an appropriate concentrator as simulator
light sources are not capable of delivering sufficient power densities to achieve steady operation conditions.
This necessity leads to the requirement for outdoor characterization. Therefore, the main external parameters
of a measurement, namely the direct normal irradiance, wind speed, and ambient temperature, cannot be kept
arbitrarily constant.
Another effect of the application of a concentrator is that the shape of the focal spot has great influence on
the performance (especially for series-connected photovoltaic cells) of the CPVT receiver. Hence, for a
thorough evaluation of the performance, sufficient knowledge of the flux profile (i.e. the shape and
illumination profile of the focal spot) at measurement conditions (meaning the focal plane where the receiver
is located) is important. If the flux profile is not known it can be helpful to have results of laboratory
measurements under standard test conditions, mainly the short-circuit current. Then the concentration ratio
can be estimated by comparing the outdoor measurement at 25 °C to the laboratory measurements. However,
it should be noted that besides temperature also other effects have an influence on the operating performance,
in particular the influence of the spectrum should not be neglected especially for multi-junction solar cells.
To compare results from different CPVT receivers measured at various conditions, it is crucial to have a
clear definition of the efficiency, i.e. the incident radiated power that is used for normalizing the power
outputs: Without having sufficient information on the incident flux profile at the receiver surface, no
meaningful efficiency value can be determined. This is also the case for comparisons using simulation
models.
Furthermore, the safety requirements for the cooling cycle should be mentioned. Contrary to flat-plate PVT
collectors, a CPVT collector without circulating heat transfer fluid will soon overheat and possibly become
permanently damaged.
The presented test results in ‘hybrid’ mode fit very well with theoretically modeled data. One focus of
current research lies on an extension of the CPVT model and continuous validation in order to enable yield
estimations for a complete CPVT system depending on both, the applied optics and receiver parameters as
well as location and ambient conditions. Further work also focuses on testing and optimization of different
CPVT receiver designs.
4. Conclusion
The requirements for accurate and repeatable measurements when researching new materials, technologies
and concepts for flat-plate PVT collectors as well as concentrating PVT collectors are high. Accurate
characterization tests are also required for direct comparison of performance and for computer simulated
yield estimations.
Flat-plate PVT collectors require ‘thermal only’ as well as ‘hybrid’ mode tests and performance curves.
‘Electrical only’ measurements do not make sense, as for PVT collectors the electrical performance depends
on the thermal performance of the collector. In this case the ‘hybrid’ mode tests are sufficient. Separate PV
flash tests under standard conditions for PV modules are not relevant and can even be misleading as the
collector will never operate in practice under these conditions.
In principle, the characterization of CPVT collectors does not differ essentially from PVT performance
evaluation. Here too the main interest is the evaluation of the performance in ‘hybrid’ mode. Additionally
special attention has to be paid to the applied concentrating optics. Measurements and knowledge of the
incident irradiated power onto the receiver is particularly important in order to define an efficiency value that
allows for meaningful comparison of different CPVT receivers operating in different systems under different
conditions.
The work at Fraunhofer ISE regarding both PVT and CPVT contributes to the development of standardized
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test routines, together with experts from the solar thermal and PV branches. The goal is to ultimately come to
broadly accepted performance test standards for both PVT and CPVT collectors.
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RESEARCH OF SOLAR HEATING SYSTEM DESIGN SOFTWARE
Wang Xuan, Wang Min, Feng Airong, He Tao and Zheng Ruicheng
China Academy of Building Research, Beijing(China)

1. Abstract
Solar domestic hot water systems are very popular in China, and millions of square meters of collectors were
sold every year. However, most of the collectors were used for making hot water, only a few collectors are
used for space heating. By the implement of Chinese national standard “Technical code for solar heating
system”[1], more and more solar heating systems will be built. At present, engineers in China are not so
familiar with solar heating system, they need some convenient tools for design. According to the standard
and research of solar heating systems, we developed a software for solar heating system design. This
software will be of great use for extending solar heating utilization in China.
Other commercially available software such as Trnsys, Polysun etc. was designed for simulating a given
solar systems that the parameters were set up. They don’t have the function of economic analysis and haven ’t
considered so much about Chinese national standards. Solar heating design software could be used for
designing a new project and have the function of economic analysis, and was designed closely in accordance
with Chinese relative national standard.

2. Software design procedure
The software (see Fig. 1) is developed for design of solar hot water system, solar heating system, solar hot
water and heating system and seasonal heat storage solar heating system. It includes more than 70 cities’
hourly weather data of China, hundreds of manufacturers’ information. The weather data and products
parameters in this software can be changed manually. When designing a system, user can optimize the design
by changing the heat load, collector’s azimuth, solar fraction, volume of storage tank.etc.

Fig. 1: Main interface of the software

Especially, for seasonal heat storage system, the tank volume is a very important parameter. We can use the
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software for calculating hourly temperature of the water temperature of the storage tank.
The solar flow chart (see Fig. 2) was introduced as follows：
（1）

Begin

Start a new project, set up the location and building type.
（2）

System information

Set up system type：Hot water supply system, Hot water supply + space heating system, Hot water + space
heating + air conditioning system or Seasonal heat storage system. The hot water supply way should be
chosen from full-time supply or fixed time supply.
（3）

Load calculation

Hot water load is calculated according to Chinese national standards. Space heating and air conditioning load
calculation need inputting building area, heat consumption index, air conditioning load, start time and end
time of space heating. Software also support uploading hourly load file calculated by other software.
（4）

Collector / SDHW type

According to the value of energy load, collectors or SDHWs can be chosen for the system.
（5）

Solar irradiation calculation

The horizontal radiation is read from the database [2], with the input tilt angle and azimuth, the irradiation can
be calculated.
（6）

Collector area

Input solar fraction, the collector area of direct system can be calculated. The heat exchanger parameters
should be confirmed in the indirect system
（7）

Heat storage tank volume

Choose the tank type, and volume is calculated.
（8）

Maximum water temperature of heat storage tank

For seasonal storage tank, the maximum water temperature of heat storage tank will be simulated and
checked to insure the safety.
（9）

Supplementary heat source

Confirm type of supplementary heat source and calculate the energy consumption of supplementary heat
source.
（10） Hydraulic calculation
Choose pipes, working medium and calculate the parameters of pipes and pumps.
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（11） Benefit analysis
The results include cost saving, invest recovery period, energy saving and carbon dioxide saving.
If the result is dissatisfied, recycle the calculation.

Fig. 2: Software flow chart
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3. Main algorithm
3.1 Calculation of solar collector area
3.1.1 Direct solar collector area of the system
AC =

86400QH f
J Tηcd (1 −η L )

Where：

（eq. 1）

AC —Collector area of direct solar heating system, m 2；

QH —Building heat consumption, W；
JT —Daily solar irradiation per aperture area of solar collector, kJ/（m2·d）；
f —Solar fraction, %；

η cd —Efficiency of solar collector, %;
η L —Heat loss ratio of pipe and heat storage, %.
3.1.1 Indirect solar collector area of the system


U ⋅A
AI N = AC ⋅ 1 + L C
 U hx ⋅ Ahx
Where：





（eq. 2）

AI N —Collector area of indirect solar heating system, m2；
AC —Collector area of direct solar heating system, m 2；
U L —Gross heat loss coefficient of solar collector, W/（m2·℃）；
U hx —Heat transfer coefficient of heat exchange, W/（m2·℃）；
Ahx —Heat exchange area of indirect solar system, m 2.

3.2 Hourly temperature of seasonal heat storage tank
According to relative Chinese national standards, hourly temperature of seasonal heat storage tank should be
simulated to insure the safety. The principle is shown in Fig. 3. The hourly heat gain, hourly heat
consumption and heat loss are two important parameters for calculating the hourly temperature of the heat
storage tank. The heat transfer process is considered steady state, and the water is well distributed in the tank.
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Fig. 3: Heat transfer principle of heat storage tank

（1）

Hourly heat gain of heat storage tank is calculated by the equation below：

∆Qak = JTk ⋅ Ac ⋅ (1 − ηc ) ⋅ηck

（eq. 3）

Where： ∆Qak —Hourly heat gain of solar collector system, kJ；

Ac —Collector area of solar collector system, m 2；
JTk —Hourly solar irradiation on aperture area of solar collector, kJ/㎡；
η ck —Hourly collector efficiency of solar collector（based on aperture area）, %；
η c —Heat loss ratio of pipes, %.
（2）

Hourly heat loss of heat storage tank is calculated by the equation below：
n

∆Qlk = ∑ λ i ⋅A i (twk − toutk )
i =1

Where：

（eq. 4）

∆Qlk —Hourly heat loss of heat storage tank, kJ；

λ i —Heat transfer coefficient of the wall of heat storage tank, kW/m 2.K；
Ai —Area of the wall of heat storage tank, m 2；

twk —Hourly temperature of inner surface of heat storage tank, ℃；
t outk
（3）

Hourly water temperature of heat storage tank is calculated by the equation below：

TK + 1 = TK +

Where：
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—Hourly temperature of external surface of heat storage tank, ℃.

∆Qak − Qk − ∆Qlk
ρVC w

Qk —Heat supply by solar system at time K, KJ；

（eq. 5）

TK + 1 —Water temperature of heat storage tank at time K+1, ℃；
TK —Water temperature of heat storage tank at time K, ℃；
ρ —Water density when water temperature is TK , kg/m3；

V —Water volume of heat storage tank, m 3；
C w —Water heat capacity when water temperature is TK , KJ/(kg.K).
（4）

Initial soil temperature calculating method [3]：

According to meteorological data, the change of air and soil temperature is seasonal. The soil temperature
calculation method can be seen in equation：

t0 = td + Ad e

Where：

td

−y

ω
2a


ω 
cos  ωτ − y

2a 


（eq. 6）

—Annual average ground temperature, ℃；

Ad —Range of ground temperature fluctuation, ℃；
y —Depth of the soil, m；
a —Temperature transfer coefficient of the soil, m 2/h；

τ —Time, h；
ω —Temperature wave frequency, rad/h；
For medium humidity soil, the temperature is postponed by 468 hours, when the calculate step of soil depth
is 1 meter, the temperature calculating equation is as follows ：

t0 = td + Ad e

−y

ω
2a


ω 
cos  ω (τ − (1 + h) * 468) − y

2a 


（eq. 7）

Where： h ——height of heat storage tank underground, m；
4. Example
For seasonal storage solar system, hourly temperature of seasonal heat storage tank must be checked for 5
degrees centigrade below the boiling point of water under the working pressure. One of the most important
functions of the software is the hourly temperature calculation of seasonal heat storage tank.
There is a example of simulating the hourly temperature of heat storage tank in Beijing. The system is set
as follows: The collector is heat-pipe solar collector that its instantaneous efficiency intercept is 0.554, and
the gross heat loss coefficient is 1.562. The collector area are 100 m 2, tilt angle is 45 degrees. The initial
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water temperature is 10 degrees centigrade.
By altering the heat storage tank volume, the maximum water temperature of heat storage tank is calculated.
The results are shown in figure 4.

Fig. 4: water temperature of the storage tank against tank volume (software design example in Beijing)

From fig. 4, we can see that when the ratio of heat storage tank volume to collector area is less than 1 m 3 / m2,
the maximum water temperature of heat storage tank are more than 95 degrees centigrade, which couldn’t
meet the requirements of Chinese national standard. When the ratio of heat storage tank volume to collector
area are more than 3 m3 / m2 and less than 5 m3 / m2, the maximum water temperature of heat storage tank are
between 50 degrees centigrade and to 60 degrees centigrade, which is reasonable.
5. Conclusion
From above-mentioned views, we could summarize as follows：
Ÿ

The software is fit for Chinese solar heating utilization and products, and the calculation function can be
open-ended. The database is opened and can be synchronously updated with National Center for Quality
Supervision and Testing of Solar Heating Systems (Beijing).

Ÿ

The software can be used for solar heating system design and analysis, and is greatly helpful for
development of solar heating systems in China.

Ÿ

The calculation model should be continuously checked and modified according to relative national
standards.
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SENSITIVITY AND UNCERTAINTY ANALYSIS FOR FAULT
DETECTION IN SOLAR THERMAL SYSTEMS
Corry de Keizer, Klaus Vajen and Ulrike Jordan
Kassel University, Institute of Thermal Engineering, Kassel (Germany)

Abstract
One approach for detecting faults during the operation of solar thermal systems is to compare measured to
simulated heat flows in e.g. the secondary solar loop. For detecting faults, it is essential to have knowledge of
the uncertainty in both measurements and simulation. Uncertainties in the simulation caused by uncertainties of
the system parameters and of measured input data have been analysed. Furthermore a local sensitivity analysis,
a minimum-maximum analysis and a Monte Carlo analysis have been carried out that describe the effect of
parametric and data uncertainties on the simulated energy yield of typical solar thermal systems. These have
been applied to four ‘typical’ solar thermal systems that are simulated in TRNSYS 17.

1.

Introduction

In model-based fault detection, faults are diagnosed by comparing measured and simulated energy yields or
other characteristics, however, these values have an unknown error and are therefore uncertain. The ‘Guide
to the expression of uncertainty in measurement’ defines the uncertainty of a measurement as the “parameter,
associated with the result of a measurement, that characterizes the dispersion of the values that could reasonably
be attributed to the measurand” (JCGM, 2008). For detecting faults it is important to quantify uncertainties of
both simulated and measured values (see Figure 1).
The uncertainty of a measurement is not a given fact, but can
be influenced by the choice of measurement equipment, or for
parameters in the simulation by increasing the effort to get more
accurate input data (e.g. pipe length). In long-term monitoring
the uncertainties are not limited by technical limits, but by a
cost/benefit balance.
The aim of this paper is to study the uncertainties of simulated
energy yields of four typical case study systems and to determine how these are most effectively calculated.
In the first section measurement uncertainties, some sensor scenarios and parametric uncertainties are discussed. In the following section a local sensitivity analysis is presented for all four
case study systems. The third section considers the simulation
uncertainty analysis, in which a minimum-maximum analysis
and a Monte Carlo uncertainty analysis are conducted and discussed.

Figure 1: Uncertainty and faults

The sensitivity and uncertainty analyses have been carried out for simulation models of four case study systems:
a system that feeds heat into a two-line network (TLN), a system feeding heat into a district heating network
(DH), a combi-system (COMBI) and a large domestic hot water system (DHW). The hydraulics and the control
strategies of the systems are based on existing systems. One year measured irradiance data in one-minute
interval is used as weather input data, the same weather data is used for all the systems. Hot water or heat
demand input data was estimated based on measured data. The symplified hydraulics of these four systems are
shown in Figure 2.

1759

Figure 2: The four case study systems: TLN (Two-line network), DH (District heating), COMBI (Combi-system) and DHW (Domestic Hot Water system)

2.
2.1

Sensor and parametric uncertainties

Uncertainties in measurement equipment

Measurement equipment for long-term monitoring and fault detection is usually not the most accurate measurement equipment available, but a compromise between cost and accuracy. In general sensors are not calibrated
and resistance temperature sensors are connected in two-lead. To estimate the influence of the accuracy of
the measurement equipment, several measurement scenarios with different types of sensor uncertainties have
been defined. The sensitivity and uncertainty analyses will show the influence of the different sensors on the
simulation uncertainties. Incoming radiation is probably the most influential factor on the solar yield of a
solar thermal system, therefore, uncertainties in irradiance measurement have a large influence on the accuracy of the simulation. The daily uncertainties of irradiance sensors in the measurement scenarios are losely
based on (Myers and Wilcox, 2009; Düpont and Siemer, 2010), with error margins of 4 % for a CM3 Pyranometer, 5 % for a SP Lite sensor and 8 % for a PV cell. Since at low irradiance levels the relative error
is very large, an absolute uncertainty is included and the absolute uncertainty margins are put at 10 W/m2 .
The European Norm 60751 defines tolerance classes for temperature sensors A (∆T = 0.15 + 0.002∣T ∣) and B
(∆T = 0.30 + 0.005∣T ∣), whereby also fractions of tolerance class B may be defined (DIN, 2009-05-01). Errors
in the measurement chain, however, remain even if the tolerance of the sensor is defined, e.g. the lead resistance
for two-lead measurements, linearisation faults and errors due to conversion processes in the datalogger. An
additional uncertainty of 0.3 K is assumed for that. For volume flow sensors (typically multiple jet or turbine
flow meters) maximum uncertainty margins of 2 to 3 % are considered.
Table 1: Measurement uncertainty scenarios

Type
CM3
SP Lite
PV Cell
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Irradiance sensor
Error Margins (W/m2 )
10 +4%
10 +5%
10 +8%

Temperature sensor
Type Error Margins (○ C)
1/3 B
B

0.4 +0.17 %
0.6 +0.5 %

Volume flow sensor
Type Error Margins
Cl.2
Cl.3

2%
3%

2.2

Uncertainties in simulation

Uncertainties in the simulation are caused by different factors:
• uncertainty in simulation parameters (e.g. collector efficiency)
• uncertainty of measured input data (e.g. irradiance)
• uncertainty in the model, its components and their combination
Uncertainties in the first two categories can be estimated based on available literature and datasheets of sensors,
for the third category of uncertainties this is not possible. To deal with these first two uncertainty categories
the following approach has been used: A local sensitivity analysis has been carried out to estimate which
parameters are sensitive and need to be included in the uncertainty analysis for the system simulations.

3.

Local sensitivity analysis

A local sensitivity analysis was carried out for the 4 simulation models of the case study systems. One-factorat-a-time is changed, while all other parameters are kept constant at the value of the base case (bc). The
response of the output with respect to a change in input has been studied. For every scenario (sc) 365 one-day
simulations for every day of the year were run. This enables a comparison of the thermal energy yield for
every day, since starting conditions (e.g. temperature distribution in store) are the same. The start temperature
distribution in the store is stratified based on the store temperatures in the base case scenario. The aim of this
section is to get information on the influence of parameters and to determine which data/parametric values need
to be known with a high accuracy. Furthermore, it defines which parameters need to be taken into account for
the uncertainty analysis.
Table 2: Sensitivity analysis scenarios
Parameter
2

Gtilt (W/m )
Tamb (○ C)
Q̇inp (kW)
V̇inp (l/h)
T inp (○ C)
η0
Cp,col
UAHX,sol,ext 35
lpipe,sol 5
λpipe,insu
ṁnom,prim
ṁnom,sec
Vst
Vst,dhw
Vst,aux
Fst,hlf
UAHX,aux,int
UAHX,sh,int
UAHX,dhw
ṁnom,dhw
φprim,glycol
hystprim,on&off (K)
hystsec,on&off (K)
hrel Taux,on
Tset,aux,on (K)
Tset,aux,off (K)
1
2

11 21 31 41
x
x
x

x
x

x
x
x

x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x

x
x
x
x4
x
x
x

x

x

x
x
x

x
x
x
x
x
x

x
x
x

x

x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x

Scenarios: Input change in parametric or data value2
8% + 10
0.5 %+ 0.7
10%
10%
0.5 %+ 0.7
10%
20%
20%
100%
60%
20%
20%
10%
10%
10%
60%
20%
20%
20%
20%
0.05
2
2
0.05
2
2

5% + 10
2
5%
5%
0.17 %+ 0.5
5%
10%
10%
60%
30%
10%
10%
5%
-10%
-10%
30%
10%
10%
10%
10%
-0.15
-2
-2
-0.05
-2
-2

10 +4%
1
2.5%
2.5%
2&1
2.5%
5%
5%
30%
-30%
5%
5%
2.5%

-4%-10
-1
-2.5%
-2.5%
-2 & -1
-2.5%
-5%
-5%
-30%
-60%
-5%
-5%
-2.5%

-5%-10
-2
-5%
-5%
-0.17 %-0.5
-5%
-10%
-10%
-60%

-8%-10
-0.5%-0.7
-10%
-10%
-0.5%-0.7
-10%
-20%
-20%

-10%
-10%
-5%

-20%
-20%
-10%

15%
5%
5%
5%
5%

-15%
-5%
-5%
-5%
-5%

-30%
-10%
-10%
-10%
-10%

-60%
-20%
-20%
-20%
-20%

Case study system numbers: 1 TLN, 2 DH, 3 COMBI, 4 DHW
p −p
When % is used relative change scp bc is meant, otherwise the change is absolute psc − pbc
bc

3
4
5

More scenarios for the UA value have been run for systems TLN, DH and DHW for UAHX,sol is 40, 55, 70, 85 W/mcol 2 K
Internal heat exchanger
Initial base case values UAsol (in W/m2 K): TLN 111 , DH 124, COMBI 120, DHW 120.
lpipe /Acol in m/m2 : TLN 0.43 , DH 0.097, COMBI 0.99, DHW 0.13.

The one-factor-at-a-time approach is, strictly seen, only valid if the model is linear (Saltelli et al., 2006).
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System properties play a role, for the larger deviations of the base case scenario the system behaviour is not
linear. Therefore, one cannot represent the sensitivity of a parameter with a single parameter (e.g. % change in
output/% change in input) and the values derived should be seen in their local context.
The scenarios of the sensitivity analysis are shown in Table 2, in total 334 scenarios for 27 parametric/input
values of the four systems have been explored. For measured data values, the changes are based on expected
uncertainties of different measurement equipment. The changes in parametric values (zero-loss efficiency,
nominal mass flow etc.) are [4,2,1,-1,-2,-4] times the expected standard deviation. Since all collector uncertainties are strongly correlated, the uncertainty in the zero-loss efficiency was increased and should reflect the
aggregated effect of these all. For some parameters only one variation has been implemented to explore the
surroundings of certain control settings (e.g. hysteresis).
A selection of the results are presented in Figure 3 based on the change in daily (∆Qsol,d ) or annual (∆Qsol,a )
solar energy yield in comparison to the systems’ base case scenario. The solar energy yield is based on the heat
flow of the secondary solar loop or, for systems with internal heat exchanger, of the primary loop. The relative
change in daily and annual solar energy yield are defined as follows:
365

Qsol,a,x (kWh) = ∑ Qsol,d,x

annual solar energy yield (x is base case (bc) or scenario n (scn))

(1)

relative change in annual solar energy yield

(2)

relative change in daily solar energy yield

(3)

d=1

Qsol,a,scn − Qsol,a,bc
Qsol,a,bc
Qsol,d,scn − Qsol,d,bc
∆Qsol,d (−) =
Qsol,d,bc

∆Qsol,a (−) =

Figure 3 presents the change in annual energy yield (sum of all days) in comparison to the change in input.
Two parameters show a very high sensitivity, these are, as expected, the zero-loss efficiency of the collector
and the irradiance in the tilted plane. The sensitivity is quite linear in these surroundings for the change in
annual energy yield, however, not for the daily one. The sensivities differ per system, this is partially caused by
the return flow temperature in the collector loop for η 0 and Gtilt , and by the pipe surface per m2 collector area
for the pipe length (Figure 3c). Figure 3d shows the sensitivity of the UA value of the external heat exchanger
in the solar loop, the range of change in input value has been extended up to an UAHX,sol -value of circa 40
W/m2 K. The change in output is not linear for the UA value if one extends to lower values. The German Norm
VDI 6002 (VDI6002) recommends an UA-value of 100 W/m2 K, if this value is much lower, it is a fault and
should not be considered for generating an uncertainty limit.
In Figures 3e and 3f the change in simulated daily energy yield for all 365 days are plotted against the base casel
daily energy yield for the scenarios of collector efficiency for system TLN and for the irradiance scenarios for
system DHW. A change in the input factors has a much larger impact at lower energy yields. Some scattering
as a result of stagnation can be seen. If there is no stagnation in the base case, an increasing solar energy yield
can cause stagnation and thereby reduce the daily energy yield. With stagnation in the base case, a parameter
leading to a lower energy yield may avoid the stagnation.
The following parametric and input values will be taken into account for the uncertainty analysis:
• Irradiance
• Zero-loss collector efficiency
• All input values (volume flow, heat flow, temperature)
• Ambient temperature
• Nominal mass flow in primary and secondary solar loop
• UA value of heat exchanger in solar loop
• Pipe length in collector loop

1762

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3: Results of sensitivity analysis, change in output of annual solar energy yield (∆Qsol,a ) (%) for input changes in (a) zeroloss efficiency, (b) irradiation in tilted plane (c) length of pipes in collector loop and (d) UA value of heat exchanger and
in output of daily solar energy yield (∆Qsol,d ) (%) of (e) zero-loss efficiency of TLN and (f) irradiation in tilted plane of
DHW
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4.
4.1

Uncertainty analysis

Daily energy yields: Minimum-Maximum (MinMax) approach

The simplest way to calculate a confidence interval for a simulated value is to make two extra simulations
for the minimum and maximum value (as done by Wiese (2006)), by putting the sensitive parameters to their
maximum or minimum values. Four MinMax-scenarios with different virtual measurement equipment have
been carried out for the four case study systems, the changes to the base case input data and parametric values
are shown in Table 3.
Table 3: Minimum-maximum scenarios (maximum shown, minimum is -max)

1

System
2 3 4

x
x
x
x

x
x
x

x
x
x
x
x

x
x
x
x
x

x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x

Scenario 1
rel
abs
Gtilt
Tamb
Tinp
Qinp
Vinp
η0
UAHX,sol
lpipe
mnom,prim
mnom,sec

(a)

W/m2
C
○
C
kW
l/h
W/m2 col K
m
kg/h
kg/h
○

5%
0.5%
0.17%
6%
3%
5%
15%
30%
3%
3%

10
0.6
0.4

Scenario 2
rel
abs
4%
0.5%
0.17%
3%
2%
5%
15%
30%
3%
3%

10
0.6
0.4

Scenario 3
rel
abs

Scenario 4
rel
abs

8%
0.5%
0.5%
6%
3%
5%
15%
30%
3%
3%

5%
0.5%
0.5%
6%
3%
5%
15%
30%
3%
3%

10
0.6
0.6

10
0.6
0.6

Direction
max min
↑
↑
↓
↑
↑
↑
↑
↓
↑
↑

↓
↓
↑
↓
↓
↓
↓
↑
↓
↓

(b)

Figure 4: Results of MinMax Scenario 1, a) relative change in daily solar energy yield (∆Qsol,d ) versus base case specific daily
solar energy yield (Qsol,d,bc /Acol ) b) change in daily solar energy yield ((Qsol,d,scn -Qsol,d,bc )/Acol )

The results of scenario 1 are presented in Figure 4, in 4a the relative change of the daily energy yields are
presented, while in Figure 4b the absolute changes are shown. It can be seen that the scatter plot of the DHW
system follows a much clearer track than the others, furthermore, scattering and the level of change is larger
for lower initial energy yields. Some points are scattered outside because of stagnation in the collector loop.
To be able to better interprete the data for different weather circumstances, the resulting data were divided in
daily energy yield classes (DEY). The days of the year are split up according to their systems’ basecase daily
specific solar energy yield (Qsol,d,bc /Acol ) in the following categories: >1, 0.1 < 1, 2 < 3 and > 3 kWh/m2 . The
mean change was derived for each DEY and for each scenario by ∑e ∆Qsol,e /ne, where e represents the days
in a specific DEY category and ne is the number of days in e. The mean changes are shown in Table 4 for
scenario 1.
The mean change for the max-variant of scenario 1 for daily energy yields larger than 1 kWh/m2 varies between
13.3 % for system DHW via 17.9 % for system TLN up to 19.9 % for COMBI and 21.2 % for DH. The standard
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Table 4: Mean change (%) for maximum-minimum scenarios of the four case study systems

DEY
>1
0<1
1<2
2<3
>3
1
2
3

TLN
s1mx s1mn
18
37
21
17
15

-17
-32
-19
-17
-15

DH
s1mx s1mn
21
45
25
20
18

-20
-41
-23
-19
-17

COMBI
s1mx s1mn
20
37
22
19
17

-19
-32
-20
-18
-16

DHW
s1mx s1mn
13
27
15
13
12

-13
-24
-14
-13
-12

s = scenario, mn= minimum, mx = maximum
mean change (%) in daily solar energy yield for each DEY
DEY = daily energy yield category, values in kWh/mcol 2

deviation of the relative energy yield change represents the width of the scatter in 4a for the specified system,
DEY and minimum or maximum and specifies how valid the mean value is for the range of values considered.
It ranges from 1.5 % for DHW to 3.9 % for DH. The mean and the standard deviation of the change decrease
with larger daily energy yields to 12.2 % for DHW and 17.7 % for system DH with a standard deviation of
about 1 %. The change in output for the min-variant of the scenarios are slightly smaller than those for the
max-variant, due to the feedback effect, less yield leads to a lower temperature in the storage and a lower mean
collector temperature and therefore to a better collector efficiency. In general, the relative error margin in the
MinMax analysis is the largest for low daily energy yields.
The minimum-maximum (MinMax) analysis is not methodologically sound, since no probability density function is used for the parameters and the confidence interval of the simulated value is therefore larger than may
be necessary. Therefore, in the next section a Monte Carlo Analysis is carried out.
4.2
4.2.1

Daily energy yields: Monte Carlo Analysis
Method

EPA (1997) defines Monte Carlo analysis as a “computer-based method of analysis developed in the 1940’s that
uses statistical sampling techniques in obtaining a probabilistic approximation to the solution of a mathematical
equation or mode”. Monte Carlo analysis is often used for uncertainty and sensitivity analyses for non-linear
models. In the Monte Carlo analysis all sensitive parameters are varied at the same time by sampling a value out
of their probability density function, many simulation trials with sampled parameters are required for getting a
stable result. A sample matrix M is generated for carrying out the Monte Carlo analysis (Saltelli et al., 2006).
The matrix has n rows, each row is a trial set for the evaluation of the relative change in the daily energy
yield (yd ). Each column represents one parameter, in total r parameters are varied. yd is calculated with the
TRNSYS model for each row in M and for each day of the year.
⎛ z11
⎜ z21
M=⎜
⎜ ⋮
⎜
⎝zn1

z12
z22
⋮
zn2

⋯
⋯
⋱
⋯

z1r ⎞
⎛β1 ⎞
⎛ y1 ⎞
⎜β2 ⎟
⎜ ⎟
z2r ⎟
⎟ , β = ⎜ ⎟ , y d = ⎜ y2 ⎟
⎟
⎜
⎟
⎜ ⋮ ⎟
⋮ ⎟
⎜⋮⎟
⎜ ⎟
⎠
⎝
⎠
⎝yn ⎠
znr
βr

(4)

p

For practical purposes zij is defined as the (dimensionless) relative change in parameter p (zij = pij0 − 1),
except for the absolute changes, where zij = pij . Where i represents the number of the trial and j represents
the parameter (e.g. Gtilt ). The relative change in the daily energy yield due the Monte Carlo changes in the
Qsol,d,i
parameters for trial i in comparison to the base case is defined as yid = Qsol,d,bc
− 1 ≡ ∆Qsol,id . The output
results can be assembled in the output matrix Y with the outputs of the trials in rows, and the days in the
different columns.
⎛ y11 y12 ⋯ y1,365 ⎞
⎜ y21 y22 ⋯ y2,365 ⎟
⎟
Y=⎜
(5)
⎜ ⋮
⋮
⋱
⋮ ⎟
⎜
⎟
⎝yn1 yn2 ⋯ yn,365 ⎠
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Dependent on the case study system, there are up to 15 parametric and input uncertainty values (r). The values
for each trial set are randomly sampled based on their probability density function (PDF) that is shown in
Table 5, for every day 1000 trial simulations are run (n = 1000). A standard normal distribution was chosen
for nearly all parameters, since that is most commonly used and can be defined with only a mean value (µ=0
here) and a standard deviation (σ).
Table 5: Monte Carlo scenario - input uncertainties

1

System
2 3 4

x
x
x
x

x
x
x

x
x
x
x
x

x
x
x
x
x

1
2

x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x

σ
Gtilt
Tamb
Tinp
Qinp
Vinp
η0
UAHX,sol
lpipe
mnom,prim
mnom,sec

W/m2
○
C
○
C
kW
l/h
W/m2 col K
m
kg/h
kg/h

relative
pdf2

2.5%
0.25%
0.085%
3.0%
1.5%
2.5%
7%
15%
1.5%
1.5%

normal
normal
normal
normal
normal
normal
normal
normal
normal
normal

σ

absolute1
pdf2

10
0.3
0.2

uniform
normal
normal

The absolute part of the uncertainty is fully correlated to the relative part of the uncertainty by
its probability
Assigned probability density function (PDF)

In the Monte Carlo uncertainty analysis the output distribution yd is analysed for every day, with regard to the
mean value and the standard deviation, and also with regards to the shape of the output distribution. With M
and Y a multilinear regression was carried out (Saltelli et al., 2006) based on the model in Equation 6. With
the ordinary least square method, the regression coefficients βj were determined by minimizing the squares
of the residual εi . yid the relative change in daily energy yield, due to the change in parameters in trial i in
comparison to the base case.
r

yid = β0 + ∑ βj zij + εi

(6)

j=1

Refsgaard et al. (2005) mentions several advantages and disadvantages of Monte Carlo Analyses. As advantages the gained insight in propagation of uncertainties, the possibility to take any PDF into account as well as
correlations and the consequence that analysts need to consider uncertainties explicitly are mentioned. Disadvantages are the limitation to quantifiable uncertainties, the possible lack of information based on which one
needs to assign a PDF and the large run time.
4.2.2

Results Monte Carlo global sensitivity analysis

A global sensitivity analysis was conducted by applying a multilinear regression on the results of the Monte
Carlo analysis . Least square fitting was implemented for every day and for the daily energy yield classes. The
coefficient of determination R2 is generally larger than 0.95, except for very low energy yields (<0.1 kWh/m2 day)
and for days with stagnation. The regression coefficients β and corresponding R2 for days without stagnation
and a daily energy yield that is larger than 1 kWh/m2 are shown in Table 6. The larger the β value, the larger
the influence on Qsol . To give an example, β Gtilt for the two-line system (TLN) is 1.35, this means that when
Gtilt increases 1 %, Qsol increases by 1.35 %.
The corresponding Figure 5 shows the relative change in the daily energy yield (yid ) due to Monte Carlo
uncertainties versus the ones calculated with regression coefficients (ycalc,id = β0 + ∑rj=1 βj zij ) for the systems DHW and COMBI. Irradiance and zero-loss collector efficiency are the most important factors, causing
a change larger than 1% in output per percent change in input. Furthermore the UA-value of the internal
heat exchanger for the COMBI system, as well as pipe length and ambient and net temperatures show some
significance.
The regression coefficients change with changing energy classes. Therefore, it may be difficult to use these
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Table 6: Global sensitivity analysis, regression coefficients βj for the DEY > 1 kWh/m2 .day

Gtilt
Gtilt
Tamb
Tamb
Tnet 2
Tnet 2
Qnet 2
Tdhw
Tdhw
Vdhw
η0
UAHX,sol
mnom,prim
mnom,sec
lpipe
β0
r2
1
2

rel
abs
rel
abs
rel
abs
rel
rel
abs
rel

βj for DEY>1 kWh/m2 .day
TLN
DH COMBI DHW

Change caused by parameter x 1
TLN DH COMBI DHW

1.35
0.00
0.00
0.02
0.00
-0.01
0.05

40%
4%
0%
3%
0%
1%
2%

43%
4%
0%
3%
0%
1%

40%
3%
0%
0%
6%
0%

43%
2%
1%
0%
4%
0%

1.36
0.03
0.00
0.03
-0.04
0.00
0.98

1.67
0.00
0.00
0.02
0.00
-0.01

1.68
0.03
0.04
0.01
-0.02
0.00
0.96

1.45
0.00
0.00
0.02
0.00
0.00
0.02
0.02
0.00
0.03
1.45
0.17
0.02
-0.06
0.00
0.98

1.04
0.00
0.00
0.01

0.00
-0.01
0.09
1.04
0.03
0.03
0.00
-0.01
0.00
0.99

35%
3%
0%
5%
0%
0%
0%
0%
0%
0%
35%
12%
0%
0%
8%
0%

42%
5%
0%
3%
0%
0%
0%
0%
1%
2%
42%
3%
1%
0%
1%
0%

the percentage of the total change caused by parameter j for a scenario in which all parameters are changed by
σ (see 5)
For system COMBI ‘net’ is ‘sh’ (space heating)

(a)

(b)

Figure 5: Relative change in the daily energy yield (yid ) versus the with regression coefficients calculated one (ycalc,id )

for a simple linear calculation of an uncertainty marging around a simulated value. To see how ’good’ the fit
for the DEY > 1 is for the measured DEY > 3, ycalc,id for ’>3’ was calculated with the regression coefficients
of DEY>1. R2 values are still large and similar to those of DEY>1, so slightly lower than the R2 for DEY>3
(R2 TLN =0.97, R2 DH =0.96, R2 COMBI =0.98, R2 DHW =0.99).
4.2.3

Results Monte Carlo uncertainty analysis

A summary of the results of the Monto Carlo uncertainty analysis is presented in this section. In Figure
6a a probability plot of the results of 1000 1-day simulations for the DHW system is shown, it resembles a
normal distribution. Most of the probability plots for one day resemble this plot, except for days with very
low energy yield and those with stagnation. In Figure 6b the results of a day with stagnation for some of the
1000 simulations of system TLN are shown, the standard deviation is therefore much larger than otherwise
expected for this system-day combination. The mean daily energy yields and their standard deviations for the
daily energy yield classes for days without stagnation are shown in Table 7. Statistically 67 % of the daily
energy yields fall within µ ± σ, 95 % within µ ± 2σ and 99 % within µ ± 3σ. For fault detection one could, for
example, decide to use an error margin of 3 σ, for one day, or 2 σ for several days.

1767

(a) typical distribution result

(b) stagnation

Figure 6: Probability distribution plots of the Monte Carlo analysis for (a) system DHW 26 July and (b) system TLN 24 June with
stagnation for some of the trials
Table 7: Mean daily energy yields (kWh/m2 ) and standard deviations
TLN

4.3

DH

DEY

µ

σ

µ

σ

>1
0.1-1
1-2
2-3
>3

2.45
0.54
1.48
2.48
3.49

5.3%
9.6%
6.0%
5.2%
4.7%

2.44
0.54
1.51
2.51
3.50

6.1%
12.6%
7.2%
5.8%
5.2%

COMBI
µ
σ
2.21
0.54
1.46
2.45
3.42

5.5%
9.5%
6.1%
5.3%
4.9%

µ

DHW
σ

2.62
0.56
1.52
2.51
3.59

3.9%
6.8%
4.3%
3.9%
3.6%

Combination of results and simplification

The minimum and maximum uncertainties derived from the MinMax analysis are compared to the Monte
Carlo uncertainties. In theory this is not fully correct, since the probability densitity functions should not
be compared to single input values. The comparison shows that for non-stagnation days the minimum and
maximum uncertainty values are about 3.2 to 3.6 times larger than the standard deviation derived from the
Monte Carlo analysis (for scenario 1 and for the daily energy yield classes). A comparison for every day
shows similar values. This means that for our assumed probability density functions the minimum-maximum
values can be used as an approximate for the Monte Carlo derived uncertainty distribution. By using the
approximation that the mininum or maximum error margin is 3 σ, one would stay on the safe side with a slightly
larger σ value than derived in the MC analysis. These results may be different for other input probability density
functions.
Nevertheless, for a minimum-maximum simulation, 3 simulations are still necessary for the evaluation of an
uncertainty margin. With the regression coefficients (β) it is theoretically possible to calculate the uncertainty
margins directly, however, these coefficients differ per system. The calculation of the MinMax values with the
regression coefficients for the different DEY categories and systems results in an energy yield difference to the
MinMax simulations of ca. 5 %. The factors on which the regression coefficients of η 0 and Gtilt,rel depend have
T −T
been studied, to make it possible to directly state an uncertainty margin. Only ( f Gamb ) showed a correlation
with those factors, R2 was 0.74 for the correlation of the regression coefficients of all systems together for DEY
> 1 and for non-stagnation days. These factors determine between 80 and 90 % of the change. Other important
factors are Gtilt,abs , UAHX,sol , Tamb,rel and lpipe . The regression coefficients of lpipe are correlated with Tfl and
lpipe /Acf , for the others no correlations were found. The resulting equation to calculate the relative change in
the daily energy yield (ysimp,d ) for all systems, depending on the uncertainties of certain parameters is:
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⎛
⎞
lpipe
Tf − Tamb
Tf − Tamb
ysimp,d = 1.25 22 (
) zG + 22 (
) zη0 − (0.049 (
) + 0.00017Tf l ) zlpipe
G
G
Acol
⎝
⎠

(7)

The results of ysimp,d with the MinMax input uncertainties are compared against ∆Qsol of the MinMax simulations. ysimp,id is for most systems larger than the average of the absolute Min and Max uncertainty margins
(TLN: 4.4 %, DHW: 2.7 %, COMBI 1.5%), except for system DH (DH: -0.9 %). The number of days at which
ysimp,id is smaller than the average of the absolute Min and Max uncertainty margins differ per system (TLN:
4, DHW: 6, DH: 117, COMBI: 27). Concludingly, Equation 7 generates uncertainty values that are simular to
those calculated within the MinMax simulations. The calculated values are in general a bit larger, however, not
always, therefore use with care.

5.

Discussion and Conclusions

The aim of this paper was to determine the best way to determine TRNSYS simulation uncertainties for fault
detection approaches. Two methods were applied a relatively simple minimum-maximum approach and a
Monte Carlo Analysis, with which also regression parameters were derived allowing a simple uncertainty
calculation. All methods are not suitable on days with stagnation in the collector loop. A strict Monte Carlo
analysis is much too time-consuming for general application. The MinMax-approach yields absolute margins
that are about 3 to 4 times larger than the standard deviations of the Monte Carlo analysis, so these can be
used. The calculations based on general fitted regression coefficients lead to mainly good results, nevertheless,
should only be used after more research. There are a few weak points to all these analyses. First of all
the limitation to only measured input and simulation parameter uncertainties, leaves out intrinsic TRNSYS
uncertainties, as well as other smaller parameter uncertainties or other simulation settings. Secondly sometimes
there is lack of information to quantify the uncertainties and to assign a probability density function to those.
Nevertheless, even with these limitations the analysis is valuable since it quantifies the effect of measured input
and parametric uncertainties on the solar energy yield.

6.
A
Cp
G
l
ṁ
Q
Q̇
T
V
V̇

(m2 )
(kJ/K)
(W/m)2
(m)
(kg/h)
(W)
(○ C)
(m3 )
(l/h)

Area
Heat capacity
Irradiance
Length
Mass flow rate
Thermal energy yield
Heat flow
Temperature
Volume
Volume flow rate

Subscripts / Abbreviations
a
annual
amb ambient
aux auxiliary heating loop
bc
base case

Nomenclature
Greek characters
β
∆
η0
µ
Φ
σ

col
d
DEY
dhw
ext

(-)

(-)

regression coefficient
Increment, variation
Zero-loss efficiency
Sample mean
volume concentration
Standard deviation

collector
day/daily
daily energy yield category based on
specific solar energy yield of bc (kWh/m2 )
domestic hot water loop
external
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f
fsol
fl
h
HX
hyst
inp
insu
int
nom
net
p
pipe
prim

fluid (mean flow and return)
Qsol
solar fraction ( Qaux
)
+Qsol
flow
height
heat exchanger
hysteresis
input
insulation
internal
nominal
local or district heating net
parameter
pipe lines in solar heating loop
primary solar loop

sc
sec
sol
st
tilt
y

scenario
secondary loop
solar loop
store
in the tilted plane
∆Qsol

Systems
COMBI
DH
DHW
TLN

Combi
District heating
Domestic Hot Water
Two-line network
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Abstract
This paper describes a new approach to online forecasting of power output from solar thermal collectors.
The method is suited for online forecasting in many applications and in this paper it is applied to predict
hourly values of power from a standard single glazed large area flat plate collector. The method is applied for
horizons of up to 42 hours.
Solar heating systems naturally come with a hot water tank, which can be utilized for energy storage also
for other energy sources. Thereby such systems can become an important part of energy systems with a large
share of uncontrollable energy sources, such as wind power. In such a scenario online forecasting is a vital
tool for optimal control and utilization of solar heating systems.
The method is a two-step scheme, where first a non-linear model is applied to transform the solar power
into a stationary process, which then is forecasted with robust time-adaptive linear models. The approach is
similar to the one by Bacher et al. (2009), but contains additional effects due to differences between solar
thermal collectors and photovoltaics. Numerical weather predictions provided by Danish Meteorological
Institute are used as input. The applied models adapt over time enabling tracking of changes in the system
and in the surrounding conditions, such as decreasing performance due to wear and dirt, and seasonal changes
such as leaves on trees. This furthermore facilitates remote monitoring and check of the system.

1

Introduction

Forecasting of energy production is vital for optimization of energy systems which include wind and solar
energy production. This paper describes an approach to online forecasting of power production from solar
thermal collectors. In Denmark the level of wind power penetration already now gives periods with a surplus
of energy and facilities to absorb this energy are needed. Solar heating systems with a hot water tank and
auxiliary electrical heating can provide energy storage, which can facilitate absorption of wind energy and
peak shaving, especially for levelling out diurnal energy consumption. The method is planned to be part of
the control system for such heating systems (Perers et al., 2011). The study is carried out with climate data
observed at a weather station at Danish Technical University. From this data, simulated hourly average values
of solar thermal power is generated with a very detailed simulation model. Furthermore numerical weather
predictions (NWPs) provided by Danish Meteorological Institute data is used. The forecasting method is a
two-step scheme, where first a statistical clear sky model is applied to transform the solar power into a more
stationary process, which then is forecasted with robust time-adaptive linear models. The NWPs are used as
input to conditional parametric time-adaptive models to forecast the solar power. These forecasts are then
transformed with the clear sky model, such that they can be applied as inputs to the linear forecasting models.
Finally, a combined model, which is the most optimal for all horizons, is formed.
The paper is organized as follows. First the data and how it is preprocessed is described in a section.
The next section contains an outline of the clear sky model, and this is followed by a section where all the
forecasting models are described. Then an evaluation is given and the results are presented, each in a section.
The second last section contains a discussion of the results and ideas for further work, and finally, the paper
ends with a conclusion.
2

Data

The forecasting method is applied on simulated solar output power data for a flat plate collector carefully tested
and modelled at DTU. A validated collector model and longterm climate data from the DTU Byg climate
station was used to create realistic operating data for a solar collector during the year. The simulation model
and weather data was introduced in TRNSYS 16 and the collector output power was calculated as hourly mean
values. The simulation model is dynamic, such that dynamical effects - introduced when the collector starts
and stops and during rapidly varying solar radiation conditions - are modelled.
In this study all time series are hourly average values and all units are implicitly per hour. Time points
W
are set to the end of their respective sample period and all are in UTC. The units for radiation are m
2 and for
◦
temperatures C.
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Figure 1: The observed solar power for each hour of the day. The grayed area shows the periods not included in the
modelling. The curve following the highest values of solar power is the estimated clear sky power, which is referred to in
later parts of the paper.

2.1

Solar power

The simulated solar power time series is plotted for each hour of the day in Figure 1. A few short periods are
with missing values.
2.2

Numerical weather predictions

The numerical weather predictions (NWPs) used in the study are provided by Danish Meteorological Institute.
The NWP model is DMI-HIRLAM-S05, which has a 5 kilometer grid and 40 vertical layers (Danish Meteorological Institute, 2011). NWPs are updated every 6’th hour and are up to a 48 hours horizon. They consist
of hourly predictions of ambient temperature, and horizontal direct- and diffuse solar radiation. A couple of
the considered forecasting models use the global radiation as input, which is simply the direct and the diffuse
radiation summed. The scatter plots in Figure 2 shows the solar power versus the NWPs for a 24 hour horizon.
Clearly, the solar power is highly correlated with both the global and direct radiation, whereas the effect of
diffuse and ambient temperature are not as apparent.
2.3

Pre-processing

On most locations on earth the solar radiation is zero at night time, hence the observed solar power is also zero.
For the current dataset only periods, for a given hour of the day longer than 40 days in which the solar power
is different from zero, are included. This is illustrated in Figure 1, where the non-included periods are grayed
out. Furthermore a few short periods are missing from the observations. The time series of hourly observed
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Figure 2: The observed solar power versus the NWPs for k = 24, which are used as inputs to forecasting models.

solar power spanning the period from 2009-01-01 to 2010-07-01 is
(1)

{Pt ; t = 1, . . . , N }

where N = 13104. The NWPs have a calculation time of 4 hours, which is taken into consideration, such
that e.g. the forecast from 2009-01-01 00:00 are only available from 2009-01-01 04:00. The NWPs are preprocessed into time series of hourly values, such that the most recent available forecast k hours ahead is selected
each hour. The time series are for a given k: the direct radiation
n
o
Gb,nwp
;
t
=
1,
.
.
.
,
N
(2)
t+k|t
the diffuse radiation
n
o
d,nwp
Gt+k|t
; t = 1, . . . , N

(3)

and the ambient temperature
n
o
a,nwp
Tt+k|t
; t = 1, . . . , N

(4)

Due to the 6 hours interval the NWPs for horizons longer than 42 hours are not complete and therefore the
solar power forecasting are only carried out up to 42 hours.
3

Clear sky model

For effective forecasting with classical linear time series methods stationarity of the process is required (Madsen, 2007). The process that generates the solar power is not stationary, which is seen by plotting quantiles
of the distribution of solar power conditioned on the time of day. Such a plot is shown in Figure 3. Clearly
the distribution of solar power is not independent of the time of day. The dependency can be removed by a
transformation with a clear sky model
τt =

Pt
Ptcs

(5)

where Pt is the observed solar power, Ptcs is the estimated clear sky solar power, and τt is the transformed solar
power.
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Figure 3: The 0, 2%, ..., 100% quantiles of the distribution of the solar power and the transformed solar power conditioned
on the time of day. Values above 1.5 has been clipped, which was the case for 17 values.

3.1

Statistically estimated clear sky solar power

The clear sky solar power is estimated with a statistical non-linear and adaptive model. Quantile regression
locally weighted in the day of year and time of day dimension is applied. In the present study this is carried
out fully causal. The clear sky model is
Ptcs = q0.99 (P1 , P2 , . . . , Pt , ht , htod , hy )

(6)

where q0.99 is the 99% quantile of all the solar power values up to t. The bandwidths ht , htod , and hy , are in
the time-, time of day-, and year-dimension, respectively. The bandwidths control how “locally” the model is
fitted, i.e. a lower bandwidth puts more emphasis on data which is close in time. The local weighting function
is an Epanechnikov kernel. The applied bandwidths are
ht = 120 days, htod = 2 hours, hy = 1.7 years

(7)

which were found by visual inspection of the fitted clear sky curve. Finally, it is noted that second-order
polynomials were applied in the time- and time of day-dimension to include curvature into the model. The
estimate of the clear sky solar power is shown in Figure 1. From the plot it is seen that it follows the highest
values of solar power quite well. Clearly, the clear sky power is most easily carried out in the periods with a
high level of solar power. One advantage of the transformation is that it will automatically adapt to changes
in the system, such as degraded performance or changes in the surroundings e.g. snow cover and shadowing
effects. It can as well be used for monitoring of the solar system, since degraded performance from the same
time of year will result in a lower clear sky solar power curve. Quantile plots of the transformed solar power
conditioned on the time of day are shown in Figure 3, from which it is seen that the transformed solar power
process is considerably less depend end of the time of day and therefore a much more stationary process. It is
noted that further work could include physical considerations e.g. by using the air mass as an input.
4

Forecasting models

In this section a description of the applied forecasting models is given. The models can be divided into models
without NWPs as input - autoregressive (AR) models - and models with NWPs as input: conditional parametric
(CP) and autoregressive with exogenous inputs (ARX) models. Each model is fitted seperately for each horizon,
such that the same model structure is used, but the parameters are estimated separately for each horizon. In the
final model, a combination of models are used to achieve the most optimal performance for all horizon.
4.1

Reference model

To compare the performance of prediction models, and especially when making comparisons between different
studies, a common reference model is essential. The reference model for solar power used in this study is the
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best performing naive predictor for a given horizon. Two naive predictors of solar power are found to be
relevant. Persistence
pt+k|t = pt + et+k ,

(8)

and diurnal persistence
pt+k|t = pt−s(k) + et+k
s(k) = fspd + k mod fspd

(9)
(10)

where fspd = 24 is the sample frequency in number of samples per day and s(k) ensures that the latest diurnal
observation is used, i.e. the value which, depending on the horizon, is either 24 or 48 hours before the time
point that is to be forecasted.
4.2

Autoregressive models

Autoregressive (AR) models are applied to forecast the transformed solar power. These models can include
either the latest available observation or the latest available diurnal observation, or both, as input. The models
are fitted with k-step recursive least squares with forgetting factor (Bacher et al., 2009). The model formulated
as a k-step AR model
τt+k|t = m + a1 τt + a24 τt−s(k) + et+k
s(k) = 24 + k mod 24

(11)
(12)

where the function s(k) ensures that the latest observation of the diurnal component is included. It was found
that depending on the horizon better performance was achieved by only using one input. Thus for short horizons
(1 and 2 hours) the model without the diurnal component
τt+k|t = m + a1 τt + et+k

(13)

was found to have the best performance, it is denoted AR1, and for longer horizons the model with only the
diurnal component
τt+k|t = m + a24 τt−s(k) + et+k

(14)

was found to have the best performance, it is denoted ARDiurnal.
4.3

Conditional parametric models with NWPs as input

Models based on NWPs of solar radiation and ambient temperature are described in this section. It is known
from physics (Perers, 1997) that the power output of a solar collector can be described by


To + Ti
− Ta
P = F 0 (τ α)en Kτ αb (θ)Gb,col + F 0 (τ α)en Kτ αd Gd,col − F 0 U0
(15)
2
where the Gb,col and Gd,col are respectively direct and diffuse solar radiation normal to the collector plane.
This is formed into a forecasting model based on NWPs by rewriting as follows. First, both the the angle of
incidence modifier Kτ αb (θ) and the transformation of solar radiation from horizontal to the collector plane are
modelled by letting the coefficients - for the radiation effects - become a function of time t and time of day
ttod . Furthermore, assuming that the outlet temperature is a function of the solar radiation
To = fb (Gb,col ) + fd (Gd,col )

(16)

this give the total effect of direct radiation as a non-linear function
1
a(t, ttod , Gb , Gd )Gb = F 0 (τ α)en Kτ αb (θ)Gb,col + F 0 U0 fb (Gb,col )
2

(17)

and for the diffuse radiation
1
b(t, ttod , Gb , Gd )Gd = F 0 (τ α)en Kτ αd Gb,col + F 0 U0 fd (Gd,col )
2

(18)
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Finally, the effect of the ambient temperature is kept as
cTa = F 0 U0 Ta

(19)

and by assuming a constant inlet temperature this part becomes a constant effect
m = F 0 U0

Ti
2

(20)

Thus the CP model structure used for forecasting is
P = m + a(t, ttod , Gb , Gd )Gb + b(t, ttod , Gb , Gd )Gd + cTa

(21)

Since the time-dependency and non-linearity are smooth functions in the parameters, it is modelled with conditional parametric (CP) models. The time varying effect is modelled by conditioning on t and ttod - this
is equivalent of a local constant effect - and the dependency of the radiation is modelled with 1-order local
polynomials. A kernel method is applied, using a nearest neighbor approach to find the bandwidth of an
Epanechnikov weighting function. From Equation (15) it is seen that the output can be negative if little radiation hits the collector and the ambient temperature is low. In this case the output is zero since the system stops.
This effect can be seen on the plot in Figure 2. It is handled by the non-linearity of the models and by setting
negative forecasts to zero.
The simplest considered conditional parametric model is


nwp
Pt+k = m + a t, ttod , Gnwp
(22)
t+k|t Gt+k|t + et+k
where Gnwp
t+k|t is the k-hour NWP of global radiation and denoted as CP1 in the following. This second CP
model has NWPs of direct and the diffuse radiation as inputs




d,nwp
b,nwp
b,nwp
d,nwp
d,nwp
Pt+k = m + a t, ttod , Gb,nwp
,
G
G
+
b
t,
t
,
G
,
G
(23)
tod
t+k|t
t+k|t
t+k|t
t+k|t
t+k|t Gt+k|t + et+k

d,nwp
where Gb,nwp
t+k|t is the k-hour NWP of direct radiation and Gt+k|t is the k-hour NWP of diffuse radiation, and
denoted as CP2. Finally the model is expanded with NWPs of ambient temperature




d,nwp
b,nwp
b,nwp
d,nwp
d,nwp
Pt+k = m + a t, ttod , Gb,nwp
(24)
t+k|t , Gt+k|t Gt+k|t + b t, ttod , Gt+k|t , Gt+k|t Gt+k|t


a,nwp
+ c t, ttod Tt+k|t
+ et+k
(25)

a,nwp
where Tt+k|t
is the k-hour NWPs of the ambient temperature and the model is denoted as CP3.
In the following
the coefficients dependency
of the time of day is elaborated on. Plots of the fitted forecast

d,nwp
ing function a t, ttod , Gb,nwp
,
G
are
shown
in Figure 4. It is seen how the slope of the function is lower
t+k|t
t+k|t
in the morning, than in the middle of the day. This is naturally caused by the higher angle of incidence in the
morning, which cause less horizontal radiation to be absorbed due to reflection. Likewise for the afternoon.
Finally, non-linearity in the fit is seen, which is caused by the non-negativity of the solar power (mentioned
above) and varying uncertainty of the NWPs.

4.4

Autoregressive model with exogenous input

The AR model is be expanded to include the forecast of the CP models, thus combining information in past
observed solar power and NWPs. The solar power forecasts from the CP is transformed with the clear sky
model by
nwp
τ̂t+k|t
=

nwp
P̂t+k|t
cs
Pt−s(k)

s(k) = fspd + k mod fspd

(26)
(27)

where fspd = 24 is the sample frequency in number of samples per day. This is applied as an input to the ARX
model
nwp
τt+k|t = m + a1 τt + a24 τt−s(k) + b1 τt+k|t
+ et+k
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(28)
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Figure 4: Examples of the function fitted for forecasting of the effect of direct radiation at different times of the day the 1’th
of May 2010 with the CP2 model. For each observation the size of circle indicates the weighting of the observation in the CP
models. Thus observations with a larger circle have more influence on the fitted function.

Again, as for the AR models, different performance is found depending on the horizon. The ARX1 model is
best for short horizons
nwp
τt+k|t = m + a1 τt + b1 τt+k|t
+ et+k

(29)

ARXDiurnal for horizons up to 24 hours
nwp
τt+k|t = m + a24 τt−s(k) + b1 τt+k|t
+ et+k

(30)

and ARX
nwp
τt+k|t = m + b1 τt+k|t
+ et+k

(31)

for longer horizons.
4.5

Combined model

The final model is a combination of the previously described models. The model is denoted ARXCombined.
First, missing values in forecasts from ARX1 are replaced with forecast values from ARXDiurnal. These
missing values are in the morning, since they were tried to be forecasted based on night values, which are zero.
For horizons longer than 30 hours forecasts from ARX are used. Finally, any remaining missing values - which
are only where the diurnal lag was not present for ARXDiurnal - are replaced with forecasted values from CP2.
5

Evaluation

The methods used for evaluating the prediction models are inspired by Madsen et al. (2005). They suggest
a framework for evaluation of wind power forecasting. The clear sky model, RLS, and CP fitting do not use
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any degrees of freedom and the dataset is therefore not divided into a training set and a test set. It is only for
the optimization of the kernel bandwidths and the forgetting factor that the entire dataset is used. The period
before 2009-03-15 is considered as a burn-in period and are not used when calculating the error measures.
5.1

Error measures

The Root Mean Square Error for the k’th horizon is
N
1 X 2
e
N t=1 t+k

RMSE k =

! 12

(32)

where et+k is k-hourly prediction error. The RMSE k is used as the main evaluation criterion (EC) for the
performance of the models. The Normalized Root Mean Square Error is found by
NRMSE k =

RMSE k
pmax

(33)

where pmax is the maximum observed solar power output. The mean value of the RMSE k for a range of
horizons
RMSE kstart ,kend =

1
kend − kstart + 1

k
end
X

RMSE k

(34)

k=kstart

is used as a summary error measure. When comparing the performance of two models the improvement
IEC = 100 ·

EC ref − EC
(%)
EC ref =

(35)

is used, where EC is the considered evaluation criterion. When calculating the error measures it is important
to consider how to handle missing values for the solar power forecasts. The problem is handled by replacing
missing forecast values with forecast values from the reference model Ref.
5.2

Completeness

In order to evaluate a model for its performance regarding missing forecast values a measure is defined, it is
denoted completeness. The completeness of a forecast for horizon k, is the ratio of the total sum of solar power
and the summed solar power for time points where the forecasts are not missing

PN
t=1 Pt I P̂t|t−k
Ck =
(36)
PN
t=1 Pt

where I() is the indicator function which is 0 if P̂t|t−k is missing, and 1 if not. Only the included values are
used, i.e. not night values.
6

Results

In this section the results are presented and evaluated. The RMSE kstart ,kend improvement for relevant ranges
of horizons are listed in Table 1. For selected models the RMSE k is shown in the upper plot of Figure 5 and
the completeness in the lower.
Considering the improvements it is seen that most of the models perform very well on either the short
horizons or the longer horizons. Starting with short horizons (1 to 2 hours), the AR1 and ARX1 are clearly
superior, which is due to their inclusion of the most present autoregressive lag. Their performance on longer
horizons are not good. The reason for this is found by considering the plot of RMSE k and completeness. Here
it is seen that the completeness of AR1 and ARX1 drops really quickly as the horizon increase, which cause
the RMSE k to increase and reach the reference model at the 10 hours horizon. This is simply due to missing
forecast values, since for e.g. the 10 to 14 hours horizons the models use night values (which are missing) to
forecast day values with.
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Figure 5: The upper plot is RMSE k for the forecasting models. On the right side the NRMSE k is indicated. The lower
plot is completeness Ck .

For horizons longer than three hours the best performance is seen for the models, that doesn’t include the
most present AR lag. The ARDiurnal is a clear improvement from the AR1, and the CP and ARX models which include the NWPs - are superior for these horizons. An improved performance is found from CP1 to
CP2 mainly for 3 to 24 hours horizons, whereas no clear increase in improvement is found from CP2 to CP3.
The CP models are slightly improved by using them as input to the ARX models, since autocorrelation of the
errors are modelled.
Finally, the combined model ARXCombined utilizes the best parts of: ARX1, ARX, ARXDiurnal, and CP2.
Especially the replacement of missing forecast values improves the performance for horizons up to 5 hours.
The completeness of the combined model is as high as any of the others.
7

Discussion and applications

This section contains a short discussion of the results and ideas for further work, and ends with an outline of
applications.
Considering the improvement achieved over the reference model the forecasting method is found to perform
very well. Clearly the quality of the NWPs of solar radiation is the most influential source of error, hence
improved NWPs will improve the forecasting performance. Regarding improvement of the forecasting models,
the following are considered:
Table 1: Improvements in percent for selected ranges of horizons.

Model
AR1
ARDiurnal
CP1
CP2
CP3
ARX
ARX1
ARXDiurnal
ARXCombined

IRMSE 1 ,2

IRMSE 3 ,24

IRMSE 25 ,42

IRMSE 1 ,42

30.8
-10.7
13.5
16.2
15.5
17.1
34.4
17.8
39.3

7.1
15
30
31.4
31.6
32
11.6
32.4
33.3

6.1
18
30.6
30.9
30.8
31.3
8.7
30.5
31.5

7.8
15.1
29.5
30.5
30.5
31
11.4
30.9
32.8
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• A thorough evaluation of the forecast errors to clarify how the models can be improved.
• Optimization of forgetting factor of the RLS has not been carried out, this will improve the performance
of the AR and ARX models.
• Application of regime models to handle different aspects of forecasting for low and high radiation values.
• More optimal ways to combine the models. Utilizing a linear combination instead of the simple replacement currently carried out.
• It might be possible improve performance by including a third-stage, where modelling of the errors are
carried out.
The applications for this type of solar thermal power forecasting counts the integration of solar thermal
energy systems with auxiliary electrical heating into smart grid systems (Perers et al., 2011). The solar power
forecasts will be used for model predictive control to optimize the operation of the system. Other applications
include optimal control of large solar heating plants.
The method is furthermore well suited for monitoring the performance of solar thermal systems. Measures
of the performance can be derived from the CP models, with which systems can be compared on an absolute
scale. Sudden high deviation from the CP forecasting model will allow for very fast detection of failures in the
system. For an individual system the change in performance over time can also be assessed by monitoring the
clear sky curve for unusual behavior, and compare the change from year to year.
8

Conclusion

A method for forecasting of solar thermal power output is presented. It is applied to forecast hourly values
for horizons up to 42 hours. The method is based on a two-stage approach, where first the solar power is
normalized with a statistical clear-sky model, and secondly forecasted with time-adaptive linear time series
models. Both models without and with NWPs of solar radiation and ambient temperature are considered. The
NWPs are included by using non-linear conditional parametric models, which are formed from prior physical
knowledge. The forecast models which do not use NWPs achieve an improvement on short horizons (1 to 2
hours) in average 30% over a persistence reference model, and in average 15% on horizons up to 42 hours.
Applying the NWPs an improvement around 39 % is achieved in average for short horizons and around 32%
in average for longer horizons. The method can furthermore be applied to monitor and check the performance
of solar thermal collectors.
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Nomenclature

Pt
Ptcs
τt



Hourly solar thermal power, W/m2 .


Estimated clear sky solar power, W/m2 .
Normalized solar power.

t

Time index, [h].

k

Forecast horizon index, [h].

ttod

Time of day.

F 0 (τ α)en

Zero loss efficiency of collector for direct radiation at normal incidence

Kτ αb (θ)

Incidence angle modifier for direct radiation

Kτ αd
F 0U

0

Gnwp
t+k|t
Gb,nwp
t+k|t
Gd,nwp
t+k|t
a,nwp
Tt+k|t

Incidence angle modifier for diffuse radiation


Heat loss coefficient at (Ta − Tf ) = 0, W/(m2 K) .


NWP of global radiation, W/m2 .


NWP of direct solar radiation, W/m2 .


NWP of diffuse solar radiation, W/m2 .

nwp
P̂t+k|t

NWP of ambient temperature, [◦ C].


k-hour prediction of solar power, W/m2 .

τ̂t+k|t

k-hour prediction of normalized solar power.

et+k

k-step prediction error.
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Abstract
While measuring the temperature of a fluid such as air or water which is exposed to solar radiation, the
temperature measuring device, such as a thermocouple, should be shielded from incident irradiance. The
probe should be well ventilated in order to increase heat transfer by convection and thus get a reading closer
to the true temperature. The popular Stevenson screen which is used for meteorological air temperature
measurement consists of a cage with horizontal louvers. This makes it too bulky to use in enclosures such as
solar collectors. In this study, various shields have been analysed under laboratory conditions using a
halogen lamp as a source of infrared radiation.
The standard on Guidance for Solar Radiation Testing (60068-2-9:2000) suggests to use a thermocouple
freely mounted in a radiation shield comprising a cupro-nickel tube. However experimental results show that
the thermocouple reading resulted in 9°C higher than the true air temperature. Other radiation shields
consisting of white vertical PVC tubes, varying in length and diameter, resulted in a temperature increase of
3-5°C. The closest temperature reading was achieved by using a longitudinally slit tube as the radiation
screen. This resulted in a discrepancy of around 1-3°C higher than the true temperature. It was observed that
the difference between the true temperature and the reading from the shielded thermocouple decreases with
increasing both length and diameter of the slit tube.

1. Introduction
Temperature measuring devices exchange heat via the main three modes of heat transfer, namely conduction,
convection and radiation, to reach thermal equilibrium with the medium being investigated. When thermal
equilibrium is reached, the temperature of the probe and that of the surrounding fluid or material are similar,
(ideally identical). However, in the presence of thermal radiation, the sensing tip of a temperature measuring
device never reaches thermal equilibrium. This results in the thermocouple reading higher values than the
true fluid temperature.
In order to measure the ambient air temperature, the measuring instrument in meteorological data acquisition
systems, needs to be shielded from solar radiation. The Stevenson Screen, developed in 1864, comprises
horizontal louvers to enhance ventilation as shown in Figure 1 (Erell et al., 2003). As wind flows through the
cage, convective heat transfer from the instrument is enhanced and the difference between the temperature of
the device and the true ambient temperature is minimised, giving a more accurate reading.
However, to measure the air temperature inside solar thermal units, the Stevenson configuration is too
cumbersome to install. The naturally induced convection currents due to the buoyancy effect in such
applications are in the vertical direction. Since the louvers in the Stevenson cage are horizontal, naturally
induced convention currents are suppressed. The World Meteorological Organization (WMO) suggests to
apply forced ventilation when the microclimate inside the screen differs from the surrounding conditions in
ambient temperature measurements (WMO, 2008). However, forced convection in radiation shields installed
inside solar thermal applications alters the macro mechanism of the application itself and thus cannot be
used.
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Figure 1: Cross-sectional view of a Stevenson Screen (Campbell, 2010)

The WMO recommends a highly polished metal radiation screen so that the solar absorptivity is kept low.
However where the temperature measuring system relies on natural ventilation, thermally insulating material
is suggested (WMO, 2008). The size and construction of the screen should be kept small in order to keep the
thermal capacity low. On the other hand the British Standard on solar radiation testing published in 2000 had
suggested using a thermocouple freely mounted in a white painted cupro-nickel tube (15mm diameter and
70mm long) surmounted by a spaced metal hood (BS, 2000). The standard published in 2000 has been
superseded by a newer version published in June 2011 (BS, 2011). The latter recommends to adequately
shielding temperature sensors from radiation; however the details about the shield design mentioned in the
2000 standard have been omitted.

2. Method
Various radiation shields have been designed, manufactured and tested. The design of the shields and the
experimental procedures shall be described.

2.1 Radiation Shields

2.1.1 Copper Shields

As suggested by the British Standard (BS, 2000) a shield comprising a 70mm long copper pipe (ø15) was
designed. The upper part of the pipe was cut so as to leave four 1mm wide, 10mm long protruding struts as
shown in Figure 2. The circumferential 10mm gap at the top of the pipe was intended to enhance ventilation
in the vertical direction. A circular disc made of copper was brazed to the struts to act as a hood and prevent
irradiative exposure of the inner surface of the tube. The diameter of the hood, Dhood was calculated so as to
shade the pipe for solar altitudes greater than 25° to the horizontal. For a 10mm gap, the minimum diameter
was found to be 60mm. However this resulted in a horizontal plate thermally connected to the copper pipe.
When exposed to solar irradiance, although painted white, the hood would act as an absorber, increasing the
temperature of the whole shield.
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In order to minimise both solar absorption and thermal capacity of the shield, the diameter of the hood was
reduced to 20mm, and the length of the pipe, L, to 40mm. In order to increase heat transfer by convection, a
slit in the pipe was cut. When used in solar applications, such a shield has to be installed with the slit facing
north to make sure that both the inner surface of the pipe and the thermocouple are not exposed to solar
irradiance.

Figure 2: Copper Radiation Shields

2.1.2 Polymer Shields
In order to further reduce the thermal capacity of the shield and abide by the suggestions of the WMO, a
radiation shield made out of white UV stabilised polyvinyl chloride (PVC) was designed, as depicted in
Figure 3. The slit aperture was increased to 110°. In summer in Malta (latitude = 36°N), the sun covers 240°
azimuthally. Therefore, an aperture of 110° ensures that that the suspended thermocouple is always shielded
from radiation. The horizontal hood described above, was replaced by a spaced aluminium foil cone cover.
The space between the pipe and the cone cover enhances vertical convection. The PVC pipe was suspended
from two small holes drilled in the PVC pipe. A fine wire was passed through the same hole used for the
thermocouple.
Various PVC shields of different diameter D (20-50mm), and Length L (40, 100mm), were manufactured in
order to analyse the effect of the varying dimensions.
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(a)

(b)

Figure 3: PVC Radiation Shields
(a) Front View of Full Pipe PVC Radiation Shield (b) 3D View of PVC shield with slit aperture

2.2 Experimental Procedure

The setup shown in Figure 1 was installed. A 35W halogen lamp was used as a source of thermal radiation.
The lamp was installed in a copper pipe made out of a rolled copper sheet of 0.1mm thickness. The inside
surface of the pipe was painted white in order to increase the reflectivity (72%) and thus minimise the
thermal absorptivity and heat gain from the lamp. The outside surface was highly polished in order to reduce
the thermal emissivity (3%) and the heat transfer by radiation from the lamp copper shield. The whole
experimental setup was installed on a bench covered by a black textile material in order to minimise the
reflectivity from the bench to the thermocouples.
Type T – Class 1 thermocouples with an accuracy of ±0.5°C were used. One thermocouple was used to
measure ambient air temperature, T1. Another one was freely suspended in a radiation shield in order to
measure the temperature of the air, T3 heated by thermal radiation but shielded from direct radiation from the
lamp. The thermocouple wire was inserted in the shield such that thermocouple bead was at the centre of the
shield as depicted in Figure 2 and Figure 3. The distance between the halogen lamp and the radiation shield
was kept constant in order to keep the radiation incident on the shields constant. A fine wire mesh was used
so that when the radiation shield was changed, the setup was installed at the same location relative to the
lamp.
As the air molecules in front of the lamp were radiated, the air density decreased due to the increase in
temperature and so an upward convection current was induced. The third thermocouple was installed above
the radiation shield setup at a point which was not radiated by the lamp. This temperature reading, T2, was
considered to be the closest to the true air temperature. The thermocouples were connected to a datalogger
which was programmed to take record readings every two seconds.
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Figure 4: Schematic diagram of the experimental setup

The experiment was repeated for the cases tabulated in Table 1.
Table 1: List of different radiation shields

Case
Number

Description

1

Exposed brown thermocouple

2

Exposed white thermocouple

3

Brown thermocouple in white painted copper pipe (L = 40, 70mm, Dhood = 60mm)

4

Brown thermocouple in white painted copper pipe (L = 40mm, ø Dhood = 20mm)

5

Brown thermocouple in white painted copper pipe with slit (L = 40, 70mm, D hood = 20mm)

6

Brown thermocouple in full white PVC pipe (L = 40, 100mm, ø 20-50mm)

7

Brown thermocouple in white PVC pipe with slit (L = 40, 100mm, ø 20-50mm)

8

White thermocouple in white PVC pipe with slit (L = 40, 100mm, ø 20-50mm)

Once a different shield was setup the system was allowed to reach thermal equilibrium. The temperatures
mentioned above were measured for thirty minutes. All the doors and windows in the room were closed to
ensure that there were no forced convection currents. The temperature differences for the different setups are
shown and discussed in the sections below.
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3. Uncertainty Analysis

Since for each case, hundreds of temperature readings were recorded, the experiment is considerer to be a
multiple measurement experiment.

Let

T  T3  T2

(eq. 1)

For a multiple measurement experiment (Holman, 2001):
2

2

 T 
 T 
2
2
T  
  T3  
  T2
 T2 
 T3 

(eq. 2)

Where  T is the estimated uncertainty in T .
Since the expected error from Class 1 – Type T thermocouples is 0.5°C, εT = 0.71 °C. For each set of
readings, it was made sure that the standard deviation of T was less than one third of 0.71 (0.24) to ensure
that 99.6% of the values lie within experimental error limits.

4. Results

For each radiation shield a graph similar to Graph 1 was plotted. The temperature difference was calculated
and plotted as shown. The followed profile was the same in all cases but only one example is shown here.
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Graph 1: Temperature measurements for Case 7 with L= 100mm, ø 50mm

The average temperature differences for various shields are plotted in Graph 2 below. Reference is made to
Table 1.
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Graph 2: Average temperature difference for different radiation shields

Since lower temperature differences were achieved when using PVC shields, the dimensions of the pipe were
varied (Case numbers 6-8). The resulting temperature differences are shown in the graphs below.
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Graph 3: Average temperature difference for Case 6 with L = 40, 100mm, ø 20-50mm
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Graph 4: Average temperature difference for Case 7 with L = 40, 100mm, ø 20-50mm
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Graph 5: Average temperature difference for Case 8 with L = 40, 100mm, ø 20-50mm

5. Discussion
From a typical specification sheet of a Stevenson cage (Campbell, 2010), one could note that manufacturers
specify that for small radiation shields, at high solar radiation and wind speed less than 1m/s, the temperature
reading could be higher by 0.75°C. In the cases in which shields similar to those described in this paper are
used, the velocity of the naturally induced convection currents could be less than that. Also, in order not to be
too cumbersome, the shields have to be small.
It is evident from Graph 1 that the reading from the shielded thermocouple T 3 is always higher than the
reading from the thermocouple above the setup T 2. This shows that the radiation shield which is exposed to
radiation, transfers heat mainly by convection to the thermocouple inside it. Another point to note from the
same graph is the fact that, as expected, the temperature above the setup is higher than the ambient
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temperature T1 inside the room. This shows that the air under thermal radiation was being heated up. Thus,
taking T2 as the datum to find the temperature rise inside the shield was a better approximation than the
ambient temperature.
The copper shield suggested in the British standard resulted in a temperature difference of over 7°C. The
highest temperature rise of 8.9°C, observed when using a copper pipe (L70mm, ø15mm) surmounted by a
spaced hood (ø60mm) as shown in Shield 1 of Graph 2. Reducing the diameter of the hood to 20mm (Shield
3) resulted in a temperature difference decrease of over 16% to 7.4°C. This shows that when the absorbed
radiation was reduced by reducing the projected area of the shield, the temperature rise also decreased. The
main disadvantage of such a small hood when used to shield solar radiation is that for low angles of solar
altitude, the inner surface of the pipe would be exposed directly to irradiation. This would lead to a higher
temperature rise and so such a shield is not recommended. Absorbed radiation was further reduced by
reducing the length of the shield from 70 to 40mm (Shield 2). However the reduction in the average
temperature difference recorded when using this shield was negligible, as shown in the graph.
To enhance ventilation a longitudinal slit was cut in the pipe as depicted in Figure 2. When comparing Shield
3 with Shield 5 (the difference between the two is only the slit cut in shield 5), one can note that there was a
reduction of 13% in the temperature rise. This shows that the temperature reading from the thermocouple in
shield 5 was closer to the true temperature. However with a temperature difference of over 6°C, using such a
shield, the setup was still unacceptable for measuring the temperature in solar thermal applications.
When an exposed thermocouple was tested, the average temperature rise due to direct exposure to radiation
was of 5.2°C. The copper and constantan wires were soldered, which resulted in a silvery reflective bead.
However, the Seebeck effect which is used to generate a voltage in thermocouples does not take place only at
the point where dissimilar materials are connected (Recktenwald, 2010). A change in temperature along the
thermocouple wires generates a potential difference. Since the absorptivity of the outer sheath of a Type T
thermocouple, which is colour-coded brown according to the IEC, is not low, the change in temperature in
the irradiated part of the wire was significant. Adding to this, the whole thermocouple was heated since the
absorbed radiation was conducted through the metal leads of the wire itself. In order to reduce the
absorptivity, both the thermocouple wire and bead were painted white using enamel paint. Although the layer
of paint acts as an insulator, in the case where it was exposed to radiation, the temperature rise was reduced
to 4°C; a 23% reduction when compared to the exposed brown thermocouple.
Graphs 3-5 show the results when using PVC shields. The results when using a full white PVC pipe are
shown in Graph 3. Using a PVC shield resulted in a much lower error in the reading. The highest
temperature difference recorded was of 4.5°C, which is 50% less than that achieved when using shield 1. It is
clear that the longer pipe resulted in closer readings. Adding to this, as the diameter was increased from 20 to
50mm, the temperature difference decreased by over 35% from 4.5 to 2.9°C. For the shorter pipe, the
temperature difference was not sensitive to change in diameter. The same trend could also be observed in
Graph 4 and Graph 5. Vertically installed shields experience the stack effect in which the air inside the pipe
is heated by radiation incident on the wall. As the temperature increases, the air density decreases and creates
a pressure difference along the vertical axis of the pipe. This in turn creates convection currents, and thus the
air within the pipe is changed continuously. Although by increasing the diameter, the absorbed radiation is
increased, the stack effect is enhanced. Furthermore, the pressure drop for pipes with larger diameter is
decreased, and so the vertically induced convection currents are not restrained. The currents enhance heat
transfer by convection, a primary requirement in radiation shield design. This effect causes the temperature
of the air within the pipe to be closer to the true air temperature. When the pipe used was small (both in
length and diameter), the temperature difference was higher since the pressure difference induced across the
pipe was low and having a smaller cross-sectional area, ventilation was suppressed.
To further increase convective heat transfer, the pipe was cut resulting in a shield consisting of an open
vertical circular channel as shown in Figure 3b. The aperture angle of 110° was designed to make sure that
solar irradiance never falls on the inner surface of the pipe. Similar to the previous shield, the lowest
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temperature difference achieved when using the open pipe was reached by the larger pipe. The temperature
reading recorded when using the open pipe shield (L=100mm, ø50mm) was closer by a further 50% when
compared to the full pipe having the same dimensions.
The thermocouple inside the open pipe was then painted white in order to reduce its absorptivity. The
emissivity of a white surface (90%) is much higher than that of polished copper (3%). The thermocouple was
painted white to reduce the heat transfer by radiation from the inner surface of the pipe wall to the surface of
thermocouple wire. However, since the temperature of the outer surface was not high due to its high
reflectivity, the infrared radiation emitted by the inner surface was not intense. This could be observed from
the results plotted in Graph 5. The difference between the results for the longer pipe is insignificant. In this
case where the white painted thermocouple was not exposed to direct radiation, the insulating effect
exceeded the reflectivity effect of the surface. In fact, a white painted thermocouple in open pipes having
small diameter gave a higher temperature reading than the brown bare thermocouple. In pipes having a small
diameter, the induced convection currents were low, and so the paint-insulated thermocouple wire did not
exchange the heat gained, giving a higher reading. This could also be noted when comparing the shorter
pipes in Graph 4 and Graph 5. The reading from the white painted thermocouple was higher due to the
insulating effect and lower naturally created convection currents.
Another point to note from the last two graphs is the fact that there is no significant change when the
diameter of the open pipe is greater than 32mm. this shows that the velocity of the convection currents
reaches a maximum and so the ‘cooling’ effect of the thermocouple also reaches a maximum. On the other
hand, where the air flow through a full pipe is expected to be less turbulent than that through a vertical open
channel, as the diameter is increased, the temperature difference keeps decreasing as shown in Graph 3.

6. Conclusion
These results show that a PVC screen is much better to shield thermocouples from solar radiation than a
copper shield as suggested in the standard published in 2000 (BS, 2000). Further improvements have been
discussed in detail. This paper gives a practical way to measure effectively the temperature of air enclosed in
solar thermal applications such as solar heating, solar drying, solar distillation. A thermocouple shielded in a
white PVC circular channel, 100mm long and 32mm in diameter gives a temperature reading which is 1.5 ±
0.71°C higher than the true air temperature. This is by far lower than the temperature reading from sensors
screened by copper shields which results in a temperature rise of 6-9°C.
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1. Introduction
The TestLab Solar Thermal Systems at Fraunhofer-Institute for Solar Energy Systems ISE has long term
experiences with performance and quality tests for solar water and air heating collectors as well as factory
made solar thermal systems. The TestLab is accredited for all relevant test standards and has the ambition to
contribute a significant part to the development of new test standards, measurement methods and equipment
for innovative collectors and system concepts. Therefore the TestLab Solar Thermal System is engaged in
numerous projects and expert groups working on the development, enhancement and harmonization of
national and international testing standards. Examples are QAiST – “Quality Assurance in Solar Heating and
Cooling Technology” (funded by the EUs´ IEE program) which is working on the improvement of the
European testing standards, the BMU funded project Luko-E (“Luftkollektor-Entwicklung”) which is
developing a standard for air heating collectors and MechTest (as well BMU funded) which deals with the
development of improved mechanical load tests with the emphasis on problems related to testing of vacuumtube collectors, factory made systems and slope forces.
Moreover extensive investments in new test facilities for performance and quality tests have been made over
the last few years. The outdoor testing facility for collectors was expanded with a new high accuracy tracking
device, and test facilities for mechanical load tests, storage tests and hail stone resistance tests (using real ice)
have been or are being installed.

2. Solar Air Heating Collectors
Since 2002 the TestLab is operating a testing facility for solar air heating collectors which now was
improved and upgraded within the project Luko-E. The main goal was to improve the accuracy of efficiency
measurements which has now reached a level similar to the measurement of water heating collectors.
Moreover the testing facilities now allow functional tests on air heating collectors, too, such as pressure drop
and leakage rate measurements.
One goal of the revision of the testing facility was to sub-divide the permanent installation in the solar
simulator into several mobile modules that can now be installed for outdoor measurements or field tests also.
While outdoor measurements are mostly conducted for certification procedures, the solar simulator allows
comparative measurements with a high repeat accuracy for the development of prototypes.

Fig. 1: Solar air heating collector installed on the outdoor test facility at Fraunhofer ISE
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Fig. 2: Schematic of the configuration neccessary to test solar air heaters according to the proposal for revision of EN 12975,
developed by Faunhofer ISE

On the outdoor tracking device it is possible to characterize solar air collectors up to sizes of 5 x 3 m under
steady-state conditions. The flow rate can be varied between 0 and 2000 m³/h depending on the collector
type and it can be measured with an uncertainty of <1% of the measured value. The possible temperature
range is between 0°C and 140°C for standard collectors, which can be extended up to 200°C or more for
process heat collectors. Due to a new measurement concept with better sensors and calibration possibilities,
the temperature rise can be measured with an uncertainty of 0,2 K.
The pressure drop is being metered simultaneously to the efficiency measurement and is important for the
dimensioning of system components. In addition to the in-situ measurement, a pressure drop curve which
describes the pressure drop as a function of the flow rate is being determined by the use of specifically
designed adapters. A very precise leakage rate measurement describes the leakage as a function of the
internal static pressure of the collector.

In cooperation with the project partners in Luko-E a draft version for a testing standard was developed,
which at the moment has been passed to the specific normative group (CEN/TC 312 WG 1) and is in the
process of commenting until 15th of October. It is expected, that this draft will be published as the first
European standard for the characterization of solar air heating collectors in 2012.
Regarding the quality tests the draft is based on the existing standard for water heating collectors EN 129751;2. Partially it was possible to adapt existing testing methods others had to be developed completely new.
The testing method for the efficiency measurement was developed on the basis of ANSI-ASHREA 93.

3. Process Heat, Large-Scale and Façade Collectors
The share of process heat in the European final energy consumption exceeds 20% of the total end-use energy
needs. A third of this amount is needed at temperatures below 200°C [Aidonis et al., 2005].
These applications as well as solar driven cooling systems will use concentrating solar collectors as energy
source. The increased demand for testing such collectors indicates that it is a growing market. The
characterization of concentrating collectors requires a high tracking accuracy and therefore the TestLab
invested in new testing equipment allowing a tracking accuracy of 0,2 degrees (angle), and, with the
dimensions of 5 x 3 m and a maximum load of 700 kg, it is also capable of testing large-scale and façade
collectors. The testing facility also uses a pyrheliometer which improves the determination of direct and
diffuse radiation fractions.
The tracking device can be connected to modules that allow efficiency measurements up to temperatures of
210°C and pressures of 16 x 105 Pa.
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4. Quality Tests
4.1 Hail testing facility
The Fraunhofer ISE has developed a testing facility to simulate hail impacts with ice balls with the objective
to perform impact resistance tests of solar thermal collectors as well as PV-modules according to the valid
national and international testing standards. This testing facility has been set-up in 2008 and gives us the
possibility to perform experimental research as well as tests commissioned by the industry. A picture of the
pneumatic launcher is given in Fig. 3 [Mehnert et al., 2008].

Fig. 3: Launcher of the impact resistance test facility, Fraunhofer ISE

This testing facility permits us to gain a lot of experience in testing methods and the characteristics of flat
plate collectors as well as vacuum tube collectors. One of the latest results e.g. on vacuum tube collectors is
that their most critical point is where the metal clamp between the inner and outer tube is in contact with the
glass. Every test sample that was shot in exactly this point was damaged. Fig. 4 shows a typical vacuum tube
after a hail resistance test. The point of impact was perpendicular on the surface of the glass tube as well as
directly above the inner metal clamp. As a result of this, a new test procedure was proposed within the
current revision of EN12975-1,2:2006. This finding makes it now possible for industry to react appropriate
with technical or instructional solutions.
Furthermore we perform experimental research in hail resistance testing of new materials which are typically
used in upcoming collector technologies like transparent covers made of plastics or mirrors for concentrating
collector modules.

Fig. 4: Typical damage symptoms of a Sydney-pipe after shot on the clamp

4.2 Improving mechanical load tests considering realistic weather conditions
Within a growing market, quality assurance gains an increasing importance. The most important guidelines
in the field of testing solar thermal collectors and systems are the European standards EN 12975-1,2:2006
and EN 12976-1,2:2006. The methods for mechanical load tests as described in EN 12975 should be updated
due to the development of the market and innovations of today. Considering this challenge and the increasing
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number of extreme weather events, further research is needed to develop new concepts for mechanical load
testing in order to meet the actual quality requirements and cover a wide range of appliances. Innovative
products such as PVT and façade collectors need to be integrated in these testing methods as well as
adequate mechanical testing methods for vacuum tube collectors and thermo syphon systems (def. not
separable).
This led to the situation that the testing laboratories have been requested, both from assurance companies and
collector manufacturers, to develop adequate testing procedures to deliver reliable and realistic data on the
resilience of solar thermal collectors and systems. The mechanical load test for the collectors need to be
adapted in order to meet quality assurance goals and secure further market entrance for innovative products.
Therefore the standard EN 12975 is in a phase of revision to fit the actual needs shortly. On July 2010 within
the group solar thermal collectors and appliances, the project “MechTest” was started to investigate
mechanical load tests, considering realistic weather conditions. The main tasks are:
• analyzing cases of overload and damage in industry requests/interviews and their reasons
• natural weather expositions on standard collectors measuring wind and mechanical loads at
locations with extreme and mediterran weather conditions
• developing a new test facility ready for advanced mechanical load tests under realistic conditions in
relation to the expositions
• defining new standard test procedures
• analyzing and corresponding the results to the relevant standard committees
For analyzing the different natural load scenarios characteristic test locations were chosen:
• south west of Germany in the city of Freiburg referring to mediterran weather conditions (air
temperatures -5..25 °C, moderate winds and humidity)
• Atlantic island Gran Canaria in the village Pozo Izquierdo at the coast referring to a high impact on
wind, humidity with maritime climate conditions (air temperatures about 15..30 °C, wind
velocities 20..60 km/h, rel. humidity 60 %)
• south of Germany close to the border of Austria at the mountain Zugspitze (altimeter approx..
3000 m) referring to a high impact on wind, snow and low temperatures for extreme weather
conditions (air temperatures about -10..5 °C, wind velocities 20..40 km/h, rel. humidity 80 %)
The weather informations are given as estimated reference values for one year, this means stormy or other
extreme situations are not considered in the given values. Especially at the Zugspitze and Gran Canaria
extreme weather events can occur which raise the given values extremely.
During the expositions temperatures, humidity, radiation, the amount of rain and the snow situation as well
as a high resolution of the wind velocity (3D) and mechanical load data of the collector fixing points will be
monitored for one year. The measured values are continually analyzed to investigate more realistic testing
methods which could be simulated with the new test facility.
To configure the required temperatures of different climate scenarios the test facility is enclosed in a climate
chamber which can simulate temperatures from -30°C to 80°C. To test combined systems as well as
customized collectors, the test facility is planned to fit sizes of collectors or systems up to 3 m x 4 m.
Collectors and systems can be mounted in orientations from horizontal up to angles of 45°. In Fig. 5 the
construction and its overall dimensions are shown.
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4000 mm
3700 mm
5700mm
Fig. 5: Construction of the mechanical load research and test facility within a climate chamber, planed at Fraunhofer
TestLab Solar Thermal Systems [Kramer et al., 2010]

A new modular loading system makes it possible to test flat plate as well as vacuum collectors with positive
and negative pressure loads using different surface interfaces. The system is designed to realize positive and
negative pressure loads of at least 6000 Pa (+) and 4000 Pa (-). The possible pressure loads are higher when
testing absorbers with smaller sizes than the designed maximum size of 3 m x 4 m.
The mechanical test facility in combination with the climate chamber makes it possible to measure the
required range for comprehensive mechanical testing. It will be an important tool finding adequate
mechanical test procedures in the process of revisioning the EN 12975.
The project “MechTest” is funded by the Federal Ministry for the Environment, Nature Conservation and
Nuclear Safety in Germany.

5. Systems, Storages and Combinations with Heat Pumps
The solar thermal system and store test facility of the TestLab has been operated since 1997. Measurements
of prefabricated solar thermal systems have been carried out according to EN 12976 for awarding the Solar
Keymark label. In order to meet the increasing demand for system tests, the test facility had been expanded
to test up to four systems at a time in 2008 [Striewe et al., 2008]. During the expansion the infrastructural
fundamentals were established for domestic hot water store testing according to EN 12977-3. The new store
test facility was realised in 2010. This year the test stand has been upgraded for the measurement of combistores according to TS 12977-4, which is expected to become an official standard within this year.
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Fig. 6: Roof of the system facility at TestLab Solar Thermal

Fig. 7: Store test integrated into the system test facility

The hydraulic system of the test facility is designed as a closed loop in order to avoid air bubbles, sudden
pressure drops and uneven temperatures from the water supply network. Stores can be tested by accessing
the measurement infrastructure of one of the four system test stands (not shown). A common cooling loop
with pre-cooler and a 20kW cooling aggregate combined with a large buffer store assure constant
temperatures also for very large tapping volumes. The heating loop is a mobile unit equipped with a 20kW
heating rod. In order to carry out test sequences according to EN 12977 part three and four, the mobile
heating unit has been equipped with a controller to assure constant temperature or constant power for various
mass flow rates. Entire store test sequences can perform autonomously without the need of further user
interaction.
In order to extract the store parameters from the measurement data, an evaluation procedure is performed
using parameter identification with TRNSYS and GenOpt [Schmidt et al., 2011]. This step requires data
processing which has been realized using a script based on data processing software developed at Fraunhofer
ISE. The software permits automatic preparation of these test sequences upon basic user inputs (e.g. date and
time, filename) and reduces manual steps to a minimum, thus allowing more efficient data processing.
The system test stand was designed with the major objective of achieving a high degree of flexibility to meet
requirements beyond today’s standard system tests. Therefore apart from data preparation also the test stand
control and the data logging software are proprietary Fraunhofer ISE developments which allow custom
modifications anytime if necessary. An example for a non-standard system test – the measurement of solar
thermal system combined with heat pump – can be seen in fig. 8.

Fig. 8: Experimental set-up of an innovative heat pump system.
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A number of system concepts for space heating and/or domestic hot water applying the combination of solar
thermal systems with heat pumps have been developed and introduced to the market during the recent years.
Within such concepts, solar collectors can, for example, heat a combi-store as does a heat pump in parallel.
In the investigated system presented above, however, unglazed absorber energy is used indirectly on the
source side of the heat pump to increase the heat pump source temperature and therefore its efficiency.
Further information on this system can be found in [Ruschenburg et al., 2011].
The heat pump itself was first characterized at the respective test facility of Fraunhofer ISE based on DIN
EN 14511. A comparison between the heat pump rating under stationary conditions and the results obtained
during the dynamic system tests shows a considerable discrepancy. For example, the heat pump efficiency
averaged within the first 30 minutes of running is determined as about 10 % lower than the value measured
under stationary conditions. Further efforts will therefore concentrate on improved test methods for heating
systems with multiple heat sources.
To achieve an overview on available solar heat pump systems and their market, to establish performance
figures and corresponding methods for testing, monitoring and simulating, a joint project within the Solar
Heating and Cooling Programme and the Heat Pump Programme of the IEA, known as Task 44 / Annex 38
was started in 2010 [Hadorn, 2010]. Fraunhofer ISE is closely involved in all working groups of this project,
and first results are expected for this year.
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Abstract
The paper sums up the latest developments in the standardization work on concentrating solar thermal
collectors, especially focused on the CEN technical committee 312 working group 1 (CEN/TC 312 WG 1)
[2]. Also the ongoing work with Standard 600 [1] for concentrating collectors on the North-American side is
discussed. The paper sorts the workflow towards a solution for concentrating collectors so far and shows
differences is the structural approaches. The paper does not discuss in detail the differences in different
technical methodologies to characterize the thermal performance of collectors. Finally it opens up the
discussion for the categorization and the differentiation which could be a possible sound solution.
Keywords: Testing, concentrating collectors, labeling, certification, standards
1. Introduction
Testing concentrating collectors is more and more in the focus of professionals in the solar thermal
community, both the low temperature part and the high temperature part (e.g. concentrating solar power,
CSP). The basic problem is, that there is not a detailed definition how to test products which are different
from standard collectors, for which well established test procedures are available for years. So the question is
what are these differences all about? Can the existing standards be applied to these kinds of products? If not
what different methodology could be applied? How to categorize these products?
To answer those questions for a technology many aspects have to be taken into consideration. Economic
perspectives, the perspective of quality assurance and labeling, the technical point of view and even a macroeconomic view are relevant for the complete interacting design of regulations, rules, certificates, standards
and maybe policy instruments.
The following paper will not be able to clarify all these questions and for sure not to discuss all the different
points of view, but it will raise questions and tries to give the status quo in regards with standardization work
and labeling schemes and maybe also can help to identify who could be the ones to bring forward a sound
solution to the problems and market barriers of these kind of collector systems.
2. The existing standards for solar thermal testing
Important if one talks about testing is surly that testing and better characterising is not limited to performance
criteria at all. A very important part is the reliable function of the products in every situation and the long-life
durability. So the following table provides an overview on different standards, the status they are in and the
testing they comprise.
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Tab. 1: Overview on testing standards dealing with concentrating collectors or not.1

2.1. Standard 600
The standard 600 is developed by a group of professionals from mostly the north-American region to test
concentrating solar collectors. It cites the quasi-dynamic method from EN 12975 (2006) for the efficiency
parameters [1]. It also adds some of the durability test actually based on ISO 9806 (1995).
2.2. EN 12975
The standard EN 12975 has been revised in the recent times several times, always to be adapted to the latest
developments in both collector technologies and testing procedures and achievable accuracies. Besides that it
is still under revision, it had an amendment accepted just in 2011. The amendment opened up the possibility
to apply as far as possible the standard procedures to concentrating collectors. Still of course a lot of things
could not be taken into account with this amendment, but will be with the revision of the standard which will
be published in 2012 eventually. The idea behind is to do not let fall apart all different solar thermal
technologies by generating several side-by-side standards, because this will open up the marked for
confusion, impossibility of inter-comparison and the never-ending arguing of what is the right choice of
testing conditions. Most likely later on or maybe even simultaneously a definition process for quality or
1

The icons used are explained in chapter 6
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energy labels will take place. There is of course already a very well established quality label for solar thermal
products and components – the Solar Keymark, but for sure new questions rising with including these new
kind of products will be to solve. In the revision of EN 12975 the gap for especially collectors to produce
heat for low, or medium or medium-high temperatures is covered. It includes air as a heat transfer fluid as
well as water, and basically also other fluids. It will have three parts:
Part 1: Requirements for solar thermal collectors
Part 2: Testing methods for solar thermal collectors
Part 3: Testing methods for solar thermal components
Part 3.1. Testing methods for solar absorber coatings
So the structure is provided to enlarge the component part of the standard with every new revision as soon as
the industrial group of each of those is ready with it.
There is of course one very special need for bigger installations like parabolic thoughts or dish or linear
Fresnel collectors, where a testing as a complete collector at a testing institute is not reasonable. For these
kind of collectors an in-situ methodology may be a sound solution. This has to be developed carefully to have
results from these tests which are comparable and reliable. Of course all the needs from the point of view of
accreditation and quality assurance of the equipment, then used locally at the collectors site have to be
adjusted. So there is still a lot to clarify and define, but this would fit perfectly in the work of CEN/TC 312
WG 1 and could be part 4 of EN 12975.
The work on the revision of EN 12975 is not only limited to the European countries. Because of the joint idea
of a common global standard which applies the same methodologies and varies the conditions to fulfill local
requirements, there has been established an IEA Task 43 “Global Rating and Certification for Solar thermal
Products”. This group is working towards a global certification scheme based on an international standard,
the mentioned CEN/ISO standard. The other standards mentioned above do not include concentrating
collectors yet.

3. DKE TC - a new approach
Very recently a new work item was applied for by a subcommittee of DKE (German Electricity Community
on Standardization). This application is still under approval, as it might interfere with the work items of
existing standardization committees. This would be most in-efficient of course and is therefor blocked with in
the exchange of DIN and DKE. So right now it is not exactly clear if there will be a new group working in
parallel on the issues of standardization adjustment or the new experts from behind this group join forces
with the DIN, CEN or ISO committees for solar thermal energy. This will be surly clarified within the next
months.

4. Related Project
Different projects are recently paving the way to realize this enormous
goal. One of the most important is the project QAiST (Quality Assurance
in Solar Thermal Heating and Cooling Technology) founded by the IEE.
The project deals with a wide range and variety of new products and upcoming technologies and normative questions how to include them into
the existing structures. More interesting information can be found on www.qaist.org. A new IEA Task on the
topics of industrial process heat collectors will be established soon as well, which will provide more and
more elaborated knowledge on the testing issues for concentrating collectors. The Solar Paces as well has
worked on this issue for quite a while and this information could be included as well.
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Fig. 1: Streams of information coming together for the CEN-ISO standard

5. Conclusion

There are still more efforts needed to find a sound solution to all these aspects. The theme is one of the most
important for the solar thermal branch because it will define the starting point of technology characterization.
All judgments, all rent ability calculations all intra industrial inter-comparisons will be based on the
efficiency results of this standard methodology.
On the other hand it is as well a big chance to bring together experiences from labeling, certification and
testing and standards-design from the low-temperature solar thermal group and the experiences with big
single projects and financial invest from the CSP group.
Bridging the gap from no standard to applying the existing standards wisely, can help to show the potential of
concentrating solar collectors until a perfect suited solution also for the big installations is available.

6. Used Icons and their meaning
Table 1; Overview and explanation of the used icons ©Fraunhofer ISE.
Icon

Name of the test
Time Constant

Static Pressure test

Description
Measured determination of the
time constant of the collector
describing the inert time the
collector has after applying a
thermal impulse
Pass/Fail test on the resistance of
the collectors hydraulic layout
against 1.5 times the maximum
operation pressure
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Heat Resistance test

Visual check, if any deformations
damage or aging appears after a
defined radiation/temperature setup procedure

Exposure test

Visual check, if any deformations
damage or aging appears after a
defined exposition

External thermal Shock test

Pass/Fail test on the resistance of
a hot collector towards a sudden
cold water spray

Internal Thermal Shock test

Pass/Fail test on the resistance of
a hot collector towards a sudden
cold water flux

Rain Resistance test

Pass/Fail test on the ability of a
collector to handle humidity
caused by rain

Mechanical load test

Pass/Fail test on the resistance of
mechanical loads (wind/snow)

Frost Resistance test

Pass/Fail test on the resistance of
a collector against damage caused
by frost

Stagnation temperature

Determination of the so called
stagnation temperature, defined as
maximum temperature under
specific test conditions

Impact Resistance test

Pass/Fail test on the resistance of
a collector against damage caused
by impact (hail, tools, birds…)

Pressure drop

Determination of the pressure
drop over the complete collectors
hydraulic layout

Final inspection

Visual Chek-up on material
damage, deformation other
functional failures by opening up
the collector, findings
documented and rated

© Fraunhofer ISE TestLab Solar Thermal Systems
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1. Introduction
The constant need for ever cheaper collectors is exemplified in the ongoing shift from copper to aluminum
and the even more radical material change related to the introduction of polymeric materials in solar
collectors [1]. Many process heat and solar cooling applications demand medium temperature collectors
providing reasonable efficiencies up to 250 °C [2]. Even higher temperatures occur in concentrating solar
power applications [3], while the combination of solar thermal systems with heat pumps extends the
operating temperatures well below 0°C [4].
Consequently, a number of new collector designs deviating substantially from “standard flat plate collectors”
are currently under investigation [5, 6, 7]. Experimental as well as theoretical development relies
fundamentally on the detailed knowledge of the underlying thermophysical properties of the employed
materials over the whole temperature range of interest.
However, especially when new materials are developed these properties are not known at all. Also, when
standard collector materials are used for very low or high temperatures, data sheets are often not concise
enough and studies of processed or materials aged in real collectors are scarce.
Thus, in this article we present the application of various thermophysical methods to different examples in
the development of new solar thermal collectors to point out the importance and benefits of advanced
material characterization.

2. Polymeric Collectors
The substitution of standard collector materials by polymeric ones is tempting due to potentially lower costs
and ease of mass-fabrication. However, especially the maximum temperatures in stagnation as well as
thermal stress during day-night cycles and shocks (cf. internal and external shock, rain penetration test
according to EN12975) pose a potential threat to long term integrity of the collector.
In order to exemplify the potential of a thorough thermophysical characterization, we investigated a new
solar thermal collector by Aventa AS.
We measured the properties of the as-produced absorber raw material Xtel XE4500BL from Chevron
Phillips Chemicals and also of the extruded absorber after having completed the reliability tests according to
EN12975 (in particular exposure, internal shock, external shock, and rain penetration test).
The thermal diffusivity, a, was measured using a NETZSCH Laser Flash Analyzer LFA 427, the specific
heat, cp, using a NETZCH Dynamic Scanning Calorimeter DSC 404 C, the coefficient of thermal expansion,
CTE, using a NETZSCH pushrod dilatometer DIL 402 C. Change of mass is measured with a NETZSCH
Simultaneous Thermal Analyzer STA 449 F1 Jupiter. Equipment is operated at ambient pressure conditions
using synthetic air. Thermal density, ρ, is examined from initial density, ρ0, at room temperature and thermal
expansion data. From these quantities, the thermal conductivity, λ, is calculated by

λ (T ) = a(T ) ⋅ c p (T ) ⋅ ρ (T ) .

(1)

Figure 1 shows the corresponding curves for the as-produced raw material and Figure 2 depicts the curves
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for the aged absorber.

Figure 1: Thermophysical properties of the raw material for an all polymeric absorber

Figure 2: Thermophysical properties of the extruded polymeric absorber after having completed reliabiltiy tests according to
EN12975

The thermal conductivity is magnitudes lower than for standard absorber materials (copper, aluminum),
which has to be compensated for by a special absorber design. No significant change is observed in the aged
sample.
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However, it is clearly visible that a DSC-peak arises in the aged sample around 120°C. This is accompanied
by a considerable dip in the CTE-curve around 100°C, which is either related to the extrusion process itself
or to the reliability tests.
The situation becomes even clearer, when one considers the linear thermal expansion of the samples (Figure
3). Up to some 50°C, the as-produced and aged samples are identical, while at higher temperatures, the
expansion is lower for the absorber. In addition, one observes a dip around 100°C, presumably related to the
glass transition temperature of the PPS-material, which leads to an additional expansion-contraction in the
course of a normal day-night cycle, where the absorber temperature changes from ambient night temperature
to possibly 150°C in stagnation.

Figure 3: Linear thermal expansion of the raw material (black) and aged absorber (blue)

3. Medium Temperature Collectors
Standard flat plate collectors do not have reasonable efficiencies for a medium fluid temperature of more
than 100°C. Thus, considerable effort is put into the development of various new designs, mainly relying on
some kind of concentration (e.g. Fresnel, parabolic trough, compound parabolic concentrator (CPC)).
Especially CPC-collectors have the advantage that due to the very mirror design, no tracking is required. We
investigated the absorber of a CPC collector in more detail and measured the thermophysical properties of
as-produced copper pipes (manifold), soldered pipes (manifold) and the absorber fins (Figure 4).
Although it is well known that various grades of copper are employed in solar thermal absorbers (e.g. CuHCP, Cu-DHP, Cu-OFE; in our case Cu-DHP), it is not clear in advance which influence collector
manufacturing steps such as soldering, brazing, welding or bending do actually have on the properties of the
materials.
There is a clear trend in saving material and thus costs by continuously reducing the absorber thickness.
However, below certain thickness and thermal conductivity values, the absorber itself may become a bottle
neck for heat transport, which reduces collector efficiency considerably.
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Figure 4: Left: Scheme of a CPC-collector (www.solarfocus.at). Right: Absorber (top) and manifold pipes (bottom left: after
brazing, bottom right: new) of the CPC collector

Figure 5 shows the results of the measurements of the absorber fin. One observes that the actual thermal
conductivity is roughly ¾ of the pure copper value of 401 W/mK at 25°C.

Figure 5: Thermophysical properties of a CPC-collector copper absorber

Brazing is a thermally stressful processing step (copper temperatures may reach 600-900°C) that may change
the microstructure of the material itself potentially leading to different thermophysical properties. In the
worst case this may cause leakages in the long run.
In Figure 6 and 7, one can observe that for the material used in the Solarfocus-CPC-collector, no
considerable changes occur. Also the thermal conductivity is not altered significantly.
However in view of the envisioned pressures and temperatures in medium temperature collectors (operating
pressures up to 20 bar and temperatures up to 250°C), a thorough thermomechanical analysis would be
reassuring.
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Figure 6: Thermophysical properties of a new copper manifold pipe

Figure 7: Thermophysical properties of a copper manifold pipe after brazing
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4. Insulation
Thermal insulation is a key component of each standard flat plate collector. Heat is prevented from being lost
mainly through the back side by material layers with low thermal conductivity. Most widespread are
different types of mineral wool with various densities and binder content. Especially the latter one is
responsible for outgassing problems in collectors and thus has to be analyzed in great detail.
Building integration of solar thermal collectors can be an architecturally appealing way to include solar
energy. Especially in façades it is important to prevent overheating of the inside room, when the collector is
in stagnation. One way of ensuring that is to use better insulation (lower thermal conductivity) that can
withstand high temperatures.
Besides mineral wool, also other insulation materials are available on the market (e.g. various polymeric
foams, bio-based materials like hamp or flax, and anorganic foams, aerogel-based materials, vacuum
insulation panels), which however are often not designed for solar thermal applications and thus have to be
analyzed separately.

Figure 8 shows a thermogravimetric analysis of a certain type of hard polyurethane foam. The measurements
were conducted under synthetic air. The heating rate was 10K/min in the beginning followed by a 30 minute
isothermal segment at 230°C and a short cooling phase.
It can be inferred that the maximum operating temperature of this material should be below 120°C. Also, at
least three different mass-loss regimes can be identified, which cumulate to a total mass loss of 20% most
likely too much for an application in a solar thermal collector, but still acceptable for a hot water storage
tank.

Figure 8: Thermogravimetric analysis of a certain type of hard polyurethane foam (left axis: relative mass change, right axis:
derivative of the relative mass change (green), sample temperature (red))
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The thermobalance can be combined with a mass spectrometer (Aeolos 403C) and a FTIR-spectrometer
(Bruker Tensor 27) to perform a simultaneous evolved gas analysis. Possible outgassing products can be
analyzed in more detail, which is shown for a mineral wool sample in Figure 9.
The sample was heated in synthetic air atmosphere up to some 230°C followed by an isothermal segment.
Weight reduction of the mineral wool starts around 200°C and is accompanied by peaks in the total mass
spectrometer as well as FTIR Gram Schmid signal, which confirm the outgassing process.

Figure 9: Evolved gas analysis of mineral wool via simultaneous thermogravimetric analysis, mass spectrometry and FTIR
spectroscopy

The wavelength dependent FTIR signal also bears information on which compounds of the material are
responsible for the outgassing and is useful for investigating aging effects of various materials.
In order to demonstrate the capability of this method, we investigated the behavior of a new type of
polyurethane foam, which is stable up to temperatures that permit the use in solar thermal collectors.
A miniature collector provides temperature, humidity and solar irradiation loads close to realistic conditions
(in contrast to certain climate chamber or oven experiments). This is a cheap way (less material, easier to
manufacture, less exposure area) to expose materials for longer durations and to analyze the aged samples
regularly (Figure 10).
SEM pictures (Figure 11, measured by Österreichisches Forschungsinstitut (OFI)) of the as-produced and the
degraded, yellowed foam surface reveal that increased temperatures deteriorate the cell structure. In addition
by employing ATR-FTIR spectroscopy (Figure 12, measured by Österreichisches Forschungsinstitut (OFI)),
more details about the aging mechanisms can be inferred. Increasing or decreasing peaks upon collector
exposure provide early-stage hints to certain chemical reactions that are responsible for later component
failure.
Thus this set of methods is immensely useful to ensure and improve the long-term quality of the solar
thermal collectors and components of various types.
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Figure 10: Miniature Collector (70x40 cm²) employing a special type of soft polyurethane foam insulation. Left: Collector was
exposed more than one year in Vienna. Right: yellowing of the foam below the absorber and sample for SEM and ATR-FTIR.

Figure 11: SEM pictures (measured by Öesterreichisches Forschungsinstitut (OFI)) of the new (left) and aged (right) soft
polyurethane foam revealing deteriorated cell structure

Figure 12: ATR-FTIR spectroscopy (measured by Öesterreichisches Forschungsinstitut (OFI)) of new and aged samples
revealing also early-stage sub-surface degradation
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1. Introduction
The practical approach to quality assurance in solar thermal heating and cooling technology with regards to
components and systems is standardization and testing. It is very important for growth and development that
the standards and test methods keep track with recent developments and allow maximum flexibility for
future innovations. Good, operational and generally accepted standards are an essential part of the market
conditions and the basis for a large and open market. Standards and pre-standards are established, but work is
still needed in order to keep track with recent technological developments in the direct use of solar thermal
energy (i.e. new materials, concentrating devices, etc.) and in combination with other technologies (cooling,
heat pumps, etc.). New member states also bring new opportunities for market development. In order to
make this development really strong and quality oriented it is essential that the quality requirements and the
public incentives and regulations for solar thermal technologies that rely on them are integrated with and
adapted to the current best practice. This Paper gives a review of the current national and international
standardization situation as well as standard committees and working groups in the area of solar thermal
products. Furthermore it describes the latest changes within the current revision of the European testing
standard EN 12975-1,2:2006.
2. State of the art or standardization situation nowadays
The dismantling of trade barriers and therefore the ensuring of a global market access by harmonisation of
the basic requirements is one of the first aims of standardization. Thereby the impact of standardization
reaches from cost reduction potential due to rationalization of production processes across the assurance of
the quality standard related to the state of the technology up to human safety enhancement. Table 1 gives an
overview over the important currently valid European and international standards which ensure the quality of
solar thermal collectors shown by application area, standard and short description of their content. Tests of
solar thermal collectors according to the valid standards and regulations by independent laboratories should
guarantee the quality standard related to the state of the technology, mainly to ensure the continuous growth
in order to make a contribution to the sustainable energy supply. Furthermore such tests should ensure the
continuous development and should sharpen up the transparency of the European and international market
for the consumer. Essential conditions to reach these aims are the general performance of mandatory tests on
all solar thermal collectors in the run up to the market entrance. Furthermore it is the goal to, define the state
of the technology and the boundary conditions in well-adjusted requirements, within the different standards.
Even if the most of the standards listed within Table 1 are based on the same fundamental standard (ISO
9806) there are significant deviations regarding to requirements, resulting from the regional/national
development of the several testing standards within the last ten years. Therefore the first aim of
standardization, the dismantling of trade barriers as well as the ensuring of a global market access, is not
reached yet. For every single market area (Europe, USA, Australia/New Zealand, etc.) the manufacturers are
obliged to commission different test procedures according to national requirements and standards. This
retards the implementation of new products and creates additional cost. Beyond that neither all currently on
the market available collector types nor new products which are trying to enter the market are covered by the
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currently valid national and international standards. The thermal characterization of concentrating and
tracking collectors was, for instance, excluded from the European collector test standard EN12975-1:2006
and also for technologies like solar air heaters, which are progressively trying to enter the market, no
reliability test procedures were defined until now. As a result the market entrance of advanced collector
technologies is prevented or delayed by such exclusions. Also the application of some of the described test
sequences is currently not possible for common collector technologies like tubular collectors. Examples of
these are the not applied negative pressure load within the mechanical load test, the missing definition of the
impact location within the impact resistance test or the missing criterions of evaluation of the rain penetration
test.
Table 1: European and International standards in the area of solar thermal collectors

Area of appliance

Standard

Europe

EN12975-1,2:2006

European testing standard for solar thermal collectors

Australia / New
Zeeland

AS/NZS 2712:2007

Australian testing standard for solar thermal
collectors

North Amerika /

ISO 9806-1:1994

Part 1: Thermal performance of glazed liquid heating
collectors including pressure drop

Canada
ISO 9806-2:1995
ISO 9806-3:1995

Description

Part 2: Qualification test procedures
Part 3: Thermal performance of unglazed liquid
heating collectors (sensible heat transfer only)
including pressure drop

China

GB/T 17049-2005

Thermal performance of all-glass evacuated tube
collectors

South Africa

SANS 6211-1:2003

Part 1: Thermal performance using an outdoor test
method

SANS 6211-2:2003

Part 2: Thermal performance using an indoor test
method
SABS method 1210:1992
SANS 10106:2006
SANS 1307:2007

Mechanical qualification test
Installation, maintenance, repair and replacement of
domestic solar water heating systems
Domestic solar water heaters

3. National and international certification schemes
Quality labels are mostly based on a successfully performed test and measurement procedures according to
national or international standards as well as national or international certification schemes. While the
European Solar Keymark Label for solar collectors is handed on the basis of a test and measurement
procedure according to EN 12975-1,2:2006 as well as according to the regulations of the “General Keymark
Rules” and the product specific “Solar-Keymark-Scheme-Rules”, the North American SRCC-Label is
handed out on the basis of a measurement procedure according to the ISO 9806 or also the ANSI/ASHRAE
93 as well as the regulations of the Operation Guideline (e.g. OG 100) of the SRCC. This clearly shows that,
beyond the above discussed general limits of standardization, additional national deviations concerning the
requirements of the several certification schemes already exists. Beyond the official standards the several
certification schemes thereby define the scope of the test procedures (e.g. which tests of the standard have to
be done) as well as the test requirements (e.g. how the tests should be done). Table 2 shows the differences
between the normative regulations and the regulations of the certification schemes exemplary for Europe and
North America. This shows once more the complexity resulting from the current requirements. Not only
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different normative requirements but also different certification schemes have to be taken into consideration
for international market entrance.
Table 2: Differences between the normative requirements and the regulations of national certification schemes exemplary for
Europe and North America

EN12975‐1,2:2006

SKM‐Rules

ISO 9806

Factory Inspection
‐
+
‐
Random Selection
‐
+
‐
Static Pressure Test
+
+
+
High Temperature Resistance
+
+
+
Test
Exposure Test
+
+
+
External Thermal Schock Test
+
+
+
Internal Thermal Schock Test
+
+
+
Rain Penetration Test
+
+
+
Mechanical Load Test
+
+
‐
Freeze Resistance Test
+
+
+
Stagnation Temperature
+
+
+
Final Inspection
+
+
+
Impact Resistance Test
‐
‐
‐
Pressure Drop Test
‐
‐
+
Time Constant
‐
‐
+
Thermal Performance
+
+
+
(* mandatory if the transparant cover of the collector is made of not thoughted glass)

SRCC‐
Certification
OG‐100
‐
+
+
‐
+
+
+
‐
‐
‐
‐
+
‐*
+
+
+

4. National and International standard committees and working groups
Table 3 shows on overview about the currently active national and international standard committees and
working groups as well as their structural layout and thematic orientation.
Table 3: Standard committees, their structural layout and thematic orientation

Standard Committee
and
Working groups
SHC IEA Task 43

Structural layout
•
•

Subtask A: Collectors
Subtask B: Systems

ISO/TC180

•
•
•
•

CEN/TC312

•
•
•

WG1: Nomenclature
WG 2: Materials – STANDBY
SC 1: Climate - Measurement and data
SC 4: Systems - Thermal performance,
reliability and durability
WG1 – Solar collectors
WG2 – Factory made systems
WG3 – Thermal solar systems and
components; Custom build systems
Labeling

•

Thematic oriantation
research and develop of new
test procedures and
characterization methods
revision of the ISO 9806Standards

revision of the EN1297x
Standards

At international level an expert group of the Solar Heating & Cooling Programm (SHC) of the International
Energy Agency (IEA) is currently working within TASK 43 (IEA SHC Rating and Certification Procedures
–Advanced Solar Thermal Testing and Characterization for Certification of Collectors and Systems) on the
enhancement of established as well as on the development of new test procedures which are urgently needed.
This international collaboration researches and develops new test procedures and characterization methods
for addressing the testing of both conventional and advanced solar thermal products. Therefore it focuses on
research activities. The scope of this task includes performance testing and characterization, qualification
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testing, environmental impact assessment, accelerated aging tests, numerical and analytical modeling,
component substitution procedures, and entire system assessment. Task 43 is subdivided into two different
Subtasks. The collector related Subtask A as well as the system related Subtask B. The objective of Subtask
A is therewith to examine existing testing and certification procedures for low-temperature evacuated tube
and flat-plate collectors, air heating collectors, medium- to high-temperature concentrating collectors, to
identify weaknesses, inconsistencies in application, and significant gaps. The research will result in new or
improved tests that can be communicated to ISO/TC 180 for consideration in updating old standards or
developing new standards.
The Technical Committee 180 of the International Organization for Standardization (ISO/TC180) is
currently working on the revision of the ISO 9806-Standards. There are three collector standards published
as separate parts of ISO 9806, see table 1. These three parts of the standard ISO 9806 are to be revised. The
revision will be based on the current CEN document related to the revision of EN 12975-2. The tests
included in this may need refining to adequately cover performance of evacuated tube collectors and other
new products.
At European level the Technical Committe 312 of the European Committee for Standardization
(CEN/TC312 WG1) is committed to work within different working groups on the actualization of the
EN12975. Beyond that the Solar Keymark Network (SKN), a working group which consists of European
certification bodies, European testing laboratories as well as representatives from the industry, is
continuously working on the enhancement and adoption of the Solar-Keymark-Scheme-Rules. Table 4 shows
which collector related European and international standards are currently under revision. Furthermore it
shows their current status as well as their foreseen date of availability (DAV).
Table 4: European Standards under development and their date of publication

Project reference
prEN ISO 9488 rev
prEN 12975-1 rev
prEN ISO 9806-2
prEN 12975-3-1

Title
Solar energy - Vocabulary
Thermal solar systems and
components - Solar collectors - Part 1:
General requirements
Thermal solar systems and
components - Solar collectors - Part 2:
Test methods
Thermal solar systems and
components - Solar collectors - Part 31: Qualification of solar absorber
surface durability

Current status
Under Drafting
Commenting

DAV
2011-11
2013-10

Under Drafting

2013-10

Commenting

2013-05

5. QAiST - Quality assurance for solar thermal heating and cooling technologies
In addition the project QAiST - Quality Assurance for solar thermal heating and cooling technologies – of
the Intellegent Energy-Europe Program (IEE) was set up in 2009 - is keeping track with recent and upcoming
developments. The aim of this project is the accomplishment of the necessary work in the standard
committees and working groups mentioned above. This European project gathers 15 participating
organizations including the European solar thermal industry federation (ESTIF) and major testing and
research institutes in Europe. The project builds on work carried out during the past ten years, since the first
European standards for solar thermal products were introduced. QAiST addresses solar thermal systems as
well as solar thermal collectors. For these, the introduction of a European certification scheme - The Solar
Keymark - has been very successful, now approaching more than 1500 certificates. At the same time a range
of new products has been introduced, production has become more industrial and competition is increasing,
which altogether increases the need for flexibility and ability to support innovation in the certification
process and in the underlying standards. The objective of the project is to enhance the competitiveness of the
European solar thermal industry and further increase consumer confidence through improved standards and
certification schemes, harmonization in testing and certification and a wide dissemination of the quality
concept throughout Europe. A long term objective for the work is furthermore to support the development
process towards a global standard for solar thermal collectors, harmonized to the revised EN 12975 that will
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be an output from the QAiST project. Basic work on standards, procedures and other accompanying
measures is done, dealing with solar thermal collectors, solar thermal systems and new fields for
standardization In order to strengthen the quality assurance of performance testing in European laboratories a
proficiency test on solar thermal collectors and systems is carried out
6. Achieved results
A first draft revision of the EN 12975 is already done and was concluded by the end of January 2011. QAiST
project objectives related to global harmonization of standards have been fulfilled on several specific items
in the EN 12975 revision where discussions with non-European partners in the IEA SH&C Task 43 have
given valuable input. The European testing standard EN12975:2006 was thereafter edited into the new prEN
including a number of new graphs and figures. Discussions within CEN/TC 312/WG1 and ISO/TC 180 has
led to the decision to go for a common CEN/ISO standard based on this draft and to proceed according to the
Vienna agreement. Therefore the review process will be carried out in parallel under CEN lead. As a first
step a three month ballot has been launched in ISO to have the New Work Item Proposal approved. This
ballot will close by the end of August 2011. Furthermore the ISO CS has announced that there will not be a
specific work group on collectors established under ISO/TC 180 as the comments review will be managed on
TC level later by CEN/TC 312/WG1. The status for the different parts of the standard is thus:
•

prEN12975-3-1 and 1 are currently in public inquiry phase (ending 15th October 2011)

•

The CEN/ISO draft is waiting for the result of the ISO ballot
o

If the answer is positive, the public parallel CEN/ISO inquiry

o

Should the answer be negative, only the Cen inquiry phase will take place
7. Latest changes within EN12975

7.1 Extension of the Scope of the product standard
An extended scope of the European testing standard EN12975-1 is included into the amended standard
EN12975-1,2:2006+A1:2011 since January 2011. Therewith it is now possible to perform thermal
performance tests on concentrating and tracking collectors on the basis of the European collector test
standard. Further adjustments within the scope which enables the applicability of this standard for solar air
heaters and PV-T collectors are planed within the ongoing revision.
7.2 Durability and reliability testing
The standard EN 12975, which is specifying test methods for solar thermal collectors, was originally
developed with the focus on water-based flat-plate collectors. Other collector designs have been researched
in the past, but except for vacuum tube collectors there was no viable market for them in Europe. This has
changed in recent years. The overall market has grown to more than 4 million m2 of collector area per year
and alternative collector designs are more and more showing up in the market. In various cases, test methods
described in EN 12975 are not fully applicable to advanced collector technologies like concentrating and
tracking collectors, PVT-Collectors, solar-air-collectors and to collectors with new designs. For instance for
tracking and concentration collectors a new Annex was designed which describes in detail the additional
necessary durability and reliability test for such kind of collector modules. One central issue of this Annex is
for example the check of the safety installations to avoid stagnation conditions. Further enhancements of the
durability and reliability test procedures consist in the reaction to fire, the external fire performance as well
as the weather tightness for roof or facade integrated collector modules. Adjustments of established test
procedures were done for the rain penetration test, the mechanical load test, the impact resistance test as well
as the exposure test.
Rain penetration test
In the past the results of rain penetration tests showed that, due to not clear definition of the boundary
conditions, the comparability and reproducibility of tests conducted at one laboratory at different times or at
different laboratories was not reliably given. For that reason the test procedure as well as their evaluation
criteria was revised with the objective to get a reliable and comparable statement about the water penetration
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and therefore to ensure a minimum level of quality and durability of the different collector technologies in
future times. While until now the required minimum absorber temperature of 50°C during the rain
penetration test could optionally be sustained by solar irradiation or even by an active flow through the
absorber of the collector, the revised version only allows the last mentioned. Besides that, the revision of the
European testing standard, for the first time defines both the exact positioning of the spaying nozzles as well
as the exact spraying areas related to the collector technology. This step will further harmonize the
requirements with the objective to increase the comparability and reproducibility of all conducted rain
penetration test in Europe. Figure 1 and Figure 2 shows the positioning of the spraying nozzles and the
spraying areas related to the technology. However the major problem of rain penetration tests was the
insufficient definition of the evaluation criteria. Also the detection of water penetration by the weighting
method prior and after the rain penetration test as well as the direct measurement of the humidity in the gap
between the absorber and the transparent cover or the measurement of the amount of water which comes out
of the collector casing after drilling a hole, showing inaccuracies. Within the revised standard it will be
possible to perform the so called final inspection directly subsequent the rain penetration test. During the
final inspection the collector is opened. Thus the testing engineer will get a direct impression about the water
tightness of the collector module and is no longer depending on insufficient evaluation methods.

Spraying areas
Fig. 1: Positioning of the spraying

Fig. 2: Spraying areas related to the collector technology

Mechanical load test
The mechanical load test is one of the requested reliability test according to EN 12975-1,2:2006. It is
performed by independent testing laboratories and should deliver adequate results to ensure the mechanical
strength to cover the safety issue of collector installations. Up to now it is defined to be performed on a
collector, orientated horizontal. Forces which have to be applied according to EN 12975 are minimum
1000Pa or a value above, when agreed with the manufacturer. By request the test is eventually performed
until there is a visible damage. The pressure is raised in steps of 250 Pa, alternating positive and negative
directions until 1000 Pa are reached or the collector could not withstand the procedure. Even if the forces
have to be applied in positive and in negative direction ETCs are only tested on positive pressure due to the
not applicable test procedure (and the assumption that negative wind forces are not to take into account as
long as there is no reflector). Although recently not requested in the standard a table as well provides
information, if angular orientated forces can be applied. At the moment there are different methods used to
apply the representative mechanical load. Throughout the different institutes and test centres the
methodology to apply these forces varies quite considerably. The lack of information resulting from the
limited testing possibilities needs to be closed urgently. Especially for the concentrating technologies an
exact knowledge on the conducted/dissipated loads and the resilience of the collector and its devices is
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necessary. Since this is not covered by the current test methods as described in EN12975-1,2:2006 for
innovative collector constructions (e.g. concentrating collectors using external mirrors, façade modules, …)
as well as standard technologies (e.g. tubular collectors), a new adjusted test procedure was implemented into
the revision of the European collector test standard. The following adjustments were made:
•

Harmonization of the minimum test pressure.
o In comparison to the previous test procedure, the minimum test pressure shall be 2400 Pa.
This is done to reach a harmonised minimum level all over Europe. Up to now some of the
European countries required higher pressure levels than others.

•

Further methodologies to apply a mechanical load to the collector are included
o Using a foil and gravel or water (positive pressure only)


On the collector a foil shall be laid and on the collector frame a wooden or
metallic frame shall be placed, high enough to contain the required amount of
gravel or similar material. The gravel, preferably type 2-32 mm, shall be weighed
in portions and distributed in the frame so that everywhere the same load is
created (pay attention to the bending of the glass), until the desired height is
reached.

o Using suction cups (positive and negative pressure)


The test can also be carried using suction cups. The suction cups shall be
distributed as even as possible on the collectors surface. The suction cups shall
not hinder the movement of the collector cover caused by the mechanical load.
By usage of oval suction cups this is also applicable for tubular collectors.

o Using air pressure on the collector cover.


If sealing towards the ambient is necessary, the sealing shall not hinder the
movement induced by the mechanical load in any way.

o For collectors which have an almost airtight collector box, a negative pressure on the cover
is created by pressurising the collector box.
o For evacuated tubular collectors using ropes to distribute the forces along the tubes might
be used as well.
Further investigation will be done in the area of dynamic wind loads. Currently the Fraunhofer Institute for
Solar Energy Systems installs within the BMU-funded project MECHTEST different collector types at three
locations within Europe.
All the collectors will be equipped with force transducers. The aim is to get exact data for different wind and
snow situation. The monitoring of the data will help to determine how often which load is applied during one
year. Data of the depth of snow, wind strength and its three-dimensional directions as well as temperature
and the forces to the collector will be collected.
Additionally it is strongly expected that also the climatic conditions (e.g. Temperature, irradiation level, etc.)
influence the result of mechanical load test. Therefore the Fraunhofer ISE developed a new mechanical load
testing facility which is integrated into a climate chamber to perform mechanical load tests in a temperature
range of –40°C up to 60°C.
Impact resistance test
The impact resistance test as described in EN12975-1,2:2006 is actually just stated as an informative test
procedure even though severe hailstorms in Europe definitely increased in the recent years. This results in a
lack of information concerning the impact resistance against hail stones of solar thermal collectors. To
change this insufficient situation the Fraunhofer ISE developed a testing facility to simulate hail impacts with
ice balls with the objective to perform impact resistance tests of solar thermal collectors according to the
valid standards. This testing facility has been set-up in 2008 and gives the possibility to perform
experimental research as well as tests commissioned by the industry. Different studies have shown that the
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impact resistance test with ice balls can be conducted with a high level of repeatability. Beside that the
studies have shown were the weak points are with respect to impact of hailstones, depending on the collector
technology (flat plate or tubular collectors) as well as for typical materials (mirrors, aluminum sheets, etc.)
which are normally used for collector constructions. The results of these studies had been used for the current
revision of the collector test standard.
• The impact resistance test is suggested to become mandatory test procedure within the revised
EN12975-2
• Even if the impact resistance test can further be done by one of two methods, i.e. by using ice balls or
steel balls, the current changes in the standard notes that it is assumed that, as the steel ball does not lose
any energy due to its deformation at the impact, this method is the more severe if the two methods are
carried out with balls giving the same kinetic energy. Therefore method 2 (Steel ball) shall, in comparison
with the previous standard, only be used for “pass” judgments. If method 2 results in a failure, this must
be confirmed by a test according to method 1.
• In comparison with the previous standard the usage of different ice ball diameter according to Table 5
(adapted from the IEC 61215: 2005-4) will be possible.
•

The impact locations are adapted to different collector types:
o Glazed flat plate collectors:


The impact point needs to be maximum distance of 5 cm from the edge and
maximum distance of 10 cm from the corner of the collector cover. Within this
area the most critical point (e.g. edge of the glass) should be used.

o Unglazed collectors:


For unglazed collectors it needs to be assured that the tubes containing the fluid
are hit. Other reasonable impact points need to be considered if it is not possible
to hit the fluid containing tubes due to geometrical reasons. Unglazed collectors
need to be filled with water or with an adequate solar fluid. The collectors shall
be tested under at least atmospheric pressure.

o Vacuum tube collectors:


The impact point needs to be in a distance less than 10 cm from the upper or
lower end (visible aperture). If the clamps between the inner and outer glass
tubes are not covered also this area shall be used. Two tubes are being shot at the
upper end („up“). Two tubes are shot at the lower end (“down”). The shooting
angle is perpendicular to the tube axis.

o If the collectors that cannot be classified clearly into the category a.) b.) or c.)


The impact points need to be distributed evenly across the whole collector area.
The coordinates of the impact points need to be defined before the testing,
mentioned in the testing report and have to be documented with photos. Each test
procedure with a certain velocity comprises 4 shots.

o The assessment criteria of the hail resistance test is split into appearance and mechanical
aspects
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Appearance: Aesthetical defects (little dents) affecting negatively neither the
function nor the power output of the collector, are minor failures which shall be
documented within the testing report.
Mechanical aspects: Breaking of the glass or other damage of the cover or other
collector parts affecting negatively according to the test laboratory the durability
(e.g. leakiness) or power output (e.g. due to dissolution of coating or scattering of
cover) or influencing negatively the safety of the product are major failures
which shall be documented within the testing report. The results of the inspection
shall be reported, together with the number of impacts, the velocity and the ice
ball diameter if method 1 is used and accordingly the height from which the steel
ball was dropped and the number of impacts if method 2 is used.

Table 6: Irradiation levels according to EN12975

Diameter
[mm]
25
35
45
55
65
75

Mass
[G]
7.53
20.7
43.9
80.2
132.0
203.0

Velocity
[m*s-1]
23.0
27.2
30.7
33.9
36.7
39.5

kinetic energy
[J]
2.0
8.0
20.7
46.1
88.9
158.4

Exposure test
The exposure test provides a low-cost reliability test sequence, indicating (or simulating) operating
conditions which are likely to occur during real service and also allows the collector to "settle", such that
subsequent qualification tests are more likely to give repeatable results. The big disadvantage concerning the
exposure test within the currently valid standards is the period of time of at least 30 sunny and warm days
and 30 sunny hours. According to these requirements it is impossible to do it in winter time in the most
countries of Europe and testing also takes long in spring and autumn. To accelerate testing especially in
times with bad weather conditions it is permitted to do the 30 hour requirement using a sun simulator. To
improve the test method and ensure reliable test results for the industry all relevant influences were checked
and the relevant degradation mechanisms of the components were considered. Therefore the following
changes were made within the current revision of EN12975-1,2:2006. The collector shall be exposed until at
least 30 days have been passed and the minimum irradiation dose H shown in Table 6 is reached. The
collector shall also be exposed for at least 30 h to the minimum irradiance level G given in Table 6, when the
surrounding air temperature is greater than the value shown in Table 6 or conditions resulting in the
stagnation temperature of the collector. These hours shall be made up of periods of at least 30 min. Indoor
exposure using a solar simulator may be applied to reach the 30 hours and/ or the irradiation dose once the 30
outdoor days have been reached. It must not consist of longer cycles than 8 hours and have a minimum of 4
hrs to cool down the collector to close to ambient temperature in between each cycle. With the objective to
produce more reliable results in case of subsequence qualification tests a pre conditioning exposure test
sequence with approximately half the duration of the full exposure test was defined. The class according to
which the collector is to be tested is defined by the collector manufacturer. The set of reference conditions
are given in Table 6.
Table 5: Ice ball diameter, their mass, velocity, and kinetic energy

Global irradiation
on collector plane during minimum 30 hours
(or 15 hours in case of pre-conditioning),
G [W/m²] / minimum ambient temperature, ta [°C]
dose on collector plane for exposure test during minimum 30
days, H [MJ/m²]
dose on collector plane for pre conditioning sequence during
minimum 15 days, H in MJ/m²

Value for climate class
Class C
Class B
Class A
Temperate Sunny
Very Sunny
850/ 10
950/ 15
1050/ 20

420

540

600

210

270

300

7.3 Thermal performance testing of fluid heating collectors
Thermal performance measurement of PV-T collectors
The ongoing revision of EN12975-1,2:2006 states that the operation mode of the PV-module (MPP tracked,
open or short circuit) could have a major influence on the thermal performance and that the chosen method
need to be mentioned within the report. Furthermore the PV-T collector should be treated as an unglazed
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collector module if the absorber of PV-T is close connected to the PV-Module and if there’s no extra glazing
in front of the PV-Module. Thus it will be possible to determine the thermal efficiency of PV-T collectors
according to the European collector test standard EN12975 on its thermal behavior. Following also the Solar
Keymark certification of such technologies is possible.
Thermal efficiency measurement of solar air collectors
The new chapter “6.2 Performance testing of air heating collectors” was implemented to define and regulate
the thermal characterization of solar air heaters within Europe. The therefore necessary methodological
approaches for the thermal characterization of covered solar air heaters were developed by the Fraunhofer
ISE within the scope of the BMU founded project Luko-E as well as the project CostEffective (founded by
the 7th Framework program of the European Union). However non covered solar air heaters are not taken
into account until now. The reason therefore is that the methodological approaches cannot easily be adapted
to uncovered solar air collector. Examples are the influence of the wind velocity over the collector surface or
the long wave radiation which should be additionally taken into consideration. Ongoing work will close this
gap.
Parallel to the investigation at the Fraunhofer ISE a working group in Canada worked on the revision of the
Canadian collector standard (F-Series). The public ballot related to this revision was closed in spring 2011.
Thus the CSA F 378.2 is now available. This Canadian standard defines also the necessary measurements for
the thermal characterization of solar air collectors. Thereby the method is adopted from the North American
standard ANSI/Ashrae 93. The final goal is to bring together the CSA F 387.2 and the EN 12975-1,2 in one
CEN-ISO Standard with international acceptance.
Thermal performance measurement of concentrating collectors
The current revision of the European testing standard states, that the thermal performance measurement of
concentrating collectors should be tested according chapter 6.4., which describes the quasi dynamic test
procedure. The reason why this is the suggested test procedure is the consideration of direct and diffuse
insolation onto the collector plane. The applicability of the steady state method is currently under
investigation by a direct comparison of the steady state measurement, using an aditional calculation method
as described in the following, and a quasi-dynamic measurement. If the steady state method should be used
for concentrating collectors the geometric concentration ratio C of the collector has to be considered as
follows:
•

C ≤ 1: the standard testing method shall be applied, with an acceptable diffuse fraction of maximum
30 %

•

C > 20: the diffuse radiation is not taken into account

•

1 < C < 20: the global and the diffuse radiation are measured. By an iterative process Kta_dif is
calculated from Kta_glob with a convergation criterion < 2% of Kta_dif. This method will be applied
in an informative Annex.

Furthermore the elevated temperature of concentrating and mid-temperature collectors has to be considered
within the mass flow measurement. The mass flow ṁ can either be measured directly based on the coriolis
method or indirectly with a magnetic inductive flow meter. For the indirect case, it has to be calculated from
v̇ (ṁ = v̇*ρ, ρ = f(p,T)). The current polynomial function in EN 12975-2:2006 are only valid until 99.5 °C.
Therefore a new fit is implemented into the revision of EN12975-2 being valid until 250 °C. Further
adjustments for the thermal characterization according to EN12975 are:
•

that tracking and concentrating collectors shall be tested using the tracking device of the
manufacturer

•

that tracking and concentrating collectors shall be mounted in a way that enables performance testing
up to incidence angles of 60°

7.4 Guide to EN12975 standard
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The purpose of this guide is to be a complement to the EN 12975 standard, focusing on parts 1 and 2 related
to testing of solar thermal collectors. The guide has been divided in two parts, each with a different target
group and objective.
A guide for established and new test laboratories for collector testing. The main purpose here is to give a
quick introduction to the standard for new laboratories and in general to contribute to a uniform
interpretation of the standard and presentation of results.
A guide for manufacturers and importers of solar thermal collectors. Here, the purpose is to give a
introduction to the standard and to explain how it is used for type testing as well as for innovation and
development support. Tests that can easily be carried out by e.g. manufacturers themselves are briefly
explained.
7.5 Energy output calculation tool
Within the new Annex Q of EN12975 the description of an excel-based energy output calculation tool is
given. This tool is primarily developed to give the end-user a possibility to compare different types of solar
collectors. The program shall therefore not be used as a calculation tool for design of solar energy
installations. No system is simulated. The calculations assume that there is a load all the time for the energy
collected and that the collector is operating at a constant average temperature. The tool is applicable to many
kinds of liquid heating collectors, including tracking concentrating collectors, collectors with multi axial
incidence angle modifiers and unglazed collectors.
8. Summary/conclusion

The paper shows that there is a significant development on-going right now. Many active
protagonists make it possible that the solar thermal branch is moving forward in defining
standards and quality means quite quickly. A lot of effort is paid to keep the inter-acting
system of standards and labels as transparent as possible and flexible to react on upcoming technologies. The work done within these expert groups is highly valuable for
manufacturers and helps to stabilize and back up the market diffusion for solar thermal
products. Never the less not all barriers can always be solved in due time, often because of
a lack of industry involvement.
Especially to bring together the different global markets will be the interesting challenge
within the coming years in sola thermal standardization work.

9. Nomenclature

Quantity

Symbol

Unit

Global irradiation

G

W m-2

Global irradiation dose

H

MJ m-2

Kinetic Energy

E

J
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1. Introduction
The building heat load and energy system simulation programs are often used mainly for the research
purposes rather than for the practical design. The simulation is merely used in the design stages of buildings
because the preparation of the input data of a simulating building is usually a complicated work.
However, in designing the comfort and energy efficient buildings, the effective use of the simulation is a
contemporary issue to reduce the energy use from buildings. Therefore, the necessity of predicting the
energy use by the simulation is increased in the design stages of energy efficient buildings. Moreover,
recently, multiple high performance housing equipments and systems are developed. Especially, in designing
the roof integrated solar air collector and underfloor heat storage, the designers have to understand the
theory to determine the collector areas, the air flow rate of the fan and heat storage capacity of underfloor
slab and so on. To check up these points, using the building energy performance system simulation program
is very important.
From such a background, for example, Energy-plus[1], [2]and Thermo-Render[3] have been added the function
which can directly provide the input data from the drawing data obtained by the 3D-CAD. Although it is a
convenient way that the simulation can be directly performed the input data using the 3D-CAD, only the
users using it can receive a benefit.

Plug-in

Energy plus
Thermo render
etc
Modeling using CAD
software
(google skechup,
vector works etc)

Running the
heat load
simulation

Analysis
of the output data

Fig. 1: Execution of the heat load simulation using the CAD software

So, in this research, the user-friendly tool of building heat load simulation program aiming at design supports
for the roof integrated solar air collector for space and DHW heating system for the designers at the practical
design stage has been developed using Microsoft Excel. This tool is called as SunSons for Windows[4].
2. Outline of building solar heating system
Fig.2 shows the systematic diagram of the roof integrated air solar collector for space and DHW heating
system called as OM solar system [4] since 1987 in Japan. The solar heat collection area of the roof consists
of the pre-heat solar collector and the glazed solar collector. PV panels are possible to be installed on the preheat collector. The outdoor air is warmed by solar collector and flows into the underfloor spaces and the
collected heat is stored in the concrete underfloor slab. And then, the heat is radiated from underfloor spaces.
Moreover, the warmed outdoor air by the solar collector is used also for the hot water heating in summer,
autumn and spring.
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Fig. 2: the roof integrated solar air collector for space and DHW heating system
Tab. 1: Control of Handling box

Air flow

Floor heating
Outdoor air cooling at Exhaust
summer night
From the roof to
From the roof to
underfloor space
outside

Ventilation

Circulation

From inside to outside

Circulation of indoor air

Air flow path

Ridge

Outdoor

Ridge

Outdoor

Ridge

Outdoor

Ridge
Outdoor

Switching of the
handling box
Room
inside

Underfloor

Room
inside

Underfloor

Room
inside

Underfloor

Room
inside

Underfloor

The roof integrated solar heating system is designed to be controlled shown as Tab. 1. These operations are
controlled by switching the dumper of the handling box. At night in summer, cooled air through the
influence of radiative cooling is carried to the underfloor and is stored in the foundation. At daytime in
summer, outdoor air warmed by heat collection areas of the roof is used as hot water. Without the solar hot
water system, it is exhausted. In winter, the warmed outdoor air flows into the underfloor space and heats the
underfloor slab, then flows into the heating room. Furthermore, it is possible to allow indoor air to circulate
too.
In the basic design of the solar house with integrated air collector, the process is divided into seven steps as
shown Tab. 2. When the heat load simulation is used by a designer at the practical design stage, the designer
often expects to avoid complicated work to prepare the input data for the simulation. Therefore, the easy-touse graphical user interface for input-output support tool in the heat load simulation program has been
developed using Microsoft Excel. This tool is easily able to be examine the designed solar heating systems,
to be printed the formal reports on the energy saving and to be used for the business activities.
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Tab. 2: Design process of the roof integrated solar heating system

Step1

Size of the heat storage area in the
underfloor spaces.
Size of the solar-heated room

Step2

Size and specification of the roof
integrated solar collector

Step3

Layout of the handling box and
ducts

Step4

Layout of the solar heated air outlets
on the floor.

Step5

Layout of the remote-controller
panel and the thermo sensors

Step6

Design of the solar hot water heating
system

Step7

Specific of the auxiliary space
heating system if necessary

3. Program Flow
Fig.3 shows the program flow of SunSons.
1. Data input
A designer inputs the data in the specially designed graphic environment with the easy-to-use windows and
the pull-down menus. And then, the text input data for EESLISM[5], a generalized energy and environment
simulation program applicable to the solar buildings is created.
2. Input data check
3. Execution of EESLISM
4. Output data analysis
1.Data input

Click! (Run)

2.Input data check

Wall
dataRoom data

Equipment
Schedule
etc

Create the input data
for the heat load
simulation

Check the input data

Automatic calculation

Running
EESLISM

Print of the formal
report about
energy saving

Display of graphs
・CO2 emission
Output data
・Primary energy
Output data
processing
・Heat collection
analysis
・Room temperature
・Wind direction
4.Output data analysis
・・・etc

Import to
Microsoft Excel

Data output

3.Execution of
Simulation program

Fig. 3: Program flow of SunSons
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4. Data input
The information of the house is input using the control box of Microsoft Excel. In this section, the input
method of the outside obstacles is shown. When the outside obstacles or the designed house is input, to input
all the vertex coordinates of the outside obstacle etc. by three-dimensional coordinate is very difficult.
Therefore, the input method must be as easy as possible. And so, only one vertex is input by threedimensional coordinate. In addition, angle of direction, angle of tilt, width, height and depth of the obstacles
are input. The outside obstacles are able to be input easily as rectangles (like eaves and screen etc.) and the
three-dimension (like balcony, cube and tree etc.) as shown in Fig. 4. The outside obstacles input as threedimension are broken down into the polygons. Apart from these, in consideration of complicated form’s
obstacles, to input directly all vertex coordinates by the three-dimensional coordinate is possible too.
Fig. 5 shows input of the designed house. At first, outer wall of each aspect (called as BDP) is defined. The
bottom-left vertex coordinate(x, y, z), angle of direction, angle of tilt, width and height of BDP are input.
Next, outer wall of each room in BDP (called as RMP) is defined. The bottom-left vertex coordinate(x, y),
width and height of RMP are input. At last, windows (called as WD) in RMP are defined. The bottom-left
vertex coordinate(x, y), width and height of WD are input.
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Fig. 4: Input of outside obstacles
W

RMP

BDP

W

W

WD

H

H

H

(X,Y)

(X,Y,Z)

(0,0)

(X,Y)

Wa

BDP (External surface)

RMP

RMP（Outer wall of each room)

(0,0)

WD( Window)

Fig. 5: Input of the designed house

5. Data check
In shown as Fig. 6, after the input data, the entry data are confirmed. If the number of errors is zero, text
input file for EESLISM is created. In the case of consideration of the outside obstacles, before executing the
simulation, housing and outside obstacles layouts are able to be confirmed using the computer graphics tool
called as KAGESUN[6] which was developed by the author. This tool is able to look down upon the building
layouts from every angle by mouse operation and to check whether input data is right or wrong instinctively.
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NG
Check the input data
for outside obstacles

Detection of
error
OK

input forms

Check the input data

Create the text file for the
heat load simulation

Fig. 6: Check the input data

6. Execution of simulation (EESLISM)
After input data check, EESLISM is executed. Tab. 3 shows calculation pattern. At first, the suitable fan is
chosen as ridge temperature does not exceed 80 degrees C (Case 0). Next, three cases (The solar air heating
system with the air conditioners as the auxiliary heating (Case 1), only the air conditioners (Case 2) and only
the solar air heating system (free floating room temperatures, Case 3) ) are calculated.
Fig. 7 shows progress bar displayed during EESLISM execution. After EESLISM execution, the necessary
output files are imported to the SunSons. Next, the hourly, daily, monthly and annual data are created. And
then, some graphs needed for analysis of The roof integrated solar heating system are created.
Tab. 3: Calculation pattarn

Case 0

Air flow rate check of the fan

Case 1

The solar air heating system
heating

Case 2

Only the air conditioners

Case 3

Only the solar air heating system (free floating room temperatures)

with the air conditioners as the auxiliary

1.Checking the air flow rate of the
fan
2. Execution of EESLISM
3. Import of the output files to
Microsoft EXCEL
4.Createing the hourly data
5. Creating the daily data
6. Creating the monthly and annual
data
Fig. 7: Progress form during execution of a program
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7. Output data analysis
The designer can obtain the information in shown as Fig. 8.
2. Print of the reports
for the business
activities.

3.Print of the formal
reports on the energy
saving.

1.Compatibility check of designed
solar air heating system
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Fig. 8: Output data analysis by SunSons

1. Compatibility check of designed facility system
- Choice of the suitable fan
- Verification of the effects of the roof integrated solar air heating system (room temperature, heating load,
secondary energy consumption, production of electricity, CO2 emission and so on) in shows as Fig. 9.
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Non-OM
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Fig. 9: Example: effects of the roof integrated solar air heating system (Heat load, Secondary energy, Primary energy and
CO2 emission)
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2. Printout of the report for business activities
Fig. 10 shows the A3 size report for sales called as Simulation Note. Simulation note is organized by the
effects of the roof integrated solar heating system and is helpful in providing an explanation to a customer.

Monthly weather data

Monthly Wind speed
and wind direction

Annual energy consumption and CO2 emission

Solar energy availability

Effects of heating
by OM system

Storage of hot water
by OM system

Fig. 10: Report for sales (simulation note)

3. Printout of the formal reports on the energy saving
Fig. 10 shows the reports to be submitted on the energy saving. One is the criterion for next generation
energy saving standard, the other is annual heating and cooling load statement.
Therefore, to use this user-friendly tool can be saved the trouble of creating these reports and be made a
contribution to work saving of total residential design.
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Criterion for next generation energy saving
standard

Annual heating and cooling load
statement

Fig. 10: Printout of the formal reports on the energy saving

8. Conclusion
The simulation is merely used by the designers of the solar houses because the preparation of the input data
for the simulating building energy performance is usually a complicated work. Especially, In designing the
theory to determine the solar air collector and underfloor heat storage, the designers have to understand the
heat collector areas, the air flow rate of fan and heat storage capacity of underfloor slab etc. To check up
these points, using the building energy performance simulation program is very important.
In order to use the energy performance simulation program for the practical design, user-friendly inputoutput support tool by SunSons has been developed.
Using the user-friendly tool SunSons can be saved the efforts for preparing the complicated input data for the
simulation program.
Moreover, the output data to be used analyzing the simulation results are automatically shown just after
finishing the simulaton.
The formal reports and the reports for business activities are also created automatically.
Therefore, SunSons can be made the design work more efficient.
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2. Solar Buildings

2.1 Solar Architecture and Building Integration

ACTIVE CONTROL SYSTEM BASED ON THE APPLICATION OF PASIVE
SOLAR ARCHITECTURE MEASURES
Mitja Košir1, Živa Kristl1 and Aleš Krainer1
1

University of Ljubljana, Faculty of Civil and Geodetic Engineering, Ljubljana (Slovenia)

1. Introduction
The quality of indoor environment in buildings is directly connected to the productivity and health of
occupants as well as to the energy efficiency of the building. In such a context the provision of satisfactory
internal conditions is an issue that has implications on a socio-economic scale (Fisk, 2000, Sobocki, 2006)
reaching beyond the scope of construction related professions. Nonetheless, the problems concerning design
and regulation of the indoor environment can be addressed directly and efficiently on the level of the
building design and management. Buildings as artificially created objects can be split into two distinct but
codependent entities – building envelope and indoor environment. In contrast to the external environment,
indoor environment for people represents a place of control on the physiological as well as psychological
level. Because these two environments are not discrete but in constant exchange of energy, mater and
information (Krainer, 1993), the function of the building envelope is to enable the desired indoor conditions
with regard to the external climatic conditions. Quality indoor environment provided with the formulation of
an appropriate building envelope is at the base of bioclimatic design and passive solar architecture (PSA).
Building performance (Fig. 1) can additionally be raised by correct use of installed devices (e.g. heating and
cooling systems) and especially by providing automated regulation to the functioning of the whole building
(Košir et al., 2006). Automated control systems represent a solution to a complex problem of balancing the
user demands with external climatic conditions with respect to the comfort and energy use criteria. The end
result of such applications is the design of healthy and comfortable internal environment with low energy
consumption and not the other way around (Krainer, 2008).

Fig. 1: Synergetic effects of design measures have a decisive influence on the final “performance” of buildings.

The Integral Control system of Internal Environment (ICsIE) (Košir, 2008) presented in the paper represents
a holistic regulation system based on the presumptions of bioclimatic design with the utilization of PSA
measures. The system regulates thermal, visual and olfactory parameters of an occupied office at the Faculty
of Civil and Geodetic Engineering, University of Ljubljana in Ljubljana, Slovenia. The regulation is

1837

achieved through the use of internal and external sensors, which monitor the corresponding environmental
conditions. The system then directs the appropriate actuators according to user demands and current external
conditions. ICsIE is designed around a fuzzy logic and conventional PI (i.e. proportional-integral) controllers
linked into a cascade system. The priority of the ICsIE is the use of PSA measures prior to mechanical
interventions synchronised with user demands, therefore integrating user satisfaction as well as energy
efficiency into the core of the system.
2. Integral Control system of Internal Environment
With the creation of artificial living and working environments people formulate systems that enable us to
function more efficiently and comfortably in the socio-economic system of our civilisation. No mater how
advanced these environments are, they are never separated from the greater natural environment, but are a
vital part in the link between humans and our environment. Because indoor environment is inseparably
linked to the external climatic conditions and internal user demands, it represents a complex system of
energy, mater and information exchange. With adequate level of control and energy input a meta-stable state
of indoor conditions can be maintained and with it also the functioning of human society. The indoor
environment of buildings can be described as a cross-section of thermal (Szokolay, 2008), visual (Szokolay,
2008), olfactory (CR 1752, 1998), acoustic (Szokolay, 2008) and ergonomic (Pheasant and Haslegrave,
2006) factors, which jointly form the perception of indoor environment. The control over qualitative and
quantitative aspects of each factor is crucial in the formulation of good and healthy indoor environments.
Due to the interconnection of different aspects of indoor environment (e.g. thermal and visual impact of solar
radiation) a holistic approach is necessary. Nonetheless, the number of factors influencing the regulation of
indoor environment can be reduced, if they are classified according to the level of their dynamics. Therefore,
acoustic and ergonomic aspects can be described as relatively static and can be successfully controlled by
passive measures on the level of building envelope (e.g. sound insulation) or space geometry (e.g.
appropriate furnishing). On the other hand, visual and thermal comfort and air quality are constantly
changing with regard to the external conditions and user behaviour. In accordance to these presumptions the
ICsIE (Košir, 2008) is focused on the control of work plane illuminance (daylighting and artificial
illumination), thermal conditions for heating and cooling seasons and natural ventilation.

Fig. 2: Conceptual diagram of the ICsIE’s relation to the building, its users and external environment.

Because of the dynamics of the external weather conditions and the current state of building technology we
can rightly say that the majority of interactions between external and indoor environments will pass trough
the transparent parts (i.e. windows) of the building envelope. At the same time internal demands with regard
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to illumination, internal temperatures and air quality influence the building envelope from the inside and are
sometimes in stark contradiction with the external conditions. These contradictions demand a highly flexible
and responsive control system which can be attained with correctly designed and regulated building envelope
and supplemented with installed mechanical and electrical devices (Fig. 2.). In the case of buildings the
control is in the majority of cases manual or of an ON-OFF type. Both types have proven to be inadequate in
attaining a sufficiently responsive regulation (Krainer, 1993). On the other hand, if an advanced control
system is applied, it is often only on the level of a single sub-system (e.g. heating control, daylight
responsive illumination) and not for the whole building, thus neglecting the interactions between different
parts of indoor environmental control. Traditionally, automated regulation is achieved with the use of
conventional PID (i.e. proportional-integral-derivative) or PI controllers which are very common in the
control of industrial processes. Although such control systems are very efficient, it can be extremely
complicated to design and tune them correctly in the case of highly complex systems, such as the regulation
of indoor environment. A possible solution to this problem is, as in the case of ICsIE, the application of
hybrid regulation systems where conventional PI controllers are used in a cascade system with fuzzy logic
controllers (Košir, 2008) (Kristl et al., 2007). The use of fuzzy logic controllers enables designers to apply
expert knowledge about the process in the form of IF-THEN statements that relate input variables directly to
the output value of the regulator and by doing so make the whole decision process more transparent and
intuitive to the designers.
The ICsIE system presented in the paper was designed for the control of three key aspects that constitute the
basis of a comfortable and energy efficient internal environment. The system regulates internal work plane
illuminance, thermal conditions for heating and cooling seasons and natural ventilation. Regulation is
achieved with the use of an elaborate array of internal and external sensors, which monitor the environmental
conditions. In the external environment the following parameters are measured: air temperature (MET),
relative humidity (MERH), illuminance (MEIL), direct solar radiation (MSR), reflected solar radiation (MRSR),
wind speed (MW), wind direction (MWD) and presence of precipitation (MP). In the indoor environment the
measured parameters are: air temperature (MT), relative humidity (MRH), work plane illuminance in two
work places (MIL1 and MIL2), CO2 concentration (MCO2), heating energy consumption (MH) and cooling
energy consumption (MC). The ICsIE directs the available actuators according to the set-point values of
internal parameters in relation to the current external conditions. The system prioritizes according to the
energy effectiveness of an action (e.g. shading has a priority over mechanical cooling in the case of thermal
regulation).The priority of the system is the use of passive solar architecture measures (PSA) prior to
mechanical interventions synchronized with user demands. For the regulation of internal illumination the
system can use six external venetian blinds to control daylighting and conventional ceiling suspended office
fluorescent lights as artificial illumination. In the case of thermal regulation (heating and cooling) the ICsIE
can use venetian blinds for the regulation of solar gains, ceiling mounted low temperature radiant panels for
the supply of heating or cooling energy and automated window for night time cooling; the same window is
also used for ventilation purposes. The process level of the system is built around a programmable logic
controller (Mitsubishi A2SHCPU(S1)) that performs all of the appropriate actions in correlation to the
defined regulation rules. Supervision of functioning and communication with the programmable logic
controller is enabled through a special interface application installed on a standard PC.
2.1 Heating and cooling control
Thermal conditions in the office can be regulated by controlling the solar gains (shading or exposing the
window) or by heating or cooling the room by activating the radiative panels. During cooling season also the
cooling by ventilation is available. It is possible during times when external temperature (MET) is lower than
internal set-point temperature (STT). In general the ICsIE favors the use of PSA measures, which means that
active heating or cooling is activated only if regulation of solar gains or cooling with ventilation is
inefficient. Because solar gains are regulated in the same way as daylighting (e.g. trough positioning of
blinds), the system operator has to choose whether the system is in illuminance priority or thermal priority
mode. In general, when users are present in the office the preference is set to the control of dayligting, as
humans are more susceptible to the changes in illuminance levels than to the changes in temperatures.
Input parameters to the thermal control of the ICsIE consist of measured data, defined set-point parameters
and constants that influence the regulation of the indoor thermal environment (Fig. 3). The set-point
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temperature value can be set arbitrarily by the system operator. In the case of experiments conducted with the
ICsIE, STT was defined according to the recommendations defined in the CR 1752 standard (CR 1752,
1998), i.e. 22.0 °C for heating and 24.5°C for cooling. The goal of the system is to maintain MT as close to
STT as possible. If the system is in thermal priority mode, the first available action is the regulation of solar
gains with the venetian blinds. This action can be used in the heating as well as in the cooling mode with
opposite functionality (i.e. shading in the cooling mode and exposing the window in the heating mode). In
both cases, the system compares the measured direct solar radiation (MSR) with the set-point solar radiation
value (STSR). If MSR is larger than STSR, the system extends (cooling mode) or retracts (heating mode) the
blinds. It has to be stressed that the STSR value is different for the cooling and heating season as well as
heavily dependent on building specifics. The system also incorporates time delay constants (TD) that regulate
the interval in which only one movement of the blinds can be performed. Time delays are used to prevent
constant movement of actuators that would be disturbing to users. Similar time delay interval (TH) is applied
between the activation of solar gains regulation and the activation of other actuators. If the indoor set-point
temperature is not reached with the regulation of blinds or if the system is in the illumination priority mode,
additional actions are taken to regulate indoor thermal environment (i.e. heating/cooling panels are
activated). Fig. 3 represents in detail the cooling part of the thermal regulation control loop of the ICsIE.

Fig. 3: Flow chart representing the cooling mode of the thermal regulation control loop of the ICsIE.
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2.2 Illuminance control
Internal measured illuminance (MIL) of the office is determined from two sensors positioned on the work
places situated in the office. The value of MIL is derived by calculating a weighted average of the spot
measurements (MIL1 and MIL2). To control the daylighting in the office the ICsIE can individually control six
external venetian blinds. These can be either fully retracted (e.g. window is unobstructed) or completely
extended (e.g. window is shaded). When all of the blinds are extended, the blades can be positioned at four
different angles in steps of 30° from horizontal position (i.e. 0°) to vertical position (i.e. 90°). Each blind can
be retracted individually, but the blades of all of the extended blinds are regulated simultaneously. If the
office is insufficiently day lit, the system can activate additional artificial illumination.

Fig. 4: Flow chart illustrating the functioning the illuminance control of the ICsIE when MIL is smaller than STIL.

The illuminance control loop of the ICsIE (Fig. 4) was designed on the experiences gathered through
experiments conducted with the control system KAMRA (Trobec-Lah et al., 2005). During the
experimentation with the KAMRA system it became obvious that because of quickly changing external
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illuminance conditions the movements of shading devices have to be limited in order to avoid annoying the
users. Because of this a compromise regarding the ICsIE’s accuracy and user acceptability was necessary;
therefore, we used time delay constants and deviation limits. The system applies a series of values that define
acceptable deviations from the set-point illuminance STIL. If MIL is in the defined zone, the system does not
react. Deviations are defined separately for the upper and lower threshold levels, as lower work plane
illuminance is more problematic for the visual efficiency than the higher one. In the case of the ICsIE three
pairs of deviation values are used for each individual actuator reaction. For the movement of blinds, a value
of parameter DD defines the lower limit (e.g. STIL - 80 lx) of the acceptable deviations while parameter DU
defines the upper limit (e.g. STIL + 100 lx). Separate parameters are also defined for the blade movements
(dD, dU) and for the activation of artificial illumination (DLD, DLU). Additionally, the activation of actuators is
also restricted by the time delays. For each of the actions a time interval is defined, in which only one
movement can be performed (Fig. 4). This is of great importance, because the external and consequentially
the indoor daylight levels can fluctuate very rapidly and with large amplitudes. The responsiveness of the
ICsIE is greatly dependent on the values of the described deviation parameters and time intervals. In general,
the smaller time intervals and deviation values, the more responsive the system will be, but at the same time
the blinds will move more frequently.
2.3 Air quality control
Determining air quality in enclosed spaces is a very complicated task because of the multitude of different
possible harmful chemicals that are hard to detect and even harder to remove. However, if the only source of
contaminants in the internal air is human metabolism, the level of CO2 concentration is a simple but effective
indicator of its quality (CR 1752, 1998). Supervision of the amount of CO2 present in the internal atmosphere
and adequate ventilation can effectively eliminate potential discomfort problems related to air quality. In the
case of the ICsIE ventilation of the office was executed with an automated opening of a window linked to a
CO2 concentration sensor (MCO2). The same window is also used for passive cooling by the thermal control
loop (Fig. 3). In order to avoid conflicting situations between the two control algorithms, the priority is
always set to the air quality control, because user health, comfort and effectiveness represent a more efficient
building system as a whole (Kristl et al., 2007). Opening of the window is suspended only when the external
precipitation sensor (MP) detects rain or snow.

Fig. 5: Flow chart illustrating the functioning the air quality control of the ICsIE.

Compared to the illuminance and thermal control loops of the ICsIE, control of the air quality exhibits lower
level of complexity (Figs. 3, 4 and 5). The quality of the indoor air is regulated according to the measured
concentration of CO2 (MCO2) that is compared to the maximum allowed concentration (STCO2). When MCO2
exceeds the defined value of STCO2, the system opens the window. The window remains open until the level
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of CO2 in the room is reduced by the defined deviation value (DCO2). The ICsIE also executes time dependant
cyclical openings of the window that are not linked to the CO2 concentrations in the office (e.g. the window
is opened every 120 minutes for the duration of 10 minutes). The idea behind such operations is not to wait
that the maximum CO2 concentration is reached, but rather to maintain relatively constant levels of air
quality. The entire flow chart diagram of the ICsIE air quality control is presented in Fig. 5.
3. Operation of the ICsIE
The ICsIE was designed between 2007 and 2008 and installed in the office of the main building of the
Faculty of Civil and Geodetic Engineering in late 2008. During the operation of the system in the winter of
2008/2009 preliminary experiments were executed to eliminate defects in the design and glitches in the
programming and functioning. After some initial problems with the functioning of the actuators, the system
was put into continuous operation in spring of 2009.
3.1 Configuration of the test office
The test office equipped with the ICsIE is a typical cellular office with the floor space of 38.80 m2 and a
volume of 163.40 m3, with a western oriented window of a total glazing of 11.40 m2. Considering its size the
office has a relatively large window area (≈ 30 % of its floor area, and ≈ 38 % of the external wall area) but a
small level of occupancy (0.05 persons/m2), as there are only two work places in it. The window of the office
is segmented into six individual units, each unit equipped with the above mentioned motorized external
venetian blinds. The upper right (as seen from the inside of the office) window is automated and is used for
ventilation and passive cooling of the office. Heating and cooling panels mounted to the ceiling of the office
are connected to the central heating and central cooling plant of the Faculty of Civil and Geodetic
Engineering building. The basic geometry of the office can be seen in Fig. 6.

Fig. 6: Basic geometry of the office equipped with the ICsIE control system.

3.2 Experiment: Illuminance control, 7th of March 2011
Typical operation of the ICsIE is that during week days the system is in illuminance priority between 7:00
and 18:00. After that the system switches to a reduced regime (i.e. no illuminace control, reduced internal

1843

temperatures control). During weekend days the system is typically in thermal priority mode or dormant
(regulation of blinds is deactivated). Fig. 7 represents a typical early spring experiment where the system was
in illuminace priority mode with deactivated artificial illumination, which means that internal illuminance
was regulated strictly by the venetian blinds. STIL was set to 500 lx with acceptable deviation values of
parameters DU set to +100 lx and DD set to -50 lx (Fig. 7). Deviation parameters for the rotation of the blind
blades were set symmetrical (dD = dU) to ±50 lx (not depicted in Fig. 7), while time restriction constants were
set to TD = 300 s and tD = 120 s. The STIL value was taken from the recommendations for office
environments defined in the ISO/CIE 8995-1 standard (ISO/CIE 8995-1, 2002). Weather conditions on the
presented day were extremely sunny and stable, which can be observed from the solar radiation (MSR) curve
depicted in Fig. 7. Due to the western orientation of the office the direct solar radiation influences the
internal illuminance of the office only after the sun passes to the western part of the sky hemisphere. Internal
illuminance was too low during the morning hours when additional artificial illumination would be necessary
to reach the desired value of 500 lx. After 13:00 the office was adequately daylighted until 17:00, when the
intensity of the sun dropped due to the setting of the sun. During this time the ICsIE successfully regulated
the internal illuminance with the positioning of the blinds (POSBL) and rotation of its blades (POSBLA). The
POSBL line depicted in Fig. 7 represents the movement of six individual venetian blind units, where the value
of 1000 represents all of the blinds being retracted, while each additional step corresponds to one blind unit
being extended. All of the blinds were extended around 15:15. At this time the position of the blades
(POSBLA) was horizontal (0°). Each additional step was then executed in 30° increments. The POSBLA line
depicts this rotational movement of blades where the value of POSBLA = 0 corresponds to 0° and POSBLA =
900 corresponds to 90°. Temporary drops in the level of internal illuminance during the movements of blinds
are caused by blind movement which can be executed only with blades at 90° position (POSBLA = 900). The
presented experiment illustrates the efficiency of the ICsIE’s illuminance control, as it was successful at
following the STIL value accurately and with less than 4 movements of blinds in one hour.

Fig. 7: Illumination control on the 7th of March 2011; the ICsIE illuminance control was active between 07:00 and 18:00,
artificial illumination was turned off. The diagram depicts the following values: internal set-point illuminance with defined
deviations (STIL+DU, STIL-DD), internal illuminance (MIL), external illuminance divided by factor 10 (MEIL/10), direct solar
radiation (MSR), position of individual blinds (POSBL) and inclination ob blades (POSBLA).

4. Conclusion
The ICsIE was designed and executed as a full scale, real time automated control system that would be able
to effectively control the living and working indoor environments of buildings. The system is installed in an
occupied office at the Faculty for Civil and Geodetic Engineering in Ljubljana, Slovenia. The system is
focused on providing greater user comfort and consequentially in working and school environments also
greater efficiency at working and learning. In the context of user satisfaction lower energy consumption of a

1844

building is a secondary concern and must not interfere with providing good and healthy internal
environmental conditions (Krainer, 2008). Nevertheless, this does not mean that a building with such system
can be energy inefficient, but that striving for reduction of energy consumption must be coordinated with the
goal of better indoor environmental conditions (Košir, 2008). In the case of ICsIE this is achieved through
the application of bioclimatic principles and use of PSA measures to achieve simultaneous positive effects in
the field of user comfort as well as energy efficiency. ICsIE is a system that controls the most dynamically
changing aspects of indoor environment (illuminance, thermal conditions and air quality), while acoustics
and ergonomics were not controlled due to their relatively static nature. Regulation is achieved trough the
use of internal and external sensor arrays that monitor the indoor environmental and the external climatic
conditions. According to the reference values of indoor controlled values (user demands) and the external
possibilities, the system guides the appropriate actuators to a proper state. The system is executed as a
cascade fuzzy logic/PI control system for the regulation of heating, cooling and illuminance and as a
conventional PI controller for the regulation of natural ventilation.
During the operation the ICsIE has been successful at synchronizing the controlled aspects of internal
environment and has maintained them in the desired range around the set-point values. Illuminance control
has been successful in following the defined set-point values of the indoor work plane illuminance. Through
experimentation the appropriate values for the deviation limits around the set-point value and time delays
have been defined. With these values properly defined, the ICsIE is able to regulate the level of indoor
illuminance with relatively few movements of the blinds (i.e. typically ≈ 5 movements in 1 hour). Low
number of blind alterations is crucial as to prevent annoyance to the users. Thermal control of the indoor
environment was also successful at keeping internal temperatures in the desired range. The most surprising
was the efficiency of the nigh-time passive cooling, where reduction of 4 to 5 K in indoor air temperatures
was achieved when the office was naturally ventilated through an automated window. Quality of the indoor
air has been controlled by automatic natural ventilation. The system is capable of sustaining indoor CO2
concentrations continuously below the upper threshold of 1000 ppm. In most cases the window was opened
only for the duration of 5 minutes in order to reduce the concentration of CO2 in the office by 50 ppm.
According to the occupants’ feedback the ICsIE could be deemed a success, as manual interventions into the
functioning of the system were rare. The same conclusion can also be drawn from the experimental data
where good results were achived even with daylighting, which is the hardest to control due to its
unpredictable and highly dynamic nature.
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Abstract

A combination of technologies when applied to glazed fenestration can realise highly adaptive energyefficient facades providing good thermal comfort to building occupants. “Adaptive Fenestration for
Emmission-free Cladding Technology” (AFFECT) employes vacuum glazing, electrochromic coating,
luminescent solar energy concentration, photovoltaics and in-build antennae and battery to create a cladding
system that mediates between indoor and outdoor environmental conditions to ensure indoor comfort
conditions are maintained.
1.

Introduction

Utilising and responding to external environmental factors, innovative passive, photovoltaic (PV) and
controlled “smart” (Swords et al, 2008) building cladding systems influence the energy and equipment
required to maintain internal building comfort (Shanks et al, 2006). Building envelopes can provide thermal
insulation, daylighting, ventilation, passive solar gains, PV electricity, and interact via a telecommunication
antennae with a building so as energy management (BEM) system to adapt to diverse and changing building
functions and weather conditions. The adoption of these innovations in building cladding will reduce
significantly greenhouse gas emissions even if the technical reductions achievable are mitigated by occupant
behaviour (Yohanis et al, 2008).
Adaptive Fenestration For Emissions-free Cladding Technology (“AFFECT”) is a combination of building
cladding innovations that coherently and optimally integrates five key attributes as show in figure 1.
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Attribute

Enabling Technology
Illustrative simplified
Schematic cross‐section
diagram of the “AFFECT”
Concept
(not to scale)

Very low
heat loss

Evacuated
Glazing

Economically
viable

Overheating
Avoidance

Electrochromic
Coating

High
Multifunctionality

glass

Power
autonomy

Wireless BEM
integration

Integrated
Photovoltaic

Integrated
Wireless
Antennae

glass

electrochromic
coating
spacer

solar energy

daylight
vacuum

waveguide and luminescent
light transport and
concentration to photovoltaic

antennae

photovoltaic
edge seal

Figure 1

frame

control and battery
energy storage

Overview of the generic “AFFECT” cladding concept.

This concept builds on multidisciplinary research on innovative building cladding (Zacharopoulos et al.,
2000, Mallick et al, 2004a, 04b, 06, Mondol et al, 05, 06a, 06b, 07a, 07b, 07c, 08, 09, Norton et al , 2011),
and their thermal management (Huang et al, 2004, 06a, 06b, 07), the conception and development a very
highly insulating patented evacuated glazing (Griffiths et al., 1998, Griffiths et al, 2006 Hyde et al., 2000
Fang et al, 2005, 06, 07a, 07b, 08, 10, Waide and Norton 2003), solar energy conversion, (Zacharopoulos et
al., 2000, Eames et al., 2000; Kothdiwala et al., 1995, 99, Eames & Norton, 1993a, 93b, 95, 98), and low
energy and sustainable buildings, (Waterfield et al., 1996, Lo & Norton, 1996, Norton & Harris, 1992, Lo et
al., 1994 Yohanis & Norton, 1998, 99a, 99b, 2000, 02a, 02b, 02c). Use of the first detailed experimentallyvalidated transient thermophysical analysis of solar energy collection that gave equally detailed and complete
consideration to both optical and heat transfer behaviour (Eames and Norton 1993a, 93b) has allowed
detailed simulation of both direct and diffuse solar radiation absorption in heterogeneous three-dimensional
transparent systems, conduction in (and between) all system elements taking full account of their
thermophysical properties with both short-wave and long-wave radiation exchange. Convective and
radiative heat transfer from external surfaces is also modelled. This model has been applied to design and
develop a non-imaging concentrator for PV that achieves a concentration ratio of 2.5 without any tracking
requirement (Eames et al., 1997), analysis showed that in excess of 70% of diffuse skywards insolation for
this system reaches the PV material. Work, (Eames et al 1997, Mallick et al, 04a, 04b) has lead to designs for
a range of non-tracking relatively-thin PV planer concentrating elements for vertical façade mounting that
require only 40% of the PV material per unit power output compared to standard systems. These elements
are non-imaging and by the use of total internal reflection have excellent optical efficiency. Due to their
wide acceptance angle they can utilise all direct insolation and the majority of diffuse insolation without
tracking (Eames et al. 1997). Previous research has led to improved understanding of the thermophysical
behaviour of quantum dot solar concentrators (Gallagher et al, 2004, 07a, 07b, Kennedy et al, 2009) that
provide luminescent concentration in the AFFECT system. The interaction of solar radiation optics and heat
transfer at the building façade affects internal building comfort that in turn (Yohanis and Norton 2002b)
influences building energy efficiency. The consequential production of unwanted greenhouse gas emissions
over the total life cycle determines overall environmental impact (Yohanis and Norton, 2002a, 2006) and
economic viability of any developed system.
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2.

Components

2.1 Electrochromic glazing
Electrochromic (EC) vacuum glazing (ECVG) windows, the glazed component of which is shown in figure
2, are an active building component that can control the solar radiation penetrating into buildings whilst
reducing heat lost considerably (Fang et al, 2008, 2010). It can therefore reduce space heating or cooling
loads and improve thermal comfort in buildings.

Figure 2 Schematic diagram of an EC VG. The third glass
pane coated with EC layer is combined with vacuum glazing.

Fig. 4. Under 300 W m−2 insolation and opaque state, predicted
isotherms for an EC VG with the EC layer facing the outdoor
environment with the two glass pane surfaces within the vacuum
gap coated with two low-e coatings with emittance of 0.18
within the vacuum gap. (Fang et al, 2008)

Work has developed detailed three-dimensional heat transfer simulations of electrochromic vacuum glazing.
An example of this is shown in figure 3.
An EC window does not impede visibility through the window (as with blinds and curtains), reduces glare,
has no moving parts (and as a result, minimum maintenance cost), can be integrated into the central power
management of the building, block both direct and diffuse solar radiation (unlike passive shading devices),
can become transparent during the early morning and afternoon hours to improve natural lighting conditions
(unlike tinted glass) and as it requires low voltage power can be powered by photovoltaics. EC devices have
only been produced recently and thus comprehensive long-term operational data is not yet available. Due to
complex interaction of the many parameters involved, there remain opportunities for both significant
performance improvement and design for lower initial cost. The EC devices fabricated thus far are integrated
into insulating windows that consist of double glazings with low emittance coatings separated by an argonfilled gap. A much lower overall heat loss coefficient would be achieved with the use of evacuated doubleglazing, in conjunction with the EC device resulting to a triple EC evacuated window.
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2.2 PV thermal management
A challenge when employing solar energy concentration is that the more intense energy flux gives a larger
temperature rise at the PV surface. Incident insolation absorbed by the photovoltaic (PV) cell that is not
converted to electricity produces heat, leading to PV temperatures in excess of 75°C being recorded
regularly. At 75°C PV cell efficiency is approximately 75% of that at 20°C. The effectiveness of media and
techniques used to-date to cool PV cells are inherently limited. The aim is to develop cost-effective
techniques to increase these limits to maintain PV temperature closer to ambient thereby improve cell
efficiencies to at least 90% of that of a cell operating at ambient temperature. Research will therefore be
undertaken on the development of systems in which concentrating PV operate at lower temperatures. For
building integrated PV systems, water-cooling is not viable and natural convective air-cooling is the general
approach adopted to date. The design and physical realisation of new highly efficient, cost-effective
photovoltaic systems for building integration will include advanced thin film coatings, innovative ventilative
cooling techniques (Mallick et al, 2007a) and phase change materials. The use of phase change materials
with a phase transition in the temperature range 25°C to 35°C with building integrated PV systems, can
significantly increase diurnal and annual solar to electrical conversion efficiency by reducing PV cell
temperature rise (Huang et al, 2004, 2006a, 2006b, 2007 Hasan et al, 2010).
To accommodate the full thermal load from the PV, significant quantities of phase change material are
required along with effective methods of transferring the heat from the PV to the phase change material. In
addition, adequate thermal discharge of the phase change material is essential between solar heat gain cycles.
The proposed generic cooling approach consists of augmenting/adapting a standard PV panel so that an air
flow passage is produced at the back of the panel in which an array of hexagonal or circular hollow tubes
filled with phase change material are located. The phase change material moderates the PV temperature rise
and the array of tubes and back-plate both provide an extended heat transfer surface area. If phase transition
has not taken place, the cooling air (at the exit from the air space) will be at a temperature less than the phase
transition temperature and suitable for building heating in autumn, winter and spring. In the summer period,
direct venting to ambient would ensue. At suitable times of the year the rates of convective heat transfer
could be improved by using the building ventilation system to draw the air volume required to meet air
change requirements through the airspace at the rear of the PV system.
2.3 Luminescent concentration
For all but the lowest concentration ratios, conventional optical concentration techniques require solar
tracking, which is expensive, and utilises only the direct component of radiation, rendering them unsuitable
in the cloudy conditions prevalent in the U.K. A non-tracking PV concentrator will use integrated quantum
dot technology (Barnham et al., 2000; Gallagher et al, 2004a, 2007b, Kennedy et al, 2009). A quantum dot
solar concentrator is shown in figure 5.

Fig. 5. Principle of the QDSC (Gallagher et al, 2004)

Two means of incorporating luminescent concentration of solar energy onto edge-mounted pv in evacuated
glazing will be investigated.
• the inner surface of that pane of the evacuated glazing not EC coated will be coated in a thin film
containing quantum dots
• a pane of the evacuated glazing will be seeded with quantum dots as shown in figure 1
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Insolation is absorbed by a quantum dot and then re-radiated isotropically, ideally with high quantum
efficiency, and trapped within a sheet by internal reflection. The trapped light is converted at the edge of the
sheet by a PV cell with a band-gap just below the luminescent energy. Experiments will be undertaken for
the full range of solar incident angles to quantify reflection losses on the absorptance of direct and diffuse
insolation components. Thermal effects on system efficiency will be measured. Particular attention will be
paid to the possible degradation of the performance under enhanced UV illumination. The systems will also
be characterised using the outdoor test cell and the south facing test façade of the laboratory under real
environmental conditions and under controlled conditions. Particular attention will be given to near-infra-red
(NIR) absorbing quantum dots as these show promising efficiency as can be seen from figure 6 (Kennedy et
al, 2009).

Fig. 6. Predicted optical efficiency (ηopt) of 60 × 60 × 3 mm QDSCs containing green, orange and NIR
emitting QDs. ηopt = ηabs × ηret, where the retention efficiency, ηret = 1−(escape cone loss) (Kennedy et al,
2009).
2.4 Integrated power supply
Integrating power supply and control into a switchable window avoids the need for electrical connections.
This reduces installation time and cost whilst also giving high long-term reliability. The integrated power
supply best suited to this application is photovoltaics (PV). To optimise the PV system size and thus
economic viability the factors shown in figure 9 are taken into consideration.

Fig. 6. Interactions of influences on PV system sizing (Mondol et al, 2005)
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2.5 Self-powered wireless connectivity
The radio spectrum is a scarce commodity with commercial pressure to increase capacity while increasing
service bandwidth. Networks operating between 1900 MHz and 2170 MHz will offer high bandwidth
services and in urban areas, will operate small-area microcells requiring a high density of base-station
installations. Microcellular systems are designed to restrict coverage in an effort to improve frequency re-use
and increase capacity and are thus highly suited to wireless BEM systems. In high-density urban areas this
will result in increased use of building-mounted antennas and back-haul using radio or optical fibre. An
advantage of this approach is that limited range base-station and handset transmitters operate at lower power
levels, reducing mean population exposure to electromagnetic fields. The placement of microcell antennas on
buildings, however, can lead to concern over visual amenity, vandalism and maintenance.
Vertical façades usually have a flat external profile that can integrate a low-cost microcell antenna element or
array. The microcell transceiver can, with an appropriate integrated battery, be PV powered. There has been
previous interest in combining antennas with solar panels, particularly within the field of satellite
communications, (Pozar and Targonski, 1998), where an integrated panel can yield significant cost savings
where the antenna array and solar panel are the same structure, (Vaccaro et al., 2000). However the use of
PVs themselves as antenna elements has the potential to be a significant innovation particularly if good
impedance matching is achieved. Recent work (Shynu et al, 2008, 2009; Roo Ons et al, 2009) has
developed,
(i) Solar cell acting as ground plane for micro strip antenna, (ii) Inset-fed micro strip facing the front contacts
of the cell, (iii) High gain micro strip antennas integrated with PV, (iv) Quarter-wave metal plate solar
antennas, (v) Proximity coupled-fed micro strip facing the back of the cell, (vi) Solar cell as reflector for
dipole antenna, (vii) Optically transparent antennas on PV, (viii) Integration of a-Si solar cells with
microwave antenna, (iix) Parabolic concentrator solar antenna and analysis has been undertaken of currents
induced by the patch in metallic layers of solar cell and of the influence of solar heating on gain and
bandwidth (Roos Oons et al, 2010).
3.

Conclusion

An illustration of the complex interactions between the enabling technologies is shown in Figure 7.

Figure 7

Interactions between the technologies enabling AFFECT.

The attributes of the system are;
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•
•

•

•

•

very low heat loss; achieved via an evacuated space between contiguously-sealed glazing panes
trapping re-emitted long-wave radiant energy.
overheating avoidance; very high annual solar fractions of total space heating can be achieved with
very low heat loss glazings combined with appropriately deployed and controlled local heat storage
in walls and floors. As this can lead to overheating (particularly in summer), electrochromic
coating will be employed to control solar gain.
power autonomy; the electrochromic glazing requires the application of an electrical potential to
change between transparent and opaque. This will be provided by a photovoltaic cell giving the
system resilience to power failure/outages and reduced installation cost and time by obviating the
need for power cables. (This would also be an enabling system facilitating the introduction of
future equipment and services such as photovoltaic/battery powered lighting and use of cable-less
motion/light energy harvesting wireless information technologies).
wireless building energy mangement (BEM) system integration; this involves a pv powered
antennae integrated in the BEM system linking the control of each AFFECT cladding element with
others in the same and other facades of the building and linking all the AFFECT cladding elements
to activities modulating natural ventilation. Solar radiation, ambient temperature and wind-speed
would be monitored locally to provide BEM data. The BEM system can then by varying the solar
energy collection and ventilation behaviour of different facades diurnally seek to ensure no fossil
fuel energy use together with acceptable comfort conditions.
economically-viable; via multifunctional integration of the enabling technologies in a single
cladding system. Each glazing pane will either be seeded, or coated with a thin film, of appropriate
quantum dots so that it will also be a luminescent concentrator and waveguide that will avoid
absorption in the visible range. The proximity of the antennae to the pv will seek to use the latter as
a ground plane. Control electronics and battery storage will be located in the frame. (Battery
storage is required to for example initiate operation on some AFFECT panels from opaque to
transparent early on cloudy days when instantaneous pv output may be insufficient).

Within the European Union it has been estimated that buildings consume about 40% of energy, produce over
30% of the carbon dioxide emissions, generate 40% of waste materials (Norton and Skates, 2000) and can
adversely affect air quality (Lo et al, 2001). The adoption of new cladding technologies will provide
significant annual savings in primary energy and CO2.
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Abstract
This paper focuses on emerging and alternative heterogeneous patterns for light-transmissive photovoltaic
(LTPV) panels. It presents some architectural, parametric design proposals. Study Background With the
kind of PV panels called 'light-through', translucency is achieved by spacing opaque solar cells, so that light
can penetrate through the resulting gaps.
Aim To improve the versatility of light-transmissive PV panels
used for architectural integration into building skins (BIPV).
Methodology First, the spacing of the solar
cells in cell-strings can have more than one distance. Second, interconnection between neighbouring cellstrings doesn't require the cells to lie exactly side by side, an offset between cell-strings is possible.
Innovation In combining the two parameters, tilted and wave-like solar cell patterns become possible. This
enhances the options for individual designs, smoother pattern transition, and architectural integration of PV
panels greatly. Parametric Patterns Clear parameters allow for parametric design to run through a whole
series of design options and to quickly understand the impacts of changing the wall screening panels on
levels of transparency, light transmission, number of photovoltaic solar cells and energy generation.
Conclusion With the parametric approach 'W(e)AVE' a wide range of solar cell pattern variations akin to
contemporary architectural design become possible.
Keywords:

BIPV Innovation, Light Transmissive PV (LTPV), Architectural Integration,
Patterned Gradation of Transparency, Parametric Design
1. Introduction

Solar modules can be categorised into different groups, depending on the chosen critera. From the point of
solar photovoltaic technology, two major groups, crystalline silicon and thin-film are common. From the
point of architectural BIPV, however, it seems to be reasonable to distinguish between opaque modules and
semi-transparent or translucent modules. Opaque modules are often used as cladding material, whereas semitransparent / translucent modules are used as light-transmitting or shading element. Even though both
module types generate electricity, their inherent and sought after qualities can be very different. Whereas
opaque modules are first and foremost electricity generators densely populated with solar cells to maximise
power output, this can be quite the opposite with semi-transparent / translucent modules. Densities are
intentionally reduced or holes are laser-cut, so that light can pass through the resulting gaps or holes, taking
into account the reduced power output, in exchange for the ability to change the degree of lighttransmittance, for illumination or partial shading, for allowing or preventing views, for letting in desired or
blocking undesired heat loads, plus the aesthetic qualities of rich shadow plays, colour and texture, all in one
building and architectural element.
2. Study approach and aim
This study focuses on the possibilities of spacing opaque cells for light-transmissive photovoltaic (LTPV)
panels, an approach often called 'light-through' and commonly used for crystalline silicon cells. Based on
built examples, key design parameters were established. A list of the built projects and the results of the
analysis are described in more detail in a separate paper (Baum, 2011). Semi-transparent thin-film-sheets
with laser-cut microscopic holes or widened scribing lines, often called 'see-through', are not discussed in
this paper. The aim of the study is to improve the versatility of LTPV panels used for architectural
integration into building skins.
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3. Solar cell patterns of crystalline silicon cells
3.1. rectangular PV panels – homogeneous cell patterns
A high packing density of solar cells to maximise performance has been the starting point for the design of
opaque modules that make up the lion's share of production. Whereas in the early days of PV, solar cells
were round and a hexagonal grid was the most space efficient arranging method, nowadays it is a square /
rectangular grid with mainly square and pseudo-square or sometimes rectangular cells. What has been the
starting point for opaque standard modules is having a strong impact on the development of LTPV as well.
The usual design alternatives offered by many PV manufacturers are mostly restricted to an equal spacing of
the cells / strings throughout the grid pattern. Starting from a dense spacing as in Fig.1a, the string distance
(Fig.1b) or the cell distance (Fig.1c) or both (Fig.1d) can be increased. A wide cell / string spacing increases
light-transmission ratio, whereas a dense spacing increases shading. These options for rectangular modules
are the most widely offered, as well as most widely integrated in building skins.

1a

1b

1c

1d

Fig. 1: Varied cell and string spacing, schematic

3.2. non-rectangular PV panels – homogeneous cell patterns
However, sometimes non-rectangular modules are used, that require alternative arranging methods. Based on
the built projects, the following string patterns (Fig.2) can be found. Offset patterns (Fig.2a) follow
parallelogram shaped panels, radiating patterns (Fig.2b) follow trapezium shaped panels, curved patterns
(Fig.2c) follow curved panels, and patterns with shortened string lengths (Fig.2d) can be used for any shape.

2a

2b

2c

2d

Fig. 2: String patterns for non-rectangular laminates, schematic

3.3. emerging heterogeneous cell patterns
Most of the analysed built examples use panels with a homogeneous arrangement of cells and strings, and
only few projects exist that employ panels with varied cell or string distances, i.e. neighbouring cells or
strings with changing intervals. Just to name two projects, the Solar Office Doxford International in
Sunderland, UK, built 1998 and designed by Studio E Architects, employs bespoke panels with increasing
string distances (Fig.3a), whereas the Christian Kindergarten Ulmenstrasse, in Dresden, Germany, built 2003
and designed by Reiter & Rentzsch architects, uses panels with equal string distance but partially random
cell distances (Fig.3b).
Most of the analysed patterns express a strong linearity. This is a feature of the electrical interconnection of
cells in strings, the most dominant and pattern-defining factor. It is interesting to note, that even with LTPV
where the most space-efficient arrangement of solar cells isn't the main objective, the dominance of linear,
panel edge-aligned patterns is hardly ever questioned. Only recently, at some airport projects in Morocco,
e.g. the Marrakech Ménara Airport, built 2008 and designed by a team led by E2A Architecture, the strings
were rotated by 45° (Fig.3c). The resulting patterns are reminiscent of traditional mashrabiya (Baum and
Liotta, 2011), underlining the search for and necessity to develop alternative approaches to match PV with
the local context and the requirements of the architecture.

3a

3b
Fig. 3: Heterogeneous cell patterns, schematic
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3c

3.4. the quest for designed, parametric patterns
Even though few built examples exist, an interest in heterogeneous patterns can be taken for granted.
Pellegrino et al. (2002) suggested PV panels with increasing string distance using the red scale of the
Modulor. Scognamiglio et al. (2006) suggested patterns with random solar cell positions taking inspiration
from Piet Mondrian's painting Broadway Boogie-Woogie. The random omission of solar cells in a grid-like
arrangement leads to patterns, reminiscent to early, low-resolution, pixellated computer graphics (Baum and
Liotta, 2011).
More generally speaking, in the advent of designed, parametric pattern generation, Patrick Schumacher,
partner at Zaha Hadid Architects, values patterns as “a potent device for architectural articulation”
(Schumacher, 2009), and Alejandro Zaera-Polo as “critical expressive devices”. Furthermore, Zaera-Polo
identifies an opposition to the Cartesian grid-division in contemporary building envelopes. However, if an
orthogonal grid is used as the organising structure for the construction, “it is usually disguised by introducing
an overlapped pattern or a 3-D manipulation of the surface” (Zaera-Polo, 2009). Scognamiglio et al. (2006)
describe this tendency as “substituting orthogonal matrixes with innovative geometries developed by means
of complex generative processes, based on casualness”. This raises the question, whether standardised
orthogonal PV patterns that reinforce the orthogonal grid are able to satisfy such needs.
4. 'W(e)AVE' – tilted and wave-like cell patterns
How can a general approach of “disguised by introducing an overlapped pattern” be achieved?
Here I'd like to draw an analogy to the craft of weaving, where a pattern is created by interlacing two distinct
yarns. The intersection of warp and weft form a criss-cross pattern.
(1) warp yarn
(2) weft yarn

Fig. 4: Weaving, source: http://de.wikipedia.org/wiki/Weben

Textile weaving forms, strictly speaking, an orthogonal grid, for the purpose of stability of the fabric.
However, in the case of PV stability is given by encapsulation. The analogy of weaving, that I call
'W(e)AVE', can be applied to PV as basically a two-directional pattern generating approach. The process of
overlapping liberates the generation of patterns from the linearity of the cell-strings by superimposing the
electrical interconnection in cell-strings with a deliberate crossing pattern (Fig.5).

Fig. 5: Comparison of standard pattern and 'W(e)AVE' pattern
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To make this approach operational, ' W(e)AVE' is based on two parameters:
• First, the spacing of the solar cells in cell-strings can have more than one distance. However, linearity
is kept in cell-strings.
• Second, interconnection between neighbouring cell-strings doesn't require the cells to lie exactly side
by side, an offset between cells is possible. However, parallel position of cell-strings is kept.

Fig. 6: 'W(e)AVE' case study I: tilted pattern, rendering of a two-panel BIPV

Fig. 7: 'W(e)AVE' case study II: sinusoidal patterns

Fig. 8: 'W(e)AVE' case stydy III: free-form pattern, rendering of a five-panel BIPV

Fig. 9: 'W(e)AVE' case study IV: 'W(e)AVE' pattern as transition between different linear standard patterns
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In combining the two parameters, a tilted and wave-like arrangement of solar cells becomes possible.
Furthermore, in keeping linearity and parallel position of cell-strings, an easy integration into manufacturing
processes can be achieved. Clear parameters also allow for parametric design, to run through a whole series
of design options and to quickly understand the impacts of changing the pattern on levels of transparency,
light transmission, number of photovoltaic solar cells and energy generation.
To proof the versatility of 'W(e)AVE', a number of alternative patterns were generated and visualised using
the parametric design software Rhino / Grasshopper. As can be seen from the case studies in Fig.6 to 8,
'W(e)AVE' enhances the options for individual designs and architectural integration of PV under the premise
of “disguising” greatly. It also allows for smooth pattern transition between standard patterns (Fig.9)
5. Conclusion
With the parametric approach 'W(e)AVE' a wide range of solar cell pattern variations akin to contemporary
architectural design become possible, of which some are illustrated with renderings. Furthermore, a flexible
change in the level of transparency enables the architect to set the visible connection between the interior
space and outside of a building into a complex relation.
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Summary
Wenchuan earthquake in 2008 is really a catastrophe. It almost destroyed everything, especially for
those students studying in the classrooms at that time. As thousands of children had no time to escape,
they were buried under collapsed floor slabs and walls.
Due to the lesson of Wenchuan earthquake, Chinese Government put the reconstruction of schools as
the emphasis of reconstruction after earthquake and put forward the highest demands for school
construction. The key problem at present, however, is how to build earthquake-resistant, perdurable,
energy-saving and sustainable schools with local restricted conditions of economy and technology.
Focusing it and combining with International Solar Building Design Competition, we advanced a
design concept of “low cost solar utilization” and collected design schemes of the competition, the
subject of which is rebuilt-design of Yangjiazhen School in Mianyang. Later top awarded scheme is
optimized and added with some of passive solar technology such as arrangement of viewable wetland
and adoption of passive ventilation, planted roof, dual-layer insulation roof, shading board combined
with heat collector and moisture isolation floor with air layer from the ground.
The application and implementation of low cost solar buildings strategies has provided not only an easy
and comfortable environment for study but a new design thoughtfulness concerning rebuilt-buildings
and schools after earthquake.

0 Introduction
After Wenchuan earthquake in 2008, Chinese government rapidly developed reconstruction of disaster
area and put school reconstruction as the emphasis. “2009 Delta Cup - International Solar Building
Design Competition” (this competition is an important part of the World Solar Energy Conference
which is held once every two years, with different design schemes globally collects entries for the
competition, in order to correspond with the date of World Solar Energy Conference), with a theme of
“Sunlight and Hope” just started up at the same time as the reconstruction after disaster and collect
design schemes from the whole world for “Sunlight School” in Yangjiazhen, Fucheng District,
Mianyang, Sichuan Province.

The implementation scheme is based on first prize work and Chinese

Building Design and Research Group deepened and completed construction design and also put it into
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construction on the spot.
Technology strategies:
In order to achieve the low cost and Low carbon emissions, the following three strategies should be
complied in the project:
1) Low incremental cost of building, high function and comfort level, low operational cost and
sustainable operation.
The economy of the area is relatively backward, the cost control of construction and operation
processes is essential.
2) Fully consider the characteristics of Mianyang region’s climate and the energy demand to run the
school.
Mianyang region is hot in summer, humid in winter, the functions of teaching building, dormitory and
canteen determines the school’s needs: summer ventilation, heat insulation, shading, moisture barrier,
winter heating, heat preservation and ventilation.
3) Combined with site conditions and different functions of the building, optimize the layout and
architectural space.
Use the site existing height difference to create the elevated space, not only achieves an intensive use of
land, also reduces the amount of earthwork before construction.
It has created a new campus space, educational space and highly effective and humanist teaching
environment by means of fully utilizing solar energy and other renewable resources and fusing concept
of modern education and advanced building technology together.
1 General situation
Project site is rectangular almost 150m¯190m. Northeast of it is Shilan Road, northwest is cultural
centre of Yangjiazhen (planned), southeast is the dormitory of Yangjiazhen secondary school and
southwest is a planned road of Yangjiazhen. The site is a flat depression 3m-4m lower than roads
around. It is higher in the north (Fig. 1 and 2).

Fig. 1

Original sight of the land（photo by Yan Zeng）

Fig. 2

Construction site（draw by author）

The primary school is composed with 18 classrooms and 810 students. About 300 students live in the
school. It is a three storey building including three parts: teaching and its accessorial building,
dormitory building and canteen. Main technical and economic indicators are as following.
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Tab. 1

Main technical and economic indicators

Name

Serial No.

Unit

Quantity
2.74

1

total floor area of the land

ha.

2

total floor area of the building

m2

6551

m2

3712

dormitory building

m2

2284

canteen

m2

555

road and square

m2

3930

2

teaching

and

its

accessorial

building

3

(including part of town road)

4

playing field

m

5600

5

green field

m2

10010

6

floor area ratio

%

0.24

%

36.5

7

green field ratio (including playing
field)

8

building density

%

11.9

9

Parking place for cars

car

10

2 General Layouts
From Land-use planning and functions, the overall layout of the campus is designed, including rational
use of site elevation, placement of entrances and exits, and connection between teaching area, living
quarters, living assisted area and sports area, at last the traffic flow.
2.1 Land planning
In planning design, existing condition of the land is fully utilized, that is arranging reserved land,
playing field and other activity field on the south part, thus not only avoiding sunlight being blocked to
teaching building by southern old monitory building also providing a basic condition for the
development of the school in the future. North part of the land is higher than south, so it can be utilized
to create such a space environment with various height of buildings. It can realize intensive utilization
of the land while reduce the quantity of earthwork in the construction. Main entrance faces the
direction from where students are coming. Lesser one will be placed on a road planned to be built.
Both of them have squares to meet the demands of evacuation of students in a short time.
2.2 Function division
In the school the land is divided as five parts, they are teaching area, dormitory area, accessorial area,
playing field and emergent refuge area for accident disaster. Moreover, a reserved area is located in
southwest for further development (Fig. 3).
Teaching area is made up of three relatively independent buildings in the north part. Teaching building
and office building are connected by a corridor, thus making all functions as a whole. Two dormitory
buildings are located in the west part with a corridor on third floor convenient for management. Both
areas are divided by an interior road with a semi-open space for study and playing. It is suitable to the
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characteristics of student life to arrange dormitory area, teaching area and playing field as a triangle.
Canteen is in the northwest close to dormitory building, that can be also used as a space for big-scale
indoor activities or meeting room. Canteen, dormitory and teaching area also form a triangle. The land
is used intensively and conveniently without any disturbance to each other.

Fig. 3

Analysis on functional division teaching area, dormitory area, accessorial area, playing field, experimental area of
ecological activities（draw by author）

Fig. 4

General plan （draw by Xi Wei）
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2.3 Traffic organization
Main entrance is on eastern road facing the direction from where students are coming. Lesser one is on
northern road planned as an accessorial entrance. Two squares around both entrances are traffic buffers
in order to ensure the safety of students. There is no disturbance between walking road and motor
vehicle road in teaching area and playing field. Vehicle road runs through the whole school connecting
all of functional areas (Fig. 5).

Fig. 5

traffic lines in Delta Sunlight School （draw by author）

2.4 Green landscape
It is an integrated planning on green landscape in the school. The principle is reducing solid pavement
while planting more grass and trees, and creating various landscape types of greenery by utilizing
original landform and relief.

In the southern part original farm land and stream are reformed and

protected as an experimental area of ecological wetland and experimental farm land, thus embodying
the character of the school in rural area and fully playing the role of educating by environment.
3 Building Design
The new built primary school is a boarding school, the campus includes teaching building, dormitory,
canteen three parts, which are interrelated but mutually independent. How to deal with the relationship
and flow line of the three parts is the key to building design.
3.1 Function of buildings
3.1.1Teaching building
Teaching area is made up of three parallel buildings in the north part including all class rooms and
accessorial rooms, the latter is located in right side of class rooms and encloses a space combined with
corridor and entrance together. Also the corridor connects all teaching rooms together as an integrated
traffic system, which is convenient to run for people and effective to prevent from wind and rain (Fig.
6). Southern building is one story lower than northern two building. Combining with open space and
closed courtyard together three buildings form a lively and interesting exterior space for activities.
The toilets in the southwest is located in the leeward, it can escape bad smell flying into the class
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rooms. Furthermore, it has high utilization being able not only to serve teaching area but also playing
field (Fig. 7).

Fig. 6

Teaching building plan on 3.6m level （draw by author）

Fig. 7 relation between the location of toilets and wind direction （draw by author）

In Fig. 7 those with red, yellow and green colors are toilets in teaching building and dormitory building.
Green ones have small high windows that can reduce odour blowing in winter and have no influence of
odour in summer because they will be in leeward. Yellow ones are in leeward either in summer or in
winter, so they have no odour blowing into rooms.
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3.1.2 Dormitory building:
Dormitory building as a “U” type is made up of two parts for schoolboys and schoolgirls. Both parts
are connected with corridor on third floor and formed a semi-closed space.
Dormitory for subtends and for teachers and other employee are arranged separately in order to manage
conveniently and avoid disturbing to each other (Fig. 8).

Fig. 8

Dormitory building plan on 7.2m level （draw by author）

3.1.3 Canteen
Canteen is in the northwest of the land including kitchen (left) and a dining hall (right). It is suitable to
the characteristics of student life to arrange dormitory area, teaching area and playing field as a triangle.
Also in canteen bath rooms and boiling water provision are set up for students.
3.2 Building form
The building characteristics of “Sichuan culture” are epitomized and adopted in building form of the
school. Combined with modern expression and fused with the concept of passive energy saving, the
building form with modern and local style is created. In the mean while, sunlight is guided into rooms,
through the abundant layers of light and shade, a space of studying and living that is much closer to
sunshine is created for the children.
4 Technical Strategies
Due to Mianyang region’s climate is characterized by hot summer, humid winter, and low incremental
construction cost and operation cost control requirements, adopts a technology strategy that is based on
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passive solar technology, and supplemented by active solar technologies.
4.1 Passive solar building design
When designing passive solar building, a full to partial design concept is applied. Based on the climate
characteristics in Mianyang area, that is sultry in summer and damp in winter, and usage character of
the buildings, passive solar technology is adopted as follows: mainly in summer the techniques of
ventilation, heat insulation, shading and wet isolation are adopted, while in winter the techniques of
heat collection, heat preservation and ventilation are adopted. Passive solar technical design is going on
deeper and deeper from building group to joint structure.
4.1.1 Passive solar design for the whole of the school
1) Organization of wind environment of building group
According to main wind direction and wind speed, a simulation how the landform around affects wind
environment of the school has processed by simulation software, based on the data of which school
planning and space composition of the building group have been optimized. Good composition of
building spaces creates a good wind environment, that is profitable to natural ventilation in summer
and can block off cold wind in winter (Fig. 9 and 10).

Fig. 9

Flowage of ventilation in the summer

Fig. 10

（draw by Yongfei Lu）

Vector of wind speed in the summer
（draw by Yongfei Lu）

2) Ecological wetland and treatment of life sewage
Utilizing the character of landform, life sewage of teaching building and dormitory is lead flowing to
the place around ecological wetland in southwest without dynamic. After treated by man-made wetland
ecological treatment technology life sewage will infiltrate into the ground and achieve the aim of zero
emission (Fig. 11).

Fig. 11 Principle on sewage treatment of resource type conversion with man-made wetland（draw by Yongfei Lu）

4.1.2 Ventilation of buildings
In teaching building one-sided corridor is adopted good for ventilation. On the top level classrooms
with clerestories on the roof may strengthen the ventilation of the rooms and improve muddy situation

1869

in summer (Fig. 12). In staircase of office area and the north of dormitory solar chimneys are arranged,
which may upgrade capability of indoor ventilation owing to the principle of heat pressure (Fig. 13 and
14).

Fig. 12 Classroom ventilation
（draw by Yongfei Lu）

Fig. 13 Solar chimney in dormitory

Fig. 14 Top of chimney

（draw by Yongfei Lu）

（photo by Wei Luo）

4.1.3 Heat preservation and insulation design for envelope structure
Regular form and low cost system of heat preservation and insulation are adopted in the school
buildings. Envelope walls are multiplex ones, on exterior surface of the walls multiplex material is used
for improving the performance of heat preservation and insulation. Except multiplex material another
buffer space is adopted on the roofs of teaching building, office building and dormitory in order to
strengthen roofs’ role on heat preservation in summer and heat insulation in winter. Besides, the top of
dormitory is a planted roof, which can create another interesting space for students and help heat
preservation and insulation (Fig. 15 and 16)( Peng ,2006).

Fig. 15 Palatable roof in construction（photo by Wei Luo） Fig. 16 Buffer layer on the roof of teaching building（photo by
Wei Luo）

4.1.4 Daylighting design
In teaching building on upper part of southern windows an installation united by sunshade board and
reflection board is adopted, which forms an integrated shade system combined with the eaves.
Utilizing angle difference of incident sunlight in Mianyang area, it can play the role of shading in
summer and letting in more light in winter.

In winter more of sunlight can enter and reach deeper

place of the room with help of the reflection of reflection board and ceiling, thus create an evenly
lighting environment (Xu, 2006).
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Fig. 17

Day lighting analysis in summer
（draw by Yongfei Lu）

Fig. 19

Fig. 18 Day lighting analysis in winter
（draw by Yongfei Lu）

Clerestories of classrooms （photo by Wei Luo） Fig. 20 Classroom with clerestories（photo by Wei Luo）

4.1.5 Wet isolation design
In teaching building and dormitory building, there are a space layer under the floor slab on first storey
and some holes on the walls, and moisture will be taken away owing to flowing air.

It may prevent

rooms from moisture entering and keep envelope structure from being cauterized (Fig. 21 and 22).

Fig. 21

Space layer for wet isolation

（draw by Yongfei Lu）

Fig. 22

Space layer in construction
（photo by Wei Luo）

4.2 Active solar building design
Bathrooms and boiling water provision is set up in canteen, adopted active solar hot water system for
students, teachers and other employee (Fig. 23).
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Fig. 23

Heat collectors on canteen’s roof（photo by Wei Luo）

5 Conclusions
After more than two years of design work and construction, Eventually Sunlight School was
completed and put into use in March, 2011 (Fig. 24 - 31). Guided by design concept that passive
solar energy is the first priority and buildings must be harmonious with natural surroundings, rebuilt
school after the disaster has been not only constructed as a study place but also a spirited homestead
where physical culture and humanist spirit exist together harmoniously.

The motto “thanks to

sunshine, thanks to love” is the common thinking of all students of Sunlight School coming from their
hearts.

The influence of new buildings to people is strengthening friendly interaction of users and

environment, bringing up the sense of environmental protection and energy saving and sustainable
attitude and way of life for students and all people.

Thus, campus construction and rural education

will be going ahead together while “education development” and “environmental protection” will be
in process harmoniously.

It is out of question that sustainable green school will be beneficial to this

land and all of posterity on this land for a long time.

Fig. 24

Fig. 26

1872

The courtyard of the school （photo by Wei Luo）Fig. 25

Scene inside the school（photo by Wei Luo）

Fig. 27

Scene inside the school（photo by Wei Luo）

Scene inside the school（photo by Wei:Luo）

Fig. 28

Campus of Sunlight School

Fig. 29

（photo by Wei Luo）

Fig. 30

Students on playing field （photo by Wei Luo）Fig. 31

Campus of Sunlight School
（photo by Wei Luo）

Students in classroom（photo by Wei Luo）

Acknowledgement
The research in this paper is funded by China National "Eleventh Five-Year" S&T plan with project
number of 2008BAJ08B020, named as “Integration and Demonstration of Energy Efficiency
Technology Standard Mode Research in Village and Small Town”.

6 References
［1］Peng Qian, 2006, Technology of Roof's Energy-saving［J］, Housing Science Publishing house,
Beijing, pp.10.
［2］Xu Zhiwei, Zhang Weiguang, 2006, Building Indoor Lighting Analysis［J］, Building Electricity
Publishing House, Beijing, pp.2.

1873

THE ART OF PHOTOVOLTAICS
Klaudia Farkas1
1

Department of Architectural Design, History and Technology, Faculty of Architecture and Fine Art, NTNU Trondheim,
(Norway)

1. Abstract
The principal task of the building skin is to create a comfortable shelter. However it has also been a platform
of art and expression of symbolic meanings. Lately a contemporary and innovative function of the building
envelope came into focus: the building skin as a responsive component of a low energy concept (Schittich
2001). Several building surfaces are suitable for solar products, especially for photovoltaics that generate
electricity.
Lately a variety of products have been developed to match building integration and architects’ needs. The
basic aim is to produce clean electricity. However while the solar module becomes part of the building skin,
it has multiple structural functions and requires aesthetical integration into the overall design concept.
There are several barriers that keep away architects from using the potential of this technology. Economy
and lack of knowledge are crucial issues, while the perception of and prejudices against these components
play important roles as well. There is a need to find the architectural language of PV products to enhance
future developments and change the perception from a technical device to a building component.
Architectural projects that use photovoltaics visible to the public have even further roles than the ones
mentioned above. Photovoltaics integrated visually into the building skin have a representational role of
demonstrating the owner’s care about the environment (Röpcke 2010). These projects have also an
educational role to spread the knowledge and possibilities of solar technologies used in architecture. A
further symbolic role is to raise the observers’ awareness of environmental issues.
Architecture and art can be a mediator to enhance people’s consciousness about the environment (Röpcke
2008). Some artists and architects have realized this and have started to experiment with PV on facades and
public objects.
The paper discusses the symbolic aesthetics of photovoltaics and presents projects where art, architecture and
photovoltaics create an integrated union.
2. Symbolic aesthetics of photovoltaics
2.1. Theoretical background - Formal and symbolic aesthetics
Environmental aesthetics is a discipline that focuses on the aesthetics of everyday objects, like public art and
buildings. Therefore it provides a theoretical background to discuss this issue. Certain researchers in this
field define symbolic aesthetics in a slightly different way.
According to Nasar, the aesthetic appreciation of environmental influences has two basic components. These
are the formal and symbolic (associational) aesthetics. He defines the formal analysis of aesthetics as the
attributes of the object that contribute to an aesthetic response (Nasar 1998). The focuses of the analysis are
the formal characteristics of the object: size, shape, color, complexity and balance. Meanwhile in Nasar’s
definition the symbolic analysis focuses on the connotative meaning that is produced through the experience
(Nasar 1998).
In Lang’s definition a symbol is something that is standing for something else, it makes the observer
associate to something (Lang 1998). Steven Holl, on the other hand, discusses that the built environment is
not only giving a phenomenal experience (like space, light, color, geometry, detail, materials) but also
expresses meanings (Holl 1994).
As a summary we can define symbolic aesthetics that focuses on connotative meaning, gives associations
and expresses meanings.
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In the perception of symbolic aesthetics of the built environment Lang distinguishes between the signified
and signifier. The signified is the meaning or thought that is associated with the object, which is the nature of
the aesthetic symbol. (Ballard 1953) While the signifier (the mode of signifying its referent (Ballard 1953)
consists of a structure of physical variables, like color, materials, volume, illumination, and non-physical
variables, like the architect, the place, the name of the project (Lang 1998).
2.2 Photovoltaics-material aesthetics, building integration, integration into public art
Several architects and artists have realized the symbolic potential of photovoltaics, a visible medium of
energy conscious and environmental friendly design and the possibilities of combining art, architecture and
solar design in buildings and public art. Before going into a detailed description of signifiers, signified
meanings and exemplary projects, there is a need to shortly discuss PV materials, PV integration in buildings
and public art.
Photovoltaic cell – material – high-tech
A photovoltaic module is a composite product that consists of various basic components and coatings,
therefore it is not easy to speak about material aesthetics. (Weller et al 2010) The PV surfaces are primarily
determined by the solar cells and the antireflection coating, and we can talk more about product aesthetics.
Due to its high tech manufacturing process it highly differs from traditional materials. The high degree of
prefabrication rules out its modification on site, the active solar component part is basically imperceptible to
the observer, since it is encapsulated in protective cover. This level of material artificiality already contains a
symbolic meaning in itself for some people (Lang 1998). The high-tech appearance is mainly associated with
building types like office buildings, even though photovoltaics are suitable for all types of buildings.
However, the choice of products and their integration should be carefully chosen not to have a clash between
technical sensibleness and symbolic aesthetic requirements in design (Lang 1998).
Forms of expression: buildings and public art
Photovoltaics can be integrated into every part of the building skin becoming a multifunctional component
by replacing other materials. Still the most common integration is on the roof. However, to make it visible,
façade integration got into focus especially in public buildings. The facade is like the “face” of the building
that always has represented and mediated symbolic meaning throughout history.
Public art refers to works of art that are placed in a public open space and are accessible by the community.
Recently several artists integrated photovoltaics into their public art objects. The location and environment,
the people to whom the art object is addressed plays important part in the symbolic aesthetics of the object.
Further characteristics may differ regarding buildings and public art. These will therefore be discussed in
detail separately.
3. The art of photovoltaics in buildings
3.1. Signified - nature of aesthetics symbol
We can distinguish between three different signified meanings of photovoltaics used in architecture, these
are the following:
•

enhancing the observer’s environmental awareness

•

educating the observers

•

demonstrating the owner’s/developer’s/architect’s care about the environment

There are several design concepts and technologies that are used in environmental design. Most of them are
invisible or not recognizable for the observers. Photovoltaic systems can become an architectural component
by integrating them into any part of the building skin. Therefore they have the potential to visually show an
environmental conscious design. Public art is also a possible “way of raising the citizens’ awareness of the
possibilities of solar technology” (Röpcke 2008). Consequently art and building integrated photovoltaics that
are visible to the public can enhance the environmental awareness of people through expressing this
meaning.
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There is a great potential in using PV in architecture. However, a great barrier is that there is still a lack of
knowledge among architects and clients. Representative projects have an educational role to spread the
understanding of the potential and possible solutions. Several educational institutions have integrated
photovoltaics into their buildings in such a way that it is visually accessible for the students and employees.
This way children learn to know about these solutions from an early age, they become familiar with it.
The reputation of several large companies and architects is an important marketing issue. Many would like to
demonstrate their care about the environment through including environmental design visible for public in
their buildings. Many office buildings and high-rise buildings that have mixed reputation due to the high
energy demand have recently been designed with building integrated photovoltaics to show that the owners
care about the environment (Röpcke 2010).
3.2. Signifiers - mode of signifying its referent
Lang defines five main signifiers that carry symbolic meanings (Lang 1998) which can be adapted to
building integrated photovoltaics using their formal characteristics. These are presented in Table 1.
Tab. 1: Signifiers of building integrated photovoltaics

Signifier’s (Lang)

characteristics of building integrated
photovoltaics
- the architect

NON-PHYSICAL VARIABLES

- the place
- the name of the project
- an event that takes place there
MATERIALS

- PV module in relation with other materials

PHYSICAL VARIABLES

- form of building

(the volume, degree of enclosure,
proportions of enclosed spaces)

and

- surface composition
- shape and size of module
- composition of cells

THE NATURE OF ILLUMINATION

- added elements – lighting

(the effects of the directionality, source, color
and level of illumination)
PIGMENTATION

- color of cells and module

(the color of buildings, surfaces, and smaller
artifacts)
OTHER

- added elements – glass painting

Another signifier can be added to the list. That is art combined with PV in the form of glass painting.
We have already discussed the symbolic meanings of photovoltaics as a material. The other properties will
be discussed in more detail through presentation of exemplary projects. This gives a palette of solutions in
current architectural practice.
3.3. Exemplary projects
The Solar Ark of SANYO (one of the world’s largest solar energy systems producer) in Japan is one of
today’s most impressive building integrated photovoltaics structures promoting solar energy (Hirshman
2002). The aim of SANYO was to symbolize and demonstrate their goal of achieving a “clean energy
society”. The focus of the Solar Lab (museum with information on solar energy and exhibition for children)
and the Field Lab (outdoor exhibition) is to create an interest in global environmental issues and has an
important educational role for the younger generation.. The Solar Ark is a curved structure with a length of
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315 m (Figure 1) . The south-facing façade contains PV modules on a surface of 7500 m2. The Solar Ark
uses salvaged, less efficient modules that have been taken back from customers in exchange for normal ones.
This made it a symbol of pragmatism (Hirshman 2002). The arc form of the building is eye-catching also for
people passing by on high-speed bullet trains.

Figure. 1: Exemplary buildings. Left: Solar Ark, Anpachi Town, Gufu prefecture, Japan, 2001, Right: Main Solar Stadium for
the World Games 2009, Kaoshiung, Taiwan, Toyo Ito, 2009

The Dragon-shaped Solar Stadium (Figure 1) as it is called by its form is the Stadium of Taiwan built for the
2009 World Games, designed by Toyo Ito. The Arena has 50,000 seats that are clad with 8,844 solar
modules on a surface of 14,155 m2. This amount of modules is able to cover the energy needs of the stadium
(lights and vision screens). The name of the famous architect Ito is already a symbol of quality and
innovation amongst architects. Through its function, form and composition of modules it demonstrates the
care about the environment of the developers, and through its publicity it enhances the awareness about
environmental issues among the visitors.

Figure 2.: Exemplary buildings. Cité du Design, Saint-Etienne, Loire, France, LIN, 2009

Situated in the historic site of the National Arms Manufacture in Saint-Etienne, the “Centre International du
Design” (Figure 2) is an international center for communication, research and education in design. The
complex designed by LIN consists of several renovated historic buildings and a new facility called the
“platine”. The “platine” is a scaffolding of triangular shapes. The skin is composed of 14,000 triangles that
are made of different materials for light, temperature and air control. One type consists of semi-transparent
photovoltaic modules with crystalline silicon cells. The function of the building and the composition of the
building skin is strongly connected. The specific shape of the modules and the surface composition
innovatively demonstrates and awakens environmental awareness encapsulated in art.
The Hotel Industrial (Figure 3) is a retrofit project of a listed building. It was originally a power station that
now has been converted into an office building. The challenge for the architect was how to treat the façade,
since that could not be altered. Finally, 330 photovoltaic modules have been integrated into the glazing of the
openings with 45 different layouts: patterns created by removing a certain number of solar cells from the
modules. The result of this composition gives a good balance of light for the interior. Moreover, this texture
copies the texture of the brick surface pattern.
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Figure 3.: Exemplary buildings. Left: Hotel Industriel, Paris, France, Emmanuel Saadi Architecture,2008, Right: Wind
Tower, Regent College, UBC, Vancouver, Canada, Sarah Hall, 2007

The Wind Tower (Figure 3) is part of the environmental design of UBC Regent College’s natural ventilation
in Vancouver. Glass painter Sarah Hall was asked to design a composition on the Southern façade which
combines her unique glass painting and solar cells. Even though the wind tower has its environmental
function, the new composition on the façade still makes this awareness visible, illustrating the environmental
conscious design of the College. The façade combines not only solar cells and painting, but colored crosses
and writings from the Bible with lighting from the back in the night. The Wind Tower is in a public place,
visible for the students and employees, hence it also enhances environmental awareness.
The Green Pix Wall in Beijing (Figure 4) is a Media façade that combines the artistic composition of the
cells with changeable lighting images. The “Media Wall” is the largest colour LED display in the world. The
frameless glass modules contain 4x4 or 5x5 polycrystalline photovoltaic cells with a certain distance
between. The building is a self-sufficient system, which uses the energy collected during the day for the LED
lighting at night. The lighting system provides several variations of color in the night. The façade
demonstrates the developer’s awareness of environmental issues and it becomes a landmark in the city. An
interesting issue is that in traditional Beijing, bright colors were used for temples, palaces and buildings
hosting rituals, while other buildings were as colorless as possible (Lang 1998). In this context color
symbolizes status, which also appears in this contemporary project.

Figure 4.: Exemplary buildings. Left: GreenPix Media Wall, Beijing, China, Simone Giostra & Partners, 2008, Right: Valby
Gable, Copenhagen, Denmark, Anita Jørgensen, 2007

The Valby Gable (Figure 4) is a solar art project situated in the Valby district, Copenhagen. The original
building is part of an industrial complex that has been renovated using energy conscious principles.
Originally the photovoltaic modules were planned to be integrated on the roof. However the roof structure
was not able to carry the extra loads, so it was decided to place part of the array on the gable facing the train
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station. Anita Jørgensen, a Danish artist was asked to design an art facade using photovoltaic modules. The
composition became a landmark, demonstrating the solar urban project in the district. It also symbolizes the
dynamic movements of the city with the red lighting around the black panels representing the map of the
city.

Figure 5.: Exemplary buildings. Left: Grass Valley Elementary School, Camas, Washington, USA, Sarah Hall, Right: Solar
Illumination I: Evolution of Language in Pearl Avenue Library, San Jose, California, USA, Lynn Goodpasture, 2008

Solar cells can be integrated playfully into colored glass. This is especially impressive for children, who like
bright colors and playful images. The Grass Valley Elementary School (Figure 5) is another project of glass
painter Sarah Hall (the artist of the Wind Tower façade), where the pixelling image of the cells is integrated
into the colored glazing of the school’s stairway. The energy generated by the cells lights a small colored
neon tube, educating the children of its use and enhancing their environmental awareness as they pass by this
façade every day.
The “Solar Illumination I: Evolution of Language” corner (Figure 5) of the Pearl Avenue Library has similar
symbolic aesthetics. The colorful artistic concept uses colored glass, characters from the Latin, Russian,
Vietnamese and several Indian alphabets (the first writings of humankind) and solar cells. The project is part
of the Silicon Valley city’s Green Vision program demonstrating environmental protection and economic
development. The four artistic glazings generate electricity to light a suspended glass LED lamp. "Art and
technology intersect in a creative and inspiring way, recognizing our community’s diversity, celebrating the
history of innovation, and highlighting the great strides we are making with the San Jose Green Vision," says
San Jose mayor Chuck Reed (Waggoner 2009).

Figure 6.: Exemplary buildings: Holy Family Church, Saskatoon, Canada, Architect: Friggstad Downing Henry Architects,
Artist: Sarah Hall, under construction
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Throughout history artists have been asked by the Catholic Church to present their contemporary works of
art in churches. The Holy Family Church (Figure 6), planned to be finished in spring 2012 in Saskatoon, had
two goals for an artistic element, a stainless glass installation and somehow to showcase the new cathedral’s
environmental sustainability, which is otherwise mainly invisible. They chose Sarah Hall artist to design
their window installation, entitled “Lux Gloria”, that combines colorful windows with some 1000 solar cells
on the southern façade. The 54 large glass panels will collect approximately as much energy as is needed for
five households in a year. The windows, in three large groups, are placed according to colour (red, gold and
blue), reflecting the colour of the prairie sky. Non-solar stainless glass windows will be installed also in the
interior as decoration. The solar window will “showcase both art and science”.
In the projects described above colorfulness has been achieved by additional elements, like glass painting or
lighting. However, there is a potential to use the palette of colors of the solar cells themselves. This is
achieved by different antireflection layers. The efficiency in these cases is appr. 75-90% of the original cell.
Sarah Hall made variations of an urban façade (Figure 7) where she combined a composition of colorful cells
and painting for innovative and inspiring facades that could enhance the environmental awareness of people
passing by.

Figure 7.: Exemplary buildings: Variations for facades, Sarah Hall

4. The art of photovoltaics in public art
4.1. Signified - nature of the aesthetic symbol
Public art is another form of promoting contemporary thoughts in a symbolic way, where the artistic, hence
associational meaning is more prominent. Contemporary public art has a potential to make powerful
statements. Public art objects that integrate photovoltaics into their design have the role of enhancing the
environmental awareness of people passing by.
4.2. Signifier - mode of signifying its referent
Due to the larger formal freedom of art objects (in the case of buildings functional and several other aspects
have to be considered together), the modes of signifying the symbolic meaning has a wider palette. The
formal freedom gives possibility to create sculptures or imitations of natural elements, like trees. Not only
the lighting but also the shading of modules can be a tool for artistic expression. Furthermore the
installations can be combined with movable elements and sound effects that enhance the experience of the
public space. The additional characteristics of public art objects used for expressing symbolic meanings are
presented in Table 2.
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Table 2.: Additional modes of signifiers of public art objects with integrated photovoltaics

Signifier’s (Lang)

characteristics of building integrated
photovoltaics

NON-PHYSICAL VARIABLES

- the artist

PHYSICAL VARIABLES

- form of the object- sculpture, imitation

THE NATURE OF ILLUMINATION

- shading

OTHER

- sound
- movement

4.3. Exemplary projects
The Giant Solar Cube (Figure 8) was designed to be an “icon of the future”. With its 46 m height it was the
largest building integrated photovoltaics in the United States when it was built in 1999. It is located in the
Discovery Science Centre in Santa Ana, California. The PV system is placed on the south face acting as a
conventional glazing of the cube and has a highly visible display to show people the efficiency of the system.
With its tilted cubic form and huge size it definitely catches the attention of people passing by (Strong 2008).

Figure 8.: Examplary public art projects: Left: Giant Solar Cube, Discovery Center Sant Ana,CA USA, 1999, Right: Learning
from Nature, Louisiana Museum of Modern Art, Humlebaek, Denmark, 3XN, 2009

The Learning from Nature (Figure 8) is another project that shows the potential of photovoltaics. It uses a
flexible thin film laminate on the top that suits to the organic möbius shape of the object and that lights LEDs
placed on the other side of the strip. The pavilion is made of biodegradable materials.

Figure 9.: Examplary public art projects: Solar Mallee Trees, Adelaide, Australia, Anthony Materne, 2005; Solar Tree, Rein
Triefeldt, Hillsborough, California, USA, 2008

In the previous cases the form of the public art object was a dominating geometric element, however the
form can also imitate natural elements, like trees. Lately several projects have appeared where the object
copies the form of tree or flower, using the PV cells as the crown of the tree or petals of the flower. Like the
leaves collect sunlight and through photosynthesis convert it to energy that can be used by plants, the solar
crowns and petals collect energy that in most cases is used for public lightning.
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Well-known examples are the Solar Mallee Trees (Figure 9) in Adelaide, Australia formally imitating the
indigenous mallee trees. These objects were part of a solar city project with the aim to raise the citizen’s
awareness of the possibilities of solar technology through art. (Röpcke 2008).
Another tree imitation (Figure 9) is designed by Rein Triefeldt who has been creating sculptures with
integrated photovoltaic elements for over a decade. His idea is that “solar artwork can generate public
dialogue, addressing and even resolving community problems”. The Solar Tree project grew into an
educational project where the students learn about environmental issues while combining the education of
math-science and art with social responsibility. This way art became a way to provide knowledge to the
young generation about the potential of renewable energy.

Figure 10.: Examplary public art projects: Greeting to the Sun, Zadar, Croatia, Nikola Bašic, 2007

The Greeting to the Sun project (Figure 10) is designed by Nikola Bašic together with the Sea Organ
installation in Zadar, Croatia. It is a paving that consists of three hundred glass panels that cover photovoltaic
modules and LED lighting fixtures in a circle with a diameter of 22 m. The PV cells collect energy during
the day that provides energy for the game of light in the paving during the night and for the lighting of the
entire quay as well. This urban development attracts public attention and represents the contemporary values
and awareness of the city.

Figure 11.: Examplary public art projects: Piksol, Drzach&Suchy

The Piksol project (Figure 11) is one technique to create public art on buildings. The idea is to use tilted
small solar modules for example on an empty gable of a building and by using the pattern of the shading and
movement of the sun to create different images and a dynamic façade. The designers Drzach&Suchy
declared in an interview that as art has always communicated ideas, an important function of solar public art
can be “to raise people’s awareness of the environmental challenges of our times”.
The proposals of Thomas Lindsey for solar meditation gardens (Figure 12) are innovative projects to
combine solar energy, art and deeper thoughts of our existence on this globe. His proposals are contemporary
sacred places that consist of a kinetic slowly rotating wheel, cone or drum powered by a set of photovoltaic
cells with a musical composition. The kinetic objects symbolizes the Buddhist prayer wheel and, through
their motion, a focus point that helps the observer to experience its interconnection with the universe.
Though the first aim of the artist is to create contemporary meditation gardens, this work of art promotes a
higher awareness of our biological and spiritual connection with the environment. These installations present
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a further possible symbolic meaning of photovoltaic art installation, i.e. spiritual awareness.

Figure 12.: Examplary public art projects: Meditation Gardens, Thomas Lindsey

5. Summary and Conclusions
Contemporary art is a powerful tool to express ideas and to mediate values. Through buildings and public art
objects it can demonstrate the awareness of the owners, or even a whole region or city that has a solar urban
project and care about the environment. It has a high potential to raise the awareness of people passing by
through representing the importance of solar energy use in everyday life. Due to their publicity these projects
have an important educational role by expressing the potential of photovoltaics in art and architecture and
providing knowledge through displays, exhibitions and other media. With the combination of other signifiers
PV art can even contribute in enhancing spiritual awareness.
The projects presented above show a palette of possible ways of symbolizing these issues by using the
variety of physical and non-physical characteristics of photovoltaic installations (Tables 3 and 4). A
distinction has been made between building integrated photovoltaics and PV integrated into public art
objects, since these have different freedom in formal characteristics and provide different solutions in
combining art and solar energy. Even if the main focus of architects is on building integration, public art
objects have an important role in public spaces and can also be inspirations for building integration.
The variety of projects shows that basically every characteristics of the projects with PV integration can be
used as a signifier for a symbolic meaning. In the case of building integration a certain characteristic of the
PV cells or modules (like composition) is combined with non-physical variables or additional elements (like
lighting or painting) to achieve the desired expression. In the case of public art objects, on the other hand, the
place of the object is a dominating feature together with the formal design of the installation. This place can
either be a science institution, an art museum, a busy public space, or a silent place for meditation. These
different situations also show that there are wide possibilities of using solar energy in our everyday
environment.
The vision of building integrated photovoltaics is that they will become a natural part of everyday practice
and our built environment. Until that period using art as mediator is an important step to spread the
knowledge and to make both professionals and others familiar with these solutions.
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Table 3.: Summary of symbolic meanings of exemplary building integrated projects

BUILDING
Solar Ark

Taiwan Solar Stadium

City of Design

SIGNIFIED

SIGNIFIER

•

environmental awareness

•

Event taking place inside

•

education

•

Form of building

•

demonstration

•

demonstration

•

Architect

•

environmental awareness

•

Form of building

•

Surface composition

•

demonstration

•

Event taking place inside

•

environmental awareness

•

Shape of modules

•

Surface composition

Hotel Industrial

•

demonstration

•

Composition of cells

Wind Tower

•

environmental awareness

•

Glass painting

•

education

•

Composition of cells

GreenPix Media Wall,
Beijing

•

demonstration

•

Lighting

•

Composition of cells

Valby Gable

•

demonstration

•

Lighting

•

environmental awareness

•

Surface composition

Grass Valley Elementary
School

•

education

•

Glass painting

•

environmental awareness

•

Composition of cells

Pearl Avenue Library

•

education

•

Glass painting

•

environmental awareness

•

Composition of cells

•

environmental awareness

•

Glass painting

•

demonstration

•

Composition of cells

•

spiritual awareness

•

environmental awareness

•

Glass painting

•

Composition of cells

•

Color of cells

Holy Family Church

Variations Sarah Hall

Table 4.: Summary of symbolic meanings of exemplary public art objects with integrated photovoltaics

PUBLIC ART

SIGNIFIER

Giant Solar Cube

•

environmental awareness

•

Form of the object

Learning from Nature

•

environmental awareness

•

Form of the object

Solar Mallee Trees

•

environmental awareness

•

Form of the object

•

Lighting

•

Form of the object

Solar Tree Project
Greeting to the Sun
Piksol
Meditation garden
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SIGNIFIED

•

environmental awareness

•

education

•

environmental awareness

•

Lighting

•

demonstration

•

Composition of cells

•

environmental awareness

•

Composition of cells

•

Shading

•

environmental awareness

•

Form

•

spiritual awareness

•

Movement

•

Sound
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CHARACTRERISATION OF PHOTOVOLTAIC MODULES
FOR BUILDING INTEGRATION
Norbert Henze, Thomas Glotzbach, Siwanand Misara, Maria Roos, Björn Schulz
Fraunhofer Institute for Wind Energy and Energy System Technology IWES, Kassel (Germany)

1

Introduction

In the research project MULTIELEMENT, Fraunhofer IWES together with 15 partners from industry and
economy, is conducting studies to develop production, testing and implementation methods of multifunctional photovoltaic (PV) building elements in building services engineering. The objective of the project
is to evaluate the technical and economic potential for PV building elements and to reduce the cost by
systematically including multi-functionality. For this purpose, the physical properties are described;
guidelines and respectively standards have to be worked out with respect to material and quality aspects. At
the same time, testing equipments and testing procedures have to be developed. A major task of this project
is to cooperatively develop test requirements in order to characterize electrical, mechanical and
constructional properties of PV building elements. The integration of multiple functions of a PV element in
buildings is often made difficult due to a lack of specifications, component descriptions and testing
certificates as well as existing information deficiencies. This is mainly due to the fact that at least three
different sectors are involved in the realization of building integrated PV (BIPV) projects: construction
engineering, electrical engineering and building legislation. Each sector brings along its own requirements,
which are not harmonized in any case. That means, an optimized product from the electrical point of view
may not match the requirements which result from the building legislation. For example, due to the
maximization of the energy yield a certain glass type, thickness and construction is selected for a BIPV
module, however the used components and constructions are possibly not listed in the building rules list.
Thus, the application of BIPV products in the building is only possible, if a product specific certification is
issued. On the other hand, the realization of constructional and legislative requirements in a PV building
element may lead to curtailments in the electrical performance. To overcome this gap again three measures
need to be taken: exchange of information, adaptation of constructional and legal requirements as well as
further development of technical rules and regulations.
2

Multi-functional properties of PV modules

PV building elements are deemed to be electricity producers primarily. However, depending on the design
and application they offer additional features like weather protection, thermal insulation, noise protection or
electromagnetic shielding only to mention just a few. In the case that photovoltaic modules take one ore
more of these functions of the building envelope they are referred to as “integrated PV building elements”.
Generally, a building function is realized by PV modules, provided that conventional building product can be
omitted. PV building elements can be used to build roofs, facades, overhead glazing, balustrades, semitransparent windows or skylights. The role of PV modules is far beyond solely current generation, when used
as integrated building elements. Building integrated PV (BIPV) elements interact with the environment, the
building itself and the inhabitants. Furthermore, they are connected via an inverter to the electricity grid.
Consequently, the product must comply with several requirements which arise from building codes as well as
from electrical and PV installations rules and standards.
In order to exploit the various multi-functional features of PV building elements their properties must be
sufficiently described. A comprehensive overview on the possible functions of BIPV is shown in Figure 1.
Several products realizing some of these functions in the building are available on the market. Examples are
PV-modules for facades in post and beam constructions carried out as single or double glazing in ventilated
curtain walls or thermal insulating facades, PV roofing tiles, sun shields or window shutter. Furthermore
complete systems for slanted and flat roofs as well as for shed roofs are available.
Depending on the installation situation the function of the PV module for the building can be quite evident.
PV-modules used as roof covering represents the weather protection for the building. PV modules used as
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balustrade provide a fall protection. At the same time the modules generate electricity in any case. However,
in order to accept PV modules for several building functions from a legal point of view in terms of building
codes, various properties must be proved. Due to the building law it is in most cases not allowed to use PV
modules as an integral part of a building without any permission or certification. That means that various
mechanical and functional aspects like remaining bearing capacity and fire characteristic must be certified.
Besides the requirements arisen from the building legislation, further requirements result from a planning
point of view. When used in a façade for example the planner need to know the thermal characteristics in
order to respect the PV building element in the calculation of the total energy demand of a building. In that
specific case U-value (heat transfer coefficient) and g-values (total energy transmission value) of the product
must be specified.
Other additional functions of PV modules besides electricity generation are not obvious at first sight. These
are for example the functions “shielding” and “antenna” or “day-night lighting”. A summary of various multi
functions is shown in Figure 1.

Figure 1: Multi-functions of BIPV
2.1

Visual assessment of BIPV modules

There is no doubt, that PV modules must meet all electrical and mechanical requirements in order to ensure
safe operation and compliance with the provisions of the European Constructions Products Directive [1] in
terms of
•

mechanical resistance and stability,

•

safety in case of fire,

•

hygiene, health and the environment,

•

safety in use,

•

protection against noise,

•

energy economy and heat retention

However, besides these important requirements on BIPV modules, two further preconditions must be
fulfilled for the applications of photovoltaics in buildings. On the one hand the PV module must be of high
quality in order to ensure an operation as intended. On the other hand, the PV module must be attractive and
aesthetical from a visual point of view. For the application of photovoltaics in buildings the quality and
visual appearance are of major significance and important decision factors of building owners. Therefore
criteria are needed in order to assess the quality of PV modules. Within the project MULTIELEMENT
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appropriate criteria have been developed. This visual assessment concentrates on 5 different aspects:
specification of inspection zones and methods, dimension of PV-module, glass assessment, PV active cell
assessment, and electrical connection techniques [2].

Figure 2: Visual inspection of PV-modules
The inspection specification could be evaluated in terms of inspection zones and inspection method. For the
inspection zones, the module is classified into border and main zone, whereat the main zone could further be
classified in Indoor/Transparent, Indoor/Opaque, Outdoor/Transparent and Outdoor/Opaque. According to
the dimension of PV modules, it had to conform with relevant building codes in order to replace the
conventional building products. The criteria for the visual assessment are summarized in Figure 3.

Figure 3: Visual evaluation criteria.
Dimension of PV module: The dimension of PV module has to conform to relevant building codes in order to
replace the conventional building products. This can be estimated with tolerances of dimension, thickness
and displacement of laminated glass.
Glass assessment: The following failures are to be assessed within the glass assessment:
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•

Edge failures: fractures or chipping

•

Point failures: delamination, bubble and blur

•

Linear failure: scratch on the module

PV active cell assessment: The PV active cell have been assessed in various terms, such as cell breakage,
grid interruption, crack, fleck, cell alignment etc. However, these terms are differently evaluated by
manufacturers due to no relevant standards or guidelines and individual criteria. Therefore, the PV Active
cell assessment is needed.
Electrical connection: There are many parameters related to this aspect, such as junction box, electrical
connector and cables, leakage current, reverse current etc. However there are some parameters with no
relevant standards or guidelines.
In this assessment, we are trying to set the first guideline for the visual assessment of PV modules quality.
This assessment will act as a benchmark of PV module specification. It allows the manufacturers to conform
the quality of PV modules to this assessment. At the same time, it allows the planers to assess the quality of
PV modules from the same assessment. Nevertheless this standard should not be an obstacle for the
manufacturers, if the ranges are strength. At the same time, it should also answer the customer needs of
quality.

2.2

Solar shading with BIPV modules

Shading is frequently mentioned among the possible multifunctional properties of BIPV elements. However,
BIPV elements are not only capable of shielding against the direct sun light, their abilities are much more
diverse. In addition, the requirements for indoor climate are complex. The term “daylight management” is
much more suitable to take these circumstances into account. In general the overall tasks of daylight
management are to optimise the building’s heat balance, to reach a high light quality, especially at
workplaces, and to ensure an unhindered view. In detail the indoor daylight illumination can be defined by
applying the following requirements:
• Under “normal” outdoor lighting conditions the room should be supplied with sufficient daylight.
This should be the case at clear weather with direct sun light as well as at overcast sky with diffuse
irradiation
•

The illuminance must be adequate also in deeper parts of the room.

•

Especially at the workplace glare of direct sunlight must be avoided

•

A view to the outside should also be possible when shading is activated.

•

An overheating of the room, caused by daylight, must be avoided.

Of course, these requirements vary according to the utilisation of the room. It should also be mentioned that
at dawn artificial and day light should complement one another imperceptibly. For the daylight quality in a
room there are several evaluation criterions, e.g. mean daylight factor, day light factor 4 m deep in the room,
evenness, daylight situation at the occurrence of sun. Further criterions for the workplace are e.g. contrast
reduction at the computer screen and the Unified Glare Rating. Additional systems factor are daylight
autonomy, controllability and simplicity. Some of these factors are regulated by standards:, E.g. in DIN
5034-1 resp. DIN V 18599-4 the daylight factor is defined as the ratio of the illuminance in the room
compared to the one outside. In DIN EN 12464-1 the standard value for the Unified Glare Rating Index is
defined which can be used for the assessment of dazzling effects.
BIPV elements are generally appropriate to be applied for daylight management. Several design options such
as transparency and colour allow a wide range adaption. Through sun-position tracking an optimised
adjustment for energy production and shading can be realised at the same time. In order to apply BIPV
elements for daylight management their lighting properties need to be characterised by suitable factors.
These concern the heat transfer, transparency, light reflection, total energy transmission and colour
rendering. Software-Tools for the planning of daylight management should be amended with the
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characteristics of BIPV elements.
In order to respect the lighting properties of PV modules within the daylight management of a building the
following characteristic data of transparent BIPV modules should be provided
•

Heat transfer coefficient Ug in W/(m²K)

•

Translucency TL in %

•

Degree of light reflection RLa in %

•

Total energy transmittance G in %

•

Colour rendering index Ra

2.3

Mechanical characterisation of BIPV modules

An experimental study was carried out with the goal to analyse the mechanical behaviour of the buildingintegrated photovoltaic modules (BIPV) and to identify failure mechanisms of the existing BIPV system [3].
The mechanical load test was performed with different load scenarios in order to simulate the combined wind
and snow loads. In combination to the mechanical load test, simulations were done to compare and predict
the results.
This mechanical behaviour of building products is one of the main issues under ‘‘Mechanical Resistance and
Stability’’ in the Construction Products Directive (CPD) [1]. Therefore, BIPV products have to comply with
both the conventional building codes and PV standards. With respect to different operating temperature and
load duration, there are neither common regulations nor relevant building codes for evaluating the
mechanical behaviours of BIPV Modules.
The problem that arises is basically of building regulatory nature, because alternative interlayers (e.g. EVA
foil) which are used in PV-modules are not described in building codes or technical rules. The result is that
PV products using these interlayers need to run through laborious certification processes. Even though the
adhesion and bonding characteristic is better compared to conventional interlayer (e.g. PVB foil), it is not
allowed to respect these composite for the calculation of the mechanical behaviours.
Indeed PV modules are able to take over mechanical requirements in façade or roof-integrated installation,
however from a regulatory point of view it is cumbersome or even impossible to exploit this function in a
building. Thus the mechanical characterisation of BIPV modules has the following objectives:

A)
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•

Develop new load scenarios based on different operating temperatures and load duration.

•

Develop the mechanical behaviors model for BIPV laminated glass (Bending stress and Deflection)

•

Investigate the BIPV laminated glass under different boundary conditions

•

Acceptability of laminated glass with EVA interlayer as a laminated safety glass.

B)

C)
D)
Figure 4: Deflection of PV modules; Temperature dependency (A), Load duration dependency (B),
EVA & PVB interlayers at different temperatures and load durations (C, D)
The mechanical behaviours were defined by bending stress and deflection occurred in glass. It is influenced
by the temperature, load and load duration. The investigation in [3] proves that at lower operating
temperature, both laminated glass with EVA or PVB interlayers have better mechanical behaviours than
monolithic glass. On the other hand, laminated glass with EVA-interlayer shows better mechanical
behaviours than with PVB-interlayer at higher operating temperature due to lower storage module reduction.
In particularly at longer load duration, laminated glass with EVA-interlayer shows much better mechanical
behaviours than with PVB-interlayer due to lower creep characteristic. Therefore, EVA can be proved to be
used as laminated safety glass in building applications.

2.4

Electrical characterisation of BIPV modules [9]

Photovoltaic (PV) solar cells and PV modules have certain electrical and thermal properties. These properties
are primarily determined by the used PV technology. Today the materials used by common PV technology
can be divided into two overarching categories: thick-layer and thin-film technologies. Thick-layer
technologies are photovoltaic cells based on crystalline silicon, for example mono-crystalline or
polycrystalline silicon. The layer thickness ranges from 100 microns to 300 microns. Thin film technologies
are for example cadmium telluride (CdTe), copper indium diselenide (CIS) or amorphous silicon (a-Si). The
layer thickness is here in the range of <10 microns.
An important physical property of these PV modules is the current / voltage characteristic (I / V curve) which
defines current in dependence of the voltage. The I/V characteristic can be a determined with variable load
and a special measuring technique (I/V curve analyser, for example ISET-mpp meter [4]). Basically, the
shape of this curve depends on the technology of the cell. Further influencing factors are the irradiance of the
sun, the composition of the spectral components of sunlight and the cell temperature.
A mathematical / physical emulation of this characteristic curve can be made with different models. By
suitable parameterisation of these models, the characteristic can be generated for each operating point.
Examples which may be mentioned here are the one-or two-diode model shown in [5] or [6], the modified
one-diode model [7] and the modified one-diode model [8]. These models work perfectly for crystalline cells
and modules. The model according to [8] has been developed for CdTe technologies, which describes this
type very well. CIS technology can be described with the two-diode model quite well. However, for
amorphous silicon, or for tandem or triple cells, these models fail completely. In a-Si there is the problem of
the annealing effect, which complicates the modelling extremely. This is an effect which influences the
physical properties and the characteristic curve due to different seasonal temperatures. The annealing effect
can not be explained by the existing models.
Besides these technological reasons, also the different installation methods affect the electrical behaviour of
PV-modules. Depending on the installation in facades or roofs, the module is exposed to different
temperature conditions. Furthermore, the orientation of the module (e.g. vertical in a facade) has an influence
on the electrical performance. In order to respect the technology and installation based impacts on the
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electrical behaviour, new and flexible models are required.
An important tool for the determination of the energy yield of PV systems is the simulation. To get accurate
results of a simulation, it is necessary to recreate the reality as accurately as possible. As mentioned above
the simulation of photovoltaic cells has some deficits. Yield calculations are performed using special
simulation programs. In that, several years of weather data are used, which are available for example as 15minute or hourly averages. Through mathematical modelling of the electrical components (PV modules,
inverters, cables, transformers, etc.) time series of the power are calculated. The summation (integration)
over time finally gives the energy yield. In this context new and accurate models are required.
The one- or two-diode models mentioned above belong to the category of so-called physical models. Another
approach is to describe the characteristics by numerical models. For this purpose an artificial neural network
(ANN) is used. ANNs are able to approximate functions, including those which are highly non-linear. An
ANN consists in principle of a network of weighting factors and transfer functions. The structure of the
network has a decisive influence on the result. Similar to the parameters of the two-diode model the
weighting factors of the ANN can be optimised. This process is called the training of the ANN. For training,
there are different learning methods available. A very efficient variant is provided by the so-called backpropagation method which is used in the model described here. As optimisation algorithm, LevenbergMarquardt method is used. With selected I/V curves, which were measured with the ISET mpp meter, the
ANN was trained. The advantage of this model is that the characteristics of each cell or each module of both
crystalline and thin-film technology can be described regardless of the technology. Figure 5 shows the input
and output data of the new model.
Input data

G:
T:
j:
k:

ANN

Measured I/V curves
as input data for the
training of the ANN

Irradiance at the module level [W/m2]
Module Temperature [° C]
j-th measured characteristic
Number of points per curve

Completely simulated
I/V curves

Figure 5: Input and output data of the new numerical model.
To test the new model real measurement data of a CIS module were applied. Naturally, different I/V curves
were used for the training phase and verification of the ANN. Figure 6 shows a variety of characteristic
curves that were obtained using the ANN model for this module. The model provides very good results. For
instance ten selected characteristic curves at different times are shown in these figures. For clarity only every
seventh simulated data point is shown.

a)

b)

Figure 6: Measured and with ANN simulated I/V curves and P/V curves of a CIS PV-module.
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To validate the new model, characteristics curves were simulated by means of the ANN and the one-diode
model respectively and compared with real measurement data. Data were used from the period from July to
December 2009. A total of about 68,000 characteristic curves were analysed. To determine the deviation
from reality, the mean square error (RMSE) of each simulated and measured characteristics curve was
calculated according to:

(

RMSE %, j =

1 k
∑ Iν − Iˆν
k ν =1
I K , STC

)

2

⋅ 100%

I:

measured current curve [A]

Iˆ :

simulated current curve [A]
Short-circuit current in the PV module under STC [A]
j-th measured characteristic curve
Number of points per characteristic curve

IK,STC:
j:
k:

Figure 7 shows the percentage RMSE for all characteristic curves (68166). The evaluations show that with
the new model a significant improvement in accuracy is possible. The line at 2% is shown in order to
improve clarity and comparability. The errors in Figure 7b are located further below the line as compared to
Figure 7a. In addition, the number of errors above this 2% line is significantly lower with the new model.

a)

b)
Figure 7: RMSE of I/V curves simulated with a) two-diode model and b) ANN model.

Besides the described ANN a complete procedure was developed in order to determine all required
parameters for the ANN based on real measurement data automatically. This procedure enables the
modelling of arbitrary PV modules with different technologies and different installation methods. This is
beneficial for module manufacturers in order to include high accurate models of their PV modules in
simulation software.

2.5

Electromagnetic shielding capabilities of PV modules

At Fraunhofer IWES a measurement method for the electromagnetic properties of PV modules was
developed. Here, the measurement object is placed in front of an opening of a metal chamber. Antennas for
transmitting and receiving are placed behind and in front of the opening. Different frequency ranges (30
MHz –300 MHz, 300 MHz –1 GHz, 1GHz -5 GHz) are covered with suitable antennas. The attenuation of
shielding results from the difference between the measurements with and without covered opening. Figure 8
compares the results from a monocrystalline and thin film PV module.
Up to 400 MHz the crystalline modules have almost no influence on the signal strength. Furthermore, the
shielding is dependent of the polarization. For the thin film module the attenuation of shielding is much
higher. This is due the homogeneous conductive surface of the thin-film modules. The interstices between
the solar cells in crystalline modules cause a decrease in the attenuation of shielding. In summary it can be
concluded that the attenuation of shielding is the range of 20 – 30 dB. This equals a shielding of 99 to 99.9%
of the high-frequency power.
Further outdoor investigations on BIPV facades are planned. Here the attenuation is expected to be lower
because of additional propagation paths.
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Figure 8 Shielding capability of a) crystalline and b) thin film PV modules.
3

Effect of BIPV on the primary energy demand

The most obvious function of PV modules in any application (additive on buildings, integrated in buildings,
free-standing) is the production of electrical energy. The electricity generated by PV modules can be
exploited in various ways. In grid connected systems the owner receives compensation according to the feedin tariff. Furthermore, also the self-consumption of photovoltaic current is funded. In this way, photovoltaic
helps to avoid overload situations in the electricity grid, due to a local consumption of the generated current.
Thus the generated electric energy will directly benefit the energy demand of the building. At this point now,
photovoltaic on or in buildings takes over a “function” in the calculation of the total primary energy demand
of buildings. According to the European Energy Performance of Buildings (EBP) Directive [11] all new
buildings by 2020 must be nearly zero energy buildings. Its implementation takes place in Germany through
a combination of laws and regulations whose content is often connected with each other. One of these
regulations is the Energy Conservation Regulation, EnEV 2009 [13], which defines the maximum permitted
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energy demand of buildings. It includes both the quality of the building envelope in terms of insulation as
well as the building service. As a first priority, it limits the primary energy demand Qp of a building, as a
side request it sets minimum standards for the quality of the building envelope, which is expressed in a
maximum value for the transmission heat loss HT [12]. According to § 5 EnEV 2009 the electricity produced
from renewable energy sources can be deducted from the final energy demand, if the system is in direct
spatial relationship with the building and the electricity produced is primarily used in the building itself and
only the excess amount of energy is fed into a public grid. In doing so, only building relevant electricity may
be considered, e.g. auxiliary energy, current for direct heating or water heating as well as for air
conditioning. In non-residential building the energy demand for lighting may be considered additionally.
For nearly zero energy houses according to the EPB Directive photovoltaic systems are of utmost
importance, since they help to reduce the energy demand of the building. In order to show the effect of PV
generated current on the energy demand comprehensive studies have been performed by means of
simulation, where standard houses as defined in EnEV2009 were considered [10].
For the evaluation several reference buildings were considered according to the EnEV 2009, in which
characteristic values of the building and building products are defined. In Figure 9 the effect of four different
PV systems
1: PV roof system, 30°-south orientation, mono-crystalline cells,
2: PV roof system, 30°-south orientation, CIS modules,
3: PV façade system, 90°-west orientation, mono-crystalline modules,
4: PV façade, 90°-west orientation, CIS modules
on the primary energy demand of three different building standards
1: single family house, EnEV Standard,
2: single family house, EnEV standard with heat pump,
3: single family house, passive house (with heat pump)
is shown.
For the interpretation of the results in Figure 9 the primary energy demand as well as the final electric energy
demand needs to be considered as shown in Figure 10. In order to calculate the primary energy demand, the
specifications of the building according to EnEV 2009 were used as reference (e.g. heat transfer coefficients
of walls and windows, type of building services, heating, air condition etc.). It is needless to say, that the
primary energy demand is reduced with a better building standard. However, the final electric energy
demand has the highest value when a heat pump is used due its high power consumption. In a passive house
the total useful energy is lower, and thus less electric energy is required in order to cover this demand. In
order to determine the primary energy demand it must be considered, that a primary energy factor is assigned
to each energy carrier depending on the energy expenditure for its production, transformation and
distribution. In the case of electric energy this factor amounts to 2.6, which is relatively high.
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Reduction of Primary Energy Demand
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Figure 9: Reduction of the primary energy demand of one familiy houses in different standards.
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Figure 10: Primary energy demand and final energy demand (electricity) of different building
standards according to EnEV 2009 [10].
If in buildings according to EnEV standard the final electric energy demand of 3.9 kWh/m²a is completely
covered
by
photovoltaic
current,
the
primary
energy
demand
can
reduced
by
2.6 ⋅3.9 kWh /( m ² ⋅ a ) =10.14 kWh /( m ² ⋅ a ) at most. This corresponds to 9.8% of the primary energy demand.
According to Figure 9 the primary energy demand of a EnEV standard building can be reduce by 9.8% if a
PV roof system of about 4 kWp is considered. In case of a PV façade system, at least 10 kWp are required,
when using mono-crystalline PV modules.
The situation changes dramatically when heat pumps or passive houses are regarded. In these cases the
primary energy demand can be covered completely by PV generated current. This is possible due to the high
power consumption of the heat pump in connection with the high primary energy factor of electricity. In case
of passive energy houses the primary energy demand can be covered with a PV roof system of about 15 kWp
and a façade system of about 50-80 kWp depending on the technology. These evaluations show that PV
plays a significant role in the reduction of the primary energy demand of buildings.
4

Conclusion

In the project MULTIELEMENT the utilization potentials of the physical properties of PV building elements
are investigated systematically. Besides physical properties (electrical, thermal, mechanical issues) also its
place in the legal environment (building codes, energy conservation regulation) is considered. The results
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show that PV building product can take over several building functions besides electricity generation.
However, gaps in rules and regulations as well as in technical guidelines hinder the application of PV as an
integral part of buildings. The project results clarify the deficits in regulation, guidelines and standards and
propose new approaches for test specification and standards.
The project MULTIELEMNT is funded by the Federal Ministry for the Environment, Nature Conservation
and Nuclear Safety under contract number 0325067. The author is responsible for the content of this
publication.
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Abstract
The ‘Z-en house' is a zero-energy housing project being carried out by ROBERTRYAN Homes based in
North Ayrshire, Scotland. In this project, the application of a PV Thermal (PV/T) solar roof has been
reviewed and the PV heated ventilation air is intended to be circulated throughout the house with the
support of a mechanical ventilation with heat recovery (MVHR) system—i.e. PV/T MVHR. Accordingly,
using this Z-en house project, a feasibility study on hypothetical PV/T MVHR systems was conducted with
the aim to facilitate the builder’s design decisions, where the heat from PV modules should be used
optimally to supplement space heating, while the expected power generation can well be maintained
without being reduced drastically by the cumulative PV heat. The heat generating capacity of low efficient
PV cells (e.g. amorphous) and the high efficient counterparts (e.g. mono- or poly-crystalline) was analysed
using the energy and environment simulation tool EESLISM. The air flow assisted by the MVHR system
was assumed to be 300m3/h and drawn under either a 7% efficient PV roof with the module coverage of
57.14m2 or a 14% efficient PV roof of 28.57m2. In both scenarios, the roof was also assumed to be tiled at
30˚. As a result, when the roof receives the high incoming solar radiation, say 367W/m2 at 13.00 on 30th
January in Scottish climatic contexts, and the ambient temperature is 5˚C, the temperature of ventilation air
under the low efficient PV roof can increase to 20˚C at the ridge, while the temperature under the
polycrystalline may reach up to 16˚C when the nominal power output of both systems is set to be 4kW. Not
only does this study unveil the differences in the heat and power generation capacity of low and high
efficient solar PV roofs, but it catalogues the potential variations (i.e. mass customisation) in response to
the change of settings as to the MVHR air flow velocity and the PV power output, roof angle and area, so
that builders based in similar cool climates can choose from the collection.
1. Introduction
The zero carbon homes being recognised under the Code for Sustainable Homes in the UK tend to be lowenergy houses rather than the net zero energy ones when they come into operation. To realise the delivery
of net zero-energy housing in Scotland, the ‘Z-en house’ project was launched by ROBERTRYAN Homes.
The design solutions are currently examined in order to achieve the house’s net zero energy operation in
view of the UK government’s recognised Standard Assessment Procedure known as SAP (BRE, 2011)
(Fig.1). ROBERTRYAN homes is an experienced homebuilder dealing with a wide range of residential
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construction projects and the company is currently planning to build total 4 net zero energy detached
homes. In this project, PV/T will be installed in a way that the ventilation air heated by PV integrated roof
is extracted by means of a balanced whole-house mechanical ventilation with heat recovery (MVHR)
system, which has possibly the high heat exchange efficiency and low specific fun power (Fig.2).

Figure 1: Z-en House South-west Façade (Source: MEARU Mackintosh School of Architecture)

Figure 2: Building Integrated PV Thermal Mechanical Ventilation Heat Recovery System (BIPV/T MVHR)
(Source: MEARU Mackintosh School of Architecture)

The Z-en house is a single detached home to be built in a new rural residential development in West
Kilbride, Scotland. The floor area of this house is approx. 346m2 excluding the basement floor area and the
exposed wall area was estimated at 279m2. The house contains 4 bedrooms and a study are located on the
first floor and semi-private spaces, such as a kitchen, dining room, lounge, and sunspace family room, are
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on the ground floor. A basement is also introduced to this project, designed to serve as a multifunctional
space, in which thermal mass components are installed heavily so as to capture heat from the sun and active
hybrid renewable energy technologies including the BIPV/T MVHR system, which is relatively new to the
homebuilding industry in the UK.
2. PV/T HR Performance Simulation
Based on the initial conceptual design of the Z-en house, the potential performance of a photovoltaic
thermal mechanical ventilation heat recovery (PV/T MVHR) system was examined under Scottish climatic
conditions. For the comparative analysis of the system’s potential seasonal changes as to the heat and
power generation properties which may relate to the amount of available solar radiation and the ambient
temperature, 30th January and 24th August were selected (Table 1).

Tab. 1: Solar Radiation and Temperature Profiles, 30th January and 24th August

30th January

Time

1900

Solar
Radiation
On Roof
Surface
(W/m2)

24th August

Ambient
Temperature
(˚C)

Solar
Radiation
On Roof
Surface
(W/m2)

Ambient
Temperature
(˚C)

1

0

6

0

8

2

0

5.2

0

7.8

3

0

4.4

0

7.3

4

0

4.8

0

6

5

0

5.2

0

5.2

6

0

5.6

12

5.2

7

0

5.4

92

7.1

8

0

5.3

266

10.2

9

6

5.1

470

12.4

10

109

5.1

664

12.7

11

263

5

805

14.3

12

327

5

883

15.2

13

367

5.1

891

16.1

14

286

5.3

814

16.5

15

150

5.4

688

16.6

16

71

5.3

517

15.4

17

9

5.3

331

14.6

18

0

5.2

157

14.1

19

0

5.4

54

13.5

20

0

5.7

7

12.8

21

0

5.9

0

12.1

22

0

6.1

0

11.6

23

0

6.4

0

11.1

24

0

6.6

0

10.7

In particular, 30th January was used as a base date for the detail analysis of the effect of roof configurations
on PV/T heat and power generation in the Scottish winter. Due to the need for the use of consistent and
detailed statistical weather data, the database of Scottish climate supplied by the ‘Energy Plus’ building
simulation program developed by the US Department of Energy was applied for the PV thermal system
simulation.

2.1. BIPV/Thermal Simulation Model
This simulation was based on the authors’ previous studies (Udagawa et al., 2009; Hirayanagi et al, 2011).
It was conducted using the ‘EESLISM’ applied for heating, cooling and hot water heating simulation. Since
1990, the simulation tool has been developed constantly and in 2009, it included the performance analysis
of solar air heating collector systems combined with PV panels (Udagawa and Satoh, 1999; Udagawa et.al.,
2009). Accordingly, the EESLISM simulation of the Z-en house’s PV/T HR system encompassed the
analysis of heat production capacity and the identification of power generation potential (Fig.3).
Ta

Outside Temperature [ ]

Tr

Indoor Temperature [ ]

Ksu

Specific Heat Loss Coefficient of the Upper Element
of the Ventilated PV Heat Collecting Channel

Tcoleu

Ksu
Tfo

Ta

[W/㎡K]

Kcu
Kcd
Ksd

Tcoled

Ksd

Specific Heat Loss Coefficient of the Bottom Element
of the PV/T Heat Collecting Channel [W/㎡K]

Kcu

Thermal Transmittance of the Upper Element of
Ventilated PV Heat Collecting Channel [W/㎡K]

Kcd

Thermal Transmittance of the Bottom Element of
Ventilated PV Heat Collecting Channel [W/㎡K]

Tx
Air

Tfi

Tcoleu

Panel [ ]

Tr
30o

Outer Surface Temperature of the Heat Collector

Tcoled

Inner Surface Temperature of the Heat Collector
Panel [ ] (For the roof integrated collector, it equals
to the boundary temperature Tx.)

Tfi

Inlet Air Temperature [ ]

Tfo

Outlet Air Temperature [ ]

Fig. 3: Section of BIPV/T Roof and Description of Denotations Applied to the EESLISM simulation

In the ventilated PV/T system’s performance simulation, the fresh air was assumed to pass through the
underside of solar roof panels and then connected to an MVHR system. Various air flow volumes were
considered and set initially to be 300m3/h, 432m3 and 864m3/h amounting to the air velocity of 0.45m/s,
0.5m/s and 1.0m/s, respectively. It was aimed particularly at identifying the temperature rise tendency of
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ventilated PV/T air and quantifying the potential heat generation, given that the fresh air runs through a
cavity (0.03m in depth and 8m in width) created beneath a PV integrated solar roof.

The outlet air temperature of the PV/T collector was calculated by:

eq. 1
is the total thermal transmittance of the heat collector panel (W/m2K) and it was calculated by means of:

(eq. 2)
1
(eq. 3)

(eq. 4)

(eq. 5)

(eq. 6a)

(eq. 6b)

Where,
Asu : Area of the PV/T roof collector (m2)
as : Solar absorbance of PV ( - )
: Efficiency of PV at standard test conditions ( - )
Icol : Solar radiation on PVT array (W/m2)
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C is the specific heat of air (J/kgK). G represents the air flow rate (kg/s) and the symbols of
other parameters are explained in Fig.3. Based on them, the collected heat Q [W] is calculated
by:

(eq. 7)

E=Kpv(Tpv)IcolAsu/Is
(eq.8)

The power generation of PV array E [W] is calculated based on JIS C8907:2005 as shown in Equation 8.
Where, Kpv(Tpv) is a coefficient expressing the effects of PV cell temperature Tpv and other parameters to
effect on the PV power generation. Is is solar radiation on PV array at the standard test condition (1000W).

For the purpose of this simulation, two types of PV cells were selected: (1) polycrystalline silicon PV
whose conversion efficiency was assumed to be 14% and (2) amorphous silicon PV with 7% efficiency.
Moreover, two sets of nominal power output, 4kWp and 8kWp, were set in order to analyse the differences
in heat and power generating performance between the high and low efficient BIPV modules. The size of
each PV/T integrated roof was determined according to the PV type and nominal output given (Table 2).
The depth of the PV/T air cavity applied to all variations was fixed to be 0.03m and therefore, the area of
the aperture of the inlet fresh air is 0.24m2. The sectional dimension led to the setting of the volume and
velocity of the PV/T air. The simulation was conducted using EESLISM where the room temperature was
assumed to be 21˚C for 24 hours of housing operation. Moreover, in order to facilitate builders’ design
decision for PV/T integrated roof configurations, the effect of roof angles (30˚, 40˚ and 50˚ alternatives) on
the BIPV heat and power generation performance was also analysed.

Tab. 2: PV/T System Variations Applied to the EESLISM Simulation

PV TYPE

Amorphous
Silicone

CONVERSION
EFFICIENCY

7%

NOMINAL
POWER
OUTPUT
4kWp
8kWp
4kWp

Polycrystalline
Silicone

14%

8kWp

PV/T COLLECTOR ROOF AREA
57.14m2
(8m in width & 7.14m in length)
114.28m2
(8m in width & 14.28m in length)
28.57m2
(8m in width:& 3.58m in length)
57.14m2
(8m in width & 7.14m in length)

2.2. BIPV/Thermal Simulation Results
Figures 4-8 identify the simulation results of the 4kWp PV/T HR system performance where the air flow is
considered to be 300m3/h under the aforementioned Scottish climate conditions.
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Fig. 4: 4kWp Ventilated PV/T Air Temperature Profile at the Air Flow of 300m3/h, 30th January (left) and
of 300m3/h, 24th August (right)
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Fig. 5: 4kWp Ventilated PV Heat Generation in Response to Incoming Solar Radiation, 30th January
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Fig. 6: 4kWp Ventilated PV Electricity Generation in Response to Incoming Solar Radiation, 30th January
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Fig. 7: 4kWp Ventilated PV Heat Generation in Response to Incoming Solar Radiation, 24th August

1905

Electricity Generation by

[W/m2]

Electricity Generation by

Polycrystalline
PV
Production
of electricity
Polycrystalline

Amorphous
PV
Production
of electricity
amorphous

2500

Aug. 24
2000

1500

1000

500

0
1

2

3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour

Fig. 8: 4kWp Ventilated PV Electricity Generation in Response to Incoming Solar Radiation, 24th August

Moreover, in order to facilitate the homebuilder’s PV/T integrated roof design decision, the effect of
different roof angles, air flows and amorphous and polycrystalline PV sizes on the system’s heat and power
generation performance of each was analysed. Tables 3 & 4 summarise the simulation results of the annual
amount of heat and electricity generation achieved by the operation of each of the PV/T system design
alternatives given under the Scottish climate condition as described previously.

Tab. 3: Annual Heat Generation Capacity of Ventilated PV/T Integrated Roof Design Alternatives Given

Roof Tilt
30˚
40˚
50˚

Roof Tilt
30˚
40˚
50˚
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Amorphous Silicon PV Thermal Energy Production [kWh/year]
4kWp
8kWp
7% Efficiency
7% Efficiency
57.14m2: 8m x 7.14m
114.28m2: 8m x 14.28m
Air Flow
Air Flow
Air Flow
Air Flow
0.5m/s (432m3/h)
1m/s (864m3/h)
0.5m/s (432m3/h)
1m/s (864m3/h)
4,689
8,292
4,974
9,671
4,723
8,347
5,010
9,739
4,656
8,228
4,939
9,597
Polycrystalline Silicon PV Thermal Energy Production [kWh/year]
4kWp
8kWp
14% Efficiency
14% Efficiency
28.57m2: 8m x 3.57m
57.14m2: 8m x 7.14m
Air Flow
Air Flow
Air Flow
Air Flow
0.5m/s (432m3/h)
1m/s (864m3/h)
0.5m/s (432m3/h)
1m/s (864m3/h)
3,440
5,327
4,305
7,602
3,466
5,369
4,337
7,660
3,419
5,294
4,279
7,554

Table 4: Annual Electricity Generation Capacity of Ventilated PV/T Integrated Roof Design Alternatives Given

Roof Tilt
30˚
40˚
50˚

Roof Tilt
30˚
40˚
50˚

Amorphous Silicon PV Electricity Generation [kWh/year]
4kWp
8kWp
7% Efficiency
7% Efficiency
57.14m2: 8m x 7.14m
114.28m2: 8m x 14.28m
Air Flow
Air Flow
Air Flow
Air Flow
0.5m/s (432m3/h)
1m/s (864m3/h)
0.5m/s (432m3/h)
1m/s (864m3/h)
2,296
2,297
4,580
4,584
2,277
2,280
4,546
4,550
2,221
2,224
4,433
4,438
Polycrystalline Silicon PV Electricity Generation [kWh/year]
4kWp
8kWp
14% Efficiency
14% Efficiency
28.57m2: 8m x 3.57m
57.14m2: 8m x 7.14m
Air Flow
Air Flow
Air Flow
Air Flow
0.5m/s (432m3/h)
1m/s (864m3/h)
0.5m/s (432m3/h)
1m/s (864m3/h)
2,519
2,526
5,017
5,030
2,501
2,507
4,979
4,994
2,439
2,446
4,859
4,873

In addition to PV types, the configuration of a PV/T integrated roof also affects the heat and power
generation performance: i.e. PV roof sizes, angles and ventilation rates. For the purpose of this feasibility
study that aimed to develop a guideline for PV/T HR applications to Scottish homes, the roof angle was
determined to be 30˚, 40˚and 50˚. Amongst these design options, the roof angle of 40˚ provides the best
performance in terms of both heat and power generation. Due to the lowest height amongst the options
given, the 30˚ roof pitch can be considered to be most efficient in terms of the building material
consumption and the associated initial cost. Nonetheless, it also contributes to lessening the amount of PV
heat and power generation but the expected outcomes will be better than the PV/T roof with an angle of 50˚.
Thus, amongst the given alterative arrangements, the 50˚ angled PV/T roof is the worst option in the heat
and power generation performance and the most expensive approach to the construction. When the area of
the roof coverage becomes double, both low and high efficient PV panels tend to serve nearly twice as
much to generate electricity. On the other hand, albeit the vertical extension of the PV roof from 7.14m to
14.28m (thus, the increase of the roof area from 57.14m2 to 114.28m2), the heat production of the
amorphous PV roof with an angle of 30˚ can increase by 6% only when the velocity of ventilation air is
limited to 0.5m/s and about 17% when 1.0m/s. In the case of the polycrystalline PV under the same
condition, the heat production can increase by 25% when the air velocity is set to be 0.5m/s and 43%
increase with the air flow of 1.0m/s. The ventilation rate of the PV/T roof can be considered as one of the
most cost-effective influential factors that help improve the heat collecting performance while contributing
to cooling the temperature of PV cells. For instance, in the low efficient 4kWp PV roof with an angle of 30˚,
the annual rate of heat collection can be increased by 77% when the velocity is changed from 0.5m/s to
1.0m/s and this approach is about 13 times more efficient than the mere increase of the PV size from 4kWp
to 8kWp. In the case of high efficient 4kWp PV roof, 55% performance improvement can be expected and
it is about twice higher than the increase achieved by enlarging the PV size itself.
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3. Conclusions
Research on photovoltaic thermal (PV/T) capacity is far from new; however, there was no reliable source of
the information or practical technical data on the performance to which Scottish homebuilders (and
architects alike) can refer when designing low to zero-energy/carbon-emission homes in Scotland that
usually necessitate the use of renewable energy technologies—particularly, PV. In practice, such
technologies are still expensive; thus, the device(s) invested is expected to perform at maximum. The
hybrid application can be considered as one of the alternative solutions to add the value of investment.
Accordingly, this study focused on analysing the heat and electricity generation capacity of PV panels
based on an ongoing net zero-energy housing project in Scotland. It confirmed that PV generates heat
which makes the air running under the PV panels 10-15˚C warmer than the outside temperature even during
the Scottish winter. Low efficient amorphous silicon PV generates more heat than high efficient PV of the
same nominal power output due to the necessarily larger area of amorphous PV roof coverage as well as the
less sensitivity to temperature rise as opposed to the mono/polycrystalline counterparts. However, the
simulation did not extend to the study of the effect of the ventilated PV/T air velocity any more than 1m/s;
thus, it may be worth examining the extended scope so as to clarify the relationship between the increased
air flow and the PV/T heat collecting capacity under the Scottish climate condition in depth.
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Abstract
Buildings as a shelter are the necessary condition for humans’ existence, but the use of resources for
construction and buildings’ operation becomes a serious environmental problem. Buildings consume ~40%
of the European primary energy for their operation; lots of energy is used for production of construction
materials. Awareness of the environmental problems created conditions for the development of the concepts
of the green house’s, passive building’s, zero energy buildings’, zero carbon buildings’ and others, and also
for political decisions, such us Directive 2010/31/Eu on the energy performance of buildings enactment. The
usage of the solar architecture principles is one of the tools in order to reduce energy needs for buildings and
save resources. Ecococon concept was developed with the purpose to minimize embodied and operational
energy of the house. Made from straw bale panels, designed using solar architecture principles, ecococons
are healthy and warm surrounding for living, recreation or other purposes. This paper presents the concept
and temperature monitoring of the experimental ecococon built near Kaunas (Lithuania).
1. Introduction
From ancient there were lots of various concepts for houses: starting from Vastu Shastra (Hindu science of
construction) and continuing with Chinese Feng Shui art, going through various architectural stiles and
expression forms and coming to confusing, but also challenging times of these days, requiring switch in
thinking and decisions making principles.
The ancient view according the house’s functions for an owner – to help staying in harmony with himself,
nature and society – changed dramatically to domination: in lots of cases a house become fortress, part of
image or other expressions of human ego, over consuming resources – both: overall society’s and personal
(financial, health, time). Whereas the number of people increased significantly and the Earth resources
remained the same, wasting and consuming philosophy’s implementation in construction sector became
unsafe due to exhaustion of resources and negative impacts to environment. As for Woollard and Ostry:
“Somewhere along the road to our present crisis we lost the idea of enough” (Woollard and Ostry, 2000).
Roodman and Lenssen calculated that one-sixth of the world’s freshwater withdrawals, one-quarter of its
wood harvest, and two-fifths of its material and energy flow is used for buildings (Roodman and Lenssen,
1995). Construction sector affect environment also because of wastes and emissions, which significantly
influence global climate, and locally – indoor environment, making it unhealthy for occupants in third of
cases of newly built buildings (EQAR, 2010, ECTP, 2004). And, as revealed in the research study “Climate
Change, the Indoor Environment, and Health”, poor indoor environmental quality, that result from gas stoves
or indoor emission sources, such as building materials, radon, etc., creates health problems and weakens the
ability of occupants to work and learn (Institute of Medicine, 2011). This study also mentions, that it is not
recommended to increase health risks prioritizing energy efficiency measures (for example, lowering
ventilation rates).
Inner factors of every person remain very important for the “greening of a house” process. “Perceptual and
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behavioral barriers (for example, lack of understanding) affect cognition of circumstances related to
sustainability and interfere with action-taking” (Woollard and Ostry, 2000).
Looking back to oil crisis of 20th century and noticing nature destruction – the shortage, the “lack of”,
became one of the factors, which accelerated awakening process. Construction sector, as one of the
important parts of the human activity, got paid attention; and the harmony with nature, resources saving,
ethics and health concerns returned to a house concepts (see Gaja House, the Natural House concept
(Pearson, 1995), Sustainable Building, Green Building (Public Technology Inc., 1996); and Low Energy
Buildings, Passive Buildings – as cases which highlight energy efficiency (Steinmüller, 2008).
Understanding of current crisis created the space for Energy Efficient or even Independent House ideas,
which proved themselves as livable after volunteer experiments in ecovillages, alone examples or
demonstration ones.
Earthships could be one of example of such conception realization. Arch. M. Reynolds proposed the idea,
that a house should be self-contained, a power plant and a battery, and a green house providing owners with
food. The materials to build a house should be easily found, like in earlier times − rock, earth, reeds, etc.
“Now there are mountains of by-products of our civilization that are already made and delivered to all areas.
These are the natural products of the twenty-first century” (Reynolds, 1990). The needs of owners are
adapted to reality of the planet; Earthships are made from renewable and local materials, they use little or no
fossil fuels to provide for modern amenities, and they come with no utility bills, because all what is needed is
produced on site, using already available technologies.
Another example of Energy-Independent House could be S-House built in Böheimkirchen, Austria which
serves as an office and demonstration building at the Center for Appropriate Technology (Wimmer at al,
2005). S-House represents combination of the high energy standard of passive solar house technology (less
than 15 kWh m-² a) with the use of renewable local resources for construction materials (straw bales, timber)
and energy for operation (solar energy and biomass). S-House meets also the Factor 10 concept (SchmidtBleek, 1999) – the material, energy and construction area consumption is reduced 10 times comparing with
conventional buildings (Wimmer at al, 2005).
Now the similar idea is being realized with political will: from 2019 newly constructed buildings should be
nearly zero energy buildings (buildings that have a very high energy performance: the nearly zero or very
low amount of energy required should be covered to a very significant extent by energy from renewable
sources, including energy from renewable sources produced on-site or nearby) in the EU; and the USA
Department of Energy Buildings Technologies Program set a goal to reach net zero energy buildings by 2025
(European Parliament 2010; Pratsch 2006).
Solar architecture principles application is one of a very important measure in construction sector. They are
known from ancient times, highlighted in Gaja, Natural, Green House, Earthship, Sustainable Building,
Green Building, Low Energy Building, Passive Building and other conceptions, and seem as will be
necessary implementing requirements for nearly zero energy buildings, but these principles still are not
widely understandable for the society.
Modern solar architecture counts its history from 1940s when pioneering solar houses were built in Chicago,
USA (42-43°N); and after it was continued with famous Trombe-Michel experiment in France and following
experiments in lower latitudes (Porteous and MacGregor, 2005). Porteous and MacGregor with their work
seek to fill the gap in lack of information on solar energy applications for places in northern (high) latitudes
and cool climates. Hypothesis ‘North is better’ was raised and proved with numerous examples from
different northern and southern countries. As there was shown by Porteous and MacGregor, the fact, that
northern latitudes have grater solar contribution is connected with grater, longer and flatter profile for
heating demand in the places of high latitudes. There was revealed differences in solar contribution: in
Lerwick (Shetland Isles, 60°N) location solar contribution was 4 times greater than in Messina (Sicily, 38°N)
and 60% grater than in London (51°N).
Notwithstanding the tests and experiments, already accomplished in various places around the globe, direct
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use of solar energy should be made more visible and clear for the society, especially in those cool climate
countries, which has no practice of passive solar energy applications for buildings.
The main goal of this research was to test eco solar house concept in real conditions of a cool climate.
2. The Concept

The concept of the solar eco house, named ecococon, was developed in order to meet environmental
(embodied, operational energy reduction and resources saving, care about indoor environment quality) and
financial (affordable price of a building, reduced heating costs) efficiency.
These tasks were met searching for optimal combinations of the quantitative and qualitative parameters;
special attention was given to the form of the building and materials, which should serve well for energy
saving purpose and healthy microclimate.
The house was designed of the form, which provides good insolation possibilities and reduces building’s
north facade (see Fig. 1–4), at the same time also ensuring proper thermal insulation and using natural
building materials (pressed straw and local clay for plaster, which works as a thermal mass inside the
building).

Fig. 1: The ecococon’s form

Fig. 2: 2 story ecococons’ village

Fig. 3: The south facade in summer at noon

Fig.4: The south facade in winter at noon. A. Krucius
designs made with Google SketchUp software
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There were some motives for choosing straw and clay for the construction of ecococons:

1. both are local and natural building materials, so they provide a house with a safe indoor

2.

3.

4.

microclimate and significantly reduce environmental impact of construction, as indicated in
previous research, such materials’ use instead of bricks and mineral wool could save 90 kg CO 2 for
1 m2 of a wall or 1287 MJ m-2 of embodied energy (Milutiene, 2010);
suitability for solar architecture: pressed straw has good thermo insulating properties (some review
on properties and construction methods see in (Jones, 2005, Minke and Mahlke, 2005, Milutiene at
al, 2008, Milutiene at al, 2007) and for the construction purposes it should be used together with a
natural plaster (mainly made from clayey earth), which than serves as a thermo mass (instead of
concrete and other non sustainable materials) besides other important functions;
these materials are accessible in big quantities and they are cheap;
wide possibilities for creativity and novel construction methods: in the case of ecococons,
weaknesses of straw bale construction – dependence on harvest time, obligatory protection of straw
from the rain, risk do not find clayey earth on a building site – were bypassed inventing original
method to prefabricate pressed straw panels and producing several kinds of original clay plasters
(dry mixes) using upgraded folk recipes and modern practices.

Several designs of a building were prepared for the implementation in practice. Designs are provided with
the possibility to choose the size (36, 80 or 120 m2); and for smaller houses to be extended during their
operation (one story 36 m2 building could be extended till 80 m2 or 120 m2 size, 80 – till 120 m2 from the
glazed side of the house). The idea of such function of a building was to create possibility for the house to
“grow” depending on the increase of a number of family members, avoiding very radical changes and much
demolition works.

3. The Experiment

The object of this research was ecococon, built near Kaunas, Lithuania in 2009. The building’s (see Fig. 5, 6)
parameters are shown in the Table No. 1.

Fig. 5: The view of the built house. Photo by JSK Ecococon

Fig. 6: Interior of the house. Photo by JSK Ecococon

The main tasks of this research were to monitor inside temperature of the building and assess influence of
global solar radiation and outside temperature to house’s thermal behavior in order to make decisions for
further improvements of the concept and design.
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Tab. 1: Parameters of the tested ecococon

Parameter

Value/remarks

South glazing

1.5 m2

South west glazing (30º from south)

8 m2

West glazing (60º west from south)
Coordinates of the building
Building's area

1.5 m2
55º00'N 23º49'E
36 m2 of living area and 6 m2 – cubbyhole from the north side

Building's volume
Thermal resistance of walls and roof
(according thermo vision picture)
Thermal resistance of windows
Glazing/ floor area

100 m3

Thermal mass

8.6 m² K W-1
1.1 m² K W-1
~1/3
10 cm thick clay plaster – walls and ceiling painted white or
left in clay color; oak floors and furniture

The period of the research covers 2010 02 17 – 2010 03 14. During this period the building was not
occupied, but was visited several times. The days when people were inside the building were not used for
analysis.
Measurements of interior temperature (intervals – 5 min.) were performed using thermometer KIMO Kistock
KT-100 S/No. 07126031.
Outside temperature and global solar radiation and also diffuse solar radiation on horizontal surface data
were collected at the Lithuanian Hydrometeorological station in Kaunas.
Global solar radiation reaching horizontal surface was measured with the help of the pyranometer CM6B
No. 994125, and it was situated 85.1 m above see level. Diffuse solar radiation reaching horizontal surface
was measured with the help of the pyranometer CM6B No. 994112 at the same height. Average hourly
values were used for calculations.
In order to understand dependencies of the house interior temperature with outside temperature and global
solar radiation, also determine time lag of heat waves which are connected with outdoor factors affecting the
building, correlation coefficients between interior and outside temperatures and global solar radiation were
determined. Correlation coefficient values coming to +1 or -1 show increasing or decreasing linear
relationship, values about 0 shows, that variables are independent.
4. The Results
The ecococon is the first solar building in Lithuania, which is being monitored.
Monitoring results showed that solar radiation provided the house with the significant amount of the heat and
during the monitoring period the building did not froze.
In winter time, at February, during cloudy days with the weather temperature -5°C, when all the solar energy
was diffuse, it (solar energy) was enough to keep positive interior temperature values (1–5°C). The interior
temperature increased only by 2–5°C (see Fig. 7). The effect of solar heating became stronger in sunny days,
when global solar radiation exceeded the value of 250 Wm -2. When global solar radiation reached 400 Wm -2,
its influence was significant – interior temperature increased by 16°C – from 7 to 23°C (see Fig. 7, data of
February 22nd).
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Fig. 7: Dependence of building's interior temperature on solar radiation on horizontal plane and outside temperature
on 17th−20th of February, 2010.

In spring, in cloudy days of March, the interior temperatures rose till 10–15°C, and during clear days till 22–
31°C, so in some days comfort temperature maximum was surpassed for several hours in the evening time
(see Fig. 8). That was because of no overhang installed (according to the project, there should be sun blinds
used depending on the need to protect rooms from the extra heat).
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Fig. 8: Dependence of building's interior temperature on solar radiation on horizontal plane and outside temperature
on 10th−14th of March, 2010.

It was revealed linear connection (dependence) of the interior temperature and the outside temperature (from
days, when global solar radiation exceeded 250 W m-2), and also to global solar radiation on horizontal plane
(see Table 2).
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Tab. 2: Correlation coefficients between interior temperature and the weather temperature also global solar radiation on
horizontal surface.

Correlation between interior and
the weather temperatures
-0.18
-0.01
0.25
0.66

Correlation
between
interior
temperature and global solar radiation
on horizontal surface
February
-0.07
0.80
March
-0.46
0.84

Time lag

-; 5 hours
4
and
7
respectively

hours

Several conditions were important for mentioned correlations: weather temperatures correlation with global
solar radiation (after it exceeded 250 W m-2), switch of the main glazing of the house from the south
direction by 30° to the west, thermo accumulation mass of a building, solar altitude and azimuth changes.
5. Conclusions
The building of the ecococon from the originally constructed pressed straw panels showed several
possibilities how to improve prefabricated constructions and use resources more efficiently and also to
reduce building’s price.
Temperature monitoring of the built house showed, that clay plaster and other interior materials (oak flooring
and furniture, etc.) provided the house with accumulation capabilities: daily time lag of the heat waves was
5–7 hours, and time lag increased depending on solar radiation increase.
There was noticed increase of the interior temperature in 10–16°C in sunny days of February and in 18–20°C
in sunny days of March. During cloudy weather, when all the solar radiation was diffuse, the impact to
interior temperature was less – increase of 2–5°C in February and March.
It was noticed that due to increase of global solar radiation (from 250 W m -2), outside temperature starts
correlate with it with the time lag 4 hours and this makes additional impact to interior temperatures, while in
the winter time in sunny days weather temperature could drop significantly (till -15°C or less).
During the monitoring period, the building was not fit out with sun blinds, so there were several days when
interior temperature exceeded comfort temperature maximum (27°C).
The minimum comfort temperature (18°C) was kept during night time only on several sunny days in March.
Interior temperatures dropped till 10–13°C in the morning times (because of time lag) during nights with the
temperatures -15, -13°C in sunny periods, and till 1–5°C during cloudy periods with weather temperatures
around -5°C.
Monitoring results showed that solar energy gains made significant impact to interior temperatures, but it is
important to look for possibilities to improve the building in order not to loose the heat during night times. It
was decided to accomplish wind resistance test and to fix sun blinds and to prolong monitoring and research
further.
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Abstract
In this study, the usage of cooling energy in office buildings with multi-story double-skin façades (DSF) was
analyzed. A verification model was constructed by measuring the temperature of the cavity air and the surface
of office buildings where DSF had been installed, and by comparing the measurement results with the results of
the EnergyPlus simulation model. The cooling loads of buildings that apply double-skin façades (DSF) and
those that apply single-skin façade (SSF) were compared based on the verified model.
A case study was conducted by setting the control methods of the window between the cavity (or outdoor air)
and the conditioned zone, and the activation setpoint radiation of the blind, as the variables. The amount of
convection heat gain through the inside surface of inner layer, heat loss by ventilation, and the transmitted solar
showed changes in each case, according to the conditions of the variables, and this had a direct effect on the
cooling loads. The cooling loads of DSF and SSF seasonally changed, and the total cooling loads for DSF
during the cooling season (April to October) was shown to have been reduced by 6.32% compared to the total
cooling loads for SSF (Case 1 & 2). This result implies the possibility of reducing the cooling loads by using
DSF in the Korean climate.
Keywords: Multi-story DSF; Validation; Cooling loads; Natural ventilation; Operation strategies; EnergyPlus
1. Introduction
The DSF system is attracting more attention as a measure for reducing energy consumption compared to the
existing SSF buildings. Despite the popularity of DSF, however, there are few actual cases of buildings that
have been built with DSF. Thus, there is a lack of quantitative studies on the DSF performance based on its
actual construction. Especially, there is a dearth of studies concerning the multi-story double-skin façades as it
is difficult to come up with experiment specimens and as there are few buildings that have been constructed
using this system. Furthermore, unlike DSF’s clear advantage in heating season compared to SSF, there are
conflicting opinions on the advantages or disadvantages of this system in cooling season .
Gratia et al. conducted a series of simulation studies on multi-story buildings that apply multi-story double-skin
facades. In two of such studies (2004, 2007), the cooling and heating loads of a building were analyzed
following the infiltration level. These studies showed better results for DSF than for SSF with regard to the
heating load, whereas they showed poorer results for DSF than for SSF with regard to the cooling loads. Hens
et al. (2008) discovered the problems of DSF by measuring the temperature, thermal comfort, etc. of buildings
that apply it, and proposed a solution, but they deduced negative results based on the thermal behavior of DSF
in cooling season.
On the contrary, Hensen et al. (2002) reported the possibility of multi-story DSF reducing the cooling loads of
buildings. Hamza (2008) conducted a case study on the application of DSF in the Egyptian regions, which have
hot and dry climates and where natural ventilation is difficult, and proposed the possibility of DSF reducing the
cooling loads. Stec et al. (2005) also devised a connective system between DSF and blind control by using an
experiment specimen that applies single-story DSF, and described the advantages of DSF by analyzing the
cooling and heating loads of each case.
The present series of studies based on the thermal performance of DSF showed opposing results for the
variables of each study, and there is a lack of quantitative studies based on the changes in load of DSF for the
study variables. Furthermore, the passive technologies of DSF should be suitable for the climate of the region
where the target building is located. Thus, it is difficult for the past studies to be standardized in the Korean
climate, where the seasonal changes are distinct. Accordingly, in this study, the cooling loads of buildings that
do and do not apply multi-story DSF were quantitatively compared based on the model that was verified via
measurement, and the possibility of DSF’s reducing the cooling loads was analyzed.
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2. Simulation algorithm
2.1. Airflow network method
The airflow network method (AFN) was used as the algorithm related to the flow of air current. The difference
in pressure of the two continued nodes based on the Bernoulli equation is as in Eq. 1, and the added effects of
wind pressure are shown in Eq. 2.

∆

(Eq. 1)

∆

(Eq. 2)

∆

(Eq. 3)

∆

(Eq. 4)
(Eq. 5)

Each zone in AFN is expressed with a node, and the windows or cracks are expressed with linkages, which
connected individual nodes. Shown in Fig. 1 is each node and linkage of DSF and SSF, where each node
contains the pressure information and the linkage contains the flow rate information. The difference in pressure
between the external and internal nodes is as in Eq. 3, between the internal nodes is shown in Eq. 4. The air
flow of the linkages that connect each node is as in Eq. 5. A flow of one direction to three directions can be
simulated on AFN, depending on the number of neutral planes on the opening.

Fig. 1: Node and linkage in airflow network

2.2. Computational fluid dynamics for external air flow
Concerning the modeling of DSF in intermediate season, the external wind pressure (Pw) expressed in Eq. 3
changes according to the formation of the building and surrounding situations, and is as in Eq. 6. A CFD
simulation was conducted to simulate this, and the Cp value in Eq. 6 was accordingly found.
ρ

(Eq. 6)

The algorithm used SIMPLE (Semi-implicit Method for Pressure-linked Equations) (Patankar and Spalding,
1972), and the standard k-ε model was used as the turbulence model. The computational domain and boundary
conditions are as shown in Fig. 2, and the number of cells created through the grid-dependent test was
approximately two million. The wind pressure coefficients entered in each surface are shown in Fig. 3.
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3. Experiment and validation
The target building is K research laboratory building located in Yongin, Republic of Korea, which applies
multi-story DSF on its southern façade. Its plan is shown in Fig. 4, and EnergyPlus 6.0 was used as the
simulation tool. The experiment was conducted from February 20 to July 31, where the surface temperature
(nine points on each floor) and the air temperature (four points on each floor) of the cavity were measured,
while the temperature, humidity, atmospheric pressure, wind speed, wind direction and global solar radiation
were simultaneously measured on the weather station located on the rooftop. The thermal and optical properties
of windows used in the simulation are listed in Table 1.
The poly-crystal BIPV (Building Integrated Photovoltaic) modules were installed on 1/3 from the top of the
outer layer on each floor, which blocks the solar radiation penetrating into the cavity. This façade feature was
reflected in the cavity modeling on each floor by separating the zone with and without BIPV. To simulate the
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Fig. 4: Front elevation, plan and cross section of target building

airflow and stack effect between vertical zones of the cavity, virtual horizontal windows were created. These
horizontal windows are linkages where uni-directional or bi-directional airflow occurs.
Shown in Fig. 5 are the verified results. The simulation temperature and averaged value of measured
temperature were compared. The results displayed a correspondent rate that satisfies ±10% MBE (Mean Bias
Error) and 30% Cv(RMSE) (Coefficient of Variation of the Root-Mean Squared Error), the acceptable
calibration tolerances in time units, as specified by the ASHRAE Guideline 14 - Measurement of Energy and
Demand Savings (2002) and Measurement and Verification Guidelines : Measurement and verification for
Federal Energy Projects version 3.0 (2008). Except for the fourth floor, which was being used as an office
space, all the floors were being used as operational sites or reception rooms; hence, a regular schedule did not
apply. Accordingly, the inside surface of the inner layer showed results that did not quite match the results of
the simulation and measurements, except for the fourth floor. Also, the measured values of the inside surface of
the outer layer of the fourth floor were excluded from the graph due to data loss

Tab. 1: Thermal and optical properties of windows

Outer layer :
Single Glazing

Inner layer :
Double Glazed low-e

(Clr8)

(Clr6 - Air12 - Lowe6)

Transmittance

0.86

0.58

Reflectance

0.08

0.15

Transmittance

0.71

0.27

Reflectance

0.07

0.18

U-value (W/m ·K)

5.72

1.76

SHGC

0.77

0.38

Properties

Visible

Solar
2

∑

RMSE

,

Cv RMSE
MBE
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(Eq. 7)
(Eq. 8)
(Eq. 9)
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Fig. 5: Temperature validation results

4. Case study
A case study was conducted based on the verification model using Seoul weather data (Kwanho, 2010) which
was generated by using ISO TRY method for thirty years. Unlike the verification model, the case study model
excluded a BIPV part and was constructed to form the cavity of each floor as a single zone. The same window
layers used in the verification model were applied in the DSF models (Case 2, 4, 6, 8). For the SSF models
(Case 1, 3, 5, 7), however, only the double glazed low-e were used as external window layers, which
correspond to the inner layer used in the DSF models. Eight cases were compared, as shown in Table 2. Cases 1
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and 2 were the standard cases that were used as the comparison standards. The inner layer openings control by
temperature utilizes natural-ventilation, by opening the inner layer windows if the air temperature of the cavity
of each floor is lower than the air temperature of the adjacent conditioned zone. The blind was operated when
the amount of solar radiation received by the external window surface was higher than the value of the blindoperation setpoint radiation. The equipment and lighting heat gain is 10 W/m2 respectively, and one person can
be accommodated for each 10 m2 of area. The cooling setpoint temperature is 26℃, from 8 am to 6 pm. The
cooling season is from April to October, and Ideal Load System of EnergyPlus, the virtual HVAC system with
100% efficiency was used.
Tab. 2: Simulation cases

Case

Facade type

Inner layer
openings control

Openable windows area
of the inner layer [%]

Blind-operation setpoint
radiation [W/m2]

1

SSF

temperature

13

200

2

DSF

temperature

13

200

3

SSF

closed

13

200

4

DSF

closed

13

200

5

SSF

temperature

19.5

200

6

DSF

temperature

19.5

200

7

SSF

temperature

13

500

8

DSF

temperature

13

500
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4.1 Inner layer openings control: temperature VS closed
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Fig. 6: Heat gain, loss, and cooling loads differences of cases 1, 2, 3, and 4.

In Fig. 6, unlike cases 1 and 2, which naturally ventilated the air with temperature control, cases 3 and 4 had
virtually no heat loss through ventilation in all seasons. Accordingly, the cooling loads of cases 3 and 4 were
dependent on the transmitted solar radiation and the convective heat gain. Case 3 gained more transmitted solar
than Case 4. Thus, the cooling load in Case 3 is higher than that of Case 4 in all months.
The difference in cooling loads between cases 3 and 4 (without temperature control) and cases 1 and 2 (with
temperature control) showed greater values in the intermediary periods, when natural ventilation became easier.
Furthermore, DSF was slightly advantageous in all the cases, due to the difference in the transmitted solar.
In cases 1 and 2, which controlled the temperature, the heat loss through the ventilation of DSF (case 2) was
smaller than that through the ventilation of SSF (case 1), but the transmitted solar radiation was also smaller.
Thus, the disadvantage associated with reduction of cooling loads by ventilation in Case 2 was overcome by
smaller transmitted solar.
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Fig. 7: Heat gain, loss, and cooling loads difference between cases 1, 2, 5, and 6.

In Fig. 7, the increasing flow rate through the inner layer in cases 5 and 6 increased the heat loss, and the
cooling loads consequently decreased. This was clearly manifested during the intermediary periods than during
summer, as natural ventilation became easier. Furthermore, DSF was slightly advantageous than SSF in all the
cases, due to the difference in the transmitted solar. Comparing cases 5 and 2 during the intermediary period,
the openable windows area of SSF increased, which is seen to offset the load reduction due to DSF’s declined
transmitted solar radiation.
Shown in Fig. 8 is heat loss by ventilation that occurred in cases 2, 4, and 6, concerning cooling on July 17. The
temperature of the cavity increases in higher floors, so the volume flow through the inner layer openings
decreases in higher floors. Case 4 with no ventilation, and the increased ventilation rate and heat loss of case 6
caused by increasing the openable windows area can be examined.
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Fig. 9: Heat gain, loss, and cooling loads difference between cases 1, 2, 7, and 8.

Shown in Fig. 9 simultaneously are the heat gain, loss and load difference as well as the proportion of blind
activated time during the cooling period. The blind operation time decreased as the blind operation setpoint
radiation increased in cases 7 and 8. Consequently, the transmitted solar radiation increased, and the cooling
loads also a small increased. This increase was relatively insignificant in DSF compared to SSF. Moreover,
DSF was slightly advantageous than SSF in all the cases, due to the difference in the transmitted solar.
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Shown in Fig. 10 are the transmitted solar and blind operation fraction of cases 2 and 8 during the cooling
period of August 9. Bar graphs and dotted lines mean transmitted solar and blind operation fraction respectively
on the left axis. Having a low blind activation time compared case 2, case 8 has a relatively high transmitted
solar radiation, with the exception of midday when the amount of solar radiation received by the external
windows surface reached 500.
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4.4. Total cooling loads of all cases
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Tab. 3: Cooling loads comparison of all cases

Case

1

2

3

4

5

6

7

8

Cooling
loads
[kWh]

27,47

25,74

37,33

31,34

25,77

24,80

27,99

27,46

35.88

21.77

-6.18

-3.63

1.89

6.69

compared
to 3

-16.05

compared
to 5

-3.77

compared
to 7

-1.9

-

14.08

-

-9.72

-

-0.05

compared to 1,2
Cooling
loads
difference
[%]

compared
to 1

-6.32

compared to 1

Fig. 11 shows the total heat loss and gain, and the cooling loads of each case. Table 3 displays the comparison
of the total cooling loads of each case from April to October. Controlling the inner layer openings with
temperature, and having a greater openable windows area of the inner layer and lower blind operation setpoint
solar intensity displayed good results on the cooling loads. Furthermore, DSF and SSF have been compared on
all control methods to display individual advantages at 6.32, 16.05, 3.77 and 1.90 %. These advantages are
judged to manifest on the cooling loads, as the transmitted solar radiation decreases, even with a decreased rate
of ventilation on the double-skin façades.
5. Conclusions
The air temperature of the cavity of office buildings installed with DSF has been measured and investigated by
comparing with a simulation model. A case study was conducted by setting the operation strategies and
openable windows area of the inner layer, and blind operation setpoint radiation based on the verification model.
The results are as follows.
DSF is disadvantageous concerning the rate of ventilation in comparison to SSF, with the exception of high-rise
buildings whose external surfaces are exposed to strong wind pressure. However, it is advantageous on the
cooling loads, as the obtainment of heat by transmitted solar radiation is low. Also, DSF is advantageous for
convective heat gain on the inner layer concerning the cooling loads, but did not show great effect. Ultimately
DSF showed to be advantageous than SSF by 1.9 ~ 16.5% in all cases. Furthermore, both SSF and DSF showed
advantage on the cooling loads with greater effect in blocking the transmitted solar radiation by decreasing the
blind operation setpoint radiation and in increasing the ventilation rate by utilizing temperature control of the
larger openable windows area in the inner layer.
However, the blocking of solar radiation with blinds refers to the increase in the use of lighting energy during
dimming control, which has not been included in this paper. Furthermore, all results of this study are restricted
to the investigated building in the Korean climate.
6. Nomenclature
∆ : pressure difference between nodes n and m [Pa]
, ∶ pressure at nodes n and m Pa
: air density [kg/m3]
, : air velocity at nodes n and m [m/s]
: acceleration due to gravity [m/s2]
, : height at nodes n and m [m]
: pressure difference due to the difference of density and height [Pa]
: pressure difference due to the wind [Pa]
: pressure difference between internal and external node [Pa]
: pressure difference between internal nodes [Pa]
m : mass flow rate [kg /s]
∶ discharge coefficient
, ∶ top or bottom elevation of opening area m

1925

: air velocity at elevation z [m/s]
: opening width [m]
∶
coefficient
: simulated temperature [ºC]
: measured temperature [ºC]
: average of measured temperature [ºC]
,
: a number of data
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Abstract
This paper presents a design methodology of housing units’ roofs for increased solar potential. The basic
principle is that complete near-south facing roof surfaces are used as extended surface solar collectors that
generate both heat and electricity. The design of the roof surface morphology incorporates the application of
building-integrated photovoltaic/thermal (BIPV/T) system that generates electricity simultaneously with
useful heat. The methodology is based on an approximate model aiming at finding the correlation between
thermal and electrical output of the BIPV/T system, and on analysis of the effect of combinations of tilt and
orientation angles of the BIPV/T system. Optimal configurations are applied to the roof of a rectangular
housing unit. Gable roof with 45° tilt angle is used as reference. Results indicate a near-constant correlation
between thermal and electrical output of a BIPV/T system, under a fixed air fan speed. Some roof shape
designs enable increasing the potential of BIPV/T systems by up to 30%, as compared to the reference roof.
In addition to optimizing energy production, the integration of photovoltaic/thermal systems in surfaces with
different orientations enables a spread of the timing of peak electricity generation over up to 6 hours, which
can reduce the mismatch between demand from the grid and supply to the grid.
1. Introduction
Near-south facing roof surfaces are considered optimal for capture of solar energy for electricity and heat
generation, and therefore for the integration of photovoltaic/ thermal systems. The basic principle applied in
this paper is the utilization of complete near-south facing roof surfaces as extended surface solar collectors
that generate both heat and electricity. The technological approach applied is to design the roof outer layer
as a building-integrated photovoltaic/thermal (BIPV/T) system - a technology that combines PV modules and
heat extraction devices to produce simultaneously power and heat (Tripanagnostopoulos, 2001). Heat
extraction from the PV rear surface is usually achieved using the circulation of a fluid (air or water) with low
inlet temperature. The extraction of thermal energy serves two main functions, first it is used for space
heating and solar hot water applications, and secondly it helps in cooling the PV modules, increasing thus the
total energy output of the system (Charron, 2006).
The performance of a PV system depends mainly on the tilt angle and azimuth of the collectors, local
climatic conditions, the collector efficiency, and the operating temperature of the cells. During the winter
months, the insolation can be maximized by using a surface tilt angle that exceeds the latitude angle by 1015º. In summer an inclination of 10–15º less than the site latitude maximizes the insolation (Duffie and
Beckman, 1991). The PV system is usually mounted at an angle equal to the latitude of the location, to reach
a balance between winter and summer production (Kemp, 2006). The orientation of the PV panels affects
both the electricity generation and the time of peak generation (Hachem et al, 2011a). PV system orientation
can be selected to better match the grid peak load (Holbert, 2009). This can affect the annual value of the
produced electricity, especially in locations where electricity value changes with the time of use.
Pelland and Poissant (2006) report that BIPV systems have the potential to supply about 46% of Canada’s
residential electricity. An open loop air-based BIPV/T system is particularly suited to cold sunny climates
such as much of Canada. This air-based BIPV/T concept utilizes circulating outdoor air behind the BIPV
panel with the aid of a variable speed fan. The circulated air assists in cooling the panel and recovering heat
that can be used for space or water heating.
Covering a complete roof surface with a BIPV/T system has an advantage of forming an outer layer which
acts as the weather barrier in addition to producing useful heat and electricity. This principle of using the
PV/T panels as outer layer of the roof, instead of being attached to an outer layer (such as shingles) can
increase the life time of the system especially if the roof shingles need to be replaced. On the other hand, the
implementation of complete homogenous surfaces of BIPV/T enables to avoid joints and connections, and
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therefore exposed screws/ nails that can lead to rain penetration. This assists in enhancing the overall
durability and performance of the system.
The current study is a part of an ongoing research that aims at investigating the effect of design parameters of
different housing shape units, isolated and in neighborhood patterns, on their solar potential and energy
performance (Hachem et al., 2011a, 2011b). The study presented in this paper focuses on the design of roof
shapes of two-storey housing units to increase the thermal and electrical potential of BIPV/T systems that
cover complete near-south facing surfaces. The intent is to explore some deviations from the basic hip roof
design used commonly for rectangular floor plans, while allowing both architectural flexibility and energy
production advantages.
2. Methodology and design approach
This study investigates potential BIPV/T electrical and heat energy production associated with different roof
designs of rectangular layouts. The EnergyPlus building simulation software (EnergyPlus, 2010) is employed
in the simulations using typical annual weather data for Montreal, Canada (latitude 45° N). The ultimate goal
is to maximize the combined potential of annual electricity generation and heat production. It should be
mentioned, however, that not all heat generation of the BIPV/T system can be useful heat. This depends on
other considerations including the temperature of the thermal storage. These considerations are not addressed
in this paper.
The investigation consists of three parts. In the first part, an approximate numerical model of an open loop
air-based BIPV/T system is employed to determine a relation between potential thermal and electrical energy
generation, based on the literature. The objective of this stage is to provide a simple tool for estimating
thermal energy potential as a ratio of electrical generation. A gable roof design is assumed in this part. The
second stage focuses on studying the effect of varying tilt and orientation on BIPV/T performance per m2 of
an independent roof surface area. The objective is to determine the range of optimal combinations of tilt and
orientation angles for annual electricity and heat generation over an assumed heating period. The third stage,
which forms the focus of this study, applies the results of the first two stages to actual design of roof shapes,
of a housing unit of rectangular floor plan. The design of these roof shapes ranges from the simplest to
increasingly complex multi-surface shapes that combine different tilt and orientation angles. The south
facing surface of a gable roof is used as reference for comparative evaluation of the BIPV/T potential of all
other roof shapes.
2.1. Modelling and simulations
Tools. The development of an approximate model of a BIPV/T system, to correlate electricity and heat
generation employs the MathCAD 14 software. Simulations carried out in the second and third stages employ
the building simulation software EnergyPlus (2010) in conjunction with Google Sketchup (2011).
Weather data. The weather files of the building simulation program EnergyPlus are used for the simulations
(EnergyPlus: Weather files). The weather data file, which is based on CWEC – Canadian Weather for
Energy Calculations, provides hourly weather observations. These observations simulate a one-year period,
specifically intended for building energy calculations. The data collected for this typical year includes hourly
values for solar radiation, ambient temperature, wind speed, wet bulb temperature, wind direction and cloud
cover.
Two design days, a sunny cold winter day (in January) - WDD, and a sunny hot summer design day (in June)
- SDD, are used to represent two sunny days with extreme temperature, to study the incident solar radiation
on roofs. Additionally, a whole year weather data set is used to estimate the annual electricity generation and
winter heat production of the BIPV/T system installed on near south-facing roof surfaces. Weather data of 12
sunny days are selected to represent each month of the year for the BIPV/T numerical model developed in
the first stage of the study (see results in Fig. 2).
Solar radiation and shading calculations. Hourly direct solar radiation is computed using the EnergyPlus
program. The computation is based on the ASHRAE model of clear sky (ASHRAE, 2003) applied to
Montreal (45ºN). This model is the default model used by EnergyPlus to estimate the hourly clear-day solar
radiation for any month of the year. The instantaneous solar radiation accounts for the direct beam and
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diffuse radiation, as well as for radiation reflected from the ground and adjacent surfaces. The shading
algorithm handles self-shading geometries. Google Sketchup is employed to generate geometric data for
EnergyPlus.
2.2. BIPV modelling
The TRNSYS PV model (or equivalent one-diode model) provided by EnergyPlus is selected to perform
electricity generation simulations of the BIPV/T systems in the second and third stages of the study. The
TRNSYS model employs a four-parameter empirical model to predict the electrical performance of PV
modules (see Duffie and Beckman, 1991).
The current-voltage characteristics of the diode depend on the PV cell’s temperature. The model
automatically calculates parameter values from input data, including short-circuit current, open-circuit
voltage, current at maximum power, etc. (Griffith and Ellis, 2004). For this study, the PV array is selected
from EnergyPlus database to provide approximately 12.5% efficiency, under standard conditions. The
electrical conversion efficiency decreases by some 0.45% for each °C increase of cell temperature from the
temperature under standard conditions. For Montreal, the annual potential of PV electricity generation of
south facing surfaces at latitude tilt angle is about 1200 kWh per kWpeak of installed PV (NRCan, 2007).
3. BIPV/T simple model
3.1. Approximate model
A transient quasi-two-dimensional finite difference model is utilized to determine the thermal energy
generation potential of the BIPV/T system, and to establish a relationship between electricity and useful heat
generation. The gable roof with a tilt angle of 45° is used in the model. The model is applied for the design
days as well as to selected sunny days representing each month of the year. The model is applied to roofs
with different tilt angles, ranging from 30° to 60°, at 5° intervals. Environmental parameters including
outside temperature, solar radiation, wind speed and sky temperature are provided by the weather data files
of EnergyPlus.
The BIPV/T system is divided into five control volumes along the direction of the main ridge. Figure 1b
depicts the thermal network of one control volume of the BIPV/T system. The various thermal conductances
including that associated with the air flow (MCair) are presented in Figure 1b. The PV panels are assumed to
have negligible resistance and thermal capacity (Liao et al, 2007). The bottom surface of the air cavity is
assumed to be well insulated.
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Solar radiation
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Hot air
flow

BIPV

qu(x)
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TPV(x)

Air cavity
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hr
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Air flow

(a)

x

(b)

Figure 1, a) Cross-section illustrating an open loop BIPV/T system , b) schematic illustrating the thermal network in one
control volume of the BIPV/T system (refer to eqs. 1-6 for meanings of symbols).

The governing equation used to describe the explicit finite difference method for a thermal network,
corresponding to a node i and time interval p, is expressed by Athienitis (1998):
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(eq. 1)
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where T is the temperature of a node at a specific time, qi is the heat source at the node in question, j
describes the adjacent nodes, and R(i, j) is the resistance between nodes i and j.
The air temperature (Tair) of each control volume is computed using equation 2 (Charron et al 2006).
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Where, Tpv is the temperature of the PV panel, Tb is the temperature at the bottom side of the cavity, T in is the
inlet air temperature of each section (the outlet air temperature of the previous section), x is the length of the
studied section, and
$=

%.&# '
(.)*

(eq. 3)

where M is the mass flow rate of air, Cair is the specific heat of air, W is the cavity width, hc is the convective
heat transfer coefficient in the cavity.
The outlet air temperature (Toutlet) of one section is used as the inlet air temperature (Tin) for the following
section. The outlet air temperature at each section is determined as:
+,-./- =  +

01

%.&# '

(eq. 4)

Qu is the heat carried by the air flow and is determined at each section as:
2, = 34 . [ℎ7 8 −  9 + ℎ7  −  ]

(eq. 5)

Where As is the area of each BIPV/T section.
The electrical efficiency of the BIPV (;PV) system is computed using the following linear equation
(Florschuetz, 1979):
; = ;4& 1 − =8 − 4& 9

(eq. 6)

where ;STC is the efficiency of the PV cells under standard test conditions (STC), β is the PV module
temperature coefficient, and TSTC is the standard test condition temperature (25ºC). A value of 12.5% is
assumed for ;STC.
The electrical energy is determined as function of the efficiency and the solar radiation as follows:
2/N ;. 3. O
(eq.7)
where (;PV) is the PV efficiency (Eq.6), A is the surface area of the roof and G is the solar radiation.

The thermal energy generated by the BIPV/T Qu can be expressed as follows:
2,N ;-)/P. . 3. O

(eq. 8)

An approximate model is used to determine the thermal energy generated as a ratio of the electrical energy.
From equations 7 and 8, the thermal efficiency can be determined as:
;-)/P.N

01

0/

. ;

(eq. 9)

The method employed to determine the ratio (Qu/Qe), between the electrical and thermal energy is based on
the assumption of a constant flow in the BIPV/T system selected to ensure high efficiency. A fixed air
velocity of 2 m/s is employed. This air velocity is selected as representing a commonly used value in BIPV/T
applications (Athienitis et al. 2011). The present paper explores solar potential; therefore such an approach is
acceptable. In practice, for design purposes a more detailed model would be advisable.
The correlation between thermal and electrical output is developed for several representative clear days of
the year, as well as for several roof slopes. The correlations can be used to determine the thermal energy as
well as the outlet air temperature of BIPV/T systems of different complex roof designs used in this study.

1930

3.2. Presentation and Analysis of Results
The results of the simulations for selected sunny days, of each month of the year for a 45o tilt angle are
presented in Figure 2a. Figure 2b presents the results of the simulations of the BIPV/T systems with various
tilt angles, for the (WDD).
The results indicate that the ratio of solar thermal production to the electricity production (Qu/Qe) varies
between 3 and 3.5 (mean value of 3.1 and standard deviation of 0.2). Therefore, on average, a value of
Qu=3Qe is adopted for an air speed of 2m/s in the BIPV/T system.
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Figure 2, a) Qu/Qe for 45o tilt angle roof over a year, b) Qu/Qe for WDD of roofs with different tilt angles

4. Effect of tilt and orientation of roof surface
4.1. Approach
This section investigates the effect of tilt and orientation angles on the energy performance of the BIPV/T
system of 1m2 of roof south facing surface. Tilt angle of a surface can be defined as the angle between the
normal to this surface and the normal to its horizontal projection. The orientation angle of a surface can be
defined as the angle between south and the projection on a horizontal plane of the normal to this surface.
The main variables used to assess performance are the annual electricity generation, the heat production
during a heating period, assumed from October 15 to April 15, and the total combined energy production. It
should be noted that heat generation can be employed for water heating and for various appliances, resulting
in an increase of the overall potential use of the output of the BIPV/T system year round. EnergyPlus is used
to simulate the response of combinations of tilt angle ranging between 30° and 60°, and orientation ranging
between 60° east and 60° west of south. A simple program is developed, using Matlab program, to generate
the input files for EnergyPlus.
4.2. Presentation of results
Tilt angle
The annual electricity generation of the BIPV/T system is not significantly affected by a tilt angle that ranges
between 30° and 50°. The heat generation for the period between mid-October and mid-April is reduced by
approximately 4% for the tilt angle of 30°, as compared to the 45° tilt angle. For a 60° tilt angle, the annual
electricity production is reduced by some 7% as compared to the 45° tilt angle, while the heat generation for
the assumed heating period is reduced by only 2%. For a winter design day, tilt angle of 60° can produce up
to 8% more electricity than 45° tilt angle. For the SDD a tilt angle of 30° yields 11 % more electricity than
the 45 ° tilt angle. In general, high slope roofs (>40°) are favored in climates such as those in most of Canada
due to the snow accumulation factor; however, this factor is not considered directly in this study.
Orientation
The effect of the orientation on electricity generation, for the design days and the total year generation
associated with a 45° tilt angle BIPV/T system is presented in Figure 3a. The effect is measured as the ratio
to the generation of a south facing BIPV/T system (orientation = 0). Annually, the highest energy yield is
associated with a south facing system. Deviation of the orientation of the system from the south by up to 40°
west or east leads to an approximate reduction of 5% of the annual generation of electricity (Fig. 3a). The
heat generation for the assumed heating period is reduced by up to 9%, for the orientation angle of 40° west
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or east (Fig. 3b). A rotation of the system by 60°, west or east of south, results in a reduction of some 12% of
the total annual electricity generation and of 20% of the heat generation during the heating period.
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Figure 3, Effect of the angle of orientation on: (a) the electricity generation, (b) heat generation accumulated over the period
between mid-October and mid-April.

The orientation of the BIPV/T system affects not only the value of the electricity generation, but also the
time of peak generation. For a south facing system, the peak generation is at noon. Rotation of the BIPV/T
system towards the west results in shifting the peak radiation to the afternoon and vice versa for east rotation.
A 30° orientation (east or west), enables a shift of peak generation time to up to 2 hours relative to solar
noon. A 60° orientation enables a 3 hours shift of peak. Roofs that combine both east and west orientations
can lead to a spread of peak generation time, reaching six hours.
In some cases, return on annual energy produced may be a more important object than the total energy
produced, particularly in locations where prices of electricity vary with time of day. For a net-zero energy
house or community the annual net income becomes an important variable to optimize as the value of the
electricity produced may be higher than that consumed. This involves consideration of orienting the BIPV/T
systems to obtain peaks at the time of high electricity demands, enabling thus larger annual income from
selling the excess electricity to the grid.
These results are illustrated in the charts of Figure 4, for the WDD and SDD.
100

100

80

80

60
W

30E

40

30W

40

60W

20

20
Time (hr)

0
1

1932

60E

W

60

3

5

7

9 11 13 15 17 19 21 23 25

Time (hr)

0
(a)

1

3

5

7

9 11 13 15 17 19 21 23

(b)

120

100

W

80
60
40

30W

80

S

60

S

40

60E

30E

20

W

120

100

60W

20
Time (hr)

0
0

5

10

Time (hr)

0

15

20

(c)

1 3

5 7 9 11 13 15 17 19 21 23

(d)

Figure 4, Effect of the angle of orientation on the electricity generation, (a) 30° for the WDD, (b) 60° for the WDD, (c) 30° for
the SDD, (d) 60° for the SDD

Combination of tilt and orientation angles
The yearly study shows that for the winter months between September and March, the most effective
BIPV/T systems are those that combine a tilt angle of 45° to 60° together with a south facing orientation.
These configurations allow the highest yield of electricity generation as well as heating energy. In the
summer months, lower tilt angles and rotation, particularly west, are advantageous. The annual electricity
generation, the heat generation for the heated period and the combined energy generation are presented in
Table 1, for different combinations of tilt and orientation angles. The comparison of the results of all these
combinations to a south facing BIPV/T system with 45° tilt angle is presented in Figure 5.
Table 1: Electricity generation, heat generation and combined generation of various combinations

Tilt
Orientation

30°
Yearly
electricity
Generation
(kWh)

45°
Heat
generation
(heating
Combined
Period)
generation
(kWh)
(kWh)

60°
Heat
generation
(heating
Period)
(kWh)

Yearly
electricity
generation
(kWh)

Yearly
Combined electricity
generation generation
(kWh)
(kWh)

Heat
generation
(heating
Period)
(kWh)

Combined
generation
(kWh)

30W

192.64

280.61

473.25

189.51

288.07

477.58

181.27

297.19

478.47

30E

192.48

281.12

473.60

189.31

288.69

478.00

176.11

279.15

455.26

South

197.28

292.45

489.73

194.90

303.78

498.68

175.96

279.97

455.93

60W

179.10

249.76

428.87

173.12

247.88

421.00

159.56

234.24

393.80

60E

178.86

250.73

429.58

172.59

248.53

421.12

159.37

235.75

395.11
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Figure 5. Ratio of energy generation of different configurations (combining tilt and orientation angles) to south facing BIPV/T
system with 45 ° tilt angle
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5. Application to roof design of a rectangular unit
5.1. Roof design
This part of the study, explores various design possibilities of roof shapes for a rectangular house, to
maximize solar energy potential. The rectangular house has 60 m2 floor area (per storey), and an aspect
ratio of 1.3. The aspect ratio is the ratio of the south facing façade to the perpendicular façade. This ratio is
considered optimal for passive solar design in northern climate (Athienitis and Santamouris 2002).
Three basic geometries of roofs are studied. The first geometry is a commonly used roof-hip roof with
varying side angles (Fig. 6). The second and third types of roofs are designed relatively independently of the
shape of the house, employing a multi-faceted roof surface combining a range of tilt and orientation angles.
Hip roof design
The hip roof is designed with the ridge running east-west (E-W) at the center of the plan area (Fig .6). Three
side angles are used: 45o, 60°, and 90°. The side angle is the angle between the plane ABC and the horizontal
plane, as shown in Figure 6. The tilt angle is kept constant at 45o. Tilt angle is in this case the angle between
the normal to BCDF (Fig.6) and the normal to its horizontal projection. BIPV/T system is assumed to cover
the total south facing surface of the roof.
E
F
B
D

A
Tilt angle

Side angle
C

W

Figure 6, hip roof design

Tri-plate roof
This concept divides the south-facing portion of the roof into three plates of differing orientations and tilt
angles. A BIPV/T system is assumed to cover the total area of each of these plates.
Two main configurations are considered, as well as some variations of these options. The mid plate is south
oriented while the side plates are rotated by equal angles, the east plate towards the east and the west plate
towards the west. In the first option, the orientation angle of the side plates is 15°, while in the second option
this angle is 30°. The orientation angle, as defined above, is the angle between south and the projection on a
horizontal plane of the normal to the surface (e.g. ABCD in Fig.7b).
For each of the two configurations, a few variations of tilt angles are used to explore the effect on the overall
solar potential of the roof. The two configurations of the plate roofs are presented in Figure 7 and the details
of the combinations are included in Table 2.
Side plates
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Figure 7, tri-plates roof designs: (a) configuration 1, side plates with 15° orientation from south; (b) configuration 2, side
plates with 30° orientation from south

Folded plate roofs
Folded plate roof design refers in this paper to the shape of the roof, not necessarily to the structural system.
The folded plate roof design is composed of triangular plates with various orientations. Two basic shapes are
designed. The first configuration is composed of 4 plates, with the two side plates facing south (see Fig. 8a).
The second basic shape consists of three plates with the central plate facing
south (Fig. 8c shows a variation
S
of this shape composed of two basic units).
Variations of the basic shapes are composed of two, and possibly more, units of the basic shape. Figure 8
presents the three configurations analyzed in this study. The first configuration (Fig. 8a) is the 4-plate basic
30°
15° plates rotated 15o east and west and the side plates having 45o tilt angle. The second
shape, with the central
configuration (Fig. 8b) is composed of two basic 4-plate units, with central plates rotated 30° east and west.
The third configuration (Fig. 8c) is composed of two 3-plate basic shapes with side-plates rotated 30o east
and west. Details of the folded plates’ configurations are presented in Table 2. Effect of these roof desings on
the energy performance of the housing units is an ongoing research.
The BIPV/T system is assumed to cover the total area of south and near south facing triangular plates.
Technical considerations of how to apply PV cells on triangular plates, are not addressed in this research and
should be taken into account in future research for the actual applications of these roof systems. Future
technical considerations include the need of different inverters for different BIPV/T orientations.
Basic folded plate unit

15°W

Central
plates

30°W

15°E

(a)

30°E

30°W

30°E

(c)

(b)

Figure 8, folded plate roof designs, (a) configuration 1-- basic 4 folded plates with 15 °orientation;, (b) Configuration 2 -- two
basic folded plates units with 30° orientation, (c) Configuration 3 -- six folded plates roof with 30 ° orientation
Table 2, design consideration Tri-plates ‘roofs and folded plates’ roofs

Complex
roof

Side Number
angle surfaces

Tri-plates 90°

Folded
plates

90°

3

of Combinations of orientation and tilt of the plates*
Configuration 1

Center plate 0°, 45°;

0°, 50°;

Configuration 2

Side plates 15°(E,W), 40°
Center plate 0°, 45;

15° (E,W), 40° 15° (E,W), 30°
0°, 50°;
0°, 45°;

Side plates 30°(E,W), 40°
Center plate 0°, 45°;
Side plates 15° (E, W)

30° (E,W), 40° 30° (E,W), 30°

4 - (Basic folded Configuration 1
plates)
7(2 basic folded Configuration 2
plates)

Center plate 0°, 45°;

6 (two 3-plate Configuration 2
basic shapes)

Center plate 0°, 45°;

Side plates

Side plates

0°, 45°;

30° (E, W)

30° (E, W)

*The first number refers to the orientation and the second number refers to the tilt angle;
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5.2. Simulation results
Simulations using EnergyPlus were performed to determine the energy generation potential of all roof shapes
presented above. The correlation between the electrical and thermal energy generation of the BIPV/T system,
derived in the first stage of the investigation is applied to determine the thermal energy potential of the roofs.
Results are presented for the electricity generation annually and for the winter and summer design days. Heat
genertion results are over the assumed heating period (mid-October to mid-April) and for the winter design
day. The combined annual electricity and winter heating energy production are also presented. The main
observations drawn from the analysis of all roof designs are summarized below.
• The side angle in the hip roof design, affects mainly the south facing roof area. The largest south roof
area is obtained with the larger side angle (90°) corresponding to a gable roof (Fig. 6). The electricity and
heat generation of a hip roof with a 45° side angle is reduced by approximately 40% as compared to the
gable roof. The comparison between different roofs and the gable roof are presented in Table 3.
• The tri-plate roof design has two main characteristics: it enables larger south facing roof area (about 48
m2) as compared to the gable roof (40m2) and it facilitates combinations of orientation and tilt angles,
which allows obtaining spread of peak generation time of up to 3 hours, (Fig.9). The results (table 4)
indicate that there is no significant change of the energy potential between the different combinations, of
configuration 1 and 2 (3% or less). A significant increase in the annual energy production is however
obtained using this roof design, as compared to the gable roof. For instance, configuration 1 (with 15°
orientation) exceeds annual electricity generation of the gable roof by 17% and heat generation for the
assumed heating period by 15%. The annual electricity generation, the heat generation for the heating
period and the combined energy potential, are presented in Table 4. The potential heat generation on the
WDD and the average air temperature difference (∆T) are also presented in Table 4.
• Folded plate roof design enables obtaining various orientations for the same rectangular plan roof.
Furthermore, this roof shape has significantly higher south facing surface area than the gable roof (see
Table 3). The different configurations analyzed in this paper do not show a significant difference in their
solar potential (maximum difference of 4% is observed). The roof options with 15° orientation allows a
spread of time of peak generation of approximately 2 hours while the 30° enables 3 hours difference. The
six plate folded roof (Fig. 8c) electricity generation exceeds the generation of the gable roof by
approximately 30% (Table 4). The solar potential of these roof options are presented in Table 4.
Table 3, comparison of all roof design options to the gable roof

Hip side angle

South facing roof Area
Comparison of electricity
generation to Gable roof

Tri-plates

Folded Plates
Conf. 2
Conf. 3
(30)
(30)

45°

60°

90°

15°(E,W),40°

30°(E,W),40°

Conf.
1 (15)

26

32

40

48

48

50

53

53

0.65

0.81

1

1.17

1.15

1.25

1.27

1.29

Table4, Results of the energy potential of the multi-faceted roof design options

Roof Options
Gable roof
Triplates

Folded
Plates
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Annual
Heat
Electricity
generation
Combined
generation
(heating
generation
(kWh)
Period) (kWh)
(kWh)
7560.9

Electricity
generation
WDD
(kWh)

Electricity
generation
SDD
(kWh)

Average air
Heat
change
generation temperature
(WDD)
∆T
(kWh) (WDD)(°C)

10068.3

17629.2

29.6

18.8

88861.6

10

33.6

22.3

101

9.5

15°(E,W),40°

8814.6

11543.9

20358.5

30°(E,W), 40°

8636.4

11169.4

19805.7

32

22.4

100

9

Conf. 1 (15)

9460.3

12707.9

22168.1
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23
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Figure 9, Electricity generation on design days for the west and east oriented plates in the 30°(E,W), 40° roof option, (a)

SDD, (b) WDD.

Conclusion
A study aimed at enhancing roof design for utilization of energy potential by BIPV/T systems is presented in
this paper. The study investigates the design of roof shapes of two-story rectangular housing units located in
Canada – mid-latitude northern hemisphere.
A correlation is established between electricity and heat generation of an open loop air-based BIPV/T
system. Analysis for different days and different roof tilt angles produces an almost constant ratio of heat-toelectrical energy production of 3, under a fixed air fan speed of 2m/s. This correlation provides a simple tool
for computing thermal energy production based on electricity generation obtained by simulation.
Advanced roof design enables control of orientation and tilt angle of roof surfaces. Both the orientation and
tilt angle of the BIPV/T system affect its overall energy generation. The annual electricity generation of the
BIPV/T system is not significantly affected by a tilt angle that ranges between 30° and 50°. The yearly
electricity generation is reduced by approximately 12% with an orientation of 60° east or west from south,
while the heat generation for heating months (15 October-15 April) is reduced by ca 20%. The orientation of
a roof affects as well the time of peak generation. This can be of particular advantage in cases where the
value of electricity varies with the time of day.
Multi-faceted roofs, such as folded plate and split-plate configuration, can significantly increase electricity
production and heat generation (over an assumed heating period), primarily through increased effective
surface area. Dividing the reference gable shaped roof surface into three plates with varying tilt/orientation
angles can increase electricity generation by up to 17%. Replacing the gable roof with a folded plate surface
increases electricity generation by up to 30%. Varying surface orientations in such roof designs enables
spread of peak electricity generation by up to 3 hours.
The significance of this study lies in highlighting the role of roofs morphology in increasing the overall solar
energy generated, as compared to a regular hip/gable roof, as well as enabling spread of different peak
electricity generation time. The application of such roofs in a housing assembly can be beneficial for both the
owners and the grid utility.
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Abstract
A prototype concentrating photovoltaic module is designed and constructed with dielectric asymmetric
compound parabolic concentrator (DiACPC) for building integration in higher latitudes (>55 o). The 5.5 Wp
module is characterised in an outdoor environment in Edinburgh, UK (55oN, 3oW). The dielectric
concentrator of geometrical concentration ratio 2.8 is manufactured from clear polyurethane material with a
maximum transmission of 89.5% within the visible range. The stationary concentrator is designed to collect
radiation within the range of incidence angles 0o to 55o, to correspond with the seasonal variation of altitude
angle at higher latitudes. A maximum electrical power output of 4.3W from the CPV system is measured for
solar irradiance 865 Wm-2. Compared to the similar non-concentrating counterpart, a maximum of 2.3 times
increase in power is observed. The optical losses within the concentrating system have limited the maximum
power ratio to the 84% of the designed concentration ratio 2.8. The optical losses and manufacturing defect
has been investigated for detail analysis of the variation of power output for different sun position and change
in intensities over a day.

1. Introduction
Building integrated photovoltaic (BIPV) systems have enormous potential for power generation as an
alternative to use of land for PV installations [Strong, 1996]. Roofs are still a popular choice for BIPV as it
offers, less shading, cost is partially reduced by roof materials and optimum inclination can be used [Norton
et al, 2010]. Now a days, building façades are increasingly attractive for PV installation, with designs such as
PV glass curtain walls and rainscreen overcladding [Norton et al, 2010]. However, the concentrating
photovoltaic (CPV) system is expected to reduce the cost of the unit energy output; replacing solar cells by
less expensive materials. While many concentrators with different profile and receiver designs have been
reported so far for photovoltaics applications [Winston, 1974; Rabl, 1976; Luetz et al, 1999; Koltz, 1995], for
building integration, a stationary concentrator with low a concentration ratio is reported as suitable option
[Zacharopoulos et al, 2000, Mallick and Eames, 2007].
A 1kW flat plate roof tile concentrating system with 16% efficiency has been reported for building roof
integration [Bowden et al, 1993]. The concentrating tiles have been designed for bifacial solar cells to
achieve a concentration ratio of 2 on the bottom surface and 1.5 on the top surface. Another flat plate static
concentrator (FPSC) for both monofacial and bifacial solar cells has been reported with concentration ratios
of 1.5 and 2 respectively [Uematsu et al, 2001]. The concentrator is a sub-millimetre V-groove reflector
placed inbetween the solar cells. Outdoor testing of the FPSC module results in 1.23 times higher short
circuit current density compared to the conventional module. In other studies, static asymmetric
concentrators have been designed to achieve a concentration ratio from 2.96 to 4.65 depending on the
inclination of the module and the optical axis of the concentrator [Gajbert et al, 2007]. Simulation results
with the data of solar irradiation in Stockholm, Sweden, shows that the system having 2.96 concentration
ratio with 25o module inclination and 20o concentrator inclination can achieve 72% higher electrical power
than that of a vertical reference module. For higher latitudes special design of the static concentrator is
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required for BIPV to collect solar energy over a year considering the seasonal variation of solar altitude
angle. The Asymmetric Compound Parabolic Concentrator (ACPC) is found to be suitable for building
integration because of design flexibility and the ability to collect 40% of solar radiation even outside the
angular acceptance range [Zacharopoulos et al, 2000]. A 62% increase in maximum power was observed
with reflecting type ACPC concentrators of concentration ratio 2 and acceptance half angles (0o and 50o)
[Mallick et al, 2004]. Dielectric ACPC is found more effective over the reflective type in achieving higher
concentration ratios with a wide range of acceptance angle [Mallick and Eames, 2007].
The present study investigates the performance of the optimum dielectric ACPC designed for higher latitudes
(>55o) in terms of power output from concentrating photovoltaic (CPV) module. The study has been carried
out with a prototype module with the designed concentrator and the results have been compared with a
similar non-concentrating counterpart.

2. Material and Method
In designing a geometric photovoltaic concentrator for building integration, the following factors have been
taken into account: The concentrating photovoltaic module is to be mounted vertically on the building
facades; the concentrator is able to collect solar energy over a day and year with diurnal and annual variation
of sun position; the concentration ratio is to be kept low (>10) to an avoid active cooling requirement in the
CPV module; light-weight and less-expensive material to be considered to reduce the weight and cost of the
system.

Figure.1. Schematic diagram of the designed concentrator showing truncation and acceptance half angle

The reported concentrator is an ACPC (as shown in figure.1) which is achieved after truncation of 68% of the
complete profile. The dielectric concentrator is designed for 2.8 geometrical concentration ratio, with
acceptance half angles 0o and 55o. The theoretical study shows that this concentrator has better optical
performance compared to its counterpart of similar concentration ratio and acceptance angle, while having
smaller depth. Dielectric CPC concentrators can collect over a wider range of incidence angles than reflecting
CPCs for a given concentration ratios. The radiation incident on the aperture of the concentrator is
concentrated to the receiver from the parabolic sides of the concentrator due to the total internal reflection,
which is expected to reduce the reflection losses compared to the reflecting type concentrators. Considering
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all the reflections to be specular, the optical efficiency of this dielectric concentrator is found to be maximum
of 83% within the range of the acceptance half angles [Sarmah et al, 2011]. The majority of the losses occur
due to the partial reflection at air-dielectric interface on the aperture and absorption in the material. The cover
glass in the CPV system, which is not optically coupled with the concentrator aperture, results in higher airdielectric interface reflection loss. This partial reflection loss increases with increase in incidence angle. The
designed concentrator is to be used with 6 mm wide and 116 mm long crystalline solar cells.

3. Fabrication of the concentrator
The designed concentrator is fabricated with clear polyurethane plastic having good transmission properties.
Polyurethane is being used in various industries because of its good resistance to degradation by water, oil
and solvents [Saunders and Frisch, 1964]. The clear polyurethane from Smooth-onTM is also expected to have
high durability with good resistance to weather and UV degradation for PV applications. The dielectric
concentrator is manufactured by casting process to give better transmission properties than would be obtained
by injection moulding or extrusion. The chosen polyurethane has an easy and cost effective curing process,
unlike PMMA. It shrinks negligibly to maintain the designed concentrator profile during the curing process.
The material cures at room temperature and pressure with excellent transmission properties within the visible
range, without post curing treatment. The aluminium mould for the casting process is manufactured by
machining an aluminium block with a cutter fabricated to the concentrator profile. The mould is designed to
manufacture 8 concentrator troughs as one unit. The number of troughs in one concentrator unit is restricted
to avoid any mechanical structural defect that may arise with ageing, such as bending problems which can
cause delimitation of the solar cell and the concentrator [Mallick and Eames, 2008]. The urethane monomer
is supplied as part-A and part-B, which are mixed in a 10:9 ratio. The mixture is placed in a vacuum chamber
for 10 minutes to eliminate air-bubbles before pouring into the pre-constructed mould. The complete set is
then kept at room temperature and pressure for 24 hours to cure. The cured plastic with the designed
concentrator profile is then used to construct a CPV module.

4. Design and construction of CPV module
A prototype CPV module of 5.5 Wp has been designed and constructed for outdoor testing. The CPV module
is constructed with two parallel strings of 14 solar cells in series. The interconnection of the solar cells is
carried out in a pre-designed jig to achieve correct alignment of the receiver and solar cell in the module. 1.8
mm wide and 0.1 mm thick PV ribbon is used for inter-connection. The schematic diagram of the designed
module and the image of the CPV module used in the characterisation is shown in figure. 2(a)&(b). To
compare with the commercial building integrated PV set-up, 4 mm window glass is used as back substrate. A
silicon elastomer (Sylgard-184) from Dow-Corning is used to encapsulate the solar cell. This encapsulation
material also works as binding material to fix the solar cells to the back substrate and the concentrator units
on top of the solar cells. Sylgard-184 has excellent transmission properties within the UV-visible spectral
range with refractive index 1.5. This provides an excellent optical coupling between the concentrator
receiver, encapsulation material and solar cell. Unlike the conventional encapsulation material, EVA,
Sylgard-184 has a simple curing process. The elastomer is prepared by mixing the base and curing agent (as
supplied) in a 10:1 ratio by weight followed by 10 minutes in a vacuum chamber to eliminate air bubbles.
The mixture is poured on top of the glass where the inter-connected solar cells have been placed. Once the
solar cell and encapsulation material are in place, the concentrator units are placed on top of the solar cell
taking care to align the receiver and solar cell. A layer of Dow-Corning primer 92-023 is used to enhance the
bonding of the glass, solar cell and concentrator. The elastomer in the system is then allowed to cure for 48
hours to ensure good binding between the glass and concentrator units. To evaluate the performance of the
CPV system and the designed concentrator, a similar non-concentrator system is constructed using the same
procedure and the same materials. The set-up is then framed in an aluminium structure with low iron content
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cover glass. The cover glass prevents scratching of the concentrator aperture and protects the concentrating
system from degradation due to weather.

(a)

(b)

Figure.2. (a) Schematic diagrams of the CPV module design. (b) Image of the constructed CPV module

5. Experimental procedure
The experimental performance of the constructed CPV module is carried out by characterising the electrical
power output over a day compared to the similar non-concentrating counterpart. The experiment was carried
out on the roof of Heriot Watt University building in Edinburgh, Scotland (55oN, 3oW), placing the modules
vertically and facing south. A high speed data acquisition and I-V curve tracing set-up from EKO was used to
obtain I-V reading from both concentrating and non-concentrating modules. Both the modules are connected
to the IV curve tracer through a switching device called module selector. A Kipp and Zonen MP11
pyranometer is connected to the IV tracer, for continuous measurement of solar radiation in 1 minute
intervals.

6. Results and Discussion
6.1. Spectroscopic characterisation
The spectroscopic analysis of the manufactured concentrator is carried out in terms of transmittance for the
ray’s incidence normal to the aperture. The transmittance of the different components used in the CPV
module is shown in figure.3. For a 14.5 mm thick concentrator trough, the transmittance is found to be 7989.5% within the wavelength range 420-1100 nm. The transmittance starts dropping below 420nm and
becomes zero at 396 nm. This is because of the uv-stabiliser within the material, added to prevent UV
degradation of the polymer. As the crystalline solar cell responds from 300nm to 1100 nm, the absorption
losses below 420 nm will result in reduction of the designed CPV system’s performance. The transmittance
of the 2.75 mm thick BF glass used as cover glass is found to be 60-92% within 300nm to 1100 nm. The
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transmittance of the 0.5mm thick sylgard-184 is found to be 71-93.1% within the range of 300-1100 nm. The
spectral response of the solar cell in the CPV module is affected by the absorption losses of the dielectric
concentrator compared to the bare solar cell (figure.3).

Figure.3. Transmission results of different components used in the designed CPV module and spectral response of the bare solar cell and
CPV module

6.2. Electrical performance analysis
The experimental results from outdoor characterisation of the designed CPV module on 9th of June are
reported. The outdoor characterisation of the CPV module was undertaken on a typical Scottish day with sun
shine, rain and clouds, which helps in understanding the performance of the system in real environment for
both direct and diffuse radiations. The diurnal variation of the solar radiation on the vertical plane facing
south and the power output of the CPV system are shown in figure.4. The maximum power output of the
system is found to be 4.3 Watt, corresponding to maximum solar radiation of 886 W/m2 at 10:42 am. The fill
factor is recorded as 79% for the CPV system and 73% for the non-concentrating system during the
maximum power output. The maximum open circuit voltage is found to be 8.5V during this time of
maximum solar radiation. The systematic study on the effect of the increase in temperature couldn’t be
carried out because of the rapid change in solar radiation. However, when the solar irradiation more than 800
W/m2 remain steady for 2-3 minutes, the open circuit voltage in CPV module tends to decrease, which is
because of increase in temperature. The maximum solar cell temperature of the CPV module is found to be
27oC, while the ambient temperature was 15oC. The diurnal variation of short circuit current follows a similar
pattern to diurnal variation of solar radiation as shown in figure.5.
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Figure.4. Diurnal variation of solar radiation and maximum power of the designed CPV and flat-plate modules

Figure.5. Variation of short circuit current of the designed CPV and flat-plate modules over a day, with variation of solar irradiation
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Because of the rapid change in solar radiation and electrical output of the system; the results are given as 15
minute averages of data collected in 1 minute intervals. For the maximum solar radiation 886 W/m2 at 10:42
am, the maximum short circuit current of the CPV system is found to be 641 mA, while the nonconcentrating system results to be 329 mA. The minimum short circuit current recorded was 80.4 mA at
12:36 pm for solar radiations of 104 W/m2. The variation of power ratio of the CPV system, over the nonconcentrating counterpart for different solar radiation intensities is shown in figure.6. For higher solar
radiation intensities, the major part of the radiation is due to direct radiation and for lower intensities the
major contribution is diffuse radiation. It is observed that the power ratio for lower intensities is 1.6 at 91
W/m2, while for higher intensities it is found to be a maximum of 2.3 at 530 W/m2. Study shows that the
designed dielectric concentrator performance for both direct and diffuse irradiation correlates very well with
the theoretical analysis [sarmah et al, 2011].

Figure.6. Power ratio of the concentrating system over the non-concentrating with diurnal variation of solar irradiation

The system efficiency of the designed CPV module and the non-concentrating system for different solar
radiation intensities over the day is shown in figure.7. The system efficiency of the CPV module is calculated
considering the effective aperture area of the concentrators, while the total area of the solar cells in use are
considered in the case of the non-concentrating system. The maximum system efficiency of the CPV module
is found to be 9.2% at 500 W/m2 irradiation compared with 14.2% for the non-concentrating system. The
system efficiency of both CPV and non-concentrating system increase with increasing solar radiation
intensities up to 500 W/m2; falling with further increases in intensity. The increase in temperature of the
system with increase in radiation intensity may have lead to the decreases in system efficiency. To reduce
significant errors due to change in solar radiation intensities, the system efficiencies are calculated based on
an instantaneous measurement of power at a particular time.
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Figure.7. Variation of system efficiency of the Concentrating and non concentrating system for different solar radiation intensities over a
day

The study shows that that the concentrating system increases the output power by a maximum of 2.3 times
over the non-concentrating counterpart in contrast to the designed concentration ratio of 2.8. The power ratio
is found to be inconsistent over the range of acceptance half angle of the designed concentrator (0 o & 55o).
Manufacturing errors such as slight misalignment of the receiver of the concentrator and solar cell may be
one of the reasons for this inconsistency. For extreme acceptance half angles concentrated rays may escape
from the concentrator-encapsulation-cell interface, which lead to the lower short circuit current and system
efficiency of the system.

7. Conclusion
A prototype CPV module with designed dielectric concentrator is constructed and characterised in an outdoor
environment. The manufactured concentrator is based on the optimum CPC design with 2.8 concentration
ratio and acceptance half angle 0o and 55o for building integrated photovoltaic systems in northern latitudes
(>55o). The prototype module of 300mm×300mm is constructed with 28 solar cells of 116mm long and 6mm
wide. Electrical characterisation of the CPV module results in a maximum power output of 4.3 Watt for the
maximum solar irradiation of 886 W/m2 on the day of experiment. Compared to the similar nonconcentrating counterpart, a maximum power ratio of 2.3 is observed. However inconsistency of power ratio
for different solar radiation intensities and for different time of the day is observed, due to losses occurring
due to manufacturing defects such as misalignment and light escaping from the concentrator-encapsulationcell interface. Continuous monitoring of the system for a few months has been undertaken and will be
reported in future with detailed performance analysis of the designed dielectric CPV system in different
weather conditions.
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Abstract
The paper reports on physical modeling and experimental evaluation of glazed systems. A multi-functional
ventilated façade with an integrated collector-storage is developed and mounted on a test cell facility under
real weather conditions. The component uses solar radiation to produce solar heated water flow, which in
turn can provide space heating or fulfill domestic hot water demands. Different operational modes of the
ventilation channel are analyzed in order to improve the thermal performance of the buildings with glazed
façades.
The existing numerical platform for the prediction of the thermal performance of buildings and solar systems
is used to implement a numerical model to address the multi-functional ventilated façade with integrated
collector-storage element. The model uses the measured outdoor data as boundary conditions to obtain
predictions by means of a general energy balance in the test room and the façade component. The model
permits different levels of simulation depending on the desired precision in each element, applying a modular
methodology. In this study, the convection heat transfer coefficient within the parallelepiped storage tank is
obtained from a direct numerical simulation (DNS) of turbulent natural convection flow of water, while the
remaining empirical information is obtained from the literature for similar geometries.

1. Introduction
The existing buildings account for over 40 % of the total energy consumption in Europe. Growth in
population, increasing demand for building services and comfort levels, together with the rise in time spent
inside the buildings, indicate that the upward trend in energy consumption within buildings will continue to
grow (Pérez-Lombard et al., 2008). This fact not only stimulates the efforts in the development of innovative
and efficient products of reduced environmental impact, but also makes necessary tools and methodologies
for analyzing the performance of these products and the buildings into which they are integrated (Bloem et
al., 2010).
The envelopes play an important role in the thermal behavior of the buildings. In addition to fulfilling the
architectural requirements, the energy efficient design of the building envelopes can contribute greatly in
reducing the heating and cooling loads of the dwellings (Faggembauu, 2006). Multi-functional ventilated
façades appear as an interesting solution taking into consideration aspects like improved thermal behavior,
acoustic insulation and daylight illumination, attractive outdoor aspect, possibility to incorporate innovative
elements.
The present work is on physical modeling and experimental evaluation of glazed systems. An integrated
collector-storage element composed of a single glass pane, a layer of transparent insulation material (TIM), a
parallelepiped storage tank with selective absorber surface, and opaque insulation is developed. This
element, as a whole, works as an opaque element that produces solar heated water. Two cases have been
considered in this work:
•
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CASE A: The integrated collector-storage element is mounted on a south facing aperture of the
controlled test room as a single skin opaque element.

•

CASE B: A double skin façade component is mounted where an external single-pane glass skin is
separated from the inner skin by a ventilation channel. Natural and forced convection operational
modes are possible. The inner skin consists of two zones: i) the upper double-pane glass skin, ii)
the lower integrated collector-storage element.

The test facility is equipped with a data acquisition system monitoring outdoor and indoor climate
conditions, namely the total and diffuse radiation incident on the façade, wind direction and velocity, air
temperatures, relative humidity, and the temperatures at various test cell facility surfaces.
The numerical model to address the multi-functional ventilated façade with integrated collector-storage
element (Faggembauu et al., 2003) is adapted to the existing numerical platform for the prediction of the
thermal performance of buildings and solar systems (Damle et al., 2011). This object-oriented modular
platform is intended to permit coupling between low level resolution models and CFD models based on large
eddy simulation (LES) models or DNS, so that some critical zones within the façades or buildings can be
modeled with more detail than others.
The collected experimental data is processed and analyzed to validate the numerical model, and to obtain a
better understanding of the thermal behavior of the component.
Expected results are given for some operational modes, by comparing the numerically calculated and the
measured test cell facility temperatures at different zones.
2. Experimental Facility
The scheme of the multi-functional ventilated façade is shown in Figure 1. The outer skin of the façade is
composed of a single-pane glass layer. The inner skin is separated from the outer skin by means of an air
channel. The air flow in the air channel can be due to natural or forced convection. The inner skin is
composed of two zones. The upper zone is of double-pane glass, while in the lower zone the integrated
collector-storage element is installed.

Fig. 1: Scheme of the multi-functional façade (CASE B)
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Fig. 2: Probe location in the integrated collector-storage element

The experimental facility is equipped with sensors to measure the temperatures in different façade zones and
the meteorological data by means of a data acquisition system composed of a PC and a data acquisition unit.
The metrological data registered during the experiment is: i) diffuse radiation on horizontal surface, ii) total
radiation on horizontal surface, iii) outdoor ambient temperature, iv) wind velocity, v) wind direction, vi)
relative humidity, vii) diffuse radiation on the façade surface, viii) total radiation on the façade surface, ix)
indoor ambient temperature.
Regarding the integrated collector-storage element, temperatures at the indoor and outdoor wall surfaces, at
the absorber plate, at both vertical confining walls of the parallelepiped storage tank, together with the
temperatures within the storage element are registered. The locations of these thermocouple probes are
shown in Figure 2.

Figure 3: parallelepiped storage element (left), transparent insulation material (right)

Pictures corresponding to the assembly of the collector-storage element are shown in Figure 3. On the left,
the parallelepiped storage tank with some thermocouple sensors can be observed. On the right, the
transparent insulation material glued on the single-pane glass skin can be seen.
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In Figure 4, the appearance of the multi-functional façade element can be visualized from both sides. In the
indoor view, the resistive thermal device (RTD) with radiation shield, and in the outdoor view, the
pyranometers measuring the total and diffuse radiation on the façade surface can be noticed.

(a)

(b)

Fig. 4: indoor (a) and outdoor (b) view of the multi-functional façade element

In order to study the CASE A, the ventilation channel is eliminated temporarily by removing the lower
portion of the outer skin (see Figure 4.b). The upper portion of the ventilation channel adjacent to the inner
double glazing is blocked as well.
The administration of the data acquisition unit is carried out by means of a data acquisition program
developed in the CTTC.
3. Numerical Model
This work is based on the existing numerical platform (Damle et al., 2011) for the prediction of the thermal
performance of buildings and solar systems. The buildings or solar systems are modeled as a collection of
basic elements which can individually be solved for given boundary conditions. For each element, different
levels of modeling can be employed, like one-dimensional or two-dimensional models, simplified energy
balances or CFD models. The numerical platform permits linking different elements to form a specific
configuration.
The global resolution algorithm of the numerical model is shown in Figure 5. At each iteration, inputs (e.g.
pressure, temperature, etc.) are obtained from the neighbors, governing equations for each element are solved
and the final outputs are supplied to the neighbor elements as boundary conditions. Iterations continue until
convergence is reached at a given time step and next time step calculation starts as the variables are updated.
Details of the numerical platform are explained in (Damle et al., 2011).
The main advantage of a modular object-oriented tool is the possibility of creating new elements/objects to
model an innovative product while the rest of the elements to form a given configuration can remain
unchanged. To model the present system, some existing objects with their respective numerical models are
employed (e.g. OUTDOOR, COMPOSITE WALL, WALL, ROOM etc.) and two new objects are created,
namely the Glazed Areas and Transparent Insulation (TI) Layer and the Parallelepiped Storage Element.
The scheme of the system under study is shown in Figure 6.
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Fig. 5: Global resolution algorithm

As shown in Figure 6, an existing object is linked with two new objects to model the integrated storage
element. The mathematical descriptions of the implemented objects are given below.

Fig 6: Scheme of the system as a collection of elements. Elements with uppercase letters represent existing elements.
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3.1 Glazed Areas and TI Layer
In the resolution of transparent walls, one-dimensional energy conservation equation with an additional
source term to include solar absorption is considered.
Governing equations for the phenomena taking place in TI layer are the so-called Radiative Transfer
Equation (RTE) whose solution provides the field of Intensity, I, for all the domain and the directions, and
the Energy Equation (EE) whose solution provides the field of temperatures.
The change in the intensity in the direction s is found by summing the contributions from emission,
absorption, scattering, and in-scattering in the following form, neglecting the time dependence of the
intensity (Modest, 1993):
,

4

(eq. 1)

Ω

is the linear scattering coefficient,
where is the linear absorption coefficient,
function, and
is the extinction coefficient defined as:

is the scattering phase

(eq. 2)
If we write the above formulation in terms of non-dimensional optical coordinates,
(eq. 3)
and the single scattering albedo, defined as:
(eq. 4)
leading to
1

4

,

(eq. 5)

Ω

Once eq. 5 is solved, field of intensity for all domain and all directions is obtained. RTE is coupled with EE
which is of the following form:
(eq. 6)
where
4

(eq. 7)

Ω

Eq. 7 is valid on spectral basis (for each wavelength) and states that the net radiation heat flux is equal to the
emitted energy minus the absorbed irradiation. There is no scattering contribution in the radiation heat flux
since scattering does not affect the energy content of any given unit volume.
The method of discrete ordinates ( -Approximation) (Modest, 1993) is used to discretize RTE. A onedimensional model (intensity changing in the width direction of the TI material) assuming azimuth symmetry
is adopted.
By means of the replacement of integrals over direction by numerical quadratures, like:
(eq. 8)

where the are the quadrature weights associated with the directions
by a set of n equations:

. Thus the eq. 5 can be approximated
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,

,

,

4

(eq. 9)

Φ , ,
1, 2, … ,

For symmetry, n/2 equations are in positive and n/2 equations are in negative directions.
The intensity is considered not to vary within a cone of azimuthal
perpendicular to the vertical confining planes.

around the axe of the width which is

A discretization has been carried out in a one-dimensional control volume, where the temperatures and the
radiative properties are determined at the discretization nodes, as shown in Figure 7.

Fig. 7: Collocated mesh for RTE

Depending on the order of approximation (N=2, 4, 6, 8) eq. 9 can be expressed in a discrete way using the
respective ordinates and weights. Finally n equations are solved to obtain the radiative intensities at the
nodes (see Modest, 1993 for details). From eq. 7 radiation heat flux is evaluated. Discrete form of eq. 6 is
solved for the temperature field, resulting in an iterative procedure.
Heat fluxes considering thermal radiation, solar radiation, and natural convection from the neighboring
elements (Outdoor and Parallelepiped Storage Element) constitute the boundary conditions of this element.
3.2 Parallelepiped Storage Element
The well-known multinode model proposed by Kleinbach et al. (1993) has been adapted to simulate the
storage element integrated in the façade. The model considers that the tank is divided into N totally mixed
levels of temperature. In addition, the heat conduction between each of these segments is also considered.
Reviewing multinode mathematical formulation, for each i-th tank node, energy balance can be written as
follows:
(eq. 10)
,

,

,

,

where , , , and V are the density, specific heat capacity, conductivity, and volume of the fluid in
segment i, is the convection heat transfer coefficient in the storage element,
and S are the lateral and
is the temperature at the storage element inner wall, and
is the
cross sectional area of the tank,
temperature of the fluid at segment i. Subscripts w and e correspond to west and east confining walls of the
storage element.
The use of adequate empirical information regarding the convection heat transfer coefficient within the
storage element is essential in performance prediction of these systems (Rodriguez et al., 2009). Suggested
values in a recent CFD work for this geometry are employed (Kizildag et al., 2011) to model the convection
heat transfer within the storage element.
Dirichlet boundary conditions at the west and east confining vertical walls are adopted to solve the equations.
These wall temperatures are calculated by means of a global energy balance considering the neighbor
elements.
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4. Experimental Validation of the Model
The functioning of the implemented models has been tested by means of comparison with the experimental
results. In this work only results corresponding to CASE A will be discussed. Mentioned experimental
facility is used to register the meteorological data together with the relevant data corresponding to different
zones of the integrated collector storage element. Part of the obtained data is used by the numerical model as
boundary conditions.
To carry out the experimental validation, the data collected between the 31st March and 3rd Abril has been
used. In Table 1 the measured data is given. The locations of the probes can be checked in Figures 2 and 4.
Tab. 1: Measured data

A01

Indoor wall temperature

A02, A05, A06, A07, A08

Temperatures at the east confining wall of the
collector-storage element.

A03

Absorber temperature

A04

Outdoor wall temperature

01I

Total radiation on horizontal surface

01

Diffuse radiation on horizontal surface

01

Total radiation on façade surface

01

Wind velocity

01

Wind velocity direction

01Rh

Relative humidity

01

Outdoor temperature

01

Indoor temperature

As a preliminary study, three indicative temperature readings are compared with the numerically calculated
values. Mentioned temperature evolution graphs are presented with respect to day of the year, as shown in
Figure 7. In graph (a) the temperature at the indoor wall of the collector-storage element, and in graph (c) the
temperature at the outdoor wall of the prototype can be observed. Both figures show an acceptable degree of
agreement for the test period, however at the indoor wall the temperature is slightly overestimated by the
numerical model. In graph (b) the temperature at the absorber plate is given. Although the numerical model
can predict the temperature trend at this location, relatively greater discrepancies are observed. The
numerical model underestimates the day-time peak temperature by about 1ºC and this underestimating
behavior continues till the night time peak value is reached. During the cooling of the prototype after the
day-time peak value, the discrepancies of more than 2ºC can be observed. Night-time peak values (minimum
values). It is important to note that unlike the figures (a) and (c), in figure (b) a time shift between the
experimental and numerical values is perceived. The different level of agreement during the day-time and
night-time peak values in absorber temperature can be due to the model employed in glazed areas and TI
layer.
Even though the results globally show a certain level of agreement, some discrepancies have been observed.
Many factors can be considered to justify the discrepancies. Thermophysical and optical properties of the
materials are obtained from the manufacturers, which can include some uncertainty. Moreover, some
materials of the prototype may have degraded with time, thus giving rise to a change in the properties. Some
assumptions regarding parameters like ground or indoor room reflectivities or view factors are not very
precise as some recommended values are employed. The temperatures in the indoor (A01) and outdoor
(A04) wall of the prototype are quite well predicted, which indicate that natural convection and thermal
radiation phenomena are quite well approximated by the adopted empirical models, however the same is not
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true for the absorber temperature (A03). This fact can be due to the difficulty in estimating the natural
convection heat transfer coefficient within the collector-storage element, since the simple model used cannot
reproduce the complex phenomena taking place in the tank. The model is unable to account for the laminar,
transitional, turbulent, and relaminarization zones which coexist within the tank. The used natural convection
heat transfer coefficient is obtained from steady state or statistically steady state calculations, while the
phenomena under consideration are of transient character.
As a future work, using the modularity of the existing numerical platform, a CFD object which can
reproduce the advanced physical phenomena taking place in the tank, or the test room, can be employed.

(a)

(b)

(c)
Fig. 7: Evolution of temperature at the (a) indoor wall (b) absorber plate (c) outdoor wall of the collector storage element

5. Conclusion and Future Work
A model to predict the thermal behavior of a multi-functional ventilated façade with a collector-storage
element is implemented to an existing numerical platform. The comparison of the numerical and the
experimental results indicates that the implemented model can be used to predict the thermal performance of
the multi-functional façade with integrated storage element. The temperatures at the indoor and outdoor wall
of the prototype are relatively well predicted while greater discrepancies are observed regarding the absorber
plate temperature prediction. The well predicted values indicate that indoor and outdoor natural convection
and thermal radiation phenomena are well approximated by the empirical model. The observed discrepancies
can be due to various factors like the uncertainty in the termophysical and optical properties of the materials,
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errors regarding some assumed values like ground and room optical properties, view factors within the
prototype layers, and errors associated with the collector-storage element heat transfer coefficient which is
evaluated for a statistically steady state situation, while the numerical simulation under study is of transient
character. More efforts have to be made to check and improve the models in glazed areas and TI layer. More
numerical and experimental tests have to be carried out for different time periods to assure the higher quality
of the simulations.
As future work, once more confidence is built with the preliminary CASE A results, a more detailed work
will be carried out considering CASE B. In parallel, the indoor conditions will be controlled by means of the
construction of an inner test cell which will act as a calorimeter.

6. Acknowledgements
This work has been partially funded by the “Ministerio de Ciencia e Innovación, Secretaría de
Investigación”, Spain (ref. ENE-2009-09496).

7. References
1. Bloem, J.J., Baker, P.H., Strachan, P., Madsen, H., Vandaele, L., 2010. Dynamic Testing, Analysis and
Modelling. http://www.dynastee.info
2. Damle, R., Lehmkuhl, O., Colomer, G., Rodriguez, I., 2011. Energy Simulation of Buildings with a
Object-Oriented Tool. In Proceedings of the ISES Solar World Congress, Kassel, Germany.
3. Duffie, A., Beckman, W.A., 1991. Solar Engineering of Thermal Process. John Wiley and Sons Inc.
4. Faggembauu, D., Costa, M., Soria, M., Oliva, A., 2003. Numerical analysis of the thermal behaviour of
ventilated glazed facades in Mediterranean climates. Part I: development and validation of a numerical
model. Solar Energy, 75, pp 229-239.
5. Faggembauu, D., 2006. Heat transfer and fluid-dynamics in double and single skin façades. PhD Thesis.
Universitat Politècnica de Catalunya (UPC), Terrassa.
6. Kizildag, D., Rodriguez, I., Oliva, A., 2011. On the validity of the Boussinesq approximation in a tall
differentially heated cavity with water. In Proceedings of the 7th International Conference on Computational
Heat and Mass Transfer, Istanbul, Turkey.
7. Kleinbach, E.M., Beckman, W.A., Klein, S.A., 1993. Performance study of one-dimensional models for
stratified thermal storage tanks. Solar Energy, Vol. 50, Issue 2, pp 155-166.
8. Modest, M.F., 1993. Radiative Heat Transfer. McGraw-Hill.
9. Pérez-Lombard, L., Ortiz, J., Pout, C., 2008. A review on buildings energy consumption information.
Energy and Buildings, 40, pp. 394-398
10. Rodriguez, I., Castro, J., Perez-Segarra, C.D., Oliva, A., 2009. Unsteady numerical simulation of the
cooling process of vertical storage tanks under laminar natural convection. International Journal of Thermal
Sciences, Vol 48, Issue 4, pp 708-721.

1957

ENERGETIC PERFORMANCE OF A GREEN ROOF
IN THE TROPICAL ENVIRONMENT OF LA REUNION ISLAND
(INDIAN OCEAN)
Teddy Libelle, Dominique Morau, Alexandre Clain, François Garde
Laboratory P.I.M.E.N.T, Department of Environment and Building Sciences
University of La Reunion, Tampon, La Reunion (France)
Tel: 262 692 65 39 35, Fax: 262 262 96 28 59
E-mail: teddy.libelle@univ-reunion.fr

Abstract
The green roof technology provides environmental benefits by protecting the base roof membrane of
buildings against solar radiation and temperature fluctuations and by helping to reduce building’s energy
consumption by direct shading. Although several investigations have been performed to explore the energy
performance of vegetated roofs as natural cooling devices, there is a lack of data concerning the green roof
potential in the southern hemisphere. The aim of our work was to evaluate for the first time the performance
of a green roof in La Reunion Island (Indian Ocean) influenced by a tropical humid climate. A green roof
based on three kinds of vegetation, namely Plectranthus neochilus, Kalanchoe longiflora and Sedum
reflexum species was compared to a reference bituminous roof during the summer season. The green roof
performance was explored by evaluating its effect on temperature fluctuations and heat fluxes. The results
showed that the presence of plants led to a decrease in temperature reaching 6.7±0.1°C under the green roof.
Each plant also contributed to a low heat flux exchange through the green roof. Indeed, Sedum presented an
average heat flux exchange of 1.4±0.3% as compared to Plectranthus (2.3±0.2%) and Kalanchoe
(2.2±0.4%). Moreover, Sedum also led to a higher restitution of heat gain (63%) than Plectranthus (54%) and
Kalanchoe (51%). Finally, the determination of major parameters including U-value, R-value and k-value,
demonstrated the thermal and energetic behavior of the green roof and helped to show Sedum properties for a
green roof based in the tropical environment of La Reunion Island. To conclude, this study has evaluated for
the first time the thermal and energetic performance of a green roof in an Indian Ocean area. Our results
contribute to highlight Sedum benefits for a vegetated roof in such an area. Further investigations will be
needed to assess if the green roof technology provides a very effective solution for building energy savings
in cities under a tropical humid climate.
1. Introduction
Green roof technology presents very interesting advantages for the protection of the base roof membrane of
buildings against solar radiation and temperature fluctuations and for the reduction of building’s energy
consumption by direct shading (Castleton, et al. 2010; Kumar and Kaushik, 2005; Niachou et al., 2001;
Theodosiou, 2003). A green roof can be defined as a complex multilayer envelop component involving many
heat transfer phenomena. It usually includes the following layers: a water-proofing membrane, a drainage
layer, a filter membrane, a substrate layer and plants. According to the composition and the thickness of the
substrate layer, extensive and intensive green roofs can be defined. An extensive green roof is characterized
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by a thin substrate layer with a low planting level, whereas an intensive green roof has a thicker substrate
layer allowing the use of deeper rooting plants such as trees. The performance of a green roof is affected by
many parameters such as thermal properties of the layers and the substrate, plant species covering the roof
and, of course, the climatic conditions (Getter et al., 2009; Ould-Boukhitine et al., 2011).
Several studies proposed green roof models in the northern hemisphere and highlight the thermal
contribution of vegetated roofs and their performance to reduce heat fluxes in hot conditions (Lazzarin et al.,
2005; MacIvor and Lundholm, 2011; Palomo, 1999; Spala et al., 2008). Wong et al. (2003a, 2003b) mainly
explored the thermal contribution of a green roof in the tropical environment of Singapore through an
experimental test done before and after the construction of a rooftop garden. Measurements showed that
vegetation decreased the roof temperature from 57°C to 36°C. However, there is still a lack of data on green
roof technology advantages as natural cooling devices in the southern hemisphere.
The objective of this paper was to propose an experimental study of the extensive green roof in La Reunion,
a French island located in the Indian Ocean, under a tropical humid climate in south hemisphere. This
experimental green roof based on three kinds of vegetation, namely Plectranthus neochilus, Kalanchoe
longiflora and Sedum reflexum species, was compared to a reference bituminous roof during the summer
season. The green roof performance was explored by evaluating its effect on temperature fluctuations and
heat fluxes.
2. Materials and Methods
2.1. Green roof description
The experimental green roof consists of a water-proofing membrane (an elastomer bilayer specially designed
to resist root penetration), a drainage layer (a layer of 40 mm to facilitate the water to flow into storm drains
while providing additional water retention), a filter membrane (a nonwoven synthetic fibre layer preventing
clogging of the drainage layer by fine substrate particles), a substrate layer (a 80 mm layer, developed and
produced in La Reunion Island and adapted to tropical climatic conditions to provide optimal and constant
permeability, resistance to erosion and density of green roofing) and plants (Fig. 1).

Fig.1: Green roof composition. As compared to the reference bituminous roof, the green roof is composed of plants, a substrate
layer, a filter membrane (A), a drainage layer and a water-proofing membrane (B). Thermocouples were installed at the
reference roof surface (1), and at the green roof surface (2) or at the depth of 120 mm (3).
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The green roof is also characterized by a maximal weight of 170 kg/m2 and a water retention capacity
reaching 40 L/m2. A bituminous roof is located nearby the green roof and is used as a reference. Both the
reference roof and the green roof have no slope and the same area (54 m 2). Three plant species are tested,
namely Plectranthus neochilus, Kalanchoe longiflora and Sedum reflexum, which are succulents. These
plants are known to easily grow and to store water in their leaves, making them highly drought resistant. The
average plant cover was 30% of the whole roof area. The plant cover for Sedum is 38% followed by
Plectranthus (34%) and Kalanchoe (28%). This experimental green roof was installed in August-September
2010 on a building with a thermal insulation beneath the roof and which is occupied during working hours. It
is located in Saint-Pierre city (21°19’ S, 55°28’ E) in the south of La Reunion Island. The daily average
temperature of ambient air is from 19.1°C to 33.2°C; the minimal average temperature is 17.2°C during the
dry season in the winter time and the maximal temperature is 35.8°C for the rainy season during the summer
period.
2.2. Sampling and analysis
All measurements were performed from October 2010 to February 2011 representing a five month-period
from the end of the winter season to the summer time in La Reunion Island. The site is equipped with a
meteorological station connected to a data acquisition system allowing to examine external parameters such
as rain data, air temperature and relative humidity, wind direction and speed, global horizontal solar radiation
and air pressure. A set of sensors were also used for monitoring the specific green roof parameters, namely
type T thermocouples for measuring surface temperature and green roof component temperature (between
drainage layer and water-proofing membrane) as well as a sensor for evaluating heat fluxes through the green
roof (HFP01 plate soil heat flux). All sensors were connected to a data acquisition system (CR 3000)
supplied by a multiplexer (AM16/32B), allowing the monitoring of each parameter every 1 min. Then, data
were transferred via a RS232 port on a computer for processing (MS Excel and MatLab). For temperature
measurements, thermocouples were installed at two levels within the green roof: at the green roof surface
(GR Surface) and at 120 mm depth in the green roof (GR at 120 mm). Some thermal sensors were also used
to measure the temperature of the reference bituminous roof (RR surface) as well as the ambient air
temperature.

3. Results and discussion
3.1. Effect of the green roof on temperature fluctuations
During the experimental period, the maximum ambient air temperature was 28.7±0.4°C and the maximum
temperature of the reference roof reached 73.5±1.4°C. The presence of plants significantly decreased the
temperature of the roof surface (between the RR surface and the GR Surface) whatever their species. Indeed,
results obtained over the experimental five-month period showed that the maximum temperature measured
under the three species of plants reached an average of 34.8±0.6°C. Accordingly, Wong et al. (2003a)
reported that the maximum temperature measured under different kinds of vegetation in Singapore, which is
also influenced by a tropical environment but under an equatorial climate, was closed to 36.0°C.
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As shown on Tab. 1, plants were also able to induce a decrease in temperature fluctuations between the GR
Surface and the GR at 120 mm. The average values of temperature differences were of 6.8±1.4°C for
Plectranthus, 6.5±0.9°C with Kalanchoe and 6.7±0.3°C for Sedum. Thus, the presence of plants resulted in
an average value of temperature loss close to 6.7±0.1°C under the green roof. A similar median fluctuation of
5.0-7.0°C was previously reported (Liu and Baskaran, 2003). Our results clearly demonstrate for the first
time, the thermal performance of an extensive green roof developed in the Indian Ocean area under a tropical
and humid climate. This study also shows that the three kinds of plants selected exhibit a significant ability
to decrease the temperature at the green roof surface as well as inside the green roof.

Tab. 1: Variation of the monthly mean values of temperature between the green roof surface and the green roof at 120 mm from
October 2010 to February 2011.

3.2. Effect of the green roof on heat flux variations
Fig.2 illustrates the global solar radiation values (Fig. 2 a) and the comparison of heat flux transferred
through the different green roof components according to the plant species (Fig. 2b) on three typical days in
January. Whereas the mean value of maximum global solar radiation on three days was 1165.7±43.3 W/m2,
the maximum heat flux transferred through Plectranthus green roof surface was 27.7±2.2 W/m2, leading to
determine a transmitted heat flux exchange of 2.4±0.2%. With Kalanchoe, the maximum heat flux reached a
mean value of 28.8±2.7 W/m2 that corresponded to a 2.5±0.3% of transmitted heat flux. For Sedum, it
appeared a mean value of heat flux at 16.6±1.7 W/m2, resulting into a heat flux exchange of 1.4±0.2% and
suggesting that energy performance of Sedum is better than those of Plectranthus and Kalanchoe.
During all the experimental five-month period, our study also shows that Sedum green roof presented an
average heat flux exchange of 1.4±0.3% as compared to Plectranthus (2.3±0.2%) and Kalanchoe (2.2±0.4%)
green roofs. This result agrees with the data published by Feng et al. (2010) establishing a heat flux exchange
of 1.2% for Sedum green roof. Here, the higher performance of Sedum could be related to its higher sunshading effect as well as its higher ability to grow more quickly than Plectranthus and Kalanchoe.
Accordingly, in a three years study by the University of Michigan, the drought resistance of a wide range of
Sedum plants was compared to 18 native and non-native plants. It was concluded that Sedum plants were the
most suited to unirrigated roofs in Michigan’s climate, as all Sedum plants survived while other species had
significant high mortality rates. Such a high drought resistance of Sedum plants is attributed to their ability,
as succulents, to easily store water in their leaves (Getter et al., 2009). Lazzarin et al. (2005) compared the
energetic exchange of a Sedum dry or wet green roof with a traditional roof in the north-east of Italy during
the summer season and also reported a significant lower heat flux exchange for Sedum (0.4-1.8%) than for a
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traditional roof (4.4%). For Wong et al. (2003a), the thermal protection of plants also highly depends on their
leaf area index (LAI) since lower temperatures were found under dense trees and shrubs as compared to
sparse foliages.
a.

b.

Fig. 2: Effect of the green roof on heat flux variations in January 2011. Global solar radiations (a) and heat fluxes (b) were
measured on three typical days.

As the green roof energy performance depends on its ability to reduce the heat gain, we measured the heat
gain/loss per square meter over the five-month period. Considering that the total solar radiation did not
significantly change during this period (1215.9±32.0 W/m2), it could be observed that the presence of the
green roof was associated with an average total heat gain decreasing over the time. Indeed, from October to
February, the total heat gain decreased from 1095.6±158.7–760.4±42.0 kJ/m2 for the green roof with
Plectranthus. For Kalanchoe green roof, the total heat gain reduced from 858.0±90.4–657.3±58.8 kJ/m2.
With Sedum green roof, the total heat gain also significantly decreased from 795.6±174.9–443.6±99.7 kJ/m2.
Such a decrease in the total heat gain value observed with the green roof can be explained by the growth of
plants offering a higher coverage and a better roof membrane protection. Similarly, several literature data
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reported the ability of green roofs to reduce the proportion of solar radiation that reaches the roof structure as
plants create a shadow effect on the soil layer (Kumar and Kaushik, 2005; Lui and Minor, 2011; Theodosiou,
2003; Wong et al. 2003b). Regarding the total heat loss, the experimental green roof was also able to
efficiently restitute heat fluxes. Our data demonstrated that the green roof with Sedum led to a higher
restitution of heat gain (63%) than the green roof with Plectranthus (54%) and Kalanchoe (51%).

3.3. Evaluation of the green roof thermal parameters
In order to better characterize the energy performance of a green roof newly developed, it is required to
determine the conduction heat transfer coefficient (U-value), the thermal resistance value (R-value) and the
thermal conductivity coefficient (k-value). Tab. 2 reports the results we obtained at the end of the
experimental five-month period.

Tab. 2: Evaluation of the green roof thermal parameters. The conduction heat transfer coefficient (U-value), thermal resistance
value (R-value) and thermal conductivity coefficient (k-value) are indicated for February 2011.

It appears that the green roof with Sedum presents a U-value of 2.15±0.22 W/m2.K which is significantly
lower than that calculated with Plectranthus and Kalanchoe species. Consequently, Sedum offers the highest
thermal resistance value, as R-value is inversely proportional to U-value. To determine the thermal
conductivity coefficient (k-value), it is essential to measure the total depth of the green roof (soil + plants).
Considering that the depth of the substrate and drainage layers was 120 mm, the green roof presents a total
depth of 320 mm for Plectranthus, 370 mm for Kalanchoe and 220 mm for Sedum in February. As shown on
Tab. 2, k-values of the green roof differed according to the plant species. Sedum k-value is 3 to 4-fold lower
than that of Kalanchoe and Plectranthus. This coincides with the previous results and strengthens the view
that Sedum presents the greatest energy performance as compared to Plectranthus and Kalanchoe.
4. Conclusion
This study aimed to evaluate for the first time the thermal and energy performance of an extensive green roof
in an Indian Ocean area under a tropical humid climate. Our results showed that the green roof induced a
significant decrease in temperature fluctuations between the green roof surface and the green roof at the
depth of 120 mm (6.7±0.1°C). Each plant also contributed to a low heat flux exchange through the green
roof. Sedum presented an average heat flux exchange of 1.4±0.3% as compared to Plectranthus (2.3±0.2%)
and Kalanchoe (2.2±0.4%). As the energy performance of a green roof mainly depends on its ability to
reduce the heat gain, we compared the values of heat gain/loss per meter square over all the five months of
experimentation. It was found that Sedum green roof led to a higher heat restitution rate with 63%, than for
Plectranthus (54%) and Kalanchoe (51%). Regarding the thermal parameters, the green roof with Sedum
presented a U-value significantly lower than with Plectranthus and Kalanchoe species. Consequently, Sedum
green roof was also characterized by the highest thermal resistance value. Finally, k-value of Sedum green
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roof was much lower than that for Kalanchoe and Plectranthus. To conclude, this study has evaluated for the
first time the thermal and energetic performance of a green roof in an Indian Ocean area. Our results
contribute to highlight Sedum benefits for a vegetated roof in such an area. Further investigations will be
needed to assess if the green roof technology provides a very effective solution for building energy savings
in cities under a tropical humid climate.
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Abstract

Preliminary survey on the energy profile and usage in selected hotels in the warm humid climate of South
East Nigeria are presented. The survey shows the various energy sources utilized by the hotels. A detailed
analysis of a number of physical and operational factors that may influence the energy use in the hotels is
being carried out. The statistical methodology employed to determine the magnitude of effects of the factors;
utility bill for one year, age of building, worker density, average monthly occupancy level, power for
lighting, power for water heating, power for cooling, air-conditioning, lifts, kitchen equipment, gross floor
area, year of construction, hotel class, weather, etc on energy use is described. The study would establish the
energy use index (EUI) of the hotel buildings and determine the energy saving potential of the hotel
buildings under the prevailing climatic conditions. The study reveals huge potentials for integrating
renewable energy technology such as solar outdoor lights, solar water heaters and solar cookers to replace
fuel wood in the hotels. It is anticipated that the results of the full study will lead to the development of an
energy rating scheme and building energy code for hotel buildings in Nigeria.
1. Introduction
Energy is an essential ingredient for socio-economic development and economic growth. The objective of
any energy system is to provide energy services which are the desired and useful products, processes or
indeed services that result from the use of energy, such as for lighting, provision of air-conditioned indoor
climate, refrigerated storage, transportation, and appropriate temperatures for cooking. The energy chain to
deliver these services begins with the collection or extraction of primary energy, which is then converted into
energy carriers suitable for various end-uses. These carriers are used in energy end-use technologies to
provide the desired energy services (Sambo, 1997). Thus, energy is an essential input to all aspects of
modern life. It is indeed the livewire of industrial production, the fuel for transportation and for the
generation of electricity in conventional power plants.
Over the past decade the hospitality industry has grown to become the single largest business sector
worldwide, employing over 200 million people. On a global scale the tourist industry is estimated to account
for one out of every 15 jobs (Bohdanowicz 2001, Zanki 2008). In general tourist activities bring income and
jobs, increased understanding of foreign cultures, preservation of cultural and natural heritage, infrastructural
investment and socio-cultural benefits. (Beccali et al 2009).
As one of the fastest growing sectors, tourism is rapidly gaining influence in energy consumption worldwide.
At many destinations, the inefficient use of energy and other resources is causing severe environmental
damage, and jeopardizing the very basis of sustainable tourism development. (Zanki2008). Hotels rank
amongst the highest energy consumers in the tertiary building sector (Moia-Pol, (2005) Bohdanowicz 2001).
There are over 300,000 hotels worldwide, accounting for over 11million rooms (Bohdanowicz 2001). Rapid
growth in international travel has resulted in sustained growth in the hotel industry.
The hotel industry while providing benefits to local and national economies poses a range of serious
environmental and socio-cultural threats. Substantial quantities of energy are consumed in providing comfort
and services to guests, the effects of this on the environment are caused by excessive consumption of
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local/imported resources (e.g. water, food, electricity and fuels) as well as by emissions released into air,
water and soil'. The energy use in hotels varies substantially between different types of hotels, and is affected
by hotel size, class/category, number of rooms, customer profile, location (rural or urban), climate zone as
well as the type of services, activities and amenities provided to guests (Bohdanowicz 2001, Deng 2003,
Santamouris et al 1996).
Lukas (2008) highlights some problems that must be understood; the sector encompasses a wide variety of
structure sizes, geometries and thermal envelope materials, and occupant behaviour varies widely and can
impact energy consumption. According to R. Priyadarsini (2009), S. H. Deng (2000), there is no fixed
methodology for evaluating or assessing the energy performance of hotels. Therefore analysis of energy
consumption in a hotel must take into account the geographical location and local environment. These
factors may impact the design of the hotel and many of the characteristics affecting the energy consumption
of equipment and plant.
Introduction of energy efficient and passive design strategies in the hotel sector might increase efficiency and
reduce costs without any increase in overall supply. There have been studies in Nigeria on alternative energy
sources, and energy performance in various sectors; industrial (Unachukwu. et al 1998, Aderemi, 2009),
universities ( Adeleja, 2008, Okoro et al. 2008, Akpama, 2010) but studies on hotel buildings a major energy
user have been lacking. The energy performance of a building is defined as the amount of energy actually
consumed or estimated to meet the different needs associated with a standardized use of the building.
A study of the energy performance of hotel buildings in the study area will provide a basis for determining
the energy consumption patterns, reduction of the energy use which will positively affect greenhouse gas
emissions, and introduction of energy efficient strategies in the design of hotel buildings in Nigeria. This will
put Nigerian tourism industry in line with other countries where sustainability is the key word for all
development in the tourism industry.
1.1 Nigerian Energy Status
Energy is inevitable for poverty alleviation and the production of goods and services. Globally, more than
1.6 billion people live without access to electricity and 2.4 billion people are without modern energy services
for cooking, cooling and heating. (Uyigue, et al, 2007). Poor governance and endemic corruption plague
Nigeria and negatively impact the energy sector. Despite being the world’s seventh largest oil exporter and
being blessed with the tenth largest oil reserves in the world, the country (Nigeria) remains a net importer of
petroleum products and cooking kerosene fuel. (Obadote, 2009). An estimated 60-70% of the Nigerian
population does not have access to electricity (Uyigue, et al, 2007).
Nigeria’s primary energy source (coal and hydro) has evolved over the last sixty years. During the 1950s and
60s, coal was the primary energy, followed by hydro in the 1970s and 80s. Currently, gas is the primary
energy source. Despite Nigeria’s steady access to fossil based and renewable energy sources, its per capita
electricity has been among one of the lowest in Africa. As power demand studies have projected a mediumto long-term electricity demand of 30,000MW and 192,000MW respectively, need to be substantial
improvement in the energy production and supply sector if this demand is to be met (Obioh, I. B., et al,
2009).
A National Energy Policy was approved by the Federal Government of Nigeria in 2003 with the ultimate
goal of optimal utilization of the nation's energy resources, both conventional and renewable, for sustainable
development. The policy articulated amongst other things the extensive development of electric power with a
view to make reliable electricity available to75% of the population by 2020 as well as broadens the energy
options for electricity generation.
In 2006 with the assistance of UNDP, a renewable energy master plan was produced for Nigeria with a major
aim of articulating a road map for national development through the accelerated development and
exploitation of renewable energy. The master plan is to provide a comprehensive framework for renewable
energy by
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i.

expanding access to energy services to Nigerians

ii.

raising standards of living especially in the rural areas.

iii

stimulating economic growth, employment, and empowerment.

iv

reducing environmental degradation and health risk, particularly to vulnerable
groups such as women and children.

This is with a view to achieving an economy that will gradually move from a monolithic fossil economy to
one driven by an increasing share of renewable energy mix, while exploiting renewable energy in quantities
and at prices that will promote the achievement of equitable and sustainable growth. Renewable energy is
derived from natural forces that are continuously at work in the earth’s environment, and which are not
depleted through use. The Renewable Energy Master plan advocates a solar PV and solar thermal
contribution of 5MW by 2010, 121MW by 2015 and 505MW by 2025 into the Nigerian energy mix.
Renewable energy sources produce few or no greenhouse gases. Increasing their usage will therefore
contribute to reduction of emissions nationally and world-wide.
2. Literature Review and Conceptual Issues
Since the Rio Conference on Sustainable Development (UNEP, 1992), governments, industrial bodies,
researchers and communities have proposed various paradigms, policies, strategies, frameworks and
accreditation schemes designed to personalise one or more dimensions of the sustainable development
philosophy. Due to its environmental and socio-cultural impact, the tourism industry has featured
prominently in such initiatives (Warken et al 2005). This has lead to a growing interest in studying the
energy and water use performance in hotel buildings. Unlike other types of commercial buildings, such as an
office building, a hotel building is operated on a 24 h basis, and there are usually functional areas other than
guestrooms. Therefore, hotel buildings have their own unique operational (and thus energy and water use)
characteristics when compared to other types of commercial buildings. (Deng 2003)
In the study by Warken et al (2005) to develop a benchmark process for the consumption of water and
electricity by accommodation providers, a major obstacle identified was that consumption rates are
influenced by a multitude of site specific characteristics such as age of building, building size and layout,
nature of operation, extent of communal facilities, climate, etc. With such a large number of factors affecting
energy and water consumption, this implies that many benchmarking groups need to be developed in order
for benchmarking accommodation complex resource consumption to be a meaningful exercise. The results of
the study showed that per capita energy and water use are significantly affected by the physicality of
buildings(i.e. whether a building’s design incorporates factors such as a large open, high ceiling foyer), as
well as the expected extent and grandeur of customer service. The study observed that the most efficient
resource consumption outcomes were evident where resource use efficiency was factored in at the early stage
of resort planning.
Beccali et all 2009 used an empirical approach for ranking environmental and energy saving measures in the
hotel sector in an Italian region. In the study a short set of indexes, referring to energy and environmental
performances, where defined and calculated for different clusters of hotels, grouped on the basis of site
characteristics, opening periods, number of beds, and building age. Such indexes are utilized to establish lists
of actions with assigned priorities stemming from energy, environmental and economic issues.
The study with regard to energy consumption, identified various types of energy required to operate
engineering services installations in a hotel building, thus maintaining a suitable indoor built environment
(thermal, visual, indoor air quality, etc.) and providing guests and staff with quality services, such as lift
services and hot water supply. These building service installations mainly include heating, ventilating and
air-conditioning (HVAC), lighting and hot water supply. In addition, since there are usually food and
beverage facilities in a hotel, natural gas will be generally consumed in the kitchens.
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In the study of the energy and water uses in hotels in Hong Kong Deng (2003) identified electricity, gas and
diesel as the main sources of energy in hotels and also asserted the following; total number of food covers,
gross floor area (GFA), in house laundry etc., as some of the energy and water use performance explanatory
indicators for hotels.
The study in surveying energy and water use in 36 quality hotels in Hong Kong indicated a diversified
energy use and water use situation in hotels in Hong Kong. This showed that no clear consumption patterns
and obvious underlying factors that may be used to explain energy and water use can easily be identified
generally. This result gives the implication that there are no standard or fixed performance indicators to be
adopted in studying the energy use in hotels.
This conclusion agrees with the result of studies on energy consumption in hotel buildings by Priyadarsini
(2009), and Deng (2000), that there is no fixed methodology for evaluating or assessing the energy
performance of hotels.
Santamouris et al (1996) agreeing with the result of the study by Beccali (2009) and Deng (2003) asserts that
energy consumption can vary significantly, depending on the category and use of the building, type of
construction, maintenance, existing heating, cooling and lighting systems (type, number, size, efficiency) and
other types of equipment and services. Hotels have one of the highest energy consumption rates, as a result
of their unique operational characteristics and nature of their occupants. In order to identify the most suitable
retrofitting actions and assess their effectiveness when implemented in a certain type of building, it is
necessary to have
available specific information on the energy characteristics, thermal performance, comfort conditions and
existing problems. These data can also be used to identify
whether there is room for improvement in new or existing hotels by comparing it against predicted or actual
building energy performance.
Occupants are also very demanding in terms of their thermal and visual comfort needs when they are in a
hotel. The type of building construction directly affects the energy consumption levels for heating, cooling
and lighting. The building envelope influences heat gains or losses, while the existing system determines the
overall performance. Internal space layout influences the general use of lighting, since areas
away from exposed facades do not take advantage of day lighting.
Zanki et al (2008) agrees with other researchers that the analysis of energy consumption in a hotel must take
into account the geographical location and local environment. These factors determine the design of the hotel
and many of the characteristics affecting the energy consumption of equipment and plant. Important
considerations are the availability of conventional and renewable energy sources and the climatic and
environmental conditions of the location.
Zanki (2008) agrees with Priyadarsini,(2009) and Deng (2000) that hotels and tourism accommodation
facilities are tertiary commercial buildings and high energy density consumers, he concludes that by
assuming sustainable building design, with passive architecture elements and better building materials is
possible to reduce loads in the building for 40-60%. Secondly, design of efficient energy systems that would
utilize renewable energy sources will provide electricity and environmental savings.
Moi-Pol et al (2005) in their investigation into the energy consumption of hotels in the Mediterranean Island
concludes that energy consumption per night spend charges are dependent on various factors; facilities
provided; category of hotel; occupancy; geographical situation; weather conditions; nationality of clients
(habits); architecture of the building; design and control of the installations etc. The study asserts that the
major difference in energy consumption was as a result of the source of energy, depending on the local
policies, energy prices and services of energy companies.
Various studies have provided some basic knowledge on energy use and consumption patterns in hotel
buildings in various parts of the world. the method for energy assessment are numerous and basically rely on
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the same principles. these principles however have been adapted in the studies to suit the local conditions of
the hotel locations. The results of these studies have not been conclusive in recommending standard
methodologies and parameters for assessing and evaluating hotel energy performance.
The summary of the various studies in various parts of the world is that the energy use varied substantially
between different types of hotels and is affected by hotel size, class/category, the number of rooms, customer
profile, location, climate zone as well as the types of services and amenities provided to guests.
3. Methodology
The study was carried out in hotels located in five major towns in the South Eastern part of Nigeria namely;
Enugu, Awka, Abakiliki, Owerri and Umuahia. The study embraces both quantitative and qualitative
methods of data collection and utilized both secondary and primary sources of data. Primary information was
collected from the hotel managers by direct interviews and personal observations. The main primary
information was obtained from responses to questionnaires administered by the author and trained assistants.
The study observed that hotel rating and classification was a common variable to all the existing studies on
energy use in hotels. Hotels in Nigeria are not rated and there is no documented evidence or proper records
of number of existing hotels. A preliminary investigation and pilot survey of 85 randomly selected hotels
representing about 80% of the total number of hotels in the study area was conducted in order to categorize
the hotels. The hotel rating scheme of the National Tourism Development Cooperation (NTDC) of Nigeria
was applied to the 85 selected hotels.
After evaluation of the hotels for categorization, 15 hotels constituting 27% (twenty seven percent) of the
total was selected for the energy performance study. An questionnaire was developed and distributed to the
hotels. The study and collection of data which is still ongoing has been faced with series of delays, as the
researcher has had to drop some hotels not cooperating half way into the study and replaced them with
others more willing to cooperate with the researcher, by allowing access to records and willingness to be
interviewed.
In this study the energy performance of individual hotels will be evaluated in terms of the energy use index
(EUI), which is the site energy consumption per unit floor area. The study will collect energy consumption
data and other pertinent information will be collected from the 15 hotels in the study area through a survey
by the distribution of questionnaires, interviews and observation by the researcher.
Utility billing data for one year will be collected from the 15 hotels, supplemented by site operational records
and by on-site survey and measurements to determine indoor environmental conditions. There will be a
percentage breakdown of the total energy consumption by various energy types and by various building
systems
Furthermore it is expected that the energy survey of the hotels will help determine the air-conditioning usage
patterns and the data used for computer simulation. This will help establish an ETTV calculation
methodology for hotels in the study area. The ETTV presents a measure of the thermal performance of
building envelope, and is a measure of the average heat gain into a building through its envelope and will be
used to correlate the heat gain through the building envelope.
Statistical tools such as regression will be used to determine relationships while ANOVA will be used to
determine differences. Computer simulations will also be used for energy calculations.
The study is largely quantitative and builds on existing research studies and methodologies. In this study, the
researcher used two methods to test the hypothesis on the various relationships between hotel energy
consumption and building characteristics and operational characteristics. The analytical techniques that will
be used for this study include linear regression, analysis of variance, ETTV correlation formula and a
building simulation program eQuest.
3.1. Linear Regression
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Linear regression is a statistical technique which determines and quantifies the relationship between
variables. Regression is mainly used to establish whether one variable is dependent on another or a
combination of other variables. It entails establishing the coefficient(s) of regression for a sample and then
making inferences on the population. It is a widely used energy management tool which enables standard
equations to be established for energy consumption.
The multiple linear regression technique will be used to determine the effects of the operational
characteristics of the hotels on energy consumption. It will be used specifically in the first hypothesis to
determine whether significant relationship exists between the energy consumption in hotels (the dependent
variable Y ) and the
operational characteristics of the hotels namely, utility bills for one year, average monthly occupancy level,
power for lighting, power of water heating, power for cooling ( air conditioning, lifts, kitchen equipment,),
gross floor area and year of construction, hotel class ( the independent variable).
The Multiple Linear Regression (MLR) is given as:

Y

=

a + b1x1 + b2x2 + b3x3 + .............bnxn + e1

Y

=

the dependent variable

a

=

the constant of the regression equation

x1 – xn

=

independent variable ( prediction variable)

(eq. 1)

Where:

b1 – bn =

the co-efficient of the corresponding x’s

e

the standard error

=

In order to estimate the regression model, a statistical package, Statistical Package for Social Sciences
(SPSS), is used. The procedure involves specifying the dependent and independent variables; in this case,
GDP is the dependent variable while FDI is the independent variable. SPSS is run and from the output, the
values of the constant, α (slope), coefficient of regression, β and the error term, ε are obtained. In addition,
the output shows the t-statistic and p-values for the coefficients which results in either rejecting or failure to
reject the hypothesis at a specified level of significance. The p-value is the probability of getting a result that
is at least as extreme as the critical value. The null hypothesis is rejected if the p-value is less than or equal to
the critical value.
3.2. Analysis of Variance (ANOVA)
Analysis of variance is used to test the second hypothesis, which is to determine whether a significant
difference exists between the external heat gains of the twenty hotel buildings. The dependent variable is
heat gain (Y) while the independent variable is thermal performance (X) (where thermal performance factors
are, heat conduction through the wall, heat through the windows, solar radiation through the windows), for
the twenty hotel buildings. Equation for the Simple Factor Analysis of Variance technique is given as;
SST

=

∑X2 - (∑X)2

(eq. 2)

N
SSB

=

(∑X1)2 + (∑X2)2 + (∑X3)2 + (∑X4)2
N

SSW

=

SST - SSB

N

N

(eq. 3)

N
(eq. 4)

Where:
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SST

=

Total variation ( Total sum of squares)

SSB

=

Variation between groups (Sum of squares between)

SSW

=

Variation within groups (Sum of squares within)

3.3. Envelope Thermal Transfer Value (ETTV)
Many computer software packages have been developed to estimate the energy characteristics of buildings.
the overall thermal transfer value (OTTV) was used to correlate the OTTV of a building envelope designs
with other key building design parameters through DOE-2 computer simulations. The OTTV method is
prescriptive in nature and has been criticized for restricting design freedom and innovation in architecture.
The OTTV method only deals with the building envelope and does not consider other aspects of building
design (such as lighting and air-conditioning) and the coordination of building systems to optimize the
combined performance. The use of OTTV as the only control parameter is inadequate and cannot ensure
energy is used efficiently in the building (Hui 2000). The OTTV was discovered not to truly reflect the
thermal performance of building envelope because of several deficiencies, and was therefore found
inappropriate for use in regulating the energy performance of air-conditioned buildings (Chua and Chou
2010). A review of the OTTV formula was carried out to derive a new formula that could provide a more
accurate indicator of the thermal performance of building envelope. This review led to the derivation of the
ETTV.
The ETTV is a measure of the average heat gain into a building through its envelopes. The ETTV correlation
is particularly suited to buildings in the tropical climates where outdoor –indoor temperature difference and
diurnal variations of temperature are relatively small. The ETTV takes into consideration three basic
components of heat gain through the external walls and windows of a building. They are: (1) heat conduction
through opaque walls; (2) heat conduction through glass windows; and (3) solar radiation through glass
windows. These three components of heat gain are then averaged over the whole envelope area of the
building to present an ETTV that accurately describes the thermal performance of the building’s envelope.
The ETTV formula is thus presented as
ETTV

=

TDeq ( 1 – WWR) (Uw) + ∆T(WWR) (Uf) + SF(WWR) (CF) (SC)

(eq. 5)

Where:
TDeq

=

equivalent temperature difference (oC)

∆T

=

temperature difference (oC)

SF

=

solar factor (W/m2)

WWR

=

window to wall ratio

Uw

=

thermal transmittance of opaque wall (W/m2 K)

Uf

=

thermal transmittance of fenestration (W/m2 K)

CF

=

solar correction factor for fenestration

SC

=

shading coefficients of fenestration

The coefficients TDeq, ∆T, SF vary according to the weather of the locality of the study. The coefficients are
determined using computer simulations using the weather data of the locality. The coefficients for each
particular heat gain component can be obtained using the following three equations (Chou and Chang 1996).
TDeq ( 1 – WWR) (Uw) =

∑ 1 year Qwall,cond
annual operating hours x A

∆T(WWR) (Uf)
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=

∑ 1 year Qwin,cond

(eq. 6)

annual operating hours x A
SF(WWR) (SC)

=

(eq. 7)

∑ 1 year Qwin,rad
annual operating hours x A

(eq. 8)

equations (5), (6), (7) account for the heat conduction through the walls, the heat conduction through the
windows and the solar radiation through the windows respectively.
3.4. Building Energy Simulation Program
eQuest is a building energy analysis tool that allows users to perform detailed comparative analysis of
building designs and technologies. It is equipped with a simulation engine that is derived from the latest
version of DOE-2 which is a fully validated computer program that predicts the hourly energy use and
energy cost of a building when information such as the hourly weather information, building model
descriptions and its HVAC equipment and utility rate structure are provided.

eQuest is also equipped with the capacity to create virtual built-environment, in which the operations of the
HVAC system and the lighting of the facility can be studied. eQuest is a building energy analysis tool which
produces high quality results by integrating a building creation wizard, an energy efficiency measure wizard
and a graphical results display module with an enhanced DOE-2 simulation program (Chua and Chou 2010).
3.5. Simulation Parameters
To obtain the hotel ETTV coefficients and energy estimation correlations, energy performance simulation
with local data will be conducted. The weather file to be used is a compilation of typical climatic data
ranging from dry-bulb and wet-bulb temperatures, wind velocities, cloudiness and hourly values of direct and
diffuse radiation for all building operating hours of the year.
The window-to-wall ratio (WWR) of the buildings represents the ratio of the fenestration area to the total
wall facade. Several multi-parametric simulations will be carried out on each of the reference buildings with
lighting, equipment and occupancy schedules typical of hotel buildings.
4. Results
The data obtained from the pilot survey was analysed using a spreadsheet. A total of eighty five (85) hotels
were selected out of which fifty-five (55) permitted the survey representing sixty-five percent (65%) and
thirty representing thirty five percent (35%) did not return the questionnaire, refused to answer to the
structured questions, or it was discovered that their responses were false. Table 1 shows the distribution of
the hotels and their categories:
Table 1. Hotel Star Rating.

Star Rating

Frequency

Percentage

XXXXX (5 star)

-

Nil

XXXX (4 star)

-

Nil

XXX (3 star)

2

4%

XX (2 star)

30

54%

X (1 star)

23

42%

TOTAL

55

100%
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Only 4% (four percent) of the evaluated hotels are three star, while 54% (fifty four percent) are two star, and
42% (forty two percent) are one star. However in applying the rating criteria of the National Tourism
Development Cooperation (NTDC) to the hotels in the study area the following observations were made:
firstly most of the provisions of the criteria seemed obsolete in comparison to what is happening with the
hotel industry in the study area, secondly the criteria needs to be revised to meet with the standards for
sustainability required in the industry currently, finally there is no existing criteria for monitoring the
establishment of new hotels by setting out guidelines for location, parking provisions, site development
potentials and building height.
Data from the main survey of the study shows all the fifteen hotels representing 100% have three major
sources of energy; electricity from the national grid, petrol or diesel power generating plants and gas mainly
for cooking. 35% of the hotels also used wood fuel mainly for outdoor cooking. 100% of the hotels are not
aware of alternative energy or renewable energy sources that may be integrated into the hotel energy mix.
All the hotels that ensured 24hrs electricity supply to their guests depended mostly on their power generating
plants and this is very obvious in the rates charged. The availability of light is a major issue with the hotel
guests.
40% of the hotels had some remodelling done in the last 5years. All the remodelling was in terms of physical
expansion of the facilities by construction of new buildings and increasing the number of rooms available in
the hotels. There were no considerations for retrofitting or improving the energy efficiency of the hotels.
100% of the hotel managers did not know what energy efficiency and retrofitting means. 100% of the hotels
had air-conditioning and fans installed.
Generally, most of the hotels had poor lighting within the rooms and corridors. Leaving the bedroom lights
on all the time definitely is a huge contribution to the energy consumption in the hotels.
5. Conclusion
The Nigerian Hotel industry is growing rapidly and the integration of solar energy technology into the design
of new hotels or retrofitting of existing ones will be a laudable goal as there is no end in sight of the energy
insecurity in the Nigerian power sector.
The National Tourism Development Cooperation (NTDC) needs to revise and update its rating criteria for
hotels. There is need to produce guidelines and standards that will guide the development of new hotels and
the remodelling of existing ones.
The study also reveals huge potentials for integrating renewable energy technology such as solar outdoor
lights, solar water heaters and solar cookers to replace fuel wood in the hotels.
It is therefore hoped that the results of the full study will help in the development of an energy rating scheme
and building energy code for hotel buildings in the study area.
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1. Introduction
Energy renovation often includes adding an insulating layer to the building envelope either on the exterior or
the interior. The positive effect of this is well documented, and in many cases reducing the heat loss by a
better insulating and tighter building envelope is a reasonable solution. However, the design scope of energy
renovation should be constantly challenged in order to attract the interest of investors, architects, designers
and, last but not least, local authorities involved with the preservation of cultural heritage in our cities. When
renovating any built environment, subjective factors such as aesthetics and spatial quality should be included
to provide robust solutions that achieve more than just a reduction in heat loss.
Recladding of façades can have qualitative drawbacks for the architectural expression when placed on the
exterior where the patina and history of e.g. a brickwork façade is lost. Insulation placed in the interior of the
façade can cause moisture accumulation and the build-up of mould (Byg-Erfa # 31 09 10 29). Insulating the
interior of the façade also prevents the insulation of connections between the floor structure and the façade,
thus allowing thermal bridges. The most important drawback with interior insulation is that it consumes often
extremely valuable square metres. It should be noted that in recent years new insulation products based on
capillary and diffusion-open materials that distribute moisture to the surface and air in the building have
reached the market. The moisture, however, must be removed from the air by means of increased mechanical
ventilation, which also demands extra energy.
Furthermore, whether on the exterior and the interior of the façade, insulation can result in an increased risk
of overheating problems, the potential scale of which is often neglected in historical buildings. It is important
to take the indoor climate quality into account and not just look at the energy balance of the building. Since
the basic geometry of these existing buildings will not change, it could be a good idea to start the design
process with an advanced simulation that would normally be made later in the process.
The design strategies are presented using residential buildings built between 1870 and 1950. The walls are
traditional loadbearing, and consist of exposed brickwork. All the cases have architectural qualities worth
preserving.
In the presentation of the cases, we only consider the effect on energy demand and the number of
overheating hours. Cost, payback time, LCA, extended indoor climate analysis, etc. are not considered. The
cases are not directly comparable. The aim of this paper is to use the cases to present alternative design
strategies and expand the scope of solutions for energy renovation of listed buildings. The case studies were
initially carried out using the professional simulation software thought most adequate for the requirements by
students of the department of civil engineering at the Technical University of Denmark; Nikolaj Noerregaard
Rasmussen, Morten Rung (REPO) Rene Bukholt, Mads Rasmussen (Case 1) and Stine Rolle (Case 2).
2. Case 1: Beneficial use of passive solar heat gain
Public housing projects from the 1950s in Denmark have high architectural quality. But the energy
consumption and out-dated spatial organization of the flats call for renovation to achieve a better mix of
employed and unemployed occupants. The construction is loadbearing massive brick walls. The floor
structure is made of in situ-cast reinforced concrete with a wooden cladding.
The design strategy for this case was based on quite substantial simulations of the existing building’s indoor
climate in a representative flat carried out at the beginning of the design process.
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Fig. 1: The representative flat marked on the existing south-west façade (left) and in plan (right)

The energy demand was simulated using the calculation method prescribed in the Danish Building
Regulations (EBST, 2010), while the simulation of the indoor thermal environment was carried out in the
more detailed program BSim (BSIM, 2006). The BSim simulation model was divided into two segments: a
north-east-facing and a south-east-facing, to evaluate the risk of overheating due to orientation. The number
of hours above 27°C allowed was compared to Danish standards for offices because there are currently no
guidelines for evaluating overheating problems in domestic settings. The guideline threshold value for when
an office environment can be considered as having overheating problems is 25 hours above 27°C (REF: DS
474).
2.1. Current situation
The energy simulation of the flat’s current construction shows an energy demand of 116.7 kWh/m2/year. The
heating demand of 94.2 kWh/m2/year constitutes the majority of the total energy demand, while the
electricity demand (for ventilation fans and pumps) is 7.7 kWh/m2/year and the energy demand for domestic
hot water (250 l/m2/year) is 14.8 kWh/m2/year. (fig. 4)
The simulation of the building’s current indoor thermal environment shows potential overheating problems,
particularly for south-facing rooms, with a considerable number of hours where the temperature exceeds
27°C. Hours above 27°C total 27 for the north-east-facing and 101 for the south-west-facing zone. (fig.5)
2.2 Renovation solutions
Based on the simulations of the current building’s energy demand and indoor thermal environment, three
renovation solutions aimed at reducing energy demand and overheating problems are proposed and analysed:
1.
2.
3.

External insulation on the north-east-facing façade
External insulation on the north-east-facing façade and internal insulation on the south-west-facing
façade
External insulation on the north-east-facing façade, no interior insulation on the south-west-facing
façade, but increased potential for passive solar heating.

The variations were chosen in order to investigate the possibility of replacing interior insulation by improved
access for solar heating. Due to a wish to preserve the architectural expression facing the park and the
technical difficulties posed by the extruding balconies, exterior insulation of the south-west-facing façade
was not considered an option. Exterior insulation was, however, considered possible for the less expressive
north-east-facing façade. Furthermore, another difference between the north-east and south-west-facing
façades was in the potential for passive solar heat gain.
To establish the increased potential for passive solar heating, the south-west-facing window area in the living
room is increased in the simulation from 3.78m2 to 5.67m2 by replacing the existing opaque brick parapet
with window. As mentioned earlier, the simulation of the indoor thermal environment made early in the
design process, showed excessive numbers of hours with temperatures above 27°C. Thus, a more beneficial
utilization of the passive solar heat gain to reduce heating demand during the winter season would
simultaneously have to include remedies to reduce solar heat gain during the summer season. Therefore, a
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solution combining fixed and dynamic solar shading was proposed.
The fixed solar shading was designed using an application in Ecotect (REF for Ecotect) that depicts where
direct sunlight meets a model of a sunshade. This made it possible to minimize the surface area and thereby
optimize daylight intake while affecting the architectural expression the least.(fig.2)

Fig. 2: Illustration of the design of the fixed solar shading showing insolation intensity and minimization of surface area (left)
and the final geometry added to the existing façade (right)

The dynamic solar shading, which could be perceived as a dynamic parapet, was added to further reduce the
number of hours with temperatures over 27°C. The reasoning behind shading the window from below is that
an area at the top of the window can be maintained for view to the outside, and the top is already shaded by
the fixed solar shading.(fig.3)

Fig. 3: Illustration of renovation solution 3 with increased window area and the dynamic parapet inactive (left) and active
(right)

The parameter variation with and without interior insulation shows a general decrease in heating demand
when the insulation of the façades is increased. Adding external insulation to the north-eastern façade, as
proposed in Solution 1, reduces the heating demand by 35%. Adding insulation to both north-eastern and
south-western façades reduces the heating demand by 46% as proposed in solution 2.
Combining increased insulation on the north-eastern façade with an increased window area and solar shading
as proposed in Solution 3 reduces the heating demand by 39% compared to the existing situation.
Electricity demand and energy demand for domestic hot water is constant for all simulated models because
the mechanical ventilation rate, pump operation and use of domestic hot water are assumed constant. (fig.4)
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Fig. 4: Annual energy demand simulated in accordance with Danish standards for the existing building and for Solutions 1-3)

The number of hours with an indoor temperature exceeding 27°C decreases when external insulation is
added to the north-east-facing façade (Solution 1) by 81% for the north-eastern and by 24% for the southwestern zone. On the other hand, overheating increases by 40% for the south-western zone compared to the
existing situation, when interior insulation is also added to the south-west-facing façade (Solution 2). The
difference between Solutions 1 and 2 has little effect on overheating problems in the north-eastern zone.
The potential for a more beneficial utilization of the available passive solar heat gain combined with
effective solar shading, as proposed in Solution 3, results in a decrease in the number of hours where the
indoor temperature exceeds 27°C by 81% for the north-eastern and by 20% for the south-western zone,
showing similar reductions to Solution 1. (Fig.5)

Fig. 5: The annual number of hours with indoor temperatures exceeding 27°C simulated in BSim for the existing building and
for Solutions 1-3

The general tendency for increased numbers of hours with indoor temperatures exceeding 27°C when adding
insulation to the opaque parts of the building envelope seems to be partially caused by the decrease in Uvalue, and partially by the reduced utilization of the thermal mass. The increased insulation value reduces
heat transmission not only during winter, but also during summer, which results in an accumulation of heat
and subsequently overheating. Furthermore, the additional internal insulation dramatically reduces the heat

1979

exchange between the internal environment and the thermal mass represented in the massive brick façade
with a high heat capacity. This makes it impossible to use the potential beneficial cooling energy stored in
the brick façade as a result of the lower temperatures during the night. Solution 3, however, combines the
passive heat gain that is possible to obtain from the south-west with the reduction in heat loss from the northeast, where the amount of solar radiation is low, while maintaining the thermal storage capacity in the
masonry walls.
2.3 Conclusion
A careful design process informed by advanced energy and indoor climate simulations from the start can lead
to proposals with a combination of larger windows and shading which will increase the daylight level and
increase the passive solar heat potential in the thermal mass of the structure. A more precise placement of
insulation at the most efficient locations, instead of a full cover wrapping, combined with the abovedescribed alternatives, leaves more space for creativity in energy renovation. Thus, Solution 3 represents a
relevant alternative to traditional insulation by being able to obtain the desired equilibrium between energy
reduction and improved thermal indoor environment.
It could be concluded that – even in buildings which have potential problems with overheating – passive
solar heating in combination with dynamic and fixed solar shading could be an alternative to interior
insulation. However, a solution based on passive solar heating risks changing the architectural expression
and structure of the building dramatically and in the case of some listed buildings would therefore not pose
an alternative to interior insulation of the façades.
3. Case 2: Energy production as an alternative

Fig. 6: Picture of the building used in Case 2 (left) Illustration of the building context (left) and the representative section used
for simulations (right).

The case is a listed building, originally designed as a hospital and erected between 1890 and 1900 but
converted to small independent flats for retired people in the 1990s. The area consists of several narrow
three-storey buildings oriented east-west with windowless gables facing south and north (fig. 6). The
construction is massive, load bearing masonry walls. In the reference building, the walls, roof and windows
are unaltered, but a new ventilation system with heat recovery was added in 1990.
As in the previous case, extensive and detailed simulations of the indoor climate, energy balance and energy
demand formed the starting point for the design process. In this case, the simulations were made in IES
Virtual Environment (CIBSE, 1999). The simulations were of a representative section containing two
apartments – one facing east and the other facing west with a common corridor between. The simulation
model was built up so that each room was represented by a thermal zone.(fig. 6)
3.1 Current Situation
The energy simulation of the current construction displayed in Fig. 7 shows an energy demand of 110.1
kWh/m2/year. The heating demand of 72 kWh/m2/year constitutes the majority of the total energy demand,
while the electricity demand for ventilation is 10.6 kWh/m2/year and the energy demand for domestic hot
water (523 l/m2/year) is 27.5 kWh/m2/year.
The detailed simulation of the current building’s indoor thermal environment shows no critical problems
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with overheating. The number of hours where the indoor temperature exceeds 26°C varies between 33 and
0.(fig.8)
Furthermore, simulations of the representative section show that the narrow building and relatively large
windows result in apartments with ample daylight.
3.2. Renovation solutions
As mentioned earlier the building is listed, which means that the exterior expression of the building cannot
be altered. Therefore renovation solutions include interior insulation of the building envelope, replacement of
existing windows with more energy-efficient ones, and especially the potential for producing electricity with
solar cells and using solar panels for heating and domestic water. The aim was to investigate whether the
reduction in heat loss achievable with interior insulation of the building façades could be compensated for by
an equivalent production of energy, thus posing a design alternative. Three renovation solutions where
simulated and analysed:
1.
2.
3.

insulation of attic and replacement of windows
insulation of attic, replacement of windows and interior insulation of façades
insulation of attic, replacement of windows and production of energy

Simulations of the annual energy demand and the indoor thermal environment for renovation solutions 1 and
2 show a decrease in heating demand and an increase in the number of hours where the indoor temperature
exceeds 26°C. Heating demand decreases by 34% with Solution 1 and by 70% with Solution 2 compared to
the existing situation.

Fig. 7: Annual energy demand simulated in accordance with Danish standards for the existing building, and for Solutions 1
and 2.

The risk of overheating increases for all rooms and the total number of hours where the indoor temperature
exceeds 26°C increases by 75% with Solution 1 and 113% with Solution 2 compared to the existing situation
(Fig. 10).
The difference between the annual energy consumption in solutions 1 and 2 indicates the effect of insulating
the façade on the interior side was 70,000kWh for the entire building. So it was investigated whether or not
70,000kWh can be produced by solar cells and/or solar panels instead, thus avoiding the overheating
tendency caused by adding interior insulation to the façade.
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Fig. 8: Annual number of hours where the indoor temperature exceeds 26°C for the existing building, and for Solutions 1-2

3.3. Solar cells
Since the building is listed, it is of importance that the adding of solar cells and solar heating should not
disfigure the architectural expression. An investigation of the solar potential for this building shows that the
south, west and east-facing roof surfaces and the south-facing gable have the greatest potential.
A dialogue with the conservation authorities suggests that the roof is less sensitive to alterations. The aim is
to maintain a uniform roof surface that does not rearrange the geometry and general outline of the roof. A
solution where the entire roof consists of solar cells was plausible for the authorities. This solution would be
costly, but is arguably plausible since the existing roof needs replacement and it would make it easier and
more economical to insulate the attic in the same process. Placing ‘islands’ of solar cells on the existing roof
would change its appearance much more than covering the entire roof.
The roof surface is penetrated by a number of chimneys and bay windows. Some of them could be removed,
but in order to preserve a history some should be left. None of the chimneys currently function as chimneys,
but some have been converted into ventilation outlets. However, the preserved chimneys and bay windows
will cast shadow on some of the solar cells, which will result in the need for more complicated wiring of the
panels and the addition of extra bypass diodes.
In this solution, standard panels of mono-crystalline solar cells with an efficiency of 15% were chosen and
placed on roof surfaces facing east, south and west. Calculations show that the 36 panels would generate
43,400kWh per year, taking into account the mean efficiency throughout the solar cells’ service life and
system efficiency.
Tab. 1: Generated effect from solar cells dependent of orientation and sum for the entire roof surface.

Orientation of roof surface

West

South

East

227

18

236

Solar Radiation [kWh/m ]

947

1,152

958

Effect [kWh]

20,400

2,000

21,000

2

Area [m ]
2

Sum

43,400

The calculation in tab. 1 shows that solar cells on the roof would only generate enough energy to cover 62%
of the energy reduction obtained by reducing the heating demand by means of interior façade insulation
shows how electricity demand always exceeds the potential production. However, it should be noted that the
price of the kilowatt hours electricity produced is higher than the kilowatt hours saved on heating.
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Fig. 9: Illustration of potential electricity production and the building’s annual heating and electricity demand.

3.4. Solar heating panels
Instead of solar cells, solar heating panels could be placed on the roof to supply hot water to the building and
thus substitute for interior insulation. The potential for supplying heating by means of the solar heating
panels is also investigated in the following.
Tab. 2: Generated effect from solar heating panels dependent of orientation and sum for the entire roof surface.

Orientation of roof surface

West

South

East

Sum

Effect [kWh]

44,400

10,200

44,900

99,400

Tab. 2 shows that solar heating panels placed on the same roof surface can generate a maximum of
99,400kWh per year. The energy balance of the building was simulated in IESve and indicates the heating
demand on a monthly basis, assuming that the demand for hot domestic water is the same the whole year
round. The production varies with the time of the year depending on hours of sun. On this basis it is possible
to compare production from the solar heating panels with the demand as shown in Fig. 10.

Fig. 10: Illustration of monthly distribution of potential production of heating energy via solar heating panels and the
building’s energy demand for heating and domestic hot water

Fig. 10 shows that there is an overproduction of heating energy from the solar panels from April to August
even if the building’s energy consumption of both heating and domestic hot water is taken into account.
However, during the winter season the panels do not supply enough energy even to cover the demand for
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domestic hot water.
4. Case III - Combining preservation of cultural heritage with energy renovations
The preservation of cultural heritage is of great significance and importance to a society, but has to be
balanced with the ever-increasing focus on a new common value in society: sustainability. Achieving
equilibrium between these criteria and many others is a complex process with many interdependent
parameters. Methods of working with evaluation based on multiple criteria are thus of major importance and
these tools should adapt to the new circumstances in society. In the following, a fusion of tools to register
cultural heritage and the registration of solar potential is presented. The solar gain is of major importance for
the energy efficiency and effect on the indoor environment of renovation solutions as illustrated in presented
cases, and therefore for sustainability.
Existing buildings have the drawbacks that their geometry is fixed and that the geometry of the urban fabric
around them has changed since their construction resulting in often less advantageous use of daylight and
solar heat gain. This section outlines a mapping method developed by students at the Technical University of
Denmark. The mapping method supplements the well-established SAFE method (Algreen-Ussing) in giving
an overview of which buildings in an urban context have the greatest renovation potential with special
attention to the utilization of solar energy. The traditional SAFE method evaluates the qualities of a given
building and its contribution to the cultural heritage of the neighbourhood.
The SAFE method has two levels. The first consists of a holistic analysis of context worth preserving with
subgroups: dominating features, general layout of the built area and importance in relation to the context
(cultural environment, landmark, landscape qualities). The second level concerns the building itself: the
architectural value, value in terms of cultural heritage, originality, condition, etc.
Each category is rated from 1-9, with 1 meaning that the building should be listed, 2-3 that the building is
worthy of preservation to some extent, 4-6 is a medium level and 7-9 means that no features on the building
are worthy of preservation. The individual ratings collectively make up an overall rating for each building.
These ratings are communicated with colour-coded maps of all major historical urban areas.(fig.11)

Fig. 11: Map showing the SAFE ratings for the area in Copenhagen, Denmark, that contains the building used in Case III. The
dark red colour means that the building is listed

4.1. REPO (REnovation POtential): a tool based on Multi Criteria Decision-Making (MCDM)
When evaluating a building’s renovation potential, a large number of parameters need to be taken into
account. In handling this complexity, the theories and tools behind Multi-Criteria Decision-Making (MCDM)
have proven to be useful.
A research group under the International Energy Agency’s Solar Heating and Cooling Task 23 investigated
how MCDM could be used in the design process in the building industry (Balcomb et al). Their investigation
led to the development of a software tool to facilitate the objective evaluation, prioritizing and selection of
design proposals and criteria.
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To conduct a MCDM analysis, the development of 5- 8 main criteria is standard. The results from evaluating
each criterion are summed up in a spider-web diagram displaying a simple-to-use graphical image (Fig. 14).

Fig. 12: Two examples showing the REPO spider-web diagram. To the left is a diagram for a building with large renovation
potential due to by a low SAFE rating and thus few restrictions. The diagram to the right shows a building with many
restrictions and low renovation potential.

The renovation potential of two buildings as illustrated in Fig. 12 is an overall score formed by an individual
evaluation of a number of predefined criteria. The building with fewer values worth preserving has a score of
9.09 out of 10 (10 is maximum renovation potential), whereas the listed building has a score of 5.7 in respect
to renovation potential.
As mentioned, the REPO analysis builds upon the SAFE method with a series of criteria:
1.

2.

3.

4.

5.

Spatial organization
To what extent can the space in the building be reorganized without causing structural
problems?
To what extent can the building be used for alternative purposes and new activities?
To what extent is it possible to change the access to the building?
Establishing ventilation with heat recovery
Is there enough space (attic or cellar)?
To what extent can new ducts and pipework be established?
To what extent are high indoor temperatures a problem?
Reduction of heat loss
To what extent can the façades be insulated?
To what extent is it possible to replace the windows?
Does the conservation of mouldings and decoration prevent the insulation of façades?
Energy production of electricity
Assessment of the potential for setting up PV panels. Focus is on the orientation of the
building and the roof surfaces, their inclination and shadow from neighbouring buildings.
Assessment of the potential of setting up wind turbines. Focus on the typography, wind
conditions and influence on/by neighbouring buildings.
Energy production of heating
Potential for passive solar heating.
Potential for establishing solar heating panels. Focus on the orientation of the building and
its roof surfaces, their inclination and shadow from neighbouring buildings.
Can the surroundings be used for geothermal heating? Is autonomous heat production an
alternative to district heating?

4.2. Mapping solar potential
The façade is the de facto separation between the outdoor and indoor climate and will play a very active part
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in determining the building’s indoor environment and energy performance. It is to a large extent the outdoor
conditions that determine how much energy has to be used to obtain a good indoor environment and here the
mapping of the solar potential is of great importance. The above-mentioned criteria for the REPO analysis
address these issues. In the following, the solar potential of a residential block of flats originally constructed
in 1870 is analysed.

Fig. 13: Map showing the location of the case building in its context (to the left) and picture of the existing building showing
the façades towards the street facing north and west

From the analysis, it can be concluded that the insolation is highest on the south-facing façade and roof
surface. Because the building is a corner building, facing a broad crossing, neighbouring buildings do not
cause much shadow (fig. 13). After noon the west-facing part of the block casts a shadow on the south façade
facing the courtyard. The solar potential is thus greatest on the upper eastern part of the south-facing façade.
Before noon, the east-facing façade and its roof receive sun, while the west-facing façade only receives sun
during the evening. At midday, the almost horizontal roof of the typical Copenhagen block has a large solar
potential.
Such a simple mapping and analysis of the solar potential is very beneficial when designing renovation
solutions for either a single block or an area as a whole. On this basis, techniques and solutions can be
tailored to the specific buildings and in larger scale renovation projects result in a collective of buildings
functioning together. Thus, based on the REPO analysis, renovation proposals for the building described
above very early in the design process included PV-panels on the rear, south-facing roof and a Canadian sun
wall on the part of the back yard façade with the largest solar potential. This proposal could be accepted by
the local authority because the street façade would remain unaltered.
Interviews with preservation authorities in Denmark, point to a tendency to allow considerable design
freedom for façades facing the rear yard. Another tendency is that the authorities are mainly preoccupied
with the preservation of the general character of a historical neighbourhood. A mapping of both cultural
heritage and solar potential together would point to which listed buildings could be ‘sacrificed’ in order to
comply with demands for sustainable solutions.
5. Conclusion
It is important to increase the motivation of investors and public authorities with regard to energy renovation.
In this respect, the design strategies applied to the process should be carefully considered. Design strategies
that lead to an automatic choice of a full cladding with insulation and new windows risk creating design
proposals that have poor aesthetic qualities and add no extra qualities apart from a reduction in heating
demand. Furthermore, the results of this paper question whether full cladding with insulation automatically
leads to the best solution if indoor environmental quality is considered alongside energy reduction.
A number of historical buildings have a large potential for energy storage due to thermal mass with high heat
capacity. This embodied energy can be addressed and used to the advantage of energy reduction and a good
indoor climate, but interior insulation risks neutralizing this potential. The carefully considered positioning
of insulation at the most efficient locations in a building is a precondition for expanding the scope of energy
renovation.
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Information on the original building’s indoor climate is of importance. A starting point where the original
building has severe problems with overheating or inadequate daylight focuses the design process and leads to
design solutions that will not only reduce energy demand but also give an experience for users of having
gained extra qualities.
To expand the scope of design proposals for energy renovation, it is important to make an advanced indoor
climate and energy simulation model at the beginning of the design process. The information gained from
this model will suggest design potentials unique for the building in question. Since the geometry and
orientation of the building in question are fixed from the beginning, the advanced simulations early in the
design process represent an efficient method. These simulations increase the space of solutions and thus give
space for a wider scope of proposals that can match the demand for preservation of the cultural heritage and
architectural content of a building.
Society will have to value sustainability on an equal level with cultural heritage and listed buildings have to
be addressed as well. The mapping of a building’s solar potential in its specific urban context, and thus its
embodied capacity for producing energy, is an important benchmark that could be used to point to less
publicly exposed parts of the building with high solar potential, which could be redesigned without loss of
cultural heritage. For instance the roofs and façades facing the back yards of the traditional European urban
block structure hold such potential.
The integration of energy-producing elements in energy renovation projects should be considered as part of a
holistic design solution. The careful selection of energy-producing elements is part of a technically and
scientifically informed design process. In energy renovation projects, each building is unique and the energyproducing elements adequate for one building might not suit a neighbouring building. The architectural
integration of such elements is challenging, so finding the places on the building that allow the most freedom
for design is vital. Combining solar potential mapping with mapping of cultural heritage can reveal such
areas on the building.
Taking care to analyse and utilize the potentials of the existing building and designing from that point of
departure will reduce the risk of problem shifting. A holistic approach informed by simulations already at the
beginning is a prerequisite for design renovation solutions that can enhance the building’s qualities and
reduce energy demand. A larger design platform for carrying out energy renovation is desirable in order to
motivate and increase the number of energy renovation projects in the future.
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Abstract
The performance of an evaporative cooling system in an auditorium to reduce daytime overheating during
the hot dry season is analyzed. The auditorium is located in Temixco Morelos, Mexico. This region presents
a hot semi-humid climate with pronounced dry and raining seasons. The auditorium was designed with a
bioclimatic approach in order to operate without an air-conditioned system. Measurements show that
hygrothermal comfort conditions are achieved during operative hours (daytime) for most part of the year.
However, overheated conditions are present during the hot dry season (from March to June) in 33% of the
daytime hours. An evaluation of the climatic conditions shows that evaporative cooling (EC) can be used in
Temixco. Thus, the used of an EC system composed by small injection-type direct evaporative coolers is
proposed. The Energy Plus software was used to simulate the auditorium using a fan coil air conditioning
system; the consumed energy and the building thermal loads were calculated. The interior air temperature of
the auditorium using the proposed EC system was obtained through an energy balance. The energy
consumed by the EC system was compared with that consumed by the fan coil air conditioning system. More
than 70% of energy can be saved using the EC system.
Keywords: Passive control, Bioclimatic, Evaporative cooling, Climate.
1. Introduction
The applicability of low energy cooling systems, including evaporative cooling, is determined by the climate
conditions, as mentioned by Givoni (1994). Correia da Silva’s (1995) numerical model shows that a solar
chimney and an evaporative cooling tower system are suitable to improve thermal comfort in an auditorium
for a hot dry climate.
In the central part of Mexico, a mild climate predominates but from March to July, temperatures as high as
35ºC can be reached, giving place to overheating conditions in many buildings. In this paper, the use of an
evaporative cooling (EC) system is proposed for an auditorium in a hot semi-humid climate (Aw). The
energy consumed by the evaporative cooling system is compared with that consumed by a fan coil system.
2. Description of the auditorium
The auditorium of The Centro de Investigación en Energía (CIE) was built in 1985 in Temixco Morelos,
Mexico, where the clime is hot semi-humid. The auditorium was designed with a bioclimatic approach in
order to operate without an air-conditioned system. The building’s length is 16.45 m, its width is 11.5 m, and
its height is 4.5 m. The walls are made of two layers of brick and a layer of 0.6 m air space between them.
The walls present two non-operable windows on the east wall and two non-operable windows on the west
wall to provide daylighting. Natural ventilation is given by louvers located also on the east and west walls.
The roof is made of 5 layers. From bottom to top, the layers are the following: 0.40 m of hollow blocks and
T-beams system, 0.10 m of concrete, 0.10 m of expanded loose fill/powders-perlite, 0.02 m of brick, and
0.01 m of asphalt. The auditorium presents a false ceiling hanging 1.5 m from the ceiling forming a plenum.
There are six windmills that connect the area of the auditorium with the exterior through tubes that go
through the plenum. The function of these six windmills is to help the interior air to move from bottom to
top. A schematic representation is shown in Figure 1. Thermal comfort zone was calculated according to
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Szokolay (1984), being the upper limit 27.2ºC and the lower limit is 24.2ºC. Interior and exterior
temperatures have been measured during 2007. Since the louvers were fix-open and the windmills operated
all the time, the thermal lag of the interior temperature was less than one hour. Hygrothermal comfort
conditions are achieved during operation hours (daytime) for most part of the year. However, overheat
conditions are present during the hot dry season (from March to June), in 33% of the daytime hours.

Fig. 1: Schematic description of the Auditorium and of the roof and walls constructive system.

3. Auditorium thermal conditions without cooling system
Interior and exterior measured temperatures for the auditorium without a cooling system, for ten days, are
shown in Figure 2. The interior temperatures overpass the upper comfort limit for about twelve hours, some
of them corresponding to the maximum occupancy period.
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Fig. 2: Indoor thermal pattern of the CIE auditorium.

For the hot dry season (2,928 hours), the auditorium was in thermal comfort conditions only 21% of the time,
in hot thermal discomfort 33% and in cold thermal discomfort 46% of the time. The corresponding
distribution for each month is presented in Table 1. Since the cold thermal discomfort was mainly during the
night when the auditorium was not occupied, the principal objective was to reduce the large number of hot
thermal discomfort hours.
Tab. 1: Hours of percentage of comfort, hot discomfort and cold discomfort.

1990

Comfort

Hot discomfort

Cold discomfort

March (hours)

144

253

347

%

19

34

47

April (hours)

138

312

270

%

19

43

38

May (hours)

159

297

288

%

21

40

39

June (hours)

171

108

441

%

24

15

61

Total (hours)

612

970

1346

%

21

33

46

4. Potential of the evaporative cooling for the location
An evaporative cooling system can be used in climates where the dry bulb temperature (DBT) is not higher
than 46°C, the wet bulb temperature (WBT) is not higher than 22°C, and there are not problems of water
availability (Givoni, 1994). In Temixco, the third condition is fulfilled, in the following, the first and second
conditions are analyzed for the hot dry season (from March to June).
4.1. DBT in Temixco 2007
From March to June, the highest average of maximum DBT (DBT Max Av) was 33.0°C, as shown in Figure
3. This value is below of the upper limit for the use of an evaporative cooling system. In this period the
maximum thermal oscillation amplitude was 14.3°C in March, this large oscillation amplitude was due to the
reduced water vapor in atmospheric air.
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Fig. 3: Dry Bulb Temperatures from the CIE weather station.

4.2. WBT in Temixco 2007
The WBT data was obtained from the measured hourly values of DBT, relative humidity (RH) and the local
atmospheric pressure (p) using the polynomial expression of Tejeda-Martínez (1994):

(eq. 1)
where Q is obtained by:
Q = 8264.65 - 1480.45 (RH/100)es – 0.966pDBT

(eq. 2)

The saturated vapor pressure is calculated by:
es = 6.6x10-4DBT3 + 4.6x10-3 DBT2 + 4.58x10-1DBT + 6.63

(eq. 3)

And the standard atmospheric pressure p in hPa by the expression:
p = 1013.25 (1-2.25577x10-5Z)5.2559

(eq. 4)
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where Z is the local altitude in meters.
The S variable is obtained by:
S = 662.23 + 0.97p

(eq. 5)

The last term in equation 1 was considered constant:
b/3a = -1.0 °C

(eq.6)

Figure 4 shows the WBT for the period of March to June. The highest average of maximum WBT (WBT
Max Av) was 22.0°C. This value is equal to the upper limit for the use of an evaporative cooling system.
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Fig. 4: Mean monthly WBT calculated from eq. 1.

5. Calculations
5.1. Non air condition calculations
The thermal performance of the auditorium without air condition was evaluated with the Energy Plus
software and the Design Builder interface. The double walls and the air between them were simulates as a
three layered wall. A one dimensional heat conduction equation was used to evaluate the heat transfer from
outside to inside and vice versa. The air plenum in the roof was simulated as a separated space, connected to
the auditorium by the false ceiling. The thermal conductivity, heat capacity and density of the construction
materials were obtained from the design builder software library. The louvers were opened and the windmills
operated during the whole day.
5.2. Fan coil air conditioning calculations
A compact fan coil air conditioning unit (AC), to keep the auditorium at 25ºC from 08:00 to 20:00 h in
working days, was evaluated as a reference. The AC outlet air temperature was fixed to 12ºC and the cooling
distribution losses were considered to be 5%. The hourly heat loads were obtained and used for a thermal
balance in the evaporative cooling analysis.
5.3. Evaporative cooling calculations
The use of a direct evaporative cooling system composed by injection-type direct evaporative coolers is
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analyzed. Each cooler has a centrifugal ventilator having a diameter of 0.25m, which rotates at 1500 rpm.
The air crosses a battery of 38 porous plates, each having dimensions 1.20mm x 0.60mm x 3.50mm. The wet
(effective) surface of the battery is 50m2. The water distribution circuit works on a close loop and has a
volume flow rate of 100 kg/h. The air mass flow rate and the exit temperature for this cooler were obtained,
from experiments, by Santamouris (1996).
The air mass flow rate
a

= -39.7 + 1.46x10-5

w are

a in
w

kg/h is given by:
vf + 0.2 vf

(eq. 7)

the air and water flow mass rate in kg/h and vf is the fan speed in rpm.

The air volumetric flow rate V˙ a in m3/h is,

V˙ a =

a

/ρ

(eq. 8)

The exit temperature
€ of the evaporative cooler, Tec in oC is given by

€

Tec = DBT–0.23

w

0.09

(DBT–WBT) – (1.18x10-4

w

0.09

(DBT–WBT)2.16) / vf -0.61

(eq.9)

The air volumetric flow rate of a cooler unit results in 218 m3/h.
The auditorium has an air volume of about 600 m3 and a minimum of 10 air changes (ACH) are required to
fulfill air quality construction regulations (SOSDF, 2011).
The indoor air temperature using the evaporative cooling system was obtained from an energy balance,
considering a well-mixed air, building thermal loads obtained from the Energy Plus results when using a
compact fan coil air conditioning unit, 80 people sited in the auditorium, and air flow from outside,

Tint (i) = [(qbu + qpe )/ VρCp + ACH1(Tec – Tint (i-1)) + ACH2(Tout - Tint (i-1))] Δt + Tint (i-1) (eq. 10)

where Tint (i) and Tint (i-1) are the internal temperature at actual and previous times, qbu and qpe are the heat
flows due to the building thermal loads and the people sited in the auditorium, respectively. V is the volume
of the auditorium, ρ the air density and Cp the air specific heat. ACH1 and ACH2 are the air changes from the
evaporative cooling and must fulfill the condition that ACH1+ACH2≥10, and Tout is the temperature of the
ambient.
6. Results
6.1. Non air condition results
The auditorium without an air conditioning system and considering 1.8 ACH was first simulated with the
Energy Plus software and the results were validated with measured data within the auditorium as shown in
Figure 5. The oscillation amplitude of the indoor DBT simulated is similar than that of the indoor DBT.
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Fig. 5: Experimental and simulated indoor DBT temperatures.

6.2. Fan coil air condition results
With the Energy Plus software, the electrical energy consumed by a compact fan coil air conditioning unit
during the hot season was evaluated. The energy consumed per month from March to June was estimated to
range from 1400 kWh and 1500 kWh (See Figure 7).
6.3. Evaporative cooling results
In Figure 6, the indoor temperature using the evaporative cooling system (Tec), for the case where 21 cooler
units and 9 ventilators (with the same air volumetric flow rate of a cooler unit) were used, is presented. For
comparison, the indoor measured temperature without air conditioning (Indoor DBT measured) is included.
The mean interior temperature when using this EC system is 23.2°C, 1.8°C lower than the corresponding to
the auditorium without cooling, which is 25.0°C. The time in hot thermal discomfort for the week of 10 to 14
of April was of 14 hours with this EC system and 42 without air conditioning.
Since the cooling demand depends on the thermal loads, the number of evaporative cooling units used should
be varied along the time to get temperatures within the comfort zone, the maximum value will be the number
of cooler units of the system. These calculations will be done in a future work, but present results allow
predicting that no more than 30 cooler units will be needed.
The energy used by an EC system composed by 30 cooler units was estimated from the fans and water
pumps energy consumption. Typically, for the proposed small cooler units, the fan and the water pump
consume approximately 50 Wh per hour; with an operation schedule from 08:00 h to 20:00 h during working
days, the monthly electrical energy consumption is about 400 kWh/month.
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Figure 6. Interior air temperature with evaporative cooling.

In Figure 7, the EC energy consumption per month is compared with that corresponding to the fan coil air
conditioning system. Both are calculated considering an operation schedule from 08:00 h to 20:00 during
working days. These results show that the monthly energy consumption of the propose EC system ranges
from 26% and 29% of that of a fan coil air conditioning system.
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Figure 7: Monthly electrical energy consumption by EC and by AC systems.

7. Conclusions
The results show that the evaporative cooling is a good low energy cooling alternative to reduce the time
with overheated conditions in the auditorium of the CIE located in Temixco Morelos, Mexico.
More than 70% of energy can be saved with an evaporative cooling system compared with a fan coil air
conditioning system.
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SWC LEIGTHWEIGHTSTRUCTURES FOR SOLARINTEGRATION
1

Tilmann Ebert ,
1

IsoSol UG, 74653 Künzelsau,Germany

2

2

1. Sustainability is the newly ascendant global policy issue of the 21st century
Saving the Climate - Saves You Money - How Buildings Can - Use Energy Intelligently:
integrative use of different renewable energy sources to get off fossil fuels.
The basement of this development is the sun (solar energy and the cool sky) and our technical know how and
the compliance with the sustainability regulations. IsoSol is a smart low cost system with advantages for
free – energy in abundance:
-

-

electricity from the sun
heat from suncooling and chilling the solar modules to boost the earnings of solar energy
high efficient insulating
sustainable materials and technologies
renewable raw material FSC certified
technologies for system controlled operations
optimised systems integrating of the operations
perfect building integration

We get a functional building skin with less physical drawbacks by using the integrative design and the
modular construction system Isosol - lightweight - fitting - cut by laser – sustainable smart and cheap
Oil heaters produce per 1000 W – 375 g/ CO²
Heat pumps
1000 W – 183 g/CO²
Solar thermal
1000W - 44 g/CO² we develop the platform for BIPVT Building Integrated Photo Voltaic and Thermal devices
Our world is a great market for sustainability – renewable energy – passive ore active houses – a big deal for
the world wide job market and the economics. The investments raised in Germany from 10 Billion Euros to
more than 20 Billion Euros from 2007 to 2009 – there are 339 000 Employees in 2009 in this emerging
market.
2. Natural Resources - Physical Facts
The global irradiance with 1000 W effects an input of about 150 W electricity, 300 - 650 W solar thermal
energy, and cooling by night with infrared radiation into the orbit with 50 – 80 W are available per square
meter on earth.
This evokes the integration of a the combination -

Solar Photovoltaic + cooling the modules

-

Solar Thermal

-

Night cooling

-

Integrated Ventilation

-

Integrated Structure

-

Integrated Insulation

3. System
The natural raw material are wood panels – they are strong – light – durable – insulating – cheap – common
in the building business since a century – this sustainable high tech material – is cut by a new
lasertechnology – into a model kit to build the modular boxgriders bearing structural and all technological
tasks a energy efficient building envelope needs.
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4. Results

The system technology is a platform for:
the integration of Solar panels, they are cooled by air ventilation this air is used in heat exchangers for the
heat pump or water storage
the structure of the hollow box griders is at the same time the ventilation piping
the structure offers plenty of space for cheap insulation material no vapor barrier is required
the structure offers additional space for the inside and outside technical installation there is place for PCM
materials or heating and cooling – and other technical systems
roofs and walls need only one interior layer – outside the solar panel or glacing is watertight – inside is a
plaster board or individual interior cladding
the system technology is based on a modular curtain walling – so the integration of glass or windows is
easily to install
the modular box griders can be prefabricated or build like a lego kit on the side with simple craftsmanship

5. References – Demonstration objects

1.

700 m² Solar roof with 95 kW – voltaic - 200 mm insulation - 50 kW heatpump – 74653
Künzelsau

2.

80 m² solar roof with 10 kW – voltaic – 300 mm insulation – 25 kW heatpump – in process –
74653 Künzelsau

3.

Beam and wall structure of solar decathlon – HTWG – Konstanz 2012 – in process

4.

Solar plus energy rertrofitting terraced housing – R+D project - in process 74653 Künzelsau

6. Research
Actually: absorber pretests with the ITW – Stuttgart to achieve the accreditation for basic integrated solar
absorbers into the IsoSol system.

7. Request for investors – R+D Partners – Demonstration Projects
We search partners for future projects – investors – R+D project partners -
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Appendix: UNITS AND SYMBOLS IN SOLAR ENERGY
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Table 1: Recommended symbols for materials
properties
Quantity
Specific heat
Thermal conductivity
Extinction coefficient+
Index of refraction
Absorptance
Thermal diffusivity
Specific heat ratio
Emittance
Reflectance
Density
Transmittance

Symbol
c
k
K
n

Table 4: Recommended subscripts
Quantity
Ambient
Black-body
Beam (direct)
Diffuse (scattered)
Horizontal
Incident
Normal
Outside atmosphere
Reflected
Solar
Solar constant
Sunrise (sunset)
Total of global
Thermal
Useful
Spectral

Unit
J kg-1 K-1
W m-1 K-1
m-1

α
α
γ
ε
ρ
ρ
τ

m2 s-1

kg m-3

+

In meteorology, the extinction coefficient is the product of
K and the path length and is thus dimensionless.

Table 2: Recommended symbols and sign
convention for sun and related angles
Quantity

Symbol

Altitude
Surface tilt

α
β

Azimuth (of surface)

γ

Declination
Incidence (on surface)
Zenith angle
Latitude
Hour angle

δ
Θ,i
Θz
Φ
ω

Reflection (from
surface)

r

Range and sign
convention
0 to ± 90°
0 to ± 90°; toward the
equator is +ive
0 to 360°; clockwise
from North is +ive
0 to ± 23.45°
0 to + 90°
0 to + 90°
0 to ± 90°; North is +ive
-180° to +180°; solar
noon is 0°, afternoon is
+ive
0 to + 90°

Table 3: Recommended symbols for
miscellaneous quantities
Quantity
Area
Heat transfer coefficient
System mass
Air mass (or air mass
factor)
Mass flow rate
Heat
Heat flow rate
Heat flux
Temperature
Overall heat transfer
coefficient
Efficiency
Wavelength
Frequency
Stefan-Boltzmann
constant
Time

2000

Symbol
A
h
m
M
m&
Q
Q&
q
T
U

Unit
m2
W m-2 K-1
kg
kg s-1
J
W
W m-2
K
W m-2 K-1

η
λ
ν
σ

m
s-1
W m-2 K-4

t,τ,Θ

s

Symbol
a
b
b
d
h
i
n
o
r
s
sc
sr, (ss)
t
t, th
u
λ

Table 5: Recommended symbols for radiation
quantities
Preferred name
Nonsolar radiation
Radiant energy
Radiant flux
Radiant flux density
Irradiance
Radiosity or Radiant
exitance
Radiant emissive power
(radiant self-exitance)
Radiant intensity
(radiance)
Irradiation or radiant
exposure
b) Solar radiation
Global irradiance or solar
flux density
Beam irradiance
Diffuse irradiance
Global irradiation
Beam irradiation
Diffuse irradiation
c) Atmospheric radiation
Irradiation
Radiosity
Exchange

Symbol

Unit

a)

E, H
M, J

J
W
W m-2
W m-2
W m-2

Ms, E

W m-2

L

W m-2 sr-1

H

J m-2

G

W m-2

Gb
Gd
H
Hb
Hd

W m-2
W m-2
J m-2
J m-2
J m-2

Φ↓
Φ↑
ΦN

W m-2
W m-2
W m-2

Q

Φ
Φ

INTEGRATION OF SOLAR BUILDIGN TECHNOLOGIES
IN AN OFFICE BUILDING, CHANGZHOU, CHINA
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Special Committee of Solar Buildings, Chinese Renewable Energy Society, Beijing (China)

Abstract
This paper presents a demonstration project concerning the solar building integration design idea for an
office building located in south part of China. The project client is a manufacturer of PV products, with
relevant system design and installation. Thus, it has strong desire to lay out the PV products via the office
building facade. On the other hand, the local climate is humid through the whole year and sweltering in the
summer, which prefers passive solar technologies. How to effectively integrate the active and passive solar
technologies into the office building is the emphasis of the project design.
Based on the weather characteristics and client requirements, the project develops solar building integration
approaches to improve the solar technology diversity, efficiency and to reduce the CO2 emission for the
buildings. The solar energy technologies are integrated and applied includes PV, natural ventilation, atrium
lighting, respiration façade and roof planting. The software simulation and on site testing by instrument are
adopted and compared to validate the design ideas. The results show that via the application of these
technologies, the used approaches and technologies adapt well to the local climate and satisfy the
requirements of the enterprise’s image as well.
0. Introduction
The project office building of Changzhou Trina Solar Energy Co., Ltd locates in the South of China’s
Yangtze River, where is hot in summer and cold in winter, the region’s climate is characterized by the hot
and humid summer season (up to 5 months), the winter is cold, short and perennially wet throughout the year.
Therefore the cost for cooling and dehumidification of an office building in this region is very high, and
creates a significant financial burden for the building owners.
Tab.1 Brief introduction of the site (China Academy of Building Research, 2003)

Latitude

32º

Maximum average Temperature/RH in summer

31.4℃/81% (Jul)

Minimum average Temperature/RH in winter

-3.0℃/73% (Jan)

Average wind Velocity in summer

2.6m/s

Solar Irradiation and Hours

4530MJ/sqm•a, 2049 hr/a

From 2006 to 2010, Chinese government carried out The National “Eleventh Five-Year” S&T Plan, building
integrated renewable energy and relevant technologies are included in the main research contents. The initial
design for Changzhou Trina Solar Energy Co., Ltd includes abundant use of renewable energy, and in
combination with the building construction it focuses on lowering building energy cost principles. The
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project was completed in 2008, after two years of operation and testing, and in 2010 it was successfully
classified as the demonstration project for National Technology Support Program in Building Integrated
Renewable Energy Technologies.
1. Solar Building Integration Strategies
In order to achieve the targets of highly solar building integration with low environmental impact, the
following three strategies are complied in the project:
1.1 Environmental friendly and ecological sounded
Recent ten years, the environmental protection and ecological development become a main trend. The impact
on the ecological environment should be limited from the beginning of building construction till the daily
operation, especially for the public building.
1.2 Affordability and accessibility oriented
In order to enlarge the application range of solar building technology, low-cost and easy-handle technologies
have to be adopted to reduce energy costs by the utilization of local renewable resources, especially with
passive design method.
1.3 Promotion and propaganda approached
The purpose of the demonstration project is not only to reduce the energy cost, but also to encourage more
people to participate in the activity of reducing CO2 emission. Thus, the technologies chosen should become
easy-available, easy-handle, dependable, convenient-maintained, and can be promoted in local office
building construction.
2. Description of the Demonstration Project
The project is located in Changzhou City, Jiangsu Province, within the light engineering and technology
centre in the Changzhou High-tech Development Zone, a public building (Fig. 1). Trina Solar Energy Co.,
Ltd is a recognized manufacturer of high quality monocrystalline modules and has a long history as a solar
PV pioneer since it was founded in 1997 as a system installation company in China.
The building construction area covers 3880.93 ㎡，consists of 4 floors above ground, a height of 17m, in the
form of frame structure, an operation lifetime of 50 years. Building functions mainly includes routine office
work, display of main products and business negotiation. Exterior wall has two types, one is made up of 200
mm thickness small aerated concrete blocks, another is a compound one made up of 50mm thickness solid
polyurethane layer with bobbles and 120mm thickness bricks with K=0.4W/(㎡℃) (China Academy of
Building Research, 2005). Exterior windows are made up of thermal insulating aluminum single layer
window plus single frame and 12mm thickness insulating glass with K=2.4W/(㎡℃). Glass curtain wall is
made up of aluminum frame and 12mm thickness no-color Low-E insulating glass, radiation rate is lower
than 0.15 with K=1.8W/(㎡℃).

Fig. 1 Building Appearance
(photo by Wang Yan, 2009)
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3. Technologies Applied and Integrated
The project located in the South of Yangtze River, in the region that is hot in summer and cold in winter,
taking into account that cooling load in summer is larger than winter heating load, and high demand for
cooling ventilation and dehumidification, in combination with investment limit and advantage of the building
owner being photovoltaic cell manufacturer, the research group decided to adopt passive solar energy use as
the main integrated solar technology in line with the characteristics of southern climate. Integrated
technologies include: PV, natural ventilation, atrium lighting, respiration façade, sun room, heat recovery and
green roof.
3.1 PV system
The PV system covers two parts (Fig.2), vertical PV façade and PV rooftop. PV Façade contains TSM DT
180 type PV modules, 78 panels creates a “T”-type distribution that covers 182 ㎡. PV rooftop contains
TSM DT 60 type PV panels, 160 panels in rectangle distribution with an area of 123 ㎡. Four inverters with
single capacity in 5kW are adopted.

Fig. 2 PV Façade and Rooftop Installation
(photo by Wang Yan, 2009)

By using RS485 communication cable and A/D data simulator，the analog signals from the PV system is
converted into digital signals, at the same time data is uploaded to FTP, so that the query and analysis could
be carried out.
3.2 Natural ventilation
The north side of the atrium and the southern entrance to foyer form a natural ventilation path. At the mean
time, wind is pulled from east and west chimney to corridor of each floor forming natural ventilation paths
(Fig.3).

Fig. 3 Summer Ventilation Diagram
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Since the office is a public building, during the day it needs to operate air-conditioning system, natural
ventilation will increase energy consumption. Outdoor temperature at night swings 5～7℃ lower than
during the day, thus adopting night ventilation measures, i.e. using hot air pressure to achieve ventilation, can
reduce the hot air gathered in the room, particularly in upper atrium. Next day the room temperature is lower
than usual when operating the air-conditioning system, thus energy efficiency is achieved.
Monitoring using contrast comparison method, under similar weather conditions, monitoring the effects on
indoor humidity, carbon dioxide concentration and wind speed, respectively with and without night
ventilation, then compared and analyzed with software simulation results.
3.3 Atrium lighting
Atrium uses PV as shading devices (Fig.4), to regulate light level in both summer and winter season, in
combination with indoor ventilation, achieving “warm winter and cool summer” indoor climate, in order to
meet energy saving requirements.

Fig. 4 Atrium Lighting and Shading
(photo by Wang Yan, 2009)

3.4 Respiration façade
In summer, the ventilation can vent out the indoor hot air along the air flow. During winter, outdoor
circulation is closed, only indoor circulation is used so that solar energy can heat up indoor air (Li Yuanzhe,
1993) (Fig.5).

Fig. 5 Schematic Diagram of Summer Conditions
(photo by Zhang Peng, 2009)
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3.5 Planting roof
The roof is covered by a area of 600 ㎡ of vegetation, which not only reduces roof temperature also provides
leisure space (Fig.6).

Fig. 6 Planting Roof
(photo by Zhang Guangyu, 2010)

4. Evaluation
In order to evaluate the technologies used in the project a durative monitoring and a valuation of the
performance of the building have been in process by environment simulation software. Key indicators for
evaluation including electricity generation, indoor thermal environment changes, energy consumption for
cooling and CO2 emission are monitored and evaluated.
4.1 PV system

Fig. 7 Electricity generation screen
(photo by Wang Yan, 2009)
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Fig. 8 Annual Statistics of Electricity Generation in Comparison with PV Façade and PV Roof

Fig. 8 shows that during the monitoring period, PV façade system (PV wall 1and PV wall 2) generates more
power than PV roof (PV roof 1and PV roof 2). In winter, PV façade system generates a much larger amount
of electricity than PV roof, whereas the difference between the two is relatively small during spring and
summer. From Fig. 8 it is known that PV systems generates more electricity in winter and less in summer,
this is caused by the impact of rising temperature on the PV systems. However the drop in power generation
in February, in reference to weather records, is caused by the large number of cloudy days and severe fog.
Statistics show that office PV systems generates a total of 14003 kWh electricity a year, renewable energy
replacement rate is 3%, annual saving of tons of equivalent coal is 5.6 tons, equivalent to annual saving of
9.8 tons of CO2 emission.
4.2 Passive solar building technology
Using natural ventilation measures means opening the windows on the south-facing PV facades, the northern
windows on top of the lobby, the doors and windows in the ventilated smoking (chimney) area at the East
and West corridor ends, and the main door joining the office. Passive solar building technologies including
natural ventilation, atrium lighting, respiration façade and sun room, after monitoring and adopting natural
ventilation, are found to significantly lower the indoor temperature after operating air-conditioning system at
8:00 am, as shown in Fig. 9. After working hours the indoor CO2 concentration is also at a relatively low
level (Fig. 10).
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Fig. 9 Temperature Measured of First Floor Atrium Compared with Simulation

Fig. 9 shows that due to air sinks and accumulates during the day, temperature changes only slightly, only
after temperature difference reaches 0.5℃ at around 6:30, temperature of first floor atrium rapidly reduces,
when switching on air-conditioning system there is basically no difference. Diagram to the left shows, after
the comparison and analysis of software simulation, that two curves have similar patterns before switching
on the air-conditioning system at 8:00 am, therefore measured results are consistent with simulation.

Fig 10 CO2 Concentration Comparison of First and Fourth Floor Atrium

On the other hand, shading effect of PV and glass façade is analyzed through infrared thermal imaging
instrument as shown in Fig 11.
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Fig. 11 Atrium Shading Effect

Fig. 11 shows picture of the shading effect of the glass façade in atrium. It is clear that the part of glass
façade not shaded by PV panels can reach up to 37.1℃, whereas part not covered by PV but with indoor
shading device reaches to 31.8℃, and part only shaded by PV panels reaches to a temperature of 32.2℃.
This means that using indoor shading device gives a better shading effect than using PV panels alone. The
best shading effect can reach the lowest temperature of 31.2℃, this is achieved by using both PV and indoor
shading device.
By using British building energy analysis software IES-VE (Virtual Environment), the Trina office building
energy consumption is modeled and analyzed:

Fig. 12 Office Building Model
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Fig. 13 Calculation Results Comparison between Two Situations
(With Natural Ventilation and without Natural Ventilation)

After using natural ventilation during summer and transition seasons, the second situation consumes
11176kWh more energy than first situation, accounts for 11% of cooling energy consumption, building
annual energy saving is 3.8% of the total energy consumption, plus atrium lighting can contribute 1.8% of
energy saving, total energy saving rate is 5.6%, which summarizes that the renewable energy replacement
rate of passive solar technologies, for the Changzhou climate region where the project is taken place, is 5.6%,
saving about 10.5 tons of standard coal a year, equivalent to saving 18.6 tons of CO2 emissions a year.
5. Conclusion and discussion
5.1 Total energy saving
The PV system accounts for 3% renewable energy replacement rate, together with the 5.6% from passive
solar technologies, the total renewable energy replacement rate is 8.6%.
5.2 Project investment estimation
An example of incremental cost estimation, the cost of PV system increases: 1.2 million RMB (1 Euro
approx. equal to 10 RMB), heat recovery and air exchanger cost increases: 0.16 million RMB, so total
project investment increase: 311.8 RMB/㎡.
Besides, the natural ventilation, atrium lighting and respiration façade are accounted within the building
construction cost, it is relatively small compared with conventional building, therefore can be neglected.
5.3 Impact of PV Module surface temperature on power generation efficiency
From October to January, the power generation efficiency of PV system is higher, however from March to
July the efficiency is very low, therefore it can be concluded: the surface temperature of PV directly affects
the power generation efficiency. Lower PV surface temperature, the efficiency of the system is then higher;
higher surface temperature, then lower efficiency. Furthermore, the amount of solar radiation, solar incident
angle, corresponding reflectance and temperature have a greater impact on generation efficiency compared to
PV surface temperature, however there is a large amount of solar radiation available during spring and
summer, but the PV efficiency still reaches the lowest and supports the conclusion, this is more obvious in
the façade PV system.
5.4 Organization and management experience
During design, clients often make a variety of requirements, design process is easy, equipments can be
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bought, but operation and management are difficult. The design of renewable energy technologies largely
depends on management and operation, for example, cleaning of PV panels, operating ventilation, the use
and maintenance of roller blinds, operating heat recovery system and maintenance of the roof plants etc.
Providing staffs with management training is a must, only when staffs know how to operate the technologies
can they be working effectively, otherwise they fail to deliver and it would be a waste of investment.
5.5 Variety of technologies should not be adopted blindly
China is still in the primary stage of socialism, different variety of technologies should not be used blindly
for the sake of image, low-cost solar energy technologies are the most suitable for China today.
5.6 Feed-in tariff should be increased
Compared with developed European countries, China’s feed-in tariff is still relatively low, feed-in tariff
system has not fully matured, this reduces the positive impact on the development of enterprises.
5.7 Passive technologies testing
Research found that the effects of passive solar technologies such as natural ventilation are difficult to
determine using measurement data, in comparison with active solar technologies such as PV, solar thermal
etc. Software simulation parameters cannot reflect the true situations in which people use the building,
therefore the simulation results show a relatively large difference from building’s actual energy consumption.
How to effectively quantify the effect of passive solar technologies will be the direction of further research.
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MEASURING THE HEAT LOSSES AND SOLAR GAINS OF
BUILDINGS VIA A NOVEL ANALYSIS OF THE DATA
Gordon Taylor
G T Systems, Ingatestone, U.K.

1. Abstract
The work was prompted by published results for Passive Houses, showing that the Total Heat from the
heating system is much less than the Gross Heat Loss, as calculated with a steady-state thermal design
procedure. (Feist, 2006). Solar gains account for most of the difference but would be extremely difficult to
measure directly. Other gains come from electrical appliances and lighting and from the occupants, which
are easy to determine from electricity meter readings and known metabolic rates. Direct measurement of the
Gross Heat Loss is also impractical, since days with zero solar gain – i.e. heavily overcast - are very rare.
The paper describes a method of determining the Heat Losses and hence the solar gains from the Total Heats
supplied by a gas-fired central heating system with auxiliary electricity input. The novel analysis is based on
the observation that days with high solar gains are associated with large Outside Temperature Swings – the
differences between the maximum and minimum - and assumes that they are proportional. Total Heat values
inherently vary, so the method uses data sets for extended periods, such as a year. The Total Heat, Outside
Temperature and Temperature Swing values are fitted by a plane surface, so that extrapolation to zero
Temperature Swing and solar gain gives the Heat Loss line over the range of Outside Temperatures. Adding
the electrical and metabolic gains gives the Gross Heat Losses. For the test house, which faces near-south but
has no special solar features, the solar gains over a typical year were about 20% of the Gross Heat Losses.
The method should be applicable to all new and existing buildings, including those with group or district
heating. These may use heat-only boilers or co-generated heat, from fossil fuels or renewable energy from
e.g. solar, wind or biomass. Indeed it should be even easier to apply in these cases, since the heat supplied is
often already metered and logged, as are the outside temperatures. Also, by using the method before and
after, it enables the experimental determination of the effectiveness of insulation and air-change measures in
place. Since most existing buildings will remain in use for many decades, such a method for determining
their gross and net heat demands will help to meet the challenges of fossil fuel depletion and climate change.
2. Introduction
The work was prompted by published results for Passive Houses, showing that the Total Heat from the
heating system is much less than the Gross Heat Loss, as calculated with a steady-state thermal design
procedure. (Feist, 2006). Solar gains account for most of the difference but would be extremely difficult to
measure directly. Other gains come from electrical appliances and lighting and from the occupants, which
are easy to determine from electricity meter readings and known metabolic rates.
The cost of gas and electricity for the present test house will soon be about £ 1100 a year and energy in
buildings accounts for around half of all UK final energy, which costs many billions of pounds a year.
Moreover, from 2016, the UK Building Regulations for Low Carbon Homes are to be based not on ‘as
designed’ but on ‘as built’. This will require not the estimation - as hitherto - but the measurement of Heat
Losses and Solar and other Gains.
2.1. The HWB Method
Determining the Heat Losses and Solar Gains of the Linford houses in Milton Keynes in the 1980s was
described in Everett et al, 1985. Page 1.4 shows the test results as the 'fabric heat loss excluding floor' and
'the solar aperture'. The method is creditted to Siviour, 1981. However, it is a heat balance method that treats
the house as a flat plate solar collector and uses a transformation of the Hottel-Whillier-Bliss analysis.
(Duffie and Beckman, 1974). The analysis is sometimes elaborated, with separate terms for the floor heat
loss and the ventilation loss. (Everett et al, 1985, Pages 1.4 and 8.2). It requires a solarimeter to relate the
heat input to insolation, then extrapolates to zero insolation and hence zero solar gains. As used by the Open
University Energy Research Group, the HWB method requires relatively little equipment – a solarimeter and
data logger plus gas and electricity meters. To experience a good range of insolation, it should be carried out
in Spring or Autumn. It requires e.g. 13 days but should not be carried out while the house is occupied.
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2.2. The Co-heating Method
A test to determine the Heat Loss of the first active solar house in the UK was carried out by the Built
Environment Research Group at the Polytechnic of Central London. It is a heat balance method, using the
inbuilt heating system to establish a range of inside-outside temperature differences for periods of about 8
hours per test. The insolation and the ventilation rate were also measured, in order to determine the fabric
loss coefficient. These were used in monthly energy balances. (Horton et al, 1979).
A very similar procedure, termed the 'Co-heating method' was developed by the Centre for the Built
Environment at Leeds Metropolitan University. It is a also heat balance method, but uses temporary electric
fan heaters to establish a range of inside-outside temperature differences. Initially the windows were
shuttered during the test. (Bell and Lowe, 1998). Later the electric heat inputs were corrected for solar gains.
This was via a regression equation of the mean daily electric input power versus the mean daily insolation
measured on a vertical surface and the mean daily inside-outside temperature difference. The building Heat
Loss Coefficient (input power over temperature difference) was then determined by extrapolation to zero
insolation. The Co-heating method requires relatively little equipment - electric heaters, fans and meter, a
solarimeter and a data logger. For adequate inside to outside temperature differences, it should be carried out
in the Winter half year. It requires about 3 days pre-heating, followed by a test period of at least 7 days, but
should not be carried out while the house is occupied. (Wingfield et al, 2006 and Wingfield et al, 2010).
2.3. Convergence
Example data from a Co-heating test – input power, inside-outside temperature difference and insolation –
gave a Heat Loss Coefficient of 132.9 W/K. (Wingfield, 2011). When subjected to the HWB (Siviour)
analysis, it gave the essentially identical value of 133.5 W/K. This is because the HWB and Co-heating
analyses are transforms of each other.
3. Present Work
3.1. The Test House

Fig. 1: The test house.
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The test building is a two-storey, 4-bedroom, detached house with a floor area of about 100 m2. (Fig. 1). The
ground floor is a concrete slab, with no insulation. The walls are of brick, with nominal 50 mm cavities,
filled with Urea Formaldehyde foam. The outside doors and windows are double-glazed, with frames of
uPVC. The roof is tiled, with about 150 mm of fibreglass mat between the horizontal rafters. During the test
period, an additional 170 mm of fibreglass mat was laid over the rafters.
The test house has only natural ventilation, so the air change loss depends on the Inside-Outside temperature
difference - the ‘stack' effect – and on the wind speed and direction. (Everett, R. et al., 1985. Section 9.4).
However, according to a simple thermal model of the test house, the air change loss is only about 10 to 20%
of the total. So with the windows kept closed, the Heat Loss line should be reasonably consistent.
The Gross Heat Loss line is an attribute of the building at a given Inside Temperature. It should be
independent of location, orientation and the climate. So it should apply reproducibly to the given building
design - assuming that it is built as designed. However, even a reproducible building shell, with consistent
fabric and air change losses, is not sufficient to ensure that - as built - a building performs as designed, with
the declared energy (fuel) consumption and CO2/GHG emissions. It is also necessary to have heating
equipment and controls that ensure the designed heating system performance and efficiency. Only then could
buildings be comparable to cars and their engines, which are designed, built and sample tested to this end.
3.2. Heating System and Controls
Field trials – notably of novel heating systems, such as heat pumps and micro-chp units - have shown that the
heating equipment often fails to perform as expected. (Anon, 2010). This usually reduces the thermal
efficiency and increases the energy (fuel) consumption and CO2/GHG emissions. Moreover, Solar Gains
depend upon the orientation and geometry of the house - causing shading - and on the properties of the
windows. Hence determination of the Heat Loss line requires subtraction of the Solar Gains. However, the
Heat Losses also depend on the Inside Temperature and would be affected by overheating in the presence of
solar and other gains. So the heating system controls should maximise the use of these and minimise
overheating.
In the present case, the heating was ‘on’ continuously, to maximise thermal comfort and boiler efficiency.
Temperature control was via an ‘outside temperature compensator’ built into the boiler control and
thermostatic radiator valves on every radiator. These allowed different target temperatures in the various
rooms and minimised overheating by reducing the radiator outputs of those receiving solar and other gains.
3.3. Instrumentation and Data Logging

Fig. 2: 1 Boiler, 2 Rain Gauge, 3 Electricity sub-meter, 4 Heat Meter-Boiler, 5 Heat Meter-DHW, 6 Screen of Data Logger PC.
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To determine the boiler efficiency and the outputs to space and water heating, instruments have been
installed – a data feed from the existing gas meter, a rain gauge to measure condensate, an electricity submeter, and two 'certified' heat and flow meters. (Fig. 2). Of these last, one is set across the boiler and the
other across the DHW storage cylinder. These measure 8 flowrates (counts), which – with 14 temperatures
(thermocouples) - have been logged on a PC at one-minute intervals for over 10 years.
Data logged at one-minute intervals has proved very suitable for studying the operation of a gas boiler, which
often fires intermittently, and for calculating the gas heat and efficiency. The monitoring - and subsequent
adjustments - has enabled the consistent achievement – with radiators – of annual average boiler efficiencies
of about 96% on the Higher Heat Value basis. This is significantly higher than the SEDBUK value for the
boiler - of about 90%.
3.4. The Taylor Method
The Taylor Method is also a heat balance method, and uses the inbuilt heating system to provide the insideoutside temperature differences. One purpose is to determine the Heat Losses and Solar Gains with greater
precision than is possible in short-term tests. Due to the large number of data points, this should be achieved
even with ‘random’ factors such as wind and rain. This also overcomes the limited resolution of some
measurements – e.g. 1 kWh for the electricity sub-meter and for the two heat meters and about 0.31 kWh for
the gas meter. However, the results still depend upon the measurements and calculations being free from
systematic errors.
3.5. Measurement of Data
In the present work, the data was acquired by the above instrumentation and data logger. When logging over
extended periods - months to years - it is very hard to avoid data loss. (Ebel et al, 2003). One reason is power
cuts. Several have occurred in the 10+ years and were usually less than an hour. However the logfile was
spoilt, so the day's data was lost. Another reason was failures of the logger PC - which have all been old - in
continuous operation. They were usually less than a day, though sometimes longer if a change of PC was
needed. Also the data would not be valid if the boiler failed by 'locking out'. This was due to limitations of
the controller when adjusted to maximise thermal efficiency and was corrected by ‘resetting’. They too were
usually less than a day. However, all the above could cause data losses of several days if the house was
unoccupied. For some analyses data could be restored by interpolation, but this was not done in this case.
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Fig. 3: Plot of Outside Temperature Swing vs Date, Year 10.

The Temperature Swing varies sharply from day to day. (Fig. 3). This is due to rapidly varying cloudiness
and means that data losses cannot usefully be restored by interpolation.
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3.6. Analysis

Fig. 4: Explanatory Diagram of Heat Flows vs Outside Temperature for a building.

For the test house, the Daily Total Heat was plotted against the Daily Average Outside Temperature for a
year at a time, similar to Fig. 4. This is sometimes called an 'Energy Signature'. (Day, A. 2006). To
determine the building Heat Losses as a linear function of the 24-hour average Outside Temperature, the data
of days with no space heating but only DHW heating must be omitted from the analysis. In this case, this
was done by discarding the data of days with average Outside Temperatures greater than 20 C.
A straight line at around the upper edge of the truncated data cloud would be the Heat Loss line, with the
vertical difference between this and the data points of the daily Total Heat values being due to Solar Gains.
(Feist, 2006). The slope of the Heat Loss line is the Heat Loss Coefficient.
The electricity consumption for appliances and lighting may vary over the year, yet this was only available
from quarterly bills. The annual Electricity Gain was about 2400 kWh, less the electricity input to the heating
system of about 100 kWh, hence a daily value of 2300/365 = 6.3 kWh. The Metabolic Gain for one adult was
taken as 100 W = 2.4 kWh per day. The Electricity Gain plus the Metabolic Gain – the Internal Gain - was
taken as constant over the year. When added to the daily Total (boiler) Heat and Heat Loss, this gives the
daily Internal Heat and the Gross Heat Loss. Fig. 4 shows daily Internal Heats and the Gross Heat Loss line.
The Gross Heat Loss at a given Outside Temperature depends on the building fabric and air change rate and
the Inside Temperature. It should be independent of the weather and consistent between years with no
change – e.g. in insulation level. However, the Heat Loss Coefficient allows buildings to be compared
independent of the Inside Temperature and the Internal Gain. The Taylor method usually requires data for
times periods of a year, but this would often be needed in any case, to determine the energy performance and
efficiency of the heating system.
The measurements have not included the insolation, so the Solar Gains could not be determined directly. As
it happens, this would be particularly problematic for the test house since - of the south-facing windows –
that of the Study has a roof overhang, that of the Lounge has a flanking wall, and all such windows,
including that of the Hall and two for Bedroom 1, are affected by the presence of a cherry tree, which gains
and loses leaves over the year. Other buildings might also be subject to shading from neighbouring buildings,
which – due to the motion of the sun - again would change over the year.
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Initially the Heat Loss line was positioned relative to the data cloud 'by eye'. Days with Total (boiler) Heat
values on this line have zero Solar Gains. However, some values were above the line, implying heat losses
higher than for 'steady state'. This could be due to winds causing higher air change losses or to the house
warming up after a long interruption in heating. However these days were not many in a year and for these
the daily Total Heat was taken as the Heat Loss for that Outside Temperature. The Heat Loss line then gave
the daily Heat Losses and – by subtracting the Total Heats – the Solar Gains. Although this gave plausible
values for the Heat Losses and Solar Gains, an objective, ‘science-based’ method was sought.
The Taylor method uses a novel analysis based on the observation that the daily insolation is related to the
daily Outside Temperature Swing – the difference between the minimum and maximum Outside
Temperatures. Both upward swings in OT during the day and downward swings in OT at night are related to
the clarity (the opposite of the cloudiness) of the sky. Hence the daily Temperature Swing is greatest when
the sky is clear and least when it is heavily overcast and is assumed to be a direct function of the daily Solar
Gain. So after fitting a 3D surface to the data set (x = Daily Average Outside Temperature, y = Daily
Temperature Swing, z = Daily Total Heat), extrapolation of the Temperature Swing to zero should give the
Heat Loss line, where the Solar Gains are zero and the Outside Temperature is constant over the 24 hours,
much as Fig. 4.
If daily insolation data was available, it could be used instead of the daily outside Temperature Swing. The
solarimeter should preferably be located nearby, as in the HWB method, and ideally installed vertically,
parallel to the south-facing windows of the test building, as in the Co-heating method. In such a case, a 3D
surface could be fitted to the data set (x = Daily Average Outside Temperature, y = Daily Insolation, z =
Daily Total Heat), and extrapolation of the daily Insolation to zero should also give the Heat Loss line, where
the Solar Gains are zero and the Outside Temperature is constant over the 24 hours, much as Fig. 4.
Compared with the 2D regressions used in the HWB and Co-heating methods, this variant of the Taylor
method would still have the advantages of a larger data set obtained while the building was occupied.
The numbers of days with data and days with OTs less than 20 C for Years 6, 9 and 10 are given in Tab. 1.
Tab. 1: Days with Data and Days with Average Outside Temperatures less than 20 C, for Years 6, 9 and 10.

Time Period
Year 6
Year 9
Year 10

Days with Data
307
329
336

Days with OT < 20 C
274
297
301

3.7. The 3D Software
Various 3D surfaces were fitted to the data sets. (Tab. 1). The 3D surfaces (functions) were found and the
coefficients calculated using a very powerful software package, available online and for free.
(http://www.zunzun.com). It would have been far too tedious to use Excel as a ‘function finder’, since each
function would have to be set up individually. However, once suitable function types were found, the
coefficients can be calculated in Excel, using the LINEST function.
3.8. Fitting the 3D Surface to the Data
For this paper, the type of 3D surface chosen was a plane, termed ‘Linear’. This has the form:
TH = a + b × OT + c × TS
Example values of the coefficients are given below. (Tab. 2).
Tab. 2: Coefficients of ‘Linear’ Surface fitted to 3D data.

Coefficient
a
b
c
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Example Values (for Year 10, Linear)
1.2108487031717381E+02
-5.1268724669712418E+00
-1.7279661588663637E+00

The ‘zunzun’ 3D software package can generate VRML files of the data points and fitted surfaces that may
be viewed interactively from any direction. (Fig. 5).

Fig. 5: Still of VRML file for 3D surface, Year 10, Linear.

Relative to the fitted surface, the individual data points have 'offsets' above and below. This could be due to
varying cloudiness. However it could also be due to the house fabric and contents storing and releasing heat,
carrying energy from one day to the next. Moreover heat may move between the floor slab and the ground,
which – compared with the walls and roof - is less tightly coupled to the outside air. No attempt was made to
correct for this, unlike in the HWB method. (Everett, 1985, p 1.4). However, where the HWB method uses
data from about 13 days and the Co-heating method from at least 7 days, the Taylor method uses data from
365 less 'lost' and 'discarded' days, so all such effects should be averaged out far better.
4. Results using the Taylor Method
4.1. Time Period – Year and Half-year
The Heat Loss lines for Year 10, half-year 10A and half-year 10B were compared (Fig. 6).
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Fig. 6: Daily Total Heats, Year 10 and Heat Loss lines for Year 10, half-year 10A and half-year 10B.
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Tab. 3: Heat Losses and Heat Loss Coefficients for Year 10, half-year 10A and half-year 10B.

Time Period
Year 10
Half-Year 10A
Half-Year 10B

Daily Heat Loss at 0 C – kWh
121
121
121

H. L. Coefficient - W/K
213
213
207

4.2. Heat Losses and X-intercepts
The 3D data sets for Years 6, 9 and 10 were fitted with ‘Linear’ surfaces, with R2 values as in Tab. 4.
Tab. 4: R2 Values for Linear Surfaces fitted to 3D data for Years 6, 9 and 10

Time Period
Year 6 (Before added insulation)
Year 9 (After added insulation)
Year 10 (After added insulation)

R2 Value for Linear Surface
0.9258
0.9244
0.9205

The daily Internal Heat values for Year 10 were plotted versus the daily average Outside Temperature,
together with the Gross Heat Loss Lines for Years 6, 9 and 10. (Fig. 7).
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Fig. 7: Daily Internal Heats for Year 10, with Gross Heat Loss lines for Years 6, 9, and 10.

The Linear surfaces fitted to the data for Years 6, 9 and 10 were extrapolated to zero TS to give the Gross
Heat Losses at 0 C and Heat Loss Coefficients (Tab. 5), together with the X-intercepts (Tab. 6).
Tab. 5: Gross Heat Losses and Heat Loss Coefficients for Years 6, 9 and 10.

Time Period
Year 6 (Before added insulation)
Year 9 (After added insulation)
Year 10 (After added insulation)

Daily Gross Heat Loss at 0 C– kWh
148
131
130
Tab. 6: X-intercepts for Years 6, 9 and 10.

Time Period
Year 6 (Before added insulation)
Year 9 (After added insulation)
Year 10 (After added insulation)
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X-intercept - C
25.6
25.6
25.3

H. L. Coefficient - W/K
241
213
214

In the 10+ years of data logging, there was one change to the test house that should have affected the Heat
Losses – increasing the thickness of insulation in the loft (roof space) from 150 to 320 mm in Year 7.
Between Years 9 and 10 (both After) for the Linear surfaces, the Gross Heat Losses at 0 C differ by only
0.7% and the Heat Loss Coefficients by less than 0.5%. (Tab. 5).
Between Year 6 (Before) and Years 9 and 10 (After) for the Linear surfaces, due to the added insulation, the
reduction in Gross Heat Loss at 0 C is about 12% and in the Heat Loss Coefficient about 13%. (Tab. 5).
4.3. Solar Gains
Some days have suffered data loss and days with Outside Temperatures above 20 C were discarded. (Tab. 1).
However such days account for very little heat, of which almost all is for DHW heating, which does not
benefit from Solar Gains. Hence it is possible to estimate the Solar Fraction as the total Solar Gains divided
by the total of the Gross Heat Losses for the truncated data set. (Tab. 7). Although based on less than 365
days, the data sets are large and the same for Solar Gains and Gross Heat Losses.
Tab. 7: Solar Fractions of the Gross Heat Losses for Years 6, 9 and 10.

Time Period
Year 6
Year 9
Year 10

Solar Fraction
0.196
0.208
0.214

So the Solar Gains as a fraction of the Gross Heat Losses for all the valid days with Average Outside
Temperatures of less than 20 C is about 0.2 or 20%.
5. Discussion
To determine Heat Losses and Solar Gains of buildings, the HWB and Co-heating methods require only one
or two weeks. However, the energy performance of buildings depends also on the efficiency of the heating
system. Only direct electric heaters and district heating have efficiencies of 100%, relative to that metered.
With combustion heaters, such as boilers or air heaters, and micro-generators, such as heat pumps and microchp units, this varies significantly with load and/or outside temperature. The Taylor method may require
more instruments - gas meter, rain gauge, electricity sub-meter, and two heat meters, but no solarimeter –
and would require a test period of a year or maybe a half-year. It can be used while the house is occupied but,
like all such tests, requires a consistent heating and ventilating regime, with no window opening. This may
be easier for a single occupant than for a family - except in a Passive House, which usually has Mechanical
Ventilation with Heat Recovery.
The comparison of the HWB, Co-heating and Taylor Methods is summarized in Tab. 8.
Tab. 8: Comparison of the HWB, Co-heating and Taylor Methods for Measuring the Heat Losses and Solar Gains of Buildings.

Criterion

HWB (Siviour) Method

Co-heating Method

Taylor Method

Heating by:

Inbuilt system.

Electric fan heaters.

Inbuilt system.

Time Required:

Short, e.g. 13 days.

Short, at least 7 days.

Long, one year or half-year.

Time of Year:

Spring or Autumn.

Winter half of year.

Any or months 1-6 or 7-12.

Heat measured by: Gas meter, El. meter.

Electricity meter.

Gas & El. meters, rain gauge.

Solarimeter:

Yes, serving whole site.

Yes, aligned to windows.

No.

House Occupied:

No

No

Yes

Heating Efficiency: No

No

Yes

Hence the Taylor method may be used to determine the Heat Losses and Solar Gains of the building and - at
the same time - the efficiency, fuel consumption - and thus the CO2/GHG emissions - of the heating system.
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5.1. Time Period – Year and Half-year.
The widest OT range occurs over a full year, but it may also occur over a half year, provided that this starts
at about the date of the lowest or highest OT. Compared to the Heat Loss line for the full Year 10, that for
Half-year 10A is virtually identical, and that for Half-year 10B is very close, and identical at 0 C. (Fig. 6).
The Heat Loss Coefficients for 10 and 10A are identical, and that for 10B is within 3%. (Tab. 3). Since the
analysis removes the Solar Gains to determine the Heat Loss line, it should not matter if they differ during
the two halves of the year. However, 10B could have been affected by the differing state of the cherry tree.
Moreover, considering Winter and Summer half-years not only reduced the OT ranges, but also gave Heat
Loss lines that differed appreciably both from each other and from that for the full year.
5.2. Heat Losses and X-intercepts.
Daily Heat Losses at 0 C and Heat Loss Coefficients are shown in Tabs 3 and 5. (The Year 10 data set in
Tab. 5 was re-processed, recovering five formerly ‘lost’ days). Tab. 3 shows the former as daily Heat Losses,
excluding the Internal Gains. Tab 5. shows them as daily Gross Heat Losses, including the Internal Gains.
Except for Year 6, the daily Heat Losses at 0 C – after allowing for the daily Internal Gains of about 9 kWh
between Tab.3 and Tab. 5 - are within 0.9%. Also, except for Year 6, the Heat Loss Coefficients, which are
independent of the Inside Temperature and Internal Gain - are within 3%. If that for Half-Year 10B is
excluded, this becomes 0.2%. As expected, both parameters are significantly higher for Year 6, since this
was before more insulation was added. So for all other years and half-years, both parameters are highly
consistent and thus very suitable for comparison with those from detailed thermal models.
Both the German Passive House Planning Package (PHPP) and the UK Standard Assessment Procedure
(SAP) use the building steady state Heat Loss Coefficient multiplied by degree-days, with internal and solar
gains subtracted, to estimate the annual energy. (Reason and Clarke, No Date).
For the Rychenburgstrasse multi-family Passive House, the 'Heizkennlinie' would intercept the x-axis at
about 24 C. (Guetermann, A. 2002). Furthermore, the Passive Houses at Hoerbranz had an average daily
inside temperature of about 23 C. (Feist, 2005). As average daily inside temperatures, these are very close.
For the Passive Houses at Kranichstein, the 'Heizgerade' line intercepts the X-axis at 15 C. (Feist, 2006).
This is far below any likely daily inside temperature. However, another Heat Loss line could be positioned
relative to the given ‘data cloud’ that would give a more likely value of the X-intercept.
For the present test house, the Gross Heat Loss line, including the daily Internal Gains, obtained using the
Taylor method with the plane ‘Linear’ surface, intercepts the X-axis at about 25.5 C. (Tab. 6). This is fairly
close to the highest target room temperature – that of the Lounge at 23 C. Also, a line through the data cloud
- i.e. including the daily Solar and Internal Gains - for Year 10 would give a Balance Temperature of about
22 C. (Fig. 7).
These results for the test house are for the 3D data fitted with plane 'Linear' surfaces. However, other 3D
surfaces are possible, which give slightly different values for the Heat Loss Coefficient and the X-intercept.
5.3. Effects of insulation and air-change measures.
The Taylor method allows the determination of the Heat Losses and Heat Loss Coefficient with high
consistency, even with some data loss. So it is very suitable for determining the effects of insulation and air
change measures and for comparison with those from detailed thermal models.
5.4. Wider application of the Taylor Method
The Taylor method should be applicable in field trials of all innovative buildings, including Passive Houses,
which have very consistent air change losses even in family occupation. These are often monitored for
comparison with detailed thermal models. With no need to measure insolation, it should also be applicable to
all new and existing buildings, including those with group and district heating. Energy suppliers could
analyse existing customer data and report the results to them. The energy use - hence Heat Losses – the Heat
Loss Coefficients and the Solar Gains could show the savings to be made by reducing Inside Temperature
and by installing additional insulation and air change loss reduction measures. Such results should also be of
particular interest to Energy Service Companies and for informing energy policy at all levels.
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6. Conclusions
The HWB and Co-heating methods generate the same types of data and the two analyses are equivalent –
being transforms of each other. The tests take only about 10 days or so, and are thus compatible with both
refurbishment and new construction. However, they can determine only the Heat Loss Coefficient and the
Solar Gains during the test, whereas the annual Solar and Internal Gains and the performance and efficiency
of the heating system also affect the energy and CO2/GHG emission performance of buildings.
The Taylor method was developed using data originally obtained to determine the efficiency and outputs of a
heating system – specifically one with a gas condensing boiler. It requires no insolation measurements but
the Heat Losses and Solar Gains are determined from the daily outside Temperature Swing, which is
extrapolated to zero. Even with some data loss, it can determine Heat Losses to within less than 1%. The
short-term methods can correct for Solar Gains with insolation measurements during the test. However, to
determine the annual Solar Gains where there is shading by other buildings and trees requires testing over a
full year. So too does the determination of the Internal Gains and the heating system performance and
efficiency. Thus the short-term HWB and Co-heating methods and the long-term Taylor method are
essentially complementary.
The Taylor method enables the energy performances of the building and the heating system to be separated,
when assessing energy and fuel consumptions and CO2/GHG emissions. This could inform all field trials,
including of Passive Houses, which are often monitored. It should also be applicable to all new and existing
buildings, including those with group and district heating. These may use heat-only boilers or co-generated
heat, from fossil fuels or renewable energy from e.g. solar, wind or biomass. Indeed it should be even easier
to apply in these cases, since the heat supplied is often metered and logged, as are the outside temperatures.
Energy suppliers could analyse existing customer data, to advise them of their energy saving options. Also,
by using the method before and after, the effectiveness of insulation and air-change measures may be
measured ‘as built’. Such findings should also inform energy policy at all levels. Since most existing
buildings will remain in use for many decades, such a method for determining their gross and net heat
demands will help to meet the challenges of fossil fuel depletion and climate change.
7. Glossary
Balance Temperature – X-intercept of line through the data cloud, taking account of Solar Gains.
Co-heating Method – Procedure and analysis for measuring the Heat Losses and Solar Gains of buildings.
Data cloud – a cluster of data points on a plot, here usually of daily Heat versus Outside Temperature.
Degree-days – parameter multiplied by Heat Loss Coefficient of building to estimate annual energy use.
DHW - Domestic Hot Water (i.e. hot tap water).
Electricity Gain - here taken as all that for lights and appliances, less Electricity Input to the boiler etc.
Electricity Input – energy to boiler controller, fan, pumps and diverter valve.
Gas Heat = Gas Input x Gas Efficiency (on the Higher Heat Value basis).
Gas Input – energy calculated from gas meter readings and the declared Higher Heat Value of the gas.
GHG – Greenhouse Gas.
GHL - Gross Heat Loss = Internal Heat + Solar Gain
Heat Loss Coefficient of building - here taken as (Gross Heat Loss at 0 C)/X-intercept
Higher Heat Value – Gross Calorific Value of the gas used in the boiler.
HL – Heat Loss = Total (boiler) Heat + Solar Gain
HWB Method - Hottel-Whillier-Bliss analysis and Procedure for measuring Heat Losses and Solar Gains.
Internal Heat = Total (boiler) Heat + Internal Gain
Internal Gain = Metabolic Gain + Electricity Gain
Metabolic Gain - here taken as 100 W for one adult.
OT - Daily Average Outside Temperature.
Taylor Method – Test Procedure and analysis for measuring the Heat Losses and Solar Gains of buildings.
TH - Total (boiler) Heat = Gas Heat + Electricity Input (to boiler etc).
TS - Daily Outside Temperature Swing = Daily Maximum Temperature – Daily Minimum Temperature.
SEDBUK - Seasonal Efficiency of Domestic Boilers on the UK Market.
X-intercept – here of Gross Heat Loss line on plot of daily Heat Loss vs daily average Outside Temperature.
This work was funded by the author.
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1. Introduction
The penetration of the Building integrated Photovoltaic (BIPV) still remains a small scale compared to the fast
growing photovoltaic market. Significant obstacles are legal and administrative process as well as technical barriers.
For instance, BIPV is currently not categorized in the building regulation lists, the link between PV- and
construction sector is not clear enough and a lack of BIPV standards based on building product requirements are
critical issues [SUNRISE, 2008].
Currently, the requirements for BIPV modules are based solely on building codes and photovoltaic standards
without any consideration of its individual product aspects. Every BIPV products that replace building components
of the roof or façade has to comply with both the conventional building codes (e.g. EN12543, EN1449, and
DIN18008) and PV standards (e.g. EN61215, EN61646, EN61730) [IP-Performance, 2008].
In order to verify the capability of BIPV modules in terms of building applications, additional aspects such as glass
fracture, weather resistance, cell characteristics and building regulation must be taken into account. These can be
determined by mechanical behaviors (bending stress and deformation). This mechanical behavior of building
products is one of the main issues under ‘mechanical resistance and stability’ in Construction Products Directive
(CPD).
Moreover, there is no explicit standard or test procedure for mechanical behavior of BIPV modules as part of the
building shell. In addition, each country has its own set of national regulations and standards, making it difficult for
the PV-module manufacturers to identify such a format that best suit to a widely accepted building codes
The aim of this paper is to examine the mechanical behaviors of BIPV modules (BIPV-laminated glass). It describes
methods for mechanical load scenarios under consideration of different operating temperatures and load duration.
The testing modules are classified according to the encapsulation (EVA and PVB) under 4-side mounting system.
Besides, acceptability of EVA foil as a building product is also a major issue in this study.
In the BMU research project "MULTIELEMENT, the Fraunhofer Institute for Wind Energy and Energy System
Technology (IWES) together with 15 industrial partners study on the development of manufacturing, testing and
installation methods of multifunctional photovoltaic devices / modules in buildings [Misara et al. 2009].

2. Mechanical behavior of BIPV modules
BIPV modules are typically fabricated in laminating process with 2 glass panes and described as a laminated glass
[VDE 0126-21]. Laminated glass consists of at least two panes and one interlayer, whereby the panes are bonded to
the interlayer in the manufacturing. The mechanical behaviors of laminated glass depend on not only glass material,
but also on the bonding properties of interlayer. Following are the different bonding stage of laminated glass.
•

Multilayer glass (without bond) - When two or more panes are laid loosely on top of each other
without any interlayer bonded in between the individual panes, then the loads are split in proportion to
its bending strength.

•

Monolithic glass (Rigidly bonded) -Monolithic glass is a glass panel comprised of a single sheet of
float glass. The glass can be tinted, coated, and otherwise processed, but it is used as a single sheet.

•

Laminated glass (with bond) - In case of two layers of glass panes bonded with a shear-resistant
interlayer, the load can no longer be split in proportion to the strengths but are carried by a composite
unit.
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(a) Multilayer glasses without bond

(b) Monolithic glass

(c) Laminated glass
(eq. 1)
Figure 1 Deflection behavior and stress distribution of (a) multilayer glasses without bond, (b) monolithic glass and (c) laminated glass.

The mechanical behaviors of laminated glass can be described in terms of bending stress (σ) and deflection (d).
Figure 1 describes the mechanical properties of laminated glasses under different bonding states of interlayers. The
lower limit is the so-called layered limit, where the glass panes react without shear bond (a). The upper limit is the
monolithic limit where all glass panes are rigidly connected (b). The mechanical behaviors (bending stress and
deflection) of laminated glass are between these upper and lower limits (c), (eq. 1) [Schittich et al, 1999].
With respect to higher operating temperature of BIPV module, the mechanical behaviors will be changed compared
to conventional laminated glass. For mechanical behaviors of glass material, there are no significant changes
regarding higher operating temperature of BIPV module. However, the bonding properties of interlayer depends
mainly on operating temperature of BIPV module compared to conventional laminated glass. Moreover, the load
duration is also another parameter effects on bonding properties and mechanical behaviors of BIPV-module,
respectively. Therefore, interlayer material is playing a major role in mechanical behaviors of BIPV-laminated glass.
Interlayer characteristics
Polyvinyl Butyral (PVB) is widely used in glass lamination. The main use of PVB is in safety laminated glass due to
its special properties like resistance to physical attack and its residual load bearing capacity, thanks for long
experiences in glass industries. In the PV industry, alternative interlayer materials are used instead such as ethylenevinyl acetate (EVA) or polyethylene (PE) with improved temperature stability. Other special applications are
realized by using thermoplastic polyurethanes (TPU) as interlayer. These interlayer materials differ in their chemical
composition and morphology.
The mechanical behavior of interlayer can be characterized by the viscoelastic material (viscous + elasticity). This
viscoelastic response may be modeled as a spring for elasticity (so called Hook-model) and a damper for viscous (so
called Newton-model) in series, also called the Maxwell model (Figure 2).
Elasticity depends mainly on operating temperature of interlayers (Figure 3). The elasticity (storage module) of
different interlayers decrease with higher operating temperature. At low operating temperature, the storage module
of PVB is higher than other interlayers. With respect to glass transition temperature of PVB at 25°C, therefore, the
storage module of PVB is now lower than other interlayers at higher operating temperature [Weller et al. 2009].
Viscous describes the time-delayed characteristics of elasticity of interlayers but completely reversible deformation
behavior of a material under external mechanical load, so called shear modulus. This behavior is explained by the
process of creep, which describes a time-dependent increase of strain at constant stress, and the process of
relaxation, which describes the reduction in strain at constant deformation. The process of creep and relaxation
depends also on operating temperature and time duration under mechanical load. Figure 4a describes the creep
charactertic of PVB-interlayer with different operating temperature, while Figure 4b describes the creep
characteristic of EVA-interlayers. It can be evaluated that the decreasing creep rate of PVB-interlayer is faster than
EVA-interlayer. At higher operating temperature, the decreasing creep rate of EVA-interlayer is nearly zero [Sobek
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et al 2000], [Dietrich et al. 2009], [Eitner et at. 2010]. Therefore, it can be evaluated that the mechanical behaviour
of interlayer depends mainly on operating temperature and load duration.
Hook Model (Elastic)

σ = E ×ε

Newton Model (Viscous)

σ = η × ε

Maxwell-Model (Viscous + Elastic)

σ = σ E = σ η , ε = ε E + εη

Figure 2 Rheological behavior of polymers: Hook, Newton and Maxwell Models

Figure 3 Thermo-mechanical behavior on the elasticity of interlayers [Weller et al. 2009]

Figure 4 The creep and relaxation characteristic of interlayers based on different operating temperature.
(a. PVB-interlayer [Sobek et al. 2000], b. EVA-interlayer [Eitner et at. 2010])

3. Problem
The mechanical characteristic is the one of the most characteristics to describe the failure modes of BIPV modules
in both terms of electrical and mechanical failures; glass fracture, weather resistance, cell characteristics and
building regulation [Dietrich et al. 2009].
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For building regulation, the laminated glass with PVB-interlayer is accepted as laminated safety glass in a regulated
building product list, thanks to their long experience in glass industry. With respect to German building regulation, it
is not allowed to calculate the bonding characteristic of interlayer by calculating the static of the laminated glass and
laminated safety glass due to poor bonding characteristic of PVB-interlayer at long load duration (high creep rate).
In the static calculation of laminated glass, therefore, the bonding characteristics will be considered at long load
duration as worse case. Hence, the mechanical behaviors of laminated glass will be solely considered under external
mechanical load concerning to EN 1991 for wind and snow load without any consideration of load duration.
Most of laminated glasses perform their functions at room temperature. With respect to higher absorption rate of
BIPV modules and representing higher operating temperature, therefore, the mechanical behaviors of laminated
glass and its interlayer will be changed. The operating temperature of BIPV modules are varied based on solar
irradiation, ambient temperature, etc. This leads to different amount of external mechanical loads (wind and snow
load) on the BIPV modules.
Up to now, there are neither common regulations nor relevant building codes on how to calculate the mechanical
behaviors of laminated glass together with its bonding properties under consideration of operating temperature and
load duration along with corresponding magnitude of external mechanical loads.
In the PV industry, alternative interlayer materials have been used instead; such as EVA, PE, TPU, etc. Even though
these interlayers demonstrate better mechanical behaviors (better elasticity at high operating temperature and lower
creep rate), these interlayers are not accepted as laminated safety glass in regulated building products due to less
experience of their characteristics. These alternative interlayers are quite new for building product industries.

4. Objective
The bonding characteristics of interlayer (elasticity and creep) are the primary issues for investigating the
mechanical behaviors of BIPV module under consideration of operating temperature and load duration. The bending
stress and deflection will be considered as major parameters. The testing modules are classified according to the
encapsulation (EVA- and PVB interlayers) under 4-side mounting system.
Firstly, the mechanical behaviors of PV laminated glass with PVB-interlayers have been simulated by FEMAnalysis under different bonding characteristics of interlayers, affected by operating temperature and load duration.
With respect to different operating temperature, load duration and amount of external load at BIPV module in
outdoor applications, the matrix of load scenarios have been considered under thermal and mechanical load along
with load duration.
Afterwards, the mathematical models for different modules configuration and systems have been developed in order
to assess the mechanical properties (bending stress and deformation) of BIPV modules in building construction
based on different module dimensions (500 – 2500mm), different load scenarios of external mechanical loads and
different operating temperatures.
Besides, acceptability of EVA foil as a building product is also a major issue in this study.

5. Simulation modeling
With the help of the FE modeling to determine bending stresses and deformations under mechanical stress, the
numerical investigation of the behavior of PV elements was carried out using ANSYS software. The modeling is
based on the findings of the structural behavior of laminated glass.
In this FE modeling, the module dimension of 1200 x 1000 mm is used with 4-side mounting system with different
module configuration and different loads (Table 1a). In order to evaluate the mechanical characteristic of PV
laminated glass, the bonding characteristic (shear modulus) of PVB-interlayer have been considered as a function of
operating temperature and load duration (Table 1b). The limits of bending stress and deflection of PV-module will
also be taken into account [EN12448].
Figure 5 represents the bending stress and deflection of different module configurations and loads scenarios under
consideration of different bonding characteristics of PVB-interlayer elements together with its limitation defined in
EN 12488.
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No.
a
b
c

Dimension
(mm)
1200 x 1000
1200 x 1000
1200 x 1000

Configuration
(mm)
6-1-6
6-1-6
3-1-3

Load
(kN/m²)
3.00
6.00
3.00

Temperature
(°C)

Load
duration

Shear
modulus

Rigidly bond
0
20
40
70
Without bond

1h
10 sec
1 min
1 min
-

∞
94.5
1.47
0.42
0.04
0

(a)

(a)

monolithic
94,5 N/mm²
1,47 N/mm²
0,42 N/mm²
0,004 N/mm²
2 glass panes
Limited float glass
Limited heat
strength glass

Diagonal (mm)
Deflection (mm)

Diagonal (mm)
Deflection (mm)

Deflection (mm)

Diagonal (mm)

Stress (N/mm²)

Stress (N/mm²)

a) different module dimension with different module configuration and load scenarios
b) Shear modulus as a function of temperature and exposure time

Stress (N/mm²)

Table 1

(b)

(b)

monolithic
94,5 N/mm²
1,47 N/mm²
0,42 N/mm²
0,004 N/mm²
2 glass panes
Limited float glass

(c)

Figure 5 Simulation of bending stress and deflection of the PV modules (1200x1000 mm) for PVB interlayer under different PV module
configuration and load scenario

The maximum bending stress and deflection are at the middle of the modules. With high bonding properties of 94.5
n/mm² (operating temperature at 0°C and load duration of 1h), the laminated glass can be nearly assumed as
monolithic glass, while low bonding properties of 0.04 N/mm² (operating temperature at 70 °C and load duration of
1min) can be assumed as 2 single glass panes without any bonding properties of interlayer. The membrane effect can
be seen after the bending stress has passed the glass limitation (Figure 5b and 5c) [Diaz, 2010].
FEM analysis is a good software with high accuracy for consideration of entire module area. The Membrane effect
can also be seen. However, this membranes effect will happen after the module deflection is higher than their
thickness, which is of course, not be allowed in the building regulation. Most of building authorities require only
maximum values of stress and displacement, which have to be lower than limitation defined in building codes
above. Moreover, it takes lots of time to do the simulation with ANSYS for different module sizes and configuration
and etc.
Therefore, many manufacturers are working now with simple static calculation (such as glass statics, üko, etc.). At
this point, the membrane-effect is not taken into account because the limit has been exceeded, if the membrane
effect happens. However, the operating temperature and load duration have not been considered in these simple
static calculations. Hence, the new numerical calculation model has been developed under consideration of
operating temperature and load duration.
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6. Numerical simulation
The numerical simulation aims at predicting the mechanical behaviour of laminated glass. Critical issues are the
temperature, load duration, type of multilayer laminated glass, and type of the interlayer.
Load scenarios
Wellershoff has developed the new load scenarios for static calculation on different operating temperature and load
duration [Wellershoff, 2006]. The scenarios are based on gust wind speed and ambient temperature from DWD-Data
from 1970 – 1998 together with his measurement of interlayer temperature of laminated glass with black screen
printing glass. The different wind loads can be applied to its corresponding operating temperature of BIPV module.
Along with other mechanical loads of snow and own loads, Table 2 represents the load scenarios for the numerical
simulation. The operating temperature can be classified into 5 scenarios from 0°C to 80°C. In each scenario, there
are 3 different load durations with its corresponding wind, snow and own loads.
Load
Scenarios
1
2
3
4
5

Wind Load
Snow Load
Own Load
(of wmax)
(of smax)
4 days 10 min 3 sec
0 °C
0.250
0.500
1.000
1.000
1.000
+
0 °C
0.250
0.500
1.000
0.000
1.000
20 °C
0.250
0.500
1.000
0.000
1.000
50 °C
0.125
0.250
0.500
0.000
1.000
80 °C
0.080
0.160
0.320
0.000
1.000
wmax = maximum wind load from EN 1991 or DIN 1055
smax = maximum snow load from EN 1991 or DIN 1055

Operating
Temperature

Table 2 Wind load scenarios for the design of laminated glass

Calculation methods
For the static calculation, it is not possible to define a complete mechanical characterization on the whole
photovoltaic system due to the multiple possibilities of installations. However, the module has to be dimensioned on
the ways they intended to be mounted. Table 3 represents the bending stress and deflection equations of monolithic
glass and multilayer glass without lamination, where q represents the external mechanical loads from EN 1991 and
its own load in N/mm². The parameter l and tG are the length of the module on short side and glass total glass
thickness in mm, respectively. The elasticity of glass is around 70kN/mm². Regarding different mounting systems
(4-side, 2-side or 4-point), the parameters of k1 and k2 can be received from (Table 4) [Widjaja, 2009].
Monolithic Glass

Stress

( N / mm 2 )
Deflection

( mm )

σ mono

k1 ⋅ q ⋅ l 2
=
tG 2

f zul , mono

k2 ⋅ q ⋅ l 4
=
E ⋅ tG 3

Multilayer Glass
without lamination

σ ohne / σ mono = 2
f zul ,ohne / f zul , mono = 4

Table 3 Calculation method of stress and deflection of monolithic and 2 glass panes without lamination
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Mounting System
4-side

2-side

4-points

Lmin / Lmax

K1
0.750

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

K2
0.156

K1

K2

K1

K2

0.748
0.725
0.673
0.603
0.526
0.451
0.383
0.323
0.272

0.147
0.142
0.131
0.115
0.099
0.083
0.068
0.056
0.046

0.803
0.832
0.861
0.892
0.925
0.964

0.177
0.187
0.199
0.227
0.275
0.332

Table 4 Parameter K1 and K2 for different mounting systems: 4-side, 2-side and 4-ponits

For laminated glass, Table 5 represents the static calculation under consideration of bonding characteristics of
interlayer (shear modulus – G) in shear parameter (β1) together with different glass configuration in stiffness
parameter (α) [Kutterer, 2009]. This bonding characteristic of interlayer (G) depends on different operating
temperature and load duration at different scenarios as defined in Figure 4.
Bending stress of laminated glass

σ lam
σ mono

Deflection of laminated glass

⎡
⎤
⎛ 1,35 ⎞
4 + 4h + ⎢ 2 ⋅ β1 ⋅ ⎜1 + 1,8 ⎟ ⋅ π 2 ⎥
λ ⎠
⎝
⎣
⎦
=
1
⎡ ⎛ 1,35 ⎞ 2 ⎤
⎢ β1 ⋅ ⎜1 + λ 1,8 ⎟ ⋅ π ⎥ + 1 + α
⎠
⎣ ⎝
⎦

Shear parameter:

β1 =

κ ⋅h
E
⋅
G (1 + κ )2 ⋅ l

wlam
wmono

⎡
⎤
2
3 ⎥
⎢
3 ⋅ κ ⋅ (1 + 2h )
1+ κ
⎥
=⎢
+
3
1,35
2
⎞
κ
1
+
⎢ (1 + κ ) + 4π 2 ⋅ κ ⋅ ⎛1 +
⎥
(
)
⋅β
⎜
⎢⎣
⎥⎦
λ 1,8 ⎟⎠ 1
⎝

Stiffness parameter:
2

α=

−1

1+ κ 3

3 ⋅ κ ⋅ (1 + κ ) ⋅ (1 + 2h )

2

where

κ = to t u

tG = t o + t u

h = h tG

l = l tG

λ = lmax lmin

to
tu
h
l
E
G

= Thickness of front glass (mm)
= Thickness of back glass (mm)
= Thickness of interlayer (mm)
= Length of short side (mm)
= Elasticity of glass (N/mm²)
= Shear modulus of interlayer (N/mm²)

Table 5 Calculation of bending stress and deflection for laminated glass in correlation with the bending stress and deflection of
monolithic glass.

7. Analysis of the results
Roof-Specimen
For this numerical simulation, the module dimension was assumed to be varied from 500 mm – 2500 mm on both
length and width sides with module configuration of 3-0.76-3 mm (front glass, interlayer and back glass). The
maximum load scenario was taken from industry roof with inclination of 10° from horizontal at 12 m height. The
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PV module was mounted with 4 side mounting system. The location of building is at wind zone 3 and snow zone 4
as defined in EN 1991, represents the maximum wind and snow loads of -2.09 kN/m² (pull) and +0.88 kN/m² (push),
respectively. The own load of this laminated glass is +1.66 kN/m² (push).
In order to evaluate the mechanical behaviours of BIPV Module, the numerical model are determined under
consideration of operating temperature and load duration. For each analysis, using glass dimension as the domain,
the bending stress and deflection will be evaluated.
Evaluation

(a)

(b)

(c)

(d)

Figure 6 Bending stress and deflection of laminated glass with PVB interlayer at different operating temperature and load duration;
Dependency on operating temperature (a, b), Dependency on load duration (c, d)

Temperature dependency: In Figure 6a and 6b, the computational bending stresses and deflection are compared with
regard to the different operating temperature of the laminated glass. For BIPV module with 60°C operating
temperature, the bending stress and deflection are greater compared with 40°C operating temperature due to lower
elasticity of interlayer at higher operating temperature. The bending stress and deflection of laminated glass increase
dramatically with increasing temperature over glass transition temperature (TG) of interlayer.
Load duration dependency: The load duration dependency gives a clearer picture of the phenomenon of the
increasing bending stress and deflection over the exposure time period. Figure 6c and 6d describes the difference in
mechanical properties with regard to the different load duration. For BIPV Module with 4 days load duration, the
bending stress and deflection are greater compared to with 3 second load duration. It represents the creep
characteristics of the interlayer materials. Therefore, the bending stress and deflection increase with longer load
duration.
These temperature and load duration dependencies were good agreement between the theoretical creep and storage
modulus characteristics and the computational results.
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(a)

(b)

Figure 7 Bending stress of monolithic glass (a) and laminated glass (b) under different load scenarios.

Characteristics under different load scenarios: Of all the data collected, the set of results from different scenarios are
compared. Figure 8 presents the series of scenarios of monolithic glass and laminated glass. The maximum bending
stress for monolithic glass could be found under scenarios 1.1 (@ 0°C, 4 days, wind and snow loads), whereas the
maximum bending stress for laminated could be found under scenario 5.1 (@ 80°C, 4days, wind load). This can be
evaluated that the mechanical behaviour tendency of laminated glass could not be assumed as of monolithic glass.

(a)

(b)

Figure 8 Bending stress and deflection of laminated glass with PVB and EVA interlayers at low operating temperature; (a) bending
stress, (b) deflection

Interlayer dependency at low operating temperature: In order to closer evaluate on the operating temperature
dependency on the mechanical behaviours of the laminated glass, a simulation of bending stress and deflection at
low operating temperature are also determined. At operating temperature of 0°C, the bending stress and deflection
decrease for both laminated glass with PVB and EVA and shows better mechanical behaviours than the monolithic
glass due to higher shear modulus of interlayers (Figure 8).
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(A)

(B)

(C)

(D)

Figure 9 Mechanical behaviors (bending stress and deflection) of laminated glass with EVA and PVB interlayers at high operating
temperature; with short load duration (A, B), with long load duration (C, D)

Interlayer dependency at high operating temperature: Vice versa of low operating temperature, the computed
bending stress and deflection of the laminated glass at high operating temperature show a reduction in mechanical
behaviours, representing the effect of the elasticity of the interlayer materials. The laminated glass with EVA shows
much better mechanical behaviors than laminated glass with PVB-interlayer due to lower elasticity of PVB
interlayer compared to EVA-interlayer at higher temperature (figure 9-A, 9-B).
Interlayer dependency with different load duration at high operating temperature: With respect to long load duration
at higher operating temperature, the laminated glass with EVA-interlayer shows much better mechanical behaviors
than with PVB-interlayer due to better creep characteristic of EVA-interlayer compared to PVB-interlayer (Figure 9C, 9-D).
8. Conclusion
The mechanical behaviors were defined by bending stress and deflection occurred in glass. It is influenced by the
temperature, load and load duration. In this paper, a methodology based on the shear modulus characteristics of the
interlayer material has been validated and then applied to the investigation of the effect of various parameters.
The numerical model proves that at lower operating temperature, both laminated glass with EVA or PVB interlayers
have better mechanical behaviors than monolithic glass. On the other hand, laminated glass with EVA-interlayer
shows better mechanical behaviors than with PVB-interlayer at higher operating temperature due to lower storage
module reduction. In particularly at longer load duration, laminated glass with EVA-interlayer shows much better
mechanical behaviors than with PVB-interlayer due to lower creep characteristic. Therefore, EVA can be proved to
be used as laminated safety glass in building applications.
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9. Outlook
From the mechanical point of view, experimental data from mechanical test are needed in order to prove the
validation of the model. In addition, the generality of the model should be examined by applying it to different
conditions such as type of glass formation and different clamping. This would provide generic information and
improve the modeling.
Regarding neither common regulations nor relevant building codes on mechanical behaviors of BIPV, therefore, the
new calculation methods is needed for the standard or building codes under consideration of operating temperature,
load duration.
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Abstract
The integration of photovoltaic (PV) modules on building façades and rooftops is an ideal application of solar
electricity generators in the urban environment. Maximum annual performance of grid-connected PV is
usually obtained with modules tilted at an angle equal to the site latitude, facing the equator. The
performance of PV systems not tilted or oriented ideally can drop considerably, depending on site latitude.
With grid parity - when the cost of solar electricity becomes competitive with conventional electricity –
expected in many countries in the present decade, a more widespread application of PV on buildings is
expected, and in this context, the main goal of this paper is to show that good compromises between form
and function can be reached. In this work we compare the annual energy generation of a curved BIPV
system installed as a carport rooftop, with an ideally-oriented and tilted, flat BIPV system installed as a
building’s rooftop cover at a low-latitude site (27oS). For the one-year period analysed here (Jun/2009 to
May/2010), the curved-shaped BIPV annual yield was 12% lower than the reference BIPV system, and, for
summer months (Nov/2009 to Feb/2010), the BIPV curved-shaped system presented superior monthly yield
(the difference was +15% for Nov/2009). From these results it was possible to show that one can reach a
good compromise between form and function in BIPV systems.
Keywords: grid-connected photovoltaics; building-integrated photovoltaics (BIPV); thin-film PV; yield of
solar generators.
1. Introduction
Energy generation is one of the central issues of sustainable development all over the world. The direct
conversion of sunlight to electricity using solar photovoltaic (PV) devices is one of the most elegant and
benign ways of generating electrical power. When PV modules are integrated to a building’s skin, as part of
the roof or as façade elements, the unique attribute of this power generating technology – the possibility to
generate energy where energy is consumed - is put to its most ideal application. Besides, especially in the
case of replacing high-priced architectural exterior materials, which are frequently used in recent buildings,
the economic efficiency of BIPV systems increases (Miles, 2006). The ability of buildings to supply their
own electricity through photovoltaics is receiving concentrated interest (Yoon et al., 2011). When PV
generators are constructed as part of a building’s envelope, energy transmission infrastructure, and the
associated costs and losses are also avoided, and final energy costs can be compared with end-consumer
tariffs, instead of with energy costs at the generation plant busbar.
For grid-connected PV systems, annual performance optimization is usually obtained when PV arrays are
oriented towards the equator (facing south at sites in the northern hemisphere, and facing north at sites in the
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southern hemisphere). The tilt angle depends mainly on the position of the sun and, therefore, differs from
location to location in the world (Beringer et al., 2011), but commonly it is assumed that the best tilt angles
are equal to the site latitude. At low-latitude sites, where the sun is always high in the sky, the integration of
PV on vertical façades can lead to considerable performance losses in comparison with the ideal tilt and
orientation. Burger and Rüther (2006) have shown, however, that a vertical, north-oriented façade at a 27oS
(Florianopolis) site in south Brazil still receives some 30% more solar irradiation over a year than a vertical,
south-oriented façade at 48oN (Freiburg) site in Germany. Yoon et al. (2011), analysed a building in order to
evaluate the efficiency of the BIPV system under a non-optimized condition for better solar radiation, by
considering the effect of shading, especially by the building itself and the direction of the building in terms of
azimuth on the electrical energy generation. There are a number of PV systems electrical design and
engineering strategies, which try to assess and overcome the intricacies and consequences of the suboptimal
position of PV arrays on buildings (Marada et al., 1998; Yoo e Lee, 2002; Ordenes et al., 2007; Song et al.,
2008; Chel et al., 2009; Rüther e Braun, 2009; Agrawal e Tiwari, 2010; Corbin e Zhai, 2010; Sun e Yang,
2010).
The electrical design and engineering, as well as the performance forecast of ground-mounted, ideally-tilted
and -oriented PV systems is relatively straightforward to perform and assess. With the development and
acceptance by architects and builders of PV devices as building elements, tailored for BIPV applications,
curved shapes start becoming more common, adding complexity to the estimation of BIPV system
performance. Due to the surrounding environment, BIPV systems can quite often be more prone to partial
and occasional shading, which lead to performance losses that have to be quantified and minimised at the
project stage. Quite often, compromises between the aesthetic appearance (form) and the energy production
(function) expected from a PV generator integrated on a building will have to be reached. Knowledge of the
concurrent, and sometimes conflicting, consequences between form and function then become of both
technical and scientific, as well as of economic interest.
With a more widespread use of this technology, enhancing the performance of BIPV installations will need to
be addressed in more detail (Khedari et al., 2002; Yoo e Lee, 2002; Gan e Riffat, 2004; Alnaser e Flanagan,
2007; Tian et al., 2007; Bloem, 2008; Xu e Dessel, 2008; Norton et al., 2010), and output power penalties
due to suboptimal PV array tilt or orientation will become a more critical issue. Careful design and the
education of architects and engineers can foster the use of PV cogen techniques (Bazilian et al., 2001).
PV solar energy conversion in urban, grid-connected applications is expected to reach grid parity - become
cost-competitive with conventional, utility grid supplied electricity – in many parts of the world in the
present decade (Byrne et al., 1996; Masini e Frankl, 2003; Yang, 2010). The impressive and ongoing cost
and price reductions displayed by this technology in the last ten years were only possible because of the
production volumes related to the consistent support of incentive programs, mainly in Germany and the rest
of Europe (Neij, 2008; Dusonchet e Telaretti, 2010; Frondel et al., 2010). In Brazil and other low-latitude
countries, solar energy scenarios indicate a promising future for grid-connected, building-integrated
photovoltaics (Martins et al., 2008), where this technology can have a considerable contribution to the
national energy mix in the near future.
In this context, studies that demonstrate, with comparisons, the PV systems performances for different
technologies and design concepts, for the same location, are extremely important for support architectural
decisions during the project phase.
In this work we present experimental results comparing the seasonal and annual energy generation
performance of an aesthetically appealing, but not-ideally-oriented and tilted, curved BIPV system installed
as a carport rooftop, with an ideally-oriented and tilted, flat BIPV system installed as a building’s rooftop
cover using the same commercially available, flexible thin-film amorphous silicon PV module. The BIPV
systems are located in close proximity to each other in Florianopolis (48 oW, 27oS) - Brazil, and the main goal
of this paper is to demonstrate the good compromise that can be reached between form and function in gridconnected, BIPV systems at low latitudes.
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2. Method
In order to demonstrate that a good compromise between form and function for a BIPV could be reached,
two cases were studied. The first one, considered “ideal system” and called as “UFSC Flat Reference” has
the modules on a flat roof north oriented and with tilt angle equal the local latitude (27°). The second one,
installed on a curved roof, and labeled as “ELETROSUL Curved System” has half system oriented for
northeast and half system oriented for southwest and the tilt angle is, on average, 9°. Both PV generators are
very close to each other, with a distance of 600 meters. Besides, both installations have independent data
acquisition systems. For this study, a period of one year was analysed, starting on June, 2009 until May,
2010. The two PV generators were compared through their monthly and annual energy yields (kWh/kWp), as
this is one of the most relevant performance parameters to compare different photovoltaic systems (Marion et
al., 2005).

3. Project description
Both PV generators are installed in Florianopolis, in close proximity to each other. Fig. 1 shows the UFSC
Flat Reference System, comprised of a flat, latitude-tilted, north-oriented, 10 kWp building-applied PV
generator installed on the rooftop of the Universidade Federal de Santa Catarina (UFSC) theatre’s main
building. This PV system uses 80 flexible, 128 Wp each (model PVL-128 from Unisolar), thin-film
amorphous silicon (a-Si) laminates, bonded to a flat metal surface, divided in seven subsystems with various
electrical configurations designed to allow for experimentation with different inverter types, and inverter vs.
PV array sizes (Burger e Rüther, 2006). The subsystem used in this work is comprised of 24 modules (3.072
kWp) connected to a Sunny Boy SB2500 inverter, plus a dedicated data acquisition system that acquires
module temperature, solar irradiation and electrical parameters at 5-minute intervals.

Fig. 1: Flat, latitude-tilted (27°), north-oriented, 10.24 kWp building-applied PV generator installed on the rooftop of the Universidade
Federal de Santa Catarina (UFSC) theatre main building.

Fig. 2 shows the ELETROSUL Curved System, a curved surface 12 kWp PV array integrated as a car port
roof cover at the utility company ELETROSUL headquarter’s building, which is some 600 metres away from
the UFSC’s PV installation. This BIPV installation is comprised of 88 flexible, 136 Wp each (model PVL136 from Unisolar), thin-film a-Si laminates, bonded to a curved metal structure, and divided in three
subsystems, each connected to an individual Sunny Boy SB4000 inverter, plus data acquisition system that
acquires module temperature, solar irradiation and electrical parameters at 5-minute intervals. Fig. 3 shows a
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schematic diagram of the three subsystems PV modules’ layout. Because the car parking lots at the
ELETROSUL headquarters building complex were already defined, the PV system orientation followed the
existing pattern, and was not aligned with the north orientation, as shown in Fig. 3. Subsystem 1 (yellow)
presents half of the modules facing NE, and the other half facing SW; this layout has consequences in the
electrical design of the installation, since the NE and SW portions of the PV array are subjected to different
irradiance conditions. In subsystem 2 (green), all modules face SW and are subjected to the same irradiance
level; and in subsystem 3 (red) all modules face NE, receiving the largest amount of sunshine over the year.

Fig. 2. Curved surface 11.97 kWp PV array integrated as a car port roof cover at the utility company ELETROSUL headquarter’s
building.

Fig. 3. Schematic diagram of the three subsystems PV modules’ layout.

The irradiation values used in this paper were obtained through a pyranometer of photovoltaic cell model
Sensor Sunny of SMA, installed in the reference system, with inclination of 27° and north-oriented (same
plan of the photovoltaic array). These values correspond to the global irradiation, because they involve the
components direct and diffuse of the incident radiation. Fig. 4 shows the evolution of the monthly irradiation
in the analyzed period.
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Fig 4. Evolution of the monthly irradiation (kWh/m²) of the UFSC flat reference.

The flat 10 kWp PV installation at the UFSC theatre faces true north, and is never shaded, representing an
ideal and real, but not always possible, situation in terms of PV array tilt and orientation. PV array
performance optimization (function) was the priority in this system’s design. The 12 kWp PV system at
ELETROSUL, on the other hand, represents an effort in the compromise between performance and
aesthetics. This installation also presents some elements around it (trees, advertising billboard, and the main
ELETROSUL headquarters building itself) that can project a certain amount of shade over parts of the PV
system in the early morning and late afternoon depending on the season.
In order to be able to assess the effects of shading on the ELETROSUL PV generator, we have used the
software ECOTECT. Fig. 5 shows a diagram with the PV system and the surrounding volumes that can
project shade on its surface. The simulation shown in this figure corresponds to 11:00 on a typical midAugust day.

Fig.5: Diagram with the PV system and the surrounding elements that might project shade on its surface. The simulation shown
corresponds to 11:00 on a typical mid-August day.

One subsystem representative of the flat-surface UFSC PV generator, and the three ELETROSUL curvedsurface subsystems subjected to different degrees of solar irradiation due to their various tilts and orientations
were compared in terms of monthly and annual energy production (energy yield). In the next section we
present and discuss these results, in the light of the compromises between form and function for these two
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solar PV generators.
4. Results and discussion
With the aim to ascertain whether the aesthetic compromise reached in the ELETROSUL PV installation
resulted in an acceptable annual energy loss, we compared the output performance of the two installations
previously described. Table 1 shows the total annual energy yield for each PV array, for the period June 2009
to May 2010. In all cases, in order to account for PV system and subsystem nominal power differences, and
to facilitate direct comparison, we have presented output performance (kWh) normalised to nominal (rated)
power (kWp).

Tab. 1: Annual yield of the UFSC flat reference and the ELETROSUL photovoltaic subsystems and full system (kWh/kWp).

UFSC

ELETROSUL

ELETROSUL

ELETROSUL

ELETROSUL

flat reference

curved # 1

curved # 2

curved # 3

full system

Yield (kWh/kWp)

1265

1080

1081

1173

1110

%

100

85

85

93

88

The ideally tilted and oriented flat reference UFSC system yielded 1265 kWh/kWp over the 12 months
period, while for the ELETROSUL full system, the annual energy yield was 1110 kWh/kWp (87.7% of the
UFSC reference system’s yield). Looking at the three ELETROSUL installation’s subsystems individually,
annual yields were 1080 kWh/kWp (85.4% of the UFSC reference system’s annual yield), 1081 kWh/kWp
(85.5% of the UFSC reference system’s annual yield), and 1173 kWh/kWp (92.7% of the UFSC reference
system’s annual yield), for subsystems #1, #2, and #3 respectively. Fig. 6 shows the evolution of the
monthly yield for the two systems. A smaller annual variability in output for the UFSC installation, which is
designed for maximum output throughout the year, with the PV array tilted at 27 o (latitude tilt). The good
performance of thin-film amorphous silicon PV systems operating in warm climates, is the result of the
intrinsic characteristics of this photovoltaic material, and these issues have been discussed elsewhere (Rüther
e Livingstone, 1995; Rüther, 1998; Rüther e Dacoregio, 2000; Rüther et al., 2003).
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Fig. 6: Evolution of the monthly energy yield (kWh/kWp) of the UFSC flat reference and the ELETROSUL curved PV arrays.
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It is noteworthy that on an annual basis, performance losses due to non-ideally tilted and oriented PV arrays
at the ELETROSUL PV installations were relatively small, when taking into account the more aesthetically
pleasing result of PV integration achieved at the ELETROSUL generator. Considering the full ELETROSUL
generator, total annual losses were just over 10% on average, in comparison with the ideal tilt and orientation
that leads to the maximum possible output. These results can be considered fairly satisfactory, revealing that
on an annual basis at low latitudes the integration of PV modules on curved surfaces leads to a good
compromise between form and function.
These results are also presented in Fig. 7 as monthly fractions (%) of the output performance of the reference
UFSC system, considered the optimum (100%), or baseline, system in terms of annual performance. On an
annual basis all of the ELETROSUL subsystems output performance levels were below that of the UFSC PV
installation. However, on a monthly basis, the more horizontally-mounted and curved modules at the
ELETROSUL installation outperformed the UFSC PV system in the months around the southern
hemisphere’s summer solstice (November, December, January and February), when the sun is high in the
sky. Due to higher air-conditioning loads in summer, these are the three months with the highest energy
demand at the ELETROSUL headquarters (Zomer, 2010). In November 2009 the curved PV generator
produced 15% more energy than the flat PV system.
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40%
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0%

ELETROSUL curved # 2

Fig. 7: Percentage of the UFSC system’s monthly output performance, showing the strong seasonal variation of the curved PV
subsystems.

When comparing subsystems #1 and #2, it should be noted that due to the fact that the NE- and SW-oriented
fractions of subsystem #1 are subjected to different irradiance conditions, the whole subsystem was led to
perform under the worst case irradiance levels, as expected. Both subsystems #1 and #2 performed at 85% of
the optimum on the annual basis, and the fraction of subsystem #1 that was under the same irradiance
conditions as subsystem #3 (93% of the optimum expected output), performed as if the irradiance at that
portion of the PV array were the same as that reaching subsystem #2. In any case, all these losses can be
considered acceptable in the present discussion on tradeoffs between form and function. Furthermore, the
small difference in output performance among the three subsystems of the ELETROSUL array indicates that
even a negative tilt (the SW-oriented subsystem #2) leads to acceptable losses in output performance. The
subdivision of subsystem #1 in two further smaller PV arrays connected to smaller individual inverters,
would further optimise output performance, but at the expense of increasing total system complexity and
cost. With the introduction of multi string inverter technology, different PV subsystem tilt and orientations
can also be addressed satisfactorily, but system design remains bound to limitations in commercial
availability of inverter sizes. Fig. 7 also shows that during winter months, output performance of the curved
PV installation can drop considerably, reaching a low between around 40 and 60% of optimum, both due to
the sub-optimal tilt and orientation, and also as a result of the partial shading shown in Fig. 8. This figure
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shows the monthly evolution of the shading caused by the surrounding obstacles at the ELETROSUL
headquarters complex at hourly intervals shown by the shade projections.
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Fig. 8: Monthly evolution of the shading caused by the surrounding obstacles at the ELETROSUL headquarters complex at hourly
intervals shown by the shade projections, simulated at the ECOTECT® software.

After a careful examination of the images, it was possible to note that in almost every month, during the
period from 8 am to 9 am, the roof was partially shaded. At 6 pm, the roof was partially shaded in all months
and from April to September the roof was completely shaded at that time. In the afternoon, the shadow began
to take place from 3 pm, and the period from 10 am to 2 pm, there was no shade on the roof. As expected,
the effects of shading are more pronounced in winter months and more so in the early morning and late
afternoon hours, when irradiance levels are typically low. The most affected subsystem for shadowing was
Subsytem #2.
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5. Conclusions

The integration of PV on buildings is a worldwide trend, and as PV module prices decline as a result of
economies of scale, it is expected that the use of these on-site generators will become more widespread. The
adoption of PV modules as building elements by architects and builders is dependent on compromises
between aesthetics and performance. It is therefore important to assess to which extent these aspects might
conflict with each other.

We have presented results on the monthly and annual performance of two BIPV systems where a
compromise between form (aesthetics) and function (annual energy yield) was reached. The ideally tilted and
oriented flat PV system resulted in the maximum annual generation, while the average annual output of the
curved PV installation was some 88% of that maximum. It can thus be concluded that a good compromise
between form and function has been reached in the more aesthetically appealing building-integrated PV
generator, with low associated energy losses on an annual basis. On a monthly basis, the curved and more
horizontally-tilted PV array showed a more pronounced energy yield variability throughout the year, with a
lower minimum in winter and a higher maximum in summer, in comparison with the flat, latitude-tilted
generator. Especially in urban BIPV systems, the match between the PV array’s solar energy generation
profile and the building’s energy demand profile should also be taken into account in the design of PV
generators. There is a growing trend in distributed energy policies worldwide towards self-consumption by
buildings equipped with PV.

As architects and builders become more acquainted with the integration of the different PV technologies on
building envelopes, the assessment of energy losses associated with curved and suboptimal orientation and
tilt of PV modules becomes a matter of both scientific and technological, as well as of economic importance.
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1. Abstract
Photovoltaic modules have long been perceived as technical devices that are added elements on the building.
However, lately a variety of products have been developed to match architects’ needs. There have been also
experimentations by architects to find out the architectural language of solar cells. Still there is a lack of
knowledge and information about the possibilities among architects, that long has kept them away to use this
potential.
The following paper is the summary of the results of three research methods that were investigating the
perception of architect students and architects in Norway about solar cells used in architecture. Ten
international projects with building integrated photovoltaics have been chosen for evaluation. The projects
are public buildings, presenting a high variety of formal possibilities for façade integration of solar cells,
while they do not necessarily represent high quality architecture. Three different methods as triangulation
have been used to evaluate the projects.
The results show how the formal and symbolic characteristics of PV are perceived among Norwegian
architects. Furthermore it gives a summary of architects’ needs for a wider use of photovoltaics in
architecture.
2. The research methods
2.1. The research methods
The research is part of a thesis that is investigating the perception of formal and symbolic aesthetics of
building integrated photovoltaics. The aim is to provide a guideline for discussions about the quality of
building integrated photovoltaics while providing knowledge for architects about the design possibilities.
Moreover the research investigates the need of practitioners for further product development.
Three methods have been used:
-

1-2-3 method with walk method

-

Semi-structured group discussions

-

Paper-based evaluative questionnaire

The first two are qualitative methods, while the third is quantitative, however the approach in all three tactics
are qualitative.
2.1.1. 1-2-3 method
The 1-2-3 method of environmental aesthetics consists of immediate perception, cognitive evaluation and
final assessment (Cold 1998). It was conducted in the framework of the Energy and Environment course at
the Faculty of Architecture in NTNU, Trondheim, Norway with the active participation of 23 architect
students. Three Scandinavian case studies with façade integrated photovoltaics (Opera House in Oslo, BP
Solar Skin in Trondheim and the Valby Gable in Copenhagen) were selected for evaluation. Visits have been
organized to each site, where the “walk method” was conducted. Five-six stops (depending on the case) were
defined at different distance and angle from the analyzed façade to create a cognitive framework. During the
“walk” at each stop participants had 10 minutes to draw sketches (as immediate perception) and to write
down their reflections, descriptions, judgments (cognitive evaluation) about the facade. The stops were
chosen to have an overall visual perception of the building starting from a further distance to the interior. The
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results of the perception and observation provided basic guideline for an architectural critique (final
assessment), that the students were asked to write after the walk. The assessment focuses on the architectural
integration of photovoltaics, discussing the building and the contextual environment as well.
2.1.2 Semi-structured group discussions
Semi-structured group discussions were conducted during workshops in the framework of the national
activities of IEA Task41, to spread the knowledge about solar energy in architecture among practitioners.
The aim of group discussions was to discuss the formal and symbolic characteristics of photovoltaics through
ten pre-chosen cases of facade integrated photovoltaics. Five workshops have been organized in architect
offices. The workshops consisted of three parts. The first was a lecture (appr. 20-30 minutes) about the
formal characteristics of photovoltaics and their architectural expressions to provide knowledge and
vocabulary for further discussions. The second part was an immediate evaluation of the ten cases. The
projects were visually presented with images on A3 size posters The respondents were asked to give
immediate judgment by giving scores to the projects. As a third part of the workshop a semi-structured group
discussion was conducted. The architects were asked to give general feedback of actual PV products, to
explain their judgments of each case and to give proposals for further product development. The framework
for this discussion was provided by the ten projects and the given votes. The discussion became also an
interactive communication, since it created platform to provide more knowledge about photovoltaics and the
individual cases to the architects.
2.1.3 Evaluative questionnaire
The third method was a paper-based questionnaire conducted in combination with the first and second
methods. The architect students were asked to fill out the questionnaire after the 1-2-3 method and the
architects after the workshop. The paper-based questionnaire was asking for detailed evaluation of the above
mentioned ten cases based on a set of pre-defined formal and symbolic characteristics. The respondents were
asked to evaluate the architectural quality of the overall design and the detailed characteristics for each case.
2.2 Focus groups
The focus groups of this research were architect students studying at the Norwegian University of Science
and Technology (NTNU), Trondheim in Norway and Norwegian architects.
The students were attending the course Energy and Environment (AAR4915) at the Faculty of Architecture
in NTNU in the fall semester of 2009. Solar cells are upcoming technology that probably will be part of
every day practice in the near future, therefore it is very important that education, knowledge distribution and
research goes hand in hand in this field. During the course the students learnt about solar energy use in
architecture in theory that they applied in a parallel design course. A three week workshop was held about
photovoltaics, where the theory part consisted of lectures on basics and the formal and symbolic
characteristics of photovoltaics, the 1-2-3 method including the walk and the evaluative questionnaire. 23
students attended the workshop and participated in the walk of the BP Solar Skin in Trondheim. Out of the
23 students 10 (43%) travelled to Oslo and Copenhagen to attend the walk of the other two cases (Opera
House, Oslo and Valby Gable, Copenhagen).
The other focus groups of this research were Norwegian architects. Free workshops were conducted in the
framework of the national activities of IEA Task41, to spread the knowledge about solar energy in
architecture among practitioners. The aim was to distribute the knowledge of current architectural
possibilities of photovoltaics in Norway and to get feedback from practitioners about their perception of
existing products and projects. Furthermore the architects were asked about their needs of product
development for a better architectural integration. A list of architect offices were collected from Trondheim
and Oslo that have a minimum number of 10 employees and have already done projects with active solar
technologies or have the interest in doing so. Finally the offer of a free workshop was sent to ten offices via
e-mail, from which five gave a positive reply (50%). The workshops were held in September and October in
2010 with the participation of altogether 49 architects.
21 out of 23 students and 30 out of 49 architects filled out the questionnaire, altogether 51 people that gave a
result of a response rate of 71%.
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2.3. Cognitive framework
A study of existing materials, technologies and products has been done to investigate the formal
characteristics of photovoltaics. Moreover a large international sample of building examples with integrated
photovotaics was examined to study the formal and symbolic characteristics. Based on this collection a list of
characteristics for cognitive evaluation was set up to create a framework for discussion about aesthetical
issues of architectural integration of photovoltaics. Lectures with this topic were held both for the architects
students in the framework of the course Energy and Environment (AAR4915) and for the architects in the
national workshops to provide basic knowledge and vocabulary for discussions and evaluation. The
characteristics are presented in Table 3.

Tab. 3: Cognitive framework for discussion about aesthetical integration of photovoltaics

OVERALL DESIGN

.

A.1 Overall assessment

The overall quality of the architectural integration of photovoltaics.

FIELD AND SIZE
POSITION
B.1 Field size and position
regarding composition of the
façade
PV CELLS
B.2 Color of cells
B.3 Texture of cells

B.4 Composition of cells

This issue discusses whether the formal and conceptual positioning and
the size of the PV modules match the formal design and composition of
the overall project.
Photovoltaic cells have a variety of possibilities in color on the market by
adding an antireflection layer on the original cell.
The cells texture depends on the different technology. Monocrystalline
cells have a more solid, while poly-, multicrystalline cells have a marblelike texture.
The composition (pixelling) of the wafer-based solar cells (that has a size
of 10/10 or 12/12 cm) or smaller thin film modules can create different
patterns on the facade.

PV MODULES
B.5 Color and type of
framing
B.6 The color and texture of
added elements

The most common frames of modules are made of aluminium. Modules
can be integrated into curtain-wall systems as well. There is also
possibility for frameless modules to match architect’s needs.
Certain added elements can enhance the façade design. These can be in
front, in the level, or behind the surface of the PV modules. Some
examples are glass painting, different lightning systems (LED)…etc.
The mounting and jointing, the electric wiring and connections to other
components of the façade provide a variety of structural detailing issues.
The characteristics of the cells, the framing and the added elements create
an overall design of the module.

B.7 The detailing of
components
B.8 The overall surface
texture of the PV
components (modules)
B.9 The shape and size of the The characteristics of the cells, the framing and the added elements
together with the conceptual grid of the façade define the shape and size
PV components (modules)
of the module.
ADDED VALUE
B.10 Structural added value
B.11 Artistic added value
B.12 Symbolic added value

The PV modules can serve several structural functions like glazing, façade
cladding, outer layer of double-skin façade, shading…etc.
The composition of the cells can create or be part of an artistic,
ornamental approach on the façade.
The visual characteristics of PV cells exposed to the public can play an
educational or representational role about environmental awareness
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2.4. The selection of cases
The aim of the group discussion and the evaluative questionnaire was to discuss the formal and symbolic
characteristics of photovoltaics through pre-defined ten real cases. The cases have been chosen based on the
criteria presented in Table 4.
Tab. 4: Criteria for the selection of the ten cases

CHARACTERISTIC
CRITERIA
crystalline cells
Technology
custom-made
Product type
public building
Type of building
façade
Integration into the building skin
In the last thirty years the PV market was ruled by crystalline cells. Even in 2010, silicon wafer-based
technologies accounted for about 80% of sales. Thin film cells are upcoming technology, still the European
Photovoltaic Industry Association (EPIA) expects that 61% of market will be ruled by crystalline cells even
in 2020. Custom-,made products are specifically designed to match architectural integration needs, studying
them can provide knowledge and influence further development of mass production. Public buildings that are
exposed to the public have the potential to enhance people’s environmental awareness and to be good
examples for further developments. Façade integration of PV as a visual media can be a playground for
aesthetic expressions and symbolic meanings. These reasons were the basis to set up the criteria for the
selection of the ten cases (Table 4). The cases are not necessarily best examples from architectural quality
point of view, but they were chosen to provide architectural solutions that present the possible highest variety
of the above defined formal and symbolic characteristics (Table 5).
Tab. 5: Variations of characteristics for the selection of the ten cases

CHARACTERISTIC
VARIATIONS
mono- / multicrystalline cells
Technology
cladding / glazing
Structure
modules cover part of façade / overall façade
Façade composition
standard / colorful
Color of cells
equal / grouping in line / following image
Composition of cells
standard framing / custom-made / no-framing
Framing
glass painting / lighting
Added elements
multifunctional / artistic / symbolic
Added values
The ten selected cases are presented in the following paragraph (Fig 1).
Three particular cases have been selected for the 1-2-3 method (Fig. 2). The cases have been chosen from
Scandinavia (Norway and Denmark) to have possibility to gather the most amount of data and to easily reach
the sites by the group of students, since the research is conducted from Norway. The basic criterion for the
selection was that they should be public buildings which have a strong representational role in their context.
Another criterion was to present high variety of architectural integration strategies and moreover to provide a
high variety in symbolic, structural and artistic added values.
Tab. 6: The three cases selected for 1-2-3 method

BUILDING
FUNCTION
PV
SOLAR CELL
SOLAR MODULE
ADDED VALUES
SYMBOLIC
STRUCTURAL
ARTISTIC
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BP SOLAR SKIN

OSLO OPERA

VALBY GABLE

research and education

cultural institution

cultural institution

multi-crystalline

mono-crystalline

multi-crystalline

customized
translucent

customized
translucent

customized
opaque

educational

representational

double-skin façade

shading

symbol of urban PV
project in Valby
-

-

express horizontality

artistic composition

2.5. Introduction to the selected cases
Case 1: Paul-Horn Arena, Tübingen, Germany
The Paul-Horn Arena in Tübingen is an innovative example of using custom-made colored PV modules on
the overall façade. The modules use green polycrystalline cells developed specifically for this project (Weller
2010), which gives an interesting architectural expression responding to the green context of the building.
The components use an existing mounting system, generally used for façade cladding panels. This structure
required a framing in the glass-glass modules. The architect chose a strong expression of the white wide
framing, which defines a strong grid for the whole façade.
Case 2: Wind Tower, UBC College, Vancouver, Canada
The glass painter Sarah Hall was asked to make a design for the Wind Tower of the UBC Regent College in
Vancouver. The glass tower itself is part of the environmental design by contributing to the natural
ventilation of the building complex. The idea was to make an image on the façade that is an artistic element
and at the same time illustrates the environmental consciousness of the College. The final image is a
superposition of a glass painting, writings from Bible, colourful crosses, and the pixels of PV cells that
follow the painting image (Wehlander 2008).
Case 3: BP Solar Skin, NTNU, Trondheim, Norway
The BP Solar Skin is an experimental project to combine a double skin façade with building integrated
photovoltaics (Aschehoug 2000). An existing office building at the campus of NTNU, in Trondheim, was
chosen for the prototype. The additional skin has a standard aluminium framing that follows the original grid
of the facade. Semi-transparent PV modules are integrated at the level of the parapet areas. The cells are
placed in a quadratic grid with a distance of 30mm between them.
Case 4: Lillis Complex, Oregon, California, USA
The University of Oregon’s Lundquist College of Business needed to replace an aging building that
connected three existing smaller buildings. The new four storey atrium, called Lillis Complex became the
most energy efficient building on the campus combining natural ventilation, daylighting and different
integrations of photovoltaics. The aim was to make it a showcase of sustainable solutions as an educational
environment. On the skylights and the south-facing facade wall semi-transparent PV modules were used. The
five-storey BIPV curtain wall was designed with a varying density of solar cells.
Case 5: Tourist Office, Ales, France
The Tourist Office in Ales was originally a church from the eleventh century. The municipality of Ales
decided to use the remains of the old building to host the new Tourist Office in Ales. There was a need to
increase the space for offices, therefore three bay windows were designed under the south facing arches of
the existing stone church. The façade of the bays are double layer skins, where the outer layers have
integrated semi-transparent PV modules with crystalline cells. The brown color of the cells was developed to
match the color of the existing stone wall.
Case 6: Zara Fashion Store, Cologne, Germany
The Zara Fashion Store is situated in an urban context in a shopping street of Cologne. The idea of the
developer was to use an exclusive material on the facade like polished marble. However the intention to
represent environmental consciousness finally resulted in using blue polycrystalline solar cells. The glassglass PV panels are integrated into the curtain wall system of the façade. The context and the façade concept
required the use of 16 different shapes and sizes of custom-made opaque PV modules.
Case 7: GreenPix Media Wall, Beijing, China
The Green Pix Wall in Beijing is a Media façade that combines the artistic composition of the cells with
changeable lighting images. The “Media Wall” is the largest colour LED display in the world. Moreover, it is
the first glass curtain wall with integrated PV in China (Simon and Guarentino 2009). The wall is a selfsufficient system, which uses the energy collected during the day for the LED lighting in the night. The
general frameless glass modules contain 4x4 or 5x5 polycrystalline photovoltaic cells with a distance
between that creates a semi-transparent module.
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Fig. 1: The selected 10 cases for evaluation
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Case 8: Valby Gable, Copenhagen, Denmark
The Prøvehallen building was an old factory building for porcelain production built in 1930s. Lately it was
turned into an energy efficient cultural house as part of the overall low energy renovation plan in Valby
district. The southern gable was chosen for an artistic expression of façade integrated solar modules and a
smaller PV-T array was integrated into the roof. Anita Jørgensen, Danish artist was asked to design the
facade composition with PV modules. She used photovoltaic modules, neon tubes and black galvanized
aluminium plates to create a work of art that generates electricity.
Case 9: Opera House, Oslo, Norway
The main architectural concept of the Opera House in Oslo is based on the formal design of the building
(Hofseth 2008). However during the design process photovoltaic cells were chosen to integrate into the large
Southern glass façade. The black monocrystalline cells are grouped in horizontal lines with a vertical
distance of 10 cm between the lines. This composition expresses horizontality while functions as a fix solar
shading for the entrance hall as well. An interesting feature of this project is the use of dummy elements on
the northern façade to achieve the same architectural expression.
Case10: Pearl Avenue Library, San Jose, California, USA
The Pearl Avenue Library Branch in San Jose chose to give home for a public art installation that combines
PV cells and glass art in an architectural application. The installation called “Solar Illumination I: Evolution
of Language” was designed by the artist Lynn Goodpasture who has experience of working with art in
architecture. Her aim was to make a piece of art that functions as an environmental statement. The electricity
generated from the cells light a suspended glass LED-illuminated lamp in the library.
3. Analysis and results of the research methods
3.1. The 1-2-3 method including walk method
The results of the walk method were collected first for each stop of each case. Then the perceptions were
structured based on the formal and symbolic characteristics. Those formal characteristics were collected that
were highlighted for each case with different levels of importance. The importance level was the result of
how often these characteristics were mentioned at the stops. The important category was very often
mentioned in all cases, characteristics of the second category were discussed dependent on the distance of the
stop from the analyzed façade and characteristics of the third category were relevant for translucent facades.
Tab. 7: The three cases selected for 1-2-3 method

CHARACTERISTICS
IMPORTANT
Image of the building
Composition of the façade
Composition of the cells/modules
Reflection
Color of cells/modules
Size of cells/modules
Texture of cells/modules
DEPENDENT ON DISTANCE
Visible materials
Structure
Detailing
DEPENDENT OF TRANCLUCENCY
Shading
Interior

APPRECIATION
Silent, elegant image
Defined surface on facade
Grouping of cells
Reflection creates contact with surroundings
Black color was appreciated in relation with white and
red color
Homogeneous texture of module
Not too many different visible materials, that gives
messy image
Clear and light structure
Elegant and precise detailing
Shading pattern should have its surface for visual
experience
Do not disturb visual contact but acts as
ornamentation, creates privacy and intimacy
comparing to huge transparent glazed areas
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These characteristics were either appreciated or criticized depending on the case and respondent. Table 7
shows the reasons of appreciation. The results showed a general style of Norwegian architecture that
represents clarity and simplicity with silent elegancy. Solar modules with a conscious design can easily
match these requirements that present the potential use of photovoltaics in Norwegian architectural practice.
The perception of the symbolic characteristics showed a wide palette of possible symbolic meanings of PV
integration. The representational role was highlighted at each case. The BP Solar Skin was perceived to
represent the function itself and the technical profile of the university. In case of the Oslo Opera the elegancy
of the project was seen to represent Norwegian cultural institution, while the Valby Gable was considered to
be a representation of an urban solar plan. The artistic added values were appreciated also at each case. In the
first and second case the PV cells were perceived as ornamentation on the glazing, while the Valby Gable
was considered to be an art concept. The educational role was mentioned only in case of the BP Solar Skin,
due to its location in an educational institution. Among these all the ornamentation and the educational role
highly appreciated.

Fig. 2: The BP Solar Skin, Trondheim, Norway; Opera House, Oslo, Norway; Valby Gable, Copenhagen, Denmark

Two kinds of integrations have been discussed by the students. These are the structural and conceptual
integrations. In case of the BP Solar Skin the PV cells were perceived well-integrated into the double-skin,
but not into the building design. The PV integration into the Oslo Opera was appreciated as well-integrated
into the curtain wall system, while the artistic composition of the Valby Gable was perceived as an add-on
structure. Regarding the conceptual integration the PV cells were perceived to be integrated into the doubleskin in the case of the BP Solar Skin, into the building design in case of the Oslo Opera and into the art
installation in case of the Valby Gable. Among these perceptions the Oslo Opera was appreciated that was
considered to be well-integrated structurally and conceptually into the overall design.
3.2. Group discussion
3.2.1 Immediate evaluation
The architects were asked to give immediate evaluation of the ten described cases based on A3 posters with
photos without deep knowledge about the projects. They could give three votes, zero if they do not like the
project, 1 if they find it acceptable and 2 if they like it particularly. The votes were counted and converted
into scores on a scale from 0 to 100. The immediate evaluation showed that five of the ten projects were
found to be acceptable as good architectural integrations while the other five not (Table 8).
Tab. 8: Immediate evaluation of the ten cases

POS.
1.
2.-3.
2.-3.
4.
5.
6.
7.
8.
9.
10.
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CASE
Media Wall, Beijing, China
Opera House, Oslo, Norway
Paul-Horn Arena, Tübingen, Germany
Zara Fashion Store, Cologne, Germany
Wind Tower, Vancouver, Canada
Valby Gable, Copenhagen, Denmark
BP Solar Skin, Trondheim, Norway
Lillis Complex, Oregon, USA
Pearl A. Library, San Jose, California, USA
Tourist Office, Ales, France

SCORE
77
60
60
55
52
33
31
24
20
7

3.2.2 Group discussions
The first part of the group discussions were focusing on the ten previously scored cases. The architects were
asked to explain why they gave the scores. The discussions gave results of what are those features that are
favorable in the formal and symbolic characteristics of architecturally integrated photovoltaics.
In the case of the mostly appreciated Media Wall basically all formal characteristics were found to be welldesigned. The modules had no framing, the cell composition provided an interesting image and translucency
and colorful image was achieved by changing lighting. Through all these the project presented a variety of
possibilities that can be designed with integrated PV, moreover the PV modules were integrated into a welldesigned curtain wall structure. The expression of material characteristics were highly appreciated in the
case of the Paul-Horn Arena and the Zara Fashion Store. These were the color, shape and texture of the cells.
An interesting feature that both cases used opaque modules, where the above mentioned cell characteristics
are dominant. Even if the material characteristics were expressed, still the PV cells were found to be
recognizable only from close distance. The architects called it natural integration, that the PV cells are so
naturally part of the structural and aesthetical design of the building that they are even not recognizable. This
was further explained as discreteness, cleanliness, not too expressive and subtle design with structural
integration, that was very highly appreciated among Norwegian architects.
The architects were mainly interested in the overall architectural and artistic design. However innovative
is the integration of photovoltaics into the building, if they do not like the overall architecture or art, the
building got low score and strong critique. This can be seen by comparing the Oslo Opera and the Lillis
Complex, where the main idea of using horizontal rows of solar cells as shading is the same, however
Norwegian architects found the building of the Oslo Opera more pleasing, therefore they gave much higher
score. The same comparison can be done with the artistic projects. The Wind Tower in Vancouver and the
Library in San Jose both combine glass painting with solar cells as an environmental statement, but the
architects liked more the aesthetics of the Wind Tower, therefore gave it a higher score and favorable
judgment. The formal integration and the field size and positioning of the solar cells are also main
criteria to judge the architectural integration of the solar cells. The Tourist Office in Ales is a very innovative
project regarding the color development of the cells to match the overall design, however due to the formal
design, the project got a very low score and bad critique.
Tab. 9: Suggestions for further product development

SUGGESTIONS FOR FURTHER PRODUCT DEVELOPMENT IN BIPV
• building industry should develop to match with existing materials
and products
Materiality
• combine solar panels with glass architecture
• glass should be replaced with other material
• look more like existing materials
Color
• more options in color
Texture
• more options in texture
• images like painting
Composition• possibility to controll transparency
translucency
• flexibility in transparency
Shape and size of PV
• flexibility in shape
components
• bendability
• could be a painting on the wall
Dummies
• options for dummies
Function
• use as multifunctional element
• PV used in active solar shading
• PV combined with ST
• PV combined with curtain
Maintenance
• readymade products that are easy to maintain and change
Economy
• lower costs
Efficiency
• shading should not be a big problem
Industry
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The artistic projects got very controversial critiques. Mostly Norwegian architects did not like the too much
decoration and too much colorfulness like in the case of the Wind Tower or the Pearl Avenue Library. The
artistic image of the Valby Gable was also criticized. However the architects agreed that the artistic approach
is very innovative, though they would do it in a different way to match the taste of Norwegian people.
In the second part of the group discussions architects gave suggestions of how products should be developed
to fulfill this need. The summary of the architects’ suggestions is collected in Table 9.
Current market provides already products that meet some of these needs of architects. Among thin film
products there are flexible laminates with plastic covering, where bendability and the elimination of glass is
already achieved. Certain building product producers already have realized the potentials of photovoltaics
and either they integrated solar cells into their existing product systems or developed products specifically
for building integration. On one side there is a lack of knowledge of these products, on the other hand there is
still need for development to match all the above mentioned requirements. However due to the limitations of
wafer based and thin film technology, certain needs might be fulfilled only through new technological
breakthroughs (like PV to become as a painting).
3.3. Evaluative questionnaire
The paper-based questionnaire was asking for detailed evaluation based on the pre-defined formal and
symbolic characteristics (Table 3) of the ten pre-chosen cases (Fig.1) The respodents were asked to evaluate
the cases by the quality of the architectural integration of photovoltaics through rating the overall design and
the detailed characteristics. They had to choose from the following scale - - (bad), - (not so good), 0
(neutral), + (good), + + (very good). The questionnaire for the students contained only the evaluation of the
ten cases, while in case of the architects a final question was added about the level of importance of the
detailed characteristics with the scale of - - (not important), - (not so important), 0 (neutral), + (important), +
+ (very important).
The aim of the questionnaire was to have a structured analysis of the respondents’ preferences based on a
cognitive framework of the formal and symbolic characteristics, that makes the comparison of the cases and
characteristics easier.
Three final scores were calculated for each case to compare the appreciation of the projects. The first is the
overall perception that was the first characteristic to evaluate in the questionnaire. The second is the
detailed perception that is the average of the scores for the following 12 detailed characteristics. The third is
a weighted average of the 12 detailed scores and the importance factors of each characteristic defined as
rated perception. Further analysis was focusing on deviation of scores among the respondents for each case
related to the average, the deviation of scores for the detailed characteristics related to the average per case,
the scores of added values for each case and the importance factors of each detailed characteristic. This
paper will present the results of the three final scores and the importance factors of characteristics.

Fig. 3: Immediate, overall, detailed and rated perception of the ten cases
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The results of the final scores are presented in Figure 3 with the addition of the immediate evaluation scores
from the group discussions. A general tendency is that the immediate judgments were more critical
especially in those five cases that got lower score, but also in the case of Zara Fashion store, that has been
very highly appreciated later in the detailed evaluation. In other four cases the immediate scores were lower
but not with so much deviation. The detailed and rated results did not show much difference, however the
difference of the overall results compared to the detailed one showed certain coherence. Those cases that got
negative score (Pearl Avenue Library, Tourist Office), the overall judgment was even more negative, while
those positive got more positive (with the exception of the Wind Tower and the Lillis Complex).
This shows that immediate judgments without proper knowledge are more critical and purely based on the
aesthetical judgment of the overall design. When the respondents filled out the questionnaires they have
already had more knowledge and opinion about the projects. The overall results - more influenced by the
taste of the overall design - were more extreme in negative and positive direction, compared to the average of
the detailed evaluation that covers several aspects of the building integration of photovoltaics.

Fig. 4: Importance of the detailed characteristics

The final question for the architects was about the level of importance of the different detailed characteristics
in the architectural evaluation (Fig. 4). The respondents found the color and type of framing the most
important issue, the detailing of the components the third and the structural added value the fifth. These
issues are strongly connected to each other. The structure defines very much the jointing possibilities and the
type of framing influences very much detailing issues. In two cases the total score got lower due to the low
scores on the framing (Paul-Horn Arena and the Wind Tower).
The second highest importance was chosen for the field size and position of the PV components. This issue
is very much connected to the overall design concept that has to be in harmony with the formal and surface
composition of the building. These issues are shaped from the conceptual phase, therefore it is important to
consider the use of photovoltaics from the very early design stage. If the filed size and position was not
appreciated the project got low score in general, however innovative product was integrated into the building
or however strong were the added values.
The shape and size of the PV components was found to be the fourths important issue. The shape and size of
the PV modules should match the grid of the composition of surfaces, the scale of the building, the shape and
size of other components. The color and composition of cells and the overall surface texture of the PV
components got middle importance. In most cases the original blue and black color of the cells was accepted.
The green colored cells of the Paul-Horn Arena were considered to be very good in that context, however the
light brown cells of the Tourist Office that had the aim to match the color of the existing stone wall were not
appreciated at all. Regarding the composition the grouping in horizontal lines was appreciated in the Oslo
Opera. Different lighting and glass painting have been used in certain projects, however the color and texture
of these added elements were not found to be so important in the evaluation. The texture of the cells got even
lower importance level.
The artistic and symbolic added values were found to be the least important issues that shows formal
characteristics are considered to be more important than symbolic ones.
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4. Summary and conclusions
Based on the results of the three methods the following conclusions have been summarized that can be a
guideline for architects what to consider during the design process. In each case the most important factor for
evaluation was the overall design. The results showed that Norwegian architects prefer mostly silent, clear
and elegant design or really bold, but honest ones (like the Media Wall in Beijing). The second most
important factor is related to the building concept. The PV modules should be formally and compositionally
integrated into the overall design concept. This requires that the filed size and positioning of the PV cells
should be already concerned in the early conceptual design phase and photovoltaics should be considered
like other building materials. PV modules require well-designed detailing and framing for a mounting system
in order to achieve a successful structural integration. In case of neglecting these issues, the originally welldesigned concept can be ruined totally when the project is finally realized. Regarding the PV design, as
mentioned above, PV modules should be concerned ad other building materials. Knowledge about their
material, formal and energetic characteristics is indispensable for a successful PV design. The respondents
appreciated those projects, where these characteristics were presented, where the advantages of the material
were expressed, still the PV cells remained unrecognizable. These were no more technical devices, but
building components naturally integrated into the building skin. Regarding added values, one of the
architects mentioned that this is still a transitional period in the life of photovoltaics, where is still need to
spread knowledge and enhance environmental awareness of people, therefore art as medium and symbolic
like representational and educational values have importance.
Tab. 10: Suggestions for designing BIPV

1. Building overall design
2. Building concept
3. Structure

APPRECIATED
- Silent, elegant, clear
- Bold but honest
- Formally integrated
- Compositionally integrated
- Structurally well-integrated

CHARACTERISTIC
overall design
field size and positioning
composition of facade
framing
detailing
color,
size
and texture of PV cells/modules

- Presents a variety of possibilities
- Expresses material characteristics
- Discrete, subtle design (PV not
immediately recognizable)
- PV as ornament
artistic added value
5. Added values
- Educates the observers
symbolic added value
The vision is that photovoltaics become natural part of architectural practice and our everyday life. There is a
need for a shift in perception to achieve this goal to look at PV modules as building components that have
high potential in building integration and for architectural expressions.
4. PV design
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Abstract
In most of the large countries of the developing world grid-connected, building-integrated photovoltaic (BIPV)
systems in the urban environment can have an important role to play, especially in sunny areas, where high
annual energy yields make PV generation more competitive. In Brazil, high and rising electricity tariffs, high
solar irradiation levels, and the declining costs of PV will lead to the cost-effectiveness of solar electricity (i.e.
grid-parity) sometime soon in the present decade. In this context, this paper presents technical aspects on the
potential of BIPV in Brazil, and an overview of a number of high visibility BIPV projects, namely the Eletrosul
Megawatt Solar, the Solar Soccer Stadia for the 2014 World Cup, and the Solar Airports projects currently under
way in the country. These projects aim at the same time to promote large-scale photovoltaic generation in Brazil
to energy planners, and to attract the attention of architects and builders to the aesthetic potential of PV as a
building element. Two major worldwide events to take place in Brazil are the Soccer World Cup in 2014, and the
Olympic Games in 2016. These events will attract considerable media attention worldwide, and are a perfect
opportunity to showcase the PV technology in Brazil and globally. In the case of the Solar Airports project, the
leitmotiv includes CO2 abatement of the emissions related to the aviation industry, since air flight is currently
responsible for some 5% of total greenhouse gas emissions worldwide and is expected to double until 2015.
1. Introduction
The major challenge of this century is to discover what energy sources will be moving humanity in the future.
With the forthcoming end of the era of oil and gas due to both growing environmental concerns and the depletion
of world reserves, the more developed countries are investing vast resources in researching alternative energy
sources. Although everyone acknowledges the huge renewable energy resources present in all Latin American
countries, there is a need for initiatives that promote a fast and widespread uptake of these technologies in these
countries. It is in this scenario that we created IDEAL – Instituto para o Desenvolvimento de Energias
Alternativas na América Latina (Institute for the Development of Alternative Energy in Latin America). IDEAL
was born with the purpose of promoting renewable energy together with governments, parliaments, academia
and business, allowing the establishment of an energetic integration policy and regional development. While
IDEAL promotes all forms of renewable energies, it has concentrated efforts in promoting solar photovoltaics
(PV), as this is the least developed, but currently the fastest growing segment of energy technology worldwide,
and the ultimate renewable energy source in terms of geographical distribution and availability. Solar energy
might be the only renewable energy source that presents the potential of sustainably and economically supply all
the energy needs of mankind, and with the continuously declining costs of the PV generation, efforts should be
devoted to promoting this benign technology, especially in the sunny areas of the developing world. IDEAL has
strong links with Universidade Federal de Santa Catarina, and since 2007 has been promoting a number of high
visibility initiatives, including workshops, seminars and PV showcase projects designed to foster the uptake of
solar PV in Brazil. Many of these initiatives were supported by the German Development Bank (KfW) and the
German Technical Cooperation (GIZ).
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Grid-connected PV is usually perceived as an energy technology for developed countries, whereas isolated,
stand-alone PV is seen as more suited for applications in developing nations, where so many individuals still
lack access to the public grid. However, the traditional utility concept relies on a relatively small number of
considerably large power plants, which are not necessarily close to the urban centers where energy is consumed.
Centralized, large hydropower generation plays a fundamental role in Brazil in spite of the large distances from
urban areas. The present installed capacity of some 75 GW in hydropower generation corresponds to over 75%
of the national electricity supply, which grows at some 4 to 5% per year. Growing environmental restrictions,
and the larger distances from urban centers to the remaining potential, however, are considerably increasing the
costs of new hydropower plants. As a consequence, conventional electricity prices are increasing. The Brazilian
interconnected electricity system is one of the largest and most complex in the world, with an installed capacity
of over 110 GW in 2010. In a large country like Brazil (8.5 million km2), transmission and distribution
infrastructure and associated losses are not negligible, and utilities could benefit from PV distributed generation.
Political barriers and costs, however, still restrain diffusion of grid-connected PV systems in developing
countries. In this scenario, this paper presents some showcase PV projects, where technical aspects, together with
public and stakeholder awareness campaigns are presented to make the case for a more widespread uptake of the
solar PV technology in Brazil and in the whole of Latin America.
2. Showcase project ELETROSUL MEGAWATT SOLAR
Eletrosul is a daughter company of Eletrobras, the Brazilian largest utility, serving the southern states of the
country. Eletrosul has been investing in small hydro and wind generation for a number of years, and more
recently it has become interested in the potential of solar photovoltaics in assisting urban distribution grids. It has
been previously shown how BIPV can assist distribution utility daytime peaking feeders in peak shaving under
different environments (Al-Hasan et al. 2004; Rüther et al. 2008; Hernández et al. 2008). Jimenez et al. (2006)
used transformer operating temperatures as an indicator of the stress on the feeder transformer, and have shown
that temperatures were at its lowest when solar PV systems were providing the maximum output. We have also
previously shown that a PV locating strategy can successfully be applied in siting PV installations in urban
environments in order to maximize benefits. When strategically sited, PV generators integrated to building
façades and rooftops in urban areas at limited penetration levels can benefit local feeders with these distributed
“negative loads” (Jardim et al. 2008).
In this showcase project we presented results on the potential of integrating a 1MWp BIPV system onto an
existing large-area commercial building in a metropolitan environment in Brazil (Braun & Rüther, 2010). We
carried out one-hour resolution simulation studies on the integration of this PV generator on the ELETROSUL
headquarters building in Florianópolis – Brazil, and have compared the potential solar energy generation with
real electricity demands of that building complex for the year 2007. In order to be able to simulate the
performance of the proposed 1MWp PV installation, real and simultaneous solar irradiation data were used. The
most relevant technical aspect presented in this work was the quantification, and demonstration that a BIPV solar
generator can offer peak shaving opportunities for the commercial building operator, which come in addition to
the displaced energy benefits of on-site generation. Additionally, benefits for the local utility were also
identified, with demand peak-shaving in summer taking place at the corresponding feeder. The methodology
presented in this work can be used in any situation where PV generation profiles match the corresponding
building energy demand profiles, and is maximized in buildings where air-conditioning cooling loads are
predominant.
The medium voltage (13.8kV) utility feeder #TDE-07 supplying energy to the ELETROSUL headquarters
covers a mixed residential and commercial area in the heart of the city. Figure 1 shows the geometry and layout
of feeder #TDE-07, with the main (red) line, and a number of ramification nodes (blue) and transformers (dark
dots). Solar irradiation and PV generator performance data were obtained from the first grid-connected BIPV
installation in Brazil, a 2kWp BIPV system that operates continuously since 1997 in our laboratory at UFSC
(Rüther 1998, Rüther & Dacoregio 2000). With the simulated output of the proposed 1MWp solar generator,
based on the real 2kWp installation performance data, and the building’s electricity demand data sets,
information on energy and power demands and costs was produced for the 12 months period analysed.
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Figure 1: Layout of the distribution feeder TDE-07, which supplies the ELETROSUL building in Florianópolis, Brazil (27 oS, 48oW),
showing the main (red) line, a number of ramification nodes (blue) and transformers (dark dots). The BIPV solar generator from which the
performance data used in this work was obtained is in close proximity, operating at the LABSOLAR building at Universidade Federal de
Santa Catarina since 1997.

Figure 2 shows the effect of the solar contribution to the ELETROSUL’s building load curve with typical
examples of a sunny workday and a sunny weekend day. The light-blue dotted line shows the real building’s
load curve on 30th and 31st March 2007, typical late summer, consecutive sunny days in Florianópolis; the orange
dashed line shows the 1MWp solar generator output on that same sunny day; and the blue squares line represents
the resulting load curve, as seen by the distribution utility feeder. The workday load curve is representative of a
public/commercial office building with predominantly air-conditioning loads, with a strong ramp up in demand
when HVAC systems start operating in the early morning, peaking in the mid-afternoon and ramping down
strongly towards the early evening. In the evening and overnight, there is a lower and fairly constant base load.
On a weekend day, the demand is also lower throughout the whole day, with a fairly constant load, which is at a
similar level as the workday baseload. On the sunny weekday, the 1MWp solar generator has a peak-shaving
effect on the resulting load curve, reducing the maximum load perceived by the distribution utility feeder, and
shifting it to the early to mid-morning, when feeder loads are not critical as we will further show. On weekends,
on the other hand, there is a considerable amount of energy that is fed back to the utility grid as a consequence of
the reduced load in the ELETROSUL building. The peak reduction potential of the 1MWp solar generator shown
here, will be further explored as a tool for renegotiating the ELETROSUL building’s demand contract with the
local distribution utility.
Strategically sited PV systems can contribute to alleviate urban distribution networks, shifting demand peaks
when there is a good match between loads and the solar radiation resource. We have shown how a buildingintegrated solar PV generator in the 1MWp range can contribute to both the commercial building operator and
the local distribution utility in a metropolitan environment in a warm and sunny climate. Since a considerable
fraction of the local distribution feeder load is due to the large commercial building under analysis, the BIPV
generator can contribute in reducing the feeder’s peak. Furthermore, this project is the first Megawatt-scale PV
generator installation in an urban environment in Brazil, and it will attract considerable attention as a showcase
project. A public call for tenders has been announced, and installation is planned for late 2011/early 2012.
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Figure 2: Effect of the solar contribution to the ELETROSUL’s building load curve with typical examples of a sunny workday and a sunny
weekend day. The light-blue dotted line shows the real building’s load curve on 30th and 31st March 2007, typical late summer, consecutive
sunny days in Florianópolis; the orange dashed line shows the 1MWp solar generator output on that same sunny day; and the blue squares
line represents the resulting load curve, as seen by the distribution utility feeder.

The typical assessments of PV benefits for investors usually take into consideration only the energy (kWh)
component of the PV contribution, disregarding the potential contribution of the power (kW) component in
renegotiating the building’s demand contract with the local distribution utility. We have demonstrated that there
is an additional benefit of on-site PV generation, which is related to the demand (kW) component of a building’s
energy bill. For the building operator, we have quantified the individual cost reduction contributions of the PV
generator both in terms of energy (kWh) and demand (kW) costs. We have shown that the peak shaving attribute
of the on-site PV generator should not be disregarded, as it can represent an additional 15% to the potential cost
reduction. This additional financial benefit can influence the decision of installing PV, bringing payback times
closer to more attractive levels.

3. Showcase project SOLAR SOCCER STADIA FOR THE WORLD CUP 2014
In Europe, some countries have adopted what are called “solar stadia”, as was the case during the FIFA World
Cup 2006 in Germany, and during the UEFA Cup 2008 in Switzerland, as a method of using the space on the
rooftops of these stadia to generate electricity. The World Cup in 2014 brings a remarkable and timely
opportunity for Brazil, as PV costs continue to undergo considerable reductions and the technology starts to
attract attention of energy decision-makers in the country. In this context, IDEAL, together with the German
Development Bank (KfW) and the German Technical Cooperation (GIZ) promoted a series of awareness
initiatives with energy company and soccer stadia stakeholders in Brazil, in order to demonstrate the potential of
soccer stadia in generating solar electricity and becoming a major showcase for the PV technology in Brazil and
elsewhere.
A field trip to Europe was organized by the GIZ, and a number of soccer stadia with PV generators were visited.
A feasibility study was also carried out to demonstrate the solar potential of all soccer stadia in Brazil that might
host the 2014 Soccer World Cup matches (Rüther et al. 2009). The outcome of this campaign is that a number of
soccer stadia in Brazil are carrying out technical and economic feasibility studies, and some have already
decided to “go solar”. Figure 3 shows one of these examples, where the utility CEMIG, one of the most
progressive companies in Brazil, has decided to install a solar generator on top of the Mineirão Stadium in Belo
Horizonte-MG. Since soccer stadia are usually in the urban environment, local utilities will also experience the
benefits of having these large PV plants connected to their distribution networks, and will accumulate experience
in dealing with these distributed generators. Additionally, they will be able to use these projects as a public
relations tool with their consumers.
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Figure 3: The Mineirão Stadium in Belo Horizonte and the proposed PV generator to be installed by the local utility CEMIG on the existing
concrete roof cover.

Some of the existing stadia will not be able to accommodate PV on their rooftops due to structural aspects, but it
is expected that most of the Brazilian soccer stadia that will host matches during World Cup 2014 will have PV
generators either on their rooftops, parking lots or other adjacent areas.

4. Showcase project SOLAR AIRPORTS
Over the last three decades world energy demands have shown a consistently growing trend, with primary
energy growing by 89.5% and CO2 emissions by 79% in the 1973-2006 period (IEA, 2008). It is forecasted that
this trend will continue, with emerging economies energy use growing at an average annual rate of 3.2%, and
developed countries growing at a rate of 1.1% (IEA, 2008; Pérez-Lombard et al., 2008). At these rates, by 2020
emerging economies energy use will exceed that of developed nations (Pérez-Lombard et al., 2008). Buildings
are responsible for a considerable share of energy consumption, and will play a growing role in the energy
demands of emerging economies in the next decades. The concept of zero energy buildings (ZEBs), or net zero
energy buildings is a general term applied to a building with a net energy consumption of zero over a typical
year under normal operation and use. Buildings are typically responsible for 40% of the total primary energy
consumption in the US, the European Union and also in developing countries like Brazil (Baden et al., 2006;
Geller, 2002). ZEBs are gaining in importance and popularity, mostly in the developed world. In developing
countries the ZEB concept is starting to attract interest, mostly as a public relations or marketing strategy of
companies that can profit from the image of environmental responsibility and forward-thinking behaviour.
In countries like Brazil, public buildings in urban areas often present considerably high air conditioning loads,
with electricity demands that can hardly be generated on site with renewable energy generating systems. The
typical prestige building is a tall, glass envelope, with a electricity demand curve that is usually in good
synchronicity with the solar irradiation profile, but which often lacks the necessary (and conveniently oriented
and tilted) areas to accommodate enough active solar generator systems that could produce enough power on
site. Airport buildings in particular, especially in warm and sunny climates, present even higher energy demands
due to air conditioning units. These loads typically present a very good match with the local solar radiation
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resource availability, both on a seasonal and daily basis, and there is also a good correlation between ambient
temperatures and energy demands. On the other hand, airport buildings are typically large and horizontal, free of
shading and ideal for the integration of solar photovoltaic generators. On-site BIPV generation avoids the need
of voltage step-up and step-down typical of centralised generation and transmission and distribution systems, as
well as all the associated hardware and losses. The building’s electrical installation itself can be used as the
interface between the PV generator and the public distribution grid. With near-future prospects of cost reduction
to levels where it might compete with conventional grid electricity prices (van der Zwaan and Rabl, 2003), a
more widespread use of BIPV generators can be expected, triggered by national incentive programs carried out
in many countries (BMU, 2001; Erge et al., 2001; Kurokawa and Ikki, 2001; Schoen, 2001; Castro et al., 2005).
Energy demands in buildings can be either reduced by the implementation of energy efficiency strategies, or met
by on-site generation. Hamza presented a study on the use of double versus single skin façades in hot arid areas,
pointing out that the single skin configuration in warm climates is a major contributor towards influencing the
cooling loads of office buildings. Façade configurations are predicted to be responsible for up to 45% of the
building’s cooling loads (Hamza, 2008). Double skin façades are an architectural concept composed of two
façade layers separated by a cavity. Transparent glazing is often used on the exterior leaf to maintain a distinct
transparent appearance to buildings. Yum and Steemers (2009) have recently demonstrated the effectiveness and
implications of applying PV to façades, and Infield et al. (2004) have analysed the thermal performance of PV
façades. Charron and Athienitis (2006) have optimised the performance of double façades with integrated PV
and motorized blinds. We have recently shown that BIPV systems in residential buildings in Brazil can assist in
reducing their energy demands (Ordenes et al., 2007), and have also demonstrated that in a typical office
building over 50% of the energy demands can be supplied by solar energy (Marinoski et al., 2004). Another
recent study carried out in less sunny Tokyo-Japan, concluded that with the use of semi-transparent, BIPV
modules, energy consumption was reduced by 54% (Miyazaki et al., 2005). Due to the distinct characteristics of
the building envelope of airport buildings, BIPV systems can represent an interesting alternative to assist in
meeting their energy demands. Because airport grounds often present large open areas used as sound buffer
zones, there is considerable potential for airport complexes to accommodate PV installations that could generate
more power than necessary to run the airport, exporting excess energy to the grid, and assisting daytime peaking
utility distribution feeders in urban areas (Jardim et al., 2008; Rüther et al., 2008). Furthermore, BIPV can be
also used as a Distributed Generation (DG) strategy, adding capacity and power quality to the distribution grid
and shaving demand peaks. Caamanõ et al. (2008) have recently performed an extensive revision of the state-ofthe-art of the mutual impacts between PV-DG and electricity networks, with a main focus on power quality and
safety. They have raised the technical issues, indicating potential problems and solutions, and showing that PV
systems offer good options to improve grid supply quality and provide grid services.
In this project we have assessed the potential impact in energy demand reduction of a number of public airports
in Brazil. We present here some selected results for the Florianopolis International Airport in the south of the
country (27oS, 48oW), with the use of building-integrated photovoltaic systems. We have analysed the building’s
hourly energy consumption and solar irradiation data, to assess the match between energy demand and potential
generation, and we have estimated the PV power necessary to supply the complete airport energy demands. Our
results show that the integration of PV systems on airport buildings in warm climates can supply the entire
electric power consumption of an airport complex, in line with the general concept of a zero-energy building
(ZEB). We have also assessed the potential contribution of solar PV in matching the load curve and the potential
of peak shaving, and our results demonstrate that airport buildings are ideal applications of PV due to the close
match between the air-conditioning driven electricity demands and the solar irradiation availability profile.
Figure 4 shows an artist’s impression of the new Florianópolis International Airport passenger terminal, where
PV can be incorporated in very good harmony on the building’s envelope using both the brise-soleil and roof
cover structures. This passenger terminal will start construction in 2012, and the incorporation of PV is proposed
for both the building and as the roofing of the large-area car park lot behind the terminal. As a showcase project
it is expected to attract considerable attention to a public including decision makers in both public and private
business, as well as government officials.
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Figure 4. Artist’s impression of the new Florianópolis International Airport, where PV can be incorporated as rigid modules on brise-soleil
structures, and flexible, metal roof-bonded PV laminates. Source: INFRAERO.

Figure 5 (left) shows the profile of the monthly energy consumption at the Florianópolis International Airport,
where a very good match can be observed between the energy demands and the sunnier summer months, where
more solar electricity can be produced. Both the energy demand and the solar availability at the airport double in
summer months. Furthermore, as figure 5 (right) shows, hourly energy demands at the airport are also in good
synchronism with solar radiation availability, with electricity demand peaking at noon, when solar generation is
also at its peak.

Figure 5. Monthly (left) and hourly (right) energy consumption of the Florianópolis International Airport between June 2005 and May 2006.

In figure 6 we show the good correlation that the airport’s energy demand has with local ambient temperature, to
demonstrate that airport electricity loads are driven by air-conditioning energy demands. Each graph shows, for a
particular month from June 2005 to May 2006, the hourly electricity demand (kW) over the 24 hours for all days.
Each and all hourly-demand point for which the ambient temperature was above 25 oC is represented by red full
circles. Especially in summer months, demand always peaks when temperatures are highest, and peaks are
centred around noon, when solar irradiation levels are also highest. Airport buildings are thus not only ideal
candidates to accommodate solar PV generators from a public relations perspective; they are also technically
well suited to incorporate these distributed generators with perfect match of solar generation and electricity
consumption.
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Figure 6. Temperature influence on the electric energy consumption at the Florianopolis International Airport. Hourly demand
averages taking place at ambient temperatures above 25 oC are closed (red) symbols, with open (blue) symbols representing hourly
demand averages with ambient temperatures below 25oC.

The civil aviation industry is responsible for over 5% of the global GHG emissions, and that contribution
expected to double in the next 15 years (Schiermeier 2006). Airport buildings are also large electricity
consumers. The integration of solar PV generators on airport facilities thus presents an excellent technical
and public relations opportunity.
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5. CONCLUSIONS
We have presented technical and public relations aspects of a number of high visibility, showcase solar
PV projects currently under way in Brazil. These projects are part of Universidade Federal de Santa
Catarina and Instituto IDEAL’s strategies in promoting a more widespread uptake of solar energy
generation technologies in Brazil.
While not all of the PV generator’s nominal capacity can be regarded as despatchable energy, due to the
solar resource intermittency, a considerable fraction of the installed PV power can be relied on for peak
shaving. Careful analysis of the historical demand curves is essential in order to maximize the potential of
on-site PV generators. The role of grid-connected BIPV generation in commercial building electricity
loads in a warm and sunny climate is evident and demonstrated. In a context where the declining costs of
PV generation compete against traditional and lower-cost energy generation alternatives, quantifying and
maximizing the full benefits of BIPV is of considerable financial and technological interest.
Due to their large, free of shade and typically horizontal construction, airport buildings represent an ideal
application of building-integrated photovoltaics. Airport buildings in warm and sunny climates present
high energy demands, due to the extensive use of air-conditioning units in large open areas. There is a
very strong correlation between ambient temperatures, solar radiation availability and electricity
demands. Our studies have also shown that large building envelopes like airport buildings, can host
considerably large on-site PV generators that can represent important contributions to the local
distribution utilities as sites for DG in urban areas. The building envelope can accommodate the PV
generator, and the building’s electrical installation can provide the interface between the solar generator
and the utility’s distribution network, resulting in a strategically sited, virtually zero-area, clean and
renewable power plant that is at the same time an excellent public relations tool and strategy for one of
the largest GHG emission single contributors.
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1.

Introduction

In Canada, space heating accounts for over 60% of residential energy consumption (NRCan, 2010). It has
been suggested that one of the most effective means to reduce space-heating requirements in Canada is
passive solar design design, when used in conjunction with insulation levels equivalent to the requirements
of Canada’s R-2000 standard (Athienitis, 2007). The Canadian Mortgage and Housing Corporation (CMHC)
(1998) has suggested that savings of 30 to 50% are achievable in Canadian climates using passive solar
design design. Canada’s potential to reduce fossil fuel consumption and associated GHG emissions, with
passive solar design design, ranks high relative to other countries, due to its predominantly cold and sunny
climate (CMHC, 1998). Most of the research on passive solar design in North America was conducted in mid
1970’s to mid 1980’s (for overviews refer to: Barakat, 1982 (Canada NRC); Balcomb, 1992 (US DOE)).
Research in the US showed that large energy savings could be achieved with little or no additional capital
cost (Balcomb, 1992). However, only a few studies have quantified this potential in Canada (eg. Energy,
Mines and Resources Canada, 1984). O’Brien et al. (2008) state that most passive solar design literature for
cold climates is out of date, as much of the research was carried out several decades ago. They point out that
most of the analysis was limited to statistically-based calculations, rather than hourly or sub hourly time step
based computation that is common now. Given this, there is a need to produce current, accurate estimates of
the potential energy savings for passive solar design. Understanding the potential of passive solar design has
significance to policy and planning decisions for cities, regarding density and shading. Also, having typical
values for energy savings from passive solar design will useful for informing house designers, and programs
which support the adoption of low energy buildings. The purpose of the study is to evaluate the technical
potential of passive solar design as a means to save energy in the residential sector, and to produce accurate
estimates of typical passive solar design energy savings for a common new home, throughout a range of
Canadian climates with major population centers.
2.

Methodology

2.1 Objective & Scope
Vancouver, Edmonton, Winnipeg, Toronto, Ottawa and Halifax were selected for modelling, as each of these
cities represents a unique climate and a significant population centre. Prince George and Yellowknife were
selected to assess the potential of passive solar design in Canada’s northern cities; although these cities have
much smaller populations. The study focused on single-family dwellings, as they are the most common
dwelling type in Canada (NRCan, 2010). The direct gain approach was chosen for the analysis. Direct gain is
reported to be the simplest and most-cost effective passive solar design strategy (CMHC, 1998). An analysis
of a monitoring project of 48 passive solar design buildings in the US by Balcomb (1983), found that energy
savings between different passive solar design approaches (eg. direct gain, sunspaces, etc) were very similar,
in all cases where the passive solar design buildings were designed properly. The analysis in this study is
limited to space heating energy consumption. Overheating issues are not considered because south-facing
windows can be shaded during the summer with overhangs or shading devices (CCHT 1998). Furthermore,
space cooling represents only 1.6% of residential energy consumption in Canada (based on 2008 data, from
NRCan, 2010).
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2.2 Reference Case
The analysis was based on the Twin Houses at the Canadian Centre for Housing Technology (CCHT) site,
which are architecturally representative of typical tract-built houses in Canada (CCHT, 2010). One of the
Twin Houses, referred to as the Reference House, remains unchanged and is used as a baseline for
experiments carried out in the other house. The Twin Houses are built to the R-2000 construction standard, a
voluntary performance standard that requires approximately 30% less energy than a conventional new home
in Canada (NRCan, 2009). The CCHT Reference House has insulation levels slightly higher than most
provincial building codes. In addition, the building has a high air tightness rating (1.5 ACH@50) and uses a
heat recovery ventilator. In order to ensure the houses are as identical as possible, the houses include
simulated occupants. A building automation system turns on and off appliances, hot water fixtures and lights
according to a schedule, which represents a typical family of four. Light bulbs are used to simulate the heat
released from occupants. The automated internal gains were based on a target electricity consumption of 20
kWh/day, which is a generally accepted value for modelling (Swinton et al., 2001). The detailed schedule of
the internal gains can be found in Swinton et al., 2001. For this study, a detailed model of the CCHT
Reference House was created and used as a reference case for passive solar design options considered. This
model was based on the “As Built” plans for the CCHT Twin Houses, and information provided by the
CCHT (M. Armstrong, personal communication). Important features of the CCHT houses are summarized
below in Table 1.
Table 1: Key Features of the CCHT Houses

Feature

Value

Floor Area (Living Space)

210 m2

Total Window Area

35 m2

South Facing Window Area

16.2 m2

Window Type

double glazed, low-e, argon filled, insulated spacer

Window Properties (average)

SHGC = 0.52, U = 1.76 W/m2K

Attic R Insulation R Value

8.6 W/m2K

Above Grade Wall Insulation R Value

2.84 W/m2K (with thermal bridging)

Basement Interior Insulation R Value

1.86 W/m2K (with thermal bridging)

Basement Slab

75 mm concrete, un-insulated

Air tightness rating (at 50 Pa)

1.5 ACH

Gas Furnace Efficiency

80.2%

Heat Recovery Ventilator Efficiency

84%

Internal Gains

19.35 kWh/day

The architecture of the CCHT houses is shown below in Figure 1. It includes a double car garage, and a
habitable basement. The design includes many jogs and a complex roofline – features that are common in
new construction in North America, but not ideal for low energy design. Minor geometric simplifications
were made to reduce the number of surfaces modelled without reducing the building’s surface area, such as
shifting inset wall elements outwards to combine with the surrounding walls.
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Figure 1: Geometry Output of CCHT House as Modelled – Isometric View from South East

A reference case space heating gas consumption value for each location was determined and used as a
baseline to compare the passive solar design savings to. The reference case chosen was the CCHT Reference
House, with complete shading on the southern aspect – this scenario allowed for the energy savings due to
southern exposure to be quantified. Quantifying the passive solar design energy savings relative to this
baseline is similar to that used for the solar heating fraction (SHF). The solar heating fraction, for a passive
solar design building, is the fraction of the heating energy, which is supplied by solar gain through the
glazing (Jones, 1992). The SHF can also be conceptualized as the savings relative to a scenario where all of
the building’s glazing is shaded. The authors felt that only including southern shading would serve as a more
realistic baseline than that used for the SHF, as the reference case chosen represents a possible scenario
where the house is shaded by nearby buildings, forest or hills. It is also similar to a scenario where the
building is not oriented towards the south.
Based on the calibrated model, described in the subsequent sections, the CCHT Reference House has a space
heating demand of approximately 65.2 GJ/yr (86.2 kwh/m2) which is approximately half of the average
Canadian space heating consumption of 136.5 GJ/yr (161.0 kwh/m2) for single family dwellings (2008 data
from NRCan, 2010).
2.3 Modelling
EnergyPlus, the US Department of Energy’s dynamic building energy simulation software, was used to
model the energy savings. EnergyPlus is one of the most advance building energy simulation programs, and
contains detailed models of solar gains and transient heat flow (DOE, 2010), which are essential to capturing
the behavior of passive solar design buildings.
Two main assumptions regarding windows were made:
1. Average values for the windows overall heat transfer coefficients (U values) and solar heat gain
coefficients (SHGC) were used rather than the actual individual values for each window (which
were unavailable for reference case), for the simulated passive solar design cases with “best glass”
the U and SHGCs for a low profile fixed window (Serious 925 9H from Serious Windows) for the
NFRC standard size.
2. The Simple Window Model in EnergyPlus was used – this model estimates a set of angular
properties based on the SHGC and U value and creates an equivalent single layer window (DOE,
2010).
Thermal bridging through the wall studs was accounted for by calculating a one dimensional area-weighted
equivalent thermal resistance (R value) by combining the thermal resistance of the studs with the insulation
in parallel according to the formula: 1/Rtotal = 1/Rstud + 1/Rinsulation.
The distribution of solar radiation was modelling using the FullExterior model in EnergyPlus. In all
EnergyPlus solar distribution models, direct beam solar radiation is assumed to fall on the floor only, where a
fraction of it is absorbed by the floor (according to the solar absortance of the floor), and the remaining
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fraction is added to the diffuse radiation. The FullExterior model distributes all of the diffuse radiation
evenly among all interior surfaces (DOE, 2010). This is a reasonable approximation, as houses typically have
light coloured walls and ceilings, which distribute solar gain more evenly amongst surfaces (Johnson, 1992).
All interior partition walls were accounted for using the InternalMass object in EnergyPlus. InternalMass
assemblies (in this case interior walls and floors) receive an even share of the diffuse radiation.
During initial modelling it was found that ground temperature assumptions have a large influence on energy
consumption, this has also been observed by Purdy and Beausoleil-Morrison (2001). Because of this, and the
significant variability in ground temperatures across Canadian climates, the EnergyPlus Basement auxiliary
program was used to calculate 3D ground contact heat transfer. The default soil conditions were used for all
locations.
With exception to the calibration case, explained in section 2.3, all simulations were carried out using
Canadian Weather for Energy Calculations (CWEC) weather data, which is based on data from 1953 – 1935
and represents a “typical” weather year (Numerical Logics, 1999).
2.3 Model Calibration
The literature on calibrating building simulations to match measured data, focuses on the commercial sector
(for a review refer to Reddy, 2006). Calibration of commercial building models often involves “fine tuning”
the parameters which have a high level of uncertainty, until a sufficient match is achieved between recorded
and simulated energy consumption. As the CCHT houses undergo extensive research, adequate data was
available to define all major modelling parameters, thus the typical “tuning” stage of calibration was not
required. Calibration consisted of systematically identifying and fixing errors in the model, and verifying the
output results.
The reference case model was calibrated using measured daily gas consumption data from the CCHT
Reference House for the 2002/2003 heating season, and a validated weather file from Weather Analytics,
which is based on real data from nearby weather stations and climate model data (Keller and Khuen, 2011).
The first step in calibration was to reduce the uncertainty of ground heat transfer. Because of the significant
effect of ground heat transfer, the model was first calibrated with onsite ground temperature data. Armstrong
et al. (2011) recorded seven years of temperature data for the exterior of the foundation wall for the CCHT
Reference House, at five depths. These values were averaged to produce monthly values, which were used
for the building surface ground temperature input in EnergyPlus. The heat transfer from the foundation walls
was modelled using these temperatures, and the basement floor was assumed to be adiabatic due to its depth
below the surface and the much longer heat transfer path. After this step, each major component of the model
was reviewed, and various simulation outputs (such as mass flow rates, basement temperature set point, heat
transfer through windows, walls etc) were examined. This allowed for the detection of several minor errors
and fine adjustments required. For example, the ducts were resized based on trial and error to ensure the
basement temperature matched with recorded data from (Armstrong et al., 2011); this reduced the energy
consumption by 7%. After a good match was achieved with the measured gas consumption, the EnergyPlus’s
Basement auxiliary program was added – as it is required for the other locations examined. A good match
was achieved with Basement coupled to EnergyPlus, after a few data entry errors were detected and
eliminated.
After calibration, annual gas consumption matched within 0.6% of measured data, with a coefficient of
variation of the root mean square error (CV RSME) of 23% and a normalized mean bias error (NMBE) of 0.58%. ASHRAE Guideline 14 (2002) stipulates that in order to declare a model calibrated, the CV RSME
should be within +/- 30% using hourly data, or +/- 15% using monthly data and that the NMBE should be
within +/-10% (hourly) or +/-5% (monthly). However, ASHRAE does not provide guidance on calibrating
with daily values.
2.4 Passive solar design Measures Evaluated
Four levels of passive solar design were considered, as outlined below:
1. Sun Tempered – the house is oriented such that the aspect of the house with the largest area of glazing
faces south, and the other design variables remain unchanged.
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2. High Mass, High South Facing Window to Wall Ratio (WWR) – south facing windows are large, and the
building contains high thermal mass, modelled as 100mm concrete floors and partition walls. In this case the
south facing window area is doubled, achieved a south glazing to floor area ratio of 30%.
3. Best Glass – the effect of high performance glazing was assessed. The glazing used for this scenario has a
U value of 0.68 W/m2K and a SHGC of 0.41. These specifications are based on Serious Windows’ 925 H,
which was the highest performing window in North America that could be found at the time of this study.
4. Best Glass, High Mass, High South Facing Window to Wall Ratio (WWR) – this combination was used to
assess the combined potential of typical passive solar design and high performance glazing.
3.

Results

In all scenarios and cities the south facing windows had a net energy gain over the heating season. Key
results are summarized below in Table 1, which provides the energy savings relative to the reference case,
where the south aspect of the house is shaded. These values are similar to the solar heating fraction achieved.
Table 2: Summary of Passive Solar Design Energy Savings

Scenario

Average

Min

Max

Sun Tempered

18.1%

13.1%

20.7%

High Mass, High WWR

25.0%

14.2%

30.0%

Best Glass

33.9%

28.8%

36.7%

Best Glass, High Mass, High WWR

43.4%

34.3%

47.8%

Figure 2, below, shows the detailed simulated space heating energy consumption for each city considered.
The locations are arranged in order of increasing heating degree days (HDD).

Figure 2: Simulation Results for Space Heating Energy Consumption

These results are also presented in Appendix A, which includes heating degree days (HDD) and latitude for
each location. The solar heating fraction for the Sun Tempered; High Mass, High WWR; and the Best Glass,
High Mass, High WWR cases are shown below in Figure 3 and in Appendix A.
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Figure 3: Solar Heating Fraction by Location

A sensitivity analysis was carried out for Ottawa. The following observations were made:
•

Savings are not highly influenced by thermal mass (5% reduction in savings for the best
glass high mass high WWR case when the additional mass is not included)

•

Window to Wall Ratio has a considerable effect on savings; in all cases it was found that
maximizing south facing window area, maximizes space heating energy savings.

•

The glazing properties have a large effect on energy savings, for the reference case
upgrading the windows to the best available can result in larger energy savings than
increasing the window to wall ratio.

•

Solar gains on the non-south aspects of the CCHT Reference house are very small (2 GJ or
2% contribution to space heating)
4.

Discussion

The results indicate that even without any major passive solar design measures, solar gains contribute a
considerable fraction of a typical home’s heating requirements in cold climates such as Canada. This
highlights the importance of solar access for buildings in heating dominated climates. The results from this
study could be used to support policies that encourage passive solar design, and policies such as the Right to
Light law in the UK, which protects the solar exposure of existing buildings (Waltham Forest Council,
2011).
The highest solar heating fraction achieved is in Halifax, NS. This can be explained by the high ratio of solar
gain to envelope losses (CMHC, 1998). Yellowknife achieves the highest absolute energy savings from
passive solar design (High Mass High WWR Case), which can be explained by the very high energy
consumption of the reference case in Yellowknife. It should also be noted that the smallest solar heating
fraction is achieved in Yellowknife. The solar heating fraction values for the High Mass, High WWR and the
Best Glass, High Mass, High WWR cases are very similar, although in each case a slightly higher SHF is
achieved with the Best Glass. This can be explained by the lower envelope losses.
The results for solar heating fraction are fairly consistent with other studies. For example, Balcomb (1983)
carried out a computer analysis of monitored data from 48 passive solar design houses across the US.
Balcomb found an average passive solar design contribution of 37% to the total space heating load. The
slightly higher solar heating fraction observed by Balcomb (1983) can likely be attributed to the lower
heating demand due to the warmer climate of the US.
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Although the design of the CCHT Twin Houses employ basic passive solar design strategies (south
orientation, higher glazing area on the south aspect), these houses have not been optimized for passive solar
design collection as they are intended to represent typical North American tract-built housing. For example,
optimal aspect ratios (south wall length / depth) should be between 1.2 to 1.3 (Athienitis, 2007). It is likely
that designs that are optimized for passive solar design collection would achieve higher solar heating
fractions. This is evidenced by the solar heating fractions of 0.34 to 0.53 observed by Barakat (1984) for
simple one-zone test units, with only south facing glazing. A more recent example, the Alstonvale Net Zero
Energy House (NZEH), near Montreal (Canada), achieves a solar heating fraction of approximately 60%
(Candanedo and Athienitis, 2009). The high solar heating fraction can also be attributed to the higher level of
thermal performance. The Alstonvale NZEH has much higher thermal resistance values than the CCHT Twin
houses, with R values of 5.6, 12, 4.6 m2K/W in the walls, roof and floor, respectively (Candanedo et al.,
n.d.).
5.

Conclusion

Estimates of the potential energy savings from passive solar design in Canada were produced, based on a
calibrated EnergyPlus model of the CCHT Reference House, a representative sample of new North American
single-family dwellings. The results show that considerable energy savings can be achieved by applying
basic passive solar design to typical new single-family dwellings in locations throughout Canada, including
the far north. By providing full solar access to a home such as the CCHT house, a reduction in space heating
of up to 21% can be achieved. Basic passive solar design measures, such as doubling the south facing
window area and adding thermal mass can result in savings up to 30%, relative to a shaded case, can be
achieved. When these measures are combined with available high performance glazing, savings are up to
48%. The results indicate that the highest energy savings are achieved in the coldest climates, where space
heating energy consumption is the highest and that the highest solar heating fractions occur in areas where
solar radiation is high relative to envelope losses. It is expected that even larger savings could be achieved if
the architecture is optimized for passive solar design collection. Future work is required to quantify the
potential for passive solar design applied to more advanced houses. These results may also be useful for
planning decisions regarding density. Although the scope of this study is limited to single family dwellings,
it is expected that similar savings could be achieved for other building types with comparable thermal
performance.
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Table 3: Detailed Simulation Results
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Location

Scenario

Heating Energy
Consumption
(GJ)

Energy
Savings
(GJ)

% Reduction
from
Reference

Toronto, ON

Shaded (Reference)

70.8

43.7°N

Sun Tempered

58.5

12.3

17.4%

3570 HDD

High Mass, High WWR

53.8

17

24.0%

Best Glass, High Mass

47.6

23.2

32.8%

Best Glass, High Mass, High WWR

40.8

30

42.4%

Halifax, NS

Shaded (Reference)

69.3

44.9˚N

Sun Tempered

55.1

14.2

20.5%

4370 HDD

High Mass, High WWR

48.4

20.9

30.2%

Best Glass, High Mass

44.5

24.8

35.8%

Best Glass, High Mass, High WWR

36.2

33.1

47.8%

Ottawa, ON

Shaded (Reference)

80.7

45.4˚N

Sun Tempered

65.2

15.5

19.2%

4520 HDD

High Mass, High WWR

59.2

21.5

26.6%

Best Glass, High Mass

53.2

27.5

34.1%

Best Glass, High Mass, High WWR

44.9

35.8

44.4%

Vancouver, BC

Shaded (Reference)

49.6

49.3˚N

Sun Tempered

40.1

9.5

19.2%

2630 HDD

High Mass, High WWR

35.5

14.1

28.4%

Best Glass, High Mass

31.4

18.2

36.7%

Best Glass, High Mass, High WWR

26.2

23.4

47.2%

Winnipeg, MB

Shaded (Reference)

102

49.9˚N

Sun Tempered

83

19

18.6%

5780 HDD

High Mass, High WWR

75.7

26.3

25.8%

Best Glass, High Mass

67.9

34.1

33.4%

Best Glass, High Mass, High WWR

57.8

44.2

43.3%

Edmonton, AB

Shaded (Reference)

91.4

53.3˚N

Sun Tempered

72.5

18.9

20.7%

5700 HDD

High Mass, High WWR

64.7

26.7

29.2%

Best Glass, High Mass

58.2

33.2

36.3%

Best Glass, High Mass, High WWR

48.6

42.8

46.8%

Prince George, BC

Shaded (Reference)

78.6

53.9˚N

Sun Tempered

65.6

13

16.5%

5130 HDD

High Mass, High WWR

62

16.6

21.1%

Best Glass, High Mass

52.4

26.2

33.3%

Best Glass, High Mass, High WWR

46.5

32.1

40.8%

Yellowknife, NWT

Shaded (Reference)

146.7

62.5˚N

Sun Tempered

127.5

19.2

13.1%

8260 HDD

High Mass, High WWR

125.8

20.9

14.2%

Best Glass, High Mass

104.5

42.2

28.8%

Best Glass, High Mass, High WWR

96.4

50.3

34.3%

Table 4: Solar Heating Fractions

Location

Scenario

Solar Heating
Fraction

Vancouver, BC

Sun Tempered

22.0%

High Mass, High WWR

37.4%

Best Glass, High Mass, High WWR

38.9%

Sun Tempered

19.4%

High Mass, High WWR

31.9%

Best Glass, High Mass, High WWR

32.8%

Sun Tempered

23.0%

High Mass, High WWR

37.9%

Best Glass, High Mass, High WWR

39.1%

Sun Tempered

21.1%

High Mass, High WWR

33.9%

Best Glass, High Mass, High WWR

34.9%

Sun Tempered

18.6%

High Mass, High WWR

29.5%

Best Glass, High Mass, High WWR

30.4%

Sun Tempered

22.5%
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SWC – RETROFITTING FOR SUSTAINABILITY – DOES IT WORK?
Mahalath R Halperin, FRAIA
Mahalath Halperin Architects Pty Ltd
Armidale, Australia

1. Introduction
To develop a truly sustainable built environment, there are two issues to take into account. In Australia, new
buildings, which are now regulated in terms of their anticipated carbon footprint, do not account for existing
building stock, and are a relatively small proportion, about 20% in 2003/04. (R. Horne, H. Stanley, N.
Willand and C Maller, 2008). So there has been no control over the majority of the existing residential
building stock, and most of it has been constructed without and certainly prior to any energy efficiency
requirements or regulations.
And, even if the existing building stock is upgraded and adapted to address these issues, the theory cannot
account for behaviour. That is, the assumptions about the houses’ energy and thermal performance are based
on the physical reality only and not how the inhabitants will use that physical structure and infrastructure.
Much of Australia’s existing building stock is old and inefficient, the total building sector accounting for
approximately 19% of Australia’s total energy consumption and 23% of total greenhouse gas emissions
(GGE) (ASBEC 2008). So there is plenty of incentive to do something - and as tempting as demolition may
be, there is plenty of scope to retrofit much of the existing building stock and therefore justify to not simply
demolish and replace the existing buildings. And many of these homes are not even that old, much built
within the last few decades. With so many options of what can be done to help reduce a building’s
Greenhouse Gas Emissions, most buildings have some merit and potential.
So usually we can fix and improve these buildings, even retaining their character and charm, but how do we
know that we have got it right? We can run ratings software to convince ourselves that both the new and the
improved existing buildings will perform better than they have historically, but is the theory a true reflection
of reality? Anomalies in climate and weather patterns, such as severe weather events, heat waves, cold snaps
- can affect real results that the theory has not predicted. But given that it is not just the structure and fitout,
but also the how the building’s occupants use the building to achieve their desired level of comfort and
lifestyle that can influence a building’s sustainability, can we separate theory from behaviour?
2. Case Study
This paper looks at a case study of an existing house and its initial rating, and then what was done to improve
the rating. The house was rated initially (Tab.1: Predicted and Actual energy usage and Star ratings) and
then 4 years later after significant changes had been made. This shows changes from a 0 star rated house to a
3 to 5 star rated house (NatHERS V2.32, 2011). So what were the changes made, and is the theory correct?
Monitored results show not only whether the rating’s predictions are correct, but also how behaviour can
have an impact on the results. And the bottom line?– that there are a myriad of things you can do to reduce a
building’s carbon footprint, to make it more comfortable, but that nothing is in isolation.
Tab. 1: Predicted and Actual energy usage (kWh/m2.annum) and Star ratings

Year
2007

0

Rated

Values

Actual Values

Heating

Cooling

Heating & Cooling

All energy usage

189.0

8.2

197.2

61.0

2008

49,0

2009

43.0

2010
Improvement
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Star Rating

3

95.7

3.0

98.6

37.0

x 0.5

x 0.6

This house is located in Armidale, north inland NSW, at approx 1000 m above sea level. So longitude
provides a climate with reasonably warm summers (high 20s to low 30s, occasionally higher) but pleasant
nights (rarely over 20), mild to low humidity, but altitude also brings cold winters, (minimums below zero
and occasionally as low as -11, occasional snow and plenty of frosts).
But what really makes this a challenging climate is the diurnal range, especially in spring and autumn – of
20-25 degrees Celsius. So design needs to account for both cooling and warming – and sometimes in the
same day.
The existing house was built in the 1920s – uninsulated cavity brick, solid brick internally, timber framed
floor, some uncarpeted, minimal ceiling insulation, single glazing, very little north sun, and so on. Added to
that it was ‘modernised’ in the last 10 years with 23 downlights, a 420 litre electric hot water system located
externally and as far as possible from the plumbing it fed, a large electric oven, a gas central heating system.
Fortunately the improvements also included a skylight and two solar tubes, and reasonable blinds and
curtains to some, though not all, of the windows.
3. Improving the Existing Building
Over several years, a series of improvements and changes have been made, thus bringing up the star rating
for its predicted thermal performance. Firstly, electric hot water system was removed and replaced with an
evacuated tube system. The immediate benefit was a reduction of, on average, 7-10 kWh a day. But then
after 12 months, we experimented with leaving the booster off and managing it manually – and found we
would run for 7-8 months at a time without using the booster at all (partly the upside of drought) - so the total
offset from the previous hot water system was now even better. The tank was also relocated internally in a
small room adjacent to the bathroom, doubling as an airing and drying cupboard, and saving on pipe runs
(and therefore wasted hot water), and of course ensuring all pipes were insulated.
We also replaced all incandescent bulbs with compact fluorescent lamps (CFLs), as well as most of the
downlights. Ten were removed totally using one of the holes for a smoke detector.
The others were replaced with various CFLs – this was in the early days on the market so experimenting with
colours, brands etc. Average wattage of the new lamps is 11W compared to the previous 50W bulbs which
also required a 10-12W transformer. Splitting the banking has also allowed for less lights on per switch. In
the kitchen, for example, where previously there were 6 x 60W lights on one switch, these have been now
split into two banks of 2 and 4 lights, each light at 11W. However, we have found we usually only use the
two with a wall-mounted 8W CFL lamp – so total 30 watts where previously it was in excess of 360W.
But there are other issues – holes in the ceiling as a result of downlights generate massive heat at the point of
the light, but also loose heat around it due to the lack of insulation, and of course potential fire risks within
the ceiling space.
Next some structural changes were made, opening up the rear of the house, which fortunately faces almost
north (as appropriate to the southern hemisphere).
Originally a brick veranda – this was a great suntrap but the sun did not penetrate any further into the house
from there. Demolishing the room onto the veranda meant letting in lots of northern sun for winter, with
sufficient eaves to shade for summer. The external line of the building was replaced with a full wall of
double glazing. This now makes it a sun trap in winter, keeping the heat in at night, and opened up for fresh
air in summer. While the double glazing does reduce some solar gain on winter days, this is more than offset
by preventing heat loss during winter nights. That is, while inside might not warm up as much, nor does it
cool down as much either. The area is now a better use of the space that was previously closed in with little
daylight, and the laundry has been placed inside a cupboard.
Then some more specific changes were made to the western side of the building, as the western sunroom was
to be converted to an office. The long western wall, and short northern and southern walls were uninsulated
cavity brick to 1200 high, then single glazed windows the full length of the room, as well as north and south.
First the western wall was lined internally with 20mm Styrofoam sheeting, then covered with fibro and
painted – lightening up the dark brick walls as well as now insulating the wall significantly. About 1/3 of the
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windows were covered with insulating noticeboards, with R2.0 bulk insulation packed in behind. Insulating
blinds were installed over the remaining windows.
The southern wall previously flush to the end of the building, was moved inwards 1.8 m, creating a veranda
and covered entry, allowing us to insulate the new wall structure supporting the reused windows and door,
and providing an external window to the middle room (previously this window opened onto the enclosed
veranda only).
The lighting in this room was also replaced – 2 x 3 bulb wall lamps (180 W each) were replaced with strip
fluorescent lighting, and a 3-spot light (300W) replaced with 4 CFL spots (40W). While we have since
investigated replacing the strip lighting with more efficient T3s, it cannot really be justified yet. There is so
much daylight in the room, the lights are more often off than on, and after nearly 5 years, no tubes have yet
been replaced. After this length of time, they would otherwise have clocked up some 10,000 hours of burn
time, but in reality, due to ample natural lighting, it has been far less.
And finally 3/4 of the bare timber was carpeted to insulate the floor.
In regards to insulation – very old dusty Rockwool in the ceiling was ineffective, so R3.5 bulk insulation was
installed. At the time this was being done, it was the middle of winter. The difference was apparent
immediately (refer later graphs) – the week prior to installing it, the indoor temperature during the day,
unheated, was more or less equal to the external maximum, 13, 14, 15 0C, but the week after, which
coincided with a run of single figures, the temperature remained above the previous internal maximums –
that is, 8, 9, 10 0C outside, but rarely less than 14-15 0C inside during the day. So effectively a 4-5 degree
difference, which in turn meant not having to heat from as low a base come the evenings.
Similarly, the house does not heat up as much midsummer when it needs to be kept cool, though this was
never a major problem due to the extensive thermal mass of the solid brick building. So insulation makes a
significant difference - it works.
We have also subsequently insulated under the floor for part of the northern area – using two layers of
second hand carpet tiles, made of rubber and pigs’ hair. Whilst not as good as 20 mm Styrofoam, it
nonetheless definitely makes a difference, notable on the bare timber during winter. Also it provided an
opportunity to reuse an existing product, free of charge and defer sending it to landfill.
Better curtains and insulating blinds have also been added throughout the house, though some windows still
only have blinds where better quality ones are really needed.
Next we tackled the windows. While some external shading helped offset some of the summer heat gain,
winter heat loss through most of the existing windows was a major concern. Single glazed windows provide
the path of least resistance for heat loss and heat gain, equivalent to about R 0.17. Adding good curtains and
blinds can bring it up to R 0.3-0.5, still under or on par with the uninsulated cavity brickwork.
So we investigated double glazing. While we can easily double glaze new windows, tackling existing
windows can be done as well. After a severe hail storm in late 2006 damaged every pane on the 80 year old
stained-glass windows, the windows were taken away for repairs, and while gone replaced with plain glass.
But when the repaired windows were returned, the clear glass was retained as an outer sheet – the restorer’s
suggestion to protect the stained-glass windows. But in fact it also created a double-glazed panel, the lead
allowing enough air leakage to prevent condensation between the panes, but the benefits immediately
apparent. A simple hand on the glass indicated that the double glazed panes were not as cold as the adjoining
single glazed panes on the same facade. And while double glazing is nominally also only R 0.3, it is not
dependant on curtains being closed. And then adding curtains and/or blinds to the double glazing of course
improves its performance even more. The matching bay window on the other side of the house has also since
been upgraded, and the glass front door will eventually be done as well.
Elsewhere, a window was replaced with the old back door, with a double glazed panel, and with ‘Comfort
Plus’ louvres above (equivalent to double glazing) filling in the hole above from the higher head on the
original window. The louvres also allow for cross breezes in summer.
And then we added the solar array. Our priority was to upgrade the house first - there is little value in placing
a 1 kW system on the roof of a house that is poorly designed and a complete energy guzzler – it would be
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more effective, and money better spent, to retrofit the house first to improve its efficiency and lower its
energy demands. Which is of course what has been done. First a 1.5 kW system was installed, then the
following year another 2 bringing it up to 3.5 kW - so that we now export over 2 to 3 times what we import –
and this includes running an office (though with some anomalies are explained later). Though this does not
actually reduce the total amount of electricity the house and office use, it does reduce the carbon footprint
significantly.
The indoor-outdoor relationship of the house within the context of the site has also been part of the changes the deck with shading and growing trees, ponds with cooling breezes across in summer (and plenty of frogs).
The new side deck gives better access to the garden. Both decks are also built of Modwood, flooring made of
50% sawdust and 50 % recycled PET bottles. It is made of waste materials, requires no staining or
maintenance, does not splinter and is highly durable. A win-win all round.
Rainwater collection has also been considered, especially given the size of the block (4,004 sq.m.) and
therefore the garden. The one acre site includes an extensive garden, though much of it for growing
vegetables and fruit trees, but is largely supported by 8,315 litres, plus we have another 5,000 litre tank
waiting to be plumbed in. A small wall tank is plumbed directly to the kitchen sink, the overflow then
running into the garden tank below. All the tanks rely on gravity feed.
4. Monitored Results
4.1 Rating and Monitoring
So to the ratings – and do they measure up? We have now collected 4 years of records – daily readings of the
internal thermostat, centrally located, the externally located min-max thermometer, the rain gauge, and
reading of inverter for the solar array, coupled with electricity and gas accounts over the same periods; there
has been some interpolation when readings were missed, and notes made to one-off events (storms, visitors,
builders on site, a large bath and so).
And though there are some anomalies – most of them explainable – there are also some encouraging trends.
Initially the building was rated at 0 stars, then improved to at least 3 stars.
Given some of the assumptions for the ratings process, it is probably more like 4 or even 5 stars. The ratings
are calculated on a standard set of occupant behaviours for anticipated heating and cooling loads. So straight
away there are some issues – what is standard behaviour, numbers of occupants, acceptable heating and
cooling levels, and of course this house also incorporates a full-time office which would certainly be outside
standard behaviour patterns and usage.
Add to that the limitations of the software (NatHERS V2.32 in this instance) which limits the number of
window/glazing/covering combinations; only allows for one roof space type; and assumes gas solar hot water
is better than electric while in fact in this case electric is better because we generate excess power whereas
the local gas is trucked in from Victoria, thousands of kms away.
The broader results indicate a definite improvement – the ratings imply total rated energy requirements
reduced from 197.2 kWh/m2.annum to 98.6 kWh/m2.annum. The actual energy loads based on collected
results have dropped from 61 kWh/m2.annum to 37 kWh/m2.annum, so a similar ratio in reduction, though
the total amounts are also approximately only a third of the predictions anyhow.
So if we could include those finer details, this implies that the building would in fact rate significantly higher
– and when we compare actual energy usage – as this also includes all the energy not just the heating and
cooling loads, and includes use as an office.
So putting aside the actual figures, the relationship of the figures is what counts here – ie not whether it’s
50% vs 60.5%, but that simply put energy consumption has reduced by half.
4.2 Temperature Comfort
The other interesting issue here is the ratings (Tab.1: Predicted and Actual energy usage and Star ratings)
emphasise a heavy heating load which is justified, but also imply there is still a cooling load, namely 8.2
kWh/m2.annum down to 3.0 kWh/m2.annum – when in fact cooling was and still is more or less zero.
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But that is also because the software assumes what is a bearable temperature – what is an acceptable winter
temperature? Summer temperature? What temp do you heat and cool to? We heat to 17-18 0C in the body of
the house, never higher. And apart from the heatwave of November 2009, we have also rarely needed to use
the fan. But while some might react that that seems too cool, in fact it is not. At least not for the given
location and climate, and the internal temperature’s relationship to the external temperature. And that is also
where behaviour comes in again – dressing appropriately to the season, such as jumpers in winter, and
lightweight clothes in summer. Not only does everyone have a different thermostat, an individual’s own
temperature perception will vary depending on mood, health, stress etc.
Fig. 1: Thermal Neutrality plotted to Armidale Monthly Average temperatures (LTA, BOM, Updated 2008)
X axis – month (J to D)
Y axis – 0C
Red – TN maximum
Blue – TN minimum
Black – average maximum
Green – average minimum

Using the formula for thermal neutrality – 0.31 x average monthly outdoor temperature + 17.6, we can
determine what is a comfortable temperature, with a bandwidth either way for an acceptable comfort level.
Mapping Armidale’s average monthly minimum and maximum temperatures against this formula (Fig.1:
Thermal Neutrality plotted to Armidale Monthly Average Temperatures), the house’s internal temperatures
are on par with the acceptable comfort levels. The figures indicate a minimum figure of 17.50C and more for
winter, and a maximum figure of 25.80C and lower for summer. Given that we only heat to a max of 180C in
winter, and the house rarely reaches 260C in summer, it would appear that we are living fairly comfortably.
4.3 Heating
A central gas heating system feeds most of the house, but does not extend out to the office, where an electric
heater is used. The house is rarely heated during the day, and runs at night only long enough to raise the
internal temperature to 17 or 18 0C, then switched off. There is a free-standing gas-log heater in the family
room, used intermittently, and a built-in gas log in the lounge room – used more often, though only for a few
hours, and only turned on after the central system is turned off.
Fig. 2: Gas Usage - mid May to mid August
Blue
Red
Green
Black
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– 2007 curtains & blinds added, warm winter
– 2008 insulation added
– 2009 minor improvements, warmer than average August
– 2010, colder than average August

The ratings imply basically a halving of heating needs – 0 stars at 189 kWh/m2.annum dropping to 95.7
kWh/m2.annum with 3 stars (NatHERS V2.32 rating assessment, May 2011). The actual litres (1 litre = 7.08
kWh) have more than halved (Fig.2: Actual Gas Usage), though there are weather variances contributing to
this as well, and some gas is used for cooking. Again, use is affected by behaviour. But the reality indicates
yes, the improvements to the building have contributed to reducing the heating demand.
4.4 Electricity
The office, unlike the house, is heated during the day in the cooler months, though not all day or even every
day due to the room receiving good sun in winter. The heater is electric, and during an increased work period
in 2009, two electric heaters in two rooms were running for a short time (the spike in the graph, Fig.
3.Electricy Usage – August 2006 to August 2010). The internal door from the office leads to a hall, which in
turn has a door to the rest of the house, so allowing the office to be isolated from the rest of the house and
other conditioned and unconditioned zones.
Fig. 3: Electricity Usage – August 2006 to August 2010

Green – Import – house only
Blue – Import – House + Off-peak supply
Red – Total – House + PV
Black – Total – House +Off-peak supply + PV
1. Aug06 to Nov06
2. Nov06 to Feb07
3. Feb07 to May07
4. May07 to Aug07

5. Aug07 to Nov 07
6. Nov07 to Feb08
7. Feb08 to May08
8. May08 to Aug08

A. Builders on site
D. Insulation added; SHW Water booster off

9. Aug08 to Nov08
10. Nov08 to Feb09
11. Feb09 to May09
12. May09 to Aug09

13. Aug09 to Nov09 17. Aug10 to Nov10
14. Nov09 to Feb10 18. Nov10 to Feb11
15. Feb10 to May10
16. May10 to Aug10

B. Solar Hot water (SHW) added
E. Increased office staff

C. 1.5kW added; Builders on site
F. 2.0 kW added

The house has the usual electricity demand - TV, stereo, kitchen appliances, washing machine, fridge, freezer
etc. Most appliances are turned off to avoid standby load – typically 10% for the average household. But the
office obviously adds higher demands to normal household load.
Yet, putting the spike aside, the total office and house combined are well down below the average, implying
then that the house itself is indeed a very low electricity consumer. Taking the spike out, the downwards
trend is quite apparent, and is likely to now level out rather than continue to drop much further. Though the
reduced carbon footprint will be maintained due to the excess generation of the PV array.
So what caused the spike? – the office temporarily expanded into the adjoining room, increasing from 1½
people and 1-2 computers, to 4 full-time staff and 4 computers (and all the added extras - more coffee
breaks, two heaters, small fridge, etc). This then dropped again very quickly with a change in weather (our
hottest August on record) but also a change in behaviour when the newcomers were instructed on better use
of the heater. The office is now back to 1-2 people, but 2 computers used significantly more often than
before the spike. Again, equipment was and is not left on standby when not in use, and practices such as
batch printing employed.
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So increases were also caused by builders on site, but then reductions when the solar hot water was added
and then manual management of the booster. The addition of the PV systems, while not reducing actual
energy use, has reduced electricity import, and therefore CO2 emissions, as the office draws directly from the
system during the day.
The solar array initially at 1.5 kW was averaging about 85% of total electricity demand, and exporting about
80% of its generation into the grid. The improvements to the house increased that to 100% plus on occasions.
Then with the increase in the system size, the house now exports, on average 2-3 times the amount it imports.
Again, climate affects this and with the ending of the drought and a very wet and overcast spring and
summer (2010-2011), generation has dropped significantly, though it still manages to be a significant net
exporter. And while the PV’s do not actually reduce energy usage, they do reduce GGE.
4.5 Internal Temperature Stability
Over four years, the internal temperatures are also evening out and less vulnerable to external changes. The
graphs comparing January temps over four years (Fig. 4: January Temperatures – 2007-2010) show that
while initially the internal fluctuation partially imitated outside fluctuations, the internal temperatures are
much more stable and flattening out. This in turn of course reduces the need to heat (and cool) but also
improves overall thermal comfort within the building.
Fig. 4: January Temperatures 0C – 2007 to 2010

Green – external minimum; Blue – internal minimum; Red – external maximum; Black – internal maximum;

The most immediate improvement was the addition of the ceiling insulation (with similar results for winter
temperatures). So with all the improvements, the internal temperature is now very stable and far less reactive
to the external weather changes.
However, behaviour does have an impact – the 240C maximum internal reaching 260C on the day the house
was not closed up early enough and it reached 350C outside. And after a week of very warm weather, the
night purge becomes less successful as the thermal mass can only absorb so much. But once again, it appears
that things have much improved in 4 years.
And likewise for winter (Fig.5: Temperatures 0C - 23 June to 8 July, 2010), with the minimum internal
temperature for an unheated house during the day, never dropping below 140C, more often at least 150C,
unless uninhabited. The one exception was a fall to 110C and 120C degrees in June 2010 after overnight
temperatures dropped to minus 100C and minus 110C. Taking the 2 week period around this event, the house
was unoccupied on the second day, with no evening heating on the second, third and eighth days – and yet
despite the extreme minimums, managed to hold its temperatures better than two years previously in warmer
weather.
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Fig. 5: Temperatures 0C – 23 June to 8 July, 2010

Green – external minimum; Blue – internal minimum; Red – external maximum; Black – internal maximum;

4.6 Behaviour
So a closer look at some of the other variations - especially with the temperature – aside from unseasonal
weather events, is due to behaviour. The most obvious one is when no one was home to open/close curtains
and blinds, open and shut windows and doors – let in the winter sun, block out the summer heat, or keep in
the evening warmth. In midsummer, the internal temperature is rarely above 240C, usually no higher than
230C – but the days the house was not shut up early in the morning, or not purged at night, the temperature
went higher.
Likewise overnights rarely below 15-160C but lower when curtains were not closed in time, or with several
days unoccupied and no one to open up and let the sun in during the day, and sometimes also if there was no
evening heating to maintain the temperature (as noted above).
So it is obvious that regardless of the structural improvements, behaviour can also be an influencing factor.
And then there are obvious behavioural impacts on energy use, though not necessarily in this particular
house, such as standby power, which can easily add 10% to energy usage. How appliances are used is
important - CFLS will not save energy if they are left on all the time.
So behaviour has a big impact – but even with poor behaviour, the house’s carbon footprint has been
lowered. And due to the net export of the PV system, this is reduced even more.
5. Conclusion
5.1 Future Improvements
There are still things that need and/or might be done to further improve the building –
 Double glaze the rest of the southern windows, and the front door and surrounds;
 Install better blinds to the kitchen windows;
 Finish insulating under the floor;
While we have opted not to even attempt to insulate the double brick cavity walls, the many other things we
have done and will do will offset this loss. As they will also offset the behavioural issues we cannot avoid.
We are also considering options to replace the gas heating – which after all is still a fossil fuel, as without
insulating the walls the house will still need midwinter heating, but in the meantime we will keep reducing
the heating load required.
5.2 Lessons Learnt
Returning to the original issue of retrofitting existing buildings – yes, the ratings do add up via a myriad of
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things you can do to reduce a building’s carbon footprint, but nothing is in isolation. Different changes will
have different impacts, but all combined can still be manipulated, reduced, or enhanced by how you use the
house.
So lessons learnt and conclusions drawn –
 It is about finding a balance – getting the building structure right, the fitout and appliances right, but
behaving appropriately to the building.
 It is understanding that no matter how good the infrastructure, your actions need to be part of the
story to enhance the benefits.
 It is about using the building appropriately and taking advantage of free heat and daylight for an
acceptable level of comfort.
For our buildings, new and renovated, we need to understand the relationship of structure to nature, working
with it rather than against it. But also design for appropriate use rather than just for fashion.
So Australia has this existing building stock. And most of it is anything but sustainable. But nor is
demolishing buildings that would otherwise still stand for many years to come, and, in terms of their function
of providing shelter essentially successfully, a sustainable thing to do. So we need to upgrade, retrofit,
improve what we have already.
We have access to technology, systems, materials, energy sources far superior to those that were around
when these buildings were built. But we need to employ them in the right way. A good retrofit will first
reduce the demand, then make the demand more efficient and only then is it appropriate to consider sourcing
that demand renewably.
In order of importance – and of cost and effectiveness – the simplest, easiest and least costly actions are also
often the most effective. And while we can use the ratings process to assist and predict, we still need to use
these buildings correctly. “There is no good or bad technology to carry out a task – only appropriate or
inappropriate. Big, modern, expensive is not necessarily best, it all depends on the circumstances.”
(Schumacher, E.F., 1973. Small is Beautiful: Economics as if People Mattered). And it is those
circumstances that we should be addressing.
In this case, the circumstances of a significant amount of ineffective building stock. New work might be fine,
but the existing stock must be addressed.
And we need to embrace an holistic approach – the physical, large and small, and the behavioural.
But it is time to wake up - we need to educate behaviour, choice, expectations. We do not need to
compromise on lifestyle – we can still be warm in winter and cool in summer, and our existing houses can be
quite easily retrofitted to achieve this in a myriad of different ways.
We need to include our behaviour and our expectations into the equation, we need to experience these things
as part of a different lifestyle. Of a sustainable lifestyle. What we need is “not an old vision with a new
program, but a new vision with no program.” (Quinn, D., 1992. Ishmael – An Adventure of the Mind and
Spirit).
We can still create beautiful buildings, we can still live in our 100 year old houses, we can even still have our
precious detached house on the quarter acre block - but we must do so sustainably. And it is possible. It is
doable. But it is also essential.
If you have the opportunity to upgrade your own house, or renovate someone else’s, if you can influence
choices with the ratings and modelling tools, if you have the power to legislate for retrofitting, or if you sell
products that can improve existing buildings, take that responsibility and run with it. And believe that each of
us individually and collectively will make that difference, and be inspired to do so.
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Abstract
The building-integrated photovoltaic (BIPV) system has recently become a hot research topic. In this
study, three main factors–the position and height of a building and the distance between buildings--were
thoroughly investigated as to their shadow effect on BIPV system performance in office buildings. A
simulation model was made using EnergyPlus, which was validated with actual experiment data from 'K'
laboratory that was recently constructed in the vicinity of Seoul, Korea for the conduct of various
environment-friendly experiments, including experiments on BIPV system performance. The effect of
shadows on BIPV power was analyzed through parametric studies. First, generated BIPV power depending
on shadows decreased at the highest rate of 59% when the BIPV system was located on the east side of
adjacent buildings. Second, the generated BIPV power of the base model building decreased at the rates of
13%, 54%, and 59% due to the shadows of adjacent buildings with heights of 13m, 26m, and 39m. Third, the
generated BIPV power decreased by 54%, 24%, and 11% when the adjacent buildings were 5m, 13m, and
26m away from the base model building, respectively.

Keywords: Building-integrated photovoltaic (BIPV) system, Power generation, Simulation model validation,
Shadow effect, Distance between buildings

1. Introduction
Studies on the development of substitutive energy are being actively conducted to address problems with
environment contamination and depletion of fossil energy, and the use of renewable energy for a certain
proportion of the energy consumed in buildings is obligated to activate the use and supply of renewable
energy. The PV generation systems that have been applied to or designed for buildings are commonly
installed on rooftops and roofs. This form restricts the use of PV systems, though. Accordingly, when a
building-integrated photovoltaic (BIPV) system is combined with the exterior materials of buildings, solar
energy may be more effectively used. The shadows on PV installed in buildings degrade the systems’
performance. Such shadows are caused by adjacent buildings or by the elements of most architectural
buildings in downtown Korea. Thus, the properties of PV modules based on such shadows must be
considered from the design phase. Accordingly, studies that can generate basic design data, and case studies
that involve analysis of the generation of shadows effect in BIPV systems, are required. In this paper
compared the BIPV generation power through simulations and actual BIPV generation power data from K
laboratory, which installed BIPV system in curtain-wall-structure office. Furthermore, the BIPV system that
is currently installed on the south side of the building was virtually installed with same PV system on the
other three side of the building (east, west, and north) to evaluate the changes in the generated BIPV power
based on weather conditions and the features of the generated BIPV power based on the other side direction,
and to study the possibility of application to lighting or equipment load. The factors that shading effect
generated by adjacent buildings were categorized in this study as the location, height, and distance of the
adjacent buildings using the verified model, and case studies on the effects of differences in such factors
were studied.
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Fig. 1: Building modeling figure

2. Building Modeling and Validation
2.1. Modeling of the subject building
The subject buildings were modeled as shown in Figure 1 by separating the office sector of K laboratory
that is located in Yongin, Republic of Korea and that has six floors above the ground and one floor below the
ground. The building is 15m wide, 12m deep, and 26m tall, and BIPV systems are installed on the spandrel
sections between floors on the south side of the building. The PV module is integrated with the external
building materials through its insertion in the cavity wall between two glasses of double-layered windows.
The performance details of the installed BIPV module are shown in Table 1. The installed BIPV system is a
polycrystalline photovoltaic module, and its maximum generation power is 5.4 kW.
2.2 Validation of the measured and simulated BIPV power
The measured BIPV power and simulated BIPV power of the building was verified and EnergyPlus 6.0
which is computer simulation program was used. The term of the validation was one week, from April 4 to
10, 2011. Table 2 summarizes the meteorological data during the period of validation from the Korea
Meteorological Administration.

Tab. 1: PV module performance

Item
Unit
Value

Open
circuit
voltage(Voc)
V
25.9

Short
circuit
current(Isc)
A
9.3

Maximum
power(Pmax)
W
153.8

Voltage at
maximum
power(Vmp)
V
19.9

Current at
maximum
power(Imp)
A
7.72

Conversion
efficiency
%
15.2

Tab. 2: Weather data during 4~10, April

Day
Average temperature(℃)
Average cloudiness
Precipitation(mm)

Mon
10.1
0.3
-

Tue
10.7
-

Wed
10.6
6.4
-

Thu
9.6
10.0
7.0

Fri
11.4
4.0
-

Sat
9.9
1.3
-

Sun
10.8
7.1
1.5
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Fig. 2: Hourly profile between measured and simulated BIPV power.

The validation period was appropriate for the comparative validation of the generated BIPV power because
the period had clear days, cloudy days, and rainy days. Figure 2 compares the measured and simulated BIPV
power within the validation period. The result of validation showed a well-fitted hourly profile and
Cv(RMSE) value of 27.6%, which is close to the 30% proposed by the M&V guidelines of the US DOE as
an acceptable calibration tolerance rate.

∑  −  
RMSE =  

Cv(RMSE) =

 
 ,

(eq. 1)

× 100

 : simulated power(W),

(eq. 2)

 : Measured power(W),

 : A number of data

 , : Average of measured data

3. Analysis of the Power Generated BIPV System Installed on the Four Sides of the Building
The measured and simulated BIPV power installed on the south side of the building, as mentioned in the
previous chapter, was verified. The same BIPV system was applied on the east, west, and north sides.
Generated BIPV power on the four sides of the building was compared through a simulation.

(a) Mon

(b) Tue

(c) Wed

(d) Thu

(e) Fri

(f) Sat

(g) Sun
Fig. 3: Hourly generated BIPV power and lighting, and equipment loads
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Fig. 4: Sum of the generated BIPV power and lighting and equipment loads

Shown in Figure 3 are the changes in the hourly generated BIPV power during the week. The generated
BIPV power was greatest on Tuesday and Wednesday generated BIPV power is lower than on Tuesday due
to heavy clouds. The generated BIPV power was lowest on Thursday, when there were heavy clouds and rain.
When a lighting load of 10 W/m2 and an equipment load of 12 W/ m2 were used in the building, the
generated BIPV power was used for the building load, except on Thursday, when the weather was poor. Also,
84kWh of the generated BIPV power was accumulated over the weekend, when there was no lighting or
equipment load, and the accumulated power was used for the building load the following week. Shown in
Figure 4 is the sum of the generated BIPV power during the week. On Tuesday, when there was a high
generated BIPV power, approximately half of the lighting load was covered by the generated BIPV power.
Shown in Figure 5 are the photoelectric conversion efficiency and temperature of the PV cell and the
generated BIPV power on Tuesday. The photoelectric conversion efficiency was determined based on the
proportion of electric energy released and the amount of light energy that entered the cell, which was
calculated using equation (eq. 3). The generated BIPV power on the east and west sides showed higher
efficiency than on the south and north sides, and the efficiency slightly decreased when the cell temperature
increased.

η=

E
× 100
E

(eq. 3)

E : Generated PV power (W/m2)
E : Solar radiation energy (W/m2)

(a) East side

(b) West side

(c) South side

(d) North side

Fig. 5: Analysis of the generated BIPV power, photoelectric conversion efficiency, and cell temperature
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Fig. 6: Generated BIPV power per unit area and solar radiation on the cells on Tuesday

Shown in Figure 6 are the solar radiation rate per unit area on the PV cell, and the generated BIPV power
per unit area on Tuesday. The solar radiation rate per unit area was higher on the east and west sides per unit
area, and thus, the generated BIPV power on these sides were higher than on the south or north side. Because
the solar radiation rates and the generated BIPV power per unit area on the east and west sides were higher,
the east and west sides showed greater generation efficiency than the south and north sides.
Shown in Figure 7 is the generated BIPV power hourly profile and the total generated BIPV power on the
four sides of the building for the week. The greatest generated BIPV power is on the south side, and
approximately 4kWh more power on the east side than on the west side. The figure also shows hourly
generated BIPV power on the east, west, south, and north sides. The greatest generated BIPV power is on
Tuesday, with more power on the east side than on the west side and stronger solar radiation in the morning.
On Wednesday, more power was generated in the morning (east side) than in the afternoon (west side); and
on Sunday, more power was generated in the afternoon (west side) than in the morning (east side). It is thus
concluded that the generated BIPV power on the east and west sides differed based on the meteorological
conditions.

(a) Mon

(b) Tue

(c) Wed

(d) Thu

(e) Fri

(f) Sat

(g) Sun
Fig. 7: Hourly generated BIPV power profile and sum of the generated BIPV power on four sides of the building
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4. Analysis of the Generated BIPV Power Effect by Shadows of Adjacent Buildings
The PV module is generally affected by shadows. For BIPV systems installed in downtown areas, the PV
generation rate decreases due to surrounding buildings. Accordingly, the changes in the generated BIPV
power in a building based on the location, height, and distance of adjacent buildings from the base building
were examined from Monday, April 4, to Sunday, April 10, 2011 using a model building, on the east, west,
south, and north sides of which BIPV systems were installed, as mentioned in the previous chapter; and the
relationship of shadow effects and the power generation properties of the BIPV systems installed on the four
sides of the building were analyzed through a simulation.
4.1. Analysis of generated BIPV Power depending on the location of adjacent buildings
The features of the generated BIPV power depending on the location of adjacent buildings were analyzed
through a simulation. All the adjacent buildings were located 5m away from the base building. Five case
studies were conducted with different locations of adjacent buildings (Table 3). The sizes of the adjacent
buildings were identical to the size of the base building. Because the buildings were close to the base
building, shadows were formed during the day, which affected the generated BIPV power of the base
building.
Shown in Figure 8 is sum of the generated BIPV power of the base model and four cases for one week. The
generated BIPV power depending on the location of adjacent buildings decreased by 59% on the east side, by
50% on the north side, by 58% on the west side, and by 49% on the south side. The generated BIPV power
decreased more on the east and west sides than on the south side, and was affected more by the shadow
effects formed by adjacent buildings than in the base model.
Tab. 3: Case classification based on the location of adjacent buildings

Base Model

Case1 (West)

Case2 (East)

Case4 (North)

Case5 (All)

Case3 (South)
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Fig. 8: Sum of generated BIPV power of the base building and the BIPV power generated in all the cases

Shown in Figure 9 is the generated BIPV power at hourly profile of the base model building and with
adjacent buildings during the one-week. Especially, the generated BIPV power feature on the east and north
sides were similar profile when located adjacent building during one week. When the incidence angle of sun
was height, the generated BIPV power on the south side decreased at noon because adjacent buildings
blocked the solar radiation. The generated BIPV power was generally low on the north side, and was
generally affected by diffuse radiation than by direct normal radiation.

Fig. 9: Generated BIPV power in the base model building and in all the cases
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Tab. 4: Case classification based on the height of adjacent buildings

Base Model

Case1

Case2

Case3

4.2. Analysis of generated BIPV power depending on the height of adjacent buildings
The generated BIPV power is affected by the height of adjacent buildings in downtown areas. In this study,
all the adjacent buildings were located 5m away from the base model building. Three case studies were
conducted with different locations of the adjacent buildings (Table 4). In Case 1, the height of the adjacent
buildings was set at half the height of the base model, or 13m; in Case 2, the same as the height of the base
model building of 26m; and in Case 3, 13m higher than the base model building. The changes in the
generated BIPV power were analyzed with the different heights of the adjacent buildings.
Shown in Figure 10 are the generated BIPV power on the east, north, west, and south sides of the base
model, according to the different heights of the adjacent buildings during the week. The generated BIPV
power decreased by 18% on the east side, 14% on the north side, 16% on the west side, and 7% on the south
side in the case of the 13m-tall adjacent buildings. In Case 2, with the adjacent buildings as high as the base
model building, the generated BIPV power decreased by 59% on the east side, 50% on the north side, 58%
on the west side, and 49% on the south side. Case 3 showed a little generated BIPV power decrease than
Case 2 except south side. Accordingly, the shadow effect to the generated BIPV power of the greater height
of the base model (26 m) was small.

Fig. 10: Generated BIPV power of the base model and in all the cases
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Tab. 5: Sum of the generated BIPV power of the base model building and each case
Case 1

Case 2

Case 3

Day

Base
Model
Power
(Wh)

Power
(Wh)

Decreased
Power
(Wh)

Decreasing
Rate
(%)

Power
(Wh)

Decreased
Power
(Wh)

Decreasing
Rate
(%)

Power
(Wh)

Decreased
Power
(Wh)

Decreasing
Rate
(%)

Mon

51,399

44,965

6,433

13

24,410

26,989

53

22,078

29,321

57

Tue

57,226

49,287

7,939

14

26,455

30,771

54

24,036

33,190

58

Wed

40,406

35,033

5,373

13

18,554

21,852

54

16,878

23,528

58

Thu

6,614

5,537

1,077

16

1,049

5,565

84

812

5,802

88

Fri

49,765

43,277

6,488

13

23,403

26,362

53

21,226

28,539

57

Sat

53,452

46,413

7,039

13

24,964

28,488

53

22,656

30,796

58

Sun

30,793

26,891

3,902

13

13,773

17,020

55

12,452

18,341

60

Sum

289,655

251,403

38,252

13

132,608

157,047

54

120,138

169,517

59

Table 5 shows the sum of generated BIPV power in each case, depending on the heights of the base model
and the adjacent buildings during the week from Monday to Sunday. The generated BIPV power decreased
by approximately 13% when there were adjacent buildings that were half as tall (13 m) as the base model,
and the generated BIPV power decreased by 54% when there were adjacent buildings that were as high (26
m) as the base model. The difference between the generated BIPV power in Cases 2 and 3 depending on the
shadows formed by the adjacent buildings that were taller than the base model building (26 m) was 4%,
which is small.
Shown in Figure 11 are the generated BIPV power on the east, west, south, and north sides on Tuesday,
when the weather was best during the week. The generated BIPV power decreased in Case 1, in which the
adjacent buildings were 13 m tall, but it showed a general tendency to follow the generated power of the base
model. The generated power greatly decreased when the adjacent buildings were as high as or higher than the
base model, such as in Cases 2 and 3, and the generated power was based on diffused radiation than on direct
normal radiation due to the adjacent buildings. The generated power was low on the north side, and there was
a little difference in generated power among the individual cases.

(a) East side

(b) West side

(c) South side

(d) North side

Fig. 11: Generated BIPV power variations in the base model building and in each case on Tuesday,
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Tab. 6: Case classification based on the distance of the adjacent buildings from the base model building

Base Model

Case1 (5m)

Case2 (13m)

Case3 (26m)

4.3. Analysis of generated BIPV power depending on the distance of adjacent buildings
The generated BIPV power changes depending on the distance of the adjacent buildings from the base
building. Three case studies were conducted with adjacent buildings that were 5m, 13m, and 26m away from
the base model building (Table 6). The 13m distance of the adjacent buildings from the base model is half
the height of the base model building, and the 26m distance of the adjacent buildings from the base model
building is same height of the base model building. The changes in the generated BIPV power were analyzed
with the changes in the distance of the adjacent buildings from the base model building.
Shown in Figure 12 are the generated BIPV power on the east, north, west, and south sides of the base
model building depending on the changes in the distance of the building from the adjacent buildings over the
week. The generated power decreased by 59% on the east side, 50% on the north side, 58% on the west side,
and 49% on the south side in the case of the 5m-distant building. In the case of the 13m-distant building,
Case 2 showed a generated power reduction of 33% on the east side, 26% on the north side, 31% on the west
side, and 11% on the south side. In Case 3, the distance from the base model to the adjacent buildings was 26
m, and the generated BIPV power decreased by 16% on the east side, 11% on the north side, 15% on the
west side, 5% on the south side. Moreover, the generated BIPV power on the east and west sides, where the
sun rises and sets, respectively, were greatly affected by the shadows formed by the adjacent buildings.

Fig. 12: Generated BIPV power of the base model building and in each case
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Tab. 7: Sum of the daily generated BIPV power of the base model building and in all the cases

Day

Base
Model
Power
(Wh)

Mon

Case 1

Case 2

Power
(Wh)

Decreased
Power
(Wh)

Decreasing
Rate
(%)

51,399

24,410

26,989

Case 3

Power
(Wh)

Decreased
Power
(Wh)

Decreasing
Rate
(%)

Power
(Wh)

Decreased
Power
(Wh)

Decreasing
Rate
(%)

53

39,632

11,767

23

45,809

5,590

11

Tue

57,226

26,455

30,771

54

42,772

14,454

25

49,945

7,281

13

Wed

40,406

18,554

21,852

54

30,453

9,953

25

35,740

4,666

12

Thu

6,614

1,049

5,565

84

4,461

2,153

33

5,903

711

11

Fri

49,765

23,403

26,362

53

37,882

11,883

24

44,186

5,579

11

Sat

53,452

24,964

28,488

53

40,678

12,774

24

47,382

6,070

11

Sun

30,793

13,773

17,020

55

23,523

7,270

24

28,100

2,693

9

Sum

289,655

132,608

157,047

54

219,401

70,254

24

257,065

32,590

11

Table 7 shows the generated BIPV power in each case depending on the distance between the base model
building and adjacent buildings during the week from Monday to Sunday. With a distance of 5m between the
base model building and adjacent buildings, Case 1 showed a power generation rate decrease of 54%. When
the adjacent buildings were placed 13m away from the base model building, which distance is half the height
of the base model building, the BIPV power generation rate decreased by approximately 24%; and in Case 3,
when the adjacent buildings were placed 26m away from the base model building, which distance is identical
to the height of the base model building, the generated BIPV power decreased by 11%.
Shown in Figure 13 are the hourly generated BIPV power on the east, west, south, and north sides of the
base model building depending on its distance from the adjacent buildings. The generated power was smaller
when the base model building was closer to the adjacent buildings, and was a little affected by the shadows
of the adjacent buildings when the base model building was more than 26m away from the adjacent buildings.
Especially, there was considerably decrease in the generated power when the distance of the base model
building from the adjacent buildings on the south side was 5m, but the shadows had little effect when the
distance was greater than 13m.

(a) East side

(b) West side

(c) South side

(d) North side

Fig. 13: Generated BIPV power variations in the base model building and in all the cases on Tuesday,
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5. Conclusion
This paper studied the relationship between the shadows formed by buildings in the vicinity of a building
and the power generation features of BIPV systems installed on the spandrel sections between floors of the
building, based on the commonly applied curtain wall structure of office buildings.
The results of this study are summarized as follows.
(1) Validation between measured BIPV power and simulated BIPV power on the south side building was
satisfactory at 27.6% Cv(RMSE).
(2) BIPV systems were installed on the four sides of the building with the same form using validated
simulation building. The total generated BIPV power within the one-week were 79kWh on the east side,
40kWh on the north side, 75kWh on the west side, and highest at 93 kWh on the south side, with the
generated power on the east side slightly higher than on the west side, and with the generated power on the
north side not even half that on the south side. Decreased efficiency was seen with a higher PV cell
temperature.
(3) The relationship between the generated power and the shadows formed by buildings in the adjacent of
the base model building on four sides of which a BIPV system was installed was categorized depending on
the location, height, and distance of the adjacent buildings from the base model building, and case study was
conducted. When the adjacent buildings which is 5m away from the base model, the east, west, south, and
north sides of the base model building, the generated BIPV power decreased by 59% on the east side, 50%
on the north side, 58% on the west side, and 49% on the south side depending on the shadows. The decreases
in the generated BIPV power depending on the different shadows formed by the different heights of the
adjacent buildings were 13%, 54%, and 59% in the cases of the 13m-, 26m-, and 39m-tall adjacent buildings,
and 54%, 24%, and 11% in the cases of the 5m-, 13m-, and 26m-distant adjacent buildings.
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1. Introduction
In recent years, as the solar collectors and PV modules are often integrated into building envelopes, it is
necessary to develop the simulation models for these solar components. For the integrated collectors,
reduction of heat loss to the outside air is expected from the collector backside comparing to the roof
mounted collectors using frames. Contrarily, the efficiency of the power generation by the PV modules is
reduced due to higher temperature with thermal insulation effect on the backside of the PV modules. In
addition, the building integrated solar collectors and PV modules effect the thermal properties of the roof and
exterior walls as the building components. In this study, the simulation models of roof integrated solar
collector including PV module are described. The simulation of a whole solar heating system with the
integrated solar collectors with PV modules was carried out to evaluate the solar heat collection, the
generated electricity by PV modules, reductions of space heating and domestic hot water heating loads.
2. Collectors and PV modules

Tcole

collector

Tsu
Tcout

Tcole Tsu

Tcout

roof component

Tsd
Tr

(room)

TypeA1:Glass covered collected

collector
roof component

Tb (boundary)

Tb (boundary)
Tcin

absorber
(PV module in A2P)

Tcin

Tsd
Tr (room)
TypeA2:Non glazed collector

Fig. 1 Simulation model of solar collectors

Fig. 1 shows three types of air solar collector.Type A1 is a glass covered collector, Type A2 is a non-glazed
collector and Type A2P is a non-glazed collector with PV modules. The calculation models for both
collectors are composed of the upper collector part and the lower roof component. Type A1 uses one glass
cover and the absorber plate is painted in black. Type A2 is a model without glass cover, same as Type A1
the absorber is painted in black. Type A2P is the same as Type A2 except for the PV modules being used as
the absorber(PVT collector). For the solar collector part the steady state heat transfer model to calculate the
collected heat considering the temperature of the roof component. For the roof component, unsteady state
heat conduction model is used using the boundary condition considering the solar collector. In the study to
calculated the parameters shown in Tab. 2, the roof-integrated solar collectors, the solar collector and the
roof were connected using the boundary temperature, Tb. Tab. 1. shows the equations for calculating thermal
performance of solar collectors. Where Tcole is a environmental temperature for the integrated collectors
calculated from outer environmental temperature Tcoleu and inner environmental temperature Tcoled as shown
in Tab. 1.
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Tab. 1 Parameters for calculating thermal performance of solar collectors
K su

K sd

Kc

T coleu

T coled

SG

TypeA1

T cole



Glass covered collector
TypeA2



Non glazed collector
TypeA2P



PVT collector
2

2

2

K su : upper heat loss coefficient [W/m K], K sd : lower heat loss coefficient [W/m K], K c : heat transmission coefficient [W/m K]
o

o

T coleu : outer environmental temperature [ C], T coled : inner environmental temperature [ C], T cole : environmental temperature [oC]
2

2

r a : thermal resistance of air space [m K/W], r b : thermal resistance of backside [m K/W]
2

α o : outside heat transfer coefficient [W/m K], α ox : backside heat transfer coefficient [W/m2K]
2

2

2

K cu : upper thermal transmittance [W/m K], K cd : lower thermal transmittance [W/m K], R skyc : nocturnal radiation [W/m ]
o

o

T o : outside temperature [ C], T b : boundary temperature [ C], τ g : glass cover transmittance [-], a s ：solar radiation absorptivity [-]
2

I : solar radiation on collector [W/m ], η pvo : power generation efficiency [-], k u : upper environmental temperature coefficient [-]
k d : lower environmental temperature coefficient [-]

Eq. 1 shows the relationship between inlet and outlet temperature, Tfi and Tfo.

T fo  Tcole  (Tcole  T fi )e



Kc Ac
CG

(eq. 1)

Where, Tcole is a environmental temperature. Kc is a heat transmission coefficient for the integrated collectors
calculated from Kcu and Kcd in Tab. 1. C and G are the specific heat of air [J/kg.K] and the air flow rate [kg/s],
respectively. Ac is the collector area [m2]

E  K pv Tpv I col Asu / I s
(eq. 2)

The power generation of PV array E [W] is calculated based on JIS C8907:2005 as shown in Eq. 1. Where,
Kpv(Tpv) is a coefficient expressing the effects of PV cell temperature, Tpv. Tpv is calculated using the heat
balace equation of the upper part of Type A2P collector. Is is solar radiation on PV array at the standard test
condition (1000W/m2).
Fig. 2 shows the heat collection efficiencies obtained for the typical solar collectors. Tab. 2 shows the solar
collector parameters required to simulate the whole system model. The parameters, tra, Ksu, Ksd, fcu, fcd were
used to run the simulation program EESLISM for the whole system simulation such as Fig. 4.

Tab. 2 Solar collector parameters

Heat collected efficiency ηc

1
TypeA1

TypeA2

TypeA2P

ηc = 0.6071 - 5.3598X

0.8

ηc = 0.4008 - 7.4104X

0.6

ηc = 0.361 - 7.2204X

0.4

0.2
0
0

0.02

0.04

0.06
X=(Tfm-To)/I

0.08

Fig. 2 Heat collection efficiency

0.1

0.12

Parameter
TypeA1 TypeA2 TypeA2P
Transmittance
tra
[-]
0.86
0.95
0.90
× absorptance
Upper heat loss
Ksu [W/m 2 K] 6.28
16.37
15.93
coefficient
Lower heat loss
Ksd [W/m 2 K] 0.74
0.74
0.74
coefficient
Upper efficiency
fcu
[-]
0.72
0.50
0.50
coefficient
Lower efficiency
fcd
[-]
0.86
0.80
0.81
coefficient
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3. Simulation
Fig. 3 shows the floor plan of the simulation model house. Fig. 4 shows the simulation model. Tab. 3 shows
the insulation specifications. Tab. 4 shows the simulation cases. Tab. 5 shows the simulation schedule.
Simulation model house is a one storied wooden house with a total fioor area of 81.6m2.The roof tilted angle
was varied at the middle of the south roof. The upper roof tilted angle is 38o. The lower roof tilted angle is
21o. The solar heating rooms are Living, Aroom and Broom. The Solar collectors are installed on the upper
roof and the lower roof. The upper roof collector area is 16.2m2. The lower roof collector area is 32.3m2.
In this simulation study, four cases was carried out as shown in Tab 4. Case1 is the house without using the
solar collector. Cases 2, 3 and 4 were simulated using PV modules and solar collectors.The upper roof
collector is glass covered collector in all cases. In Case 2,the non glazed collector without PV module is
installed on the lower roof for pre heating.
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Senmen
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Closet

1365 910

910 910

1820

Aroom

Loft
Living

Broom

1060 1365

Void

heating + collector heating area
ventilation heating

Fig. 3 Floor plan of the simulation model house

Tab. 3 Insulation specifications

Insulation

Floor

Glass wool
Phenolic foam
Glass wool
Phenolic foam
polystyrene foam

Windows
Glass covered collector

Low-e, double pane U=2.08 W/m 2K

Roof
Outside wall

32.3m2

Winter

OA
PV module
Glass covered collector
2
16.2m
32.3m2
Duct
Glass
covered
collector
Non
glazed
collector
32.3m22
16.2m
Fan
OA
PV module
Duct Living
Fan Aroom
HEX
OA2
16.2m

Broom

Duct

HEX

Living
Aroom
LivingBroom
Aroom
Broom

Tank

Kitchen
Tank

Air storage

Case2 and 4

[mm]
[mm]
[mm]
[mm]
[mm]
[mm]

Glass covered collector
32.3m2

Winter

OA
PV module
Fan
Glass covered collector
EA Winter
Fan
2
16.2m
32.3m2
Pump
Summer
HEX
Duct
Boiler
Glass covered collector
HEX
OA
PV module
Winter
32.3m22
EA
Fan
16.2m
Summer
OA
Duct
PV module
Pump
Living HEX
Kitchen
EA
Fan
Aroom
Boiler16.2m2
Kitchen
EA
Tank
Broom
Pump
Duct
City water
Boiler
HEX

Kitchen
Air storage

Air storage

2102

Summer

200
60
100
35
30
6+6

City water
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Fig. 4 Simulation model house
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Tab. 4 Simulation Case

Solar collector
Preheat collector and/or PV module
Case1

Heat collector
2

Lower roof

Type

Area[m ]

Upper roof

Type

Area[m 2]

-

-

-

-

-

-

Type A2

32.3

Glass covered collector

Type A1

16.2

Case2 Non glazed collector
Case3

PV module

-

32.3

Glass covered collector

Type A1

16.2

Case4

PVT collector

Type A2P

32.3

Glass covered collector

Type A1

16.2

Tab. 5 Simulation schedule

Weather data

Expanded AMeDAS(Maebashi)

Simulation period
Calculation interval
Room set point control
Room temperature
control time
Collector
tilted angle

Jan.-Mar. Nov.-Dec.
1 hour
Operative temperature 18oC

Living

6:00 - 14:00

Aroom

6:00 - 7:00

19:00 - 23:00

Broom

6:00 - 7:00

19:00 - 23:00

o

Upper

38

Lower

21o

Collector azimuth angle
Start collector fan
Flow rate
Solar heating rooms

17:00 - 23:00

0o
Surface Temperature 40oC
570m 3/h
Living, Aroom, Broom

In Case 3, the PV module is installed simply on the lower roof. Therefore, there is no pre-heat collection in
Case 3. The lower roof is used only for power generation. Therefore, the heat collection is only in the upper
roof glazed collector. In Case 4 the PVT collector is installed on the lower roof for the power generation as
well as pre-heating.
The solar collector fan was started when the collector absorber surface temperature was over 40oC. The solar
collector flow rate was 570m3/h. The rooms Living, Aroom and Broom were heated in winter by the hot air
from the under floor heat storage as shown in Fig 4. In winter, the heat exchanger for DHW heating is used
when the Living air temperature exceeds 28oC. In summer, the collected heat used to heat the water for DHW.
The weather data of Maebashi of the expanded AMeDAS was used. The simulation interval is 60 minutes.

4. Simulation results
Fig. 5 shows the weather data for the winter typical days. Fig. 6 shows the simulation results of Case 1. Fig.
7 shows the simulation results of Case 2. Fig.8 shows the simulation results of Case 3. Fig. 9 shows the
simulation results of Case 4.
The solar radiation in Cases 2 and 4 reached about 35kW on the sunny day with 48.5m2 of the collector area.
In Case 3, the solar collector is used only on the upper roof. The solar radiation in Case3 reached about
15kW on the sunny days with 16.2m2 of the collector area.
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Fig. 6 simulation results of Case1

3

Loft

Under floor

Outdoor air

Living room heat load

2
1

0

[kW]

[oC]

Heat load
solar heating
The heat collection in Cases 2 and 4 was reached
30
about 10kW for the total of the upper roof collector
Tank water temperatures
and the lower roof collector. However, the heat
20
Top
collection in Case 3 is 5kW. Case 3 is different
10
because the heat collection on the only upper roof.
Bottom
Cases 2 and 4, there was no significant difference in
0
the heat collection. The maximum power generation
15
DHW boiler heat load
12
is about 2kW for Cases 3 and 4. There was little
9
difference by the cases. Therefore, it would not be
6
3
large difference in the cell temperature due to the PV
0
module cooling effect on the backside. The outlet air
Boiler heat load
Solar heating
temperatures of the lower roof solar collector in
Fig. 7 simulation results of Case2
Cases 2 and 4 reached about 30oC. The outlet air
(Non glazed collector)
temperatures of the upper roof solar collector in
Cases 2 and 4 reached over 50oC.
Therefore, the boundary temperature Tb was low in comparison with the roof inside surface temperature. The
PV surface temperature in Cases 3 reached about 35oC. The PV surface temperature in Case 4 was 33 oC at
the maximum. The temperature difference of the two Cases was very small and only small effect on
increasing PV power generation by PVT collector. The outlet air temperature of upper roof solar collector in
Case 3 reached about 40oC. Therefore, the boundary temperature Tb did not rise. However, because in Cases
2 and 4 the roof is well insulated, the influence of the collector for the rooms was small. The room
temperatures rose high in Cases 2, 3 and 4 compared with Case 1. The Living air temperatures in Cases 2, 3
and 4 reached about 30oC by solar heating. The underfloor heat storage in Cases 2 and 4 reached about 35oC
by solar heating. However, the underfloor heat storage in Case 3 reached about 30oC.
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Fig. 8 simulation results of Case3
(PV module without pre-heat collector)

Boiler heat load

Solar heating

Fig. 9 simulation results of Case4
(PVT collector)

The Loft air temperature did not change substantially in all Cases. The solar heating in Cases 2 and 4 reached
about 1kW on the sunny day. The solar heating in Case 3 reached about 0.3kW on the sunny day. The heat
load in the morning decreased in Cases 2 and 4 on the cloudy day. The indoor room conditions were almost
same for Cases 2, 3 and 4.The tank water temperature in Cases 2 and 4 reached about 55oC. The tank water
temperature in Case3 reached about 45oC. The tank water temperature in Cases 2 and 4 reached about 55oC
on the sunny day. The boiler heat load in Cases 2 and 4 reached about 5kW. The boiler heat load in Case 3
reached about 3kW.
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Fig.10 shows the weather data in the summer
30
20
typical days. Figs.11, 12, 13 and 14 show the
10
Bottom
simulation results in the typical summer days. The
0
15
solar radiation in Case 2 and 4 reached about
DHW boiler heat load
12
40kW on the sunny day for 48.5m2 of the collector
9
6
area. The solar radiation in Case3 reached about
3
15kW on the sunny day for 16.2m2 of the collector
0
area. The heat collection in Cases 2 and 4 reached
Boiler heat load
Solar heating
about 10kW as the total of the upper roof collector
Fig. 12 simulation results of Case2
and the lower roof collector. The heat collection in
(Non glazed collector)
Case 3 was about 5kW. The heat collection had no
large difference with the winter.
The power generation slightly increased compared to the winter. The surface temperature of PV in Cases 3
and 4 reached about 60oC. The boundary temperature in Cases 2 and 4 reached about 40oC. However, in
Cases 2 and 4 the roof was well insulated, the influence was small for the room. The lower roof outlet air
temperature in Cases 2 and 4 reached about 60oC. The upper roof outlet air temperature in Cases 2 and 4
reached about 80oC. The upper roof outlet air temperature in Case 3 was about 70oC. The tank water
temperatures in Cases 2 and 4 reached about 60oC. The tank water temperature in Case 3 was about 50oC.
For the domestic hot water heating in Cases 2 and 4 about 80% was provided by the solar energy on the
sunny day. The about 60% of the domestic hot water heat load in Case 3 was provided by the solar energy on
the sunny day.
5. Annual simulation results
Tab. 5 shows the annual simulation results. Fig. 15 shows the annual simulation results. In Case 1, the
heating load was 1250kWh. In Case 2, the heating load was 335kWh. In Case 2 the auxiliary heating load
was reduced by 73% compared with Case 1.
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Fig. 13 simulation results of Case3
(PV module without pre-heat collector)

Boiler heat load

Solar heating

Fig. 14 simulation results of Case4
(PVT collector)

In Case 3, the heating load was 639kWh. Because, Case 3 had not the preheat collector, the reduction of the
auxiliary heating load was 49% against that in Case 1 In Case 4, the heating load was 368kWh. About 71%
of the auxiliary heating load was reduced against Case 1.In Case 1, the domestic hot water heating load was
4908kWh. In Case 2, the domestic hot water heating load was 3612kWh. In Case2 the domestic hot water
heating load reduced by 26% compared with Case 1. In Case 3, the domestic hot water heating load was
4200kWh. In Case 3 the domestic hot water heating load reduced by 14% compared with Case 1. In Case 4,
the domestic hot water heating load was 3702kWh. In Case 4 the domestic hot water heating load reduced by
24% compared with Case 1. In Case3, the PV power generation was 4674kWh. In Case4, the PV power
generation becomes 4693kWh and the PV power generation of Case 4 was slightly higher than that of Case 3.
The PV power generation efficiency was slightly improved for the lower temperature of the PV module by
the backside ventilation.
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6. Conclusion
The simulation of a whole solar heating system with the integrated solar collectors with PV modules was
carried out to evaluate the solar heat collection, the generated electricity by PV modules, reduction of space
heating and domestic hot water heating loads.
1)

Case 2 using the pre-heat collector and the glass covered collector was the best for the reduction of the
space heating load and domestic hot water heating load. However, Case 4 using the PVT collector for
the pre-heat is the most efficient, considering the PV power generation.

2)

The power generation efficiency of Case 4 with the backside ventilation was slightly higher than that in
Case 3 without backside ventilation inside surface of the roof integrating the collector. However, there
was no significant difference.

3)

The significant effect was not found on the indoor thermal environment by the temperature rise of the
inside surface of the roof integrating the collector.
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1. Introduction
A tropical city like Singapore, with no distinct seasons, is able to harvest high solar radiation throughout the
year. However, high solar radiation could also increase PV cell temperature above 25 °C, the standard testing
temperature at which PV modules are tested. Eventually, the electricity generation is reduced due to high cell
temperature. To overcome this obstacle, one of the solutions is to provide a cooler surrounding environment
for PV modules, so that the surface temperature can be reduced.
Greenery is usually used for better thermal insulation for rooftops. It also helps to reduce the ambient
temperature, due to its evapotranspiration process. In the evapotranspiration process, solar radiation is
absorbed by plants and used as energy to convert water into vapor without temperature changes. This energy
transfer is known as latent heat. Onmura et al. (2001) reported that the ambient air temperature of a rooftop
could be reduced by 10-30 °C due to the evaporative cooling effect.
This paper presents a preliminary study of an integrated PV rooftop system with greenery in the Ttropics.
The study investigates the PV module orientation and the thermal impact of the green roof on the PV module
performance. An energy simulation program, EnergyPlus, was employed to investigate the thermal impact of
green roof. Heat flux analysis was performed to identify the cooling effect of the green roof and its impact on
the PV module performance.
2. PV module orientation
Weather Tool from Autodesk was used to study the optimum solar module position in Singapore. Singapore
weather file from EnergyPlus was imported to simulate the solar path over Singapore. The outcome showed
that the solar path circulate above Singapore from 08.00 am to 19.00 pm. According to that solar path pattern
and the three hottest and coolest months in Singapore, the optimum PV module orientation is 75° clockwise
from the North, where PV module expose to the maximum solar radiation.
The three hottest and coolest months in Singapore, based on the National Environment Agency (NEA)
Singapore, are respectively March, April, May, and November, December, January.
3. EnergyPlus Simulation to study the thermal impact of green roof to the PV module
3.1. Location of study
The 3-storied SDE 2 building which is located at the School of Design and Environment, National University
of Singapore, was examined for the suitability of conducting this study. To facilitate the study, the existing
metal roof was replaced and simulated with two scenarios which will be described in the following section.
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3.2. Modelling method
EnergyPlus is a building simulation program, released by the U.S. Department of Energy (DOE). It is
constructed with the features of BLAST and DOE-2, and also designed for modeling buildings with associated
heating, cooling, lighting, ventilating and other energy flows.
The simulation was conducted in the EnergyPlus version 5.0 environment and the Equivalent One-Diode
method in EnergyPlus was used for this study for a period of one year based on the EnergyPlus given
Singapore weather data. The Equivalent One-Diode model simulates a PV module with an equivalent circuit
consisting of a direct-current source, diode, and one or two resistors. The strength of the current source is
dependent on incident solar radiation. The current-voltage characteristics of the diode depend on the
temperature of the solar cells. The hotter the module, the lower its electical output. The model determines
current as a function of load voltage.
The geometry of the building was constructed in Google Sketchup with the assistance of Openstudio software
which enables the geometry be used for EnergyPlus simulation (Fig. 1). The terrain is city with latitude and
longitude of 1.3667 and 103.8 respectively. Two roof scenarios were simulated, namely scenario one: is a PV
panel over a concrete roof, and scenario two PV panel over a green roof.
The building and PV modules were simulated in two separated thermal zones in EnergyPlus. The building
orientation is 21° clockwise from the North and the PV module faces 75° clockwise from the North. The PV
module orientation is based on the result from the Weather tools to ensure the maximum of solar radiation.

Multi-Skin
Component

Fig. 1: The geometry of building and PV array in the Open Studio

Fig. 2: Schematic drawing of thermal zone ‘ventilated cavity’ for EnergyPlus, named ‘Other side condition’. The cavity between
the PV rooftop and exterior roof (h) is 50 cm.
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Some general assumptions were made in terms of building model construction in order to focus on the thermal
effect of the exterior roof type to the PV rooftop and it describes as follows:
 Simplification of the building form, such as ignoring the presence of windows and canopies.
 Disregard the presence of the surrounding greenery and landscape, such as trees and lawn.
 Disregard the presence of the surrounding building.
The selected PV module is monocrystalline Si based with the dimension of 530х1188 mm2. Its nominal
efficiency is 11.9%, nominal power rating is 75 W, temperature coefficient of short circuit current is 0.00065
A/K and the temperature coefficient of open circuit voltage is -0.08 V/K. The PV system comprises of a 3x20
module array. The total area is 37.78 m2 with the capacity of 60х75 W. The cavity between PV rooftop and
the exterior roof for both scenarios was 50 cm.
“Exterior vented cavity” in EnergyPlus is used as the heat transfer mode for simulation. This object is
applied to model a “Multi-Skin Component” exterior heat transfer surface and the outside face, referred to as
the baffle which forming a naturally ventilated cavity (Fig. 2). Therefore, the cell temperature is obtained
from the exterior baffle temperature in the naturally ventilated exterior cavity model. The input for each
scenario is shown in Table 1.
Tab. 1: Key Input Data File

Input Data File

PV over concrete roof

PV over green roof

Material: Exterior roof

Heavy concrete roof
Conductivity: 1.95 W/mK-1
Specific heat: 900 J/kgK-1

Plants with LAI (Leaf Area Index) of 5
Conductivity of dry soil: 0.4 W/mK-1
Specific heat: 1100 J/kgK-1

Building Surface:
Detailed

Roof top: PV module
Solar absorbtivity: 0.92
Boundary condition:
Other side condition model.
Exterior roof: concrete roof
Boundary condition: Outdoor.

Roof top: PV module
Solar absorbtivity: 0.92
Boundary condition:
Other side condition model
Exterior roof: concrete roof
Boundary condition: Outdoor

Other Side
Condition Model

PV Roof Paver system.

PV Roof Paver system

Exterior Natural
Vented Cavity

PV Roof Paver Ext Vent Cav1

PV Roof Paver Ext Vent Cav1

Heat Transfer
Integration Mode

Integrated Exterior Vented Cavity

Integrated Exterior Vented Cavity

Photovoltaic
Performance

Equivalent One-Diode

Equivalent One-Diode

4. The model of Energy Balance
4.1. Literature Review
Energy balance is the total gains of incoming energy and all losses of outgoing energy. The energy difference
is expressed by the level of temperature in two bodies (Smithson, 2001). According to Jones and Underwood
(2001), the energy balance in the PV module mechanism are in the form of conduction, convection and
radiation respectively. Another factor is the electrical energy generated (Fig. 3).
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Fig. 3: Heat transfer energy exchange at PV module
Source: Jones, A.D. and Underwood, C.P (2001).

The change of temperature resulting from the energy balance mechanism may be expressed as the sum of the
contributions:

CPV

dT
 qlw  qsw  qconv  Pout
dt
(eq. 1)

The convection and radiation heat transfer are from the front and back surfaces of the module and are
considered significant. On the other hand, the conduction heat transfer from the array can be considered
negligible when the contact point area is small.
In terms of the energy balance in the evapotranspiraiton process, Jones, H.G. (1992) described as the
following equation:

n  C  E  M  S
(eq. 2)
where ɸn is the net heat gain from radiation (shortwave plus longwave), C is the net sensible heat loss, λET is
the net latent heat loss, M is the net heat storage in biochemical reaction and S is the net physical storage. The
unit for all these heat are expressed in Watt per meter square (Wm-2). The sensible heat loss is the sum of all
heat loss to the surrounding by conduction and convection. The latent heat flux is the rate of heat loss by
evapotranspiration. The storage (M + S) represents the process of photosynthesis and respiration and the
energy used in heating the plant material to raise the temperature of the air. These heat storage is small except
for massive leaves and forests.
4.2. The concept of Energy Balance in the integration of PV and greenery
Based on the literature review above, the propose mechanism of heat balance for the integration of PV and
green roof is illustrated in the following schematic:
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Fig. 4: The mechanism of heat balance

The mechanism is also developed from the first law of Thermodynamic theory, which defines the internal
energy as equal to the difference of the heat transfer into a system and the work done by the system.
Therefore, the proposed equation is described as follow:

 H 
PV

1

PPV
2
APV
(eq. 3)

 H L
2

g

 H 
1

PV

(eq. 4)

g

PPV
 Hg  Lg
APV
(eq. 5)

ɸ1 is the net radiant coming from above the PV panel which is the sum solar radiation and longwave radiation
absorbed by the PV module. HPV is the net sensible loss at the front and back of the PV surface. PPV is the
electrical generated. APV is the area of PV module. ɸ2 is the net radiant absorbed by the plants which is the
sum of the remaining and reflected solar radiation and longwave radiation. Hg is the net sensible loss at the
green roof surface underneath the PV module. Lg is the net latent heat loss from the greenroof.
Regarding to the results provided by EnergyPlus, the analyses for the energy balance in these two scenarios
can only use the convective heat flux which is derived from multiplying the temperature differences of surface
temperature and the convective heat coefficient given by the EnergyPlus results. Therefore, the analysis is
modified into:

 H H 
PVo

PVb

PPV
 HR  HL
APV
(eq. 6)

ɸ is the net radiant coming from above the PV panel which is the sum of solar radiation and longwave
radiation absorbed by the PV panel. HPVo is the net sensible loss at the front PV surface. HPVb is the net
sensible loss at the back PV surface. PPV is the heat that used for the electrical power output. APV is the area
of PV module. HR is the net sensible loss at the exterior roof surface underneath the PV module. HL is the
remaining heat loss which is the remaining heat flux from the equation. The analysis applied at 14.00 pm as
an example and the results are shown in Table 2. Subsequently the zone air balance surface convective rates
were compared in order to identify thermal effect of the greenery on the performance of a PV module.
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5. Results and discussion
5.1. PV module performance and temperature

PV cell temperature (°C)

Fig. 5 compares the average monthly PV cell temperatures during the daytime. The PV cell temperature
could be reduced by 2.9 °C in January whilst in April and November only by 1 °C. In average, the daytime
PV cell temperature could be reduced by 1.7 °C.
50.00
45.00
40.00
35.00
30.00
Jan

Feb

Mar

Apr

May

Jun

PV over concrete roof

Jul

Aug

Sep

Oct

Nov

Dec

PV over green roof

Fig. 5: Monthly PV cell temperature of different roof top system.

Fig. 6 shows that by comparison of the two scenarios, the results indicate that the electrical production of PV
module over green roof excelled the one of PV module over concrete roof. The highest difference occurred in
January at 2.9% while the least was in April and November at 1%. In average, the PV electrical production
could be improved by 1.6% within a year. Additionally, the highest efficiency of the PV module was reached
at 11.6% at 27.3 °C, while the lowest efficiency was 9% at 64.8 °C.

Electrical Production (kWh)
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520
500
480
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440
420
400
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Feb

Mar

Apr

May

PV over concrete roof

Jun

Jul

Aug
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Oct

Nov

Dec

Photovoltaic:PV over green roof

Fig. 6: Monthly Electricity Production of different roof top system.

The results have shown that the electrical production increases due to the reduction of the PV cell
temperature. The thermal impact of greenery is more apparent with the improvement of the average of PV
array efficiency by 1.15%.
5.2. Heat flux analysis
The simulation results are substituted into the eq. 6 and summarized in Table 2. From the table, it can be seen
that at 14.00 pm, the green surface can reduce the convective heat flux at the front and the back surface of PV
module by 54% and 53% respectively. The heat flux at above the green surface is lower 73% than the heat
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flux at above the concrete surface. On the other hand, the heat flux of PV power generated increases by 3% as
well as the remaining heat flux increases by 22%. The increase of the remaining heat flux may be identified
as the released energy of latent heat flux due to the evapotranspiration process of plants. Subsequently the
total air balance reduces by 78% in the PV module over green roof for the whole day (Table 3).

Tab. 2: The heat fluxes

Q

PV over concrete roof
(Wm-2)
898

PV over green roof
(Wm-2)
898

Difference
(%)
-

HPVo

24

11

(-) 54

HPVb

19

9

(-) 53

PPV/APV

65

67

(+) 3

HR

163

44

(-) 73

HL

627

767

(+) 22

Heat flux

Tab. 3: The total air balance convection rate

PV over concrete roof (W)

PV over green roof
(W)

Reduction
(%)

26,894

5,684

78

Outside
roof surface

Those reduction results at the scenario of PV module over green roof may identify that the latent heat flux
plays important roles as the outcome of evapotranspiration process of the plants. That process could be
observed by the emerging low temperature and high humidity on the green roof surface (Fig. 7 and Fig. 8).

Surface Temperature (°C)
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0
8:00:00

9:00:00

10:00:00

11:00:00

12:00:00

Concrete surface

13:00:00

14:00:00

15:00:00

16:00:00

17:00:00

18:00:00

19:00:00

Green roof surface

Fig. 7: Surface temperature during day time

The surface temperature difference can be as high as 15.7 °C. At 13.00 hours the green surface temperature
was only at 37 °C, but the concrete surface reached up to 48.5 °C. In April, the hottest month, the concrete
surface can reach up to 56.9 °C at 15.00 hours time. This result is in accordance with a previous research that
was also conducted in Singapore by Hien et al. (2003). It was reported that during afternoon the hard surface
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could reach around 57 °C by field measurement. However, the highest temperature for green surface, the
result from EnergyPlus was 41.2 °C, while from Hien et al. (2003) report was only 36 °C.

Relative humidity (%)
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16:00:00
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18:00:00

19:00:00

Green roof surface

Fig. 8: Relative Humidity during day time

The figure above shows that the relative humidity over green roof was around 30% higher than over the
concrete surface. The higher humidity could be attributed to the evapotranspiration process by greenery.
Additionally, the relative humidity over green roof showed relatively constant. This might be due to “smart
schedule” used for Roof irrigation schedule in the simulation. “Smart schedule” is the irrigation schedule that
allows the precipitation schedule to be overridden if the current moisture state of the soil is greater than 30%
saturated.
6. Conclusion
The simulation in EnergyPlus by using the Exterior Vented Cavity as the heat transfer mode has shown that
green roof potentially provide better thermal impact to the PV roof top. Based on the results, in the Tropics,
like Singapore, the PV cell temperature reduction for the arrangement of a 3x20 module array ranged from
1°C (in April and November) to 2.9°C (in January) and the PV electrical generation increased in a range of
1% to 3% over a year.
Although the average of PV performance only improves by 1.6% per year and the electrical energy generation
improve by 3% at noon, the zone air balance convective rates can be decreased nearly by 80%. The high
reduction of the air balance convective rates may reduce the heat penetration to the building and reduce the
use of energy consumption of the building especially for air conditioning, and thus the use PV solar panel can
be more effective.
In addition to the above, those reductions of heat flux around PV module may prove that greenery has used
some amount of solar radiation as the energy to their biological function, such as evapotranspiration and
photosynthesis. Therefore, the thermal condition around the PV module can be improved and consequently
increase the PV performance.
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1. Introduction
Air heating solar collectors are advantageous to be used for space heating. It is also suitable to use in solar
buildings with both solar collectors and PV modules, since PV modules can be used as the preliminary
heating collector. However it is necessary to consider the device for the thermal storage. In this study, several
heat storage methods combined with air heating solar collectors are compared as the integrated thermal
storage system expecting the thermal storage and the rediative floor heating.
2. Simulation models
The simulation model house is a detached house of wooden construction in Takasaki (36.32 degrees N, 139.0
degrees E), Japan. Fig.1. shows the floor plan of this house. The house structure is a one-story with a loft.
The total floor area is 90 m2. The house is provided with good insulation as shown in Tab.1.

910 910

1820

910 910

1820

1820

2730

WC
Bath

Senmen

Kitchen
Hall

Machine
room

1670

Aroom

Living

Broom

Void

1060 1365

1365 910

Loft
Closet

heating + collector heating area
ventilation heating

Fig.1. Floor plan of the simulation model house
Tab.1. Case of simulation
Case

Outside wall

Case1

wooden floor (none)

Case2

heat storage with underfloor space(wooden floor + concrete foundation)

Case3

wood

Case4
Case5

Total area

wooden floor + pabble bed heat storage using underfloor space
wooden floor + bottled water heat storage using underfloor space

16m 2

32m 2

concrete hollow core slab

Case6
Case7

concrete

Case8

concrete slab on ground

48m 2

wooden floor (none)

Case9
Case10
Case11
Case12
Case13
Case14

wood

concrete
Roof

Outside wall
Floor and underfloor
Windows
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Glass cover
Preliminary collector
collector area with PV modules area

Heat storage system

heat storage with underfloor space(wooden floor + concrete foundation)
wooden floor + pabble bed heat storage using underfloor space
wooden floor + bottled water heat storage using underfloor space
concrete hollow core slab

24m 2

24m 2

roof
Building thermal insulation
glass wool 200mm + phenol foam 60mm
wood : glass wool 100mm + phenol foam 35mm
concrete : glass wool 100mm + phenol foam 35mm (concrete 150mm)
Wood : polystyrene foam 100mm (concrete 120mm)
concrete : polystyrene foam 30mm (concrete 350mm)
Low-e, donble pane

U=2.08 W/m 2K

Glass covered collector

Glass covered collector

Non glazed collector with PV module

Non glazed collector with PV module

Loft

Loft

Outdoor air

Outdoor air

Living
Aroom
Broom

Kitchen

rediative heating
Space heating

Living
Aroom
Broom

under floor

Kitchen

Air Storage

a) Without heat storage (Case 1, Case 8)

b) heat storage with the underfloor space (Case 2, Case 9)

Glass covered collector

Glass covered collector

Non glazed collector with PV module

Non glazed collector with PV module

Loft

Loft

Outdoor air

Outdoor air

Living
Aroom
Broom

rediative heating
Space heating

Kitchen

Living
Aroom
Broom

rediative heating
Space heating

pebble bed heat storage

Kitchen

Bottled Air
water
Storage
heat storage

c) Wooden floor + Pebble bed heat storage (Case 3, Case 10)

d) Wooden floor + bottled water heat storage (Case 4, Case 11)

Glass covered collector

rediative heating

Non glazed collector with PV module

Loft

Mortar
2mm
air flow channel 2mm
Mortar
2mm
Polystyrene form 100mm

Outdoor air

Living
Aroom
Broom

rediative heating
Space heating

Kitchen

Insulation

Air Storage
Concrete hollow core slab

collected air

e) Concrete hollow core slab (Case 5, Case12)

Detail of Concrete hollow core slab

Glass covered collector

Glass covered collector

Non glazed collector with PV module

Non glazed collector with PV module

Loft

Loft

Outdoor air

Outdoor air

rediative heating

Living
Aroom
Broom

rediative heating

Kitchen

Living
Aroom
Broom

Kitchen

Concrete slab on ground

Concrete slab on ground and Concrete wall

f) Concrete slab on ground (Case 6, Case13)

g) Concrete slab on ground and concrete wall

Fig.2. Simulation model of the solar house
Table.2. Detail of heat storage system

Heat storage volume
Void fraction
Number of heat storage elements
Surface area
Equivalent diameter
Heat transfer coefficient
Temperature effectiveness
Heat capacity

Pebble bed Bottled water
20
20
m
0.47
0.85
10,365,188
1,500
5088
150
m2
m
0.0125
0.1560
α
17.7
2.0
W/m2K
eff
1.000
0.846
Hcap KJ/K
12,879
12,540

V
n
A
D

3

Concrete hollow core slab
3
18.5
3,321
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The south roof of this house is provided with the PV modules also used for the preliminary heating collector
and the glass covered collector. The total collector area is 48m2, while the areas of preliminary collector and
glass covered collector are arranged from Case 1 to Case 14 as shown Table.1. The simulation is carried out
not only for the heat storage systems but also the whole space heating systems including the solar collectors.
Two types of building structure are assumed. One is a wooden structure house and the other is a concrete
structure with the wooden roof. A wooden house needs the thermal storage system to increase the thermal
capacity for the solar heating system. The heat storage system using a floor slab or an underfloor space is
expected for the radiation heating from the floor. Seven heat storage systems shown in Fig.2 are examind
using the simulation. The all systems are combined with the air heating collector. Fig.2 shows the schematic
diagrams of the solar collecter and heat storage systems. Table.2 shows the details of heat srotage systems.
Using the simulation tool, EESLISM (M. Udagawa, M. Satoh, 1999), the simulation study was carried for 14
cases. The whole solar house simulation was carried out to evaluate the heating load and the room thermal
environment. The system performance of the thermal storage was evaluated for the reduction in the seasonal
auxiliary space heating load and also in the peak load which is related to the capacity of the auxiliary heating
system.
This simulation period is from November to March. Calculation interval is 1 hour. In this study, the collected
hot air was used to only space heating. Tabs.3 and 4 show the simulation schedule. The used wheather date is
the Expanded AMeDAS date (AIJ, 2005) for Maebashi(about 4km apart from Takasaki). Three rooms
provided with the air conditioners for the auxiliary heating are Living, Aroom and Broom, but all rooms
excepted for the machine room are heated by the hot air from adjacent spaces. The underfloor space is used
for the heat storage, the bottled water or the pebbles as shown in Fig.2 and Tab.2.
Table.3. Detail of air colecter

Collector area

Case1-7

Glass covered collector : 16m 2 Preliminary collector with PV module : 32m 2

Case8-14

Glass covered collector : 24m 2 Preliminary collector with PV module : 24m 2
Glass covered collector : 38o Preliminary collector with PV module : 21o
South

Collector tilted angle
Collector azimuth angke
Start collecting temperature

Collecter surface 40oC

Air flow rate

570m 3/h
Living, Aroom, Broom

Solar heating space

Table.4. Simulation schedule

Weather date

Expanded AMeDAS（Maebashi）

Simulation period
Calculation interval
Room set point
Space heating
control time

Jan.-Mar. Nov.-Dec.
1 hour

Living

Operating temperature 18oC
6:00 - 14:00
17:00 - 23:00

Aroom

6:00 - 7:00

19:00 - 23:00

Broom

6:00 - 7:00

19:00 - 23:00

3. Simulation results
Figs. 3 and 4 show the hourly simulation results for Cases 1 to 7 (glass covered collector area is 16 m2) on
the typical days in winter. The typical days were from 19th to 23rd, January that is composed of four fine
days and a cloudy day. The maximum collected solar energy was about 10kW and the power generation was
2.5kW. Case 1 without heat storage, the Living room air temperature rose to 35 degrees C in the daytime.
But it fell to 17 degrees C in the night. Therefore, the temperature fluctuate was about 20 degrees C in a day.
However, Cases 2 to 5 using the underfloor heat storage, the Living room air temperatures rose in the
daytime were suppressed, and the descent of the temperature were slow at night-time. Especially, in Case 5
with the concrete hollow core slab, the Living room air temperature was 19 degrees C in the night. In Cases 6
and 7, the Living room air temperature were 34 degrees C in the daytime, because collected air is blown to
the room directly. But auxiliary heating loads were nothing even in the cloudy day, so there is enough heat
storage capacity for Cases 6 to 7.
Figs. 5 and 6 show the hourly simulation results on same day for Cases 8 to 14 (glass coverd collector area is
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Fig.3. simulation results (Glass collector area 16m2 1/19~1/23)
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Fig.4. simulation results (Glass collector area 16m2 1/19~1/23)
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Fig.5. simulation results (Glass collector area 24m2 1/19~1/23)
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Fig.6. simulation results (Glass collector area 24m2 1/19~1/23)
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Fig.7. Auxiliary heating load (November - March)
Table.6. Auxiliary heating load and reduction efficiency (November - March)
16m 2

24m 2
Case

Heating load
[kWh/winter]

Reduction against
Case 8

-

Case8

315.6

-

276

31.9%

Case9

202.6

35.8%

Case3

240.8

40.6%

Case10

152.2

51.8%

Case4

256.6

36.7%

Case11

159.5

49.5%

Concrete hollow core slab

Case5

196.5

51.5%

Case12

111.4

64.7%

Concrete slab on gound

Case6

200.6

50.5%

Case13

123.1

61.0%

Concrete slab and wall

Case7

76.9

81.0%

Case14

44.4

85.9%

Without heat storage
Thermal storage with
under floor space
Wooden floor + Pebble bed thermal
storage using under floor space
Wooden floor + Bottled watert hermal
storage using under floor space

Case

Heating load
[kWh/winter]

Reduction against
Case 1

Case1

405.2

Case2

24m2). The maximum collected solar energy was about 12kW and the power generation was 2 kW. For Case
8, without heat storage, the Living room air temperature rose to 40 degrees C in the day, and it fell to 18
degrees. It was the same as Case 2 in the night. Therefore, the temperatures fluctuate was about 22 degrees C
in the day. But in Cases 9 to 12 using the underfloor heat storage, the Living room air temperatures rose in
the daytime were suppressed, and the descent of the temperatures were slow at the night-time. Therefore, the
temperature fluctuate was about 10 degrees C in the day and the auxialiary load was 10kW or less.
Especially, in Case 12 with the concrete hollow core slab, the living temperature was about 20 degrees C in
the night. The auxiliary heating load of Living was nothing even in cloudy day. In Cases 13 and 14, the
Living room air temperatures rose about 35 degrees C, but it was small that the auxiliary heating loads of
Living and Aroom in all day.
Fig.7 shows the auxiliary heating load in the winter, and Tab.6 shows the auxiliary heating load and the
reduction against the case without heat storage, Case 1 for Cases 2 to 7 and Case 8 for Cases 9 to 14,
respectively. In Cases 2 to 7 (Glass covered collecter area is 16m2), the auxiliary heating loads were reduced
comparing to Case 1 (without heat storage system). The reductions of auxiliary heating loads were 31.9% for
Case 2 (the underfloor with heat storage), 40.6% for Case 3 (the pebble bed heat storage), 36.7% for Case 4
(the bottled water heat storage), 51.5% for Case 5 (concrete hollow core slab), and 50.5% for Case 6
(concrete slab on ground). Therefore, the reduction of Case 5 was larger than than that of Case 6, because the
heat transfer coefficient of Case 5 was larger than that of Case 6. The best one was Case7 (concrete slab on
ground and concrete wall) with the large thermal capacities of the outside wall. The auxiliary heating load of
81% was reduced against Case 1.
In Cases 9 to 14 (Glass covered collector area is 24m2), it is possible to reduce the auxiliary heating load
comparing to Case 8 (without heat storage system). The reductions of auxiliary heating loads were 35.8% for
Case 9 (the underfloor with heat storage), 51.8% for Case 10 (the pebble bed heat storage), 49.5% for Case11
(the bottled water heat storage), 64.7% for Case12 (concrete hollow core slab), and 61.0% for Case 13
(concrete slab on ground). Therefore, the reduction of Case 12 was larger than that of Case6 too. The best
one is Case 14 (concrete slab on ground and concrete wall) with the large thermal capacities of the outside
wall. The auxiliary heating load of 86% was reduced against Case 8.

2125

4. Conclusion
The whole building simulation study was carried out for 14 cases of heat storage systems combined with the
air collectors.
1) In the wooden house, it is possible to reduce the auxiliary heating load by the heat storage systems using
the floor slab or the underfloor space. The auxiliary heating load of 30% - 60% were reduced against the
case without heat storage.
2) Using the concrete outside wall structure the maximum reduction of the auxiliary heating load was 86%
against the case without heat storage.
3) The floor heating system using the hollow core slab which could directly heat the room by convection
and radiction from the floor surface reduced the auxiliary heating load of 64.7% against the case without
the heat storage.
4) For the wooden house using the devices for the thermal storage, it can achieve smaller the temperature
fluctuate during the day than the house using the concrete outside walls without the heat storage devices.
The thermal storage devices using the floor slab or the underfloor spaces are effective to increase the
heat capacity for the wooden house.
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SMART WINDOWS: OPTICAL AND THERMAL PERFORMANCE
EVALUATION
P. C. Eames, S. M. Naqvi and L. Mei
Centre for Renewable Energy Systems Technology, Dept. of Electronic and Electrical Engineering,
Loughborough University, LE11 3TU, UK
1. Abstract
A new concept for a Smart Window system is discussed, which can provide electricity and reduce solar gain
by integrating high efficiency third generation photovoltaic cells with Fresnel lens concentrators that replace
the active blinds currently employed in some double glazed facades. In the proposed window system, high
efficiency concentrating photovoltaic elements (CPVs) are tracked in 2-axes to allow direct solar radiation
incident at the glazing surface to be collected. The 2-D tracker is designed to avoid the overlapping and
shading effects between adjacent Fresnel lenses. This design could also provide hot water or air obtained by
cooling the cells for use within the building. In the optical analysis, beam intensity to the CPVs and room,
diffuse intensity to the room through the window system, and radiation absorbed by the window components
are analysed. Using the solar radiation fluxes calculated in the optical analysis TRNSYS based simulations of
a simple building model located in Madrid and Birmingham were performed for rooms with standard double
glazed and smart windows. Predicted zone temperatures and cooling loads resulting from solar gain show
reduced peak room temperatures with cooling loads reduced by 40% annually for rooms with the smart
window system.
2. Introduction
The development of effective renewable energy systems may be the most important topic in the twenty first
century. Solar energy utilization will become one of the main substitutes for fossil fuel use in the future due
to its essentially non-polluting, inexhaustible nature. The integration of photovoltaic with solar thermal
technologies can provide a significant increase in the overall efficiency of solar energy conversion (Jie et al.
2008). Different types of double glazed facades are being employed in buildings with the aim to provide
increased in-house comfort by reducing space heating requirements and energy consumption for cooling
(Nassim et al. 2005). Blinds are used within such facades to control the fraction of the incident beam
radiation entering the building, which reduces the cooling load for the building; these blinds however do not
have any mechanism to use the intercepted energy.
Smart Windows is a new concept for the next generation of windows that provides control of energy flow
through a double glazed facade which reduces the energy consumption within a building and improves its
energy rating. Many recent window designs incorporate low E-coatings, spectrally selective glazings, and
low conductivity gas fills, but they do not utilize the incident solar energy to generate heat or electricity. It is
not easy to achieve a good level of natural day lighting within a building without, at some time of the year,
suffering from excessive overheating. Smart Windows can mitigate the above problem and also help to
reduce the discomfort in indoor living spaces caused by glare from solar radiation incident on windows or
rays reflected from indoor surfaces (Piccolo and Simone 2009, Kim et al. 2009). Fresnel lenses coupled with
high efficiency solar cells can make solar electricity generation more effective if the cell temperature is
controlled in an efficient way. In Smart Windows good electrical conversion efficiency is maintained by
controlling the intensity of beam radiation on the solar cells and using active or passive cooling. Integration
of Fresnel lenses in double glazed facades enables the separation of beam radiation from diffuse radiation by
concentrating direct radiation on the solar cells while the diffuse radiation penetrates into the interior of
buildings to provide daylight of suitable intensity without sharp contrast and glare (Tripanagnostopoulos et
al. 2007). This new generation of windows with transparent, water or air cooled, two-axes tracking CPVs
using high efficiency solar cells will act as an efficient blind for direct sunlight, reduce the air conditioning
load, generate electricity and transmit diffuse sunlight into the building to maintain natural day lighting.
This paper presents specifications and comparison of the predictions of Smart Windows performance when
mounted at different slopes with different two-axes tracking limits at two different locations in Europe.
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2. Methodology
The dimensions of the window control the total number of CPVs installed within the glazing and are related
directly to the generation of electricity and system’s cost. Fresnel lenses CPVs can only generate electricity if
beam radiation is concentrated onto and effectively blocked by the solar cell located at the focus of the
lenses. In this design, the CPVs track the sun by moving in two-axes in prescribed ways so that the angle of
incidence of beam radiation is zero as illustrated schematically in Figure 1.
For a plane that is continuously tracked about two-axes to minimize the angle of incidence, the slope of the
plane should be equal to the zenith angle and the surface azimuth angle should be equal to the solar azimuth
angle (Duffie and Beckman 1991). In the proposed design the tracking angle about the first axis will be
equal to the difference between the slope of the window and the zenith angle, and for the second axis will
remain equal to the solar azimuth angle. For CPVs placed between the glazings of a window, it is not
possible practically to track the sun from sunrise to sunset; specification of the tracking limits for each axis is
an important part of the design. The CPVs are tracked simultaneously about two-axes to maintain the angle
of incidence of beam radiation on the Fresnel lenses at zero, when the required inclination is outside the
specified range then the CPVs are tracked back to be parallel to the plane of the window as shown in Fig.
1(c). From the tracking limits and dimension of the window the minimum spacing between the adjacent cells
in each axis can be calculated which determines the optical performance of the system.
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Fig. 1: Illustration of tracking in a Smart Window (in 2-D)
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There is no overlapping and shading by adjacent Fresnel lenses within the tracking limits to prevent power
dissipation in shaded cells. The increase in beam intensity when the sun moves toward noon is offset by the
effective lens area being reduced as illustrated in Figure 1. In Figure 1(a) θ1 is the minimum solar azimuth
angle limit, and d1 is the spacing between adjacent Fresnel lenses. In Figure 1(b) due to the increase in sun
elevation, the spacing between Fresnel lenses d2 decreases. In Figure 1(c) the tracking angle at this time is
zero and spacing between the lenses d3 is further reduced to its minimum value (d1> d2> d3). Another key
factor in a glazing used for a double skin façade is the optical properties of the glass e.g. its transmittance,
absorptance and reflectance (Fig. 2) which play an important role in determining the overall efficiency of the
system. The experimental evaluation of the proposed Smart Window’s design is presented in the following
section.

Slope of double
glazed widow

(c)

Fig 2: Optical properties of glass.

3. Results
The details of the system designs and the locations of installation are presented in Table 1.
Tab. 1: System Design Parameters

Window and Fresnel Lenses
1. Double glazed smart window area
2. Fresnel lens area
3. Thickness of glass
4. Number of glazings
5. Extinction coefficient of glass
Location 1:
Birmingham UK
1. Latitude
2. Longitude
3. Altitude
4. Slope of the window
5. Tracking range for first axis
6. Tracking range for second axis
7. Total number of CPVs used
8. Max. possible lens spacing for beam radiation along first axis
9. Max. possible lens spacing for beam radiation along second axis
Location 2:
Madrid Spain
1. Latitude
2. Longitude
3. Altitude
4. Slope of the window
5. Tracking range for first axis
6. Tracking range for second axis
7. Total number of CPVs used
8. Max. possible lens spacing for beam radiation along first axis
9. Max. possible lens spacing for beam radiation along second axis

Value
2x2 m2
50x50 mm2
2.3 mm
2
16
52.3o N
2.1o N
100 m
90o
o
-45 to +45o
-60o to +60o
560
20 mm
50 mm
40.5o N
30.5o N
582 m
60o
o
-45 to +45o
-45o to +45o
780
20 mm
20 mm

The solar data for the “peak day” of each month (19th Jan., 21st Feb., 20th March, 20th April, 22nd May, 22nd
June, 23rd July, 23rd Aug., 23rd Sep., 23rd Oct., 22nd Nov., 22nd Dec.) for two locations Birmingham UK and
Madrid Spain was downloaded from PVSYST 5_0. In Figure 3(a) the beam radiation concentrated by the
Fresnel lenses and used for electricity generation in Birmingham is shown, collection time depending on
date, starts between 8:15 and 9:50 and stops between 14:10 and 15:45. The maximum predicted daily
intensity of beam radiation collected at noon is 235W/m2 on April 20th and August 23rd with a minimum peak
daily beam intensity of 140W/m2 on December 22nd. In June beam radiation is not collected around noon
because the required tracking angle in the first-axis is outside the tracker’s range, which is determined by the
slope of the window and the solar zenith angle. Figure 3(b) shows the beam radiation transmitted to the room
which will affect the room temperature. The maximum peak value of 323W/m2 is transmitted to the room at
noon on February 21st and October 23rd. The minimum peak value transmitted to the room at noon on May

2129

22nd and July 23rd is 108W/m2. Figure 3(c) provides the total (beam and diffuse) intensity transmitted to the
room which shows peak values at noon to range from 280 to 430W/m2. The increase in intensity transmitted
to the room at noon in the month of June is due to the tracking limitations discussed above. Figure 3(d)
provides the total intensity transmitted to a room with the same size of window and same specifications with
no CPV system between the glazings. These results show that a significant amount of radiation is utilized by
the CPVs and a significant amount of summer cooling load may be avoided.

Fig. 3: Predicted beam radiation to CPVs (a), beam radiation transmitted to room (b), and total (beam and diffuse) radiation transmitted
to room (c) for the Smart Window system. Total radiation transmitted to room through a simple double glazed window (d) for
comparison. Location: Birmingham UK.

Fig. 4: Predicted diffuse radiation transmitted to room (a), beam radiation absorbed by the Fresnel lenses (b), total radiation absorbed by
first glazing (c), and total radiation absorbed by second glazing (d). Location: Birmingham UK.
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The diffuse radiation transmitted to the room, Figure 4(a) will provide natural daylight to the room. The
energy absorbed by the Fresnel lenses, first glazing and second glazing, have maximum intensities of 25, 35
and 22W/m2 respectively and provide input parameters for a thermal model of the system. Figure 5(a)
illustrates the percentage of the total window area obscured by CPVs during the collection time in
Birmingham and Figure 5(b) shows the percentage of area obscured for Madrid.

Fig. 5: Area obscured by CPV lenses in the Smart Window, (a) for Birmingham and (b) for Madrid.

Fig. 6: Predicted beam radiation to CPVs (a), beam radiation transmitted to room (b), and total (beam and diffuse) radiation transmitted
to room (c) for the Smart Window system. Total radiation transmitted to room through simple double glazed window (d). Location:
Madrid Spain.

The beam intensity concentrated onto the CPVs for Madrid Spain is shown in Figure 6(a). The collection
time starts between 8:15 and 10:30 and stops between 13:30 and 15:45 depending on the time of the year.
The minimum peak of beam intensity i.e. 300W/m2 at noon is collected on December 22nd, the maximum
peak of beam intensity i.e. 395W/m2 is collected in May and July at 11:06 and 12:54 hours. The beam
radiation collected in the summer time is slightly decreased from the peak values at noon due to the decrease
in area obscured by the CPV lenses as shown in Figure 5(b). The maximum beam intensity transmitted to the
room 450W/m2 is in August at 9:55 and 14:05 hours as shown in Figure 6(b). A comparison of total (beam
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and diffuse) radiation intensity to the room in Figures 6(c & d) indicates that the minimum difference in peak
radiation at noon of 385W/m2 is in June and the maximum difference in peak radiation at noon of 395W/m2
is in March and September. These results illustrate that a significant amount of radiation is utilized by the
CPVs and a significant amount of summer cooling load can be avoided. The diffuse radiation transmitted to
the room, Figure 7(a) will provide natural daylight to the room. The energy absorbed by the Fresnel lenses,
first glazing and second glazing, have maximum values of 43, 39 and 25W/m2 respectively in Figures 7(b, c
& d) and provide input parameters for a thermal model of the system.

Fig. 7: Predicted diffuse intensity transmitted to room (a), beam intensity absorbed by Fresnel lenses (b), radiation absorbed by first
glazing (c), and radiation absorbed by second glazing (d). Location: Madrid Spain.

4. Predictions of cooling demand reduction in a simple building
Predictions of cooling demands have been made for an office with either standard double glazing or the
smart window installed using the TRNSYS computational simulation software. Simulations were undertaken
for offices located in Birmingham and Madrid. The basic format and construction characteristics of the office
simulated are provided in Table 2.
In the TRNSYS simulation undertaken the previously predicted daily total and beam radiation intensities
with and without CPVs were provided as the inputs for the south facing window. The values for total and
beam radiaiton obtained from the Meteonorm Program for the locations of Birmingham and Madrid were
used for the solar radiation inputs in the calculation of solar transmission through the office walls facing
south, north, west and east. The ambient tmperature and sky temperature for Birmingham and Madrid used
were also those from the Meteonorm Program. The predictions of the performance of the specified office
were undertaken without any additional heat gains being considered. The calculated room temperatures at
12pm resulting only from incident solar radiaiton for Birmingham and Madrid with and without CPVs
indicate that the decrease in room temperature due to the CPVs in the smart window are around 3K and 5K
for Birmingham and Madrid, respectively.
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Tab. 2: Office dimensions and construction properties

Office size:
1. Height
2. Length
3. Width
4. Volume
5. Window area
 North facing
 South facing
6. CPV shaded area (total)

Value
2.5m
16m
10m
400m3

Construction characteristics:
1. Out wall layers: brick (240mm), insulation (100mm),
plaster (15mm);
2. Ground floor layers: floor (5mm), stone (60mm), silence
(40mm), concrete (240mm), insulation (80mm);
3. Flat roof layers: concrete (240mm), insulation (160mm);
Window characteristics:
1. North facing window: double glazing;
2. South facing window: double glazing;

16m2
16m2
2
5.6m for Birmingham
7.8m2 for Madrid
U_value
0.339W/m2K
0.425W/m2K
0.233W/m2K
U_value
1.4 W/m2K
1.4 W/m2K

g_value
0.589
0.589

For determination of cooling demand, simulations were repeated with the room temperature set to
temperatures of 20oC, 22oC and 24oC . The monthly cooling demands with and without smartwindows for
the specified office located in Birminham and Madrid are presented in figures 8 and 9.

800
700
600
500
400
300
200
100
0
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

KWh

Cooling demand for Birmingham Office (tset= 20oC)

withCPV

withoutCPV

Cooling demand for Birmingham Office (tset= 24oC)

KWh

300
200
100
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

0

withCPV

withoutCPV

Fig. 8 Calculated cooling demand for the office in Birmingham with internal set point temperatures of 20 and 24˚C
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From figure 8 it can be seen that with a room set point temperature of 24˚C the cooling load is reduced in
magnitude and duration. The smart windows delay the onset of cooling by two months and reduces the time
when cooling is required to a period of three months. With the more stringent set point temperature
requirement of 20˚C the reduction in cooling load is significant for most of the year.

1600
1400
1200
1000
800
600
400
200
0
Jan
Feb
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May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

KWh

Cooling demand for Madrid Office (tset = 20oC)

withCPV

withoutCPV
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1000
800
600
400
200
0
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Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

KWh

Cooling demand for Madrid Office (tset=24oC)

withCPV

withoutCPV

Fig. 9: Calculated cooling demand for the office in Madrid with internal set point temperatures of 20 and 24˚C

From figure 9 it can be seen in a similar way to those for the Birmingham office the predicted cooling
demands are reduced significantly by the smart windows installed in the office in Madrid. The reduction in
loads will have two important consequences i) the amount of electrical energy required for cooling will be
reduced, ii) the cooling plant required to meet the peak loads will be smaller. The consequences of this are
that the initial investment in cooling plant will be smaller for buildings employing smart windows and the
building running costs will be reduced.
The calculated annual cooling demands for the specified office located in Birmingham and Madrid with and
without smart windows are summarized in Table 3. It can be seen that the reductions in cooling load
achieved are 40% or greater.
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Tab. 3: Predicted annual cooling demand for the specified office with and without smart windows located in Madrid and
Birmingham for different room temperature settings

20oC

Room Temperature
setting

Cooling load
Madrid (KWh)
Cooling Load
Birmingham(KWh)

22oC

24oC

With
SW

Without
SW

With
SW

Without
SW

With
SW

Without
SW

5327

8823

3957

7080

2208

4567

1943

3498

1178

2431

165

742

5. Conclusions
An optical model to evaluate the performance of a new generation of windows which incorporate transparent
two-axes tracking CPVs using high efficiency solar cells is presented. The results indicate that this design
can be an effective blind for direct sunlight reduction while transmitting diffuse sunlight to the room for
natural day lighting. Simple simulations using TRNSYS indicate that the reduction in beam radiation
transmitted to a building could reduce air conditioning loads by 40% or more, in addition the CPVs in the
smart window will generate a supply of onsite electricity.
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STUDY ON THE PHILOSOPHY “HARMONY BETWEEN HUMAN BEINGS AND
NATURE” AND ITS EFFECT ON SOLAR ARCHITECTURE DESIGN
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1.

Introduction

"Harmony between human beings and nature" philosophy is the basic spirit of ancient Chinese culture and
the essence of traditional Chinese architectural culture. "Harmony between human beings and nature"
concept does not deny the difference between man and nature, but stressed the unity of man and nature
(Chenxi Bai,2003). The relationship of man and nature is not hostile, but rather interdependent. The core idea
of"Harmony between human beings and nature" is the coordination and adaptation of artificial environment
and natural environment. Building should be an integral part of the natural environment and be harmony with
nature. "Harmony between human beings and nature" not only embodies the ideal of ancient human life, but
also form Chinese traditional architectural types. Based on different regions of climate and lifestyle, different
types of traditional vernacular buildings were formed. With the development of modern technology and
impact of foreign ideas, many traditional buildings are considered obsolete.Modern bulding tend to
high-tech,but also brings high energy consumption.So,with the analysis of traditional houses types, this paper
studies the energy consumption difference of traditional houses and modern high-tech buildings and the
effect of "Harmony between human beings and nature" philosophy on a solar house design and construction
process, propose that building design should be combined with natural environment and human adaptive
thermal comfort.

2.

Analysis of "Harmony between human beings and nature" philosophy

"Harmony between human beings and nature" was originated in the Zhou and matured by Zhang Zai, Cheng
Yi in the Song Dynasty (Hui Hu,2009). Based on traditional Chinese confucian culture, "Harmony between
human beings and nature " philosophy is reflected in various fields.
Yellow Emperor's Canon of Medicine which marked the development of Chinese medicine from experience
medicine to the new stage of theoretical medicine, advocates "Harmony between human beings and nature ",
specifically expressed in the theory of "correspondence between man and universe "( Jutai Bao,Jing Su,
2003). The idea of "correspondence between man and universe " consider that all things contain two aspects
of yin and yang, only yin and yang blend of harmony, all the things are able to survive, similarly person's
internal organs and other organs have seasonal changes in circadian rhythms. While view of nature and
philosophy implied in the traditional Chinese feng shui theory both reflected " Harmony between human
beings and nature ", asking people to "go with the flow".In the traditional architecture design, regardless of
the Royal Palace or residence, settlement location, general layout, indoor and outdoor environmental design,
building material,construction technology and other fields will be first considered to the integration of local
climate and natural geographical environment (Qun Zhao，2004). At the same time, a dynamic indoor
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environment is created according to the lifestyle of local, and parameters variation of indoor environment
coincide with variation of the human body biological rhythms.As shown in Fig.1 ,which implements and
reflects " Harmony between human beings and nature " in architecture design.
Heaven

Man
Climate
Physiological Rhythm

summer
autumn
spring
winter

Building
Nature

Material

Climatic responsive
measure

Fig.1: Embodiment of “Harmony between human beings and nature”philosophy in building design

The relationship between human being and nature is one of the basic differences in Chinese and Western
cultures. Chinese culture pays more attention to the harmony between man and nature, while the western
culture emphasizes to conquer and overcome the nature(Zhuping Pan, 2004). Western who advocate theory
of "upper hand" consider that human beings could survive in the hard struggle of overcoming nature. And the
“Harmony between human beings and nature” holds that human being should change the nature, also should
adapt to nature.The goal of human activities is not to rule the nature, but to adjust the nature to better meet
the need of the human beings, at the same time, more attention should be paid to protect the nature and the
environment. With the development of economy, and the degradation of environment, the western developed
countries propose the climate responsive building in the architectural design, which gets the best
environmental performance by integrating the climate responsive building elements and equipment into a
system.Climate response and"Harmony between human beings and nature" have consistency, they are both
combined and adapted to the local climate and other natural conditions. But such buildings pay more
attention to the development of climate response components, such as advanced building envelope integrated,
in order to promote technology further.

3. Embodiment of “Harmony between human beings and nature” in Chinese traditional
houses
Traditional houses were formed in a particular period, a particular environment, combined with the local
geography, climate, lifestyle and culture characteristics.Based on traditional Chinese confucian culture,
“Harmony between human beings and nature”is not only appled in Chinese philosophy, culture, arts
fileds,but aslo reflected in architectural concept and environment concept of the traditional houses. The
attitude of harmony with natural was reflected during the construction of Chinese traditional houses. In
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different climatic conditions, lifestyle and material and technical conditions, different residential buildings
were built to adapt local natural environmental and different types of traditional houses were gradually
formed. “Harmony between human beings and nature” in traditional houses is to embody building materials
selection and climate responsive measures.
3.1 Building materials
The most significant features of traditional houses are local materials. Under the case of inconvenience of
transportation in traditional societies, it’s impossible to spend a lot of manpower, material and financial
resources from the distant place of origin to purchase large body and heavy building materials. This makes
the nearest drawn from nature as a principle of traditional residential architecture. Table 1 shows the main
building envelope materials of traditional houses located in different climatic regions (Xiufang Wang,2007).
As from table1, most building materials of traditional houses are from local common resources, such as
wood, adobe, artemisia and native plant artemisia, grass, etc.
Tab. 1: Building materials of traditional houses

Type
Beijing
courtyard
Cave Dwelling
Blockhouse
Hathpace
house
Earth building
Balustrade
house

Construction

Wall

Timber Frame

Brick-stone + Soil

Brick-stone
arch
Timber Frame
Soil Arch
Soil Arch
Timber Frame

Soil

Roof
Wood +Reed
mat
Soil + Couch
grass

Floor
Grey brick
Soil

Stone / Soil +

Stone board+

Artemisia

Artemisia

Brick-stone + Soil

Adobe

Soil

Tile

Wood board

Gravel + Rammed
earth
Artemisia /Wood

Couch grass /
Clay Tile

Adobe brick

Wood board

Window
Removable
window
Hemp fiber
paper
Deep concave
funnel shape
Lattice
window
Little window
No window /
Little window

Different materials have different energy due to the different consumption resources of growth and
production. The energy coefficient reflect energy consumption of materials in the manufacturing in the
process (Lawson Bill, Rudder David, 2000). Figure 2 shows energy coefficient contrast of several typical
building materials. It can be seen that the energy coefficient of traditional building materials is relatively low,
and the energy coefficient of modern building materials, such as reinforced concrete, is far greater than the
traditional building materials,because of the complexity of manufacturing processes. It’s very direct and
effective to analyze energy consumption of building materials by using the energy density. The energy
density is to determine the materials energy of per unit area (Wang Renping, Cai Zhenyu, 2006). According
to the energy coefficient and density of construction materials, the energy density of floor, roof ,and wall of
buildings was analyzed, as shown in Figure 3.
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Fig.2: Comparison of the energy coefficient of building materials Fig.3: Comparison of the energy density of building types

As can be seen from Figure 3, due to the principle of local materials, building materials of traditional houses
are mostly natural materials, or slightly processed materials. So the energy density of traditional houses is
much smaller than the modern reinforced concrete buildings. It shows that the traditional houses constructed
by natural ingredients are more energy efficient.
3.2 Building climate design
Combined with local climate, geography environment and other factors are considered in traditional houses
design. From the construction site design, layout and spatial processing,etc, building design technology of
traditional houses suited to local climate are achieved. Sunshine, temperature, humidity, wind speed, rainfall
and other factors are considered in the location of residential buildings. Figure 4 shows the distribution and
characteristics of typical Chinese traditional houses in different climatic regions (Jean Bouillot,2008).

Fig.4: Chinese traditional houses of different climatic regions
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Through research and analysis of model design of 10 typical traditional houses in five different climatic
regions of China, application frequency of climate response measures of different climatic regions are
summarized (Anh-Tuan Nguyen, 2011). As shown in Figure 5, under all weather conditions, considering the
physical environment around buildings, building orientation and layout of all traditional houses are taken
into account. Meanwhile, the abundant local natural materials, combined with heat or cold storage
characteristics of materials are also used widely in weather measures; kang for heating or biomass for heating
is also widely used in severe cold and cold regions. The application of natural ventilation is very common,
while sunshade or courtyard is adopted to achieve summer cooling and daylight in southern region.

Fig.5: Frequency of use of different climatic responsive strategies

The traditional residence is a product of the society and nature.Along with the change of natural environment
and social environment, a large number of traditional houses have been pulled down because they have not
been repaired for many years, and traditional features also gradually disappear.By analysis the main cause is
the contradiction between traditional building and urbanization.With the development of economy and urban
real estate, many residences that survived thousands of years have been broken down. At the same time,
changes of modern life and traditional life styles make traditional houses with simple style no longer popular.
Therefore, the development direction of future architecture should be based on satisfying modern life,and
uphold an attitude that live in harmony with nature, learn the ecological viewpoint reflected from the design
and construction of traditional houses,make the buildings present a sustainable vitality.

4.

The design view of solar house for farmer

4.1Embodiment of “Harmony between human beings and nature”philosophy in building design
The theory “Harmony between human beings and nature”claim that man is an integral part of nature and the
artificial environment should be harmony with natural environment. Combine with the Chinese traditional
idea and climatic responsive design, one naturally adjust building was designed and developed by a common
Chinese worker in cold area of China. Figure 6 shows the color solar house, which is located in Dalian. The
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house has two bedrooms and a living room, basic information of building is shown in table 2.
During the design process of this building, the idea that conforming to nature and human beings is fully
considered.Dalian is a coastal city in northeast China, which has cool summer and cold winter.Therefore,
solving the heating in winter is the main purpose of building design. Meanwhile, solar energy in Dalian is
rich. Making full use of solar energy is the main idea of this building design. Building materials are mainly
hollow bricks and polystyrene board, and building envelopes except the south wall are in line with the design
standard for energy efficiency 65% of residential building (DB21/T1476-2006).
Tab. 2: Basic information of solar house

House type
One story

Length Width
Height /(m)

Shape
Coefficient

11.3×6.5×4.5

Floor area/(m2)

0.468

(a) Winter

75

Ratio of window to
wall of south
0.212

(b) Summer

(c) Heating and cooling methods
Fig.6: Color solar houses

During building design process, in addition to the ideological of the full use of solar energy, local life style
and practicality characteristics also are reflected in the choice of solar air collector and design of building
single component, as shown in Table 3.
4.2 Building system construction
Building is a complete system. Besides the technology upgrade of building single components, the overall
heat transmission and distribution of the building also need to be considered.
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Tab. 3: Design idea of components

Components

Technology characteristics
Collector plate can be colored. Dark side for
outside inwinter, is conducive to fully absorb

Color solar
air collector

sunlight, and white side for outside in
summer, can overcome collecting heat .Light
penetration cover is made of new material to
replace traditional solar air collector with
glass cover.

Solar air

The solar air collectors are installed on west

collector

and east wall. The door is setted for reducing

and corridor
setting

the cold air infiltration of north wall in winter,
while the corridor is setted as a buffer zone
into the room.

The fans controlled by solar panels are
installed
Solat fan

in

upper

inlet,

and

operating

condition depend on solar radiation. The solar
fans can be operation without conventional
energy sources and manual operation, which
overcome the low thermal efficiency.

Temperature

Temperature control air door is installed on

control air

lower inlet, and opening degree of air door is

door

controlled by the temperature sensor, achieved
automatic damper. without manual operation.

Solar Tile is solar air collector on roof, which
Solar Tile

collect solar energy for indoor heating in
winter, and form "chimney effect" to cool in
summer.

From Figure 6, it can be seen that passive heating, heat storage and passive cooling are adopted in this house.
Solar air collectors are installed on south, east, west walls and roof, which collect solar energy for indoor
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heating in winter, and form "chimney effect" to cool by sun tiles on roof in summer. The heat stored by solar
air collector of west Wall is transfered into the bedroom floor, and the thermal mass such as concrete slab and
interior walls can shift indoor temperature swings. Hot water is supplied by solar water heater. Kang is used
in bedroom which is the Chinese traditional heating method in rural north. Meanwhile, infrared radiation
boards are installed in all rooms as the auxiliary heat source.

Living room

West bedroom

East bedroom

Solar irradiance

Temperature/℃

20

700
600
500
400
300
200
100
0

15
10
5
0

2011/2/22 15:20

2011/2/22 12:00

2011/2/22 8:40

2011/2/22 5:20

2011/2/22 2:00

2011/2/21 22:40

2011/2/21 19:20

2011/2/21 16:00
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Fig.7: Indoor thermal performance without auxiliary heat source

Figure 7 shows the indoor thermal performance on three consecutive days of solar house under the situation
of no auxiliary heat source. The humidity ratio of this house is very big because of the new building.At the
same time, the indoor heat source is almost zero with no occupied. Under such situation, the night
temperature is kept at 12 ℃ or more, and daytime maximum temperature of 17 ℃ or so.

5.

Conclusions

"Harmony between human beings and nature" philosophy is the basic spirit of ancient Chinese culture and is
reflected in cultural, medical and building fields. Through the "Heaven" Philosophical analysis, architectural
design should combine with the local natural environment and climate, and consider the lifestyle and
adaptive thermal comfort. With economic development, although the traditional houses and modern life have
a certain amount of contradiction, local materials and climate responsive measures reflected in the traditional
houses are worth to learn. In the end the paper analyzed embody of "Harmony between human beings and
nature" on the design of natural adjustment building in the cold area of China. The single component
technology and heat transfer strategy of the building overall system can provide some guidance for future
low-carbon building development.
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SUSTAINABLE PASSIVE HOUSING FOR EMERGING COUNTRIES
Ernst Müller
University of Kassel, Kassel (Germany)

1. Introduction
Sustainable passive and solar housing, including passive cooling and passive solar heating here, is a
promising strategy to improve thermal comfort in the Mediterranean climate of Central Chile with its hot and
dry summers and cool, but sunny winters. Chile, together with Brazil and others, forms part of Latin
Americas emerging countries with a rapidly growing economy, but still large quantitative and qualitative
deficiencies in housing. The building sector represents an important part of that economic growth - both as a
social necessity and through its energy consume and environmental impact, especially on climate change.
Therefore it is important to develop concepts and tools for the design of sustainable houses and buildings
considering the ecological, social and economic aspects of sustainability.
This work will present the latest results of the author's participation in an international scientific cooperation
and the research for his PhD thesis with special emphasis on the analysis of the technologies that make sense
from the viewpoint of appropriate technology and sustainable development.

2. Methodology
The evaluation of thermal building behavior is based on extensive parametric studies, both for a reference
room (>500) and for complete (passive) houses (>100) with the thermal simulation program Derob-LTH.
The simulations were realized with a test reference year for Central Chile with hourly climate data, prepared
with an own methodology presented in (Müller, 2001). The hourly climate data for Santiago were obtained
from measurements (see acknowledgements), the mean reference values, shown in figure 7 below, are from
(Dirección Meteorológica de Chile, 1991) and (Sarmiento, 1995).
As thermostatically regulated central heating systems or air conditioning systems can rarely be found in the
residential sector in Chile, passive here means the absence of mechanical heating or cooling systems without
promising always perfect thermal comfort as would be expected in rich countries.
Thermal simulations with DEROB-LTH permit the hourly determination of interior operative temperatures,
defined as the mean value of indoor air temperature and the indoor surface temperatures weighted by their
respective areas. Operative temperature θo is a much better comfort indicator than air temperature, especially
in badly insulated constructions with sometimes extreme surface temperatures. From these simulation results,
mean daily degree-hours of heat Gh26o and mean daily degree-hours of cold Gh19o could be calculated in
(Kh/d) for each month or period with N hours with especially written software according to the following
definition:

⎧

N

∑ (θ
⎩

Ghbase = ⎨

o

i =1

⎫
- θ base) × 1h ⎬ × 24 / N (Kh/d)
⎭

(eq. 1)

The index of Gh26o and Gh19o indicates the base temperature θbase and the use of operative temperatures
Parallel to the thermal simulations, classic building code calculations were adapted and applied: simple
building characteristics were calculated in a spreadsheet according to (German versions of) ISO or European
building codes ((E DIN EN ISO 13790, 1999) and related ones), which are similar to, but more complete
than local codes (NCh 853.Of91) and (NCh 1960.Of89); basic characteristics of local building materials
were taken from Chilean code (NCh 853.Of91) when available; necessary characteristic values and
correction factors in building codes were determined with special thermal simulations; special simple models
for passive design aspects that are not considered in building codes, e.g. night ventilation, were established.

2155

This way, the calculation methods originally created for the description of thermal behavior in winter and the
determination of energy needs, were adapted for the new climate zone and extended to determine basic
thermal parameters for passive houses with free-floating temperatures in the cold and hot period. Then these
basic thermal parameters, that depend on the size of a building or room, were combined to calculate size
independent secondary thermal parameters, the crucial thermal parameters. The identification of the most
appropriate crucial thermal parameters permitted to establish empirical correlations between the stationary
method of the building codes and dynamic simulations.

3. Results
3.1. Technical Results: Design Tools and Recommendations
At first, correlations between basic thermal parameters of a reference room in a passive house and thermal
simulations were determined, that are shown in figure 1 for the coldest winter month, July, and in figure 2 for
the hottest summer month, January. The correlations permit the easy estimation of comfort conditions in
summer and winter, based on adapted building code calculations whose basic concepts should be familiar to
designers. They are based on two crucial building parameters:
• "effective-gains-to-loss ratio" GLeff (cold period)
GLeff describes the relative size of heat gains that are useful for thermal comfort, compared to thermal
losses (at the selected minimum comfort level of 19°C)
• "excess-gains-to-loss ratio" GLexc (hot period)
GLexc describes the relative size of heat gains that are harmful to thermal comfort, compared to thermal
losses (at the selected maximum comfort level of 26°C)
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Fig. 1: Correlation for daily degree-hours of cold Gh19o for winter (July), indicating orientation

These crucial building parameters represent size independent functions of the primary, but size dependent
thermal parameters in the building codes. Thus an improved understanding of the dynamic interaction of
building design, climate and user behavior permitted systematic design recommendations for architects and
civil engineers with a new approach based on crucial building parameters and thermal comfort, that were
presented together with a summary of the calculation process by the author in (Müller, 2006).
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The crucial building parameters and their extensive analysis permit a novel approach to the optimization of
passive design projects and the formulation of design recommendations, that can now be resumed as
recommendations for these parameters:
• in the cold period it is important to increase the effective-gains-to-loss ratio GLeff; GLeff values over
0.95 (at least 0.9) are sufficient for passive houses as low temperatures occur typically in the morning
when lower temperatures are acceptable.
This requires reducing losses with insulation and increasing solar gains in an equilibrated way, combined
with a high thermal mass permitting good utilization of passive gains. High solar gains during the day are
only effective if they can be accumulated for colder hours. Especially recommended elements are large
window areas of high quality for increased direct solar gains on the north façade, but winter gardens and
Trombe walls for indirect gains are possible as well.
• In the hot period it is important to minimize the excess-gains-to-loss ratio GLexc; GLexc values of up to
0.008 (max. 0.015) are recommendable.
This requires the limitation of solar gains and an increase of heat losses. The transmission heat loss
coefficient is fixed and has to be small for winter comfort, but ventilation losses can be increased
selectively with increased permanent or night ventilation. The seasonal conflict of recommendations for
solar heat gains can be resolved with selective elements: proper north orientation of the main window
areas with mobile shading or shaded by appropriate horizontal overhangs; such windows receive much
less solar radiation in summer than in winter through the variation of solar declination. This is especially
effective here at 33.4° latitude south with almost vertical incidence of solar radiation at noon in summer.
A high thermal capacity permits effective night ventilation making use of low night temperatures and
reduces the temperature rise during hot days.
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Fig. 2: Correlation for daily degree-hours of heat Gh26o for summer (January), indicating night ventilation

Marking different groups of cases according to important design parameters permitted to derive some design
recommendations according to the resulting thermal behavior: in these examples, north orientation for the
winter and the strategy of night ventilation in summer.
Based on the same simulation data, an analysis and recommendations for all important building elements and
interesting strategies for passive heating and cooling were developed. One example is given here in figure 3
for different passive cooling strategies in summer: it shows the importance of thermal capacity in this climate
with high daily temperature variations. Solar protection is essential as well and night ventilation is more
effective than common increased ventilation during the whole day if the heat capacity is sufficiently high.
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Fig. 3: Analysis of different passive cooling strategies and thermal capacity
Santiago de Chile: daily degree hours of heat hot period (12~2, base 26°C)
thermal behavior of a reference room in a house (mean value for orientations N, S, W, E)
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Fig. 4: Comparison of thermal behavior of normal, improved and passive houses
Santiago de Chile: daily degree hours of heat and cold
hot period (12~2, base 26°C, >0) and cool period (5~9, base 19°C, <0)
for living room and bedroom [N, option: Trombe wall]
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Different designs of normal and thermally improved houses were simulated and analyzed and design
examples for passive solar houses proposed. A few examples of their thermal behavior are compared in
figure 4.
The designs of the houses are shown in figures 5 and 6, that were generated directly with the simulation
program (orange/red: walls and floor seen from inside/outside, blue: windows, yellow: shading elements
including thick walls).

Fig. 5: Normal House without shading devices (left); Passive house. made of rammed earth with winter garden in front (right)
(shown without roof, front: north side; 15.7. 14:00 true solar time, seen from the solar position)

Fig. 6: Passive houses, made of rammed earth: with Trombe wall (on right side; left graph); direct gain (right graph)
(shown without roof, front: north side; 15.7. 14:00 true solar time, seen from the solar position)

The thermal behavior of the different design proposals resumed in figure 4 shows: normal houses (light
houses made of wood panels or brick houses without passive measures) show heavy thermal problems both
in summer and winter; heavy standard houses made of rammed earth with shading and night ventilation
resolve the problems in summer and improve the winter conditions (typical for Chilean vernacular
architecture). Different proposals of passive houses, made of light rammed earth with better insulation and
windows, demonstrate that, depending on the technical and financial effort, it is possible to design simple
passive houses for Chile which can offer thermal comfort during the whole year.
Finally, the recommendations for thermally improved and passive house are resumed as a matrix of design
recommendations with building elements and strategies for passive heating and cooling. Table 1 offers a
simplified version here, organized according to the main aspects of heat exchange with the environment,
solar gains and heat capacity for the cold and hot period. This way of presentation corresponds better to a
design approach oriented in building elements and the analysis in the following chapter.
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Tab. 1: Simplified matrix of design recommendations for passive houses in a Mediterranean climate
(numbers indicate priority for each period)
innovative materials and strategies that require technology transfer and/or training

Design Aspect
Heat exchange with the
environment:


transmission



ventilation

Solar gains:


transparent surfaces



opaque surfaces



indirect

Heat capacity

Cold Period

Hot Period

1 reduce heat losses:

3 increase heat losses:

1.1 thermal insulation and windows
with reduced heat losses
1.2 ventilation: sealing of windows and
doors; avoid internal contamination
from heating systems
1.3 adequate window size: depends on
thermal quality and orientation of
windows
2 passive solar heating:

3.1 ventilation: permanent or night
ventilation, cross ventilation,
convection through adequate
openings
3.2 heat conduction: floor /
underground
1 protection from direct and diffuse
solar radiation:

2.1 direct gains: windows
2.2 indirect gains: winter garden (buffer 1.1 solar protection: fixed (N) and
zone), Trombe walls
variable elements (N, W, E, S)
1.2 windows: orientation (N!) and size
1.3 winter garden: solar protection,
ventilation
1.4 Trombe walls: solar protection,
sealing

3 heavy building elements
for efficient use of heat gains:
3.1 floor
3.2 walls (interior and exterior)
3.3 (ceiling: not in seismic zones)

4 reduce opaque solar heat gains:
thermal insulation (roof!), shape
and orientation; surface colours
2 heavy building elements
compensate daily temperature
variation and permit efficient use
of low night temperatures

3.2. Sustainable Passive Housing for Emerging Countries - What Makes Sense and What Doesn't?
Especially when you are working in international cooperation and with the intention to present proposals for
sustainable development beyond experimental buildings, it is important to consider the type and level of
technology that will work in the long run and on a larger scale in the specific regional social, cultural and
economic context. Based on my long-time working experience in Chile, the investigation in/for Chile
resumed above and my working experience with solar energy and a cooperative for the organization and
realization of building cooperatives in southern Brazil, I want to discuss shortly the type of passive and solar
houses that make sense for emerging countries and their sustainable development, considering aspects
beyond thermal comfort and energy efficiency.
Besides climate, there are a number of technical and building code conditions affecting thermal design, e.g.
disaster protection / earthquake resistance in Chile1, that imposes limits on the design and the size of window
openings. Especially if you are building with rammed earth, you have to take special care as described in
(Minke, 2001). There are two interesting solutions for passive solar gains respecting seismic resistance, that
were considered in the design proposals here (together with others that are less relevant for thermal design):
• avoid single walls and keep at least two wall elements joined together at an angle, so that they can
stabilise each other; this still permits large window sizes for passive gains on the north façade and is
considered in all proposals with rammed earth walls;
• Trombe Walls are thermally less efficient than direct gain windows, but offer the stability of massive
walls if their ventilation openings are reinforced appropriately.
1
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in Brazil, earthquakes don't pose a problem in housing

Tab. 2: Social and economic data of Chile and Brazil, compared to other countries1

Gross
GDP per Net trade Carbon
Carbon
Human
Domestic capita - in goods
dioxide
dioxide DevelopProduct Average
and
emissions emissions
ment
GDP per annual
services
per
per
Index
capita
capita
capita
HDI2
growth
rate
year /
period:

(US$)

(%)

(US$)

(tonnes)

(tonnes)

2008

1970–
2008

2009

1990

2006

2010

Average Inequality
annual
-adjusted
HDI
HDI3 growth
Overall
rate
loss
(%)

(%)

2000–
2010

2010

Income
Gini
coefficient4

2000–
2010

Chile:

10084

2.8

12.9E9

2.7

3.7

0.783

0.65

19.0

52.0

Brazil:

8205

2.2

6.0E9

1.4

1.9

0.699

0.73

27.2

55.0

United
States:

46350

1.9

-374.9E9

19.0

19.0

0.902

0.10

11.4

40.8

Germany:

44446

1.9

164.7E9

12.1

9.7

0.885

8.0

28.3

1017

3.6

-69.2E9

0.8

1.3

0.519

1.66

29.6

36.8

Developed
OECD:

40976

2.4

0.879

0.31

10.2

Least
developed
countries:

664

2.0

0.386

1.72

31.9

India:

I have identified two complementary ways to systematize the evaluation of the appropriateness and viability
for sustainable passive housing of the design recommendations and proposals that had resulted from my
thermal analysis, including some preliminary considerations that had already influenced my selection of
design alternatives for simulation and further analysis:
• the design proposals should comply with the three main aspects of sustainability as presented the
resulting "main aspects of sustainable housing" outlined in figure 8 indicating the aspects I have focussed
my own work on;
• it is helpful to analyse step by step and with more detail the whole process from the elaboration of
design recommendations, design itself, the building process until final use and maintenance.
To start with, it's important to characterize the basic situation in the region with its social, ecological and
economic situation, as far as it affects housing, and referring to table 2 and my local and regional experience:
Economically, both Chile and Brazil are emerging countries with growing economies and a medium sized
GDP per capita. Both GDP and Human Development Index HDI are constantly growing and situated well
above the least developed countries, so that both countries are now located in the second highest category
"high human development" of the HDI according to (UNDP, 2010). However, economic resources are still
very unevenly distributed as can be seen from the relatively high loss in the inequality-adjusted HDI and the
high income Gini coefficients. Additionally, there exist large regional differences within the countries.
This means that there exist both the social need and the economic potential to improve living and housing
conditions, but the thermal solutions have to consider the different economic possibilities of both lower /
1

compiled by the author, taken from (United Nations Development Programme UNDP, 2010), except "Net trade in
goods and services" taken from (The World Bank Group, 2011)
2
"A composite measure of achievements in three basic dimensions of human development - a long and healthy life,
access to knowledge and a decent standard of living. For ease of comparability the average value of achievements in
these three dimensions is put on a scale of 0 to 1, where greater is better, and these indicators are aggregated using
geometric means." (UNDP, 2010)
3
"A measure of the average level of human development of people in a society once inequality is taken into account.
Under perfect equality the HDI and IHDI are equal; the greater the difference between the two, the greater the
inequality." (UNDP, 2010)
4
"Measure of the deviation of the distribution of income (or consumption) among individuals or households within a
country from a perfectly equal distribution. [...] A value of 0 represents absolute equality, a value of 100 absolute
inequality." (UNDP, 2010)
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middle class people and social programs. Economic restrictions on additional costs for improved thermal
design and technical complexity are stricter than in rich countries.
The positive value of the net trade in goods and services1 shows that a certain level of importation of
materials is possible, though not desirable in the long run for economical and ecological sustainability.
Ecologically important and increasingly relevant for climate change, the economic growth is accompanied
by a considerable growth of carbon dioxide emissions per capita in emerging countries, as can be seen
comparing the levels for 1990 and 2006. Both living spaces and energy use in buildings for heating and
cooling are growing with housing construction and increased income, making energy consuming devices
more viable. This increases the importance of energy efficiency and passive heating / cooling in dwellings.
Social sustainability is the most complex aspect defining appropriate and sustainable housing and its
implementation. Most fundamental is the satisfaction of basic needs for healthy and comfortable living space
for all people, not only a privileged minority, with optimised and viable proposals according to personal
needs and economic possibilities. The basic needs and conditions for thermal comfort in housing are the
starting point of this work:
Climate Graph for Santiago de Chile (Pudahuel)
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solar radiation (Wh/m²d)
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Fig. 7: Comparison of climate graphs with monthly data for Santiago de Chile and Porto Alegre/Rs (Brazil)2

In Chile, thermostatically regulated central heating or air conditioning systems offering constant interior
temperatures can rarely be found in dwellings, so that the improvement of thermal comfort is more relevant
than the theoretical reduction of energy use. Typical heating devices include mobile gas or "paraffin" stoves
without exhaust pipe, that contaminate interior spaces directly; in (southern) rural areas simple wood stoves
with chimney are common, but illegal in the metropolitan region of Santiago because of their contribution to
smog problems. Even simple central heating systems and their components can rarely be found, so that there
is no ample infrastructure for their installation and maintenance like in richer and colder northern countries.
This is a strong argument to improve thermal comfort as far as possible with passive heating and cooling
strategies, as the initial cost of implementing totally new (and not only improved) automated central systems
would be prohibitive.
In Brazil with its hot and humid summers, compact and not very efficient air conditioning systems mounted
below window openings are common in middle and upper class homes and can be used for electric heating in
1
2
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Brazil: positive 1983-2009, except 1995-2001; Chile: positive 1985-2009, except 1993, 1996-1998
climate data from (Departamento Nacional de Meteorologia, 1992)

winter in southern Brazil, so that their energy consumption is high. In Chile with its warm and dry summers
(in the central and north regions), air conditioning systems aren't common in private homes. Figure 7 offers a
comparative overview of climate conditions in both regions.
The consideration of regional culture and living habits is important in the design process to avoid conflicts or
technologies that end up unused. According to the frequently moderate outside thermal conditions in summer
and winter1, people in both countries are accustomed to pass a considerable part of their live at home
changing between "interior" and "exterior" spaces (e.g. shaded terraces or backyards), so that perfectly
hermetic houses with minimized infiltration, mechanical ventilation and heat recovery in winter enter in
conflict with local living habits.
The participation of all affected people and important stakeholders in the process of adaptation, development
and diffusion of technology is a fundamental element for social sustainability. The cooperation with local
enterprises and the participation of local professionals, workers and users is essential for the success and
diffusion of new technologies and can be improved through the cooperation and adaptation of "traditional"
local organizations and social models, like Non Governmental Organizations (NGOs) in Chile or
cooperatives and solidarity economy in Brazil. "Extension" activities of universities form part of the
traditional university concept in Chile and Brazil (along with teaching and investigation) and the model of
"technological incubators of popular cooperatives" (Incubadoras Tecnológicas de Cooperativas Populares2)
linked to Universities are an interesting recent concept in Brazil. Education and training are, for example, an
integral part of the concept of cooperativism or incubators and a strength of NGOs for non-professionals.
More details of social sustainability will be considered below.
In the following I want to realise a step by step analysis of the whole process of sustainable housing from the
investigation, elaboration of design proposals, construction until final maintenance and operation.
According to the high level of some Universities in Chile and Brazil, there are no general limitations for
investigation and the development of design rules, if funding is available from national programs or
international cooperation. Interdisciplinary / transdisciplinary cooperation is essential because of the complex
demands for the development and diffusion of sustainable passive housing from building physics, civil
engineering and architecture to social sciences. For most climate regions, detailed analysis and
recommendations for passive design have still to be realized in regional Universities and/or international
cooperation. New and improved concepts for passive heating and cooling have to be integrated into the
standard curriculum in architecture, civil engineering and building physics to be effective - the challenge is
not only one of teaching new methods and designs, but of convincing students and professionals of their
importance and viability. Moreover special courses and other activities oriented in professionals should be
integrated into the activities of extension.
After the initial technical studies and especially during the first pilot and demonstration projects in every new
region, the future users and social organizations concerned should be integrated into a partizipative design
and implementation process.
The resulting technical and design proposals have to be economically accessible for a wide majority and
easily adaptable to different sizes and economic levels. Typically an architectural design for economic
houses in Chile is realized dozens or even hundreds of times identically (normally without consideration for
solar orientation), as can be easily observed for example in the outskirts of Santiago de Chile. In Brazil as
well, several identical houses are often realized as a single project or a gated community ("condomínio
fechado") for security reasons. Ecological villages ("Ecoovilas" in Portuguese) are another model organized
as cooperatives in Porto Alegre (Brazil) by the cooperative ARCOO (Architecture and Cooperativism)3. This
way, the costs of architectural design are divided among many houses and may not be increased too much.

1

high interior temperatures in summer in central Chile are more the result of strong solar radiation combined with bad
thermal design than of extremely high outside temperatures, as the thermal simulations have shown;
even in winter in both regions, sunny days frequently offer some hours with comfortable outside conditions in the sun.
2
see (ITCP-USP, 2005) and more information under http://www.cooperativismopopular.ufrj.br/english/metod_incub.php
3
information under http://www.arcoo.com.br in Portuguese; the author E. M. has participated in ARCOO
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This requires the development of simple and efficient design tools and concepts as those resumed before1.
At the same time, the implementation of groups of houses offers the chance to reduce the effective cost for
the development of improved, sustainable passive designs and include the necessary unobstructed access to
solar radiation and eventually natural air flows into the definition of the individual construction sites and the
arrangement of houses. The planning and construction of such settlements can be organized in a more
partizipative, economic and sustainable way by housing cooperatives, eventually with (partial) selfconstruction. The essential process of participation and education constitutes an integral element of
cooperativism and other forms of solidarity economy.

Social Sustainability =>
• satisfaction of basic e nergy nee ds
• hea lthy and comforta ble living s pac e for a ll
• participation of ev ery one in dec ision processe s
and the control of technologies
• organisation of production a nd a dm inis tra tion:
self-construction, cooperativ es, solidarity econom y, NGOs
• soc ial and cultura l ha bits and ways of living

Ecological
Sustainability =>
• efficient & renewable energy:
dom . hot wate r, e lect ricity, ...
• the rm al comfort :
heating and cooling
• building m aterials:
energy , re sources, ...
• infrastruc ture: water, traffic, ...
• dispos al of wa ter,
was te ... buildings
• land use and sealing,
re gional planning, ...

Sustainability

Economical
Sustainability =>
• cos t of construction & financing
• ene rgy cost
• cos t of mainte nance
• cre ation of work & e mployment
• im provement of the quality of live
• local v ers us global econom y

Fig. 8: Main aspects of Sustainable Housing (own working experience underlined)

The design and construction should give priority to locally and regionally available and traditional materials
and their improvement, considering the high economic and energetic cost of transport and the support of
local economy. Examples are (rammed) earth in Chile or bricks from sustainable regional production in
Brazil. Rammed earth ("tapial") or mud bricks ("adobe") had been traditional building materials in Chile, but
in recent decades have come out of use because of their lack of earthquake resistance without special care.
Common insulation materials like polystyrene ("plumavit" in Chile), glass wool or polyurethane foam have
been available in Chile for many years, but normally haven't been used in private houses with the exception
of ceilings in recent years (MINVU, 2000). Both in Chile and Brazil, fixed and mobile shading devices are
available, but often not implemented in an optimized way according to orientation and not as an integral part
of thermal design including its implementation in construction.
In emerging economies advanced building elements like new sustainable insulation materials or highly
efficient windows are viable if they are cost-effective and not too complicated to implement, as they can be
imported initially (for prototypes or demonstration projects) and then be produced locally, when
implemented on a larger scale, creating jobs and economic development. This requires a corresponding
process of technology transfer, adaptation and development, that is already under way in other economic
sectors. Reasonable additional costs for improved thermal quality and energy efficiency could be considered
in housing programs or are at least covered by general building financing as they improve thermal comfort
and living quality. Some design recommendations like proper orientation or ventilation strategies are even
free but quite effective.
Participation and training of workers together with quality control for the realization of improved traditional
techniques (like rammed earth) and new ones for the region (like insulation) are essential for their
1
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for more details see (Müller, 2002), (Müller, 2006), (Müller, 2007)

effectiveness, as local workers often don't have ample and formal professional training.
However, complex high-tech components like automated central regulation systems for passive or active
(renewable energy) heating / cooling / shading / ventilation etc., controlled by sensors and computers, whose
installation requires specialized and expensive experts, are especially critical and hardly economically viable
for the majority of housing projects.
Cooperative models and other forms of solidarity economy for the production of building materials and
elements, for construction as well as for the process of financing and training of workers can help to
reinforce the social and economic aspects of sustainability.
The long-term maintenance is a typical weak point of technological development projects, if it is not very
well organized or too expensive due to complicate and sensitive high-tech equipment, as poor people
normally lack the resources for expensive maintenance and repair. Systems and equipment have be simple
and resilient, without the necessity of permanent and expensive specialized maintenance. Even more than
during construction, it is important for economic and organizational reasons that the necessary maintenance
of houses and equipment can be realized by local (skilled) workers and enterprises or the users themselves,
eventually after some additional training. Moreover, the design and passive concept should be sufficiently
resilient and flexible, that minor changes during construction or use, realized by local workers or the
occupants themselves, don't impede the proper functioning of the concept for thermal comfort. It is an
important advantage of the passive solutions proposed here that they are simpler and easier to understand and
maintain than energy consuming active equipment.
As before, cooperative and partizipative administration of houses can facilitate these activities.
Operation and use of houses and their components for thermal comfort have to be realized by the occupants
themselves. In general these lack a professional training in the area and are not accustomed to read and apply
manuals written in technical language. Therefore operation has to be simple and intuitive. Basic training, for
example in the proper ventilation and shading strategies, should form an integral part of implementation, at
least until these technologies get more common.
Participation of users and basic training on the principles of passive heating and cooling like shading, cross
and night ventilation or solar heating can help to realize the technical potential of passive houses and
maintain their effectiveness even after future renovation or modification of houses.
From the analysis above it can be observed and resumed that from scientific research passing through
construction to final use, the appropriate level, complexity and cost of technology gradually decrease
whereas the need of participation and training increases. During the process of realization and
implementation of new technologies the cooperation with local stakeholders, workers and users is essential,
combining the efforts of universities with government agencies, enterprises, solidarity economy /
cooperatives and social organizations like Non Governmental Organizations in the most adequate way for
every task, region and target group. On a professional level, interdisciplinary / transdisciplinary cooperation
is essential.

4. Conclusions
The design recommendations showed that with an optimized simple design it's possible to improve
significantly the thermal comfort conditions in economically accessible dwellings of the region. The
methodology and approach developed here are extendable to other regions and climate zones of Latin
America and emerging countries.
The design and dissemination of sustainable housing have to respect the three main dimensions of social,
ecological and economic sustainability. The careful selection of appropriate technologies for every region
and target group is important for the success of proposed solutions. Participation and interdisciplinary
cooperation are central elements in the process of design and implementation. This way, investigation can
contribute to the improvement of thermal comfort and the application of solar energy in the housing sector as
essential elements of a sustainable development process.
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1. Abstract
The building integration of photovoltaics (BIPV), as a key strategy of the forthcoming "Net Zero Energy
Building", now promises unprecedented opportunities for the expressive language of the building and open
to innovative technological scenarios the project of the building elements.
The "Technology transfer" of these systems is one of the "causes materialis" of innovation in architecture
and outlines important aspects of conceptual and performance evolution of eco-friendly envelope, subject of
a growing functional accumulation and technological complexity, and increasingly multi-capacitive and
interactive. The part of the research presented, it aims to outline some key aspects of the process of
technological-constructive innovation of the building organism, connected to the use of photovoltaics (PV).
The proposed contribution, starting from the definition of introductory classes of integrability of reference
for the theme of BIPV, reports the study of specific sub-classes useful for evaluating the degree of
constructive integration of photovoltaic systems in the building constructive elements.
This work focuses on the schematization of different constructive approaches of BIPV, from those based on
the principle of adaptation, optimization and stratification of the vertical enclosure or roofs with PV
elements, up to those who represents the most advanced forms of innovation like unitary, multi-functional
and polyvalent building elements. It follows a critical reading addressed by narrowing the main strategic
forms of technological development of envelope with a brief summary of new concepts and emerging trends
in the PV contemporary envelope, both in relation to innovation of morpho-typological and constructive
nature, with the reference to some design experiments that show unprecedented spatial, functional and
technological features of the building (luminescent shells, media facade, ultra-thin membrane).

2. Introduction: BiPV
The acronym BIPV (Building Integrated Photovoltaics) refers to a design principle according to which the
PV system is conceived not only from the standpoint of energy supply but including the role of architectural
and constructive element (dual function) of the building envelope. The PV integrated module, no more
thought of as a collages concepted component, applied or superimposed on the building, becomes a
technological element part of the constructive equipment of the building and at the same time, tool of solar
design for the expression of the architectural language. In general, the concept of BIPV is translated into
"architectural integration" of photovoltaics, but this definition is partial to a more detailed analysis, as
summarized below. In literature, the theme of the BIPV finds space for several years in research of
international level that have defined criteria and different levels of integration. From 1997 to 2001, the Task
7 of the International Energy Agency (IEA PVPS, Photovoltaic power systems in the built environment) has
conducted a specific study, "aimed to improve the architectural quality, technical quality and economic
sustainability of photovoltaic systems in the built environment to remove barriers to their introduction as a
significant energy option". This research had as its outcome, in addition to the preparation of a
comprehensive database of BIPV products and projects, the list of criteria of "architectural integration"
(Nagel & Zanetti, 2008).
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Since the end of 2008 the Task IEA-SHC 41 (IEA, 2008) renewed the research "Solar Energy and
Architecture" putting the basic theme to promote "the architecture of high quality for buildings that integrate
solar systems." With the aim to achieve this objective, the research was organized into three main parts:
- Guidelines for quality criteria for architects and for development of new industrial products;
- Development of tools for preliminary assessment, useful in the design phase for the choice of various
integration technologies;
-Collection of design examples for architects.
To a more depth analysis of the relationship between the PV system, building organism and context, now
required by an increasing quality of the built environment that demands disciplinary interactions between the
different actors and experts involved in the design process, emerges the need of coordination of the various
cultural areas of the project, which go beyond the aspects of only energetic nature, that too often take
precedence over other issues.
The project of BiPV should be recognized as the place for discussion and mediation of different, and often
conflicting, levels of complexity and scale of reference and observation. In this dialectical context, often
emerge aspects at the same time, both to the landscape scale and at the scale of construction or figural detail,
or the need to compromise between scientific parameters (efficiency, power ...) and interpretative aspects
(aesthetic, spatial, visual, cultural values...) that, at the planning stage, they need unitary solutions with
respect to a contextual and requirements fixed framework. It emerges in this context the need for a
multiparametric assessment and a cross-disciplinary interpretation of various factors and fields interacting, as
outlined below.

State of art
criteria of architectural integration (I.E.A.) (ISAAC-SUPSI)

DIAGNOSIS:
Need to definition of more clear levels of integrability against a complexity of the BiPV concept

OBJECTIVES:
MULTIPARAMETRIC READING
Of the multi-scalar and e multi-disciplinary concept of BiPV

PV SYSTEM
BUILDING ENVELOPE
CONTEXT
MULTIPLE LEVELS OF RELATIONSHIP
STANDARDS, PERFORMANCE, LINGUISTIC-MORPHOLOGICAL, TECHNOLOGICA-CONSTRUCTIVE,
BIOCLIMATIC, PLANT…

Classes of integrability
Fig. 1: Ideogram for defining classes of PV integrability
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3. Classes of integrability and technological integration of photovoltaic
With the aim to outline the complexity of this relationship which is articulated around the concept of "PV
integration " into the building envelope, has been structured a simplified grid of reading that defines some
classes of photovoltaic integrability, as a synthesis of the major functional and hierarchies relationships
found in the analysis of existing studies and built examples :

Objetc of table:
Scheme of the different class of Pv integrability

class
1
class
2
class
2
class
4
class
5
class
.6
class
7
class
8

1 PROCEDURAL
Object: Regulatory and legal system that addresses procedural and
operational conditions, limits and incentives
2 MORPHOLOGICAL-FIGURATIVE
Object: Quality of perceptual and formal characterization of the
architectural language of the building envelope
3 BUILDING-PERFORMANCE
Object: requirements of optimization of energy production and
construction-technological requirements of the building.
4 TECHNOLOIGCAL-CONSTRUCTIVE
Object: levels of integration in the elements of building constructive
equipment
5 BIOCLIMATIC -ECOLOGICAL
Object: PV system integration in the bioclimatic and ecological
design of the building in its life cycle.
6 ENERGY-PLANT
Object: Parameters for the optimization of electrical function of the
plant system.
7 LANDSCAPE-CONTEXTUAL
Object: aspects of acceptability in sensitive context of historical and
environmental value
8 ON EXISTING
Object: aspects of integrability in the redevelopment of existing
buildings.

Although they are also crucial the financial aspects in monitoring of a BIPV solution, they are not considered
in this scheme to avoid reflections of financial nature, depending on the laws of the market and incentive
schemes, little relevant in the scope of study. The following is the deepening of the specific "class" of
technological-constructive integration.

3.1. Technological-constructive integrability
The study, considered the various themes related to the BIPV, has the objective of deep the specific aspect of
technological-constructive innovation (class 4) of the building envelope. The path of innovation that has
accompanied the technological transfer over the years for photovoltaics in architecture, has gone from a
components initially governed by its own logical (not very different from that used on space satellites), to a
production as more congruent with the peculiarities of technical elements for the building. This evolution
was driven by the objective of improving the constructive "coexistence" between the new components and
traditional technological elements, gradually solving the problems of various kinds on the "how" to integrate:
the type and quality of physical connections between the building and photovoltaic components; the
physical, chemical and constructive compatibility between the materials and components, frames, supports
and connections; the integration of old and new functional requirements, etc ....
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Over the years, this primary research to compatibility and adaptation was later joined by a path of
progressive innovation of the PV building envelope, both in expressive languages and in the technological
properties. Studying, specifically, the theme of technological-constructive integration of photovoltaic, it was
decided to define some basic areas of inquiry, whose larger content are included in the research (Bonomo,
2008-11), which can be synthesized with identification of the following sub-classes (Fig. 2):
-

-

-

-

A first, with the definition of a general abacus of typological alternative representative of the
various possibilities of PV integration in the elements of the building envelope, referring to the three
constructive sub-systems of roofs, vertical enclosures and special envelope’s elements (Fig. 3).
A second, the degree of building integration, as the recognizing of the level of satisfaction of the
building requirements provided for technological units, by the PV building system, like a
performance index of integration that can be expressed through the four conditions (Fig. 4):
o Independent application;
o Overlapping application;
o Complementary integration;
o Total integration.
A third, which coincides with the class of constructive element, as a recognition of the hierarchical
level of the PV system in the various sub-systems of constructive apparatus, which can configure:
o basic constructive element (or basic material);
o functional-constructive element;
o unit of building fabric;
A final class, on the definition of specific requirements of the constructive compatibility that is the
attitude of the PV system to "interface" dimensionally, functionally and physically with the
technical elements of the envelope, in respect of levels of quality required, which can be
summarized in two categories:
o "combinability", understood as the satisfaction of the geometric-dimensional interactions
between the PV and the constructive systems, in order to ensure proper geometrical,
morphological and dimensional coordination aimed to a good relationship;
o "coupledability", understood as a demand for material, performance and mechanical
compatibility of the union between the two systems, in order to ensure an adequate quality
of the constructive coupling, in the light of requirements request.

OBJECTIVES:
identification of sub-classes reported to the requirement of technological-constructive integration

TYPE

Distinguishing the type of integration on the degree
of integration and the constructive role

DEGREE
ROLE

Synthetic typological alternative
Degree of integration
Role of PV in the building system
Fig. 2: Ideogram for the definition of sub-classes of technological- constructive integrability
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Fig. 3: Sub-class 1: Classification of different types of integration constructive alternatives

Fig. 4: Sub-class 2: Evaluation sheets of constructive-integration degree of BiPV in roof. The analysis of the level of satisfaction
of different building requirements, by Pv system, determines the degree of integration.
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Fig. 5: Sub-class 2: Example of evaluation sheets of the degree of constructive integration of PV façade.

Fig. 6: Sub-class 4: Example of evaluation sheets of the combinability and coupledability of a PV system on roof, with analysis
of the geometrical, dimensional and constructive critical.
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4. Technological innovation of photovoltaic envelope

Constructive
principle of PV
system

Technological role of
PV respect at the
building envelope

Evolution of
traditional
envelope

Added body

Prosthesis

Adaption

Multiple body

Stratification

Optimization

Unitary body

Integration

Multifunctionality

Hi-tech body

Substitution

New concept

Principles of technological innovation

The path of innovation of the building envelope, read through the use of photovoltaic devices, it was in
principle dedicated to improving the constructive "coexistence" between "new solar array", before only of
standard type, and the traditional technological units of the building, coping, gradually, to solve problems of
various kinds on "how" to install the panel. In this original research of adaptation of the plant on the
building envelope, the growing awareness of the technological and expressive potential of PV, has led to a
conceptual revolution that has passed from the vision of the solar module as a terminal installed, like a body
added to the buildings, to that of a component of the technological and architectural system of the building
envelope. The industry's next step was therefore to reconsider the stratification of the "complex" building
enclosures with the interposition, on the outer surface, of the PV module, thus optimized to the dual function
of component of the plant and of the construction. This "proximity" to the building opened as a result, a
research in several fields of architectural language and constructive role of the solar elements, thus elevated
to the rank of protagonist of the construction quality. The entrance of PV in the system of “multiple-body”
building elements, has thus helped to stimulate a specific industrial research on the building integration,
resulting in many successful technology solutions on the international scene. In many cases, the research has
raised the paradigm of integration at a further higher step, ie with the inclusion of PV material as an integral
part in a unitary and multifunctional building element. In this case, the full technological integration in the
envelope, becomes an essential part of the constructive and energy strategies of the building concept, and
directly affects important quality like the control of thermal comfort, or the visual and thermodynamic
properties of the envelope. The multi-functionality and versatility, along with other paradigms such as
interactivity and lightness, combined with the growing development of new materials "custom made" with
higher performance, constitute the current landscape of research on technological systems in which the
photovoltaic almost disappear as an autonomous entity and become an ingredient "melted" within new
concepts of materials and components, at the same time synthesis of advanced technology and ecosustainability.

Fig. 7: Scheme of principles of technological innovation
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ANALYSIS SHEET OF PV TECHNOLOGICAL INTEGRATION
Traditional Integration on the roof
BiPV in multifunctional Façade
(rif: Schueco Energy2)
Typological Alternative:

Vertical transapent enclosure
Opaque discontinous roof
Degree of constructive integration:

Total Integration
Constructive principle of Pv System:

Overlapping

Added body

Unitary-hi-tech body

Technological role of PV towards envelope

Prosthesis

Integration- substitution
Evolution of traditional envelope

Adaption

Multifunctional

Class of building elements:
None: Plant
Maximum: Building element
Constructive compatibility:
Combinability
Low
High
Low geometrical and dimensional coordination and Complete geometrical and dimensional coordination
low modularity
and modularity on the façade design
Coupledability
Maximum: Unitary element with a PV part not
Traditional/low: mechanical point fixing
materially and functionally separable
Innovative aspects in BIPV concept
Concept of energetic and multifunctional interactive
None
facade with control of thermal, humidity, visual and
energetic requirements.
Tab.1: Scheme of analysis of PV technological integration on building envelope

In the comparison between systems of different technological generation, it is clear that innovation is
essentially linked to radically different concepts generated by the evolution of constructive principles, in
which the photovoltaic becomes increasingly a component of "melted" within constructive apparatus and an
indispensable element to the functionality and efficiency of the building system. In other cases, such as those
listed in next paragraph, the innovation connected to photovoltaic is linked to a more complex integration
approach, which involves more specifically the primary role of the architectural design.
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Fig. 8: Different principles of technological innovation of BiPV systems: (top left) The PV as a added body. Oskar Von Miller
Forum, Thomas Herzog+Partner, Monaco (photo author); (top right) Example of stratification of roof with basic photovoltaic
building elements that replace the traditional roof covering. Creaton AG “Solesia”; (bottom left) Intelligent facade Schueco
Energy 2 at BAU 2009 in Monaco; (bottom right) “Green Pix Zero Energy Media Wall” in Beijing (China), Simone Giostra &
Partners Architects + Arup Engineering, 2008.

4.1. Technomorphism and new spatial requirements
A paradigmatic situation of "technological innovation in architecture" related to the use of photovoltaics, is
that of technomorph building solutions (Nardi et al, 1996). The strategy of integration in this case, shifts the
focus from expressiveness of the building skin and from the texture design to the study of morphogenesis of
the architectural organism and of its constructive parts; the building born in these cases, as synthesis of
morphological parameters of PV integrability (eg. optimum orientation and tilt, the absence of shading ...),
surpassing the use of formalistic or archetypal solutions. In several examples of high architectural and
constructive integration of PV, in fact, the shape of the building is fixed at the start of the design process, and
only after it has adapted and, possibly, optimized on the presence of the solar system and of its requirements.
In this current case, therefore, the phenomenon of replacement of a material with another with PV, is
accompanied by the permanence of formal references to the characteristics of the original material and preexisting technologies.
In this historical process the appeal to the ancient forms and techniques, however, in general, is attributable
to the "physiological" impossibility to have adequate facilities and tools appropriate to the innovation, that
has not yet had time to be assimilated. Through the strategy of "technomophism" can be read instead an
elaborate form of design innovation, which involves the creation of forms in a language coherent with its
design and constructive concepts; it is the case, in the history of materials, of the steel and of the transition
from the archetype of the arched bridge, first used in the infrastructure of cast iron (because of the
permanence of the reference to the use of the techniques of stone and wood), to the cable-stayed or
suspended bridge. Although today, in reference to the use of photovoltaic, this innovative process is highly
hybridized and made not very evident by the functional accumulation and symbolic values of the
contemporary building envelope, it is possible to find a technomorph approach when the architectural
outcome of the entire building, becomes the synthesis of advanced PV design requirements with those of, for
example, energy efficiency, through an innovative reworking of the project.
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ANALYSIS SHEET OF PV TECHNOLOGICAL INTEGRATION
Office building “Energy Base” in Vienna (A),
London City Hall in London
Pos Arckitecten, 2008
Foster & Partners, 2002
Typological Alternative:

Curved roof
Complex morphology envelope
Degree of constructive integration:

Sovrapposizione
Integrazione complementare
Constructive principle of Pv System:

Multiple body

Added body

Technological role of PV towards envelope

Stratification

Prosthesis
Evolution of traditional envelope

Optimization

Adaption

Class of building elements:
Functional building element
Functional building element
Constructive compatibility:
Combinability
High:
High: (trapezoidal module)
Good geometric-dimensional coordination
Good geometric-dimensional coordination
Coupledability
Traditional: mechanical fixing system
Traditional: mechanical fixing system
Tecnomorph solutions: Innovative aspects in BIPV concept
Morphology of the envelope designed to optimize
Morphology of envelope and multifunctionality
exposure to the sun, the aerodynamics and the
studied for energetic production, solar control
maximization of energy production on the roof
winter/summer and daylighting comfort.
Tab.1: Scheme of analysis of PV technological integration on building envelope

In these cases, often, the concept of PV integration is not necessarily synonymous with a high degree of
constructive integration, or with an innovative constructive principle or a relevant technological role of the
solar component in the building equipment (see Table 1); it is instead the case of buildings where the
presence of PV is never an end in itself, or disconnected from the process of morphogenesis of the
architectural design and from its overall energy concept, but is an integral part of these design process or, in
other words, an advanced synthesis of different integration themes, previously summarized as integrability
classes.
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Fig. 8: Examples of "technomorph" forms in relation to the use of photovoltaics. (left) Sunlight House II, Henry Troy Architect,
(right) Building integration of stationary reflectors with PV or PVT absorbers tracking. Architectural concept of buildings with
integrated systems PVT in combination with reflectors for lighting the interior (Cisbat Congress 2009)

In other ways, the spatial innovation connected to the photovoltaic involves, in addition to the results on the
external form, the project of building interior spaces. With the growing functional accumulation that focuses
on building perimetral enclosures, which meet all the main technological requirements of security, comfort,
and energy efficiency (including artificial lighting, air conditioning, ventilation ...), the interior of the
building are increasingly "lightened" by the presence of plant and from their primary requirements, so
resulting increased distribution, spatial, functional and technological flexibility.

Fig. 9: “Future Cube”. Concept design of multifunctional solar facade able to perform complex functions, such as solar control,
the spread of natural light, artificial lighting, aeration and ventilation. Collaborative project developed by Behnisch
Architekten, Zumtobel Lighting, Transsolar Energietechnik, Sunways, Bartenbach Lichtabor, 2010 (immages: The Plan).

4.2. New concepts of envelope: lightness, flexibility, interactivity and media.
While at widespread scale is still needed to disseminate basic criteria for the correct PV integration, in the
most interesting examples at international level, the envelope seems to be able to meet the criteria of ecosustainability in a spectacular way with advanced shapes and technologies, synthesis of innovative
technological aspects and exploration of new sensory-perceptual forms. Thanks to solar, in some realization,
the building acts as a self-sufficient organic system, harvesting solar energy during the day and using it to
light up at night, offering unprecedented urban and architectural spaces, in which the building is dedicated to
media and digital art, thus demonstrating a spectacular use of “sustainable" technology" applied to the
contemporary envelope. In these cases it is evident that the presence of PV is so integrated into the
"composition" process to be functional, not only at the creation of languages and architectural images as
usual, but as to push in the characterization of space-perception through evolved concept, which often exceed
the criteria of strictly architectural interpretation (or trends of trivial energy optimization) and tend to graze
the fields of component design and contemporary art.
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Fig. 10: (top left) Boxenstopp, Branschweig (D), Daniel Hausig, 2000. The envelope is made of, outside, solar cells and
electroluminescent cells from inside (pictures: C. Luling) (top right) "Metabolic Media." Synthetic textile with micro LED
powered by flexible organic solar cells or DSC. The traditional surface becomes dynamic, bright screens. (Photo: www.loop.ph )
(bottom left)Solar Tensile in Intersolar 2011 Monaco; (bottom right) "Wrap ® Smart". Research by Stefan Kieran and James
Timberlake Architects, 2003. Testing of innovative building multifunctional composite material. The printed thin film solar cells,
storage energy and, in combination with OLED technology, enabling the lighting of the interior, where the phase change
materials provide to microclimate control. (Photo: www.kierantimberlake.com )

5. Conclusions
The study discussed, through the determination of performance levels of constructive integration, allowed to
establish some criteria for the evaluation of BiPV degree, useful in the analysis of built examples, and as a
reference methodology for control the design process of new realizations of BIPV (Di Giovanni Bonomo,
2011). The general purpose of this study, still ongoing, has moreover been to reconcile the paradigms of
BIPV stratified over the last years and the emerging trends according to an evolutionary logic of the building
construction and "technology", trying to link the different forms of integration "through the continuous
thread" of technological innovation in architecture.
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Abstract
Thermal performance study is one of the critical aspects of the natural ventilated vernacular buildings.
Thermal comfort studies of built environment mainly focussed on two different approaches, one is heat
balance approach and the other is adaptive approach. Thermal comfort survey has been carried out in 50
houses covering over 100 occupants of cold and cloudy climatic zone of North East India. This comfort
study has been done in the form of long term thermal monitoring at outside and inside of a house, comfort
survey based on ASHRAE thermal sensation scale for different seasons of the year. Comfort temperatures
are calculated based on Humphreys and Auliciems comfort model. Neutral temperatures at which people
feels comfortable in this natural ventilate buildings are obtained from the comfort survey. It has been found
that the comfort temperature obtained from the Humphreys and Auliciems comfort model differs with the
neutral temperatures obtained from comfort surevy. There are four major indicator like outdoor and indoor
temperatures, relative humidity and clothing pattern of the peoples has direct impact on the peoples
perception and acceptabilty on comfort situtaion. In this study, thermal comfort equations are developed
based on these four indicator and validated with the neutral temperature obtained from comfort survey. It
has been found that the comfort equation developed with all these four indicators has highest co-relation
coefficient and provide the neutral temparture values very close to thermal comfort survey results. However,
these equations are valid only for similar kinds of natural ventilated buildings and also for similar kinds of
building functioning management of this climatic zones. It is also not appropriate to obtaine a genralized
thermal comfort model as the adpation process and the expectation and perceptation of the peoples are region
specific and also differs with socio-cultural norms.
1. Introduction
Building, energy and environment are closely related and affect energy and environmental sustainability of a
region. Buildings are generally synonyms of comfort as men spent about 90% of his life time in built
environment. So, it becomes a pre-requisite to provide the desired level of comfort inside the building. The
definition of acceptable indoor climate in building is very much important for not only making it
comfortable, but also in deciding its artificial energy consumption. According to ASHRAE-55, thermal
comfort is defined as ‘the conditions of the mind in which satisfaction is expressed with the existing thermal
environment’ (ASHRAE-55, 2010). This standard also states that if the combination of indoor environmental
conditions and personal acceptance to 80% or more occupants, indoor environment is termed as comfortable.
However, the standard never precisely defines ‘acceptability’. Thermal comfort research community
commonly consider that ‘acceptable’ is synonymous with ‘satisfaction’ and thus is indirectly related to
thermal sensation (Auliciems, 1981; Nicol and Humphreys, 2002; Singh et al., 2011). One of the major
issues concerning thermal comfort is the conflict in conditioned buildings, where the indoor built
environment is controlled to nearly constant levels of air temperature in accordance with the occupant’s
behaviour and clothing. On the other hand, in naturally ventilated buildings, where adaptive approaches are
dominant and people has option to adapt a wider range of temperatures that compliment to their culture and
climates and is less energy demanding (de-Dear and Brager, 2002). People have a natural tendency to adapt
to changing conditions of their environment. It is also influenced by personal differences in habitant’s mood,
culture and other individual, organizational and social factors. Thus the definition of thermal comfort
provides a broad perspective based on the judgement of mind which intern is influenced by various inputs
such as physical, physiological, psychological and regional factors (like local climate, socio-economic,
socio-cultural etc.) (de Dear and Brager, 2001; Singh et al., 2009b). Recent studies carried out on thermal
comfort in different parts of the world conclude that there is no absolute standard for thermal comfort. This is
because thermal comfort depends on local environmental as well as personal variables (Brager and de Dear,
1998). It is evident from the various studies that human thermal comfort is the main driving force behind the
enormous increase in energy cost of buildings (Humphreys and Nicol, 2002). This is also intern responsible
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for huge economic and environmental cost due to high energy consumption. With the rising concern on
environmental and economic sustainability, extensive study covering different aspects related to thermal
comfort in the built environment has been carried out by large number of scientists for decades (de-Dear and
Brager, 2001; Humphreys and Nicol, 2002; de-Dear and Brager, 2001; Singh et al., 2011).
The adaptive approach is based on statistical analysis of large number of thermal comfort field studies. Field
studies have more immediate relevance to real thermal environment, which strongly depends on the context,
the behaviour of occupants and their expectations. Humphreys and Auliciems both reported strong positive
correlations between the observed comfort temperature and the mean temperature prevailing in indoors and
outdoors during field studies (de Dear et al., 1997). However, in these studies, two other important
parameters, relative humidity and clothing levels of the occupants based on traditional life styles has not
considered (Franger and Toftum, 2002). Recent studies carried out on thermal comfort in naturally ventilated
buildings states that adaptive actions and opportunities plays a major role in defining comfort status in
naturally ventilated buildings. The adaptive factor and the extent of adaptation, an occupant goes through
over a period of time and in different seasons of a year is very difficult to define and calculate
mathematically (Singh et al., 2011). This is because of the complex interlinking of different adaptive
opportunities and actions of the occupants. The flow of information that governs the actions of occupants is
also influenced by perception and expectations. This makes the system more complex to formulate it in a
mathematical model (Singh et al., 2011). However, this problem can be overcome by applying multiple
regression technique to analyse the collected data during different field experiments and surveys. First of
such attempt was being carried out by Humphreys on the available database of more than 30 comfort surveys
done around the world (de-Dear and Brager, 2001).
In this study appropriate correlation among major factors (indoor and outdoor mean temperatures, clothing
values and relative humidity) has been tried to develop by using multiple regression technique that primarily
define comfort in naturally ventilated buildings. A detailed field study on thermal performances of typical
traditional vernacular dwellings in cold and cloudy climatic zones of North-East India has been undertaken.
This field study includes detailed survey of 50 vernacular dwellings, field tests and thermal sensation vote of
100 occupants on ASHRAE thermal sensation scale in this climatic zone. This work includes the analysis on
different comfort models, predictive formulae development based on indoor and outdoor mean temperatures,
relative humidity, clothing value, statistical analysis on calculated neutral temperature and thermal comfort
acceptability based on comfort survey in the buildings for cold and cloudy climatic zone of North-East India.
2. Comfort models
Thermal comfort studies of built environment mainly focussed on two different approaches, one is heat
balance approach and the other is adaptive approach. Heat balance study has been widely used but adaptive
approach is also slowly getting acceptance. Various studies on thermal comfort have been done in the last
decade is based on adaptive approach. However, both these approaches have their own advantages and
limitations. An extensive study on thermal comfort was done by Fanger on large numbers of Danish
students, subjected to controlled climate chambers. In this experiment, clothing level, activity level and
thermal environment were pre-defined and closely monitored. This laboratory based study leads to the
development of static heat balance model of human body (Franger, 1986). Fanger’s model combines the heat
balance theory with the physiology of thermal regulation to determine the range of comfort temperatures in
which the occupants of a building would had feel comfortable. This model is described as a function of four
environmental variables, i.e. temperature, mean radiant temperature, relative humidity and air velocity.
Fanger’s experiments concluded that activity level is the only physiological process that determines the
sweat rate and mean skin temperature thus influencing the heat balance of the body. The mathematical
relations lead to the development of seven point ASHRAE thermal sensation scale ranging from cold (-3),
cool (-2), slightly cool (-1), neutral (0), slightly warm (+1), warm (+2) and hot (+3). This scale is also known
as Predicted Mean Vote (PMV) index and leads to the development of Predicted Percentage of Dissatisfied
(PPD) index (ISO 7730, 1994).
PMV-PPD indices were first proposed in the form of standard ISO 7730 (ISO 7730, 1994). Laboratory
studies support the validity of ISO 7730 but field study often deviates (Humphreys and Nicol, 2002). Field
study conducted on thermal comfort by many researchers put PMV-PPD model into question (Brager and de
Dear, 1998; de Dear and Brager, 2002; Humphreys and Nicol, 1998, 2002; Sharma and Tiwari, 2007;
Sharma and Ali, 1986; Singh et al., 2011). The reasons behind this deviation is that the PMV-PPD indices
calculation process require the knowledge of clothing insulation and metabolic rate which are very difficult
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to calculate because of complex calculation procedure. Also PMV-PPD model ignores the important
parameters such as cultural, climatic, social and contextual dimensions of comfort and thus denying all
processes of thermal adaptation (Olesen and Pearson, 2002; Singh et al., 2011). Though PMV-PPD method
is a breakthrough in the understanding and defining the thermal comfort in built environment but has its own
limitation. The PMV-PPD model is useful only for predicting steady state comfort responses (Franger and
Toftum, 2002). In the recent time, number of studies conducted on naturally ventilated buildings (transient
built environment) showed that the results obtained by adopting PMV-PPD method deviate widely in
predicting the persisting thermal environment (Nicol and Humphreys, 2002; Singh et al., 2009b; Singh et al.,
2011).
The fundamental assumption behind the adaptive approach is that ‘if a change produces discomfort, people
reacts in ways which tend to make them restore their comfort’ (Humphreys and Nicol, 2002). The definition
of adaptive principles points towards the need of thermal comfort study based on field surveys conducted in
wide range of environments. The meta-analysis of such data were reported by Humphreys (1976, 1978),
Auliciems and deDear (1986) and de Dear and Brager (1998) (de Dear et al., 1997). Meta-analysis of data
helped to link comfort vote to the respective adaptive actions of the occupants in particular context. The
occupants with more adaptive opportunities to adapt themselves to the environment will feel less discomfort
(Humphreys and Nicol, 1998). Humphreys developed a model using the available database of more than 30
comfort surveys done around the world. Humphreys proposed a series of simple correlations of thermal
comfort prediction. The comfort temperature (Tco) can be estimated from mean monthly outdoor temperature
(Tm) in °C, using the following equation for naturally ventilated buildings. The prediction claims to have a
standard error of 1°C and applies to temperature range of 10°C < Tm < 34°C.

TCO = 11.9 + 0.53 × Tm

(r=0.97)

(eq. 1)

Auliciems tried to reanalyze the Humphrey’s data by removing some incompatible information. These results
are based on more recent field studies and combined the data for both types of buildings with active and
passive climate control. The absence of thermal discomfort is predicted by simple equation in terms of mean
indoor (Ti) and outdoor temperature (Tm) in °C (Auliciems, 1981; Nicol and Humphreys, 2002).

TCO = 9.22 + 0.48 × Ti + 0.14 × Tm

(r=0.95)

(eq. 2)

Adaptive thermal comfort approach put-forth the need of an alternative standard that would have more
relevance to the variable indoor environment like in naturally ventilated building with hybrid ventilation and
other contextual adaptation in which occupants have better degrees of control over indoor climate (Milne and
Givoni, 1979). Variable temperature standard like adaptive model links indoor climatic condition with
outdoor climatic context of the building and takes care of the past thermal experiences and current thermal
expectations of the occupants (Singh et al., 2010). Although these field study on thermal comfort does
validate adaptive thermal comfort in conditioned building but the question remains as how long this adaptive
model will continue to suit in the new buildings where occupants clothing patterns, activity patterns and
expectations levels are changing continuously and rapidly (Humphreys and Nicol, 2002). Adopting adaptive
thermal comfort approach, it is also may not be possible to assign a single value to adaptive comfort standard
because the adaptation is region specific and highly influenced by the local climatic conditions and sociocultural setup (Bouden and Ghrab, 2005; Singh et al., 2011).
3. Methodology
North-East region of India is classified into three bioclimatic zones: warm and humid, cool and humid and
cold and cloudy (Singh et al., 2007). Vernacular houses of North-East India across the climatic zones are
widely varied in its built forms and functionality. The methodology of this study includes the thermal
monitoring of vernacular houses of cold and cloudy zone in all the seasons and simultaneously carrying out
the questionnaire based thermal comfort survey. Questionnaire based thermal comfort survey has been
conducted in similar houses of this climatic zone followed by extensive interaction with the occupants of
these buildings. Comfort survey for this study has been carried out in 50 houses covering over 100
occupants. The questionnaire was prepared based on ASHRAE 55-2004 Informative Appendix E ‘Thermal
Environment Survey’ (ASHRAE 55, 2010). The regional parameters like socio-economic and socio-cultural
setup that affects the thermal comfort perception were also added as necessary modification in the
questionnaire. This addition makes the study more relevant and appropriate to this region. The respondents
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were asked to vote on ASHRAE 7 point thermal sensation scale followed by extensive interaction and filling
up the questionnaire. This interaction helped us to record the common behavioural adaptations. Before
recording thermal sensation, the respondents were advised to sit ideal for about 20 minutes. This is necessary
protocol to minimize the error and to maintain uniformity throughout the study. The surface temperatures of
the enclosure surrounding the respondent (i.e. if the respondent is sitting in the living room on wooden chair
then the surface temperature of chair, surface temperatures of nearest wall, floor temperature, if the window
is closed then temperature of curtain) were recorded by non contact infra-red thermometer and air
temperatures (five times) by digital thermometer during this survey process. The average of these five
measured temperatures is used for the analysis. Similarly, the relative humidity, clothing level and
illumination level were also measured. The temperatures corresponding to comfortable thermal environment
are not fixed but are continuing response to changes in both indoor and outdoor environmental condition
modified by climate and social custom. Sudden changes in the ambient temperature imposed on the
occupants actually lead to discomfort (de Dear et al., 1997). Respondents are allowed to wear the normal
clothing according to their cultural, social and traditional setup. The opening and closing of doors and
windows are not controlled but the operation of fan is not allowed during the thermal sensation vote
recording.
4. Thermal monitoring and comfort survey
This section explains about the various analyses that have been carried out on the collected data. Long term
thermal monitoring is being carried out at outside and inside of a house at cold and cloudy climate for the
months of January (12th January to 6th February), April (6th April to 30th April), July (8th July to 6th August)
and October (14th October to 8th November) of the year 2008. The outdoor temperature swing for the months
of January, April, July and October are 16°C, 19°C, 10°C and 7°C respectively. Similarly indoor
temperature swings for the months of January, April, July and October are 11°C, 10°C, 7°C and 7°C
respectively (Singh et al, 200b ). It is observed that for all the four months the indoor temperature swing lies
in permissible range for naturally ventilated buildings. The time lag in this kind of vernacular house is 5 to 6
hours. Relative humidity is always high throughout the year in this climatic zone. These high values of
relative humidity also affect the thermal comfort perception of the occupants. Clothing level adjustment is
the important adaptation process to maintain the comfort at different temperature. During the comfort survey,
it has been found that clothing values are largely scattered from 0.3 clo in summer to 1.5 clo in winter in this
climatic zone (Singh et al, 200b).
Comfort temperature is calculated based on Humphreys and Auliciems adaptive comfort model. However, in
the case of naturally ventilated buildings, it is always advisable to apply the concept of range of comfort
temperatures. Here the term ‘range of comfort temperature’ is used because it involves the physiological,
psychological and behavioural adaptations of the habitants. It is found that in vernacular buildings, when a
respondent votes -1 on thermal sensation scale it actually means that; though respondent is feeling slightly
cool but he/she can make himself/herself comfortable by putting on some warm cloths (increasing clothing
insulation), closing window (minimizing air movement) and so on. And if a respondent votes +1, means
he/she will opt for decreasing clothing level, drinking water, opening window, running ceiling fans etc. The
temperature values corresponding to -1 and +1 sensation are always ±3-3.5°C of neutral temperature. Neutral
temperature is defined as the temperature at which a person feels thermally comfortable at fixed variables
like environmental parameters, clothing and activity level. Since clothing and activity levels are region
specific and driven by socio-cultural setup and climate, it is very difficult to find a single value for comfort
temperature universally. Different respondents vote according to their own physiological, psychological and
behavioural adaptations. Because of this fact, it has been found that at same temperature; different
respondents have different thermal sensation or same thermal sensation at different temperatures. The neutral
temperatures are calculated by using linear regression analysis between observed thermal sensation votes
(TSV) as dependent variable on Y-axis and dry bulb temperature (DBT) as dependent variable on X-axis. In
most of these regression plots, the R2 value is close to 0.9 representing a strong positive correlation between
these two parameters. Table 1 represents the comfort temperature based on adaptive comfort models, neutral
temperature based on the regression analysis and also based on the comfort survey and also represents the
range of comfort temperature based on the comfort survey for various seasons (Singh et al, 200b). It is also
observed that the range of comfort temperature in this climatic zone is approximately 7.2°C i.e. minimum
temperature corresponding to -1 sensation is 19.0°C in winter season and maximum temperature
corresponding to +1 sensation is 26.2°C in summer season. So, for comfortable indoor environment the
indoor temperature fluctuation should not be more than 7.3°C.
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Table 1 Comfort and neutral temperatures at different seasons (Singh et al, 200b)

Season / month

Temperature
swing (°C)

Winter /January
Pre-summer /April
Summer/July
Pre-winter/October

Comfort temperature
(°C)

Outside

Inside

Humphreys

Auliciems

16
19
10
07

11
10
07
07

18.0
21.8
22.7
22.3

18.1
23.9
23.7
23.3

Neutral temperature
(°C)
Comfort Regression
survey
analysis
20.8
22.2
22.4
22.2
23.2
23.4
22.4
22.2

Range of comfort
temperature (°C)

19.0 - NA
21.3 - 24.1
22.1 - 26.2
19.8-24.3

5. Analysis
Humphreys comfort model uses mean monthly outdoor temperature to predict comfort temperature whereas
Auliciems comfort formula consider mean indoor temperature and mean outdoor temperature (Auliciems,
1981; Nicol and Humphreys, 2002). The comfort temperatures are calculated based on these two models and
presented in Table 1. It is found that the comfort temperatures calculated by using Humphreys and Auliciems
deviates from experimental values (neutral temperatures obtained through comfort survey) and also predict
low percentage of comfort time in these houses (Singh et al., 2009b). Recent studies also conclude that
comfort temperatures of the occupants are largely governed by local parameters like local environmental
parameters, socio-cultural setup, behavioral action, activities and clothing etc (Nicol and Humphreys, 2009).
The probable reasons behind this deviation are due to the difference in local environmental parameters and
other associated parameters. This demands development of new set of comfort relations which includes the
local parameters of a particular climatic zone. In this study, it has been tried to use the experimental data and
derived different thermal comfort equations to predict comfort temperatures for different seasons of a year
for this particular climatic zone. The predicted equation with highest correlation coefficient is found to be the
best in representing the experimental values.
Figure 1 represents the average indoor and outdoor temperatures, average relative humidity, clothing value
and neutral temperature from comfort survey for the different seasons. In developing these formulas, the first
issue was to find out, which parameters could be the best serve as a basis for the prediction? This involves
the analysis of the patterns of the relationship between the neutral temperature and the parameter of interest.
This analysis is performed by plotting the different parameters of interest over the background of the neutral
temperatures. Once this pattern is found satisfactory, then it is a relatively simple matter to express it in a
mathematical relation. The constants of the formulae are specific to particular building or group of similar
kinds of buildings and the similar functional management of the houses for a particular climatic zone. Figure
2 represents the neutral temperatures obtained by using the different parameters of interest such as average of
indoor and outdoor temperature, relative humidity and clothing value. Multiple regression analysis on the
collected data of January and July month is performed to develop the predicted formula and validate with the
neutral temperature for April and October months. The following combinations are used for the regression
analysis.
The predicted formula is developed by using the 24 hrs average outdoor temperature (T0) and presented in
equation 3. The coefficient of co-relation for this regression analysis is 0.89.

Tn = 17.86 + 0.22 × T0

(eq. 3)

The predicted formula is developed by using both 24 hrs average outdoor and indoor temperatures (Ti) and
presented in equation 4. The coefficient of co-relation for this regression analysis is 0.89.

Tn = 17.91 − 0.03 × Ti + 0.25 × T0

(eq. 4)

The predicted formula is developed by using both 24 hrs average outdoor and indoor temperatures (Ti) along
with the average relative humidity (Rh) and presented in equation 5. The coefficient of co-relation for this
regression analysis is 0.92.

Tn = 17.27 − 0.07 × Ti + 0.26 × T0 + 0.02 × Rh

(eq. 5)
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The predicted formula is developed by using both 24 hrs average outdoor and indoor temperatures (Ti) along
with the clothing level (clo) and presented in equation 6. The coefficient of co-relation for this regression
analysis is 0.94.

Tn = 15.69 − 0.14 × Ti + 0.42 × T0 + 1.55 × clo

(eq. 6)

The predicted formula is developed by using both 24 hrs average outdoor and indoor temperatures (Ti) along
with the clothing level (clo) and relative humidity and presented in equation 7. The coefficient of co-relation
for this regression analysis is 0.97.

Tn = 15.15 − 0.18 × Ti + 0.43 × T0 + 0.02 × Rh + 1.51× clo

(eq. 7)
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6. Results and discussions
Thermal performance study is one of the critical aspects of the vernacular buildings. Thermal performance
study is carried out by recording temperature data both inside and outside of the houses and monitoring the
functioning of various adoptions adapted by the occupants in all the four seasons. From the temperature
profile, it is observed that the maxima of outdoor temperature and maxima of indoor temperature have a time
difference of 5 to 6 hours (Singh et al, 2009b). This time difference or time lag provides critical information
regarding the insulation level of the house. It is observed from the thermal profile that in winter months the
outdoor maximum and indoor maximum temperature difference is less, which predicts that the building is
using maximum available sunlight to increase heat gain inside the built space. In summer months it shows
that the thermal capacitive effect affecting the sensitivity of indoor temperature to the outdoor temperature
because difference between indoor maximum to that of outdoor maximum temperature and indoor minimum
to that of outdoor minimum temperature has increased. Relative humidity data collected during the
monitoring work is presented in Figure 1.
Clothing level adjustment comes under behavioral adaptation process. Behaviour adjustment includes all the
actions taken by the occupant consciously or unconsciously which intern affects the heat and mass flow
fluxes of the governing body. The behavioral adjustment acts on three levels namely: personal level,
technological level and cultural adjustment. Out of these adjustments, personal level and cultural adjustments
regulate the clothing level of the habitats. Figure 1 presents the variation of clothing value with the different
seasons during the comfort survey. In other way, this profile clearly states the relationship between the
clothing level and outdoor temperature in cold and cloudy climatic zone. This profile helps us to identify the
most preferred clothing level according to the local climates, socio-cultural and traditional setup in this
climatic zone. From the regression analysis, it has been found the most preferred clothing level for cold and
cloudy climatic zone is 0.7clo for all the different seasons.
Table 2 Calculated neutral temperatures for different season

Month /
season

Comfort
survey

January/
Winter

20.8

April/
Presummer

22.4

July/
Summer

23.2

October/
pre-winter

22.4

Average
SD
Range
Average
SD
Range
Average
SD
Range
Average
SD
Range

Neutral temperature (0C)
Computed
OIHC
OIC
OIH
20.8
20.9
20.9
0.22
0.24
0.42
20.5 - 21.4
20.7- 21.3
20.5 - 21.7
22.8
23.3
22.8
0.35
0.35
0.32
21.9 - 23.2
22.2 - 23.6
22.0 - 22.9
23.2
23.1
23.1
0.23
0.34
0.22
22.6 - 23.6
22.7 - 23.6
22.6 - 23.4
22.4
22.6
22.5
0.35
0.44
0.35
21.6 - 22.9
21.4 - 22.8
22.0 - 23.0

OI
20.9
0.41
20.8 - 21.6
23.3
0.33
22.3 - 23.4
23.1
0.36
22.8 - 23.4
22.7
0.45
21.8 - 22.9

O
20.9
0.41
20.8 - 21.6
23.3
0.33
22.4 - 23.4
23.1
0.36
22.8 - 23.5
22.7
0.47
21.8 - 23.0

It is found from the analysis that Humphreys and Auliciems model predict neutral temperature quite well for
summer months. However, for winter months, it fails to predict the neutral temperature. To judge the
effectiveness of Humphreys and Auliciems comfort model in determining the comfort duration in different
seasons of the year, it is found that both the model predicts low percentage of comfort in the vernacular
buildings of this region. In this climatic zone, Humphreys and Auliciems adaptive comfort model predicts
5% comfort time for the month of January. For the month of April, both models predicts about 70% of the
time comfortable. But for the month of July, Humphreys model predicts 25% of the time comfortable and
Auliciems model predicts 15% of the time comfortable. Again for the month of October, Humphreys and
Auliciems model predicts 10% and 15% time comfortable respectively (Singh et al, 2009b). This is obvious
because, as we know that comfort is governed by local parameters and personal controls and the relation
developed by Humphreys and Auliciems are based on the data collected during different field surveys on
European subjects. This discrepancy leads us to develop new set of co-relations based on the major
influencing parameters. However, one interesting pattern is observed in the neutral temperature across all the
seasons of the year that the neutral temperature assumes lower value in winter month and higher value in
summer months. This trend is observed because comfort is a subjective response and is greatly affected by
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perception and expectations of the occupants about the indoor environment and subsequently indoor
environment is influenced by the persisting outdoor environment in case of naturally ventilated building.
This point also validates the adaptive thermal comfort study.
Comfort temperature is an important parameter which has far reaching effect on the function and running
cost of the buildings. It is generally assumed that comfort temperature is same as neutral temperature. But in
our previous study, it is successfully reported that neutral temperature and comfort temperature can be
treated as separate entity (Singh et al., 2009b). The occupants in naturally ventilated building go through a
wide range of adaptations mechanism, in comparison to the occupants of conditioned buildings. Because of
this the occupants of naturally ventilated buildings vote towards comfort over a range of temperatures. In the
comfort survey, it has found that the people tend to make themselves comfortable even if they have voted –
1(slightly cool) or +1(slightly warm) on the ASHRAE seven point thermal sensation scale. This is where the
occupants of naturally ventilated building use their adaptive opportunity to great extent. This interesting
trend is observed during the interaction with the occupants. So, it can be conclude that the neutral
temperature can be assigned to a particular temperature but the comfort needs to be represented over a range
of temperature. From the analysis, it is found that for cold and cloudy climatic zone the range of comfort
temperature is 7.20C.
Figure 2 represent the computed neutral temperatures from regression relations. The four major variables
indoor and outdoor house temperature, relative humidity, clothing value for all the seasons are used to
develop these regression analyses. The correlation coefficients (CC) are calculated for each case. The
experimental data for January and July months are used to develop this regression equation. And later these
regression analyses validated with the April and October months. It is observed that the relations are quite
good agreement with the results of April and October months. High CC value indicates the existence of
strong positive correlation among the variables.
Table 2 represents the computed average neutral temperatures, range of the neutral temperature and standard
deviation of these temperature data for each season. The neutral temperature based on indoor and outdoor
temperatures, relative humidity and clothing value (OIHC) is obtained by using equation 7. The computed
neutral temperature and the neutral temperature from the comfort survey are fairly has good agreement. The
range of variation of computed neutral temperature is 0.9 - 1.30C for all seasons. The neutral temperature
based on indoor and outdoor temperatures and clothing value (OIC) is computed by using equation 6. The
range of variation of the computed temperature is 0.6 - 1.9 0C for all seasons. The neutral temperature based
on indoor and outdoor temperatures and relative humidity (OIH) is computed by using equation 5. The range
of variation of the computed temperature is 0.8 - 1.2 0C for all seasons. The neutral temperature based on
indoor and outdoor temperatures (OI) is computed by using equation 4. The range of variation of the
computed temperature is 0.6 - 1.1 0C for all seasons. The neutral temperature based on only outdoor
temperatures (O) is computed by using equation 3. The range of variation of the computed temperature is 0.7
- 1.2 0C for all seasons. The CC for the regression equation considering all the variables (OIHC) is 0.97 and
for only variable outdoor temperature is 0.89. Similarly, the standard deviation in case of OIHC is minimum
in comparison to other cases. So, it can be conclude that the predicted relation for neutral temperature based
on all four variables provides better results in compare to other cases. However, in real situation, it may not
be always possible to have database for the entire major variable for a climatic zone.
Table 3 Comfort and neutral temperatures at different seasons

Month / season
Winter /January
Pre-summer /April
Summer/July
Pre-winter/October

Comfort temperature (°C)
Humphreys
Auliciems
18.0
18.1
21.8
23.9
22.7
23.7
22.3
23.3

Comfort
survey (°C)
20.8
22.4
23.2
22.4

Computed neutral temperature (0C)
OIHC
OIC
OIH
OI
20.8
20.9
20.9
20.9
22.8
23.3
22.8
23.3
23.2
23.1
23.1
23.1
22.4
22.6
22.5
22.7

O
20.9
23.3
23.1
22.7

Table 3 represent a comparison of neutral temperatures calculated by different comfort equations including
the comfort equations proposed in this paper. From the table, it can be concluded that the neutral temperature
value calculated by equation 7 under column OIHC (which includes indoor and outdoor temperatures,
relative humidity and clothing value) provides the closest values to that of found in comfort survey. Hence it
can be concluded that the argument put forth by us to include all the four parameters in the comfort equations
as it provides more acceptable and better results.
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7. Conclusion
This study is being carried out to develop thermal comfort equation based on four major variables like indoor
and outdoor temperatures of the house, relative humidity and clothing pattern at different seasons for
vernacular houses of cold and cloudy climatic zones of North-East India. It has been found from the analysis
that the parameters like indoor and outdoor temperatures; clothing value and relative humidity are the most
important parameters that influence the thermal comfort of the occupant. These parameters are localized and
thus suit the argument that comfort is governed by local environmental parameters and socio-cultural setup.
These thermal comfort equations are developed by multiple regression method. Validation of the developed
equations against the data collected during the comfort survey shows high fair of agreement. This provides
better accuracy over Humphreys and Auliciems comfort model for predicting the comfort status in the built
environments of this climatic zone. It is also tried to match the comfort temperature obtained from these
equations with the neutral temperature obtained from comfort survey. However, to improve the accuracy of
the results from the developed equation, it is required to carry out comfort surveys in large numbers of
vernacular buildings along with extensive thermal monitoring. Moreover, this methodology overcomes the
complex calculation procedures associated with comfort variables stated in heat balance method. In this
method most of the parameters associated with thermo-physical properties of the building material and other
regional factors are automatically taken care of by the coefficients of the developed equations.
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1) Introduction
One third of the worldwide total energy demand is consumed by building applications. In order to supply this
demand, reduce this considerable consumption and still maintain the comfort of the building, Building
Integrated Photovoltaic (BIPV) is one of the most well-disposed elements for building applications, thanks
photovoltaic energy generating effect, thermal insulation and solar gain, and its multifunctional
characteristics, respectively.
BIPV as an element integrated on building envelops have to comply the requirements of building products as
defined in Construction Products Directive [CPD-89/106/EEC]. The thermal characteristics of BIPV are
considered as one of the most important functions in total energy efficiency in building as defined in
European Performance of Building Directive (EPBD); for instances: thermal insulation (U-value), sun
control (g-value and Fc-value), etc.
To determine these thermal characteristics of BIPV, most manufacturers define their products specification
based so far on conventional building products, since no specific research on PV in building products exist.
With same module configuration like laminated glass, the U-value of PV-laminated glass is the same as
conventional laminated glass. With respect to higher radiation absorption and representing higher operating
temperature of BIPV compared to conventional building products, however, changes of the thermal
characteristics have to be taken into account. The operating temperature of roof-integrated PV can reach
90°C. [Mei et al. 2009]
In this paper, the influences of PV-specific characteristics will be investigated on these relevant building
functions in comparison with conventional building products; heat transmission coefficient (U-value), solar
heat gain (g-value) and solar reduction ratio (Fc-value) in both summer and winter periods. The most
significant coefficients related to operating temperature and corresponding surface temperatures are external
and internal heat transfer coefficients (he and hi) and heat transmission coefficient in cavity (hs).
In the BMU research project "MULTIELEMENT, the Fraunhofer Institute for Wind Energy and Energy
System Technology (IWES) together with 15 industrial partners study on the development of manufacturing,
testing and installation methods of multifunctional photovoltaic devices / modules in buildings [Misara et al.
2009].

2) Thermal Characteristic
The heat transmission coefficient (U value) is a parameter of thermal insulation quality for building products,
which means the amount of heat flow in Watt (W) is transported through one square meter of building
products at a temperature difference of 1 K. The U-value is composed of the heat transmission coefficient of
each layers (d/λ) and the internal and external heat transfer coefficient (hi, he) [EN-673].
In summer, the solar heat gain coefficient (g-value) is a parameter of total energy transmittance of transparent
building products, like glazing. This consists of the direct transmission of solar radiation (τe) and the
secondary heat dissipation toward the interior of the building (qi) [EN-410]. In winter, the solar reduction
ratio (Fc-value) is a parameter of solar protection devices. It’s a ratio of g-value of the solar protection device
to the g-value of glazing without shading elements [DIN-4108-2]. Table 1describes the characteristics of
their thermal relevant building functions along with their calculation methods.
For the determination of these parameters, the accurate values for the external and internal heat transfer
coefficients (hi, he), and the heat transmission coefficient in the gap (hs) are necessary. In order to determine
or identify these coefficients, table 2 has described both summer and winter boundary conditions [EN-410
and EN-13363-2]. These coefficients depend on the operating temperature, surface temperature of the
component, ambient temperature, tilt angle, emissivity of surface and the wind speed. The standard values of
internal and external heat transfer coefficients can be obtained by EN410 and EN13363-2, while the heat
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transmission coefficient in the cavity (hs) are defined in EN673 and measured in EN674, EN675 and
EN12567. These coefficients have been considered under steady state boundary conditions.
Table 1 Thermal parameters of building products: U-value, g-value and Fc-value.

Solar heat gain coefficient (g-value)
Solar reduction ratio (Fc-value)

Heat transmission coefficient (U-value)

1 1 1 1
= + +
U he ht hi
1
=
ht
U
he
ht
hi
hs
N
M
dj
λj

d
1
∑1 h + ∑1 λ j
s
j
N

(eq. 1)

g = τ e + qi

qi = α e ⋅

M

(eq. 2)

= heat transmission coefficient [W/m²K]
= external heat transfer coefficient [W/m²K]
= total heat transmission coefficient [W/m²K]
= internal heat transfer coefficient [W/m²K]
= heat transfer coefficient in space [W/m²K]
= number of spaces
= number of material layers
= thickness of each material layer [m]
= thermal conductivity of each material [W/mK]

Fc =

gtotal
g glas

hi
hi + he

(eq. 3)
(eq. 4)
(eq. 5)

g = solar heat gain coefficient [%]
τe = energetic transmission of glazing [%]
qi = secondary heat dissipation toward the
interior [%]
αe = Absorption of glazing [%]
he = external heat transfer coefficient [W/m²K]
hi = internal heat transfer coefficient [W/m²K]
FC = solar reduction factor [-]

Table 2 Boundary conditions for determination U-value, g-value and Fc-value in summer and winter [EN-410, EN-13363-2]

Winter (U-value, g-value)
Outside
o Solar irradiation 300 W/m²
o Wind speed 4m/s
o Ambient temperature 5°C
Inside
o Vertical glazing
o Wind speed 0m/s
o Room temperature 20°C
Heat transfer coefficient
o Internal 1)
= 7,7 W/m²K
o External 2)
= 25,0 W/m²K

Summer (Fc-value)
Outside
o Solar irradiation 500 W/m²
o Wind speed 1m/s
o Ambient temperature 25°C
Inside
o Vertical glazing
o Wind speed 0m/s
o Room temperature 25°C
Heat transfer coefficient
o Internal 3)
= 2,5 W/m²K
o External 4)
= 8,0 W/m²K

1) Convection = 2,5 W/m²K (horizontal heat flux) + Radiation = 5.2 W/m²K (at ~10°C)
2) Convection = 20,0 W/m²K (4 + 4x4m/s) + Radiation = ~5,0 W/m²K (at ~10°C)
3) Convection = 2,5 W/m²K (horizontal heat flux) + Radiation = ~0,0 W/m²K (same outside and inside temperature)
4) Convection = 8,0 W/m²K (4 + 4x1m/s) + Radiation ~0,0 W/m²K (same outside and inside surface temperature)

With respect to thermal characteristics of BIPV modules, most of BIPV manufacturers assume their products
based on conventional building products; for instance: PV-module has the same U-value as conventional
building products with the same module configuration, the qi in g-value depends on the coverage degree
with PV cells together the ratios of internal and external heat transfer coefficient of the conventional glazing
(eq.-3 and eq.-4).
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3) Problem
With respect to building functions from manufacturers, the summer and winter boundary condition have not
been taken into account. The manufacturers do consider their building functions based only on winter
boundary condition (hi at 7.7 W/m²K and he at 25.0 W/m²K). To identify the U-value and g-value, the winter
boundary condition has to be considered. However, the g-value as part of solar reduction ratio (Fc-value)
needs to be considered based on summer boundary condition.
The above conditions are applied only to glass, not for PV modules. With respect to the higher degree of
absorption of solar cells in comparison to conventional glazing, the heat sources can be found inside the
BIPV-modules. This will increase the operating and surface temperature of BIPV-modules. Therefore,
the heat transfer coefficient (hi, he) and the heat transmission coefficient in cavity (hs) will be varied
compared to conventional glazing without internal heat sources. The relevant building functions will be
changed along with the deviation of these thermal parameters.
In EN 6496, the correlation of internal and external heat transfer coefficients and heat transmission
coefficient has been defined under consideration of different operating temperature. With respect to winter
and summer boundary conditions above, however, the operating temperature and surface temperature will be
different based on individual module configuration and different percentage of PV cell coverage. A certain
operating temperature of each module configuration is not known. Therefore, this building code is not
applicable for BIPV applications.
For the building planers or architectures, there are no proper calculation methods so far for identifying these
thermal parameters and corresponding relevant building functions of BIPV modules.
In this case, there are many measurements to identify these relevant building functions and corresponding
thermal parameters; for instances U-value by Hot-Box (EN12567), Guarded Hot Plate (EN674) and Heat
Flow Meter methods and g-Value by Calorimetric (EN410).
• U-value measurement: With respect to boundary conditions above, however, the solar irradiation
and corresponding internal heat source of PV-specific characteristic has not been considered yet for
BIPV applications. For conventional building products, the heat flux will flow only in one
direction. In BIPV application with internal heat source, the heat flux will flow into both directs
from internal heat source to both ambient sides.
• g-value measurement: The total energy transmittance can be measured without knowing the internal
and external heat transfer coefficients. In order to measure these heat transfer coefficient, the heat
flux plate is used together with temperature differences between surface and ambient temperature.
With respect to different solar irradiation in boundary conditions, however, the heat flux plate could
not measure under direct solar irradiation due to its sensitive against direct solar irradiation.
4) Objective
In order to evaluate the influences of PV specific characteristics together with both side surface temperatures
and their corresponding thermal parameters, the temperature model has been developed based on powerbalance model for different BIPV modules configurations and further validated based on different solar
irradiations on vertical glazing.
With respect to internal heat source inside the BIPV modules, the different solar irradiation can be emulated
by feed-in power concept. Therefore, the new test infrastructure has been developed together with the
measurement of heat transfer coefficients.
With good correlation between model and measured temperatures and thermal parameters, therefore, the
relevant building functions can be further evaluated between BIPV module and conventional building
products based on summer and winter boundary conditions for laminated glass, insulated glass and
composited elements.
5) Temperature Models
Power Balance Model
In order to evaluate the influences of PV specific characteristics, the temperature model needs to be
developed. There are many research works to evaluate the temperature of PV in implicit and explicit methods, which Tc
can be calculated directly or from other parameters such as heat transfer coefficient, efficiency and others,
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respectively [Skoplaki and Palyvos 2009]. However, they do consider only on PV cell operating temperature
in order to evaluate the electrical power yields of PV module. For identifying the relevant thermal
characteristics on building functions, the surface temperature is needed, not operating temperature. Especially
for BIPV module with high module configuration, the surface temperature will be totally different to standard
PV module. This can be achieved by power balance model. This power balance is working on the concept of
total power input and power output of the BIPV module. The power input is the short wavelength of solar
radiation on the PV cell, which one part transmits through the module (in case of transparent module), one
part reflects from the surface and the rest will be absorbed in modules [eq. 6]. This short wavelength
absorption inside the module will be converted into electrical power through PV cell [eq. 7] and long
wavelength thermal power. Under dynamic state, the rest long wavelength thermal power can be assumed
into 2 parts; thermal dissipation power [eq. 8] and thermal absorption power [eq. 9] [Figure 1]. The thermal
absorption part is related directly to thermal capacity of the modules and leads to time-lag of operating
temperature under fluctuated solar irradiance in cloudy day. This time-lag could be more than 15 minutes for
standard PV modules [Jones and Underwood 2001]. This is very important for energy management
application and building simulation. The thermal absorption power will increase the module temperature until
reaching the steady state. In order to solve the dynamic temperature model, the iteration method is needed.
This increasing module temperature will decrease the electrical power and increase the thermal dissipation
power [Misara et al. 2010].
Power Input

(1 − γ

f

− α f − αbτ PVτ f − τ bτ PVτ f ) ⋅ GA

(eq. 6)

Electrical Power

⎡η ⋅ (1 − α coeff (TM − TSTC ) ) ⋅τ f ⋅ GA⎤
⎣
⎦

(eq. 7)

Dissipation Power

⎡ f ,b
⎤
⎢ ∑ h j (TM − T j ) A ⎥
⎣ j
⎦

(eq. 8)

Absorption Power

⎡ ⎛ ΔTM ⎞⎤
⎢CM ⎜ Δt ⎟⎥
⎠⎦
⎣ ⎝

τ
γ
α
f
b
PV

= transmission factor
= reflection factor
= absorption factor
= front layer
= back layer
= PV layer

(eq. 9)
G = global irradiation (W/m²)
A = module area (m²)
η
= module efficiency (%)
αcoeff = temperature co-efficiency of module (%/K)
TSTC = Temperature at STC (25 °C)
CM = module heat capacity (J/K)
hj = external and internal heat transfer coefficient
Figure 1 Temperature model based on power balance along

For identifying the relevant building function, the steady state will be considered. Eq. 10 describes the
equation of power balance model under steady state condition. The long wavelength thermal power will be
balanced with dissipation thermal power, while the thermal absorption power is no longer available. The
thermal dissipation power can be achieved through conduction heat transfer resistances (Rxo), convection and
radiation heat transfer coefficient (hc, hr) [Figure 2]. The conduction heat transfer resistances are the
proportional of each material thickness (d in m) to the each material heat conductivity (λ in W/mK). These
can also be assumed to be constant and independent from temperature. The convection heat transfer
composes of natural and forced convection. The natural heat transfer coefficient depends mainly on
temperature differences between surface and ambient temperature, module length, fluid characteristics, while
the forced convection is depending mainly wind speed, module length and fluid conductivity. The radiation
heat transfer coefficient depends on surface temperature, ambient temperature, emission, etc [Figure 3]
[Quaschning 1996].
In terms of thermal dissipation, there are many research works related to convection and radiation heat
transfers [Krauter et al. 2001, Mattei et al. 2006, de la Breteque et al. 2009]. However, they assumed that the
surface temperature is equal to cell temperature. Knaup and King have described the backside surface
temperature of standard glass-glass and glass-backsheet module with temperature decrement of 2-3°C along
with the amount of solar irradiation [Knaup 1997, King 1997]. With respect to higher BIPV module
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configuration, the main focus of temperature models should be on surface temperature as describe in figure 2.
Rxi, xo
1/(hic+hoc)
1/(hor+hor)
To,b , To,f
Tin
Tout

(1− γ

f

= conduction heat transfer resistance (m²K/W)
= ∑(d/λ)
= internal heat transfer resistance
(convection + radiation) (m²K/W)
= external heat transfer resistance
(convection + radiation) (m²K/W)
= surface temperature – backside and frontside
= inside ambient temperature
= outside ambient temperature

− α f − αbτ PVτ f −τ bτ PVτ f ) ⋅ GA = ⎡⎣η ⋅ (1− αcoeff (TM − TSTC ) ) ⋅τ f ⋅ GA⎤⎦ +
⎡ f ,b ⎛ 1
⎤
⎞
+ hj ⎟ ⋅ (TM − Tj ) A⎥
⎢∑⎜⎜
⎟
⎢⎣ j ⎝ Rx, j
⎥⎦
⎠

(eq. 10)

Figure 2 Correlation of heat transport elements (conduction, convection and radiation) along with module configuration.

Finally, the external and internal heat transfer coefficients are the combination of convection and radiation
heat transfer coefficients on each side. In case of insulated glass, the heat transport in cavity is the
combination of natural convection heat transfer coefficient and radiation heat transfer coefficient
between two parallel surfaces [EN 673, VDI Wärmeatlas 2006].
Convection heat transfer coefficient – hc
Vertical Glazing

Natural
Convection

Ra = Pr ⋅

g ⋅ l3

μ2

Re =

⋅ β ⋅ ΔT

⎡ ⎛ 0.492 ⎞9/16 ⎤
f1 ( Pr ) = ⎢1 + ⎜
⎟ ⎥
⎣⎢ ⎝ Pr ⎠ ⎦⎥

{

Forced
Convection

−16 / 9

w⋅l

λ

Nu for = Nu 2 for ,lam + Nu 2 for ,tur

= Rayleigh number (-)
= Prandtl number (-)
= gravity (m/s²)
= length (m)
= fluid viscosity (Pa.s)
= temperature-1 (1/K)
= temperature difference (K)
= Reynolds number (-)
= wind speed (m/s)
= thermal conductivity (W/mK)
= Nusselt number (-)
= surface (m²)

ε

= emissivity of surface (-)

σ

= Stefan–Boltzmann constant

Nu for ,lam = 0.664 ⋅ Re ⋅ 3 Pr

}

1/ 6 2

Nunat = 0.825 + 0.387 [ Ra ⋅ f1 ( Pr ) ]

Ra
Pr
g
l
μ
β
ΔT
Re
w
λ
Nu
A

Nu for ,tur =

0.037 ⋅ Re0.8 ⋅ Pr
1 + 2.443 ⋅ Re −0.1 ⋅ ( Pr 2 / 3 − 1)

Numix = 3 Nu 3 for + Nu 3nat

hconv =

Numix ⋅ λ
l

Q = A ⋅ hconv ⋅ (TM − Tamb )

Radiation heat transfer coefficient – hr

⎡0.5 ⋅ ε M ⋅ σ ⋅ ε E ⋅ (1 + cos α ) ⋅ (T + T ) ⋅ (TM + TE ) + ⎤
⎥
hr = ⎢
2
⎢0.5 ⋅ ε M ⋅ σ ⋅ ε sky ⋅ (1 − cos α ) ⋅ (TM2 + Tsky
T
T
⋅
+
) ( M sky )⎥⎦
⎣
2
M

2
E

(eq. 11)

−8

2

4

5.669 × 10 W/(m K )
Α

= tilt angle

TM

= module temperature (K)

Tamb = ambient temperature (K)
E
Sky

= Earth
= sky

Figure 3 heat transfer coefficient: convection and radiation
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6) Feed-In Power Concept
Feed-in Power Concept
The characteristic of PV cell can be described with an equivalent circuit of single diode model (a current
source in parallel with a single-diode) [Figure 4-a]. When exposed to light, a photo current (Iph) is generated
in proportional to the solar radiation. In the dark, the solar cell is not an active device; it acts as a diode and
produces neither a current nor a voltage. However, if it is connected to an external supply (large voltage) it
generates a current, so called diode dark current (ID). [Rodrigues et al. 2010]
By operating the PV cell as a diode, the feed-in power concept is trying to emulate the amount of long
wavelength thermal power absorbed in the module from solar irradiation [Figure 4-b]. Using an external
power supply to feed the current back into the module, hence, the PV module acts like an electrical load. This
feed-in power will heat up the module in dynamic state to increase the operating temperature until reaching
the steady state condition (operating temperature is constant). Therefore, the different boundary conditions of
solar irradiation can be achieved.
With respect to inapplicable of conventional test methods for identifying the relevant building functions as
mentioned above, the internal heat source and the measurement of internal and external heat transfer
coefficient can also be achieved with this feed-in power concept and heat flux plate measurement. In order to
define U-value, the internal heat source of PV-module can be emulated, while the conventional measurement
is not possible. For g-value, the external heat transfer coefficient can also be measured with heat flux plate
because it has not been faced directly to the solar irradiation.

IPh = ID + IL

I 'L = ID

Figure 4 Equivalent circuit of PV Cell characteristic under solar irradiation (a) and without solar irradiation (b).

Test Method
Since there are 3 different solar irradiation defined in building codes and PV standard [Table 2], [IEC61215], the solar irradiation of 300, 500 and 800 W/m² needs to be emulated with feed-in power concept. The
solar irradiation of 800 W/m² can be found under Standard Operating Condition (SOC). In order to emulate
the long wavelength thermal power, the amount of feed-in power can be calculated from power balance
model (eq. 12).

Girradiation = Pthermal + Pelectrical + Ptransmission + reflection

(eq. 12)

With respect to the specification of PV module, the amount of feed-in thermal power needs to be calculated
along with PV module’s dimension. In the experiment, a polycrystalline PV module was used in glass-glass
module configuration [Table 3]. The energetic components in the form of reflection together with
transmission and the photovoltaic conversion are calculated using the technical data of the module. In order
to compare the behaviour of the PV modules together with conventional glass, the amount of feed-in power
was calculated together with the PV module dimension of 0.5 m² [Table 4]. With high transmission of
conventional glazing and module dimension of 0.5 m², the feed-in powers for solar irradiation of 300W/m²
and 500W/m² are 20W and 33W, respectively. For PV-Cell with high absorption, the feed-in power for solar
irradiation of 300W/m², 500W/m² and 800 W/m² are 111W, 185W and 395W, respectively.
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Table 3 PV-Module characteristics

Description
Module efficiency (η)PV
Transmission/Reflection/Absorption
Module configuration
Number of PV solar cells
Cell technology
Dimension

Conv. Glass
0%
79%, 8%, 13%
Glass-Glass
450x1070 mm.

PV Module
10%
8%, 8%, 84%
Glass-Glass
40
polycrystalline
450x1070 mm.

Table 1: Feed-in thermal power with different solar irradiation from conventional glazing and PV Modules

Scenarios

G

1

Glass-300

300 W

-

2

Glass-500

500 W

-

3

PV-300

300 W

-

4
5

PV-500
PV-800

500 W
800 W

-

0W
(0%·300 W)

0W
(0%·500 W)
30 W
(10%·300 W)

50 W
(10%·500 W)

80 W
(10%·800 W)

P thermal

Feed-in
Power

=

39 W

20 W

=

65 W

33 W

=

222 W

111 W

=

370 W

185 W

=

592 W

395 W

Reflexion +
Transmission

P electric
-

261 W
((8%+79%)·300 W)

435 W
((8%+79%)·500 W)

48 W
((8%+8%)·300 W)

80 W
((8%+8%)·500 W)

128 W
((8%+8%)·800 W)

Positioning of sensors
With respect to experimental measurement with Infrared (IR) Camera, the module operating temperature is
quite similar over module surface. Therefore, the temperature sensors and heat flux
plates were placed centrally on the front and rear side of the PV component. [Figure 5]

Fig. 5

(a) Test infrastructure of feed-in thermal power with polycrystalline PV module and external power supply
(b) Experimental measurement with Infrared (IR) Camera

The internal and external heat transfer coefficient (hi and he) are the proportional of measured heat flux from
heat flux plates (qi und qe) to temperature different of operating module temperature (TM) and ambient
temperature (Tamb) [eq. 13]. These internal and external heat transfer coefficients represent both convection
and radiation heat transfer. In case of convection heat transfer coefficient, only natural convection will be
measured because the test was done under indoor condition without external wind speed.

hi ,e =

qi ,e
TM (i ,e) − Tamb (i ,e )

(eq. 13)
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7) Results
Figure 6 represents the surface temperature (a) and heat transfer coefficient (b) of PV module under different
scenarios as mentioned in Table 4 under vertical mounting system and natural convetion. In case of
conventional glazing, the surface temperatures under solar irradiation of 300 W/m² and 500 W/m² are 22.0
and 24.5 °C respectively. The differences are only 2-4 °C over ambient temperature. However, the surface
temperatures of PV modules are 32°C, 42°C and 50°C under solar irradiation of 300W/m², 500W/m² and
800W/m². These represent the temperature differences between surface temperature and ambient temperature
of 12°C, 22°C and 30°C, respectively.
With respect to higher operating temperature and corresponding surface temperature, therefore, the heat
transfer coefficients will be higher . Regarding heat flux plate’s specification, the temperature difference
needs to be higher than 5°C. For conventional glazing, therefore, the heat transfer coefficient could not be
measured due to lower temperature differences between surface temperature and ambient temperature (2°C
and 4°C). In case of PV modules, the heat transfer coefficients of different PV module scenarios are 8.5
W/m²K, 9.5 W/m²K and 10.25 W/m²K under solar irradiation 300 W/m², 500 W/m² and 800 W/m²,
respectively. These values are much higher than standard values.
Table 5 shows the heat transfer coefficient of different scenarios of conventional glazing and PV modules
based on different approaches; EN 410, EN 6496, temperature model and measurement. The normative
values of conventional glazing (EN 410) without any consideration of higher operating surface are not
applicable for PV modules. Although EN 6496 has defined the heat transfer coefficient as a function of
operating temperature, these normative values are still not applicable for PV modules.
With good correlation between temperature model and measurement, therefore, it can be evaluated that the
heat transfer coefficients were correctly considered in this simulation, so that the inherent model has been
validated. Moreover, the effect of conduction heat transfer resistance of PV composite element has been
further validated together with other tilt angle [Misara-2010].

Fig 6 (a) operating temperature of conventional glass and PV Module with different solar irradiation under vertical installation
and natural convection.
(b) measured heat transfer coefficient of PV module with different solar irradiation
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Table 5 Comparison of heat transfer coefficient from EN 410, EN 6496, Models and measurement for conventional glazing and
PV modules at different solar irradiation under vertical installation and natural convection

Module
Heat Transfer Coefficiency (W/m²K)
Temperature
EN410
EN6496
Model
Measurement
Glass-300
22.0 °C
7.70
7.70
7.30
-*
Glass-500
24.5 °C
7.70
7.75
-*
7.70
PV-300
32.0 °C
7.90
8.65
8.55
7.70
PV-300
42.0 °C
8.20
9.50
9.60
7.70
PV-800
50.0 °C
8.50
10.25
10.20
7.70
* The heat flux could not measure with the temperature differences lower than 5 K.

Scenarios
1
2
3
4
5

8) Evaluation
By implementing this validated model for different PV module together with conventional building products
(laminated glass, insulated glass and composite element), the operating temperature, surface temperature and
corresponding heat transfer coefficients can be simulated based on winter and summer boundary conditions
for identifying these thermal relevant building functions [Table 6].
The deviation of operating temperatures for PV modules is approximately 8-10 °C in winter and about 18-30
°C in summer compared to conventional building products. With respect to different PV module
configurations, however, the deviation of operating temperatures in winter is less varied from 8°C to 10°C,
because the influence of ambient temperature is mainly occupied on operating temperature. In summer, the
deviation of operating temperature is higher because the influence of solar irradiation is occupied merely on
operating temperature, while the influence of ambient temperature is no longer available.
The deviation of internal heat transfer coefficient (hi) is around -7% to -12% for PV modules compared to
conventional building products, while in summer the deviation is getting much higher from +17% to +39%.
It can also be evaluated that the better thermal insulation of conventional building products is, the lower
deviation of internal heat transfer coefficient is.
The external heat transfer coefficients (he) are quite similar for all configurations of PV-modules and
conventional building products around 23,5 W/m²K in winter, while in summer the deviation of external heat
transfer coefficients are around +6% to +10% compared to conventional building products.
The values in winter are much higher than that in summer, because the wind speed or forced convection is a
major effect on external heat transfer coefficient. With higher wind speed of 4m/s in winter, the influence of
forced convection represents around 99% on heat transfer coefficient. Therefore, the deviation on heat
transfer coefficient is quite low.
In laminated glass and composite element, the heat transfer resistivity is quite constant and independent from
temperature differences. For insulated glass, the heat transfer resistivity in cavity is -5% and -12% in winter
and summer, respectively. With increasing operating temperature, the heat transport will be increased and
leads to lower heat transfer resistivity in the cavity.
Table 6 Operating temperature, surface temperature and thermal parameters of different PV module configuration as well as
%-deviation in comparison with conventional building products.
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9) Building Functions
With respect to new thermal parameters in table 6 along with equations 1-5, the relevant building functions
(U-, g- and Fc-Values) can be further evaluated under consideration of PV cell coverage. Figure 7 represents
the calculation methods for identify the U-value and secondary heat dissipation toward the interior under
consideration of percentage of PV cell coverage. At transparent area, the thermal parameters of conventional
glazing will be taken into account, while the new thermal parameters will be considered at PV cell coverage
area [Henze et al. 2009].
Table 7 shows the U-values of PV modules under consideration of different PV module configurations and
percentage of PV cell coverage along with the standard values from manufacturer's specification. The
calculations of these standard values are based on normative coefficients of conventional glazing. (hi and he
= 7,7 and 25 W/m²K).
With respect to the temperature differences between outside (5°C) and inside (20°C), the U-value will only
be considered under winter condition, while the temperature differences between outside (25°C) and inside
(25°C) in summer is zero. In winter, the U-values decrease for all PV modules configuration, up to
8.50% for laminated glass. The better thermal insulation of conventional building products is, the lower
deviation of U-values is.

Figure 7 Calculation methods for identify the U-value and secondary heat transfer coefficient emitted inside under consideration
of percentage of PV cell coverage
Table 7 Comparison of heat transfer coefficient (U-value) of different PV module configurations under consideration of new PVspecific thermal parameters and different percentage of PV cell coverage

In order to utilize the solar energy in winter periods and protect the solar energy in summer, the solar heat
gain coefficient (g-value) and solar reduction factor (Fc-value) will be considered under winter and summer
boundary condition, respectively. Table 9 represents the solar heat gain coefficient (g-values) and solar
reduction factor (Fc-values) for different PV module configurations with different percentage of PV cell
coverage.
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In winter, the solar heat gain coefficient (g-value) of the PV modules with new thermal parameters is worse
than that with normative parameters (-9.5% for PV laminated glass and – 13% for insulating glass). That
means the amount of solar heat gain in winter is lower than what people expected. Likewise, the solar
reduction factor (Fc-value) of the PV modules with new thermal parameters is worse than that with
normative with normative parameters (+52% for laminated glass and +43% for insulating glass). That means
the amount of solar irradiation can be emitted inside the room more than what expected.
Tab. 9 Comparison of solar heat gain (g-value) in winter and solar reduction factor (Fc-value) in summer under consideration of
new PV-specific thermal parameters and different percentage of PV cell coverage

10) Summary
In order to determine the relevant building functions of thermal insulation, solar shading and heat gain of
BIPV-modules, the internal and external heat transfer coefficients at PV-Module’s surfaces and heat
conductivity in cavity are the most significant factors. With respect to higher absorption coefficient and
corresponding higher operating temperature of PV modules, the surface temperature and its thermal
characteristics have been changed respectively.
By validating with feed-in power concept, the normative values are applicable only for conventional building
products, not PV module with higher operating temperature. The normative values are much lower than
measured values. With good correlation between temperature model and measurement, therefore, it can be
evaluated that the heat transfer coefficients were correctly considered in this simulation, so that the inherent
model has been validated
In comparison with conventional building products, the lower deviation of external heat transfer coefficient
(he) can be obtained from BIPV-modules (<+1% in winter and +6% to +10% in summer). Meantime the
greater deviation of internal heat transfer coefficient (hi) can be received (-12% to -7% in winter and +16% to
+38% in summer). At the same time, the deviation of heat conductivity in the cavity (hs) is in the range of 5% in winter to -12% in summer.
Regarding all thermal characteristics above, the improvement on heat transmission coefficient (U-value) can
be achieved at -9% for laminated glass, -2% for isolated glass and -1% for composite element under full PV
coverage rate. The lower the heat transmission coefficient of the conventional construction, the less the
improvement of the PV component cab be evaluated.
Under full PV coverage rate of BIPV module, the reduction of the energy transmittance (g-value) in winter
can be obtained at -11% for laminated glass and -15% for isolated glass. At the same time, the reduction of
the solar reduction ratio (Fc-value) in the summer can be received at +61% for laminated glass and +50% for
isolated glass. The higher the construction of the PV component, the worse the energy transmittance (gvalue) and the better the solar reduction ratio (Fc-value) can be estimated.
11) Outlook
With respect to internal heat source of PV modules, the existing testing methods (U-value and g-value) need
to be adjusted. For identifying or calculating the relevant building functions of PV module, moreover, the
new thermal parameters have to be taken into account; such as internal and external heat transfer coefficient
and heat transfer coefficient in cavity of insulated glass.
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THERMAL EFFECT OF “BIOMIMETIC BUILDING”
WITH PERSPIRABLE AND CHANGING CLOTHES FUNCTIONS
Yukio Ishikawa
Division of Architecture, Graduate School of Engineering, Mie University, Mie (Japan)

1. Introduction
There has been a growing tendency to attain a desirable living environment in buildings by saving energy
and low global emission with the use of natural energy resources and natural environment. Since we need
both heating and cooling in Japan, it is necessary to investigate passive cooling in summer as well as passive
heating in winter. From this viewpoint, the author has been investigating passive systems in buildings where
the environment is controlled biomimetically and autonomously by simulating the physiological functions of
animals and plants.
As an energy saving building in the next generation, the building called as an environment-harmonized
“Biomimetic Building (BB)”, where the environment physiology mechanism of the humans as well as other
creatures and human wisdom are applied to the environment symbiosis and control, has been developed. The
human physiology mechanism such as perspiration, respiration, gooseflesh and shiver are simulated and the
promising functions are applied to environment symbiosis and environment control in buildings. As one of
the approaches, research and development of a “Perspirable Building” which simulates heat dissipation by
perspiration as a thermo-control mechanism in the human body physiology, was introduced. (Ishikawa, 2006,
2008) Furthermore a “Changing Clothes Building” where the wall (roof and external wall) can autonomously
vary thermal insulation performance and the window can autonomously vary the insolation shading
performance, was introduced. (Ishikawa, 2007; Ishikawa et al., 2010)
This paper describes the thermal effectiveness estimated theoretically, of the “Biomimetic Building” with a
complex of ‘Perspirable Function’ of roof and ‘Changing Clothes Function’ of wall.
2. Perspirable function
The “Perspirable Building (PB)” as a building with the ‘Perspirable Function’ was proposed by simulating
the mechanism of concentration gradient, osmotic pressure, capillarity, mechanical energy and electric
potential difference which controls perspirable action in a human body. The ‘Perspirable Function’ in the
building manifests itself with the construction of perspirable roof and wall (window) using thermo-sensitive
hydrogel as a new material. The thermo-sensitive hydrogel is absorption/desorption resin with thermal
reversibility; water is absorbed below the specific sense temperature and water is desorbed over the
temperature, like the perspiration in a human body. It is the evaporative cooling performed not by water
sprinkling onto the roof and wall but by their autonomous perspirable function.
2.1. Perspirable roof
Three kinds of perspirable roof products were developed. Those are a mat type product and two kinds of
precast products (a combined precast and a separated precast) made of rock wool as a base material to be
improved to strengthen nonflammability. Fig.1(a) shows the mat type product which consists of two layers
(32mm in thickness) and the arrangement is as follows; nonwoven fabric in the first layer (outside layer) for
ultraviolet rays penetration prevention, and mat filled with thermo-sensitive hydrogel in the second layer.
Fig.1(b),(c) show the combined precast product (10mm in thickness) and the separated precast product (5mm
in thickness), respectively. The combined precasting consists of three layers; nonwoven fabric in the first
layer for surface protection, rock wool and thermal bond fiber in the 2nd layer for ultraviolet rays penetration
prevention, and thermo-sensitive hydrogel, rock wool and thermal bond fiber in the 3rd layer in three layer
structure. On the other hand, the separated precasting assumes to be a double layered system, which consists
of the 1st layer and the 3rd layer of the combined type, eliminating the 2nd layer. Both products were able to
clear the fire test as a nonflammable material by the cone calorimeter examination.
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2.2. Thermal effect of perspirable roof
a. Performance observation of perspirable building
The perspirable roof (mat type product) was constructed on the south side of an existing office building, RC
construction, B3F7P2, located in Tokyo (35.68°N, 139.77°E). Roof plan view, roof specifications and
measuring items of the building are shown in Fig.2 and Fig.3. The thermal effect of the perspirable roof was
evaluated by measuring temperature, heat flow and room thermal comfort under the perspirable roof in the
summer season, compared to what were obtained from the roof unable to perspire. Measurement condition
was as follows;
•Measurement period: August 20- September 2, 2003, •The 1st period: August 20-August 26: East half of
the south side of the roof was able to perspire. West half of the south side was unable to perspire. •The 2nd
period: August 28 16:00-September 2: All the south side of the roof was able to perspire. •The setting of
water supply rate: 7l/(m2day) • Hydrogel: 294g/m2 (mat thickness:30mm) •Water absorption magnification
of hydrogel: 25-50 times (i.e. water supply rate for 1 to 2 days) •Blend ratio of hydrogel: the specific sense
temperature 20:25:30:35 ºC → 1:3:5:4 (ratio in weight)
b. Results and consideration of measurement
During the 1st period, the difference of the roof temperature, heat gain and the improvement in room thermal
comfort between the roof perspirable and non perspirable, is shown in Table 1. They were the maximum
values in the period. The thermal effect of the perspirable roof was as follows; roof outer surface temperature
(37.7ºC decrease), ceiling surface temperature (3.8ºC decrease), ceiling heat gain (77% decrease), room
temperature (FL+1500) (3.1ºC decrease), PMV (0.88 decrease; improvement) and PPD (29.4% decrease). In
the 2nd period after the construction of the perspirable roof on the west half, the values between room A and
B were mostly the same, showing that there were also good evaporative cooling effects in room B under the
perspirable roof. The thermal effect of the perspirable roof was great.
Perspirable Roof Material

Outside

Perspirable roof

Existing roof

(1)Nonwoven fabric 2
32

(2)Mat+Hydrogel 30

50

Steel plate 0.2
Foam poly-styrene 50
Steel plate 0.2

Light Structural Roof

FL+2500mm

(a): Mat type product

10
Light Structural Roof

(1)Nonwoven fabric
(2)Rock wool+Thermal bond fiber
+Hydrogel
Steel plate 0.2
Foam poly-styrene 50
Steel plate 0.2

Perspirable Roof Material
5
Light Structural Roof

(c): Separated precast product
Fig.1: Perspirable roof

25.3m

94m

Penthouse

○

Ｎ

Precipitation Effective
Water rate
radiation
Atmospheric radiation
×
×
Wind velocity/direction
×
××
×
Perspirable roof
Solar radiation

Room B
The 2nd period construction (319.4m2)

○
×

Room A Temperature/Humidity
The 1st period construction (319.4m2)

○: Roof surface temperature, Roof heat flow

Fig. 2: Roof plan view and measurement points

2202

FL+2500mm

[ Room B ]

(b): Combined precast product

50

Room

Room

530
Plasterboard 12

: t, h, av, gt
FL+2000mm
(1)Nonwoven fabric
FL+2000mm
● : t
2700
: Surface t
(2)Rock wool+Thermal bond fiber
FL+1500mm
FL+1500mm
: tc
(3)Rock wool+Thermal bond fiber
FL+1000mm
FL+1000mm
: Outside t, h, wv
+Hydrogel
:f
FL+ 500mm
Steel plate 0.2
FL+ 500mm
Foam poly-styrene 50
t : temperature h : humidity
gt : globe temperature
av : air velocity
wv : wind velocity tc : temperature(by infrared thermo camera) f : heat flow
ow
Steel plate 0.2

Perspirable Roof Material

50

Ceiling

Ceiling

Nonwoven fabric 2
Hydrogelmat 30
Waterproof- layer 10
Insulation 25
Clinker tile 30
Light weight concrete 125
Waterproof- layer 10
Concrete 130

[ Room A ]

Fig. 3: Roof specifications and measurement item
Tab.1: Comparison of measured values between
perspirable roof and non perspirable roof
Item

Section

Roof
outer
Surface
Roof
Temperature
inner
Ceiling

Thermal
comfort

Non perspirable
roof (Room B)

Decrease
(Room B Room A)

30.2(°C)

67.9(°C)

37.7(°C)

27.5(°C)

30.2(°C)

2.7(°C)

25.3(°C)

29.1(°C)

3.8(°C)

-14.78(W/㎡)

3.09(W/㎡)

17.88(W/㎡)
17.88/3.09=5.78

1.48(W/㎡)

6.37(W/㎡)

4.89(W/㎡)
4.89/6.37=0.77

FL+1500

25.3

28.4

3.1

PMV

0.36

1.24

0.88(improved)

Heat gain
Roof
Decrease rate
=(Decrease
/Existing roof) Ceiling
Room
temperature

Perspirable
roof
(Room A)

PPD
7.65(%)
37.0(%)
29.4(%)
(The time when the maximum values occurred in the 1st period was different
in each item and section.)

3. Changing clothes function
The “Changing Clothes Building (CCB)” was proposed as a building with ‘Changing Clothes Function’,
which can vary the thermal properties of the building surface autonomously; they become low solar
absorptivity with high emissivity (selective emission surface) in summer and become opposite (selective
absorption surface) in winter. According to the building surface temperature, this function is fulfilled by two
ways shown in Fig.4. One is to transform the ‘thermo sense transformation material’ or ‘bimetal’ with
different thermal properties on both sides of the fin plates, one side of which is a selective emission surface
and the other selective absorption, set to the building. The other is to use the torque of the ‘shape-memory
alloy (SMA)’ to rotate the fin plates with different thermal properties on both sides or the cylinder with
different thermal properties on each half of the circumference, set to building.
3.1. Changing clothes wall (Experimental model)
Five kinds of south-facing experiment wall models were constructed for the building concrete wall; one
‘normal wall model’ with fixed surface thermal properties throughout the year, and four ‘changing clothes
wall models’ the changing clothes unit installed onto. The size of each wall model was assumed to almost
1/5 scale of the exterior wall, 3 m in height, 6 m in width and 0.15 m in thickness. A concrete wall of 0.15 m
thickness was substituted with the plywood in thickness 3 mm which makes almost the heat conductance
equivalent to the concrete wall. To remove the thermal influences from the edges and the backside of the
wall models, thermal insulation of 0.1 m thickness was installed at the edges and the backside of the models.
The surfaces of those insulators were covered with aluminium foil to prevent them from absorbing solar
radiation. Fig.5 shows the experiment wall models and Table 2 shows the measurement results of surface
thermal properties of the models.
a. Normal wall model
A ‘normal wall model’ designed for a normal existing concrete wall was painted gray twice by zinc spray on
the surface of the plywood.
b. Changing clothes wall model
1) ‘Horizontal rotation pipe’ (Fig.5(a))
The changing clothes unit consisted of the pipes of 20 mm diameter arranged horizontally, set onto the
‘normal wall model’. Each pipe was painted with selective emission on a half of circumference and with
selective absorption on the other half.
2) ‘Vertical rotation pipe’ (Fig.5(b))
It was similar to the ‘horizontal rotation pipe’ except the pipes were arranged vertically. Surface thermal
properties varied in the same way as the ‘horizontal rotation pipe’.
3) ‘Flat rotation plate type 1’ (Fig.5(c))
A unit consisted of long strips of aluminum fin plate, 1.2m in length × 0.02m in width × 2mm in thickness,
arranged horizontally, painted with selective emission on the front surface and selective absorption on the
back. The selective emission surface faced outside in summer, while the selective absorption surface in
winter. In the experiment practice, one aluminum plate, 1.2m in length × 0.6m in width, painted with
selective emission and selective absorption on each surface, was used, because the tightly arranged
horizontal long strips of aluminum fin plate were equal in form to a piece of plate when seen vertically.
4) ‘Flat rotation plate type 2’ (Fig.5 (d))
It was similar to the ‘flat rotation plate type 1’, though one side of the long aluminum plate was not coated
with selective absorption paint. The selective emission surface of the plate faced outside in summer, while
aluminum flat fin plates with selective emission surface on the upper side were arranged horizontally in
winter. The selective absorption material for this type was so spread on the plywood surface that it could
easily absorb the reflected solar radiation from the flat fin plates with selective emission in the daytime in
winter.
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Outside

Inside

SES

Outside

SAS

Inside

SES

SAS

SAS

SES

WALL
SUMMER

SAS

WALL
WINTER

WALL
SUMMER

(a) Cylinder type

SES

WALL
WINTER

(b) Flat plate type

Fig. 4: System examples to fulfill ‘Changing Clothes Function’ of wall
[SAS:Selective Absorption Surface SES:Selective Emission Surface]
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(c) ‘Flat rotation plate type 1’
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(d) ‘Flat rotation plate type 2’: in winter

Fig. 5: Experiment wall models ( • : Temperature measurement points)
Tab. 2: Measurement results of surface thermal properties

Absorptivity
Emissivity
(Short wave-length) (Long wave-length)
Normal wall (plywood)
0.82
0.69
Selective absorption surface (plywood)
0.95
0.91
Aluminum plate
0.84
0.72
Selective emission surface (aluminum plate)
0.15
0.89
Selective absorption surface (aluminum plate)
0.94
0.53
Experiment Wall Model (Material)
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3.2. Thermal effect of changing clothes wall
The experiment was carried out in Tsu city, Mie Prefecture, Japan, (34˚44΄N, 136˚31΄E) in summer and
winter from July 2007 to February 2009. Table 3 shows the maximum temperature difference at the plywood
backside of each wall model between the ‘changing clothes wall model’ and the ‘normal wall model’ in
summer and winter. The maximum temperature decrease at the plywood backside through the surface
selective emission was about 32-37 ºC in summer compared to the ‘normal wall model’, while the maximum
temperature increase at the plywood backside through the surface selective absorption was about 3-29 ºC in
winter. ‘Changing clothes walls’ were effective as a result and the thermal effect of the ‘flat rotation plate
type 1’ was almost the best in both seasons. In winter the temperature at the plywood backside of the ‘flat
rotation plate type 2’ was often lower than that of the ‘normal wall model’, because the outside surface of the
plywood faced directly to the outside air, unlike the other ‘changing clothes wall models’ and there was no
proof for selective absorption performance of the plywood surface from the measurement result of the
surface thermal properties shown in Table 2.
Tab. 3: Maximum Temperature difference at the plywood backside (ºC)
(Increase in summer and decrease in winter)

Experiment Wall Model
Horizontal rotation pipe
Vertical rotation pipe
Flat rotation plate 1
Flat rotation plate 2

Summer
32.6
32.8
34.4
36.4

Winter
20.2
18.3
28.4
3.3

4. Complex thermal effect of ‘Perspirable function’ and ‘Changing clothes function’
A detached house with ‘Perspirable Function (PF)’ roofs and ‘Changing Clothes Function (CCF)’ walls was
adopted as a simulation model of the “Biomimetic Building” and the annual heat loads and the room
temperatures were theoretically predicted. The complex thermal effects were estimated by comparing them
with those of common building which has neither ‘Perspiration Function’ nor ‘Changing Clothes Function’,
that is, the evaporative cooling doesn’t occur nor does the thermal property of the wall surface vary.
4.1. Analysis method and algorithm
The method adopted was of calculating multi room temperature, heat load and ventilation rate, setting up
simultaneous non linear equations of room heat balance, room air rate balance, and outer and inner wall
surface heat balance, with room temperature, room pressure, and outer and inner wall surface temperatures
for each room set as unknown quantities, which was shown in the literature. (Ishikawa, 1986a, 1986b) As
for the heat conduction calculation of the wall, the finite difference method (implicit scheme) was used. The
thermal properties of the outside wall surface were made variable by using each surface temperature obtained
from the step just before in the calculation process.
4.2. Simulation model
A detached house was selected as a simulation model. The plan and elevation views are shown in Fig.6, the
building material specifications in Fig.7, Table4 and Table5, and the schedules of various items in Fig.8.
4.3. Simulation condition
The areas selected were Sapporo(43°4´N, 141°21´E) as a cold weather region, Tokyo(35°39´N, 139°41´E)
and Osaka(34°41´N, 135°30´E) as mild weather regions, and Naha(26°12´N, 127°41´E) as a hot weather
region, and the Standard year of expanded AMeDAS weather data 1981-2000 for each area were used. Airconditioning case according to the air-conditioning schedule shown in Fig.8 and non-air-conditioning
(natural room temperature calculation) case were examined. A family of four (parents and two children) was
assumed, and each schedule was assumed to be similar on the weekday, weekend and holiday. In the airconditioning case, the room temperature and humidity were set at 27°C, 60%, respectively for cooling and
20°C, 40% for heating. As for the air-conditioning period for cooling, June - September were assumed for
Sapporo, Tokyo, Osaka, and May - October for Naha, and moreover, for heating, November - April for
Sapporo, December - March for Tokyo, Osaka, and December - February for Naha in thermal load
calculation.
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4.4. Simulation mode
The ‘flat plate thermo sense transformation material’ or some others set to the wall surface will express the
change of surface thermal properties. In the simulation, eight changing modes (mode A-H) were set as shown
in Fig.9. The ‘Changing Clothes Function’ manifests itself on the outside surfaces of all walls facing north,
south, east, and west through the year. Mode A is ‘Non Changing Clothes Mode (NCCM)’, which means the
thermal properties do not change through the year; solar absorptivity(a) is set at 0.89, emissivity(ε) at 0.84,
considering the typical building material properties. The modes from B to H are ‘Changing Clothes Mode
(CCM)’, where the thermal characteristics are assumed to vary linearly between two set temperatures high
and low. The properties of materials considered, solar absorptivity(a) is set at 0.2-0.9, emissivity(ε) at 0.2-0.9.
From mode B to D, the set high and low temperatures become higher gradually. Mode E has a wider range of
set temperatures. The variation of the surface thermal properties can be fulfilled by rotating the cylinder and
by changing a sunward surface ratio of selective emission to selective absorption (Fig.4(a)). The modes from
F to H are also ‘CCM’, where the thermal properties are assumed to change at a certain temperature, fulfilled
by rotating and turning over the flat plates with different properties between front and back surfaces
(Fig.4(b)). From mode F to H, the set temperatures become gradually higher. As the ‘Perspiration Function’,
evaporative cooling by perspiration on the roof was carried out in summer season and the sense temperature
of the thermo-sensitive hydrogel was set at 25°C. The case only with the ‘Perspiration Function’ (without the
‘Changing Clothes Function’) in summer was called mode I (‘Perspiration Mode (PM)’). Moreover, the
complex function of the ‘Perspiration’ and the ‘Changing Clothes’ in summer was called ‘Summer Complex
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Tab. 4: Thickness(X) of wall insulation for each area (mm)

Sapporo
Tokyo, Osaka
Naha

Outer wall
50
25
0

Roof
50
25
25

Floor
50
25
0

Tab. 5: Window specification for each area

Window Type

Reflectivity Transmissivity Absorptivity

Sapporo
Sheet glass (Double)
Tokyo, Osaka Sheet glass (Single)
Naha
IR reflecting glass

0.120
0.072
0.216

0.653
0.802
0.630

0.228
0.126
0.154

Heat Transfer
Coefficient
(W/㎡/K)
3.5
6.3
6.3

Mode (SCM)’ (denoted by prime symbol), and the annual ‘Complex' which is a complex of ‘Perspiration’ in
summer and ‘Changing Clothes’ throughout the year, was called ‘Complex Mode (CM)’ (denoted by double
prime).
4.5. Simulation results
As an example of the examination results in each area, Fig.10 shows the house total annual heat load
(cooling load +׀heating load )׀in the air-conditioning case in each ‘CM’, where SH(C) denotes Sensible Heat
(Cooling), SH(H); Sensible Heat (Heating), LH(C); Latent Heat (Cooling), LH(H); Latent Heat (Heating),
and TH; Total Heat (SH +LH), respectively. Table 6 shows the energy saving effect, which is expressed;
(heat loadNCCM – heat loadCCM, SCM or CM )/ heat loadNCCM. Fig.11 shows the relationship of the energy saving
effect in sensible heat load in between cooling and heating season in ‘CCM’ and ‘CM’. Fig.12 shows the
distribution of the energy saving effect in sensible heat load in ‘CCM’ and ‘CM’. Further as the examination
results of natural room temperature in non-air-conditioning case in each area, Table 7 shows the natural room
temperature in LD Room, for example, and the maximum temperature difference between the ‘NCCM’,
‘CCM’, ‘PM’ and ‘SCM’, where the difference of room temperature is expressed; temperatureNCCM –
temperatureCCM, PM or SCM in cooling season and temperatureCCM– temperatureNCCM in heating season,
respectively. In Table 7 the values expressed in ‘CCM’ and ‘PM’ were the values when the room
temperature differences in ‘SCM’ became maximum. Table 8 shows the seasonal average natural room
temperature in LD room, where the cooling season results were expressed in ‘CCM’ and ‘SCM’, while the
heating season results in ‘CCM’. Fig.13 shows the relationship of the seasonal average natural room
temperature in LD room between in cooling and heating season in ‘CCM’ and ‘CM’.
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Fig. 10: House total annual heat load in ‘Complex Mode (CM)’
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Tab.6: Energy saving effect in ‘Changing Clothes Mode (CCM)’, ‘Summer Complex Mode (SCM)’ and ‘Complex Mode (CM)’
(a) Sapporo

Effect
Big

Small

Cooling Season (%)
Summer Complex
SH(C) SH(C)+LH(C)
B' 62.4
B' 31.5
F' 60.9
F'
31.0
G' 55.2
G' 28.4
C' 53.3
C' 27.5
E' 51.6
E'
26.5
H' 44.8
H' 23.3
I
44.6
I
22.8
D' 38.9
D' 20.3

(b) Tokyo

Heating Season (%)
Changing Clothes
SH(H) SH(H)+LH(C)
D
2.3
D
2.3
H
2.3
H
2.3
C
2.2
C
2.2
G
2.2
G
2.2
E
2.1
E
2.1
F
2.1
F
2.1
B
2.0
B
2.0

Annual (%)
Complex
TH
SH(C+|H|)
C'' 4.0
C''
3.7
G'' 4.0
G'' 3.7
H'' 4.0
H'' 3.7
D'' 3.9
D'' 3.7
F''
3.8
F''
3.6
E''
3.6
E''
3.4
B'' 3.3
B''
3.0

Effect
Big

Small

Cooling Season (%)
Summer Complex
SH(C) SH(C)+LH(C)
B' 48.9
B' 39.2
F' 48.8
F' 39.2
G' 48.4
G' 38.9
C' 47.5
C' 38.2
H' 44.5
H' 35.8
E' 44.4
E' 35.7
D' 38.8
D' 31.3
I
35.5
I
28.5

Heating Season (%)
Changing Clothes
SH(H) SH(H)+LH(C)
D
4.2
D
4.1
H
3.9
H
3.8
C
3.5
C
3.5
G
3.4
G
3.4
E
3.0
E
3.0
F
3.0
F
3.0
B
2.0
B
2.0

(c) Osaka

Effect
Big

Small

Cooling Season (%)
Summer Complex
SH(C)
SH(C)+LH(C)
B' 47.3 B'
40.3
F' 47.3 F'
40.3
G' 46.9 G'
40.0
C' 46.3 C'
39.5
H' 44.0 H'
37.6
E' 43.6 E'
37.2
D' 39.1 D'
33.4
I 35.0
I
29.8

Annual (%)
Complex
SH(C+|H|)
TH
G'' 11.4 G'' 10.5
C'' 11.3 C'' 10.4
H'' 11.3 H'' 10.4
F'' 10.8
F''
9.9
D'' 10.7 D'' 9.9
E'' 10.2
E''
9.3
B'' 9.5
B'' 8.6

(d) Naha

Heating Season (%)
Changing Clothes
SH(H)
SH(H)+LH(C)
D 4.0
D
4.0
H 3.8
H
3.8
C 3.5
C
3.5
G 3.5
G
3.5
E 3.1
E
3.1
F 3.1
F
3.1
B 2.3
B
2.3

Annual (%)
Complex
SH(C+|H|)
TH
G'' 13.5 G''
12.5
C'' 13.4 C''
12.4
H'' 13.3 H''
12.3
F'' 13.1 F''
12.0
D'' 12.4 D''
11.5
E'' 12.2 E''
11.3
B'' 11.8 B''
10.9

Effect
Big

Small

Cooling Season (%)
Summer Complex
SH(C) SH(C)+LH(C)
F' 54.2 F'
48.0
B' 46.0 B'
38.7
G' 45.9 G'
38.7
C' 45.0 C'
38.0
H' 41.1 H'
34.8
E' 38.5 E'
32.5
D' 28.5 D'
24.2
I 18.6 I
15.7

Heating Season (%)
Changing Clothes
SH(H) SH(H)+LH(C)
D 26.3 D
26.3
H 24.8 H
24.8
G 20.3 G
20.3
C 19.4 C
19.4
F 10.9 F
10.9
E 10.6 E
10.6
B -13.2 B
-13.2

Annual (%)
Complex
SH(C+|H|)
TH
F'' 47.3
F'' 40.0
G'' 42.0 G'' 34.0
C'' 41.1 C'' 33.3
H'' 38.3 H'' 31.3
B'' 36.8 B'' 29.4
E'' 34.1
E'' 27.7
D'' 27.6 D'' 22.7
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Fig. 11: Relationship of energy saving effect in sensible heat load in between cooling and heating season
in ‘Changing Clothes Mode (CCM)’ and ‘Complex Mode (CM)’, (double prime)

2208

50.0

(b) Tokyo

(a) Sapporo

Heating Season (%)

20.0

Cooling Season (%)

60.0

Energy Saving
Effect (%)

Complex Mode

Changing Clothes Mode

4.5
4.0
3.5
3.0

E''

F''

H''

D''

G''

D

B

Complex Mode

F

H

C

G

E''
10.0

2.5

8.0

2.0

6.0

1.5

Changing Clothes Mode

14.0
12.0

B''
E

C''

Energy Saving
Effect (%)

4.0

D''

F''

D

F

H''

C''

G''

H

C

G

B''

E

B

1.0
2.0

0.5
0.0

0.0

(a) Sapporo
Energy Saving
Effect (%)

Complex Mode

14.0
12.0

Changing Clothes Mode
H''

F''
B''

E''

(b) Tokyo
C''

G''

D''

Energy Saving
Effect (%)

Complex Mode

F''

45.0

C''

40.0

10.0

35.0

8.0

30.0

6.0

F

H
D

B

C

G

E

B''

H''

D''

F
B

25.0

15.0

G''

E''
C

G

H

E

20.0

4.0

Changing Clothes Mode

50.0

D

10.0

2.0

5.0

0.0

0.0

(c) Osaka

(d) Naha

Fig. 12: Distribution of energy saving effect in sensible heat load (cooling +|heating|)
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Tab. 7: Natural room temperature and maximum room temperature difference between Normal Mode (Mode A),
‘Changing Clothes Mode (CCM)’ , ‘Perspiration Mode (PM)’ and ‘Summer Complex Mode (SCM)’ (LD Room)
(a) Cooling season
Room Temperature (C゜)

Sapporo
Tokyo
Osaka
Naha

Temperature Difference (C゜)

Summer
Normal
Changing
Changing Clothes Perspiration Summer Complex
Perspiration
Complex
Clothes
(Mode A)
30.7
B
30.0
29.2
B'
28.5
0.7
1.5
2.2
34.9
B
34.1
32.9
B'
32.1
0.8
2.0
2.8
34.3
B
33.5
32.2
B'
31.5
0.8
2.0
2.8
35.5
B, C, F
33.6
34.5
B', C', F' 32.5
1.9
1.0
3.0

Time and
Date
(Example)
7/ 8
7/19
7/17
7/18

18:00
18:00
16:00
16:00

(b) Heating season
Room Temperature (C゜)

Sapporo
Tokyo
Osaka
Naha

Normal
(Mode A)
1.9
8.6
7.9
16.6

Changing
Clothes
H
2.3
D
9.2
H
8.3
D
17.2

Temperature
Difference (C゜) Time and Date
Changing
(Example)
Clothes
0.4
2/19 12:00
0.6
2/26 13:00
0.4
2/11 17:00
0.6
2/ 3 11:00

4.6. Considerations
The annual energy saving effect due to ‘Changing Clothes’ in each region became the most evident in mode
G (3.1% in sensible heat load (SH)) and mode G,C,F (2.9% in total heat load (TH)) in Sapporo, in G (5.7%
in SH) and G (5.2% in TH) in Tokyo, in G,C (6.0% in SH) and G (5.7% in TH) in Osaka, and in G (28.1% in
SH) and G (22.8% in TH) in Naha. The energy saving effect in cooling season due to the evaporating cooling
by roof ‘Perspiration’ without ‘Changing Clothes’ (mode I) became the most evident (44.6% in sensible heat
load (SH)) and 22.8% in total heat load (TH)) in Sapporo, 35.5% (SH) and 28.5% (TH) in Tokyo, 35.0%
(SH) and 29.8% (TH) in Osaka, and 18.6% (SH) and 15.7% (TH) in Naha. As the results, the annual saving
energy effect in ‘Complex’ due to the ‘Perspiration’ and ‘Changing Clothes’ became the most evident in
mode C”,G”,H” (4.0% in SH) and mode C”,D”,G”,H” (3.7% in TH) in Sapporo, in G” (11.4% in SH) and G”
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Tab.8: Seasonal average natural room temperature in ‘Changing Clothes Mode (CCM)’ and
‘Summer Complex Mode (SCM)’ (LD Room)
(a) Sapporo

(b) Tokyo

Cooling Season
Heating Season
Changing Clothes
Summer Complex
Changing Clothes
Room
Room
Room
Effect Mode
Mode
Mode
Temperature(°C)
Temperature(°C)
Temperature(°C)
Big
B
25.0
B'
24.3
C
6.7
F
25.1
F'
24.4
D
6.7
A
25.3
C'
24.6
E
6.7
C
25.3
E'
24.6
F
6.7
E
25.3
G'
24.6
G
6.7
G
25.3
I
24.7
H
6.7
H
25.5
H'
24.8
B
6.6
D
25.6
D'
24.9
A
6.4
Small
A
25.3

Cooling Season
Heating Season
Changing Clothes
Summer Complex
Changing Clothes
Room
Room
Room
Effect Mode
Mode
Mode
Temperature(°C)
Temperature(°C)
Temperature(°C)
Big
B
27.4
B'
26.5
C
10.3
F
27.4
F'
26.5
D
10.3
G
27.5
C'
26.6
H
10.3
C
27.6
G'
26.6
E
10.2
E
27.6
E'
26.7
F
10.2
H
27.7
H'
26.7
G
10.2
A
27.8
D'
26.9
B
10.1
D
27.8
I
26.9
A
9.9
Small
A
27.8

(c) Osaka

(d) Naha

Cooling Season
Heating Season
Changing Clothes
Summer Complex
Changing Clothes
Room
Room
Room
Effect Mode
Mode
Mode
Temperature(°C)
Temperature(°C)
Temperature(°C)
Big
B
28.6
B'
27.4
D
10.6
F
28.6
F'
27.5
H
10.6
C
28.7
G'
27.5
C
10.5
G
28.7
C'
27.6
E
10.5
E
28.8
E'
27.6
F
10.5
H
28.9
H'
27.7
G
10.5
D
29.0
D'
27.9
B
10.4
A
29.1
I
27.9
A
10.2
Small
A
29.1

Cooling Season
Heating Season
Changing Clothes
Summer Complex
Changing Clothes
Room
Room
Room
Effect Mode
Mode
Mode
Temperature(°C)
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Fig.13: Relationship of seasonal average natural room temperature in between cooling and heating season
in ‘Changing Clothes Mode (CCM)’ and ‘Complex Mode (CM)’, (double prime) (LD Room)
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(10.5% in TH) in Tokyo, in G” (13.5% in SH) and G” (12.5% in TH) in Osaka, and in F” (47.3% in SH) and
F” (40.0% in TH) in Naha. The energy saving effect values both in cooling and heating period of ‘Complex
Mode’ were positive, and the ‘Complex’ effect of ‘Changing Clothes Function’ and ‘Perspirable Function’
proved to be good in all the regions. The energy saving effect grew bigger in cold region, mild region and hot
region in that order, because the cooling load also grew bigger in that order, and the decrease of the cooling
load due to evaporation cooling by ‘Perspiration’ in summer was remarkable, and thermal effect by
‘Changing Clothes’ was added to this. In Fig.11 the difference in saving energy effect between the same
symbols (B”-B, for example) in cooling season showed the thermal effect of evaporative cooling by
‘Perspiration’. Fig.14 shows the relationship between wall thermal properties determined by ‘CCM’ and
average outdoor temperature in summer and winter in each area. From Fig.14, since the surface state at the
average outdoor temperature in winter became effective selective absorption (solar absorptivity(a) at 0.9,
emissivity(ε) at 0.2) in all modes and regions, except mode B in Naha, there was no such big difference in
the energy saving effect. On the contrary, in summer the most effective mode was different in all regions,
because there were modes where the surface state at the average outdoor temperature already became
perfectly selective emission (solar absorptivity(a) at 0.2, emissivity(ε) at 0.9) (Mode B,F,G for Tokyo, Osaka,
and Naha) or modes where the surface state did not become the selective emission (Mode C,D,E,H for Tokyo,
Osaka, and Naha). The mode where the surface was in effective state (selective emission) demonstrated the
high energy saving effect in summer. The improvement effect of a natural room temperature in non-airconditioning case had a similar tendency. The maximum decrease of the natural room temperature in
cooling season became the most evident in mode B (0.7°C) in Sapporo, in B (0.8°C) in Tokyo, in B (0.8°C)
in Osaka, and in B,C,F(1.9°C) in Naha due to the ‘Changing Clothes’ and in mode B’ (2.2°C) in Sapporo, in
B’(2.8°C) in Tokyo, in B’ (2.8°C) in Osaka, and in B’,C’,F’ (3.0°C) in Naha due to the ‘Summer Complex ’,
while the maximum increase of the natural room temperature in heating season became the most evident in
mode H (0.4°C) in Sapporo, in D (0.6°C) in Tokyo, in H (0.4°C) in Osaka, and in D (0.6°C) in Naha due to
the ‘Changing Clothes’. Furthermore the maximum decrease of the seasonal average natural room
temperature in cooling season became the most evident in mode B (0.3°C) in Sapporo, in B (0.4°C) in Tokyo,
in B (0.5°C) in Osaka, and in B,F,G(1.0°C) in Naha due to the ‘Changing Clothes’ and in mode B’ (1.0°C) in
Sapporo, in B’(1.3°C) in Tokyo, in B’ (1.7°C) in Osaka, and in B’,F’ (1.7°C) in Naha due to the ‘Summer
Complex’, while the maximum increase of the seasonal average natural room temperature in heating season
became the most evident in mode C (0.3°C) in Sapporo, in C,D,H (0.4°C) in Tokyo, in D,H (0.4°C) in Osaka,
and in D (0.5°C) in Naha due to the ‘Changing Clothes’. As for the ‘Changing Clothes Mode’ and ‘Complex
Mode’, the mode which demonstrated the biggest energy saving effect all through the year was mode G in
Sapporo (cold region), Tokyo and Osaka (mild region), and mode F in Naha (hot region). Mode B and F had
a great effect in the cooling period for any area, because solar absorptivity is small while emissivity is big
even at a low surface temperature. Mode D was effective in the heating period for any area, because solar
absorptivity is big while emissivity is small even at a high surface temperature.
5. Conclusion
The thermal effect of “Biomimetic Building (BB)” with a ‘Complex’ of ‘Perspiration Function (PF)’ and
‘Changing Clothes Function (CCF)’ was estimated theoretically, and the desirable changing mode of thermal
properties of the ‘CCF’ were demonstrated, by comparing the results obtained from the common building
without ‘PF’ and ‘CCF’. The energy saving effect due to the ‘Complex’ of ‘CCF’ and ‘PF’ in the typical
detached house in Japan was 4 to 47% in house sensible heat load and 3.7 to 40 % in house total (sensible +
latent) heat load. The thermal effect was remarkable in all the regions such as a cold region (Sapporo), mild
regions (Tokyo and Osaka), and a hot region (Naha), and it became remarkably better in the hot weather
region than in the cold weather region, because the energy saving due to the decrease of the cooling load by
‘Perspiration’ in summer was efficient. The maximum decrease of natural room temperature for each area in
non-air-conditioning case in summer in ‘Complex’ was 2.2 to 3.0°C, while the maximum increase in winter
in ‘Changing Clothes’ was 0.4 to 0.7°C. The improvement of the building environment in ‘Complex’ of
‘CCF’ and ‘PF’ was also effective in all the regions and the regional thermal characteristics were confirmed.
Moreover the desirable modes of the ‘Changing Clothes’ annual and seasonal for each region in Japan were
determined.
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1. Abstract
As part of the IEA-SHC Task 41 ‘Solar Energy and Architecture’ an international survey was carried out.
This paper presents its results for Subtask B which especially focuses on methods and tools for solar design
applied by architects. Building professionals, mainly architects, were contacted via email and asked to
participate in a web-based questionnaire about their use of methods and tools for solar design and related
themes, such as barriers for the use of tools or their design process. In addition, general data concerning the
architectural office (size, type of buildings) and personal facts (age, experience and profession) were
collected. Fourteen countries participated in the survey and a total of 627 responses were received, but only
350 were filled out completely or almost completely and therefore analysed in detail.
Although the response rate was lower than expected, the results clearly point out that there is a high
awareness of the importance of solar energy use in buildings, but that a number of barriers regarding the
widespread application of digital tools for solar design during the design process still exist.
The survey confirms results of former investigations, done by other researchers, presented in a literature
review in the second official report of Subtask B, which shows that architects are lacking of digital tools for
solar design especially adequate for the Early Design Phase (EDP).
The identification of opportunities, obstacles, and requirements expressed by professionals and suggestions
for improvements will help to formulate the next step of the Subtask B work plan, which will consist in
developing guidelines for both professionals and software tool developers in order to encourage and
accelerate the development and application of solar energy design in building projects.
2. Introduction
Within the scope of the Solar Heating and Cooling Programme (SHC Programme) the International Energy
Agency (IEA) has initiated Task 41, which deals with the topic ‘Solar Energy and Architecture’. The Task is
divided into three Subtasks:


Subtask A (STA): Criteria for Architectural Integration



Subtask B (STB): Methods and Tools



Subtask C (STC): Concepts, Case Studies and Guidelines

The main objectives of the Task are to support the development of high quality architecture for buildings
with integrated solar energy systems and technologies and to improve the qualification of buildings
professionals, especially architects, and the communication and interactions between engineers,
manufacturers, clients and architects.
In 2010, an international survey was carried out. According to the focus of interest it was split into two parts:
STA addressed architectural integration of solar energy systems and STB concentrated on the design process
for solar architecture. In this paper, only the results of the STB survey are presented.
The objectives of the survey for STB were:
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To identify barriers of existing design methods and tools for solar design



To identify architects’ needs for improved methods and tools

An extensive literature review of relevant reports and articles, published between 1993 and 2011, was done
in addition to carrying out the survey. The review showed that although there have been developments in the
acceptance and use of computer tools for architectural design, some of the issues have remained unchanged
over time. Users have had and still have the same complaints about tools used for solar design: missing
interoperability of software, lack of training or documentation on applications, incomprehensible or poor
representation of results. The major need expressed has been the wish to work three dimensional and to have
the possibility to quickly and iteratively obtain concrete results.
The full report that includes detailed literature review as well as results of the survey analysed using
descriptive statistics is titled T.41.B.2 International survey about digital tools used by architects for solar
design and is published on the official IEA-SHC Task 41 website (http://www.iea-shc.org/Task41).
3. Method
The survey was designed jointly by the group of international experts on solar architecture, researchers,
academics and professionals that are participants of the IEA-SHC Task 41. It contained 23 questions divided
in the following sections:


General questions related to solar energy use



Questions concerning design methods



Questions concerning tools

 Informative questions about the respondents (such as size of the firm, years of experience, age,
gender, etc.)
There were three different kinds of questions: single selection questions, multiple selection questions and
open end questions. The survey was translated into 10 languages and distributed in 14 countries: Australia,
Austria, Belgium, Canada, Denmark, France, Germany, Italy, Korea, Norway, Portugal, Spain, Sweden, and
Switzerland.
Each country had a national coordinator responsible for distributing the survey link on the Internet. Data
collection lasted from May 3rd 2010 to October 22nd 2010. Since Australia joined the Task 41 only in
September 2010, their survey was extended until the end of November 2010.
The focus group of this survey consisted mainly of architects and other building practitioners. The main
target group was thus architects, but other professionals were able to answer the survey as well. Although
envisioned differently, due to the lack of resources, the national contact lists were not developed in the same
way in every country. The lists included architectural organizations, architects and other building
professionals. The addresses were also collected in different ways: from personal contacts, research on the
Internet to the listings of national societies of architects and public telephone directories. The survey link was
also published in magazines or newsletters and the professionals were asked to forward the survey link to
colleagues. For these reasons, and because the number of readers and subscribers was unknown, it has been
difficult to determine the response rate with precision.
A total of 627 surveys were received, and 350 surveys were included in the analysis. The others were empty
or had only answers to one or two questions.
Although the precise response rate was difficult to calculate due to mentioned reasons, a rate of 6% was
roughly estimated considering only directly contacted persons. This is a low response rate, which may reflect
the limitations of distributing the survey, or which may be interpreted as a lack of time for answering the
questionnaire or a general minor interest in solar energy design in some of the 14 countries. There is the risk
that the results might have been biased, since it may be assumed, that the majority of those who chose to take
the survey were professionals who were already interested in solar energy use and therefore more likely to
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spend time responding the questions.
4. Results
4.1 Respondents’ profile
Most respondents (66%) worked in small firms with 1 to 10 employees. The building projects included a
wide selection of different building types, with residential buildings being the most common ones (27%).
The respondents were mainly nationally active (71%). Two thirds of respondents were male and one third
female. The respondents’ average age was 47 and 74% of them declared to have more than ten years of
professional experience. Most respondents were architects or designers (88%), others were engineers (7%),
physicist (1%) or other professionals (5%).
4.2 Interest in solar energy
The first question was about the importance of solar energy in the current architectural practice (see Fig. 1).

1. In your current architectural practice, how would you rate
the importance of the use of solar energy (e.g. use of passive
solar gains, solar thermal, photovoltaics, etc.)?
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
Important

Neutral

Unimportant

I don't know

Fig. 1: Rating of the importance of solar energy in the respondent’s current architectural practice (n=346).

Some 82% of the respondents declared that solar energy aspects were important in their current architectural
practice. The awareness of solar energy aspects was declared to be high. But when asked about the
application of solar energy and solar energy system in the projects (question 2), the results showed that there
is still a gap between theoretical awareness and project realization (see Fig. 2).
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2. How often do your projects include:
50%
40%
30%
20%
10%
0%
Photovoltaic Solar thermal Solar thermal Solar thermal Passive use for
for electricity for hot water for heating
for cooling
heating

Always

Often

Sometimes

Rarely

Daylight
utilization

Never

Fig. 2: Application frequency of solar energy utilization (n=325 to 342; depending on category).

‘Daylight utilization’ was the most common solar design strategy. Some 74% of the respondents answered
they included it ‘often’ or ‘always’ in their projects. ‘Passive solar for heating’ was the second most common
strategy, with 57% of respondents who ‘often’ or ‘always’ included it.
Coming to active solar energy systems, 47% ‘often’ or ‘always’ included ‘Solar thermal for hot water use’ in
their projects, while ‘Photovoltaic’ (23%) and ‘Solar thermal for heating’ (20%) were less common. ‘Solar
thermal for cooling’ was the least common strategy. It was only used by 7% of the respondents ‘often’ or
‘always’.
4.3 Methods for solar design
The results of the questions concerning the solar design methods showed that the respondents used a variety
of different design processes (see Fig. 3).

35%

16. Among the following categories, identify up to three
categories which correspond best to your own architectural
design process?

30%
25%

20%
15%
10%
5%
0%
Intuitive design Integrated design
process
process

Participatory
design

Energy-oriented
design

Other

Fig. 3: Types of architectural design processes applied by the respondents (n=587).

The most common design process was the ‘Integrated design process (IDP)’ applied by one third of the
respondents. The rest of the responses were split between the following design processes: ‘Intuitive design
process’ (25%), ‘Participatory design’ (21%) and ‘Energy-oriented design’ (18%).
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Over two thirds (69%) of the respondents stated that solar energy technologies would first be considered
during the conceptual design phase, underlining the need for well-developed tools for that phase.
Most respondents stated that they base their design process upon experiences (23%), interaction with the
project owner (21%) and collaboration with other professionals (16%) (see Fig. 4).

4. Among the following categories, identify up to three
categories which correspond best to your own design process?
25%
20%

15%
10%

5%
0%

Fig. 4: Categories corresponding to design process (n=913).

The decision making in small projects in the conceptual design phase was largely handled by the architect
alone (53%). Only a minority of respondents was likely to involve a solar energy specialist, building science
specialist or another professional in this phase. Multidisciplinary workshops played a fairly small role with a
6 to 10% response rate depending on design phase.
For large and more complex projects, the results indicated that respondents were more likely to involve
specialists already in the conceptual phase, but still a third of respondents stated that this phase was handled
solely by themselves. Multidisciplinary workshops also played a more important role than in smaller projects
(10 to 12% depending on project phase).
4.4 Tools for solar design
The professionals were asked about their skills with different tools for solar design (see Fig. 5).
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7. How would you describe your current skills?
45%
40%
35%
30%
25%
20%
15%
10%
5%
0%
Graphical solar
design methods
Very advanced

CAAD
Advanced

Solar design tools
CAAD
Fair

Poor

Advanced tools

Very poor/ I do not use it

Fig. 5: Current skills with different tools for solar design (n=303 to 310; depending on category).

One third of the respondents described their skills with graphical solar design methods as ‘fair’ (36%), one
third as ‘advanced’ or ‘very advanced’ (30%). One third admitted having either ‘poor’ or ‘very poor’ (33%)
skills. Most respondents described their skills with CAAD (computer-aided architectural design) software as
‘advanced’ (28%) or ‘very advanced’ (16%). CAAD tools are an integral part of architects’ practice, but still
29% describe their skills as ‘poor’ or ‘very poor’. With regards to solar design tools in CAAD and advanced
simulation tools, the majority answered that they considered their skills to be ‘poor’ (30% and 27%
respectively) or ‘very poor’ (31% and 41% respectively).
The question concerning the design phases in which various software tools were used (question 8; see
Fig. 6), returned several results: The most commonly used CAAD tools were AutoCAD, Google SketchUp,
Revit Architecture, ArchiCAD, Vectorworks and 3dsMax. The most commonly used visualization tools were
Artlantis, V-Ray, RenderWorks and Maxwell Render. While Ecotect, RETScreen, Radiance, Polysun,
PV*Sol, PVsyst were the most common tools for simulation.

8. In the list below, identify at which design stage you use the
following computer programs (please select all that apply):
35%
30%
25%

Conceptual phase
Preliminary design phase
Detailed design phase

20%
Construction drawings phase
15%
10%
5%
0%

Fig. 6: Simulation tools used during the different design stages (n=282).
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The most common CAAD, visualization and simulation tools were used during all project phases, but the
tools’ relevance differed for the different phases. That was well reflected in the responses. CAAD tools
prioritising a simple user interface and fast modelling (e.g. Google SketchUp) were used more extensively
during the Early Design Phase (EDP), while more complex tools (e.g. Revit Architecture, AutoCAD) were
more common in later project phases (see Fig. 7).

8. In the list below, identify at which design stage you use the
following computer programs (please select all that apply):
50%
45%
40%
35%
30%

Conceptual phase
Preliminary design phase
Detailed design phase
Construction drawings phase

25%
20%
15%
10%
5%
0%

Fig. 7: CAAD tools used during the different design stages (n=1623).

A similar trend was visible towards the application of simulation software, with some products being
preferred during EDP (e.g. Ecotect, RETScreen) and others being used more intensively at later stages (e.g.
Polysun, PV*Sol). The most common visualization programs were evenly used during the different design
phases.
Question 9 concerned the three most important factors for choosing software tools (see Fig. 8).
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9. What are the 3 factors that most influence the choice of
software you use?
30%
25%

20%
15%
10%
5%
0%

Fig. 8: Factors that influence the choice of software (n=356).

The factor that most influenced the respondents’ choice of software was a ‘user-friendly interface’ (27%).
The next most common factors were ‘costs’ (20%), ‘interoperability with other software’ (18%) and
‘simulation capacity’ (13%). ‘Quality of output (images)’, ‘3d interfaces’, ‘availability of plug-ins’ and
‘availability of scripting features’ were considered to be less important (see Fig. 8)
4.5 Satisfaction and barriers with tools
Respondents reported various degrees of satisfaction with their chosen software programs (CAAD,
visualization and simulation tools) in terms of support for solar building design (question 11). For many
programs, the response rate was too low to formulate any meaningful conclusion.
The most common barriers reported by respondents are shown in Fig. 9.
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11. Are there any barriers to your use of available tools related
to architectural integration of solar design? (please, select all
that apply)
20%
18%
16%
14%
12%
10%
8%
6%
4%
2%
0%

Fig. 9: Barriers for the use of available tools related to architectural integration of solar design (n=685).

The barrier which was stated most was: ‘Tools are too complex’ (18%). Other common barriers were ‘Tools
are too expensive’ (14%), ‘Tools are not integrated in CAAD software’ (12%) and ‘Tools take too much
time’ (11%). Respondents also stated that the tools did not adequately support conceptual design (9%), that
they were too systemic (8%) and that they were not integrated into their normal workflow (10%). Only 2%
reported to be satisfied with the existing tools.
4.6 Improvements needed
Asked about their need for improved tools for each design phase (question 12; see Fig. 10), respondents
stated that they would like to have improved tools for the conceptual phase, especially for visualization
(28%), preliminary sizing (20%) and tools which provide explicit feedback (18%), as shown in Fig. 10. For
the preliminary design phase, respondents requested improved tools for preliminary sizing (26%) and tools
which provide key data (22%) and explicit feedback (20%). For the detailed design phase improved tools for
key data (28%), preliminary sizing (18%), explicit feedback and visualization (both 16%) are requested. The
most common response for the construction drawings phase was ‘I don’t know/ not applicable’ (29%).
However, respondents also asked for improved tools for key data (21%), for preliminary sizing (16%), and
for tools which provide explicit feedback (10%).

2221

12. Do you see a need for improved tools to support the
integration of solar building design? (please, select all that
apply)
30%

Yes, we need improved tools for
visualization (architectural
integration)

25%

Yes, we need improved tools for
preliminary sizing of solar energy
systems

20%

Yes, we need improved tools for
providing key data (numbers)
about solar energy

15%

Yes, we need tools that provide
explicit feedback (key data) in
connection with building massing
and orientation
No, I find available tools quite
satisfactory

10%
5%

I don’t know / not applicable

0%
Conceptual Preliminary
Detailed Construction
phase
design phase design phase drawings
phase

Other

Fig. 10: Need for improved tools for integration of solar design (n=1382).

5. Conclusion
It was interesting and surprising to observe that the needs expressed by users have remained relatively
unchanged over time, as shown by both, the literature review and the survey. Both strongly indicated the
need for further development of software tools for solar architecture, focusing on a user-friendly, visual tool
that is easily interoperable between different modelling software packages, and which generates clear and
meaningful results. There is a need for tools to be easily compatible with the existing workflow of architects.
Also, since each design phase has its own requirements and specifications, software tools should be able to
adapt to specific design phases.
The survey indicated a high awareness about solar aspects among respondents. However, this was combined
with a limited application of solar energy technologies in the daily practice, suggesting the need for further
skill development and tools to accelerate the use of these technologies in buildings. The survey generally
shows that the work-force related limitation is a main factor responsible for the limited application of solar
design.
Despite the fact, that the survey had the named limitations, a number of concrete examples of practitioners’
needs and suggestions for improvement have been identified.
6. Outlook
After the analysis of the international survey results, regional analyses of the data are planned for every
participating country with sufficient response rate. In addition a detailed statistical analysis of the survey
responses is currently in work by a Master’s student at Ryerson University; results will be published in a
separate article in the autumn 2011.
The results of the survey and the literature review are the groundwork for developing guidelines for
architects and software developers. These guidelines will be completed during the last year of the Task 41
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STB work plan (2011 to 2012).
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SWC – THE VALUE OF THE TECHNIQUE AND TECHNOLOGY IN
SUSTAINABLE ARCHITECTURE
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Introduction
The technique and technology in the different scenarios that can be discussed, in this case relevant to the
architecture, a subject that until now has been poorly treated, it remains that architects face every day. The
voluble needs of each time, put constantly to the architect in an important social role, from planning of
beautiful cities, to more complex architectural work, always innovating with materials, construction
techniques to reduce labor and time of execution, as well to resolve shortages, interpret user needs, designs,
shapes his ideals, still or create new trends, seeking to return your product a homeostatic entity or contrast
with the surroundings, be seen, become distinctive mark to recognize his seal and architecture o signature.

1.

Facts

Starting from the premise that "The architect is the key actor, who applied techniques: it encourages, creates
or disseminates technologies for construction and architecture" that makes possible the innovation and
development of the architecture within an elaborate sustainable plan, covering current environmental
requirements, obtaining an aggregate value of its product by making relevant decisions for the method and
technique, selecting appropriate technologies for use in construction and architecture.
Today we must leave the poetic romance of seeing architecture as a design leads to the highest artistic
expressions of art; this topic is dominated more than a century. The architectural work is being globalized,
enters the game in the marketing and sold as a staple. The current strategy if it wants to be responsible is to
innovate in the use of sustainable technology development scheme, without losing the tenacity to integrate
design and architectural composition showing total creativity.
The glimpse of the creativity of the architect must be fed by the imagination, freedom of thought over all the
baggage of experience and knowledge acquired by and for architectural practice. I argue that the present duty
of the architect is the search for techniques that will facilitate hard work in the area of sustainable architecture,
considering alternative technologies, efficient, that are of value added to the product architecture to social,
economic and environmentally [1][2]. It is sometimes very difficult to think and plan architectural products of
value with all the current global needs. The work of the architect and his team is excessive, the architect is
stressed to think how to solve the functionality, order, form, esthetics, geotechnics, foundations, structures,
installations, hydraulic, sanitary, electrical, manufacturing and assembly , 2d and 3d presentation of the
project, civil works, interior, landscape, construction management, impact studies, permits, etc. etc. to also
remember that the variable should be present to care for the environment, balanced in harmony with the
environment and context. The hermeneúsis ideas can be realize with electronic devices that replace the
drawing pencil, applied to software design (skeltch, CAD etc.) other programs that are required to provide
estimates of costs like opus. And the widespread concern about the ecological aspect has created new support
tools for building thermal evaluation, assessment and quantification of the resource path solar, wind,
simulation of energy expenditure, all to strengthen the bond between humans and their environment to make
the architecture more than a surface volume, established as a blot on the landscape.
To conceive a holistic project, you select passive design strategies, bioclimatic, using organic or recycled
materials and safe for the environment, materials of higher thermal inertia, promotes the use of self-powered
systems to reduce environmental costs because, in the end that is paying the bills is the user. In the
investigation by the originality of sustainable architectural design methodology, seeks to fuse the natural
elements are printing a valuable difference to the openings, openings, natural ventilation, orientation, using
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double glass with air or argon chamber for low emissivity solar exposure, cast shadows, use automation
sensors, populated with native plants, recycling site rocks, if the design can be troweled plaster finish, to take
advantage of prefabricated modules, preferably having location close to public transport, give priority to the
use of bicycle to the automobile.

2.

Sustainability-Architecture

The definition of sustainability got enourmous asception since the ensurange of the future resources for the
next generations to the most acceptable now days implicating social-echonomics-enviromental. The word
begins to outline sustainable since the nineteenth century, in the context of the current nature conservation,
taking seriously in the 70´s, the environmental argument for the proposed economic and population growth.
The report Burtland sustainable development was defined as the entropy of interaction with the economic,
social and environmental.
As a serious subject is discussed by experts from a single line reaches a certain topic and other people
interested in the academic, business, professional or political, each person uses his own interpretation sieves.
Sustainability has achieved many nuances, has become, that everyone interprets it as he pleases.
But, this is a philosofy, life style, which would be the posture of the architects? when they says: this is a
sustainable architecture. To find out how much sustainable architect you are, observe and analyze Table 1.
Ethics

Ecocentrism

Thought /
Philosophy

Deep ecology

Authors

N. Naes, 1973, “The shallow
and the deep, long-range
ecology movement. A
summary” inquiry, 16

1.
Green
ecologist
(Mainstream)

Anthropocen
trist
Technocentr
ics

Cornucopians

Environmentali
st moderate

2.

Neomalthusianos,
P.
Ehrlich y J. Holdren, 1971,
“impact
of
population
growth”, Science, 171.
“Mainstream”, J. Porrit
1986,
Seeing
Green,
Oxford, Blackwell

Causes of the environmental crisis











Anthropocentric ethic
Technological development
Urbanism and industrial development
Demographic explosion (neo-Malthusian)

Industrialism: economic growth unlimited
Population growth
Dirty technologies
Excessive use of non-renewable energetic
resources in the context of finite world

Solutions

 Biospheric Egalitarianism (bioethics)
 Stop the industrial and urban growth. “go
back to fields”
 Stop rising population
Goal: preserve the nature

 Decrease the consumption
 Stop the population growth
 Green technologies: clean and smallscale
 Clean energies based on renewable
resources
Goal : keep the nature (limited use, in
quantity and quality)

Julian Simon y Hernan Kahn
(eds.), 1984, The Resourceful
Earth. A Response to Global
2000, Nueva York, Basil
Blackwell

 No environmental criticism. The problem
assumptions are fake and not serious

 Free market without or very limited
government involvement
 Any shortage or problem can be solved by
technology and market
Goal: Do not limit the market economy.

World Commision on
Environment and
Development, 1987, Our
Common future, Oxford
University Press

 Excessive uses of environment resources
because are not a private property or
doesn’t has an appropriate price.
 The poorness is so responsible for the
environmental crisis as the rich of the
consumption

• Policies and tools for environmental
management "internalize" environmental
costs.
• Economic growth to finance.
• Efficient and cleaner technologies.
• Reduce poverty.
Goal: Environmental Care and decrease
poverty, not to harm the economy.
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Anthropocen
tric
Critical

Ecodevelopme
nt

1. Sarchs, 1974, “Ambiente y
estilos de desarrollo”,
Comercio Exterior, 24 (4):
363

 Inappropriate technology
 Cultural domination
 Consumerist model imposed by historically
unequal hegemonic countries

Model of production and alternative
consumption based on:
 Local natural resources
 Local knowledge
 Alternatives local technological
 Balance and rural-urban integration
Goal: To develop self-sustaining (self
reliance) based on meeting social needs.

Social ecology

Murray Bookchin (seudónimo:
Lewis Herber), 1962, Our
synthectic environment, Nueva
York. A.a. Knopf

 Domination relationships between human
being and nature.
 Market logic

Expand communities with small-scale
production and partnerships
Goal: a caring society without domination
between men and on nature (ecoanarchists).

Social relations of production and operation
extended to external nature, particularly those
involving capitalist relations unlimited
production and rising unemployment

Change the capitalist relations of production
to other non-class and solidarity based on
social ownership and management of the
means of production.
Goal: Non exploitation among humans,
where the responsible use of nature is
inherent to the social logic of production for
the satisfaction of needs (ecosocialism).

Marxists

1974, “A Critique of Political
Ecology”, new left Review, 84

1. Table (Sustainable approach philosophy)

In the classification of ethics, are threefold: Eco-centrist Anthropo-centrist-techno-centrist and Anthropocentrist-critical. Where you take the philosophical currents for each one. Eco-centrist: Deep Ecology,
Ecologists
Greens
(mainstream).
Anthropo-centrist_tecno_centrist:
cornucopians,
moderate
environmentalists. Anthropo-centrist: Eco-developmental, social ecology and Marxist.
As you can see, sustainable architecture, marking down certain areas green, brown and gray, not defined or
pigeonholed into a specific area. All figures and tables should be cited in the text, numbered in order of
appearance and followed by a centered title. All table columns should have a brief explanatory heading.
if we lock up the most famous architects in any of the classifications, we would observe that Frank Lloyd is
an approach to the ecocentric, unlike Gaudi, who cataloged for projecting an organic architecture, which is
not necessarily anything attached to environmental ethics. if we look back at the productive career of the most
important architects, we will see the beginnings only care about the design, a more anthropocentric or Marxist
philosophy to as success in their careers had been established, there is a tendency to look and some concern
environment, as the case of Le Corbusier and Norman Foster.
3. Techniques

The technique is a systemic set of decisions fully intentional, as to the means, goals, objectives and their
contexts of operation, choosing a technique is deliberately chosen the results.
The methodology used in architecture is a mixed qualitative and quantitative process design principles used
computers, generators called ideas are concepts that influence or shape design, offer ways to organize and
generate a conscious way. Allow the coexistence of various shapes and spaces, both perceptual and
conceptual, in an ordered and unified. With the ideas begin to prefix the resulting configurations. Making a
purely qualitative systemic efficiency, try to improve the sense of freedom of design, setting decisions based
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on results tecné sensitive about the quality of life. Making the phenomenal expression of intelligence in the
practical use of reason.
And for the quantitative methodology is used to maximize or minimize something (costs, benefits, energy,
manufacturing, etc..) Propositional knowledge or known as the know-how, subject to validation for
assessment practice
Choose elegance and intelligence solutions to a problem specific tectonic, which often is restricted, no
freedom for the consumer's budget for the site, and valuable time.
4. Technologies
These techniques are designed to alter or preserve some aspect of reality, driven predominantly by scientific
knowledge. Many technologies can have a wide range of applications, and in many cases this may be
"universal." The important thing is that its use is not irrational. Must analyze and evaluate the social, cultural,
environmental, etc.. and establish its relevance or not, if adapt and define how to use under different
conditions to those that gave it birth. In architecture serves the energy problems of the buildings. Make
efficient use of energy and resources, tending toward self-sufficiency of buildings is an important issue to
address.
Through proper design of the spaces is possible, avoid or reduce the use of artificial air conditioning,
choosing the right equipment to the technology available to a particular climate of the site as well as take full
advantage of natural lighting during the day. Additionally, there are several teams of alternative energy
technology that can be used in buildings such as photovoltaic panels, windmills, lamps, lighting efficiency,
solar water heaters that can greatly reduce gas consumption. And of course all these actions will entail energy
of economic benefits to users. The envelope must be designed as a dynamic agent that interacts favorably
between the exterior and interior, that is to act as a selective filter biothermic, acoustics, lighting, etc.. able to
favorably modify the action of natural elements, admitting, rejecting and / or processed when required. It is
necessary to make proper use of water, proper disposal of solid and appropriate treatment of gray and black
water, encourage the use of digesters, dry toilets. You can have methods of harvesting rainwater using the
roofs of buildings, provide a system for saving water. The architecture should also consider the problems of
pollution and outdoor intramural. There are materials and pollutants that should be avoided or treated in a
special way. In other words, the architecture should be designed spaces designed to meet the comprehensive
and harmonious action of environmental factors of the place. Although there is some polarization between
high-tech and all natural or vernacular, perhaps the future should take the positive from both positions. The
architecture should make use of available resources to meet its goals of providing welfare and comfort.
5. Value
Object of interest by an individual or a social group, affect, from the attribution-behavior and attitudes toward
the object. Value is the result of the interpretation that the subject of utility, desire, importance, interest and
beauty of the object. That is, the value of the object is to some extent, attributed by the subject, according to
their own criteria and interpretation, a product of learning, an experience.
Values are observable in human behavior, pragmatism, a value is the product of a human evaluation, is a biocultural act of preferring and choosing certain states of affairs to others, preferences and choices associated
with all practices. A positive evaluation has two meanings: a) how little appreciation or current estimate of
what you own or possess, enjoy this thing, b) and the appreciation potential of a given state of things would
be worth the effort implied in the update action, observable only in practice intentionally aimed at carrying
the state of things valued.
In the practice of architecture, we appreciate the beautiful and functional, sometimes it can be cheap, but it is
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also admirable execution of an architectural project of harmony to the environment, which is the value we
hold dear? What is the intrinsic value of sustainable architecture project? Going directly to the heart of the
issue is respect, honesty, loyalty, fairness, solidarity, tolerance, life itself, the human self, the vegetal, animal
and all that in context encompasses and resources you need to be preserved the existence of an ideal, and even
the notion of a natural order that transcends the architect throughout the workplace.
This position is not properly architects, has always existed, but with changes in technology, mass production,
extending our time to use more electricity, consume finite natural resources, and selfishness of man simply to
transcend, to accumulate wealth and property destroyed ecosystems, which are at a critical point, and have
been meeting by experts in the subject, but not until he had had transpired in the political interest, showing
that in the 70's begins search of entropy-man nature of dualism.
Arises what is sustainable, then arises the concept of sustainable architecture, but with the intervention of
perverted and investors as the first target for monetary exchange, coaxing the first to leave a criticism LEED
is the example, who needs to buy a certification ?, why sell the concept of sustainable architecture?. When
architecture is considered should be sustainable in nature as it is for man, man is nature and life. A plausible
example in Mexico is the work of the Mexican institute of green building, which seeks to adhere to all the
sustainable approach and much effort is looking to make standards to become mandatory in law and state
building regulations, no need to register and pay an outside agency, to say the building is green, I am
sustainable. Another example wrong to sell books with the title of sustainable architecture, when it is obvious
they are only well resolved architectural projects, but there is nothing sustainable strut a door made to order
especially copper, to say that the house has solar panels, when what is observed is a collector, or bring
materials from outside the region, and criticizing their own publishing houses is to sell a title like that
although the book is made of laminated sheets, embedded in toxic ink to look better for great pictures. That
kind of mirage, of no value to nature, nor should they sell it as catalogs or sustainable architecture.
To know whether we are talking about the same sustainable architecture, define the adjective of the word
sustainable. Note: Do not be confused with sustainable, bioclimatic architecture, green architecture, eco
design, etc, because everyone has a degree of intervention in sustainable architecture.
6. Conclusion
We are biophilic by nature, are alive, we belong to nature which should be protected with architecture
intervention, the architecture is much more than just a space contained by walls, is able to sensitize the man
who inhabits it, the architect must be appropriately technical knowledge to be intertwined because the
environmental, social and economic, to participate in the quality of life for individuals requiring our services,
removing unnecessary constraints to the user. Reaching a systemic efficiency, the ratio eventually must exist
between man and nature, to establish the architectural culture, individual and collective human, habit-forming
sustainable architecture and non-violent nature for fashionable products. Creating living spaces that fulfill a
functional purpose, expressive, they are physically and psychologically appropriate, that promote integral
human development and activities, through a logical, common sense, through clear architectural concepts to
consider climatic and environmental variables in relation to man.
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2.2 Building Material and Components

SWC – CONSTRUCTION
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Introduction
This present work shows how construct with bamboo follow a simple rules, also here study two phisycal
properties of bambusa vulgaris; one of the more than 2000 bamboo species, this one grow up in the south
region in México and Central America.
1. Recommendations
To cut de bamboo it’s necessary to be early morning like 4 or 5am with full moon, because we need the
lower quantity of aloe, once done this its necessary put to rest de bamboo on vertical way to let the aloe drain
and leave, almost 4-7 days on this position see figure 1.

Figure 1 once the bamboo has cutting, most rest on vertical position.

Hilling bamboo: could be on natural or chemical way. This is for preservation of fungus and humidity.
Natural: smoke passed open or closed system; See figure 2a an 2b.

Figure 2a Hilling bamboo on open system.

Figure 2b Hilling bamboo on closed system. Its more controlled than the open system. Chamber made of bricks.
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Hilling Chemical: Using these components. submerged in water, or injecting the fluid
A. Arsenic pentoxide

D. boric acid

G. boric acid

Copper sulfate crystals

Copper sulfate crystals

borax

Sodium dichromate 1: 3: 4

Sodium dichromate 5: 3: 4

Sodium dichromate 5: 1.5

B. Boliden salts

E. Zinc chloride

H. boric acid

Sodium dichromate 1: 1

Borax 5: 1.5

Sodium dichromate

F. Zinc chloride

I. pentachlorophenol

Acetilic acid 5.6: 5.6: 0.25

Sodium dichromate 5: 1.5

Sodium dichromate

J. composition septica Trial

by Fire

C. Copper sulphate

There is several options about how fill and reach the bamboo with these compounds. See figure 3a, 3b, 3c.

Figure 3a. submerged on a cavity on earth, to avoid flotation, put some rocks over the bamboo

Figure 3b Mix the composition on a portion of water and then heat until the bamboo its totally reach on the substance

Figure 3c Automatized pumped system. The mixture of compounds
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2. Construction techniques with bamboo
Basically all it’s about cuts and unions between each piece of bamboo. It’s pretty much artisan or handcraft
work.
Shape of cuts: Fish mouth, flout head, bisel, two hearings. See figure 4

Figure 4 the basic bamboo cuts, also exist variation of each one to the accommodation for building construction.

Example of variations of bamboo, see figure 5a, 5b and 6.

Figure 5a schematic draw of one hear prolonged and 5b with a short one hear.

Figure 6 Real overview of bamboo union.
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Another type of union on a basement made of concrete, also its used a stick of steel as a joint.

Figure 7 steps to get the vegetable-steel, the resistance of bamboo it’s almost the same as a simple column of steel and
concrete.

3. Bamboo resistance considerations
The bamboo bambusa vulgaris, resist to compression 8Tons per cm2, its half of the Guadua
angustifolia bamboo 18 Tons per cm2, if we compare a concrete cylindrical this resist 35Tonspercm2, its juts
about to made a simple substitution about how many bamboos required to use as a column.

Figure 8 8a considered choose the mos straight bamboo, 8b never ensemble with nail, 8c be gentile when use the hammer, 8d put some
wood support between unions.

4. Conclusion
One of the physical properties it’s the thermal conductivity its .3Wm2 K the wood got .6 , the resistance its
considerable for being an vegetable material. in short, that creativity can be developed, has no horizons, since
the beginning of an idea that can be captured on paper or lead to reality, it suggests that there are no limits to
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highlight the constructive nature of bamboo, the aforementioned noble material, a message to homebuilders
plant materials or for which this document will be encouraged and intended to create, build, invent
something with bamboo, add greater diversity to the building, walls, ceilings, floors and doors.
Bamboo is the best alternative to be a sturdy, versatile, easy to handle, durable, and seismic.
A key aspect is the leveling of the structure, both vertically and horizontally. This is handled the same
dimensions used in the size of concrete blocks to achieve the desired stability, "
All structures have been protected, perhaps its worst natural enemies: ultraviolet radiation and pests. These
natural treatments were applied (beeswax and linseed oil) to hydrate each of the parts and special products
that the market offers.
The strength to weight ratio makes this material is as important as the best wood, with an advantage in their
favor, and that is to be a renewable resource, fast growing and a significant contribution in ecology.
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COMPARISON OF MATERIALS FOR THERMAL ENERGY STORAGE IN LOW
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Abstract – Available materials used for the management of building needs in thermal inertia are compared
according to the following criteria: thermal performance, mechanical behavior, cost and embodied energy.
The CES Selector software has been used in order to compare new ceramics materials made of vitrified
asbestos containing wastes to conventional materials (concrete, terracotta, limestone…). Those new materials
present better thermal and mechanical properties than conventional materials for a similar energy payback
time.
Keywords – thermal mass, thermal energy storage, energy consumption, embodied energy
Nomenclature
Cm
C
Cp
Ee

ρC p

cost, €/kg
cost, €
specific heat, J/(kgK)
embodied energy, MJ/kg
storage capacity, kJ/(m3K)

x

thickness, m

Q

v
M

received energy, J/m3
thermal diffusivity, m²/s
heat transfer speed, m/h
molar mass, g/mol

Lf
P
S
ECO2
E

latent heat, kJ/mol
net radiated power, J/s
surface, m²
CO2 emission, kgCO2/m3
Young’s modulus, GPa

a

T
temperature, K
m
mass, kg
D
thermal delay, h
V
volume, m3
Greek symbols

ρ

∆T

σ

ε
λ
τ

Φ

α

density, kg/m3
temperature difference
Stefan-Boltzmann constant
W/(m²K4)
emissivity
conductivity, W/(mK)
diffusion time, s
thermal flux, W/m²
thermal expansion
coefficient, K-1

1. Introduction
Recent worldwide concerns on environmental and energy issues have led to a whole trend to decrease energy
consumption and greenhouse gas releases in the construction area. This can be achieved by improvements of
insulation and energy equipments implemented on already existing buildings.
In France, building energy needs is the largest energy consumer. It represents 45% of primary energy
consumption compared to 28% for transport and 26% for industry. Building needs is responsible of 25% of
greenhouse gas emissions, with 120 billions of tons of CO2 emit every year [1].
The annual average energy consumption of buildings is about 400 kWh of primary energy per m² per year
(kWhpe/(m².year)), obviously an inacceptable score demonstrating the huge potential of improvement [1].
Within this context, the French government has announced its will to decrease the CO2 emissions by 75%
before 2050, leading necessarily to a corresponding effort in building area. Consequently, since the 1st June
2001, national programs have reinforced progressively (every 5 years) regulations for new buildings. The
need to innovate in this field has lead to the creation of different labels related to the levels of building
energy consumption. As a result, 5 different labels are under current use today in France [2]:
- RT2005 – for a maximum consumption of 130 kWhpe/(m².year)
- THPE (very high energy performance) - 100 kWhpe/(m².year)
- BBC (low-energy building) - 40 kWhpe/(m².year)
- BEPAS (passive house) - heating consumption < 15 kWhpe/(m².year)
- BEPOS (positive energy house) - building producing more energy than its own consumption.
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In the case of new buildings, this leads to a necessary increase of the energy efficiency of the envelope itself
before any energetic equipment concern. This approach requires controlling of two key parameters: on one
side insulation, which can considerably reduce thermal losses. The use of insulation in a building allows to
decrease the energy demand and the CO2 emissions [3]; and on the other side, thermal inertia which reduces
extreme temperature variations during a day. The latter can also store heat in the winter and limit overheating
in the summer. So thermal mass incorporated in a building gives more stable indoor temperature and allow
energy saving when heating or cooling is supplied [4 – 7].
Therefore the materials selection for thermal mass and insulation is essential for energy efficient buildings.
According to simulations made using the TRNSYS software [8], a suitable wall has to match specific
characteristics in order to discharge in a short time a sufficient amount of heat or coldness. Already wellknown materials such as concrete and terracotta present such properties gathered in Table 1.
Tab. 1: Materials properties for thermal inertia application in buildings

Material thickness
(cm)

Storage capacity
(kJ.m-3.K-1)

15 < e < 25

ρC p > 2000

Conductivity
(W.m-1.K-1)

1<

λ<2

Thermal delay
(h)

6<D<8

As a matter of fact, building materials are not selected today on their sole thermo physical properties. For
few decades, additional environmental criteria are considered and become even of major interest: embodied
energy, embodied green house gas (GHG), availability, conflict of use, eco-toxicity, recycling… According
to this modern approach, both concrete and terracotta embodied energy needed for their primary productions
are considered today as too important. On the other side, when we look at traditional materials, such as
cob/clay, they present a low life-cycle cost and high technical performances which considerably reduce the
impact of the building on the environment according to the parameters previously cited [9].
In a more general sustainable approach of development, building needs in materials are huge while much
more important amount of various “wastes” have been cumulated during the last century. Most of those
materials have been used once, numerous present high hazardous characters. For those latter, energy
consuming inertization treatments are necessary, increasing once more their embodied energy and GHG.
Therefore, before any possible use of raw natural resource, a particular effort has to be done to recycle those
end-of-life inertized wastes.
The aim of the present work is to illustrate this approach through the particular case of new ceramic materials
issued of vitrified asbestos wastes (namely COFALIT®). The COFALIT® is presented and then compared to
materials from the architecture database in the CES Selector software. Its use in the building field could
simultaneously enhance the energy building efficiency and sustainability and add a new highly valuable life
of the recycled materials enhancing the industrial treatments of wastes.
2. Available materials for low temperature thermal storage
The suitability of available materials for low temperature thermal energy storage has been evaluated using
the CES selector software. The analysis is carried out following the methodology for materials selection
developed by Prof. Ashby of Cambridge University. This is of value for designing buildings as many
parameters are to be taken into account: thermal properties, mechanical behavior, price, availability,
recyclability, CO2 foot print… The tool has been already used and applied with success to the selection of
thermal energy storage materials to be used in energetic industrial processes [10]. Indeed, to find the best
way to compare materials, Cabeza et al (2010) have defined criterion of excellence, called material
performance index, which combine two or more properties of the material. It enables to maximize the
performance for a given application. For example, if the main objective is to minimize cost in the
application, the cheapest solution that meets all constraints is the best choice. But an application has often
many objectives, and when one parameter is minimizing, it does not generally minimize the others. So a
multi-objective optimization should be used to obtain a compromise between all the parameters used for the
application objectives.
In the paragraph below, thermo physical or other properties are combined and plotted on graphs to enable
classification and comparison of conventional materials with respect to the particular application of Thermal
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Energy Storage (TES) for buildings. The use of performance index will be more detailed at the beginning of
& 3.
2.1. Analysis of conventional materials
2.1.1. Storage capacity and compacity
Traditionally, people are used to take advantage of the heat (solar and internal) stored daily in the wall to get
comfort by night during winter and reversibly, to store the available free-cooling during night for use daily in
summer.
In buildings, those heat and coldness are traditionally stored by sensible heat in solid or even in liquid media
(usually water). For some decades, extensive researches are devoted to integration of latent heat based
Thermal Energy Storage Materials (TESM) in walls to increase the storage capacity per unit of volume [11,
12]. Nevertheless, this approach is still under R&D and still suffers of high costs and safety concerns.
Consequently, only sensible heat TESM is considered in the present study.
Sensible heat TESM properties are currently restricted, at least as a first step in usual selection procedures, to
the storage capacity and the density.
The storage capacity is defined as the ability of a material to store heat or coldness per unit of mass and
temperature variation. The density is related to the mass which could be placed in a unitary volume and
therefore to the compacity of the material. The highest could be the storage capacity and/or the density; the
smallest would be the amount of material needed to store a specific amount of energy.
According to this common approach, a first plot has been realized in terms of storage capacity as function of
density for the available materials.

Fig. 1: Storage capacity vs. density

On this diagram illustrated in Fig.1, materials are not spread on the whole surface without coherence but
families of materials can be easily identified and attached to a particular area of the plot. Each material is
specified by a surface related to its respective variations in the concerned properties. In the present case,
concrete, stone and bricks gather within a common domain forming an elongated surface from the center of
the diagram to the upper right over wide ranges of values. A second common domain is formed by wood,
bamboo and cork within a similar elongated surface mainly at the center of the diagram down to the lower
left part. A common surface is also shared by the two families of materials.
Such a diagram is of high interest at different levels: (1) it highlights the areas of what is achievable with
current materials, (2) helps any user to choose the proper one for particular need and (3) it helps to identify
clearly potential zones of interest for which no current material is available and therefore for which new
materials could be designed.
2.1.2. Thermal delay
The well known traditional thermal management cited above (beginning of & 2.1.1) supposes not only a
proper storage capacity but also the property of the material to induce a suitable delay, a shift in time,
between the storage and the discharge steps. As a practical example, overheat available at mid-day can be
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stored in the wall and released indoors 10 hours later during the night. Obviously, there is no interest to
release this heat after 3 or 22 hours. This delay can be controlled by both a pertinent choice of the TESM
with respect to its related properties. So when storage capacity is associated with thermal conductivity,
diffusivity and thermal delay can be considered. Diffusivity is the ability of a material to transfer quickly a
temperature variation. It is defined as:
λ
(eq. 1)
α=
ρC p
Thermal delay is the time lag needed to transfer the heat through the wall side to side. It is defined as [13]:

D=

x
v

(eq. 2)

with

v = 72.5 a the heat transfer speed

D=

1
1
x
72.5 3600a

(eq. 3)
with 3600a being the diffusivity in m²/h.
1
(eq. 4)
D = 1.38 x
3600a
According to those parameters, a second plot has been realized on Fig. 2 with thermal delay of a 0.2 m thick
wall function of thermal diffusivity.

Fig. 2: Thermal delay vs. diffusivity

At the upper left corner, materials such as bamboo and wood, can store the heat longer than concrete or brick
for a same thickness. For example, bamboo presents a 15 hours thermal delay whereas high performance
concrete only 7 hours for a thickness of 20 centimeters. Globally, this graph highlights the fact that materials
from the wood family present a high storage capacity and a low conductivity leading to low diffusivity and
so an important thermal delay. Therefore, such approach allows fast and efficient comparisons of materials
properties. In France, a wall of 20 centimeters in thickness is usually built with materials within concrete,
stone and brick families whereas wood or bamboos which are more used in other countries like in Asia.
2.1.3. Embodied energy
For the past decades, many researches have been done on the relationship between building materials,
construction processes and their environmental impacts. Every material needs energy during its whole life,
from its primary production, including raw primary constitutive materials extraction, processing, to
manufacturing, transport, maintenance… until its end of life from dismantlement to recycling. The sum of all
the corresponding needed energies is called embodied energy, and is typically measured as a quantity of nonrenewable energy content per unit of building material, component or system. For example, it can be
expressed as mega Joules (MJ) or kilo watt hour (kWh) per unit of weight (kg or ton) or volume (m3).
The process of calculating embodied energy is complex and involves numerous sources of data. The measure
of embodied energy enables to evaluate the associated environmental implications of resources depletion,
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greenhouse gases, environmental degradation and reduction of biodiversity. As a rule of thumb, embodied
energy is a reasonable indicator of the overall environmental impact of building materials or systems.
However, it must be carefully used against performance and durability since these last ones can have a
compensatory effect on the initial environmental impacts associated with embodied energy.
In the present study, the embodied energy of primary production is compared for previously cited materials.
Obviously, a too high embodied energy cannot be compatible with an approach of bioclimatic conception. So
as shown in Fig.3, in which embodied energy is plotted as a function of price.

Fig. 3: Embodied energy vs. price

According to this graph, materials from the wood family need generally more energy than materials from the
rocks family and so on for the cost. Generally for those materials, all the processes of forming,
manufacturing, and extraction of raw materials are the most energy intensive. So "wood materials" use more
energy than concrete to be made and are usually more expensive.
2.1.4. Emissivity and thermal expansion coefficient
The emissivity is an important parameter for a material used as a thermal mass. Indeed if the material doesn’t
emit properly, it will not discharge correctly the stored heat or coldness. The emissivity
coefficient ε indicates in fact the ability of a material to transfer heat by radiation as a "grey body" according
the Stefan-Boltzmann law cited below, compared to an ideal "black body" for which the emissivity
coefficient is taken as reference, ε = 1 .

P = σεS (T 4 − Tc4 )

(eq. 5)
where Tc is the temperature of surroundings.
Moreover and independently, thermal charge and discharge of sensible heat suppose corresponding
temperature changes. Those changes in temperature are always associated to thermal expansion effects
highlighted by changes in material dimensions. This effect can induce critical mechanical consequences if
materials of very different expansion coefficient are associated together.
Emissivity and thermal expansion coefficient are independent parameters in terms of both physical and use
concerns. Anyway, a corresponding graph using those two parameters can lead potentially to a general trend
and then to useful materials classification.
Moreover, in the case of building construction (as for other kind of applications), the choice of materials
could concern simultaneous parameters which could present absolutely no physical fundamental relationship.
Nevertheless, for the builder, the same material has to minimize and maximize simultaneously selected
parameters to fulfill the whole functionality.
This approach is illustrated in Fig. 4 in which emissivity is plotted as function of the thermal expansion
coefficient.
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Fig. 4: Emissivity vs. thermal expansion coefficient

Most of the selected materials have an emissivity ranging between 0.8 and 0.9, especially “dark materials”
within concrete, brick and stone families, currently named "selective warm materials". These materials are
closed to the "black body", which highlights their important ability to store thermal energy. Some materials
present also higher emissivity (up to 0.97) or significantly lower ones (down to 0.45). Then, relevant choices
would have to be done depending if the material would be used indoors as thermal mass and would
preferably present high emissivity or be used outdoors and should present a low emissivity.
The 2nd plotted property, thermal expansion coefficient, is usually ranging within a narrow domain of values
(from 3 to 11×10-6 K-1) for the construction materials such as concrete, stone and brick. Comparatively, this
coefficient presents a wide range of variation (from 2 to 250×10-6 K-1) for materials within the wood,
bamboo and cork families because of their capacity to absorb water, like cork, mainly used as a hygrometric
regulator material.
The Fig. 4 is an illustrative example of classification using two physically independent parameters presenting
simultaneous interest for building construction. In current European buildings, high emissivity and
simultaneously low thermal expansion are usually preferred leading to a choice of materials gathered within
the upper-left quarter of the graph. In areas concerned by earthquakes and typhoons, more flexible materials
would be preferred even if they present larger thermal expansion coefficients (which can be balanced by
construction techniques anyway).
In areas of very narrow temperature variations, like in Caribbean islands, the practical interest of those two
parameters could be really negligible before others more concerned by resistance against sea-shore
conditions or storms.
2.2. COFALIT®, material made of vitrified asbestos containing wastes
COFALIT® is made by the INERTAM company [14] located on the Atlantic coast in France. It is obtained
by vitrification of asbestos wastes with a plasma torch at 1500°C. At the end of melting, the material is
poured into ingot moulds, then removed from the mould and cooled down at air temperature. Dangerousness
from the asbestos fibers aspect had then completely disappeared; the material is entirely inert and harmless
for humans [15]. After a last crushing step, it is currently used as road ballast (fill), the only current industrial
opportunity (Fig.6).
Regarding the limited opportunities of this material, the company processes at the moment only 6000 tons of
asbestos wastes of the 250 000 extracted every year in France, the leftovers being stored in big bags waiting
for a final treatment in a specialized landfill disposal.
The tables 2 and 3 present some of the major properties of COFALIT®, highlighting specially an important
storage capacity (similar to concrete), a good mechanical behavior and a very low cost.
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Fig.6: Vitrification treatment steps for asbestos wastes

Tab. 2: Thermal properties of COFALIT®

ρ

ρC p

λ

K

(e=20cm)

kg .m −3

kJ .m −3 .K −1

W .m −1 .K −1

K −1

h

/

3120

2680

2

8.8 * 10 −6

6.10

0.96

COFALIT®

D

ε

Tab. 3: Economical, mechanical and environmental properties of COFALIT®

COFALIT®

E

Cm

E CO2

Eg

GPa

€.kg −1

kg CO2 .kg −1

MJ .kg −1

100

0.010

0.06

2.15

The embodied energy is calculated regarding only the energy used for plasma torch to melt asbestos
containing wastes. As those wastes are composed of various raw dismantlement materials, the calculation is
reduced here to the major concerned compounds CaO-SiO2.
The heat needed for melting the wastes is composed of sensible heat from room temperature to 1500°C
which is the melting temperature and the latent heat [16]:

Ee =

Cp
M

∆T +

LF
M

(eq. 6)

where

M (CaO − SiO 2 ) = 116 .14 g / mol
C p ( J /( molK )) = 63 .58 + 0 .05724 × T ( K )
T = 1821 K
Cp

( J /( gK )) = 1 .44
M
L F (1821 K ) = 57 .3kJ / mol
LF
( J / g ) = 493 .37
M

Ee = 1.44 × (1821 − 293.15) + 493.37
Ee = 2693.474 J / g
Ee = 2.693kJ / g
Ee = 2.7 MJ / kg
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(eq. 7)

Then the CO2 quantity, ECO2, is estimated regarding the quantity of CO2 emitted per electric kWh (kWhe),
which is equivalent to 60 g per kWhe [17] for industrial use of electricity:

Ee = 2.7 MJ / kg = 0.75kWhe / kg
ECO2 = 45 g CO2 / kg = 0.045kg CO2 / kg

(eq. 8)
(eq. 9)

Its availability and low cost (10€ per ton) have made COFALIT® a potential candidate for sensible heat
thermal storage. The first selected potential energetic application for COFALIT® is its use in
thermodynamic concentrated solar power plants (CSP) as a sensible heat thermal storage material [18].
As a matter of fact, regarding a sustainable approach, if used as energetic material, the embodied energy and
CO2 of this recycled ceramic could be balanced by its new life. In the particular case of CSP, the embodied
energy presents a payback estimated to about one year of use. This is reasonably small before the 35 years of
a CSP plant operation and can justify the high energy cost of the thermal waste treatment.
In the case of building construction, the energy and GHG contents of materials should be systematically
analyzed in similar way defining the corresponding payback.
3. Comparative study
In order to compare COFALIT® to others available materials previously studied and in order to select the
most efficient material for thermal energy storage in buildings, performance index are defined, based on the
approach proposed by Cabeza et al (2010) and described at the beginning of paragraph 2.
3.1. Index performance
The needed function here is thermal energy storage with the main objective being to maximize the storage
capacity per unit of cost. In terms of performance criteria, it leads to the thermal energy stored per unit of
volume (eq. 10) and the cost per unit of mass (eq. 11):

Q = ρC p ∆T

(eq. 10)

C = mC m

(eq. 11)

So stored energy per unit of volume and cost can be written as:

Q=

m
C
C p ∆T =
C p ∆T
V
CmV

(eq. 12)

Looking at Eq. (12), it can be seen that the objective to maximize storage per unit of cost depends on
different variables, some geometrical such as volume, other operational as the temperature interval and other
depending only of the material properties (cost per kg and specific heat capacity). So the material with the
highest value of Q is the one with the highest value of Cp/Cm, which is defined as the performance index P1,
which is related only on material properties:
(eq. 13)

P1 = C p / Cm

As we are looking for thermal mass materials which have to diffuse internally heat or coldness by conduction
during the day, which means short term storage, the time dimension has to be included. This task is achieved
using thermal diffusivity in the function thermal energy storage. Material thickness can be associated to
diffusivity and diffusion time through the eq. 14:
(eq. 14)

x = 2 aτ

And so on for the cost:

C = mC m = ρVC m = ρSxC m = S 2τ ( a1/ 2 ) ρCm

(eq. 15)

So in this case, to reach the objective of minimizing cost without concerns in operating conditions, the
material with the intrinsic lowest cost is the one with the highest value of the performance index P2:
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P 2 = 1 /( a 1/ 2 ) ρC m

(eq. 16)

In the Fig.7, the performance index P1 vs. P2 are plotted together and considered when short term storage is
needed. In this case, materials with the highest performance index P1 and P2 are located on the top right of
the graph. They present a low cost Cm, an important storage capacity ρC p and also a high diffusivity a.
Materials within the concrete and stone family, especially high performance concrete, and COFALIT® are
the most efficient materials, this one being far away with its very low cost and high storage capacity.

Fig.7. P1 vs. P2

It is also possible to plot a performance index vs. only one property, such as Young’s Modulus, which should
be maximized for every material. Fig.8 shows P1 as a function of Young’s Modulus E. Materials with the
highest performance in terms of energy storage and mechanical behavior are located on the top right of the
graph. According to those parameters, COFALIT® and materials within the concrete, stone and brick family
are again the most efficient ones.

Fig.8: P1 vs. E

Following the same approach, one can consider the storage capacity per unit of embodied energy and the two
performance indexes below are calculated. The index P’1 is related to the stored energy per unit of embodied
energy while the index P’2 refers to the thermal diffusivity and embodied energy. In this case, materials with
the highest performance index present a low embodied energy and thermal diffusivity.

2244

P '1 = C p / Ee

(eq. 17)

P '2 = 1 /(a1 / 2 ) ρEe

(eq. 18)

Most efficient materials, located on the top right of Fig.9, are stones. They present a low embodied energy
needed only for their extraction, so an important performance index P’1. As seen on Fig.2, stones have an
important thermal diffusivity, which leads to an average performance index P’2. Materials from the concrete,
stone and brick family are generally more efficient in terms of short term storage regarding embodied energy
than the “wooden” materials. COFALIT®, with an embodied energy equivalent to 3 MJ/kg, is situated
between concrete and bricks. Its fabrication needs high temperature (1500°C) to reach melting point so a
high primary energy demand.

Fig.9: P’1 vs. P’2

3.2. Energy payback time for a passive storage
Regarding the previous figures, it is important to consider the energy payback time of each material. It is
defined as the time in years needed for a system to « payback » its energy initial content. For that, the
received energy Q by a material needs to be evaluated, during a time t in years, when “one storage cycle” per
day is considered:

Q = ρC p ∆T × 365t

(eq. 19)

∆T is the difference between the material temperature when storage is activated (maximum 60°C) and the
material initial temperature (equivalent to 20°C).
On Fig.10, the ratio between the received energy Q and the embodied energy Ee of each material is plotted
function of time. When this ratio is upper than 1 (Q/Ee>1), it means that the received energy during the
number of corresponding years balances the material embodied energy leading to an energy payback.
Limestone needing energy only for its extraction has a low energy payback time equivalent to 7 days.
Concrete payback its energy content in about 1 month and a half and COFALIT® in about 2 months and a
half. The energy payback time of COFALIT® in building construction is five time more important than for
CSP. This is due to the respective amount and frequency of thermal storage specific to the applications. The
energy payback time of COFALIT® is more important than for the former materials, due to the large energy
amount needed for its making. Anyway it enables the reuse of materials in end lifecycle and so a positive life
cycle analysis in opposition to conventional materials previously cited. This aspect concerns other important
issues which are the availability of materials and the interest to use recycled materials before new ones for
which additional extensive exploitations of natural resources are needed. Then, a critical choice appears
finally between environmental impact of waste treatments for inertization and recycling (including embodied
energy and CO2) and natural resource depletion and energy needs to manufacture new materials.
Anyway, regarding the energy payback time of about 2 months and a half, the recycled COFALIT® material
presents an energy content still significantly lower than the expected time of operation for its new life-cycle
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(at least 50 years for a building). Moreover, the Plasma Torch process used today for wastes melting could be
potentially significantly improved by combination with concentrated solar heat to reduce the corresponding
energy needs and GHG production. This potential is already under study in related laboratories.

Fig. 10: Materials energy payback time

4. Conclusion and perspectives
COFALIT® is a material with a good prospect. Its use enables asbestos wastes recycling, waiting today for a
treatment. Also, with the principle of « who is polluting is paying», person who owns asbestos wastes are
compelled to pay for their vitrification, which explains the cheap cost of COFALIT®.
The fact that COFALIT® is molten and then casted enables a complete shaping liberty and so many different
use opportunities. It reveals itself to be a potentially multifunctional material, used for thermal mass (Trombe
wall for example), as a supporting structure or for its aesthetic quality as a vitrified stone (coatings).
This material could eventually substitute, at least partially, concrete and brick materials in construction.
Some pilot test will soon be carried out to evaluate its performance when integrated into low energy
buildings.
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Abstract
The predominant climate in most of Mexico is hot and sunny, divided between humid in the southern coastal
areas and dry in the north. One of the most common materials used to build roofs today is reinforced concrete.
This material allows a better use of the available space, but its thermal insulation characteristics are
inadequate. This causes the levels of comfort inside the houses to be much worse than the minimum required.
The current tendency to make better use of energy in buildings has led to the development of a new generation
of roof coatings that offer a greater resistance to heat transfer. Thus, there is now a need for experimental
mechanisms capable of evaluating the thermal behaviour of these products. In a hot and sunny climate, the
effect of solar radiation reaching the roof is very important. In summer, under a clear sky, up to 1,000 W/m2
can reach the roof of any given house. Depending on the reflectivity of the roof surface, between 10% and
95% of the incident radiation is absorbed and converted to heat. This adds to the convective heat transfer
generated by the temperature difference between the interior and exterior air. This work presents the results of
a series of experiments in which 12 different roof coating systems commonly used in Mexico were subjected
to identical operating conditions. For this, we built an experimental shed whose roof was designed to hold 12
concrete test-probes, insulated from each other, and coated with the substances to be tested. The coated testprobes were subject to the same exterior weather conditions, with the inside of the shed under constant airconditioning. Temperature measurements were taken on both faces of each slab, which made it possible to
compare their heat transfer rates and thus the performance of each coating. The system was monitored over
several weeks, with simultaneous measurements taken every two minutes. The results show that applying a
few millimeter coating of white acrylic paint with polymer microspheres has the same effect as insulating the
slab with 1" of polyurethane foam covered with conventional red acrylic paint. We also compared the heat
flows obtained with the 12 different coatings during the day and night.
1. Introduction
The vast majority of single family households in Mexico use concrete slabs as the basic element in roof
construction. In most cases, waterproofing coatings are applied over the slab and, if enough economic
resources exist, a thermal insulation layer is applied before the waterproofing coating. A majority of the
homes in Mexico are built with low-sloped roofs (almost horizontal), mainly due to the low risk of snow
accumulation, a danger only present in the Mexican highlands. Single-family homes with quasi horizontal
concrete roofs are the most common in Mexico, and because of the latitude, rooftops are the construction
elements with the greatest thermal flows between the environment and the building’s interior. In order to limit
the amount of heat that flows through roofs, one can either increase the roof’s thermal resistance or reduce the
quantity of solar radiation that is absorbed by the surface of the waterproofing coating. To increase the roof’s
thermal resistance, thermally insulating polyurethane or polystyrene foams are commonly used. A
waterproofing coating is needed for all types of roofs, whether it is applied over the concrete slab or over a
thermally insulating material; however, due to the small thickness (0.4 to 2 mm) of the coat, it has always
been thought that its contribution to the roof’s conductive thermal resistance is negligible.
In order to obtain products with a better thermal performance, diverse coating manufacturers have aimed to
reduce the thermal conductivity of their waterproofing coatings by adding hollow microspheres made from
ceramics, glass, and polymers. Laboratory tests have shown that the microsphere addition does reduce the
thermal conductivity (increases the resistance) of the waterproofing material, but because the coating has such
a small thickness, its contribution to the total roof resistance can be considered to be negligible. Nevertheless,
empirical tests in houses or small models with heating and cooling showed a reduction in the heat flow and
temperature of the surfaces where the coating was applied. However, due to diverse experimental conditions,
different times, and physical models used in the tests, the results were not conclusive or even comparable. The
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measurement of thermal and optical properties of the materials can be done in any laboratory, yet, the effects
these properties have in the heat flow through roofing elements (subject to both convection and radiation) are
not so easy to evaluate analytically. It is hard to know several of the intervening parameters in said
phenomena, such as temperatures, solar and infrared emissivity and reflectivity, convective coefficients, etc.,
also due to the fact that said parameters vary continuously during the day and night.
The use of roof coatings that provide greater resistance to heat flow can provide economic savings by
reducing the energy consumption destined for artificial ambient conditioning of buildings (Akbari, 2003;
Akbari et al., 1999; Jo et al., 2010), at the same time it represents a reduction of CO2 emissions, especially if
the coating increases the roof’s solar reflectivity (Akbari et al., 2009). Experimentation is used to determine
the heat flow through the coverings of buildings to validate the methods used for the calculation of thermal
loads (ASHRAE, 2009). Other experiments have been done recently to compare the thermal behavior of
different insulating materials commonly used for covering in buildings. Some studies have been developed in
real houses and other types of buildings, or in situ (Jo et al., 2010; Michels et al., 2008), while other authors
have used experimental stations. Levinson et al. (2007) made a comparison between the thermal resistance
and the heat gained between painted roofs using colors that featured high infrared reflectivity and
conventional ones, 6 scaled models of buildings were used. Önder and Yumrutas (2009) determined the heat
flow through 8 different types of walls and 2 types of roofs in 2 experimental stations by applying the Total
Equivalent Temperature Difference (TETD) method. Jo et al. (2010) compared the thermal performance of a
conventional coating against a new reflective coating, based on experimental temperature data in the inner and
outer faces of a roof of a building in Phoenix, Arizona (USA), by performing a simulation using EnergyPlus
software. The results reported savings of 8.4 to 12.6% in the monthly electrical energy consumption destined
towards building cooling. Cabeza et al. (2010) used a series of insulated experimental stations with diverse
materials in order to make a temperature comparison of the inner surfaces of the walls and roofs; they also
calculated the energy consumed (kWh) by the ambient conditioning equipment used for all the stations.
This work presents the experimental results obtained by comparing the heat flows generated through a series
of 12 concrete slabs fabricated with the same material and featuring the same thickness. These probes had
diverse thermal insulators and/or waterproofing coats and were subjected for extended periods of time to
identical external and internal environmental conditions. To meet the requirements above, an experimental
station was designed in which the roof housed the probes (concrete slabs with their respective coatings). The
probes were exposed to the same external climatic conditions for a period of three weeks in the months of
October and November, 2010. Inside the station, the ambient conditions were maintained almost constant by
means of an artificial ambient conditioning system (mini-split). The temperatures were measured
simultaneously in the geometric center of both faces of each concrete slab every 2 minutes, for a total period
of 21 days. The objective of this study was to experimentally determine the heat flow through the 12 probes
and, consequently, through the different coatings used in each of them. Due to the similar geometric and
climatic conditions of the experiment, and also due to the simultaneous measurements done with a
multichannel Data Logger, it is possible to make an objective comparison regarding the coating’s heat flow
reduction efficiency.
Thermal interaction between the roof of the station and the environment represents a superposition of the heat
transfer mechanisms of convection, solar radiation, and infrared radiation; which are difficult to measure
separately. However, the net resulting heat (once it is incorporated to the external surface of the roof) flows by
means of conduction through coatings and concrete slabs. By knowing the thickness and thermal conductivity
of the concrete slab, the net heat flow can be obtained once the temperatures in the faces of the slab are
known. This way, one can evaluate the combined effect of the coating’s optical properties (solar and infrared
reflectivity, infrared emissivity) and the conductive thermal resistance of the set comprised of
slab + insulation + coating, under similar climatic and interior ambient conditions. Given the fact that the
concrete slabs are identical, the climate effect is the same for all, and the comparison of heat flow magnitudes
between the various probes effectively shows the performance of the insulation + coating sets (or only the
coating if no insulation is included in the probe). This experimental method is relatively simple to implement
and easy to understand, reason for which it can be a very useful tool to compare different construction options
for roofs. With this methodology, coating developers can evaluate the efficiency of their products as heat flow
restrictor in roofs. This allows a comparison not only against other waterproofing coatings, but also against
existing conductive insulating systems.
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Current Mexican norms regarding the thermal efficiency of materials used in building construction, including
norms NOM-018-ENER-1997 y NMX-460-ONNCCE-2009, only consider the thermal resistance of the
materials used in roof construction without any reference to the optical characteristics of the external coating
itself. Active norms in other countries do take into account the optical properties of the coatings and,
additionally, the experiments done in this work corroborate the importance of having reflective-emissive
roofs. Having a high solar and infrared reflectivity in the external surface of the roof prevents the absorption
and further penetration of a great part of the irradiation that reaches the house. The high infrared emissivity
increases the roof’s capacity to dissipate large heat quantities through infrared radiation to the atmosphere,
generating a passive cooling effect. If the effect of diurnal solar irradiation acting over the surfaces (which is
variable from dawn to dusk) is taken into account, it is relevant to observe that the passive cooling resulting
from the infrared emission of the roof towards the atmosphere works during the 24 h of the day, reason for
which its effect can be very important if the atmospheric conditions are adequate, such as having a low
relative humidity in the air. This work represents the first effort to have Mexican norms recognize the
importance of optical properties of roof coatings, especially as an alternative for the reduction of heat flow in
houses situated in warm and sunny climates, which is the case in most of Mexico.
2. Methodology
2.1 Heat Flow measurement
The heat transfer mechanisms (convection and radiation) occurring in a building’s roof are shown
schematically in figure 1. In any given house, it can be assumed that the size of the roof is sufficiently large to
have a one-dimensional net heat flow. With this assumption, the net heat flow that crosses the external surface
of the roof is the same conductive heat flow that goes through the concrete slab, and it is the same heat flow
between the slab and the air inside the house. The magnitudes of the heat flow by convection and by radiation
are difficult (but not impossible) to measure. However, heat conduction through the concrete slab can be
easily calculated if the temperatures of the exterior and the interior surfaces, along with the thermal
conductivity and the thickness of the concrete slab are known.
This study defines Te as the external air temperature, Ti as the internal air temperature, Tse as the external
surface temperature of the probe, and Tsi as the internal surface temperature of the probe, he y hi correspond to
the convection heat transfer coefficients that occur in the exterior and interior sides of the probe (figure 1).
Solar Radiation
(incident and reflected)

External Air
Heat Convection

Roof - Atmosphere
Infrared Radiation

he

External Air
Temperature
Te

Roof Covering

Tse

Heat
Conduction

Tsi

hi
Internal Air
Heat Convection

Concrete Probe

Internal Air
Temperature
Ti

Fig. 1: Heat transfer mechanisms in building roofs.

2.2 Similar working conditions
In order to experimentally compare the performances of different kinds of coatings, it is required that the
external and internal climatic conditions are identical for all probes. If the roofs are located in different
houses, it would be difficult to have a certainty regarding the achieved climatic similarity. Moreover, the
structure of the roof itself can vary significantly between houses, it would be required to have a house for each
coating to be tested and, additionally, one would have to remove the existing roofs or have additional houses
whenever new coatings need testing.
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2.3 Experimental Station
A mobile experimental station was designed with a roof that could house 12 identical probes that could be
removed. The station was built using pre-constructed thermo-panels (polyurethane layer sandwiched between
two metallic sheets), and a mobile air-conditioning system maintained the internal conditions controlled. The
concrete probes were fabricated from a single concrete casting which was molded using specially designed
molds that ensure products with identical thickness and dimensions. The used cement-gravel-sand mixture is
commercially sold in Mexico (GCC - Dinamix) and, according to the technical data provided by the mixture
manufacturer, the thermal conductivity was 1.28 W m-1 K-1.
In order to find the minimum probe size that could be used, a two-dimensional heat flow was modeled in the
probe, as a function of its size and under extreme temperature conditions, by using a finite element analysis
approach. The obtained temperatures in the geometric center were compared to the ones predicted by a onedimensional heat flow analysis. It was determined that, starting at 40 cm of length, the edges of the probe only
introduce a 0.1ºC error when assuming one-dimensional heat flow in the slab’s geometric center. Figure 2
shows the exterior of the station and the roof structure where the probes were placed. The station was oriented
with a 5° slope towards the South; this was done to have a direct incident solar radiation during the day.

Fig. 2: Experimental station, A) Air-conditioning, B) station access, C) Inside view of probe stations, D) Probe placement

In order to have a controlled atmosphere in the inside of the station, and also to provide a continuous
temperature gradient between the interior and the exterior of the station itself, an air-conditioning equipment
with a cooling capacity of 12,000 Btu/h and a heating capacity of 13,500 Btu/h was installed.

Fig. 3: Probes viewed from the inside of the experimental station

Figure 3 shows the probes placed in their respective supports. The positioning screws allowed the leveling of
the external surfaces of the probes with the external surface of the roof. The lateral insulation was placed to
prevent the horizontal heat flow. The air-conditioning system and the thermocouples for temperature
measurement are also shown above.
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2.4. Instrumentation of the station
An Agilent model 34970A was used for the temperature acquisition and post-processing. Two 20-channel
multiplexor cards 34901A for T-type thermocouple connections were also added. Aside from measuring the
external surfaces (Tse) and internal surfaces (Tsi) of the 12 probes, the external air (Te) and internal air (Ti) of
the station were measured and stored in a personal computer. Additionally, climate data was obtained with a
portable meteorological station.
External Air

Te
Coating

Polyurethane

Variable

Tse

Drill

Concrete Slab

7 cm

Tsi

Polystirene

Internal Air

Thermocouples

Ti

Positioning Screws

Fig. 4: Probe schematic

2.5. Coating application
Thermocouples were installed in the geometric center of the probe’s external surfaces; they were fixed in
place using aluminum tape over the union and paper tape over the cables. The upper thermocouples were
guided to the inside the station through bore holes placed in the edges of each probe; this was done to avoid
interfering with the heat flow at the center. On the upper surface of the probes, different coatings were applied
following the standard application techniques used in real house roofs. The coated probes and the installed
upper thermocouples were placed in the roof’s supporting structures; the lower thermocouples were installed
afterwards in the internal surfaces of the probe.
2.6. Temperature measurements
The temperature measurements were carried out every 2 minutes during a continuous week for a total of 3
nonconsecutive weeks. The processing of the obtained data was done using an electronic spreadsheet, which
yielded numerous graphs depicting the daily temperatures in each probe.
2.7 Heat flux determination
From the temperature measurements of the concrete probe surfaces, the calculation of the instantaneous heat
flux that flows through it,

(W m-2), can be obtained in the following manner:

Where k is the thermal conductivity (W m-1 °C-1 ), d is the thickness of the probe (m)
surface temperature (°C), and

is the external

is the internal surface temperature (°C). Given the fact that continuous

measurements were taken every 2 minutes, the instantaneous heat flux values for those times were also
obtained and, therefore, it was possible to analyze their variation as a function of time. According to equation
[1], there is a heat flow towards the inside of the station when

is positive, conversely, negative values

indicate a thermal flow towards the outside of the station (heat losses).
2.8 Total accumulated heat flow
From the instantaneous heat flux values, one can calculate the total heat flow per unit area during a specific
time across each analyzed coating. For this, one has to numerically integrate, with respect to time, the area
under the curve described by the instantaneous heat flux.
In the climatic conditions where the experimental runs where carried out, corresponding to Chihuahua City,
Chihuahua, Mexico, heat gains during the day and losses during the night were observed. The low air moisture
(characteristic of this northern region of Mexico) causes ample oscillations between the day and night
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temperatures (approximately 20ºC), and the natural conditions enhance the passive cooling in emissive
surfaces. To obtain the total amounts of lost and gained heat during extended periods of time, both the positive
and negative heat flows were separately added, accumulating the totals occurring during one week periods.
3. Evaluated coatings
The analyzed coatings in this study include:
1) Thermo-insulating materials commonly used in Mexico such as expanded polystyrene (EPS) and foamed
polyurethane (PU), applied to a thickness of 2.54 cm (1 inch).
2) Normal (regular) waterproofing acrylics, colors red (NRAC) and white (NWAC).
3) Waterproofing acrylic coatings with added polymeric microspheres, identified as Cellular, colors white
(CWAC) and red (CRAC).
4) A newly developed thermo-insulator named Polinsulate, consisting of a nonwoven textile material that
incorporates microspheres into its structure.
5) A bare concrete probe without any coating, used as a reference.
6) An uncoated probe that was manufactured using a different type of concrete named Cellular Concrete
with Polymeric Microspheres (CCPM), to which polymeric microspheres were added instead of air
during the concrete casting, making it Cellular and, consequently, very light (density 1.2). This CCPM
exhibits a greater thermal conductive resistance than the other 11 concrete probes used in this study
(thermal conductivity of CCPM: 0.18 W m-1 K-1).
A total of 11 identical concrete slabs and 1celular concrete slab, with the same thickness, were fabricated. The
applied coatings to the 10 left probes are listed below in table 1.
Tab. 1: List of analyzed coatings

Probe
1
2
3
4
5
6
7
8
9
10
11
12

Description
Bare concrete (Reference slab)
CWAC (1.5 L/m2)
CWAC (3 L/m2)
1” PU Foam + NRAC (1 L/m2)
1” EPS sheet + NRAC (1 L/m2)
1” EPS sheet + CWAC (1.5 L/m2)
White acrylic cellular textured paste (2 L/m2)
½” Polinsulate + CWAC (1.5 L/m2)
NWAC (1 L/m2)
NRAC (1 L/m2)
CRAC (1.5 L/m2)
CCPM (un-covered)

Microspheres
The microspheres used in all the cellular products of this study were polymeric hollow expanded humid
microspheres (brand Akzo Nobel Expancel, type: 461 WET 40 d25), which have an average diameter of 3050 µm. The addition of microspheres to waterproofing acrylics is known to reduce its thermal conductivity
and apparent density; this can be observed in Figure 5 for diverse cellular and conventional waterproofing
coatings commercialized in Mexico (ONNCCE, 2011). However, the conductivity reduction of a
waterproofing coating by microsphere addition doesn’t explain the strong effect in the reduction of heat flow
when it is applied to the roof of houses, considering that the waterproofing coating is only 0.4 - 2 mm thick.
The reduction in the heat flow caused by the application of reflective/emissive waterproofing coatings was
previously empirically observed, but it hadn’t been quantified objectively.
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Fig. 5: Thermal conductivity vs. density of conventional and cellular waterproofing acrylic coatings

4. Results
4.1 Experimental conditions
The tests to determine the heat flux in the experimental station were made during three weeks in the months of
October and November 2010, in Chihuahua City, northern Mexico. The temperature readings were taken
every 2 minutes and the climatic data was recorded in 15 minute intervals. During the measuring period, the
temperature varied from 6°C to 32°C, the maximum solar irradiation happened around 13:00 with values
ranging from 725 to 920 W m-2. The artificial ambient conditioning system in the station was programmed to
maintain a temperature of 20°C. The temperature and heat flux results shown in this work correspond solely to
the 10th of October, 2010. Similar graphs were obtained for the other 20 measured days.
Once the temperature data in the faces of each concrete slab was obtained, the instantaneous heat fluxes for
each probe and for each day were calculated. By doing a numerical integration of the instantaneous heat flux
curves, the gained and lost heat flow through each probe during the given time periods was obtained. The
daily thermal losses and gains were separately added for one-week periods. The total lost and gained heat (by
m2 and by week) objectively shows how efficiently each type of analyzed coating performs as a thermal load
reducer in a house. The total heat gains and losses throughout each of the three weeks were calculated;
however, this study only shows the results corresponding to the week ranging from the 10th to 16th of October,
2010. The results of the other two weeks are qualitatively similar to the ones here presented; only their total
magnitudes vary due to the local climate changes caused by autumn’s arrival.
4.2 Temperature profiles
The temperature profiles of each probe show a detailed description not only of the magnitude and gradient
evolution, but also of the effect of the coating’s thermal emissivity. One can observe in Figure 6 that the naked
probe (1) reached surface temperatures of 43ºC (11ºC above air temperature), while the probe with the cellular
acrylic coating only reached 30ºC (2ºC below the external air).
Figure 7 shows that, in a 1” thermally-insulated probe, the substitution of regular red acrylic (approved by the
current Mexican norms) with white cellular acrylic (considered to be similar to the regular red acrylic
according to Mexican norms), not only leads to a reduction of external and internal slab temperatures, but also
to a reduction in the thermal gradient.
One can observe in figure 6 that, during the nocturnal period, the probes without conductive thermal insulation
maintain their exterior surface temperatures below the ones exhibited in both the internal surface and the
external air. This lower temperature implies that, during the night period, heat flows from the inside of the
station towards the outside and also from the external air towards the external surface of the probe. This
proves the existence of a strong effect of passive cooling due to the emission of infrared radiation by the
external surface and, because of the absence of thermal insulation in the probe, there is heat flow from the
inside of the station. On the other hand, figure 7 shows that the probes with conductive thermal insulation are
maintained at a higher temperature than the exterior air; additionally, the thermal gradient indicates a very
reduced heat flow through it. The high internal surface temperature of the probe indicates undesirable comfort
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conditions, due to the infrared radiation emission towards the inside; it also indicates that, without any
artificial ambient conditioning systems, the house remains hot during the night. Figure 8 shows the effect of
applying polymeric microspheres to a coating of the same kind and color. It is observed that, during the
daytime, the temperatures of the probe with microspheres are between 3 and 5ºC lower.
Slab 2: Celular Acrylic White (1.5 L/m2)

Slab 1: Bare concrete (Reference slab)
Tse

Tsi

Te

Te

Tsi
Ti

Ti
Tse

Solar Irradiation

Tse
Tsi

Te
Ti

Solar Irradiation

Tse
Tsi

Te
Ti

Fig. 6: Temperature profiles in probes 1 and 2, October 10th, 2010

Slab 5: Polyestirene (1”) + Normal Acrylic Red (1 L/m2)

Slab 6: Polyestirene (1”) + Celular Acrylic White (1 L/m2)
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Fig. 7: Temperature profiles in probes 5 and 6, October 10th, 2010

Slab 11: Celular Acrylic Red (1.5 L/m2)

Slab 10: Normal Acrylic Red (1 L/m2)
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Fig. 8: Temperature profiles in probes 10 and 11, October 10th, 2010

4.3 Heat flux profiles
One can observe in figure 9 that applying CWAC over the concrete slab results in a reduction of heat gain
from 180 to 80 W m-2. It can also be noticed that, during night-time, the coating doesn’t offer any appreciable
protection against heat losses because both probes behave almost identically. The period during which passive
cooling happens ranges from 21:30 until 9:00 (11.5 h) for the naked probe, while it ranges from 21:00 until
10:00 (13 h) in the CWAC-coated probe.
Figure 10 shows how, in a probe with conductive thermal insulation, the application of CWAC instead of
NRAC causes a reduction in the maximum heat flux from 70 to 42 W m-2. It can be observed that the passive
cooling period is increased by 2 h, changing it from 1:30 am -10:00 am (9.5 h) with NRAC, to 0:30 am -11:00
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am (10.5 h) with CWAC. When figures 9 and 10 are compared, it can be seen that roofs with conductive
thermal insulation (Figure 10), have a maximum flux approximately one hour later than un-insulated roofs.
Additionally, the heat stored during the day continues to flow to the inside of the house even after midnight;
while roofs without thermal insulation have heat flowing towards the inside of the house only until
approximately 21:00, when the flow stops and the inverse process (passive cooling) commences. This
phenomenon is very important if one considers that the majority of houses of social interest (very economic,
but abundant) lack of air-conditioning systems and are situated in geographical zones with predominately hot
and sunny climates. Houses with conductive thermal insulation limit the flow of diurnal heat to the inside;
however, the heat that gets through during the day stays trapped inside the house during several more hours
into the night. On the other hand, if the roof only has reflective/emissive coatings, it restricts the amount of
solar radiation that is absorbed and penetrates the house, giving it the same effect as insulators; but whenever
the solar load ceases, the coatings do allow the flow of stored heat back to the outside.
Slab 1: Bare concrete (Reference slab)

Slab 2: Celular Acrylic White (1.5 L/m2)

Heat Gain

Heat Gain
Heat Flux
Heat Flux

Solar Irradiation

Heat Loss

Solar Irradiation

Heat Loss

Fig. 9: Heat flux profiles in probes 1 and 2, October 10th, 2010

Slab 6: Polyestirene (1”) + Celular Acrylic White (1 L/m2)

Slab 5: Polyestirene (1”) + Normal Acrylic Red (1 L/m2)
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Fig. 10: Heat flux profiles in probes 5 and 6, October 10th, 2010

Slab 10: Normal Acrylic Red (1 L/m2)

Slab 11: Celular Acrylic Red (1.5 L/m2)
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Fig. 11: Heat flux profiles in probes 10 and 11, October 10th , 2010
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One can observe in figure 11 how the addition of microspheres to the same red acrylic coating reduces its
maximum heat flux from 200 to 170 W m-2. This effect is attributed solely to the optical properties the
microspheres contribute to the coating. It can be inferred from the graphs that the probes have the same heat
flows during the nocturnal period, which means similar conductive thermal resistances
4.2. Total heat gained and lost
Temperature measurements where performed during 21 days, in 3 nonconsecutive week periods. This yielded
21 similar graphs to the ones shown before for each probe. Through numerical integration, the total daily heat
gained (area under the flux curve) and lost (area above the flux curve) was obtained. The gains and losses
were added separately during each week to obtain the weekly totals. The separation of heat gains from heat
losses turned out to be very important to allow the comparison between the different behaviors of the systems
with conductive thermal insulation against the systems with reflective/emissive coatings.
Figure 12 shows the daytime heat flows obtained during the week from 10th to 16th of October, 2010. The
results for the other two weeks are not shown; however, they are very similar and coherent to the ones shown.
To have a greater appraisal of the obtained results, figures 12 and 15 depict the probes and coatings according
to name, probe number, composition (structure) of the coating (with the added conductive insulation or not),
microsphere content in the waterproofing coating, and color. The heat flows during the test week (October 1016, 2010) are shown in figure 12, and it can be observed how the best materials turned out to be the two new
developments which are not yet commercially available (probes 8 and 12). Probe 6 obtained the lowest
accumulated heat flow of all the tested commercial products, due to the fact that it had 1” of conductive
insulation and was covered with CWAC. It is of special interest for the current conditions in Mexico to see
how probes 4 and 5, which were coated with 1” of conductive insulation and comply with the active norms for
energy savings, allowed a greater heat flow than probe 2, which only had a CWAC coating with a maximum
thickness of 2 mm. Mexican norms don’t consider this type of coating as a technology for heat flow reduction
in roofs.
Figure 13 shows the percent reduction in heat flow caused by each tested coating (taking the behavior of bare
concrete as the reference). It is observed that probe 6 reduced the heat flow by 71%, probe 2 reduced it 58.3%,
probe 5 reduced it by 51%, and probe 9 reduced it by 44%. Probes 5 and 6 have the same conductive
insulation but, when the coating is changed from NRAC to CWAC, there is an additional 20% reduction of the
total heat flow. If the results obtained from probe 2 (CWAC) are compared to the ones of probe 9 (NWAC),
which differs in the CWAC’s addition of microspheres, a 34.3% greater heat flow is observed in probe 9 than
in probe 2. The same comparison between probes 10 and 11 (colored red) resulted in 18.5% additional heat
flowing through probe 10 (NRAC) when compared to probe 11 (CRAC). Figures 14 and 15 show the total
heat flows during the nocturnal period (heat losses). The graphs show that, during the night and in the
presence of cold climatic conditions, only the coatings with added conductive thermal insulation provide a
reduction in the heat flow. The reflective/emissive waterproofing coatings do not add conductive thermal
resistance due to their small thickness (1 - 2 mm).

Fig. 12: Total diurnal heat gain for the week of October 10th - 16th , 2010
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Fig. 13: Total diurnal heat reduction gained during the week of October 10th - 16th, 2010

Fig. 14: Total nocturnal heat lost during the week of October 10th - 16th , 2010

Fig. 15: Total nocturnal heat loss reduction for the week of October 10th - 16th , 2010
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5. Conclusions
A methodology to determine the heat flow across roof coatings is presented in this study. This methodology
allows the evaluation of the thermal performance exhibited by any coating materials. This experiment
compared the thermal performance of two uncoated probes made of different kinds of concrete, six concrete
probes coated solely with waterproofing acrylics, and four probes with thermal insulation and coated with
waterproofing acrylics. With the obtained results, it is concluded that the best reduction of diurnal heat flow
was exhibited by the combinations of a thermal insulating material (which increases the conductive thermal
resistance) and a white cellular waterproofing coating. During nocturnal periods and/or cold conditions, the
thermal insulating material is an indispensable element for the reduction of heat losses. Moreover, the
different behaviors between CCPM and conventional concrete are explained by the strong difference between
their thermal conductivity values, caused by the addition of polymeric microspheres to the CCPM.
Due to the high levels of insolation present in most of Mexico, the use of highly reflective and emissive
coatings can be the simplest and most economical solution in order to strongly reduce the energy consumption
destined for artificial ambient conditioning. Only in regions with cold climatic conditions there is the need to
use conductive thermal insulation. The usage of conductive thermal insulation in hot regions is not only much
more expensive, but it also impedes nocturnal passive cooling of houses without any air-conditioning; it also
impedes good thermal comfort for its occupants because the house’s internal surfaces remain warm for a
longer period of time. It is important to stress the necessity for current Mexican norms to value, evaluate, and
encourage the usage of reflective and/or emissive coatings. These important products reduce the energy
consumption required for ambient conditioning in houses, and they also improve the thermal comfort for its
occupants.
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MATHEMATICAL MODEL RESEARCH ON SUMMER COOLING CAPABILITY
OF AN IMPROVED PASSIVE SOLAR HOUSE
Chuang Wang, Jinling Zhao, Bin Chen
School of Civil and Hydraulic Engineering, Dalian University of Technology, Dalian116024, China

ABSTRACT
For an improved passive solar house with built-in shutter and temperature control throttle joint measures, this
paper used dynamic thermal network model and frequency domain regression analysis method, built the
typical summer cooling overall coupling process of building dynamic thermal mathematical model.
KEYWORD: passive solar house, TCSW(thermal collector and storage wall), cooling, thermal property,
thermal network model

1.

INTRODUCTION

Built-in shutter and temperature control throttle joint control is an effective measure to solve the traditional
passive solar house in winter subcooling and summer overheat problems. It improves indoor thermal comfort
of passive solar houses and promotes the positive significance of its application. For cooling condition in
summer of an improved passive solar house with built-in shutter and temperature control measures, based on
the previous thermal performance mathematical simulation of single collector and heat storage components,
this paper used dynamic thermal network model and frequency domain regression analysis method, built and
solved the overall coupling process of building dynamic thermal mathematical model, which was influenced
by outdoor weather - air collector - storage enclosure / heat - indoor thermal environment. For further explore
the optimization design of improved passive solar house and lay the foundation of operation control strategy,
we would analyze the dynamic thermal performance of the improved passive solar houses.

2. THERMAL NETWORK MODEL
The cooling physical model of an improved passive solar house with built-in shutter and temperature control
throttle joint measures is shown in Fig.1. Its typical cooling conditions are shutter shade during the clear day
and ventilation during the night/ rainy day. The heat transfer process is a strong coupled mode among the
non-state heat conduction, natural convection and surface radiation heat transfer; the regenerative effect of
heavy envelope cann’t be ignored.
To Simplified analysis, we considered a range of assumptions in the calculation,for exemple: (1)uniform
surface temperature of the envelope, indoor air temperature uniformity; (2)one-dimensional heat transfer
process; (3)top and bottom of the air interlayer was insulate; (4)air temperature of the entrance to bottom of
air interlayer was equal to the indoor air temperature; (5)air inside the interlayer was the one-dimensional
flow along the vertical direction, ignored the pressure loss along the way; (6)ignored the latent heat of air,
radiation absorption and heat penetration through the building envelope; (7)ignored internal disturbance;
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(control measures: roll up shutter; open outer and internal below tuyere; close internal upper tuyere)
Fig.1 Physical model of improved passive solar building

(8)solid material was homogeneous, and its physical parameters weren’t changed with temperature;
Based on the above assumptions, the thermal resistance and heat capacity network model of typical cooling
conditions for an improved passive solar house with built-in shutter and temperature control throttle joint
measures was built, and it’s shown in Fig.2.
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Fig.2 network model of improved passive solar building
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2. MATHEMATICAL MODEL
2.1 the corresponding heat balance equations of shutter shade condition
Took notice of the thermal resistance and heat capacity network model of shutter shade during the clear day
in summer, air interlayer was divided into two vertical regions with opening side in this condition.The region
between glass coverplate and shutter is interlayerⅠ, and the region between TCSW and shutter is interlayer
Ⅱ. The heat balance equations per unit area of any nodes at τ

moment are shown as followed:

For the internal surface of glass coverplate:
αi E(τ) + hrg,c [tc(τ) - t gi(τ)] = hgi [t gi(τ) – tf1(τ)] + Ugi [t gi(τ) - tsα(τ)]

(1)

For the air in interlayer Ⅰ:
hgi Awo [tgi(τ) – tf1(τ)] + hwo Ac [tc(τ) – tf1(τ)] = Qf1(τ)

(2)

For thr shutter:
τg αco E(τ) + hrg,c [tgi(τ) - tc(τ)] + hrw,c [tc(τ) - two(τ)] = hco [tc(τ) – tf1(τ)] + hci[tc(τ) – tf2(τ)] (3)
For the air in interlayer Ⅱ:
hwo Awo [two(τ) – tf2(τ)] + hci Ac [tc(τ) – tf2(τ)] = Qf2(τ)

(4)

In the equations, corner mark ―n‖ is accordance with the envelope structure number appeared in fig.2(a), and
it’s same with the left text.
For the collector surface of TCSW:
N

N

j 0

j 0

hr w,c t c    t wo    hwo t wo    t f2     X  j t wo τ  j    Y  j t wi τ  j  (5)
For the indoor air:
7

hwi Awi t wi    t r  +  a   =  hwn Ant in    t r  

(6)

n 1

For the internal surface of TCSW:
N

N

6

j 0

j 0

n1

Y  j t wo τ  j    Z  j t wi τ  j   hwi t wi    t r     hr w,n t wi    tin   (7)
For the internal surface of heavy envelope except TCSW:
7
N
N

 (8)
r
qin    hr w,n t wi    tin     hr n,k tik    tin    hwn t r    tin     Z n  j tin τ  j    Y n  j t on τ  j 
k 1
j 0
j 0



In the equations, the internal surface corner mark n=1,2,3,4,5.
For the internal surface of Lightweight envelope:
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r
qin    hr w,n t wi    t in     hr n,k t ik    t in    hwn t r    t in   = U in t in    t sa   (9)
7

k 1

In the equations, the internal surface corner mark n=6,7,8.
For the external surface of heavy envelope except TCSW:
N

N

j 0

j 0

r
qon    hwind t on    t sa     X n  j t on τ  j    Y n  j t in τ  j  (10)

The improved composition of passive solar house in winter sunny day air thermal cycling conditions of the
heat balance equations for improved passive solar house thermal cycling in winter clear day are made up by
equation1~10.
For the air mass flow rate in the interlayer:



m   f C d Afu Afd

Afu  Afd

 2g L

w

t fu  t r  t r  273

(11)

To determined the air temperature at the top outlet of interlayer, we would built the heat balance equations
for air unit in the interlayer:
m Cp dtf / dy δy = [h gi (t gi – tf) + hwo (two – tf)] W δy

(12)

Integraled the equation (12), and we would obtain the air temperature at the top outlet of interlayer:
tfu= tr e-βLw + (1 – e-βLw) γ/β = tr e-βLw + (hwo two + hgi t gi/hwo +hgi)(1 - e-βLw)

(13)

In the equation, β= (hgi + hwo)W/m Cp, γ= (hgi t gi + hwo two )W/m Cp.
·C ( t + d t f δy )
m
pf
f
dy
hwo ( t wo － t f ) W δ y

δy

hgi ( t gi － t f ) W δy

·C t
m
pf f

Fig.3 heat balance for unit in the air flow direction of interlayer

2.2 the corresponding heat balance equations of non-shutter shade condition
According to the thermal network model shown in the figure.2.b, we built the heat balance equation for each
node of the improved passive solar house during summer night or rainy day at low solar radiation.
For the internal surface of glass coverplate:
αi E(τ) + hrw,g [two(τ) – tgi(τ)] = h gi [t gi(τ) - tf(τ)]

(14)

For the air in interlayer:
hgi [t gi(τ) - tf(τ)] + hwo [two(τ) - tf(τ)] = Qf(τ)/Awo
For the collector surface of TCSW:
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(15)



N

N





j 0

j 0



 g  w E    hr w, g t wo    t gi    h wo t wo    t f     X  j t wo τ  j   Y  j t wi τ  j  (16)
For the indoor air:

hwi Awi t wi    t r  + Qa   =  hwn Ant in    t r  
7

(17)

n 1

For the internal surface of TCSW:
The heat balance equation is similar with formula 4.23, which for air thermal cycling conditions during the
winter,
N

N

6

j 0

j 0

n1

Y  j t wo τ  j    Z  j t wi τ  j   hwi t wi    t r     hr w,n t wi    tin   (18)
For the internal surface of heavy envelope except TCSW:
7

qin    hr w,n t wi    t in     hr n,k t ik    t in    hwn t r    t in  
r

k 1

N

N

j 0

j 0

  Z n  j t in τ  j   Y n  j t on τ  j 

(19)

In the equations, the internal surface corner mark n=1,2,3,4,5.
For the internal surface of Lightweight envelope:
7

qin    hr w,n t wi    t in     hr n,k t ik    t in    hwn t r    t in  
r

k 1

=Uin[t in(τ)-tsa(τ)]

(20)

In the equations, the internal surface corner mark n=6,7,8.
For the external surface of heavy envelope except TCSW:
We would build heat balance equations for the external surface of wall, including east wall, west wall, north
wall, floor and roof, the heat balance equation is similar with formula 4.34,
N

N

j 0

j 0

qon    hwind t on    t sa     X n  j t on τ  j    Y n  j t in τ  j 
r

(21)

In the equations, the internal surface corner mark n=1,2,3,4,5.
According to the formula 14~21, we would obtain the heat balance equation for thermal insulation shutter of
the improved passive solar house during night/rainy day in the winter.
2.2 determine the coefficient of heat balance equation
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In the above equations, frequency domain regression analysis method(FDR), which is based on system
identification theory, was used to calculate the reaction coefficient X(j), Y(j), Z(j)of unsteady state heat
conduction; the coverplate was hollow double-glazed glass in the radiation term, and absorb rate of the
intimal glass was calculated by ray tracing method; the solar radiation heat flux qin’, which is absorbed by the
internal surface of level i envelope, was calculated by the definite sunshine movement simulate process.
For the convective heat transfer coefficient of internal surface of the glass coverplate:
hgi = Nu g λfg / Lg

(22)

In the equations, Lg is the height of the glass cover, m; Nu g is the nusselt number of glass cover side in the air
interlayer and λfg is the heat conduction coefficient, W/(m2·℃).
For the convective heat transfer coefficient of external surface of the shutter:
hco = Nug λfg / Lc

(23)

In the equations, Lg is the height of the shutter, m; Nu g is the nusselt number of glass cover side in the air
interlayer and λfg is the heat conduction coefficient, W/(m2·℃).
For the convective heat transfer coefficient of internal surface of the shutter:
hci = Nuw λfw / Lc

(24)

In the equations, Lg is the height of the shutter, m; Nu g is the nusselt number of collector wall side in the air
interlayer and λfg is the heat conduction coefficient, W/(m2·℃).
For the convective heat transfer coefficient of collector wall side of TCSW:
hwo = Nuw λfw / Lw

(25)

In the equations, Lg is the height of TCSW, m; Nu g is the nusselt number of collector wall side in the air
interlayer and λfg is the heat conduction coefficient, W/(m2·℃).
In the above equations, the nusselt number Nu g (for the glass cover side in the close interlayer) and Nu w (for
the collector wall side in the close interlayer) was counted by following case.
When Grg&Grw≤2860, Nu g&Nuw=1, and the heat transfer process in the interlayer is pure heat conduction
process;
3

5

1/4

-1/9

When 8.6×10 <Grg&Grw<2.9×10 , Nug&Nuw =0.197(GrwPrw) (Lm/dw)

;

When 2.9×105<Grg&Grw<1.6×107, Nug&Nuw =0.073(GrwPrw)1/3 (Lm/dw)-1/9,
And the mean temperature twm=(tc+tgi)/2, twm=(tc+two)/2; the mean length is the gap dg between shutter and
glass cover, and the gap dw between shutter and collector wall side.
According to the document[11], we would obtain the solar radiation heat flux qin ’, which is absorbed by the
external surface of the heavy envelope, and the convective heat transfer coefficient, the radiant heat transfer
coefficient, the physics parameter and the rule number appeared in the above equations.
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3.

PROVE OF MATHEMATICAL MODEL

Draw up computer program, which was built by Gauss iteration, was used to solve the above heat balance
equations. It is shown in Figure 4.

Beginning

Input parameter(weather parameter,
building geometric parameter,
building material physics parameter)

Calculate envelope reaction coefficient(FDR)

Calculate solar radiation heat absorbed by the
external and internal surface of envelope

Setting initial temperature value

Calculate convective heat transfer coefficient, radiant heat transfer
coefficient, air flow rate and mass flow rate in the interlayer

Calculate the temperature variable quantities(Gauss elimination method)
No
Iteration successfully
Yes
Hour loop end
No
Day loop end
Yes
Output the calculated results

End

Fig.4 Flow chart of calculation

The mathematical model results were compared with test results, which was proceeded in the entity large
passive solar laboratorial house with built-in shutter and temperature control throttle joint measures. The
passive solar experimental house is located in DLUT. The geometry size is 3.9×3.9×2.8m³. The coverplate is
hollow double-glazed glass, southing heavy envelope is 300mm thick concrete wall, the net wide is 900mm
and the collector surface is spreaded on dark green thermal absorb paintcoat. The other orientations walls is
300mm thick hollow concrete cinder block addited 100mm benzol insulating layer, and the roof is 80mm
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thick concrete block addited 100mm benzol insulating layer. The outlet size of interlayer is 150×170mm and
it has adiabatic shutter inside the interlayer. The test time is July. During the experiment, open the
temperature control damper and roll down the shutter to get the shade effects in the daytime; closed the
temperature control damper and roll down the shutter to get the insulation effects in the night. In the
experiment, we used couple devices to record the data, such as computer circuit detection system, SERIES
EE66 wind speed meter, PC–2 solar radiation recorder, mini outdoor weather station and so on. The 28
indoor air temperature measuring points was layout according to the grid, and the average temperature of any
dot was taken as indoor air temperature tr. The measuring points’position on the TCSW is shown in Figure 5.
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Fig.5 Location of temperature probes in Trombe wall

By this arrangement, we could gain the intermal surface temperature of the coverplate t gi, intermal surface
temperature twi of the wall twi, the upper and lower outlet air temperature of the interlayer t fu and tfd, the upper,
middle and lower surface temperature of the collector wall t wou, twoc and twod. The average temperature of the
three measuring points on collector surface was the collector surface temperature two.
Two(Calculated value)

Two(Test value)

Twi(Calculated value)
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a) comparision of collector surface temperature two

Fig.6
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Time

c) comparision of indoor air temperature tr

Comparison of tested data and calculated data under passive ventilation in summer

Put construction geometry size of the experimental house, physical parameters of the materials and outdoor
meteorological parameters during the experiment as input values into the computer program to solve the
equations. For the heating conditions in winter, the compare curve between calculated and experimental
values of each node temperature of the improved passive solar house is shown in Figure 6.
Deviation
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analysis

for

the

calculated

and

experimental

values,

average

absolute

difference

σabs=

n

(1 / n) | tca  tob |

and average relative error σavg=

n

(1 / n) (tca / tob  1)

1

is used for the deviation

1

indicator, in the equation, tca is the calculated value and tob is the experimental value. According to the
analusis, average absolute difference of t r was 2.17℃, average relative error was -7.82%; average absolute
difference of two was 2.98℃, average relative error was -9.84%; average absolute difference of twi was
2.24℃, average relative error was -8.05%. Due to the weather conditions and laboratory personnel varied,
the implementary time of control measures was changed during the experiment, and the deviation was
happened. Nevertheless, the implementary time of control measures was constant for the mathematical
model. Under the assume of mathematical model, we ignored the air infiltration losses of doors and windows,
heat transfer between the outdoor environment and top and bottom layer of the interlayer was ignored. The
deviations between each calculated and experimental temperature values were below 10%, which was shown
that the simulation results and experimental values could be matched well. Then, we could say the
mathematical model established in this text was feasible.
4.

Conclusion

In this paper, used dynamic thermal network model and frequency domain regression analysis method, we
built a dynamic thermal process model of the typical heating conditions to whole building for an improved
passive solar house with built-in shutter and temperature control measures. Every factor was considered for
the model, such as, outdoor meteorological factors, non-state heat conduction of compound wall, natural
convection heat transfer inside the open flank interlayer and closed interlayer, the solar radiation onto the
surface of envelope. The Simulation results and test results of physical experimental house could be fit well,
which was Verified the accuracy of the mathematical model.
Symbol table
Afd－ bottom outlet area of interlayer, ㎡
Afu－ top outlet area of interlayer, ㎡
Awo－collector surface area of TCSW, ㎡
Awi－collector surface area and internal surface of TCSW, ㎡
An－internal surface area of envelop besides TCSW, ㎡
Ai－temperature wave amplitude of internal surface of wall, ℃
Ao－temperature wave amplitude of wall surface, ℃
Cd－air effluent coefficient in the interlayer
Cp－air specific heat capacity in the interlayer, kJ/( kg·℃)
d－thickness of the air interlayer, m
dg－ gap between coverplate and shutter, m
dw－gap between TCSW and shutter, m
2

F－solar irradiance, W/m
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g－air gravity, m/s2
hgi－convection heat transfer coefficient of inner surface of glass coverplate, W/( m2·℃)
hgc－equivalent heat transfer coefficient between glass coverplate and shutter, W/( m2·℃)
2

hwc－equivalent heat transfer coefficient between TCSWand shutter, W/( m ·℃)
2
hwo－convection heat transfer coefficient of collector surface of TCSW, W/( m ·℃)

hwi－convection heat transfer coefficient of inner surface of TCSW, W/( m2·℃)
hwind－convection heat transfer coefficient of exterior surface of envelop caused by wind, W/( m2·℃)
hwn－convection heat transfer coefficient of inner surface of envelop besides TCSW, W/( m2·℃)
hrg,c－radiation heat transfer coefficient between glass coverplate and shutter, W/( m2·℃)
2

hrw,c－radiation heat transfer coefficient between TCSW and shutter, W/( m ·℃)
2

hrn,k－radiation heat transfer coefficient between inner surface of envelop besides TCSW, W/( m ·℃)
hrw,g－radiation heat transfer coefficient between glass coverplate and TCSW, W/( m2·℃)
hrw,n－radiation heat transfer coefficient between inner surface of other envelop and inner surface of TCSW,
W/( m2·℃)
Lw－height of TCSW, m
m－ air mass flow rate in the interlayer, kg/s
qrin－solar radiation heat flux absorbed by inner surface of envelope besides TCSW, W/m2
qron－solar radiation heat flux absorbed by exterior surface of heavy envelope besides TCSW, W/m2
Qf－air heat flow rate in the interlayer, W
tc－shutter temperature, ℃
tf－air temperature in the interlayer, ℃
tfu－outlet air temperature in the top of interlayer, ℃
tgi－inner surface temperature of glass coverplate, ℃
tin－inner surface temperature of other envelop besides TCSW, ℃
ton－exterior surface temperature of other envelop besides TCSW, ℃
tr－indoor air temperature, ℃
tsa－multiple environment temperature, ℃
two－collector surface temperature of TCSW, ℃
twi－collector and inner surface temperature of TCSW, ℃
2

Ugi－ multiple heat transfer coefficient between glass coverplate and environment, W/( m ·℃)
2
Uin－ multiple heat transfer coefficient between environment and door(window), W/( m ·℃)

W－width of TCSW, m
αi－absorb rate of inner surface of glass coverplate, %
αw－absorb rate of collector surface of TCSW, %
αco－absorb rate of exterior surface of shutter, %
λfg－air thermal conductivity of glass coverplate side in the interlayer, W/( m2 ·℃)
2

λfw－air thermal conductivity of TCSW side in the interlayer, W/( m ·℃)
ρf－air density in the interlayer, kg/m³
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X(j), Xn(j)－endothermic reaction coefficient of collector surface of TCSW and exterior surface of level n
2

heavy envelope, W/( m ·℃)
Y(j), Yn(j)－heat transfer reaction coefficient of TCSW and level n heavy envelope, W/( m2 ·℃)
Z(j), Zn(j)－endothermic reaction coefficient of inner surface of TCSW and inner surface of level n heavy
envelope, W/( m2·℃)
Grg, Grw－Grashof Number of glass coverplate side and TCSW side in the interlayer
Nug, Nuw－Nusselt Number of glass coverplate side and TCSW side in the interlayer
Prg, Prw－Prandtl Number of glass coverplate side and TCSW side in the interlayer
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1. Abstract
Typical bumps and hollows at the buildings surfaces, in roughness scale or like ripples on a tile, are obstacles
that can significantly modify the behavior of these surfaces, in relation to the radiative flows. These flows are
different that occurs in a perfectly smooth and flat surface. Therefore, the usual calculation procedures,
which adopt the simplification that all surfaces of a construction are perfect plans, should apply corrections
in the radiative properties. The absorptances and emittance resulting from these corrections could be called
effective.
This paper presents a simple method developed to evaluate these influences and exemplifies the importance
of such aspects, presenting results of simulations developed in the EnergyPlus for a simple geometry
building, over 1 year in the city of Brasilia. Adopting effective absorptances and emittance, simulation
results show differences above 2.5 ° C in the internal air temperature, compared to those obtained ignoring
the influences that the ripples of the tiles have on radiant flows. Considering the use of air conditioners, this
could represent more than 20% variation in a energy consumption estimate.
Keywords: absorptivity, emissivity, effective emittances, effective absorptances.
2. Introduction
The proper evaluation of the thermal properties of a surface is essential for a good correlation between
theoretical models and reality. However, in many cases the terminology adopted for these properties is not
standardized and the differences on the concepts ignored or neglected.
For this study, it was adopted the concepts that absorptivity and emissivity are properties of materials, while
absorptances and emittance are surface characteristics, being influenced not only by the material they are
made of, but also by its geometry and finish. For perfectly flat and smooth surfaces, these concepts are the
same, but the prominences and hollows (undulations or roughness), present in the construction surfaces
create shadows and reflections which affect the energy flow.
Many researchers have noticed the influence of shape and surface roughness on their radiative properties.
Berdahl and Bretz (1997) performed tests on white coating of tiles and verified that a rough surface had a
reflectance 25% lower than a flat one. Seker and Tavil (1996) and Barbirato et al (2000) also verified a
reduction in the reflectance when the roughness was increased. Marchetti, Boudenne and Candau (2008),
measured the effective emittance ( ε e ) of paint with 3 different roughness, obtaining the results showed in
Table 1.
Tab. 1: Effect of roughness on effective emittance. (adapt from: MARCHETTI, BOUDENNE E CANDAU, 2008).

Aluminium paint on a
smooth surface

ee = 0.34
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Aluminium paint on a
slightly rough surface

Aluminium paint on a
very rough surface

ee = 0.42

ee = 0.69

International standards for measuring emissivity, such as ASTM C1371 (2004) and JIS A1423 (1983) require
the samples under analysis to be smooth and flat. In the same way, ASTM C1549 (2009) has the same
requirement for the measurement of reflectance.
Sparrow and Jonsson (1963), calculate the effects caused in the radiative properties for some surfaces. Their
deduction, however, refers to specific geometries, been applying only to particular cases.
This paper presents a simplified model for calculating the effective radiative properties of surfaces,
applicable to any geometry. The results of applying this method are compared to those obtained by Sparrow
and Jonsson (1963). Its presents an experimental model that demonstrates the effects of the phenomenon.
The significance of the observance of such issues is demonstrated through computer simulations using
EnergyPlus (DOE, 2010).
In the evaluation of heat fluxes and energy efficiency of a building, the processes mentioned here may have
great relevance. For example, for roofs, depending on their shapes, a tile may have different thermal
behaviour from others, even if made of the same material and received the same painting, etc. In the case of
walls, the adoption of a texture could have an influence on their radiative behaviour and, consequently, on
their surface temperatures.
3. Theoretical model
Consider the surface 1 presented in Figure 1 as an isothermal, gray and diffuse surface (radiation properties
are independent of wavelength and direction), which emits heat to their surroundings (surface 2).
If all the energy emitted by surface 1 (E) is represented as coming from a single point (P0), a portion of it


may be emitted to the outside (vector A , Eq. 1) and a second portion (vector B , Eq.2) towards the surface
itself.
2

A
P0

C

B

D

G
H
I
P2

P1
F

1
Fig. 1: Energy emitted by concave surface (1) to its surroundings (2)

Equations 1 and 2 use the concept of view factor (FF). The view factor (FF12) of the surface 1 relative to the
surface 2, can be defined as the ratio between the portion of radiant energy that comes out of 1 and is
intercepted by 2, divided by all the radiant energy emitted by 1. By the same principle, FF11 refers to the
portion of energy emitted by 1 and is intercepted by surface 1 itself.

A = E .FF12


B = E.FF11

(eq. 1)
(eq. 2)



Considering that the part represented by B strike a point (P1) of surface 1, a fraction of B , which will be



called C , will also be reflected to the outside, adding to the vector A , while a part D will be reflected over

the surface 1 again and a portion F will be absorbed by surface 1.

Therefore, it is possible to consider three alternatives. In the first, the energy really leaves the surface 1 and
reaches surface 2. In the second, the energy comes out of 1 and return to 1. In the third, the energy is
absorbed by surface 1. Table 2 summarizes these hypotheses.
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Tab. 2: Energy emitted by surface 1

REACHES 2

RETURN TO 1


A = E.FF12


B = E .FF11

ABSORBED BY 1
-


C = E .FF11.ρ .FF12


2
D = E . FF11 .ρ


F = E.FF11 .α


2
G = E.FF11 .ρ 2 .FF12


3
H = E.FF11 .ρ 2


2
I = E.FF11 .ρ .α

The portion of E that is really emitted to 2 (Ee), can then be calculated by the series:
  
E e = A + C + G + ...

(eq. 3)

Therefore:
Ee = E.FF12 + E.FF11.ρ1.FF12 + E.FF11 .ρ1 .FF12 + ...
2

2

(eq. 4)

By solving 4 is obtained:
Ee =

E.FF12
(eq. 5)
1 − (FF11.ρ1 )

Considering the surface of study as a cavity, as exemplified by the surface S1 with area A1 in Figure 2, and
its surroundings as a plan that limits this cavity (surface S2 with area A2 in Figure 2), it is possible to
consider the equation 6 and, by the equation 7, calculate the view factors between the surface and
surroundings (Incropera and DeWitt, 1996).

Fig. 2: Cut of a cavity

FF11 = 1 − FF12 (eq. 6)
A 
FF12 =  2 
 A1 

(eq. 7)

The energy that really leaves the cavity S1, intersects the surface S2 and can be calculated by equation 8
(from 5 and 7).
Ee =

E.FF12
(eq. 8)
1 − ρ1 + FF12 .ρ1

The emittance definition is:
ε=

E (eq. 9)
ECN

Where:
E = A1.ε 1.σ .T1

4

ECN = A2 .σ .T1

4

(eq. 10)
(eq. 11)

Applying (8) and (11) in (9):
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E.FF12
1 − ρ1 + FF12 .ρ1 (eq. 12)
εe =
4
A2 .σ .T1

From (10) and (12):
εe =

A
ε 1.FF12
. 1 (eq. 13)
1 − ρ1 + FF12 .ρ1 A2

Applying (7) in (13):
ε1
(eq. 14)
εe =
1 − ρ1 + FF12 .ρ1
Considering the surface as opaque, gray and diffuse, it comes from Kirchhoff's law:
ε = α = 1 − ρ (eq. 15)

Therefore:
εe =

ε1
(eq. 16)
ε 1 + FF12 − ε 1 FF12

Or, by equation 7:
εe =

ε 1. A1
(eq. 17)
A2 − ε 1 . A2 + ε 1 . A1

Figure 3 shows the result of applying equation (17) to calculate the effect of the shape on the effective
emittance. It is possible to see in this picture, that the reduction of the ratio between the areas A1 and A2,
indicated by the reduction of FF12 (see equation 7), implies in the increase of the effective emittance of the
theoretical surface (surface S2 in Figure 2).

Fig. 3: Shape effect on the effective emittance

Similarly, for the absorptance, it is possible to develop a line of thought with the same principle. The
absorbed energy (Ea), calculated as the sum of n portions absorbed, product of n-1 inter-reflections, can be
obtained by the following equation (considering an irradiance I).

(

)

E a = α e .I = α 1 .I + (α 1 .FF11 .ρ1 .I ) + α 1 .FF11 .ρ1 .I + ...
2

2

(eq. 18)

n

i
i
Ea = α e .I = ∑ α1.FF11 .ρ1 .I (eq. 19)
i =0

The equation 18 can be obtained following this line of thought. If radiation strikes a diffuse surface, it will
absorb the first part of de right side of the equation (α 1 .I ) . The energy not absorbed (ρ1 .I ) would be reflected.
And part of this reflection re-strike the surface (FF11 .ρ1 .I ) . From this energy, the second part of the right side
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of equation 17 would be absorbed (α 1 .FF11 .ρ1 .I ) . Continuing, all parts of the equation 18 would be added.
Solving the equation 19 series :
αe =

α1

1 − (FF11.ρ1 )

(eq. 20)

Considering an opaque surface:
α + ρ = 1 (eq. 21)
αe =

α1

1 − FF11 + FF11.α1

(eq. 22)

Or, from (6):
αe =

α1. A1
(eq. 23)
A2 − α1. A2 + α1. A1

Therefore, using equations 17 and 23 it is possible to calculate the values of effective emittance and
absorptances, which may significantly differ from the values valid for perfectly smooth bodies, usually
adopted in the heat flow calculations. The increase in absorptance caused by ripples (Δα) can be calculated
by equation 24 or 25 and is shown in Figure 4.
∆α = α e − α 1 (eq. 24)

∆α =

α1

1 − FF11 + FF11 .α 1

− α 1 (eq. 25)

From equation 25 it is possible to derive an equation for the maximum difference between the effective
surface absorptance and their material absorptivity. The result of this operation is presented in equation 26.
∆α max = 1 − 2.α 1

(eq. 26)

Fig. 4: Absorptance increase by shape effect

Admitting that the surface of interest is gray and diffuse, the energy is reflected in all directions (even over
itself) with the same intensity in a hemispherical pattern (Figure 5), regardless of the incident radiation. In
this case, the model used to develop the equation 23 is applicable to directional or non-directional radiation,
and to any waveband. Therefore, this development could be applied to the spectrum of solar radiation
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striking a building surface, whose high amount of energy can cause significant impacts on the buildings
thermal flows.

Fig. 5: Reflection of a diffuse surface

Sparrow and Jonsson [1963] developed precise models for evaluating this effect, however, their models are
based on integrations of specific geometries studied and is therefore applicable only to themselves.
Comparing results presented by Sparrow and Cess [1978] to those calculated by equation 16 to rectangular
grooves is obtained the curves presented in Figure 6. In the model proposed by Sparrow the variation in
radiosity between the surface points is considered. In the case of the rectangular groove (Figure 6), for
example, the proximity of the opening would mean higher radiosities than in deeper points, implying also in
a limit to the cavity effect. On the other hand, the model proposed in this paper considers that all points on
the surface have the same behaviour. To spherical cavities, the solutions are identical, while for the
rectangular grooves, the approximation is acceptable up to a ratio L/h of about 1.5 as shown in Figure 6.
These limits satisfy most of the components of the building. Apart from this, the use of equation 17 has the
advantages of its simplicity and its applicability to any form.

Fig. 6: Comparison of results of equation 17 to the model presented by Sparrow and Cess [1978]

4. Experiment
To illustrate the phenomena discussed here, a simple experiment was done. It consisted in monitoring the
surface temperatures of four samples, built with the same mass and the same materials, but with different
view factors, in an environment with controlled temperature and rarefied atmosphere.
It was compared the velocities of change in temperature of the samples, when submitted to sudden
temperature changes of the environment in which they were. Correlation was found between the shapes of
the samples and the respective differences in the rate of that temperature change. Figure 7 shows a schematic
section of the experiment. In a vacuum chamber, a vacuum pump created a rarefied atmosphere in order to
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minimize possible heat flows by convection.

Fig. 7: Schematic section of the experimental apparatus and detail of one sample

Samples had bottom and sides covered with expanded polypropylene, minimizing other heat fluxes and
enabling the record of the effects caused only by heat exchange by long wave radiation, between the samples
and the chamber. Figure 8 shows the sample set and the system already prepared for the experiment. A
pressure cooker was adapted as a vacuum chamber because it is airtight, opaque, made of aluminum (high
conductivity), with polished surfaces (low emissivity) and convenient size, providing adequate conditions for
the experiment.
The experimental procedure consisted in causing abrupt changes in the set temperature by submerging the
vacuum chamber in iced or boiling water and recording the changes at the sample’s temperatures over time.

Fig. 8: Vacuum chamber and the set of samples

Figures 9-11 show the temperatures recorded in an experiment, highlighting the periods of sudden cooling
(Det. 1) and heating (Det. 2).
60
55
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Temperature (oC)

40
35

Vacuum chamber
FF12= 1
FF12= 0.75
FF12= 0.5
FF12= 0.25

30
25
20
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5
0
16.2

16.4

16.6

16.8 h

17.0

17.2

Fig. 9: Recorded temperatures
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17.4
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FF12= 1
FF12= 0.75
FF12= 0.5
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24.0
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16.58

h
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16.60

16.64

16.66

16.68

Fig. 10: Cooling period (Det. 1 in fig.9).

It is observed in Figures 9 and 10, that the sample with form factor of 0.25 is the one which more closely
follows the temperature change of the chamber, followed by the sample which form factor of 0.5 and then by
the factor form 0.75 and 1, between which there is practically no difference in temperatures.
Considering that the samples have the same composition and conditions, the explanation for this behavior is
the greatest flow of heat by radiation between the camera and the sample that has the smallest form factor
(larger exposed area), while the flow is lower for samples in which form factors are higher. In the cooling
period (Fig. 10), the temperatures of the samples are higher than the surface of the chamber and thus the
different behavior between the samples indicates differences between their effective emittance.
Vacuum chamber
FF12= 1
FF12= 0.75
FF12= 0.5
FF12= 0.25

30

Temperature (oC)

28

26

24

22

20

18
17.16

17.18

17.20

h

17.22

17.24

17.26

Fig. 11: Heating period (Det. 2 in fig.9).

During heating (Fig. 11), this process is reversed, prevailing the differences among effective absorptances.
The same behavior could be expected in any case where the surface of interest can be admitted as gray and
diffuse, like most of the surfaces of a construction.
5. Energy flux
According to Incropera e Dewitt (1996), the heat flux by radiation in a cavity formed by two gray and diffuse
surfaces could be calculated by equation 27, whereas the equation 28 present the energy emitted by a flat
surface to its surroundings.
q12 =

(

σ . T1 4 − T2 4

)

1 − ε1
1− ε2
1
+
+
ε 1 . A1 A1 .FF12 ε 2 . A2

(

q12 = σ .ε e . A2 . T1 − T2
4

4

(eq. 27)

) (eq. 28)
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Taking tabulated values (Incropera and DeWitt, 1996) for the emissivity of the samples in 0.05 and the
emissivity of the surface of the pressure vessel at 0.3, is possible to calculate by the equations 17, 27 and 28,
the energy flows during the period recorded in experiment. Similarly, using the values proposed by Sparrow
and Cess is possible to estimate these flows. Figure 12 compares the results obtained from equation 17 to
these two other methods.

Fig. 12: Energy flux comparative

6. Simulation
To demonstrate the importance of such aspects, simulations have been made on the software EnergyPlus
(DOE, 2010) for two buildings (Zone 1 and 2) of simple geometry (Fig. 13), submitted to the climate of the
city of Brasilia (DF), Brazilian capital.

Fig. 13: Geometry of simulated environments (north facade).

The only difference between the two buildings was due to the radiative properties (emittance and
absorptance) of their covering. In Zone1, it was assumed that the absorptances were equal to the absorptivity
and emittance equal to the emissivity, as a perfectly smooth and flat surface. For Zone 2, it was considered
the corrections proposed by equations 17 and 23, and covering composed of tiles as shown in figure 14, from
where, by the equation 6, we obtain FF12 = 0.65. The physical properties adopted for materials and surfaces
were presented in Table 3.

Fig. 14: Adopted tiles.
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Tab. 3: Surface properties

MATERIAL

THICKNESS (m)

CONDUCTIVITY
(W/m.K)

SPECIFIC HEAT
(J / kg K)

Walls

0.1

0.75

1500

Floor

0.05

1.7

2300

Tile Zone 1

0.006

1.7

2300

Tile Zone 2

0.006

1.7

2300

3

MATERIAL

DENSITY (kg/m )

EMITTANCE

ABSORPTANCE

Walls

960

0.9

0.4

Floor

960

0.9

0.4

Tile Zone 1

960

0.9

0.6

Tile Zone 2

960

0.933

0.698

For both zones parallelepipeds-shaped buildings were considered with 6 x 9 x 2.8 (m), and 4m2 shaded
windows facing north, without heat flows to the ground. It was adopted 10 cm ceramic brick walls and floor
with 5 cm of concrete. It remained a constant ventilation rate of 5 changes per hour and internal heat sources
corresponding to people and equipment, as shown in Figure 15.

Fig. 15: Thermal load.

The EPW climate file of Brasilia (DOE, 2010) was simulated for an entire year, resulting in a maximum
difference in temperature (TZone2-TZone1) of 1.65 °C. Figure 16 illustrates the obtained results.
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Fig. 16: Temperatures obtained in the simulation sample for the day 14/11.

It is known that many parameters may affect this kind of simulation and could be changed in this study. For
example, the simple reduction of the ventilation rate from 5 to 1 changes per hour increases the maximum
difference in temperatures between zones (TZone2-TZone1) to 2.83 °C. Notice that the latest Brazilian
technical standard on buildings performance (NBR 15575, ABNT, 2008) indicates that the simulations must
adopt 1 change per hour. By changing the wall material to a less conductive one, such as oak wood (0.15
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W/m.K, 1424 J / kg K) and keeping the other original parameters, the maximum difference in temperatures
between zones (TZone2-TZone1) increases to 1.89 °C.
To test the impact of these aspects in energy consumption it was simulated the use of ideal air conditioners in
both zones. It was adopted a limit (set point) of 24 ºC for internal temperature and the sums of consumption
needed to maintain the internal temperatures below this value, throughout the entire year, were compared.
The internal temperatures obtained and their cooling thermal loads are illustrated in Figure 17. For Zone1 the
sum of the annual load was 104.4 GJ, while for Zone2 this value was 120.1 GJ, thus presenting a 15%
increase over consumption seen in Zone1. For the case mentioned in which the ventilation rate is reduced for
one change per hour, this difference greatly increases, reaching 30%.

Fig. 17: Temperatures and thermal loads obtained in the simulation. Example for the climatic conditions of the day 14/11.

7. CONCLUSION
The studied variables present high relevance for evaluations of thermal comfort and energy efficiency of
built environments.
The simulations revealed considerable differences in the air temperatures and energy consumption estimative
among the models that consider or not, the corrections proposed for the effective properties of the surfaces. It
was evidenced that the differences between surface properties and properties of materials cannot be
neglected at the risk of major inaccuracies in the calculations of heat flows.
For the typical surfaces found in buildings, the simplified model described in this paper correlates well with
the classical model developed by Sparrow and Jonsson, having the advantage of being simpler and not
restricted to specific forms.
8. REFERENCES
ABNT – Associação Brasileira De Normas Técnicas NBR 15 575 – Edifícios Habitacionais De Até Cinco
Pavimentos – Desempenho. Rio de Janeiro, 2008
ASTM C 1371-04. (2004). Standard Test Method for Determination of Emittance of Materials Near Room
Temperature Using Portable Emissometers.
ASTM C1549 – 09 (2009) Standard Test Method for Determination of Solar Reflectance Near Ambient
Temperature Using a Portable Solar Reflectometer
Barbirato, G. M., Silva, C. A., Machado, I. B., , Oiticica, M. L. (2000). Refletância de cores em superfícies
construtivas. Anais do VIII Encontro Nacional de Tecnologia do Ambiente Construído ENTAC. Salvador.
Berdahl, P., Bretz, S. E. (1997). Preliminary Survey of the solar reflectance of cool roofing materials. Energy
and Buildings, 25.
DOE – U. S. Department Of Energy. Building Energy Software Tools Directory <www.eere.energy.
gov/buildings/tools_directory/alpha_list.cfm>

2282

Incropera, F. P., Dewitt, D. F. (1996). Fundamentals of heat and mass transfer (4. ed.). New York. John
Wiley and Sons.
JIS A 1423. (1983). Simplified test method for emissivity by infrared radio meter.
Marchetti, Boudenne and Candau (2008). Analysis of the radiative behavior of road materials: Principles and
measurements of infrared emissivity. Bulletin des Laboratoires des Ponts et Chaussées, 272 (2008) pp 45-55.
Seker, D. Z., Tavil, A. Ü. (1996). Evaluation of exterior building surface roughness degrees by
photogrammetric methods. Building and Environment , 31, pp. 393-398.
Sparrow, E. M., , Cess, R. D. (1978). Radiation Heat Transfer. London: Hemisphere Publishing Corp.
Sparrow, E., Jonsson, V. (1963). Radiant Emission Characteristics of Diffuse Conical Cavities. Journal of the
Optical Society of America , 53, pp. 816-821.
9. ACKNOWLEDGEMENTS
The authors are thankful to FAPESP (Fundação de Amparo à Pesquisa do Estado de São Paulo) for the
doctorate scholarship which allowed the development of this research.

2283

PASSIVE SOLAR CONSTRUCTION METHODS: LESSONS LEARNT FROM
THE EXPERIMENTAL SOLAR HOUSE
Petros Lapithis, Anna Papadopoulou
University of Nicosia, Department of Architecture, Sustainable Architecture Unit, Nicosia (Cyprus)

1. Introduction
The discipline of Solar Architecture, which has been gaining popularity and momentum in geometric rates, is
unique in its direct and immediate connection to the characteristics of its designated site. Although most
architectural forms gain validity via their site-specificity, none does more so than Solar Architecture. Site
characteristics range from geomorphology, local energy resources and potential, micro- and macro-climatic
conditions as well as a breadth of social parameters.
Cyprus’ climate lies within the temperate Mediterranean zone, with average hottest peak reaching 41°C in
the summer and dropping to an approximate of 5°C in the winter. Relative humidity ranges from 40-60%,
and a considerable daily temperature fluctuation is observed, with up to 18°C difference between day and
night temperatures. Thus Cyprus’ climate calls for effective, efficient and ecological means of cooling in the
summer and heating in the winter months.
The Experimental Solar House is a private initiative whose construction was completed in 2000 and whose
mission statement was to investigate and implement best practices in passive solar design in Cyprus. Its
spatial and aesthetic characterises were derived from the basic typology of a middleclass, Cypriot dwelling of
the late twentieth century.
Passive solar design, as it pertains to architecture and construction, describes the general practice of
exploiting natural, renewable energy sources to maintain steady, comfortable indoor temperatures. It mainly
entails using solar energy for winter heating and natural wind for summer cooling in the northern
hemisphere. The implementation of passive solar design ranges from simple actions (like opening the blinds
of a house during the morning hours to allow heat to enter and be absorbed internally and the slowly released
after the sun sets) to more forms like shading mechanisms whose design and orientation allows winter sun to
enter while protecting against summer sun. A full account of passive solar design is not within the scope of
this paper.
2. Planning the Experimental Solar House
It was decided early on in the stages of the design that the house shall have an area in the region of 200250m2 so as to approximate the average size of a contemporary, middleclass house in Cyprus. At the end of
the design process, the area of the house was settled at 223m2. The construction costs were planned so as not
to exceed 140,000 Euro, by considering construction costs of a typical middleclass house (Stavrou, 1998).
Similarly, the final product, i.e. the house, is comprised of all of the common components of a two-storey,
Cypriot house (Lapithis, 2002).
At the initial stages of designing the Experimental Solar House, several passive solar systems were
considered. Taking into account all advantages and disadvantages at hand, it is concluded that the best
systems to be implemented for the Experimental Solar House were the following:
•
•
•
•
•
•
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Thermal storage by increased interior mass. The simplest heat storage approach is to construct the
building of massive structural materials insulated on the exterior, to couple the mass of the indoor
space.
Thermal insulation
Direct solar gain, i.e. allowing sun to enter internal spaces with no interference
Solar control: orientation and shading devices
Glazing: Low emmisivity glazing, argon-filled, double-glazed, special glass panes. Vertical glazing
surfaces would intercept almost as much radiation during heating season as optimally sloped
surfaces. Shading can be easily controlled during the non-heating season.
Natural ventilation: cross ventilation, stack effect, night ventilation and ceiling fans

Vertical and horizontal louvers, although considered, were deemed not appropriate due to their associated
high construction cost and permanent obstruction of surrounding view on the east and west façade of the
house. The second floor bedroom windows located on the southeast and south walls were recessed so as to
prevent summer sun from entering, but allowing winter solar warmth to enter. These recesses also act as
permanent shading devices. Roof fans are used to ensure against overheating during periods of high
temperatures.
The house is supported by a concrete frame, and it is furnished with concrete floors and roof slabs. Exterior
walls are made of 250mm ceramic clay bricks, locally produced and are dressed on the exterior with 70mm
of expanded polystyrene and plaster. In fact, the entire building, including concrete beams and columns is
fully covered by the expanded polystyrene so as to eliminate thermal bridges.
The ground floor beams of the structure are reversed into the first floor slab so that they do not appear in the
interior of either floor. The top of the roof slab, i.e. the terrace, is dressed with wood beams and metallic
sheets, 600mm in overall thickness, so as to create an extra 600mm of air cavity enhancing insulation. The
top surface of the roof is then covered by 100mm of expanded polystyrene, on top of which lies a layer
concrete which forms the water drainage canals. It should also be noted that the concrete foundations are
constructed according to local anti-seismic regulation. Monitors have been installed in various locations of
the house to record temperatures and humidity.
Constant, comfortable winter indoor temperatures have been achieved successfully. Enough solar heat
storage was collected and stored during daytime and released with the appropriate rate during the night hours
in order to maintain pleasant nightly temperature. The fireplace was used to top up the heat on occasions
when winter evening temperatures dropped below the norms. In the winter of 2000 this occurred only eight
times and in the winter of 2001 this occurred ten times. The fireplace was lit on average three to four hours
per night and the warmth was retained until well into the next morning.
The monitoring results of the Experimental Solar House have indeed demonstrated that by employing an
understanding of the principles of environmental physics, appropriate use of available technology and
judicious use of materials and resources, it is indeed possible to achieve comfortable living conditions in the
summer months and low energy use.

2285

Figure 2.1 summer design considerations (north-south section through the staircase)

Figure 2.2 winter design considerations (north-south section through the staircase)
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3. Mass Applications
The thermal mass of a building is of particular significance for Cyprus due to the large diurnal fluctuations
(15 to 25 ºC) and the potential possessed by mass for large solar contribution in winter and cooling in
summer (Sergides, 1991). This implies that heat admitted during the day in winter could be stored for slow
release during the evening hours. Therefore, addition of internal mass incurs energy conservation (Sergides
1991). It appears that the extent of mass increase is a critical factor concerning the effect on the energy
loading. Specifically, extensive increase of thermal mass could act adversely, requiring more time to cool it
in the summer nights or indeed to accumulate heat in the winter.
The purpose of internal thermal storage resulting from increased mass, whether provided by masonry walls,
Phase Change Material (PCM), water, or the use of smaller windows on the south facades is to take
advantage of “free mass,” while eliminating the possibility of overheating and providing comfort and energy
savings. Thermal mass use can also temper increased solar gain. Adding thermal capacity reduces
temperature swings if the mass is well distributed in the direct gain space.
Placement of thick carpets over heat-storage floors and hanging too many plants in sunspace windows are
some examples of elements introduced in interior spaces which do not bear positive effects on comfort. The
elements on a building inclined to absorb heat must not be shielded from effective solar heat absorption.
Occupants of passive buildings must be well informed of the necessity for exposure of thermal storage
components to direct sunlight, or to secondary gains via reflection and convection. There have been
examples of subsequent owners covering over heat-storage walls with insulation and wallboard to “hide”
block or brick exposed on the interior, thereby eliminating its storage capacity and function. One way to
prevent this kind of intervention is to provide a storage mass that is aesthetically pleasing or acceptable.
Also, an operator’s manual for the building explaining the functions and requirements for the mass to work
well can be helpful.
Other options of thermal mass include possibilities where the exterior walls may be lightweight and highly
insulated and interior separating walls are constructed with ceramic clay bricks or with poured concrete.
Both these cases offer high thermal effusivity. In these cases, the thermal mass can be located on the floor or
on the ceiling. A thickness of 100mm of a massive material (concrete or brick) is quite suitable for providing
coolness for the span of one day or for storing passive heat during a winter day. However, it should be
noted that should the house be indeed well insulated, the importance of passive heat absorption lies in the
surface area of wall that is in contact with air, rather than the actual thickness of the wall.
Construction of passive solar heat storage ranges from simple to quite complex. The simplest heat storage
method is to construct the building in question with massive structural materials insulating the exterior to
couple the mass to the indoor space. Multiple functions of the components can increase cost efficiency.
4. Wall Construction Methods
In the construction of the Experimental Solar House thirteen methods of wall construction were taken under
consideration. The following solutions exhibited in Table 6.1-6.3 for a masonry-insulated wall were
considered.
For plastering the external wall were polystyrene is placed, a special plaster is being used. It is a brand
commercially known as Adesilex FIS 13 and it is especially designated to be applied on insulation panels.
Special plastering is required because the customary plaster used on brickwork (mixture of water, cement
and sand) will quickly form cracks when placed on polystyrene.
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Tables 4.1 Wall construction consideration methods
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Tables 4.2 Wall construction: methods and options
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Tables 4.3 Wall construction: methods and options
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Since in a passive building, the walls require thermal mass in order to retain heat, type 11 and 13 as exhibited
above are immediately rejected in the case of the solar house. Types 11 and 13 can be used for passive
buildings as long as the walls will not be used as thermal mass.
Since the U-value of the wall is an important factor, types 1, 3, 5, 7 and 9 are rejected, as they have an
unacceptable U-value.
Type 10 and 12 have an acceptable U-value, but the prohibitive manufacturing cost does not make them an
efficient choice.
The types 2, 4, 6, 7 and 8 are viable options. Type 6, 7 and 8 appear to be the most appropriate options for a
250mm thick wall to match the thickness of the concrete frame of the building. A wall that has the same
thickness as the concrete skeleton is preferred so as to avoid the 50mm gap between the external walls and
the columns and beams, making for a better architectural detail.
With these comparisons in mind, the chosen type of wall construction for the Experimental Solar House is
type 6, since it effectively insulates the entire structure and avoids thermal bridges where the columns and
beams occur.
5. Polystyrene as Thermal Insulation
Research on extruded and expanded polystyrene for the application on exterior surfaces of buildings has
been conducted by the authors. The research findings conclude that expanded polystyrene is a more cost
effective option than extruded polystyrene. Fortunately, expanded polystyrene is produced locally, whereas
the extruded kind has to be imported from abroad. This renders the use of expanded polystyrene an even
more sustainable option than the alternative.
A comparison of different densities of expanded and extruded polystyrene was performed. The U-values of
the polystyrene were compared versus the thickness and cost which was applied on a number of elements of
a building (see Figure 5.1 showing applications on the walls, columns, beams and overhangs):
−
−
−
−

Brick wall
Roof
Overhangs (on exterior floors)
Columns and beams

Expanded polystyrene considered, supplied by the Cypriot company Leopol Manufacturers Ltd:
1.
2.
3.
4.
5.

Density (ρ) of 15 kg/m³ and thermal coefficient (λ) of 0,036
Density (ρ) of 20 kg/m³ and thermal coefficient (λ) of 0,035
Density (ρ) of 25 kg/m³ and thermal coefficient (λ) of 0,034
Density (ρ) of 30 kg/m³ and thermal coefficient (λ) of 0,033
Density (ρ) of 40 kg/m³ and thermal coefficient (λ) of 0,033

Extruded polystyrene considered, supplied by Fibran Bulgaria AD:
1.
2.

Polystyrene used for walls of density (ρ) of 28-30 kg/m³ and thermal coefficient (λ) of 0,025
Polystyrene used for concrete of density (ρ) of 28 kg/m³ and thermal coefficient (λ) of 0,029

With respect to the type of polystyrene used, considerations considered included the comparative research of
the required structural thickness compared to the unit price for several different polystyrene densities. From
this comparison, it was determined that in order to meet the required proposed Cyprus Standards, polystyrene
of weight 25kg/m3 is to be used. Figure 5.1 shows the U-values and prices of the Extruded (Polystyrene used
for concrete of density (ρ) of 28 kg/m³ and thermal coefficient (λ) of 0,029) and Expanded (Density (ρ) of 25
kg/m³ and thermal coefficient (λ) of 0,034) polystyrene.
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Figure 5.1 Expanded (Leopol) versus Extruded (Fibran) polysteryne
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6. Roof Construction Methods
In the construction of the Experimental Solar House, two methods of roof construction were taken under
consideration. These options are presented in Table 6.1.
As discussed earlier, a passive building requires thermal mass in order to retain heat. With that in mind, all
three roof types are indeed viable options. However, type 1 and 3 seem to stand out because of the lower Uvalues they posses. Eventually, type 3 is selected because the reverse beam structure of the roof provides
aesthetically better interior architectural space. Also, better insulation results are achieved while avoiding a
50mm gap between the external walls, columns and beams.
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Table 6.1 Roof construction: methods and options
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7. Monitoring the Experimental Solar House
The house was inhabited in May 2000. In the first month of habitation, it was observed that daytime external
temperature reached approximately 28oC and the nighttime temperature was 14oC. Indoor temperatures,
however, remained steady at around 22oC. Hourly temperature and relative humidity readings were taken all
year round. As it transpired from the readings, the temperatures acceptable for comfort level range from 19oC
to 29oC for Cyprus (Lapithis, 2002).
Overall, the twenty-four hour indoor readings indicate a fluctuation of 0-2ºC. Considering that the external
temperature swing is 10-15ºC, it is proven that a constant temperature is preserved throughout the day.
Energy supplies in the Experimental Solar House are electricity, potable water and wood for auxiliary
heating. The house rewarded the inhabitants with a low winter and summer utility bill, considering that no
air conditioning system is required. Overall, there is an annual energy saving of 85% between the
Experimental Solar House and an average contemporary house in Cyprus that falls within the specific
typology.
8. List Summarizing Lessons Learned
•

It is necessary to consider the total usage of energy in a building, and not to isolate, for instance, space or
water heating alone. In the same spirit, in attempting a holistic approach to a passive solar house, it is
crucial to consider remedies for both summer and winter circumstance. Additionally, it transpired
reducing cooling loads was often a greater challenge than reducing heating loads.

•

The building ought to be considered as a system, where individual technologies act as integral parts of
the greater whole. The order in which the technologies are introduced into the design is of importance.
In general, energy-conservation technologies are considered first, passive solar are second, and active
solar are considered third. However, in most cases all of these technologies are used as a synergistic
combination of systems.

•

Energy conservation, using high levels of insulation and highly insulated windows, should be the first
option considered. High levels of insulation in all building members are beneficial in the climatic
conditions of Cyprus, as well as in countries where cooling is a major issue.

•

It was been proven that passive solar gains can contribute to indoor space heating in the climatic
conditions of Cyprus and do not lead to overheating if counteracted by proper solar protection. Passive
solar cooling was also proven to be effective. In both the heating and the cooling scenarios, it was
necessary to include thermal mass in direct gain passive solar design, as it extended the usability of the
systems by increasing the time constant and slowing down heat build-up in the summer.

•

Designing new, innovative building concepts requires a multi-disciplinary design team. The extensive
uses of solar technologies, which are often integral parts of the design, make the design process unique
against traditional methods. It requires the energy aspects to be considered early on in the design stage
and it also requires architects, engineers and the clients’ collaboration from the onset of the project.

•

Training of constructors and on-site supervision is particularly important in low-energy buildings. In
very low-energy or zero-energy buildings, the energy consumption is strongly influenced by construction
practices and by user behavior than it is in conventional buildings.
9. Conclusion

There are a number of choices of solar techniques from which a design professional can select, each with its
own set of advantages and disadvantages. These options must be weighed in terms of the local climate,
construction practices and competing fuel costs and overall construction expenses. However, the abovementioned passive solar system would not guarantee comfort levels in summer and winter months unless a
proper assessment is carried out to include calculations that involve a suitable prediction method of indoor
air temperatures and numerical external and internal design data.
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Currently, most buildings in Cyprus are constructed with little or no insulation. In the few instances where
insulation does occur in Cypriot houses, it is generally isolated in the wall members. This is fact the leading
cause of large instances of summer and winter discomfort. The Experimental Solar House is designed in
accordance to comfort zone calculations so as to ensure the maximum comfort of its occupants. It is
important not to neglect insulation of building members such as the skeleton and the roof.
When a Cypriot contemporary house was compared to a traditional house (Lapithis 2004), the energy
performance of the original insulated traditional house was proven to be superior to the contemporary house,
which has no energy-efficient considerations. Therefore, since the Experimental Solar House was designed
and constructed using researched material of traditional houses, once compared with a contemporary house
the results were easy to assume. The Experimental Solar House proved to be far superior in its energy-saving
performance. Thus the construction of the solar house has a purpose that is multifaceted. It is an
environmental success as well as an architectural one. The house itself is able to provide excellent indoor air
quality and natural lighting.
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Abstract
In industrial or commercial buildings, the roof design and its opening systems are essential toward the
thermal and lighting performance. Usually, roof coatings are designed to maintain waterproofing while the
smoke evacuation is partially or totally ensured by the skylights installation. Yet, these components
participate in increasing/decreasing roofs solar reflection, daylighting and may improve natural ventilation
under operative conditions and passive cooling. The presence of these openings and the consideration of
roofs solar reflectance studied here have a direct impact on the overall building thermal behavior. Indeed, the
combination of solar gains and thermal losses depends on the design parameters (solar reflectance, opening
size, etc.), climate and the season conditions. The objective of this study is to assess the impacts of skylights
and solar reflectance on building energy consumption, comfort and daylight factor through annual
simulations. Coupled heat and mass transfer is computed using the coupled codes TRNSYS and CONTAM.
In parallel, lighting simulation is performed using DIALux. Coupling the heat and mass transfer and lighting
simulations is realized through daylight factors that determine the appropriate artificial lighting to be
considered in the calculation procedure. The results are analyzed and discussed considering the parameters.
The advantages of combined use of skylights and highly reflective roofs are detailed considering both of
overall energy consumption and summer comfort.
KEYWORDS: solar reflectance; skylight; cool roofs; coupled heat, air and lighting simulation; daylighting.
1. Introduction
In the case of industrial and commercial buildings characterized by large areas of roofing, heat exchanges at
the roof are very important. In summer, the high thermal insulation of the envelope of low energy buildings
and their high air tightness result in overheating (Langmans et al. 2010). As such, the use of passive cooling
techniques such as cool roofs and night natural ventilation through skylights can be a good solution for this
type of buildings(Bahadori & Haghighat 1985; Breesch et al. 2005; Levinson & Akbari 2009; Muselli 2010).
The introduction of cool coatings and openable skylights can have beneficial or negative impacts on the
building thermal behavior (Trabelsi et al. 2010). Indeed, their presence plays an important role in solar gain
and heat loss; this has repercussions in terms of building energy performance and thermal comfort.
Depending on the season, these aspects (heat and air balance) may have different impacts. In winter, we try
to limit heat loss (conduction in the walls, convection, longwave radiation and ventilation) while maximizing
solar heat gain (shortwave radiation). The aim is to reduce the energy consumption of the building (in term
of heating) and to maintain a certain level of thermal comfort. In summer, we attempt to cool the building by
removing the maximum amount of heat (conduction in the walls, convection, longwave radiation and
ventilation) while minimizing solar gain. The objective is to reduce the energy consumption of the building
(in term of air conditioning) or in the absence of active system, to maintain a certain level of thermal comfort
in summer. These two objectives often lead to conflicting solutions hence the existence of optimal behavior.
In this context, the study that we conducted concerns industrial or commercial buildings that are fitted with
cool coating and openable skylights. Thus, the potential of natural ventilation is increased and the use of
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artificial lighting can be reduced. In this work, the assessment of the impact of solar reflectance and skylights
on building energy consumption, comfort and daylighting is achieved.
2. Model
The study is carried out on two floors commercial building located in Poitiers (France) made of steel
structure. The building is constituted by offices in the south part and a store in the north part (Figure 1). The
thermal insulation consists of mineral wool; it is about 150 mm thickness for the store, 250 mm for offices
and 280 mm for the roof. The thermal inertia of the building is mainly related to concrete slabs (160 mm
thickness in ground floor and 120 mm in top floor). 45% of the frontage of the offices part is glazed with
solar protections; store and meeting room (1st floor) are fitted with skylights (4.5 % of the roof area
concerning the store). The offices part and the store area are provided with independent mechanical
ventilation systems. The building has no air conditioning system and the cooling is achieved by night
ventilation through openings in the roof.

Figure 1: Plan of the studied building

In this paper, a multizone nodal approach has been followed because it is the most suitable for our case.
Indeed, the objective of the study is to evaluate building behaviour over a whole year including several
physical phenomena and aspects such as radiation transfer, interaction between building and heating
system... Heat and air simulations have been achieved using the coupled codes TRNSYS and CONTAM.
These codes are widely used by the scientific community (Beckman et al. 1994; Chel et al. 2008; Sowa &
Karas 2007).
3. Results and discussion
3.1 Comparison of passive cooling solutions
The studied building is often found in the service sector with two parts (offices and store). The management
of heating in this type of configuration is particular. Indeed, heat and air transfer simulations show that the
maximum heating power to be installed is located in the store (large volume) with 10% of the total power
estimated at 31.5 kW. The maximum annual energy consumption is in the office part with 32% of total
energy consumption estimated at 8.6 kWh /m².year. This feature is explained by the fact that the level of
heating for these areas is not the same. In addition, the store being provided with skylights, it benefits from
solar gain regardless of the orientation.
In summer, in order to estimate the thermal discomfort problems during the occupation periods, we
considered the “PPD” index (predicted percent of dissatisfied people) and the rate of discomfort defined by
the occurrence of indoor temperatures above 26°C. The mean rate of discomfort during occupation is about
74% over the period of summer with temperatures ranging between 22.5 and 31.2°C for the store zone.
According to Figure 2, for such kind of building (high thermal insulation and high air tightness), it exist a
high risk of discomfort whatever the use of the zone. For example, the PPD index ranges between 30 and
100% during 39% of occupation time in the store zone.
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Figure 2: Frequency of occurrence of PPD index during the period of occupation

In the absence of air conditioning system, to have recourse to night natural ventilation and high-albedo
coating can be a solution for this type of building. To demonstrate the relevance of the use of passive cooling
techniques cited above for this type of construction, heat and air transfer simulations were performed
considering several scenarios as shown in Table 1.
Table 1: Studied scenarios

Scenario

Description

Stand.

Standard case: No passive cooling technique is considered

Sol. 1

Solution 1: Cool Roof (solar reflectivity = 0.8 ; emissivity = 0.9)

Sol. 2

Solution 2: Night Natural Ventilation through skylights

Sol. 1+2

Combination between solution 1 and Solution 2

The use of cool roofs coatings provides a better thermal comfort in summer and reduces heat island effects.
Indeed, they reduce the roof surface temperature Therefore, they reduce cooling demand and associated
additional heat releases. In addition, it improves the durability of the materials constituting the wall by
minimizing temperature gradients between the inner and outer surface. To assess the impact of albedo on the
thermal behavior of the store zone, we performed heat transfer simulations on our case study by considering
two values of solar reflectivity (0.2 and 0.8).

Figure 3: Evolution of operative temperature in the store zone for the different studied scenarios

The use of openable skylights increases the surface for ventilation and thus potentially increases the air flow
due to natural ventilation and particularly thermal buoyancy. To show the impact of the use of night natural
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ventilation to solve the problems of summer discomfort, we conducted heat and air transfer simulations
considering closed and open positions of skylights at night.
Figure 3 shows the evolution in time of the operative temperature in the store zone during a week of July for
the different studied cases shown in Table 1. From this figure we see that actually, the building is in a
discomfort situation for the occupants. Indeed, in the standard case, the average temperature of the store zone
is about 27.3°C even though it is about 19.28°C for the outdoor air temperature. Although a week of
relatively cool, for such building, it is really hard to dissipate the entropic and solar heats stored during the
day.

Figure 4: Energy demand for standard (ρ=0.2) and cool roof (ρ=0.8)

The use of a high albedo coating (Sol. 1) does not significantly modify the thermal behavior of the building.
In one hand, the increase of a solar reflectivity from 0.2 to 0.8 causes an increase in the annual consumption
for heating of 4.4% (Figure 4). In the other hand, it causes a decrease in the mean temperature of 1.2°C
(Figure 2) and a decrease in the mean rate of discomfort during the period of occupation of 16%. Despite a
drop of 1.2°C in temperature, the building remains in a discomfort situation for the occupants.
As a reminder, the use of cool roof has a direct impact on surface temperature with a potential reduction of
about 13°C on average (Bozonnet & Doya 2010). This temperature reduction can have a significant role on
the inside air temperature only if the thermal insulation of the roof is low which is not the case for the
typology of the building studied. However, with the noticed reduction in room temperature, one can easily
imagine the gains in terms of energy in the case of air-conditioned buildings.

Figure 5: Air change in the store with and without wind

The use of night natural ventilation through skylights for passive cooling (Sol. 2) is a good solution to
address the problem of summer discomfort in the studied case. Indeed, the average operative temperature
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increases from 27.3°C in the standard case to 20.6°C in the case with night natural ventilation. Then, the
maximum temperature is about 25.7°C (Figure 2). As we come to deal with the problem of overheating in
summer with night natural ventilation only, the use of both techniques (Sol. 1+2) does not materially alter the
evolution of operative temperature in this case. The effect of the cool roof on operative temperature is clearly
identifiable from a given temperature threshold.
The potential of night cooling by natural ventilation depends on both the temperature difference between
inside and outside and the wind speed. The results presented above were obtained by considering the speed
and wind direction from the meteorological databases. Yet, they are closely related to the typology of the
urban site. To override the site conditions, we consider the air change due only to the effect of thermal
buoyancy. Figure 5 shows the air change rate in the store zone in the cases of zero and non-zero wind
velocity and Figure 6 shows the evolution of the operative temperatures for the same conditions. Despite a
strong decrease in the rate of air (about 5.9 vol/h on average), the operative temperature is acceptable with a
rate discomfort of 2.3% only.

Figure 6: Evolution of operative temperature in the store zone in the cases of zero and non-zero wind velocity

3.2 Natural lighting
To demonstrate the impact of the skylights on the distribution of illuminance level, we conducted a study of
natural lighting in the store zone under an overcast sky. This study was performed using the software
DIALux©. The latter is well known among specialists and technicians of lighting, because it allows a very
photo-realistic approach to the project all keeping the reliability of the results of calculations.
The results of the illuminance at the walls of store are reported in Figure 7. This light level is obtained for a
surface of skylight representing 4.5% of the total area of the roof and for a clear sky ofr a typical day of July.
Then, the daylight factor (DF) is equal to 0.84 %. Under these conditions, one can very well do without
artificial lighting because natural lighting is more than enough for such space. Indeed, the average
illuminance on the working plane is about 793 lux. However, in the case of the use of skylights for natural
lighting, special care must be taken to avoid glare (direct or by reflection) and the visual appearance of stains
on the floor. To remedy this problem, a more uniform distribution of skylights may be considered.
The good level of illumination on the working plane suggests energy savings on artificial lighting. This
requires the control of the latter depending on the DF and the light level outside. For the rest of the study, we
use artificial lighting only if the average illuminance on the working plane due to the natural light does not
exceed the minimum recommended by the regulations. Then, average illuminance on the working plane is
calculated in a simplified way by multiplying the DF by the outdoor illumination on a horizontal surface
obtained from meteorological databases.
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Figure 7: Distribution of illuminance on the inner walls of the store zone

3.3 Parametrical study
For a hot climate, (Hassouneh et al. 2010) have conducted thermal simulations of a residential building with
a glass surface facing the south and for different types of glazing. The increase in glass area saves heating
energy, whatever the type of glass, and is enhanced for low emissivity glass. In addition, the control of
lighting induces a reduction of peak cooling load for each month (Andersson et al. 1987; Li et al. 2005). The
impact of translucent on energy consumption is also reflected through the savings on artificial lighting (Chel
et al. 2010). The impact of the use of translucent on lighting and heating depends on the glass surface,
exposure and solar gain. Here after, a parametric study on the influence of the surface of skylights on the
building heat and air behavior and lighting is presented.
To illustrate the impact of the skylights, we performed simulations on the case study presented above where
we considered four skylights surfaces: 4.5 - 9 - 18 and 36% of the total area of the roof. The increase in the
surface of the openable skylights can of course increase the air change rate but in the same time it generates
an increase in operative temperature as shown in Figure 8. Increasing skylights area from 4.5 % to 36%, air
change rate go from 1.4 vol/h to 1.86 vol/h on average. In addition, the level of discomfort is increased from
0.3% to 84% as shown in Figure 10.

Figure 8: Effect of skylights surface on air change rate and operative temperature in store zone

The increase in the surface of skylights creates a greater solar absorption in the interior of the building that
tends to overheat the atmosphere inside. The stored heat cannot be removed by simple natural ventilation at
night. As the temperature level increases, the use of cool roof can cool the interior ambience air.
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Figure 9: Evolution of heating peak load during a winter week

According to Figure 10, annual energy consumption for heating decreases by 2.6% due to the solar gain and
then increase as the solar gains do not offset losses due to heat transmission at the skylight. However, the
peak heating power increases continuously due to small solar gain during winter (Figure 9).

Figure 10: Effect of skylights surface on energy demand, discomfort rate and artificial lighting rate

The increase in the surface of skylights plays a role also in the level of lighting inside the building.
Increasing the surface of the skylights increase four times the DF, it is then equal to 6.72% for skylights roof
coverage of 36%. Also, it is noticed that a marked decrease in the use of artificial lighting from 62.1% of the
time during occupancy to 11.7%.
In this article, comparisons had often been presented as relative difference. The fact is, given that we are
dealing with a low energy building, the annual energy demand for heating in absolute value never exceeds 11
kWh / m².year which is quite small. In addition there is an optimum of skylights coverage between 9% and
18%. This optimum also depends on the roof reflectance, the roof thermal resistance and the special
considerations to avoid glare.
4. Conclusion
In this paper, we studied the impact of openable skylights and roof’s albedo on a low energy office building
through a parametrical study. It concerns the surface of skylights and roof albedo parameters. The increase in
the number of skylights will reduce the artificial lighting time. The natural ventilation during the night
through the skylight has a better potential to refresh then the use of high albedo roofs up to a certain
threshold. Beyond, the annual heating energy consumption becomes very important. Nevertheless, an
optimum exists for skylights coverage between 9 and 18%.
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To complete this study on the potential for passive cooling using cool roof and natural ventilation through
the skylights at night, a further parametric study is needed. It will also include the thermal resistance of the
roof and the type of climate. Finally, thermal stratification large volumes zones must be modeled which
would change the levels of discomfort in this study.
The authors thank Region Alsace for their financial support.
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1. Introduction
Ceramic bricks or other materials with high water retentivity are recently attracting attention for roofing tiles,
walls, or paving materials because they are expected to mitigate the urban heat island phenomena (Sugiyama
et al., 2006). Development of materials with high water retentivity and its application are being studied. For
example, asphalt containing polymers were studied mainly for roadways and ceramic materials were for
sidewalks in some research projects in Japan. The materials retain water due to the rain and the water
evaporates when the materials are heated in a fine hot weather. The latent heat of the evaporating water
decreases the surface temperature and the surrounding temperature.
Ceramic bricks are superior in weather resistance and aesthetic value compared to asphalt with polymers,
though they have smaller bending strength. So that ceramic bricks or tiles with high water retention has been
proposed for use as roofing tiles, walls, and paving materials for roof gardens. Use of recycled ceramics has
been also studied by Nagae et al. (2005).
An important point of this type of ceramic bricks is time scale of drying process, namely, the duration of
temperature control due to the water evaporation. Measurement of dehydration rate was carried out by
Sugiyama et al. (2006). It was, however, measurement of water content of the sample ceramics placed in
drying oven at 43 oC by weighing the specimen. Effects of other environmental conditions such as humidity,
aerial current, solar radiation, and so on were not considered.
The water evaporation might be strongly dependent of humidity, aerial current, and temperature of the
surrounding and it would be not easy to predict the dehydration rate or retention durability. Especially in
Japan where the humidity is rather high even in summertime, the surface temperature of the bricks would
affect the dehydration rate and solar absorption would be an important factor in the surface temperature on
fine days.
In this report, we measured spectral reflectance of recycled ceramic bricks with high retentivity in dry-and
wet-states and derived solar absorption and also carried out preliminary discussion about the effect of solar
radiation on the dehydration rate.
2. Samples and measurement results
2.1. Samples
The six samples shown in fig. 1 are donated by a manufacturer of roof tiles, Kamisei. These bricks were
made from inorganic industrial wastes as raw materials, mainly wastes of roof tiles. The size was about 100
mm x 30 mm x 10 mm and water retention is 0.394 g/cm3, thermal conductivity 0.47 W/(mK) are published
by the manufacturer, http://www.kamisei.co.jp/, in japanese.
2.2. Experimental an measurement results
We measured the spectral reflectance of dry- and wet- states of the bricks. The dry process was carried out in
a dry oven at 105 oC for 1.5 hours before the measurement. Water retention was carried out by dipping the
samples into distilled water under low pressure atmosphere for 1 hour after the optical measurement of drystate. Then the samples were lightly wiped off the surface water just before the measurements not to drip in
the spectro-photometer.
The optical measurements were carried out to get the hemispherical reflectance in dry- and wet-states with
HITACHI U-4100 type spectro-photometer with an integrating sphere. The wavelength range was from 250
to 2500 nm. The weights of dry- and wet-states were also measured to obtain the water retentivity just before
the optical measurements.
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Fig. 1: Samples #1 to #6, from top to bottom donated by Kamisei.
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Fig. 2: Measured spectral reflectance of sample #1 to #6 in dry- state (a) and wet- state (b).

Fig. 2(a) and (b) show the measured spectral reflectance in dry-state and wet-state, respectively. One can see
big difference between these two figures, for example, reflectance in wet-state was much smaller than that in
dry-state, especially around 1450 nm and 1950 nm in wavelength due to the electromagnetic absorption of
water.
Visible and solar hemispherical reflectance calculated from fig. 2 and weights are shown in table 1. The
amount of water retention estimated from weights of dry- and wet-states were between 23.8 % and 29.3 %.
Both the visible and solar reflectance decreased by water retention and the differences were dependent on the
samples. Roughly, the decrease of solar reflectance is rather high in case of pale colored samples.
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Tab. 1: Measurement results
Dry-state
Wet-state
Decrease of Decrease of
Increase of
Visible
Solar
Weight,
Visible
Solar
Weight,
Vis. Ref.,
Sol. Ref.,
Weight, %
Reflectance, Reflectance,
g
Reflectance, Reflectance,
g
%
%
%
%
%
%

Sample
Number

Sample
Color

#1

gray

33.8

39.1

52.1

15.3

19.6

65.9

18.5

19.5

26.5

#2

light gray

40.5

48.5

55.4

18.3

24.8

68.6

22.2

23.7

23.8

#3

light red

29.5

39.8

56.7

15.2

22.2

70.8

14.3

17.6

24.9

#4

dark gray

30.8

36.4

53.5

16.4

20.3

67.4

14.4

16.1

26.0

#5

light yellow

39.4

45.2

53.5

19.7

24.2

66.5

19.7

21

24.3

#6

light pink

50

60.8

86.1

23.4

34

111.3

26.6

26.8

29.3

3. Discussion on dehydration rate
3.1. Dehydration rate in previous works
Measurements of dehydration rate were published by Sugiyama et al. (2006), for example. They carried out
the measurements by weighing the samples in drying oven controlled at 43 oC. The samples were sintered
high water retentive ceramics and commercial red bricks. The important difference between the former and
the latter was porosity or retentivity; the former showed higher porosity or higher water retentivity.
In the results, they showed that the dehydration rate of the high water retentive ceramics was almost
constants throughout and the dependence on the composition was very small. As for the commercial red
bricks, one can see that the dehydration rate has three phases, namely, rapid dehydration phase, constant
dehydration phase, and no dehydration phase retaining water in case of thick bricks. They discussed that, in
the publication, during the first 10 hours, the dehydration rate was considered to be determined by the
vaporization on the top surface or water transfer in the brick. In the later stage, a possible factor to influence
the dehydration rate is a condition of diffusion of water vapor in the brick. After 50 hours, the rather tall
sample contained 20 to 30 % of water.
Based on the above discussion, we drew fig. 3 showing images of changes of water retention vs. time in
drying oven controlled at 43 oC.

100%
water retention

(a)

constant dehydration rate
dehydration rate

Water retention (wt%)
and dehydration rate

Water retention (wt%)
and dehydration rate

While these results are obtained from experimental data in drying oven and solar absorption is not considered,
the above discussion would be useful as base models. We discuss about the dehydration rate affected by solar
absorption as an important factor in the actual environment as changes of water retention and dehydration
rate of fig. 3(a) in consideration of fig. 3(b).
100%
water retention

(b)

constant phase
rapid
phase

dehydration rate

time

water
remaining
time

Fig. 3: Images of dehydration rate in drying oven controlled at 43 oC based on discussion by Sugiyama et al. (2006).
(a) in case of sintered high water retentive ceramics. (b) in case of commercial red bricks.
Solid lines: water retention, Doted lines: dehydration rate.
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3.2. Dehydration rate in consideration of solar absorption
When we discuss the effect of solar absorption on the water retention, we can start with three issues, those
are, solar absorption occurring only on the surface of the bricks, water transfer being expected higher due to
the higher evaporation rate of water near the surface, and diffusion of water vapor diffusion being not
affected by the solar absorption. The first and second ones may form a rapid phase in fig. 3(a) such as fig.
3(b). As an effect of the third one, the constant phase remains. Water remaining after 50 hours in fig. 3(b)
should not be considered because this was not observed in fig. 3(a).
While the drying oven experiment was carried out at 43oC, the surface temperature under solar radiation on
fine day would be mainly determined by heat balance of absorbed solar energy and evaporation, and it may
be beyond the temperature of the drying oven depending on color of bricks. When the surface temperature
becomes higher, the evaporation rate at the surface increases and the retention durability would be small. The
high evaporation rate may not continue longtime because of the lack of water near the surface.
Fig. 4 shows the measured changes of solar absorption in dry- and wet-states derived from fig. 2 or table 1.
When the change of solar absorption between dry- and wet-states is assumed gradual, the thermal insulation
may also increase gradually. That would be another reason why the dehydration rate would be affected by
solar radiation only in early phases.
Fig. 5 shows the resultant behavior of water retention from above discussion. In the figure the solar
absorption increases the dehydration rate in early phase and decreases the water retention durability
comparing to the experimental results in drying oven.
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100%
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Fig. 4: Solar absorption of dry- and wet-states of samples.

(a)

time

(b)

time

Fig. 5: Images effect of solar absorption on water retention (a) and dehydration rate (b) vs. time.
Solid lines: water retention (a) and dehydration rate (b) derived from previous work. Thick arrows: effect of solar radiation.
Dotted lines: expected water retention (a) and dehydration rate (b) affected by solar absorption.
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4. Conclusion
The solar absorption is one of the most important factor in dehydration rate of ceramic bricks with high water
retentivity in use as outdoor materials such as roofing tiles, walls, paving materials and so on. We measured
the solar absorption of some samples of the ceramic bricks and carried out preliminary discussion about the
effect on the dehydration rate referring to a previous work. In the results, the solar absorption may affect the
dehydration rate in early phase and decrease the water retention durability comparing to the experimental
results in drying oven.
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1. Introduction
Energy and material use are increasing significantly worldwide and buildings in urban areas are responsible for
much of this growth in the intensity of energy and material consumption (GOLDEN, 2003). Of the many ways
in which buildings impact the environment, the emission of greenhouse gases (GHG) and the creation of
microclimates within urban areas are among the most prominent (UNEP, 2007). Greenhouse gases emissions
are directly related to the energy consumed during all the stages of a building’s life, including manufacture,
transportation, construction, operation and demolition. Over the entire lifetime of a building, the operational
energy is the most significant of these (JO et al., 2010).
In most countries, residential buildings are responsible for a major part of the energy consumption in the
building sector (UNEP, 2007). Studies indicate that buildings in Brazil (commercial, residential and public
services) account for 44.7% of the energy use (electricity): the non-residential sector accounts for 22.7% and
the residential sector for 22% of the total (BEN, 2007).
The pattern of energy use in buildings is strongly related to the building type and the climate zone where it is
located. On account of the fact that urban areas around the world are experiencing rapid population growth and
urban sprawl with consequent increase in the impermeable urban surfaces, the more intense solar energy
absorption by concrete and paved surfaces causes the surface temperature increase several degrees higher than
ambient air temperatures (SYNNEFA et al., 2007). With this increase in the ambient air temperature there is
consequent increase in the buildings surface temperatures and the air temperature inside the buildings, causing
thermal discomfort for users in no conditioned buildings or higher energy demand for cooling systems.
Improving the thermal properties of the existing building envelope is, in many cases, one of the most logical
solutions in order to reduce the building energy consumption. As a consequence, this is also one of the most
important strategies in building retrofit. The level of improvement achieved through a renovation of the
building envelope often depends on a combination of factors, involving windows, doors, walls and roofs. An
unbalanced intervention between different components can lead to unsatisfactory results (UNEP, 2007).
Hot climatic conditions generally prevail in low altitude areas between 15º north and south latitudes. A
significant portion of the global population lives in this region, notably countries in North and South America,
Africa, India, Indonesia, Malaysia, Thailand and the Philippines. Therefore, it would be quite useful to develop
strategies that could be included in designing modern passive houses. Such techniques would be useful in
reducing the use of energy-consuming active means on most days of the year, especially when climatic
conditions are not extreme. In this region, the path of the sun generally goes through high altitudes during the
daytime, subjecting the roofs of dwellings to intense sunlight. Unlike vertical surfaces such as walls, the roof is
exposed to the sun throughout the daytime round the year, significantly contributing to building heat gain
(JAYASINGHE et al., 2003).
In Brazil, solar radiation is responsible for important portion of the thermal load from buildings. According to
the Brazilian standard NBR 15220-3 “Thermal performance in buildings – Brazilian Bioclimatic Zones and
Building Guidelines for Low-Cost Houses” (ABNT, 2005), in Brazil there is a broad range of climatic
differences and for this reason it was divided into eight zones according to their climatic characteristics (Figure
1a). Based upon this division, a set of specific bioclimatic design strategies was indicated in this standard
focusing its application during the early design stage. It can be observed from Figure 1a that most of the
Brazilian area is dominated by tropical and hot climates (zones Z5, Z6, Z7 and Z8). In these cases, solar
radiation levels are sufficiently high that even during the winter buildings do not require active heating (Figure
1b). On the other hand, the summer overheating due to solar radiation negatively affects comfort in the built
environment and contributes substantially to the electricity consumption for air conditioning.
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GLOBAL SOLAR IRRADIANCE
kWh/m²day

(a) Brazilian Bioclimatic Zones
(ABNT, 2005)

(b) Average global solar irradiance in Brazil for year 2000.
(MARTINS et al, 2005)

Figure 1 – Brazilian Bioclimat Zones (a) and average global solar irradiance in Brazil for the year 2000 (b).

According to Givoni (1998), building envelope reflectances determine the impact of solar radiation in
buildings, once they indicate which portion of the solar energy that hits the building envelope is actually
absorbed by the exterior surface, affecting the heat gains of the building and indoor temperatures, and which
part is reflected, with no effect on the building thermal conditions. The heat gains of building opaque surfaces
due to solar radiation affect the indoor thermal comfort conditions and consequently the energy consumption
increase in conditioned buildings or the thermal discomfort in no-conditioned buildings.
Roof surfaces are responsible for significant portion of the total solar radiation absorbed by a building.
Suehrcke et al. (2008) emphasize that daytime heat flow from a sun-exposed roof surface is essentially only in
downward direction and the downward heat flow generally is undesired, as it tends to overheat the building or
put extra load on an air-conditioning system. In particular, use of light-colored roofing materials has been
shown qualitatively to have the potential for reducing solar heat gain and hence air-conditioning cooling loads
(TAHA et al, 1988).
The use of reflective materials on the building envelope is one of the most efficient ways to reduce these
effects. According to Synnefa et al. (2007), for peak solar conditions (about 1000 W/m²) for an insulated
surface and under a low wind condition, the temperature of a black surface with solar reflectance of 0.05 is
about 50°C higher than ambient air temperature. For a white surface with solar reflectance of 0.8, the
temperature rise is about 10°C. Surface temperature measurements demonstrated that a cool coating can reduce
the concrete tile’s surface temperature by 7.5°C and it can be 15°C cooler than a silver grey coating.
In the same way, the purpose of this study is to report the measured optical properties and the thermal
performance of white solar-reflective paints filled with ceramic microspheres produced in Brazil for roof paint
that are commercially available, compared to one white conventional paint (acrylic). The paint manufacturers
usually commercialize white solar-reflective paints with ceramic microspheres as “thermal insulation
materials” for roofs, because of the inclusion of this component in the paint film. Ceramic microspheres are
very tiny, round particles that are distributed throughout the dried paint film (Figure 2). The main benefits of
ceramic paints, according to the manufacturers, are: smoother, more continuous paint film that resists cracking;
superior stain resistance; reduces dirt accumulation; thermal insulation for the building surface; etc.

Figure 2 – Paint film with ceramic microspheres (Paint Quality Institute, http://www.paintquality.com/) .
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In order to analyze the thermal performance of these paints, spectral reflectances of painted samples were
measured using a spectrophotometer and the solar reflectance of the samples was calculated using a standard
solar spectrum. With the aim to indicate the impact on the thermal comfort in no-conditioned buildings for
hot/dry and hot/humid climates in Brazil, computer simulations were performed using the EnergyPlus
simulation program, according to the reflectance data obtained with the spectrophotometer and the comfortable
temperature intervals indicated by ASHRAE 55-2004 for naturally ventilated buildings (ASHRAE, 2004).
2. Experimental procedure
In this work, it was evaluated the thermal performance of white solar-reflective paints filled with ceramic
microspheres (acrylic paint). Seven different paints were selected from a range of products commercially
available in Brazil as “thermal insulation materials” for roofs and the results were compared to one sample
produced with standard white acrylic paint. Besides the white paints, a black paint was included in this work
with the purpose of comparative analysis. The solar reflectance of this paint was measured with a
spectrophotometer in previous author’s research (DORNELLES et al., 2007).
This work was divided into three main procedures:
• Spectral and solar reflectance measurements for white solar-reflective paints, with a double-beam
spectrophotometer;
•

Surface temperature measurements for samples exposed to the sun;

•

Computer simulations and estimate of cooling energy consumption in buildings.

2.1. Spectral and solar reflectance of the coatings
Spectral reflectance measurements were performed for selected paints using the Varian Cary 5G double-beam
spectrophotometer, considering both specular and diffuse radiation according to the ASTM E903-96 standard
(ASTM, 1996). The reflectance was determined at wavelength intervals of 1 nm, from 300 to 2500 nm, which
is the solar spectrum range with the highest concentration of solar energy according to the ASTM G173-03
(ASTM, 2003). The samples prepared for this procedure were carefully painted to obtain homogeneous and
uniform surfaces.
Spectral reflectance data obtained in this work were used to calculate the Solar Reflectance of each sample. The
calculation was carried out by weighted-averaging, using a standard solar spectrum as the weighting function to
compute the overall fraction of solar energy reflected under typical atmospheric conditions. The spectrum
employed is that provided by The American Society for Testing and Materials (ASTM, 2003), as showed in
Figure 3.

Figure 3 – Standard solar spectrum.

The samples spectral reflectance curves are presented in Figures 4 to 7, and the average reflectances for each
solar spectrum range were already weighted-averaging using the standard solar spectrum (Table 1). The white
conventional paint is presented as reference in all graphics for comparative purpose, and in Figure 8 reflectance
curves for all samples are presented, in order to compare the spectral behavior of the paints.
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Figure 4 – Spectral reflectance curves for Conventional White, Cool White A, and Cool White B paints.
paints

Figure 5 – Spectral reflectance curves for Conventional White, Cool White C, and Cool White D paints.
paints

Figure 6 – Spectral reflectance curves for Conventional White, Cool White E, and Cool White F paints.
paints

Figure 7 – Spectral reflectance curves for Conventional White,
White Cool White G,, and Conventional Black paints.
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Figure 8 – Spectral reflectance curves for all white samples and conventional black paint.
paint

It can be observed that the conventional white coating (sample 1) presented higher solar reflectance (89.8%)
when compared to cool white paints filled with ceramic microspheres. As a matter
tter of fact, all the white samples
presented high solar reflectance (higher than 78%),, that is to say, all of these samples are efficient reflective
paints.
Tab. 1: Weighted-average
Weighted average spectral reflectances, using the standard solar spectrum.
spectrum

Sample
1
2
3
4
5
6
7
8
9

Conventional White
Cool White A
Cool White B
Cool White C
Cool White D
Cool White E
Cool White F
Cool White G
Conventional Black

UV
8.3
4.9
4.8
4.2
6.2
4.7
5.3
5.5
2.9

Reflectance
nce (%)
VIS
NIR
92.4
91.0
85.5
83.0
86.2
81.1
83.2
76.4
87.3
85.8
86.1
83.0
85.9
78.1
90.0
83.8
2.9
2.3

TOTAL
89.8
82.5
82.1
78.3
84.8
82.8
80.6
85.3
2.6

2.2. Thermal performance of the coatings
In order to analyse the thermal performance of the coatings, surface temperature measurements were performed
for all samples exposed to the sun. An electronic device for the data acquisition was adopted consisting
consist
of
temperature sensors model DS18B20 manufactured by Maxim Integrated Products Company,
Company whose accuracy
is ± 0.5°C according to the manufacturer (Figure 9).

(a) Temperature sensor.

(b) Measured data acquisition device.
device

Figure 9 – Temperature sensor (a) and electronic device for surface temperature measurements (b).

The temperature sensors were taped on the samples base with aluminium foil tape and the samples were
positioned on a platform insulated from below with expanded polystyrene in order to eliminate the heat transfer
effects between the platform and the samples (Figure 10).. Additionally, the ambient air temperature (DBT) was
also measured. The samples were exposed to solar radiation on the platform and the surface temperature
measurements were performed during 2h30 at 1 minute intervals on 5th October 2010, from 12h30 to 15h,
15
which is the period with higher solar irradiance during a sunny day with high air temperatures.
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(a) Sample with temperature sensor.

(b) Platform with tested samples.

Figure 10 – Sample with temperature sensor (a) and tested samples placed on the insulated platform (b).

In Figure 11 the surface temperatures measured for all the samples exposed to the sun are presented, as well as
the ambient air temperature (Dry Bulb Temperature – DBT). It can be observed that temperatures oscillated
between 30 °C and 70 °C. The black sample reached the highest surface temperature (67.6 °C) and the
conventional white sample the lowest temperatures.

Figure 11 – Samples surface temperatures and ambient air temperature.

The black paint surface temperature curve was excluded from the next graphic (Figure 13) in order to obtain a
large-scale graphic with better visualization of the surface temperature variation for white samples. It can be
observed that there are maximum variations of 5K among the surface temperatures of the white samples, which
indicates that colour is not the only determinant factor of how much solar energy a surface can reflect.
Nevertheless, the ceramic microspheres present in the paints composition do not interfere considerably in the
surface temperatures reduction, as the paint manufacturers have indicated. Actually, the conventional white
acrylic paint without ceramic microspheres presented higher solar reflectance than those which contain this
component.

Figure 12 – Surface temperatures of the white samples and ambient air temperature.
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In certain moments the graphic presents some decrease in the temperatures and suddenly an increase, which
were caused by the presence of some clouds during the measurement, obstructing the direct solar radiation
incidence on the samples. However, this event has not damaged the continuity of the measurements during the
considered period.
Table 3 presents the maximum and minimum surface and ambient air temperatures measured for each sample.
For the white samples with ceramic microspheres small differences can be observed among their surface
temperatures, as presented in Figure 12. Nevertheless, the conventional white paint presented the lowest
temperatures with regard to the other samples. These results make evident that the presence of ceramic
microspheres in the paints composition do not make them thermal insulation materials. The great potential use
of these paints in order to reduce surface temperatures for roofs exposed to the sun is due to the high solar
reflectance of these paints, as it can be observed comparatively with the data presented in Table 2.
Tab. 2: Maximum and minimum temperatures for samples exposed to the sun and respective solar reflectances.

Sample
-1
2
3
4
5
6
7
8
9

DBT

Conventional White
Cool White A
Cool White B
Cool White C
Cool White D
Cool White E
Cool White F
Cool White G
Conventional Black

Temperature [°C]

Solar reflectance
(%)

Minimum

Maximum

--89,8
82,5
82,1
78,3
84,8
82,8
80,6
85,3
2,6

31,14
33,09
34,30
34,55
34,71
34,07
34,55
34,68
33,78
44,48

36,50
39,39
42,38
42,28
43,84
41,93
43,75
43,37
42,09
67,55

3. Heat discomfort and cooling energy simulation
3.1. Climates and building description
In order to estimate the effect of using cool roofs on the thermal comfort in buildings located in hot climates,
simulations were performed using the EnergyPlus simulation software for a building located in two Brazilian
cities with different hot climatic conditions (hot/dry and hot/humid). The city of “Belem” was adopted as
representative of hot and humid climate (Zone 8) and the city of “Sao Raimundo Nonato” as representative of
hot and dry climate (Zone 7). The city of Belem is located in the state of Para, North of Brazil, at 1.38 °S
latitude, 48.48 ºW longitude and altitude of 10 m. The city of Sao Raimundo Nonato is located in the state of
Piaui, Northeast of Brazil, at 9.05 °S latitude, 42.75 ºW longitude and altitude of 330 m (Figure 13).

Figure 13 – Location of Belem (hot/humid climate) and Sao Raimundo Nonato (hot/dry climate) in Brazil.
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Dry bulb temperatures (DBT) for the summer design day of each city are showed in Figure 14, corresponding
to the month of December. Meteorological data were taken from the weather database of the US Department of
Energy (http://apps1.eere.energy.gov/buildings/energyplus/), which presents weather data for more than 2100
locations.

(a) Belem, Para.

(b) Sao Raimundo Nonato, Piaui.

Figure 14 – Dry bulb temperatures (DBT) in the summer design day for Belem (a) and Sao Raimundo Nonato (b).

The base case building used in the simulation is a single-story flat roof house, as showed in Figure 15. This
building is a real example of residential buildings currently built in Brazil, mainly for low-cost houses. Its
height is considered as being 2.7 m and each wall and ceiling is made of 10 cm of concrete. The solar
absorptance of the walls was considered as being 50% and the window area is 1.44 m² each one, with half of
this area with 3 mm clear glass. The bathroom has one window with 0.36 m² of 3 mm clear glass. The roof is
covered with a 6 mm fiber-cement tile, whose solar reflectance was considered according to the
spectrophotometric measurements for the paints evaluated in this work. The infrared emittance for all samples
was considered to be 0.9. Infiltration and ventilation rates were set as 1/hour, according to the Brazilian
standard NBR 15575 (ABNT, 2008).

Figure 15 – Base case building used in the simulation.

Regarding internal gains, the simulations considered the thermal loads from the rooms occupancy according to
a typical Brazilian household for which these kinds of buildings are designed (low-cost houses, mainly): people
(2 adults – 100W/person and 2 children – 60W/person), equipment (TV – 50W, fridge – 90W, stove – 60W)
and lighting (100W). This type of building may not necessarily be representative of typical houses in tropical
climates. However, the purpose of this study is to report comparatively the influence of roof reflectance on the
thermal comfort conditions with the changing of the roof solar reflectance.
3.2. Heat discomfort simulation
In order to evaluate the thermal comfort conditions for each situation, comfortable temperature intervals were
adopted according to ASHRAE 55-2004 for naturally ventilated buildings (ASHRAE, 2004), adapted by the
authors according to Equation 1:
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Tc = 17.9 + 0.31* To (eq. 1)
Where:
Tc: Comfort temperature (°C)
To: Arithmetic average between the daily minimum average and the daily maximum average of outdoor
temperatures (°C), where equation 1 is valid for To between 10.0 °C and 33.5 °C.
ASHRAE indicates a comfortable interval of temperatures whose superior limit is determined by Equation 2
and the inferior limit by Equation 3:
Superior limit = Tc + tolerance

(eq. 2)

Inferior limit = Tc - tolerance

(eq. 3)

Tc: Comfort temperature (°C), and in this work it was adopted a tolerance of 2.4 °C, which according to
ASHRAE 55-2004 satisfies 90% of the occupants. In order to attend 80% of the occupants, this standard
indicates a tolerance of 3.4 °C.
As a result, it was found the following comfortable limits for indoor temperatures considered in the building
simulation, from equations 1, 2 and 3 (Table 3):
Tab. 3: Comfortable limits for indoor air temperatures considered in the simulation.

City
Belem
Sao Raimundo Nonato

To (°C)
26.29
26.31

Tc (°C)
26.05
26.06

Inferior Limit (°C)
23.65
23.66

Superior Limit (°C)
28.45
28.46

Although there are climatic differences between Belem and Sao Raimundo Nonato, the average temperatures
and the comfortable limits are almost the same for both cities.
Thermal discomfort in the building simulated with several roof reflectances was quantified in degrees-hour
(°Ch) of heat discomfort, which corresponds to the discomfort caused by the air temperature when it is higher
than the superior limit. Daily, monthly or annual levels of discomfort are the sum of the levels occurred along
the respective period of time.

3.3. Estimate of cooling energy
Szokolay (1987) presents a simplified method to estimate the cooling energy required to take the accumulated
heat out of the room throughout the hours, according to Equation 4:
Ecool = DH*q (eq. 4)
Where:
Ecool: energy for cooling the building room (Wh/day)
DH: accumulated heat throughout the day (Degrees-hour of discomfort, Kh/day)
q: thermal exchange rate by conduction (qc) and convection (qv), according to Equations 5 (qc and qv are
calculated according to equations 6 and 7):
q = qc + qv (eq. 5)
n

qc = ∑ (A × U)i (eq. 6)
i =1

qv = 0.33*V*N

(eq. 7)

Where:
qc:

thermal exchange rate by conduction (W/K)

A:

total area of the envelope (walls, roof, windows, floor - m²)

U:

thermal transmittance (W/m²K)

n:

number of external sealing that are part of the building envelope
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qv:

thermal exchange rate by convection (W/K)

N:

ventilation rate (volumes/h)

V:

room volume (m³).

In this way, from the heat discomfort amount estimated according to the different roof solar reflectances, it can
be determined in which situation less energy is needed to restore the comfort inside the building.
3.4 Heat discomfort and cooling energy simulation results
Table 4 presents the degrees-hour per day (°Ch/day) of heat discomfort for the building simulated considering
nine (9) different solar reflectances for the climates of Belem (Hot/Humid) and Sao Raimundo Nonato
(Hot/Dry). The respective estimated cooling energies are also presented in order to restore comfort conditions
inside the building (Figure 16). It can be noticed that the higher the solar reflectance of a roof surface is, the
lower is the heat discomfort and the cooling energy need for buildings located in hot/humid and hot/dry
climates in Brazil.
Solar reflectance data for a fiber-cement roof tile were included in the simulation study for comparative
purpose. This data was obtained by Uemoto et al. (2010) for a new fiber-cement tile with light-grey color
through spectrophotometric measurements.
Tab. 4: Degrees-hour/day of heat discomfort and cooling energy estimated for Belem (hot humid climate) and Sao Raimundo
Nonato (hot dry climate) for the summer design day.

REFLECTANCE
(%)
Sample

HEAT DISCOMFORT
(°Ch/day)

COOLING ENERGY
(Wh/day)

VISIBLE

SOLAR

Belem
(Hot/humid)

Sao Raimundo
Nonato
(Hot/Dry)

Belem
(Hot/humid)

Sao Raimundo
Nonato
(Hot/dry)

1 Conventional White

92.4

89.8

0.0

0.0

0.00

0.00

2 Cool White A

85.5

82.5

0.0

0.5

0.00

404.97

3 Cool White B

86.2

82.1

0.1

0.6

80.99

485.96

4 Cool White C

83.2

78.3

0.7

1.5

566.96

1214.90

5 Cool White D

87.3

84.8

0.0

0.2

0.00

161.99

6 Cool White E

86.1

82.8

0.0

0.5

0.00

404.97

7 Cool White F

85.9

80.6

0.2

1.0

161.99

809.94

8 Cool White G

90.0

85.3

0.0

0.1

0.00

80.99

9 Fiber-cement tile*

47.7

48.0

9.9

11.9

8018.37

9638.24

* Sample evaluated by Uemoto et al. (2010).

Figure 16 – Cooling energy estimated to restore the comfort inside the building (KWh/day).
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It can be observed that the higher the roof solar reflectance is, the lower is the heat discomfort and the cooling
energy need in buildings located in hot/dry and hot/humid climates in Brazil. For hot/dry climates, the need for
cooling energy is higher than for hot/humid climates, as the results for the city of Belem and Sao Raimundo
Nonato indicate.
The results demonstrated that the use of conventional or cool white coatings for cooling the roof surfaces are
efficient in reducing the heat discomfort inside buildings located in hot climates. According to the results, a
building with fiber-cement roofing with roof solar reflectance of 48% presents about 8 KWh/day of cooling
energy need for the summer design day in Belem and 9.6 KWh/day for the hot and dry climate of Sao
Raimundo Nonato. If this roof was painted with a conventional or cool white coating (solar reflectance higher
than 80%), the heat discomfort and the cooling energy need could be significantly reduced in this building,
offering comfort conditions for the occupants and less energy consumption for cooling the building.
4. Conclusions
This study demonstrated the effect of using reflective materials on improving the thermal comfort conditions
for buildings located in cities with hot climates in Brazil. It was found that painting the roof surface with white
solar-reflective paint is a very efficient way to reduce heat discomfort conditions for a single-story building
located in cities with hot/humid and hot/dry climates.
Surface temperatures measured for samples exposed to the sun demonstrated that the solar reflectance of the
paints directly affects the thermal performance of painted surfaces, evidencing that the higher the paint solar
reflectance is, the lower is the building surface temperature, mainly for roofs, as the research results indicate. It
can be observed that the great potential of using white paints filled with ceramic microspheres is due to the high
solar reflectance they present, and not necessarily because of the presence of ceramic microspheres.
Furthermore, a simulation study was carried out aiming to assess the impact of using white solar-reflective
coatings on roofs on the thermal comfort conditions in residential buildings located in hot climates. It was
found that an increase in the roof solar reflectance from 48% to higher than 80% resulting from the application
of a white coating can significantly reduce or even eliminate the cooling energy need for buildings located in
hot and dry or hot and humid climates in Brazil.
In summary, the use of white paints on roof surfaces is an efficient passive solution for buildings located in
tropical and hot climates. This solution can contribute to increase thermal comfort by lowering surface
temperatures as well as indoor air temperatures and, consequently, reducing energy demand for cooling.
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1. Introduction
Increase of urban temperature has a direct effect on energy consumption, thermal comfort and environmental
contamination of cities. High urban temperatures condition both: energy consumption for thermal conditioning
in buildings during summer and habitability (degree of comfort) of open areas in the city (streets, sidewalks,
squares, etc.) (Akbari et al, 1992).
Internationally, the different strategies formulated to mitigate the urban heat island are sustained in two
principles: Increase the green coverage of the areas and work on the thermophysical properties -albedo,
emissivity, rugosity, etc- of the materials used in the resolution of the surroundings (roofs, pavements and
facades) of urban areas.
The use of "cold materials", related to the increase of green spaces is a low cost and viable alternative, which
may be implemented in urban areas and in constructing new buildings, as a new strategy for reducing damaging
effects of the heat islands (Araújo, Laurenco, 2005), in particular in areas with water shortage as in the case of
Mendoza, Argentina.
The first step for the practical application of these concepts is characterizing thermo-physical and optical
properties of the materials of urban enveloping surface.
The albedo directly affects in the urban energetic balance when determining the fraction of absorbed incident
sun energy. Sun reflectance and thermal emittance are important factors affecting the surface temperature of the
material and the air near surface. Surfaces with low sun reflectance absorb a higher amount of incident sun
energy. A fraction of this energy is conducted into the soil and the buildings, a fraction is transmitted by
convection into the air (leading to an increase of air temperature) and a fraction is irradiated to sky.
The study is developed in Mendoza, Argentina, a urban conglomerate near one million people, located in an
arid and seismic context, which presents an open urban geometry, formed by heavy tree-covered wide streets
and a pyramidal-type civic structure. In this place, the maximum civic concentration and verticality are found in
the city center, diluting to the periphery, where the suburbs are located, forming a low-density environment.
The Mendocinian urban-civic surrounding areas is made up by a range of different materials. These are the
result of applying traditional elements which are regionally available, technologies associated to the seismic
nature of the site and the current design tendencies in the architecture field. In the typical urban area, where
pavements represent 40% of the enveloping surface near 15% corresponding to the pedestrian coatings
(sidewalks) and 22 % to roofs (Correa et al, 2010).
The group of these factors gives rise to different expressions deriving from the idea of buildings both solid
(bare brickwork, reinforced concrete) and liquid (steel and glass) structures, flat roofs and different colors,
vertical surrounding areas, which cover a wide range of materials –bare brickwork, textured or flat scouring and
heavy or light coating, flat or slanted, of tilings. Regarding urban areas, the areas of vehicle traffic share the
outward appearance which shows most of the current cities - pavement, concrete- and pedestrian traffic –
sidewalks- show a wide range of materials: These materials are concrete and stone, with clear colors in the past
and a strong tendency to the use of dark colors nowadays. The geometry of Mendocinian city, the intense
forestation of the traffic ways, which diminishes the available sky vision and the outward appearance of the
surrounding areas, gives rise to the urban heat wave which reaches maximum values of de 10 ºC. This produces
an increase in summer in the energy consumption of around 20% due to the cooling needs so as to obtain
comfort conditions in the inner spaces of the metropolitan area. (Correa, et. al., 2006).
The work presented here classifies a Group of materials used in the surrounding areas of the city of Mendoza,
Argentina, according to the method described by regulation ASTM E1980. The Solar Reflectance Index (SRI)
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of the selected materials, based on the measurement of its solar reflectivity, its thermal emissivity and its
superficial temperature. In this way, also, it is possible to compare internationally the result of the operation of
materials used locally and regionally, and at the same time, generate knowledge around the standardization of
the regional materials, laying the foundations to propitiate a future energetic certification both at urban and
civic level.
2. Objetivo
Determine the capacity to mitigate the negative effects of the Urban Heat Island of the different materials used
regionally for the resolution of the surrounding areas (pavements, facades and roofs). By means of the
categorization of the Solar Reflectance Index (SRI), so as to offer urban planners and local builders information
about the thermal behavior of the alternatives which are available in the market.
3. Methodology
3.1. Sample unit
The selected sample corresponds to the building high density area, which is made up by the five main squares
of the city: Independencia, Chile, San Martín, España and Italia squares, covering a Squire of 8x8has., which
totals 64 blocks. (Fig.1)
The Mendocinian Metropolitan Area (AMM, according to Spanish acronym), is composed by a vertical
dimension, defined by the height of the arboreal mass and the building facades, and by a horizontal dimension,
corresponding to the mass of coatings, irrigation ditch network and traffic (pedestrian-vehicle). This report
studies the thermo-physical behavior of pedestrian pavements, tiles and vertical coatings of facades.

Fig.1: Location and characteristics of the sample space, within the Mendoza Metropolitan Area (AMM), Argentina.

3.2. Material selection and classification
From the survey of the vertical and horizontal surrounding areas of each of the portions contained in the sample
unit, 140 materials that are more representative of the local civic park are selected. The sampling is made up by
16 coating coverings (tiles), 44 pedestrian pavements and 80 vertical coatings (acrylic and concrete). These are
placed in a premise of CCT-Mendoza (Regional Center of Scientific and Technical Researches), located in the
west area of the city.
The billings and pedestrian pavements were placed on a horizontal surface of 7cm thick of expanded
polystyrene, acting as an adiabatic limit regarding the conductivity of the grounding material. So as to study
the vertical coatings, blocks of 30x30 cm were built, formed by three layers: Support-isolation, additive and
textured mortar. The first surface is a 10 cm thick plate of high-density expanded polystyrene. Secondly, a 3mm
mortar is extended, enabling a better adherente to the coating to the polystyrene surface and, lastly, the layer of
textured and colored coating. (Fig.2)
The pedestrian pavements were classified according to its form and sub-form: (straight - square, single line,
diagonal multiline; circular -spider, fan, Andalucía; flat - mosaic, star, boulder); color: (gray, yellow, red, black,
multicolor gray, multicolor red, multicolor black, Murcia black, Alicante bordeau, Jade green, black with
sparks, travertine, multicolor); finish: (smooth, rustic pressing, textured washing); and composition
(cementitious, cement-calcareous, cement-petreous, granitic)
Tiles were characterized according to its shape (colonial, French, Roman); color: (terracotta, gray, black);
finish: (natural, matte, enameled, acrylic, glazy single and double firing, aged); and composition (concrete,
clay).
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Fig. 2: Thermal and optic evaluation of the materials on site.

The textured coatings differentiated according to their composition in: acrylic (SIP) and concrete (CW). The
first ones -SIP-(are quoted according to the manufacturer’s labeling) are composed with acrylic polymers,
mineral loads of multiple particle sizing, inorganic pigments with high UV resistance and chemical additives.
The concrete mortars -CW- are composed with white concrete, spur stone, lime, pigments, organic and
inorganic additives, mineral loads of classified particle sizing, synthetic resins, fungicides and algicides in
powder, apt for using in coatings of walls and facades. In this stage, five texturas of different particle sizing and
finish, for each composition according to the demand in the local market and use frequency. In the acrylic
coatings- SIP: Travertine rolling both fine (rf) and thick (rg), smooth surface both fine (lf) and thick (lg),
medium granitex (gm). In the concrete coatings- CW: textured rolling (tr) and travertine (tt), salpicrete salpic
(ss) and ironed (sp), medium granitex (gm). In the 8 most-demanded colors: White, ivory, Paris stone, ochre,
terracotta, clear gray, concrete gray, and lead gray. (Table 1).
Table 1: Material classification (tiles, pedestrian pavements, vertical coatings) according to its shape, composition, color and
finish).

3.3. Instrumentation and description of the experience
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The thermal performance of the materials is determined mainly by their optical and thermal characteristics, the
albedo and the thermal emissivity, are the most important factors. (Doulos, Santamouris, Livada; 2004).
After a period of tests during the summer period of years 2010 and 2011, the albedo, emissivity and superficial
temperature registries, corresponding to 13:00 hs were registered. These were used to calculate the SRI
pursuant to what is established by the reference regulation in which this research is supported. The maximum
value of registered solar radiation corresponds to 1006 W/m2, with an average temperature of air of 305,49ºK;
and Relative Humidity of 23,4%. With maximum wind speeds near 2 m/s.
The IR chamber Fluke Ti 55 detects the infrared radiation of long wave in the range of 7,5 to 14 microns within
the electromagnetic spectrum. With this instrument, thermal images were obtained, which register the radiant
heat of each material. In thermographic pictures, each pixel contains a certain temperature value. The software
Smart-View 2.1, through algorithms, assigns a specific color corresponding to a temperature value in the x-y
coordinate of the image. (Fig.2). Due to the lack of uniformity of the superficial temperatures of the same
studied material, the values correspond to the average amount of the total horizontal surface. The scarce
uniformity is mainly due to a concentration of pigmentation in some areas, different rugosities of a same texture
or composition. (Fig.3).

3.4. Calculation of emissivity, albedo and Solar Reflectance Index (SRI)
The radiant energy which is registered by the infrared chamber does not only depends on the object
temperature, but on its emissivity (ε) which was set according to the value measured for each material. This
information is obtained by means of the comparison between the T type thermal registry, associated to a
HOBBO data logger, and the superficial temperature that is measured by a IR thermometer Fluke 568 with
emissivity adjustment. (ASTM Standard, 2006).
A Kipp&Zonen C3 type albedometer was used to determine the albedo value ( ). This instrument registers the
solar radiation which is received over the horizontal surface and the reflected solar radiation, and in this way,
the albedo of each coating is determined by difference.
The thermal conductivity has not been considered, since the thicknesses are similar among each other and, also,
the work is performed with an expanded polystyrene as adiabatic limit regarding the grounding conductivity.
The Solar Reflectance Index (SRI) quantifies the heat which would accumulate a material related to a white and
a black pattern surface under standard environmental conditions. This method is used for surfaces with
emissivities higher than 0,01 and superficial temperatures lower than 150 ºC. (ASTM Standard 2011).
The index enables a direct comparison between the materials of the urban surrounding areas with different
optical properties (albedo and emissivity). By determining efficiency and effectiveness of each of them, the
negative effects of the heat island (UHI) are mitigated.
3.5. Solar Reflectance Index (SRI)
It is calculated by using equations based on information that is previously defined and measured of reflectance
and solar emittance, and it is expressed as a value (0, 0 to 1,0) or as a percentage (0% to 100%). For a surface
exposed to sun and isolated underneath, the superficial temperature of Ts equilibrium is obtained as from
(ASTM E1980-11). Where:

(eq. 1)
Therefore, the Solar Reflectance Index is defined as:
(eq. 2)
By means of equation 1, the superficial temperatures of the patters are calculated (white -Tw- and black -Tb-),
under local environmental conditions, according to regulations. (Table 3)
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Table 3: SRI values of pattern surfaces.

Patterns

â

ε

Ts (Kº)

SRI (%)

Tw
Tb

0.80
0.05

0.90
0.90

354.8
310.3

0
100

Once the patterns were obtained, the solar reflectance indexes (SRI) were determined for each coating
(pedestrian, covering and facade). The information was calculated by means of the use of equation 2. (Table
4.5.6)

â

ε

Concrete fan
circular gray rustic

0.53

0.90

340.05

33.15

Concrete spider
circular black rustic

0.49

0.95

341.85

29.10

Concrete andalucía
circular red rustic

0.53

0.95

338.55

36.52

Concrete fan
circular red rustic

0.56

0.90

337.95

37.87

Concrete fan
circular black rustic

0.47

0.95

343.35

25.73

Concrete -stone
Boulder flat gray
rustic

0.56

0.90

337.95

37.87

Concrete square
stright black rustic

0.43

0.95

345.65

20.56

Concrete spider
circular gray rustic

0.55

0.90

338.15

37.42

Concrete spider
circular red rustic

0.54

0.90

339.05

35.39

Concrete -stone fan
circular murcia
black smooth
Concrete -stone
andalucía circular
black with light
sparks smooth

0.47

0.95

343.35

25.73

0.48

0.90

343.65

25.06

0.46

0.95

344.05

24.16

0.62

0.85

334.45

45.73

P14

Concrete -stone
square stringht
murcia black
smooth
Concrete -stone
andalucía circular
gray with
multicolor sparks
smooth
Concrete diagonal
stright yellow rustic

0.55

0.90

338.75

36.07

P15

Table 4: Assigned code, superficial temperature (ºK), albedo, emissivity and SRI of pedestrian pavements.

Concrete mosaic
flat red rustic

0.52

0.95

339.35

34.72

Concrete -stone
boulder flat
multicolor rough
Concrete start flat
yellow rustic

0.55

0.90

338.45

36.74

0.54

0.90

339.25

34.94

ε

Concrete square
stringht gray rustic

0.56

0.90

337.45

38.99

Concrete -stone
andalucía circular
jade green smooth

0.51

0.95

340.45

32.25

Concrete -stone
square stright black
with light sparks
smooth
Concrete -stone
andalucía circular
Murcia black smooth

0.47

0.95

343.15

26.18

0.48

0.90

343.75

24.83

Concrete -stone
square stright
bordeau smooth

0.55

0.90

338.25

37.19

Concrete -stone
mosaic flat gray with
multicolor sparks
smooth
Concrete -stone
andalucía circular
black with
multicolor sparks
smooth
Concrete andalucía
circular black rustic

0.64

0.85

332.55

50.00

0.48

0.90

343.45

25.51

0.42

0.98

345.65

20.56

Concrete -stone
square stright red
with multicolor
sparks smooth
Granite flat mosaic
Murcia black smooth

0.54

0.90

339.55

34.27

0.46

0.90

345.25

21.46

Concrete -stone
square stright gray
with multicolor
sparks smooth

0.57

0.90

337.15

39.66

Granite mosaic flat
jade green smooth

0.51

0.90

341.15

30.67

Concrete -stone
square stright jade
green smooth

0.46

0.90

345.45

21.01

Concrete square
straight black rustic

0.45

0.95

344.75

22.58

Granite mosaic flat
travertine smooth

0.76

0.80

322.85

71.80

Concrete-calcareous
single line stright
black smooth
Concrete-calcareous
single line stright red
smooth

0.42

0.95

346.45

18.76

0.53

0.90

339.95

33.37

P35

P31

P30

P29

P28

P27

P26

P25

P24

P23

P22

P20

SRI
(%)

P21

Ts (ºK)

P32

PEDESTRIAN
PAVIMENT

P33

SRI
(%)

P34

Ts (ºK)

P36

P17

P16

P13

P12

P11

P10

P09

P08

P07

P06

P05

P04

P03

P02

P01

PEDESTRIAN
PAVIMENT

2325

0.90

336.45

41.24

P19

Concrete mosaic
flat black rustic

0.44

0.95

345.05

21.91

Concrete-calcareous
single line stright
yelow smooth
Concrete-calcareous
multiline stright
yellow smooth

P37

0.57

P38

P18

Concrete start flat
gray rustic

0.54

0.90

339.35

34.72

0.54

0.90

339.25

34.94

0.60

0.90

331.15

53.15

T03

Clay French
terracotta enamel

0.64

0.90

328.55

58.99

T04

Clay French black
glazy double-fire

0.50

0.95

336.35

41.46

T05

Clay French black
glazy single-fire

0.48

0.98

337.25

39.44

T06

Clay French black
matte double-fire

0.49

0.98

336.65

40.79

T07

Clay French black
matte single-fire

0.48

0.95

337.45

38.99

Clay Roman
terracotta enamel

0.67

0.85

326.95

62.58

T09

T02

Clay French
terracotta natural

Clay Roman
terracotta natural

0.58

0.90

332.15

50.90

T10

58.99

Clay Roman
terracotta age

0.58

0.94

331.85

51.57

Fiber-Cement
Colonial terracotta
natural
Fiber-Cement
French black matte

0.50

0.95

336.45

41.24

0.44

0.95

339.95

33.37

Fiber-Cement
French black
acrylic
Fiber-Cement
French gray natural

0.40

0.95

341.95

28.88

0.63

0.90

328.95

58.09

Fiber-Cement
Colonial black
matte
Fiber-Cement
Colonial terracotta
matte

0.53

0.95

334.25

46.18

0.57

0.95

332.15

50.90

T11

328.55

ε

T12

0.90

â

TILE

T13

0.64

SRI
(%)

T14

T01

Clay Colonial
terracotta natural

Ts (ºK)

T15

ε

TILE

T16

â

T08

Tab.5: Assigned code, superficial temperature (ºK), albedo, emissivity and SRI of tiles.

Ts (ºK)

SRI
(%)

0.9
1

0.9
0

308.25

100.00

0.8
1

0.8
8

314.35

90.84

0.4
7

0.9
5

332.35

50.44

0.4
1

0.9
5

335.75

42.80

0.5
7

0.8
5

328.65

58.74

0.4
0

0.9
5

336.35

41.46

0.2
8

0.9
5

342.35

27.99

SIP
09

Fine travertine
rulato fine Paris
stone
Fine rulato
travertine fine
ochre
Fine rulato
travertine fine
terracotta
Fine rulato
travertine fine
light gray
Fine rulato
travertine fine
green
Fine rulato
travertine fine
dark gray
Rustic rulato
travertine withe

0.7
8

0.8
5

316.15

86.80

Rustic rulato
travertine ivory

0.8
6

0.9
0

310.95

98.47

Rustic rulato
travertine Paris
stone
Rustic rulato
travertine ocrhe

0.8
2

0.9
0

313.55

92.64

0.4
2

0.9
5

335.15

44.15

0.9
0

311.45

97.35

Rulato texturable
ivory

0.7
7

0.8
5

316.65

85.68

Rulato texturable
paris stone

0.6
9

0.8
0

321.95

73.78

Texturable rulato
ochre

0.5
1

0.8
5

331.65

52.01

Rulato texturable
terracotta

0.4
9

0.9
3

331.65

52.01

Rulato texturable
light gray

0.6
1

0.8
2

326.65

63.23

Rulato texturable
green

0.4
2

0.9
5

335.15

44.15

Rulato texturable
dark gray

0.3
2

0.9
5

340.45

32.25

Travertine
texturable withe

0.5
3

0.8
5

330.85

53.80

Travertine
texturable ivory

0.7
6

0.8
5

317.65

83.43

Travertine
texturable paris
stone
Travertine
texturable ochre

0.6
9

0.9
0

321.05

75.80

0.6
0

0.9
0

326.15

64.35

FACADE
CLADDING

CW 51

CW
42

CW
41

SRI
(%)

CW
52

SIP
01
SIP
02
SIP
03
SIP
04
SIP
05
SIP
06
SIP
07
SIP
08
SIP
11
SIP
12
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0.8
6

CW
43

Fine travertine
rulato ivory

Rulato texturable
withe

CW
44

96.68

CW
45

311.75

CW
46

0.8
5

ε

CW
47

0.8
6

â

CW
48

Fine travertine
rulato withe

Ts (ºK)

CW
49

ε

FACADE
CLADDING

CW
50

â

SIP
10

Tab.6: Código asignado, temperatura superficial (ºK), albedo, emisividad y SRI de revestimientos verticales texturados.

Ts (ºK)

SRI
(%)

48.19

SIP
19

Fine llaneado
Paris stone

0.9
1

0.9
0

308.55

100.00

SIP
20

Fine llaneado
ocrhe

0.8
3

0.9
0

313.05

93.76

SIP
21

Fine llaneado
terracotta

0.3
9

0.9
5

336.95

40.11

SIP
22

Fine llaneado
light gray

0.7
6

0.9
0

317.25

84.33

SIP
23

Fine llaneado
green

0.3
5

0.9
5

338.55

36.52

SIP
24

Fine llaneado
dark gray

0.1
9

0.9
5

346.75

18.11

SIP
25

Rustic llaneado
withe

0.8
3

0.8
5

313.55

92.64

SIP
26

Rustic llaneado
ivory

0.7
3

0.8
5

319.25

79.84

SIP
27

Rustic llaneado
Paris stone

0.5
4

0.8
5

330.05

55.60

SIP
28

Rustic llaneado
ochre

0.7
2

0.9
0

319.25

79.84

SIP
29

Rustic llaneado
terracotta

0.4
6

0.9
5

332.95

49.09

SIP
30

Rustic llaneado
light gray

0.7
3

0.9
0

318.85

80.74

SIP
31

Rustic llaneado
green

0.3
0

0.9
5

341.35

30.23

SIP
32

Llaneado rustic
dark gray

0.2
3

0.9
5

344.75

22.60

SIP
33

Medium granitex
withe

0.8
6

0.8
5

311.65

96.90

SIP
34

Medium granitex
ivory

0.7
6

0.8
5

317.65

83.43

SIP
35

Medium granitex
Paris stone

0.6
5

0.8
5

324.05

69.07

Medium granitex
ochre

0.7
0

0.9
0

320.35

77.37

Medium granitex
terracotta

0.3
9

0.9
5

336.55

41.01

Medium granitex
light gray

0.4
6

0.9
2

333.75

47.29

89.04

Salpic salpicrate
ivory

0.7
9

0.9
0

315.15

89.04

Salpic salpicrate
paris stone

0.6
6

0.9
0

322.65

72.21

Salpic salpicrate
ochre

0.5
5

0.9
5

328.15

59.86

Salpic salpicrate
terracotta

0.5
7

0.9
0

327.65

60.99

Salpic salpicrate
light gray

0.7
0

0.8
5

321.25

75.35

Salpic salpicrate
green

0.4
8

0.9
0

332.85

49.31

Salpic salpicrate
dark gray

0.3
3

0.9
0

340.65

31.80

Ironed salpicrate
withe

0.8
3

0.8
0

313.55

92.64

Ironed salpicrate
ivory

0.7
3

0.8
5

319.15

80.06

Ironed salpicrate
paris stone

0.6
0

0.8
5

326.85

62.78

Ironed salpicrate
ochre

0.4
8

0.9
5

332.05

51.11

Ironed salpicrate
terracotta

0.4
4

0.9
5

334.05

46.62

Ironed salpicrate
light gray

0.6
5

0.8
5

324.05

69.07

Ironed salpicrate
green

0.4
6

0.9
0

334.05

46.62

Salpicrate ironed
dark gray

0.3
1

0.9
5

341.05

30.91

Medium granitex
withe

0.8
1

0.8
5

314.35

90.84

Medium granitex
ivory

0.7
5

0.8
5

317.85

82.98

Medium granitex
Paris stone

0.7
2

0.9
0

319.65

78.94

Medium granitex
ochre

0.4
9

0.9
0

332.15

50.88

Medium granitex
terracotta

0.4
9

0.9
0

332.25

50.66

Medium granitex
light gray

0.7
0

0.8
0

321.55

74.68

CW
77
CW
78

SIP
14
SIP
15
SIP
16
SIP
36
SIP
37
SIP
38

315.15

CW
53

333.35

0.8
5

CW
54

0.8
5

0.8
0

CW
55

0.4
8

46.62

CW
56

SIP
18

Fine llaneado
ivory

334.05

CW
57

89.27

0.9
0

CW
58

315.05

0.4
6

CW
59

0.8
0

Travertine
texturable dark
gray
Salpic salpicrate
withe

CW
60

0.8
1

51.56

CW
61

28.66

331.85

CW
62

342.05

0.9
0

CW
63

0.9
5

0.5
0

CW
64

0.2
9

SIP
17

Rustic rulato
travertine dark
gray
Fine llaneado
withe

74.23

CW
65

37.86

321.75

CW
66

337.95

0.9
0

CW
67

0.9
5

0.6
8

CW
68

0.3
7

46.39

CW
69

49.54

334.15

CW
70

332.75

0.9
5

CW
71

0.9
5

0.4
4

CW
72

0.4
7

Travertine
texturable
terracotta
Travertine
texturable light
gray
Travertine
texturable green

CW
73

28.89

CW
74

341.95

CW
75

0.9
4

CW
76

0.2
9

SIP
13

Rustic rulato
travertine
terracotta
Rustic rulato
travertine light
gray
Rustic rulato
travertine green
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0.9
5

339.25

34.95

SIP
40

Medium granitex
dark gray

0.2
6

0.9
5

343.35

25.74

CW
79

0.3
4

Medium granitex
green

0.4
5

0.9
0

334.45

45.72

CW
80

SIP
39

Medium granitex
green

Medium granitex
dark gray

0.6
9

0.9
5

320.45

77.15

4. RESULTS
4.1. Pedestrian Paviment: Analysis of the thermal behavior and the SRI according to classification
- Comparison between extreme cases: Out of the studied pedestrian pavements, the material mostly favoring the
mitigation of the Urban heat island is the Granite mosaic flat travertine smooth -P34- with a superficial
temperature of 322, 85ºK and a SRI equal to 71, 80%; in second and third place, the Concrete -stone mosaic flat
gray with multicolor sparks smooth -P25- y el Concrete -stone andalucía circular gray with multicolor sparks
smooth -P13 are located. The pavements that contribute the less to the reduction in the thermal loads of the city
are in ascending order. the Concrete-calcareous single line straight black smooth -P35- with a superficial
temperature of 354, 8ºK and a SRI of 18, 76%; then, we find the Concrete square straight black rustic -P07-;
and finally, Concrete andalucía circular black rustic -P27.
That is, that between the two extreme cases that are analyzed the pavement travertine granite, has 53% more of
capacity to mitigate the effects of the heat island than black concrete-calcareous. Its thermal difference is
23,06ºK. (Fig.3).

Fig. 3: Solar Reflectance Index of Pedestrian Pavements. (Only the three materials having higher and lower capacity to decrease
the ICU respectively are drawn)

Fig. 4: Solar Reflectance Index of Pedestrian Pavements, grouped according to its composition.
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- Differences by Constituents and color: When comparing the straight pedestrian coatings, single line of higher
diffusion within the AMM (calcareous tile) of color: red -P36- black -P35- and yellow -P37-, is obtained as a
result than the floor black -P35- is the one reaching higher temperatures. Its temperature is 6, 5 ºK higher than
the calcareous red, and 7, 1ºK higher than the yellow one. The black floor obtains an index of 18, 76%, while
the red and yellow tiles reach values of 33,37% and 34,72% respectively. That is, that the options yellow and
red do not show significant differences of superficial temperature between them.
The boulder floor was detected within the AMM in a second frequency order. When comparing the floor
Concrete-stone boulder rustic, gray color -P6-, with the Concrete-stone rustic multicolor -P16-, the first one
reaches a temperature of 337, 95ºK, while the multicolor registered 338,45ºK, proving that, in this pavement,
the color difference does not condition substantially its thermal behavior. The SRI values are de 36,74%, for the
case and of 37,87% in the second one.
Among the flat mosaic granite floors, 4 cases of different colors were studied: travertine -P34-, multicolor gray
-P25-, jade green -P31-, and murcia black -P29. It was observed that murcia black registers the highest
temperatures. Its value is 22,4 ºK higher than in travertine, 12,7ºK ºK higher than in the gray coating, and 4,1
ºK higher than in jade green color. Travertine floor reaches a reflectance index of 71,8%, while murcia black
does not exceed 21,01%.
- Differences by Shape: It is observed that concrete black floor, rustic spider circular type -P2-, increases its
temperature less related to the square straight coating -P7- and flat mosaic -P19-. For a same color and finish,
the difference exceeds 3,8ºK. It has a reflectivity value ranking from 20% and 29% in the most favorable
option. (Fig.4)
4.2. Tiles: Analysis of the thermal behavior and the SRI according to classification
- Comparison between extreme cases: In the case of materials for coating, three types of tiles are detected, with
higher capacities so as to decrease the heating charges in the city. These are: tile Clay Roman terracotta enamel
-T08- with a surface temperature of 326,95ºK and SRI equal to 62,58%; in second and third place, we have tile
Clay French terracotta enamel -T03-, and Clay Colonial terracotta natural -T01. (Fig.6)
The coating coverings which contribuye to ICU formation are: tile Fiber-Cement French black acrylic -T13-,
with a surface temperature of 341ºK and SRI of 28,88%; Clay Roman terracotta natural -T09-, and lastly,
Fiber-Cement French black matte -T12. (Fig.5)
Tile clay roman terracotta enamel increases 15ºK less than Fiber-Cement Colonial terracotta matte; reaching
33,7 % of solar reflectivity.

Fig.5: Solar Reflectivity Index of Tiles. (Only the three materials having higher and lower capacity to decrease the ICU
respectively are drawn)

- Composition difference: Tiles clay show a better thermal performance than fiber-cement ones, for example:
Tile colonial terracotta clay -T01- behaves better than fiber-cement one -T16-. Temperature differences
between both options exceed 3,6ºK. Clay tile has a Solar Reflectance Index of 59%, while fiber-cement one
reaches 50%.
- Difference in finishes: In the case of french tile, the capacity of the material clay to decrease the heating loads
is evidenced. Tail clay black matte double fire -T06-increases less its temperature than clay black matte single
fire -T07-. The temperature difference reaches 3,3ºK and an index not exceeding 40,29%, in the coldest option.
Tile roman terracotta clay natural -T09- increases its temperature 5,2 ºK over enamel one -T08-. Solar
reflectance in the enamel option exceeds 62%.
In the tiles of Fiber-Cement Colonial terracotta, matte finish (Ts=335,15ºK) has a coldest behavior than the
natural finish (Ts=336,45ºK), the indicator reaches a difference of 9% higher than in matte tile.
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- Difference in color: Black tiles show a higher surface temperature. In the tile French Fiber-Cement matte
black -T12- reaches 339,95ºK, while temperature in gray -T14-is 11,4ºK lower. The indicator value is 58,09%
in the gray one and 33,37% in the black one.
- Difference in form: According to its classification by shape romans tiles of different colors and finishes reach
average temperatures of 326 and 332ºK, while colonial tile covers a range between 328º and 334ºK ; and french
ones, 328 and 341ºK. For example, tile Fiber-Cement French black matte -T12- increases its temperature 5,7
ºK more than colonial one -T15-. Levels of SRI 12,81% higher are obtained in the colonial tile. (Fig.6).

Fig. 6: Solar Reflectance Index of Tiles, grouped according to its composition.

4.3. Facade Cladding: Analysis of the thermal behavior and the SRI according to classification
- Comparison between extreme cases by constituents (SIP-CW): In the acrylic coatings (SIP), the material
which has more capacity to decrease the heating loads within the city is Fine rulato travertine ivory -SIP02with a surface temperature of 308,3ºK and a SRI of 100%; and secondly, we have Fine smooth parís stone SIP19- which registers a surface temperature of 308,6ºK.
The acrylic cladding (SIP) which show an unfavorable behavior are: the Fine smooth dark gray -SIP24- with a
surface temperature of 346,8ºK and a SRI of 18% and the Rustic smooth dark gray -SIP32, with a solar
reflectivity lower than 23%. That is, that between the two extreme cases that are analyzed the coating Ivory
rulato, has values higher than 80% of capacity to mitigate the effects of the heat island than Smooth dark gray.
Its thermal difference is 39ºK.
In the case of the concrete materials (CW) the facade cladding which does not increase much its temperature is
Rulato textured White -CW41- with a registry of 311,45ºK and SRI of 97%. The Ironed salpicrate white CW65- is located in second place, with 93% of solar reflectivity. Out of the total of monitored cementitious
samples, the main materials which increase the thermal loads within the city are: the Ironed salpicrate dark
gray -CW72- with a surface temperature of 341,05 ºK and a SRI of 31%; and then we have the Salpic
salpicrate dark gray -CW64.
The facade cladding White texturable -CW41- increases 30ºK less than Dark gray salpicrate -CW72-; with a
reflective difference of 66%.
- Differences of color in Acrylic cladding (SWP): When modifying the color in the texture Fine travertine
rulato: White color -SIP01- reaches a temperature of 311,8ºK, while the hottest alternative, dark gray material
-SIP08-reaches up to 342,4ºK. That is, surface thermal differences of 30,01ºK were assessed, with a SRI of
98% in the coldest case.
The coldest travertine rustic rulato is of evory tone -SIP10, while the color which more increases the
temperature is dark gray -SIP16. Here, a surface thermal difference of 25,9ºK is observed.
Within the smooth surfaces, the fine finish of paris stone color -SIP19- is the one which reaches its temperature
the less, reaching a SRI 100%. White color shows a better performance to decrease the negative effects of ICU,
in the textures: Smooth Rustic-SIP 25-(SRI=93%) and Medium grantix -SIP 33- (SRI=97).
Ivory color, Fine smooth -SIP 18- behaves negatively when decreasing the heat loads. Measurements register a
temperature of 333,4ºK and a solar reflectivity index that is lower than in the remaining configurations. It
means that, in the texture Fine smooth, the behavior of ivory -SIP 18- turns to be notably unfavorable compared
to the samples of equal texture and finish of paris stone color -SIP 19- and pearl gray -SIP 22.
The difference of SRI of paris stone material -SIP19 with dark gray -SIP22 reach 52% plus solar reflectivity,
compared to the coldest material: SIP 22. (Figure 8).
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ACRILYC FACADE CLADDING
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Fig. 8: Cladding Ivory fine smooth, Light gray and parís stone and their capacity to decrease the cooling loads.

Fig. 9: SRI of Acrylic facade cladding, according to classification.

- Differences of Texture-Finishes in Acrylic cladding: The fine finish shows a good behavior in the textures
Travertine Rulato and Smooth, for colors ochre, parís stone and green. There are maximum reflection indexes
in parís stone material -SIP19; and thermal differences with the option rustic -SIP27- of 21,5ºK. On the other
hand, in dark gray tonality, the finish rustic of Rulato and Smooth is more efficient.
For example, coating smooth fine -SIP 24-, reaches 2 ºK more its surface temperature than thick granulometry SIP32. In colors: white, terracotta and ivory, the finish which shows the best performance depends on the
texture: For the Smooth surface, the finish rustic is the coldest; on the other hand, in the Rulato, is fine. This is
the case of coating Ivory rustic smooth -SIP 26-, registers maximum values of SRI of 79,8% and a superficial
thermal difference of 14,1ºK with an alternative fine -SIP18. (Figure 9).
Differences of Color in Concrete cladding: The tonalities white and ivory show the capacity of clear materials
to decrease the cooling loads. They reach an average solar reflection index of 85%, for both colors, in all
textures.
When comparing two extreme tonalities in Rulato Texturable in coatings white -CW41- and dark gray -CW48-;
the temperature differences reach 29ºK. It has a solar reflectivity index of 97,35% in the clearest option.
(Fig.10).
-

Fig. 10: SRI of Concrete facade cladding, according to classification.

- Differences of Texture-Finishes in Concrete claddding: With an average of 69%, the medium granitex is the
texture reaching the highest levels of solar reflectivity. The capacity of White texturable travertine -CW49-, is
lower than the rest of the finishes in the abovementioned color, with a refectance index not exceeding 54%. In
the rest of the textures, white tonality reaches an average of 92%.
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When modifying the characteristics of material texture and finish, the ivory and green pigmentation are the
ones showing higher thermal stability when modifying the finish characteristics.
In colors ivory, parís stone, ochre, terracotta, light gray, green and dark gray; texture Salpic salpicrate, not
increase much the temperature than the one of ironed finish. When contrasting the coating Salpic salpicrate
terracotta -CW61- with the Ironed salpicrate terracota -CW69-, salpic material is the coldest. The differences
are: 6,4ºK and 14,37% of SRI.
5. CONCLUSIONS
The selection of the appropriate coatings must not be a random decision. It turns to be a valuable strategy to
decrease the heating loads in coverings, welding and vertical coatings. The color selection is vital since, for a
same composition, finish, form and texture, percentages of reflectivity were detected, oscillating between 53
and 72% in the pedestrian coatings and from 53 to 58% in the tiles.
If the requirements of design and/or project require the addition of black coatings, it is convenient to choose the
stone pedestrian pavements, instead of the rustic ones, since rugosity reduces all the reflected energy (Chimkla
et al, 2004). It also happens in the coating, where the options are tiles of enamel or natural finish instead of
matte ones. It is important to clarify that the superficial treatment of enamel is lost with time, until it seems like
a tile without treatment, as in the case of natural one.
Among the clear pavements, such as travertine or yellow, it is recommended the use of smooth finishes, such as
granite travertine. The existence of clear sparks within the granite mosaics contributes to decrease the surface
temperatures, among samples of a same color.
On the other hand, in the tiles, the aged finishes increase the heating loads of the material.
Regarding the shape, we see that, in spite of keeping the material composition, color, texture and finish
constant, decreases of temperature of 3,8ºK were obtained for coatings of circular configuration.
In the tiles, the use of Roman typology instead of colonial or French typology is recommended, since
differences of percentages of solar reflectivity higher than 13% are reached.
In the facade cladding, the impact of color in the surface temperature of a acrylic material with the same
characteristics is remarkable. Between white and dark gray, differences of surface temperature were registered
for all the textures and finishes, which exceed 26ºK and reach levels of 70% more of solar reflectivity in the
clearest options.
Particular attention must be paid to the texture Fine smooth, since the color ivory turns out to be very
unfavorable, with 48% of solar reflectivity. For this type of texture, the use of Paris stone or light gray tonalities
is recommended. In addition, the thermal behavior of the acrilyc cladding turns out from the combination of
texture, finish and color. This variable relationship generates many aesthetic alternatives against design. On the
other hand, in the coatings of concrete composition, the dominant factor to achieve efficiency is the color.
These results support the importance of scheduling in a thermic way the materials that are available regionally
for the resolution of the surrounding areas so as to transfer this information to the persons in charge of the
habitat development as a tool for the sustainable development of a city.
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2.3 Net Zero Energy Buildings

AFFORDABLE NET ZERO ENERGY BUILDINGS
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1. Key Drivers for Innovation in the Solar Industry
Since the early beginnings of the solar exploration, three major drivers have constantly shaped and improved
the industry. Firstly, a significant amount of research and development conducted by a variety of disciplines
aimed to either generate electrical power, or to utilize thermal connectivity. Since early inventions made by
Edmond Becquerel, efforts led to a multitude of solar related energy applications and also contributed to the
field of material science. R&D often leads to system designs that can be tested and benchmarked against
other technologies in development or on the market. This points towards the second driver for innovations in
the field of solar energy, the re-engineering and improvement of already existing system designs. By
employing superior material properties or by modifying component configurations, higher energy yields can
be gained. While R&D and the optimization of prevalent systems concern major parts of the solar industry,
architects and planners are predominantly interested in applied solutions, opportunity costs and life
expectancies of solar technologies. To gain a competitive advantage, cost efficiencies have been the third
driver for innovation and progress for some time. Over the years, individual manufacturers were able to
achieve significant price drops, sometimes of to up to 80% from one product generation to the next. While
this can positively impact on supply and demand of the market, it does not guarantee that designers are
encouraged to investigate system designs in regard to cost saving potentials.
Looking the case study of a net Zero Energy Building designed and build by Victoria University of
Wellington to compete in the Solar Decathlon 2011, this paper illustrates how architectural design decisions
can be based on these three drivers.
2. The New Zealand Entry to the Solar Decathlon 2011
In recent years the desire and need for net Zero Energy Buildings (ZEBs) has been identified by government
agencies around the world and as a consequence, legal frameworks have been developed and financial
incentives have sometimes been established. This led to a significant pressure on the solar industries to
satisfy political agendas as well as market demands. Both, solar and building industry, have realised that they
need to work collaboratively to cater for these novel situations.
While what may or may not constitute a net ZEB is still under discussion, several governments around the
world already defined time frames for the implementation of new legislations. To date principles of net ZEBs
include but are not limited to the boundary condition, net zero balance, life-cycle-analysis (Fay 2000),
crediting systems, temporal energy match and monitoring procedure (Sartori et al. 2010). While these terms
have been discussed extensively in recent years in relation to their meaning for architecture, it has also been
remarked that correlations and dependencies for design decision-making has not sufficiently been explored
(Torcelli et al. 2006, Voss 2008).
2.1 Setting the Scene
The 2012 Solar Decathlon competition is in this regard it is of particular interest as it introduced a new
competition contest that is closer aligned with consumer interests. The Solar Decathlon is organised by the
US Department of Energy and underwent an evolutionary development process not unlike to the
developments of the solar industry itself. The competition asks 20 collegial university teams from around the
world to design and build solar-powered houses that compete in ten individual categories. Some of the
contests are judged others are measured under pre-defined competition criteria. All sub-contests are designed
to simulate real-life situations. While the first competitions focused predominantly on technical innovations,
a second set of competitions emphasised on the optimisation of existing technologies. Houses were rewarded
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points in accordance to their capability to produce as much energy as possible in accordance with
competition rules. As a result, teams provided design solutions that fulfilled this request by installing as
many PV panels as possible, which resulted in buildings that often failed market demands. For the 2011
competition, the organisers modified the rules and competition criteria by including affordability as one of
the ten contests. The abundance of energy is no longer rewarded, leading to design decision have to consider
costs.
2.2 Design Principals
While the question of what may or may not constitute a Net Zero Energy house can almost be seen as
philosophical query, it was instrumental for the recruitment of students that dare to compete in Washington
DC. While each student has a personal agenda for entering the solar design competition as part of a
university team, a set of common aims and objectives was relatively easy to establish. It was agreed that the
building is supposed to have a net Zero Energy balance over a daily as well as over an annual period of time.
The team decided that while being a competition is held in the US, the house has to perform in local climate
conditions in New Zealand as well as in the United States. Embodied energies of materials and global
warming potential are supposed to be either zero or have energy surplus over the lifetime of the building.
Furthermore, solar passive and active design features must not impact negatively on user lifestyles. The last
point on the design agenda is the avoidance of toxic or harmful materials.
2.3 Design Process
This set of design principles required a pre-defined design process that enabled the incorporation of the
outlined objectives. It also meant that consistant performance modelling would be essential to determin the
energy requirements and to enable the team to make informed decisions and to progress the design. A further
challenge of the competition is the obligation to comply with three different building codes, comprising of
the International Building Code, and Solar Decathlon Building Code and the local, in our case the New
Zealand Building Code. The obligation to meet these three different standards is of relevance in regard to the
selection of environmentally sound building materials. Life cycle assessment tools have been used to aid the
selection of building materials.
Any net ZEB project demands comprehensive considerations in regard to active and passive energy use and
generation. Difficulties may arise when transforming early assumptions on energy demands into validated
energy load profiles. It was found that in order to efficiently progress New Zealand’s entry to the Solar
Decathlon 2011, a five-step progress would be beneficial. The five interlinked phases comprise:
-

Development of an Architectural Design and User Profile

-

Definition of Baseline Model

-

Comparative Study of Specific Building Materials

-

Performance Simulation of each individual Building Element in comparison to the Baseline Model

-

Final selection of Building Components and Elements
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Fig. 1: Rendering of House with Canopy Structure

The development of architecture always includes the exploration of design variations and alternatives.
Parameters for the New Zealand design entry include the requirement for the building to be re-locatable by
road and sea. Furthermore, it has been found that building management systems (BMS) are not intuitive for
most users. Hence a particular emphasise has been put on user-friendly, inclusive design solutions.
As an overall design idea, the position of services and other serving spaces including the bathroom and the
dressing room have been located strategically as a buffer zone on the sun averted side of the building.
2.3.1 Development of Architectural Design Ideas and User Profile
It was also established that the solar array should be detached from the building itself. Besides being
considered an aesthetic design feature of the architecture, there are two practical reasons. Firstly, by
detaching the canopy from the roof structure, a penetration of the waterproofing membrane can be avoided.
Secondly, a canopy structure allows for a natural ventilation of PVs and as well as it provides shade for the
underlying roof structure (Fig. 1). These two design features became instrumental in the development of a
preliminary energy profile.

The design process has been shaped by a variety of objectives and these preliminary design intentions made
obvious that a defined design methodology would be of benefit for the development of the design. Figure 2
(Fig. 2) describes the decision-making matrix that has been developed in more detail. Design Ideas have been
analysed in regard to their aesthetic and performance values as well as place and context specific merit.
These considerations were than compared and evaluated in regard to their fulfilment of specific demands for
each building component. As soon as feasibility was given, a comparative study of material properties took
place. In this phase net ZEB values have been indirectly and directly explored and compared. In a next step,
cost options were considered. As soon as Design Idea, Demands of each Building Component, Energy
Performance, Life-Cycle performance and Cost Evaluation were made, the Baseline Model has been
updated.
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Fig. 2: Design Process

2.3.2 Definition of a Baseline Model
A comparative study of different building configurations, including opening sizes of wall penetrations, as
well as the determination of appropriate canopy overhangs, helped to define a baseline model. In this phase it
was of importance to consider how the building would maintain heat and how heat gains might impact on the
overall energy balance. As in every building project, aim was to avoid overheating as well as finding a way
to cater for heat dissipation. Questions in regard to natural and mechanical ventilation were pondered, as well
as the efficient use of daylight artificial lighting has been simulated. Calculations were essential to commit to
both, the overall architectural appearance as well as energy demands. Adding complexity to the baseline
model has aslo been a part in this phase (Fig. 3).

Fig. 3: Adding Complexity into the Baseline Model
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Comparative Study of Specific Building Materials
At this phase of the project, considerations around the use of solar active and passive energy strategies
gained particular importance. In order to establish how much energy would be consumed to power the house
while maintaining comfortable living standards, worst-case scenarios have been simulated. The selection of
material qualities and quantities took place under consideration of costs and performance values. Insulation
levels for all envelope components (Tab. 1) have been researched in this part of the project. Initial findings
suggested that the installation of a concrete slab would help to mitigate peak loads significantly and might
allow downsizing the HVAC system. General considerations have been pondered and tested in this phase of
the competition as well. Part of the enquiries considered the utilisation of steel versus timber frames, or the
use of Structural Insulated Panels (SIPs). While SIPs are uncommon in New Zealand, export of timber can
be challenging considering that New Zealand predominantly uses arsenic treatment methods that are banned
in many countries.
Tab. 1: R-Value of Building Components

Building Element

U-value (W m-2 K-1)

Roof

0.154

Wall

0.173

Concrete Floor

0.183

Timber Floor

0.170

Glazing, Doors and Skylight

0.901

Performance Simulation of each individual Building Element in comparison to the Baseline Model
While for most components of the building the cost-benefit analysis was fairly simple. And yet, the team had
lengthy discussions around the skylight in the central part of the building. Glazing and framing types have
been compared extensively, tinted foils have been added to increase the reflectivity of the windows, as well
as the installation of internal and external blinds have been simulated. As a result it was found that the
additional electrical energy produced on a hot summer day would exceed the energy required to cool the
space mechanically. As a consequence, the team decided against the installation of external blinds.
Another point of discussion was the installation of evacuated tubes for the generation of solar hot water.
While flat plate collectors would have been the preferred choice for a variety of reasons, only evacuated
tubes allow us to comply with the pre-defined energy load profile.
Sheep wool has been selected as insulation material mainly for health reasons. It came as a surprise that the
global warming potential (GWP) of natural wool fibre is immense. ¾ of the total GWP in the building are
created by sheep wool (Drysdale, Danielmeier 2011). While that might have been conflict of interest from a
Life Cycle Analysis point of view, it was also found that the house would produce more energy than it uses,
including all embodied energy – aligning it with the aims and objectives set by the team.
Final Selection of Building Components and Elements
While building projects are usually driven by costs, a solar decathlon competition entry encourages teams to
design the most energy efficient design solutions. Most teams have welcomed the move by the organisers to
consider costs as part of the competition. Saving potentials for the New Zealand design exceeded the
investment that would have been necessary to commission a building scientist to carry out the additional
work. Given that energy prices are rising globally, a better approach to planning should be welcomed by all
parties involved in a building process.
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1. Introduction
Nowdays, our society must deal with two main issues for this century: the progressive exhaustion of fossil
fuels (carbon, oil, gas and coal), which provides currently more than 80% of the primary energies marketed
in the world and the climate change. Greenhouse gas emissions are considered to be the main reason of the
climatic warming for the last fifty years and a progressive concern about this matter has been observed.
In a report realized by the ,,European Commission for Energy,, the major issues of EU citizens is the energy
security which was translated by "shortages of fossil fuel supplies compared to increasing world demand",
"high fossil fuel prices", "supplier or transit countries using their positions to exert political pressure" ,
"inadequate energy efficiency measures in Europe" or "impact of EU climate strategy" (EU Report 2008).
Energy is essential for socio-economic progress both in developing and industrialized countries and the
demand for energy will increase with the global population, currently growing at a rate of 250,000 people per
day (Elani et al, 1996). In the year 2001, the use of fossil fuels released about 23.7 Gigatonnes of carbon
dioxide (CO2) into the atmosphere with a continuous increase compared to previous periods (International
Energy Agency, 2004).
For this reason, an increased understanding of the environmental effects of burning fossil fuels has led to
rigorous international agreements, policies and legislations concerning the control of the harmful emissions
related to their use (European Commission Report). The industrialized states signed the Kyoto protocol in
1997, which is an agreement to reduce the greenhouse gas (GHG) emissions by 2008-2012. The objective is
a reduction from 25% to 40% of the emissions compared to the level of 1990 from here 2020.
In order to stabilize CO2 concentrations in the atmosphere several strategies have been proposed. Increasing
the efficiency of energy use, and increased reliance on renewable energy sources or sustainable design are
among these strategies. Sustainable design can be described as that which enhances ecological, social and
economic well being, both now and in the future [7]. The global requirement for sustainable energy provision
will become gradually more important over the next fifty years as the environmental effects of fossil fuel use
turn out to be very pessimistic.
The buildings sector – i.e. residential and commercial buildings - is the largest user of energy and CO2
emitter in the EU and is the major energy consumer of the EU's total final energy consumption and CO2
emissions. Buildings account for 40–45% of energy consumption in Europe and China (and about 30–40%
world-wide) (International Institute for Sustainable Development). Most of this energy is for the supplying
the energy for lighting, heating, cooling, and ventilation. Increased awareness of the environmental impact of
CO2 and NOx emissions triggered a renewed attention in environmentally friendly cooling and heating
innovative technologies (Abdeen, 2008). Buildings are important consumers of energy and thus important
contributors to the emission of GHC into the atmosphere. The development and integration of appropriate
renewable energy technologies in buildings has an important role to play. However, issues of cost,
investment and ownership along with technical risk provide disincentives to the uptake of embedded energy
technologies. More frequently the term of zero energy building (ZEB) is called when designing a new
building. A net zero-energy building is in general a residential building with significantly reduced energy
needs through efficiency gains such that the balance of energy needs can be supplied with renewable
technologies.
The way the zero energy goals are defined influence the choices that designers make to attain this goals and
whether they can claim success. An emissions-based ZEB produces at least as much emissions-free
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renewable energy as it uses from emissions-producing energy sources. Compared to actual buildings it is
clear that the greenhouse gas (GHG) emissions of ZEB are lower on using the energy to heat or cool the
space. However it is not obvious that the construction of such house has a lower carbon dioxide emission.
This is due to innovative systems that are to be installed and the higher amount of insulation. GHG
emissions sources are often easy to identify – for example burning fossil fuels for electricity generation,
heating and transport. It is sometimes less obvious that products and services also cause indirect emissions
throughout their life-cycles. Energy is required for production and transport of products, and greenhouse
gases are also released when products are disposed of at the end of their useful lives. A ‘carbon footprint’ is a
measure of the greenhouse gas emissions and it is an interesting index for comparing ‘classic’ houses with
ZEB. The main reason for calculating a carbon footprint is to inform decisions on how to reduce the climate
change impact of the construction and use.
This article purpose is to show with precise data the carbon footprint of a zero energy consumption
residential house. On this construction, several active systems were installed along with a good insulation,
with the objective to reduce at maximum the energy consumption for the heating and electricity. The
question that was put is: What is the impact on the environment of these systems and insulation, starting from
their manufacture and mounting?
2. ZERO ENERRGY BUILDING
To model and build a house with positive energy, it is necessary to reduce all aspects of building energy
consumption (heating, cooling, domestic hot water and specific electricity). The analyzed building has its
design concept in our laboratory (see Figure 1).

Fig. 1: Zero Energy Building plans (ground floor, first floor and lateral view)

The first step in simulation modeling of the ZEB is to separate the whole house into zones coupled each
other. The separation of different areas of the house is based on the location, occupation and use (14 zones
have been identified). Each area is considered a separate cell for which we have to set the volume and wall
surfaces. For every wall its characteristics must be defined and the adjacent areas: for example the kitchen
has an outside wall facing east with a window wall overlooking the greenhouse. The exterior walls and roof
are well insulated with 25 cm, respectively 20 cm of insulation. The windows are highly energy efficient
with Uglazing=1.43 W/m2K, gwindow=0.596 and Uwindow=1.56 W/m2K. The greenhouse adjacent to the ZEB is
used as a buffer zone to the north orientation and it’s constructed from simple glazing (Uwindow=5.2 W/m2K).
The building and its systems has been modeled using Trnsys software. The Trnsys building model, known
as, Type 56, is compliant with general requirements of European Directive on the energy performance of
buildings and has been used with success by engineers to design efficient buildings, but also for scientific
research. The type 56 building model subroutine also accounts for radiative solar gains, thermal mass effects,
and the capacitance of the air in the building. In addition to the construction of the building, the model also
requires inputs for heating, cooling, ventilation, infiltration, and human comfort factors. The weather file
(Lyon city) used for the simulations are hourly based values of solar radiation, air temperature, wind
velocity. The heating and cooling set point temperature were set up to 19oC and respectively 26oC. The
ventilation systems assure a fresh air rate of 1 ach and the infiltrations of the house are supposed to be 0.2
ach. The internal heat gains have been also taken into account during the simulation. These gains included
occupants, lighting, electrical equipments and their time scenario. It was found that the heat gains can reduce
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with 14% (-3000 kWh) the building heating energy consumption but increase the cooling demand with +
1100 kWh. Using a heating scenario (19oC to 15oC during non occupational time) reduce the heating demand
with 1000 kWh/year. A number of passive systems were installed in order to reduce the energy consumption.
First an air-air heat exchanger is installed having an efficiency of 80% and a total air flow of 135.3 m3/h. The
heat exchanger reduces the winter heating needs by 40% or 2400 kWh savings which confirms the
importance of the temperature of the air introduced in the house. During the summer period the system is not
used. A second passive system used is the "canadian well" that allows the external air to be heated or cooled
in the buried ground pipes before being introduced in the building. This system is composed of two tubes of
20 cm diameter and it buried in the ground at a depth of 2 m on 10 m length. The system was found to be not
so efficient during the winter period when the air heating consumption was reduced only by 340 kWh.
However it was found to be more interesting to use such system during the summer period when it reduced
by 200 kWh the cooling need. Despite this measure, during certain periods was found that the building
presents overheating. To reduce them a longer length of the "canadian well" is proposed (up to 30 m) and a
higher ventilation rate for certain periods (three times higher).
Another passive element is the thermal mass that plays an important role in the design of passive solar
houses. The mass allows for more heat to be captured, and the heat distribution is modulated allowing for
less temperature swings in the house. The designed house has a good thermal mass with a time constant
higher than 100 h. A ZEB cannot be attained if not using a certain number of active systems that use a
renewable energy. A first system installed on the propose ZEB is the geothermal heat pump system. This
system has the advantage of having a very high efficiency. It allows in the case of low consumption
buildings to reduce to maximum the energy demand by using a good control system. The system is suitable
for the use of a low-temperature heating as radiant floor heating and ceiling, with good impact on the thermal
comfort of occupants as it was found during the analysis of the PMV index. The heat pump is a 7 kW power
water–water system and the ground heat exchanger was calculated to 90 m. The internal diameter (dint=7 cm)
of the exchanger was calculated to increase the heat exchange and to limit the pressure loss. Another active
system was the solar thermal panels used to heat the domestic hot water. It was sized for 5 occupants with a
daily water consumption of 200 liters at 45oC. The circulation pump between the boiler and the panels
consumes 56.7 kWh/year. The necessary surface of the panels was found to be 7.5 m2 (see Table 2).
Tab. 1: Monthly solar thermal energy produced and the DHW demand

Produced solar energy
kWh
114.00
145.85
237.96
249,05
267,77
261,55
286,85
272,11
267,99
185,89
120,34
99,15

Month
January
February
March
April
May
June
July
August
Septembre
October
Novembre
Decembre

DHW demand
kWh
287.09
259,57
278,72
254,39
244,46
220,77
218,43
218,02
219,60
242,87
252,86
277,44

Auxiliary energy
kWh
173.15
131,83
76,19
50,13
27,89
1,47
0,53
3,23
6,91
69,12
151,48
184,64

These systems were modeled under the Trnsys Environment as indicated in Figure 2.

Regulateur
Capteurs

Pompe
Convergent
PAC

Plancher chauffant

Pompe

Ballon
Régulateur
Convergent

Ballon

Divergent

Pompe-2
Sonde Géothermique

Divergent
Réseau
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Maison

Fig. 2: Active systems modeling (geothermal heat pump and solar thermal panels) under TRNSYS software

The house features a solar ready design, to facilitate on-site installation of the PV net metering system and
the solar water-heating system. The building roof area is 60 m2 which give a maximum are of photovoltaic
panels to be installed of 52.5 m2. The PV panels were installed at a tilted angle of 45oC orientated to South.
The passive, active and building consumption are summarized in the Table 2.
Tab. 2: Monthly energy demand and production of the ZEB

Energy demand kWh
Month
January
February
March
April
May
June
July
August
Septembre
October
Novembre
Decembre
Year

Heating
GHP
Aux
209,83
64,00
116,23
35,40
43,96
13,20
2,02
0,60
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
8,72
2,60
99,31
29,80
214,18
65,40
694,27
211,0

DHW
Solar
Aux.
135,10
3,00
90,82
3,93
41,26
5,53
23,68
5,40
5,04
5,83
0,00
5,57
0,00
5,90
0,00
5,45
0,00
5,17
44,39
4,37
115,88
3,60
150,19
2,65
606,35
56,40

Vent.

Electricity

Total

Production
kWh

133,92
120,96
131,08
89,50
74,50
81,91
90,34
87,64
78,00
87,66
129,58
133,92
1239,01

176,67
176,67
176,67
176,67
176,67
176,67
176,67
176,67
176,67
176,67
176,67
176,67
2120,00

722,51
544,01
411,71
297,87
262,04
264,14
272,90
269,76
259,83
324,41
554,84
743,01
4927,03

301,13
388,47
651,20
711,28
740,47
806,02
886,75
825,56
724,29
492,55
314,40
256,99
7099,11

GHP-geothermal heat pump, Aux-auxiliary energy, Vent.-ventilation energy demand

The overall measure of efficiency used to evaluate the performance of each of the near-zero-energy houses in
this study is the amount of energy consumed in relation to the energy consumed in a conventionally built
house of the same size.
3. BUILDING CARBON FOOTPRINT
It was seen from the previous chapter that the building energy flow is positive due to an extensive use of
renewable energy systems and high amount of envelope insulation. These measures demand however a
certain energy to be manufactured and transported to the building site. Further on we will proceed to a
calculation of the carbon footprint of the ZEB. To estimate this we will use an internal scale for the building
normal use while for the active systems a global scale will be used. The life cycle of the building and its
amenities is an important part in the carbon footprint calculation and a particular attention was allocated. The
pollutants don’t have the same ,,power” or impact on the environment so the use of a common index is
required; the expression of equivalent CO2 and equivalent carbon C (1 tC=3.67 tCO2) will be further used.
The particularity of the analyzed building is obvious the high amount of active systems or multi-source
systems. It is true that these systems are non-polluting the atmosphere when in use but is important to know
the amount of energy and emission especially from their fabrication. The study starts with the analysis of
emission for the solar thermal panels, which in our case is of 7.5 m2. Based on the technical characteristics of
the panels it was found that for 1 m2 the amount of glass is 7.5 kg, 2 kg of insulation, 2 kg of copper and 2 kg
of aluminum. As concerns the photovoltaic for 1 m2 are necessary 2.33 kg of silicium, 7.5 kg of glass and 2
kg of aluminum. The heating floor was also accounted and for 1m2 are necessary 3.66 kg of copper, 200 kg
of cement and 52.5 kg of polystyrene. Table 3 summarized the entire systems:
Tab. 3: Carbon footprint of active systems

Surface/
Number

Fabrication
Solar thermal panels
Weight (kg)
Equivalent index (keC/t)
Equivalent C (kgeC/m2)
Solar photovoltaic panels
Weight (kg)

Glass
7.5
418
3.14
Glass
7.5

Insulation
2
584
1.17
-

Copper*
2
804
1.61
Silicium
2.33

Aluminum *
2
2900
5.6
Aluminum *
2

11.71

5

-

-

Total

58.56
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Equivalent index (keC/t)
Equivalent C (kgeC/m2)
Heat pump
Weight (kg)
Equivalent index (kgeC/t)
Equivalent C (kgeC/m2)
Geother. heat exchanger
Weight (kg)
Equivalent index (kgeC/t)
Equivalent C (kgeC/m)
Heating floor
Weight (kg)
Equivalent index (kgeC/t)
Equivalent C (kgeC/m2)
Canadian Well
Weight (kg)
Equivalent index (kgeC/t)
Equivalent C (kgeC/m)
*

418
3.14
Steel
90
850
76.5

R407C
0.008
417231
3.34

-

-

Cement
200
250
50
-

800
1.86
Copper*
40
804
32.16
Copper*
9.0984
804
7.32
Copper*
3.6572
850
3.11

Insulation
52.5
1050
55.13
Insulation
8.4
1050
8.82
TOTAL Emission

2900
5.8
Aluminum *
2
2900
5.80

10.8

51.62

557.44

117.8

1

117.8

7.32

180

1316.72

108.23

82.92

8974.7

8.82

20

176.4
11201.65

-

-

-

-materials that may be recycled

The amount obtained corresponds to a maximum value that did not considered the fact that copper and
aluminum may be recycled. This may be compensated by the fact that the emissions from transportation and
drilling operation for the geothermal system were not considered. If we distribute this emission for the
lifetime of the equipments we arrive to approximately 500 kg equivalent C /year. Systems like geothermal
heat exchangers and heating floor are likely the most polluting due to high amounts of copper or cement. On
the opposite side, the photovoltaic system has a low carbon footprint and the payback time is less than 5
years, due to tax reduction and the sell price when injecting the over-necessary flow it in the public network.
The next step in establishing the carbon footprint of the ZEB was to estimate the auxiliary electrical energy
of the house which in our case is 1303 kWh or a total of 29.98 kgeC/year (0.023 kgeC/kWh in France).
Building the construction is another point that must be deal with. The amount of materials was calculated for
the ZEB with a maximum value of 36199 kgeC/building life time or 724 kgeC/year divided in:
-

Cement – 233 846.8 kg or 35077 kgeC/building life time or 702 kgeC/year
Plasterboard – 11429 kg or 491 kgeC/building life time or 10 kgeC/year
Glass -1523.8 kg or 691 kgeC/building life time or 13 kgeC/year

The building waste was divided in garbage, glass, paper, plastic and cardboard. The carbon emission for the
food necessary for the five occupants of the house was estimated based on Jancovici and Manicore
(Manicore-website) on six persons where they obtain a value of 1261 kgeC/year. For the analyzed ZEB this
value is 1050 kgeC/year. The balance of carbon equivalent emission of the ZEB is close to 500 kgeC/person
value that is actually wanted to be reached by the French Energy Guidelines. However the study was
conducted on a building where most of the energy is supplied by renewable energy systems and it was
thought that we will have lower values. To better understand the dilemma a comparison with a classic house
with the same architectural plans and occupation was necessary to solve this problem. If considering a 40
years life time of the construction the ZEB has a carbon footprint of 934 kgeC/year while a classic house has
1106 kgeC/year. The reduction of emission is done mainly on long term and not reporting to an annual
comparison.
4. CONCLUSIONS
In this research paper a detailed analysis of a zero energy building was conducted by focusing on the active
renewable energy systems and the house carbon footprint. To calculate the carbon footprint of a zero energy
construction house the assumptions and results have been divided into the three sections of construction,
maintenance and energy performance. A number of aspects have been analyzed, like the emissions from the
building construction, energy use, waste and meals of the occupants. The ZEB energy demand is highly
reduced to an extensive use of solar and geothermal energy. It is important to check the carbon emission for
the fabrication of the renewable energy systems installed on the house. It was found that a ZEB it is not a
non-polluting house with values of around 500 kgeC/person and a construction emission of more than 36160
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kgeC. By comparison, the construction of a classic house has 2.3 less emissions, but in use may go to 23
higher values. At a certain moment, a compromise between the building carbon emission and energy
reduction must be done. The values presented in this article corresponds to France emission (0.023
kgeC/kWh) a value that is not high due to highly use of nuclear power to produce the electricity. The
comparison and the difference between a ZEB and a classic house may differ for other countries; in generally
will have a more positive impact of the ZEB.
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1. Introduction
Current German climate policy targets are aimed at a reduction of the whole buildings
building sector’s greenhouse
gas (GHG) emissions by 55 % until 2030 and at least 80 % until 2050, compared
red to the reference year 1990.
According to the principal “leadership
leadership by example”
example in 2008 the government of Hesse decided to become
carbon neutral already by 2030. Beside the whole federal state administration, this
his project includes the
twelve public universities located in Hesse as well. One
ne year earlier the same government brought up a
comprehensive infrastructuree program for its universities. Until 2020 an amount of three billion Euros will be
invested to new and replacement buildings as well as in retrofits and refurbishments of existing ones. Up to
now it is quite unclear whether and how these two programs support each other or if there is a conflict of
interests.
However, the boundary conditions concerning
con
GHG reductions of the Hessian universities are promising.
But until now, just the terminology of carbon neutrality is quite confusing. Standardization for GHG
GH
accounting is still in its infancy. Furthermore, especially additionality and irreversibility of measures to offset
GHG emissions are discussed controversially.
controversially But apart from these discussions, it is hardly deniable that
reducing the climate impact of the
t university buildings needs to take the key role within the climate
protection strategy,, because their energy use is responsible for most of the federal state administration’s as
well as the universities’ GHG emissions.
Thus, the net zero energy buildings (NZEB) seem to be the appropriate concept as well as a prerequisite for a
balanced GHG inventory. With their usually given campus structure, universities offer the advantage that
supply and demand of associated buildings can be compensated with each other. Furthermore, they can take
advantage from economies of scale by using a common power generation (Voss/Musall 2011).
2011) The
modernization program opens up the chance to exploit energy saving potential on a large scale. But due to an
increasing number of students as well as a growth of energy intensive research facilities it is questionable if
expected energy efficiency progress will be caught up by rebound effects again.
2. Key role of university buildings
The first common quantification
tification of the GHG inventory for the federal state administration of Hesse was
published in the beginning of 2011 (HMdF 2011). The quantification was done for the base year 2008
according to the methods of The Greenhouse Gas Protocol. The organizational boundaries were defined
according to a factory gate approach. This means, that only emission sources were included, which the
government or the universities are able to influence directly. Beside the buildings
building emissions,
emissions the transport
emissions caused directly
ectly by the car pool as well as indirectly by business trips were quantified.
quantified
car pool
8%

public
air travel
local traffic
4,3%
0,6%

rented buildings
3%
other buildings
32%

university
buildings
52%

Figure 1:: Carbon footprint
ootprint of the federal state administration of Hesse in 2008
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The survey includes some methodological weaknesses and systematic failures. Without going into details,
just two examples: The emissions of on-site
on site combined heat and power (CHP) units were overestimated
systematically.. For one location an individual emission
emission factor for district heating was used provided by the
local energy supplier, for all others a general “synthetic” emission factor for the German average district
heating supply (see table 1).
However, the results show that university buildings are responsible
respon
for about 50 % of the whole federal state
administration’s GHG inventory (see figure 1). Looking at the universities, buildings emissions cause more
than 90 % of the universities’ recent carbon footprint.
3. Strategy for reducing carbon footprint
Carbon neutrality of buildings can be achieved by several measures. In general itt depends on individual
boundary conditions, like actual supply structure, the availability of energy saving potential and alternative
energy sources, etc. But in principle four basic
basic elements can be differentiated. These are:
1.

Avoidance by improving energy efficiency of facilities and buildings as well as minimizing energy
demand,

2.

Substitution by fuel switching from fossil fuels to renewable energy sources,

3.

Feed-in credits from on-site
site generation of renewable energy surpluses that replace conventional
electricity in the public grid,, and

4.

Offsets outside the organizational boundaries, for example purchase of Renewable
enewable Energy Certificates
(RECs) or investments in reforestation projects.

Figure 2: Combination
ombination of elements for GHG reduction of buildings (schematically
schematically)

In this context, the idea of carbon neutrality is also discussed critically since it is associated with terms like
“greenwashing” or “modern day indulgences” (Smith 2007). And indeed, it is questionable if offsets from
purchasing RECs really cause measurable net reductions, or reforestation on the other side of the world is an
irreversible compensating measure for the duration of at least one century.
Furthermore,
re, offsets make the transformation of buildings and organizations into carbon neutrality possible
although they have neither implemented measures to avoid emissions nor to substitute fossil fuels. Such an
approach is absolutely contrary to the idea of NZEB
NZEB as well as principles of carbon neutrality. For these
reasons, measures to reduce GHG emissions should be realized in the same order and priority.
Correspondingly, offsets should just be limited to the remaining and unavoidable emissions (see figure 2).
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4. Status of the university buildings
The current building stock of the Hessian universities consists of about 750 buildings. Overall they represent
a wide range of size, utilization and construction year. The major part of these buildings was constructed
during the expansion phase of German higher education in the 1960s and 1970s, when most of traditional
universities were expanded and a lot of new universities were established (“2nd generation”). Especially the
"1st-generation"-universities have to maintain a high share of listed buildings that are underlying restrictions
of monument conservation.
4.1. Energy supply
A typical of many larger universities is the classic campus structure in which facilities for research and
teaching as well as central services and residence halls are located close to each other. The campus energy
supply is usually centralized. The distribution of heat, cooling water and electricity of single buildings is
managed on-site and operated by own technical staff.
The analysis of purchased energy of the twelve Hessian universities shows that universities energy
consumption is based nearly completely on fossil fuels (see figure 3). The heat supply of buildings is mostly
ensured by district heating, natural gas and heating oil. Larger universities often operate own CHP units that
ensure on-site base load for heat and electricity. But the major part of electricity demand is purchased from
the public grid. Cooling water is usually provided within the buildings by decentralized compressors, rarely
by central absorption refrigerators.

district heating

natural gas

heating oil

other fuels

electricity

100%

27%
75%

15%
50%

28%
25%

30%
Increasing number of students
0%
1

2

3

4

5

6

7

8

9

10

11

12

No. of university, sorted by number of students

weighted
average

Figure 3: Distribution of purchased energy of Hessian universities

Renewable energy sources do not play a role within today's energy supply of Hessian universities. Indeed,
the universities meanwhile purchase electricity with RECs. This general prerequisite was implemented into
the statewide tendering procedure in 2009. But matter of fact is that up to now purchasing RECs does not
contribute to an additional growth of renewable energy sources and therefore reducing GHG because the
actual capacities of existing hydropower plants are more than sufficient to meet the demand (Irrek/Seifried
2007).
Furthermore, some universities have installed photovoltaic (PV-) systems on some of their roofs. But on the
one hand the generated PV-electricity would just supply 0.1 % or less of whole universities’ electricity
demand it is usually fed in the public grid. Therefore it is improving the grid emission factor but not the
universities’ GHG inventory.
Thus, the following emission factors (as carbon dioxide equivalents → CO2e) were used for the own
calculation of the GHG-inventory of Hessian university buildings. The data were taken from the database of
The Federal Environment Agency (UBA 2011a).
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Table 1: General emission factors for purchased energy in Germany

Energy source

Emission factor
[t CO2e/MWh]

District heating

0,218

Natural gas

0,252

Liquid gas

0,277

Heating oil

0,321

Electricity

0,570

In general, these emission factors are no constant values. Especially the rapid expansion of renewable energy
sources in the public electricity grid has led to a significant decrease of the corresponding emission factor in
Germany. Over the last decade, the specific value per kilowatt-hour was reduced by about 1.5 % per anno.
Recent political actions are aimed at a further penetration of renewable energies to the public grid and thus to
continue this trend (Nitsch 2007).
In contrast, large technical improvements for heat generators are not to be expected, so that the
corresponding emission factors will stay constant. The development of district heating emission factor
depends strongly on changes in the corresponding primary energy use, similar to power generation. But in
the last years, no significant progress was made concerning increasing the share in energy mix as well as
decreasing of emission factors (UBA 2011b). Thus, a decrease of district heating emission factor is even not
expectable.
Excluding the buildings of university hospitals the energy consumption of Hessian university buildings
amounted to about 570 GWh in 2008. Based on the emission factors in table 1 the total GHG-emissions sum
up to nearly 200,000 t/a.
4.2. Energy consumption of buildings
Since the Hessian university buildings were mostly constructed in 1960s and 1970s they don’t comply with
today’s energetic standards. In a first step the energy saving potential can be estimated by comparing the
final energy use of the buildings to the corresponding target values, which are provided by national
benchmarks (BMVBS 2009). These data were collected to calculate reference values for energy performance
certificates differentiated by main utilization.
The actual specific energy consumption values (eactual,h and eactual,e) for heat and electricity of each building in
kWh/(m² a) were divided by corresponding reference values (eref,h and eref,e) and calculated as index values (Ih
and Ie).

eactual =

Eactual
ANFA

 kWh 
 m² a 



;

I=

eactual
⋅ 100%
eref

Based on these index values a classification of buildings was done according to the following scheme.
Table 2: Energetic classification of buildings

heat use index
Ih

electricity use index
Ie

class

≤ 100%

≤ 100%

A

> 100%

≤ 100%

B

≤ 100%

> 100%

C

> 100%

> 100%

D
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The index
ndex values could be calculated for 443 buildings that are representing 2/3 of total net floor area (NFA)
and about 75 % of total buildings emissions. For the rest of the buildings energy metering for heat as well as
electricity was not possible. If several buildings have just a single electricity or heat energy meter, the
reference values were weighted according to their share of NFA.
11%

A

17%
57%
15%

B
C
D

Figure 4: Energetic classification of Hessian university buildings (n = 443)

The results of the analysis show that the majority of the buildings exceed considerably both heat and
electricity reference values. Nearly 60 % of the sample’s total NFA is classified in category D. This confirms
the thesis most buildings have a high demand on refurbishment and probably offer the opportunity for energy
saving measures in a large scale. It can be assumed that a systematic refurbishment of the building stock will
contribute to GHG reductions.
5. Descrip
escription of scenarios for future carbon footprint
ootprint
Overall, four scenarios were deduced. They are based on each other, so that the influence of additional
climate protection measures can be quantified. The data and information concerning the current energy use
and construction program were provided by the technical departments of the three universities.
The first scenario, “business-as
as-usual”, is just including these refurbishments and new constructions for
which funding has been assured. Furthermore, small measures
meas
that can probably be paid from annual
maintenance budgets were taken into account. Major building projects for which universities have tangible
elaborated plans but which exceed the secured amount of investment are excluded.
However, in the second scenario,
nario, “master
“
plan”,
”, these constructions and retrofits are included again. In the
first and second scenario the
he following simplified assumptions were made concerning the energy savings and
therefore emission reductions that are reached by refurbishments: The specific heat demand will decrease by
30 %, the specific electricity demand by 10 %. For new constructions it is assumed that they achieve the
target values of national benchmarks if no other target values were aspired by the universities.
In the third scenario, “high
high efficiency buildings”,
buildings”, achievable energy savings were raised towards future
energy efficiency target values significantly.
significantly Energy savings resulting from refurbishment were doubled so
that the heat demand will decrease by 60 % and the electricity demand by 20 %. Moreover, the
t target values
for new constructions are assumed to fall below national benchmarks considerably:
considerably the heat demand by
-50 % and the electricity demand by -25 %.
In the fourth scenario, “fuel
fuel switch”,
switch it is assumed that
at in addition to the measures implemented in the third
scenario the largest heat generator of each university is replaced or complemented by a CHP unit using
biogas as energy source. The related peak demand boiler will use biogas as fuel as well.
well The CHP units will
be dimensioned and operated to meet about 50 % of campus heat demand. Since the on-site
on
generated power
will not always meet the universities electricity demand it is assumed that 80 % will be consumed on-site and
20 % will be fed in the public electricity grid.
This approach is due to the fact that a high growth of biogas plants is forecasted as well as intended
politically (FhG UMSICHT 2009). The advantage is that biogas, purified to bio methane, can be injected in
the existing gas grid. Thus, it can be integrated in existing supply structures easily without a general
technology change universities have to deal with. The emission factor of
o bio methane amounts just to one
third of the corresponding factor for natural gas. It is assumed that this
this fuel switch will be realized in 2020,
after the most constructions have been finished. Furthermore, it is assumed that universities install PVPV
systems with 10 kWp annually,, starting in 2012. The specific energy yields of 850 kWh/(kWp a) will be used
completely to meet on-site
site demand.

2350

6. Results from case studies
The development of energy related GHG inventory is shown by three case studies. Each of them educating
about 18,500 students, they can be classified as medium-sized
medium
universities. Table 2 gives
give an overview to the
current students enrolled, energy consumption, GHG-emissions
GHG emissions and the construction program.
Due to their individual historic development, there are huge differences concerning the curriculum, building
structure and facilities. According
According to the individual conditions of construction year, utilization and energetic
status, the intended construction programs are also very different, so that these three case studies are
supposed to represent a wide range of universities,
universities at least in Germany.
Table 3:: Main data of the Universities of Kassel, Marburg and Darmstadt (winter
winter term 2008/09)

University

University of
Kassel

University of
Marburg

Technical University
of Darmstadt

Established

1971

1527

1877

2nd-generation
university, high practical
orientation

traditional university,
classical curriculum

technical university,
high research activity

Number of students

17,616

18,933

18,390

Energy use [MWh/a]
(incl. on-site CHP generation)

51,700

123,800

93,100

GHG emissions [t/a]

18,300

43,200

31,200

Number of buildings

85

120

140

290,000

375,000

420,000

Characteristics

Net floor area [m²]

Construction program until 2030 (master plan)
Refurbishment [m²]

76,500

182,000

233,000

New construction [m²]

81,000

123,500

55,000

Termination/demolition [m²]

62,000

131,500

0
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6.1. Case Study 1 – University of Kassel
The construction program of the University of Kassel is focused mainly on establishing a new campus for
natural sciences, next to the current main campus. This measure is supposed to be finished by 2018. In return
the old campus for natural science and some other faculties located outside the city center is supposed to be
terminated. Thus, several buildings with a NFA of about 80,000 m² have to be constructed.
In a first construction section, several new constructions as well as retrofits of faculties, central services and
a residence hall will complement the main campus until 2015, providing the increasing space requirements.
In the second construction phase, the new buildings for faculty of natural science will be constructed.
Afterwards the old campus will be terminated. A total growth of NFA by +7 % is aspired. Furthermore about
30 % of the building stock is supposed to be refurbished during the next 15 years. The refurbishment rate has
a value of about 2 % p.a. until 2020, and then it will decrease to about 1 % p.a.
Scenario calculations show that in the business-as-usual-scenario the GHG emissions will decrease by 13 %
until 2030. This reduction is resulting nearly completely from the indirect effect that the emission factor of
grid electricity is assumed to decrease. This is even overcompensating overall campus growth. Otherwise a
growth of GHG emissions would probably be unavoidable, too.
Only if the university succeeds in constructing the new science campus and in return terminating the old one,
it will be possible to reduce GHG inventory by further 11 % (scenario II). But until now, funding for this
major project of the university’s master plan hasn’t been ensured completely. Reaching the more ambitious
energetic target values would lead to further GHG reductions of 12 % (scenario III). If the university handles
it additionally to switch the current energy supply to a campus biogas supply, it will probably succeed in
halving GHG emissions of the building stock until 2030.
120%
107%

2008 = 100%

100%

Net floor area

80%
60%
40%

New Science Campus
New biogas CHP-plant

20%

87%
76%

I: Business-as-usual

64%

II: Master Plan

48%

III: High Efficiency
Buildings
IV: Fuel Switch

0%

Figure 5: Development of NFA and energy related GHG-emissions of University of Kassel until 2030 in different scenarios

The results of the last scenario show that improving energy efficiency of buildings is a high important
element in strategy for GHG mitigation. Furthermore, the installation of PV-systems may be an appropriate
measure to underline climate protection efforts to public. But indeed it has no measurable effect on GHG
inventory at all.

6.2. Case Study 2 – University of Marburg
Compared to the other case studies, the University of Marburg has the highest share of historic buildings as
well as buildings with a poor quality of building structures. Especially the buildings for natural and life
sciences which were constructed in the 1970s don't meet today’s energetic standards as well as faculty
utilization requirements. Therefore these buildings with a NFA of about 60,000 m² are supposed to be
replaced by new constructions in the long term.
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The university administration is planning the most complex and even most expensive construction program
of the three investigated universities. It is including a complete rearrangement of the building stock with a
bunch of new constructions as well as the termination of several locations in periphery. In the long term, the
main objective is to concentrate the university buildings on one inner-city campus for social sciences and
facilities for central services and one campus for natural and life sciences 5 km outside the city.
A specialty of the University of Marburg is that it is the only university of the three case studies that set an
own measurable GHG reduction goal: until 2020 they shall be halved. Improving energy efficiency and
renewing the energy supply are two of the main topics that are described in the climate action plan.
But the results of scenario calculations show that the own set goal won’t probably be achieved, even if the
university succeeds in implementing the master plan until 2030 (scenario II). The main reason is that the
major part of current secured amount of investment will be spent on several new research facilities and a new
central library so that the refurbishment rate of 1.1% p.a. will be quite low.
Further significant energy savings could be reached by improving energy efficiency and by raising the
refurbishments rate to a higher level. Beyond this, the university needs to ensure funding especially for the
aspired replacement constructions of the buildings for the faculty of biology. Moreover, the energy supply
for the natural and life science campus has to be renewed completely. The university already worked out
tangible plans even including the use of renewable sources. But funding has not been ensured, yet. If the
university administration succeeds especially in solving these financial challenges, it will probably be
possible to achieve GHG reductions of more than 50 % until 2030 compared to 2008.
120%

2008 = 100%

100%
80%
New Chemistry

60%
New biogas CHP-plant

40%
New Biology

20%

98%

Net floor area

73%
64%
54%
44%

I: Business-as-usual
II: Master Plan
III: High Efficiency
Buildings
IV: Fuel Switch

0%

Figure 7: Development of NFA and energy related GHG-emissions of University of Marburg until 2030 in different scenarios

6.3. Case Study 3 – Technical University of Darmstadt
According to its profile as well as external rankings, the Technical University of Darmstadt is one of the
most excellent universities in Germany, especially in the field of third-party funded research. Due to the
main goal to keep and expand this status, the university’s construction program is quite simple: The building
stock will be maintained in its current form. In the long term the majority of already existing buildings is
supposed to be retrofitted and refurbished. Furthermore, in the next few years several new research facilities
and central services (main library, lecture hall) will be finished. The total growth of NFA is estimated to
about +13 % compared to 2008. A highlight even regarding the GHG inventory (unfortunately in a negative
way) is the construction of a new high performance computer (HPC) with a constant power demand of about
1.5 MW.

2353

Since 2005, a specialty on organizational level is that TU Darmstadt is the first and only autonomous
university in Germany. In opposite to other universities, the TU Darmstadt manages and finances even major
constructions and refurbishments on its own without participation of state authorities. In return the annual
budget provided by the government of Hesse was raised correspondingly. On the one hand, this shift in
responsibilities offers the university to react more flexible and even faster to changing basic conditions. On
the other hand the university administration must set priorities on its own, for example construction of a new
building or refurbishment of an existing one.
140%
New HPC

2008 = 100%

120%

113%
101%
98%

100%
80%

84%

Retrofit of Chemistry

Net floor area
I: Business-asusual
II: Master Plan

60%
New biogas CHP-plant

40%

57%
III: High Efficiency
Buildings

20%

IV: Fuel Switch

0%
excluding HPC

Figure 6: Development of NFA and energy related GHG-emissions of TU Darmstadt until 2030 in different scenarios

Results from scenario calculations show that the new HPC will dominate the university’s GHG inventory.
After completion in 2012, it can be expected that the GHG-emissions will increase by about 30%. This
growth can’t be compensated by refurbishment measures at all. Only the anticipated decreasing emission
factor for grid electricity ensures reduction of total emissions to 2008 level by 2030. Therefore it is
predominately important that the university will succeed to construct and operate the HPC as energy efficient
as impossible to reach further energy savings, what is shown by scenario III.
Further significant GHG-reductions will probably just be achievable by switching the energy supply to
renewable energy sources. For this, the TU Darmstadt offers very promising conditions because the
university is already operating a CHP-plant which supplies the whole university’s heat and about 70% of its
electricity demand. The HPC will ensure an additional base load, so that the power generation will probably
be used almost on-site. Thus, changing the input from natural gas to biogas would decrease GHG emissions
by about 30%.
The case study of TU Darmstadt shows impressively that just one single new building might nullify the
energy efficiency improvements for years or even decades. If the HPC was excluded from calculations, the
GHG emissions would be possibly reduced by about 20% in the business as usual-scenario and even 60% in
the “fuel switch”-scenario (see dotted graphs in figure 6). Therefore it will be most important to expand
efforts in a systematic and continuous reduction of energy demand and GHG-emissions, as the TU Darmstadt
has already done exemplary over the last years. Surely, it will have the flexibility as well as competence to
handle this new challenge.
7. Conclusions
The results of the scenario calculations concerning the future carbon footprint of universities show that
reaching carbon neutrality will be a really tough goal, if offset measures are understood as well as used as
“ultima ratio”. Each university has to manage individual challenges according to their development plans and
corresponding construction programs. But in general, the case studies show that funding is a major problem.
Up to now just about 50% of necessary amount of investment to complete the master plans could be ensured
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from current modernization programs. Further measures to improve energy efficiency considerably as well as
to change the energy supply towards renewable energy sources are not included in these calculations.
Business-as-usual scenarios show that the highest share of GHG reductions will be caused indirectly from
decreasing emission factors for purchased electricity. The share of energy efficiency improvements that are
implicated from refurbishments or replacement constructions will be quite low because until now the aspired
target values are not ambitious enough. Therefore, the total GHG reductions probably won’t be sufficient to
comply with political long term climate protection goals.
But even if the universities achieve to ensure funding for implementing their master plans with high energy
efficiency standards plus a significant share of renewable energy supply by 2030, the energy related GHG
emissions probably will amount to “only” about -50 % compared to 2008. Indeed, this would be a great
success considering the fact that the number of students as well as energy intensive research activities raise
considerably at least by 2020. But it would be still far away from status of carbon neutrality. Reaching
further GHG reductions will be the real challenge to be dealt with afterwards. To what extend and what kind
of offsets will be implemented needs to be decided on a higher level.
But first of all, universities need to commit their responsibility as role model in climate protection by
themselves. A standardized carbon accounting of universities and realistic and obligatory climate reduction
goals need to be established on organizational level. Furthermore, universities need to elaborate holistic
individual climate action plans as part of their development plans. There is no doubt that universities will
have to include all organizational and technical measures that will make GHG reductions possible, even
those which have not been discussed in this paper (e.g. floor space management, incentives for energy
savings, continuous optimization of facilities to actual needs). Otherwise it seems to be utopia that the
climate impact of universities' and especially their buildings as major cause might be minimized.
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LOW3 – A MEDITERRANEAN NET ZERO ENERGY BUILDING
Torsten Masseck
UPC – Barcelona Tech, Sant Cugat del Vallès, Barcelona (Spain)

ABSTRACT
The LOW3 (low energy – low impact – low cost) prototype developed by UPC-Barcelona Tech for the Solar
Decathlon Europe 2010 competition is a energy self sufficient solar house based on three main principles: a
low energy demand, a low impact on environment and a low cost architecture with a strong focus on the
economy of means.
LOW3 explores the thermal capacity of intermediate spaces in contributing to a low energy architecture as
well as it explores spatial qualities, creating in-between spaces for innovative ways of living.
The first building shell of LOW3 is based on an industrialized greenhouse structure with a lightweight
polycarbonate skin, optimized in its bioclimatic performance through openings for cross ventilation, shading
devices, vegetation, an evaporative cooling system and integrated solar systems. As a microclimatic skin it
modifies the thermal behaviour of the interior, where a highly insulated, minimum housing unit of 42 m2 is
located.
Whereas the interior housing unit is actively conditioned through a radiant heating and cooling system and a
ventilation system with heat recovery, the intermediate space of LOW3 is designed to create comfort
conditions exclusively through passive strategies.
The bioclimatic mechanisms of LOW3 work well, although temporary overheating of its upper intermediate
spaces cannot be avoided solely through passive strategies. Thermal simulation programs shows difficulties
in their performance prediction of this spaces mainly due to unpredictable and generally high ventilation
rates. Monitoring results of LOW3 obtained during the competition in June 2010 in Madrid and since
January 2011 at Sant Cugat del Vallès (Barcelona) confirm their good thermal performance.
Through the analysis of its bioclimatic performance, energy efficiency, space quality and cost aspects LOW3
contributes to the knowledge generation in the field of Mediterranean net zero energy buildings.
LOW3 actually starts working as a LIVING LAB platform for sustainable architecture at the UPC-Barcelona
Tech Campus in Sant Cugat del Vallès (Barcelona) with an ongoing research and evaluation agenda.

KEYWORDS
Solar Architecture, Net Zero Energy Building, Intermediate Spaces, Bioclimatic Architecture, Passive Solar
Design, Integrated Solar Technologies
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1. INTERMEDIATE SPACES IN DOMESTIC ARCHITECTURE
Intermediate spaces in housing are an issue as long as architecture exists. The transitional spaces between
interior and exterior are defined through their special qualities in the field of light, temperature, as well as
visibility, privacy and security. In terms of energy demand and building comfort, intermediate spaces have a
long tradition in domestic architecture. One of the first bioclimatic elements was the south orientated porch
with a roof overhang as shading device like the solar house described by Socrates around 400 B.C.(Figure 1)
[1]
With the availability of glass as building material, closed sunspaces like the glazed galleries of the Pescadia
at La Coruña (Figure 2), dated in the 18th century, found their way into domestic architecture. Later on,
experimental housing projects like The growing house (1932) by Martin Wagner (Figure 3) or the
Regensburg housing units (1982) by Thomas Herzog (Figure 4) explored intermediate spaces as energy
saving means as well as functional elements in the residential building sector. [2]
From the 1990’s on concepts for low energy architecture like Passive House or Minergie buildings
questioned the energetic function of sunspaces whereas solar technologies got integrated more and more into
the building skin.

Fig 1: Socrates

Fig 2: Pescaderia

Fig 3: Martin Wagner

Fig 4: Thomas Herzog

The LOW3 (low energy – low impact – low cost) prototype, is a energy self-sufficient solar house or net zero
energy building based on three main principles: a low energy demand, a low impact on environment and a
low cost architecture with a strong focus on the economy of means.
As an experiment it explores the conversion of a standard agriculture greenhouse into a microclimatic
building skin which creates intermediate spaces as well as it integrates active solar technologies.

2. THE LOW3 PROTOTYPE SOLAR HOUSE
Today’s flexible and changing social constellations in our society, new ways of living and working, as well
as frequent changes of use led the UPC team to explore a alternative, growing housing concept based on
modularity in space, structure and installations, as well as the combination of interior highly insulated
housing modules with a lightweight microclimatic building shell. The resulting intermediate spaces enrich
the spatial concept of LOW3 and create through their bioclimatic optimization additional useful space and
volume for the occupants.
The main 3 concepts of LOW3 are:
LOW ENERGY: Passive solar architecture and effective bioclimatic design minimises the energy demand of
the LOW3 house.
LOW IMPACT: The use of sustainable and reusable materials allows minimizing the environmental impact
of the project in construction and during use. LOW3 aims to fulfil the important objective of closing the
water and material life cycles.
LOW COST: Low-cost and low-tech solutions together with dry construction methods allow a modular and
quick assembly, converting a green house structure into an innovative solar housing concept.
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The sequence of interior, intermediate and exterior layers creates singular and special living spaces.

Fig.5: General view LOW3 south facade

Fig. 6: Interior view LOW3

The bioclimatic design prolongs the period of time the occupants can enjoy the intermediate spaces of their
house at zero cost and zero energy, doubling the available space of the dwelling. For the cost of one house,
they obtain another intermediate dwelling space.

2.1 BIOCLIMATIC CONCEPT OF LOW3
The microclimatic building skin of LOW3 employs a standard industrialized greenhouse structure, based on
galvanized steel profiles and polycarbonate panels as skin. The polycarbonate panels used, specially treated
for resistance against UV radiation, have a thickness of 10 mm with 4 layers (3 chambers) and a U-value of
2.8 W/m2K with a visual light transmission of 42% and a solar factor of 0.52 for white or “opale” modules,
and a visual light transmission of 72% and a solar factor of 0.77 for translucent or ”cristal” modules.
Constructive detailing allows an elevated air-tightness of the building shell in comparison with standard
agricultural green houses. (Figure 7)

Fig.7: General view LOW3

Fig. 8: Thermo graphic image LOW3

Through basic bioclimatic mechanisms, mainly adapted from the agricultural sector like movable sun
protections, evaporative cooling, cross ventilation through extensive openings and passive solar use, the
intermediate space can be thermally regulated and its period of use expanded during the year without any
kind of additional energetic or economic cost. Figure 8 shows a thermo graphic image of LOW3 indicating
surface temperatures of the outer building shell.
The dwelling space expands towards the intermediate space, when its climate conditions meet the comfort
requirements for a certain activity or uses. Every façade or roof segment contributes through its design and
function to this objective.
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2.2 INNER LIVING MODULES
The inner living modules of LOW3 form the minimum housing unit of 42 m2, basic requirement of the
competition. 3 living modules and 1 wet module, containing bathroom, kitchen and all main installations of
the prototype, are placed strategically inside the greenhouse, taking advantage from the generated
microclimate and other services like solar hot water and electricity generation of the microclimatic building
shell. (Figure 9)
The living modules consist of a micro laminated wood structure and OSB board cladding and are highly
insulated through 20-25 cm of wood fibreboards and cellulose with an overall U-value of 0.15 W/m2K and
an elevated air-tightness.

Fig.9: Floor plan of LOW3

Fig. 10: Kitchen module with direct access from
intermediate spaces

Small window openings and one main access door at the north side contrast with the complete glazed south
façade.
As Figure 10 shows, the kitchen module opens to the intermediate space, allowing evacuating internal
thermal loads from cooking as well as access to the wet module from outside, turning it into the core of the
house and a shared infrastructure for different constellations of use.

2.3 SOUTH FAÇADE
The south façade of the LOW3 prototype is designed to convert from a closed translucent collector façade
into an open porch of the house. 3 of its 4 façade segments allow being opened through folding doors.
Automated sunscreens protect the intermediate and interior spaces from excess of direct solar radiation. The
screens, composed of resistant glass fibre, have a solar transmission value of 7% and a visible light
transmission value of 8%. (Figure 11)
The façade segment corresponding to the “wet” module, containing bath and kitchen, consists of a façade
integrated solar flat plate collector of 7,2 m2 which due to its vertical integration and dimension allows to
achieve a solar fraction for domestic hot water of 87,3%. (Figure 12)
The combination between opened or closed façade as well as opened or closed sun screens, allows to convert
the greenhouse from a open and ventilated shading roof into a closed buffer space which captures solar
energy.
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Fig 11: South façade open with shading device

Fig. 12: South façade closed

Direct solar radiation can be captures by the inner living modules in winter, whereas in summer glazed areas
of the inner modules are consequently shaded through the geometry of the construction.

2.4 SOUTH ORIENTED PITCHED
PHOTOVOLTAIC INSTALLATION

ROOF

SEGMENT

WITH

BACK-VENTILATED

LOW3 integrates a 4.2 kWp photovoltaic installation with an annual production of 6.000 kWh of electricity
to provide energy self-sufficiency for the house. In accordance to the principles “LOW cost” and “LOW
impact” standard polycrystalline PV technology has been used.
The PV modules are integrated into the roof structure using a galvanized steel framework creating a double
skin which allows free circulation of air through a gap of 20 cm between inner polycarbonate roof cladding
and PV array.
The photovoltaic installation is oriented south with an inclination of 19º, close to the optimum. The PV array
shades the south oriented roof surface and avoids overheating of the intermediate space below. By having a
high degree of back ventilation through a natural stack effect, heat is carried away, allowing modules to work
nearer to their optimum temperature and efficiency.

Fig.13: Thermo graphic image solar installations

Fig. 14: Thermo graphic image roof construction

Figure 13 shows the elevated temperature of the PV array (M1=46.5ºC) whereas figure 14 shows a
significantly lower inside surface temperature of the south roof of (M1=37.7 ºC).
PV modules are organized in strings of 6, thus allowing an easy modular preassembly on the ground and an
efficient roof installation with electrical connection points in the lower part of the roof accessible from the
façade. Back ventilation evacuates higher thermal loads caused by the PV array.
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2.5 NORTH ORIENTED ROOF SEGMENT WITH OPENING MECHANISM FOR CROSS
VENTILATION
The north part of the roof consists of a curved polycarbonate surface on metal substructure, with a standard
green house opening mechanism, based on one central single phase motor and a horizontal mechanical axe
which allows very slow lifting and closing of the whole roof segment. A movable outer shading device
would be the most effective strategy to prevent overheating. Inside, easy accessible and movable solar
protection has been planned. In combination with an opened roof and a cross ventilation, heat evacuation has
been considered to be sufficient, as well as easy maintenance is assured. Due to technical reasons this
shading devices have not been installed during the competition week in Madrid, leading to higher thermal
loads through incident solar radiation. Figure 14 shows the thermal performance in general and the difference
of inner surface temperatures between the two roof segments.

2.6 NORTH FAÇADE
The north façade of LOW3 consists of fix polycarbonate cladding only interrupted by small window
openings and a door. A 20 cm air gap between inner living modules and outer building shell allow all main
installations between modules to be placed, easy accessible from the outside. No shading device is foreseen,
thermal loads are evacuated through the roof opening above.

2.7 EAST AND WEST FACADES
East and west façade consist of fixed white polycarbonate cladding without openings. Outer solar protection,
through a back-ventilated textile sunscreen have been foreseen to mitigate the high quantity of undesired
solar radiation at morning and evening hours in summertime, but due to technical reasons could not be
mounted during the competition week in Madrid.

2.8 ACTIVE MECHANISMS FOR CLIMATE CONTROL
Besides the mentioned roof and facade openings, movable and fixed sunscreens, or bioclimatic optimization
of the prototype, a row of active mechanisms contributes to the viability of the concept. Temperature Sensors
at different spaces of the prototype, sensors for relative humidity, as well as a meteorological station, send
their data to a building management system, which controls automatically shading devices as well as the roof
opening or adiabatic cooling devices, to optimize the microclimatic building shell and its contribution to the
overall energy performance and comfort of the prototype. (Figures 15 and 16)

Fig.15: Building Control system and sensors

Fig. 16: Microclimatic building skin with opened roof

At the intermediate space an evaporative cooling system has been installed especially for the competition
week in Madrid, due to the effectiveness of adiabatic cooling at the dry summer climate there.
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3. THERMAL DYNAMIC BUILIDNG SIMULATION OF LOW3
For the thermal dynamic simulation of the prototype in the pre-competition stage the program Bioclim with
the simulation motor Comfi has been used to analyze and optimize the thermal performance especially in the
field of its bioclimatic mechanisms. At the post-competition stage actually DesignBuilder and EnergyPlus
are used for a more exact evaluation of the prototype and a comparison between simulated and real building
performance.

3.1 BOUNDARY CONDITIONS, LIMITATIONS OF THE PROGRAMMES
Due to the special concept of intermediate spaces of LOW3 and certain limitations of the Bioclim program, it
was not possible to simulate winter and summer conditions within one unique building model, as the exterior
skin transforms from a closed translucent facade in winter into a almost dematerialized shadow spending
roof with wide openings at the south façade as well as at the roof in summer. As a result, the summer
simulation was realized considering the outer building shell almost totally inexistent, a boundary condition
that does not correspond exactly to the prototype.

3.2 RESULTS OF BUILDING SIMULATION
Building simulation showed that through an optimization of bioclimatic features (Figure 17) like shading
devices, cross ventilation and evaporative cooling, intermediate spaces could be prevented from overheating
in summer, maintaining inside air temperature almost at the level of outside air temperature. Together with
the protection of the interior living modules from direct solar radiation, this leads to a calculated annual
overall cooling demand of around 70 kWh/m2/y (Bioclim) and 30 kWh/m2/y (EnergyPlus), considering 2225ºC air temperature as comfort condition.
A maximum cooling power of 2.500 W resulted to be necessary to maintain comfort conditions inside the
living modules during summer.

Fig.17: Bioclimatic features of LOW3

For the winter case, intermediate spaces work as a greenhouse with a high absorption of solar radiation
mainly through the south facade and a corresponding rise of the air temperature up to 35-40 ºC during sunny
winter days. Due to the relatively good air tightness and U-value of 2.8 W/m2K of the polycarbonate
building skin, roof or south façade must be opened to prevent overheating.
During the day intermediate spaces can be used at comfort conditions, inner living modules can be opened or
generated hot air can be used for the mechanical ventilation system. At night intermediate spaces work as
buffer space, reducing the heat losses of the interior living modules, maintaining their temperature slightly
above outside temperature.
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Both programs calculated an annual overall heating demand of 15 kWh/m2/y, with a maximum heating
power of 2.000 W necessary to maintain comfort conditions inside the living modules in winter.

3.3 CRITICAL DEBATE OF RESULTS
Results of the Bioclim simulation helped to compare and define basic strategies of bioclimatic mechanisms
within the LOW3 project at an early design stage. Nevertheless due to the use of complex intermediate
spaces, difficult to be simulated correctly especially for the summer case with high cross ventilation rates,
more sophisticated simulation tools like EnergyPlus led to more detailed and adjusted results.
In a third stage simulation results will be analyzed critically and compared to field measurements of LOW3
over a period of 2 years at Barcelona Tech. Only this feedback through performance evaluation under real
conditions and through a longer period will allow to describe the capacity of building simulation tools like
Bioclim or EnergyPlus in the performance prediction of complex intermediate spaces.

4. BUILDING PERFORMANCE IN MADRID – JUNE 2010
During the competition week from 17th to 25th of June 2010, different monitoring activities were carried out
at the LOW3 prototype. The SDE organization realized measurements of the interior air temperature at two
different zones of the building, the main living room and the subsidiary area or bedroom. The LOW3 team
installed data loggers type TESTO 175-T2 and TESTO 175-H2 in the inside of the living area as well as in
the intermediate spaces of LOW3 to monitor the thermal behaviour of the building during the competition.
Ambient air temperature of the Vila Solar was given by the organization.

4.1 BOUNDARY CONDITIONS
The LOW3 prototype was located at the north end of the Vila Solar (lot Nº2) near the “Kings Bridge” with a
direct south orientation and without any significant shading from the surrounding. Due to the deadlines of the
competition, fixed exterior sunscreens at the east and west façade of the prototype as well as interior
sunscreens under the northern roof segment could not be mounted. This resulted in a considerably higher
thermal impact of incident solar radiation during the day, getting the thermal comfort conditions to its limits.
The roof opening of the prototype was limited due to the competition regulations regarding the maximum
height of the building, resulting in a limitation of the cross ventilation.
Another important aspect were the frequent public visits to the house, resulting in an non optimized use of
shading devices, and additional inner heat loads. Also the evaporative cooling system described did not work
constantly due to technical problems of the pump, reducing its contribution to a moderate micro climate.

4.2 RESULTS OF MEASUREMENTS
Figure 18 shows the air temperature performance of the lower intermediate space (main terrace) and upper
intermediate space (upper floor) in comparison to the outside air temperature and interior air temperature
inside the living modules during the competition week in Madrid.
Analysing the critical moments of midday and afternoon hours, for the upper intermediate space (upper
floor) a 2-3 ºC higher air temperature than the exterior air temperature can be stated, due to the mentioned
boundary conditions mentioned in 4.1.
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On the other side the lower intermediate space (shaded terraces) benefits naturally more from the stack effect
and cross ventilation, as well as from the evaporative cooling mechanism, resulting in a of 2-3 ºC lower air
temperature in comparison to the exterior temperature during the competition week.

Fig.18: Measurements competition week in Madrid, June 2010

The inside temperature shows strong variations due to the circumstance that the living modules were totally
opened during large periods of the day for public visits.

4.3 CRITICAL DEBATE OF RESULTS
The measurements carried out in Madrid show a slightly higher air temperature in the intermediate spaces of
LOW3 than the thermal dynamic simulation predicted. This seems to be mainly caused by the not optimized
realization of the prototype as well due to a not optimized utilization and performance of the bioclimatic
mechanisms as described in 4.1. A significant improvement can be expected, once all designed bioclimatic
features of LOW3 are correctly installed and managed by the building management system.

5. SUBJECTIVE PERCEPTION OF THE INTERMEDIATE SPACES IN MADRID
Besides thermal dynamic simulation and the monitoring of the prototype during the competition week, a
more subjective and personal evaluation of the quality of the created intermediate spaces is important to
complete this first evaluation.

5.1 SPACE QUALITY
The intermediate spaces of LOW3 have been explored by the international jury of the architecture contest of
SOLAR DECATHLON EUROPE, Glenn Murcutt, Louisa Hutton and Patxi Mangado, which stated in their
final verdict that these spaces in LOW3 are useful as well as poetic, and traditionally a very important feature

2364

in the transition between interior and exterior in Mediterranean architecture. The flexibility for different uses
of these spaces, created through the use of a low-budget, off-the-shelf greenhouse where another reason for
the jury to give a first prize in this category to LOW3.
Figure 20 shows the transition between interior, intermediate and exterior spaces at the ground floor of
LOW3.At the same time, the availability of a second floor showed to be useful as space for storage,
horticulture, relax or especially for social events, offering another “free” 45 m2 of very special quality.
(Figure 21)

Fig.20: Lower floor space LOW3

Fig. 21: Upper floor space LOW3

5.2 COMFORT CONDITIONS
The terraces of LOW3 as well as the upper floor space showed to be attractive areas during the competition
week in Madrid. The entrance of visitors from the outer terrace into the covered and protected greenhouse
space at the south façade was generally perceived as a significant improvement in terms of thermal comfort.
The upper floor space was perceived as a fresh, ventilated area with its very special character between inside
and outside, making higher air temperature acceptable. Only during the 3 hot and sunny days at the end of
the competition week, and especially between 14.00 and 20.00 hours, the thermal conditions were perceived
as “at the limit” or uncomfortable, with temperatures temporarily above 33ºC.

5.3. EVAPORATIVE COOLING AND CROSS VENTILATION STRATEGY
The evaporative cooling system was installed on a stop and go basis, as its continuous function would have
resulted in an elevated consumption of fresh water. The subjective perception could be described as a
temperature drop of 3 to 5 degrees when water was dissipated nearby. In combination with shading devices
as the south façade and a constant cross ventilation of the building, the greenhouse terrace spaces offered
good comfort conditions during the whole competition week.

6. NET ZERO ENERGY BALANCE
LOW3 can be considered as a Net Zero Energy Building as the amount of energy generated through
renewable energy sources on-site, in this case through solar thermal and solar photovoltaic systems, is equal
to the amount of energy the building needs throughout the year as residential unit for 2 to 3 persons. With a
PV electricity production of 6.000 kWh/y and a solar thermal production of 2.850 kWh/y this balance is
made for the average calculated energy demand of the unit and does not include the embodied energy of
materials or the energy needed for construction.
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7. GLOBAL RESULTS
The intermediate spaces of LOW3 show to be useful, economic and energetically efficient. Nevertheless
their bioclimatic performance has to be designed carefully to prevent overheating and reduce undesired heat
loads on the building, although their definition as temporary spaces includes the acceptance of temporary
discomfort.
The monitoring results of the competition week are giving a first impression of the performance of LOW3,
but further evaluation is undergoing to quantify the thermal contribution of its intermediate spaces to the
overall energy performance of the prototype.
Industrialized steel construction and low cost technology from the agriculture greenhouse industry offer an
economic way of creating intermediate spaces for new constructions as well as for refurbishment projects.

8. CONCLUSIONS
The exploration of alternative housing programs mainly based on shared facilities, co-housing, or adaptive
housing typologies gives a special meaning to intermediate spaces as community, connection and temporary
areas in housing.
Intermediate spaces within innovative housing concepts like LOW3 are therefore relevant to be explored
regarding their economic characteristics, their energetic performance and their spatial qualities, following a
large tradition in domestic architecture.
The potential activation of intermediate spaces through a combination with geothermal systems or heat
recovery and air preheating for interior spaces are further interesting aspects to be explored in the field of
energy efficiency on the way towards net zero energy buildings in Mediterranean climates.
LOW3 will be monitored and evaluated during 2011 and 2012 as Living Lab for energy efficiency and
sustainable architecture at the ETSAV School of Architecture at its Campus Sant Cugat and will hopefully
contribute to this important field of research.
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Abstract
This paper applies an energy optimization methodology to evaluate the impact of occupant factors
on the net-energy consumption or generation of a community of net-zero energy or near net-zero
energy homes located in Montreal, Quebec. The building simulation software EnergyPlus was used
for energy simulations and Canadian national statistics were used to model occupant behaviour.
Results showed that diversifying building designs can decrease the impact of variability of
occupant behaviour and reduce peak loads.
Introduction
This paper presents an optimization methodology for a net-zero energy (NZE) community which
accounts for the impact of energy-related behaviour on the net-energy consumption and peak
electrical loads of a community. A NZE community is defined as a community which generates as
much on-site renewable energy as it consumes over a year. Variability in end-user energy
consumption, which depends on the number of occupants per home, financial situation, age, and
other factors, is an important aspect to take into account in a community energy system simulation
model. Despite the difficulty of accounting for user behaviour, passive and active solar strategies
can aid in mitigating its impact by reducing the electricity demand from the grid. Thus, there is a
need to estimate the impact of energy-related behaviour on a community of NZE homes.
In this study, the effects of three types of occupant behaviour were considered: i) variations in
heating set points, ii) variations in cooling set points, and iii) electricity consumption for lighting,
domestic hot-water (DHW), appliance usage and their corresponding internal gains. Since the enduser electrical demand can only be estimated, this investigation used consumption profiles derived
from Canadian national statistics of energy use in households [1]. Profiles were based on
percentages of national energy consumption and were scheduled using normal distributions during
occupied hours. It was assumed that a home with high appliance loads would also consume a
proportionately large amount of electricity for DHW and lighting.
Due to the vast number of possible design combinations, an optimization methodology was used to
facilitate the identification of individual building designs used to form the community with
constrained orientations and footprint areas. An optimization approach ensures that energy
conservation measures have been fully exploited prior to sizing building integrated energy
generation using photovoltaics (PV) on the near-south facing roof surface. The impact of variable
user behaviour was conducted on these pre-optimized home designs. For this paper, it was assumed
that community sizes had equal ratios of all orientations ranging from -45 to 45 degrees of due
south. Such orientations were selected to allow for acceptable passive solar performance and to
consider communities in variable configurations. Diversifying building orientations has the notable
property of reducing peak loads in communities [2, 3]. It is understood that an all south-facing
community would have higher PV generation due to energy generation limited to roof-top area
only.
The optimization methodology used in this study consists of a hybrid algorithm, a deterministicevolutionary approach [4]. The objective of the optimization search is to maximize the amount of
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electricity generation of each individual home by reducing heating and cooling loads through
passive solar design while maximizing electricity generation through PV. Since each home in the
community is optimized for electricity generation, and since the total electricity generated is just
the linear sum of electricity generated from each home, the electricity generated for a community
will also be optimal. This assumption may not be true for community with centralized thermal
storage and energy generation. The energy model used for building simulation was calibrated using
monitored data from an existing near net-zero energy home [5, 6].
A net-zero energy community in Montreal, Canada, is used as a design case study. Montreal has
approximately 4500 heating degree days (18oC reference) and 1 kW of PV facing due south at a 45
degree angle approximately generates 1200 kWh of electricity per year. Although results are
specific to Montreal, the methodology can be applied to measure the impact of energy related
behaviour on any NZE community.
Methodology
Rather than modeling the interactions among buildings in the whole community, a myriad of
design alternatives for a single home are considered, while constraining orientations, footprint
areas and user load consumption. This simplification is applied to reduce the size of the design
space while still obtaining meaningful results. Centralized thermal storage or thermal energy
sharing between homes is not considered in this study. Also, it is assumed that shading and infrared
radiant exchanges between homes is not significant.
Seven different orientations, ranging from -45 to 45 degrees from due south, were used to model
the orientation of houses in variable community shapes. It was assumed that homes are
appropriately placed such that there is no loss in performance due to shading. Since communities
rarely are composed of only one house size, three footprint areas were used: 100 m 2, 200 m2 and
300 m2 distributed across two above-ground floors. Heat loss through basements is considered,
although basements are not considered as a portion of the footprint area. The remaining design
parameters used in the optimization study are presented in Table 1. Note that individual houses
were allowed to have heating and cooling systems, using electric powered heat pumps with an
average coefficient of performance equal to three, as large as necessary to maintain set points
during occupied periods.
Table 1. Definition of Optimization Variables used for Home Designs
Design Variable

Units

Low

High

wall_ins

m 2 ºC/W
m 2 ºC/W
m 2 ºC/W

3.5

12

8

Thickness of Wall Insulation

5.6

15

8

Thickness of Ceiling Insulation

0

7

8

Thickness of Basement Wall Insulation

m 2 ºC/W

0
0.7
0
1
30
6
0
1
1
18
25
1
0
0.1
0
0
0.025

2.32
2.2
0.45
3
45
14
80
80
4
25
28
2
1000
0.2
0.35
400
0.179

4
16
4
1
4
8
8
8
1
4
4
1
4
8
8
4
8

Thickness of Slab Insulation
Width to length ratio of building
Width of Southern Window Overhangs
Occupant load profile (1: 50%, 2: 60%, 3: 70%)
Roof slope
PV efficiency
Percent of PV on roof
Window to Wall Ratio South (also N,E,W)
Glazing type (also N,E,W)
Heating Setpoint (18 implies radiant floor)
Cooling Setpoint (28 implies NV)
Window Framing Type (1:Wood, 2:Vinyl)
Incident Solar Radiation for Blind Deployment
Concrete Slab Thickness (Thermal Storage)
Concrete Wall Thickness (Thermal Storage)
Air Recirculation Rate between thermal zones
Natural Infiltration Rate (ambient pressure)

ceil_ins
base_ins
slab_ins
aspect
ovr_south
int_loads
roof_slope
pv_eff
pv_area
wwr_s
GT_s
set_heat
set_cool
FT
blind_irr
slab_th
vwall_th
zone_mix
infil
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-m
-deg
%
%
%
-oC
oC
-W/m 2
m
m
L/s
ACH

Increments Description

The design of each home was performed using an optimization algorithm by constraining the floor
area, orientation and user load consumption pattern to given values. This ensured that all homes
were designed to improve their performance by modifying blind control, window-to-wall ratios
(WWR) and sizing of thermal storage for solar gains regardless of their specified orientation and
footprint area. Electricity generation using PV was restricted to the roof of the home. Consumption
schedules were created by normal distributions of electricity use during occupancy in the mornings,
evenings and weekends. It was assumed that a high consumer of electricity for appliances was also
a proportionately high consumer of electricity for DHW and lighting.
From the optimization data, equal ratios of orientations and footprint areas were selected to form
each community size. A single home, facing due south, was used to compare net-energy
consumption and peak loads against. Population sizes of 21 homes, 35 homes, 49 homes and 98
homes were used for the study. For all optimized home designs, heating set points (HSP) of 18 oC,
cooling set points of 28oC (CSP) and electricity consumption equivalent to 50% of Canadian
national averages was used [1]. The 50% target was selected as it most closely matched monitored
data of a near NZE home located near Montreal [5, 6].
For evaluations of the impact of user behaviour, uniform distributions were used for stochastic
sampling. Heating set points were allowed to take values of 18 to 21 oC with a step-size of one
degree. Cooling set points were allowed to vary from 25 to 28 oC, with similar step-sizes.
Electricity consumption profiles, relative to Canadian national averages, of 50, 60 and 70% were
used [1].
Peak loads of the community were analyzed at 15 minute intervals for each house in the
community. After the entire community was simulated, the dataset was post-processed to
determine peak loads of the community.
Results
For the first part of the study, an estimate of how much electricity a community of net-zero or near
net-zero energy homes could produce was made assuming occupants used the lowest heating set
point, the highest cooling set point and 50% of the national average for electricity consumption.
Figure 1 shows the average PV and building loads as simulated for a community of 49 homes,
normalized to one home. It will be shown later that the size of the community does not greatly
affect this profile. A rule of thumb of about 1000 kWh of electricity generation, on average, per
home in the community can be used if occupants consistently practice the extreme limits of energy
conservation. It is noted that the community only consumed electricity for four months of the year.
Fig. 1 Base case net-generation capacity of a community of 49 houses, normalized to a single home, using 18C heating
set point, 28C cooling set point and 50% of national average user loads. Values indicate electricity use (+ if generation)
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This exercise was conducted again, but this time using randomized HSP, CSP and user loads, see
Figure 2. Note that the shape of the averaged consumption/generation profile (black line) is similar,
but the baseline loads have shifted. Occupant factors alone have converted the community from an
energy producer, to an energy consumer with a normalized average of 800 kWh of electricity
consumption per household. Note that homes generated electricity for seven months of the year,
but generation was not significant enough to offset winter loads.
To measure the relative impact of randomizing HSP, CSP and user loads separately on variable
community sizes, simulations were initiated 200 times, averaged and normalized to a single home,
as shown in Table 2.
Fig. 2 Net-generation capacity of a community of 49 houses, normalized to a single home, using randomized heating set
points [18, 21C], cooling set points [25, 28C] and national average user loads [50%, 70%]

Table 2. Average net-generation capacity (kWh) and variation using a 95% confidence internal of a community of
varying size, normalized to a single home, using randomized heating set points [18, 21C], cooling set points [25, 28C]
and national average user loads [50%, 70%]
Number of Homes Varied Internal Loads (kWh)
±
Varied HSP (kWh)
1
-425 4306
1193
21
-882 896
752
35
-945 722
751
49
-874 629
754
98
-929 401
753

±
285
88
69
51
37

Varied CSP (kWh)
1366
957
965
951
951

± Combined (kWh) ±
68
-392 3923
31
-1213 854
23
-1146 747
21
-1183 570
15
-1201 483

From Table 2, the impact of electricity consumption through appliances, lighting and DHW far
outweighs the impact of HSP and CSP. It should be noted that this effect alone can turn a net-zero
community into an energy consuming community. Variability in HSP and CSP is not enough to
affect the net-generation status of the community. The effect of random behaviour on a community
tends to increase rapidly at first, due to homes being oriented away from south, but plateaus for
larger community sizes. As one might expect, the impact of energy-related behaviour on the
average electricity consumption of each home was found to be independent of community size,
since averages fall within simulated variance extremes. However, the variability of net-electricity
consumption tends to diminish with increasing community size. This is a consequence of the
central limit theory of statistics which states that for any distribution, variance will tend to zero as
the sample size increases. That is, statistical artefacts tend to cancel each other out for large sample
sizes and averages tend to real mean values. This notion is important to understand when sizing
centralized energy generation equipment to make a community of homes net-zero energy.
Although the impacts of occupant behaviour on a single net-zero energy home are significant and
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highly unpredictable, the net impact of occupant behaviour, from a community perspective,
becomes increasingly more predictable as the community size increases.
The effect of occupant behaviour not only diminishes with regards to variability of net-annual
energy consumption, but also with regards to peak loads. Figure 3 shows the maximum peak power
usage of the entire community over the year using 15 minute intervals, normalized to a single
home, for randomized occupant behaviour. Peak loads in the community are dominated by the
heating season. Note in Figure 3 that a single building requires almost 15 kW of power, whereas,
by diversifying building orientation, floor areas and design, this can be reduced by 50% for larger
community sizes. Peak loads of the community, normalized to a single home, tend to decrease as
the community size increases. The combination of on-site generation and diversification of peak
load timing can be used by community designers to flatten peak loads of a community. Note that a
single home has slightly lower peak loads in the summer months than a community of homes due
to its direct south orientation and thus improved PV output.
Fig. 3 Peak electricity usage of a community of varying sizes, normalized to a single home, using randomized heating set
points [18, 21C], cooling set points [25, 28C] and national average user loads [50%, 70%] based on 15 minute intervals

Conclusion
This paper estimates the importance of energy-related occupant behaviour on the electricity
consumption of a community. Pre-optimization of home designs was performed to ensure
conservation measures, such as passive solar design, was fully exploited to reduce the electricity
consumption of the home at various orientations and footprint areas. EnergyPlus was used for
building energy simulations [7]. Some of these initial homes were near net-zero and other were netpositive energy, but the summation of both resulted in slightly net-positive energy communities.
Parametric analysis using random samplings was used to estimate the impact of energy related
occupant behaviour on the variability of energy consumption and peak community electricity loads.
It was found that random occupant behavioural factors can easily convert the community into a
consumer of energy over an annual period.
To identify which occupant factors impact energy performance the most, repeated community
simulations were performed with randomized occupant behaviour. Communities of NZE homes
with variable orientations have several notable properties under variable occupant behaviour: i)
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they mitigate variability due to occupant effects, and ii) they reduce the peak load of the
community, as normalized to a single home. These factors are important to understand and estimate
as they have implications for sizing on-site energy generation.
Occupant behaviour, primarily in the form of appliance, lighting and DHW loads, can greatly
deteriorate the performance and net-energy generation of a community of NZE homes. Estimating
such behaviour stands as a major challenge in the design of NZE homes and requires further
location specific research.
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1. Introduction
All fresh air solar heating systems are prevailing in Japan. While air collector systems are free from freezing
in cold weather and the heated air can be used directly for space heating, in the all fresh air heating system
the solar collector inlet temperature is the outdoor air temperature and usually lowers than the room air
temperature. However, considering the two stage solar collectors composed of a pre-heat collector and a
glazed collector, the inlet air temperature of the glazed collector is similar to the room air temperature by the
pre-heat collector. The air duct system is simplified because it is not necessary to provide the return air path.
This system is possible to provide both solar heat and power when the photovoltaic (PV) modules are put on
the pre-heat collector. In this study, the possibility of a net-zero energy house using the solar air heating
system with the optimal control methods is examined using the simulation program EESLISM (Udagawa,
Satoh, 1985).
2. The solar air heating system
The solar air heating system takes advantage of the building integrated heating system. The air is drawn from
the eaves and heated by the solar heat absorbed by the roof. The heated air flows into the room through the
underfloor space. Therefore, it is possible to reduce the heating load in winter. Whereas an air conditioner
circulates the air of the room, the solar air heating system always introduces the fresh air and it keeps the
comfortable indoor air quality. In addition, the heating air can cover some of the hot water heating load by
exchange the heat with water before used for space heating. As the solar air heating system can not cover all
of the space and hot water heating load, the auxiliary heating system is necessary. The cooling is usually
needed using the room air conditioners. The power generation by PV panels is essential to achieve a net zero
energy house. The net zero energy house is expected using the PV modules and the glass covered air
collector. In this study, the simulation model for the OM solar system known as the air heating system is
considered. The OM solar system is an all fresh air solar heating system using the roof integrated collector. It
has been used since 1987 in Japan.
3. Simulation model
Three simulation buildings were assumed as shown in Figs. 1-A and 1-B and Fig. 2 (Udagawa, Satoh, 1999).
The total floor area of each house is 125 m2.
Fig. 2 is a modified single family house model derived from the standard model (Udagawa, Satoh, 1999).
The original model did not introduce the solar air heating system. The shed roof was assumed in this study
for preparing enough area for the solar collectors and PV modules. The room air conditioners are assumed to
heating and cooling of LD, MB, CBS and CBN. In addition to the original model the DHW system with the
heat storage tank volume of 370 litters heated by a heat pump unit was assumed.
Fig. 1-A is a solar house based on the house in Fig.2. The glass covered solar collector of 30 m2 is mounted
on the roof. The pre-heat collector of 31 m2 is mounted before the glass covered collector. It is expected that
the inlet air temperature of the glass covered collector is similar to the room air temperature in winter by the
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Fig. 1-A: solar heating system model (shed roof)
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Fig. 1- B: Solar heating system model (steep tilt angle of the glass covered collector)

pre-heat collector. The PV module is combined with the pre-heat collectors. The generate electricity by the
PV module is necessary to achieve the Net Zero Energy. This PVT collector improves the efficiency of the
PV modules by the cooling effect of the air flow under the PV modules. The warmed air heats the DHW
(Domestic hot water) by the heat exchanger in the supply duct. After the heat exchange the warmed air is
exhausted to the outside in summer and intermediate season. In case of the warmed air temperature is higher
than the underfloor temperature, the air flow into the Living and Kitchen through the underfloor space. Two
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Fig. 2: Base case model
Tab. 1: Simulation case

Simulation model

Case1-N
Case1-D

Case2-N
Case2-D

Case3-N
Case3-D

Base case-N
Base case-D

Fig.1-A

Fig.1-B

Fig.1-A

Fig.2

2

Area
Glass covered collector

Tilted angle
Azimuth

Solar system
Pre-heat collector
(PV module)
PV modules

-

30m
26.6 degrees

35.0 degrees

26.6 degrees

-

due south

-

2

Area

31m

-

Tilted angle

26.6 degrees

-

Azimuth

due south

Capacity

2

-

(High efficiency PV) 5.5 kW (31m )

Window

Low-emission double pane (6+A12+6)

Insulation

Phenol foam (wall:150mm ,floor:150mm, ceiling:200mm)

Operating time

Living (6:01-13:00, 16:01-23:00)
Main bedroom (0:01-7:00, 22:01-24:00)
CBS, CBN (0:01-7:00, 20:01-24:00)

Building

Air conditioning

Summer

20.0 degrees C (Operative temperatures)

Winter

28.0 degrees C (Operative temperatures)

Set pint temperature
APF *

6.0

Thermal capability

4.5 kW

APF *

3.0

Heat pump unit
370 litter (heating by heat pump unit)
Volume
Heat storage tank

200 litter (heating by solar energy)
Inslation

Glass wool

Air to water
Heat exchanger

Vacuum inslation
50 %

Glass wool
-

Efficiency
Tank integrated

30 %

Heat collection fan

Electricity use

150 W

-

Pump

Electricity use

35 W

-

* APF (Annual Performance Factor)

2375

heat storage tanks are prepared for the
solar houses shown in Figs. 1-A and 1B. One tank volume is 200 litters heated
by the solar energy using the heat
exchanger. And the other tank volume
is 370 litters heated by the heat pump
unit for auxiliary heating. Each heat
storage tank is connected in series.

Tab. 2: Simulation case for DHW and heat pump unit

Operating time of Heat pump unit

Set pint temperature

Fig. 1-B is provided with the steep
tilted angle of the glass covered
collector. It is expected to increase the
heat collection in winter.

Case1-N

Case1-D

Case2-N

Case2-D

Case3-N

Case3-D

Base case-N

Base case-D

Midnight (23:01-7:00)

Daytime (15:01-20:00)

Summer

80.0 degrees C

70.0 degrees C

Winter

60.0 degrees C

50.0 degrees C

Intermediate

70.0 degrees C

60.0 degrees C

DHW supply temperature

42 degrees C

4. Simulation method
Tab. 1 shows the simulation cases. The envelope configuration for each model is as shown in Tab. 1. They
are composed of high-performance thermal insulation in order to achieve a net zero energy.
The occupants of the house were assumed a family of four. The occupant schedule is shown in Table A-1 in
the appendix (Higuchi et al., 2011). The household appliance schedule is shown in Table A-2 and the
lighting schedule is shown in Table A-3 (Higuchi et al., 2011). Tables 2, 3 are in the appendix. The schedules
were switched for weekdays and holidays.
The set point air temperatures of the air conditioners are 20 degrees C in winter and 28 degrees C in summer
controlled with the operative temperatures as shown in Tab.1. The air conditioners were not use in
intermediate seasons.
The heat pump capacity is assumed to be 4.5 kW. The set point temperature of the heat pump outlet is
different for operation time as shown in Tab.1. Larger heat loss of the heat storage tank is considered in the
case of midnight operation of the heat pump. Therefore, the set point temperature is higher than the daytime
operation case. The DHW supply temperature is 42 degrees C in each case. Figure A-1 in the appendix
shows the DHW use. The DHW uses depend on the seasons, which are 441 litter/day in winter, 330 litter/day
in summer, and 370 litter/day in spring and fall. The electricity supply for the fan is 150W. The electricity
supply for the pump is 35W. The simulation tool EESLISM was used. The weather data of Tokyo was used.
The standard weather data prepared as the Expanded AMeDAS Weather Data (AIJ, 2005) and the supplied
city water temperature data prepared by the Solar System Development Association in Japan were used in
this simulation. The time increment of the simulation is 1 hour.
5. Simulation results
Fig. 3 shows the weather data in the winter and the summer. The horizontal solar radiation is small on 6th
January. It increases from the next day. The outdoor air temperature is lower than 10 degrees C during all
days. The outdoor air temperature is always above 0 degree C. The summer days shown in Fig. 3 are all clear
days. The maximum of the outdoor air temperature is 35 degrees C on 5th August.
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Fig. 3: The weather data (Tokyo)
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Fig. 4: Simulation results in Case1-N

Fig. 4 shows the simulation results in Case1-N (HP operated during midnight). The solar heating system
operates from 7th to 10th, January. The solar heat supply is used for the DHW heating and the space heating.
The of the pre-heat collector outlet temperature is 25 degrees C and the glass covered collector outlet
temperature is 75 degrees C in winter. The temperature of the glass covered collector inlet is 20 degrees C
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Fig. 5: Simulation results in Case1-D
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Fig. 6: Simulation results of power generation and electricity use in Case1-N

higher than the outdoor air temperature by the effect of the pre-heat collector. The annual collector
efficiencies are 24 % for the pre-heat collector and 34 % for the glass covered collector, respectively. The
annual PV power generation efficiency is 14 %.
The air temperature of LD exceeds 40 degrees C when operated the solar heating system from 7th to 10th,
January. The solar heat supply exceeds 2300W on 10th, January. The air conditioner heating load in the
morning of 8th to 10th, January is less than 1600W by the solar heat supply. As the solar heating system does
not operate on 6th January, the air conditioner heating load exceed is 3200W in the morning on 7th January.
For the DHW system, the water in the heat storage tank is heated from 7 degrees C to 36 degrees C by the
solar energy. The heat load by the heat pump unit becomes smaller because the water heated by the solar heat
flew into the second heat storage tank. The solar heat supply covered 30 % of the DHW heating load.
In summer, the solar heat is used for only the DHW heating. The pre-heat collector outlet temperature of is
55 degrees C and the glass covered collector outlet temperature is close to 100 degrees C in summer as
shown in Fig. 4. The maximum cooling load is 4300W for the midnight operation. The water temperature of
the solar heat tank on the clean day is heated to 70 degrees C. The heat pump load is small.
Fig. 5 shows the simulation results in Case1-D (HP operated during daytime). The room temperature and air
conditioner load in Case1-D are the same to Case1-N in each season. While the set point temperature of the
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Fig. 7: Simulation results of annual energy use

heat pump outlet is 10 degrees C lower than that of Case1-N, the temperature of DHW of the set point
temperature 42 degrees C. The heat loss of the heat storage tank is small because the time is short from the
operation of the heat pump unit to the DHW use. The heating load of the heat pump unit is almost nothing on
4 and 5 Aug. The heating load of the heat pump unit in Case1-D is smaller than that of Case1-N.
Fig. 6 shows the simulation results of the PV power generation and the electricity use in Case1-N. The
maximum power generation is 3477W in winter. The peak electricity use is 1950W when the heat pump
operation starts. Therefore, the daily electricity balance is minus in winter which means the generated power
is supplied to the grid. During the night 1950W of electricity is supplied from the grid at the maximum.
The maximum power generation is 3198W in summer. The peak electricity used 1500W when the heat pump
operation starts. The electricity use is covered by the PV generation in summer.
The annual heating load by the air conditioners and the solar heat supplied for the rooms shows in Fig 7. The
heating load is 653 kWh/year in Base case without the solar air heating system. The total heat supply to the
rooms is larger than that of Base case, because in Cases1-3 large amount of solar energy are supplied. The
heating load of the air conditioner is reduced to 70 %. The steeped tilted angle of the glass covered collector
is used in Case2, the solar heat supply is slightly larger than the other case. The steep tilted angle is not
effective for the reduction of the heating load.
The solar heat supply, the heat pump load and the annual DHW heating load are shown in Fig7. The solar
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Tab. 3: Simulation results of annual performance (Secondary energy)
Case1

Case2

Case3

Base case

[kWh/year]
Case1-N

Case1-D

Case2-N

Case2-D

Case3-N

Case3-D

Base case-N

Base case-D
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2048

2048

2048

2048

2048

2048

2048

2048

Heating load
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74
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74
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281
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-

-

DHW heat pump
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4232

4053

4222

4045

4071

3941

4278

4113

Gas cooker

945
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945

945
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Fig. 8: Secondary energy use
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energy covers 20 to 30 % of the DHW heating load. The heating load of the heat pump unit operating during
the daytime is smaller than that operated during the midnight in each case. In Case 2, the solar heating supply
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Fig. 10: Energy use and PV generation (Primary energy)

was larger in winter, but that is smaller in summer by the steep tilted angle of the glass covered collector.
Therefore, the reduction of the annual energy use by the steep tilted angle for the DHW heating load is small.
The DHW heating load is sensitive to the heat loss of the heat storage tanks. In Case 3 because of the
improvement of the insulation of the heat storage tank, the heat loss is low. Therefore, it contributed to
achieve the net zero energy, even if using the low cost midnight electricity. In Case 3-D, the reduction was
the highest in the all Cases. The heat pump heating load is reduced to 60 % comparing to Base case.
Tab. 3 and Fig. 8 show the annual secondary energy use. Fig. 9 shows the annual primary energy use. Fig. 10
shows the annual power generation and the electricity energy use. The APF (Annual Performance Factor) of
the air conditioners is assumed to be 6.0 for both in heating and cooling and that of the heat pump unit is
assumed to be 3.0. The energy use of the gas cooker is assumed to be 945.0 kWh/year (Higuchi et al., 2011).
The energy conversion factor of the electricity is assumed to be 9.97 MJ/kWh. As the results, Case1-D,
Case2-N, Case3-D and Case3-N achieve the net zero energy in the secondary energy use. And, the all cases
achieve the net zero energy in the primary energy.
6. Conclusion
The simulation study was carried out to examine the possibility of the net zero energy house with the air heat
collecting system. For the auxiliary heat source of the DHW heating, the heat pump unit was assumed.
Providing 30 m2 of the glazed solar collector and 31 m2 of pre-heat collector with the 5.5 kW of the high
performance PV modules, the all cases achieve the net zero energy in the primary energy.
The simulation results showed that the heat pump operate during daytime can reduce the electricity energy
use than that operate during the midnight, because the reduced heat loss of the heat storage tank. However, it
found that the annual electricity energy use is almost the same to the other cases operated the heat pump unit
during midnight by improvement insulation of the heat storage tank.
The effect of the tilted angle of the glazed collector was small, nevertheless the larger solar heat collection in
winter.
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Appendix

Table A-1: Occupant schedule of the model house
0:00

1:00

2:00

3:00

4:00

5:00

6:00

LD

7:00

8:00

9:00

10:00

11:00

12:00

13:00

1

4

1

1

1

1

1

14:00 15:00 16:00 17:00
1

18:00

19:00

20:00

21:00

22:00

23:00

3

3

3

2

2

1

3

MB

2

2

2

2

2

2

2

1

CBN

1

1

1

1

1

1

1

1

1

1

1

CBS

1

1

1

1

1

1

1

1

1

1

1

1

Table A-2: Household appliances schedule
WEEKDAY

0:00

1:00

2:00

3:00

4:00

5:00

6:00

7:00

8:00

9:00

10:00

11:00

12:00

13:00

14:00 15:00 16:00 17:00

LD

183.3

37.8

37.8

37.8

37.8

37.8

37.8

37.8

115.1

99.2

70.9

57.8

37.8

138.7

102.0

K
Family

17.4
53.6

37.8

37.8

70.9

18:00

19:00

20:00

21:00

22:00

23:00

84.6

97.7

207.0

135.0

97.6

146.0

17.4
53.6

34.8

15.5

MB

107.3
275.1

Daily total
1983.4

Wh

69.6

Wh

230.0

Wh

275.1

Wh

CBN

7.5

22.5

30.0

Wh

CBS

7.5

22.5

30.0

Wh

Total

251.9

37.8

37.8

37.8

37.8

37.8

37.8

55.2

168.7

2618.0

Wh

WEEKDND
HOLIDAY

0:00

1:00

2:00

3:00

4:00

5:00

6:00

7:00

37.8

37.8

37.8

37.8

37.8

37.8

37.8

37.8

LD

114.7

346.0

57.8

37.8

156.1

102.0

70.9

84.6

132.4

207.0

135.0

204.9

191.0

8:00

9:00

10:00

11:00

12:00

13:00

14:00 15:00 16:00 17:00

18:00

19:00

20:00

21:00

22:00

23:00

37.8

189.6

97.7

311.0

247.5

189.6

172.2

207.0

138.7

97.7

97.7

146.0

K
Family

17.4
53.6

53.6

57.8

37.8

37.8

37.8

37.8

138.7

17.4

34.8

69.0

MB

53.6

53.6

412.5

Daily total
2506.5

Wh

69.6

Wh

283.4

Wh

412.5

Wh

CBN

30.0

30.0

30.0

90.0

Wh

CBS

30.0

30.0

30.0

90.0

Wh

138.7

157.7

211.3

206.0

3452.0

Wh

Total

91.4

37.8

37.8

37.8

37.8

37.8

37.8

37.8

91.4

276.0

510.2

311.0

247.5

207.0

57.8

37.8

37.8

138.7

260.6

207.0

Table A-3 Lighting schedule
WEEKDAY

0:00

LD

35.1

1:00 2:00 3:00 4:00 5:00 6:00 7:00
22.6

K

8:00

9:00

10:00

11:00

70.0

52.5

115.0

17.5

12:00

13:00 14:00 15:00 16:00 17:00
67.5

52.5

35.1

18:00

19:00

20:00

21:00

22:00

23:00

70.0

70.0

70.0

70.0

70.0

70.0

10.0

50.1

4.8

3.6

16.6

7.1
3.4

27.5

Family

4.8

4.8

9.5

4.0

8.7

4.8

4.8

Hall

7.1

7.1

14.3

7.1

14.3

7.1

7.1

1.6

1.6

3.2

Bath
MB

Daily total
887.5

Wh

87.6

Wh

15.4

87.9

Wh

28.5

28.5

128.3

Wh

6.8

10.1

20.3

Wh

35.0

Wh

35.0

CBN

70.0

35.0

52.5

17.5

70.0

245.0

Wh

CBS

70.0

35.0

52.5

17.5

70.0

245.0

Wh

Total

186.9

0.0

1736.5

Wh

WEEKDND
HOLIDAY
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0.0
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0.0
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0.0
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0.0
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8.3

14.3
6.8
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3.2

Daily total
879.9

Wh

260.0

Wh

11.9

15.4

93.0

Wh

7.1

7.1

7.1

114.0

Wh

3.4

6.8

10.1

27.0

Wh

52.5

Wh

MB

52.5

CBN

52.5

70.0

70.0

70.0

70.0

35.0

70.0

17.5

70.0

525.0

Wh
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70.0

70.0

70.0
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35.0

70.0

17.5

70.0

525.0

Wh

337.7
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211.6

238.5
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143.1
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2476.4

Wh
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0.0

0.0

0.0

0.0
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Figure A-1:DHW use
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1. Solar Decathlon Europe 2010 (SDE 2010)
In 2010 the European version of the Solar Decathlon took place in Madrid for the first time. Solar Decathlon
Europe is organized by the Secretary of State for Housing and Urban Development at the Spanish Ministry
of Public Works with the collaboration of Universidad Politécnica de Madrid and the support of the US
Department of Energy. Four editions of the US DOE Solar Decathlon were presented to date, on 2002, 2005,
2007, and 2009. All of them took place in Washington DC. The 2011 edition will start in September [1]. For
2013 the first Solar Decathlon China is announced.
“Solar Decathlon Europe aims to:
 Communicate our need to diminish our energy consumption by changing our habits and using
technologies that reduce energy demand without affecting our lifestyle and comfort.
 Prove that the demands of lighting, heating, and refrigeration can be met with technologies in more
efficient ways.
 Show how the energy required can be generated using renewable energy sources such as solar radiation.
 Finally, integrate these changes in ways that are affordable in conjunction with solid architecture
practices. As European cities are often dense and have a long history, we try to develop ideas that can be
transferred to other kinds of buildings as flats or help to refurbish existing ones.” [1]
17 university teams were qualified for the final competition in June 2010 at the Villa Solar near the royal
palace in Madrid. The 4 German teams came from Berlin, Wuppertal, Stuttgart and Rosenheim. [2]
During the project duration of some 2 years the student teams had to design their buildings, particularly with
regard to the ten contests of the competition. Finally, for ten days the solar houses were presented to
different juries and to the public. Some contests were evaluated by a panel of expert judges, e.g. architecture,
innovation and sustainability, as well as the communication strategy. Other contests are based on measured
values, for example energy production and consumption and comfort conditions.
2. The Rosenheim “Ikaros Bavaria” Team
In the Ikaros team 50 students from different faculties and almost all study courses were working on the
project for up to 2 years. As the Solar Decathlon is mainly a student project, student teams were also
responsible for the project management with support of the faculty staff and Professors. Fortunately, a lot of
our students passed a professional education before their studies e.g. as carpenter. Therefore, the building
was not just designed but also manufactured by our students.
3. The Rosenheim House
The Rosenheim house was designed according to passivehouse guidelines for different climates. The most
important design criteria were to minimize all kind of energy consumption through passive measures.
Depending on the estimated climate the focus had to be put on heating or cooling. In the concept studies the
climate conditions of Rosenheim, Madrid and Kuala Lumpur were taken into account. As the final location
of the house is near Rosenheim [3], the house was accordingly built for that climate. The main goal was to
create a plus energy balance building. At all three locations the Rosenheim house produces more energy than
is used for heating, cooling and all technical services.
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Thermal Envelope and Modules
The Rosenheim house was constructed in a modular structure. Each of the four modules was completely
assembled in Rosenheim, including the interior finish and all domestic appliances. Using special fittings, the
house can be assembled and disassembled several times.

Fig. 1: Floor plan and module structure

Fig. 2: Picture of the Rosenheim house in Madrid

The building was designed for a two person household. Because of the small dimensions, it was necessary to
use relatively slim wall constructions. To reduce the dimensions of a conventional timber frame construction,
vacuum insulation panels were used.
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Tab. 1: General data of the Rosenheim house optimized

description

data

Thermal envelope

Area, envelope/volume ratio

255 m2 / 1,54

TFA

Treated floor area incl. winter garden

65 m2

Window area

Percentage of window area

22 %

External wall

Timber frame construction with VIP

U = 0,098 W m-²K-1

Roof

Timber frame construction with VIP

U = 0,095 W m-²K-1

Windows

Fix frame, triple glazing with sun protection coating,
Krypton

Ug = 0,5 W m-²K-1
g = 0,35

Entrance door

Certified passivehouse door

Ud = 0,7 W m-²K-1

Sun shading

In-house development: „Zig-Zag-Facade“

Fc = 0,1 to 0,03

Design Tools and Results
The basic energetic design was performed with the PHPP 2007 [4]. These results were also used as first
estimations for the heating and cooling loads. Due to the special requirements during the competition in
Madrid, e.g. the public visit times, and the very narrow temperature band for the comfort conditions between
23°C und 25°C, dynamical simulations with IDA ICE were necessary [5]. Figure 3 shows the positive
energy balance for Madrid. The yearly energy demand for heating and cooling calculated with the PHPP and
IDA ICE were quiet similar. The PHPP results therefore seem also to be valid for very small buildings. The
cooling load peaks cannot be determined with the PHPP method, because the peak loads were needed to
guarantee the comfort conditions, which were measured in an interval of some minutes. Assuming standard
living conditions of a two person household, the daily mean values for heating and cooling loads with both
methods fit rather well.

Fig. 3: Overall energy consumption (negative scale) and production (positive) for Madrid from Jan to Dec.
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Passive House Standard for Different Climates
Due to the definition of Feist [6] a “A Passive House is a building in which thermal comfort [ISO 7730] can
be ensured by only heating or cooling the fresh air volume that is needed for sufficient air quality – without
using additional circulating air." This is a purely functional definition and is therefore applicable to every
climate. Furthermore this definition leads to extremely low energy demand for heating and cooling. The
maximum heating power is limited by the air flow rate and a maximum reliable supply air temperature to
approximately 10 W m-2. This heat load leads to a typical annual heat demand for central Europe of some 15
kWh m-2a-1.
In our design studies we tried to optimize our house for different climates, which are described in Table 2.
Kuala Lumpur was chosen, because of a new master study course for energy efficient buildings, which is a
cooporation project of the University of Kuala Lumpur and the University of Applied Sciences Rosenheim
[7 ].
Tab. 2: Different Climates for Passivhouse Design Studies

Madrid

Rosenheim

Kuala Lumpur

Max. monthly mean temp.

°C

25,4

15,8

28,5

Min. monthly mean temp.

°C

6,0

-3,0

27,1

Min. monthly ground temp.

°C

11,6

6,3

27,9

Max. monthly ground temp.

°C

22,8

16,0

28,6

Temperature difference
day/night in cooling period

°C

13,0

10,1

7,5

Min. monthly dew point
temperature

°C

2,1

-4,8

22,7

Max. monthly dew point
temperature

°C

10,7

11,7

24,2

Annual Solar radiation January

kWh m-2

66

39

134

230

168

140

Annual Solar radiation July

-2

kWh m

The climate data obviously lead to the following main design criteria:
 Madrid:

moderate cold winter, hot but low humidity summer, cold nights even in summer:
heating and probably active cooling will be necessary

 Rosenheim:

cold winter, moderate summer, cold nights in summer: heating, almost no cooling

 Kuala Lumpur: high outside temperatures and high humidity over the whole year: cooling and
dehumidification will be necessary
The house was designed for a minimum room temperature of 20°C and a maximum of 25°C. The humidity
was limited to 12 g/kg. The supply air flow rate was designed for two occupants with 60 m³ h-1. All
calculation were performed with the PHPP [4].
In Madrid and Kuala Lumpur heating and cooling can be provided by using the supply air. In Rosenheim the
heat load is too high for supply air heating. This is due to the very small treated floor area. In all location
very high insulating and air tight constructions are necessary. For example: if one uses a standard roof
construction with an U-value 1,0 W m-2K-1 the cooling load increases some 70%. In Kuala Lumpur smaller
windows and a ventilation system with humidity recovery is recommended. The building in Kuala Lumpur
leads to the highest energy demand, because of cooling and dehumidifying. On the other hand solar gains
with a PV-system will be more than sufficient to cover this demand.
Similar Calculation were presented by Rongen and Schnieders recently. As their calculations were performed
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for somewhat bigger houses, the results are not identical [8].
In conclusion it was shown, that using the passivehouse standard in combination PV-system it will be
possible to achieve a net plus energy building including domestic appliances for nearly all climates.
Tab. 3: Suggestions for optimized passivehouse design in different climates.

Madrid

Rosenheim

Kuala Lumpur

0,15 / -

0,12 / -

0,15 / 0,2

0,15/ 0,2

0,11 / -

0,12 / 0,2

0,20

0,15 / -

0,20

0,7 / 0,40

0,7 / 0,60

1,2 / 0,25

U-values / solar absorptance
Walls
Roof

W m-2K-1

floor
-2

-1

Windows U-value/g-value

Wm K

Total window area

m²

34

27

20

Shading, Fc-value

-

0,15

0,30

0,15

Air tightness n50-value

1/h

0,60

0,3

0,6

Heat Recovery

-

0,8

0,9

0,8

Humidity Recovery

-

-

-

0,8

yes

yes

no

Ventilation

Night Ventilation through
windows
Heat Load (daily mean value)

W m-2

13

20

0

Cooling Load (daily mean
value)

W m-2

13

4

8

Annual Heat demand

kWh m-2

3

12

0

-2

Annual Cooling demand

kWh m

10

0

50

Annual total electrical energy
consumption

kWh

2650

2900

3400

Necessary size of PV-system
to obtain zero energy balance

kWp

2

3

2

Building Services
The heating and cooling in the Rosenheim house is performed in a combination of active and passive
components. A schematic drawing is shown in Figure 4. The system seems to be very complicated in relation
to the small energy amount of the building. Indeed, a lot of systems were combined, which are in some cases
redundant. As there was the opportunity to use a combination of systems, we decided to learn much about
different possibilities for heating and cooling and not to use a prefabricated standard system (even if this had
been much simpler and cheaper). The energy source is a 13 kWp photovoltaic system positioned on the
nearly flat roof. As all houses were connected to the electrical grid, no batteries were necessary for buffering.
The central heating and cooling unit is a heat pump, which is connected to a cold and a hot water tank. The
simulations showed, that the waste heat during cooling time is sufficient to provide all domestic hot water
needed for showers, washing and the dish washer. Thus, a thermal solar system was not necessary for the
competition, although it would be generally helpful.
In addition, a radiation cooling system in combination 2000l non-pressure water tank is used to provide cold
water for stationary cooling during day time (see also Figure 4). Both active and passive systems are
connected to a ceiling cooling (heating) system, which covers most of the whole ceiling area. A ventilation
system with heat recovery and optional humidity recovery is also connected to the system.
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The ceiling cooling system was not able to cover the peak loads after the public visits during the competition.
Figure 5 shows a box, which is fitted to the house below the floor, and filled with PCM panels. With this
system, a maximum cooling power of 2,5 kW is possible.
Table 4 summarizes the mechanical systems.

Fig. 4: Schematic drawing of the mechanical services for heating, cooling and domestic hot water
Tab. 4: General data of the heating and cooling systems in the Rosenheim house

PV- system

13 kWp, 40 Module 315 WTH – Sun Power, Inverter – SMA – Sunny Mini Central
4600A, Sunny Boy 3300

Heat pump

EnTitan SW 5,5 kW heating power, COP 5

Warm, cold tank

300 litres
2

Cooling ceiling

Incotec WEGO, net area 53 m , cooling power at T=10 K: 54 W m-2

ventilation

Zehnder Comfoair 350, ca. 120 m3 h-1

PCM channel

2,6 m x 1,1 m x 0,4 m
PCM Dörken: Delta Cool 24
Latent heat: approx. 14kWh
Cooling power: at 600m3 h-1, ∆T=10°C: approx. 2,5 kW
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Fig. 5: Passive radiation cooling on the roof using the PV panels and the PCM channel.

4. Results
The Rosenheim house finally won the second price at the SDE 2010. First places were obtained in the
following competitions:
 Energy balance
 Comfort conditions
 Appliances
 Lighting
Students of all teams (and Professors too) learned much about the designing, running and monitoring of
energy efficient buildings. The Rosenheim house was presented at the Landesgartenschau in Rosenheim
(open air exhibition) and the BAU 2011 in Munich to a large audience. Every visitor left the house with the
same impression, that passive houses are beautiful, comfortable and produce almost no costs for energy.
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1. Introduction
EPBD Recast Directive 2010/31/EU promotes the improvement of the energy performance of buildings
within the Union, taking into account outdoor climatic and local conditions, as well as indoor climate
requirements and cost-effectiveness. Furthermore, it encourages architects and planners to properly consider
the optimal combination of improvements in energy efficiency, the use of energy from renewable sources
and the attainment of thermal comfort for the users (Directive 2010/31/EU). In this respect, the possibility to
design a highly efficient heating and cooling (hereinafter H/C) system that attains thermal comfort conditions
beside rational building energy use has to be well considered. Highly satisfied user and the attained minimal
possible energy use for H/C purposes assure the favourization of low-temperature-heating and hightemperature-cooling systems as compared to conventional systems for H/C of buildings.
Good possibilities present H/C radiative panels that allow the use of low valued energy, which is delivered
by renewable energy sources. A new direction in the development of a simple solar H/C system that uses
solar exergy for warming up the water to be circulated within the panels was suggested by Hoshino and
Shukuya (2008). It can be well upgraded also with solar cooling techology system. H/C radiative panels
provide H/C energy at a temperature close to room temperature. They have been implemented into quite a
few buildings, owning to their positive impact on thermal comfort conditions (Dijk et al., 1998; Krainer and
Meletitiki-Alexandros, 2004; Olesen, 1997, 1998; Sammaljarvi, 1998; Shukuya, 2003, 2006, 2010), better
indoor air quality (Lengweiler et al., 1997; Sammaljarvi, 1998; Schata et al., 1990) and lower building
energy use (Krainer and Meletitiki -Alexandros, 2004; Krainer et al., 2007).
Experiences of architects and engineers working on the design of comfort conditions in winter show that
higher mean radiant temperature (hereinafter T mr ) and lower room air temperature (hereinafter T ai ) can result
in more acceptable comfort conditions. This coincides with the fact that thermally comfortable conditions
equal to thermal neutrality seem to lead to lower human body exergy consumption rate. The relation was first
investigated by Isawa et al. (2003) and Shukuya et al. (2003, 2006). Simone et al. (2011) studied the relation
between the human body exergy consumption rate and the human thermal sensation. Results (Simone et al.,
2011) showed that the minimum human body exergy consumption rate was related to the thermal sensation
votes close to thermal neutrality, tending to slightly cooler side of thermal sensation. The whole human body
exergy balance under typical summer conditions in hot and humid regions was analyzed by Iwamatsu and
Asada (2009) and Shukuya et al. (2010). Tokunaga and Shukuya (2011) investigated the human-body exergy
balance calculation under un-steady state conditions.
The paper presents the comparison between solar H/C system and conventional system regarding measured
building energy use and exergy analysis of thermal comfort conditions. The presented approach of reciprocal
consideration of building energy use and thermal comfort is important for the future design of H/C systems
and for the improvement of energy performance of buildings.

2. Methods
Test room (163.4 m3) is located at the Faculty of Civil and Geodetic Engineering, University of Ljubljana
(year of contruction: 1969).
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It has one exterior wall (1.29 W/m2K) with a 15 m2 window (classical double glazed, 2.9 W/m2K, west
oriented). Other constructional complexes are interior (0.83 - 1.17 W/m2K). The test room is equipped with
two systems for H/C: conventional and solar H/C system separated in time (Fig.1).

Fig. 1: Plan of test room with positions of conventional H/C system (oil-filled electric heaters and split system with indoor A/C
unit) and solar H/C system (H/C ceiling radiative panels)

Conventional H/C system presents three oil filled electric radiators (230 V – 50 Hz, 2000 W) and classical
split system with indoor unit (2 cooling aggregates with 30.9 kW of cooling capacity, 35.3 kW of heating
capacity; 1 indoor unit with 2kW of cooling power). Solar H/C system presents six radiative ceiling panels
(9m2) conected with solar collectors positioned on the top of the faculty (4 x 2 m2; α= 95%; ε= 5%, 525
kWh/m2day), cold water is supplied with cassical split system. Switching between hot and cold water
entering into the panels is manual. The dimensions of H/C ceiling panels are 125 x 125 cm. They are
constructed of 10 cm tick polystyrene thermal insulation with engraved pipes for hot or cold water. All
panels are fixed with 4 steel screws into ceiling construction. Plan and section of H/C ceiling panels are
shown in Figure 2. The comparison between conventional and solar H/C system will be investigated
regarding calculated thermal comfort conditions and measured building energy use. For the purpose of online monitoring and control of indoor parameters and energy use, an integrated control system of internal
environment on the basis of fuzzy logic (hereinafter ICSIE) was used.

Fig. 2: Plan and section of H/C ceiling panels. The plan shows the grooves for the piping

It enables the control of indoor air temperature, CO 2 and illuminance under the influence of outdoor
environment and users` requests. The ICSIE system is divided in three parts: sensor network system,
regulation system and actuator system. Sensor network system enables recording of internal air temperature,
external air temperature, internal relative air humidity, external relative air humidity, internal surface
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temperatures, black bulb temperatures, temperature of medium in panels, internal work plane illumination,
external illumination, concentration of CO 2 , direct solar radiation, reflected solar radiation, wind speed, wind
direction, precipitation detection, energy use for heating, energy use for cooling. The selected time step was
0.5 s. The selected parameters for monitoring were: outdoor and indoor air temperature, outdoor and indoor
relative humidity (hereinafter RH in , RH out ), surface temperatures, black bulb temperature (hereinafter T black
bulb ), temperature of the medium in panels, energy use for heating and cooling. Thermal comfort conditions
are analyzed by calculated human body exergy consumption rates and predicted mean votes index using
spread sheet software (Iwamatsu and Asada, 2009; Shukuya et al. 2010). For exergy analysis of thermal
comfort conditions we assume individul user exposed to different combinations of T ai and T mr , which results
in the same operative temperature (hereinafter T o ). In case of conventional system it was assumed that T ai
was equal to T mr and in case of solar H/C system T ai differs from T mr . For calculations, the reference
environmental temperature (T ao ) and RH out were assumed to be equal to T ai and RH in . User characteristcs
and experimental conditions are presented in Table 1 and Table 2.
Tab. 1: User characteristics

Metabolic rate
[met]

Effective clothing insulation
[clo]

2.0

0.5

T cr
[°C]

T sk
[°C]

T cl
[°C]

36.9

34.234.4

29.229.6

T cr =body core temperature, T sk =skin temperature, T cl =clothing temperature. T cr , T sk and T cl are calculated due to experimental
conditions.

Tab. 2: Experimental conditions

System

T ai [°C]

T mr [°C]

RH in [%]

v a [m/s]

Conventional
Solar H/C system

24
20

24
28

50
50

0.07
0.07

T ai =room air temperature, T mr =mean radiant temperature, RH in =relative humidity of indoor air, v a =air velocity.

3. Measured energy use for heating and cooling and characteristics of temperature
profiles
Energy use was measured for the same test room equipped with conventional system and solar H/C system in
time separation. Energy use for heating was measured for winter period (5.03. - 23.03.2010) and summer
period (18.06. - 24.06.2010) and it presents overall 528 heating hours. Heating was performed also for
summer period, because in many occupied spaces with special procedures higher temperatures can be
required. Energy use for cooling was measured for summer period 10.06. - 24.06.2010 and 5.07. 10.07.2010 and presents overall 453 cooling hours.
2.2. Measured energy use for conventional system and solar H/C system
For the systems` comparison approximately the same conditions were selected (equal set-point T, time
period, T out and T a variate among systems ±0.5°C; 0.4% assumed error). The measured energy use is
presented in MJ for heating or cooling, as shown in Table 3. The measured energy use for heating was by
11.0-26.8% lower for solar H/C system than for conventional system. The energy use for cooling was by
41.2-61.5% lower for solar H/C system. For the whole measured cooling period (187 cooling hours) the
energy use for solar H/C system was 1.15 MJ, and for conventional system 3.02 MJ. However, the efficiency
of solar H/C system during heating period could be increased with higher surface area of panels. The
calculated energy use for heating in case of four times higher surface area of panels was 40% lower energy
use than for the conventional system.
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Tab. 3: The measured energy use for two heating and cooling systems [MJ]

H/C
system

T ao
[°C]

T ai
[°C]

Energy use
[MJ]

23.7
25.4
25.3
20.9

2.95
1.33
3.24
3.42

23.3
25.5
25.7
20.7

2.63
0.97
1.44
2.02

Conventional system
H winter
H summer
C summer
C summer

-2.6
13.2
20.0
26.4
Solar H/C system

H winter
H summer
C summer
C summer

-2.6
13.5
20.2
26.5

H-heating, C-cooling.

2.1. Temperature profiles for heating and cooling with conventional and solar H/C system
Figures 3-6 present 24-hour temperature profiles for heating and cooling with conventional and solar H/C
system.
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Fig. 3: Heating with conventional system, 12.3.2010 (00:00) - 13.3.2010 (0:00), 5.70 kWh, T ai,avg =24.2°C, T o, avg =23.7°C, T ao,
=2.2°C

avg

For conventional system, temperature measurements show that interior constructional complexes have the
highest surface temperatures, such as interior south wall, interior east wall, ceiling, interior north window
and floor (Fig. 3). Lower heat flux occurs through interior building complexes due to lower ΔT (1°C) and
lower U-value (U interior wall =1.17 W/m2K, U ceiling, floor =0.83 W/m2K) than through exterior building
complexes (ΔT=24.0°C, U exterior wall =1.29 W/m2K). Exterior building complexes have the lowest surface
temperatures, such as exterior west window and exterior west wall. The reason is higher U-value (U exterior
2
2
wall =1.29 W/m K, U window =2.90 W/m K), which results in larger transmission heat losses and presents a
weak part of building system.
In the room with solar H/C system similar conclusion about surface temperatures of building envelope could
be made as in the room with conventional system (Fig. 4).

2394

T exterior window, West
45

T exterior wall, West

1AT5: Ceiling
1AT6: Exterior w all,
West
1AT7: Exterior
w indow , West
1AT8: Interior w all,
East
1AT9: Interior w indow ,
North
1AT10: Interior w all,
South
1AT11: Floor

T ai

35

Temperature (Deg C)

T panels

1AT12: Panel 6
Gypsum board
1AT13: Panel 5 Marble
plate
1AT15: Panel 3
Gypsum board
1AT17: Panel 2
Gypsum board
1AT18: Panel 1
Gypsum board
To

25

T ao

15

Tai

5

Tmr
Tao
T w orking

-5
7.3.2010 0:00 7.3.2010 2:24 7.3.2010 4:48 7.3.2010 7:12 7.3.2010 9:36

7.3.2010
12:00
Time (day, hour)

7.3.2010
14:24

7.3.2010
16:48

7.3.2010
19:12

7.3.2010
21:36

8.3.2010 0:00

1AT14: Panel 4 Al
honeycomb
1AT19: Black globe

Fig. 4: Heating with solar H/C system, 7.3.2010 (00:00) - 8.3.2010 (0:00), 13.00 kWh, T ai,avg =23.3°C,T o, avg =22.8°C, T ao, avg =0.05°C

The highest surface temperatures appear for interior south wall, ceiling, interior east wall, interior east
window and floor. Average floor temperature in a room with solar H/C system is by 1.5°C lower than in a
room with conventional system, mainly because of the position of radiators and radiative and convective heat
flux on floor surfaces. Lower T ao causes lower surface temperatures on exterior west window than in a room
with conventional system. Other surface temperatures and room conditions (exterior west wall, T o T mr,avg ,
T black globe ) are almost the same as in the room with conventional system. Because in a room with solar H/C
system additional surface area is heated to higher temperatures (28.0-33.9°C), much higher T mr could be
expected. The reason is the surface area of panels that affects T mr (9 m2). T mr is affected by all room
surfaces, not just panels. However, for both cases, almost the same room conditions are created, but in the
case of solar H/C system energy use is by 11% lower. More precise look at T ai , T mr , T o , T black globe (Figs. 3
and 4) shows that temperatures are much more constant in the room with solar H/C system than in the room
with conventional system. Temperature measurements with black globe thermometer are close to the
calculated temperature T o .
Figure 5 presents temperature measurements in the room cooled with conventional system. For the room
with conventional system exterior west wall has the highest and exterior window has the lowest surface
temperatures, because they are highly affected by outdoor temperature variations. The surface temperatures
are similar as T ao. The curve of T ai and T o changes approximately by 0.5°C/0.5h.
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Fig. 5: Cooling with conventional system, 13.6.2010 (00:00) - 14.3.2010 (0:00), 10.00 kWh, T ai,avg =27.1°C, T o,
=24.7°C
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The comparison with solar H/C system shows that interior south wall has the highest and exterior west
window the lowest surface temperatures (Fig. 6). Panel 5-marble plate had the lowest and panel-3 gypsum
board the highest surface temperature. T o, T mr, T black globe are more constant in case of solar H/C system than
for conventional system.
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Fig. 6: Cooling with LowEx system, 15.6.2010 (00:00) - 16.3.2010 (0:00), 11.60 kWh, T ai,avg =26.5°C, T o, avg =26.4°C, T ao, avg =
20.7°C

4. Results of exergy analysis of thermal comfort conditions

3.1. Human body exergy balance
Human body is treated as a thermodynamic system based on exergy-entropy processes. The system consists
of a core and a shell and is situated in a test room with an environmental temperature. The general form of
the exergy balance equation for a human body as a system is represented in Eq. (1) (Shukuya et al., 2010):

Exergy

input   Exergy consumptio n   Exergy stored   Exergy output 

(eq. 1)
The exergy input consists of five components: 1) warm exergy generated by metabolism; 2) warm/cool and
wet/dry exergies of the inhaled humid air; 3) warm and wet exergies of the liquid water generated in the core
by metabolism; 4) warm/cool and wet/dry exergies of the sum of liquid water generated in the shell by
metabolism and dry air to let the liquid water disperse; 5) warm/cool radiant exergy absorbed by the whole
skin and clothing surfaces.
The exergy output consists of four components: 1) warm and wet exergy contained in the exhaled humid air;
2) warm/cool and wet/dry exergy contained in resultant humid air containing the evaporated sweat; 3)
warm/cool radiant exergy discharged from the whole skin and clothing surfaces; and 4) warm/cool exergy
transferred by convection from the whole skin and clothing surfaces into surrounding air (Shukuya et al.,
2010). To maintain thermally comfortable conditions, it is important that the exergy consumption and stored
exergy are at optimal values with a rational combination of exergy input and output.

3.1. Thermal comfort in experimental conditions created with solar H/C system and conventional
system
Table 4 presents the comparison between solar H/C system and conventional H/C system regarding the
analysed thermal comfort conditions. Human body exergy consumption rates and PMV index are calculated
for user, exposed to different combinations of T ai and T mr that result in the same operative temperature 24°C
(hereinafter T o ). RH in is assumed to be 50%. The data show that the human body exergy rates and PMV
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index vary between systems, even user is exposed to the same perceived temperature. Optimal conditions are
created in the room with solar H/C system, where higher surface than air temperatures (Tmr 28° C; Tai
20°C) are reflected in more comfortable conditions (PMV=0.2) than in the room with conventional system
(PMV=0.5). However, comfortable conditions in the room with solar H/C system do not always result in
lower human body exergy consumption rates, as it was proven with previous studies (Isawa et al. 2003;
Iwamatsu and Asada, 2009; Shukuya et al. 2003, 2006, 2010; Simone et al. 2011; Tokunaga and Shukuya,
2011). The human body exergy consumption rates depend significantly on user characteristics and will be
considered further on.
Tab. 4: PMV index and exergy consumption rate for individual user exposed to experimental conditions created with
conventional and solar H/C system

T ai
[°C]

User

T mr
[°C]

PMV index

Exergy
consumption
rate [W/m2]

0.5

5.61

0.2

5.76

Conventional system
24
24
Solar H/C system
20
28

User
User

For our calculations T ai was assumed to be equal to T ao. RH in was assumed to be 50% and equal to RH out.

Cool/warm rad.
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Stored
0.003

Breath air Exg
consumption
0.00
5.61

Cool/warm conv.
0.00

from inner
part

6.93

Exhalation,
sweat

0.40

Warm rad.
0.24
Warm conv.
0.67

*Unit [W/m2]
PMV=0.5 [ ] Tcr=36.9°C Tsk=34.4 °C Tcl=29.6°C
Fig. 7: Exergy balance of the human body for conventional H/C system (T ai 24°C, T mr 24°C, RH in 50%)

Figure 7 shows the example of the whole human body exergy balance in the following conditions: T ai 24°C ,
T mr 24°C, RH in 50%. Input exergy presents thermal radiative exergy exchange between the human body and
the surrounding surfaces of active space, which influences on thermal comfort. Warm/cool radiant exergy
absorbed by the whole skin and clothing surfaces is zero, because T ai is equal to T mr . The sum of exergies
contained by the inhaled humid air is also zero (breath air in Fig. 7), because room T ai and RH in are equal to
outside conditions T ao and RH out . Warm/cool convective exergy absorbed by the whole skin and clothing
surfaces is also zero, because T ai is equal to T ao , and even T cl is higher than T ai . The main input exergy
(100%) is presented by metabolic thermal exergy (inner part in Fig. 7). This means that 6.93 W/m2 of
thermal exergy are generated by bio-chemical reactions inside the human body. It is important to keep the
body structure functioning and to get rid of the generated entropy. Thus, 6.93 W/m2 have to be released into
ambient environmental space by radiation, convection, evaporation, and conduction that present output
exergies. Warm exergy stored in the core and in the shell is 3 mW/m2 and presents a part of metabolic
thermal exergy. Of that, 2 mW/m2 of thermal exergy is stored in the core and 1 mW/m2 in the shell. Because
the moisture contained in the room air is not saturated, the water secreted from sweat glands evaporates into
the ambient environmental space. Exhalation and evaporation of sweat are 0.40 W/m2 (5.8% of output
exergies and stored exergy). Warm radiant exergy discharged from the whole skin and clothing surfaces
emerges because of higher T cl than T ai and presents 0.24 W/m2 (3.5%). Exergy of 0.67 W/m2 (9.7%) is
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transferred by convection from the whole skin and clothing surfaces into surrounding air, mainly due to the
difference between T cl and T ai . The rate of exergy consumption that presents the difference between exergy
input, exergy stored and exergy output is 5.61 W/m2 (81%) for conditions created with conventional system.
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*Unit [W/m2]
PMV=0.2 [ ] Tcr = 36.9°C Tsk=34.2 °C Tcl=29.2°C
Fig. 8: Exergy balance of the human body for solar H/C system (T ai 20°C, T mr 28°C, 50%)

If a user was exposed to the conditions created with solar H/C system (T ai 20°C, T mr 28C, RH in 50%), the
input exergies, output exergies and exergy consumption would differ (Fig.8). Lower T ai and higher T mr than
at conditions created with conventional system cause higher input exergies by metabolic thermal exergy
(8.30 W/m2, 94.5%) of input exergies. Also in case of solar H/C system, the metabolic thermal exergy does
not present the only input exergy. Warm radiant exergy absorbed by the whole skin and clothing surfaces is
0.49 W/m2 (5.5%), because T mr is higher than T ai . Cool/warm convective exergy absorbed by the whole of
skin and clothing surfaces is zero, because T ai was equal to T ao . Output exergies are warm exergy transferred
by convection from the whole skin and clothing surfaces into the surrounding air, warm radiant exergy
discharged from the whole skin and clothing surfaces and exhalation and evaporation of sweat (0.55 W/m2,
6.2% of output exergies and stored exergy). Higher T mr than T ai results in higher warm radiant exergy
discharged from the whole skin and clothing surfaces (0.64 W/m2, 7.3%) and higher warm exergy transferred
by convection (1.83 W/m2, 20.8%). However, lower input exergy consequently results in lower exergy
consumption rate in case of conventional system (5.76 W/m2, 65.6%).
If the building envelope is poorly insulated, lower surface temperatures appear, as it can be seen from Figs.
3-6. The influence of lower surface tekmperatures on human body exergy balance is presented in Figure 9.
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Fig. 9: Exergy balance of the human body in a room with poorly insulated builing envelope (T ai 28°C, T mr 20°C, 50%).

Lower surface temperatures result in cool radiant exergy absorbed by the whole of skin and clothing
surfaces. These conditions often lead to discomfort.
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5. Conclusions
From the results of comparison between conventional and solar H/C system the following conclusions can be
drawn:



The measured energy use for heating was by 11.0-26.8% lower for solar H/C system than for
conventional system, and by 41.2 – 61.5% lower for cooling. The efficiency of solar H/C system during
heating period could be increased with higher surface area of panels.



Optimal thermal comfort conditions are created in the room with solar H/C system, where higher surface
than air temperatures are reflected in more comfortable conditions than in the room with conventional
system.



Comfortable conditions in the room with solar H/C system do not always result in lower human body
exergy consumption rates, as it was proven with previous studies. The human body exergy consumption
rates depend significantly on user characteristics.



To maintain thermally comfortable conditions, it is important that the exergy consumption and stored
exergy are at optimal values with a rational combination of exergy input and output.



Results of on-line monitoring show that temperatures are much more constant in a room with solar H/C
system than in a room with conventional system.



Poorly insulated building envelope presents a weak part of building system and results in lower surface
temperatures.



Lower surface temperatures result in cool radiant exergy absorbed by the whole of skin and clothing
surfaces and lead to discomfort.
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1. Introduction
This paper investigates strategies to reduce peak loads in net-zero energy solar homes through the
coordination of different design and operation strategies. The concept of net-zero energy homes, roughly
defined as grid-tied houses that supply their energy needs with renewable energy sources over a period of
interest, has gained in popularity in recent year. In spite of the clear advantages of this design approach, it is
necessary to address the issue of peak loads and their impact on utility grids. Even if the net-zero energy goal
is achieved during the period of assessment (e.g., one year), significant imbalances may be observed at
smaller time scales. For instance, in northern latitudes, the generation of PV panels typically exceeds the
energy use of the house during the summer months, while in winter the energy use of the house is larger than
the generation of the PV system. Fluctuations of the ratio generation/use are also registered during the daily
cycle. If a net zero energy house draws energy from the utility grid during peak periods, its impact on the
grid will be similar to that of a conventional home, with the subsequent need for increased generation and
transmission capacity.
It is well known that the net-zero energy goal can be achieved through the use of passive solar design
techniques and active solar technologies. However, opportunities to improve the interaction of the building
with the grid, through a combination of technologies and control strategies, is investigated less often. Some
of these strategies are:







advanced control (model-based predictive control, optimal control)
energy storage (building’s thermal mass, thermal energy storage devices, batteries)
dynamic fenestration and motorized blinds to regulate solar gains
information exchange with the grid (smart meters/smart grids)
demand response (DR) applied to domestic appliances
energy dashboards to improve communication with the occupants

For example, the thermal mass of the building can be used as an energy storage device by allowing moderate
temperature fluctuations without compromising thermal comfort. Night cooling strategies could reduce
cooling needs the following day. Conversely, during winter, passive solar gains collected during the daytime
may reduce the need for heating at night: such a strategy has the potential of reducing peak loads
significantly in places where electricity is used for heating.
This paper presents the results of simulation studies designed to evaluate different peak load reduction
strategies for net-zero energy solar homes. Scenarios based on different weather pattern sequences in a cold
climate will be applied.
2. Model Predictive Control
Model predictive control (MPC) is the generic name given to a set of advanced control techniques that use
load and weather forecasts, as a well as a model of the building, in order to improve the operation of the
system (Fig. 1). MPC usually implies applying an optimization algorithm to reduce a “cost” function subject
to a set of constraints (Gyalistras, 2010). In the case of a building, the cost function is typically the energy
price, total energy use or peak loads. Common constraints are thermal comfort or maximum rating of the
HVAC equipment.
MPC strategies, which may be applied at the supervisory and local-loop control levels, can be used to
manage the energy storage capabilities of the building, either thermal or electrical. Peak load reduction
implies managing the collection, storage and delivery of renewable energy resources. Energy storage devices
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are essential to accomplish this task. Also, measures that permit regulating the entry of solar gains into the
building may be used to use them more effectively to satisfy heating needs while preventing discomfort due
to overheating or glare.
Conventional Control
Disturbances
Error
Reference

+

Controller

_

Plant

Output

Controlled
variable(s)

Predictive Control

Disturbances

Controller

Reference

Plant

Error
+

_
Model

Controlled
variable(s)

Output

Fig. 1: Conventional control (above) versus Model Predictive Control.

Although the idea of applying MPC for buildings has been investigated since the 1980s (Vinot, 1988;
Paassen, 1989; Nygård-Ferguson and Scartezzini, 1989), it is receiving increasing attention in recent years,
because of increased awareness on environmental issues, faster and smaller processors and the widespread
availability of online weather forecasts. Henze et al. (2005), Braun (2003) and collaborators have
investigated the application of predictive control, mainly in commercial buildings. Kummert (1996) studied
the application of predictive control to solar buildings with a simplified model. Recently, Kummert’s
investigations on predictive control have been extended to commercial buildings (Kummert, 2005). Ma et al.
(2010) and Gyalistras (2010) –among numerous other researchers– have recently added relevant work to the
literature on predictive control applied to buildings.
3. Modeling of a Case Study
An essential problem in the application of MPC is the development of the model itself. This model has to be
accurate enough to be a reliable representation of the building; however, it also has to be simple enough to be
manageable by the optimization routines of the controller. Selecting the right level of complexity is no easy
task, as it involves adopting simplifying assumptions and deciding which inputs can be safely neglected.
A pathway to develop a simple yet dependable model consists in the application of system identification
techniques. With this method, data obtained from measurements or from the result of a detailed building
simulation can be used to create a model (Candanedo and Athienitis, 2010; Candanedo et al. 2011).
To illustrate the application of this principle, a case study loosely based on an actual near net-zero energy
solar house, the EcoTerra House, in Québec, Canada (Chen et al., 2010) is presented. The case study consists
of a building of approximately 230 m2, with a rectangular cross-section and walls oriented towards the
cardinal directions. The with wall insulation of R-34 (UW = 0.16.7 W/m2/K). Triple glazed, low emissivity
windows cover 40% of the south façade. A radiant floor heating (RFH) system is installed in a concrete floor
5 cm (2-in) thick. The radiant floor heating is assumed to be installed 1.25 cm from the bottom of the floor
(3.75 cm below the surface). Infiltration is fixed at 0.25 air changes per hour. This building is modeled by
using a 6-node thermal network model adapted from the model presented in (Athienitis, 1994). The
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calculation of the solar gains takes into account the variation of incidence angles due to the sun’s position.
About 70% of the solar gains are received by the surface of the floor, while the other 30% is distributed
evenly in the remaining internal surfaces.

Fig. 2: Case study building. Thermal network model used for the case study building.

For the purpose of the control strategy, a simplified transfer function model was developed (Fig. 3). This
model consists of a set of three transfer functions. The transfer function model, based on the assumption of
linearity, is obtained by observing that (in this particular case of a well-insulated, air-tight building with large
windows) the dominant inputs in the building are solar gains, outdoor temperature, and heat from the RFH
system. Other variables that have a smaller impact on the thermal response of the building (e.g., wind speed,
humidity) are neglected.
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QSG
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GText 
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Text

QRFH

GRFH 

+
+
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Tair  Y1  Y2  Y3

Y3
QRFH

Fig. 3: Transfer function model used to model the building.

The transfer functions are found by carrying out “numerical experiments” on the system (Candanedo et al.
2011). Forcing functions, consisting of repeating patterns of solar radiation, outdoor temperature and RFH
heat, are applied to the system. Each response is studied independently (for example, the response to outdoor
temperature is found while keeping the solar radiation values at zero) and then the total response can be
found by superposition (Candanedo and Athienitis, 2010). The transfer functions are found with MATLAB’s
System Identification Toolbox (Ljung, 1999; Ljung, 2010). Although it is not strictly necessary to find the
response to each input independently, such an approach facilitates comparing their relative impact and
provides insight on the building.
Transfer functions have been used for energy simulation in buildings since the 1960s (Mitalas and
Stephenson, 1967), either for entire rooms or for building components. Conduction transfer factors (CTFs)
are widely used to treat conduction through walls, floors and ceilings in tools such as EnergyPlus and
TRNSYS. They are the basis of ASHRAE’s heat balance method (Rees et al., 2000). Transfer functions used
in ASHRAE’s load calculation or in building simulation are determined with analytical methods based on
properties of the materials and construction details. In contrast, the methodology discussed in this paper
follows a “reverse approach”: transfer functions intended for control purposes are found by using building
simulation results or measurements as the starting point.
Figures 4, 5 and 6 show respectively the response of the indoor air temperature to “forcing functions” for
solar gains, outdoor temperature and RFH input.
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Fig. 4: Response of the indoor air temperature to solar gains.
y2

u2

Fig. 5: Response of the indoor air temperature to outdoor temperature.
y3

u3

Fig. 6: Response of the indoor air temperature to the radiant floor heating system.
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The relationship between inputs and outputs is given by time series model in this case. A time series
representation is equivalent to z-transform transfer function. The model presented here is an autoregressive
moving average model with exogenous input (ARMAX), in which the word autoregressive means that the
current output, y(t), is correlated with its own previous values, while the “exogenous input” refers simply to
the input variable(s) ui(t). It is given by (Ljung 2010):
nu

A(q) y(t )   Bi (q)ui (t  nki )  C (q)e(t )

(eq. 1)

i 1

in which in which A(q), B(q) and C(q) are polynomials in terms of q-1; this is the “backward-shift operator”,
equivalent to the z-1 in a z-transform, y(t) is the sequence of output values, ui(t) is the input sequence i, nu is
the number of inputs, and e(t) is a sequence of noise values. For a single input (nu = 1), (eq. 1) becomes:

A(q) y(t )  B(q)u(t  nk )  C (q)e(t )

(eq. 2)

The transfer function between the output y(t) and the input u(t) is then given by:
G (q) 

y (t ) B(q)

u (t ) A(q)

(eq. 3)

The models were found with the SI toolbox for the three transfer functions presented above, namely solar
gains, outdoor temperature and RFH input. These models, obtained for one-hour intervals, are given by:

y1 (t )
0.1253  0.05021q 1

u1 (t ) 1  1.388q 1  0.4072q  2

 C 
 kW 



(eq. 4)

y2 (t )
0.0427  0.03286q 1

u2 (t ) 1  1.461q 1  0.4606q  2

 C 
 C 
 

(eq. 5)

y3 (t )
0.08041  0.02845q 1
 C 

1
2 

u3 (t ) 1  1.065q  0.09194q
 kW 

(eq. 6)

To illustrate how these transfer functions can be used to model the system, through some algebraic
manipulation (eq. 4) becomes:

y1 (t )  1.388 y(t  t )  0.4072 y(t  2t )  0.1253u1 (t )  0.05021u1 (t  t )

(eq. 7)

This means that the current value of the output, y1(t), depends on previous output values “one hour ago” (Δt)
and “two hours ago” (2Δt). It also depends on the input’s current value u1(t) and “one hour ago” (Δt).
4. Simulation of Control Strategies
With the transfer function model presented above, and some information on future weather, it is possible to
calculate the amount of heat that the RFH needs to deliver to follow the set-point, or at least to minimize the
discrepancies between the set-point and the actual temperature obtained. The problem then consists of
determining the optimal set-point trajectory for a given objective function and tracking the desired set-point
as accurately as possible (or at least, without any comfort complains).
4.1 Predictive control for set-point tracking
Let us assume that, at a midnight during winter, the weather forecast indicates that the solar gains and the
outdoor temperatures are given by the curves shown below (Fig. 7):
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Fig. 7: Input variables from the weather forecast for a 48 hour period.

The problem will then consist of determining the optimal heating rated delivered by the radiant floor heating
system to satisfy the set-point. An alternative for the objective function can be:


n

J

i 1

Tsp ,i  Tair ,i



2

(eq. 8)

In this case the objective function J is equal to the norm of the error (i.e., difference between the set-point
and the temperature measured). The solution is subject to the constraint shown below, which accounts for the
absence of cooling equipment:
QRFH ,i  0;

(eq. 9)

For example, let us assume that a fixed set-point value of 21 °C is used for the entire 48-hr period. If the
initial temperature conditions have been 21 °C for a couple of hours, and the effect of white noise is ignored
the free floating response (i.e., without the intervention of the heating system) is given by the curve shown to
the left of Fig. 8. Although software tools exist for the implementation of MPC (Bemporad et al., 2010)
which have been used by the authors of this paper in previous investigations, simple optimization algorithms
from MATLAB may also be used to obtain the heating curve. Both the heating curve and the temperature
response are shown in Fig. 8.
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Fig. 8: Free floating response (left); response with optimal heating to approach a fixed 21 °C set-point (right).

It is evident that it is not possible to keep the temperature at 21 °C without cooling. However, the
temperature rise over 25 °C may be acceptable. It is also interesting that the heating system remains off for
relatively long periods. The maximum heating rate is 6.5 kW before midnight of the second day. It is worth
mentioning that the optimization is significantly facilitated by using a simple transfer function model.
4.2 A more complex objective function
The objective function can take different forms. It can be total energy, peak load or cost; it may also be a
composite of factors, each of which receives a certain weight. The cost function can include several different
elements into the “accounting”: for example, heating/cooling, lighting, appliances, fans and pumps. The
comfort aspect may also be introduced as a constraint, or as another “weighted factor”.
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In the example presented here, the cost function will be a combination of economic cost (which can often
account for the impact of peak loads) and comfort. Although TOU rates are not used at the residential level
in Québec, a hypothetical curve selected is based on the fact that residential peak loads tend to occur in the
morning (roughly between 6:00 and 8:00) and in the evening (17:00 to 21:00). The time-of-use (TOU)
selected is given by the following function (Fig. 9):
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Fig. 9: TOU rate ($/kWh) used in this case study.

The objective function used in this example is given by:

J 

Period


0



TOU (t ) * QRFH (t )dt  (1   ) 



 T
n

i 1

sp ,i

 Tair ,i



2



 D



(eq. 10)

in which α is weighting factors between 0 and 1. This variable does not have an intrinsic physical meaning;
rather, it works as an “adjusting knob” to change the relative importance of economic cost or comfort. The
factor γ is a large number (108) that has been introduced to prevent extreme discomfort situations; the
variable D is equal to 1 if the temperature exceeds 30 °C or falls below 17 °C.
When α = 0.3, the optimization routine yields the results shown in Fig. 10:
Indoor air
temperature

30
Temp (°C)

25

20

Heat (kW)

15
20
15

10

Heat from
RFH system

10

5

5

0

0
0

6

12

18

24

30

36

42

48

Time (h)
Fig. 10: Optimization results for α = 0.3. No bounds set for peak load.

In this case, the total economic cost for the 48 hr is $6.34. The heating system practically does not work
during the morning and evening, but there are large peaks at night and in the middle of the day. In this case,
the limitation might actually be the rated power of the heating system. By running the optimization with a
maximum heating value set to 10 kW, the following results are obtained (Fig. 11):
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Fig. 11: Optimization results for α = 0.3 and maximum heating output set at 10 kW.

In this case the peak heating power is limited, but the indoor air temperature results are not perceptibly
affected. Although a 10 kW peak is higher than that presented in Fig. 8 (equivalent to α = 0), it is important
to recall that the impact of peak loads depends on their time of occurrence. Larger peaks at the residential
level may be better handled by the utility if they occur during the off-peak hours of the grid.
Figure 12 shows the results when α = 0.3 (i.e. more importance given to cost).
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Fig. 12: Optimization results for α = 0.7. No bounds set for peak load.

In this case, the optimization yields a peak load of 14.98 kW, for a total cost of $4.41. Thermal comfort
problems start to appear at the end of the period. Finally, Fig. 13 shows the results obtained when the heating
output is limited to 10 kW.
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Fig. 13: Optimization results for α = 0.7. Upper bound for peak load at 10 kW.
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4.3 Solar gains control
To illustrate the importance of solar gains control, let us assume that the expected temperature is somewhat
warmer (+5°C) and the solar gains are 20% higher. The new input variables are shown in Fig. 14:
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Fig. 14: Modified input variables to investigate overheating prevention.

With these input variables, and a value of α = 0.5, the optimization algorithm yields the results shown in Fig.
15. Although the heating system only operates during a brief period, there is a significant temperature
fluctuation during the first day. The maximum temperature value exceeds 28 °C; such conditions might
produce discomfort.
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Fig. 15: Response of optimization algorithm with modified input values.

In order to avoid such a large temperature fluctuation, a roller blind, a venetian blind, an electro-chromic
window or another dynamic fenestration device could be used to reject excessive solar gains. Assuming that
such a device allows rejecting 35% of the solar gains during the first day (i.e. effective transmittance τ =
0.65), the optimization algorithm is used again to calculate the response of the system.
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Fig. 16: Reduced temperature fluctuation through predictive control of solar gains.
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The regulation of solar heat gains reduces the temperature fluctuation on the first day; however, as expected,
since less heat is accumulated in the building structure, the RFH system has to release more thermal energy
in order to maintain comfort.
5. Discussion and Conclusions
Predictive control is among the strategies that can be used to reduce peak loads in solar homes. Other
technologies or strategies which can be used as a complement of predictive control include solar gains
regulation, energy storage devices and economic incentives. The use of a simplified building model eases the
implementation of predictive control; such an implementation can be challenging (though not impossible) in
a detailed building simulation tool for real time control. As expected, different objective functions have a
significant impact in the results obtained with the optimization.
Future investigations will make use of load matching and grid interaction indicators to evaluate the impact of
different control strategies (Verbruggen et al. 2011; Salom et al. 2011), both from the point of the view of the
building owner and from the point of view of the utility grid.
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Abstract
The aim of this work is to develop a modular object-oriented tool “NEST” (Numerical Edifice Simulation
Tool) for the energy simulation of buildings, which can be coupled with a parallel CFD software. For this
purpose, a building is modelled as a collection of basic elements (walls, rooms, outdoor, openings, etc.).
Different models (1D, 2D, simplified energy balances, CFD & HT, etc) are implemented for different
elements which are capable of solving themselves for given boundary conditions. The elements can be linked
to each other to form a specific building configuration. Thus new configurations can be quickly formed by
adding or removing the required elements. Such an approach gives flexibility of choosing a model for each
element and to have different levels of modelling for different elements in the system. Moreover, elements
developed can be used for applications not restricted to buildings only. The object-oriented methodology,
element descriptions, BESTEST cases for code validation, and transient thermal simulations of two different
cases are presented in this paper.
1. Introduction
This work is addressed to contribute to the progress in the numerical simulation of the thermal and fluid flow
processes within and around buildings. Building energy consumption has increased from 20% to 40% in
developed countries, and the HVAC (Heating Ventilating and Air-Conditioning) systems account for almost
half the energy consumed in buildings (Pérez-Lombard, et al. 2008). Energy simulation of buildings is
critical for optimizing the energy demands as building thermal systems are major consumers of energy as far
as their construction, operation and maintenance is concerned. It can give vital information of the peak loads
during the heating and cooling season, room temperatures and velocity distributions for maintaining an
adequate indoor environment, and overall energy demands during an year. This information can be used at
the design stage to reduce the energy costs with a good architectural and HVAC design.
Buildings can be considered as thermal systems interacting with the surroundings through heat transfer and
fluid flow processes. A numerical approach to handle the heat transfer and fluid flow in such systems not
only helps in saving the full scale experiment time and cost, but also helps in optimizing the governing
parameters for the efficient functioning of the entire system. The prediction of the physical phenomena
involved in buildings is difficult due to the large and complex geometry involved, changing boundary
conditions, airflows due to natural convection, stack and wind effects, infiltration of ambient air and
mechanical ventilation, and the mixture of free and forced convection flows which are often are turbulent.
Numerical simulations imply mathematical modeling of the different physical processes occurring in a
building thermal system. The models implemented could be simple zero dimensional expressions, one
dimensional models based upon experimental correlations, two or three dimensional analysis with turbulence
models or direct numerical simulations (DNS) for detailed resolution of fluid flow and heat transfer, etc. The
level of modelling a given process may be different depending upon the nature of the process, resources, and
the accuracy desired.
Numerous building energy simulation programs have been developed over the years. MODSIM (Sahlin,
1988), EKS (Clarke, et al. 1992), SPARK (Buhl, et al. 1993) are some of the earlier objected oriented
initiatives for modular simulation. CONTAM (Walton and Dols, 2005) is a multizone model which has been
used to calculate the indoor air quality in buildings. COMIS (Feustel, 1999) is a multizone model prepared
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by experts of the IEA (International Energy Agency) and is used widely in USA. Moreover, the coupling of
CFD with building simulations has been addressed by several authors. One of the earlier attempts of CFD
integration with building simulations was presented by Negrao (1998). Musser (2001) and Zhai & Chen
(2003) also did studies in this direction. More recently, Wang and Chen (2007) studied three possibilities of
coupling methods between CFD and multizone network program. An overview of twenty major simulation
programs (e.g., BLAST, TRNSYS, etc.) and their capabilities was presented by Crawley, et al. (2008), and
an overview of methods for ventilation performance can be found in Chen (2009).
The objective of this work is towards the development of a modular object-oriented building simulation tool,
including coupling between low level resolution models with CFD models based on large eddy simulation
(LES) models, with special attention to the parallelization of the simulation with numerous processors. Thus,
it represents a new attempt to represent all these features in a single tool. This is especially necessary if, as
mentioned earlier, some critical processes/zones need to be modelled with more detail than others. For
example, wall and ground heat transfer resolution in two or three dimensions, or a large eddy simulation for
the resolution of Navier-Stokes equations in some of the zones where more information is needed about the
temperature and velocity distributions. This will need many processors for the simulation to be feasible in
reasonable time. In this context, a modular object-oriented methodology can be very useful for the simulation
of building processes with diferent level of modelling for different zones/processes and finally couple it with
the parallel CFD software TermoFluids (Lehmkuhl, et al. 2007). The modular methodology, description of
the elements developed, the global resolution algorithm of the NEST tool, and BESTEST cases (Judkoff and
Neymark, 1995) for code validation are presented in the following sections. Finally, two illustrative case
studies (a building and a wind turbine nacelle), as different applications, are also worked out using the same
basic elements.
2. Modular Approach
In this paper, a building or a structure is modelled as a collection of basic elements (walls, rooms, windows,
outdoor, etc.) as shown in the Figure 1a and Figure 1b.

Figure 1a: A simple building.

Figure 1b: The building as a collection of elements.

Thus, a given configuration of a building (a thermal system) is then made by linking the different elements as
needed. A summary of the different elements (objects from C++ programming point of view) which
constitute NEST are given in Table 1. These objects are capable of solving themselves when subjected to
boundary conditions which are taken from the neighbouring elements.
At each iteration, inputs (e.g., pressure, temperature, etc.) are taken from the neighbours, governing
equations of the element are solved and the outputs (e.g., pressure, temperature, etc.) are set as boundary
conditions for the resolution of the neighbour elements. Iterations continue until convergence is reached at a
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Table 1. Summary of the elements (objects) developed for NEST.

Elements

Description

Calendar
Global Position
Local Position
Outdoor
Time function
Ground

Keeps time in two different modes.
Stores the geographical position (latitude, longitude, etc.).
Stores the orientation and local position of exterior walls.
Read/calculates outdoor data like temperature, wind, solar radiation, etc.
Retrieves/interpolates values of variables at a given time.
Resolves three dimensional heat conduction and surface convection.
Single material layer with one dimensional heat conduction, moisture transport,
and heat convection, thermal radiation and solar gains at surfaces.
Multiple material layers with one dimensional heat conduction, , moisture
transport, and heat convection, thermal radiation and solar gains at surfaces.
Glass layer transparent to solar radiation with one dimensional heat conduction,
and heat convection and radiation at surfaces.
One node control volume with mass, moisture and energy balance.
Calculates view factors for thermal radiation calculation.
Distributes the transmitted solar radiation uniformly to room walls.
Calculates air infiltration.
Controls heating and cooling of rooms.
Air movement between rooms and outdoor due to pressure differences.
Air movement between rooms connected with large openings
Volumes with surfaces at a given temperature or with heat flux
Calculates the flows across a network of rooms with a Newton-Raphson
method by taking into account the mass residuals of the entire network.

Wall
Composite wall
Glass wall/window
Room
Radiation calculator
Solar distributor
Air change calculator
HVAC
Opening
Door
Internal volumes
Flow network
CFD object

Detailed three dimensional resolution of fluid flow and heat transfer with or
without turbulence models

given time step and then the next time step calculation starts after updating the variables. The global
resolution algorithm is shown in Figure 2. The algorithm works like a Gauss-Seidel method passing through

Figure 2: Global resolution algorithm.

2415

all elements and updating the values. However, the flow network object evaluates the pressure correction
values for all rooms taking into account the mass residuals of all the connected rooms with the NewtonRaphson method. This leads to faster convergence of the airflow network between zones. The advantage of
such a modular approach, as can be seen from Figure 1 and Figure 2, is that each element can be represented
in any form as long as it can exchange the necessary boundary information from the rest of the elements in
the system. For instance, in a building with many rooms, some rooms can be modelled with a detailed CFD
& HT calculation while other rooms could be modelled using a single node energy balance. Also, new
element models can be easily implemented without changing basic the program structure.
3. Code Validation
3.1 Basic thermal balances and feasibility of the program
The objects or individual elements, described until now, form a thermal system when linked together
according to the type of building configuration. The working of all the objects has been verified by
simulating cases like: i) Wall/composite wall/glass wall objects exposed to outdoor with convection and
radiation at surfaces; ii) A cube shaped house with six walls (wall and transparent glass wall objects), a
uniform temperature room object connected with the walls for convection, a radiation calculator for thermal
radiation with external walls connected to the outdoor object (outdoor data from commercial software
METEONORM, 1994); iii) The view factors calculated by the radiation calculator object were compared
with the view factors for known geometries; iv) Method of manufactured solutions was used for the ground
object to verify three dimensional heat conduction along with heat convection at the top surface. Energy
balances for all the cases were ensured at each time step along with physically realistic results.
A program was also created to test the feasibility of the solution algorithm when a large number of elements
are connected to form a building. The program, when given the coordinates of the vertices of a
parallelopiped, constructs a building with i x j x k rooms with walls, rooms, radiation calculators and the
outdoor objec. For example, when given the coordinates of the vertices of a cube of side 15 metres and
i=j=k=5, a building with 125 rooms (5x5x5) each of dimension 3mx3mx3m is created with walls, radiation
boxes and rooms. The exterior surfaces are then linked to the outdoor object. Cases with 2x2x2, 3x3x3,
4x4x4 and 5x5x5 rooms were simulated to see the transient behaviour with time step of the order of 900
seconds.
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Figure 3: Computational time variation with the number of rooms.

The ambient temperature changes gradually over the length of the day and therefore the number of iterations
at each time step (around 25 iterations) is lesser to cover these gradual changes. The computational time for a
given time step with the number of rooms is shown in Figure 3. It can be seen that the time required
increases linearly and thus, the solution algorithm can be employed for large number of elements connected
in a thermal system.
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3.2 Comparison of NEST with BESTEST cases
Apart from the basic tests mentioned above, BESTEST qualification cases (600 and 900) published by
Judkoff and Neymark (1995) were simulated in the free-floating mode for program validation. Figure 4 and
Figure 5 show the hourly values of indoor temperature calculated by NEST for 4th of January for lightweight
and heavyweight building structures respectively. It can be seen that the values agree reasonably well with
other building simulation programs.
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Figure 4: Indoor temperature variation on 4th January for a lightweight structure.
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Figure 5: Indoor temperature variation on 4th January for a heavyweight structure.
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3.3 Mixed convection case for the validation of the CFD object
In this section a mixed convection airflow in a three dimensional cavity is considered for the validation of
TermoFluids (Lehmkuhl et al., 2007) code. This code will be used further for simulating room air in the CFD
object for building applications. The schematic of the test case is shown in the Figure 6.

D=0.3m

cold

cold

cold

H=1.04m

hot
z
y
L=1.04m

x

Figure 6: Schematic of the experimental setup.

The experimental data for this case has been published by Blay, et al. (1992). Also, this case, which is a
representative of the airflow in building, has been studied by Mergui (1993), Zhang and Chen (2000) and
Ezzouhri, et al. (2009). The length (L) and the height (H) of the cavity are 1.04m, and the depth (D) of the
cavity is 0.3m. Air enters the cavity top at 15oC with a mean inlet velocity of 0.57 m/s through a slot of
height h=0.018m along the depth of the cavity, and leaves through a similar slot of height l=0.024m at the
bottom of opposite wall. The bottom surface of the cavity is at 35oC while the top and the lateral walls are at
15oC. The front and the rear walls are adiabatic. The Rayleigh number for this case is 2.23x109, while the
Reynolds number and the Archimedes number are 684 and 0.036 respectively. A parabolic inlet velocity
distribution is imposed according to the measured velocity profile (Ezzouhri, et al. 2009).
A mesh with 100x120x32 control volumes has been used for the simulation of this case with 104 processors
with an integration time of 500 seconds. Yoshizawa Smagorinsky LES model (Yoshizawa, et al. 2000) is
used for the simulation of this case. Numerically obtained mean velocities are compared with the
experimental data by Blay, et al. (1992) in Figure 7a and Figure 7b. It can be seen that the numerical and
experimental values of the mean horizontal and mean vertical velocities are in good agreement, and the
TermoFluids (Lehmkuhl, et al. 2007) code is able to reproduce the physics of the flow to a good extent.
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Figure 7a: Mean horizontal velocity (u) with z at
y=0.15m and x=0.52m.

2418

-0.3

0

0.2

0.4

0.6

0.8

1

x (m)

Figure 7b: Mean vertical velocity (w) with x at
y=0.15m and z=0.52m.

4. Case Studies
In this section transient simulations under varying ambient conditions, performed for a single family house
and a wind turbine nacelle, are presented. Both the configurations are formed with the basic elements
aforementioned.
4.1 Thermal simulation of a house
A single family house with dimensions 8.4m x 13.8m x 3.5m (8 zones) was formed by linking elements like
walls, composite walls, glass walls, rooms, radiation calculators, outdoor, etc. and simulated in a transient
mode. Different types of wall materials were employed for external walls to see their behaviour and to use
thermal inertia for reducing the heating and cooling costs during the year. For brevity, results are given only
for the month of May when the days are hot and the nights are cold. The geographical location is of the the
place Zaragoza (Spain). The infiltration rate is calculated by the air change calculator object using the LBL
(ASHRAE, 1991) model with the leakage areas for the house components calculated according to Keider and
Rabl (1994). HVAC object controls the temperature of the different rooms by switching on and off the
heating and cooling devices. The house floor is a 30cm thick concrete layer forming the uppermost central
part of the ground object. The ground extends 10m deep below the concrete layer and 12m sideways in all
directions. The open surfaces of the ground are connected to the outdoor object for receiving solar radiation
and ambient parameters like temperature and velocity.
The different types of exterior walls considered here are: i) Type A (prefabricated panels with 4.86cm of
polyurethane layer between 0.7mm steel sheets); ii) Type B (20cm common brick); iii) Type C (5cm of
polyurethane layer between bricks of 12cm thickness). The overall heat transfer coefficient (U (W/m2K)) for
types A, B and C is approximately 0.48, 1.37 and 0.40 respectively. The passive behaviour of the external
walls the house is simulated with heating and cooling switched off. Figure 8a and Figure 8b show the
evolution of the wall and room temperatures for the month of May for the prefabricated wall and the brick
wall respectively.
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Figure 8a: Temperature evolution with days for
the prefabricated wall (type A).
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Figure 8b: Temperature evolution with days for
the brick wall (type B).

It can be observed that in case of the brick wall (with higher U-value) the room temperature curve has lesser
fluctuations as compared to the prefabricated case. Also, the temperature changes are more gradual for the
brick wall and there is a time lag between the peaks of the ambient temperature (Tamb) and the room
temperature (Tr). This is because of the thermal inertia of the brick wall which resists the changes in the
ambient temperature to a greater extent than the prefabricated wall. Moreover, the room temperature goes
above 27oC in the case of the prefabricated wall (see Figure 8a) unlike the brick wall where the room
temperature is below 25oC for most of the time as shown in the Figure 8b. This would result in reduction of
the cooling load. Similarly, during the nighttime the room temperature falls below 17oC in the case of the
prefabricated wall while the brick wall keeps the room warmer leading to reduction in the heating load. Thus,
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the thermal inertia plays an important role for the periods of the year with larger variation in the diurnal
temperatures and if used properly could lead to substantial savings in the energy costs.
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Figure 9: Heating and cooling loads for the month of May.

Figure 9 shows the heating or cooling loads for the different wall types used in this study. Exterior wall made
of brick alone (type B) can cause 46% reduction in the heating load and 78% reduction in the cooling load.
Putting insulation between the brick layers (type C) leads to 65% and 89% reduction in heating and cooling
loads respectively. Thus, analysis can be made with different materials to see their effect on the room
conditions.
4.2 Thermal simulation of the nacelle of a wind turbine
A preliminary illustrative transient thermal simulation of the nacelle of a wind turbine was also done with
elements like room, outdoor, openings (inlets, outlets), and internal volumes with heat generation or at
constant temperature. The nacelle was modelled as a three zone envelope as shown in the Figure 10. The
central zone 1 is connected to the zone 2 as well as zone 3 with openings which are modelled as a door object
and an opening object respectively. Also, there are openings through which the ambient air enters the central
zone 1 (In1) and leaves zone 3 (Out1). The different parts within the nacelle, e.g., the generator, the gearbox,
the equipment box and the transformer were put as internal volumes with heat dissipation or at a specified
temperature.
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The values of the heat dissipated by the transformer and the surface temperatures of the gearbox, the
equipment box and the generator were supplied from the measured data as a function of operating conditions
and time. The nacelle orientation changes with the wind direction and therefore its orientation with respect to
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the sun for the incident solar radiation. Figure 11 shows the numerical values of the average temperature
plotted against the experimental temperature values for each zone, which are non-dimensionalized with a
reference temperature of 30oC. The predicted temperatures for zone 1 and zone 2 agree quite well with the
measured values during the day and night cycle, and the zone 3 temperature curve passes between the
corresponding measured data. Even with a simple mass and energy balance of the nacelle zones with varying
outdoor conditions (e.g., wind speed, solar radiation, temperature, etc.), the numerical simulation captures
the trends of the experimental observations. The results are encouraging for the relatively simple model used.
In the future studies, the element models will be improved and CFD & HT analysis of some zones will be
done.
5. Conclusions and future work
A modular object-oriented tool “NEST” has been developed for the transient thermal and fluid simulation of
buildings for coupling it with parallel CFD software TermoFluids (Lehmkuhl, et al. 2007). A building, as a
thermal system, is modelled as a collection of basic elements like walls, rooms, openings, outdoor, etc. These
elements are programmed only once in a general way and only interact through boundary conditions. There
is no need to program specific system configurations as a whole. Instead, different configurations are made
by linking the same basic elements. New element models can be easily incorporated which leads to time
savings and adds flexibility to the software. Feasibility tests show that the simulation time increases linearly
with the number of elements, and thus a large number of elements can be simulated with acceptable
computational time. Also, the program has been validated with BESTEST cases 600 and 900 (Judkoff and
Neymark, 1995) which ensure satisfactory working of NEST. In the future, more tests will be conducted to
assure higher quality of the simulations.
Thermal simulation of a single family house with different wall materials shows the effect of different wall
types on the heating and cooling loads and the role of thermal inertia. Energy demands and the peak loads
during the year can be calculated and studies can be made by using different materials/elements in the
building construction. Finally, a preliminary numerical simulation of a wind turbine nacelle formed with the
same basic elements is presented to show the advantage of the methodology presented in other applications.
Considering the relatively simple model employed in this case, the numerically calculated zonal temperatures
show similar trends when compared with the measured values and agree fairly during various parts of the
day and night cycle. The individual element models will be improved in the future (e.g., moisture in walls,
coarse mesh models for room air, etc.) and new elements will be added.
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7. Nomenclature
CFD & HT: computational fluid dynamics and

U: overall heat transfer coefficient (W m -2 K -1)

heat transfer

t: time (s)

E: element of a system

∆t: time step (s)

T : temperature (oC)

x, y, z: cartesian coordinates

Greek letters:
α : heat transfer coefficient (W m-2 K-1 )

Φ*: guess value of a variable

єmin : minimum accuracy demanded

Φ0: variable value at previous instant

єit : accuracy at current iteration
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Subscripts:
1, 2, ...n: enumeration of the concerned quantity

r : room

amb: ambient temperature

wi: interior wall surface

exp: experimental

wo: exterior wall surface

num: numerical
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EXPERIMENTAL INVESTIGATION OF AN INTEGRATED WIND
INDUCED VENTILATION AND EVAPORATIVE COOLING SYSTEM
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Abstract
Low energy systems such as earth-air tunnels (EAT) and evaporative coolers are effective ways of reducing
the energy demand for building ventilation and cooling. Direct evaporative coolers are effective in regions
of low humidity. Their performance can be enhanced by coupling them to an EAT as pre-coolers. The
reliance on electrical fan power can be reduced by using low pressure evaporative coolers and capturing
wind when available. The paper reports on an experimental system developed to simulate a wind induced
low pressure evaporative cooler, using mains pressure misting nozzles which is open to a 10.1 m2 room with
window opening. A section is included in the duct to simulate the pressure drop in EAT. The system
performance is evaluated for different wind speeds, ambient conditions, and pressure drops. The results show
that significant cooling and ventilation can be achieved with this combination. They also demonstrate that the
prevailing wind velocity can play a major role in inducing air flow in an EAT and hence reducing the
reliance on mechanical fan usage.
1. Introduction
Evaporative coolers provide a viable alternative to refrigeration air-conditioning systems in relatively dry
and hot areas because of their lower installation and energy costs (El-Refaie & Kaseb 2009). Sensible precooling in conjunction with direct evaporative cooling is one way of extending the climatic regions for
evaporative cooling suitability. Earth air tunnels (EAT) make use of the ground as a heat sink and provide
effective pre-cooling of the incoming air without adding any moisture, hence reducing both the dry bulb and
wet bulb temperatures of the outside air . Such combination may result in a significant energy saving
potential (Bansal & Mathur 2009; Heidarinejad et al. 2010). The major energy consuming element in EAT is
a fan. Still EAT can be coupled to a wind tower (wind catcher), and whenever sufficient wind is available the
system works purely in a passive mode as long far as the pressure drop in the whole system is kept low.
Direct evaporative coolers require a significant fan power because of the associated pressure drops in the wet
pads and it is practically difficult to couple them to a wind induced EAT. Misting is a low pressure
alternative for evaporative cooling. In the air-conditioning industry, misting is gaining attention in the
application of outdoor air cooling using misting fans, passive downdraught evaporative cooling, and precooling in air cooled chillers (Ford et al. 1998; Wong & Chong 2010; Yu & Chan 2011). This paper presents
an experimental investigation of wind induced EAT and evaporative cooling using low pressure misting. An
experimental arrangement was developed for a single room building exposed to a wind driven EAT coupled
to spray driven evaporative cooling. The objective of this study is to investigate and quantify the cooling
capability of this combination of passive cooling elements during summer conditions.
2. Experimental arrangement
The layout for the indoor experimental set up is presented in fig. 1. A 3.6 m insulated duct with square cross
section of 0.59 m side length is connected to a room with a floor area of 10.1 m2 (width 2.19 m,
length 4.65 m) and ceiling height of 2.4 m. The duct inlet to the room is positioned at 0.72 m from the floor.
The square window opening with the same area to the duct cross section is located on the opposite wall of
the room and its bottom is positioned at 1.56 m from the floor. The airflow rate is measured at the window
with an Accubalance air capture hood with +/- 2.5 l/s accuracy. 12 T-type thermocouples with an error of +/1 °C were placed in the rig at various locations as shown in fig. 1. Four wire RTD sensors with an error of
+/- 0.1 °C were placed at the mid inlet and outlet opening of the duct, at the mid height of the room and the
center of the window. In total 4 thermocouples and 1 RTD are equally spaced vertically at the duct inlet and
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outlet section and the window at the mid lateral position. The temperature sensors were protected from
possible water drift at the outlet of the duct. Three HIH series relative humidity sensors with accuracy of 3.5
% were used at the duct inlet, outlet and the window near the RTD sensors. A commercial software and data
acquisition system is used to collect the temperature and relative humidity data.
We used a variable speed 300 mm axial fan to produce the dynamic head at the inlet for simulating wind.
The fan is located at 1.1 m from the inlet to the duct. A Diffusion chamber and flow straighter (0.59 m square
cross section) were attached to the axial fan. The inlet air temperature to the duct is controlled by a 15 kW
heater with variable thermostat setting. Care was taken so that the heater fan does not affect the wind
generated by the main stream fan. The space where the duct is located is widely open to the outside so that
the static pressure developed in the space is negligible and resembles that of the atmosphere. The experiment
included three phases: determining the stagnation pressure on the inlet wall for sealed building for
calculation of the wind pressure coefficient, pressure drop test for different profiles to simulate the earth air
tunnel (EAT), and misting evaporation performance tests.
As the experiment is not done in the wind tunnel, it is difficult to evaluate the free stream wind velocity. We
rely on measured stagnation pressure on inlet opening of the duct  for sealed building and the wind
pressure coefficient on the inlet wall is obtained with the help of 3D CFD simulation using FLUENT
considering the boundary layer of the free stream velocity for open tertian. 8 pressure taps were placed on the
closed inlet wall of the duct (fig. 2) and the average pressure  is measured by TT500s micro-manometer
(0.04 Pa accuracy) for different fan speeds.
A pressure drop test was performed by placing different profiles in the duct. Airflow is induced by the
variable speed mixed fan located on the ceiling of the room and the window is sealed. A flow straighter is
located at the inlet to the duct, and the profiles are placed 2.4 m away from the duct inlet. Pressure taps are
located at 10 cm before and after the profiles on each wall of the duct as show in fig. 1. The pressure
differential is measured using a TT500s micro-manometer and the airflow rate through the duct is measured
using the air capture hood.
The following profiles were used to simulate the pressure drop due to friction in EAT pipes

1.
2.
3.
4.

Fly screen (1 mm x 2 mm, 0.15 mm wire thickness)
Single layer perforated steel plate (staggered, 4.5 mm hole, 6.4 mm pitch, 1.2 mm thick)
Single layer perforated steel plate(staggered, 4.5 mm hole, 7.9 mm pitch, 1.6 mm thick) and
Double layer perforated steel plate (similar to type 3)

In the evaporator section, low pressure acetal plastic misting nozzles were used for this experiment. Nozzle
with low flow rate and wide angle were preferred for the experiment. We used a nozzle with 115 degree head
angleand measured the water flow rate of the nozzle in a separate test setup. At 5 bar, which is typical of the
main pressure in Adelaide, Australia. The flow rate of the nozzle was found to be 2.85 l/hr. The location of
the nozzles and the drift protectors in the evaporator section is shown in fig. 1. Two nozzles in parallel gave
good moisture distribution. Hence we used such arrangement for the rest of the experiment. The nozzles
faced the downstream of the airflow so as to minimize the pressure drop due to drag on the airflow. The
nozzles were given a slight upward inclination so that the mist is distributed uniformly in the evaporator
section. The water pressure in the nozzles was controlled by a manual valve. The main problem with misting
application is the possibility of moisture droplets drift to the conditioned space. A number of profiles were
trialed to prevent the carryover . Flyscreen, louver and polyester fabric were used (fig. 3) .
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Fig. 1 : Schematic diagram of the experimental layout

Fig. 2: Pressure taps arrangment on the closed opening at the inlet duct for measurement of wind pressure

Fly screen

Louver

Polyester fabric

Fig. 3: Different carryover preventors investigated in the experiment

3. Test results and discussion
3.1. Wind speed simulation
The wind pressure coefficient (Cp) on the inlet duct with reference to the free stream wind on the building
ceiling height (
2.4 ) is found to be 0.72 for open tertian (roughness n=0.143, (Liddament 1996))
based on FLUENT’s simulation finding. Hence the corresponding wind velocity at 10 m height (the standard
measuring height ( ) for meteorological wind data) is predicted using power law





 



.



 !
$
" #



(1)
Where % is the density of air

Fig. 4 shows the measured stagnation pressures (  & and the corresponding wind speed (U) at 10m.
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Fig. 4: The available wind pressure at the inlet wall and the corresponding wind speed at 10 m height
h

3.2. Pressure drop test for EAT simulation
The resistance coefficient (kk value)
value for each component used is found using regression
ession analyses for the
measured pressure drop and air speed in the range of 0-1.5
0
m/s. Tab. 1 shows the k values for each profile
in the measured airflow rate range.
Tab. 1: k_values for different profiles in the pressure drop section

Type number

description

k_value

Regression R2

1
2
3
4

Fly screen
Single layer perforated steel plate
High pitch Single layer perforated steel
plate
Double layer perforated steel plate

1.3
1.88
5.97
9.46

0.988
0.998
0.998
0.998

A 0.5 m diameter polyethylene pipe is assumed to be used in EAT and the corresponding length which gives
similar pressure drops to the profiles is calculated. It is assumed that besides friction in the pipe, a 900
smooth bend at the inlet and outlet and in every 12 m length is used. Fig. 5 shows the pressure drop in each
profile and in the corresponding equivalent pipe length with respect to the wind velocity in the tunnel. Pipe
lengths of 10 m, 12 m, 60 m, and 100 m can represente the pressure drop of the components used with
average percentage
ercentage error of less than
tha 10% for each types in the duct air speed range 0-1.5
0
m/s as the pipe
friction factor doest not vary significantly in this range.
range

3.3.

Carryover protectors

Fig. 6 shows the pressure drop in the different drift separators considered while the mister is on. The louver
and the fabric with the flyscreen were able to capture the carryover, however the pressure drop in the louver
is too high.. The pressure drop across the louver is over 50% higher than the pressure drop across combined
flyscreen and cloth at a duct air speed of 0.5 m/s. Hence the combined fabric and flyscreen was used as a
carryover protector for the experiment.
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14
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flyscreen

6

Double-layer perforated
steel plate
Single-layer perforated steel
plate (type-3)
Single-layer perforated steel
plate (type-2)
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Presure drop (Pa)
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pipe_60m
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0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5

0

Air speed in the duct (m/s)

Fig. 5 : pressure drop in the profiles and equavalent EAT tube length for different air speeds in the duct
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1.5

Air speed in the duct (m/s)
Figure 6: pressure drop in different drift protectors for different air speed in the duct

3.4. Airflow rate in Earth air tunnel
Fig. 7 shows the airflow rates in different EATs for different wind speeds, and same inlet conditions while
the mister is running. Increasing the length of the EAT from 10 m to 100 m, results in only 34% reduction in
airflow rate for typical wind speed of 3.2 m/s. With reasonably long EATS having large cross section,
significant amount of pre-cooling can be obtained from wind. For EAT of 60m length, airflow rate of 172 l/s
can be obtained with the corresponding wind speed of 3.2 m/s. This translates into 3 air changes per hour for
a 70 m2 building with ceiling height of 3 m.
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Fig. 7: Airflow rate in EATs simulated for different wind speed at 10 m height

3.5. Evaporator
Accounting for the EATs pre-cooling effect, the inlet condition to the evaporator section was set at moderate
temperatures of 29 oC, and 25 oC to characterize the effect of mist evaporation. South Australia is a good
example of a dry and hot summer climate with the annual ground temperature at 2 m depth varying from 1422 oC (Juan & Baggs 2009). Hence a significant pre-cooing in the EATs could be expected from such
locations. Tab. 2 provides the test results for 100 m EAT for different wind speeds. The air temperature
drops by about 10 oC for all wind speeds in the evaporator section. Fig. 8 shows the saturation efficiency of
the misting evaporation and the corresponding cooling load offset based on room comfort temperature of 26
o
C for inlet air temperatures of 29 oC and 25 oC. The effectiveness of the evaporator is high at moderate
flow rates ranging from 140-200 l/s. The average effectiveness of the evaporator for the higher inlet
temperature is 75 % and for inlet temperature of 25 oC, the average effectiveness is found to be 80 %. For a
typical wind speed of 3.2 m/s and pre-cooled air temperature of 29 oC, the cooling load which can be offset is
about 1.4 kW based on the experimental conditions, which is sufficient for 20 m2 building space with design
load of 70 W/m2. In general, the misting evaporation performed better in low flow rates which can easily be
achieved for moderate wind speeds attainable on summer day in most dry and hot regions.
Tab. 2: Evaporation test results of the simulated EAT of 100m for different wind speeds

Wind
speed
(m/s)

Duct inlet
temperature
(oC)

Duct
inlet
RH
(%)

Duct outlet
temperature
(oC)

Temperature
at window
(oC)

Room
Temperature
(oC)

Window
RH (%)

Volume
flow
rate
(l/s)

1.9
2.6
3.2
4.5
5.6
6.2

28.9
29.1
29.0
28.9
28.9
28.7

17.5
18.1
18.4
18.7
19.1
19.2

18.1
17.6
17.7
18.1
18.6
18.8

19.0
19.4
19.6
20.3
20.9
21.2

19.1
19.5
20.0
20.3
21.1
21.7

69.5
68.6
64.3
58.7
55.4
53.7

75.0
108.3
144.0
186.0
222.0
243.3
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Qcooling, inlet temp 25 °C

Sat. efficiency, inlet temp 29 °C

Sat. efficiency, inlet 25 °C
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Fig. 8: The cooling performances of the misting evaporation for different wind speeds using 100m EAT as a pre-cooler

4. Application case study
A 50 m2 school hall in Adelaide is being considered for application of this cooling system. The design load
based on AIRAH (2007) is 96 W/m2, this includes the ventilation load based on minimum outside air
requirement. As EAT provides 100% outside air, the design load should be less than the stated value. For a
well designed building it is estimated to be 50 W/m2 based on comfort temp of 26 oC. Adelaide’s design
summer condition of 37 oC dry bulb and 21.4 oC wet bulb temperature (AIRAH 2007) were used.
Considering a 60 m long, 0.5 m diameter polyethylene pipe buried at 2 m depth with its inlet connected to a
wind catcher. Based on fig. 6, we may have airflow rate of 200 l/s at the buried pipe for the corresponding
wind velocity of 4m/s which is a typical day time wind speed in summer. In summer the average ground
temperature at 2m depth is 19 oC (Juan & Baggs 2009). A sandy-clay soil with thermal conductivity of
1.3 W/m.K and thermal diffusivity of 0.75x10-7 m2/s is assumed for the ground. Using the EAT
mathematical model of Lee & Strand (2006), the outlet pre-cooled air temperature from the EAT is found to
be 25 oC while the wet bulb temperature of the incoming air is reduced to 17.5 oC. The average effectiveness
of the misting evaporation obtained from the experiment for low temperature is 80%. Thus the air
temperature can be further cooled in the evaporator to a temperature of 19 oC. If we assume a thermal
comfort temperature of 26 oC, the overall cooling load removed by the system would be 1.7 kW, which is
about 70% of the design load. If the number of EAT tubes is increased to 2, then the system will remove the
entire cooling load at the design summer conditions
5. Conclusion
The experimental results have demonstrated that significant cooling can be achieved with the integrated
passive system of wind, EAT, and low pressure drop evaporator. Wind can generate sufficient airflows in
long EATs with large cross section and hence the combined system provides significant amount of
ventilation and pre-cooled air. Main pressure low flow rate misters can be used by preventing the carryover
for direct evaporation with better effectiveness even at low to moderate airflow rates. The pressure drop in
the system is very low and it is suitable for naturally driven ventilation. This passive system can be a
substitute to an energy intensive mechanically driven refrigeration air conditioner for summer cooling and
ventilation in locations with relatively dry and hot summers.
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OPTIMIZATION OF FREE COOLING BASED ON WEATHER PREDICTION
Klemen Dovrtel, Sašo Medved
Faculty of Mechanical Engineering, University of Ljubljana, Slovenia

1. Introduction
In current practice of building service systems control, the system operation depends solely on the
instantaneous parameters of the outdoor and indoor conditions. Such operation decreases the efficiency of
the systems and for example in case of free cooling system, decreases the utilization factor of natural
sources. In the paper developed controlling strategy of free cooling systems is presented. The strategy is
based on weather prediction of energy potential of air temperature of following days.
A schematic diagram of a simple free cooling system with heat storage is shown in Figure 2. The system
consists of heat storage, air ducts and a fan with variable flow control. The system takes the outdoor air from
the environment and supplies it through the ducts. The inlet air flow is divided in two streams: one flows into
the building, other into the heat storage. During the summer time the system operates in two regimes: night
time and daytime. In the nighttime regime (Figure 1 – solid line) the system intakes the outdoor air and
divides it into two streams: one for free cooling of the building and the other for cooling the heat storage.
After cooling the heat storage, this stream is drained back to the environment. In the daytime regime total
amount of fresh air flows through heat storage and as precooled air enters into the building (Figure 1 –
dashed line).

Fig. 1: Scheme of fr ee cooling system

The whether forecast parameters are a key element of weather predicted system operation. Weather data
influence on free cooling system operation and thermal response of building – therefore, the available energy
potential for system utilization and also the needed energy for proper system operation are variables affected
by external weather parameters. In case of free cooling system, the available energy for system utilization
and needed energy for system operation is function of outdoor air temperatures and indoor air temperatures.

2. Outdoor and indoor air temperature
The outdoor and indoor air temperatures can be predicted using weather forecast. Weather forecast data can
be obtained from weather information centers, in our case from the Environmental Agency of the Republic
of Slovenia. The weather forecast is based on ALADIN/SI model. The model simulates the weather in a
small bounded area using boundary and initial conditions from the IFS/APRAGE global weather model. The
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model calculates hourly values of temperature, rainfall, solar radiation, relative humidity, wind speed, wind
direction and cloudiness.
The outdoor and indoor air temperature profile was approximated analytically. The weather forecast discreet
hurly values of outdoor air temperature were approximated using discreet Fourier transform and composition
of temperature (signal) using Fourier series. The outdoor air temperature can be written as:
nod

Jod = A0,Jod + 2å éë Ai ,Jod cos ( iwt ) + Bi ,J od sin ( iw t ) ùû

(eq. 1)

i =1

The same way, using discreet Fourier transform, the indoor air temperature profile was approximated. The
prediction of indoor air temperatures can be calculated using Trnsys simulation of uncontrolled building
thermal response to predicted weather forecast data. The indoor air temperature can be therefore
approximated the same way, by composition of temperature (signal) using Fourier series. The indoor air
temperature can thus be written as:
nid

Jid = A0,J id + 2å éë Ai ,Jid cos ( iw t ) + Bi ,Jid sin ( iwt ) ùû

(eq. 2)

i =1

Usually the higher frequencies of composed temperature (signal) can be neglected (depend on weather
conditions). The composition of outdoor temperature is usually sufficiently accurate if we use the
fundamental frequency and the second harmonic frequency only (nod=2). Because of temperature amplitude
damping in building construction, the composition of indoor temperatures can be done accurate enough using
only the fundamental frequency (nid=1).

3. The free cooling system model
The free cooling system consists of three main elements, the ventilator, the inlet flap and the heat storage. A
ventilator with variable flow rate can be controlled in the range of 0 to mmax. The inlet duct flap enables the
variable flow control into the building (in range from 0 to mmax) or into the heat storage (in range from mmax
to 0). The most important element of free cooling ventilation system is a thermal storage. Sensible heat
storage with thermal capacity C was selected. Applying the first law of thermodynamics yields:
C

d Jhs
& p (Jin - Jout )
+ UAhs ,out (Jhs - Jamb ) = mc
dt

(eq. 3)

In case of low temperature gradient inside heat storage, one node heat storage model can be assumed. The
heat storage outlet temperature can thus be simply calculated:

Jout = Jhs (1 - e - NTU ) + Jin e - NTU

(eq. 4)

the eq. 3 can thus be simplified to:
C

d Jhs
& p (Jin - Jhs ) 1 - e - NTU
+ UAhs ,out (Jhs - Jamb ) = mc
dt

(

& p and h =
where: NTU = hpL mc

Nu k f
d

=

)

(eq. 5)

(0, 023Re 4/5 Pr1/3 ) k f
d

Assuming that heat storage ambient temperature Jamb in the eq. 5 equals to building indoor air temperature
Jid (eq. 2), that the heat storage inlet air temperature Jin equals to outdoor air temperature Jod (eq. 1), and
rearranging yields:
dJhs
+ ( k1 + k2 ) Jhs = k1Jod + k2Jid
dt

(eq. 6)
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where: k1 =

& cp
m
C

(1 - e

- NTU

)

and k2 =

UAhs ,out
C

Combining eq. 6, eq. 1 and eq. 2 thus yields:
nod
æ
ö
dJhs
+ ( k1 + k2 ) Jhs = k1 ç A0,J od + 2å éë Ai ,J od cos ( iw t ) + Bi ,J od sin ( iw t ) ùû ÷ +
dt
i =1
è
ø
nid
æ
ö
k2 ç A0,Jid + 2å éë Ai ,Jid cos ( iwt ) + Bi ,Jid sin ( iwt ) ùû ÷
i =1
è
ø

(eq. 7)

Solving the above differential equation for the initial condition yields the heat storage temperature:

Jhs = e

- ( k1 + k2 ) t

Const +

é
nod é
k1
ê k1 A
ê
0,J od + 2å
2
2
ê k1 + k2
ê
i =1 ( k1 + k2 ) + ( iw )
êë
ë

æ ( ( k1 + k2 ) Ai ,J od - iw Bi ,Jod ) cos ( iw t ) + ö ù ù
ç
÷ú ú +
ç ( ( k1 + k2 ) Bi ,J od + iw Ai ,J od ) sin ( iwt ) ÷ ú ú
è
ø û úû

é
nod é
k2
ê k2 A + 2 ê
å
2
2
ê k1 + k2 0,Jid
i =1 ê ( k + k ) + ( iw )
ë 1 2
ëê

æ ( ( k1 + k2 ) Ai ,Jid - iw Bi ,Jid ) cos ( iw t ) + ö ù ù
ç
÷ú ú
ç ( ( k1 + k2 ) Bi ,Jid + iw Ai ,Jid ) sin ( iw t ) ÷ ú ú
è
ø û ûú

(eq. 8)

where: Const = funct (Jhs ( t0 ) )

Combining the above equation with eq. 4 yield the heat storage outlet temperature:
é
ù
ê
ú
ê - k +k t
ú
ê e ( 1 2 ) Const +
ú
ê
ú
ùù ú
êé k
nod é
æ
ö
k
+
k
A
i
w
B
cos
i
w
t
+
(
)
(
)
(
)
i ,J od
k1
ç 1 2 i ,Jod
÷ ú ú + ú 1 - e - NTU + Jin e - NTU
Jout = ê ê 1 A0,J od + 2å ê
2
2
ê
ç
÷ú ú ú
ê ê k1 + k2
i =1 ( k + k ) + ( iw )
è ( ( k1 + k2 ) Bi ,J od + iw Ai ,Jod ) sin ( iw t ) ø û úû ú
ë 1 2
ê êë
êé
ú
nod é
æ ( ( k1 + k2 ) Ai ,Jid - iw Bi ,Jid ) cos ( iw t ) + ö ù ù ú
ê ê k2
k
2
ç
÷ú ú ú
A0,Jid + 2å ê
êê
2
2
÷ú ú ú
i =1 ê ( k1 + k2 ) + ( iw ) ç ( ( k1 + k2 ) Bi ,J id + iw Ai ,J id ) sin ( iw t )
ê ê k1 + k2
è
ø û úû û
ë
ëë
(eq. 9)

(

)

4. Criteria and regime of operation
There are more criteria that can be used to determine the optimal operation of free cooling system; for
instance, the cost of system operation, minimum energy use for auxiliary cooling system, maximal decrease
of auxiliary system cooling power or combinations of multiple criteria are possible. In our case, the
comparison of system operation based on two different criteria was done: 1st, minimal energy use for
additional mechanical cooling and 2nd, minimum ventilator energy use.
The regime of operation a free cooling system is also bounded to the required building thermal comfort level.
Both indoor thermal comfort and indoor air quality requirement criteria have to be met. Therefore the system
should provide the minimum amount of ventilation fresh air to sustain suitable indoor air quality standard,
and additionally, the inlet fresh air temperature should not exceed certain boundary temperature, as required
by the comfort criterion.
The system operation time is divided into two time sections: the nighttime operation time, when the heat
storage is charging with cold, and the daytime operation time, when heat from thermal storage is released to
pre cool the fresh air.
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Daytime operation
Daytime system operation is based on the boundary condition – the minimum required amount of fresh air
of temperatures not exceeding certain inlet temperatures. The daytime regime of operation should therefore
be such, that the fresh air is pre cooled in heat (cold) storage when outdoor temperature exceeds the selected
boundary temperature. When free cooling system operates optimally, the maximum outlet temperature
reaches the selected boundary temperature. Those can be written mathematically:

Jout

( t , m& ) = (tmax , m& min )

dJout
dt

= Jbond

(eq. 10)

=0

(eq. 11)

( t , m& ) = ( tmax , m& min )

Based on the conditions written in eq. 10 and eq. 11, the needed heat storage temperature for daytime
operation can be calculated.

Nighttime oper ation
In the nighttime regime of operation, the heat storage is cooled down from some initial temperature of heat
storage, left from previous day, to the needed heat storage temperature for daytime operation. The needed
heat storage temperature for daytime operation is thus the condition of nighttime regime of operation. The
way the heat storage is cooled down depends on criteria of nighttime operation:

1st: minimal energy use for additional mechanical
The night ventilation system supplies into the building as much cold as possible. The amount of cooling
energy carried by the air can be maximized. This can be written as:
tne

Q=

ò ( m&

max

& ) c p (Jid - Jod ) dt
-m

(eq. 12)

tns

2nd: minimum ventilator energy use
The ventilator for free cooling system consumes electricity, which is proportional to the amount of air
supplied. To minimize the electricity consumption and the expenses, the amount of air to cool down the heat
storage should me minimized. This can be written as:
tne

m=

&
ò mdt

(eq. 13)

tns

& is constant, the solution to the eq. 12 and 13 can be found in
Since the eq. 8 and eq. 9 are valid only when m
such a way, that the nighttime operation duration interval is divided to n equal partial time intervals ∆t=(tns
tne)/n of constant flow. The equation 12 can thus be rewritten:
n é tns + i Dt
ù
& max - m
& i ) c p (Jid - Jod ) ùûdt ú
Q = å ê ò éë ( m
úû
i =1 ê t + ( i -1) Dt
ë ns

(eq. 14)

and in a same way equation 13:
n

& i Dt ]
m = å [m

(eq. 15)

i =1
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The nighttime operation condition is the same for both criterion functions. Using the same principle of
dividing nighttime operation interval to smaller peaces, the nighttime operation condition can be written for
n intervals and expressed in recursive form:

(
, n)

)

& i ; F (J , 0 ) = J
def : F (J , i ) = Jhs F (J , i - 1) , Dt , m

Jhs ,ne = F (Jhs , ns

(eq. 16)

The objective function (solution of eq. 13) is linear function of n variables with one nonlinear equality
constraint (equation 13). The extreme of the above equation with regards to written constrains was found
with Mathematica software using the Interior Point method.

5. Example of system operation
The advantage of weatherpredicted operation of a free cooling system was demonstrated on small building
test cell of volume 100 m3. To achieve the required indoor air quality it is assumed that 0.5 air exchange per
hour (60 kg/h) should be supplied. The maximum fresh air flow rate supplied by system is limited
& max = 5m
& min .
to m
The heat storage thermal capacity was selected based on the free cooling potential and available air flow rate
through the heat storage. In our case the reference heat storage capacity of 160 kJ/K was assumed. The
UAhs,out value of insulation of heat storage was 1,6 W/K. The nighttime operation was divided into five
equal time sections (n=5) of equal duration. The results of optimization are shown on Figure 2 and Figure 3.

Fig. 2: Example of optimal oper ation planning based on minimal ener gy use for additional mechanical cooling cr iter ia
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Fig. 3: Example of optimal oper ation planning based on minimum ventilator ener gy use cr iter ia

It can bee seen that in case of minimal energy use for additional mechanical criteria, the difference between
optimal system operation and constant system operation is 3 to 1 and in case of minimum ventilator energy
use 1,25 to 1. It can be seen that the differences based on the operation regime are quite big. The weather
predicted operation therefore present great potential for system improvements.
6. Nomenclature
A

surface area, m2

Ai, Bi

Fourier series coefficients

C

heat capacity, J/K

t

time, s

m

mass, kg

&
m

mass flow rate, kg/s

cp

specific heat, J/kgK

NTU

number of transfer units, /

Nu

Nusselt number, /
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Pr

Prandtl number, /

p

perimeter, m

L

length, m

d

diameter, m

U

heat transfer coefficient, W/m2K

k

thermal conductivity, W/mK

Greek symbols
J

temperature, °C

w

angular frequency, rd

Subscripts
id

indoor

od

outdoor

hs

heat storage

ne

night end

ns

night start

de

day end

ds

day start

max

maximum

f

fluid
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2.5 Daylighting
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1. Introduction
Using daylight is a gratuitous and maybe the most beneficial and highly valuable way of indoor lighting: it
provides the highest spectral quality and high comfort at the lowest level of energy consumption at the same
time, since it derives from pure renewable energy. Nevertheless, direct collecting of solar energy through
windows is still inadequately applied and keeps huge idle potentials.
The photomontage (Fig. 1) shows the vision: living and working rooms can be equipped with intelligent
systems based on tens of millions of micro mirrors, implemented between the panes of conventional window
glazing. Groups of mirrors can be switched from an open to a closed state, so that segments of the window
can either guide daylight into the room or keep it outside.

Fig 1: A room equipped with an active window system (photomontage)

The person inside the room has a shaded working place, while the window on the left, where no person is
present, guides the light into the room. However, a segment on the right is opened to illuminate the plant.
Any window can be divided into segments of arbitrary size. For this application a typical segment could have
a size of some square decimeters. In addition, for special applications also smaller segments can possibly be
used to implement a simple black and white display or segments forming the shape of a logo etc. These
features can be achieved best with some kind of micro technology – with very small blinding elements,
micro mirrors, offering an (nearly) undisturbed view outside. Besides, the height of the elements is low, so
the system easily fits between the panes of a normal double-glazed window (Viereck et al., 2007, 2009).

2. Principals of miniaturization
MEMS (Micro Electro Mechanical System) technology is a special kind of micro system technology. In this
section we want to motivate the use of this optical MEMS technology for daylighting systems both from a
fundamental and from an application point of view:
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An obvious reason for the classical implementation of micro system technology is the need for really small
solutions, like small grabbers or small pumps. However, it makes sense to miniaturize not only when it is
useful or necessary for size reasons, but also when beneficial properties of miniaturized systems can be
exploited. These can be their considerably enhanced mechanical stability, increased resonance frequencies,
increased lifetime and increased efficiency of actuating forces in direct comparison to those forces causing
material fatigue.
Normally a macroscopic movable mirror needs a complex drive mechanism, like an electric motor to be
moved. Such a system is subject to material fatigue. Its movement speed is limited to small frequencies.
Micro mirrors, however, can be resonantly driven in the kilohertz range with very high mechanical stability,
because the inertia force, which is mainly responsible for material fatigue, scales in the order of a power of
four when miniaturizing a system. In contrast, the electrostatic force scales much weaker with size. In case of
an ideal plate capacitor with fixed voltage the electrostatic force is independent of its size. As a result,
electrostatic forces can be used very efficiently for actuating microstructures. For these reasons we decided
to use electrostatically actuable micromirror arrays for light steering applications. The diagram in Fig. 2
shows the change of significance and scaling behavior of fundamental forces when going from macroscopic
to microscopic domains. Especially inertial forces lose their impact in microscopic dimensions.

Fig. 2: relative significance of some fundamental forces in the macro- and in the micro-world.

From an application point of view these fundamentals mean that such daylighting systems based on MEMS
technology have much smaller material fatigue and an enhanced mechanical stability compared to
macroscopic solutions (Hillmer et al., 2003). Due to their size, the mirrors are maintenance free for their
whole lifetime. They can be opened and closed within milliseconds, compared to some ten seconds in the
case of conventional blinds. The mirrors can be moved by applying a voltage from an opened to a closed
state. Their power consumption is extremely low: in an ideal case, the mirrors just need some power when
they are actuated and no power in their static position. In reality, there are small leakage currents.

3. Working principle
The technological implementation uses common methods of microsystem technologies. In principle, there
are three basic fabrication steps (see Fig. 3): a) thin film deposition of the layer system, b) micro-structuring
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of the layers, forming the mirror shapes and the grid by means of photolithography, c) a release of the
mirrors using a self assembling step, making the mirrors upstanding without any voltage applied. This is
possible by a special kind of thin film stress engineering in combination with a so called sacrificial layer
technology.

Fig 3: Basic fabrication steps of the micro mirror arrays

All fabrication steps have been chosen very carefully with special respect to i) being low cost and ii) to
enable scaling onto large areas. Thus, especially thin single metal layers and dielectrics have been chosen
instead of expensive semiconductor materials. Using just a simple grid instead of implementing thin film
transistor technologies and separating the control unit from the array enables later upscaling at reasonable
cost.
Fig. 4 shows two micro mirror elements on a substrate with their vital components. The basic substrate
material is a standard float glass pane. It is covered in total both with a transparent electrode layer and an
insulating layer. Each single mirror element consists of an anchor area. With this anchors the mirrors are
fixed to the substrate material. The mirrors themselves are flat and free standing. A hinge area between the
mirrors and the anchors makes every mirror movable. The position shown in Fig. 4 is the open position
without any electric voltage applied. By applying a voltage between the transparent electrode layer and the
metal layer, forming the mirrors and the grid, the mirrors can all be moved simultaneously (or optionally in
groups of mirrors) to an aligned in-plane position (q.v. Fig. 5, right image).

Fig 4: Cross Section of a micro mirror element with its vital components

Theoretical model calculations result in a usable angular range from nearly 90° out of plane up to about 45°.
In this range the mirrors can be set to any angle by varying the applied voltage. Below this angle of 45° there
is no stable equilibrium state between the electrostatic actuation force and the mirrors restoring force. Fig. 5
shows the visualization of an FEM simulation. The mirror on the left picture is at the critical angle (left).
The mirror on the right, actuated with a slightly higher voltage, is lying down on the substrate.
However, it is obvious that for the daylight guiding functionalities the angular range between 90° and 45° is
sufficient. For the blinding functionality the 0° position is necessary. The angular range between 0° and 45°
is not important from an application point of view.
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Fig 5: Theoretical model calculations by FEM showing the instable situation at the critical angle

4. Life Cycle Assessment
In a life cycle assessment (LCA) the micro mirror system is compared with an optimized conventional slat
blind system. Both sunblind systems are integrated in a frameless window, covering the width of an office
room (3,50 m * depth 5,00 m). The slat blind ("Genius"-profile, designed at Fraunhofer ISE, manufactured
by Warema, Marktheidenfeld) is placed between a conventional double glazing and an additional uncoated
outer pane as a weather shield. The LCA focuses on primary energy input (PEI) and greenhouse warming
potential (GWP). Toxicity is considered qualitatively.

Processing and manufacturing
Environmental impacts, associated with processing and manufacturing of the shading systems are assessed
with the help of LCA software tools (Frischknecht et al., 2004; Fritsche et al., 2007). Regarding primary
energy input as well as greenhouse gases, the micro mirror system shows significant advantages, compared
to the slat blind system (see Fig. 6). The main impacts are based on electric power requirements, materials
are secondary due to the small quantities used. Solely chemicals like photoresists and acids for immersion
bathes are causing noteworthy amounts of primary energy or greenhouse gases. No toxic substances were
identified.
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Fig 6: Environmental impacts (PEI, GWP) of processing and manufacturing
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Utilization phase
For the utilization phase the two systems are examined considering their main operation purposes:
•

Shading / heat protection (and with it the reduction of cooling load)

•

Daylight guidance (and with it the reduced need of artificial light).

The period under consideration is the summer time from June, 21 to September, 21 over an assumed life time
of 25 years.

Analysis of heat introduction
In a first step the quantity of introduced heat, transmitted through the window as solar radiation energy and
due to secondary heat introduction is analysed. This amount is completely assumed as cooling load, thus as
demand of electricity for air conditioning.
The HDKR model is taken for modelling solar radiation on tilted areas (Duffie, Beckman, 2006). Hourly
data for global horizontal and diffuse radiation in Kassel are extracted with Meteonorm software
(Meteonorm, 1997). Fractions of radiation transmittance through the window are determined with Fresnel's
and Bouguer's equations (Duffie, Beckman, 2006), the secondary heat introduction qi with a safe estimation
of the Stefan-Boltzmann equation (Schmid, 1995).
Systems configurations are chosen as follows: in the lower third of the micro mirror system the mirrors are
opened at 80° out of plane, the rest is closed (0°) for heat protection. The slats of the (electromotive
adjustable) macrosystem are tilted 30° to the horizontal.
The whole solar irradiation on the outer window surface over the summer period is 1,417 kWh. The heat
introduced through the window with the Genius slat blinds is reduced to 167 kWh – about half of that of the
micro mirror system with 300 kWh. One reason is the third pane as a weather shield, reducing not only the
heat but also the illumination level.

Analysis of illumination
regular window

active window

summer

winter

Fig. 7 Simulation of rooms equipped with regular windows, compared to rooms equipped with active windows (S. V. Araujo)

Illumination is simulated with Radiance (Lawrence Berkeley National Laboratory, 2008). For the calculation
of incoming daylight, gensky is taken, which produces a Radiance scene description for the CIE Standard
Sky distribution. In these simulations the micro mirrors are assumed as continuous segments over the entire
width of the window, the flexible part is implemented as an ideal joint. Apart from that, dimensions and gaps
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conform to the real mirrors. In Fig.7, the daylight distribution with both systems in summer and winter is
visualized.
The following figure exemplarily shows the illumination level from the incoming daylight for both systems
on September, 21 at three room areas. When the incoming daylight falls short of a luminance of 500 lux, the
corresponding room area is complementary illuminated with dimmable artificial light.
With the chosen configurations the advantages of daylight illumination with the micro mirror system are
quite evident: only 132 kWh electricity is required for additional lighting over the entire summer period,
compared to 255 kWh with the Genius slat blind system. Additional savings could be realised with an
adapted control for the setting angle of the micro mirrors, since for long periods the simulated illumination of
the back area is much higher than the set-point value. This would mean lower heat introduction.
Micro mirror system (September, 21)

Genius slat blind system (September, 21)
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350
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0
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Time of day (CEST)
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11:48

14:12

16:36

Time of day (CEST)

Fig. 8: Illuminance with micro mirror- and slat blind system at three room areas on September, 21

End of life, recycling
Recycling the thin-layer materials does not seem reasonable from today's view due to the small quantities
used, but for the future, active windows could be de-coated in special facilities, similarly projected for thinfilm PV modules. For the slat blind system, metals are considered as scrap metal fraction in the processing
phase. For both systems, credits for the recycled window panes and plastics are allocated with the energy
required during the recycling process.
Results in impact categories
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[kWh], [kg CO2-eqv.]

18000
(recycling)

16000

utilization \ cooling energy demand
14000
utilization \ actuation energy demand
12000
utilization \ artificial light demand
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manufacturing + processing

8000
6000
4000
2000
0
PEI micro mirrors

PEI slat blinds

GWP micro mirrors

GWP slat blinds

Fig. 9: Environmental impacts (PEI, GWP) of both shading systems over processing and manufacturing and a useful life of 25
years (summer periods)
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In total, the micro mirror system requires approx. 4,700 kWh less primary energy, compared to the slat blind
system. Indeed, the cooling energy demand in this constellation is 80 percent higher, but this is more than
compensated by the lower energy demand for the lighting. Besides, nearly 1,200 kg CO2-equivalent
emissions are avoided (see Fig. 9).

5. Laboratory scale demonstration
Currently the active windows exist as a laboratory demonstrator with a size of 10 cm x 10 cm. However, that
means about 100,000 micro mirrors upon this area. In the following section such arrays are illustrated. Fig.
10 shows a module with the opened micro mirrors, offering a view through the array on an illuminated logo
in some distance behind the module. It can be seen that the vision through the module is nearly undisturbed,
even though more than a third of the module is not transparent in the open state (q.v. Fig. 11). In the closed
state the module becomes totally reflecting (q.v. right image of Fig 13). Fig.11 is a microscope image of
opened mirrors from a top view. The bright stripes are the mirror anchors, the dark stripes are the opened
mirror plates, which can be seen almost directly from above. The grey area in between is the transparent
area, the glass itself. Fig. 12 is a SEM micrograph of opened mirrors, providing a side view on the mirrors
edges.

Fig. 10: Micro mirror array – module with a size of 10cm x 10cm

Fig. 11: microscope image of opened mirrors from a top view
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Fig. 12: SEM micrograph of opened mirrors

5. Actuation
The mirrors change their state from transparent to reflective when an electric voltage is applied. Typical
values for the voltage are 80 V, best values are below 40 V, depending on the mirror’s design. In Fig. 13
(left) a module in its transparent state is shown, with a logo placed directly behind the module. For the
module is illuminated with very bright light from the front, the optical impression is worse than in Fig. 10
and some artefacts can be seen.
The right image of Fig. 13 shows the module with a voltage of 80 V applied. It can be seen that the module’s
borders do not work properly. This is caused by the laboratory fabrication technology and no basic
technological problem. However, the reflection of the center area can be seen by a part of the photographer’s
hand being reflected in the right part of the module. The mirrors are covering more than 95 % of the
substrate area, so a high reflectance and low transmission in the closed state provide not only daylighting but
also suitable glare protection.

Fig. 13: Electrostatic actuation of the micro mirrors: a module with micro mirrors in their open state, without any voltage
applied (left) and in their closed state with a voltage of 80 V applied (right)
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6. Conclusion
Micro mirror arrays for future daylighting applications have been developed on laboratory scales, based on
MEMS technologies with a size of 10 cm x 10 cm. The developed fabrication process is designed to be
scalable upon large areas, even though the upscaling is still the most challenging task to be done.
The modules consist of about 100,000 individual micro mirrors, which can be moved in groups from an open
out-of-plane position to a reflective in-plane position by applying a voltage of some tens of volts. Fabrication
and actuation have been successfully demonstrated.
A life cycle assessment, comparing “active windows”, based on such micro mirror arrays, with a
conventional slat blind system, showed significant advantages due to lower environmental impacts during
processing and manufacturing and a higher energy saving potential in their utilization phase..
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Abstract
The aim of this work is to analyze the impact of adding solar shading devices on the lighting and total energy
consumption of office rooms. This analysis was done for the climate of Sao Carlos, a city located in the state
of Sao Paulo, in Brazil. Distinct combinations of solar shading, window and room dimensions for each
façade orientation were simulated using two complementary programs: Troplux, for the lighting simulation
and EnergyPlus, for the thermal/energy simulation. The results show that the total energy consumption
always decreases due to added shading. The results are discussed in terms of the most effective solutions to
reduce the energy consumption without creating much impact on the natural light availability.
1. Introduction
Solar radiation achieves high intensity in Brazil, due to its low latitudes. Windows then are a vulnerable
surface of the buildings located in this country, due to the highest impact of solar gains on the cooling energy
consumption and comfort. Commercial buildings are normally the most likely to suffer from the negative
influence of windows solar gains, as their window/wall ratio is generally high. This is added to the fact that
usually their occupancy occurs during the warmer periods of the day, their internal gains are high and they
use air-conditioning full time. In a study that created prototypes based on surveyed data of what is commonly
built in Brazil (Carlo and Lamberts, 2008), a prototype of a Brazilian office building corresponds to a
building with bronze glasses and no external shading. It is well known in the literature that locating an
external shading device on a window does not necessarily reduce the amount of natural light entering a room
(Lechner, 2009). This is true if some design considerations are taken into account, like avoiding glare and
diffusing and distributing the light over the room. In order to improve the daylighting level and its
distribution, some parameters have to be observed, like the room length, the window dimensions and
position, the type of glass, the surfaces color, the type of shading device, etc.
External solar shading devices can have a range of geometries, colors and be made of several materials. It is
important, though, to analyze the performance of these important architectural elements both from the
thermal and lighting point of view. The combined influence of other aspects, like room dimensions, window
position and dimensions, among others, also need to be taken into consideration.
2. Objective
The aim of this work is to analyze the impact of adding solar shading devices on the lighting and total energy
consumption of office rooms. This analysis was done for the climate of Sao Carlos, a city located in the state
of Sao Paulo, in Brazil.
3. Methodology
3.1 Computational simulations with TropLux and EnergyPlus
The methodology is based on computational simulations using two complementary programs: Troplux
(Cabús, 2006), for the lighting simulation and EnergyPlus (Department of Energy, 2010), for the
thermal/energy simulation.
Distinct office room geometries were considered in the simulations. Each combination of them was first
simulated through Troplux. The result was the lighting level at various points along the room, located on the
work plan (height of 0.75 m). These data were given for one representative day of each month, from sunrise
to sunset.
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The Troplux outputs indicated when and where complementary artificial light was required for each model.
With this information, a schedule indicating the artificial lighting level (W) for every hour of a representative
day of each month was created. This was done for the all EnergyPlus input files. The next step was to run EP
for all cases and to obtain their energy consumption.
3.2 Room geometries
The simulations were performed for office rooms, considered as monozone models in EnergyPlus. These
rooms had four vertical walls, where only one of them was external and had a window. The other ones, plus
the ceiling and the floor, were considered as adiabatic, which means that there was no heat flow through
them.
The five geometries analyzed are presented on Table 1. Each one corresponds to a distinct combination of
room depth and window size. According to the bibliography, both of these parameters influence the
availability of natural light alongside the room. The room depth is characterized by the depth factor (A), and
the window size, by the window/floor area (B).

(eq. 1)
Where:
A: depth factor

(eq. 2)
Only the window area 0.80m above the floor is considered.
Tab. 1: Geometries analyzed

Characteristics
A

Geometry

depth
factor

B

1
5m

A

Geometry

window/

depth

floor

factor

area

1m
1.6m

Characteristics

33%

1.8m
0.8m
5m

3m

Geometry 1

B
window/
floor
area

1

60%

4

9.6%

3m

Geometry 4

2m

1m

0.6m

1.1
5m

60%

(1)

10.4m

5m

3m

Geometry 2

Geometry 5

1.3m
0.5m
0.8m

1.1
5m

1.6m

16.7%

3m

Geometry 3
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3.3 Solar shading devices
Each geometry was simulated both with and without external solar shading and various window orientations
were considered in the research. Table 2 presents all solar shading and orientations run for each geometry.
Orientations south and southeast were not considered because they did not need a protection, according to
the method used.
Tab. 2: External solar shading and orientations considered for each geometry

Geometry

Orientation and external solar shading
North (0°): horizontal and mixed (horizontal + vertical)
Northeast (45°): two horizontal models

Geometry 1

East (90°): horizontal
Southwest (225°): horizontal and mixed (horizontal + vertical)
West (270°): horizontal
Northwest (315°): horizontal and mixed (horizontal + vertical)
North (0°): horizontal

Geometry 2

West (270°): horizontal

Geometry 3

North (0°): horizontal

Geometry 4

North (0°): horizontal
North (0°): horizontal

Geometry 5

West (270°): horizontal

The method chosen to design the external solar shading devices was an adaptation of the one proposed in the
Brazilian Thermal Regulation for dwellings (INMETRO, 2010). This is the unique available method in the
Regulations. First of all, it is necessary to have the sun chart for the latitude to be studied. In this case, the
studied city was Sao Carlos, located in the state of Sao Paulo, Brazil, at 22°South latitude (Figure 1).
Brazil

São Carlos
(22° S latitude)
Fig. 1: São Carlos location in Brazil
Then, the period when solar shading is needed has to be defined in the solar chart (Figure 2). It is defined
considering both the typical hourly mean air temperature for each month and the intensity of solar radiation.
There are distinct criteria for small and large openings, and for this work, the instructions for large windows
were considered. These criteria were, however, adapted in order to better fit office buildings and as a
consequence result in larger shading devices. Figure 2a also shows, as a result, the periods that solar shading
is needed, highlighted in blue. The solar shading devices were then designed for each orientation. The result
was a shading mask that covered the blue area shown on Figure 2a. Their resulting geometries are shown on
Table 3.

2452

(a)

(b)

Fig. 2: Sun charts for São Carlos, Brazil (obtained from Roriz and Roriz, 2009). The period when solar shading is needed is
highlighted in blue (only in Fig. 2a).

frontal: 15°
right.: 0°
left.: 30°

Geometry

Shading
angles (1)

Orientation and Solar
shading device

frontal: 15°
right.: 10°
left: 10°
north / mixed

frontal: 40°
right: 10°
left: 10°

Geometry 1

Geometry 1

north / horizontal

frontal: 20°
right.: 10°
left: 20°
northeast / horizontal 2

frontal: 40°
right: 10°
left: 10°
east / horizontal

(1)

Geometry 1

Geometry 1

notheast / horizontal 1

Right

Left

frontal: 20°
right: 30°
left: 0°
southwest / horizontal

Shading angles:

Horizontal shading devices angles:

Frontal

Shading
angles(1)

Geometry 1

Orientation and Solar
shading device

Geometry 1

Geometry

Tab. 3: External solar shading devices

Mixed shading devices angles:

Frontal

Left

Right
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frontal: 20°
right.: 10°
left: 10°

Geometry

Shading
angles (1)

Orientation and Solar
shading device

frontal: 40°
right: 15°
left: 10°
west / horizontal

frontal: 40°
right: 10°
left: 20°

Geometry 1

Geometry 1

southwest / mixed

frontal: 20°
right: 15°
left: 40°
northwest / mixed

frontal: 15°
right: 0°
left: 30°

Geometry 2

Geometry 2

nothwest / horizontal

frontal: 40°
right: 15°
left: 10°
west / horizontal

frontal: 15°
right: 0°
left: 30°

Geometry 4

Geometry 3

north / horizontal

frontal: 45°
right: 0°
left: 0°
north / lighshelf

frontal: 15°
right: 0°
left: 30°
north / horizontal

(1)

Geometry 5

Geometry 5

north / horizontal
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Right

Left

frontal: 40°
right: 15°
left: 10°
west / horizontal

Shading angles:

Horizontal shading devices angles:

Frontal

Shading
angles(1)

Geometry 1

Orientation and Solar
shading device

Geometry 1

Geometry

Tab. 3: External solar shading devices (continuation)

Mixed shading devices angles:

Frontal

Left

Right

3.4 Artificial lighting
The minimum lighting level for office tasks, according to the current Brazilian Norm is equal to 500 lux. The
artificial lighting system was an energy efficient one. It was designed in a way that complementary lighting
was automatically turned on only when and where natural light was not enough.
3.5 Other input data
The first simulations were conducted with the Troplux program. Its database contained the climatological
data from the city analyzed (Sao Carlos), obtained from the climate normals. The surfaces solar reflectivity
were defined as the following: shading device (0.5), ceiling (0.7), walls (0.5) and floor (0.3).
The second step was to perform the simulations using the EnergyPlus program. For all geometries, internal
gains due to people and equipment were equal to 24.5 W/m2. Internal gains due to complementary artificial
lighting varied as a function of natural light availability in various points of the room and during various
periods of the year. The occupancy occurred during weekdays, from 8:00 to 18:00 hrs. Heating and cooling
set points were, respectively, 18°C and 24°C. The infiltration air rate is equal to 0.8 air changes per hour,
during 24 hours. There was heat flux only through the windows and external walls, as the other surfaces were
considered to be adiabatic. Windows were made of clear glass (3 mm of thickness) and external walls, of
concrete blocks (total thickness equal to 41 cm). The external solar absorption coefficient of the walls is
0.35.
4. Results
In all studied cases, heating energy consumption was negligible and therefore is not presented. This result
was expected, as this is an office room, only used during the day. Total energy consumption always
corresponds to artificial lighting plus cooling consumption.

4.1 Results for the north orientation
Table 4 shows the results for the north orientated window. The first room has good dimensions for natural
lighting use (A equal to 1.1). Its window area, equal to 33% of the floor area, is higher than the suggested in
the literature (15%). When there is no shading, complementary artificial lighting is necessary only in the end
of the day (in some months, in the whole room and in others, only in the back). Due to this, its lighting
consumption is very low (3.7% of the total). Adding a horizontal shading device, designed according to the
Brazilian Energy Standard, increases the lighting consumption by 14.2%: now, the lamps have to be turned
on during the whole year and in the whole room, but still only in the end of the day. The lighting
consumption is still very low (4.2 % of the total). On the other hand, the cooling consumption is reduced by
23.3 %, and the total energy consumption has also a decrease of 22.3%. A horizontal plus vertical shading
device is a bit more efficient: the hours and places where complementary lighting is necessary remain the
same and the positive impact on the cooling consumption is a little higher. The consequence is that the total
energy consumption is reduced by 27.1 %.
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Tab. 4: Results for the north oriented windows

North orientation
Cooling 2

Energy consumption
increase 3

Part of the total

Energy consumption
(kWh/m²)

Energy consumption
decrease3

Part of the total

Energy consumption
(kWh/m²)

Energy consumption
decrease 3

Total 3

Energy consumption
(kWh/m²)

Artificial lighting

Absent

3.7

---

2.7%

132.7

---

97.3%

136.4

---

Horizontal

4.2

14.2%

3.9%

101.7

23.3%

96.0%

105.9

22.3%

Mixed

4.2

14.2%

4.2%

95.3

28.2%

95.8%

99.5

27.1%

A: 1.1

Absent

3.7

---

1.8%

195.2

---

98.2%

198.8

---

B: 60%

Horizontal

4.9

33.3%

3.2%

147.4

24.8%

96.8%

152.3

23.4%

A: 1.1

Absent

3.7

---

3.8%

92.5

---

96.2%

96.1

---

B: 16.7%

Horizontal

3.7

0.0%

4.5%

77.0

16.7%

95.5%

80.7

16.0%

A: 1.1

Absent

3.7

---

1.9%

184.2

---

98.0%

187.9

---

B: 60%

Lighshelf

4.9

32.8%

4.3%

108.5

41.1%

95.7%

113.3

39.7%

A: 4

Absent

21.8

---

17.6%

101.6

---

82.3%

123.4

---

B: 9.6%

Horizontal

23.0

5.5%

20.0%

91.9

9.6%

80.0%

114.9

6.9%

Room and
window
sizes1

A: 1.1
B: 33%

Ext.
shading
device

The second room has the same size, but a larger window. Its area is twice as large as the one before
(window/floor area, B, does not increase in the same proportion because only the window area 0.80 m above
the floor is considered for this calculation). The positive impact of using a horizontal shading device with the
same shading mask as before is very similar: reduction of 23.4 % on the total energy consumption. But this
option does not actually give any advantage, as the cooling and total energy consumption is much higher. For
example, for the case with horizontal shading, its total consumption is 43.8 % higher than the room above.
The third combination presented on Table 4 corresponds to the same room, but with the lowest window/floor
area considered in the simulations (equal to 16.7%). This solution proved to be the most efficient: the
complementary artificial lighting is still necessary only in the end of the day and its total energy consumption
is 24% lower than the one of the first room, considering both with horizontal devices that correspond to the
same shading mask. This case has shown the smallest benefit of shading the windows (16%), as solar gains
were already low for the case without solar shading devices.
The impact of using a lighshelf in this type of room is presented in the fourth case of the Table 4. In this case,
there is a small upper window without shading (B= 13.3%). The window below, with a window per floor
area equal to 60 %, has horizontal shading like a veranda, which is a traditional element in Brazilian
architecture. Its shading mask is bigger than the one adopted before. As a result, this veranda has a positive
impact on the cooling consumption of the room, if compared to the case without shading: the reduction is
equal to 41.1%, the highest achieved in the situations analyzed. On the other hand, due to the size of the
window, even when it has the veranda, the total energy consumption (113.3 kWh/m²) is on the same level as
that of the room with 33% of window/floor area and horizontal shading (105.9 kWh/m²).

1

A: depth factor. Room depth/height of superior part of the window.
B: window/floor area (%). For lighting purposes, only the window area 0.80m above the floor is considered.
2
Heating consumption was so low that it could be disregard. Total energy consumption is equal to lighting
plus cooling consumption.
3
Energy consumptin increase or decrease: always related to the case without shading device.
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Finally, a deep room was considered (A=4). Besides being a room with poor natural lighting conditions
according to the literature, its window/floor area is also lower than the recommended value: 9.6%. As a
result, complementary artificial lighting is needed during the whole day. The lighting consumption is higher
than the cases presented before. On the other hand, due to the small window, the cooling consumption is the
lowest found in the simulations. But even in this case, the contribution of the cooling on the total
consumption is much higher than the lighting: 82.3% of the total, for the case without shading. The use of a
shading device does not produce much impact on the lighting and cooling consumption (5.5% of increase
and 6.9% of decrease, respectively). But even in this situation the total energy consumption is reduced by
6.9% due to the use of a shading device. The total energy consumption of this room (with a horizontal
shading device) is equal to 114.9 kWh/m². This consumption is comparable to the ones found for the first
and fourth cases (both with horizontal shading devices).
The following can be concluded after analyzing the above results, for the north orientation:
•

For no deep rooms (the studied room had A=1.1):
o

there was not much difference between the natural light availability for the various
window/floor areas studied, even when they had shading devices

o

On the other hand, the impact of the window size on the total energy consumption
was very high. The minimum window/floor area considered was 15%, and it was the
most efficient option.

o

Shading devices also had a positive impact. The larger the shading mask, the lower
the energy consumption. This impact was higher when the windows were bigger.

o

Bigger windows need larger shading masks. But the biggest impact on the total
energy consumption is the use of a smaller window.

• Deep rooms with small windows (the studied room had A=4 and B=9.6%) need to complement the
natural lighting many hours during the year. Nevertheless, they can consume little energy, due the energy
efficient solution adopted for the complementary artificial lighting. On the other hand, this type of
solution is not advisable, due to the benefits of the natural light.

4.2 Results for the west, southwest, northeast, northwest and east orientations
Table 5 presents the results for the west orientation. The first room (A=1.1 and B=33%) has a higher lighting
consumption than the cases with the north orientation. The complementary lighting is necessary in longer
periods in the end of the day. Adding a horizontal shading device increases the lighting consumption and
decreases the cooling (91.5%, against 31.2%, respectively). The overall reduction on the energy consumption
is equal to 26.8%. The second situation corresponds to the same room with a larger window. In this case, the
energy consumption is also superior. The positive impact of the horizontal shading device (with the same
shading mask as before) is higher, equal to 33.2%. But the total energy consumption is 23% higher than the
case with a smaller window (both with horizontal shading). The third case is the deep room (A=4) with a
small window (B=9.6%). The lighting consumption is much higher, as it was expected. The low impact of
the shading device on the cooling and the total energy consumption was also expected (6.4% and 1.9%
respectively). The total energy consumption is very low and comparable to the one for the case with twice
the window size and area three and half times lower (both cases with horizontal shading devices).
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Tab. 5: Results for the west oriented windows

West orientation

Horizontal

7.7

A: 1.1

Absent

4.3

B: 60%

Horizontal

10.8

A: 4

Absent

23.3

B: 9.6%

Horizontal

27.1

91.5%
148.6%
16.2%

108.6

9.3%

74.7

2.7%

155.2

10.1%

95.8

19.8%

94.6

23.5%

88.5

31.1%
38.3%
6.4%

Energy consumption
decrease

B: 33%

3.5%

Energy consumption
(kWh/m²)

4.0

Total
Part of the total

Absent

Energy consumption
decrease

A: 1.1

Energy consumption
(kWh/m²)

Ext.
shading
device

Cooling

Part of the total

Room
and
window
sizes

Energy consumption
increase

Energy consumption
(kWh/m²)

Artificial lighting

96.4%

112.6

90.7%

82.4

97.3%

159.6

89.9%

106.6

80.2%

117.9

76.5%

115.6

26.8%
33.2%
1.9%

The southwest orientated room is presented on the Table 6. The results show that both the horizontal and the
mixed (horizontal plus vertical) shading devices do not present an impact on the cooling consumption as it
was observed before. The reduction is only 14.6% and 18.8%, respectively. There is also not much
difference between (13.2% reduction on the total energy consumption for the horizontal one against 16.8%
for the mixed one).

Tab. 6: Results for the southwest oriented windows

Southwest orientation
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4.9

Mixed

5.2

6.1%

75.2

25.5%

6.8%

71.5

Energy consumption
decrease

16.8%

Energy consumption
decrease

88.0

Energy consumption
(kWh/m²)

Horizontal

4.5%

Total
Part of the total

4.2

Energy consumption
(kWh/m²)

B: 33%

Absent

Cooling

Part of the total

A: 1.1

Ext.
shading
device

Energy consumption
increase

Room
and
window
sizes

Energy consumption
(kWh/m²)

Artificial lighting

95.5%

92.2

14.6%

93.9%

80.0

13.2%

18.8%

93.2%

76.8

16.8%

Results for northeast orientation are shown on Table 7. The same room and the same window size were
considered in three situations: without shading, with shading mask according to the Brazilian Thermal
Regulation (horizontal 1, angle of 40°) and with smaller shading mask (horizontal 2, angle of 20°). The
biggest impact was due to the largest shading, with no negative impact on the lighting level (reduction of
39.8%). The room with the smallest shading device consumes 24% more energy than the other one.

Tab. 7: Results for the northeast oriented windows

Northeast orientation

5.9

Horizontal 2

4.2

6.6%

83.4

9.4%

3.8%

106.6

Energy consumption
decrease

55.2%

Energy consumption
decrease

144.5

Energy consumption
(kWh/m²)

Horizontal 1

2.6%

Total
Part of the total

3.8

Energy consumption
(kWh/m²)

B: 33%

Absent

Cooling

Part of the total

A: 1.1

Ext.
shading
device

Energy consumption
increase

Room
and
window
sizes

Energy consumption
(kWh/m²)

Artificial lighting

97.4%

148.3

42.3%

93.4%

89.3

39.8%

26.2%

96.2%

110.8

25.3%

Table 8 presents the results for the northwest orientated windows. The impact of using a shading device on
reducing the total energy consumption is significant. There is also a considerable increase in the lighting
energy consumption, but this type of behavior does not alter the final results, as lighting consumption
corresponds to a small part of the total. On the other hand, there is not much difference between the impact
of the horizontal and the mixed (horizontal plus vertical) shading devices (34.7% against 36.5% reduction on
the total energy consumption, respectively).

Tab. 8: Results for the northwest oriented windows

Northwest orientation

7.8

Mixed

7.3

9.3%

76.3

75.7%

8.9%

74.5

Energy consumption
decrease

88.5%

Energy consumption
decrease

124.7

Energy consumption
(kWh/m²)

Horizontal 1

3.2%

Total
Part of the total

4.2

Energy consumption
(kWh/m²)

B: 33%

Absent

Cooling

Part of the total

A: 1.1

Ext.
shading
device

Energy consumption
increase

Room
and
window
sizes

Energy consumption
(kWh/m²)

Artificial lighting

96.8%

128.8

38.8%

90.7%

84.1

34.7%

40.3%

91.1%

81.8

36.5%
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Finally, results for the east orientated windows are shown on Table 9. Once more, the positive impact of a
shading device on the energy consumption is observed. In this case, the reduction is 32.8%.

Tab. 9: Results for the east oriented windows

East orientation

Horizontal

6.1

59.7%

130.1

6.8%

83.9

35.5%

97.1%

133.9

93.2%

90.0

Energy consumption
decrease

B: 33%

2.8%

Energy consumption
(kWh/m²)

3.8

Total
Part of the total

Absent

Energy consumption
decrease

A: 1.1

Energy consumption
(kWh/m²)

Ext.
shading
device

Cooling

Part of the total

Room
and
window
sizes

Energy consumption
increase

Energy consumption
(kWh/m²)

Artificial lighting

32.8%

5. Conclusions
The heating energy consumption was so low that it could be disregarded in all studied cases. The results
show that the adoption of a shading device decreases the cooling energy consumption. On the other hand, the
lighting consumption always increases for the rooms with shaded windows. But as this increase is
comparatively very small, the total energy consumption always decreases due to added shading. According
to the cases considered in this study, the following could be concluded, for each orientation:
• North. In this orientation, the use of shading (horizontal or mixed) presented one of the lowest
impacts on the lighting level. The reduction of the window size had also the same effect. On the other
hand, the impact of the window size on the total energy consumption was very high. Small windows are
recommended (15% of the floor area), in order to reduce the thermal load. Deep rooms are also not
advisable, even when they have energy efficient lighting systems, due to the need to complement the
natural lighting many hours during the year.
• West. The use of horizontal shading presented a higher impact on the lighting level increase than the
North orientation. Nevertheless, its impact on decreasing the cooling and consequently the total energy
consumption was very high. Small windows and no deep rooms are also advisable.
• Southeast. In this orientation, the impact of adopting shading devices (horizontal or mixed) on the
reduction of the total energy consumption is the lowest found in the simulations.
• Northeast. The biggest impact on the total energy consumption was due to the largest horizontal
shading, with no negative impact on the lighting level.
• Northwest. The impact of using a shading device on reducing the total energy consumption is
significant, but there is not much difference between the impact of the horizontal and the mixed
(horizontal plus vertical) shading devices.
• East. The use of horizontal shading presented a higher impact on the lighting level increase than the
North orientation. Nevertheless, its impact on decreasing the cooling and consequently the total energy
consumption was very high.
• South and Southeast. These orientations did not need solar shading devices, according to the used
method.
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1. Abstract
This paper describes the development and implementation steps of a combined thermal and light simulation.
The thermal analysis is performed in TRNSYS. The light model includes detailed simulations of the daylight
system done with the so called “three-phase daylight coefficient method” in RADIANCE.
Beside the development of enhanced methods for thermal simulation of complex daylight systems in
combination with standard components in TRNSYS, the main focus is to develop a coupling model between
both parts. The new simulation method allows the development and evaluation of fenestration systems with
regard to thermal and visual criteria, thus the coupling should allow minimizing heating and cooling demand
with simultaneous consideration of visual aspects.
Exemplarily a newly developed, complex daylight system is modeled and analyzed in comparison to a
reference system with state of the art exterior venetian blinds. Additionally to the system comparison the
capability and accuracy of the developed simulation methods on different systems and further developments
are discussed.
2. Introduction
The façade, as an interface between the outdoor and indoor climates, is a decisive factor for energy
consumption of a building. It controls the influence of daylight, influx of solar energy and heat flow. Apart
from energy the facade is also a significant factor for visual and thermal comfort. Light is the most important
information medium (visual perception) and demands on the illumination of work places are becoming more
prevalent.
While energy for heating demand is reduced due to daylight and artificial lighting in winter, the need for
cooling is increased in summer as the electricity for illumination must be re-cooled by electricity. During the
course of the research project “Multifunctional Plug and Play Façade” (Streicher, W., Müller, M., 2009) it
has shown that the aspect of daylight utilization and artificial lighting out of the façade is not sufficiently
taken into account.
Therefore, the project “Licht aus Fassade” (LichtAusFassade, 2009) contains the development of energybased optimized concepts for the provision of daylight and artificial lighting from the façades for interior
spatial areas. The aspects of thermal and visual comfort as well as the energy requirements for heating and
cooling are evaluated for a new daylight system.
3. Method
3.1. Reference Room
For the validation of the developed simulation methods a standard design for the reference room is defined.
Likewise the developed concept of the daylight system of the façade is based on this reference room.
The main focus on the room definitions are related to different user aspects. Depending on the organization
form it differs in terms of room geometry, daylight usage, location of inner rooms or façade-oriented rooms
and building materials. With the definition of a double office room many relevant aspects are covered. Based
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on this usage the geometry, the properties of the environment surfaces and the user characteristics are
defined.
The geometrical dimensions in Figure 1 are related to already existing definitions in the MPPF-project and to
a standard reference room from Bartenbach LichtLabor. The façade consists of a parapet including the
technical equipment of the MPPF and a large window area, which offers all opportunities for an advanced
daylighting system. The definitions of the interior objects are according to Neufert (2009).

Fig.1: Reference room

The reference room definitions also include structural-physical aspects (wall mounting, U-Values...), lighting
aspects (absorption coefficients, transmission values), user characteristics (attendant persons, internal loads,
air change rates…) and typical interior as listed below.
Parameter
Climate
U-value wall Uwall
U-value window Uwindow
Window surface
Glazing part on the façade area
Sensible heat emissions
Average moisture discharge
Operating hours:
Internal loads (equipment)
Room temperatures
Ventilation - air change rate
Visual reflectance of ceiling/walls/floor
Luminous efficacy of artificial light

Definition
Graz, Austria, south oriented
0.15 W/m²K
0.8 W/m²K
9 m² (Width: 4.5 m, Height: 2 m)
60 %
70 W/person (at 24 °C)
80 g/(h person) (at 24 °C)
Monday to Friday – 7 a.m. to 6 p.m.
9.6 W/m²
21 °C (heating), 26 °C (cooling)
0.96 h-1
80 % / 50 % / 30 %
40 lm/W

Source
Assumption
Assumption
Assumption
SIA 2024
SIA 2024
SIA 2024
SIA 2024
SIA 2024
SIA 2024
SIA 2024
Assumption
Assumption

According to SIA 2024 and its full load hours the profiles for internal gains and humidity are calculated.
Figure 2 shows this calculated weekly profile of specific internal loads by persons and equipment. Internal
gains by means of artificial lighting are an input from the coupled simulation.

Fig. 2: Loading profile according to SIA 2024
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3.2. Simulation methods
Separated thermal and light simulations of complex daylight systems with state of the art programs and
models are challenging tasks. All the more this is true for combined simulations and thus no methods of
simultaneous evaluation of thermal and visual behaviors exist. Therefore a new approach with linked thermal
and lighting simulations is implemented, which enables significant validations of fenestration systems.
Thermal- and light simulation models build up the basics for this work. In a further step the main objective is
to develop a coupling method, which allows parallel and iterative calculation of both parts.
Thermal Simulation
Based on standard models in TRNSYS three methods are implemented to represent the thermal behavior of
daylight systems. The main focus is the external load due to radiation. The reference room is modeled in the
building model of TRNSYS (Type 56). This type allows simulating standard applications like internal or
external shading devices by shading factors. To simulate complex shading blinds it is necessary to extend
this method by more detailed thermal models.
The developed models are directly coupled to the building model. The calculation of the energy input,
including transmission and secondary heat flux through the window, is performed external and linked as
input - separated in wallgain and internal gain - to Type 56 (Fig.3). For these simulation models the window
of Type56 is totally shaded (fc=1).

Fig.3: Energy input through internal gain and wallgain representing the solar gains for g-model and Abs-model

The internal gain is implemented as fully radiative gain to the air node of the zone. It represents the
transmission gain through the system and takes the interaction of absorbing short- and long wave radiation
exchange between the surfaces into account.
The secondary heat flux of the window is indirectly modeled as wallgain. As a result of this wallgain the
inner glass pane is heated up and results in an equivalent combined heat flux. The glass temperature also
affects the U-value and thus the heat losses through the window. In fact the calculation of this wallgain is the
major key in the following steps.
The correct interpretation of the wallgain is an essential point with two criteria:
 Energy: losses through the window surface (U-value) and gains through secondary heat flux
 Surface temperature and its effects on comfort
For an appropriate modeling of external radiation it is crucial to analyze the annual energy flux
characteristics of windows. In a first step external radiation through a standard window without a shading
device is implemented. The influences on this characteristic were carried out with several studies under
constant conditions (radiation intensity, angle of incidence, temperature differences between inside / outside,
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convective heat transfer coefficients). The introduced three models are based on these studies.
The models, called g-model, Fc-model, and Abs-model, mainly differ with respect to:
 Calculation method of wallgain and internal gain
 Implementation in Type 56
The models include a dependency of two angles to consider different g-values due to angle dependent
reflectance characteristics and emission factors. The thermal models also consider different positions of the
shading blinds. The energy input through the systems is calculated separately for beam, sky and ground
radiation.
g-model:
Solar radiation on the window surface is reduced by the overall g-value (daylight system + window) for the
beam and diffuse radiation part. Thereby the theoretically incoming radiation through the shading system is
determined. The calculation of the secondary heat flux is done separately for beam and diffuse radiation.
An advantage is that through the direct calculation method the results correspond directly to the
measurements. It is optimal for fast setup with reliable results. It has to be taken into account that a slightly
overestimation of the secondary heat flux is given.
Fc-model:
This approach is similar to the g-model. An overall shading factor is calculated by the g-values of the
window and of the complete system (eq. 1), which is comparable to the external shading factor (Fc). The
reduced external radiation through this shading factor is treated as external radiation. It is equivalent to the
radiation passing the daylight system.

FC 

g system
g window

(eq. 1)

This model works efficient enough for external blinds. Furthermore it is more reliable for standard system,
because of a moderate regulation of different thermal influences.
Abs–model:
A more detailed approach is the Abs-model. It allows the implementation of specific window data, such as
absorption coefficients of panes and blinds, emission coefficients, etc. Therefore the opportunities for
modeling integrated window blinds are higher.
The modeling concept correlates directly to the g-model with external calculation of the radiation and
separation in wallgain and internal gain. The wallgain includes, additionally to the g-model, a separate
calculation of the temperature increase and radiation exchange between the panes.
The high number of required data results in an extensive validation for every single system. For the actual
developments this model shows already sufficient results in modeling elementary systems. For more
complex systems it requires further developments especially in terms of interpretation of the secondary heat
flux.

Light simulation
Physically correct daylight simulations are computationally demanding already for a single situation. Thus,
annual simulations with full renderings at each time step are hardly feasible. Ward implemented methods
within the RADIANCE lighting simulation tool (Ward and Shakespeare, 1998) that allow efficient annual
daylight simulations even for complex fenestration systems.
The basic idea is to use the daylight coefficient approach and pre-calculate unit coefficients before the annual
simulation. These coefficients are then linearly combined for each time step of the year according to the
respective luminance distribution of the sky. To enable such linear combinations both the continuous sky
distribution and the bidirectional scattering distribution function (BSDFs) of the daylight system have to be
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discretized into patches. For the sky patches either a discretization into 145 segments by Tregenza or
Reinhart subdivisions of Tregenza patches into 577 or 2305 regions are used. The BSDF of the daylight
system is discretized into 145 ingoing and 145 outgoing directions according to Klems’ subdivision of the
hemisphere that yields approximately equal illuminances for each patch at constant luminance. It is
important to notice that luminances are averaged within patches and thus spiky BSDFs will be smoothed.
However, as the total luminous flux transferred through the system is correct, the mean work plane
illuminances that are evaluated are correctly simulated.
Detailed information about the methods used for annual daylight simulations with RADIANCE are given by
Ward et al. (2011) or McNeil (2011).
The BSDFs of the daylight system can be determined by measurements or by computer simulations e.g.
using a commercial non-sequential ray-tracing engine. For each technically different part of the system and
for each state of these parts the BSDF has to be defined to allow for the calculation of daylight passing into
the room. These lighting data generally are specified for CIE standard illuminant D65 representing a phase of
daylight with a correlated color temperature of approximately 6500K and applying V(λ), the spectral
luminous efficiency function for photopic vision.
Additionally for the thermal calculations the angular dependent solar heat gain coefficient (SHGC, g-value)
has to be determined for all the parts and different states of the daylight system. This can be done by
extensive measurements in a climate chamber supported by simulations for direct solar radiation. Other
approaches require the calculation of the solar radiation transmitted through the system and the radiation
absorbed at the different components of the system. This allows especially adapted thermal programs to
calculate the total radiation passing into the room. All these solar data have to be known for each incident
direction of the radiation and for all the different parts of the system and for each state of these parts.

Coupling: Thermal simulation – Light simulation
The thermal model was build up in TRNSYS. The light simulation as a self-contained part is done by
RADIANCE and implemented in the TRNSYS Simulation Deck by a new Type (Type205). This Type calls
a Fortran subroutine, which communicates - depending on the iteration steps - several times with the light
simulation scripts. This Type manages the iterative calls of RADIANCE and provides the artificial light
gains for Type 56 as internal light gain. The internal light gains are calculated by continuously adding
artificial light to daylight to reach a mean illuminance of 500 lux at the work plane. A luminous efficacy of
40 lm/W is assumed for the artificial light.
For the control strategy TRNSYS plays the master role, as the iterative routine is already integrated in
TRNSYS. At every single time- and iteration step, Type 205 calls RADIANCE and transfers the required
simulation data and the actual tilt angle of the daylight system from the previous iteration step. Depending on
the control strategy TRNSYS also returns a thermal request, which allows TRNSYS to interact with the light
control strategy. The light control strategy for the two examined daylight systems is described in detail in the
following section. If the room temperature is out of a defined range, Type 205 recalls RADIANCE in an
iterative call with a thermal request for changing the blade position to achieve less or more gains to avoid
cooling or heating, respectively. However, the control strategy is implemented in a way that lighting
guidelines are always dominant to avoid glare caused by thermal requests.
Daylight Systems
The daylight systems (Fig. 4) that will be exemplarily compared are exterior venetian blinds (Tab. 1)
representing a widely-used system and the newly developed, patented “Alar Lamella” inside a casement
window (Bartenbach, 2009; Bartenbach LichtLabor GmbH, internal reports).
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Fig. 4: Sketches of daylight systems: Exterior venetian blinds (left), “Alar Lamella” inside casement window (right).
Dimensions are given in mm.

In both systems the lamellae are rotatable to provide glare protection as well as thermal control. Thus, solar
radiation can be shaded in summer and solar heat can be gained in winter. The “Alar Lamella” is a
multifunctional system with two different zones: Perforated lamellae with a film for glare protection (Tab. 2)
allow a good view to the outside; solid lamellae (Tab. 3) are mounted in the upper part to utilize sunlight and
thus minimizing the need for artificial light during daytime.
The control strategy of both systems is designed to maximize the input of daylight, to prevent glare by high
luminance and at the same time to minimize heating and cooling loads.
The venetian blinds are opened as much as possible as long as glare is not an issue. According to the
standard EN 12464 luminance values higher than 1000 cd/m2 should be avoided in the field of view and in
mirrored positions for computer desks making the control strategy rather restrictive. At the same time the tilt
angle of the lamellae is chosen to prevent direct sunlight penetrating into the room between the lamellae.
Basically the same strategy applies for the “Alar Lamella” too. Additionally the perforated lamellae are
completely closed in summer, when direct sunlight hits the façade. The solid lamellae are controlled
differently in summer and winter to account for sun shading and solar gains, respectively.

Tab. 1: Characteristics of venetian blinds

Characteristic

Venetian Blinds

Tilt angles [°]

0

45

75

Normal solar transmittance [%]

43.08

12.12

0.96

Diffuse solar transmittance [%]

20.05

13.88

3.59

Normal SHGC [-]

0.516

0.197

0.071

Diffuse SHGC [-]

0.292

0.223

0.101

Tab. 2: Characteristics of “Alar Lamella”, perforated

Characteristic

“Alar Lamella”, perforated

Tilt angles [°]

0

15

30

45

60

75

90

Normal solar transmittance [%]

34.99

32.78

28.03

23.28

13.05

7.78

5.55

Diffuse solar transmittance [%]

21.34

20.87

19.03

16.47

12.48

7.78

4.07

Normal SHGC [-]

0.429

0.416

0.368

0.319

0.193

0.130

0.102

Diffuse SHGC [-]

0.294

0.291

0.271

0.240

0.191

0.133

0.087
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Tab. 3: Characteristics of “Alar Lamella”, solid

Characteristic

“Alar Lamella”, solid

Tilt angles [°]

0

15

30

45

60

75

90

Normal solar transmittance [%]

34.37

33.22

29.35

25.61

9.42

3.38

0.17

Diffuse solar transmittance [%]

21.98

21.91

19.78

16.64

11.23

4.38

0.12

Normal SHGC [-]

0.421

0.419

0.377

0.338

0.144

0.067

0.028

Diffuse SHGC [-]

0.296

0.297

0.272

0.234

0.167

0.082

0.028

4. Results
4.1. Thermal interpretation
The interpretation of the thermal results is mainly done in comparisons of energy balances, temperature
curves and comfort criteria. Beside the validation of the simulation methods by comparison of the single
methods the validation of both systems is the main focus. For the interpretation only results from the g-model
and Abs-model are relevant due to higher reliability.

Energy balance
Figure 5 shows a comparison between the reference system (REF) and the daylight system “Alar Lamella”
(Alar). Following variations with strict light control (light) and runs with thermal response (therm) are
compared as well as g-model (g) and Abs-model (abs).
For the reference system the divergences between Abs-model and the g-model are very little – only slightly
higher solar gains due to overestimation of the secondary heat flux at the g-model cause a higher cooling
demand. This results in a deviation of 2 % between these two models in annual energy balance.
Simulation REF_therm-g shows a clear reduction of the artificial light demand due to increased solar gains
by implementation of the thermal request in the control strategy.
With the daylight system “Alar Lamella” a significant reduction of the artificial light demand and a reduction
of cooling and heating demand, beside a higher use of solar gains, is reached.
Regarding the “Alar Lamella” simulations with the Abs-model an overall deviation in the energy balances of
around 8%, compared to the g-model, is shown. This is the reason why Alar_light-abs indicates the lowest
cooling demand. For further steps the models have to be adapted in more detail to reduce the deviation.

Fig. 5: Model and system overview in energy balance
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Temperature curve
The operative room temperature (TOP), simplified as average of air temperature and surface temperatures of
the surrounding, shows an annual range between 21°C and 27°C. There are only slightly differences at
higher temperatures between both systems. The inner window surface temperature (TSI) differs especially in
the colder period through a higher use of solar gains of the daylight system and the lower U-value of the
system. In Figure 6 the operative and inner surface temperature are illustrated as annual temperature duration
curves.

Fig. 6: Annual temperature curves - operative room temperature (TOP) and inner window surface temperature (TSI)[°C]

Comfort Criteria
In Table 4 a comparison of the most important results, regarding comfort criteria during the hottest annual
hour, are listed. There are no significant differences between all values of the reference system and the “Alar
Lamella”.

Tab.4: Comfort criteria: Inner window surface temperature, radiation asymmetry (R_Asym), predicted mean vote (PMV) and
predicted percentage of dissatisfied (PPD, according to ISO 7730) for the highest temperature during a year

TSI max [°C]

R_Asym [°C]

PMV [-]

PPD [%]

REF_light-g

30.15

4.5

0.94

23.65

Alar_light-g

29.69

4.1

0.89

21.55

4.2. Light interpretation
Illuminance
Sufficient daylight supply in terms of workplane illuminance levels is a main criterion for the daylighting of
office buildings. According to the standard EN 12464 a minimum of 500 lux is required on work planes in
offices. Figures 7 and 8 show the annual mean horizontal illuminance values on the work plane for the
venetian blinds and the “Alar Lamella” system, respectively. Throughout the year higher values are obtained
from the “Alar Lamella” caused by the highly specular surface of the solid part as well as the perforation of
the part that allows view to the outside. Table 6 shows that using the restrictive control strategy described
above leads to a daylight autonomy of about 27% for the “Alar Lamella” whereas additional artificial
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lighting is needed with venetian blinds for more than 99% of the year. The significant difference in amount
of daylight at the back of the room (sensor positioned 1m from back wall) indicates the superior ability of the
highly specular, solid part of the “Alar Lamella” to redirect light into the depth of the room.
All results in Figures 7 and 8 and Table 6 are obtained from the simulations with interactive requests from
TRNSYS (simulation method “therm”) and are truncated to the operating hours. The days of the year are
running from left to right, the hours of the day from bottom to top. The numbers in Table 6 are related to a
total of 2720 hours where daylight is available during office hours according to the test reference year.

Fig. 7: Annual mean horizontal illuminance [lux] on the work plane for the venetian blinds

Fig. 8: Annual mean horizontal illuminance [lux] on the work plane for the “Alar Lamella”

Tab.6: Daylight characteristics of systems related to illuminance

Venetian Blinds

“Alar Lamella”

Mean illuminance on work plane above 500 lx

10 hrs (0.37%)

744 hrs (27.35%)

Mean illuminance at back of room above 300 lx

0 hrs (0.00%)

215 hrs (7.90%)

Luminous efficacy
Luminous efficacy describes the amount of radiant flux that is perceived as light by the human eye. The
spectral luminous efficiency function for photopic visionV(λ) is used to convert from radiometric to
photometric units and leads to a maximum luminous efficacy of 683 lm/W for monochromatic green light at
555nm. Luminous efficacy for skylight is approximately 100 lm/W while sunlight yields about 120 lm/W.
With spectrally selective low-E coatings applied to glazings these values can be further increased.
For fenestration systems luminous efficacy is an important index as it indicates the thermal gains brought
into the building through daylight. Thus, especially for office buildings high efficacy levels are desired as
they represent increased daylight supply at the same heat input.
Figures 9 and 10 show the annual luminous efficacies for the venetian blinds and the “Alar Lamella”
corresponding to an annual mean of 48.9 lm/W and 68.9 lm/W, respectively. Compared to the specular “Alar
Lamella” the diffuse venetian blinds yield lower values throughout the year. Expectedly, the luminous
efficacies of both systems highly correlate with the respective tilt angles of the lamellae.
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Fig.9: Annual luminous efficacy [lm/W] for the venetian blinds

Fig.10: Annual luminous efficacy [lm/W] for the “Alar lamella”

Tilt angle dependencies
Table 7 shows simulation results split up for the various tilt angles of the daylight systems. For the venetian
blinds, including interaction from TRNSYS does not significantly change the percental fraction of the single
tilt angle occurrences. However, the positions of the “Alar Lamella” are influenced by the thermal requests.
The main tendencies are to open the perforated lamellae from 90° to 75° and to close the solid lamellae from
60° to 75°.
As described above, the luminous efficacy highly correlates to the tilt angle of the daylight system’s
lamellae. At smallest tilt angles (open positions) the luminous efficacy is highest, decreasing with larger
blade rotations. Generally, the “Alar Lamella” yields higher efficacies than the venetian blinds. Expectedly,
the fully closed (90°), solid “Alar Lamella” depicts an exception because nearly all the light is reflected, but
still some thermal loads (secondary heat flux) are brought into the room. However, the low SHGC for this
system setting indicates that these loads are not decisive in absolute values.
The SHGC (eq. 2) given in Table 7 is calculated in a simplified way from the thermal simulations as
.
.

(eq. 2)

Especially the solid “Alar Lamella” yields a high range of possible SHGCs from 0.043 to 0.327 (factor 7.6)
according to the tilt angles. The venetian blinds and the perforated “Alar Lamella” yield lower dynamic
range with factors of about 3.5 each.
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Tab.7: Simulation results for daylight systems depending on tilt angles of the lamellae

Venetian
blinds

“Alar
Lamella”,
perforated

“Alar
Lamella”,
solid

Tilt
angle
[°]

Occurrence
without TRNSYS
interaction [%]

Occurrence with
TRNSYS
interaction [%]

Mean luminous
efficacy [lm/W]

Mean
calculated
SHGC [-]

0

15.6

15.5

82.18

0.259

45

37.5

37.5

64.46

0.156

75

46.9

47.0

25.51

0.073

0

19.8

19.9

91.54

0.312

15

0.2

0.3

90.09

0.278

30

1.5

1.6

91.31

0.245

45

6.3

6.7

91.61

0.196

60

2.1

4.0

82.18

0.153

75

0.5

9.2

67.49

0.114

90

69.6

58.3

51.09

0.089

0

17.6

17.6

102.50

0.327

15

3.3

3.3

100.99

0.322

30

3.6

3.6

99.89

0.255

45

16.1

15.9

94.72

0.186

60

46.4

41.8

74.40

0.098

75

6.9

12.4

37.14

0.052

90

6.1

5.4

1.86

0.043

5. Discussion
The application of the enhanced method of combined thermal and light simulation implicates a huge amount
of data acquisition and high CPU effort. It is time and CPU expensive, but the indispensable comparison
between complex daylight systems is feasible. The results have to be discussed out of two points of view,
namely the thermal and light aspects.
The developed models present respectable results for standard systems, such as venetian blinds, based on
thermal considerations. For more complex systems the results between the models diverge slightly more
although the thermal behavior is represented appropriately. For further projects and developments the
models, especially the Abs-model, has to be optimized.
Nevertheless the comparison of the standard system and the “Alar Lamella” is carried out with the developed
models. The results show the advantages of the daylight system regarding to heating, cooling and artificial
light demand. The difference in comfort criteria is in the range of the uncertainty of the models and no clear
conclusion can be drawn.
The “Alar Lamella“ outperforms the venetian blinds not only concerning thermal indices, but also with
respect to lighting aspects. The results from the combined thermal and light simulations show a superior
behavior in terms of mean work plane illuminance, daylight autonomy and luminous efficacy. Moreover,
with the increased dynamic range of the SHGC of the solid “Alar Lamella” solar gains can be effectively
controlled.
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1. Introduction
The requirement of daylight for indoor lighting is increasing as one of the effective strategies for energy
conservation today. Several kinds of daylighting systems for controlling and distributing sunlight and
daylight have been developed. One of these systems, lightshelf, shades sunlight near the window and
introduces sunlight to the deeper parts of the room. Light shelves combine exterior shelves and interior
shelves. Both have a high-reflectance upper surface and are placed above eye-level.
Subjective experiments using scale models showed that the required amount of supplementary artificial light
with a lightshelf was smaller than without a lightshelf, because the uniformity of the horizontal illuminance
distribution was improved by the lightshelf (Iwata et al. 1998).
Furthermore, incorporating light shelves in a building design is admissible for the Leadership in Energy and
Environmental Design (LEED) point system or Comprehensive Assessment System for Built Environment
Efficiency (CASBEE) in Japan.
In Japan, however, interior shelves which work as shading devices for overhead windows are not always
used, due to space usage. Blinds or louvers are used as alternatives to interior shelves which prevent direct
sunlight from overhead windows.
In order to reduce energy consumption for lighting, a “lightshelf blind” which combines a venetian blind and
lightshelf has been proposed. The purpose of this study is to identify the effects of the lightshelf blind on
improvement of visual environment in a space.
2. Lightshelf blind
The lightshelf blind consists of an upper part and a lower part as shown in Fig.1. The upper part works to use
daylight while the lower part to reduce discomfort glare on sunny days and to keep outside view on cloudy
days.
An open angle of the upper part (0 deg: close, 90 deg: open) can be changed with the change of solar altitude
as shown in Fig.2. When the profile angle Ap (see equation 1) is small, the open angle of the upper part is
small. The slat angle of the upper part which can be changed is independent from the slat angle of lower part.
When the profile angle is large, the slat of the upper part is tilted to introduce the direct sunlight to the ceiling
far from the facade.

Upper part

Sun

Open angle

Lower part

Fig. 1: Image of lightshelf blind
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Fig.2: Open angle of the upper part

3. Measurement method
The important functions of venetian blinds are; (i) to cut direct sunlight coming into the space, (ii) to
improve the balance of illuminance between near the façade and far from the façade, (iii) to prevent
discomfort glare from windows including blinds, and (iv) to keep occupants satisfaction with outside view.
In order to identify the usefulness of lightshelf blind, iIlluminance distribution of the ceiling and the
luminance distribution of the window area provided by the lightshelf blind was compared with that provided
by the 4 different kinds of blind. The outlines of them are shown in Table 1.
Tab.1: Blind samples tested

Slat

Type

C
(Conventional)

Color

White

Reflectance

73.1

Tw
(Two-tone)
White
(upward
side)
73.1

Black
(downward
side)
4.6

Tr
(Translucent)

G
(Gradation)

L
(Lightshelf)

Translucent

White

White

23.5

73.1

73.1

Transmittance

0

0

0

62.3

0

0

Absorptivity

26.9

26.9

95.5

14.2

26.9

26.9

Form

The Blind Tw has slats, upward side of which shows higher reflectance than downward side to achieve the
blind function (ii) and (iii). The Blind Tr has translucent slats for the function (iv). The blind G is controlled
by computer program to make each slat have different slat angle as shown in Figure 3 (Toishi et al. 1999).
The higher slats introduce daylight to the deeper part of the room (ii) and the lower slats have larger slat
angle to prevent glare (iii).
The measurements were conducted at Gyoda (139.5 degrees in longitude, 36.1 degrees in latitude) on sunny
days (19th and 20th May 2011). Figure 4 shows experimental apparatus and measurement points. The
experimental apparatus can be horizontally rotated to make the façade face sunlight so that the solar azimuth
is equal to window direction.
Vertical illuminance
Global illminance
Inner surface: black

1600

Ceiling illminance
Luminance
distribution
Floor illminance

225 450
Fig.3: Outline of Blind G

450
1800

450 225

Fig.4: Experimental apparatus and measurement points

Luminance distribution on the window of the apparatus with a blind was measured by the digital camera
system (Nikon D40 with fish eye lens (Sigma, 4.5mm F2.8 EX DC CIRCULAR FISHEYE HSM For
NIKON)) from the inside of the apparatus. The global illuminance, the outside vertical illuminance, the
ceiling illuminance and the floor illuminance are measured by illuminance maters (Konica Minolta, T-10).
The slats angles are equal to the cut-off angle. Figure 5 shows “cut-off angle” and “offset angle”. The cut-off
angle is calculated from the profile angle, which is defined as eq.1, depth of slats and slat distance (eq.2).
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(Eq.1)

Ap = tan h / cos r

Profile angle (Eq.1)

θsuncut = tan-1 ⎛

Sunlight
Cut-off angle

S
cos Ap
W

⎝ 1-

S
cos Ap
W

⎞ -Ap

(Eq.2)

2

⎠

Ap: profile angle [deg]
h :Solar altitude [deg]
r :Solar azimuth to the window plane [deg]
S: slat distance W: slat width
 suncut: Cut-off angle [deg]

Offset angle
S
W
Fig.5: “cut-off angle” and “offset angle”

4. Measurement results
The profile angles are 65 degree at 1 PM, 43 degrees at 3 PM and 19 degrees at 5 PM. The vertical
illuminance ranged from 59300 lx to 67300 lx at 1PM, from 73800 lx to 78800 lx at 3 PM, from 14600 lx to
42200 lx at 5PM.
Figure 6 shows the relationships between the horizontal distance from the façade and the ratio of the ceiling
illuminance to the vertical illuminance while Figure 7 shows the relationships between the horizontal
distance and the ratio of the floor illuminance to the vertical illuminance

Ceiling illuminance
Vertical illuminance

1

0.01

1

900
1600 200
Distance from
window [mm]

900
1600 200
Distance from
window [mm]

900
Distance from
window [mm]

Blind L

Blind G

1PM
0.1

3PM
5PM

0.01

0.001
200

900
1600
Distance from
window [mm]

200

900
Distance from
window [mm]

1600

Fig.6: Ratio of ceiling illuminance to outside vertical illuminance
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Blind Tr

Blind Tw

0.1

0.001
200

Ceiling illuminance
Vertical illuminance

Blind C

1600

Blinds Tw, Tr, G and L are compared with Blind C (conventional blind). Blind Tw shows lower ceiling
illuminance at 5 PM and lower floor illuminance. Blind Tr shows higher illuminance both on the ceiling and
on the floor. Since Blind Tr has translucent slats, diffused direct sunlight illuminates the floor. Blind G
shows lower floor illuminance. Blind L shows higher ceiling illuminance at 3 PM. It shows higher floor
illuminance at 1 PM and 3 PM. It also shows a sharp decrement of the ceiling illuminance near the façade
(less than 700 mm of the distance from the façade) and shows a gradual decrement for the position more than
700 mm of the distance.

Floor illuminance
Vertical illuminance

1

Blind Tw

Blind Tr

0.1

0.01

0.001
200

1
Floor illuminance
Vertical illuminance

Blind C

900
1600 200
Distance from
window [mm]

900
1600 200
Distance from
window [mm]

900
Distance from
window [mm]

1600

Blind L

Blind G

1PM

0.1

3PM
0.01

0.001
200

5PM

900
1600
Distance from
window [mm]

200

900
1600
Distance from
window [mm]

Fig 7: Ratio of floor illuminance to outside vertical illuminance

Figure 8 shows the relationships between the horizontal distance and the ratio of the ceiling illuminance to
the floor illuminance. Compared with Blind C, Blind Tw, Tr and L shows higher ratio of the ceiling
illuminance to the floor illuminance in most of the condition. Blind Tw shows the highest ratio while Blind
Tr shows the lowest.
Figure 9 shows luminance distribution on a window with a blind and PGSV. PGSV, which evaluates
discomfort glare, is calculated by using Eq.3 (Tokura et al. 1996). The glare sensation is marked each image
of luminance distribution.

Ls3.2  -0.64
-0.82
(Eq.3)
Lb0.61-0.79 log
Lb: darker part luminance [cd m-2] Ls: brighter part luminance [cd m-2]
: solid angle of the glare source [sr]
PGSV = log

Blind Tw causes less discomfort glare than Blind C in most of the conditions. Blind Tr, which shows higher
floor illuminance causes more discomfort glare than Blind C in all condition. The degree of glare from Blind
G is similar to that from Blind C in most of the condition. Blind L causes more discomfort glare than Blind C
at 3 PM, when it shows higher ceiling illuminance. The difference in PGSV between Blind L and Blind C at
3 PM. is mainly caused by the difference in the luminance of the upper window.
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100
Ceiling illuminance
Floor illuminance

Blind C

Blind Tw

Blind Tr

10

1

0.1
200

Ceiling illuminance
Floor illuminance
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900
1600 200
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window [mm]

900
1600 200
Distance from
window [mm]

900
Distance from
window [mm]

1600

Blind L

Blind G
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10
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200

5PM

900
1600
Distance from
window [mm]

200

900
1600
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Fig 8: Ratio of ceiling illuminance to floor illuminance

5. Conclusions
In order to identify the usefulness of lightshelf blind. illuminance distribution of the ceiling and the
luminance distribution of the window area provided by the lightshelf blind was compared with that provided
by the 4 different kinds of blind.
The lightshelf blind shows higher ceiling illuminance than the conventional blind at 3 PM. However, at that
time, the lihghtshelf blind causes more discomfort glare than the conventional blind.
The lightshelf blind shows higher floor illuminance than the conventional blind at 1 PM and 3 PM.
In the next stage of research, the effect of the offset angle (shown in fig.5) on discomfort glare and
illuminance distribution will be investigated. The issue of view satisfaction will also be addressed.
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1. Introduction
1.1. Background
Since using daylight in buildings is expected to be part of the solution for global warming, controlling the
amount of light and heat is important. Venetian blinds are the most-widely-used shading system in office
spaces. Automated blinds control systems which are admissible for the Comprehensive Assessment System
for Built Environment Efficiency (CASEBEE, 2008) point system, have been widely used in office buildings
in Japan. Compared with offices in European countries, there are two significant reasons why automated
blind control is required for offices in Japan. The first one is the climatic condition and the second is the type
of office, which is typically “open-plan”.
Japan belongs to the temperate zone with four distinct seasons, but its climate varies from cool temperate in
the north to subtropical in the south. Central Japan has hot, humid summers and short winters. A simulation
study using climate data was carried out to show the difference in annual air conditioning load for a model
office building in Tokyo and in five European cities: Rome, Zurich, Paris, Frankfurt and London (Roh and
Udagawa, 2002). It is shown that the annual space cooling load is much greater than the space heating load
in all cities, because the space cooling load of office buildings is affected by solar radiation through windows
and internal heat gains. Although, in the European cities, the cooling effect of the fresh air introduced as
ventilation requirement contributes to reduce the cooling coil load of air handling unit, such effect cannot be
expected in Tokyo. Controlling solar radiation through windows is usually the most effective strategy for
energy savings in Tokyo
Open-plan offices are so common in Japan that it is difficult to find private office spaces. Surveys of 779
open-plan-office occupants in five large Canadian and US cities showed that open-plan office occupants who
were more satisfied with their environments were also more satisfied with their jobs. It was suggested that
the physical environment has a role in organizational well-being and effectiveness (Veitch et al., 2007).
In common automated blind control systems, the blind status (slat and blind up/down position) depends on
the daylight information obtained via rooftop measurement and calculated solar position. The amount of light
from dimmable electric lighting which is determined by occupancy sensor and illuminance on the desk has
effects on the heating/cooling load. The control system can significantly reduce energy for lighting and
cooling.
1.2. Purpose
In the early stage of automated blind control, the operation was often changed from automatic control to
manual control by workers who had not been satisfied (Iwata and Tokura, 2002). It was learned that the blind
slat angle should be decided not only to cut direct sunlight but also to prevent discomfort glare. To evaluate
discomfort glare from daylight, there are evaluation methods using images of luminance distribution, whose
validity has been examined (Iwata and Osterhaus, 2010). However, it is difficult to apply these glare
evaluation methods to automated control blind in an open-plan office, which has large windows as well as a
large floor area. Apart from the basic problem of calculation of glare indices, e.g. the determination of glare
source and background, there are problems, e.g. the distribution of the workers‟ desks (observation points),
the view directions and zoning of the blinds. The purpose of this paper is to address these problems in
applying the existing evaluation methods to automated blind control.

2480

2. Glare indices for daylight and blind control
2.1. Glare indices for daylight
The cause of the sensation of discomfort glare appears to be a compounds of two effects. One is a contrast
effect and the other is a saturation effect. The contrast effect is dominant for small glare sources, while the
contrast effect is considered smaller and the saturation effect should be taken into account for large sources.
For daylight glare, several evaluation methods using images of luminance distribution have been developed.
These include Daylight Glare Probability (DGP) (Wienold and Christoffersen, 2006), Predicted Glare
Sensation Vote (PGSV) (Iwata et al., 2008), the statistical value-based indicators Lmean / Lmedian (ratio
between mean and median values of luminance) (Osterhaus, 2008) and the “discomfort glare image
developed from brightness image” method (Sugano and Nakamura, 2011).
DGP, which shows the probability of persons being affected by discomfort glare, is defined by the following
equation.
𝐿𝑠𝑖 2 𝜔𝑠𝑖
𝐷𝐺𝑃 = 𝐶1 𝐸𝑣 + 𝐶2 log 1 +
+ 𝐶3
𝐸𝑣 𝑐4 𝑃𝑖 2
(Eq.1)
C1=5.87 × 10-5

C2= 9.18 × 10-2

C3=0.16

C4= 1.87

where Ev is the vertical eye illuminance [lx], Ls is the luminance of source [cd m-2],  is the solid angle of
source [sr] and P as the Position Index.
The first term indicates the saturation effect while the second term indicates the contrast effect. To calculate
the second term, the threshold luminance which determines whether a particular light source in the field of
view is to be considered a glare source, rather than being part of the background should be decided. In DGP a
luminance four times higher than the adaptation luminance was selected as the threshold luminance.
PGSV, which shows the glare sensation (0: just perceptible to 3: just intolerable), is defined by the following
equations:
when Ls/Lb > Lave/Lad (contrast glare)

𝑃𝐺𝑆𝑉𝑐𝑜𝑛𝑡 = log
C1=3.2

𝐿𝑠 𝐶1 𝜔 𝐶2
𝐿𝑏 (𝑐3 −𝐶4 log 𝜔)

C2= - 0.64

− 𝐶5

C3= 0.61

(Eq.2)
C4=0.79

C4= - 8.2

when Ls/Lb <= Lave/Lad (saturation glare)
𝑃𝐺𝑆𝑉𝑠𝑎𝑡 =

A1= -0.57

−𝐴1 − 𝐴2
+ 𝐴2
1 + (𝐿𝑎𝑣𝑒 / 𝐿0 )𝑝 1

A2=-3.3

Lo=1270

(Eq.3)
P1=1.7

where Lb is the background luminance [cd m-2], Ls is the luminance of the source [cd m-2], Lave is the mean
luminance of the visual field (Lave = Ev ), Lad is the adaptation luminance [cd m-2],  is the solid angle of
the source [sr].
To calculate PGSVcont, there are two methods. In the first method, the threshold luminance between source
and background is determined by finding the luminance which produces the highest ratio of the mean source
luminance to the mean background luminance. In the second method, which is simpler than the first method,
the whole window area is considered as a glare source, in advance. Our previous paper shows that the
simpler method (the source-fixed method) can be used when the blind reflectance is not extremely low
(Iwata et al., 2011).
The ratio of mean luminance to median luminance (Lmean / Lmedian) proposed by Osterhaus (2008) is based on
the fact that the mean value, rather than the median value, is influenced by extreme (higher/lower) values
outside the normal distribution. The larger the ratio of mean luminance to median luminance becomes, the
greater the likely glare perception.
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Sugano and Nakamura (2011) proposed a method of calculating discomfort glare images from brightness
images, in which luminance distributions were converted by using a wavelet transform. This method can
predict discomfort glare from each point in the visual field when an observer looks at the point.
In our previous papers (Iwata and Osterhaus, 2010) (Iwata et al. 2011), the applicable range of three of such
glare indices (DGP, PGSV, and Lmean/Lmedian) were examined and the results show that DGP, which
overestimates discomfort glare when DGP is low and underestimates discomfort glare when DGP is high,
appears suitable to assess an environment for which the luminance contrast within visual field is small. The
Lmean /Lmedian method, which appears to be suitable in relative assessment, can predict discomfort from
contrast effects. For PGSVcont, it was found that the borderline between the condition for PGSVcont and that
for PGSVsat produces a gap in the predicted level of glare.
2.2. Practical use of glare evaluation methods in blind control
In the planning phase of an office building, a glare simulation tool, i.e. a combination of a simulation
program calculating luminance distributions and one of those daylight glare evaluation methods, can
contribute to designing a façade of the building. Especially time-series simulation using annual climate data
is helpful to decide size, position and optical properties of window glazing and shading devices. To conduct
hourly or shorter time steps, a reduction of calculation time is required. For DGP, simplified methods were
used to calculate the second term of the equation representing the contrast effect (Wienold, 2009; Johnsen,
2008). For PGSV, the simpler (source-fixed) method was used to calculate PGSVcont.(Itoh and Iwata, 2007a).
For actually controlling the blind during operation, continuous measurements are required to calculate the
predicted glare level with each method to determine the required slat angle of the blind. Measurements of
luminance distributions using a CCD camera make it easy to calculate those glare indices. However, in an
open-plan office, there are various observation points, so that measurements by CCD camera are not
practical.
There are several aspects which disturb these glare evaluation methods that directly apply to automated blind
control in open-plan offices: the observation points, the view directions and the zoning of the blinds.
3. Flow of automated blind control
Venetian blinds are commonly used for automated control in office spaces. Figure 1 shows the flow of the
existing blind control method based on discomfort glare. The necessity of adjusting the slat angle is judged
depending on the amount and the angle of direct sunlight striking the façade. If slat angle control is necessary,
the cut-off angle is determined so as to exclude direct sunlight from entering the room. Since the slat angle
should be decided not only to cut direct sunlight but also to prevent discomfort glare, a given glare index
value is calculated and compared to the glare index limit. If the calculated glare value is not less than the
limit, the additional slat angle (off-set angle) is required. Until the glare index value calculated decreases to
reach the limit value, this loop continues (Nagayoshi et al., 2011).
Usually, blinds are controlled all together and it is assumed that the position where the most severe glare is
experienced is near the façade. Thus this flow is carried out for only one observation point and one zone of
the blinds. This conventional method is rather simple, but there is a chance that it closes the blinds more
often than necessary.
4. Numerical simulations
4.1. Simulation model
To identify an effective way for controlling blinds in open-plan offices, an office space as shown in Figure
1is used as a simulation model. It has a glazed south-facing façade with a window sill at 0.7m above the floor.
The height of the ceiling is 2.7m
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There are rectilinear cubicles created using modular systems furniture as shown in Figure 3. The height of
the partition equals eye height, 1.2m, so that the workers cannot see the window below eye height. The
workers see the downward side of the blind slat.
There are various observation points, e.g. 3 m (A), 6 m (B), and 12 m (C) from the façade, and blind
positions , e.g. blinds I to VI, as shown in Figure 2.
Outside illuminance
Direct sunlight illuminance,
Sky illuminance

Date, time, latitude, longitude, facade direction

NO

Blind control is
necessary nor not
YES

Slat angle =0

START
Properties of blind

Profile angle

Slat reflectance

Slat width, slat distance

Cut-off angle
Add off-set angle
Reflectance of gound
Window size

Slat angle

Transmittance of window glass

Observation point
Solid angle of windows
Configuration factor of windows
Average reflectance
of room surface

Average luminance of windows and blinds

Background luminance
Average luminance
of visual field
NO

Luminance of slat (each side)
and outside

Solid angle of slat (each
side) and outside

Glare index

Predicted value <
Limit value
YES
END required slat angle is decided
Fig. 1: Control flow of automated blind
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Fig. 2: Plan of open-space office for simulation
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Fig. 3: Work station in office space
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The slat of the venetian blind is 35 mm in width and the distance between the slats is 30 mm. The color is
diffuse white with of 0.8 of reflectance ρvis. Lambertian reflection is assumed. They are lowered completely
and the default setting of the slat angle is the cut-off position as shown in equation 4.

𝜃𝑠𝑢𝑛𝑐𝑢𝑡 = atan

𝑆
cos𝛼𝑝
𝑊
𝑆
1 − ( cos𝛼𝑝 )2
𝑊

− 𝛼𝑝
(Eq.4)

where  suncut is the cut-off angle, p is the profile angle, S is the distance between the slats (30 mm), and W is
the slat width (35mm).
The reflectance of the ceiling is 0.8, while the equivalent reflectance of lower surface is 0.1. The glazing‟s
visual transmittance is presented by a function of the incident angle as shown in Figure 4. For diffused light,
the incident angle is assumed to be 60 degrees.

Blind slat luminance [cd/m2]

1
0.8
0.6
0.4
0.2
0

light)

Transmittance (visible light)

Previous research shows the luminance of the blind slat and the luminance of sky, which is seen between the
blind slats, as shown in Figure 5 (Itoh and Iwata, 2007b). The ratio of the luminance of the slat to that of the
sky ranges from 0.2 to 1, approximately. Therefore in this study, the whole window area, including the blind
slats, is considered as glare source.

0
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Incident angle [deg]

Fig. 4: Transmittance of window glass
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Fig. 5: Sky luminance and luminance of blind slat
Weather data is Tokyo standard year provided by the Expanded
AMeDAS weather data. Blind slat is at cut-off angle position, when the
sky index Si (Igawa et. al., 2004) is larger than 3.

4.2. Preliminary examinations
4.2.1. Range of solid angle of sources
In open-plan offices, blinds are usually controlled all together (as-one control). However, workers are not
always working at their desks. In order to examine the possibility of multi-zone control, the maximum solid
angle of the source which has an effect on contrast glare and saturation glare is calculated.
It is known that the larger the horizontal displacement of the source from the observer‟s line of sight, the
larger the luminance required to cause the same glare sensation. The position index expresses the change in
discomfort glare experienced relative to the angular displacement (azimuth and elevation) of the source from
the observer‟s line of sight.
Guth‟s Position Index (P) was calculated by using the equation proposed by the IES (Eq. 5) for the visual
field above the line of sight (IES, 1984).
lnP= (35.2 - 0.31889- 1.22 exp(-2/9)) × 10-3 + (21 + 0.26667 -0.0029632) ×10-52

(Eq.5)

where  is the tan-1(x/y) (deg), x and y are the horizontal and vertical distance (m) between the point of view
and the source respectively, and is the angle between the line of sight and line from the observer to the
source (deg).
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When Hopkinson developed the Daylight Glare Index (Cornell formula), he proposed a “modified solid
angle”, which is the solid angle of the source modified by the position of the source. The modified solid
angle is defined by the following equation (Hopkinson and Bradley, 1960).

𝜔𝑠𝑖

𝛺=

𝑃𝑖 2

(Eq.6)

where si is the solid angle of source [sr] and Pi as the Position Index.
In the second term of DGP, which presents the contrast effect, the same concept as the modified solid angle
is shown (see Equation 1).

Solid angle [sr],
Configuration factor [-]
Modified solid angle [sr‟]

Figure 6 illustrates the relationship between the horizontal angle of the window and the solid angle, the
configuration factor and the modified solid angle of the window, for the case shown in Figure 7. The
configuration factor is calculated for the eye plane. When the horizontal angle is more than 90 degrees, the
increments of the configuration factor and the modified solid angle, which are parameters of DGP, are
diminished. The solid angle, which is one of parameters of PGSV, increases even when the horizontal angle
of the window is larger than 90 degrees.
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Fig. 6: Horizontal angle of window and solid angle, configuration factor
and modified solid angle of window

Fig. 7: Horizontal angle and width of window
and view point
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Fig.8: Horizontal angle vs. solid angle for
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Figure 8 shows the solid angle of the window for different distances between the façade and the observation
points. Since the height of the window is not changed, the shorter the distance, the larger the solid angle. To
compare the change in solid angle calculated for each distance, the solid angle is converted into the relative
solid angle as shown in Figure 9, in which the ratio of solid angle for each horizontal angle to that for 90
degrees of the horizontal angle is used in the Y-axis. The ratio remains constant for 90 degree horizontal
angles.

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0

Distance = 3 m
6m
12 m

0

30
60
90
120
Horizontal angle [deg]

150

Fig. 9: Horizontal angle vs. relative solid
angle for different distance between façade
and observation point
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Figure 10 shows the change in the configuration factor and the modified solid angle of the window. The
modified solid angle seems to reach the maximum value. The configuration factor increases even when the
horizontal angle is larger than 120 degrees. In DGP, the modified solid angle is used to evaluate the contrast
effect, while the configuration factor is used to calculate the vertical illuminance at the eye plane (saturation
effect).
4.2.2. Effect of distance between façade and observation point
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6m
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Fig. 10: Horizontal angle of window vs.
configuration factor and modified solid angle of window
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Configuration factor[-]
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As mentioned in 4.2.1, when the distance between the façade and the observation point increases, the solid
angle, the configuration factor and the modified solid angle of the window decrease. However, the ratio of
the solid angle of outside view, which can be seen between the slats, to the solid angle of the window
increases with the distance between the façade and the observation point as shown in Figure 11. If the
outside view mainly consists of sky with a high luminance, the average luminance of the window area
increases with the distance between the façade and the observation point.
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Fig. 11: Slat angle vs. ratio of outside view to
window area (under assumption that slat
thickness is negligible)

4.2.3. Effect of viewing direction
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Change in solid angle,
configuration factor
modified solid angle

Change in solid angle,
configuration factor
modified solid angle

Usually workers are seated parallel to the window. The effect of view direction on the solid angle, the
configuration factor and the modified solid angle of the window were examined for two cases. In the first
case, the observation point is changed, while in the second case the line of sight of an observer is changed.
Figures 12 and 13 show the first and the second cases, respectively. The Y-axis shows the relative value for
each view angle to the value for the view angle of 0 degrees (perpendicular to the façade).

View angle

Width

3.0 m

Fig. 13: Effect of view direction on solid angle, configuration
factor and modified solid angle of window (case 2)
When view angle = 0, each value =1

In the first case the solid angle, the configuration factor and the modified solid angle of the window
decreases with increasing view angle. In the second case, the solid angle shows a constant value. As shown
in Figure 12, the modified solid angle increases with view angle until it reaches a peak value, while the
configuration factor continuously decreases.
The effect of view direction on the ratio of outside view is also examined. The effect is so small that the
difference cannot be identified on a figure illustrating the relationship between the ratio of the solid angle of
outside view seen between the slats to the solid angle of the windows. It is thus sufficient to calculate it for
only one view.
4.2.4. Effect of outside view
It is reported that a view with a great deal of interesting information extends subjects‟ tolerance level of
discomfort glare (Tuaycharoen and Tregenza, 2005, Yun et al., 2010). Apart from “interesting information
from the outside view”, the luminance of the view elements is an important factor for evaluating glare from
windows. Since outside objects e.g. walls or roofs of buildings, trees, usually have a lower luminance than
the sky, the ratio of the apparent size of these objects to that of the sky should be calculated. This ratio
usually increases with the increment of the distance between the façade and the observation point. This fact
should be taken into account to when calculating glare indices from various observation points.
4.3. Simulation on the slat angle and glare indices
4.3.1.

Effect of source size assumed as a glare source on Glare indices

Figures 14 and 15 show the difference in DGP and PGSV between two different calculation methods. The
first one considers a window width of 30 m (horizontal window angle = 157 degrees, solid angle = 0.91 sr)
as a glare source, while the second one considers a width of 6 m (horizontal window angle = 90 degrees,
solid angle = 0.64 sr) as a glare source. Simulation conditions are as follows: latitude 35.3°N (Tokyo), noon
solar time at equinox, 60 klx of horizontal illuminance from direct sunlight and 25 klx of horizontal sky
illuminance. In this condition, the cut-off angle is 0 deg.
DGP shows approximately the same value, because the difference in the modified solid angle and the
configuration factor of the window between 90 degrees and 150 degrees of the horizontal angle of the
window is small as shown in Figures 5 and 9. Also PGSV shows small difference, because smaller solid
angle of the 90 degree-width window is compensated by its larger background luminance. Lmean/Lmedian is
independent from the solid angle of the area assumed as the source.
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Fig. 14: Effect of width of window assumed as a
glare source on DGP

4.3.2

0

10
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Slat angle [deg]

30

Fig. 15: Effect of width of window assumed as a
glare source on PGSV

Effect of control zone

In order to examine the possibility of control for each zone (“each-zone” control), glare indices for each-zone
control and “as-one” control were calculated. For the each-zone control, it is assumed that the width of
controlled blind is 6 m and that the line of sight is perpendicular to the façade. For the observation point A,
the slat angle of the blind zone IV is changed (see Figure 2), while the slat angles of the other blinds are kept
at 0 degree (horizontal position). The other conditions are the same as in the previous section. Figures 16, 17
and 18 show the difference between “each-zone” control and “as-one” control.
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Fig. 17: Effect of blind control zone on PGSV

Lmean / Lmedian

The each-zone control shows a higher DGP and
10
Each-zone control
Lmean/Lmedian than the as-one control, when the slat angle is
8
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6
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2
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Other seasons are tested and they show a similar tendency.
Therefore, it can be said that these glare indices show the Fig. 18: Effect of blind control zone on Lmean/Lmedian
is considered that Lmean is equal to Ev/ and that Lmedian
possibility of the each-zone control.
is equal to ceiling luminance.
4.3.3

Effect of viewing direction

The effect of view direction on DGP and PGSV is examined. Figures 19 and 20 show the results in the case
shown in Figure 12, where the line of sight of an observer is changed. DGP shows small difference between
0 and 45 degrees of view angles, because the larger solid angle of 45 degrees of view angle is compensated
by its smaller configuration factor. Both view angles show a rather small DGP. For PGSV, a 45-degree view
angle shows a higher value than a 0-degree view angle by 0.15.
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Fig. 19: Effect of view direction on DGP
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Fig. 20: Effect of view direction on DGP

Effect of distance from the façade and slat angle

When the blind slat angle increases, the average window luminance decreases. There are two reasons for this.
One is that luminance of the slat is decreased because the larger the slat angle, the smaller the form factor
between two slats (downward surface of the upper slat and upward surface of the lower slat). The other
reason is that the ratio of the solid angle of outside view seen between the slats to the solid angle of window
is decreased. A high vertical illuminance on the window plane from direct sunlight results in a high
luminance of the blind slat. Therefore, in this case, it is important to reduce slat luminance. When the sky
illuminance is high, the solid angle of the outside view should be reduced. Thus, depending on the weather
conditions, ways for reducing the average window luminance vary. In this section, weather data for typical
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clear days in summer (August 10) and in winter (January 10) in Tokyo are used. At noon on a clear summer
day, the horizontal direct sunlight illuminance is 80 klx, while the sky illuminance is 30 klx. The solar
altitude is 70.5 degrees. On a clear winter day, the horizontal direct illuminance is 40 klx, while the sky
illuminance is 13 klx. The solar altitude is 32.5 degrees.
Figures 20 and 21 show the difference in the effect of slat angle on DGP and PGSV for two positions and
seasons. For a clear winter day, a sun-cut-off angle of 13.8 degrees is necessary, so that more than 13.8
degrees of slat angle is shown.
0.8
Distance from
façade
3m
6m

DGP

0.6
Summer
0.4

0.2

0

Winter

15
30
Slat angle [deg]

45

Fig. 21: Effect of season and distance between
façade and observation point on DGP

PGSV

3
Winter

2

1

0

Summer

0

15
30
Slat angle [deg]

45

Fig. 22: Effect of season and distance between
façade and observation point on PGSV

For DGP, the effect of the distance between the façade and the observation point is obvious. DGP for the
shorter distance shows a higher value. It is caused by the fact that a shorter distance causes a higher vertical
illuminance at the eye plane. The limit value of DGP for „best class‟ is 0.35 and for „good class‟ is 0.4,
(Wienold 2009). To achieve a „good class‟ rating at 3 m from the facade, the cut-off angle is not sufficient
either on a clear summer day nor on a clear winter day. To achieve a „best class‟ rating, an off-set angle of 15
to 20 degrees is necessary on summer clear day and 20 to 25 degrees of off-set angle on winter clear day.
Wienold‟s study (2009) shows that the cut-off angle plus 20 degrees of blind slat angle can keep a DGP
rating of less than 0.35 for 95% of working hours. It can be considered that our results agree with Wienold‟s
results, because the difference in profile angle between Tokyo and Freiburg can be eliminated by using the
cut-off angle.
On the other hand, the observation point at 6m from the façade shows higher PGSV than the observation
point at 3m on a clear summer day, while it shows a lower PGSV on a clear winter day. This is caused by the
difference in the sky luminance between the summer day and the winter day. On a clear summer day, an offset angle of 25 to 30 degrees is required to achieve an 80% worker satisfaction 6m from the façade. On a
clear winter day, an off-set angle of 25 to 30 degrees is required to achieve an 80% worker satisfaction 3m
from the façade.
There are differences in the concept of “glare limit value” (acceptable range) between DGP and PGSV. For
DGP, a „best class‟ rating, where the DGP limit is 0.35 or less, means that the perceived glare is
„imperceptible‟ for 95% of working hours. For PGSV, a Glare Sensation value is converted into
“acceptability in an office” based on the results of subjective experiments (Iwata and Osterhaus, 2009). In
this method 80% of acceptability means that 80% of workers working at the position do not object to the
glare experienced. Therefore, the acceptability in the space is calculated as
𝐴𝑐𝑠𝑝𝑎𝑐𝑒 =

𝐴𝑐𝑖 𝑛𝑖
𝑛𝑖

(Eq.7)

where Acspace is the acceptability in the space, Aci is the acceptability of each position, ni is the number of
workers at the position where the same degree of glare is experienced.
The annual acceptability for each worker is calculated as
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𝐴𝑐𝑦𝑒𝑎𝑟 =

𝐴𝑐𝑖 𝑡𝑖
𝑡𝑖

(Eq.8)

where Acsyear is the acceptability for a year of a worker, Aci is the acceptability of each time, ti is the hour
when the same degree of glare is experienced.
On a clear winter day, the effect of the slat angle on both DGP and PGSV is small until the slat angle reaches
30 degrees. On a clear winter day, the vertical illuminance from direct sunlight is high due to a low solar
altitude, so that the luminance of a slat is higher than the sky luminance.
5. Subjective evaluation and line of sight
5.1. Methods
Field experiments with actual windows and venetian blinds were carried out. The test room had windows
facing south. Discomfort glare from these windows was evaluated with three different blind slat angle
conditions. The three slat angle conditions were the cut-off angle (which prevented direct sun reaching the
work space), and two further slat angles which tilted the blinds beyond the cut-off angle by an additional 15
or 20 degrees, respectively.
They were evaluated from two positions, 2.5 m and 5.4 m from the facade. The solid angles of the window
were 0.85 sr and 0.34 sr respectively for the two positions. The changes in direction of the line of sight of
each subject was measured by an eye-mark recorder (NAC EMR-9).
5.2. Results
The results show that the highest glare is observed when the observer‟s line of sight is perpendicular to the
window plane, except around sunset time. It is also shown that higher glare is observed from the position
near the façade. Subjects tend to move their view direction frequently when viewing a window, resulting in
changing glare experiences. The detailed results of these eye movements are still under analysis.
6. Conclusions
In order to apply the existing glare evaluation methods to automated blind control in an open-plan office with
a large window, numerical simulations and a subjective experiment were carried out and the following
conclusions obtained:
1.

When the horizontal angle of a window is larger than 90 degrees, the effect of the increment of the
source size on the value of both DGP and PGSV is small.

2.

The highest glare is observed when the observer‟s line of sight is perpendicular to the window plane.

3.

“Each-zone” control can be applied when the difference in the slat angle is less than 30degrees.

4.

Different seasons and positions relative to the window require different slat angle settings.

5.

On a clear day, the cut-off angle is insufficient to result in acceptable DGP or PGSV ratings. DGP and
PGSV suggest that an additional off-set angle between 15 and 30 degrees is required.

6.

When the vertical illuminance from direct sunlight is large and the sky luminance is rather low, the
effect of the slat angle on both DGP and PGSV is small until the slat angle reaches 30 degrees.
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1. Abstract
Daylightable floor area can be determined by the geometries such as window area, perimeter area, and floor
area. The daylightable floor area ratio (DFR), which is defined as the ratio of the daylightable floor area to
the total floor area, decreases with an increase in the floor area. In this study, the heating and cooling energy
consumption of office buildings was simulated by using eQUEST(DOE-2.2). The energy performance of the
buildings applying dimming control of lighting with daylight was estimated by varying the floor area (six
cases) and window-to-wall ratio (WWR) (four cases). The relationships for the reduction in the annual
heating and cooling energy according to daylight and DFR in office buildings were developed by using a
multiple regression analysis. As a result, the annual cooling energy in the buildings decreased, but the annual
heating energy increased by applying daylight as lighting. The reduction rate in the annual cooling energy of
the buildings with large floor area was smaller than that of the buildings with small floor area. The buildings
having high WWR showed smaller energy reduction rate due to an increase in infiltration and thermal heat
transfer through window. The increasing rate in the annual heating energy of the buildings with large floor
area was larger than that of the buildings with small floor area. The buildings having high WWR showed
smaller increasing rate of the annual heating energy due to an increase in radiation heat transfer through
window.
2. Introduction
The global warming due to the use of fossil fuel has been accelerated rapidly. The Korean government has
been made a lot of efforts to reduce the emission of carbon dioxide. In Seoul city, approximately 40% of the
energy was used in the building sector (Bang, 2009). The retrofit of the energy facilities or redesign of the
buildings has been considered to reduce the energy consumption in the building sector. In general
commercial buildings, 40% of the total energy consumption in the buildings was used for HVAC systems
and 20~30% was used for artificial lighting (EIA, 2005). Electric lighting is the largest single-end energy use
in office buildings. Several methods to reduce artificial lighting energy, such as efficient ballasts, dimming
control of lighting devices, have been tried. These methods showed higher net present value and internal
return rate than HVAC facilities (Doukas et al., 2009), so the lighting retrofit was preferred to other options.
One of the efficient methods to save lighting energy in the buildings is to adopt daylight. Krarti et al. (2005)
developed a simplified method to calculate artificial lighting energy reduction with different window
transmittances and areas. Designers who have an interest on daylighting as an energy saving method can use
their equations to easily calculate the lighting energy reductions by use of daylighting when the window type
and window-to-wall ratio (WWR), and building geometries are known. Lighting using daylight makes
secondary effects on the heating and cooling energy consumption due to the change of artificial lighting and
radiation. Li et al. (2005) conducted an analysis for the effect of daylighting on the peak cooling load in a
generic office building located in Hong Kong using DOE-2.1E. Three single glazing types of clear, tinted,
and reflective glasses were considered. Two independent variables, daylighting aperture (DA) and the overall
thermal transfer value (OTTV), were adopted. The OTTV is an indication of the average heat gain through
the building envelope. They developed a correlation for the incremental peak electricity use (IPEU)
according to OTTV and DA. However, they assumed constant infiltration of 0.6 air change per hour which
could not respond the change of infiltration upon various WWR. Sezgen and Koomey (2000) studied the
impact of lighting loads upon building heating and cooling energy consumption for eleven different building
types of “new” and “existing” vintages in five distinct climates. Lighting heat dissipation had approximately
no net impact upon HVAC primary energy consumption.
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The daylightable area can be determined by the parameters such as the WWR, the ratio of the window area to
the perimeter area and the ratio of the perimeter area to the floor area. As the gross area of the building
increases, DFR decreases, which leads to a decrease in the effects of daylight on the energy consumption of
the building (Morofsky, 2001). It is required to know the daylightable area and lighting and HVAC loads
according to light dimming control with daylighting for proper system design in a given building geometry.
However, a simple correlation to calculate building loads with various geometries is very limited in the open
literature. The objectives of this study are to analyze the effect of light dimming control with daylight on the
annual heating and cooling load by building simulation and to develop a simplified correlation for prediction
of the annual heating and cooling load considering light dimming control with daylight. The effects of
lighting dimming control with daylight on the annual heating and cooling load in the buildings were analyzed
by varying the floor area, WWR, and window materials using DOE-2.2E. In addition, based on the
simulation results, two correlations for incremental annual heating and cooling energy consumptions were
developed by using regression analysis. The crack method was used for the estimation of infiltration.
3. Model descriptions
3.1. Building models
Fig. 1 shows the air view of the modeled building, which is a typical rectangle ten-story (including threeunderground-stories) office building. Six building models, whose total floor area varies from 5,000 m2 to
30,000 m2, were selected for the analysis. The office buildings have the same perimeter zone depth of 4.6 m
from exterior wall (ASHRAE, 2007). As the total floor area of the buildings increases, the ratio of the total
perimeter area to the total floor area decreases. Typical densities and schedules for office buildings were
used to model occupancy, lighting, and equipment (Table 1). A window set consists of an aluminum spacer,
6 mm double clear glass, and 13 mm air-space. The window set has the conductivity of 8.35 W/ m2oC.
When solar light is excessive to use, a shading device is essential in case of using daylight for lighting. In the
simulation, external windows of the building have shading schedule. When the space is occupied, 20 percent
of blind is closed. Otherwise, 80 percent of blind is closed.
In this study, a recessed fluorescent model was used which does not vent in the return or supply air. The
lighting power density was set to 10.76 W/m2 in according to standard office value (ASHRAE, 2007). In the
perimeter zone, dimming control of artificial lighting was used to reduce lighting energy by daylighting. It
was assumed that the dimmable lighting device consumes 36% of the rated power when it has 20% of the
rated light intensity.
Daylighting was modeled in the perimeter zone of the building. Typical external windows can effectively
daylight the perimeter zone to a depth of 2 times of the head height of the window (ISENA, 2000) as shown
in Fig. 2. The daylightable depth for 10% WWR was about 80% of the perimeter zone depth and the entire
area of the perimeter zone was daylightable for 30% WWR.

Width of Window

Daylightable Depth

Fig. 1: Air view of the office building (7500 m2, WWR 20%)

Fig. 2: Schematic diagram of daylightable depth
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Table 1 Brief descriptions of the office building

Section

Details

Location

Incheon (latitude 37.6N, longitude 127.0E)

Building type and stories

Office building, 7 above grade, 3 below grade

Total floor area

5,000 ~30,000 m2

Dimensions and heights

1x1 ratio (rectangle), floor-to-floor 3.65 m

Operating hours

Mon. to Fri. : 08-18
Lighting load=10.76 W/ m2; Equipment load=10.76 W/ m2

HVAC design parameter

Construction
of building
envelope

Space design temperature : Cooling=26oC, Heating=22oC

External
walls

6.4 mm glass + 19 mm insulation board + 13 mm gypsum board (Uvalue=0.48 W/ m2 oC)

Roof

10 mm roof build-up + 76 mm polyurethane + 16 mm plywood (0.24
W/ m2 oC)

Windows

6 mm double clear glass + 13 mm air-space (8.35W/ m2 oC)

In DOE-2.2E, hourly measured horizontal solar radiation from the weather data are used for calculating
interior illuminance and glare index. First, the program calculates daylight factors based on building
construction material and environment. In the next step, exterior horizontal illuminance from the measured
horizontal solar radiation is multiplied with the stored daylight factors. Eventually, the interior illuminance
and glare index are calculated.
In DOE-2.2E daylighting model, maximum two reference points are allowed and the fraction of lighting area
at each reference point can be set. Artificial lights in the daylightable area of the perimeter zone should be
controlled according to the illuminance at the reference points. Two references were set at 25% and 75% of
the daylightable zone depth, respectively, and their height was 76.2 cm from the floor. A continuous lighting
dimming control was selected with the maximum 500 lx.
Infiltration is affected by WWR. However, most of the infiltration models could not represent the change in
infiltration flow with window area. DOE-2.2E includes five infiltration methods which are crack, air-change,
Sherman-Grimsrud, ASHRAE-enhanced, and residential. Among them, only the crack method can represent
the change of the infiltration flow according to window area. In the crack method, there are two infiltration
flow equations for exterior wall of Eq. (1) and window of Eq. (2), respectively.
Infiltration flow of exterior wall(cfm) = k wall ⋅ dP 0.8 ⋅ A wall

(1)

Infiltration flow of window(cfm) = k win ⋅ dP

(2)

0.5

⋅ Pwin

In the Korean Standard (KS, 2003), the high air-tight window should have the infiltration flow less than 0.56
L/s/m2 at 10 Pa, providing the coefficient for window, kwin, 2.0, in the crack method. Field et al. (2010) used
2.03 L/s/m2 for the infiltration flow per exterior wall area at a pressure difference of 75 Pa between inside
and outside of the wall in their simulation study. The infiltration coefficient of exterior wall was calculated
using the value suggested by Field et al. (2010), which yielded the coefficient for exterior wall, kwall, of 0.4.
To conduct load and energy simulation of the building in Inchon city, Korea, we used the weather data from
Energy Efficiency and Renewable Energy (EERE) of U.S. Department of Energy (DOE) which is the
International Weather for Energy Calculation (IWEC) type.
3.2. Parametric analysis
A parametric analysis was carried out for 72 different cases which consist of six floor areas, three glaze types,
and four WWRs. Table 2 summarizes the cases used in the analysis. The height and width of the fenestration
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were determined by WWR of the buildings. The WWR of the buildings was varied from 10% to 40%. Three
different glazing types with various U-factor, SHGC and visible transmittance were modeled with different
geometries of the building. Table 3 lists the glazing types used in the analysis.

Table 2 Window size and number with WWR and floor area

Af

WWR

No. of Window

Window height(m)

Window width(m)

0.95

0.85

1.16

1.38

1.38

1.75

0.4

1.59

2.02

0.1

0.95

0.82

1.16

1.33

1.38

1.69

0.4

1.59

1.95

0.1

0.95

0.82

1.16

1.35

1.38

1.71

0.4

1.59

1.97

0.1

0.95

0.85

1.16

1.39

1.38

1.76

0.4

1.59

2.03

0.1

0.95

0.85

1.16

1.38

1.38

1.75

0.4

1.59

2.02

0.1

0.95

0.85

1.16

1.38

1.38

1.75

1.59

2.02

0.1
500

750

1000

1500

2000

3000

0.2

11

0.3

0.2

13

0.3

0.2

16

0.3

0.2

19

0.3

0.2

22

0.3

0.2

27

0.3
0.4

Table 3 Window properties

Glazing

U-factor

SHGC

Visible trans

Glaze 1(Double clear)

0.64

0.7

0.78

Glaze 2(Double blue)

0.64

0.49

0.5

Glaze 3(Double Low-E)

0.5

0.67

0.721

4. Results of parametric analysis
4.1. Annual cooling and heating load
Fig. 3 shows the variation of the annual cooling and heating load with Af for glaze 1. The annual cooling and
heating load increased with an increase in the floor area. However, the increasing slope in the cooling load
was significantly higher than that in the heating load. In addition, the cooling and heating load increased with
an increase in WWR. These trends were also observed for glaze 2 and 3. The building load was influenced
by the properties of a glaze. As shown in Fig. 4, the building with glaze 1 and glaze 3 showed higher annual
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cooling load than the building with glaze 2 because of higher SHGC values. On the contrary, the building
with both the highest U-factor and lowest SHGC showed the highest heating load.
As given in Eq. (3), the external heat gain includes the followings: conduction from wall and window,
radiation through window, and convection heat transfer through infiltration and ventilation. The internal heat
gain includes person, light, and equipment. Four parameters were selected as dominant values in the present
analysis, which are Af, Awin, SHGC·Awin and U-factor·Awin. A multiple regression analysis was conducted to
develop a simple correlation based on the simulation results. Table 4 shows the coefficients of Eqs. (3-1) and
(3-2). The predictions by the present correlation were consistent with the data from the simulations using
DOE-2.2 with R2 of about 1.

Cooling / Heating
Load qoutside, heat gain + qinside, heat gain
=
= [qcond, wall + qcond, win + qrad, sol + qconv, inf + qconv, vent ]
+[qperson tospace + qlight tospace + qequip tospace]
(3)

= [qcond, wall + Uwin ⋅ Awin ⋅ ∆T + (ED + Ed + Er ) ⋅ SHGC ⋅ Awin
+C ⋅ (k win ⋅ dP 0.5 ⋅ Pwin + k wall ⋅ dP 0.8 ⋅ Pwall ) ⋅ ∆T + qconv, vent ]
+[qperson ⋅ OD ⋅ Af + LPD ⋅ Af + EPD ⋅ Af ]
Cooling Load =
a ⋅ Af + b ⋅ Awin + c ⋅ SHGC ⋅ Awin + d ⋅ Uwin ⋅ Awin + e

(3-1)

Heating Load =
a ⋅ ln(Af ) + b ⋅ Awin + c ⋅ SHGC ⋅ Awin + d ⋅ Uwin ⋅ Awin + e

(3-2)

Table 4 Coefficients for the correlations for the annual cooling and heating load

Coefficient of the correlation

Load

R2

a

b

c

d

E

Cooling

0.28823

0.13074

0.71681

-0.34039

-12.0803

0.99994

Heating

-35.214

0.1707

0.71729

-1.53844

120.3229

0.99469

-1200

Cooling load, WWR=40%
Cooling load, WWR=30%
Cooling load, WWR=20%
Cooling load, WWR=10%
Heating load, WWR=40%
Heating load, WWR=30%
Heating load, WWR=20%
Heating load, WWR=10%

1000

800

Glaze 1
-1000

-800

600

-600

400

-400

200

-200

Annual heating load (MWh)

Annual cooling load (MWh)

1200

0

0
500

1000

1500

2000

2500

3000

Af
Fig. 3 Variation of annual cooling and heating load with Af and WWR for glaze 1
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Cooling load, Glaze 3
Heating load, Glaze 1
Heating load, Glaze 2
Heating load, Glaze 3
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600
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0

Annual heating load (MWh)

Annual cooling load (MWh)

1200

0
500

1000

1500
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3000
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Fig. 4 Variation of annual cooling and heating load with Af and glaze type for WWR=40%

4.2. Increment of the annual heating and cooling load by daylighting
The adoption of lighting dimming control with daylight to the building makes an effect on the cooling and
heating load. Lighting load of the perimeter space decreases with the application of daylighting. The internal
heat gain also varies due to less lighting load, resulting in a change of the HVAC load for the space. In
addition, the external heat gain through the external wall and window will be changed simultaneously with
the variation in the thermal properties of the space.
The ratio of the daylightable area to the floor area (DFR) was introduced to explain the effects of daylighting
(CEC, 2008).

=
DFR

(Width of Window + 1.22m) × N Daylightable Depth Ap
×
×
Width of Floor
Perimeter Depth
Af

(4)

As shown in Fig. 5, the DFR varies as a function of the floor area and WWR. As the WWR of the building
increases, the DFR also increases. However, the DFR becomes almost the same as the ratio of the perimeter
area to the floor area when the WWR increases beyond 30%. The DFR decreases with an increase in the
floor area of the building.
As shown in Eq. (5), the increase in the load was represented by the change of infiltration, solar heat gain
and conduction through window, the change of internal heat gain from lighting, and the change of solar heat
gain absorbed on floor. The internal lighting heat gain was estimated by the equation of Krarti et al. (2005).
They introduced annual average daylight flux per unit floor area. However, in this study, daylight flux per
unit daylightable floor area was used because the dimming control was performed based on the daylightable
area. Eq. (5) was simplified as Eq. (5-1) in terms of dominant parameters, which are Awin, SHGC·Awin, Ufactor·Awin, Tv·Awin/DFR and DFR·Af. The coefficients of the present correlation were determined by the
multiple regression analysis. Table 5 shows the regression coefficients of Eq. (5-1). The predictions were
consistent with the data from the simulations using DOE-2.2 with R2 of 0.99 for cooling and 0.91 for heating.

Incremental Load= a '⋅ k win ⋅ dP 0.5 ⋅ Pwin ⋅ ∆T + b '⋅ (ED + Ed + Er ) ⋅ SHGC ⋅ Awin
+c '⋅ Uwin ⋅ Awin ⋅ ∆T + d '⋅ LPD ⋅ (

Ev, out Tv ⋅ Awin
⋅
) ⋅ Af
Eset DFR ⋅ Afloor

(5)

+e '⋅ qsolar absorbed ⋅ DFR ⋅ Af + f '

Incremental Load ≅ aIL ⋅ A win + bIL ⋅ SHGC ⋅ Awin + cIL ⋅ Uwin ⋅ Awin + dIL ⋅

Tv ⋅ Awin
DFR

(5-1)

+eIL ⋅ DFR ⋅ Af + fIL

2497

0.7

WWR 10%
WWR 20%
WWR 30%
WWR 40%
Ap/Af

0.6

DFR

0.5

0.4

0.3

0.2
500

1000

1500

2000

2500

3000

2

Af(m )
Fig. 5: DFR with floor area

Table 5 Coefficients for the correlations for the incremental cooling and heating load by daylighting

Coefficients of the correlation

Increment
of load

aIL

bIL

cIL

dIL

eIL

fIL

Cooling

-0.01444

0.00118

-0.00711

-0.00201

0.03086

-0.8845

0.99147

Heating

-0.03789

-0.01448

0.06299

-0.00679

0.02048

1.80636

0.91166

R2

4.3. Percent annual heating and cooling energy saving by daylighting
Figs. 6 and 7 show the variation of PCSD and PHSD with DFR. PCSD and PHSD indicate annual cooling and
heating energy savings in percent, respectively, with the adoption of daylighting. As DFR increased from
0.25 to 0.55, PCSD increased from approximately 2% to 4.5%. In addition, PHSD increased from -7% to 3.5% with the increase in DFR from 0.25 to 0.6. In the building with the same WWR, the building having
higher DFR showed more reduction in the cooling load and less increase in the heating load than the building
having lower DFR, when the light dimming control with daylight used in the building. In addition, as shown
in Fig. 7, glaze 3 showed more aggregation in PHSD than other glazes because glaze 3 had the lowest Ufactor. Therefore, the building with glaze 3 showed the lowest PHSD among them.
As shown in Fig. 8, PCSD decreased with an increase in WWR, while PHSD increased with an increase in
WWR. However, the case for 10% WWR in PHSD was exceptional. This may be because glaze 2 transmits
smaller daylight than the others, which leads to increase electric lighting to satisfy the reference illuminance
of 500 lx. The building with glaze 2 showed the lowest annual cooling load due to smaller visual
transmittance of glaze 2, but it showed the highest annual heating load due to bigger u-factor and smaller
SHGC of glaze 2. Visual transmittance of glaze shows an influence on PCSD, while U-factor of glaze makes
an influence on PHSD. Therefore, PCSD and PHSD are a function of Awin, Af, glaze visual transmittance,
glaze U-factor, and DFR.
PCSD and PHSD were estimated by the ratio of Eq. (4-1) to (5-1) and the ratio of Eq. (4-2) to (5-1),
respectively. Figs. 9 and 10 show the deviations of the predicted PCSD and PHSD using the present
correlation from the data using DOE-2.2, respectively. The present correlations for PCSD and PHSD showed
quite satisfactory predictions with R2 of 0.98 and 0.82, respectively.
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5. Conclusions
The effects of the building geometry, window area, window type by using lighting dimming control with
daylight on the annual cooling and heating load savings were studied. The effects of lighting control with
daylight on the cooling and heating load were affected by the window type and DFR. A correlation for the
annual cooling and heating load of the building was developed as a function of DFR and total floor area.
When the lighting dimming control with daylight is applied in the building, PCSD and PHSD decreased with
an increase in the total floor area. The adoption of daylighting may decrease approximately 3% of the annual
cooling load, but it may increase approximately 5.6% of the annual heating load. Eventually, daylighting had
approximately no net impact on the annual heating and cooling load. However, it showed still meaning
results for sizing HVAC facilities in the building. Moreover, lighting dimming control with daylight showed
significant savings of artificial lighting load.
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LIGHTING INSTRUMENTATION, MEASUREMENT AND PERFORMANCE
REPORTING OF MABEL - AUSTRALIA
Dr. Mark B. Luther
School of Architecture and Building, Deakin University, Australia

1. Introduction
The Mobile Architecture and Built Environment Laboratory (MABEL) program is a pilot study to building
performance measurement and analysis. A comprehensive set of Indoor Environmental Quality (IEQ)
performance parameters are assessed to ascertain where weaknesses occur, commissioning is lacking and
improvements can be made. Foremost, it is intended that the findings of measurement will provide the much
needed feedback loop to our building design, detailing and construction assembly processes as suggested by
Hawken, 1999, Hyde, et.al. 2007, and Lstiburek, 2008.
In relation to such work the European Commission (CEN prEN15251 Standard, 2005) and an alliance
between ASHRAE, the U.S. Green Building Council and CIBSE, 2010, to name a few, have produced
protocols on an IEQ measurement processes.
Perhaps the ultimate result is to reach a single value IEQ performance-rating indicator, which (if needed),
can be further analyzed under its individual category parameters (Figure 1, Luther, 2009).

ACOUSTIC
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9

Reverberation Time
Background Noise (Internal)
Sound Reduction Index
Speech Intelligibility Index
Speech Privacy

8
7

VENTILATION
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OPERATION & ENERGY

Air Change Rate
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Weather & Solar Conditions

Natural Ventilation
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4
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Air Distribution in Space

Ratings vs. Actual Consumption
Facade Heat Transfer
Building Air Leakage
HVAC Operation Schedule
Lighting Power Density

CO2 & VOCs
Dust Particulate
Formaldehyde

THERMAL
Radiant Asymmetry & Facade Temperatures

LIGHTING

Light level distribution
Glare Problem Zones
Colour Temperature

Comfort Index: PPD, ADPI, Adaptive Model

Daylight Factor or Ratio

Temperature Stratification & Humidity Ranges

Daylight Autonomy

Fig. 1 MABEL’s development towards a single IEQ evaluation scheme

In this paper we will concentrate on the complexities involved with the ‘Lighting’ criteria of the IEQ
evaluation.
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1.1. Instrumentation
The forthcoming intends to provide a brief explanation of the instrumentation in the lighting facility of
MABEL, followed by methods of measurement, processing and presentation of the results.
The instrumentation comprises the measurement of the two principal lighting parameters;
• illuminance (lux, lighting falling onto an particular plane) and,
• luminance (the surface brightness or light from a particular object).
There are six Minolta CL-200 Illuminance / Colorimeter sensors that are hooked up to a ‘recorder program’
using a tailored routine in MATHLAB. For all six sensors the illuminance (lux) measurement is recorded as
well as its colour temperature - °K (and/or colour coordinates). The measurment occurs over a three minute
period and an average reading is provided.
A Nikon Cool Pix 5000 and a 5400 Camera each calibrated with a fisheye lens provide for luminance
measurements. The ENTPE laboratory in Cedex, France calibrated these. Today, many CCD cameras exist
and are almost common practice (Coyne, 2006). What lacks is a practical evaluation tool for these fisheye
lens luminance results. We discuss these deficiencies and their possible future development in this paper.
After several initial pilot projects it became apparent that workplaces were the primary concern of most
lighting measurements. The inception for a ‘visual comfort meter’ that considered the seated position of an
occupant at their workplace became the creation of a combined instrument measuring illuminance and
luminance (Figure 2.0).

Fig.2 Showing the ‘Visual Comfort Meter’ in illuminance (left) and luminance (right) measurements .

1.2. Evaluation
The bottom line of any MABEL assessment is to obtain an evaluation of performance of the particular
criteria under consideration, in this case lighting. These evaluation criteria often initially derive from
common practice and developed standards.
Since there are numerous criteria to be considered when evaluating lighting for an environment we should
discuss what these might be. In hindsight, and after several projects, it is suggested that perhaps a basic
assessment of the interior lighting at the workplace might include several of the criteria provided in Table
1.0.
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Table 1.0 A possible evaluation for lighting in a workplace

The means and methods, to which several of the individual criteria in Table 1.0 are derived upon, have yet to
be completely developed. It may also be realized that several specific criteria are more significant (hold
more weight) in determining a successful luminous environment than others. All of the above may be
considered benchmark to the evaluation of lighting for a particular space.
In particular the luminance measurements are the most interesting, desperately requiring an objective
evaluation of the subjective questionnaire in Figure 3.0.

Fig. 3 Luminance occupant questionnaire for the workplace

2. Case Study Examples
The following provide example assessments of lighting measurements in a variety of different building
types. The unique aspect is that each of these cases provide real on-site information through measurement
and analysis.
2.1 A Sports Centre (Gymnasium)
In this case there were no measurements made as the building was in its design stage. Deakin university was
planning a new ‘precinct’ of buildings for its Melbourne campus and a gymnasium would be part of this.
Day-lighting had not been considered as an environmentally sustainable option. The architect immediately
took note of this oversight and had us provide several studies (Figure 4a). The relatively narrow skylight
aperture was augmented by a flared (angled out) ceiling immediately underneath. This provides a huge
luminous surface area, evenly distributing diffuse light onto the court floor plane. As a result there is very
little glare (if any) from the surrounding surfaces (see Figures 4.0). It is remarkable as to how much lighting
actually is provided from the relatively small skylight openings.
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In contrast to the previous gymnasium is another one where the entry of daylight and the form of diffusing it
was overlooked (Figure 5). In this case, glare from glass block sidelights as well as sources of direct lighting
mirrored from a highly reflective floor surface, make the lighting for some sports activities almost
impossible.

Fig. 4a Light level simulation example

Fig. 4b Resulting Skylight Solution in
Gymnasium

Fig. 5 A design example where glare is problematic in a gymnasium

2.2 A School Building
This next example illustrates how realistic day-lighting autonomy can be for school classrooms and
laboratories. In this example a retrofit took place and we examine the before and after cases in regards to
lighting improvement. Figure 6 below indicates the case where the space was altered from side lighting
(only) to side lighting with a clerestory. The retrofitting has transformed the space from a electrically
intensive lighting to one of a fully day lit autonomous space. Note that such improvements in the building
envelope design are an essential consequence of the end result.
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Fig. 6 A before and after retrofit luminance mapping for a school classroom at approximately 10,500 lux external measurement.

2.3 An Office Building
As illustrated in previous examples, daylighting can turn a liability into an asset when proper design is in
place. We need to learn how to diffuse and direct light onto surfaces of uniform reflectance. One of the real
challenges in lighting design is our workplace, the office. For this building typology daylighting can often
present serious problems and poor lighting design practices are often the norm. We return to the MABEL
intentions of developing a ‘visual performance index’ and provide an example of the measurement surveys
(see Figure 7).

Fig. 7 Office workplace lighting: luminance mapping and glare problem questionnaire
Figure 7 illustrates a case with the luminous camera result along side the occupant survey result. In this case
the blinds are not fully drawn and the user is not satisfied, receiving excessive glare from the façade. There
is a substantial section of brightness levels over 5000 cd/m2, compared to the normal 180 cd/m2 at a
workplace. This measured result is a good indication of what can occur when the blinds are not in use.
A hand held investigation of daylight penetration through the blinds indicates that they are about 8-10%
transparent. This blockage of daylight penetration may not be adequate for the present arrangement of the
workplaces. It is discovered that the problems primarily occur when the blinds are not drawn. However, this
design approach (drawing the blinds) defeats the idea of maximum daylight use and diffuse lighting
penetration into the depths of the office space.
One of the features of the workplace measurements, using the visual comfort meter, is the mapping of
illuminance levels. As mentioned earlier in this paper, there are 6 Minolta CL-200 illuminance / colorimeter
sensors that aim at providing the light levels received at the head of the occupant (see Figure 8), the light
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onto the computer screen as well as the light onto the desktop (workplane). The analysis of these sensors has
yet to be fully applied and understood. Several analytical intentions would be to define:
•
•
•
•

a vertical to horizontal illuminance ratio
a contrast (or difference) ratio between maximum and minimum
illuminance levels.
an average illuminance level received from all six points
a ratio or illuminance difference between the vertical screen and the vertical occupant face.

At this point in time we have yet to ascertain a proper method of analysis for this illuminance data. The only
result at present is the work-plane (horizontal illuminance) and its respective colour temperature. An
example is shown here indicating the tremendous fluctuation in light levels and colour temperature at
different workstations within the same open office (Figure 9).

Fig. 8 Illuminance set-up for workstation
measurement

Fig. 9 Illuminance at desk top and colour temperature at different workstation
locations in an office

3. Conclusion
Several examples have been provided in this report regarding daylight integration and its measurement with
the Mobile Architecture and Built Environment Laboratory (MABEL) facility. It would be desired to
compare these research findings and experiences with other research organizations involved with similar
research. The shortcomings of daylight integration in today’s architectural design are significant. Too often
the option of day-lighting is rejected due to a lack of understanding how to control it. The research towards
in-situ measurement of day-lighting projects is important because it can demonstrate successful designs and
reduce the risk taking in future projects.
The need for a ‘visual comfort meter’ is an important aspect of this paper and requires international
participation towards its development. Such an instrument was demonstrated for office workplaces here.
The full interpretation of this data, providing luminance and illumance results, requires further analysis.
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PREDICTING OF DAYLIGHT ON VERTICAL PLANE IN REAL OFFICE
ENVIRONMENT FOR VISUAL AND BIOLOGICAL EFFECTS
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1. Introduction
The effects of natural light on health, welfare and productivity of employees have been known for a long
time, but only recently scientists discovered the mechanism through which natural light triggers these effects
(Berson et.al., 2002, Brainard and Hanifin, 2005, Lockley et.al., 2003). The human eye is sensitive to the part
of sunlight spectrum between 380 and 780 nm. Photoreceptors responsible for spectral sensitivity of eye
(vision) have the peak at other wavelengths than receptors responsible for regulation of circadian rhythms
(secretion of melatonin and regulation of other hormones) (Brainard et.al., 2001). Recent studies of office
environments confirm the connection between the quality of environmental factors (especially lighting),
productivity and health of employees. A study conducted by Heschong (2003) showed that the impact of
well-lit workspaces directly reflects in the performance of employees. Dogrusoy and Tureyen (2007) in his
field study demonstrated that most employees prefer natural lighting and that the employees define the three
most important factors of pleasant working environment as daylight, exposure to sun and natural ventilation.
Mills et al. (2007) found that blue light improves productivity, Hoffmann et.al. (2008) discovered that
variable light potentially improves the mood of employees in an office environment. The above mentioned
studies show that circadian rhythms in addition to light also affect the productivity and mood. Existing
regulations, standards, guidelines and recommendations in the field of daylighting refer to the entire visible
spectrum and deal with lighting suitable for visual tasks, thus illuminances at workplane are controlled.
Triggering of biological (non-visual) effects of daylight involves a different light intensity and spectral
composition, and requires illumination at the eye.
People on average spent 80-90% of the time in indoor working and living environment (Evans and McCoy,
1998). As a consequence exposure to strong and direct daylight is short, and this has negative psychological
and physiological consequences (Boubekri, 2004). This information is crucial for the evaluation of
workplaces, especially because according to the study by Aries (2005) only at one fifth of the existing
workplaces the values at which the light has a positive impact on the biological responses of the organism
were reached. In the following study we examined an existing office environment and compared the level of
illumination at workplane and at the eye level. Rea et al. (2002) have also found that the level of electric
lighting at the eye is three to five times lower than levels measured at the working plane. The aim of the
study was to define how the hitherto known criteria are reflected in the real time situation and whether it is
possible to obtain relevant information for vertical illuminance at eye level with simple simulation tools
usually used in architectural praxis. We compared the results measured in real time office environment
during various periods of year to the calculated values (both horizontal and vertical illuminances) and
determined the extent of certainty with which the conditions in an office can be predicted with computer
tools.
2. Daylight study of an office space
2.1 Background
The most obvious and commonly known effect of light on people is influence of illumination on the visual
perception. Sufficient amount of light in the room is treated at two levels. The first level is the general room
lighting and the second level refers to the illumination of the workplace, which strongly influences work
efficiency (Goodman et.al., 2006, Juslen et.al., 2007). Although the human eye is very flexible, an optimal
performance of visual function can be expected only in the range of certain illumination levels. Illumination
requirements for office work (writing, reading, work on computer, etc.) are defined at workplane and must be
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in the range of 300 – 750 lx (EN 12464-1, 2004).

Fig. 1: Plan of the office space

The influence of light on the psychological and physiological functioning of the organism requires higher
levels of illumination, especially incidence of short wavelengths directly into the eye. Intensity and the exact
composition of the spectrum are presently not precisely defined, but the existing studies suggest that light has
to contain the blue part of the visible spectrum and reach the value over 1000 lx at the eye (Boivin et.al.,
1996, Zeitzer et.al., 2000, Cajochen et.al., 2000, Schierz 2002). At most existing work spaces spectrum of
artificial light significantly differs from the spectrum of natural light. The commonly used glazing (for
instance combined plain and low-E glass) transmits light that contains a high portion of visible light and thus
also the blue part of the spectrum. Knowing this, the obvious solution is that most of the needs for biological
effects can be provided by well designed windows, while the light for visual functions can be provided by
means of daylight, artificial light or a combination of both. We have to bear in mind that doses of blue light
are needed during certain time periods (eg. morning and early afternoon) and the person may receive them at
the workplace, while moving about the room or in the external environment. The light for performing of
visual tasks must be fairy constant and is required at the workplace.
2.2 Measurements of the real time office environment
The daylight measurements were carried out in office situated on the 3rd floor of the Faculty of Civil and
Geodetic Engineering building in Ljubljana (46.03°N). The dimensions of the office are: length: 9.25 m,
width: 3.96 m and a height 3.88 m. The thickness of the external wall is 0.41 m Window is positioned on the
north wall and covers the entire wall (3.4 m / 2.8 m) with exception of the sill with height of 0.85 m. Glazed
area of 9.5 m2 thus amounts to 26 % of the floor area and 49% of the window wall. The window is glazed
with double 6 mm glass, with low-E coating, gap of 16 mm and Argon filling. The window frames are 8 cm
wide Aluminium profiles. The measured light transmittance (τv) is 0.66 (dirt on glass was taken into
account). The window is not shaded.
The room is equipped with standard office furniture. Surface reflectance is: floor 35%, walls average 65%,
and ceiling 80%. The 1st working place is positioned 1.85 m from the window, the 2nd 3.88 m and the 3rd 6.18
m. The detailed setup of the office is presented in Fig. 1. Measurements were executed in overcast and clear
sky conditions. As a reference value 500 lx was set for task illuminance and 1000 lx for vertical illuminance
at the eye.
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North oriented window was chosen because in this phase of experiments the window was not shaded. Any
other orientation would therefore cause direct sunshine onto the vertical measurement plane and sun patches
on workplane which would cause glare in real-time conditions. Under these circumstances the employees
would probably use shading and the measured values would not be realistic. As shown at the end of the paper
on the case of real-time west oriented office, the use of shading completely changes the conditions in the
room compared to the free-run state or simulations. This approach however enabled us to evaluate only
diffuse light. It can be expected that the illuminance values at other orientations would be at least such as
these or higher.
Measurements were taken at the:
 E a : Horizontal working plane (measured at 0.76 m above the floor level).
 E b : Eye looking at (directed towards) workplane, measured 1.20 m above the floor lever (45º inclination
towards workplane, sitting laterally to the window).
 E c : Eye looking at computer screen, measured 1.20 m above floor level (measured at vertical position,
sitting laterally at the window).
 E d : Eye looking towards window, measured 1.30 m above floor level (measured at vertical position,
sitting laterally at the window).
With these parameters were covered typical positions of a person performing office work. The measured
values were obtained by manual lux meter (LX-101, Lutron). The aim was to present typical conditions on
the location, two of them are presented in the tables below (December and April/May). Measurements were
carried out under overcast and clear sky the time of measurements was from 11 a.m. to 1 p.m.
2.3 Illuminance measurements overcast sky
The calculated E av reached sufficient level regarding task lighting, but E min was very low (lower than 300 lx).
Consequently, spatial distribution was inadequate (uniformity ratio E min / E av was 0.13).
Tab. 1: Illuminance under overcast sky at three specific workplaces and at four specific positions

Sky: overcast

1st workplace

2nd workplace

3rd workplace

E in (lx)

E in (lx)

E in (lx)

April/May

December

April/May

December

April/May

December

Horizontal exterior

9450

18000

9450

18000

9450

18000

Horizontal workplane

795

1045

215

460

117

210

Looking at workplane

361

650

102

181

62

98

Looking at computer
screen

332

600

77

150

57

90

Looking toward window

1483

1990

668

950

341

450

Position of measurement

During the measurements in April and May sufficient daylighting of workplane was achieved only on the 1st
workplace which is nearest to the window. There the level reached almost 800 lx. On the 2nd and 3rd
workplace the levels were 215 lx and 117 lx, respectively. These levels were too low to be adequate for
performing of the expected visual tasks, and additional electrical lighting was necessary. From the aspect of
biological effects the value over 1000 lx at the eye was achieved on the 1st workplace with the eye oriented
toward the window. On the 2nd and 3rd workplaces the levels were 668 lx and 341 lx, respectively. Daylight
levels in positions of the eye looking at the workplane and at the computer screen were all much lower than
required. During the measurements in December sufficient daylighting of workplane was achieved only on
the 1st workplace which is nearest to the window. There the illuminance exceeded 1000 lx. On the 2nd
workplace the level was 460 lx and was acceptable. The 3rd workplace was not adequately daylighted.
Similar situation occurred when vertical illuminances in the direction of window were measured. The eye at
the 1st workplace received 1990 lx, which is well over 1000 lx and at the 2nd workplace 950 lx, which is
nearly adequate. The 3rd workplace received 450 lx, approximately half of the required value. Illuminance
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levels in positions of the eye looking at the workplane and at the computer screen were all much lower than
required. We can conclude that the 1st workplace is sufficiently daylighted, the 2nd workplace is on the limit
of acceptable values and the 3rd workplace is inadequate (Tab. 1).
Even though the absolute illuminance values deeper in the room did not reach the reference levels, it is
interesting to know that the ratios between the horizontal and the vertical illuminance were quite constant.
The measured illuminance values depended on the external conditions and the objects in the person’s visual
field. In our case a large portion of the window opening appeared in the visual field. For instance the ratio
between vertical illuminance and horizontal workplane illuminance measured in April and May was 1.9 at
the 1st workplace and 3.0 at the 2nd and 3rd workplaces.
2.4 Illuminance measurements clear sky
The measurements were performed during May and December around midday. External horizontal
illuminance under clear sky (H ex ) was 31500 lx in December and 35400 lx in April-May. Average horizontal
illuminance of the office space calculated on the basis of the spring measurements (E av = 637 lx) was
adequate for office work. Minimum measured illuminance value (E min = 131 lx) does no reach the
recommended value (300 lx) (EN 12464-1; 2004) and the uniformity ratio is not adequate (E min /E av = 0.20).
Tab. 2: Illuminance under clear sky at three specific workplaces and at four specific positions

Sky: clear

1st workplace

2nd workplace

3rd workplace

E in (lx)

E in (lx)

E in (lx)

April/May

December

April/May

December

April/May

December

35400

31500

35400

31500

35400

31500

Horizontal workplane

857

580

360

260

218

200

Looking at workplane

437

280

210

142

116

106

Looking at computer
screen

412

Looking toward window

1811

Position of measurement
Horizontal exterior

260
1330

189
1183

125
765

105
732

100
405

During the measurements in April and May sufficient daylighting of working plane achieved only at the 1st
workplace, which is nearest to the window. There horizontal illuminance level reached 857 lx. At the 2nd
workplace the level was 360 lx and exceeded the minimum criterion, at the 3rd workplace the level was 280
lx. From the aspect of biological effects the value over 1000 lx was achieved at the 1st workplace and the 2nd
workplace at the eye looking toward the window. At the 3rd workplace the level was 732 lx and was therefore
too low. Daylight levels in positions of the eye looking at the working plane and at the computer screen were
all much lower than the reference. We can conclude that the 1st workplace was sufficiently daylighted, the 2nd
workplace was somewhat adequate and the 3rd workplace was inadequate. Ratio between vertical illuminance
and horizontal working plane illuminance was 2.2 at the 1st workplace, 3.4 at the 2nd and 3.5 at the 3rd
workplace. The calculated average illuminance (E av 668 lx) was quite high but the distribution of light was
very uneven (uniformity ratio E c min / E c av is 0.20) (Tab. 2). During the December measurements sufficient
daylighting of workplane was as expected achieved only on the 1st workplace. There the illuminance reached
580 lx. On the 2nd and 3rd workplace the level was 260 lx and 200 lx, respectively. Similar situation occurred
when vertical illuminances in the direction of window were measured. The eye at the 1st workplace received
1330 lx, which is over 1000 lx and at the 2nd workplace 950 lx, which is nearly adequate. The 3rd workplace
received 450 lx, approximately half of the required value. Illuminance levels in positions of the eye looking
at the workplane and at the computer screen were all much lower than required. We can conclude that the 1st
workplace is sufficiently daylighted, the 2nd workplace is on the limit of acceptable values and the 3rd
workplace is inadequate.
The results of the on-site measurements showed that illuminance at different directions of view are the
highest when directed toward the window and exceed 1000 lx at the 1st workplace for clear and overcast sky
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conditions and in some cases at the 2nd workplace under clear sky conditions. The illuminance values at the
eye looking at the working plane and computer screen at all workplaces reach a quarter or less of the value at
the eye looking toward the window, both under overcast and clear sky conditions and did not reach the
reference values. The differences of illuminance levels are not just seasonal but strongly vary with weather
conditions.
Tab.3: Illuminance at three workplaces (vertical at eye level and horizontal at workplane) in specific office space for three
reference days

Sky: CIE overcast
21st December
Illuminance (lx)
H ex

6687,03

V 1 III/1-2

576

H 1 III/1-2

449

V 2 III/1-2

280

H 2 III/1-2

191

V 3 III/1-2

133

21st March/September

V n /H n

Illuminance (lx)
15340,27

574

215

586

1,22

336
1,60

164

84

V n /H n

716
1,15

343
1,47

Illuminance (lx)
17350,71

658
1,28

1,58
H 3 III/1-2

V n /H n

21st June

236

1,43

169
1,77

93

1,61
105

Sky: CIE clear
21st December
Illuminance (lx)
H ex

26300

V 1 III/1-2

640

21st March/September

V n /H n

Illuminance (lx)
59479,36

336

V 2 III/1-2

403

H 2 III/1-2

202

V 3 III/1-2

223

H 3 III/1-2

115

480
1,67

224
1,94

129

1,65
487

396
236

V n /H n

802
1,74

393
1,99

Illuminance (lx)
81413,50

684
1,91

H 1 III/1-2

V n /H n

21st June

281

1,71

254
1,74

139

1,82

Real time measurements showed that the vertical illuminance levels greatly differ depending on the direction
of view. Eye looking at window received approximately four times larger portion of light than eye looking at
workplane or computer screen (Tab. 5, Tab. 6). We know that most of the working time the view is directed
downward and in this position the eye does not receive enough light to trigger strong biological effects.
Horizontal workplane under both sky conditions reached approximately half of the illuminance compared to
the level at eye looking toward window. The ratio between vertical illuminance at eye in direction of window
and horizontal illuminance at workplane (V / H) is 1.0 near the window and gradually limitates toward 2.0
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deeper in the room. The reason for this change is the fact that horizontal illuminance on workplane deeper in
the room greatly depends on the light reflected form internal surfaces while vertical illuminance in the
direction of window is mainly a function of portion of bright sky in the visual field.
The in-situ measurements indicated the trends that were later proven with the computer simulations and
automatically logged real-time measurements over longer period of time. The illuminance differences under
clear and overcast sky conditions near the window were not large, but increased when moving deeper into
the room. Without the influence of direct sun the ratio between the vertical illuminance at the eye and the
horizontal illuminance at the working plane was almost constant both under clear and overcast sky
conditions; we have to add that the manually measured ratios were somewhat higher (2.0 near the window
and 3.0 deeper in the room) than the later measured and simulated values. Very important for high
illuminance level at the eye was large area of bright sky in the visual field.
2.5 Simulation of the office environment
For calculations was used software tool Radiance (2010). The real-time office environment was simulated
under the standard CIE overcast sky (type 1) and the standard CIE clear sky (type 12) (ISO 15469:2004 (E))
for three days during the reference year (December 21, March 21, and June 21). We calculated two
parameters, the illuminance at the workplane and vertical illuminance at eye level looking in the direction of
the window (Fig. 1). The simulated points correspond to the previously measured position of a person’s eyes
performing office work. The calculations were carried out on a grid of 0.15 m / 0.15 m (for each cell average
luminance was calculated).
Tab. 4: Seasonal illuminance levels at three workplaces in the specific office space under standard CIE overcast sky

Vertical illuminance

21st December

21st March/September

21st June

Horizontal illuminance
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Standard CIE overcast sky model covers situations with very uniform distribution of light in the hemisphere
and also throughout the year. It should be noted that the second and the third workplace are not adequately
daylighted over the year and the first workplace is not sufficiently daylighted during the winter. The vertical
illuminances at the eye are low and do not reach the value of 1000 lx at any of the workplaces during the
year. Ratios between vertical illuminance at the eye and horizontal illuminance at the workplane (V n /H n ) are
at all three positions relatively uniform and amount to the value of 1.5 (Tab. 3, Tab. 4).
Compared to CIE overcast sky, under CIE clear sky horizontal illuminance near the window is lower but
deeper in the room more uniformly distributed. The calculations showed that the ratio V/H in a specific
position does not change significantly during the year. In the zone near the window the V/H is close to 1.0
and deeper in the room limits toward 2.0 (Tab. 3, Tab. 5). Because the orientation of the room in North and
the window is not under influence of direct sunshine, the differences of illuminance levels under clear and
overcast sky are relatively small.
Tab. 5: Seasonal illuminance levels at three workplaces in the specific office space under standard CIE clear sky

Vertical illuminance

21st December

21st March/September

21st June

Horizontal illuminance

Tab. 4 which refers to conditions under overcast sky shows that 500 lx on the workplane are reached only on
the first workplace (shaded area) during spring, summer and autumn. During winter the conditions are not
satisfactory on any of the workplaces. The illuminances at the eye that would trigger strong biological
response (≥ 1000 lx) (shaded area) are not reached on any of the workplaces during the year. Zones of good
visual conditions and of bright light at the eye overlap most of the year only on the first workplace. This
means that the first wokplace is satisfactory regarding visual conditions and partly regarding significant
biological influences. The reason for relatively bad result is spatial distribution of workplaces in the office. In
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spite of large window openings relatively small amount of light reaches zone deeper in the room.
Tab. 5 which refers to conditions under clear sky shows that the 500 lx on the workplane are reached only on
the first workplace (shaded area) during summer. During the rest of the year the conditions are not
satisfactory on any of the workplaces. The illuminances at the eye that would trigger strong biological
response (≥ 1000 lx) (shaded area) are not reached on any of the workplaces during the year. Lower
illuminance in the room compared to overcast sky is the consequence of the sky models, and the influence of
direct light versus uniformly diffused light. Zones of good visual conditions and of bright light at the eye
overlap during summer only on the first workplace. This means that the first wokplace is satisfactory
regarding visual conditions and partly regarding significant biological influences only during short period of
year. Results with such a bad outcome were not expected since the window area of the room is quite large
and cover most of the most oriented wall.
3. Conclusion
The real-time measurements showed, that average horizontal illuminance in the room during the year was
mostly adequate. Problematic was horizontal illuminance of specific workplaces measured at workplane,
which (with exception of the 1st workplace) did not reach the recommended values. Due to the depth of the
room the light was distributed unevenly. The intensity of light falling into the eye on all workplaces was
largest when eye was turned toward window. The value exceeded ≥ 1000 lx on 1st workplace under overcast
sky (Tab. 1) and on the 1st and 2nd workplace under clear sky (Tab. 2). Illuminance values measured
vertically (simulating eye looking toward workplane and toward computer screen) reach approximately one
forth of the vertical illuminance in the direction of the window. In spite of the fact that the window extended
over 26% of the room area and 49% of the window wall area the measured horizontal illuminance under
overcast sky was adequate only in the zone near the window (up to 2 m from the window). The ratio between
vertical illuminance at the eye directed toward window and horizontal illuminance at workplane (V / H) was
approximately 2.0. Similar values were measured under clear sky. The vertical illuminance value measured
at the eye looking toward workplane and at the aye looking at computer screed reached 0.16 and 0.25 of
value for eye looking at the window, respectively.

Fig. 2: Horizontal (ILL_in_hor) and vertical (ILL_in_vert) illuminance of the workplace in the western oriented office. The
weather was sunny with morning fog. Additional presented values in the diagram are: external vertical illuminance divided by
factor of 10 (ILL_out/10), global solar radiation (GLOB_rad), position of blinds (BLIND_pos) and duration of activated
artificial illumination (AR_ILL_on).
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The illuminance calculations with the program Radiance were used to control measurements and to compare
standard and state-of-art conditions. They were executed for horizontal workplane and vertical plane parallel
to window (simulating eye looking toward window). The illuminance values were calculated for four
reference days during the year both under standard CIE overcast and clear sky. The conditions on the
horizontal workplane under overcast sky were satisfactory at the 1st workplace during the whole year and too
low at the 2nd and 3rd workplace. Vertical illuminance at the eye did not reach 1000 lx at any of the
workplaces. Under clear sky horizontal and vertical illuminance did not reach the set criteria. The V / H ratio
under overcast sky was in the range of 1.5 and under clear sky 2.0.
These results were confirmed by later continuous measurements of real time west oriented office. The results
can not be directly compared due to changed orientation and different geometry of the office, but can be
regarded as a guideline. Te Fig. 2 shows the example of measurement of a workplace positioned at a distance
of 2 m from the window. The measured values are illuminance at horizontal workplane ((ILL_in_hor),
vertical illuminance at the eye looking toward window ((ILL_in_vert) and external conditions. The V / H
ratio in these specific conditions are between 1.2 in 3.5. The average V / H ratio during working hours is 1.8
to 2.1 even if the measurements were executed in very variable external conditions. Considering the
measurements and calculations we can conclude, that in the presented situation we can define the vertical
illuminance at the eye by a fair amount of certainty if we calculate the illuminance at the horizontal
workplane. Further work for other orientations and various room geometries is needed.
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1. Introduction
Even in "sunny" countries, despite the fact that an excess supply of sunlight outside, even during the daytime,
windows are darkened and shut because of heat. Thus artificial light is used indoors requiring a high amount of
energy. Moreover, these artificial lights are used at a very low level of efficiency only. If windows were left
open, too much heat would penetrate through the windows. Thus in buildings, currently, most energy used is
for air conditioning!
The efficiency of the usual way of transforming solar energy to electricity and then back to light is typically
less than 1% (Fig.1), and is always linked with production of unwanted heat, whereas an efficiency of up to
50% depending on the length is achievable by direct use of sunlight e.g. with the Sollektor approach (Poisel et
al.).

Photo Voltaics

Sollektor®

Transformation
light electricity

Light
concentration

Transformation
and transport

Flexible guiding

Transformation
electricity li h

Light exit
< 1% artificial
li ht

> 20..50% natural
li ht

Fig. 1: Comparison electrical (left) and direct (ríght) illumination path

In addition, this light has no heat, and retains the natural spectral distribution that is most beneficial for human
performance. The following benefits are linked to the use of this technology:





Saving of energy costs through direct use of daylight and eco friendly
Light without heat by splitting off infrared radiation
Non visible part of radiation can be used for energy harvesting
Natural daylight improves human performance and contributes positively to overall human well-being.

2. State of the art:
At the beginning of this century there have been EU funded projects in Europe with more or less academic
character such as ARTHELIO (Arthelio) In the meantime there are also systems commercially available such as
PARANS (Parans), which in the most recent version comes close to the approach of the Sollektor technology.
Competing approaches can be found in:
 Egis: www.egis.org/Helio_de.html
 Solatube: http://solaglobal.com/
 Heliobus: www.heliobus.com/pages_e/frames.html
 Solux: www.bomin-solar.de/
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In the USA there have been activities at the Oak Ridge National Laboratories which lead to "Sunlight Direct".
In 2004 this a spin-off company started the commercialisation of the hybrid solar lighting (HSL) project, using
sun-tracking parabolic mirror dishes (typ. 1 m diam) and fiber bundles, guiding the light to the interior of the
building (www.sunlight-direct.com).
Maybe the most widespread commercial use has been in Japan with the Himawari system1.
Drawbacks of the current state of the art: Apart from the Parans system, all approaches are based on bulky
devices, are sensitive to environmental loads such as wind, and also not acceptable for European architectural
ambitions. To our opinion this is one of the main reasons for not having been accepted so far.
3. New approach: Sollektor
As a consequence to the benchmarking of the systems mentioned above and parallel to the progress in
concentrating photovoltaics we followed a more promising approach which we call "Sollektor" (= Solar
Collector) which we presented at various POF conferences since 2007 (Poisel 2007 – 2010).
The Sollektor has following characteristics:







Modular design thus fitting any size and shape
Suitable for any roof geometry (essential for Europe, not so much in sunny belt countries such as India)
Simple and robust mechanics with a minimum of moving parts
To be integrated in a holistic system using the most of solar power
Sensor assisted solar tracking
Simple and injection moulded fault tolerant concentrating optics

The daylighting system consists essentially of three parts:




solar light collecting and coupling sub-system
transmission line
light distribution, illumination unit or luminaire

A key component is the coupling optics using a pin like device (Fig.2) we called "solar pin", the first generation
with an elliptical surface refracting the light to a 1 mm diam. standard POF with a numerical aperture of 0.5. In
this first step we restricted ourselves to a concentration ratio of 280 to allow for acceptable alignment
tolerances. We preferred the pin approach to a (Fresnel-) lens approach because we could fix the fiber in the
same component. In addition the next generation is planned to combine refection AND reflection to allow for
higher concentration ratios combined with less critical alignment tolerances.
Each solar pin has a collecting area of 15 mm x 15 mm. The fibers are fixed in a "blind hole" at the lower end
with a simple crimping technique. The current 2nd generation has an increased effective area and a fiber with
0.75 mm only compared to 1 mm. this increasing the concentration to about 700.

Fig. 2: Raytracing through a solar pin

1

http://www.arch.hku.hk/~kpcheung/daylight/day-4.htm
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We designed the optics such that we could allow for an angular misalignment of 1.5° in order to soften the
requirements for accurate positioning of each individual pin. The angular acceptance range measured is shown
in Fig.3.
Accepted power (a.u.)

angle in deg
Fig. 3: Angular acceptance of solar pin with 1 mm POF

In addition to the energy saving properties of Sollektor the almost perfect colour rendering plays an important
role influencing the performance of human beings. Fig. 4 shows a comparison of the spectra of different
sources offering white light whereas Fig. 5 demonstrates the influence on colour rendering.
Sun
 Sollektor
Sonne


Normalized Power

Sollektor

ESL

LED

Wavelength / nm
Fig. 4: Comparison of spectral distributions of white LED, Energy Saving Lamp (ESL) and sunlight

LED

ESL

Sun

Fig. 5: Different colour rendering using different light sources; all photos taken with identical camera setting
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4. Test installations
The first Sollektor had been installed at the roof top of our partner university IIT-M in Chennai / India because
of their abundance of sunlight (Poisel 2009). Even though this set-up never was intended for being used under
these conditions we gained a lot of experience about the behaviour of the components under very intense
sunlight illumination.
The current version of Sollektor 2.1 differs from that model by increasing the concentration (700x vs. 280x),
improving the tracking accuracy as a consequence and simplifying the mechanics in order to achieve a rugged
system able to withstand the environmental challenges.
This set-up is shown in fig. 6.

Fig. 6: Current version of Sollektor with 8 fiber bundles carrying 108 individual POF each

The light collected by each of the four panels with 224 "lenses" is transported by 8 fiber bundles in order to
distribute the light to different places such as two different hybrid luminaires (c.f. next section) located two
floors underneath as well a for monitoring purposes to a control cabinet side by side to the Sollektor rack as
shown in fig. 7.

Fig. 7: Current version of Sollektor with 8 fiber bundles carrying 108 individual POF each
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Within this cabinet various systems are planned to be installed to measure the total amount of power, its
temporal and spectral distribution, the variation of the efficiency of different individual concentrators in
conjunction with other climatic parameters.
A first impression ("first light") of natural light inside the demonstration room two floors underneath is given in
fig. 8.

Fig. 8: First sunlight from the Sollektor at the rooftop

5. Hybrid luminaires
The light provided by the Sollektor will be launched to two different hybrid luminaires inside the demo room
one in a flat design ("slab") to be placed above the table, the other one in a tubular shape as a hollow waveguide
using prismatic sheets for guiding the light. Both will use light from white LEDs in case only low or no sunlight
is available. A lux-sensor will provide a signal to the control unit adjusting the LED current to make sure, that
the illumination level stays within a given range.
For the slab luminaire we developed a completely new design using ray tracing techniques. Firstly the slab will
act as a planar light guide (PMMA vs. air), with means to extract the light at defined locations for fulfilling its
purpose as flat luminaire. As shown in fig. 9 the slab is divided in three regions: one central part where the LED
light is shining through, having a diffusing part for homogenizing the light from the more or less point-like
sources.

Fig. 9: Ray tracing results for slab luminaire with launching region (right), central region for LED light optionally shining through
and two side regions for guiding and distributing day light
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The two areas left and right will transport the Sollektor light launched at a central position at one edge of the
slab (fig.10). Narrow slits in the slab will act as mirrors redirecting the light to the two outer regions and
prevent it from reaching the central area. A special pattern of white dots is printed on the slab. The density of
the dots varies with the distance from the launching region in order to provide a uniform illumination level.

Fig. 10: Ray tracing of the slab where light is launched (center right) and redirected by totally reflecting slits

In Fig. 11 simulated rays from the printed pattern in the downwards direction are shown as well as the
distribution of the illumination in the near field indicating a very satisfactory uniformity.

Fig. 9: Ray tracing of light scattered downwards (left) and near field distribution over the slab area (right)

6. Conclusions
Daylighting using the Sollektor approach has been demonstrated to be a viable technique with the potential to
save a lot of energy, increase human´s well being and providing the right colours.
Mainly for sunny belt countries, the energy saving aspect is the most important one demanding a cost effective
design of the complete system. This is one of the main activities for the next future. Sollektor is now on its way
from the laboratory to commercial applications. A spin-off company called Bavarian Optics has been founded
in March 2010, first samples have already been ordered.
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1. Introduction
According to the European Commission, buildings are responsible for about 40 % of the end energy
consumption and about 36 % of the CO2 emissions in Europe. Improving the building’s envelope and
integrating energy efficient systems for heating, cooling, and ventilation as well as lighting can decrease the
energy consumption of these buildings significantly. In addition, the integration of technologies using
renewable energies is helping to reduce CO2 emissions furthermore. However, in many cases, building
services are not operated in an optimal way and offer therefore a high potential of improving the energy and
comfort performance of buildings.
For a building operation, the energy flows indicated in Fig. 1 can be observed. Here, the energy need of a
building is determined by the desired indoor climate and is effected by internal and external gains and loads.
The amount of primary energy required to provide this building need depends then on the generation systems
and its fossil fuels used, the different distribution systems and the supply systems for heating, cooling and
ventilation within the building zones. Covering all these different subsystems, a control system is required to
reduce the losses of each subsystem.

Fig. 1: Energy flows from generation to need

Building management systems can be either fully automatic or can be effected manually by the building
users. Innovative building management systems like (Copperman, et.al. 2010) are not only offering a suitable
zonal building control of the systems, in addition, the buildings occupancy as well as current and predicted
weather conditions are taken into account. However, due to changing occupancy and weather conditions, the
performance improvement of a building management system is difficult to quantify in real buildings.
In order to perform such an evaluation, either numerical simulations or real data from measurements at the
respective buildings can be used following for example (EN 15232, 2007). Hereby, it depends on the specific
building situation which option is more suitable. Within the project “Positive-energy buildings thru better
control decisions (Pebble)”, funded by the European Commission within the 7th Framework, three buildings
around Europe with complete different building histories are used to identify general rules for the evaluation
of the performance improvement under consideration of comfort and energetic aspects.
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2. Demonstration buildings
For the project, two buildings in Germany and one building in Greece had been identified for the
development and demonstration of an innovative building management system based on weather and user
occupancy predictions.
The office building of the Centre for Environmental Building, which is shown in Fig. 2 and presented in
details in (Schmidt, 2002), is in operation since 2001 and is designed as a very low energy building. The
building is situated at the University of Kassel and closes a gap between an ensemble of old houses. An
atrium, used as a daylight source, which contains the entrance zone and the staircases, joins the old brick
building of the Faculty of Architecture to the modern concrete construction, joining them to form a
combination of old and new. The ZUB office building consists mainly of two different parts: one part for
exhibitions and events, and one part for offices. The U-value of the exterior walls is 0.11 W/m²K and triple
glazing with a U-value of 0.6 W/m²K have been chosen for the mostly south facing large window area. The
minimum frame-fraction of the wooden façade construction helps to reduce heat losses and the problem of
thermal bridges has been diminished by the careful planning of all joints and details.
The office has been planned as an example of a low energy building reaching a heating demand of about
16.5 kWh/m². To save electrical energy, both natural lighting and even ventilation strategies have been
implemented. Solar gains are utilized through the glazing of the south facing façade. At the same time, a
good thermal and indoor comfort for the occupants was a major demand from the building owner. To achieve
the heating and cooling of the offices using one system, only a hydronic conditioning system with embedded
pipes has been chosen. In the case of heating, the system works with low inlet temperatures of approx. 24° C.
When cooling is required, pipes in the floor slab construction of the basement acting as a ground heat
exchanger are cooling the water. Ground coolness, a renewable and environmental energy source is utilized
and a mechanical cooling machine is not required. To reduce ventilation heat losses, mechanically balanced
ventilation using heat recovery with two cross flow heat exchangers in a series and a thermal efficiency of
0.8 has been installed. In the normal operation mode, fresh air is supplied directly to the office rooms and
exhaust air is extracted from the atrium, then transported to the heat recovery unit. The fresh air can be
supplied to the central atrium and the exhaust air extracted from the office rooms. Recently, a photovoltaic
system of 4.36 kWp has recently been installed on the roof space of the building and supplies energy for the
buildings electricity grid.

Fig. 2: Building of the Centre for Environmental Building, Kassel

The building was monitored over a period of four years within a research project funded by the German
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Ministry of Economy and Technology. Due to this, approximately 1300 measurement points, such as
temperatures and heat and energy flows, are being monitored and used by the central building management
system. In addition, the thermal / indoor comfort and indoor air quality is being reported and controlled.
The second German building being investigated within the project is located in Aachen and currently under
construction. The RWTH demonstration building is the new main building of the E.ON Energy Research
Center of the RWTH Aachen University. The construction started in August 2010 and is supposed to finish
in autumn 2011. The building, shown in Fig. 2, integrates office rooms and staff facilities, seminar and
conference rooms, laboratories and common areas. The basic heating and cooling supply is distributed by
concrete core activation, which is installed holohedral in the massive ceiling area of the office and
conference spaces. The office rooms have façade ventilation units with four way heat and cold exchangers as
well as waste heat recovery and are automatically controlled. The office room windows can be opened and
have window contact sensors installed. The heat and cold distributed is generated by a turbo compressor
driven heat pump process with a geothermal field as energy source. Two central air conditioning units with a
sorption-supported cooling process are supplying fresh air to conference rooms, CIP-pools and laboratories
with higher internal heat loads using a displacement ventilation system. A ventilation system with heat
recuperation ventilates the common areas. There is no additional heating or cooling of the common areas
except a small floor heating in the reception area. Thus, the climate control of the common areas is
influenced by the heating and cooling of the rest of the building. Heating peak loads are covered by the
combined heat and power engine and the condensing boilers. During the cooling period the cooling load is
covered by the turbo compressor heat pump. Urgent cooling demands can be covered by a small additional
cooling heat pump process. The sorption process is regenerated by high-temperature heat provided by the
combined heat and power plant as well as the compressor heat pump. For peak loads a gas boiler on the
heating side and a heat pump water chiller on the cooling side are installed. The underlying principle of the
heating system is the use of geothermal energy and of heat displacement. During winter, heat from a
geothermal field and server rooms is integrated in the compressor heat pump. During summer, heat from the
building, server rooms and labs is displaced to the geothermal field or cooled down by the glycol cooling
system on the roof. Passive cooling can be realized by the concrete core activation using cold water from the
ground probes during summer. The necessary cooling supply with lower temperatures for the server rooms
and laboratories is again provided by the turbo compressor heat pump.

Fig. 3: Building of the RWTH Aachen

The third building within the project is located in Greece and placed at the Technical University Campus of
Crete at the suburbs of Chania. The building is a two storey dwelling with a basement and with total surface
area of 304m². The overall construction is currently used for the University’s technical services’ offices. It
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has a North-North-West orientation with large openings windows and an atrium. The atrium creates the
indoor circulation area. The building consists of 10 offices and some common room, such as storage halls,
the elevator, corridors and stairs. In current conditions the building is using an oil boiler for heating the
building. The efficiency of the boiler is estimated at 0.8 and some extra losses are estimated at 5% from
pipes that move the hot water from the boiler to the rooms. For cooling, split units are used during the
summer to decrease the temperature in desired levels. The COP of the units is estimated at 2.5 and the losses
due to air movement in zone are also estimated at 5%. The electric lighting is offered by low energy lamps.

Fig. 4: Building of the Technical University of Crete

3. Building Management System
Each of the three demonstration buildings is on the way to receive an innovative building management
system. In contrast to existing building optimization and control systems, efficient systems should be able to
address a significantly more complicated and hard-to-attain objective than just minimizing the current energy
consumed within the building. Based on long-term (e.g. >10 hours) weather and occupancy predictions,
efficient systems should be able to optimally schedule the operation of all available energy-generation and
energy-consumption elements over a long period of time (typically, >10 hours) in order to minimize the
building’s energy requirements from external (non-renewable) sources. Such an optimal scheduling requires
that the operation of all available energy-generation and automatically and manually-controlled building
elements is intelligently combined so that not only energy consumption is minimized but, most importantly,
that energy is “stored” within the building for future use. For instance, efficient control systems may decide
to operate their HVAC systems, even when the occupants are not present or the current in-building
conditions do not require HVAC operation, in order to take advantage of the energy surplus being currently
available.
Apparently, the intelligent combination of all available energy-generation, automatically- and manuallycontrolled building elements cannot be achieved if simple data-driven control strategies are employed. The
complex interplay of all these elements with the building’s dynamical behavior, and its complex dependence
with the weather and other environmental variations and the occupants’ behavior call for the development
and deployment of control systems that take into account all these interactions and dependencies. For this,
the control system needs to accurately predict the overall building performance with regard to different
control and human actions and – based on these predictions – compute the optimal control actions each time.
Hereby, model-based control systems, i.e. systems that compute their control and optimization decisions
based on efficient and accurate building models are required in order to obtain efficient and nearly-optimal
operation of buildings. The curse of dimensionality in combination with the fact that the efficiency of model-
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based optimization & control systems crucially depends on the accuracy of building models and weather
forecasts, renders the use of model-based control systems not only practically infeasible but also non-robust:
the inevitable inaccuracy on EPB models and weather forecast, may lead model-based control systems to
quite poor performance that may not only be far from its optimal level, but also not significantly better than
standard control cases. Due to the complexity and required computational effort, the project Pebble aims at
developing control rules based on adaptive optimization approaches, which carry out a learning process
during implementation.
In order to install such a control system at the three demonstration buildings, the buildings are equipped with
central monitoring and control systems, which offer the performance of dynamic building simulations (e.g.
TRNSYS, Energy Plus, Modellica) with actual building performance data. The simulations will suggest the
scheduling of building control elements which will be used for the adaptive optimization procedure. In
addition, building simulations and real-time measurements offer the comparison and evaluation of the new
control strategy with the conventional design.
4. Evaluation strategy
In order to evaluate the performance improvement of a new control strategy, the main challenge is to define
the performance criteria used and the base-case to compare with. Regarding the performance criteria
different values can be assessed. If only looking at energy related values, end-energy consumption or
primary energy consumption would be most appropriate. In case of on-site energy generation, parameters
like net energy consumed are required. However, building control systems need to provide an indoor climate
within a fixed comfort range regarding temperature, humidity, noise, air flows, etc. Usually, exceeding of
these limits is accepted for a few hours within a year. With respect to temperature, the definition of degreehours for exceeding the temperature limits is often used. These degree hours can be then integrated into the
objective function of energy consumption minimization. Regarding the definition of the base-case, the
project and its selection of three different buildings offers a large variety of states, which requires different
evaluation procedure for all buildings:


Kassel
Existing building, very high energy standard, very high number of sensors, good historical data, low
number of active buildings systems, average size building and complexity, some extensions planned



Aachen
New building, very high energy standard, very high number of sensors, no historical data, high
number of active building systems, large building, very complex, difficult integration situation



Chania
Average energy standard, only few sensors so far, no historical data, mostly decentralized systems,
average size building with low complexity, major extensions planned In order to evaluate the
performance improvement of a new control strategy for different boundary conditions as described
above, different approaches are possible:

Considering this, different optimization potentials for the new control algorithm can be expectted. In case of
different numbers of sensors and norms considered, Fig. 5 illustrates the dependency of the performance
improvement on the building equipment. In this example, an improvement of energy efficiency can be
caused by:


Integration of more sensors which enable a more accurate actuator control



Different limits regarding comfort norms



Improved and building adjusted control strategies

However, if within building retrofitting, measures like the ones described are mixed, the effect of a single
measure like new algorithms is almost impossible to detect only with an overall building monitoring.
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Fig. 5: Dependency of performance improvement on building sensor equipment

With respect to this, a clear base-case definition is necessary, which needs to be different for each
investigated building. Base-cases, which can refer either to the whole building or to limited numbers of
rooms and zones, can be:


Long-term operation performance with conventional control strategy



Instantaneous building operation with conventional control strategy but new sensor installations,
new indoor climate limits and new technical installations



Simulated base cases

With respect to this, evaluation strategies can be:
1.

Longer-term performance measurements of new and old control strategies of the whole building

2.

Simultaneous and comparative performance measurements of identical building zones (same
geometry, same internal and external loads, etc.) within a building in which one zone is operated
with a conventional control and one zone with the new improved strategy

3.

Alternating operation of the complete building (or building zones), e.g. for a complete week,
with old and new control strategies

4.

Numerical investigations of the performance with old and new strategies using dynamical system
simulations, either on a zonal perspective or with respect to the whole building including all
building services

5.

Combinations of measurements and simulations, in which the building is simulated using one
control and in real-time measured using the other control.

The different options of this are displayed in Fig. 6. Here, the procedure can be used to evaluate different
performance indicators like “Net Energy Consumed”, “Primary Energy Consumed” or even values like “Net
Expected Benefits”.
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Fig. 6: Evaluation methodologies using real-time measurements and simulations

However, the accuracy of each procedure needs to be considered for the different situations. Hereby, the
comparability depends on the different situations in terms of different use of the building, different weather
situations, and possibly different building service systems. Only if the influence of these parameters on the
performance indicators is significantly lower than the effect of improved control strategies, the suggested
procedure can be used to evaluate the performance improvement.
1.

Long-term of the whole building:
For this, an estimation of the similarity of the use of the building, the building services and the
weather situations over the years is required. In case of changes occur after the installation of new
control strategies, the impact needs to be calculated, e.g. using simulation methods.

2.

Simultaneous measurements of identical building zones
Here, the two building zones need be selected according to minimal differences of for example zone
orientations, dimensions and building use. For this, the impact of these differences usually
remaining outside of laboratories needs to be calculated.

3.

Alternating operation of complete building
As for option 1, the similarity of the use of the building and the weather situations need to be
considered. In addition, the dynamic behavior of the building and the respective effect on the
alternating building operation influences the comparability. In order to minimize the effect of this, a
high number of alternating states (weeks or months) need to be integrated in the evaluation.

4.

Numerical investigations
Numerical simulations using dynamic simulation programs like TRNSYS can help to identify
performance differences with control strategies, since all boundary conditions can be kept
identically. However, simulation tools and models are often limited in their accuracy and especially
control strategies are different to be implemented.

5.

Combinations of measurements and simulations
The combination of measurements and simulations is a very attractive solution. However, in order
to achieve identical results for simulations and measurements a lot of effort in adjusting the
simulation models is needed. Thus, following the argumentation of 4, the possible deviations within
the simulations must be considered for the performance evaluation of new control strategies with
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this procedure.
5. Conclusions and Outlook
Within the third year of the research project, the new strategy of using weather and occupancy predictions for
the control of buildings will be installed and tested at the three demonstration buildings presented above. For
the different buildings, different evaluation strategies as described above will be applied to identify the
performance improvement. So far, simulation models have been developed for the three buildings and
additional sensors have been installed. Based on this, several performance indicators like “Net Expected
Benefit” or “Pay-back Period” will be investigated. Regarding this, first results are expected for summer
2012.
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1. Introduction
Currently, the numbers of super-large complex buildings, which have not only rooms requiring heating but also
rooms requiring a cooling load, have increased. Therefore, the applicability of a Balanced Heat Recovery
concept (ASHRAE, 2008) in which the system works year-round to recover of all the internal heat before
adding external heat, is increasing. By utilizing this type of system, it is possible to maintain a set temperature
by supplying small amount of energy into the system. In earlier research, Choi (1995) and Choi et al. (2008)
performed similar study for resident buildings and demonstrated the importance of renewable the internal heat
energy, and Chen et al. (2011) demonstrated that the heat exchange network synthesis, which is applied in
industrial field commonly, can be applied for large public buildings.
The Energy Balancing System has been being developed inspired by the Balanced Heat Recovery. As the zone
heating and cooling load are mainly related when energy balancing, this system have advantages in cases in which the
ratio of the zone heating load and the zone cooling load and their time of occurrence are similar. This becomes clearer
if the system is evaluated quantitatively. When evaluating the efficiency of the conventional HVAC system, the
efficiency of plant can be the criteria affected by profile of heat source. However, the efficiency of the Energy
Balancing System is affected by the zone load ratio, therefore, it is necessary to determine the different criteria not the
efficiency of plant. As the different criteria should be determined, the evaluation method should be also developed.
In this paper, several processes are used to develop an evaluation method for the Energy Balancing System. After
defining the Energy Balancing System, the criteria for evaluating and the significant factors to be considered when
evaluating will be determined firstly. Then the calculation process for criteria will be defined and the equations for the
process will then be developed. Finally, the impact of the significant factors will be analyzed by a simulation.
2. Energy Balancing System
The Energy Balancing System consists of the water tanks to supply stable heat medium temperature for heating,
cooling and domestic hot water and store the waste water and the water-to-water heat pumps not only to balance
energy in low temperature and high temperature source, but also to recover heat from low temperature source to
high temperature sink. In hot water tank and chilled water tank, there are two types of water; “the available water”
and “the unavailable water” for heating or cooling. In the available water, there is “available energy( )” for
)” for heating or cooling which is cold
heating or cooling. In unavailable water, there is “unavailable energy(
heat(in a hot water tank) or hot heat(in a chilled water tank) energy gained when heating or cooling.
can be
the potential energy for other side;
in hot water tank can be used for cooling and that in chilled water tank can
be used for heating. Therefore,
is defined as “transformable energy( )” for this system.
The Energy Balancing System was developed to convert the transformable energy in the chilled water tank(
the available energy for heating in the hot water tank(

) to

) and convert the transformable energy in the hot water

tank(
) to the available energy for cooling in chilled water tank(
) through balancing two of transformable
energies. The temperature of water which has
should be lower to be the water which has
and that of water
which has
should be higher to be the water which has
. Therefore,
is higher than 0 and
is
lower than 0, and these can become the available energy by balancing [Fig. 1].
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Fig. 1: Concept diagram of the Energy Balancing System

In addition, it is possible to recover waste heat from waste water to available energy for zone heating and domestic hot
water and recover
to available energy for domestic hot water by this system.
3. Evaluation method for Energy Balancing System
3.1 Criteria and significant factors
As the Energy Balancing System serves to balance the transformable energies from cooling and heating to
convert them to available energies for heating and cooling, if the amount of the heating and cooling load which
can be offset by energy balancing is relatively large, the amount of energy input will be relatively small.
Therefore, the percentage of load offset by balancing(
) can serve as the criteria for evaluating the Energy
Balancing System.
When evaluating the Energy Balancing System, the zone load(
) can be the most significant factor as
mentioned earlier. In addition to
, another two significant factors were determined as shown below.
1) When offsetting each load by balancing, it will be effective if the amount and the occurrence time of the
heating and cooling load are similar because almost of both transformable energies(
) can be
balanced. However, if the amount and occurrence time of these two factors are very different, the amount of
balancing is lower. In a real situation, it is difficult to find a case in which the amount and the occurrence
time of the heating and cooling load are similar. Therefore, it is necessary to consider the storage capacity
of the tank (
) to store
and
of the current timestep to balance at a later timestep.
2) When balancing
and
, the available energy for heating gained by balancing (
) is larger
than the available energy for cooling gained by balancing(
) because the amount of energy
input(
) is added to
when
is formed. Therefore, it is necessary to consider the
balancing ratio ( ).
can be derived as shown below.


is equal to the sum of

and
(



As

)

can be expressed using the cooling COP (
can be determined by (eq. 3).

(


(eq 1).

Therefore, the balancing ratio (
(

)

) and

(

)

(

)

(eq. 2), the equation for

) is derived by (eq. 4).
)
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3.2 Calculation Process
) and

To calculate the percentage of zone load offset by balancing (
) as criteria, the total zone load(
the total zone load offset by balancing(
) must be derived.
can be calculated by sum of the zone load(
energy gained by balancing(
) in all timesteps.
Therefore,
must be derived.

) in all timesteps.
is related the available
can be decided by measuring or by simulation.

To derive
, the remaining transformable energy after offsetting the load(
), which can be used
during the balancing process, should be determined.
can be the sum of the initial transformable energy
of the current timestep(
) (which is equal to the final transformable energy of the former timestep(
)
and the load offset by the available energy(
) as
is formed when offsetting the load by the available
energy.
is related to
and the initial available energy(
) because this value varies depending
on whether
(which is equal to the final available energy of former timestep(
)) is larger than
or not. The amount of the load which cannot be offset by
can be the load offset by auxiliary
equipment(
). Therefore,
and
must be derived.
is the sum of the remaining available energy after offsetting the load(
related to the
and
.
is the value of
subtracted from
and
.

) and
, and

, and

is
related to

Finally, the calculation process for the percentage of zone load offset by balancing(
) is determined. Process
1 to 6 should be performed at every timesteps, and processes 7 and 8 should be performed once after last
timestep [Tab. 1].

Tab. 1: Calculation process for the percentage of load offset by balancing

Calculation process
1) Input the „zone load‟
2) Calculate the „initial available and transformable
energy of the current timestep‟

2-1) Available energy

3) Calculate the „load offset by available energy or
auxiliary equipment‟

3-1) Load offset by available energy

4)

Calculate the „remaining available
transformable energy after offsetting load‟

and

2-2) Transformable energy

3-2) Load offset by auxiliary equipment
4-1) Available energy
4-2) Transformable energy

5) Calculate the „available energy gained by balancing‟
6) Calculate the „final available and transformable
energy of the current timestep‟

6-1) Available energy

7) Calculate the „factors for deriving percentage of
load offset by balancing‟

7-1) Total zone load

6-2) Transformable energy

7-2) Total zone load offset by balancing

8) Derive the „Percentage of zone load offset by balancing‟
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Symbol

3.3 Equations for process
An eight-step process was developed to calculate the percentage of zone load offset by balancing(
section, the equations for each step will be determined.

). In this

)

1) Input the zone load(

The heating load(
) and the cooling load(
measuring method are inputted.

) of the zone derived by simulation or by a

2) Calculate the initial available and transformable energy of current timestep
2-1) Available energy(

)

The initial available energy for heating(
) and the available energy for cooling(
) of current
timestep are supposed to be equal to the final available energy(
) of the former timestep (pro. 6-1). The
initial value can be a random value with a range smaller than the
.
(

)

(

)
)

2-2) Transformable energy(

The initial transformable energy in hot tank(
) and the initial transformable energy in chilled
water tank (
) of current timestep are supposed to be equal to the final transformable
energies(
) of the former timestep (pro. 6-2). The initial value is derived by subtracting the initial
value of the initial transformable energy of the current timestep from the storage capacity of tank(
).
(

)

(

)

3) Calculate the load offset by available energy or auxiliary equipment
)

3-1) Load offset by available energy(

When the initial available energy(
) is equal to or greater than the zone load(
), all of
can be offset by
. In this case,
is equal to
. However, when the
is
smaller than
, part of
can be offset by
and the remained
should be offset
by auxiliary equipment. In this case,
is equal to the smaller value of
or
. Therefore,
the smaller value between the
and
is calculated to derive the heating load(
) and
the cooling load offset by available energy(
)
(

)

(

(

)

(

)
)

)

3-2) Load offset by auxiliary equipment(

The value gained by subtracting
from
. In this way, the heating load(
cooling load(
) offset by auxiliary equipment can be derived.
(

)

(

)

) and
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4) Calculate the remaining available and transformable energy after offsetting the load
)

4-1) Available energy(

This value can be derived by subtracting the load offset by available energy(
) from the Initial
available energy(
). In this way, the remaining available for heating (
) and the remaining
available for cooling (
) after offsetting the cooling and heating load can be derived.
(

)

(

)

)

4-2) Transformable energy(

As transformable energy is formed when offsetting loads, this value can be derived by summing the load
offset by available energy(
) and the initial transformable energy(
). In this way, the
remaining transformable energy in hot water tank(
) and the remaining transformable energy in
chilled water tank(
) after offsetting the heating and cooling load can be derived.
(

)

(

)

5) Calculate the available energy gained by balancing(

)

If the remaining transformable energy in hot water tank(
) smaller than the product of the remaining
transformable energy in chilled water tank(
) and the balancing ratio( ), the available energy for
heating gained by balancing(
) will be
and the available energy for cooling gained by
balancing(
) will be the value after dividing
by
. If not,
will be the product of
and
and
will be
.
(
(

)

) (

)

(

)

6) Calculate the final available and transformable energy of current timestep
6-1) Available energy(

)

This value is equal to the sum of the available energy after offsetting the load(
) and the available
energy gained by balancing(
). In this way, the final available energy for heating(
) and the
final available energy for cooling(
) can be derived.

6-2) Transformable energy(

(

)

(

)

)

This value is equal to that gained by subtracting the available energy gained by balancing(
) from the
remaining transformable energy after offsetting the load(
) because the transformable energy is
changed to the available energy by balancing. In this way, the final transformable energy in hot water
tank(
) and the final transformable energy in chilled water tank(
) can be derived.
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(

)

(

)

7) Calculate the factors for deriving the „Percentage of the load offset by balancing‟
7-1) Total zone load(

)
) (pro. 1) for heating and cooling in all timesteps.

This value is equal to sum of the zone load(
(

7-2) Total zone load offset by balancing(

)

)

This value is equal to the sum of the load offset by balancing for heating and cooling at all timesteps. If
the storage capacity of the tank is not too large, the all of available energy gained by balancing(
)
was used to offset the load. With this assumption, this value is equal to sum of
(pro. 5) for
heating and cooling in all timesteps.
(

)

8) Derive the „Percentage of zone load offset by balancing‟ (

)

This value is equal to the value gained by dividing the total zone load offset by balancing(
) by the
total zone load(
) and then multiplying by 100 so that the result is expressed as a percentage.
(

)

Fig. 2 Equaltions for process
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4. Simulation
In this study, the percentage of zone load offset by balancing(
) was decided as the criteria when evaluating
the Energy Balancing System. The zone load(
), the storage capacity of the tank(
) and the balancing
ratio( ) were then derived as the significant factors. In this simulation, the impacts of
will be
evaluated by
of each season(heating, cooling, and intermittent), and the impacts of
and
will be
evaluated by
of one year.
4.1 Method
The input values of

,

and

are determined as shown below.



To derive the zone load, a simulation was performed with a simple complex building model by EnergyPlus
for one year with Incheon weather data applied [Tab. 2].



The storage capacity of the tank is determined to be 20(GJ) for both tanks. This value was determined by
multiplying by the maximum load with a safety factor of 1.3. The initial values of the initial available energy
for heating and cooling are equal to the storage capacity. The initial values of the initial transformable energy
for them are 0.



The balancing ratio was determined to be 1.2 with the assumption that the cooling COP of the heat pump is 4.95.
Tab. 2: Input date for simulation

Contents

Floor
area (m2)

Residential

2,500

Office

2,500

Height
(m)

3

4

Building
Sports

3,600

centre

Commercial

Material

Weather data

Period

4,900

4

5

Fraction (-)
Internal load (W/m2)
0~8 h 8~18 h 18~22 h 22~24 h
People

26

Light

12

Equipment

5.4

People

26

Light

12

Equipment

10.8

People

262.5

Light

15

Equipment

16.1

People

65

Light

18

Equipment

21.5

1

0.2

0.8

0.8

0

0.5

1

1

0

1

0

0

0

1

1

0

0

1

1

0

-

Front/Back/Right/Left side : Curtain wall (Glass24mm, Argon, Glass32mm)

-

Ceiling/Floor : Slab (Gypsum12.5mm, Conc200mm, insulation20mm)

-

Between Interior Zone and Perimeter Zone : fiction wall

-

Incheon, Republic of Korea

-

1 year: from 1st Jan. to 31st Dec.
(Heating season: from 1st Dec. to 28th Feb
Cooling season: from 1st Jun. to 31st Aug
Intermittent season: from 1st Mar. to 31st May / from 1st Sep. to 30th Nov.)
Ref.) Internal load: People (SAREK, 2001), Light/Equipment (ASHRAE, 2009)

2542

4.2 Cases
To evaluate the impact of
and
, comparing four cases [Tab. 3]: 1. Not considering
and
; 2.
Not considering
and considering
; 3. Considering
and not considering
; and 4. Considering
and
. The impact of
will be evaluated at each season for all cases.
Tab. 3: Cases for simulation

Zone load (

Case

)

Storage capacity of the tank (

)

Balancing ratio (

1

O

X

X

2

O

X

O

3

O

O

X

4

O

O

O

)

5. Result & Discussion
The total zone load (
) should be equal to the sum of the total zone load offset by energy
balancing(
), the total zone load offset by auxiliary equipment(
), and the zone load offset by the
initial available energy(
)
can be calculate by (eq. 24).
is equal to sum of the load
offset by auxiliary equipment (pro. 3-2) for heating and cooling in all timesteps. Regarding
as the amount
of the initial available energy(
) was not formed by balancing
should be accounted for separately.
This value is equal to the value after subtracting the final available energy of the last timestep(
) from
because
is not used to offset the load.

(

)

(

)

(

)

(

)

(

)

In this case study, the percentage of zone load offset by balancing(
) was evaluated as 16.6% to 23.6%. This
result may small, but used energy for heating and cooling was reduced. The percentage of zone load offset by
auxiliary equipment(
) was evaluated as 57.3% to 95.4%. The percentage of zone load offset by the initial
energy(
) was evaluated as 0% to 0.1% in cases considering
(cases 3 and 4).
To evaluate the impact of
, the seasonal
of four cases should be compared. Comparing the seasonal
of between the cooling and intermittent season of cases 1 showed a difference of 20.7%; this difference was
21.3% when comparing cases 2; this difference was 36.4% when comparing cases 3; this difference was 38.1%
when comparing cases 4. To evaluate the impact of
, one year
of cases 1 and 3 and cases 2 and 4 should
be compared. Comparing cases 1 and 3 showed a difference of 6.0%; this difference was 6.4% when comparing
cases 2 and 4. To evaluate the impact of
, cases 1 and 2 and cases 3 and 4 should be compared. When
comparing cases 1 and 2, the difference was 0.6%, and the difference was 1.0% when comparing cases 3 and 4.
The impact of
was most significant factor, therefore this factor should be considered when deciding to
install the Energy Balancing System for buildings. Between another two factors, the impact of
is much
higher than that of
. Moreover, the impact of
will be much higher as the storage capacity increases,
while
cannot vary much because the cooling COP cannot vary largely. However,
is closely related
to the cost increase, therefore the optimal tank capacity should be estimated. The impact of
was small. As
the value of the factor increases, the impact of this factor also increases. However, the cooling COP is seldom
under 3, so this value cannot be over 1.3. In this simulation, the cooling COP was 4.95, so the impact of this
factor was small.
The result of this simulation is shown in [Fig. 2].

2543

Fig. 3: Result of simulation

6. Conclusion
In this study, an evaluating method for the Energy Balancing System was developed and the significant factors
which can affect at the energy balancing process are evaluated. The conclusions of this study are shown below.
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The evaluating method for the Energy Balancing System was developed. The percentage of zone load offset
by balancing(
) is determined as criteria, and the zone load(
), storage capacity(
) and the
balancing ratio( ) are determined as significant factors. Through the utilization of this method, the
effectiveness of the Energy Balancing System can be evaluated for various super-large complex building
components quantitatively.



The impacts of three significant factors were evaluated by simulation. The impact of the zone load(
)
was most significant. Therefore it is necessary to consider this factor when deciding to install the Energy
Balancing System for buildings. The impact of the storage capacity of tank(
) will be much higher as the
storage capacity increases. However, it is necessary to estimate the optimal tank capacity considering the cost
increase. The impact of the balancing ratio( ) was small because the cooling COP was large enough. The
impact of this factor will be larger in case of small cooling COP.



In the case study, the total zone load offset by balancing(
) was 23.6% with considering the storage
capacity of the tank(
) and the balancing ratio( ). From the viewpoint of energy, it will be positive
situation because the input energy was reduced. However, this can be negative from the viewpoint of cost.
Therefore, it is necessary to compare the consumption of energy and cost with conventional systems.



This study was performed under the assumption of an ideal situation in which the zone load can be converted
to available energy without a loss (in contrast to an actual), and storage capacity was evaluated with energy
and not water (super-heating and super-cooling cannot be considered). It was assumed that the energy in
storage can be monitored precisely and that the heat pump can operate under any condition. Therefore, it is
necessary to consider a condition under which the system can operate in a future work.

Nomenclatures
Variables
: The zone load (J)
: The total zone load (J)
: The load offset by the available energy (J)
: The load offset by auxiliary equipment (J)
: The total load offset by auxiliary equipment (J)
: The total zone load offset by energy balancing (J)
: The load offset by initial available heat energy (J)
: The available energy (J)
: The transformable energy (J)
: The initial available energy of the current timestep (J)
: The initial transformable energy of the current timestep (J)
: The remaining available energy after offsetting the load (J)
: The remaining transformable energy after offsetting the load (J)
: The final available energy of the current timestep (J)
: The final transformable energy of the current timestep (J)
: The available energy gained by balancing (J)
: The initial available energy (J)
: The final available energy of the last timestep (J)
: The storage capacity of the tank (J)
: The percentage of zone load offset by balancing (-)
: The percentage of zone load offset by auxiliary equipment (-)
: The percentage of zone load offset by the initial energy (-)
: The balancing ratio (-)
: The cooling COP (-)

Subscripts
C
H

: in chilled water tank
: in hot water tank
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Abstract
Dynamic thermal responses of building envelopes must be taken into account during the design phase of
buildings, otherwise several construction systems can be underestimated and wrongly discarded. The
evaluation and measurement of transient thermal parameters of multilayered samples are difficult due to the
irregular morphology of the used materials and the difficulty in providing well controlled environment. New
equipment has been constructed to measure those thermal responses of small samples in well controlled
environmental conditions.
Moreover, the use of phase change materials has become important recently in the building sector because it
increases the thermal mass of the envelope and hence smoothes the temperature oscillations and reduces the
energy consumption of heating and cooling. The equipment developed will be used to test the improvement
in the thermal response of a building envelope due to the incorporation of PCM.
Keywords: Dynamic thermal response, multilayered wall, energy savings, PCM, experimental study
1. Introduction
Thermal and energetic optimization in the building sector depends strongly in the selection of the materials
and the design of the constructive system for each envelope, depending on the energetic demands of the
building. Therefore, it is very important to specify during the design phase of the building, the thermal
properties of the different possible construction systems and materials (thermal resistance, heat storage
capacity, dynamic thermal response...).
In order to compare the thermal behaviour of the different construction systems, thermal transmittance in
steady-state, also known as U-value (Çengel 1998), is widely considered as the key design parameter and it is
usually regulated by law. However, thermal inertia is not considered in this parameter and hence, not
considered in many national building codes.
Several studies have been done to evaluate the thermal resistance of different envelopes. Peng and Wu (2008)
compared different methods for measuring in situ the thermal resistance of a building envelope (synthetic
temperature method, surface temperature method and frequency response method). Even though the three of
them show good accuracy, the frequency response method is recommended since it does not need heat flux
measurements, which are always difficult to measure accurately. Moreover, Cabeza et al. (2010) tested in 4
different real house-like cubicles the thermal resistance of 3 envelopes with different insulation materials
(polyurethane, mineral wool and polystyrene).
Nevertheless, De Gracia et al. (2011a) used the house-like cubicles to prove experimentally that the real
performance of the different constructive systems not only depends on the thermal transmittance in steady
state, but on its thermal inertia and hence its dynamic performance. In this work, an alveolar brick
construction system (without insulation) was compared against a traditional Mediterranean brick system
combined with insulation. Even though the insulated envelope presented a much lower U-value than the
alveolar construction, these differences are not reflected in the measured energy consumptions, where the
alveolar cubicles only consume 2% and 13% more than the insulated ones, for winter and summer periods,
respectively. It was concluded that to analyze the thermal performance of a building envelope transient
parameters must be taken into account.
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The use of phase change materials (PCM) in buildings to increase the thermal mass of the envelope, and the
research around this topic has grown significantly in the last years (Cabeza et al. 2011, Khudhair and Farid
2004). The improvement due to the use of PCM was experimentally evaluated for different constructive
systems, such as timber construction (Farid and Behzadi 2010), concrete based envelopes (Cabeza et al.
2007) and typical Mediterranean brick construction system (Castell et al. 2010). These experimental set-ups
constructed in Spain and New Zealand provide good information about real response of buildings and they
offer a good testing procedure for any material used in construction. However, they are expensive and not
very flexible.
In addition, in order to achieve a good performance in the solidification and melting process of a PCM used
in a building envelope, all other used materials and the multilayered envelope itself must be well
characterized. Hence, steady and transient parameters of the construction systems must be analyzed. The
equipment described in this paper is a simple tool for testing the steady and transient thermal response of real
constructive systems including those containing PCM. This equipment has been already used to measure the
thermal transmittance of steady-state and the heat storage capacity of multilayer constructive systems
containing PCM (de Gracia et al. 2011). In this paper, the equipment will be used to analyze the dynamic
thermal response of different samples.
2. Materials and method
2.1. Experimental set-up
The equipment (Figure 1) was constructed from a wooden box having dimension of 50 cm x 50 cm x 118 cm
and it is divided into 2 identical sections which simulates the interior and exterior conditions of a building
envelope. The sample to be tested is placed between these two sections with its four edges well insulated.
The upper section of the box is provided with a copper heating coil connected to a programmable water bath,
capable of simulating daily variation of ambient temperature while the lower section is provided with a
copper cooling coil connected to a constant water bath to simulate indoor temperature.

Figure 1. Sketch of the new equipment

The sensor distributions in the equipment is shown in Figure 2. The temperature of these two environments
as well as the surfaces and centre temperatures of the sample are measured using temperature sensors
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(thermocouples type T in the sample and Pt-100 in the environments). Two heat flux sensors are fixed at the
sample surfaces to measure input and output heat fluxes. The tested samples have the dimensions of 19cm x
19 cm with varying thickness (depending on the construction materials to be tested).

Figure 2. Sensor distribution in the sample

2.2. Materials
This paper analyzes the effect in the dynamic behaviour due to the impregnation with PCM of a conventional
gypsum board. Two different multilayered samples have been tested being both composed of 1.8 cm thick
pine wood panel (k=0.12 W/m·K) glued to a 1.2 cm thick gypsum board (k=0.17 W/m·K). The wood panel
acts as a structural support and insulating layer while the gypsum board acts as inner surface. The second
sample has impregnated PCM (13.5% w/w). The tested samples are described in Table 1.

Tab. 1: Composition of analyzed samples

Sample 1

Sample 2

Pine wood

297.3 g

258.8 g

Gypsum board

325 g

329 g

PCM

---

94.6 g

Glue

14 g

14 g

Total

636.3 g

696.4 g

2.3. Methodology
The effect of increasing the thermal mass of the sample by the addition of PCM was studied evaluating the
dynamic thermal response of both samples under periodic thermal variations. In the experiment, the sample
was placed with the gypsum surface facing the lower environment, simulating a roof separating the outer
(upper cavity) and the inner environmental conditions (lower cavity). The temperature at the upper cavity
was driven by a programmable water bath which will create high temperature daily oscillation between 42 ºC
and 15 ºC in the upper cavity during 48 hours in order to simulate outdoor environment. The water bath B
will not be used during this experiment; hence the lower cavity will stay in free floating conditions (room
temperature). The thermal response of the sample was evaluated during the last 24 hours of experiment by

2548

analyzing the delay between peaks of the inner and outer temperature and heat fluxes, and by evaluating the
dampening of the temperature wave calculating the thermal stability coefficient (TSC) (Neila and Bedova
1997), which will be calculated as the ratio between the inner and outer thermal amplitudes.

TSC =

Tmaxin − Tminin
Tmaxout − Tminout

(eq. 1)

3. Results and discussion
The dynamic thermal response of the samples under an outer temperature daily oscillation between 42 ºC and
15 ºC was evaluated. The surface temperature evolution through time of the tested samples during the 2-day
period of the experiment is shown in Figure 3. As it was previously said, in order to analyze the transient
behaviour of the constructive system, only the second day of experiment will be considered (the first day is
used as a warm up period). Phase change processes can be easily seen in the temperature profiles of both
days (melting from 5 to 10 h and solidification from 17 to 20 h).

45

Sample 2 (PCM)
Top surf

Sample 1 (no PCM)
Top surf

Tsurf sup no pcm
T surf inf no pcm

Surface Temperatute (ºC)

40

Tsurf sup pcm
35

T surf inf pcm

Sample 2 ( PCM)
Bottom surf

30
25
Sample 1 ( no PCM)
Bottom surf
20
15
0

6

12

18

24

30

36

42

48

Time (h)
Figure 3. Dynamic response of the surface temperatures

Table 2 presents the highest and lowest temperature values of both cavities during the second day of
experiment. It was measured that the thermal stability coefficient decreases from 0.51 to 0.39 just because of
the addition of the PCM (13.6 % wt). The delay in the inner temperature peak was significantly higher in the
sample with PCM (more than 1 hour).

Tab. 2: Measured values to calculate the Thermal Stability Coefficient

T upper env
(outdoors)

T lower env
(indoors)
TSC

Sample 1

Sample 2

T max

42.83 ºC

42.33ºC

T min

15.45 ºC

15.76 ºC

T max

35.23 ºC

33.53 ºC

T min

21.18 ºC

23.09 ºC

0.51

0.39
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Instead of comparing the delay of inner and outer temperature peaks, the time lag between the outer
temperature and the inner heat flux peaks (thermal lag) is usually evaluated. Figure 4 presents the thermal lag
of the two samples under daily temperature oscillation. As in Figure 3, the phase change can be easily
observed in the inner heat flux curve, reducing the peak loads in a 22% and delaying the response from 0.49
to 1.03 hours.

50

70
Tenv sup no pcm

45

60

Outer Temperature (ºC)

40

50

Heat flux bottom no pcm

35

40

Heat flux bottom pcm

30

30

25

20

20

10

15

0

10

-10

5

-20

0

Inner Heat Flux (W/m^2)

Tenv sup pcm

-30
6

9

12

15
Time (h)

18

21

24

Figure 4. Thermal lag of both samples

4. Conclusions
A new equipment able to measure the dynamic thermal responses of multilayered samples, including those
containing PCM, is presented in this paper.
The effect in the dynamic characteristics of adding PCM in common gypsum board is discussed and
measured using this equipment. Samples of wood + gypsum board (with and without PCM) were tested
under temperature daily oscillation conditions simulating the thermal performance of a roof system.
The measured results demonstrate that the addition of impregnated PCM in the gypsum board (13 % w/w)
increases significantly the thermal mass of the constructive system. The dynamic thermal performance of the
envelope is improved, since the thermal stability coefficient of a daily variation decreased from 0.51 to 0.39
and the thermal lag between outer temperature and inner heat flux peaks of the envelope increased from 0.49
to 1.03 hours.
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ENERGY SAVING POTENTIAL IN UNIVERSITY BUILDINGS
- “LOW HANGING FRUIT”
Benedikt Biechele, Philipp Emmerich, Klaus Vajen
Kassel University, Institute of Thermal Engineering, Kassel (Germany)

1. Introduction
University buildings are responsible for approximately 50% of the energy consumption and an even higher
share of the CO2-emissions of the federal state’s properties in Germany. University buildings should be dealt
with special attention due to their exemplary role in the implementation of national and international climate
protection goals. Furthermore, steadily increasing energy consumption and energy prices lead to a
continuously growing burden on university budgets. The energy costs of German universities altogether
amount to about 1 billion Euro per year (Statistisches Bundesamt, 2010). However, because of their
particular features and utilization as well as the existing organizational structures, there are hardly any
approaches for universal solutions for reducing energy consumption and thus CO2-emissions in university
buildings so far.
2. Building stock and energy consumption of universities in Germany
The following evaluation is based on an extensive inventory of energy and building data of German
universities. The most important characteristics of the sample are: Building category, net floor area (NFA),
electricity and heat consumption. The sample contains the buildings of those universities, with only few
incomplete and inadequate data. If two or more buildings with different use have only one common
electricity or heat meter, then it’s not possible to generate use-specific ratios. Therefore, such data are
considered as inadequate. Buildings of university hospitals are also not included as they show completely
different usage profiles and equipment. However, Institute Buildings for medical research and teaching are
included. The sample consists of 37 universities in four German states with a total of 855 buildings. The
universities are divided into:
•

18 “Universitäten”: classical universities with scientific orientation and the right to award
doctorates. In the following this group is abbreviated as “UNI”.

•

19 “Fachhochschulen”: universities of applied sciences with a more practical orientation. In the
following this group is abbreviated as “FH”.

UNI and FH are the most important types of universities in Germany concerning the number of students –
more than 95% of all students are enrolled there (Statistisches Bundesamt, 2009). For reasons of data
availability, the reference year 2008 (respectively the winter term 2008/2009) was chosen. Figure 1 shows
the distribution of all students in Germany by subject of study, as well as the same distribution in the
investigated sample. The comparatively small differences are negligible for the energetic considerations in
this study because there may be much larger differences in terms of energy use between same disciplines at
several universities. Intensity of research, financial strength (third-party funds), content orientation, etc. of
the same fields of study significantly varies from one institution to another. At the same time, these are
important influencing factors on universities energy consumption.
The sample does not contain special types of universities such as theological or educational colleges. Beyond
that, the relation between number of students at UNI and FH in the sample does not meet the corresponding
relation in the basic population. Although this is not relevant for the investigation, the sample therefore can’t
be considered as fully representative.
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Figure 1: Distribution of all students in Germany by subject of study (left), as well as in the investigated sample (right)

2.1. Total energy consumption and energy costs
Revenues and expenditures of German universities are collected as a part of university finance statistics (as a
full survey), based on the respective university’s internal administrative data (Statistisches Bundesamt,
2005). This also includes energy costs, which were provided upon request at the Federal Statistical Office. In
2008 they amounted to over 1 billion Euro in total. More than half of the energy costs are caused by stateowned UNI – if university hospitals are comprised, nearly 90% of total costs are allocated to university
research and teaching. State-owned FH energy costs amount with 77 Million Euro to ca. 7%, the rest is
caused by private, art, administrative and educational colleges as well as universities of the German armed
forces (Reference: Statistisches Bundesamt, 2010), see figure 2.
No statistical survey or science-based information exists regarding the total energy consumption of
universities. Therefore this consumption is initially estimated based on the sample. Although not all
influencing factors on university’s energy use are known at this stage, a linear relationship between number
of students and energy consumption can be assumed in a first approach, as the composition of disciplines are
similar in sample and basic population.

Figure 2: Energy costs by university type in 2008

In order to value the total electricity and heat consumption of UNI and FH in Germany, the sum of each
university type is extrapolated according to the share of total students in Germany, see table 1. To verify the
estimated energy consumptions on the basis of the energy costs, appropriate energy prices have to be
assumed.
The average revenue per kilowatt hour of electricity or gas supply companies, which can be recalled from the
database of Federal Statistical Office by year and customer group, provide a good indication. It shows an
average electricity price of 138 €/MWh and an average heat or gas price of 57 €/MWh (Reference:
Statistisches Bundesamt, 2011). This approximately conforms to energy prices determined in 2008 from own
evaluations at some selected universities. Since the calculated energy costs differ only slightly from the
official statistics, the magnitude of the projected energy consumptions seems to be plausible.
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Table 1: Extrapolation of the energy consumption of German universities in 2008

Sample

Extrapolation

University type Energy consumption [GWh] Share of Energy consumption [GWh] Costs
Electricity

Heat

students

Electricity

Heat

[M€]

UNI

538

933

23.15%

2322

4032

550

FH

45

86

14.42%

312

596

77

2.2. Surfaces and energy consumption
Buildings constructed and used by public authorities are normally categorized by
“Bauwerkszuordnungskatalog” (abbr: BWZK), a structural classification catalog. In this paper English
equivalents are used for the original German building type names. BWZK is developed by the working group
of ministers and senators of the federal states, responsible for urban planning, construction and housing
ARGEBAU (BMVBS, 2009). Depending on their use, buildings receive a four-digit code which can be
assigned to a defined type of building in turn. This allows the declaration of reference values for
manufacturing costs or specific energy consumptions as it’s required for energy certification for example.
University buildings of the sample are also categorized by BWZK which allows a more detailed analysis of
use-specific area and energy distribution. UNI and FH have in common the dominant share in area and
energy consumption of buildings for academic teaching and research (Institute and Lecture Room Buildings).
In UNI this energy share accounts for 84%, at FH even 94%. Depending on the located discipline they can be
divided into five categories:
•

Institute Building I: Linguistics, Law, Economics, Cultural Studies, Social Sciences

•

Institute Building II: Agronomy, Forestry, Geology, Civil Engineering

•

Institute Building III: Engineering Sciences, Physics

•

Institute Building IV: Medicine

•

Institute Building V: Biology, Chemistry, Pharmacy

Across all UNI in the sample most energy is consumed by Institute buildings V (about 30%), representing
only about 18% of the NFA. They are followed by Institute buildings III with a space and energy share of
16%. Institute buildings I energetically arrange only at third position (14%) while representing space-specific
the biggest type. Outside the building for scientific research and education particularly library and normal
administrative buildings can be mentioned. All other categories are summed up by the term “Others” due to
their small size and energy consumption.
Compared to UNI, especially the great share of Lecture Room Buildings is noticed (35% area, 30% energy
consumption) in FH. It’s followed by Institute buildings III (14% area, 22% energy consumption) and
Institute building I (22% area, 17% energy consumption) like in UNI. By contrast there are hardly any
Institute buildings V, see figure 3.
In terms of specific energy consumptions there are big differences between both university types as well as
between different building types. Institute and Lecture room buildings of UNI have throughout higher
specific energy consumptions - particularly higher electricity consumptions - than FH buildings whereas the
differences greatly vary depending on the building type. Especially buildings housing energy-intensive
disciplines such as natural and engineering sciences (Institute Buildings II, III, V, Institute for Research and
Analysis) are clearly much more electricity consuming at UNI than at FH.
To a large extent this can certainly led back on significantly higher intensity of research at UNI plus
accordingly much more complex HVAC equipment. FH professors have a teaching load of 18 semester
hours and a longer lecture period within the semester. University professors spend 60% of their time on
research and have relatively low teaching load (BMBF, 2004). Less energy-intensive buildings, for example
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Lecture Room and Institute Buildings I1, shows relatively slight discrepancies, see figure 4. In these
buildings energy is basically used for fulfilling comfort requirements which are in principle the same at UNI
and FH. This confirms the assumption that HVAC cause over-consumption in high-tech Institute Buildings.

Figure 3: Energy consumption and area by BWZK

Figure 4: Specific energy consumptions of UNI and FH buildings with reference values from EnEV 2007
1

Median values; For Institute Buildings I the reference value for buildings >3.500m² was used because the
majority of this buildings falls into that category.
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The predominantly small differences in specific heat consumption (excluding Institute Building V) are
explained by the much older historically grown UNI building stock. This results in a wide variety of building
structures and ages. While half of all today’s state UNI in Germany were founded until the beginning of the
20th century, state FH were founded mainly in the early 1970s and 1990s (also BMBF 2004). Although the
direct inference from building age to energy consumption is not possible, the increase of energetic quality of
buildings in relation to the respectively valid statutory provisions can be identified (Bauministerkonferenz,
2009).
Along with the first Heat Insulation Ordinance (“Wärmeschutzversordnung”) in 1977, energetic demands
were placed on new buildings for the first time. Until that point nearly 60% of today’s FH but nearly 90% of
today’s UNI had been founded, see figure 5. Although the foundation of a university isn’t necessarily
associated with construction of new buildings UNI buildings tend to be worse in relation to the energetic
quality. It can be assumed, that the respective differences compared to FH buildings were only fractionally
adjusted through remediation measures. This means lower thermal insulation and thus higher heat
consumptions.

Figure 5: Development of state universities in Germany over the years1

Furthermore, apparently the median values of specific consumptions of nearly all considered UNI and FH
buildings are below the reference values from the Energy Saving Regulations (“Energieeinsparverordnung
2007”, abbr. “EnEV”) 2. However, this must not leave the impression that these buildings are unremarkable
in energetic regard. As the following analysis will show there are some huge differences between buildings
of same categories.

1

Figure 5 considers also the predecessor of FH whose foundation (in the present form) was decided at the
end of October 1968. About one-third of FH have their origin in institutions (“Höhere Technische
Lehranstalten”, “Höhere Fachschulen”, “Ingenieur-, Wirtschafts- und Sozialakademien”) which were
founded before 1969 (BMBF, 2004).
2

Since there are obviously differences in usage-based building energy consumption in FH buildings, the
reference values for UNI buildings are used instead of using the one uniform reference value for FH
buildings of EnEV 2007.
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2.3. Energetic characteristics of UNI buildings
To take account of the identified differences between UNI and FH in section 2.2 in the following only UNI
buildings are reviewed in a detailed way. This is also reasonable since UNI have seven times higher energy
consumptions and costs. However, the results should basically be transferable to FH.
If the total energy consumptions of UNI buildings in the sample are compared with theoretical consumptions,
calculated by using the reference values from EnEV 2007, a completely other impression is given compared
to figure 4: Most building types are consuming considerably more energy in sum than their calculated
equivalents – particularly Institute Building III and V, see figure 6. According to EnEV 2007, the overconsumption of both building types alone accounts for 14% of total heat and 10% of total electricity
consumption of the sample.
In total, all buildings even consume 26% more heat and 29% more electricity as they may use in this regard.
Although these figures can’t easily be defined as potential, they are in range of frequently cited figures of
saving potentials by optimizing operations.

Figure 6: Energy consumption with reference value of EnEV 2007 by building category

A closer look at the statistical distribution of specific energy consumptions reveals big differences between
buildings of same categories. As figure 7 and 8 show, half of the buildings (0.75-0.25 quantile) in most
categories scatter in the range of 100 kWh/m²a. However, especially energy-intensive Institute Buildings
feature a big range of specific current and heat consumption.
Mainly the upper quartile (1-0.75 quantile) has a much bigger statistical spread than the lower quartile (0.25
quantile). Hence there are many buildings with roughly similar consumptions, whereupon one fourth shows
multiple higher consumptions. Despite the classification by BWZK, the real usage within the building can
vary greatly. For example a physical Institute Building can be used mainly for lectures – not an energy
extensive use. In contrast it can also be used as pure laboratory with high-energy experiments.

2557

Figure 7: Specific current consumption of most important UNI buildings within the sample1

Figure 8: Specific heat consumption of most important UNI buildings within the sample1

1
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Both figures don’t include outliers.

Such buildings can be found in nearly every university. Together they generally account the lion’s share of
consumption - in the UNI sample, 10% of universities’ buildings are responsible for about 50% of total
energy consumption in average. The average share of high-tech buildings (Institute Buildings III, IV, IV,
Institute for Research and Analysis, Institute for Teaching and Research) in this group is much higher than
the respective share in total, see figure 9.

Figure 9: Relation of building quantity and energy consumption in universities

2.4. Energy management in universities
Technical departments of universities normally maintain central building control systems to guide the
technical buildings equipment. Their overall aim is to ensure function and availability of central building
services (HVAC). These structures are usually not suitable for an effective energy management in their
current form.
The sheer number of managed buildings and equipments, lacks of financial and personnel resources as well
as conversion of buildings leads to faulty HVAC operating states in time. They particularly occur through
intermittent increased requirements by building users, and thus increased equipment operation that isn’t
canceled after the requirements decrease to their original level.
While insufficient HVAC operation (for example lacking ventilation of a lecture room) is noticed negatively
and reported to the central building control system, a contrary situation (for example over night lecture room
ventilation) can’t be sensed per se. In these cases missing feedback (“open loop circuit”) leads to steady
over-operation of HVAC and thus inflated energy consumptions. Error detection in such situations exacts
continuous comparison between user requirements and HVAC operations – ideally within an independent
energy management, see figure 10. Therefore ad hoc personnel positions should be created.
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Figure 10: Influence of systematic energy management on energy consumption at universities over the years (schematical)

3. Case studies at Kassel University
The organizational conditions at universities result in several classic non- and low-investive energy saving
measures. Basically they tend to improve unnecessary HVAC operation as well as excessive HVAC
operation. The following case studies refer to two big Institute Buildings for engineering sciences with mixed
use (laboratory, office, lecture room). They are among the biggest energy consumers and had been noticed
already during previous investigations because of their high specific energy consumptions and base loads.
3.1. Ventilation operation
Energy consumption for ventilation of high-tech Institute Buildings has a big share of total building
consumption. Through adaption on real requirements, significant energy savings can be achieved. This calls
only for simple changes in control and regulation – a non-investive measure which may generally be
implemented right away (Bauministerkonferenz, 2009).
An example for extremely inappropriate parameterization of a ventilation system can be found in Institute
Building “Technik I/II” at Kassel University. With a current consumption of 1.770 MWh/a in total (2010)
it’s the biggest consumer in this respect at the university. The building hosts branches of mechanical
engineering, building physics and natural science. Furthermore it’s categorized by classical mixed use
including offices, laboratories and lecture rooms.
Within measurements over several weeks, electric input power of the ventilation system has been analyzed.
Looking at minimal and maximal values for several working days, only relatively small differences appear.
Moreover especially high base load (70% of maximum within utilization period) outside building occupancy
(on the basis of DIN V 18599) attracts attention, see figure 11. This base load is constant at weekends, too.
However, an inspection of the building showed that there are hardly any valid requirements for ventilation.
Electric energy consumption outside occupancy accounts for approximately 320 MWh/a meeting nearly
140% of the consumption within occupancy. Through a shutdown outside occupancy, electricity
consumption of the building could be reduced by 19% right away.
In all probability, ventilation operation within occupancy isn’t fitted to user requirements, too. On this
account additional saving potentials may be supposed. Both measures only require simple changes in timeprogrammes of the system which are hardly time consuming.
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Figure 11: Electric input power of ventilation system at several working days

3.2. Central water heating
Due to their original planning some buildings dispose of central water heating and circulation systems
without having considerable water consumption in reality. For example Institute Building “Technik III/2”
which is most heat consuming at university, provides hot water at several extraction points around the clock
and without delay. Because of the greatly expanded circulation pipes over several hundred meters the
corresponding losses are considerably high. About 89 MWh/a are lost, whereas only 4 MWh/a are needed for
the actual warming of tapped water. Moreover, in summer months there is hardly any heating requirement –
the building’s heat supply then is only maintained for water heating. According to a conservative estimation
this results in additional losses of about 100 MWh/a, see figure 12. As a matter of fact, energetic effort is
totally disproportionate to real hot water consumption (about 70 m³/a).

Figure 3: Losses through central water heating and circulation within the building

Furthermore there is a third big loss factor: A part of the local heating network has to be maintained as long
as building requires heat – hence only for water heating and circulation in summer months. According to
projection the corresponding losses accounts for about 165 MWh/a, see figure 13. In conclusion the water
heating in this example has an efficiency of 1%. Other factors as power consumption of the pumps or
maintenance efforts aren’t considered for reasons of simplicity. The situation can easily be solved by shutting
down the circulation. If necessary, extraction points may be equipped with electronic instantaneous water
heaters.
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heat fed into building
193 MWh/a; 154%
useful energy
4 MWh/a; 1%
heat fed into
local heating network
358 MWh/a; 100%

losses within local
heating network
165 MWh/a; 46%

total losses
within building
189 MWh/a; 53%

Figure 4: Losses through water heating in total

3.3. Central water cooling
Beside a central water heating and circulation, Technik III/2 also has a central water cooling and circulation.
It’s in fact a half-open system and allows cooling water withdrawal. As this amount (0,5m³/d) is negligibly
low compared to daily flow, the system can be considered as closed system for reasons of simplicity. In
contrast to the hot water circulation, cooling water circulates between taker and center on demand only.
However, some laboratories use cooling water for their installations 24 hours per day, while having hardly
any requirement. This situation was noticed during a building walk-through. Conducted measurements
confirm this situation: Over one week, the flow rate is nearly constant. Thus, cooling consumption leads to
higher return temperatures respectively a bigger temperature difference (as flow temperature is constant).
Despite there is temporary a slight cooling consumption, cooling water circulates most time without need and
is thereby warmed by 0.4 K, see figure 14. This corresponds to a constant cooling loss of 12 kW. Outside
operation time (defined by constant temperature difference of 0.4 K), losses account for 70% total cooling
respectively 90 MWh/a. As the respective refrigerating machine has very bad work figures, this equates to a
current consumption of about 80 MWh/a and thus 5% of total building current drain (2010).

Figure 14: Losses through central cooling
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4. Summary
•

There is a large energy saving potential in university buildings: The UNI buildings of the sample
consume 26% more heat and 29% more electricity than they should consume according to the
reference values in EnEV 2007. These figures can’t be defined as potential easily, but they are in
range of frequently cited figures of saving potentials through optimization of HVAC. Furthermore
it can be assumed that there is additional saving potential – independent of HVAC operation.

•

As a general rule saving potential can predominantly be found in big high-tech Institute Buildings
(especially for natural and engineering science). About 10% of universities’ buildings are
responsible for about 50% of total energy consumption in average. The average share of high-tech
buildings in this group is nearly twice as high as the respective share in total.

•

Big energy savings can be achieved with rather simple non-investive measures, especially by
improving HVAC operation. At Kassel University for example, the following potentials have been
identified so far:
o Electricity consumption of a high-tech Institute Building can be reduced by 19%
(320 MWh/a) through a shutdown of the ventilation outside occupancy.
o About 190 MWh/a or 11% of another building’s heat consumption can be saved by a
shutdown of the central water heating and circulation system.
o Based on this a shutdown of the local heating network in summer months allows for a
reduction of additional 165 MWh/a.
o The electricity consumption of this building can be reduced by 5% (80 MWh/a) through a
hydraulic alignment of the central water cooling system.

•

However, permanent savings requires an appropriate energy management.

References:
Bauministerkonferenz, 2009. Projektgruppe Verbesserung der Energieeffizienz im Bereich der
Landeshochbauten, Schlussbericht. Konferenz der für Städtebau, Bau- und Wohnungswesen zuständigen
Minister und Senatoren der Länder (ARGEBAU).
Statistisches Bundesamt, 2005. Qualitätsbericht Hochschulfinanzstatistik, Stand Dezember 2005,
Statistisches Bundesamt Wiesbaden.
Statistisches Bundesamt, 2009. Fachserie 11, Reihe 4.1. Bildung und Kultur, Studierende an Hochschulen,
Wintersemester 2008/2009, Statistisches Bundesamt Wiesbaden.
BMVBS, 2009. Bekanntmachung der Regel für Energieverbrauchskennwerte und der Vergleichswerte im
Nichtwohngebäudebestand. Bundesministerium für Verkehr, Bau und Stadtentwicklung, Berlin.
BMBF, 2004. Forschungslandkarte Fachhochschulen, Potenzialstudie. Bundesministerium für Bildung und
Forschung, Berlin.

2563

EVALUATION OF RENEWABLE ENERGY MODELLING
METHODOLOGIES WITHIN DOMESTIC BUILDING DESIGN
COMPLIANCE PROCEDURES
1

1

Adam Thirkill , Paul Rowley , Charles Ferguson
1

CREST, Dept. Electronic and Electrical Engineering, Loughborough University (UK)

1. Introduction
In response to the ratification of the Kyoto Protocol, the European Union has the target of reducing CO 2
emissions by 20% from 1990 levels by 2012. As part of this obligation, the UK is aiming to reduce its own CO2
emissions by 34% based on 1990 levels by 2022 (DECC). In order to assess emission reduction compliance
from domestic housing, the UK Government have developed a Standard Assessment Procedure for new and
existing dwellings, called SAP 2009 (DECC 2010). This document contains key energy performance indicators
including energy consumption per unit floor area, energy cost rating (SAP rating), environmental impact rating
based on CO2 emissions (EI rating) and dwelling CO2 emission rate (DER).
This work involves an analysis of the methodologies by which PV and solar thermal technologies are assessed
to contribute to energy generation and carbon reduction projections for domestic dwellings. Using comparative
analysis with advanced software simulations along with measured data from field installations, the evaluation is
focussed upon the projected energy contributions and CO 2 emission reductions arising from these technologies
in the context of dwellings’ overall design targets. Specifically, methods used by SAP to estimate solar
irradiation are evaluated with potential limitations quantified and described, and comparisons to simulations
made using PV-GIS and meteorological data for three locations in the south, midlands and north of England
respectively. The annual solar energy available to a solar thermal system predicted by SAP is compared with
modelled and measured data for Camborne, Nottingham and Durham. The impact of DHW demand and
occupancy of a household on solar input and fuel savings made is then investigated using measured data from
(Forward & Roberts 2008) and SAP predicted values.
2. The predicted annual irradiation and yield of photovoltaic systems
The effects of location on irradiation were investigated in order to show the significant differences in the
available solar resource depending on latitude. SAP 2009 assumes a constant annual irradiation value, based on
Sheffield, throughout the UK. This can lead to inaccurate yield predictions from the solar technologies. To
investigate this, the SAP estimate for irradiation in three locations (Camborne, Nottingham and Durham) were
compared with PVGIS based estimates and measurements from UK Met Office stations at these sites. As the
Met Office stations use a pyranometer in a horizontal inclination the PVGIS and SAP estimates were made
using a horizontal inclination also. Following this the variation between measured and modelled irradiation
predictions within a region were investigated. The irradiation values for three locations within the Midlands
(Loughborough, Sutton Bonington and Nottingham) were compared. The annual yield of a south facing
3.56kWp system with a tilt angle of 30° was predicted using SAP and PVGIS for Camborne, Nottingham and
Durham. Finally the effect of shading on power output was evaluated.
2.1. Comparison of annual irradiation between southern, central and northern England
Fig. 1 shows annual global irradiation for Camborne (50°12'N), Nottingham (52°58'N) and Durham (54°47'N)
as predicted by SAP 2009 and PVGIS respectively compared with measured values obtained from the UK Met
Office. These values represent horizontal plane irradiation values to allow like-for-like comparisons to be made
between the estimated and the measured values.
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Comparison of SAP, PVGIS and Met Office data for the estimation
of annual irradiation for 2010

Annual Global Irradiation [kWh/m2]
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Fig. 1: Annual global irradiation values from SAP 2009, PVGIS and Met Office for southern, middle and northern England

Fig. 1 shows comparisons of SAP estimates for the annual irradiation for Camborne and Nottingham with
measured data; deviations are summarised in Tab. 1. These results are corroborated by (Murphy et al. 2009).
Fig. 1 also shows a trend of reduced irradiation with increasing latitude, shown by both the PVGIS and
measured values.
Tab. 1: Percentage difference in annual irradiation between measured and predicted values (positive values indicate an under
prediction and negative values indicate over prediction in comparison to measured data)

Location
South
Midlands
North

SAP [%]

PVGIS [%]

PVGIS-SAF [%]

24.57

10.22

5.08

2.26

3.54

-2.80

-3.11

1.41

-3.22

Tab. 2: Variations in irradiation for the Midlands and the North compared to the South

Location

Measured [%]

Midlands

21.81

North

28.56

PVGIS irradiation values also show the same trend, namely a SAP over-prediction of irradiation in the North
and an under-prediction in the South in comparison to measured data.
2.2. Comparison of annual irradiation between locations within central England
To facilitate a higher resolution local evaluation of irradiation trends, annual irradiation data was collected for
three locations within central England; Sutton Bonington (52°50'N), Loughborough (52°47'N) and Nottingham
(52°58'N). The measured data was collected from 2007 to 2010 and has been averaged. Fig. 2 shows the level of
local variation within this local region.
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Comparison of SAP, PVGIS and Met Office data for the estimation of
annual irradiation for central England
1040
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Fig. 2: Comparison of the annual irradiation for central England obtained from measured and predicted sources

The results indicate that SAP values are low in comparison with measured data. In particular, SAP values are
low for the southern the region. It appears that the further away from Sheffield the irradiation measurement is
taken the greater the deviation SAP has from the measured value.
Tab. 3Error! Reference source not found. shows the percentage difference between the irradiation values for
measured and modelled data.
Tab. 3: Percentage difference in annual irradiation between measured and predicted values (positive values indicate an under
prediction and negative values indicate over prediction)

Location

SAP [%]

PVGIS [%]

PVGIS-SAF [%]

Sutton Bonington

5.63

6.89

-1.28

Loughborough

7.41

8.41

0.52

Nottingham

1.15

2.41

-5.46

2.3. Annual PV output prediction
The following is a comparison of the SAP 2009 and PVGIS annual output predictions of a 3.56kW p system with
a south-facing orientation and a tilt angle of 30°. Fig. 3 shows the annual output that would be expected on a
south-facing module at a tilt angle of 30°. SAP 2009 provides the annual irradiation value for this scenario
whereas PVGIS allows this to be modelled by changing the tilt angle in the model. Detailed information about
how the PVGIS model works can be found in (Suri & Hofierka 2004) and (Šúri et al. 2005). In order to calculate
the irradiation at an angle of 30° using measured data the beam and diffuse components are required as in the
Telecom method (Wenham et al. 2008). Alternatively a method described by (Olmo et al. 1999), (Muzathik et
al. 2011) and (Evseev & Kudish 2009) allows the irradiation incident on a tilted surface to be calculated using
only the horizontal irradiance. However the UK Met Office do not provide beam or diffuse components nor do
they provide irradiance measurements only irradiation. In order to convert from horizontal irradiation to
horizontal irradiance, to calculate the clearness index as in the Olmo et al. method, time values are required.
This again was not provided only daily totals for irradiation at the three locations. Therefore measured data for
irradiation incident on an inclined plane at 30° is not included in the comparison.
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Annual output of 3.56kWp PV system south facing at 30 degrees tilt angle
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PVGIS SAF
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Fig. 3: Annual output of a 3.56kWp system with a south facing orientation at 30° tilt angle

It is shown that in comparison with PVGIS, SAP gives closer approximations for central and northern England
but underestimates the solar resource in the south of England to a greater extent. This agrees with the suggestion
by (Murphy et al. 2009) that SAP underestimates the solar resource under favourable conditions. It seems that
for PV systems, the location of the dwelling can have significant impacts on the predicted annual yield also seen
by (Munzinger et al.). The use of central England data may not be suitable as locations such as Camborne are
much further away from Sheffield than the very north of England. This leads to greater underestimation of the
solar resource in southern areas as the distance from Sheffield increases. Using a fixed annual irradiation value
regardless of location also gives poor approximations to annual yield of PV systems. Areas in the north are
overestimated and thus erroneous predictions in cost and emissions savings may result; future work would
include validating this hypothesis with comparisons of annual yield from a number of Northern installations. For
areas in the south, the converse applies, and basing potential investment in PV systems on SAP benchmarks
could deter potential investors as the annual yield can be up to 23% greater than the SAP prediction as shown in
Tab. 4.
Tab. 4: Percentage difference in annual output between measured and predicted values (positive values indicate an under
prediction and negative values indicate over prediction)

Location

PVGIS [%]

PVGIS-SAF [%]

Camborne

15.47

23.14

1.30

10.06

-0.20

6.46

Nottingham
Durham

2.4. Effects of shading on PV output
The effect of shading was investigated using measured data from previous work (Martínez-Moreno et al. 2010).
As stated in this study, shading is often unavoidable and must be considered when analysing PV system output.
Advanced shading modelling often uses current-voltage curves, which though accurate, can lead to long
computation times. (Martínez-Moreno et al. 2010) developed a model that uses direct power outputs from the
PV system. In the current work, experimental data from this study is used to compare the measured effects of
shading against the SAP model used to assess the impact of shading. Martínez-Moreno et al. include the effect
of different PV module shading geometries, whilst SAP makes no allowance for this and bases its annual yield
on a simple shading factor. This is used as a correction factor to estimate any negative effects of shading on the
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annual yield. This correction factor is calculated by estimating the percentage of the sky blocked by obstacles
and assigning a corresponding over shading factor.
Modelled power loss versus measured power loss
SAP 2009
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Fig. 4: SAP modelled power loss versus measured power loss (Martínez-Moreno et al. 2010)

Fig. 4 shows the SAP modelled power loss versus the measured power loss for modules with different shaded
geometries as shown in Tab. 5 (Martínez-Moreno et al. 2010)
Tab. 5: Shadow geometry, percentage shaded and corresponding power loss (Martínez-Moreno et al. 2010)

Shadow
geometry

Horizontal
shading [%]
0

Vertical shading [%]
0

Power loss [%]

SAP
power loss
[%]

0

0

0

Total shading [%]

100

9

9

84

0

100

18

18

91

0

100

36

36

93

20

4

64

2.56

12

0

17

45

7.65

44

0

29

27

7.83

44

0

50

9

4.5

43

0

13

100

13

34

0

25

100

25

47

20

38

100

38

49

20

50

100

50

54

20

58

82

47.56

57

20

75

73

54.75

90

50

92

64

58.88

94

50

It can be seen in Fig. 4 that SAP tends to underestimate the amount of power loss shading can produce. In
addition Tab. 5 indicates that SAP makes no allowance for the amount of power lost due to different shading
geometry
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3. The prediction of annual solar energy available and fuel savings made for a solar thermal
system
3.1. Comparison of annual irradiation between southern, central and northern England
The solar energy available, Qsolar, to the solar thermal system is a function of the annual irradiation. This
parameter determines the contribution the solar thermal system makes to DHW heating (Q s) shown by (eq. 1)
found in SAP 2009 (DECC 2010):

(eq. 1)
Where UF is the utilisation factor, f(a1/η0) is the collector performance factor (a1 being the linear heat loss
coefficient of the collector and η0 being the zero loss efficiency) and f(Veff/Vd) is the solar storage volume factor
(Veff being the effective solar volume and Vd being the daily DHW demand). The annual solar energy was
calculated using the (eq. 2) given in SAP 2009 (DECC 2010) with the irradiation values from SAP, PVGIS and
measured data, using horizontal plane irradiation values.

(eq. 2)
Here Aap is the aperture area, η0 is the zero loss efficiency, S is the annual irradiation and Zpanel is the over
shading factor.
Annual solar energy [Qsolar] available to the solar thermal system
SAP

PVGIS

PVGIS-SAF

Measured Data

2800.00
2700.00
Qsolar [kWh]

2600.00
2500.00
2400.00
2300.00
2200.00
2100.00
2000.00
Camborne

Nottingham

Durham

Fig. 5: Annual solar energy available to the solar thermal system for the three locations

Fig. 5 shows the annual solar energy available to the solar thermal system for the three locations. As the solar
energy available is a function of irradiation and all other parameters (UF, f(a 1/η0) and f(Veff/Vd)) in (eq. 2) are
kept the same for each of the locations the trends are identical to the annual irradiation plot. It is shown that
again SAP has low values for the solar resource in the south and higher values in the north. SAP as stated before
bears no consideration to the effects of location on the solar resource estimating 2198kWh/year of solar energy
available to the solar thermal system. Using measured data it is shown that Camborne and Nottingham receive
24.57% and 2.27% more irradiation than predicted respectively.
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Annual solar input [Qs] from solar thermal system to DHW
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Fig. 6: Annual solar input from the solar thermal system to DHW heating

Fig. 6 shows SAP approximations to solar thermal DHW input for the Midlands and the South are lower than
the measured values. The converse is seen for the north..
Tab. 6 shows the percentage differences between the solar input for predicted values and measured
approximations. This indicates that for solar thermal systems SAP mainly underestimates systems in the south
compared to measured data. A reason for this could be that Sheffield is not strictly the dead centre of England as
Camborne is much further away than anywhere in the north. A greater distance from Sheffield seems to produce
less accurate SAP approximations.
Tab. 6: Percentage difference in annual solar input between measured and predicted values (positive values indicate an under
prediction and negative values indicate over prediction)

Location

SAP

PVGIS

PVGIS-SAF

Camborne

3.31

1.37

0.68

Nottingham

0.36

0.57

-0.45

-0.52

0.24

-0.54

Durham

3.2. The impact of occupancy and DHW demand on fuel savings made through solar thermal system
Using data obtained from a field trial of solar thermal systems (Forward & Roberts 2008) the effects of
occupancy and DHW demand on solar thermal yield were compared with that predicted by SAP 2009.
In the field trial, six houses were monitored, each with a total floor area of 85m2 and varying occupancies
consisting of both adults and children. The solar thermal system of aperture area 3.05m2 had a dedicated solar
store of 55L and a total storage volume was 180L. Gas boilers with efficiencies of 90% were used to provide
any extra heating required. The daily DHW demand was measured along with any fuel savings resulting from
the solar thermal systems. Fig. 7 shows occupancy for these dwellings, ranging from 2 to 5 adults and children.
SAP-based calculations were then carried out for an equivalent dwelling of 85m2 total floor area. It should be
noted that SAP makes no allowances for occupancy variations, and uses a simple floor area conversion factors
to predict occupancy, in this case 3 persons.
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Occupancy of dwellings
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Fig. 7: Measured and predicted occupancy of 85m2 houses based in Suffolk (blue) and Sheffield (red). Light shades refer to children
and dark shades refer to adults [(Forward & Roberts 2008)]
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Fig. 8: Measured and predicted daily DHW demand

SAP uses the total floor area to predict occupancy which can vary greatly for houses with the same floor area as
shown in Fig. 7. SAP also uses the occupancy to predict the average daily hot water demand. This means that
effectively the daily hot water demand for a household is based on the total floor area. As can be seen above in
Fig. 8, in reality, dwellings with the same total floor area can have quite different DHW demands. This is partly
due to the occupancy; house E with five people uses the most. However there is no apparent correlation between
occupancy and DHW demand. For example, house D contains four people but uses the same amount as house C
with three people, and less water than A and F with two and three people respectively. The SAP estimates for
daily DHW demand are greater than the measured data in all cases. It exceeds the measured demands of houses
with 85m2 even those with over the predicted three occupants. The result of an over predicted DHW usage is
that the predicted solar input decreases and the fuel required by the auxiliary heating system increases. This
leads to underestimations in the fuel saving that can be made by installing a solar thermal system.
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Annual solar input to DHW heating

Solar Input [kWh/year]
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Fig. 9: Measured and predicted annual solar input to the DHW heating system

Fig. 9 shows the annual solar input to the water heating system for the SAP prediction, based on DHW demand,
along with measured data. As can be seen for the southern location of Suffolk, SAP consistently under values
the solar input for all dwellings. This under prediction of southern locations agrees with previous irradiation
measurements and by (Murphy et al. 2009). This could be due to the under prediction of annual irradiation
combined with the over prediction for DHW demand, which both cause a drop in predicted solar input
according to SAP. For Sheffield it would be expected that SAP provides very close approximations due to the
potentially closer irradiation approximations. However SAP shows an underestimation of the solar input for
house F, even though this dwelling matches the SAP prediction closely with regards to occupancy. The
underestimation could be due to SAP’s over prediction of DHW demand for this house giving a low solar input
due to a low f(Veff/Vd) term (eq. 1). It could also be that House F receives more irradiation than the other houses
in Sheffield. SAP predictions and measured values for House D are very close, which is expected due to
location but an underestimation would be expected when observing that SAP over predicts the DHW demand.
This may be due to usage pattern as explained in (Forward & Roberts 2008) house D used more DHW in winter
when the solar system made very small contributions therefore the solar input would have been higher if DHW
use was more uniform throughout the year. Houses E and A could have greater solar input, however the
occupants fired the boiler in competition with the solar thermal system negating any benefit from the system.
Annual fuel saving as a result of solar thermal system
Fuel Saved

SAP predicted fuel saved

Fuel Saved [kWh/year]
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Fig. 10: Measured (dark shade) and predicted (light shade) fuel saved due to solar thermal system

Fig. 10 shows actual and SAP-predicted annual fuel saved. This shows that the predicted fuel saving each year
is considerably less than that which is actually saved. In this case SAP therefore underestimates the savings that
can be made by installing a solar thermal system. The predicted fuel saved follows the solar input trend closely
whilst the correlation of measured fuel savings follows the trend of the solar input to a lesser extent. However
greater savings would be expected from house F as it has a similar solar input to houses B and C. This could be
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due to a greater knowledge of energy management in houses B and C, in which residents are said to have
manually fired the boiler when needed thus maximising the effect of the solar thermal system. Houses F (and D)
used the boiler programmer to heat water up to temperature before use, though not after. Houses A and E are
relatively underperforming, as indicated by the relatively low solar fraction. It is suggested that this is not due to
high water use (which leads to higher water energy and greater fuel required to heat it), but because the boiler
was fired at the same time as the solar thermal system is heating the water. As the boiler heated section of the
tank is at maximum temperature the dedicated solar part of the storage is reduced. A high temperature cylinder
will also incur more losses which are met by the boiler system rather than the solar system (Forward & Roberts
2008). Fig. 11, below shows the consequence of effective control of a solar thermal system on the solar
contribution. The figure shows the result of a MATLAB simulation where a control system was modelled. The
control system calculates the temperature at which the water in the store should be in order to exactly satisfy
peak loads. As can be seen the solar contribution is increased with effective control of the system indicating the
benefits that can be made by educating people about effectively controlling their solar thermal systems.
Solar contribution with varying store size
(Collector - Evacuated Tube, Dwelling 1)
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Fig. 11: Comparison of soalr energy contribution for controlled and uncontrolled
systems
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From this it is clear that use of total floor area gives very poor approximations of occupancy. For the sample in
question, the number of people living in a house of similar sizes varies greatly from the predicted value. The
DHW demand based on total floor area and occupancy is also very inaccurate. The DHW demand is a complex
relationship of human factors such as size of household, mixture of adults and children, household occupation,
age, energy consciousness and so on. For example house B and C seem to be the most energy conscious due to
low DHW demand and the understanding of the solar thermal system. SAP under values the solar input in the
south, which could be due to low irradiation and high DHW demand values in comparison to measured data.
Usage patterns can have a greater effect than the amount of water used (Forward & Roberts 2008). The solar
input is also affected by when the water is heated, water heated in the winter has very little contribution from the
solar thermal system and so solar input is reduced. The solar input is also affected by the knowledge of the
occupants. Houses A and E fired the boiler when the solar thermal system was working thus reducing the solar
input. Though this cannot be predicted and cannot realistically be included in SAP, a simple awareness strategy
could be implemented educating people about solar thermal systems. The fuel saved is a function of the solar
input but it is also affected by DHW usage patterns and knowledge of the system. Effective control of solar
thermal systems is shown to improve the performance and therefore the fuel savings.
In summary to improve the effectiveness of solar thermal systems education of users is important, as a key
impact on performance of solar thermal systems are human factors (Forward & Roberts 2008), (Allen et al.
2010). Educating people about DHW usage patterns and how they affect solar input and fuel savings as well as
not forcing the system to compete with auxiliary heating systems could greatly improve the performance of
solar thermal systems.
4. Conclusion
With regards solar irradiation estimation in England, SAP consistently under predicts in the south and over
predicts in the north compare to measured data. This trend exists even within a region and the further the
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distance from Sheffield the poorer the irradiation approximation seems to get. It might be preferable to divide
the country into regions and approximate irradiation values based on the region the dwelling is located.
The shading of a PV system is not considered in enough detail and is overly optimistic. Reductions in power
output can be drastically affected by shading geometry. Again this introduces uncertainty and risk into
investment into PV systems.
With regards to solar thermal systems the same trend can be seen for SAP predicted solar energy available as
irradiation in the PV case. That is an underestimation in the south and an over estimation in the north. This is
expected due to the solar energy available being a function of irradiation.
It is shown that based on measured data, albeit a small sample, the total floor area gives a very rough
approximation for occupancy. The total floor area and occupancy give very poor approximations of DHW
demand, overestimating in most cases.
The solar input is poorly predicted in SAP as is the fuel saving. They are based mainly on the DHW demand and
solar energy available which as discussed above are also predicted to a low level of accuracy. The fuel saved
and solar input are dictated by mainly human factors, as opposed to PV systems which are typically controlled
by technological issues. The understanding that the user has of the solar thermal system as well as their energy
consciousness means that they can maximise the effect of the solar thermal system as in houses B and C. Poor
understanding of the system can lead to poor control and poor performance as in houses A and E. The pattern of
DHW usage also has an effect on the solar input and fuel saved as in houses D and F.
To increase performance of solar thermal systems it is advisable to educate users in the effects of DHW usage
patterns and effective control of the system. (Cortese 2003) suggests that the role of the education system should
include teaching people about sustainability and thus helping to alter behaviour to that, which should prompt
energy consciousness. Recommendations made by (Munzinger et al.) include educating installers, householders
and other users of PV systems in the effective operation of such systems.
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1. Abstract
As demands in thermal comfort of buildings rises, the energy consumption is correspondingly increasing. For
example, in France, the energy consumption of buildings has increased by 30% over the last 30 years. Housing
and tertiary buildings are responsible for the consumption of approximately 46% of all energy produced and
approximately 23% of the total CO2 emissions. Nowadays, thermal energy storage systems are essential for
reducing dependency on fossil fuels and then contributing to a more efficient environmentally benign energy
use.
In buildings, thermal energy storage can contribute to:
- rationalize the use of renewable energy by phasing energy demand and solar energy production,
- rationalize the use of electricity by shaving the peak loads.
Thermal energy storage can be accomplished either by using sensible heat storage, latent heat storage or
sorption of chemical reaction. Of course, these physical phenomena lead to different energy densities that can
be stored in the materials involved (kWh/m3).
The objective of the paper is to present, for the case of France, the results concerning the volume of storage
required in low energy buildings depending on the following parameters:
- the storage criteria (inter-seasonal, 40 coldest days, load peak shaving only,...),
- the physical phenomena involved in the storage/release process,
- the location of the building.
The software TRNSYS is used to model and to calculate the energy storage system requirements for the
different parameters in a low-energy house, which has been tested. Then, sensible, latent, sorption and chemical
heat storage volumes are evaluated. The conclusions concern the potential for using different technologies of
thermal energy storage in France.
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2. Introduction
According to the latest reviews on energy consumption in building (Kuznik et al., 2011 ; Marszal et al., 2011
; Castell et al. 2010 ; Ma and Wang, 2009) and notably in housing, it appears that it has constantly been
increasing over the 30 last years. Moreover, peak loads are always rising and thus more difficult to manage
by the energy supplying companies.
In order to overcome these problems, the usage of renewable energy would be relevant. The sun is the most
available source of energy on earth, but one of the main difficulties encountered is the phase shift between
the energy need and the energy availability.
Therefore, thermal energy storage would be a suitable solution. It can either be done by using sensible heat,
latent heat, sorption or chemical reactions.
It would now be interesting to evaluate the volumes needed by varying different parameters (storage criteria,
physical phenomena and location) for a low-energy house in France. Indeed, if the volumes needed are too
great in quantities, it would be difficult to install the storage unit and notably when the amount of space
available is limited (house renovation for instance). This is what will be presented in this paper.
To begin, a description of the different parameters will be given, followed by a description of the modeling
hypothesis and finally, the results and conclusions will be presented.

3. Parameters descriptions
In this study, it is necessary to examine the three parameters and their effects on the heating energy demand
and therefore on the storage volume.
2.1. Storage criteria
To begin, it would be relevant to examine whether or not the volume needed to cover the annual energy
demand for heating would be too big.
However, because the volumes may be too large, only certain periods of time could be studied: for example
the coldest days and the peak loads (which usually appear between 5:00-8:00 PM).
Therefore, six different storage criteria will be studied:
 Annual
 Annual (peak loads only)
 40 coldest days
 40 coldest days (peak loads only)
 22 coldest days
 22 coldest days (peak loads only)
2.2. Physical phenomena
There are four different physical phenomena available for storage/release:
 Sensible heat
 Latent heat
 Sorption
 Chemical reactions
Each of these physical phenomena has a different energy density that can be stored in the materials involved.
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Tab. 1: Energy density for the four different physical phenomena studied (Hongois,2011)

Energy density
(kWh/m3)

Sensible heat

Latent heat

Sorption

Chemical

55,8

50

200

2500

The energy densities given in the table above are common values, which will give the capability to evaluate
the volumes of storage materials needed to cover the heating energy demand.
2.3. Building’s location
The building’s location is a parameter that will greatly affect the results. The original study was conducted in
eight different thermal zones in France as defined in the RT2005 (CSTB, 2005). The results of the heating
energy demand have shown that these could be grouped in three main thermal zones.

Fig. 1: Map of the three main thermal zones

For each of these thermal zones a representative city with its weather pattern has been associated.
Tab. 2: Thermal zones and city associated

Thermal zone
City

Continental
Trappes

Oceanic
Agen

Mediterranean
Nice

4. Modeling’s hypothesis descriptions
In order to evaluate the volume of materials needed to store enough energy in the different criteria cases for a
specific house, it’s important to know the energy required for this house. Thus, the software TRNSYS
(TRaNsient SYstem Simulation program) has been used. TRNSYS is a complete and extensible simulation
environment for the transient simulation of systems, including multi-zone buildings (Klein et al., 2010). With
this software it will possible to model a house and to estimate the energy need for this house during the
course of one year.
In the following parts, we will shortly describe the house that has been chosen for the study and the
hypothesis that were set for the modeling.
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3.1. General house description
The house that has been chosen for this study is called house INCAS (Wurtz et al., 2006).

Fig. 2: View of the South and East façades of the INCAS house

It is a low-energy house created by the INES (National Institute of Solar Energy in France). It is an
experimental tool, which allows full scale solar technology testing.
The floor area of this house is 98m² divided in two equal levels and the main façade (with its windows and
solar panels) is oriented to the south.

Fig. 3: 3D view of the geometrical hypothesis for the modeling

For the modeling, the house has been divided in two thermal zones: one for each floor. A third zone has been
modeled to take into account the effects of the crawl space. This zone is in contact with the ground and the
floor of the first level zone and is highly ventilated (5 vol/h).
It has also been assumed that the ceiling of the second level zone is directly in contact with the exterior.
3.2. Walls description
The emissivity of the walls is set to 0,9 and the absorption coefficient (internal and external) to 0,6 for short
wave radiations.
Because the INCAS house is a low energy building, the walls are well insulated: the width of insulation goes
from 20 up to 40cm.
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Tab. 3: Description of the walls (Hongois, 2011)

Matérial

Width
(m)

Thermal
conductivity
(W m-1 K-1)

Density
(kg m-3)

Specific heat
(J kg-1 K-1)

Concrete blocks

0,15

0,74

800

648

Glass wool
Concrete blocks
Extruded
polystyrene
Slabs
Heavy concrete
Glass wool
GYPSUM board

0,2
0,15

0,035
0,74

12
800

840
648

0,25

0,029

15

880

0,16
0,04
0,4
0,013

1,23
1,75
0,035
0,32

1300
2400
12
850

648
880
840
799

Concrete

0,22

1,75

2400

880

Wall type

External walls

Bottom floor

Top ceiling
Intermediate floor

The carpentry is also of good quality. In fact, it is a double-glazed window with a high-solar gain low-E glass
with argon gas fill.

Tab. 4: Description of the window (Hongois, 2011)

Exterior glazing

Argon gas

Interior glazing

Frame

Width
Exterior emissivity
Interior emissivity
Solar transmission
Exterior reflectance
Interior reflectance
Thermal conductivity
Width
Thermal conductivity
Specific heat
Density
Width
Exterior emissivity
Interior emissivity
Solar transmission
Exterior reflectance
Interior reflectance
Thermal conductivity
Thermal heat loss coefficient U
Frame fraction
Absorptivity

The convective exchange coefficients are supposed constant for each wall.
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0,006 m
0,837
0,837
0,781
0,071
0,071
1 W m-1 K-1
0,016 m
0,0163 W m-1 K-1
521,9 J kg-1 K-1
1,78 kg m-3
0,006 m
0,103
0,837
0,571
0,229
0,156
1 W m-1 K-1
1,3 W m-2 K-1
15%
90%

Tab. 5: Convective exchange coefficients for the different walls (W m-2 K-1) (Hongois, 2011)

Bottom floor

Top ceiling

Vertical walls

1,78
3,33

4,59
18,9

3,29
14,9

Internal
External

Vertical
window walls
3,29
14,9

Middle floor
4,59
1,78

3.3. Internal gains
Different types of internal gain have been taken into account here:
 The human presence
 Electrical devices
For the internal gains due to human presence, it has been assumed that 4 persons generate each 80 W of
convective heat. The scheduled human presence within the house is as followed:

Number of person

4

2

0
0

2

4

6

8

10

12
Hours

14

16

18

20

22

24

Fig. 3: Schedule of the human presence in the house

The house is equipped with energy efficient devices. Therefore, the internal gains due to electrical devices
are low. The convective heat exchange resulting from these devices is as followed:
800

Power (W)

600

400

200

0
0

2
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Hours

14
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20

22

24

Fig. 4: Schedule of the internal gains do to electrical devices

No vacation weeks have been taken into account.
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3.4. Heating and cooling
The heating system is set to 19°C. The heat exchange has been assumed to be only convective.
There is no cooling system.
3.5. Ventilation and air leakage
The ventilation is done with an ERV (Energy Recovery Ventilator) which has an efficient of 75%. While the
thermal comfort is acceptable (inside operative temperature between 19 and 26°C), the air flow rate is set to
0,5 vol/h. However, when the inside operative temperature reaches 26°C or more, a night natural ventilation
of 5 vol/h starts to cool down the house.
Furthermore, the air leakage is constant and is set to 0,042 vol/h.

5. Modeling results
The following results will be presented by thermal zone. It is assumed that the power is not taken into
account. In fact, the power depends on a lot of other variables (the way the storage/release process is done
for example). It is also assumed that there is no energy loss while the energy is being stored.


Continental thermal zone
Tab. 6: Volume results for the Continental thermal zone (m3)

Sensible heat

Latent heat

Sorption

Chemical

Annual

40,8

45,6

11,4

0,9

40 coldest days

14,8

16,5

4,1

0,3

22 coldest days

9,3

10,3

2,6

0,2

Annual (peak loads only)

4,4

4,9

1,2

0,1

40 coldest days (peak loads only)

1,9

2,1

0,5

0,04

22 coldest days (peak loads only)

1,2

1,4

0,3

0,03



Oceanic thermal zone
Tab. 7: Volume results for the Oceanic thermal zone
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Annual

Sensible heat
(m3)
22,2

Latent heat
(m3)
24,8

Sorption
(m3)
6,2

Chemical
(m3)
0,5

40 coldest days

10,8

12,0

3,0

0,2

22 coldest days

7,1

7,9

2,0

0,2

Annual (peak loads only)

2,1

2,4

0,6

0,05

40 coldest days (peak loads only)

1,2

1,4

0,3

0,03

22 coldest days (peak loads only)

0,8

0,9

0,2

0,02



Mediterranean thermal zone
Tab. 7: Volume results for the Mediterranean thermal zone

Annual

Sensible heat
(m3)
3,4

Latent heat
(m3)
3,8

Sorption
(m3)
0,9

Chemical
(m3)
0,08

40 coldest days

2,4

2,7

0,7

0,05

22 coldest days

1,8

2,0

0,5

0,04

Annual (peak loads only)

0,3

0,4

0,09

0,007

40 coldest days (peak loads only)

0,2

0,3

0,07

0,006

22 coldest days (peak loads only)

0,2

0,2

0,05

0,004

It appears that in certain cases the volume needed is very great (from a few m3 up to more than 40 m3) and in
other cases the volume is more acceptable (less than 1 m3). The next step would be to examine the influence
of each of the three parameters. Therefore, two of the parameters will be set. It was observed through the
experiment, that whichever values are chosen for the two set parameters, the tendencies and the conclusions
will be identical.
4.1. Influence of the storage criteria
In order to evaluate the influence of the storage criteria, the building’s location and the physical phenomena
have been set:
Tab. 8: Set parameters for the study of the storage criteria’s influence

Building’s location
Continental thermal zone

Physical phenomena
Sensible heat
Here are the results:

Volumes (m3)

40,8

*Peak loads only
14,8
9,3
4,4

Annual

40 coldest
days

22 coldest
days

Annual*

1,9

1,2

40 coldest
days*

22 coldest
days*

Fig. 5: Comparison of the volumes for the different storage criteria

The volume is very dependent on the storage criteria. According to the graph above it is shown that the
storage volume decreases significantly when a shortest period of time is considered.
4.2. Influence of the physical phenomena
In order to evaluate the influence of the physical phenomena, the building’s location and the storage criteria
have been set:
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Tab. 9: Set parameters for the study of the physical phenomena’s influence

Building’s location
Oceanic thermal zone

Storage criteria
Annual (peak loads only)

Here are the results:
24,8
Volumes (m3)

22,2

6,2
0,5
Sensible heat

Latent Heat

Sorption

Chemical

Fig. 6: Comparison of the volumes for the different physical phenomena

It appears that the volume needed to cover the energy demand for a certain period of time and in a specific
location, is closely related to the material used. In fact, the volume is forty times more important for
sensible/latent heat storage, than for chemical heat storage.
4.3. Influence of the building’s location
In order to evaluate the influence of the building’s location, the physical phenomena and the storage criteria
have been set:
Tab. 8: Set parameters for the study of the building’s location’s influence

Physical phenomena
Sorption

Storage criteria
22 coldest days

Here are the results:

2,6

Volumes (m3)

2,0

0,5

Continental

Oceanic

Mediterranean

Fig. 7: Comparison of the volumes for the different locations
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The graph above shows that the volume needed to cover the energy demand is closely related to the thermal
zone. For example, the volume needed to cover the energy demand of the 22 coldest days of the year, using
sorption phenomena, is five times greater in the Continental thermal zone, than it is in the Mediterranean
zone.
6. Conclusion
Through this paper, it has been shown that the volumes needed to cover a certain energy demand have a wide
range of variations which closely depend on the parameters. The storage criteria influence study has pointed
out that the volumes are too important to cover the total annual heating energy demand, except maybe in
certain warm Mediterranean climate. Therefore, it seems required to select a certain period (coldest days
and/or peak loads), during which the heating energy demand will be covered by the storage unit. The results
are also very dependent on the physical phenomena. In fact, the study shows that it is not practical to use
sensible and latent heat storage material, because the energy density that can be stored by them is too low.
Moreover, there would be a loss of energy while it is being stored, because the enclosure wouldn’t be
adiabatic except for chemical reaction. However, it is important to keep in mind that the results are closely
related to the climate.
In this study, it has been assumed that the storage unit will only store energy during the warm and sunny
months of the year and will only use this energy during the coldest days of the year: this is called strict interseasonal storing. However, this system could be utilized in a more efficient manner by storing the energy at
any time of year when it’s warm and sunny and using it during periods of cooler weather. Thus, for equal
heating energy coverage, the volume of the unit could be decreased.
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Passive cooling of buildings through natural ventilation has received the attention of researchers in recent years. In
the present work the concept of producing cooling effect through augmented ventilation by excess hot energy
available during summer days from the solar flat plate collector and by storing cool energy available during the early
morning hour in the Phase Change Material (PCM) based storage system is attempted. An experimental setup is
made to study the cooling potential achieved due to the novel concept of augmented ventilation system and the
results are reported. A CFD analysis is carried out using ANSYS-CFX software and the results are validated using
the experimental results. The CFD model is further modified for the real size configuration and using the same
boundary conditions the performance of the system is analysed for various parameters of interest.
Keywords
Augmented ventilation, CFD simulation, Free cool energy, Green building, Solar chimney, Ventilation system
1. Introduction
The modern conditions of comfortable living are achieved at the cost of vast energy resources. The increasing
lifestyle in some of the developing countries in the last few years, demands more energy, and this may further
increase the utilization of energy resources in the world. The continuous increase in energy demand has led to
environmental damage, like global warming and ozone depletion, and the escalating cost of fossil fuels over the last
few years.
The energy required for buildings heating, cooling and ventilation of buildings is approximately 30 to 40% of the
total world energy consumption. The increasing level of damage in the environment has created greater awareness at
the international level, which has resulted in the concept of green energy building in the infrastructural sector. The
practicing engineers and government are forced to re-examine the whole approach to the design and control of
building energy system, energy conservation measures and utilization of renewable energy to safeguard the
environmental degradation. One of the simple and effective ways to reduce the difference between inside and
outside air temperature is to improve the ventilation and thereby achieving the required cooling inside the room.
Natural ventilation and renewable energy utilization are widely used to improve the indoor air environment for
buildings, and also to reduce the energy consumption of air conditioning. Some of the recent studies carried out by
the researchers to promote passive building cooling and the ventilation effect through various measures are
summarized in this section.
Buoyancy-driven stack ventilation or displacement ventilation (DV) relies on density differences to draw cool
outdoor air in at low ventilation openings and exhaust warm. Zhang et al. (2005) used a validated computational
fluid dynamics program to investigate and compare the performances of displacement and mixing ventilations under
different boundary conditions. Yukihiro Hashimoto (2005) studied the temperature field in a modeled office room
for a displacement ventilation system using three-dimensional CFD and result showed that the thermal comfort in a
typical office room maintained by regulating supply air velocity as well as temperature and the stratification profiles
in the room depend especially on the supply air velocity.
Gan and Riffat (1998) investigated the performance of a glazed solar chimney for heat recovery in naturallyventilated buildings using the CFD technique. The CFD program was validated against experimental data from the
literature and good agreement between the prediction and measurement was reported. The predicted ventilation rate
is found to increase with chimney wall temperature and heat gain. Ding et al. (2004) examined the possibility of
using solar chimney concept for natural ventilation and smoke control. The proposed prototype is an eight-storey
building with a solar chimney on top of the atrium. Reduced scale model experiments and CFD analysis are
conducted. Mathur et al. (2006) evaluated the possibility of making use of solar radiation to induce room ventilation
in hot climates. They found out that air flow increases linearly with the increase in solar radiation or the air gap
between absorber and glass cover. Macias et al. (2006) presented a practical approach to improve the passive night
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ventilation in social housing by applying the solar chimney concept. Chungloo and Limmeechockai (2007) studied
the effect of solar chimney and water spraying over a roof on natural ventilation. Mathur et al. (2006) investigated
the effect of using solar chimney for enhancing natural ventilation. They found that there was a tradeoff between the
absorber inclinations and stack height. Wardah Fatimah Mohammad Yusoff et al. (2010) proposed a solar induced
ventilation system for a feasible alternative in enhancing the stack ventilation. They investigated the effectiveness of
a proposed solar induced ventilation strategy, which combines a roof solar collector and a vertical stack, in
enhancing the stack ventilation performance in the hot and humid climate.
The concept of storing cool energy available during the night hours for usage during the day time or to reduce the
demand for air conditioning has been reported by scientists in the recent years. This concept is known as free
cooling. Recently a detailed survey on free cooling of building using phase change materials was carried out by
Antony Aroul Raj and Velraj (2010). First feasibility study of a free cooling system was done by Zalba et al (2004)
(2002) using PCM encapsulated in flat plate with a melting temperature around 20-25°C. Marin et al (2005) made
improvement to the experiment by Belen Zalba by including graphite compounded material with the paraffin PCM
for heat transfer enhacement in PCM. Medved and Arkar (2008) studied the free-cooling potential for different
climatic locations in Europe. Shanmuga Sundaram et al (2010) presented a new passive cooling system
incorporating phase change material (PCM) and two-phase closed thermosyphon (TPCT) heat exchangers to provide
thermal management for telecommunication equipments housed in telecom shelters. Takeda et al (2004) developed a
ventilation system utilizing thermal energy storage using phase change material granules.
In the present work a passive cooling of building through augmented ventilation is attempted for a residential
building by using the excess hot energy available during summer days from the solar flat plate collector and by
storing cool energy available during the early morning hours in a cool storage system. The experimental
investigation is performed in a small cabin of size 1m x 1m x 1m size and the results are compared with the CFD
results for the model created similar to the experimental setup. The CFD analysis is further extended for a cabin of
size 3.5m x 3.5m x 3.5m for which the analysis is carried out for various parameters of interest.
2. Experimental Set-up
The effect of improving the cooling effect through augmented ventilation was studied by conducting an experiment
on a test cabin shown in Figure 1 constructed inside the laboratory building. The cabin is 1 m x 1 m floor area,
height of 1 m and has a window of dimensions 20 cm x 20 cm on one side of the cabin. The cabin is connected
through a heat exchanger coil with one hot storage tank at the top and one cool storage tank at the bottom with a
capacity of 500 litres and 200 litres respectively.
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The hot water from the storage tank is circulated through a copper coiled heat exchanger located at the top of the
cabin. The cold water kept at the bottom storage tank is also circulated through copper coiled heat exchanger kept at
the bottom of the cabin. Electric heater is used as heating source instead of solar water heater for the conduct of
experiments. Similarly, to simulate the supply of free cool energy during the early morning hours the frozen PCM
balls (RT 27) that changes its phase at 28°C are kept in the cool storage tank. The concept of storing cool energy in
PCM during the early morning hours is known and available in the literature (Antony Arul Raj and Velraj (2011)).
The circulation of water is made using a small capacity pump (0.25hp) connected at the outlet of the hot storage tank
and through natural circulation in the cold storage tank. The experiment is aimed at determining the thermal
behavior of the interior temperature of the cabin. Hence Resistance Temperature Detectors (RTDs) are placed at
various arbitrary locations in the cabin to measure the temperature distribution. The air velocity at the entry to the
chimney is measured using a vane anemometer to determine the mass flow rate of air in circulation which is used to
evaluate the ventilation performance. During the experiments, an electric bulb of capacity 50 W is kept inside the
cabin to simulate the heating load.
The performance improvement of the ventilative cooling is studied by conducting two different sets of experiments.
In all the experiments with and without augmented ventilation a heat generation source of 50 W is provided at the
bottom side of the cabin. In the first set of experiments, initially the cabin is allowed to attain steady state
temperature due to the presence of heat generation source in the cabin by natural circulation. Keeping this as the
initial condition of the cabin the hot and cold sources are allowed to circulate through the coiled heat exchanger kept
at top top and bottom of the cabin to achieve cooling through augmented ventilation.
In the second set of experiments, the effect of augmented ventilation is studied by keeping the cabin initially at
ambient condition. In both the cases, experiments are continued until the cabin attains a near steady state
temperature. The temperature variation inside the cabin with respect to time and the increase in velocity of air for
the cases with and without augmented ventilation are measured and the results are discussed.
3. CFD Modelling and Analysis
In the CFD simulation, initially, the cubical room used in the experimental investigation along with the ventilation
effect created through hot and cold sources is modeled and analyzed using CFD software.
GAMBIT software is used to create the three dimensional geometry models. The model generated is meshed using a
tetrahedral grid and the boundary conditions are then assigned to the meshed model. The window modeled on one
face of the cabin is assigned with a pressure inlet boundary condition. The two plates created at the top and bottom
portions of the cabin are assigned as wall boundary conditions, and the temperature of the wall could be varied to
simulate the required temperature. The top and bottom plates perform the important task of providing the hot and
cold sources respectively. The chimney which is kept at the top face of the model is assigned with the outflow
boundary condition. A single fluid zone was generated using a fluid zone generator in the preprocessor of ANSYSCFX. Then the numerical values for the boundary conditions are given. The temperature variation obtained at the
selected RTD locations and the velocities of air at the exit location are compared with the experimental investigation
and thus the model is validated for its accuracy. Further CFD analysis is extended using the similar boundary and
initial condition by changing the geometrical size of the cabin to real size of 3.5 x 3.5 x 3.5 m and proportionately
changing the size of the hot and cold plates (0.8 x 0.3 m) kept at the top and bottom of the cabin. Heat generation
sources of 50 W and 100 W are provided at the top and bottom of the cabin respectively to simulate the heat load
generated from the cabin. A chimney with a base area size of 0.3 x 0.3 m and height of 0.3 m is located at the top
face of the cabin. At the right wall of the cabin a window of size of 0.75 x 0.75 m is created, that serves as an inlet
for the ambient air into the cabin, and the other walls are closed completely without any openings. The simulation
analysis is carried out by varying the initial, inlet, hot and cold source temperatures of the plate inside the cabin.

4. Results and Discussion
In the first set of experiments conducted without hot and cold sources, due to the presence of 50 W heat load the
temperatures of the cabin increases and the maximum temperature is attained (ie attaining the steady state) around
1.30 p.m inside the cabin. Then the cooling effect achievable through the augmented ventilative cooling system is
studied by circulating the hot and cold water through the heat exchanger. The temperature variation inside the cabin
is monitored using RTDs placed at different locations inside the cabin. Figure 2 shows the temperature measured at
various RTD locations shown in Figure 1 at three different time intervals 1.30 pm, 3.00 pm and 5.00 pm.
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Figure. 2. Temperature variation inside the cabin at 3 different time intervals for the
RTD locations shown in the experimental setup

It is seen from the figure that at all the time during the experiment, the 8th RTD shows the least temperature since it
is located nearer to the wall and exposed to the nearest path of the cool air circulation. The 5th RTD shows the
highest temperature at all times since this RTD is located at top of the cabin and also away from the top ventilator
hole. Hence the air at this location is stagnant and also due to stratification, this region is attaining the highest
temperature. The other RTDs are showing temperature in the range between these two limits and it is also observed
that all the RTDs located at a height above the windows level are showing higher temperature. On seeing the
temperature variation with respect to time the temperature of all the RTDs are showing decreasing trend at 3.00 pm
compared to 1.30 pm and further reduced to the lowest level at 5.00 pm. This reduction in temperature is due to the
induced condition initiated at 1.30 pm using the hot and cold sources which augmented the ventilation effect.
Figure 3 shows the average temperature variation inside the cabin with respect to time. There are two regions shown
in the figure. The first region is the duration between 10.00 am to 1.30 pm during which the ventilation is possible
only through the windows and the second region is the duration between 1.30 pm to 6.00 pm during which the hot
and cold water in the storage tanks are circulated through the copper coiled heat exchangers kept at top and bottom
respectively. The temperature attains a maximum level of 36.8°C around 12.30 pm and it is constant till the water
circulation is made through the heat exchanger kept at the bottom. The temperature starts decreasing at 1.30 pm and
around 6.00 pm, the temperature attains a minimum value of 32.8°C. When the induced circulation is initiated the
temperature drop is very high which shows the higher drop in temperature due to induced circulation.
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Figure. 3. Average temperature inside the cabin with and without augmented ventilation
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CFD simulation is carried out for the model created similar to the experimental set up and keeping the ambient
condition as the initial condition inside the cabin. Hence, for the augmented ventilation the results obtained from the
second set of experiments in which the ambient condition is considered as the initial condition is used to validate the
CFD results.
Figure 4 shows the temperature variation of the air in the cabin at two RTD locations L1 and L2 (RTD’s 6 and 7 in
the experimental setup) obtained from the experiments and the CFD analysis for the case without augmented
ventilation. Initially the cabin is at 34°C which is the temperature that prevails in the ambient. Due to the presence of
50 W load in the cabin and the stagnated air without ventilation effect causes the temperature to increase with
respect to time and it attains steady state after 3 hours at a temperature of approximately 43°C at both the RTD
locations. The CFD results are in close agreement with the experimental results.
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Figure. 4. Temperature variation of the air in the cabin at two selected RTD locations for the case without augmented ventilation
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Figure 5 shows the temperature variation of air in the cabin at two RTD locations L1 and L2 (RTD’s 6 and 7 in the
experimental setup) obtained from the experiments and the CFD results for the case with augmented ventilation.
During this experiment initially the cabin is at 34°C. It is seen from the figure that the temperature decreases with
respect to time and it reaches a steady low value of approximately 29°C for the two selected locations. The CFD
results are also showing the similar trend and the results are in close agreement with the experimental results. It is
construed from the above results that a temperature drop of nearly 4 to 5°C is achieved through augmented
ventilation. This is due to the hot and cold sources kept at the top and bottom of the cabin which are dissipating its
energy to augment the ventilation effect and also due to the cooling effect provided by the cold source.
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Figure. 5. Temperature variation of the air in the cabin at two selected RTD locations for the case with augmented ventilation
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The CFD parametric analysis is further carried out for the conventional cabin size of 3.5 x 3.5 x 3.5 m by varying
the initial, inlet, hot and cold source temperatures of the plates inside the cabin and the range of parameters used in
the analysis is given below.
Initial room temperature - 30°C, 32°, 34°C
Inlet room temperature - 30°C, 32°, 34°C
Hot source temperature - 60°C, 50°C, 40°C
Cold source temperature- 28°C, 26°C, 24°C, 22°C
In the parametric analysis, velocity obtained from the CFD analysis is used as the parameter to measure of
ventilation effectiveness. The velocity and temperature variation inside the cabin and performance parameters like
ventilation effectiveness and cooling efficiency are evaluated and presented. Ventilation effectiveness is defined as
the ratio between the surface integrated average velocity at the outlet in the augmented ventilation system, to the
surface integrated average velocity at the outlet in the case without augmented ventilation system. Cooling
efficiency is defined as the percentage through which the initial temperature approaches the cool source temperature
in the augmented ventilation system.
The velocity and temperature variation inside the cabin are shown in the velocity streamline and temperature
contour graphs respectively, for the case with and without augmented ventilation system. Figure 6 (a to c) shows the
streamlines in the XY plane inside the cabin for the case without augmented ventilation system at three different Z
locations for the case with the inlet temperature of air at 30°C and the initial temperature of the cabin at 34°C. It is
seen from the figures that the flow pattern in 6a and 6c have some uniformity in the lower half of the region. This is
due to the presence of a 100 W heat load, present at the bottom of the cabin at X = -1.5, Y = -1.25, Z = -1.5 which is
nearer to these planes. These loads create a low density of the air present in the cabin at the bottom region, pull the
air from the window, and then it moves upward towards the chimney. Further it is seen from these two figures that
the maximum velocity is high (1.07 m/s) in the XY plane located at Z= -0.875 compared to the velocity of 0.8 m/s at
the XY plane located at Z = 0, due to the presence of the heat load very close to Z = - 0.875 plane which creates high
potential difference and hence induces the air to the maximum velocity. At Z = 0.875 the streamlines show more
recirculation at the bottom and top of the region due to the presence of stagnated air, as this plane is away from the
chimney side.
Figure 7 shows the streamlines inside the cabin for augmented ventilation for three different XY planes at the same
Z locations shown for the previous case for the same inlet and initial temperature conditions along with 60°C and
24°C for the hot and cold sources respectively. The maximum velocity in all the three planes is much higher, which
is approximately 1.9 m/s, and the minimum velocity is also more than 1 m/s in all the cases, which is the highest
velocity present in the cabin for the case without augmented ventilation. Hence, it is construed that the presence of
hot and cold sources in the augmented system increases the ventilation effect inside the cabin. There is not much
variation in the airflow pattern between the three cases, since the heat load present on one side of the cabin has no
significant effect compared to the effect caused by the hot and cold sources which are present at the centre of the
cabin ( Z = 0 ).
Figure 8 shows the exit velocity of the augmented ventilation system under various inlet, initial and hot and cold
source temperatures. Fig. 8a shows the velocity of the air at the outlet when the inlet and the initial temperatures are
maintained at 30°C and 34°C respectively, for various hot and cold source temperatures. It is seen from all the
figures that for the given cold source temperature, the velocity of the air at the outlet increases with an increase in
the hot source temperature. However, at a given hot source temperature, when the cold source temperature decreases
the velocity of air at the outlet decreases, though the temperature difference between the hot and cold sources
increases. Similar results are seen in Fig. 8b and Fig. 8c for the different inlet and initial conditions. Hence, it is
concluded from the results that the temperature difference between the cold source and inlet temperature plays a
major role, as the cold source temperature makes the air present in the cabin denser reducing the driving potential
for the movement of air.
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Figure. 8 Variation of augmented velocity with respect to hot and cold source temperatures

Figures 9a to 9c show the temperature contours at three XY planes located at Z = 0, Z = -0.875 and Z = +0.875
when the cabin has a heat load of 100 W, 50 W at (X = -1.5, Y = -1.25, Z = -1.5) and (X = 1.5, Y = 1.25, Z = 1.5)
locations respectively, and without any cold and hot sources to augment the ventilation. Fig. 9a shows the
decreasing temperature from the window to the bottom of the cabin in the downward direction, which indicates the
air movement in that direction; this is due to the entry air at 303 K which is denser than the internal cabin air
temperature at 307 K. However, the heat load kept at the other side of the window makes the nearby air less dense
and draws the air from the window side; hence, the entry air also become less dense and moves in the upward
direction.
It is seen from all the figures that the temperature varies from 303 K at the bottom to 311 K at the top and at the
middle of the cabin (Y = 0) in the XZ plane, an average temperature of 307 K exists; above this plane, at all Y, the
temperature is above the initial temperature and at the top of the cabin the temperature is between 310 K to 312 K.
Among the three planes shown in the figures the plane located at Z = 0 attains the highest temperature at the top on
the other corner of the chimney, which is due to the presence of the 50 W heat load and also due to the stagnation of
air near that location.
Figures 10a to 10c show the temperature contours at three XY planes located at Z = 0, Z = -0.875 and Z = +0.875
when the cabin has similar heat loads as in the case of without augmented ventilation along with hot and cold
sources present at the top and bottom of the cabin respectively, to augment the ventilation. It is seen from the figures
that at the middle of the cabin the temperature is slightly higher than the cold source temperature, though the air
present in the top of the cabin is around 312 K and near the hot source it is 330 K. Hence, the present configuration
proposed to augment the ventilation provides a cooling effect up to 3/4th of the height of the cabin, which is
sufficient for the comfort in the room.
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Figure 11 shows the variation of temperature at a particular location (X = 0, Y = 0.5, Z = 0) in the cabin with respect
to the variation in the hot and cold source temperatures for three different inlet and initial conditions. It is seen from
all the graphs that the steady state temperature at the selected location is predominantly the function of the cold
source temperature. In all the cases the temperature at the selected location is approximately 1 to 2˚C higher than the
cold source temperature. The hot source, inlet and initial temperatures have a much less influence on the steady state
temperature of the cabin at the selected location, which is approximately 3/4th of the height from the cabin. This
shows that the entire region below this location will be having a lower temperature than this location.
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Figure. 11 Average temperature of the cabin for the variation in hot and cold source temperatures

Figure 12 shows the ventilation effectiveness for various hot and cold sources maintained in the augmented
ventilation study for three different inlet and initial conditions. It is seen from Figure 12a that when the inlet
temperature is lesser than the initial temperature (i.e. ambient temperature is lesser than the room temperature), the
ventilation effectiveness varies from 2.3 to 2.5 for all values of the hot and cold source temperatures. Figure 12b
shows, how, when the inlet temperature is higher than the initial temperature (i.e. ambient temperature is higher than
the room temperature), the ventilation effectiveness varies from 1.12 to 1.23 for all values of the hot and cold source
temperatures. Figure 12c shows that when the inlet temperature is the same as the initial temperature (i.e. ambient
temperature is same as the room temperature), the values of the hot and cold source temperatures are the same. It is
observed from the figure that the ventilation effectiveness is higher than in the first case where the inlet temperature
is lesser than the initial temperature. The average velocity of air at the outlet without the hot and cold sources for the
three cases shown in Figure12a, Figure 12b and Figure 12c respectively, are 0.74, 1.66, and 0.73. In the first case
when the inlet temperature is lesser than the initial temperature, the ventilation effectiveness is high as the velocity
of air at the outlet in the case without augmented ventilation is very low (0.74 m/s). Hence it is construed from the
results, that it is possible to improve the ventilation by using hot and cold sources when the room temperature is
higher than the ambient temperature. Since the air density of the ambient is higher than the internal air density, the
air cannot move very easily, and hence, some driving potential is required to augment this ventilation. However,
when the room temperature is lesser than the ambient temperature, the density of air present in the room is lesser
than that of the ambient, and hence, the driving potential is created naturally for the flow of air and the velocity of
air at the outlet is higher, without considering the augmented ventilation. Under these circumstances, the additional
effect created by the hot and cold sources is not significant enough to improve the ventilation. In the last case, when
the inlet and initial temperature are the same, the effectiveness is even higher than in the first case where the inlet
temperature is lesser than the initial temperature. This is due to the fact that in the first case, when the inlet
temperature is lesser than the initial temperature the entry air first flows downward in the cabin due to its higher
density, and then it has to move up due to the temperature gradient between the top and the bottom. Hence, the
ventilation effectiveness is higher in the last case compared to that in the first case.
Figure 13 shows the variation of the cooling efficiency for various hot and cold source temperatures at three
different inlet and initial conditions. It is seen from the figure that when the inlet temperature is lesser than the initial
temperature, the entry air also will aid the cooling, and hence the cooling efficiency is higher for all the cold source
temperatures. In the second case, when the inlet temperature is higher than the initial temperature, the hot inlet air
also has to be cooled by the cold source, and hence the cooling efficiency is comparatively less, when the
temperature of the cold source is much closer to the initial temperature. It is seen from all the three cases of inlet and
initial conditions, that the effect due to the hot source temperature is quite less. The hot source present at the top
will not participate in the cooling/heating process, and it only aids the convective air motion in the room. Since the
conductivity of the air is less, the heated air at the top cannot transmit its energy to the bottom portion.
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5. Conclusion
In the present work a novel concept of augmenting the ventilation and cooling effect for a cabin using a hot and cold
source is studied, by conducting an experimental investigation. A CFD simulation analysis is also carried out and
the results obtained for various parameters of interest are presented in detail. During the summer period the
utilization of a solar hot water system is reduced in residential buildings, as the requirement for hot water is less.
This hot energy collected using the hot water system may be utilized to augment the ventilation effect. In summer,
usually the room temperature after sunset is higher than the ambient temperature, and hence, the natural ventilation
effect will be less and uncomfortable for the residents. The energy stored from the hot water storage system can be
used to augment the ventilation during this period to draw cool air from the surroundings. In the same way the cool
energy can also be stored by supplying the cool air available during the early morning hours in a storage medium,
and this cool source can be utilized to provide cool energy during the day time. The results from the present study
reveal that a considerable reduction in temperature and an improvement in ventilation is possible through augmented

11

2596

ventilation. This concept and the results presented in this paper will be very useful for the engineers, designers and
also the policy makers involved in the construction of Green buildings.
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1. Introduction
Trombe wall system was first developed by American named Edward Morse in 1881 (Morse1881) and
recently revived by the French inventor Felix Trombe (Duffie and Beckman, 2006). Trombe wall is made of
a material that absorbs a lot of heat, such as concrete or masonry coated with a dark (Duffie and Beckman,
2006); it will be placed behind South facing glass to increase the thermal mass to receive high amounts of
solar gain. The heat absorbed from the sun is conducted slowly through the storage mass to the inner surface.
The air heated by convection rises and passes into the heated space. During the period of no sunlight, heat
stored in the thermal mass wall is radiated and convected into space to be heated. Energy can be transferred
to the room by air circulating through the gap between wall and glazing through openings at the top and
bottom of the wall. Circulation can be natural convection controlled by dampers on the vent openings or by
forced circulation by fans (Duffie and Beckman, 2006). Trombe wall system is shown in Figure (1).

Fig. 1: Trombe Wall System

Many theoretical and experimental studies have shown that indoor comfort is improved as well as reduction
in annul heating energy due to well-designed Trombe walls (Jie et al., 2007; Zbalta and Kartal, 2010; Smolec
and Thomas, 1991; Fernndez-Gonzlez, 2007; Shen et al., 2007; Torcellini and Pless, 2004; Chel et al., 2008;
Jaber and Ajib, 2011).
In this work thermal, thermal performance of Trombe wall system is hourly simulated by TRNSYS software
in two climate zones; Amman (Mediterranean climate) and Berlin (cold climate). Moreover, optimum size of
this system will be determined by Life Cycle Cost (LCC) criterion. This will lead to develop an approach for
designing the most economic residential building in Middle East and Europe.
2. Thermal Optimization
Trombe wall is among the important passive solar heating systems, which has been investigated in this work.
A masonry wall of 0.2 m thickness, coated with a dark, heat absorbing material and covered by a single layer
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of glass, placed from about 0.15 m away from the masonry wall is selected, as shown in Figure (1). The
detailed parameters of Trombe wall are listed in Table (1).
Tab. 1: Trombe Wall Parameters

Orientation

South

Trombe wall area ratio (a)

0 - 52

Windows shading coefficient

0.9

Wall height (m)

3

Wall thickness (m)

0.2
-1

Wall thermal conductivity (W m°C)
-1

1.75

Wall specific heat X density (kJ m°C)

1932

Wall solar absorbance

0.9

Glazing emittance

0.9

-2

-1

Window R-value (m °C W)

0.333

Space between wall and Glazing (m)

0.15

Number of glazing

1

A solid storage wall can be considered as a set of nodes connected together by a thermal network, each with
a temperature and capacitance. The network used in TRNSYS (2006) is shown in Figure (2). The wall is
shown divided into N nodes across it thickness (Duffie and Beckman, 2006).
The thermosyphon mass flow of air in this model has been determined by applying Bernoulli's equation to
the entire air flow system. For simplicity, it is assumed that the density and temperature of the air in the gap
varies linearly with height. The average air velocity through the gap is (Duffie and Beckman, 2006);

(eq.1)
where; C1 and C2 have been determined by Utzinger (1979) to be 8.0 and 2.0, respectively, h the wall height
(m), Tm the mean air temperature in the gap (°C), g the acceleration of gravity (m2), Tr the room air
temperature (°C).

Fig. 2: Thermal Schema of Trombe Wall

The thermal resistance (R) to energy flow between the gap and the room when mass flow rate of air in the
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gap is finite is given by Solar Energy Laboratory (2006);

(eq.2)

 is the mass flow rate of air in the gap (kg/s), Cp the specific heat of air (kJ.kg-1 °C-1), hc the gap air
where; m
heat transfer coefficient kJ.m-2. °C-1), A the Trombe wall area (m2).
TRNSYS Software, simulation program tool, will be used for estimating the performance of Trombe wall
system. TRNSYS Simulation software is an acronym for a TRaNsient SYstem Simulation program.
TRNSYS is a complete and extensible simulation environment for the transient simulation of systems,
including multi-zone buildings. It is to validate new energy concepts, from simple domestic hot water
systems to the design and simulation of buildings and their equipment, including control strategies, occupant
behavior, alternative energy systems such as wind, solar, photovoltaic and hydrogen systems (Solar Energy
Laboratory, 2006). The calculations are influenced by climatic factors such as outdoor temperature, solar
radiation and the relative humidity. Properties for the indoor climate of the building can be calculated based
on these simulated results.
The annual heating load as well as annual energy gain conducted through the wall and convected by air flow
into the heated space is calculated. The change in energy storage in the wall is negligible over a one month
period. The energy that enters the space may go, in part, to meet the building load. The calculation procedure
assumes that the heat from the wall offsets the heating load whenever the building temperature is below the
maximum temperature limit. Whenever the building temperature exceeds this maximum value, the excess
energy is dumped. Practically, this is done by installing roller shutters insulation curtains between glass and
masonry wall layer.
A residential building is selected in this study, as shown in Figure (2). The building is a rectangular shape
with floor area of about 154 m2, perimeter is 43.4 m and ceiling height is 3 m. This building is well insulated
and ventilated according to ASHRAE Standard 62.2 (ASHRAE, 2004).. With proper thermal insulation
added to walls and ceiling a good reduction of the cooling demand has been achieved. Heating thermostat
setting (indoor set point temperature) is adjusted at 20°C dry bulb temperature and 30% relative humidity
(ASHRAE, 2008).

Fig. 2: Residential Building Model

The hourly climatic data are obtained from INSEL library (Doppelintegeral, 2009). Then the hourly cooling
load for selected locations is calculated by TRNSYS software. The annual energy consumption in winter
season for the selected residential building, before adding the Trombe wall system, is 2,352 kWh and 8,326
kWh for Amman and Berlin respectively. The maximum load is 3.78 kW in Amman and 4.59 kW in Berlin.
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The effect of Trombe wall ratio (a), the percentage of Trombe wall to the total South wall, on building
heating is presented in Figure (3).

Fig. 3: Annual Auxiliary Energy due to Trombe Wall

Figure (3) shows that Trombe wall system has a considerable benefit in cold climate (Berlin) and
Mediterranean climate (Amman). The calculated benefits are due to both reduction in auxiliary energy
system size and reduction in fuel consumption.
By increasing Trombe wall area ratio by increment of 18%, about 22.3% and 3.7% of heating auxiliary
energy will be saved annually in Amman and Berlin, respectively. Moreover, by increasing Trombe wall
area ratio by increment of 37%, about 32.1% and 5.5% of heating auxiliary energy will be saved annually in
Amman and Berlin.
Furthermore, the ability of Trombe wall in covering the total annual heating load after ratio of 37% is
becoming negligible. That's mean the technical optimum Trombe wall area ratio is 37% in Amman and
Berlin.
3. Economic Optimization
An optimization of indirect EAC is estimated using economic figures from local markets for each location
using Life Cycle Cost (LCC) criterion. The objective function which will be optimized is LCC function
which equal to (Arora, 2004);
LCC = (auxiliary system cost + maintenance cost for auxiliary system - auxiliary system salvage cost) +
(basic material cost + EAC cost) + (annual auxiliary energy cost - annual cost of saved energy + running
cost)
(eq.3)
The economic analysis of employing Trombe wall is presented in Figure (4).
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Fig. 4: Trombe Wall System Economic Analysis

The above Figure shows Trombe wall cost, auxiliary energy needed after installing Trombe wall and Life
Cycle Cost (LCC) of the building as a function of Trombe wall area ratio for Amman and Berlin climate
zones.
The results show that LCC of the conventional heating system and fuel consumption over 30 years, before
installing Trombe wall system, is about 49,259 Euro. Moreover, the economic optimum point is occurred at
Trombe wall ratio of 37% with extra investment of 1,260 Euro. Furthermore, about 1,169 Euro can be saved
over the life cycle of the building. The optimum area ratio has reduced LCC by 2.4%. On the other hand,
CO2 emissions will reduce of about 445 kg.
The optimum Trombe wall area ratio from thermal and economical point of view is 18% in Berlin. This need
initial cost of 810 Euro. The annual energy saving is 3.7% will be achieved. LCC has been annually reduced
by 0.3%. On the other hand, CO2 emissions will reduce of about 181 kg.
4. Conclusion
It is concluded from this research that Trombe wall system doesn't reduce the maximum load. On the other
side it is reduced the annual heating energy consumption. That's because Trombe wall system depends on the
availability of solar radiation; when there is high solar radiation a less heating demand is required and vice
versa.
Literature was shown that Trombe wall should be insulated for summer cooling in order to prevent
undesirable overheating of room air due to convection and radiation heat transfer from the wall (Gan, 1998).
Properly sized roof overhangs shade the Trombe wall during summer when the sun is high in the sky.
Shading Trombe wall can prevent the wall from getting hot during the time of the year when the heat is not
needed (Torcellini and Pless, 2004; Ellis, 2003).
In this research, it is recommended to use roller shutters to prevent solar radiation from entering the building
and insulation curtains between glass and masonry wall layer to avoid heat transfer to the building during
summer. Moreover, the foundation area should be insulated in the usual way with rigid insulation board to
reduce heat loss from the solar wall to the foundation.
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Abstract
The financial viability of energy efficiency measures for single-family houses in three urban areas of Europe,
each having different climatic conditions, building codes and energy prices, were investigated in this paper.
Athens, Copenhagen and Stuttgart were selected for the purpose of the task. The energy efficiency measures
are: upgrading of building thermal insulation and air-tightness, use of energy efficient windows instead of
standard windows and installation of a mechanical ventilation heat recovery (MVHR) system. Present
building codes, energy prices and economic parameters were incorporated in a computer code with hourly
weather data of the selected locations. The level of financial viability for the specific energy efficiency
measures is assessed through the net present value (NPV), the savings to investment ratio (SIR) and the
payback period for the incremental costs.
The existing building codes in Copenhagen are very strict and the single-family house, upgraded to passive
house levels, could gain modest financial savings only in case of gas or oil heating. The price of district heat
and its annual inflation rate are relatively low, thus no energy improvements with positive financial balance
are possible. In Stuttgart, where the single-family house complies to less severe building codes, basic energy
efficiency measures present more attractive SIR values and shorter payback periods, especially in case of oilheated houses. Advanced upgrades, such as a 90% efficient MVHR system combined with passive house
thermal insulation and air-tightness, are financially viable only in oil-heated houses and in case of a 10% oil
price inflation rate. In this case, the corresponding incremental cost of about 26 000 € is repaid through
energy savings after 22 years, yet the payback period and the overall financial viability of the energy
efficiency measures depend largely on future energy price. Codes for the energy performance of building are
lenient in Athens, therefore both basic and advanced energy efficiency upgrades are financially positive,
even for a wide range of values of costs of capital and energy prices inflation rates. In Greece, the present oil
price (0.127 €/kWh) is nearly equal to the price of electricity (0.13 €/kWh), thus an effective cash saving
action would be the installation of an air-to-water heat pump instead of a common oil boiler.
1. Introduction
In 2010, the recast of the Energy Performance of Buildings Directive (Directive 2010/31/EU) set new, very
strict targets regarding energy efficiency for new buildings in the EU. The Directive wants Member States to
ensure that all new buildings in the EU are nearly zero energy buildings by December 31, 2020 as well as
that new buildings occupied and owned by public authorities are nearly zero energy buildings after
December 31, 2018. These new buildings, being virtually zero energy consumers, will eventually affect
positively the EU-27 energy dependency which peaked a concerning 54.8% in 2008 (Eurostat, 2010a).
Households and services, transport and industry are the major energy consuming sectors, being at the same
time the largest potential energy saving sectors (Eurostat, 2010b).
Households (services excluded) consume 25.4% of the overall final energy in the EU. Furthermore, services
and households together account for 40.8% of the final energy consumption in the EU (Eurostat, 2010a).
Apart from constructing new highly-efficient buildings, refurbishment and retrofitting of old buildings and
houses presents a significantly greater opportunity for energy savings in the household sector. Also, Member
States should define minimum requirements for the energy performance of buildings with the aim of
achieving cost-optimum between initial investments and energy expenditures throughout the building
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lifecycle. Member States can define minimum requirements that are more energy efficient than cost-optimal
energy efficiency levels, but if the opposite occurs, the discrepancy should be justified or appropriate steps
should be taken in order to reduce the difference.
Single-family houses (including two-family houses and row houses) account for the 50% of the 207 million
households in the EU (Nemry and Uihlein, 2008). Single-family houses alone make up about one-quarter of
the EU building stock. An average EU household consumes a total of almost 17 MWh of energy per year
(Eurostat, 2010a). On the other hand, the average single-family house consumes more energy than the
average household both cumulatively and per unit area. Therefore, increasing interest exists for quantifying
the financial effects of energy efficiency actions, both for new and old single-family houses.
Nikolaidis et al. (2009) carried out economic analysis of different energy saving measures for the Greek
building sector. They concluded that the most effective energy saving investment for an old detached singlefamily house is upgrading of the lighting, followed by insulation of the building and use of automatic
temperature control system. Replacement of windows and doorframes is less cost-effective.
Kragh and Rose (2011) presented an economic overview for refurbishment of single-family houses built in
1920 and 1975 in Denmark. They showed that a wide range of energy efficiency measures have a positive
financial balance. Though, they stated that the payback period is very dependent on future energy prices: an
assumed future energy price of 0.2 €/kWh could yield significant annual cash savings, but at the present
price of 0.1 €/kWh the refurbishment is still economically neutral.
Sadineni et al. (2011) investigated on the economic feasibility of energy efficiency measures for residential
buildings in Nevada, USA. Comparisons of energy efficiency houses were made with code-built houses. The
authors conclude that basic energy efficiency upgrades, such as improving the lighting, the airtight envelope,
or the wall insulation and the windows’ quality results with the shortest payback periods. But, advanced
energy efficiency measures, a ventilation heat recovery unit for example, are not economically advantageous.
A large number of papers discuss on the economic aspects for the refurbishment of old houses and buildings,
yet there are still few papers and researches which address the potential energy saving and financial benefit
that arises when constructing buildings with advanced energy efficiency measures instead of complying with
codes for the minimum energy performance of buildings and building elements. This paper investigates on
the financial viability of several most common energy efficiency measures for single-family houses in three
urban areas of Europe: Athens, Copenhagen and Stuttgart. Comparisons were made to code-built houses that
satisfy minimum energy performance requirements and have the same general overall characteristics. The
considered energy efficiency measures are: upgrading of the level of thermal insulation and building airtightness, use of highly efficient exterior windows, installation of a mechanical ventilation heat recovery
system (MVHR). Different weather conditions, economic circumstances, building codes and energy prices
are taken into account to estimate realistically the cost-effectiveness of the energy efficiency measures.
2. The reference single-family house
2.1. Energy consumption of households in Germany, Greece and Denmark
General characteristics and energy consumption in the German, Danish and Greek building stock are listed in
Table 1. There are 39.2 million households in Germany (Ò Broin, 2007) and 92.3% of them have a central
heating system (HSEU, 2010). About 43% of the German households use natural gas and 32% use heating
oil for space heating and hot water supply. District heating, solid fuels and electricity provide space heating
in the remaining 25% of the households. On the contrary, a central heating system is installed in 62%
(HSEU, 2010), 69.1% according to EPA-ED (2003), of the 4.2 million households in Greece (Ò Broin,
2007). 61.5% of the Greek households use heating oil for space heating, while households with electric and
natural gas central heating systems account only for the 3.8% and 2.5%, respectively. EPA-ED (2003)
reported also that households with stand alone heating systems most commonly use wood (14.7%), oil
(11.2%) and LPG stoves (2.5%). Denmark counted 2.6 million households in 2010, of which 98% have a
central heating system (HSEU, 2010). District heating serves 61.3% of the Danish households and covers
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49% of the space heating demand in all buildings (EPA-ED, 2003; ENS, 2009; DFF, 2011). In Denmark,
15.1% of the households have natural gas central heating systems (ENS, 2009). Heating oil boilers are
installed in 14% of the Danish households, and log wood boilers or electric heating systems in the remaining
9.6% (DEA, 2009; ENS, 2009).
Tab. 1: Characteristics and energy consumption of the building stock in Germany, Greece, Denmark and EU-27

Germany

Greece

Denmark

EU-27

39.2

4.3

2.6

207

46

59

50

50

85

82

109

88

2.1

2.6

2.1

2.4

792.9

59.9

51.9

3450

• As share of total final energy consumption, %

30.4

24.3

28.7

25.4

• Per average household, MWh/household

20.24

13.88

19.91

16.63

- Electricity

3.57

4.21

4.22

3.94

- Heating oil

4.58

7.38

2.96

2.64

- Natural gas

9.58

0.62

3.11

7.20

- Heat

1.18

0.13

6.57

1.08

- Solid fuels

0.22

0.03

0.13

0.48

- Renewables

1.11

1.51

2.92

1.29

1

Number of households , million
2

Single-family houses* , % of households
1

2

Average floor area of household , m

Average number of persons per household

3

3

Final energy consumption of households , TWh

Sources: 1 Ò Broin (2007); 2 Nemry and Uihlein (2008); 3 Eurostat (2010a)
* Single-family houses category includes two-family houses and row houses

2.2. The reference single-family house
A computer code is developed to determine space heating and space cooling energy consumption in the
reference single-family houses in Athens, Copenhagen and Stuttgart. The weather data are generated from
monthly average conditions (SEL, 2011) and include hourly values of global and beam solar irradiation, air
temperature and humidity, wind velocity and wind direction. In all the three locations, the reference singlefamily house has net occupiable area of 150 m2 in two storeys (building shape factor 0.8) connected with an
internal staircase and it is occupied by 5 persons. The reference single-family houses are built by the code,
i.e. they comply with local or national codes for minimum energy performance of buildings. Also, the three
reference single-family houses have different characteristics because of different climate and housing
traditions, Table 2. In Athens, for example, the house has a flat roof and south-facing windows shaded by
shutters or roof overhangs in order to reduce solar gains in summer. Final energy consumption for space
heating and space cooling in the reference single-family houses are listed in Table 2.
The final energy consumption for space heating is 65.7 kWh/m2a in the Danish reference single-family
house. This number is in accordance with the Danish building regulation which prescribes the maximum
final energy consumption, including space heating, cooling, ventilation and hot water supply, to (70 + 2200/A)
kWh/m2a in residential buildings, where A is the heated floor area (DMEBA, 2008). Among other, the
regulation sets the maximum allowable building air leakage to n50 < 2 h-1, and in case of a very airtight
building (n50 < 1 h-1), a mechanical ventilation system with heat recovery at least 65% efficient should be
installed.
The German reference single-family house consumes 70.2 kWh/m2a of natural gas for space heating
annually. The EnEv09 German energy saving act for buildings (2009) set new, stricter U-values for exterior
building elements and windows. The maximum building air leakage is set to n50 < 3 h-1 and a mechanical
ventilation system should be used if n50 < 1.5 h-1.
In both the Copenhagen and Stuttgart reference single-family house, the space cooling energy demand
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amounts to only 2 kWh/m2a and indoor air comfort is acceptable without AC cooling. However, if necessary,
summer night natural ventilation can cool the house after hot summer days.
The reference single-family house in Athens consumes 51.5 kWh/m2a of heating oil for space heating and
10.1 kWh/m2a of electricity for space cooling (COP = 3.42). Greece introduced stricter energy requirements
for buildings in 2010. The building elements U-values have strictened and other, previously non-compulsory
energy efficiency measures are introduced. Hot water heating, for example, should be at least 60% solargenerated.
Tab. 2: The reference single-family house in Athens, Copenhagen and Stuttgart

Athens

Copenhagen

Stuttgart

Heating degree-days/Cooling degree-days

1220/1197

3666/138

3024/218

Max/avg/min ambient air temperature, °C

40.4/17.9/-5.2

32.2/8.2/-18.8

32.9/10.2/-15.2

1578

1038

1168

150

150

150

0.20

0.15

0.15

0.50/0.90/0.45

0.20/0.15/0.15

0.28/0.35/0.20

2.00

1.50

1.30

0.69

0.63

0.60

10/5/5/7

12/5/5/2

14/5/5/2

Overhang/shutters

-

-

0.30

0.30

0.30

3.5

3.5

3.5

Space heating source

Fuel oil boiler

District heating

Gas boiler

Space cooling source

AC unit

-

-

Heating distribution system

Radiant floor

Radiators

Radiators

Cooling distribution system

AC unit

-

-

Fresh air distribution

Natural

Natural

Natural

0.30/0.50/0.70

0.20/0.30/0.40

0.20/0.30/0.40

20/27

20/-

20/-

Space heating, kWh/m2a

51.5

65.7

70.2

2

10.1

-

-

Basic weather data (SEL, 2011)

2

Global solar irradiation, kWh/m a
Single-family house characteristics
Net floor area, m2
Air change rate due infiltration, h

-1
2

External wall/floor/roof U-values, W/m K
2

Overall window U-value, W/m K
Glass shortwave transmittance, 2

Area of windows: south/east/west/north, m
Summer overheating protection
Windows’ frame ratio, 2

Internal heat sources, W/m

Natural air change rate*, h

-1

Heating/cooling set-point temperature, °C
Final energy consumption
Space cooling, kWhel/m a

* For the periods: November 1 - March 31/April 1 - May 31 & September 1 - October 31/June 1 - August 31

3. Energy prices and economic variables
3.1. Energy prices
Denmark has the highest domestic natural gas (0.11 €/kWh) and heating oil (0.13 €/kWh) prices in Europe,
Figure 1. Heat from district heating grid is cheaper with an average price of 0.10 €/kWh, though the price
ranges from 0.05 to 0.15 €/kWh, depending on size of the heat plant, type of primary energy source and
supply company (Aronsson and Hellmer, 2009). The present electricity price in Denmark is 0.271 €/kWh. In
Greece, starting from 2008 the heating oil price is increasingly more expensive to just about equal the present
heating oil price in Denmark. The average electricity price of 0.1282 €/kWh for households is only slightly
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bigger than the heating oil price (0.127 €/kWh) in Greece during 2011. On the other hand, Germany, where
75% of the households are either supplied with natural gas or heating oil, has average gas and heating oil
prices of 0.0581 €/kWh and 0.0816 €/kWh, respectively (Eurostat, 2009). The present electricity price in
Germany is 0.244 €/kWh. The average energy prices at national level are taken as reference prices, since
very little data on the differences of energy prices within a country are available.

Fig. 1: Fuel and electricity prices for heating of households in Germany, Greece and Denmark

To estimate correctly the financial viability of an energy efficiency measure, energy price inflation rates e(%)
need to be assumed. Although energy prices are very sensitive to political, economic, environmental and
industrial circumstances, and future energy prices can more or less diverge from predictions, energy prices
were increasing in the last decade and most likely will continue to do the same in the future. Once the
average energy price inflation rate is determined, future household expenditures on energy can also be
predicted. In Denmark, the average price inflation rate for gas is 6.3%, for heating oil 8.5%, and only 2.3%
for district heating. In Germany, the price inflation rate for natural gas is 3.9% for heating oil 10.2%. In
Greece, the inflation rate for the price of heating oil is an enormous 18.6% while it is 6.4% for electricity.
3.2. Incremental investment costs
The incremental investment cost of an energy efficiency measure is defined as the difference between
investment costs in the energy efficiency measure and the investment costs (anyway costs) that occur when
purchasing the measure having minimal required level of performance or quality. The incremental costs are
the costs that otherwise would not occur in the reference case, but arise when realising a project. The
incremental investment costs are defined by
CI = ( Cee − Cref )i ⋅ PLI
(eq. 1)
where Cee is the investment cost for the energy efficiency measure i and Cref the investment cost for the
corresponding minimum performing measure. The investment costs in the considered energy efficiency
measures were retrieved from various producers and dealers and the data is fitted with curve-fits. The
investment cost in thermal insulation (k = 0.04 W m-1K-1) is defined taking into account the surface A(m2)
and the thickness δ(cm) of the insulation
Ct = (15 + 1.5 ⋅ δ ) ⋅ A, €
(eq. 2)
The investment cost in energy efficient windows is defined taking into account the U-value (W m-2K-1) and
the total surface A(m2)
Cw = 350 ⋅ U w −0.75 ⋅ A, €

(eq. 3)

The investment cost in the building airtight envelope (airtight membrane) is defined knowing the surface and
the air-tightness n(h-1)
3
Cm = ⎡5 (1.2 − 2 ⋅ n ) +2 ⎤ ⋅ A, € (for 0.05 ≤ n ≤ 0.25)
⎣
⎦
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(eq. 4)

The investment cost in the MVHR system is defined with respect to the fresh air flow rate V (m3/h) and the
efficiency η of the heat recovery unit

CMVHR = 30 ⋅ V + 400 ⋅ (1 − η )

−0.45

,€

(eq. 5)

The differences in investment costs for energy efficiency measures between Greece, Denmark and Germany
are taken into account with the country’s price level index (PLI). The PLI is defined as the ratio between
purchasing power parity and the current nominal exchange rate (Eurostat, 2011). The PLIs compare average
EU-27 (PLI = 1) price levels with Member States price levels. The PLI for household’s machinery and
equipment category is 1.02 in Germany, 1.11 in Greece and 1.10 in Denmark (Eurostat, 2011).
3.3. Evaluating the financial viability of energy efficiency measures

The net present value (NPV) is the sum of present values of individual cash flows. An investment should be
realized if NPV > 0 and between two reciprocally exclusive investments, the one with higher NPV should be
selected. Here, the NPV is used to assess the financial viability of different levels of energy efficiency and
equipment performance. The NPV is defined with the following expression
N

NPV = −CI +

∑

BE − CM − CE

n =1

(1 + p )

n

(eq. 6)

, €

where BE is the annual cash inflow which reflects energy savings arisen by introduction of energy efficiency
measures while CM and CE represent the annual cash outflow or opportunity costs: the former corresponding
to maintenance costs and the latter to energy costs that otherwise would not occur in the reference scenario.
The cost of capital p is the rate of return that could be earned by investing the capital on the financial market
or by deposit on a bank savings account. Two values for the cost of capital are considered here: 4% and 10%.
A cost of capital of p = 4% would correspond to a low-risk financial enterprise, as the one undertaken by an
average household’s owner. The payback period (PP) is determined from eq. 6, calculating the year n that
corresponds to NPV = 0. The annual cash inflow is the cash equivalent of the saved energy, determined by
the following expression
BE = ( Qref − Qee ) ⋅ ce ⋅ e n , €

(eq. 7)

where the Qref – Qee is the saved energy in the single-family house with energy efficiency measures,
ce(€/kWh) is the present energy price and e its inflation rate. It is assumed that the cash flows from (eq. 6)
occur at the end of each year n. The economic evaluation is performed for a number of years of N = 30. In
eq. 6, all but maintenance and energy costs for the MVHR system are sunk costs that occur anyway in the
reference scenario and thus neglected from the expression.
Besides the NPV, the savings with the incremental investment costs of energy efficiency measures can be
compared. The savings to investment ratio (SIR) compares the cash inflow with the cash outflow
N

SIR =

BE

∑ (1 + p )

n

n =1

N

CI +

(eq. 8)

CM + CE

∑ (1 + p )

n

n =1

When NPV = 0, the present value of cash outflows is equal to the present value of cash inflows, thus the
realized savings match the investments and SIR = 1. Among reciprocally exclusive investments, the most
cost-effective is the one with the highest SIR.
4. Results and discussion
4.1. Financial viability of energy efficiency measures for single-family houses in Copenhagen

The reference single-family house in Copenhagen consumes 65.7 kWh/m2a of district heat (0.1 €/kWh) for
space heating at a total annual cost of 986 Eur. The house has a overall building U-value of 0.25 Wm-2K-1
resulting from average wall U-value of 0.18 Wm-2K-1 and windows’ U-value of 1.5 Wm-2K-1. The code-built
house is already an energy efficient one, though it does not reach the Danish class 2 low-energy building
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level (DMEBA, 2008). Further energy savings may be achieved by improving the thermal insulation and the
quality of the windows. The average wall U-value is varied from 0.18 to 0.10 Wm-2K-1 and the windows’ Uvalue from 1.5 to 0.8 Wm-2K-1, Figure 2. For an average wall U-value of 0.10 Wm-2K-1 and a windows’ Uvalue of 0.80 Wm-2K-1 the space heating energy consumption amounts to 40 kWh/m2a. The corresponding
SIR is only 0.50, meaning that the incremental investment costs are twice the cash value of the saved energy,
Figure 2. This lack of manoeuvre space for cost-effective energy savings confirms that the Danish codes for
energy performance of buildings fit well present energy prices and their future projections. In Figure 2., the
SIR ranges between 0.5 and 1.3 for the reference district-heated single-family house in Copenhagen. These
SIR values are disadvantageous for investments in upgraded thermal insulation and window quality.

Fig. 2: Upgrading of wall and window U-values in the reference single-family house in Copenhagen:
effect on space heating energy consumption and SIR values (30 years’ period)

Nevertheless, a minor part of the Danish households are heated with gas and oil, which cost 0.11 and 0.13
€/kWh and become more and more expensive at average annual inflation rates of 6.3% and 8.5%,
respectively. Hence, the energy efficiency measures are much more attractive for gas- and oil-heated
households off the district heating supply grid. Figure 3. compares the NPVs for upgraded single-family
houses in Copenhagen having the same overall general characteristics but different heating fuel. The energy
efficiency level of the district-heated, gas-heated and oil-heated house corresponds to passive house levels,
where all the three houses have an average wall U-value of 0.1 W m-2K-1, a window U-value of 0.8 W m-2K-1,
an air-tightness of 0.05 h-1 and a mechanical ventilation system with 90% heat recovery efficiency.

Fig. 3: NPVs and SIRs for three passive-house-performing single-family houses in Copenhagen with different heating fuels
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In all the three upgraded single-family houses, space heating consumption amounts to 18 kWh/m2a (within
the Danish passive house consumption range), which gains space heating energy saving of 47.7 kWh/m2a.
The present cash equivalent of the saved energy is 716 € for district heating, 787 € for gas heating and 930 €
for oil heating. But, the MVHR system consumes 620 kWh of electricity, equivalent to a total annual cost of
electricity of 168 Eur. All in all, the potential cash savings are especially attractive for gas- and oil-heated
houses, as the gas and oil prices inflation rates are much higher than the district heat inflation rate. For
heating oil, two price inflation rates e(%) are considered: the average 2000-2010 price inflation rate of 8.5%
and the average 2000-2010 gas price inflation rate of 6.3%. The incremental investments costs are estimated
at 23 400 €. This upgrade is cost-effective in all but the district-heated reference house. In the oil-heated
house, the passive house energy efficiency upgrades are repaid in 19 years, assuming an oil price inflation
rate of 8.5%, or in 23 years if the oil price inflation rate is 6.3%. The payback period is 27 years in the gasheated house and would be 100 years in the district-heated house. In other words, households in Copenhagen
and generally in Denmark, in view of reaching cost-effective balance between investments and energy
expenditures, should be code-built if connection to the local district heating grid is available or built in lowenergy or passive house performance levels if gas or oil heating are the only choices.
3.2. Financial viability of energy efficiency measures for single-family houses in Stuttgart

The reference single-family house in Stuttgart consumes 70.2 kWh/m2a of natural gas at a price of
0.058 €/kWh. The annual energy cost for space heating is 612 €, but it would be 907 € in case of oil heating
(0.082 €/kWh). The average building U-value is 0.34 W m-2K-1, with walls having average U-value of 0.28
W m-2K-1 and windows of 1.3 W m-2K-1. NPVs resulting from upgrading of thermal insulation and windows
as well as from improving the building air-tightness are plotted in Figure 4. Both gas and oil heating are
considered. Two fuel price inflation rates e(%) are considered: the 2000-2010 average inflation rate of 10.2%
and a lower inflation rate of 5%.

Fig. 4: NPVs and SIRs for two levels of upgrade of insulation, windows and building air-tightness
in oil- and gas-heated single-family houses in Stuttgart

Judging from Figure 4. there is space for introducing energy efficiency measures in single-family houses in
Stuttgart, at the present German building codes. The German codes for energy performance of buildings are
somewhat less severe than the Danish ones, even given the fact that gas and oil prices for households are
about 40% lower in Germany. Energy saving measures are cost-effective especially in oil-heated households,
even for scenarios when the oil price inflation rate is lower than the predicted 10.2%. In gas-heated houses,
improving the average wall U-value from 0.28 to 0.24 Wm-2K-1 and the building air-tightness from 0.15 to
0.10 h-1, for example, reduces space heating energy consumption by 12% and saves 75 € per year. The
incremental investment costs for these energy efficiency measures amount to 1 800 € and are repaid after 18
years. This variant produces 63% more savings than expenditures, thus yielding a SIR value of 1.63. For
comparison, the same variant results in SIR = 2.83 if the house is oil-heated. Advanced energy efficiency
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measure, such as 90% efficiency MVHR system, an average wall U-value of 0.10 Wm-2K-1, a window Uvalue of 0.80 Wm-2K-1 and building air-tightness of 0.05 h-1, are cost-effective only in oil-heated singlefamily houses, Figure 5. Now, the single-family house in Stuttgart consumes only 13 kWh/m2a for space
heating, but for an incremental investment cost of 26 100 €. This set of energy efficiency measures is costeffective only if the house is oil-heated and if the predicted oil price inflation rate of 10.2% realizes.
However, the NPVs, are also significantly influenced both by energy price inflation rates e(%) and costs of
capital p(%), for a given fuel type. For oil price inflation rates of 10.2% yearly, the SIR decreases from 1.81
to 0.73 if the cost of capital p is assumed to be 10%, instead of 4%.

Fig. 5: NPVs and SIRs for upgrading the single-family house in Stuttgart to passive house performance level

3.3. Financial viability of energy efficiency measures for single-family houses in Athens

The reference single-family in Athens encounters quite different circumstances than the ones in Copenhagen
or Stuttgart, both climatically and economically. The Greek building codes are more lenient, but heating oil
prices are very high, so there should be plenty of space for energy efficiency improvements. Natural gas is
still scarcely installed in households which mostly use oil and wood for heating. The average building Uvalue of the reference single family house in Athens is 0.67 Wm-2K-1, where windows should be at least
2.0 Wm-2K-1. In the reference house, the annual energy bill for space heating (51.5 kWh/m2a) is 980 € in case
of oil heating, and the bill for space cooling (10.1 kWhel/m2a) is 194 € for an AC unit having an average
seasonal COP of 3.42.
Figure 6. plots the NPVs when introducing basic and advanced energy efficiency measures in the reference
house in Athens. The basic upgrades consist of enhancement of the average building U-value to 0.4 W m-2K-1
and building air-tightness to 0.1 h-1. The advanced upgrades consist of further enhancement of the building
U-value to 0.25 W m-2K-1, while the building air-tightness remains unchanged (0.1 h-1). The basic upgrades
have an incremental investment cost of 5 200 € and cut down space heating consumption to 25 kWh/m2a. The
advanced upgrades have an incremental investment cost of about 12 200 € and furtherly reduce space heating
to 14 kWh/m2a. Space cooling energy consumption in both the basic and the advanced upgrades scenario has
not increased at all, in fact it reduced to 9.8 kWh/m2a, mainly due a well dimensioned roof overhang.
Both basic and advanced energy efficiency upgrades are cost-effective in Athens. Different energy price
inflation rates and costs of capital are considered keeping in mind the economic situation in Greece. The
average annual heating oil price inflation rate for households is 18.6%, but this value is affected by high
taxes and the overall economic situation in Greece. So, to avoid overestimations of the NPV over 30 years,
oil price inflation rates of 5% and 10% are chosen instead.
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Fig. 6: NPVs and SIRs for upgrading the single-family house in Athens for different
annual oil price inflation rates e(%) and costs of capital p(%)

Looking at the oil and electricity prices in Greece (Figure 1.), and supposing they will remain proportional in
the future, a good idea would be to replace the oil burner or electric heaters with an air-to-water heat pump
for space heating and cooling. As there is no big difference between oil and electricity prices, a heat pump
with HSPF = 9 (seasonal COP = 2.65) would reduce space heating costs by 2.65 times. The investment cost
in a 7 kWel ambient air-to water heat pump including fan-coils, piping, other secondary equipment and
labour is estimated at 15 000 €, thus replacing the oil burner and the AC unit with total cost of 7 500 €,
produces an incremental investment cost of 7 500 € as well. The annual cash savings on space heating would
be around 600 €. From here it can be concluded that replacement of the oil heating system and the AC unit
with an air-to-water heat pump heating and cooling system is cost-effective in Athens, yet this investment is
risky and its cost-effectiveness depends largely on the highly unstable relation between oil and electricity
prices in Greece. Indeed, the Greek Federation of Gasoline Station Owners stated its concern about further
increases in the heating oil price which could lead homeowners to turn to natural gas, air-conditioning
systems or electric heaters instead (Ekathimerini, 2010).
5. Conclusion

In this study, several energy efficiency measures have been financially evaluated for single-family house in
Athens, Copenhagen and Stuttgart. It has been concluded that, due to very strict codes for the energy
performance of buildings, energy efficiency measures are not cost-effective in district-heated single-family
houses in Copenhagen. However, moderate and advanced upgrades could be financially positive in gas and
oil-heated households in Copenhagen. Upgrading of an oil- or gas- heated single-family house in
Copenhagen to passive house levels of performance would result with incremental investments costs of
23 400 € with payback periods of 19 years and 27 years, respectively. And only if the predicted fuel prices
inflation rates in Denmark, namely 8.5% for heating oil and 6.3% for natural gas, realize.
In Stuttgart, there is more space for energy efficiency improvements in single-family houses. It has been
shown that advanced upgrades, such as 90% efficiency MVHR system combined with passive house thermal
protection are cost-effective only in case of oil-heated houses and high oil price inflation rates. The
incremental investment costs of about 26 000 € are repaid through energy savings after 22 years, yet again
the payback period strongly depends on future energy price.
In Athens, both basic and advanced energy efficiency upgrades are financially viable, even for a wide range
of values of costs of capital and energy price inflation rates. In Greece, the present oil price (0.127 €/kWh)
has almost reached the price of electricity (0.13 €/kWh), thus households’ owners could start to replace oil
boilers with heat pumps, gas boilers or AC units.
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To conclude, out of the three countries, Denmark has the most severe building codes and these are well fitted
to cost-optimums between investment costs and energy expenditures throughout the building lifecycle. The
German building codes are somewhat less severe than the Danish ones and basic energy efficiency measures
are attractive, especially for oil-heated houses. The Greek building codes are the most relax and there are a
lot of possible energy efficiency improvements for single-family house in Athens that would yield financially
advantageous energy savings, also given the fact that heating oil prices are very high in Greece.
When assessing the financial viability of energy efficiency measures, a number of different variables might
or might not influence the final results. The cost of capital, the energy price inflation rates, the initial
incremental costs, future energy prices and economic conditions are only the most influential variables.
These variables can affect significantly the level of cost-effectiveness of an energy-efficiency measure.
Moreover, as the observed time period spans over 30 years. Nowadays and more than ever, it becomes clear
that global and local economic circumstances as well as energy prices may change abruptly under remote and
apparently innocuous causes. Therefore, it should be kept in mind that the results presented in this paper
represent general expectations for the financial viability of energy efficiency measures for single-family
houses in locations with different building codes, climatic and economic conditions.
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Abstract

TRNSYS is a software dedicated to the simulation of dynamic systems. Some obstacles have been encountered
in the use of TRNSYS, particularly in the building model: the type 56, whose interface is TRNBuild. Thus, the
integration of thick walls not associated with a correct choice of time steps can lead to miscalculations on the
responses considered, this being caused by the wall model that considers the Z transform with limited number
of terms. We have looked for a trick to resolve artificially a numerical problem. The aim of our study is the
analysis of the inclusion of thick walls in TRNSYS. For that several alternatives were considered: divide the
thick wall into two thinner walls separated by an empty hole, or play on different time steps used in TRNSYS
to successfully calculate the transfer functions of these thick walls without sacrificing quality of results. Some
tests have been made with a simplified building and the use of another software (CODYBA) to compare results.
We after use the two methods to simulate a real ancient building (Valentino Castle).
1. Introduction
The buildings represent one of the biggest parts of the world energy consumption. However, reducing their
energy consumption became a priority only recently. There are two ways to proceed: the first way consists in
improving the architecture of the building, in order to reduce the thermal losses and exploit the free gains. The
second way consists in producing properly the energy (eg solar energy). These approaches are not
contradictive, but complementary, and successive. Integrating renewable energies in a poorly designed building
is a complete mistake.
Today, the priority is to reduce the energy consumption of existing buildings (the consumption of new
buildings is lower). In order to have a better design for the renovation strategies of ancient buildings, we have
to be able to simulate those buildings, generally with high wall thickness. The inertia of these buildings is a
good way for the solar energy free gains storage in the structure and the insulation or other solutions have to be
studied more precisely. The simulation has to be made, necessarily, in transient conditions, and with a good
accuracy to take into account the thermal inertia effects.
2. TRNSYS limits
TRNSYS [1] is a software dedicated to the simulation of dynamic systems, developed by the Solar Energy
Laboratory (SEL), University of Madison in the United States. It allows performing dynamic simulations of the
thermal behavior of a mono or multi-zone building. It can also follow hourly consumption (heating, air
conditioning) or production (solar panels) annual energy facilities of a building.
2.1. Literature review
Some obstacles have been encountered in the utilization of TRNSYS, particularly in the building model (the
type 56), whose interface is TRNBuild. Thus, the integration of thick walls not associated with a correct choice
of time steps can lead to miscalculations on the responses considered. This being caused by the wall model that
considers the Z transform, however the calculation speed of different methods was compared (Berges, 1986,
[2]) in the wall case and shows that the method of the Z transform, used in the Type 56, is very efficient
compared to the finite difference method.
This wall thickness problem has been met in some research project by the past. In 2005, the Museum of
Byzantine Culture in Thessaloniki has decided to convert the White Tower, a six-floor fortress dating back to
the 15th century, into a contemporary city museum (Papadopoulos, 2008, [3]), and the designers have pointed
out the numerical problem.
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In her PhD thesis in 2008 [4], C. Flory-Celini has also encountered difficulties with the simulation of high
thermal inertia wall, when this one reaches a certain value of thickness. Some other mathematical problems
have been also pointed using the transfer function method in the case of massive walls [5].
2.2. TRNSYS calculation limits
Before talking of the TRNSYS limits, we will make a quick presentation of the software. TRNSYS allows
performing dynamic thermal simulation on a year or more with a time step of 1 hour generally. It is mainly
composed of two sub-programs:
•

•

TRNSYS Studio which allows to create the simulation model by linking different “types” (each type
represents a part of a thermal system, for example, the building is represented by the type 56 which
calls the second sub-program TRNBuild, the weather is controlled by another type, ...),
TRNBuild in which we enter all the geometrical data of a building. TRNBuild generates a INF file
which contains every data of the building (geometrical data of each zone, composition of the wall,
transfer functions coefficients of the wall, characteristic of windows, ...) and it is this INF file that
TRNSYS Studio will read.

In order to understand the limits of TRNSYS, we have created a simple test case: a TRNBuild file with only
one wall: WALL001 composed entirely of cellular concrete (conductivity = 0.331W/m-1.K-1, capacity
0.88kJ/kg-1.K-1, density = 800kg/m3). TRNBuild is able to calculate the transfer functions coefficients of the
wall until a thickness of 0.650m. Above this value, the software can no longer calculate these coefficients,
however this limit depends of the characteristics of the materials used in the wall.

Figure 1: Error message of TRNSYS with thick walls

2.3. Transfer functions (Z transform)
TRNSYS has two different time variable for it simulation:
•
•

the time-step of the simulation which is called TIME-STEP (which is the time variable of TRNSYS
Studio),
the time series that characterizes the walls is based upon a time interval equal to the TIMEBASE
(which is the time variable of TRNBuild).

The transfer function method was developed by G.P. Mitalas ([6] and [7]).
“The method of the transfer function or response factors can be described as the method to tell the "thermal
history" of the wall. The wall is considered as a black box. The number of time-steps (k) related to the timebase (defined by the user) shows whether the wall is a heavy wall with a high thermal mass (k ≤ 20) or if only a
few time-steps have to be considered to describe the thermal behavior of this wall. If the time-base of the
considered wall is higher than the time constant, the calculation of the Transfer-function matrix coefficients is
stopped. Therefore such a "thin" wall can be replaced by a resistance definition neglecting the thermal mass.”
[8].
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3. Presentation of techniques
As far as it is not possible to access to the source code of the “type 56” we won’t be able to change the
calculation of the transfer function coefficient methodology to solve the problem directly.
We have looked for different solutions to resolve artificially the numerical problem concerning the Z transform
application in the type 56 of TRNSYS. The aim of our study is the analysis of the inclusion of thick walls in
TRNSYS. To achieve that goal several alternatives were considered:
•
•
•

Manually edit the INF-Files edited by TRNBuild in order to manually enter the transfer coefficients as
TRNSYS cannot calculate. (Method 0)
Divide the thick wall into two thinner walls separated by an empty hole. (Method 1)
Play on different time steps used in TRNSYS to successfully calculate the transfer functions of these
thick walls without sacrificing quality of results. (Method 2)

Unfortunately, the first technique mentioned above (Method 0) does not work. Indeed, TRNBuild publishes an
INF-Files during its backup, this file contains all data entered (including transfer coefficients calculated or not
if the wall thickness is too high). The idea is to manually edit this INF-Files after the TRNBuild backup so that
TRNSYS (which itself uses the INF files) has the correct transfer coefficients. However, each time it launches a
simulation TRNSYS calls TRNBuild which recompiles it so that publishes a new INF-Files that erases the
manually modified one.
4. Case study and hypothesis
To focus on the problem of wall thickness, we have chosen a very simple model. We model a single zone
building square shape of 5m, and ceiling height of 2.5m.
For the Method 1 test, we consider a heating at 21°C from Monday through Friday from 6am to 6pm with a
16°C reduce the remaining time. We also add a cooling from 6am to 6pm from Monday through Friday with a
26°C set temperature. Both have a limit power at 2500W. We use “Lyon Bron” Meteonorm file as
meteorological data for these simulations. We use a model without windows on tested walls (the integration of
window when we divided the wall in two thinner walls is too complicate because we don’t know on which wall
put the window and furthermore calculate the solar gain of the indoor is quite complicated in this case). We
made two simulations under TRNSYS:
•
•

Simulation 1: walls made of 0,7m of brick (very close of the calculation limit of TRNSYS),
Simulation 2: two walls of 0,35m of brick separated by a virtual zone.
Table 1: Material characteristics of the simulation for the Method 1

Outwall

Ground

Roof
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Brick
Floor
Stone
Silence
Concrete
Insul
Concrete
Insul

Thickness
m
0,7 or
2*0,35
0,005
0,060
0,040
0,240
0,080
0,240
0,160

Conductivity
kJ/(m.K)
W/(m.K)

C
kJ/(kg.K)

Density
kg/m3

3,200

0,889

1,0

1800

0,252
5,000
0,180
7,560
0,144
7,560
0,144

0,070
1,389
0,050
2,100
0,040
2,100
0,040

1,0
1,0
1,4
0,8
0,8
0,8
0,8

800
2000
80
2400
40
2400
40

Particular attention has to be paid in the second model on the convective heat transfer coefficient of the two
thinner walls. The main goal here is to reduce the influence of the virtual zone on the calculation results to be
equivalent to a thick wall.
Rsi = 0

Rsi = 0,13

Outdoor

Indoor

Rse = 0,04

Rse = 0

Figure 2: Scheme of the Rsi and Rse to use in Method 1

For the simulation for the Method 2, we use a different model of building to measure better the influence of our
method on the results. The characteristics of the various walls used in the model are all the same, they are given
in the following table (table 2). To go further in the analysis of thick walls, we have done three different
simulations in which we change the outwall composition:
•
•
•

Simulation 1: walls not insulated (just 0.7m of concrete),
Simulation 2: walls with internal insulation (0.7m of concrete and 0.15m of internal insulation),
Simulation 3: walls with external insulation (0.15m of external insulation and 0.7m of concrete).
Table 2: Material characteristics of the walls for the Method 2

Thickness

Simulation 1
Simulation 2
Simulation 3

Conductivity

C

Density

m

kJ/(m.K)

W/(m.K)

kJ/(kg.K)

kg/m3

Concrete

0,70

7,560

2,100

0,8

2400

Insul

0,15

0,144

0,040

0,8

40

Concrete

0,70

7,560

2,100

0,8

2400

Concrete

0,70

7,560

2,100

0,8

2400

Insul

0,15

0,144

0,040

0,8

40

For each of these simulations, we made two models:
• the first one where the building has neither heating nor cooling,
• the second one for which we have added heating at 20°C (without power limit).
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5. Parametric study
5.1. Method 1
For this first method, we compare two TRNSYS simulations: the modeling 1 which nearly reaches the
TRNSYS limit explained earlier in this document, and the modeling 2 which is supposed to be equivalent in
cutting the wall in two thinner walls. We compare here two outputs given directly by TRNSYS: the temperature
of the zone tested, and the heating and cooling needs on one year.
Here are the results of the heating and cooling needs and the indoor temperature on one year for these two
simulations:
Table 3: Heating and cooling needs and indoor temperature of the modeling 1 and 2 (Method 1)

Modeling 1
P (W)
B (kWh)

Modeling 2

Heating

Cooling

Heating

Cooling

2306
3603

0
0

2299
3583

0
0

Taverage (°C)

18,98

18,98

Tmax (°C)

22,96

22,96

Tmin (°C)

16,00

16,00

30

Temperature (°C)

25

20

15

Modeling 1
Modeling 2
External temperature

10

5

0
4320

4344

4368

4392

4416

4440

4464

4488

Time (h)

Figure 3: Internal temperature on a summer week of the modeling 1 and 2 (Method 1)

These first results are very encouraging; we can see that the two models are comparable (the two curves are
superposed). We observe a difference lower than 0,1% on the heating needs with the second method (which is
negligible on a year simulation considering the simplifications made during the creation of the model). But this
method isn’t compatible with the integration of windows on thick walls (as explain in paragraph 4). In
conclusion we can say that this method works on thick wall without windows but it is a complicated way to
push further the TRNSYS limits because we need to add new zones.
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5.2. Method 2
This second method has already a significant advantage compared to the previous one in the ease of its
implementation (especially in the integration of windows).
The thick walls problem actually comes from the TIMEBASE and not the TIME-STEP (this variable are
explains in the paragraph 2.3 of this document). The time series that characterizes the walls is based upon a
time interval equal to the TIMEBASE, if this time is too low, the software cannot calculate the transfer function
coefficient of thick walls. To resolve this problem, we can try to play on this variable that we change on the
OUTPUT tab of TRNBuild.
As we cannot simulate the case with a TIMEBASE of 1 hour (in this case we exceed TRNSYS limits so we put
a 2h TIMEBASE). We used a reference simulation (with the same characteristics) made with CODYBA [9] to
compare the results. CODYBA uses analogical procedures for representing the walls and so has no limitation in
the thickness.
Simulations cases with heating:
Table 4 : Heating needs of Simulation 1, 2 and 3 (Method 2)

SIMULATION 2
(0.7m of concrete and 0.15m
of internal insulation)
CODYBA
TRNSYS
598
532
1676
1719

SIMULATION 1
(0,7m of concrete)

P (W)
B (kWh)

CODYBA
2899
8407

TRNSYS
2848
9158

P (W/m²)
B (kWh/m²)
Comparison

116,0
336,3
-

113,9
366,3
+ 8,9%

23,9
67,1
-

21,3
68,8
+ 2,5%

SIMULATION 3
(0.15m of external insulation
and 0.7m of concrete)
CODYBA
TRNSYS
527
497
1626
1676
21,1
65,0
-

19,9
67,0
+ 3,1%

30

Temperature (°C)

25

20

15

Codyba
TRNSys

10

External temperature

5

0
4320

4344

4368

4392

4416

4440

4464

4488

Time (h)
Figure 4: Internal temperature on a summer week of the Simulation 1, thick walls not insulated (Method 2)
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35
30

Temperature (°C)

25
20
Codyba
15

TRNSys
External temperature

10
5
0
4320

4344

4368

4392

4416

4440

4464

4488

Time (h)

Figure 5: Internal temperature on a summer week of the Simulation 2, thick walls with internal insulation (Method 2)

30

Temperature (°C)

25

20

15

Codyba
TRNSys

10

External temperature

5

0
4320

4344

4368

4392

4416

4440

4464

4488

Time (h)

Figure 6: Internal temperature on a summer week of the Simulation 3, thick walls with external insulation (Method 2)
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Simulations cases without heating:
30

Temperature (°C)

25

20

15
Codyba
TRNSys

10

5

0
0

1000

2000

3000

4000

5000

6000

7000

8000

Time (h)

Figure 7: Internal temperature on a year (without heating nor cooling) of the Simulation 1 (Method 2)
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Figure 8: Internal temperature on a year (without heating nor cooling) of the Simulation 2 (Method 2)
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Figure 9: Internal temperature on a year (without heating nor cooling) of the Simulation 3 (Method 2)

The differences observed in the case of high inertia structure (wall not insulated or insulated on external side)
are somewhat well fitted. We have less than 1C of differences for the temperatures. The bigger difference is for
the energy demand (about 9%) for non insulated wall. These discrepancies obviously are due to the difference
of the methods of modeling of the walls.
6. Case study in Torino (SEEMPubS Project [10])
We have after used the two methods to simulate a real ancient building (Valentino Castle) of the sixteenth
century in Torino (Italy). This case study is one of the buildings tested within the European research project
SEEMPubS. In the following we show that we are able to simulate properly such high inertia buildings under
TRNSYS software (commercial version), with the Method 1 and the Method 2.
6.1. Presentation of the SEEMPubS project
SEEMPubS specifically addresses reduction in energy usage and CO2 footprint in existing Public buildings and
Spaces without significant construction works, by an intelligent ICT-based service monitoring and managing
the energy consumption. Special attention will be paid to historical buildings to avoid damage by extensive
retrofitting.
State-of-the-art solutions still lack an effective integrated and holistic approach to the energy efficiency issue
and are not able to support the upcoming scenario. The management of buildings' environment is usually
performed by different and separate, though possibly energy-efficient, sub-systems focused on heating, cooling
and lighting operations.
SEEMPubS’ proposed solution provides the capabilities to enable an effective integration at building level
(among different sub-systems) but also to support the integration of the resulting smart energy efficient building
and surrounding environment into a smart grid scenario.
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6.2. Building presentation
In 1859 the building was ceded to the "Regia Scuola di Applicazione per gli Ingegneri" and is now property of
the Politecnico. The buildings of the aulic part of the Castle have bearing walls, large window surfaces and high
vaulted ceilings. The two wings host classrooms at the ground floor and Department offices at the upper floors;
the main central building hosts state rooms for meeting and conferences and student offices. The buildings built
in the nineteenth century have similar envelope characteristics and are mainly occupied by Department offices.

6.3. Simulations
We simulated here two similar offices (hatched on the plan (figure 10)): on as a reference and the other one as a
test room for further research in the SEEMPubS project (which are not presented in this document). In this
document we will only present the simulation for the reference room and the use of the Method 2 to simulate
thick wall on this ancient building.

Test room

Reference room

Figure 10: Draw of the simulated parts of the Valentino Castle

We choose to use this example here because of the high thickness of walls and ceiling in this ancient building.
For example, the offices ceilings, with a volt shape, reach a thickness of 1,07m and there are composed of three
materials:
•
•
•

0,05m of wood,
0,9m of air,
0,12m of bricks.

In this case, TRNBuild can’t calculate the transfer function coefficients with a TIMEBASE less or equal than 3
hours. So to perform this simulation we used a TIMEBASE of 4 hours.
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6.4. Results
The main goal of this article is to find a way to simulate buildings with high inertia. The principal result of this
simulation on the Valentino Castle is that we were able to simulate a room with a ceiling of more than 1m and
thick walls and the two methods seem to give available results. The main results of our simulations are
presented in the next tables. Figure 11 shows very little differences in the internal temperature between the two
methods.
Table 5: Indoor temperature for the two Methods in the Valentino Castle for a yearly simulation

Method 1

Method 2

Reference

Test

Reference

Test

Taverage

19,10 °C

19,19 °C

19,02 °C

19,11 °C

Tmax

26,57 °C

26,91 °C

26,63 °C

26,93 °C

Tmin

10,00 °C

10,00 °C

10,00 °C

10,00 °C

Table 6: Heating needs for the two Methods in the Valentino Castle for a yearly simulation

Method 1

Method 2

Reference

Test

Reference

Test

P (W)

10705

10711

9917

9903

B (kWh)

7464

7387

7358

7261

P (W/m²)

180,6

180,7

167,3

167,0

B (kWh/m²)

125,9

124,6

124,1

122,5

-1,42%

-1,71%

Figure 11: Internal temperatures simulated in the reference room of the Valentino Castle during a summer day
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7. Conclusions
In order to have a better design for the renovation strategies of ancient buildings, we have to be able to simulate
those buildings, generally with high wall thickness. The software TRNSYS dedicated to the simulation of
dynamic systems presents some obstacles particularly in the building model: the type 56, whose interface is
TRNBuild. Thus, the integration of thick walls not associated with a correct choice of time steps can lead to
miscalculations on the responses considered. We have looked for a trick to resolve artificially the numerical
problem and several alternatives were considered:
•
•
•

Manually edit the INF-Files edited by TRNBuild in order to manually enter the transfer
coefficients as TRNSYS cannot calculate (Method 0).
Divide the thick wall into two thinner walls separated by an empty hole (Method 1).
Play on different time steps used in TRNSYS to successfully calculate the transfer functions
of these thick walls without sacrificing quality of results (Method 2).

If Method 0 was not possible to implement, some tests have shown that Method 1 is very accurate but difficult
to use especially in the integration of windows. Method 2 is very easy to use even if it seems to be less accurate
in the case of thick walls. In fact, the differences with CODYBA using a simplified analogical method can be
also explained by the non accuracy of this last software.
TRNSYS can be used for all types of buildings: it’s necessary in the case of high thermal inertia walls to adopt
one of the two methods presented. As an example, we have given simulation results of a real ancient building
(Valentino Castle) of the sixteenth century in Torino (Italy): the two methods give very closed results. So, we
propose, for the further simulations to use more commonly the second method, more easy to implement.
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1. Introduction and motivation
The energy demand of buildings maintains one of the highest shares of the primary energy demand in
Germany. It is used mainly for heating, cooling and for lighting. Controllable windows with solar-redirecting
mirror systems can greatly influence the solar energy flows and distribution to the inside. The development
of Micro-Mirror-Arrays (Viereck, 2011) within smart windows as such a device inspired this work by
providing various possibilities to controllable windows, e.g. separate angular settings of different areas
within the window, variable orientation of the mirror structures relative to the window and variable structure
geometry. The control of smart windows meets different situations resulting in different set points. In high
temperature conditions solar heat sources lead to higher cooling loads of a building resulting in a higher
energy demand, and vice versa for cold temperatures. The need to illuminate a room and to provide a glare
shield and a good view outside is related to the presence of people (Fig. 1). The functionality of the window
is strongly linked to the changing outside conditions like sky radiance distribution and temperature. These
examples show the high necessity of an automatic controlled window in terms of energy minimisation.
A key part of developing an energy minimizing control strategy is having a valid model of the mirror
structures as solar-redirecting system within the window. Some requirements to such a model are as follows:
it should enable an integral approach evaluating solar heat sources and daylight distribution. The integral
algorithm should make it possible to examine the system control. The use of an adapted programme basis,
which makes control analysis possible, is preferable. Even for whole year runs the simulation times should
be manageable. It is beneficial to have a limited number of input parameters.

Fig.1: Visualization of concepts using mirror-arrays as solar-redirection system for glare shield and a better light distribution (left)
or for heat protection and illumination (right) [Viereck et al (2009)]

2. State of the Art
The energy of a building is dominated by its energy requirements for heating and cooling and for artificial
lighting. Thus a model for developing an energy-minimizing-control should be able to predict the heat and
light flows through a window system and its distribution within the building. Starting point is to model the
sky radiance and luminance distribution, followed by a part that describes the optical and thermal behaviour
of the window and its coatings. This includes the radiation and light redirection system. Finally a routine to
model the distribution of the solar flux within the building has to be considered.
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Vartiainen (2000) compared several luminous efficiency models and pointed out how important the use of an
accurate model is. According to his findings the models of Perez et al (1990 and 1993) are the best in
describing the real conditions as they showed much more realistic results than the other models, especially
for overcast sky conditions which are dominating in Europe. Thus the present paper focuses on programs
which are able to use the Perez models.
A key point is the coupling of external to internal daylight distribution. A sophisticated approach is tracing
the rays with a program like Radiance (Larson and Shakespeare, 2003). Mardaljevich (1997) and others
validated the program Radiance for several different building geometries and shading devices. The results
are detailed and close to real situations. The disadvantages of this program are a relatively extensive
simulation time and big efforts to determine a whole cluster of various parameters.
Another approach to predict the internal illumination distribution is the radiosity-method (e.g. Müller
(1997)). Originally, this method was developed to model radiative heat transfer. One important assumption is
to treat all surfaces´ reflectivity as perfectly diffuse. The advantage of this approach is a much shorter
simulation time. On the other hand, no specular reflections may be analyzed. For higher complexity of the
building geometry the required simulation effort rises rapidly.
Tregenza (1983) introduced a method called daylight factor approach, which is capable to accelerate the
simulation speed of ray-tracing simulations by decoupling the transfer function of the window-redirectionbuilding system from the sky radiance distribution. Reinhardt (2001) compared the accuracy of the results
and the simulation speed of different radiance based approaches to model the daylight distribution and
additionally introduced an optimized approach using daylight-factors and Radiance. With this optimized
approach, analysing complex light redirection systems with different angular and area settings would make it
necessary to simulate each single configuration in advance before starting e. g. whole year runs. This again
leads to extensive simulation times. Additionally, there is no possibility to facilitate the algorithm, because
Radiance acts like a black-box. The optical and thermal properties of windows, its frames, glazings and
coatings are collected in sophisticated programs and databases like WIS, WinDat (2011).
Nielsen et al. (2005) introduced a daylight distribution model for the early phase of building design which is
a mixture of ray-tracing and radiosity method, resulting in short simulation times and an acceptable amount
of input data. It uses the window system characterisation provided by WIS. The validation showed a good
agreement for isotropic optical materials and relatively grand errors for systems including shading devices.
Solar-redirecting devices are not taken into account. WIS includes a simplified model to characterise lightredirecting devices. Jäger (2005) adapted an algorithm formally used in thermal calculations to describe in
detail the behaviour of different solar-redirection systems. A limit of both algorithms is however, that the
azimuthally dependence of the incoming irradiation is not taken into account and that just horizontally
orientated structures are examined.
Integral approaches are facing the task to couple thermal and lighting simulations or to integrate them within
one program. The program ESP-r developed at the University of Strathclyde, Scotland is a thermal
simulation tool coupled with radiance lighting simulations. The thermal model is used to extract radiance
inputs. The routine uses the daylight factor approach.
Hviid et al (2008) introduced a new integral model for the early design process of buildings. It is a Matlab
based programme which links the thermal and the visual part within one integral programme. Some analysis
on the effect of control is undertaken as well. The routine of Nielsen et al (2005) is used to model the solarradiation and light-redirecting-system and the light distribution in the building, with the effects already
mentioned above.
2. Goals
The key motivation is to identify the energetical potentials of windows with solar-redirection systems. As a
basis it is crucial to identify an energy minimizing control. In order to make a valid control analysis it is
necessary to have a valid mathematical model. This should contain at least the parts thermal transmittance,
light transmittance and distribution and user needs.
The state of the art showed that the existing algorithms that were found are only partially useful to solve this
kind of question. There are just some integral approaches, containing all the aspects that were mentioned.
The key point is the light and its distribution within the building. On the one hand, the Radiance and RayTracing based approaches, are too slow for this variety of different settings of the solar-redirection system
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(angular settings and settings of controlled areas). Furthermore, they don't deliver the possibility to make
logical analysis (blackbox problem). Inherent to this approach is the use of distributed programs and models,
which makes it more difficult to make an integral control analysis. On the other hand the algorithm is fast but
not adequate enough to describe the effects of a specular solar-redirection system (Nielsen et al 2005, Hviid
et al 2007).
The goal of this work is to close a part of the gap in modelling variable, specular solar-redirection systems,
subsuming the solar-transmittance, the redirection effects and the distribution inside the building. Within a
tolerable simulation time, the model should deliver the solar-transmission properties of such a system and the
irradiance distribution on a reference plane. Later on the extension to illuminance distributions is quite
simple.
3.

Model Description

In the following, the model is called solREflexiq. First assumptions and simplifications are mentioned. The
analysis within this paper is focusingthe solar radiation. Using a valid luminous efficiency model this of
course can be generalized to illumination aspects. The analysis assumes a completely specular reflection.
Diffuse reflections from the mirror structures have to be added later on using already existing algorithms
(e.g. Nielsen (2005), Jäger (2005)). This model is about plane structures. The inside areas, like walls and
ceilings are perfectly diffuse reflectors (Lambertian diffuser). This analysis is dealing with structures that are
comparable to the Micro-Mirror-Technology, but scaled up in size and neglecting the bended elements.
These are called mirror-arrays (ma). The model also neglects the effects of light diffraction. The sun and the
sky segments are treated as point sources.
3.1. View-Factor-Relation model of plane structures
The key challenge is to predict how the orientated radiation is processed within the mirror arrays, how much
of the incoming radiation to the window plane is passing and if it is redirected. A new model for windows
with movable plane mirror-arrays is presented in this paper. It is based on an approach of ray-tracing, vector
algebra and the balance of areas. Analysing one single array-segment is generalized to the repeating
structures. Using the outside radiance or luminance and the angular direction relatively to the window as an
input the algorithm delivers as outputs the angular dependent solar- and light transmittance of the solar
redirection system. Additionally, it models the illuminance and irradiance distribution at an arbitrary
reference plane within the building. It is capable to calculate azimuthally dependencies as well as arbitrarily
orientated mirror structures. This fast algorithm is meant to be integrated in one program with thermal
simulation routines and other main effects, like glare shield. The algorithm is implemented in Matlab
Simulink in order to have a good basis for future control development (Mathworks (2010).

Fig. 2: Schematic drawing of the mirror-arrays side view including nomenclature. Movable mirror part (blue), fixed mirror part
(green), solar rays (yellow). l_ma_move (length of the movable mirror), l_ma_fix (length fixed mirror), l_ma_open (length open
part).
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The starting point of the algorithm is to predict the shares of visible MMA areas (movable, fix, open) from
the direction of the solar rays. These visible areas depend on the configuration of the mirror arrays and their
angular setting, as well as on the view direction in elevation and azimuth. Fig. 2 shows two array segments in
side view. Obviously, the distance between two solar rays (d_s_03) is not equal to the sum of the height of
the open (l_ma_open), the fixed (l_ma_fix) and the movable part (l_ma_move). Assuming the sun as a point
source the view direction can be treated as the sun-view-angle or in the model of Tregenza the view angle of
an arbitrary sky element. Assuming the windows normal direction south and a slope angle of 90 degrees, the
elevation α_s and azimuthally position γ_s is then equivalent to the viewing direction.
Fig. 3 illustrates this effect for horizontally structured mirror-arrays with an angular setting of 45° (azimuthal
view position γ_s=-5°). For the sake of simplification, the mirrors are not interrupted in the beginning. It can
be observed α_s=60° that no radiation from this direction will pass the mirror structures directly. Only the
fixed (green) and the movable parts (blue) are visible. At α_s=20° there is additionally a directly transmitted
part. Further diminution to α_s=-20° reduces the visible area of the movable part and increases the opendirect part significantly. At α_s=-60° the upper side of the MMA's is not visible any more, but only the
bottom part (slightly lighter blue)

Fig. 3: Different elevation view angles from horizontally structured mirror-arrays with tilt angle of 45 degrees (nearly azimuthallyperpendicular)

Fig. 4 shows a side-view schematic drawing of the different mirror array parts and their indices. E.g. the
straight line limiting the upper part of the movable row has the index 1.

Fig. 4: Side view of two rows of the mirror array with indices: 0) Basal-line and lower end-line of upper fixed part, 1) upper endline movable part, 2) upper-end-line fixed part, 3) lower-end-line fixed part

The key challenge is to determine the distances between the parallel solar rays hitting defined parts of the
mirror arrays (e.g. d_s_02 determines the distance between the solar ray hitting the centre and the one hitting
the upper part of the fixed row). The visibilityshare of the fixed, the movable and the open part is thus
determined by putting the linked distance into relation to the maximal distance of one single structure
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element (d_s_03). This relation will be called ψ-Factor, e.g. the Factor of the fixed element ψ_fix is
calculated like in eq. 1. The other ψ-Factors are calculated in the same manner.

ψ fix =

ds

23

ds

03

(eq. 1)

The radiation which is led through the mirror-arrays for this share results in multiplying incoming radiation
(I_in) on the window plane with this ψ-Factor and the reflectivity (ρ_ma) of the mirror-material (eq. 2). The
determination of the shares' directions passing through the mirror-arrays will be explained in the next
section.

I move =ψ move ∗ ρma ∗I in

(eq. 2)

The figure 5 shows the three general situations that are separated in this concept in 2-dimensional view. In
case a) the solar radiation penetrates the structures so steeply, that no part passes through the mirror arrays
directly. The distance d_s_02 is a measure of the movable share, whereas the distance d_s_23 is linked to the
fix part. Case b) shows a situation where all the portions are existent. The distance d_s_01 is a measure for
the open share. In Case c) there is no visible upper part of the movable arrays thus the movable parts are
equal to zero. A part of the radiation, which comes through the open part, hits the backside of the upper rowsegment. Another fraction hits the fixed part.

Fig. 5: Three different situations in 2-d view (red arrows coming from the radiation source): a) Situation without an open part b)
situation with open part c) situation without a visible share of the upper side of the movable mirror-element.

The radiation is traced further on through the mirror-arrays. Fig. 6 shows the principal fine structure. As
already mentioned, the open share splits in an open-direct and an open-backside-movable part, which strikes
the backside of the above movable mirror row. The fixed share does not split off. The movable share divides
into the movable-reflected and the movable-open part. The movable-open part exists, if the movable mirror
part is interrupted. The movable-reflected part is the redirected share. It goes directly inside or outside the
building or is reflected to the back of the above mirror row.

Fig. 6: Principal drawing of the radiation shares which are taken into account. Main: open, movable and fix part.

2632

Up to now the question where the solar ray is intersecting the defined straight line could be ignored,
assuming that the rays were hitting the structures azimuthally perpendicular. Now this 2-dimensional logic
will be generalised for the 3-dimensional case. Fig. 7 visualizes the general interdependencies. In this case
the radiation doesn't penetrate azimuthally perpendicular (γ_s=-30° and α_s=35°) and additionally the
structures are rotated in the window plane (rotation angle δ_ma=-30° from the horizontal). Four solar rays
are included. The green line marks the rotation of the mirror-array structures. The intersections from all the
solar-rays with the straight lines representing the mirror-arrays parts have to be located on this line.
Exclusively in this case the complete height of the mirror-array is relevant.
3.2. Specular redirection algorithm of arbitrary plane structures
In order to calculate the specular direction of the reflected radiation from arbitrarily oriented, plane mirrors
the following approach is used: A set of three equations is to be solved, which is determining its Cartesian
vector components. Whenever possible, normalized vectors are used in order to simplify the calculation. The
incoming ray and the normal to the mirrors surface enclose an angle φ. Second, the outgoing solar ray and
the incoming one enclose the angle of two times φ. These two conditions can be interpreted as scalar
products. Finally the incoming ray and the mirrors-normal are building a specific plane. The outgoing ray is
also within this plane. Mathematically this may be treated in following way: the cross product of the
incoming ray and the mirrors-normal is determined. The scalar product of this vector and the outgoing ray
must be zero. From these three equations the three components of the outcoming ray can be determined.

Fig. 7: General concept explanation in 3-dimensional view (angles: solar azimuth γ_s=-30°; solar elevation α_s=35°; slope
movable mirror β_ma_mov=45°; rotation mirror-array structures δ_ma=-30°)

3.3. Radiation distribution within the building
The concept of the radiation distribution to an arbitrarily located and oriented reference plane inside the
building is likely the concept of Nielsen (2005) a mixture of ray-tracing and the radiosity method. The rays
from the corner of the relevant window area are traced in the direction of the outgoing radiation part (e.g.
movable-open) in order to find representative intersection points on the room-limiting-areas (ceiling, walls,
floor). The algorithm is the following: first it is checked whether the direction of the radiation is above or
below horizontal. If it is below, the radiation tends to hit the floor, the side walls or the back wall. In this
case, only the radiation which is directly transmitted to the reference plane is validated. The reflected
radiation from the floor is neglected (see also the assumption just upward to vertical facing reference
surfaces). That means that second reflections are not taken into account.
The part which is reflected above the horizontal line tends to hit the ceiling, the side walls or the back wall.
If the lower end of the window is higher than the reference plane, this part won't hit it directly. In the
standard case it will not hit the reference plane directly. The oriented rays coming from the window corners,
which are above the horizontal, will hit the ceiling plane anywhere, not necessarily within the margins of the
real ceiling. Connecting these points will result in a parallelogram. Its main centre can be determined.
Following the radiosity method, this is the point from which the reflected part is being sent to the receiving
reference surface. If this point is located within the margins of the ceiling, it is already the relevant point.
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Otherwise, a connecting straight line between the middle point of the window element and this point will be
constructed and the intersection to one of the real walls is determined. In this case, this intersection point is
the relevant senderpoint. In case of a grand window area, the algorithm allows to split this area in several
sub-areas and to use the same procedure as described above. Depending on the number of sub-areas this will
lead to more exact results and a longer simulation time.
4. Plausibility
The following plausibility analysis will be based on a standard case: length of the fixed part l_ma_fix= 1.58
cm, movable part l_ma_move=7.89 cm and open part l_ma_open=0.53 cm. The angular setting of the mirrorarrays is β_ma=45°. For simplification, in the standard case the mirror-arrays movable part is one
uninterrupted part. Thus the moveable open part is equal to zero.
The analysis diagram on the right side of Fig. 8 shows that the open-direct part starts at a solar altitude angle
of below 30°. This can also be observed in the visualization on the left side where the open part is locked at
60° and open at 20°. At below -45° the movable-reflected-direct part ends and the open-backside part starts.
At this point one starts to look from the bottom to the movable mirror parts. From -20° to 0° solar altitude
angle one part of the movable-reflected part directs to the back of the above located mirrors.

Fig. 8: Azimuthally perpendicular view angle with variable solar altitude angle. Right side: visualization; left side: analytical
solution by the algorithm

The situation if the solar altitude angle is kept (20°) and the azimuth angle is variable is shown in fig. 10.
From an azimuthally perpendicular position at an altitude angle of 20° there is still an open-direct part.
Below -50° and above 50° there is none. Thus even in horizontal configuration the azimuthally dependency
of the ψ-factors cannot be neglected. A 2-dimensional analysis leads to substantial errors mainly for steep
azimuth angles.
An analysis of mirror-arrays which are rotated -45° within the window plane in fig.11. The altitude angle in
this case is variable. Compared with the horizontal situation the open-direct part starts already below 40°.
There is no situation where the movable-reflected part is directed to the bottom of the above row and a much
smaller band where the direct part is heading to this place.

4. Validation
The previous section showed some comparisons to get an idea of the plausibility of results. In this section
the validity of the numbers will be checked. The results of the new model will be compared with Radiance
results. The configuration of the test is as follows: Artificially, in Radiance a dark sky is created that consists
of a sun resulting in solely beam radiation from one direction. The reflectance of the ground is set to zero.
Thus the radiation comes exclusively from one defined direction. The radiation hits a room configured as
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shown in Fig. 11. This room is configured like in VDI 2078 (1996), but the window is determined to 1m² in
order to get a relatively defined solar radiation situation inside the building. The mirror arrays are in standard
configuration as already described. In this artificial case the window panes are neglected .
This validation consists of three main steps:First, the solar-flux which reaches the outside surface of the
window is validated. Second, the solar-flux which reaches the ceiling is compared in location, intensity, and
distribution. Finally, the irradiance distribution on a reference plane is validated. Thus the validation covers
three models: the mirror-array model for transmission, the one for the direction and the model for the
radiation distribution inside the building.

Fig. 9: Visualization and analysis diagram of the mirror-arrays at a solar altitude of 20° and variable azimuth angle.

Fig. 10:Analysis of mirror-array structures that are rotated -45° in the window plane for different altitude angles

As input an irradiance of 750 W/m² on an outside horizontal plane is chosen. Thus the solar radiation flux on
the window plane varies, depending on the angular conditions. In this case of validation the following
situation will be analysed: Solar altitude angle 30°, solar azimuth 0°, mirror-arrays standard configuration,
horizontal with a slope angle of 80°, and mirrors without absorption.
In this case the solar flux which reaches the 1-m²-window is around 1299 W. Fig.12 shows a visualisation
and ψ-Factors-analysis for this situation. As a result of the new model the fixed part has a share of 15.8%,
the movable-direct of 58.6% and the open-direct of 25.6% resulting in a total of 100%. There is no movablereflected part on the backside of the row above.
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Fig. 11: Configuration of the analyzed building.

Going further to the transmission of the solar flux to the building, Fig. 13 shows what the situation looks like
in a Radiance picture. The reflected part of the movable mirror-parts (movable-direct) can be found on the
ceiling, whereas the open-direct part is transmitted to the floor. This part intersects the reference plane
between 0.26 m < x < 1.99 m.

Fig. 12: Visualization of the mirror-arrays and analysis diagram for a mirror-slope-angle of 80°

A comparison of irradiance distributions at the ceiling plane is shown in Fig. 14. The rectangular shape of
the new models compared with the Radiance distribution field results from assuming the sun as a point
source. The integrated solar flux calculated for the Radiance Model in this situation is 840 W compared to
760 W in solREflexiq. This is a deviation of around 9.4 %. A reasonable explanation for this effect are the
secondary reflections within the room, mainly from the floor.
It is substantial to know about the distribution of solar flux on a reference plane, e. g. to predict the
illuminance level. Figure 15 shows this distribution on a plane in 85 cm height and orientated upwards
(positive z-direction). The comparison shows a quite similar distribution shape with a nearly parallel location
of the results. This leads to high relative errors in the locations with low irradiance. The reason for this effect
could be the neglected secondary reflections.
Artificially the reflectance of the walls and the floor is set to zero the situation differs in the following way:
the integrated solar flux on the ceiling in Radiance is now 2.8 % lower than the solREflexiq result. It results
in an irradiance distribution on the reference plane as shown in Fig. 16.
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Fig. 13: Radiance picture of the
situation in fisheye perspective:
α_s=30°; γ_s=0°; standard
configuration of mirror-arrays

Fig. 14: Distribution of irradiance on the ceiling in Radiance and solREflexiq

Fig. 15: Comparison of irradiance distribution in Radiance and solREflexiq on the reference plane
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Fig. 16: Same as Fig. 15, but without secondary reflections form the floor and the walls

5. Results
The model solREflexiq is able to deliver a variety of different results and possibilities of analysis. As an
example, the solar transmission rate depending on the solar altitude can be determined. Fig. 16 shows a
solar-transmission field for an azimuthally perpendicular situation. The variables are the slope of the
movable-mirror part (α_ma), and the solar altitude angle (α_s). It shows, that there is a relatively straight
line between the solar altitude angle -80° and the mirror-slope-angle of 80°, where the solar-transmission of
the mirror-arrays change very quickly from a very low level on the left side to a very high level on the right
side of this line. The detailed shape of this border line is quite complex and a good basis for further
investigations and systematic understanding. The range of the solar-transmission rate is between 0 and
84.1%. The high end is determined by the hight of the fixed element. In order to come to a sophisticated
control concept, it is now important to check the direction of the out-coming redirected solar-rays.

Fig. 16: Solar-Transmission-Rate of the mirror arrays in Standard configuration (solar azimuth 0°)

6. Summary
A new model, called solREflexiq, to evaluate the energy related effects of specular, plane, and arbitrary
oriented solar-redirection systems is introduced. It also consists of an algorithm for the distribution of solar
flux into the building which is comparable with other algorithms that are already in use. It is a mixture of
methods: ray tracing, radiosity, and balance of areas. solREflexiq is one step to link the effects of daylight
distribution, thermal effects, and other side conditions in order to find an energy-optimized control strategy
and to evaluate the whole year energy effects of those systems. The approach is motivated by the
development of micro-mirror-arrays and uses their geometrical relations as an example. The plausibility
contains mainly the comparison between visual and numerical analysis. It gives an idea of the possibilities
for analysing the properties of these kind of structures. It showed that, even for horizontally oriented solarredirection systems, a 2-dimensional analysis is not accurate for steep azimuth angles. Following visual and
numerical analysis there is a substantial influence of the azimuth angle to the transmission properties. The
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validation of solREflexiq with Radiance showed a relatively high relative error for the irradiance distribution
on the reference plane. The assumption was approved that this deviation was a result of the neglected
secondary reflections of the floor and the walls. Subtracting those reflectances in Radiance, the comparison
of the results shows a very similar shape and a low relative error throughout the whole room. This leads to
the result, that the algorithm for the mirror-arrays and for the distribution from the ceiling to the reference
plane is validated. The algorithm for the other secondary reflectance has to be improved. As a result a solartransmission field dependent on the solar altitude and the mirrors setting angle was extracted. This shows the
analytical possibilities of solREflexiq offering a basis for a coming control development of smart windows.
7. Outlook
Some more validation of the new model solREflexiq has to be done, e.g. for different configurations of the
mirror system and different solar positions. Further analysis of different mirror-array configurations can lead
to adapted and optimized designs. It would be beneficial to generalize the approach of plane to bended
structures. The coupling of a sky-radiance and illuminance model will lead to realistic situations. Introducing
glass-panes with certain coatings will make different window and systems comparable. It would be useful to
evaluate other configurations of plane mirror systems, e. g. existing integrated plane macro jalousie systems.
The coupling of a thermal routine will open the possibility to conduct integral analyses of control strategies
and energy optimization. Simplified algorithms to model glare shield and a satisfactory view outside would
integrate the model in the user’s context. Finally, investigations on the optimized size of intelligent windows
containing solar-redirection-systems would be valuable: probably this will lead to larger window areas and
much more use of daylight inside buildings, while saving primary energy.
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1. Introduction
The existing thermal comfort standard are obtained mostly based on steady-state heat balance, in fact, culture,
lifestyle, climate, social, psychological and behavioral adaptations have an impact on human thermal comfort
(Runming Yao et al, 2009). Numerous studies show that indoor thermal comfort has a direct relationship
with outdoor climate change, life style and thermal experiences. The differences of preferences to the indoor
environment should be taken with zones, climates and life style. Over the past decade, Europe and the U.S.
have developed adaptive thermal comfort standards (EN15251 and ASHRAE55) for natural ventilating
buildings in summer, and the comfort operation temperature in winter is rigor and little difference with the
air conditioning environment. In rural areas and the lower and middle reaches of Yangtze River, traditional
heating methods or local heating by air conditioning are solved the heating problem in residential houses
which are free-running building. The research for adaptive comfort operation temperature using the adaptive
comfort principles is very limited, so this paper analyzes differences between indoor thermal environment in
free-running buildings in typical climate in winter in China and adaptive thermal comfort standards by
exploring the relevance of indoor environment and adaptive thermal comfort operation temperature and
means of questionnaire and measured data done by the student of DUT during the winter.
2. Heating methods and indoor thermal environment with areas in China
As seen in Fig. 1 China, with a vast territory and a large population, has five climate zones: hot summer &
warm winter, hot summer & cold winter, cold and severe cold. In winter, from December to February, the
areas where mean monthly outdoor temperature is below -10 ℃ covers around 20% of national territory,
where the temperature is -10℃~0℃ is accounting for about 45%, where the temperature is 0℃~10℃
occupies about 18%, so the buildings in 80% above of land need take variety of methods to heat. Besides
the city in the north of Yellow river are district heating areas in China, in other regions the traditional
heating methods , such as Chinese kang, hot wall, burning cave, stove and local air conditioning for heating
are took(Fig. 2). In order to adapt to cold weather, people take some simple and effective methods, as seen in
Fig. 3 sandwich wall design in north wall, tightness with plastic film and solar wall are some ways for
warming in winter in severe cold areas. The basic status of indoor thermal environment that varies greatly in
winter is shown in Fig. 4, and the thermal environment should not be comfortable because of too low indoor
temperature. Questionnaire survey shows the people long living in the environment, especially the elderly,
aren't fond of indoor environment of too high indoor temperature, such as higher than 16℃. Because of great
difference in temperature between local heating and adjacent space, it is vulnerable to common cold and
discomfort when residents go frequently in and out spaces. There are differences in preferences to the indoor
environment between southerners and northerners, for example, southerners are more sensitive to humidity
and expect the indoor temperature is higher than 20℃, relatively northerners are more sensitive to
temperature, and like opening window to ventilate. Analysis indicated the diversity of lifestyle cause
differences in adaptive thermal comfort.
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Fig.1: Climate zoning and outdoor temperature profile in winter in China

(a) Yaodong

(b) Chinese kang

(c) Stove

Fig.2: Some Heating method in rural areas

(a) Sandwich wall design in north wall

(b) Tightness with plastic film

(c) Solar wall

Fig. 3: Some ways for warming in severe cold areas in winter
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Fig.4: Indoor air temperature in non district heating areas

3. Survey Study on indoor climate in free running buildings in winter in China –short
literature review
In China, there are hot, warm and cold climate zones from south to north, and because of the diversity of
zones, climates, customs and habits, economic developments, ability of economy bearing between north and
south may cause the difference of acclimation and psychological expectation. Especially for in non air
conditioning buildings, its requirements for indoor environment are not so strict as office buildings. As Table
1 showed many Chinese scholars began to focus on indoor thermal environmental in the non air conditioning
building by means of field survey. Seen from Table 1, investigation objects mostly are natural ventilating
buildings in hot summer & cold winter areas, and the research issues include: 1) various impact factors of
thermal comfort in natural ventilated environment were researched, 2) behavioral adjustment people are used
to were investigation by statistics in naturally ventilated buildings 3) basing on the heat adaptation of the
theory of natural ventilation environment, thermal adaptive model and thermal comfort zones were founded.
The field survey results show the mean indoor temperature is about 8 ℃ when the mean outdoor temperature
is 5 ℃ in naturally ventilated buildings in hot summer & cold winter areas. The reference (Xiangzha Fu,1999)
calculated the thermal performance of an example residential unit in critical heating regions of China by
means of the effective heat transfer coefficient, the results show that the envelope structure of existing
houses is inadequate to maintain the minimum indoor temperature of 10℃. In cold and severe cold areas, the
mean indoor temperature is about 10 ℃ when the mean outdoor temperature is -10 ℃ in rural buildings
integrated Chinese Kang and stove. The mean indoor temperature for natural ventilating buildings in hot
summer & warm winter areas is 15℃, relatively higher.
In addition, the indoor thermal comfort survey results show that: clothing insulation is 1.37~2.74clo and the
acceptable thermal comfort lowest temperature is 9℃ in rural non district heating buildings in winter, and
clothing insulation is 1.37~2.74clo and the acceptable thermal comfort lowest temperature is 9℃ in the
buildings in hot summer & cold summer areas, the acceptable thermal comfort highest temperature is 30℃ in
summer.
4. Questionnaire survey
To further understand climate adaptability of human beings from different climate zones to thermal comfort
in China, 384 questionnaire sheets and liquid thermometers were distributed to students of DUT specialize in
HVAC from almost all of the climatic zones in China. The indoor temperature in the morning, midday and
evening were record. The period of survey is from Jan. to Feb. 2011, and the number of valid respondents is
about 375. The summary of the questionnaire survey is showed in Table 2, and investigating areas cover
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rural and urban areas throughout the country. The respondents are 8~85 years old. Indoor thermal
environment, thermal sensation and adaptive behavioral adjustment methods, and so on are investigated.
Tab. 1: Survey measurement in free running buildings in China

Areas

Building
type

Survey
time

Ondoor
temp.
range/℃

Severe
cold
areas

Rural houses

2007/4/
24~25

5.59~22.71
(14.6)*

Natural
ventilating
buildings

1998/7/1

-

26~31
(28.6)

0.31

ET*<30

Yizai Xia,
1999

Natural
ventilating
buildings

2003/8
/9~8/17

-

16.6~32.4
(23.2)

-

-

Jing Liu,
2005

Yaodong
building

2000/1/
11

8.3-11.3

-10.4-10.4

-

-

Rural houses

2009/12
~2010/1

-2.5~1.5
(0.4)

1~13.1
(5.2)

1.37~2.74
(1.98)

9~15.8
(11.6)

Natural
ventilating
buildings

2000&
2001
summer

-

27-33.5

-

ET*<30

Classroom

2005/4~
2006/5

Summer
21~39
Winter
4.8~14.4

Winter
22.2~38.2
Winter
8.8~15.5

2008/12
~2009/3

-3.5~24.2
(5.7)

4~14.5
(9.9)

2006
winter
2007
summer
2000/1/
11
2008/5~
2009/5
winter

6.19~11.28
(8.66)
26.6~31.6
(30.12)

Cold
areas

Hot
summer
& cold
summer

Non distract
heating
buildings
Natural
ventilating
buildings
Rural houses

Hothumid
area

Natural
ventilating
buildings

Iutdoor
temp.
range/℃
18.71~22.7
0
(20.25)

-

Clothing
insulation
/clo

Acceptable
temp.

Reference
Xiping
Zhao,
2008

0.26

Jiaping
Liu, 2011
Qiang
Yang,
2010
Xiuling Ji,
2011
Jing Liu,
2007

1.39
0.82~2.2
(1.41)

11.2~16.8
(13.6)

Junge Li,
2008

1.16~2.89
(2.15)
0.09~0.43
(0.31)

8.41~
15.65
15.65~
30.14

Jie Han,
2009

-1.7~10.8

6.1-22.3

1.1~1.9

>10.9

-

8~20

-

-

Li Huang,
2011
Yufeng
Zhang,
2010

* The values in parentheses are average in Tab.1
Tab. 2: Summary of the questionnaire survey

Climate zones
Region
Rural

Hot summer &
warm winter
20

Hot summer &
cold winter
55

Urban

20

Total

40

Cold

Severe cold

Total

47

19

141

89

62

53

234

144

119

72

375

4.1 Indoor climate in winter and heating /cooling methods
From measured results (Fig.5), we can see that the indoor temperature of the residential buildings without
district heating systems in hot summer & winter cold areas is below 10℃. The northern areas of yellow river
is hot summer & warm winter, the indoor average temperature is above 10 ℃, close to the 15 ℃. The
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average room temperature with district heating buildings is about 19 ℃. Heating methods in different areas
are shown in Figure 6, we can find that the urban housing in cold and severe cold areas in winter have
mainly taken district heating systems, while the rural residential buildings use kang and stove for heating.
More than half of the rural houses in hot summer & warm winter and hot summer and cold winter areas don't
take any heating measures, while 40% of the urban housings use the air conditioning for heating.

Fig 5: Indoor temperature in winter

(a) Rural areas

(b) Urban areas

Fig. 6: Heating methods in rural houses in winter

Fig. 7 shows the cooling methods in summer.In the rural, natural ventilation and fans is the main cooling
methods, the proportion is higher than the proportion of the use of air conditioning, and in the urban, apart
from the severe cold areas, air conditioning is the main cooling way and its proportion is higher than in the
rural. In general, natural ventilation and fans is the main cooling methods in the whether rural or urban, and
there are two reasons why it isn't air conditioning, on the one hand, because of economic reasons for taking
into account the cost of installing and running air conditioning, on the other hand, because of the large
temperature difference between the air-conditioned room and outdoor made person feel very uncomfortable
in the hot summer.In one word, people prefer to using natural ventilation, hope to closing to nature.
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(a) Rural areas

(b) Urban areas
Fig.7: Cooling methods in summer

4.2 Naturally conditioned methods
The concept of adaptive thermal comfort can be described as: when a change occurs causing thermal
discomfort, people react in such a way that their thermal comfort is reestablished. This description refers to
behavioral adaptation, physiological adaptation and psychological adaptation. Behavioral adaptation is one
of the most direct and effective adjustment methods. Fig.8 shows behavioral adjustment methods in winter.
We can see that increasing clothing is the most important adjustment methods, and its proportion is 39%. It
has found that the largest clothing insulation can be 2.89clo, and as the reference (ASHRAE, 2004) described:
the optimum operating temperature will decrease 6℃ when clothing insulation increase 1clo. 31% of the
people by slight movement such as shaking feet and jumping, to adapt to indoor low temperature
environment, in addition, 25% of people can take the local heating methods, and some people can also take
hot drink to resist the bitter cold of the winter, such as people in the northeast rural often drink liquor when
they are eating, because it can accelerate blood circulation to make people feel warm. In summer, indoor
wind speed is the large difference between air condition and natural ventilation buildings. In the thermal
comfort standards, office environment is the main consideration. If the wind speed is too fast ,it will be easy
to blew the paper and lead to dust, so indoor wind speeds of air conditioning building is provided must not
exceed 0.25m /s, while the survey of residential housing showed that residents prefer to faster indoor wind
speed in the summer .In summer, without air conditioning system, the percentage of using fan is 58%, the
percentage of opening windows for natural ventilation is 17%. The adjustment methods are to ensure body
cooling needs by increasing indoor wind speed. Others include bath, cold drinks and wearing less clothing.

(a) Summer

(b) Winter
Fig.8: Behavioral adjustment methods in winter
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4.3 Prefer indoor climate
The adaptive thermal comfort theory emphasizes the differences in preferences of thermal environmental
between among different population. The preferences are associated with one's experience of thermal
environment and economic income, including health factors. In the investigation, it was studied whether
constant temperature is good for health or not, acceptable temperature range.
4.3.1 Thermostatic indoor climate is good for health or not
For the question that "Do you think constant temperature environment is good for body", the statistical
results is shown in Figure 9. Whether in the rural or urban residents, two-thirds of people think that constant
temperature environment is bad for human health, and their reasons are: immunity decline, ability decline to
adapt to the environment; the reason why people think it is good for health is that constant temperature
environment is more comfortable.

Fig.9: The attitude toward constant temperature indoor environment

4.3.2 Most unacceptable indoor climate
When the indoor temperature is in comfortable temperature range in winter, the people are not very strict to
the humidity requirements. But when the indoor temperature is too low, the magnitude of humidity has a
greater impact on human thermal sensation. The first indoor environment of that respondents can not stand
(shown in Figure 10) is wet, the following is dry. The coastal city in the hot summer & warm winter areas
have outdoor high humidity ,so dew condensation in the inner wall is common phenomenon when outdoor
temperature decreases in winter, while people feel wet-cold and uncomfortable in the residential building
without heating measures in the hot summer & cold winter areas where it's low temperature and high
humidity in outdoor. It's too dry in the residential buildings in the northwest and wiht district heating.

Fig.10: Unacceptable thermal and humidity indoor environment in winter
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4.3.3 The Effect of climatic zones and age on thermal preferences
Fig. 11 and Fig. 12 show respectively the cumulative probability that people can not tolerate the minimum
temperature in winter and maximum temperature in summer. Using the eq. 1, as seen in Table 3 the limits of
average indoor temperature that people can not tolerate in different climatic regions are calculated.

T   pi  Ti

(eq. 1)

Where: Ti is indoor temperature, ℃；pi is probability of the corresponding temperature.
In winter, the expectations to the indoor temperature of persons living in the cold and severe cold areas is
higher than in the hot summer & cold winter areas and hot summer & warm winter areas. Because of the
difference of heating methods, the indoor temperature is higher in the previous two climate areas, and the
persons chronically live and are used to the thermal environment. In summer, the acceptable temperature in
the hot summer and warm winter areas is higher about 4 ℃ than in the severe cold areas. Obviously, the
people living in hot climate areas for a long time have a stronger tolerance capacity to hot.

Fig.11: The cumulative frequency of acceptable air temperature in winter

Fig.12: The cumulative frequency acceptable highest air temperature in summer
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Tab. 3: Limits of average indoor temperature that people can not tolerate in different climatic regions

Areas

Unacceptable
average
minimum
temperature in
winter/℃

Severe cold
Cold
Hot summer & cold winter
Hot summer & warm winter

14.3
12.3
9.1
9.3

Acceptable
minimum
temperature
over 80% of
residents in
winter/℃
17.5
15.2
13.5
14.3

Unacceptable
average
maximum
temperature in
summer/℃
28.4
28.6
30.3
32.0

Acceptable
minimum
temperature
over 80% of
residents in
summer/℃
24.5
25.0
28.0
29.5

To analyze the differences of preferences to thermal environmental among different age, statistical analysis
on acceptable temperature of different age groups in the survey sample is carried out is shown in Figure 13.
The difference of acceptable temperature in different ages is 1.56 ℃ in winter and is 0.8 ℃ in summer, the
preferences to the thermal environment have little difference.

Fig. 13: Acceptable limit mean temperature for different ages
Tab. 4: Age distribution of respondents

Age
Number

<20
55

20~40
123

40~60
137

>60
58

Undefinite
2

4.3.4 Analysis of differences in thermal neutral temperature between urban and rural
There are great differences in lifestyles and indoor thermal environment between urban and rural. In order to
analyze whether these differences will affect the preferences of the thermal environment, regression analysis
and linear fitting of mean thermal sensation against mean air temperature for the buildings in the database of
cold areas was carried out as Fig.14 showed. Let be MTS=0, thermal neutral temperatures are obtained , and
for rural buildings is 17.8℃，and for city buildings is 19.8℃ which is 2℃ higher than rural building. This is
due to quality of life for the rural relatively is low although peasants' living standard have been raised, and
peasants have been used to indoor low temperature environment because they chronically live the thermal
environment, meanwhile, peasants aren't fond of indoor too high indoor temperature environment because
they preferentially wear thick clothes in order to go frequently in and out spaces. If it is assumed that
subjects' thermal sensation vote is -0.5 ≤ MTSV ≤ 0 in winter is acceptable thermal comfort temperatures
range, acceptable thermal comfort temperature range for rural buildings in winter is 13.9 ℃~17.8 ℃,
relatively for city buildings is 16.2 ℃~19.8 ℃.
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Fig. 14: Differences in mean thermal sensation against mean air temperature in the urban and rural

5. Conclusions
,Adaptive thermal comfort based on life style and heating methods in china is studied., through analysing the
indoor thermal environment in the natural regulation buildings in China different climate zones and using the
results of questionnaires during winter vacation by the students of DUT and the measured data. In this paper,
the main conclusions are followed:
(1) The indoor temperature of the residential buildings without district heating systems in the hot summer
and winter cold areas is below 10℃. the northern areas of yellow river is hot summer & warm winter,
the indoor average temperature is above 10 ℃, closing to the 15 ℃. The average room temperature with
district heating buildings is about 19 ℃.
(2) In winter the urban housing in the cold and severe cold areas have mainly taken district heating systems,
while the rural residential buildings primarily use kang and stove for heating. More than half of the
rural residential buildings in hot summer & warm winter and hot summer and cold winter areas don't
take any heating measures, while 40 percent of the urban housings use the air conditioning for heating.
(3) To keep out the cold in winter, the main behavioral adjustment methods are wearing more clothes and
doing some exercise, this can be attributed to the changes of clothing insulation and metabolism. And in
summer, indoor wind speed is changed mainly through the electric fan and natural ventilation to meet
the comfort requirements. And these parameters have very strict rules for the current standard. In the
resident building, the behavioral adjustment methods can increase the acceptable temperature range
(4) If a comfort thermal environment and people's endurance for the environment want to be described in
detail, cultural factors in connection with the people's age, clothes, food, rest habits and lifestyle need to
be fully understood, also thermal experience that has been habituated in indoor and outdoor must be
understood. And these influence factors have close relationship with outdoor climate. The studies on
preferences to the thermal environment show that the indoor thermal environment which people in the
different climate zones prefer has a big difference, also there is a difference between urban and rural
areas, and in winter hot neutral temperature of city residents is 2℃ higher than rural areas, but
relatively age has a little effect on the preferences
(5) Acceptable temperature in the different climate zones has been obtained: the hot summer and warm
winter areas：14.2~29.5℃, the hot summer and cold winter areas：13.5~28.3℃, the cold areas：15.2 ~
25.5℃, the severe cold area:7.5 ~ 24.8℃.
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1. Introduction
In recent years, a very rapid development of alternative energy applications can be seen, not only in the
energy sector but also in the construction sector. Particularly noteworthy is the solar energy, which can be
used in heating systems, either active or passive. In favour of its application speaks not only care about the
environment, but also the cost-effectiveness in daily life, compared to buildings with conventional heating
(Leckner and Zmeureanu, 2011).
Because of the possibility of adaptation to existing facilities, we often can meet installations with flat liquid
collectors, which are used for space heating and domestic hot water preparation. There also are systems that
thanks to the additional installation of absorption or adsorption produce cooling for residents in the summer
(Zhai et al., 2008) when the solar radiation is the highest. Passive houses are also popular (Tan M., 1997) in
which by the suitable insulating of external walls, seal, building design, glazing, ventilation system, and the
use of solar installation the independence of energy is almost achieved.
Less popular in Poland are solar air heating systems, which in solutions in other countries are often
integrated directly with the roof or a wall (Belusko et al., 2004). The main problem of this type of energy
source is its existence only during the day and seasonality. This fact creates the need for accumulation
systems. The simplest of these systems are well-insulated water tanks, which can even for a few days meet
the heat needs of building users. Another solution, mentioned previously in solar air heating systems, is the
accumulation of heat in the massive compartments of buildings or separate deposits of solid material, such as
a concrete slab located in the basement (Chen et al., 2010) or in the deposit stone, which additionally
compensates daily air temperature directed to other living quarters (Abbud et al., 1995; Joudi and Dhaidan,
2001). There are also year-long research on the accumulation of heat for the provision of thermal comfort in
the winter due to the absorption system with a tank filled with different solutions, such as water and glycerol
(Hui et al., 2011). There are also projects of entire housing estates, as in Sweden (Lundh and Dalenback,
2008) and Germany (Schmidt et al., 2004), where a great quantity of the solar heated liquid is pumped into
underground spaces of accumulation.
Actually all of the above-mentioned systems can be classified as low temperature installations.
Research on high-temperature systems, which could be used as thermal systems in residential buildings, are
not common. A lack of security is suggested as their main disadvantage; however, this presupposition
ignores the fact that the conventional systems, such as coal-fired stoves or fireplaces produce very high
temperatures as well and still are very common.
A further part of the article is devoted to the authors' idea of the high-temperature thermal system designed
for a single-family home.
2. An autonomous solar home
2.1. General description
The authors of the article have spent the last few years on working on a novel concept of energy selfsufficient house that could work in climatic conditions of Poland. In general, a home heating system is based
on the collaboration of a large solar concentrating collector with of a stone deposit accumulation.
Hot air, which in an absorber of the concentrating collector reaches temperature of hundred degrees of
Celsius, is directed to a suitably insulated accumulation or deposit to the generating installation. Then,
depending on the needs of the residents of the building, the heat stored in the reservoir can be used in a

2651

variety of micro-energy devices and converted into other useful forms of energy such as heat heating,
domestic hot water, electricity and cold.
Dissertations on the interaction of the solar collector deposit parameters have been described in previous
papers (Kasperski and Nemś, 2008a, 2008b, 2008c) of two authors. These works proved that the crushed
granite should be the deposit fill material and that mineral wool with a thickness of about 1m would be the
best insulation material.

Fig. 1: House with the conceptual system

Possible schematic directions of the heat use from the bed, together with facilities which enable an energy
conversion process are shown on Figure 1.

Fig. 2 Possible directions of the heat use from the deposit

2.2. Variants of the system
Home heating system is composed and allows for many variations of work. Choosing the right option
depends on the density of solar radiation, the charge state (temperature) deposits accumulation, building
demands for thermal energy and electricity. Depending on these parameters the basic variants of the system
are possible (Fig. 2):
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Fig. 3: Variants of the system

A – a direct charging of deposits accumulator with thermal energy obtained in the solar collector. The
density of solar radiation must produce temperatures higher than the temperature of accumulative deposits.
This occurs mainly during the daytime from spring to autumn.
B – a residential space heating from the heat produced by the accumulation deposit. The amount of heat
stored in the deposit is decreasing during a discharging process thus the deposit temperature is also lowering.
This occurs mainly during the night and during overcast days in the period from autumn to spring.
C – a direct heating of residential space with heat energy drawn from the solar collector. This situation
occurs when the density of solar radiation is low and the temperature generated in the collector is lower than
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the temperature of accumulation deposits but still is high enough to enable space heating. This occurs mainly
during the day during autumn and winter.
D – air conditioning of the living space during periods of excessive ambient temperatures. Air conditioning
unit is powered directly by heat extracted from the solar collector. This occurs mainly during the day from
spring to autumn.
E – a generation of electricity through the device of ORC directly powered by thermal energy drawn from
the solar collector. Heat condensation from ORC unit is not wasted because it is used to heat the living space.
This occurs during the day in the period from autumn to spring.
F – a generation of electricity using devices powered by ORC heat energy stored in the accumulation
deposit. The temperature level device driver for ORC depends on the temperature of the deposit.
Condensation of heat from ORC unit is not wasted, because it is used to heat the living space. This occurs
mainly during the night and during overcast day in the period from autumn to spring.
G – a generation of electricity through the device of ORC directly powered by thermal energy drawn from
the solar collector. If living space does not require heating, the condensation of heat from ORC is removed to
the environment. This occurs mainly during the day from spring to autumn.
H – a generation of electricity using devices of ORC powered by thermal energy accumulated in the
accumulation deposit. The temperature level device driver for ORC depends on the temperature of the
deposit. If living space does not require heating the condensation of heat from ORC device is removed to the
environment. This occurs mainly during the night and during overcast day in the period from spring to
autumn.
2.3. Simulations of work
Until now numerical simulations which took into account the conditions of heat exchange on the various
elements of the thermal system have been carried out. Especially those conditions that would make the
thermal system work efficiently in the climatic conditions of Wroclaw. In the case of deposits its size,
density and specific heat of granite, its relative filling volume of the deposit, the conditions of heat transfer
from the air, the thickness and thermal conductivity of thermal insulation were included. To protect the
deposit and insulation against damages a maximum level of the deposit temperature (400° C) was
established. In the case of the collector the geometry of its free movement was included as well as the size of
the mirror, its degree of concentration and reflection coefficient. The process of absorption of solar radiation
took into account the factor of the glass gallery transmittance, glass covers the absorber vacuum and the
emissivity of the outer surface of the ribs and the degree and rate of penetration of heat into the air inside the
pipe. The heat exchange between the deposit and the living space resulted from the previously described
isolation of deposits, similarly the heat loss from the deposit to the ground under the building was taken into
consideration. The heat load of the heating system resulting from the loss of heat insulation of building
partitions and ventilation of living conditions are described as linear terms of the instantaneous temperature
difference. Only the nominal heating capacity for outside temperature of 0 ° C was defined, while for other
values of ambient heating capacity was calculated as proportional to the temperature difference.
Simulation results for operating deposits on an annual basis and for various values of heat loads are shown
on Figure 4. The obtained results demonstrate the merits of conducting further research on an innovative
system that will completely cover the energy needs of residents.
The size of the elements of the system such as the deposit and a solar collector depends on the assumed
intensity of the building and the same parameters of their work. While considering such low-energy house,
depending on the degree of concentration of the collector optical system, we can calculate the length of the
side of deposits and the mirror size (Tab. 1).
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Fig. 4: The graph with the course of temperature changes in accumulation deposit, depending on the heat load

Detailed assumptions used to simulate are as follows: a nominal capacity of about 2.5 kW at an ambient
temperature 0° C (that is about 80 kWh/m2year), an usable building ok.180m2, 1m insulation of deposits, a
concentrating linearly collector with a mirror inclined 60 ° from level with a single axis of rotation.
Tab. 1: The size of the system components depending on the degree of concentration

The degree of concentration of
the collector mirror

The side of deposits

The size of the mirror

m

m2

40

3.2

12

60

2.7

8

80

2.2

4

The graph below (Fig.4) shows the temperature distribution in the deposit throughout the year, taking into
account the information contained in Table 1. The higher degree of mirror concentration, the longer is the
term of the maximum temperature presence in the accumulation deposit.

Fig. 5: Changes in the deposit temperature for the annual cycle of solar collectors with varying degrees of concentration

2.4. Characteristics of a deposit
The most important value which characterizes the size of the heat accumulator in the form of granite deposit
is its thermal set of characteristic features. A Sample isobaric cooling process of the deposit is shown
schematically on Figure 2.
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Fig. 5: Isobaric cooling process of the deposit (Kolasiński, 2010)

Cooling curve can have different forms and is conditioned by the heat exchange, the intensity of cooling,
external conditions as well as a load.
By analysing the curve and dividing the temperature axis into sections of equal ∆T it is possible to build
thermal characteristics of heat sources in the form of a histogram. The histogram for the process of Figure 5
is shown in Figure 3.

Fig. 6: Histogram of the cooling deposit (Kolasiński, 2010)

The histogram provides an analysis of the possible amount of heat which can be obtained from the deposit by
cooling it by a given temperature difference ∆T. This value can be determined by the equation (Kolasiński,
2010):

Q p (T ,To ) = I (T ) − I (To ) = m i (T ) − i (To ) 

(eq. 1)

The deposit thermal capacity is very helpful in determining the size of it. For solids, the influence on their
heat capacity have: a field of temperature, overall dimensions of a body, density and specific heat capacity
defined as cp. The heat capacity dependence for a case of isobaric cooling of a solid at temperatures Tn and
Tn+1 can be determined as:

dC ( n, n + 1) = dm ⋅ c p (T )

Tn+1
Tn

(eq. 2)

The amount of heat recovered can be determined from the relation:
T

Q = ∫ C ⋅ dT

(eq. 3)

To

According to the authors this seems the best way of possible use of heat accumulated in the deposit to cover
all energy needs of potential customers. In order to carry out such energy conversion processes, it is
necessary to propose a dedicated hybrid energy conversion system. It combines in its design: heat
exchangers, an air-conditioning system and a generator system. This system will be discussed in greater
details later.
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3. An ORC generator for a solar house
There are different ways of producing electrical energy from the sun (Trieb et al., 1997; Mills, 2004) which
include, among others photovoltaic and solar thermal systems with a Stirling engine, with Peltier modules, or
with Rankine cycles. For the proposed system, the best seems to be a generator of ORC by virtue of
temperatures possible to obtain within one year during the discharge of the deposit. The literature on the
subject mentions such heat sources that supply the ORC system as biomass (Obernberger et al., 2002), waste
heat (Hung et al., 1997), geothermal water (Saleh et al., 2007), various systems associated e.g. with biodiesel
(Kane et al., 2003) as well as flat (Wang et al., 2010; Wang et al., 2010) and focused (Jing et al., 2010) solar
collectors. Plans for adding the electricity generators to existing solar systems occur during the analysis of
larger objects such as hospitals (Bizzarri and Morini, 2006), dairies (Schnitzer et al., 2007) or greenhouses
(Sonneveld et al., 2010).
Depending on the heat source and the specificity of a given system a detailed analysis is carried out and only
relevant factors are taken into account (Desai and Bandyopadhyay, 2009), other factors, for example, for the
solar desalination of water (Delgado-Torres and García-Rodríguez, 2010; Kosmadakis et al., 2009) and for
the geothermal system (Saleh et al., 2007).
3.1. Factor selection
One of the most important issues related to the design of ORC systems is the selection of the working
medium. A wide range of modern low-boiling factors can be found currently on the market, which the
shortened list is shown in Table 2.
Tab. 2: Some potential factors of operating ORC systems

Chemical name

Chemical
formula

Trade
name

Molar
mass

Boiling
temperature
at
atmospheric
pressure

-

-

-

g/mol

K

kJ/kg

1

n-Butane

C4H10

R600

58.1

272.6

383.8

2

Isobutane

C4H10

R600a

58.1

261.3

328.4

3

1,1,1,3,3-Pentafluorbuthane

CF3CH2CF2CH3

R365mfc

148.1

314.5

200.8

4

1,1,1,2-Tetrafluorpenthane

CH2F-CF3

R134a

102.0

248.0

215.5

5

1,1,1,3,3-Pentafluorpropane

CHF2CH2CF3

R245fa

134.1

288.4

208.5

6

1,1,2,2,3- Pentafluorpropane

CHF2CF2CH2F

R245ca

134.1

298.2

217.8

7

Dichlorotrifluorethane

CHCl2CF3

R123

152.9

301.0

171.5

8

2-Chloro-1,2,2,2Tetrafluorethane

CF3CHClF

R124

136.5

261.2

146.5

9

1,2-Dichlorotetrafluorethane

C2Cl2F4

R114

170.9

276.7

136.2

10

1,1,2-Trichloro-1,2,2Trifluorethane

CCl2FCClF2

R113

187.0

320.4

143.9

11

-

CF3CH2CF2CH3

SES 36

184.5

308.8

129.3

No.

Heat of
evaporation

The most important issues related to the choice of the working medium are:
• the character, type and the temperature of the upper heat source,
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• thermodynamics parameters,
• chemical stability,
• impact on the structural elements,
• toxicity,
• ozone depletion potential ODP,
• warming potential GWP,
• ability to penetrate the vapour refrigerant through the cracks.
The nature of the work has an impact on the most important parameters of the system, including its
efficiency.
The method of selection of the working medium to the heat and energy conversion system, and its related
issues are presented in detail in (Kolasiński P., 2010) and (Gnutek Z. et al., 2009).
For the proposed further in the article the ORC system cooperating with granite deposit a potential working
medium can be: SES36, R123, R113 and R245fa. The most appropriate of these seems to be R245fa. This
choice is dictated by both the thermodynamic parameters of this factor as well as the safety of residents. This
factor indeed has a relatively low pressure in the temperature range that interested the authors, because it has
a low penetration ability, and does not form explosive mixtures with air (BOC GASES, 2011).
3.2. The ORC systems cooperating with the house solar energy system
A proposed technical configuration of the ORC system is presented on Figure 7.

Fig. 7: The ORC system cooperating with the house solar energy system: 1 – thermal storage deposit, 2 – evaporator, 3 –
central heating system, 4 – hot air fan, 5 – volumetric vane expander with power generator, 6 – condenser, 7 – liquid working
substance reservoir, 8 – vane pump, 9 – hot water storage, 10 – water pump

In this arrangement, cooling of the deposit is forced by the air fan (4). Hot air is directed to the countercurrent heat exchanger with filling (2) forming ORC evaporator system, which cools, giving both heat lowboiling working medium. The chilled air is directed to the heating system (3).
The liquid working medium ORC system - R245fa is taken from the tank (7) and through the pump blade (8)
is pumped into evaporator (2), where the evaporation occurs during isobaric transformations. Then vapour is
directed to the expansion machine (5) connected through magnetic coupling with 230V/60Hz power
generator that could provide coverage for residents of the demand for electricity during all year. In order to
minimize the dimensions of energy, the conversion system seems to be a deliberate application of expansion
vane volume machines. They are characterized by small size in relation to the power and low noise
emissions. The working medium, after work in expander, is directed to a counter-plate condenser (6) watercooled with hot water tank (9), where after the condensation it flows into the tank (7).
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4. Summary
Buildings’ thermal systems powered by solar energy use usually flat solar collectors and thus their working
medium reaches a relatively low temperature. Although they are sufficient for heating and preparation of
domestic hot water, they are not conducive to long-term accumulation, which would satisfy the needs of
thermal comfort also on cloudy days or in the winter.
According to numerical simulations, the authors proposed a system with high-temperature concentrating
solar collector and accumulation of heat in the deposit of granite - that would ensure energy self-sufficiency
of single-family home residents in Polish climatic conditions. It would allow for the production of electricity,
air conditioning in the summer and air heating in the winter.
Both for traditional buildings and energy efficient houses, obtained temperatures change according to a type
of a working medium of the concentrating solar collector. It also affects the size of accumulation and
therefore the entire architectural structure of the object.
The proposed system of the production of electricity with generator ORC, because of the required
parameters, should fully cover the needs of residents of the building and therefore provide them with energy
self-sufficiency. This opens up the possibility of using this type of solutions for the construction of buildings
in areas without access to the media.
The next step to verify the concept of an autonomous house will be annual experimental studies of the set-up
built in scale that will be started on next month. It is also planned to draw up detailed histograms for the fullsize object and make the cost benefits be analyzed in depth.
Acknowledgement
Fellowship
co-financed
by
European
Union
Thanks for Center for Energy Technologies in Świdnica.

within

European

Social

Fund.

References
Abbud I.A., Lof G.O.G., Hittle D.C., 1995. Simulation of solar air heating at constant temperature. Solar
Energy. 54, 75-83
Belusko M., Saman 1 W., Bruno F., 2004. Roof integrated solar heating system with glazed collector. Solar
Energy. 76 61–69
Bizzarri G., Morini G. L., 2006. New technologies for an effective energy retrofit of hospitals, Applied
Thermal Engineering. 26, 161–169
BOC
GASES,
R245fa
Safety
Data
http://www.bocsds.com/uk/sds/special/R245fa.pdf (10.08.2011)

Sheet,

electronic

document,

Chen Y., Galal K., Athienitis A.K., 2010. Modeling, design and thermal performance of a BIPV/T system
thermally coupled with a ventilated concrete slab in a low energy solar house: Part 2, ventilated concrete
slab. Solar Energy. 84, 1908–1919
Delgado-Torres A. M., García-Rodríguez L., 2010. Analysis and optimization of the low-temperature solar
organic Rankine cycle (ORC). Energy Conversion and Management. 51, 2846–2856
Desai N. B., Bandyopadhyay S., 2009. Process integration of organic Rankine cycle. Energy. 34, 1674–1686
Gnutek Z., Kolasiński P., Pomorski M., 2009. Influence of the type of working substance and its
thermodynamic parameters for selection of sliding vane expanders. Archives of Thermodynamics. Vol. 30,
No. 4
Hui L., Edem N. K., Nolwenn L. P., Lingai L., 2011. Evaluation of a seasonal storage system of solar energy
for house heating using different absorption couples. Energy Conversion and Management. 52, 2427–2436
Hung T.C., Shai T.Y., Wang S.K., 1997. A review of Organic Rankine Cycles (ORCs) for the recovery of
low-grade waste heat. Energy. Vol. 22, No.7, 661-667

2659

Jing L., Gang P., Jie J., 2010. Optimization of low temperature solar thermal electric generation with Organic
Rankine Cycle in different areas, Applied Energy. 87, 3355–3365
Joudi K.A., Dhaidan N. S., 2001. Application of solar assisted heating and desiccant cooling systems for a
domestic building. Energy Conversion and Management. 42, 995-1022
Kane M., Larrain D., Favrat D., Allani Y., 2003. Small hybrid solar power system. Energy. 28, 1427–1443
Kasperski J., Nemś M., 2008. Sezonowa praca systemów klimatyzacji i ogrzewania zasilanych energią
słoneczną akumulowaną w złożu ceramicznym. Chłodnictwo & Klimatyzacja. R. 13, nr 4, 100-102, 104-106
Kasperski J., Nemś M., 2008. System ogrzewczy domu jednorodzinnego wykorzystujący energię słoneczną
akumulowaną w złożu ceramicznym w cyklu całorocznym: model matematyczny i wyniki wstępne.
Ciepłownictwo Ogrzewnictwo Wentylacja. R. 39, nr 5, 23-27
Kasperski J., Nemś M., 2008. Wybrane parametry pracy suchego złoża akumulacyjnego w systemie
grzewczym budynku na obszarze Dolnego Śląska. Termodynamika w nauce i gospodarce. T. 1.: Oficyna
Wydawnicza Politechniki Wrocławskiej. 508-515
Kolasiński P., 2010. Thermodynamics of energy conversion systems with variable ammount of working
substance. PhD Thesis. Wroclaw University of Technology
Kosmadakis G., Manolakos D., Kyritsis S., Papadakis G., 2009. Comparative thermodynamic study of
refrigerants to select the best for use in the high-temperature stage of a two-stage organic Rankine cycle for
RO desalination. Desalination. 243, 74–94
Leckner M., Zmeureanu R., 2011. Life cycle cost and energy analysis of a Net Zero Energy House with solar
combisystem. Applied Energy. 88, 232–241
Lundh M., Dalenback J.O., 2008. Swedish solar heated residential area with seasonal storage in rock: Initial
evaluation. Renewable Energy. 33, 703–711
Mills D., 2004. Advances in solar thermal electricity technology. Solar Energy. 76, 19–31
Obernberger I., Thonhofer P., Reisenhofer E., 2002. Descryption and evaluation of the new 1,000 kWel ORC
process integrates in the biomass CHP plant, Austria, Euroheat&Power. Vol. 10/2002
Saleh B., Koglbauer G., Wendland M., Fischer J., 2007. Working fluids for low-temperature organic
Rankine cycles. Energy. 32, 1210–1221
Schmidt T., Mangold D., Muller-Steinhagen H., 2004. Central solar heating plants with seasonal storage in
Germany. Solar Energy. 76, 165–174
Schnitzer H., Brunner C., Gwehenberger G., 2007. Minimizing greenhouse gas emissions through the
application of solar thermal energy in industrial processes. Journal of Cleaner Production. 15, 1271-1286
Sonneveld P.J., Swinkels G.L.A.M., Bot G.P.A., Flamand G., 2010. Feasibility study for combining cooling
and high grade energy production in a solar greenhouse. Biosystems engineering. 105, 51 – 58
Tan M., 1997. Opposite sunspaces passive solar air heating system. Solar Energy. Vol.60, Nos. 3/4, 127-134
Trieb F., Langniß O., Klaiß H., 1997. Solar electricity generation – a comparative view of technologies, costs
and environmental impact. Solar Energy. Vol.59, Nos. 1-3, 89-99
Wang X.D., Zhao L., Wang J.L., Zhang W.Z., Zhao X.Z., Wu W., 2010. Performance evaluation of a lowtemperature solar Rankine cycle system utilizing R245fa. Solar Energy. 84, 353–364
Wang J.L., Zhao L., Wang X.D., 2010. A comparative study of pure and zeotropic mixtures in lowtemperature solar Rankine cycle. Applied Energy. 87, 3366–3373
Zhai X.Q., Wang R.Z., Dai Y.J., Wu J.Y., Ma Q., 2008. Experience on integration of solar thermal
technologies with green buildings. Renewable Energy. 33, 1904–1910

2660

STUDY OF THE PERFORMANCE OF GREENHOUSE WITH SHORT
TERM HEAT STORAGE AND NIGHT INSULATION
K.A.Samiev, J.S.Akhatov
Physical-Technical Institute, SPA “Physics-Sun”, 100084-Tashkent, Uzbekistan.
Tel: (+998)71-2354242; E-mail: jahatov@gmail.com

1. Introduction
The optimal air temperature inside the greenhouse is 18-25°C. The main surface of the greenhouse
bulk is light translucent enclosures, which have low thermal resistance, so for obtaining desired temperature
in the greenhouse required more heat, than other types of buildings. Location of Uzbekistan is convenient to
use solar energy to provide the required level of temperature in the greenhouse.
The air temperature inside the greenhouse depends on many factors, such as ambient temperature,
intensity of the incident solar radiation, greenhouse orientation, angles of slopes, materials of enclosures and
etc. Fluctuation of air temperature inside the greenhouse with large amplitudes is negative influence for plant
growth. One of solutions of the problem is accumulation of heat (thermal energy) during the day and using it
at night. In this case it is required to determine and optimize the location and quantity of heat storage.
In this work presented some results of investigations of thermal properties of greenhouse with shortterm heat storage, which placed in front of the object with night insulation covering. Developed
mathematical model of dynamic thermal mode of the system and corresponding experiments in Bukhara
Province, Uzbekistan (39.1 o latitude).
2. Greenhouse
Principal scheme of experimental greenhouse is presented in Fig.1. The inclination to horizon of
lower (short) southern light transparent slope with length 1.7m is 54°, upper ones with length 4.5m is 30°,
and northern thermal insulation slope with length 1.8 m is 45°. The width and length of the greenhouse are
respectively 7m and 8m.

Fig.1. Principal Scheme of greenhouse:
1-ground; 2-northern wall; 3-thermal insulation slope; 4-thermal insulation cover; 5 and 6-upper and lower slopes; 7-short term heat
storage (polyester tanks).

Placing of heat storages on front parts of greenhouse enables to accumulate of surplus heat and using
of thermal insulation cover at night prevents sharply falling of the air temperature inside of greenhouse. The
general volume of short-term heat storage is 0.4 m3 which consists from 400 polyester tanks (the volume of
each is 1l). As a light transparent enclosure of greenhouse used double-layer polyethylene films with air
layer (thickness 5sm) between of them, and as a thermal insulation cover material used a tarpaulin at night
time and cloudy days.
3. Mathematical Description
For the determination of rational volumetric-planning and constructive decisions of small scale
greenhouses and for the developing of the real temperature mode of their internal air under different changes
of parameters of surrounding ambiences offered mathematical model of dynamic thermal mode of
greenhouse proposed type.
In developing of the proposed mathematical model of the greenhouse accepted following assumptions:
- the thermal inertia of the transparent enclosure is neglected;
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- heat flows through the enclosures are one-dimensional;
- air temperature at any given time is the same throughout the volume of the greenhouse;
- thermal properties of materials layer enclosures are not dependent on temperature;
- the temperature of 1m soil depth (Tgr) is equal to the average soil temperature at a depth of 1m.
The thermal balance equations for each volumes and elements of greenhouse are as following:
-for an air inside of greenhouse
n
m
n
dT
ma ca a   hc Аs i Ts i  Ta    hc Аw  j  Tw  j  Ta   hc Аgr Tgr  Ta   hc Аst Tst  Ta    a  As q i (1)


d i 1
j 1
i 1
- for inner layer of double-layer light transparent enclosure
dTp1
(2)
mp cp
 hc Аp1 Ta  Tp1   hr Аp1 Tp 2  Tp1   hc Аp1 Tp 2  Tp1     p1 Аp1q
d
- for outer layer of double-layer light transparent enclosure
dT
(3)
m p c p p 2  hc Аp 2  Tо  Tp 2   hr Аp 2  Tp1  Tp 2   hc Аp 2 Tp1  Tp 2     p 2 Аp 2 q
d
- for short-term water heat storage
dT
(4)
mst cst st  hc Аst Ta  Tst     st Аst q
d
-for northern wall
dT
(5)
С1 1 x1 w  hc Ta  Tw   Rin Tav  Tw    w q
d
dT
(6)
С2  2  x2  x1  av  Rin Tw  Tav   Rout Tout  Tav 
d
dT
(7)
С3 3  x3  x2  out  hc  Tо  Tout   hr Tsky  Tout  Rout Tav  Tout    w q
d
where,



1



 x3  x2 x2  x1 
x x x 

Rin   1  2 1  , Rout  

2  k2 
2  k2 
 k1
 k1

1

(8)

Thermal-physical properties of multilayer wall could be determined as following:
C1 , 1 , k1

C  x  ,   x  , k  x   C2 ,  2 , k2
C ,  , k
 3 3 3

when 0  x  x1
when x1  x  x2

(9)

when x2  x  x3

For the rest elements of system (southern, eastern and western walls, ground-soil) thermal balance
equations would be similar to (5)-(9).
Daily change of total solar radiation incident on the surface of the translucent enclosure and the outer
part of the enclosures (walls) of greenhouse are determined by the method, which described in [1]. The
effective coefficients of reflection, absorption and transmission translucent enclosure defined in accordance
with the method, which described in [2]. Heat transfer coefficients at the soil surface, light transparent
enclosures and walls are defined in accordance with the expressions given in [1].
For determination of balance equations for each elements of greenhouse used method of control
volumes with using of Gauss-Zeidell iteration method, since coefficients of heat transfer on the surfaces of
floor, light transparent enclosure and walls depends on their temperature. The calculations have been done by
using of MathCAD-2001 Pro. Maximum allowed inaccuracy in all calculations is 10-4, and the step on time
t = 2min. For determination of the dependencies of thermal-physical characteristics of an air and water on
temperature method of interpolation is used.
4. Results
Fig.3 shows the daily changes of surface flux densities of the total incident solar radiation on the
surface of down (1) upper (2), insulated (3) slopes, Northern (4), Western (5) and Eastern (6) walls of
greenhouse under clear weather.
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Fig.3. Daily changes of surface flux densities of the
total solar radiation: the incident on the surface of the lower
(1) upper (2), insulated (3) slopes, Northern (4), Western (5)
and Eastern (6) walls of greenhouse under clear weather.

Fig.4. Daily changes of entering flux of the total solar
radiation: 1,2 – respectively, through lower and upper light
transparent slopes; 3,4 – respectively, through light transparent
part of Western and Eastern walls.

In Fig.5 and Fig.6 presented the comparison of calculated and experimental values of daily changes of
air temperature in greenhouse and short-term water heat storage, depending on the type of weather.
As can be seen from the graphs in Fig.5, in clear weather for three consecutive days when the
maximum value of the total flux of solar radiation to horizontal surface  q  425 W/m2 and ambient
temperature ranges from 0 to 20 °C, maximum temperature of water in the elements of a short-term heat
storage  Tst  reaches up to 65-70 °C, an air temperature Ta  inside of greenhouse ranges from 15 to 34 °C.
Fig.5 also shows that the experimental data agree well with the numerical results.

Fig.5. Daily changes of temperatures: the environment (1),
air inside of greenhouse (2), water in the heat storage (3) and
surface flux density of the incident total solar radiation to
horizontal surface (4) in clear weather

Fig.6. Daily changes of temperatures: the environment
(1), air inside of greenhouse (2), water in the heat storage (3)
and surface flux density of the incident total solar radiation
to horizontal surface (4) in cloudy weather

5. Conclusion
As can be seen from the results above, developed mathematical model agreed well with experimental
data. Placing heat storages in front of a greenhouse allows accumulating more heat. Night-time use of
thermal protection prevents sharp drop in air temperature inside the greenhouse.
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1. Introduction
Energy efficiency and energy consumption management inside of buildings are topics which are currently
receiving a great interest, where companies and research centres are putting special attention. (Kolokotsa et
al., 2000). According to a recent study, energy consumption in buildings represents about 40% of total world
energy consumption, more than half used by HVAC (Heating, Ventilating and Air Conditioning) systems,
(Yang et al., 2003). For this reason, appropriate control strategies on HVAC systems which must be able to
provide comfortable environments from a thermal, visual, and indoor-air quality points of view, are desirable
in order to minimize HVAC energy consumption (Hernández, 2000).
In (Castilla et al., 2011) a comparison among several control strategies in order to maintain users’ thermal
comfort was performed. This work presents a more deeper study about the best control strategy obtained
from (Castilla et al., 2011), that is, a classical Model Predictive Control (MPC) strategy, which allows to
obtain a high thermal comfort level taking into account energy costs. Therefore, the main goal of this work is
to choose an appropriate cost function for the MPC controller, achieving a tradeoff between the use of the
HVAC system and users’ thermal comfort for a long period of time (summer), even with extreme climate
conditions.
Several cost functions for the MPC are tested in order to choose the most appropriated one. These cost
functions have been specifically developed according energy reduction and zero PMV (Predicted Mean
Vote) objectives. Finally, the advanced controllers has been tested in an existing building at the University of
Almería, the energy research centre CDdI-CIESOL-ARFRISOL, although the results obtained with this
control system can be extrapolated to any building with a suitable sensors network and a HVAC system.
2. Case study description
The experiences described in this work have been carried out in the building CDdI-CIESOL-ARFRISOL
(Fig. 1). This building has two plants with a total surface of 1071.91 m2 and it is located inside the Campus
of the University of Almería (South-Eastern of Spain). This research centre contains a HVAC based on solar
energy use by one stage absorption cooling machine (Pasamontes et al., 2009). Overall building energy
performance is being monitored having some of its rooms (Fig. 2) specifically dedicated to the study of
comfort conditions and to the study of additional actuation capabilities (Ferre et al., 2009).There is a
meteorological station placed on the roof of the building, which is monitoring outside temperature, relative
humidity, CO2 level, solar radiation, and wind speed and direction.
The CDdI-CIESOL-ARFRISOL building is one of the five buildings (CDdI: “Research – demonstrator
collector”) studied in the project ARFRISOL (http://www.arfrisol.es), which is a singular strategic project of
the Spanish R&D plan 2004-2011 financed by EU-ERDF funds and by the Spanish Ministry of Science and
Innovation (MICINN). This project is headed by the Energy Efficiency Unit of CIEMAT and relies on the
participation of research centres such as CIEMAT, the University of Almería or the University of Oviedo,
the most important Spanish construction companies, and some of the Spanish solar technological companies.
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Fig. 1: Outdoor CDdI-CIESOL-ARFRISOL building

Fig. 2: Sensors and actuators in a typical office
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The five CDdIs studied within this project are located in Spain, at the University of Almería (South-East),
Plataforma Solar de Almería (South-East), in CIEMAT-Madrid (Center), in Barredo-Asturias Foundation
(North-West), and in CEDER-CIEMAT-Soria (North-East), respectively. Among other objectives, this
project aims to establish a network of building being monitored under common and standardised
specifications and to provide suitable building and climatic operation data sets for the elaboration of energy
performance assessment procedures (Jiménez et al., 2010; Jiménez et al., 2011).
3. Thermal comfort
In accordance with the most part of international standards, such as (ISO 7730, 1994) and (ashrae55, 1992),
thermal comfort can be defined as: “That condition of mind which expresses satisfaction with the thermal
environment” (Fanger, 1973). This definition emphasizes that comfort is a cognitive process influenced by
several kind of processes, i.e: physical, physiological or even psychological (Ashrae, 2009).
The estimation procedure of comfort conditions in a certain environment have been studied by many authors
(Dear and Brager, 2001; Hoof, 2008; Orosa, 2009; Sherman, 1985; Wan et al., 2009). However, the most
used index is the PMV (Predicted Mean Vote), which predicts the mean response about thermal sensation of
a large group of people exposed to certain thermal conditions for a long time (IDAE, 2007). The value of
this index is a seven-point thermal sensation scale that is shown in Tab. 1. Besides, to ensure thermal comfort
conditions in a certain environment, different standards recommend to maintain the PMV index value at level
0 with a tolerance of ±0.5 (Liang and Du, 2005).
Tab. 1: Thermal sensation scale

PMV index value

Sensation

+3

Hot

+2

Warm

+1

Slightly warm

±0

Neutral

-1

Slightly cool

-2

Cool

-3

Cold

PMV is defined by six variables that are shown in Tab. 2. The most part of these variables can be obtained in
a simple way by means of specific sensors (Tse and Chan, 2008). However, clothing insulation and
metabolic rate are not estimated variables, that is, they are determined by the user situation when PMV index
is estimated. Thus, if this situation is known, the values of these variables can be found in different standards
(Ashrae55, 1992; ISO 7730, 1994).
Tab. 2: Variables which define PMV index

Parameter

Symbol

Range

Unit

Metabolic rate

M

0.8 – 4

met, (W·m-2)*

Clothing insulation

Icl

0–2

clo, (m2·ºC·W-1)**

Air temperature

yT, (ta)

10 – 30

ºC

Mean radiant temperature

tr

10 – 40

ºC

Air velocity

va

0–1

m·s-1

Relative humidity

yRH

30 – 70

%

2

* 1 met = 58.15 W/m
** 1 clo = 0.155 m2ºC/W
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Furthermore, human thermal sensation is strongly related with the thermal balance of the body, considering
this a whole entity, where the human body is in a heat balance situation, for example, the heat produced by
metabolism must be equal to the amount of heat lost by the human body. Thus, when the human body is in
this balance situation, he/she is in ideal conditions of comfort and the PMV index is equal to 0 (IDAE, 2007).
The PMV index can be estimated according to this balance and the six previous variables just as (eq. 1).

y PMV = [0.303 exp( −0.036 M ) + 0.028 ] ⋅ L

(eq . 1)

L = ( M − Q ) − 0.0014 ⋅ M ⋅ (34 − yT ) − 3.05 ⋅10 −3 ⋅ [5733 − 6.99 ⋅ ( M − Q ) − p a ] − 0.42 ⋅ ( M − Q − 58 .15)
− 1.72 ⋅10 − 5 ⋅ M ⋅ (5867 − p a ) − 39 .6 ⋅10 − 9 ⋅ f cl ⋅ [(t cl + 273) 4 − (t r + 273) 4 ] − f cl ⋅ hc ⋅ (t cl − yT )

(eq. 2)

where
•

Q: external work [W·m-2], that is, the developed work performed by muscles doing a certain task.

•

yT: air temperature [ºC].

• pa: partial water vapour pressure in the air [Pa]. Relative humidity, yHR, is the relation, expressed in
percentage, between partial water vapor pressure in the air and saturated water vapor pressure from a
temperature.
•

tcl: clothing surface temperature [ºC].

•

hc: convective heat transfer coefficient [m2·ºC·W-1].

•

Icl: clothing insulation [m2·ºC·W-1].

•

fcl: clothing area factor [–].

•

va: air velocity [m·s-1]

In previous equations, L is the thermal load in the human body [W·m-2], defined as the difference between
the internal heat production and the heat lost which occurs when the person is in a thermal situation, and M is
the metabolic rate [W·m-2]. The procedure to estimate PMV index and the tcl, hc and fcl variables is widely
described in (Castilla et al., 2010b, 2011).
4. Control system architecture
In (Castilla et al., 2010a) several comfort analyses of CdDI-CIESOL-ARFRISOL building were done. In
accordance with these analyses, it has been concluded that it is necessary to develop a specific control
system, which allows to obtain a tradeoff between HVAC system energy consumption and users’ thermal
comfort. More specifically, the system developed in this work consists in a classical Model-based Predictive
Control (MPC) architecture (Castilla et al., 2010b). The main control objective is to maintain users’ thermal
comfort inside the comfort zone defined by the PMV index, (eq. 1).
To the development of this control system, it has considered that there is only one actuator available inside
the CdDI-CIESOL-ARFRISOL building to control thermal comfort, the HVAC system based on solar
cooling (Pasamontes et al., 2009). The HVAC system is characterized by having two operation modes:
summer and winter. For each of them, a nominal linearized model around an operation point, which
represents air temperature dynamics (ºC) as a function of fan-coil velocity (%), has been obtained by means
of classical identification techniques (Rivera and Jun, 2000). Moreover, to identify the models associated
with each operation mode of HVAC system (summer and winter) Pseudo-Random Binary Signals (PRBS)
were used. In (eq. 3), the continuous-time transfer functions in the Laplace variable s of these linearized
models are shown:
G(s) =

YT (s)
U(s)

=

k
τs+1

;

summer
winter:

k = -0.037, τ=41.67
k = -0.0755, τ=44.17

where the static gain of each model, k, is expressed in ºC/% and the time constant, , is in minutes. These
transfer functions relate the changes in the mass flow air supplied by the HVAC system with changes in the
indoor room temperature. Although, they are very simple Linear-Time Invariant (LTI) models, they have a
correct performance, in the sense that, different uncertainties associated with the process does not affect
system behaviour in closed loop. However, in future works, models based on first principles will be
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developed. Besides, these models will include external climate prediction models, since in this work,
disturbances have been considered as a constant equals to its actual value along temporal horizon defined in
the framework of the MPC algorithm.
This control system depends on the relations between PMV index and the indoor temperature (static
relationship (eq. 1 – 2)) and the indoor temperature with fan-coil velocity (discrete time versions of models
described by (eq. 3) using a sample time of Ts = 5 min).
4.1. Model-based Predictive Control (MPC)
Model-based Predictive Control is one of the most used techniques in comfort control (Castilla et al., 2011;
Donaisky et al., 2007; Freire et al., 2006; Freire et al., 2008). The importance of this technique lies in the use
of a model (of the system, the noises and the disturbances) to make predictions of the future outputs.
Furthermore, these predictions are included inside a cost function which establishes a relationship between
the close-loop behaviour of the system and the control effort. Subsequently, this cost function is minimized
taking into account the constraints of the problem. Finally, a receding horizon strategy is implemented, that
is, only the first control signal value obtained is applied to the system, and in the next sample time, new
measurements are obtained and the algorithm is repeated.
More specifically, in (Castilla et al., 2011), a comparison between a hierarchical and a classical Model
Predictive Control strategy is done. The main objective of that work was to obtain the strategy with a better
behaviour inside the CDdI-CIESOL-ARFRISOL building during a short period of time and with not very
extreme climate, the month of September. The results showed that the best result was obtained with a
classical Model Predictive Control. Therefore, in this work, that strategy is applied for a long period of time
(summer) with the purpose of demonstrating that it is capable to maintain thermal comfort even with extreme
climate conditions, since Almería (the place where the CDdI-CIESOL-ARFRISOL building is located) is
characterized by having a Mediterranean arid climate with a maximum mean temperature during summer
around 31 ºC.

Fig. 3: Classical predictive control system architecture

This strategy has been tested inside the CdDI-CIESOL-ARFRISOL building, where two different cost
functions have been used, see Fig. 3. Therefore, the optimization problem is represented by (eq. 4), and the
two cost functions by (eq. 5) and (eq. 6).
u= minu Jk{1,2}

(eq. 4)

where
Jk1 =

N-1
2
j=0 yPMV (k+j|k) +λ

Jk2 =

N-1
j=0 (w(k+j|k)

N-1
2
j=0 u(k+j|k)

– yT (k+j|k )2 +λ

(eq. 5)

N-1
2
j=0 u(k+j|k)

(eq. 6)
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In (eq. 4 – 6), N is the prediction horizon, λ is a weighting factor, and yPMV(k+j|k), yT(k+j|k) and u(k+j|k) are
the predictions PMV index, indoor temperature, and control signal (fan-coil velocity) respectively, estimated
at sample time k+j with the information available at sample time k. Besides, w(k+j|k) is the future reference
estimated for the indoor temperature.
The first control law defined by (eq. 4) and (eq. 5) tries to find out the best future control sequence, u, which
is able to minimize the PMV index within the prediction horizon (in this case the PMV index reference in the
Fig. 3 is equal to zero, since it is the desired value). Notice that, at the same time, the cost associated with the
control action is penalized. Remember that, the first part of the cost function defined by (eq. 5) can be related
to the control action by means of the static non-linear relation between PMV index and the indoor
temperature, (eq. 1 – 2), and the discrete time version of the transfer functions (eq. 3) which relate indoor
temperature and fan-coil velocity.
In the second control law, (eq. 4) and (eq. 6), a two-step optimization algorithm is used. In a first stage, an
indoor temperature reference is estimated, w(k), through the resolution of a non-linear optimization problem
based on (eq. 1 – 2), where using the current climate variables, the problem is solved looking for a PMV
value equal to zero. Afterwards, an indoor temperature reference array of length N, w, is built with all its
elements equal to this value of indoor temperature, w(k). Then, in a second stage, the MPC strategy, based on
the cost function defined by (eq. 6) tries to minimize the future temperature tracking error, that is, it tries to
minimize the difference between the future estimated indoor temperature (yT) and the reference indoor
temperature (w). Furthermore, at the same time, the action control required to reach this reference indoor
temperature is penalized through the weighting factor λ. The main difference with the first control law is that,
in this case, the first part of the cost function (eq. 6) represents the error between reference indoor
temperature and the estimated indoor temperature, instead of the PMV index associated with the estimated
indoor temperature.
Besides, the optimization problem is subject to several system constraints given by (eq. 7) and (eq. 8). The
first constraint provides the lower limit (yTmin) and the upper limit (yTmax) of the output variable. The second
constraint makes reference to the physical constraints of the HVAC system, in other words, it takes the fancoil saturation [umin, umax] into account.
yT

min

≤ yT k+j k ≤ yT

max

umin ≤ u k+j k ≤ umax

j = 0,…,N-1
j = 0,…,N-1

(eq. 7)
(eq. 8)

Finally, independent of the selected cost function, problem (eq. 4) is solved as a MPC non-linear
optimization where a control action sequence, u, is calculated and only the first value of the obtained control
signal is applied to the system (receding horizon strategy). Then, in the next sample time, new measurements
are acquired and the algorithm is repeated.
4.2. Pulse Width Modulation of the continuous control signal
At each sample time the previous optimization algorithm provides a fan-coil velocity value that has to be
provided by the actuator (within the range 0 – 100%). However, the usual industrial fan-coils are
implemented through discrete on/off actions. Therefore, it is necessary to transform the computed fan-coil
velocity in such a way that the control action can be provided by means of the discrete actuator. The usual
way of doing this is through a PWM (Pulse Width Modulation) signal (Salsbury, 2002). In this case, the
PWM signal is characterized by having a cycle time, C, equals to five minutes, an internal sample time of a
second, a minimum time for which the control signal is equal to 100%, Ton = 5 min, and a minimum time for
which the control signal is equal to 0%, Toff = 2 min. Besides that, a neutral zone of 0.25 ºC has been defined
to avoid oscillations around the setpoint.
5. Results and discussion
The control strategy described in Section 4 has been implemented inside the CdDI-CIESOL-ARFRISOL
building during summer 2010. The different weighting coefficients (λ) have been selected to provide a
similar performance and the obtained results have been analyzed from a thermal comfort and energy
consumption points of view.
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More specifically, with the main objective of analyze the effect of the weighting coefficient in the system
behaviour and the associated costs, two different weighting coefficients have been determined for each
strategy. To compare the different strategies among them, it is necessary that each variable which affects
thermal comfort is the same in different tests including the number of people inside the room. However, it is
almost impossible to find different days with identical conditions, since these variables are not controllable.
The room selected for the tests is located on the second floor of the CdDI-CIESOL-ARFRISOL building,
and it is characterized by having North orientation, a total surface of 27.78 m2 and a typical number of
occupants equal to five. Thus, apart from real tests, a typical day from the analyzed period, which is shown
in Fig. 4, has been chosen to compare different strategies through simulations. On the other hand, in these
simulations, indoor air velocity has been considered as a constant and equivalent to that achieved when the
HVAC system is operating, and also that the room being studied has five occupants during the tests.

Fig. 4: Climate variables of the typical day

Therefore, several simulations have been carried out during a typical day in order to estimate equivalent
weighting coefficients based on a comparison criterion: the Integral Square Error (ISE) criterion. In (eq. 9)
its mathematical formulation can be observed, where e(t) is the error between the real and the simulated
responses.
ISE=

∞

0

e

2

dt

(eq. 9)
Tab. 3: Lambda (λ) choices as a function of ISE criterion

Strategy
(A): Jk1
(B): Jk2

Lambda (λ)

ISE Criterion

0.002

21.24

0.00355

33.53

0.005

20.20

0.014

33.06

Once the weighting coefficients have been determined, see Tab. 3, real test for each strategy with its
associated weighting coefficients have been realized inside the CdDI-CIESOL-ARFRISOL building. To be
able of compare these strategies among them, several tests have been performed looking for those days with
the most similar weather conditions. Notice that all the tests have been carried out with the same number of
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people inside the room (five people), although with several uncontrollable disturbances due to short
variations in this number. Real results from experiments performed in CdDI-CIESOL-ARFRISOL building
for each strategy can be observed in Figs. 5 – 6.
More specifically, the results of the real experiments figures can be divided in two parts: the left side
contains the results for the day in which the lower value of λ of each strategy has been used, while the right
side shows the results for the day in which the higher value of λ has been tested. Besides, each column shows
the PMV index evolution, the indoor, outdoor and mean radiant temperatures, the fan-coil velocity (control
signal), and the indoor relative humidity. A comparison among different strategies can be observed in Tab. 4.
This comparison is based on three performance indexes: (i) first index is useful to determine if the actuator is
over-actuated, since it expresses the mean number of changes in HVAC state (on/off) per hour, (ii) the
second index determines the percentage of time the actuator is used, and (iii) the third index shows the mean
energy consumption per hour associated with the use of the actuator.

Tab. 4: Summary of the results obtained for each strategy

Strategy
(A)
(B)

Lambda (λ)

Index 1*

Index 2**

Index 3***

0.002

124

53.18

69

0.00355

77

29.78

39

0.005

67

74.33

97

0.014

92

31.27

41

* Average number of changes per hour [–]
** Percentage of total time in which the HVAC system is connected [%]
*** Average energy consumption per hour [W]

Fig. 5: Real results using strategy (A)
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Fig. 6: Real results using strategy (B)

The results obtained for the strategy (A) are shown in Fig. 5 and the results for the strategy (B) are shown in
Fig. 6. As commented previously, these tests have been performed along summer. Furthermore, in both
strategies, the tests performed with a lower value of lambda were realized in the month of July, and the tests
with a higher value of lambda were realized in September. Therefore, as a function of the commented before,
and according to the ISE criterion, see Tab. 3, comparisons between strategy (A) with weighting coefficient
equals to 0.002 and strategy (B) with weighting coefficient equals to 0.005, and between strategy (A) with
weighting coefficient equals to 0.00355 and strategy (B) with weighting coefficient equals to 0.014, can be
established.
More specifically, the test associated with strategy (A) and weighting coefficient equals to 0.002 was
performed in the month of July, and as can be observed in the left side of Fig. 5, the initial PMV index value
was above the comfort zone defined by the PMV index. However, the developed control strategy achieved
that PMV index reaches a value almost equals to zero through the use of the fancoil. First, it is used at 100%
of its capacity for about thirty five minutes, and then its use is reduced to 50%.
On the other hand, the results of strategy (B) with weighting coefficient equals to 0.005, which are shown in
the left side of Fig. 6, were obtained in a too hot day in the month of July. As in the previous case, the initial
PMV index value was situated outside the comfort zone, specifically, above this zone. Therefore, the strategy
(B) tried to reach a PMV index value almost equals to zero, even although the fancoil was operating at 100%
of its capacity the most part of the test, it only achieved to reach a PMV index value equals to 0.2, which,
although it is not the optimal value, is inside the comfort zone.
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Finally, the other tests were performed during September, hence, in both of them, as can be observed in the
right side of Fig. 5 and Fig. 6, the initial value of PMV index was inside the comfort zone and approximately
only a 50% of total fancoil capacity had to be used in order to reach a PMV index value almost equal to zero.
Therefore, as it is shown in Fig. 5 and Fig. 6, all the performed tests, except strategy (B) with weighting
coefficient equals to 0.005, achieve an energy saving in the use of HVAC system in comparison with a
traditional HVAC system, which is used approximately at 100% of its capacity along this period of time.
To compare strategy (A) with weighting coefficient equals to 0.002 and strategy (B) with a λ value of 0.005,
it can be observed that under approximately similar conditions of number of occupants (five persons), indoor
temperature, relative humidity and an initial value of PMV index situated outside the comfort zone, the PMV
index is almost equal to zero with λ = 0.002, but in the case of strategy (B) with λ = 0.005 the PMV index is
approximately equal to 0.2, even although the use of the fan-coil is very high.
Just like the previous comparison, these tests have been performed under similar conditions of number of
occupants (five persons), indoor temperature, and relative humidity. Hence, the comparison between strategy
(A) with λ = 0.00355 and strategy (B) with λ = 0.014 show that both strategies reach a PMV index value
almost equal to zero. However, the time necessary to reach it is lower strategy (B), but it also has a greater
use of the fan-coil actuator.
On the other hand, if the results shown in Tab. 4 for each strategy are compared, it can be observed that the
strategy with lower mean energy consumption per hour is the strategy (A) with a weighting coefficient
equals to 0.00355. Nevertheless, it can be observed that this strategy has a greater average number of
changes per hour than strategy (B) with a weighting coefficient equals to 0.005. However, the previous
strategy has the greatest mean energy consumption. Therefore, after an exhaustive analysis of the results,
strategy (A) with a weighting coefficient equals to 0.00355 has been selected to use in future works. This
strategy is characterized by having the minimum use of the actuator and energy consumption per hour and
the second minimum mean number of changes. Besides, the existing difference between it and strategy (B)
with weighting coefficient equals to 0.005 (strategy with minimum mean number of changes per hour) is not
very significant in comparison to the other strategies.
6. Conclusions
In this work, several MPC controllers which provides a tradeoff between energy saving and users’ thermal
comfort has been presented. These advanced control techniques have been tested inside the CdDI-CIESOLARFRISOL building which is located in Almería, in the South-East of Spain. Almería is characterized by
having hot and dry summers, since the MPC controllers have been tested from July to September in such a
climate, it is possible to conclude that they are able to maintain users’ thermal comfort even with extreme
outside climate conditions. From the obtained results, it can be determined that the best strategy for the
system is a MPC controller with a weighting coefficient equals to 0.00355.
Future works are aimed to use a complete indoor building climate model, an external climate prediction
models and a people counting system in order to improve the current results. Finally, these results will be
integrated in a multi-objective hierarchical control system able to guarantee users’ comfort from a thermal,
visual and indoor-air quality point of view, and, at the same time, able to achieve the greatest energy saving.
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USING THE HEAT FROM THE WASTE WATER IN LOW ENERGY
BUILDING
Michal Kabrhel
Czech Technical University in Prague, Faculty of Civil Engineering, Department of Microenvironmental and
Building Services Engineering, Czech Republic

1. Introduction
Efficient use of energy sources is one of the most important current topics of technical building systems.
Result of the analysis energy consumption in buildings, especially energy-efficient buildings is that hot water
is one of the most energy demanding systems. While reduction of heat transmission loss is quite well feasible
by building insulation and ventilation heat losses using the energy recovery, reduce the energy consumption
of hot water is not easy (Fig.1).

Fig. 1: Energy consumption of residential building-typical building (left) and low energy building (right) (%)

The design value used for hot water system design considers the value 82 liter per persons and day in the
Czech Republic. Water temperature is 55 °C at the outlet of sanitary appliance. The characteristic pattern of
consumption of hot water with evening peak hours 17-21 h is used. Value 82 liter per persons and day is not
the real average value but agreed comfortable value. The real value of hot water consumption is the variable
each day of the week and throughout the year. Value is related to the generational distribution of users and
the number of users. Real consumption of hot water can be determined in existing building using measuring
equipment installed in the building or using an ultrasonic flow meter. The ultrasonic flow meter can be
installed without modification of existing installations. The average value is typically 50 l.(person.day)-1 if
more information is not available (Kabrhel 2008). Temperature of the hot water should be in the range 4560 °C for the final consumer with the possibility of short-term decrease in the peak time. The following
requirements must be guarantee at the time 6:00 to 10:00 p.m..

Methods of reducing energy consumption for hot water generation
Decrease of energy demand can be achieved by reducing the amount of hot water, reducing the temperature
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of hot water and using heat recovery system. Decrease of energy consumption for hot water generation is
possible by reducing water consumption and using renewable energy sources, especially solar energy.

Lowering hot water temperature
It is necessary to bacterial growth in hot water for the hygienic system of hot water prevent. Bacteria growth
can defend preventing stagnation of water in parts of the domestic hot water and disinfectant of hot water. It
is considered heat water above 60 °C for longer than 20 minutes for effective disinfection. The temperature
at the outlet of sanitary appliance is typically 55 °C. Temperature decreasing during peak demand is
admitted. The temperature of hot water cannot be easily changed, but must follow the requirements of
legislation. At the same time in many European countries is set the hot water outlet temperature to 60 °C.
The solution, which in energy terms was effective, is reducing water temperatures in systems without health
risk associated with the temperature by 5-10 °C. Reduce the temperature of the hot water is easy for local
system. At the same time usually heat losses from hot water system are heat gains into an interior (Kabrhel
2010). In the case of a central system is necessary to approach the problem individually, depending on
location of distribution, heat loss and hot water consumption.

Reducing amount of hot water
The average value of hot water consumption for residential buildings is very individual and varies with the
exclusion of extreme behaviour in the range of 30-90 l.(person.day)-1. Consumption relates to the degree of
comfort hot water delivery. The more comfortable systems are systems with higher water consumption. Hot
water consumption can be reduced by visible water meters installation. The most water is used for body
cleaning, showering represent typically consumption of 25 l, bathing in a tub consumption of 40 l at 55 °C.
Showering is energetically more favourable option and is also considered as a convenient system for body
washing. Shower time and quantity of consumed water depends on air temperature in the bath (24 °C
required), and user habits. It can be shown that in buildings for temporary accommodation (hotels, hostels)
water consumption is significantly higher as showering and body cleaning is used also for relaxation.
Circulation hot water in some residential buildings with central hot water preparation can reach 50 % of
energy use for water preparation. The circulation system is common in central European conditions in order
to avoid cooling water and prevent stagnation of water due to the system. For a number of objects is the
circulation used only in the morning and evening hours (Roubicek 2010).

The solar energy usage
The solar energy for hot water generation is the best use of the various types of renewable energy sources.
Thermal solar collectors allow capturing solar energy and heating the fluids to temperatures over 250 °C
(vacuum solar collectors).

Heat recovery water
Water temperature used especially for body wash is 30-45 °C and without energy recovery is drained away
from the building. The question is, if an effective portion of heat can be reused. Useful would be to transmit
some of the heat from waste water and pre-heated cold water to reduce energy consumption. Systems can be
considered as a certain analogy to the heat recovery system used within mechanical ventilation. Heat
recovery system from waste water can be solved on several levels and in different ways. The first option is
the simplest solution with local energy use hot water directly in the sanitary appliance. Furthermore, it is the
use of heat for a group of sanitary appliances either in apartment or in building. The most complicated
variant represents heat recovery is using heat pumps.
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Local flow heat recovery system
This method of heat recovery from waste water that flows through one or more sanitary appliances in the
apartment. Normal the flat equipment mainly shower, tub or sink comes in consideration (Fig. 2). The
technical principle is the use of waste water to preheat the cold water for a local hot water or for mixing in a
thermostatic tap (Fig.3). Present drain waste water and cold water supply is necessary. Bathtub using is not
so suitable. The system is also not very effective at the sink, because the amount of hot water used for
washing or cleaning is low and short time. The best sanitary appliance for this purpose is the shower.
Showering is now seen as the most hygienic body wash.

Fig. 2: Exchanger for placement under the shower bath (Sakal 2010)

Technical solutions for showers represent in this case a system where heat exchanger is installed in the
outflow of hot water from shower baths. Exchanger is placed in the space under a shower bath. Waste water
heat is used for preheating cold supply water. The exchanger must have a relatively large heat exchange area.
In case of use cold water preheating is necessary to use thermostatic tap that allows automatically regulation
of the temperature of the mixed water in shower.
2. Experiment description
There have been several heat recovery devices, which can be used in residential buildings. Shower operation
is the most interesting because the use of waste heat is highest. According to the results of measurements is
possible to determine the real behavior of the heat exchanger and the contribution of this equipment.
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Fig. 3: Heat exchanger measurement

The aim of measurement was to determine properties of heat exchanger for heat recovery from waste water.
The measurement was done at the Laboratory HVAC, Department of Microenvironmental and Building
Services Engineering in Prague.
The heat exchanger for shower was measured. Exchanger is a welded box made of 5 mm plastic, own body
heat exchanger is copper, net box dimensions: 560 mm x 405 mm x 100 mm, drain connection is DN 40,
water connection is DN 20. Maximum working temperature is 90 °C, maximal pressure is 6 bar.

Description of measurement
Heat exchanger was connected to cold water (TinW), which was heated in the exchanger (ToutW). Water
flowing into the heat exchanger as waste water (Tind) was pure water of varying temperatures created by
mixing hot and cold water. Datalogger (Ahlborn 5990-2) was used as the measuring device. Water
temperature and surface temperature of the heat exchanger (Tsurf) was measured using surface sensors.
Contact sensor for determining the temperature of water was placed on the brass pipe couplings with good
thermal conductivity, heat exchanger temperature is on the surface. The temperature of water flowing into
drains was measured with NTC sensor placed directly into the stream of flowing water (ToudD). Water flow
was measured using mechanical flow sensors - water (Wflow), drainage water (Dflow). Air temperature was
measured at distance 5 cm from the exchanger (Fig.4). During the experiments air temperature was in the
range 19-25 °C.
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Fig. 4: Heat exchanger values

Measurement variant
Experiment 1
It was measured increasing the water temperature at different flow rates of water in experiment 1 (Fig.5).
Changed the flow of water Wflow (3,4 - 1.6 - 0.8 l.min-1) while maintaining a constant flow of waste water
Dflow = 3.3 l.min-1 at temperature 40 °C. Cold water temperature TinW from the original 15 °C increased
to 22 - 28.6 - 33.4 °C).
Experiment 2
It was measured outlet temperature Toutw if change waste water flow Dflow and inlet water flow Wflow is
constant (Fig.6).
Experiment 3
It was compared performance of the heat exchanger at the same flow of water over a longer period of time in
experiment 3 (Fig.7).
Experiment 4
It was kept constant flow of cold water Wflow = 1.3 l.min-1 with a temperature of 15.5 ° C and the flow of
waste water changed Dflow (0.78 - 1.72 - 2.83 - 4.05 - 6.02 l.min-1) in experiment 4 (Fig.8). A situation,
where a hot water temperature difference is resulting from the mixing equation, was modeled.
Experiment 5
It was the flow of cold water 2.1 l.min-1 and the flow of waste water 3.6 l.min-1 in experiment 5 (Fig.9) This
situation corresponds to the mixing of hot water with cold in the case set the standard flow to 5.7 l.min-1.
Cold water was heated from 15 ° C to 26.5 °C, an increase of 11.5 °C. Warming of cold water supplied to the
tap is predicted in this variant. Furthermore, the flow of cold water and waste water are set to the same value
of 5.7 l.min-1. During this flow the cold water is heat to temperature 21.5 °C, temperature increases of 6.5 °C.
This situation represents a variant when pre-heated cold water supply a heat storage tank.
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Fig. 5: Heat exchanger parameters - Experiment 1

(°C)

TinD
ToutD
Tsurf
ToutW
Tair
TinW

Dflow
Wflow

Fig. 6: Heat exchanger parameters - Experiment 2
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Fig. 7: Heat exchanger parameters - Experiment 3
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Fig. 8: Heat exchanger parameters - Experiment 4
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Fig. 9: Heat exchanger parameters - Experiment 5

3. Result analysis
The results show that the operation of devices in residential building is efficient. Device must be subject to
certain conditions. Acquired heat can be used to preheat cold water. Water can be heated up by the results of
measurements up to 15 °C. The amount of energy recovered by this system depends on the amount of waste
heat in waste water and cold water temperature.
The measurement results are in charts. Exchanger behavior is seen for various boundary conditions.
Experimentally was verified increasing water temperature in the exchanger from 15 °C to 22 °C with
temperature of hot water entering drainage 40 °C and at the same flow of water and waste water. Increasing
water temperature is about 7 °C. This situation could occur when preheated cold water is used for local hot
water generation. In the case of using the shower water flow is normal flow 5.7 l.min-1 with temperature
40 °C. The mixing ratio shows if the cold water temperature is 15 °C and hot water temperature is 55 °C
mixing 2.1 l.min-1 cold water and 3.6 l.min-1 hot water. The outlet water temperature is between 27-29 °C,
water temperature increase by 12-14 °C. This situation could occur when using the heat exchanger to preheat
the cold water supplied to the mixing tap.
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It is obvious that the device is very useful where there are large flows of hot water. Example can be showers
at sport centers, hotels or hostels. Here is a contribution to the energy recovery significant.
4. Conclusion
Heat recovery systems in waste water can reduce the energy consumption of hot water by 5-30 %. Basic
features of recovery for short return must be low exchanger costs and low operation costs.
In terms of energy may be expressed heat exchanger contribution using calorimetric equation. When heating
15 liters of cold water to 14 °C is the energy contribution of heat exchanger 0.24 kWh. This value must be
multiplied by the number of use and water quantity, which is used in sanitary appliance. In the case of the
average family of four persons - 2 persons used a shower 2x per day and 2 people 1x per day, the amount of
heat energy gained per day would be 1.47 kWh. From an economic assessment of heat exchanger implies
that its energy contribution is not major, as expected. However, it is significant and more frequent use of
appliances enables quick investment return. In planning the investment should take into account costs
thermostatic mixing tap and operating costs for maintenance exchanger.
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3. Renewable Electricity

3.1 PV Cells and Components

ANTIREFLECTION COARTING OF
γ-ALUMINA WITH GRADIENT-REFRACTIVE INDEX STRUCTURE
Yusuke Hosoki, Takuji Ube, and Takashi Ishiguro
Department of materials and Science and Technology, Tokyo University of Science, Noda, Chiba (Japan)

1.

Introduction

Light receiving elements including solar cells generally have laminated structure. Inevitable reflection takes
place at the interface where the refractive index changes abruptly. Therefore, in such devices as solar cells,
suppression of the optical loss is one of the necessary factors for improving power generation efficiency. In our
previous investigation, Ishiguro et al., (2009) found that metallic aluminum film can be changed to transparent
boehmite film by hydrothermal (HT-) treatment in ultrapure water. Transmittance of HT-treated film was
higher than that of glass substrate itself. One of the reasons was thought to be suppression of reflection due to
the gradient-refractive index structure. However, HT-treated film (boehmite film) is poor chemical stability and
mechanical strength. In this study, boehmite films were heat-treated in the air in order to stabilize and keep the
gradient-refractive index structure at the same time.
2.

Experimental

Metallic Al films were prepared on Corning #1737 glass substrate by rf-sputtering method (13.56 MHz, 200
W). HT-treatment was induced at 368 K for 20 min in stirred ultrapure water (resistivity 18.2 MΩ·cm). Then,
reformed boehmite films were heat treated for one hour in the air at 573, 673, 773, and 873 K, respectively.
Optical properties were measured using an ultraviolet-visible-near infrared spectrometer (UV-3100PC,
Shimazu Co.) in a wavelength range of 0.24-2.60 µm. In order to measure both total transmittance (Ttot) and
total reflectance (Rtot), an integrating sphere with a diameter of 60 mm was used. Surface morphologies were
observed by using a field-emission scanning electron microscope (FE-SEM) (S-4200, Hitachi HighTechnologies Co.). Transmission electron microscopy (TEM) observation was performed by using
JEM2000FX (JEOL Ltd.). Quadrupole mass spectrometer (QMS) (BGM101, ULVAC Inc.) was used to detect
outgassing from a HT-treated Al film in a vacuum chamber, which was evacuated by a turbo-molecular pump.
The temperature of the specimen was increased up to 873 K with a rate of 1.67 K/min. Fourier transform
infrared (FT-IR) spectroscopy was also performed by using FT/IR-6200 spectrometer (JASCO Inc.). The
specimen was set in an evacuated specimen cell and elevated temperature with a rate of 1.67 K/min.
3.

Results and Discussion

3.1. Optical property
Change of optical properties of both Ttot and Rtot are shown in Fig. 1 and Fig. 2 respectively. The opaque Al
film becomes transparent. Ttot of as boiled specimen increases and exceeds that of glass substrate. After heat
treatment Ttot is increased with temperature up to 773 K at around wavelength of 0.50µm, which corresponds to
the maximum position of solar spectrum. And then it is decreased at 873 K. On the other hand, Ttot decreases
with temperature at around 0.65 µm. Because one of the reasons of these wavelength dependences of Ttot is
thought to be interference of thin film, Ttot could be optimized by controlling first Al film thickness. Change in
Rtot as shown in Fig. 2 compensate the change of Ttot. Degradation of optical transparent property due to the
heat treatment is not so serious.
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Figure 1: Annealing temperature dependence of total transmittance (Ttot) of specimens. Spectra of as prepared Al film, as boiled Al
film (boehmite) and glass substrate itself are also shown for comparison.
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Figure 2: Annealing temperature dependence of total reflectance (Rtot) of specimens. Spectra of as prepared Al film, as boiled Al
film (boehmite) and glass substrate itself are also shown for comparison.

3.2. Crystal structure and surface morphology
Figure 3 shows annealing temperature variation in electron diffraction pattern and corresponding bright field
image. As boiled specimen (Fig. 3(a)) and annealed specimen at 573 K (Fig. 3(b)) are boehmite (orthorhombic,
a0=0.36936 nm, b0=1.2214 nm, c0=0.28679 nm) (Christoph, et al. (1979).). Diffraction rings change into rather
spotty. This means crystal grain growth of boehmite takes place by annealing at 573 K. The specimens
annealed at equal to or higher than 673 K (Figs. 3(c), (d), and (e)) are γ- alumina (cubic spinel structure,
a0=0.790 nm) (Zhou and Snyder (1991).). When the boehmite (Fig. 3(b)) transforms to γ- alumina (Fig. 3(c)),
distribution of boehmite rings becomes broad and continuous. This means the crystal refinement takes place
during reforming. And then, crystal grain growth of γ-alumina takes place again with increasing temperature.
Fiber-like contrast with a width about 5 nm can be seen in all of the bright field images.
Figure 4 shows annealing temperature variation in FE-SEM image of surface morphology. As deposited
metallic Al film shows relatively-smooth surface (Fig. 4(a)). After boiling in water, characteristic surface
morphology like a surface of desert rose, i.e., intersecting fine plates each other appears (Fig. 4(b)). This
characteristic structure is thought to be the gradient-refractive index structure (Ishiguro et al. 2002, 2005, 2006;
Hori et al. 2010; Qiu et al. 2010). The width of fine plate is comparable order to the fiber-like contrast in bright
field images in Fig. 3. This surface morphology does not change drastically by annealing. This is one of the
reasons of less degradation in the optical property as mentioned in Figs. 1 and 2.
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Figure 3: Annealing temperature dependence of selected area diffraction pattern and corresponding bright field image.
(a) as boiled Al film, annealed at (b) 573K, (c) 673K, (d) 773K, and (e) 873K

Figure 4: Annealing temperature dependence of surface FE-SEM image.
(a) as deposited Al film, (b) as boiled Al film, annealed at (c) 573K, (d) 673K, (e) 773K, and (f) 873K
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3.3. Dehydration process
In order to clarify the dehydration process, heating temperature dependence of partial gas pressure emitted from
the HT-treated Al film was detected continuously as shown in Fig. 5. Because of cracking in QMS, several
mass numbers relating to the water molecule are detected. Almost all of partial pressures rise up at around 430
K. This is thought to be a critical temperature from which dehydration from boehmite begins strongly. At a
temperature of 573 K, which is corresponding TEM observation of Fig. 3(b), outgassing still continues. At 673
K, outgassing of water has gotten over a peak at around 500-550 K. Then the film structure changes to γalumina structure (Fig. 3(c)). After that partial pressure turns to increase gradually via plateau. In this stage, γalumina grain growth takes place (Figs. 3(c)-(e)).
Figure 6 shows change of FT-IR spectrum of specimen with increasing temperature. Although the cell holding
specimen is continuously evacuating, all spectra show characteristic absorptions at around 1300-2000 cm-1 and
3500-4000 cm-1. These are due to water vapor generated by dehydration of the specimen. In the spectrum at 283
K, three absorption peaks at around 3374, 3099, and 1072 cm-1 are identified to be Al-O-H asymmetric
stretching, symmetric stretching, and symmetric bending respectively (Herzberg 1945; and Priya 1997).
Strength of these peaks become weakened with temperature and then disappears at 673 K. This change is
consistent with the change of partial pressure relating to water molecule.
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In conclusion, boehmite films could be transformed into γ-alumina having better stability than boehmite (HTtreated Al film) by heat treatment in the air. In addition, surface roughness or the gradient-refractive index
structure remained after heat treatment. The γ-alumina film on a substrate showed the same level of
transmittance of boehmite film on the glass substrate. Therefore it can be mentioned that the heat treated
boehmite films are useful for anti-reflective coating. Additionally it would be mentioned that in-situ QMS
method and in-situ FT-IR method were useful method to clarify the dehydration process continuously.
4. References
Christoph G. G., et al., 1979. The Crystal Structure of Boehmite, Clays and Clay Minerals. 27 2, 81-86.
Frost L. R., et al., 1996. The dehydroxylation of the kaolinite clay minerals using Infrared Emission
Spectroscopy, Clays Clay Miner. 44, 635-651.
Frost L. R., et al., 1999. Dehydroxylation of Aluminum (Oxo) hydroxides Using Infrared Emission
Spectroscopy. Part II: Boehmite, J. Appl. Spectrosc. 53 (5), 572-582.
Herzberg G., 1945. Molecular Spectra and Molecular Structure, II. Infrared and Raman Spectra of Polyatomic
Molecules, Nostrand, New York.
Hori T., et al., 2010. Formation of Transparent Aluminum Hydroxide Film with Mesoscopic Surface
Roughness by Hydrothermal Treatment of Incompletely-nitrided Sputtered Aluminum Film J. Phys.: Conf. Ser.
232, 012004 (5 pages).
Ishiguro T., and Iijima H., 2002. Three-Dimensional Finite-Difference Time-Domain Simulation of Optical
Absorption Properties of Al–N Films with Mesoscopic Surface Roughness, Jpn. J. Appl. Phys. 45, 7784-7788.
Ishiguro T., et al., 2002. Solar Light Absorption Property of Sputtered Al–N Films with Enhanced Surface
Roughness during Film Growth, Jpn. J. Appl. Phys. 41, 292-300.
Ishiguro T., et al., 2005. Controllability of Mesoscopic Surface Roughness of Sputtered Al and Al–N Films,
Mater. Trans. 46, 3037-3043.
Ishiguro T., et al., 2009. Antireflective coating using aluminum hydroxide formed by hydrothermal treatment of
sputtered aluminum films, J. Appl. Phys. 106, 023524 (3pages).
Priya G. K., et al., 1997. Dehydroxylation and high temperature phase formation in sol±gel boehmite
characterized by Fourier transform infrared spectroscopy, J. Mater. Sci. Lett. 16, 1584-1587.
Qiu Z., et al., 2010. Transmission Electron Microscopy Characterization of Hydrothermal-treated Aluminium
Film, T. Mater. Res. Soc. Symp. Proc. 1231, 1232-NN03-11 (6 pages).
Zhou. R. S and Snyder L. R., 1991. Structures and transformation mechanisms of the η, γ and θ transition
aluminas, Acta Cryst. B47, 617-630.

Acknowledgments
This work was supported by a Grant-in-Aid for Exploratory Research (22656139) and a Grant-in-Aid for
Scientific Research (B) (23360282 and 20360292) from the Ministry of Education, Culture, Sports, Science and
Technology, Japan. QMS measurement was performed by Mr. Naoe Sakaguchi of Tokyo University of Science.

2691

PHOTOVOLTAIC RURAL ELECTRIFICATION IN THE AMAZON
AND THE NATIONAL METROLOGICAL BARRIERS
Manuel S. Filho¹, Geraldo A. Neto², José Z. Maia¹ and Marcelo M. Steinhagen¹
¹Fucapi, Manaus (Brazil)
²Amazonas Energia, Manaus (Brazil)

Keywords:
Electrification, quality, photovoltaic
Abstract:
The aim of this study is to present the insertion occurred of the photovoltaic generation technology with
the purpose of providing electricity in the Amazon region, the views and considerations regarding the
disturbing worldwide adaptation in national metrologic compatibility , for systems and equipments
photovoltaics .
Introduction:
The Brazilian energy supply is guaranteed to generation mostly from large hydraulic developments,
guaranteeing the supply of consumer centers. The Amazon region presents particular obstacles in the
diffusion of expansion of power systems , because of population dispersion, low economic attractiveness
for the purpose of productive use of energy, logistical difficulties to environmental vulnerability and the
international pressure over the region. Since only the state of Amazon, is expected to approximate 4,000
communities must be on the fringes of electrification due to be located in areas of difficult access.
The resource of the use of electricity in the entire country is provided by the government as a driving
force to combat social inequalities and ensuring the development of generation resources, yet guarantee of
fixing populations in rural areas with the availability of comfort and relaxation provided by the use of
electricity.
Over the years, with the diffusion of photovoltaic technology in countries with strong technological
development, strove to take advantage of recent technology that has enormous advantages over the
traditional generation based on the use of diesel, such as technical feasibility to provide energy to remote
places in Amazon region, less care and supervision in the operation of installed systems. With the
technological resource available some electrification programs occurred in order to initiate a demand for
electrical exclusion, unknown to the government.
The programs in the Amazon region and nationwide, generating knowledge that identified gaps and
difficulties in the course of electrification in areas with high rates of electrical exclusion by providing
subsidies for energy planning for the region and developing appropriate legislation to the diversity of the
region.
Renewable Energy Programs
The observance with new technologies for electrification amounted in Brazil as an alternative to
overcome deficits in the availability of generation in complex regions. Apart from the consideration for
the ability to supply energy, made possible because of the diversity of energy sources, note the expansion
of generation based on natural resources, available in abundance, providing energetic security and
compliance with environmental care, so evidenced in global character. The government proposal was to
implement several pilot programs of electrification, in order to signal the deployment in greater
representation. The projects subsidize information that allow to be made remarks model of energy supply
sized and installed, and which also provided information to quantize certain causes of failure in electrical
systems directed to the region.
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Programa de Desenvolvimento de Estados e Municípios - PRODEEM
Established in 1994 and led by the Ministry of Mines and Energy (MME) the program aimed to serve
isolated communities in need, unmet by conventional grid electricity, using renewable sources in local
self-sustainable basis , to promote social development and economic development of unassisted rural
communities. Being that the photovoltaic generation was the main resource used to bring electricity to
rural communities using.
The program installed nearly 9,000 photovoltaic power generation and water pumping, and invested $
37.25 million. In 2002 PRODEEM activities were suspended and the program program was incorporated
to the program Luz para Todos(Light for All).
Programa Luz no Campo
Established by the Decree of 02/12/1999, with coordination by ELETROBRAS, using resources from
RGR. The goal of the program, according to official data, was electrify one million farms until 2002,
being planned the generation from renewable sources.
The attendances were made possible with mains extension, being propitious the adoption of renewable
sources in the attendance to the isolated systems, and technically unable to the expansion of the
conventional system of power distribution. According to data released by Eletrobrás, until January 2004,
about 570,000 families were benefited from the Luz no Campo.
Projeto Ribeirinhos
It was developed as part of the Luz no Campo in order to deploy in riverside towns of the Amazon region
systems based in alternative sources for power generation with use of energetic resources. Projeto
Ribeirinhos installed photovoltaic systems in approximately 170 individual households.
Projeto Xapuri
Began in 2005, from the establishment of partnership between Eletrobrás with the German organization
for technical cooperation GTZ. The project was scaled to 103 photovoltaic systems in the rubber
plantations Iracema, Two Brothers and Albrácea, with a population of 37, 35 and 31 households
respectively, in the municipality of Xapuri - AC, in the settings DC, CA and mixed (DC-CA). The
research aims to implement alternative, more efficient systems of intermittent generation photovoltaics.
Therefore, part of the SHS were implemented with call option in direct current (DC). It is currently being
monitored.
Programa Luz para Todos
Established with the Law No. 10.438/2002, created with the objective of reducing poverty and hunger by
using energy as a vector of development, focusing on care in rural areas to small consumers. The initial
estimate was to make 2 million new connections, and this revised to 2.9 million connections by
2010being that the program was extended until December 2011, for purposes of accounting closing and
completion of physical.
The total funds earmarked for the program, adds 20 billion dollars, of which $ 14 billion are federally
insured and the difference is supplemented resources between state governments and utilities. The Luz
para Todos provides assistance to people located in distant, isolated and difficult to access and were not
confined only to the conventional route network extension, making room for renewables and alternatives
sources.
Projects covered under the Ministerial Decree No. 60/2009, and benefit from resources of the program of
universalization Luz para Todos.
Project 12 little mills Photovoltaic
Designed in setting photovoltaics little mills associated with little networks of power distribution, in low
voltage. The project covered 12 rural communities in the state of Amazonas, in six counties, providing
220 new links.
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Projeto Araras
Developed in technical cooperation between Eletrobras CHALK and Celpa for implantation in the State
of Pará The system was designed on three associated systems with little network, being one a solar-diesel
hybrid, eolian and the other two are configured on photovoltaic generation. 75 visits are planned.
Project Sucuriju
The power generation design integrates Diesel generation with two types of renewable energy sources:
wind power (wind) and the complementation of photovoltaics, for service to 90 households in State of
Amapá.

The study was conducted by the Federal Universities of Paraiba, Pernambuco and Pará, in partnership
with the state government, with resources of approximately 2.3 million dollars from the Ministry of
Mines and Energy (MME).
Projeto Vila campinas
This location is served by a hybrid system (Photovoltaic-diesel) of electricity generation installed in 1997
through a partnership between Brazil/USA. The project consisted of supplementary generation,
previously merely Diesel, with a photovoltaic solar plant, with sizing to supply 140 homes.
Programa Metrológico Brasileiro - Technical Barriers
The development of the Brazilian program for the conformity evaluation for equipment and photovoltaic
systems was created in Brazil to complement the evaluation program for consumer electronics,
established by decree No. 396 of 2008the same grounded on the national policy of conservation energy
and technical regulations that sought to identify equipment with better functionality and security.
This requirement was established initially on a voluntary basis, in other words, where the manufacturer is
not required to meet the guidelines specified in the regulation of the Brazilian labeling program.
Looking to provide greater safety for users of photovoltaic systems and also standardize the Brazilian
system of photovoltaic generation, it was instituted the ordinance 004 of 2011, that establishes a term
limit for entry into Brazil of photovoltaic systems, and, after the expiry will be accepted only product
certified by the Brazilian system of evaluation of conformity - SBAC. The deadlines are:
-Manufacture or import: July 1, 2011.
-Marketing to retailers: December 1 d E2011.
-Marketing to the final consumer: July 1, 2013.
So the knowledge about the establishment of the Brazilian program of conformity evaluation for
photovoltaic systems and equipment is of great importance for the continuation of electrification through
this renewable resource.
Incentive Policy
Regime Especial de Incentivos para o Desenvolvimento da Infra-Estrutura - REIDI;
The adherence to REIDI suspend the requirement of the Contribution to PIS/PASEP and COFINS on
purchases and imports of goods and services related to approved infrastructure project in the period of
five years from the date of its adoption.
Article 2 is benefiting of Reidi the entity that has the project approved for implementation of works of
infrastructure in transportation, ports, energy, sanitation and irrigation.
Universalization
Law 10,438 of April 2002, provides for the universalization of public service of electric energy.
Decree 4873 of November 2003, introduce the National Program for Universal Access and Energy use,
which additional to the goal of expanding the service, creates the decree No. 60 of February 2009, which
promotes electrification under the program Luz para Todos, with the use of renewable resources, and
among them electrification with photovoltaic systems. This being the system with technology better
known.
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The LPT program tries to drive the generation of decentralized renewable with the approval of his new
guide of special project 7, from Ordinance No. 60 of February 12, 2009. The program spends to subsidize
85% of direct costs of deploying little networks supplied by renewable sources, with the remaining 15%
as consideration for executing agents.
Programa de Incentivo às Fontes Alternativas de Energia Elétrica (Proinfa)
It was established by Law No. 10,438 of April 26, 2002, created the Programa de Incentivo às Fontes
Alternativas de Energia Elétrica (Proinfa) with the aim of increasing the participation of the electricity
produced by projects conceived fundamentally on wind power, Biomass and small hydropower (SHP) in
the National Interconnected System (SIN). The very Law 10.438/02 is a device that regulates the use of
resources from the Global Reversion Reserve (RGR) for a program to promote this technology (Art. 23
II).
The aim is to promote the diversification of the energetic Brazilian matrix, seeking alternatives to
enhance security of supply of electricity, and allows for recovery of the characteristics and potentials
regional and local. Expected benefits: Social, Technologic, Strategic, Environmental, Economic.
Resources
Over the years, the federal government has allocated resources to promote the implementation of projects
lined in renewable energy use.
Subrogation CCC
The sector fund CCC (Fuel Consumption Account) established in the 70s with the purpose of repaying
part of the total cost of generation to supply the public service of electricity in Isolated Systems. By
means of Law No. 12.111/2009, this fund is expected to be promulgated without closure forecast. The
fund also allows, when there is a reduction of expenditure on CCC by replacing thermal power that uses
oil derivatives in isolated systems, the refund of up to 75 percent of the investment value of the basic
design approved by the regulatory agency - ANEEL.
Decree No. 7240/10
Regulating Law No. 12.111/2010 which provides to the electric service of Isolated Systems, which offers
to the electricity services in isolated systems and the use of resources of the Fuel Consumption Account CCC, which shall consider the costs directly associated with the provision of service of electric energy in
remote regions of the Isolated Systems, characterized by the wide dispersion of consumers and lack of
economies of scale.
Bus companies, licensees and permittees shall foresee mechanisms to induce energy efficiency, economic
to value the environment and the use of local energy resources, to achieve the economic sustainability of
power generation in isolated systems, in areas under its concession.
Redd
The current global policy of providing incentives for reducing emissions from deforestation, forest
degradation, increase forest reserves of carbon, sustainable forest management, forest conservation and
points to the availability of resources in development projects that impact on climate overall. Associated
with these factors is the need for removal of the forest for the implementation of electrification projects.
Are also included investments that resulted from the implementation of projects based on the
neutralization of emissions of greenhouse gases through sustainable solutions, with a system for obtaining
the sale of credits associated with the reduction of greenhouse gases.
Actually, in the Amazon state, that has 1,497 millions km² of conserved forest and by the Sustainable
Amazon Foundation that developed the Forest Pack Program, that is the biggest project of compensation
of envioronmetal services.This institution also develop the only project of REDD today in execution in
the Amazon and the one of the few in Brazil, in the Juma’s Sustainable Development Reserve, with the
purpose of hold the deforestation and its respectives greenhouse gases emition in an area of subjected to
big pressure of soil use in the Amazon state. The project will be active until 2050, until when is expected
produce about 189.767.027 tons of CO2 credits.
The philosophy of keeping the forest intact, developing programs of education, health, finance generation
to promote the reduction of the deforestation in the area of environmental conservation of Amazon state
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and obtain the significant improving of the quality of life of the population that lives in the forest,
securing the contribution to the planet's climate and biodiversity guarantee reservation.

Climate Fund
The National Bank of Economic and Social Development and the Ministry of Environment operate lines
of credit from the National Fund on Climate Change, to benefit projects for low-carbon economy in the
country .The Climate Fund also has special credit lines for the energy sector with the use of solid waste in
12 capitals which will host World Cup games in 2014, and its metropolitan areas. The loans have fiveyear grace and 15 years for repayment.
RGR
It was instituted by Law No. 5655 of May 20, 1971, is a incumbency of the Brazilian electrical sector
paid monthly by the oil companies for generation, transmission and distribution of electricity, with the
purpose of providing resources to reverse and / or expropriation, of public power service.
The Provisional Measure 517 9.648/1998 amended the Law to extend the validity of RGR until the end of
fiscal year 2035. Are computed cost of service of utilities' annual dues reversal, appeals for reversal,
takeover, expansion and improvement of public power. Resources may be:
-Employed by licensees, cooperative, inter-municipal partnerships.
-Destined for production facilities from renewable sources;
-For the deployment of up to 5 MW power generation units, intended solely for the public service in
populational communities of the isolated system.
CDE
Established in April 26, 2002, the CDE has a duration of 25 years and is managed by Eletrobras and to
promote the development of energy states, projects of universal services of electricity, the subsidy
program for low-income consumers and the expansion of natural gas network to meet the states that do
not have piped network. The CDE is also used to ensure the competitiveness of energy produced from
alternative sources (wind, small hydro and biomass) and the national mineral coal.
The resources required to run the CDE are from (i) fines imposed by ANEEL (ii) annual payments made
in respect of use of public good - UBP, and (iii) payment of annual dues by part of all agents that
marketing power with the end consumer.
Perspectives
The programs of electrification with renewable developed in the country, indicated the viability as an
alternative to solve the supplies to regions in which for reasons of supply, transportation logistics,
environmental become unviable their attendance in effect of expansion systems, the use of renewable
sources related to the technologies that supply energy and provide the development of populations with
availability of energy resource.
The integration of renewable photovoltaics sources is integrant of the plan of care to isolated systems, in
2009 was suspended the bid for the purchase of 27,494 photovoltaic systems for electrification systems at
home. It is expected the electrification of remote areas in the Amazon, in response to the plan of
universalization, that sets the year 2015 so there is availability of supply of electricity in the national
character.
Besides the large demand for electrification in rural areas, where the photovoltaic technology presents
with emphasis for its feature of implantation, by the used generating source and minimal operational
needs, adds the need to obtain gains in harnessing available energy and diversify sources of energy.
Therefore the inclusion of technology use in urban areas, is a factor in consideration to compromise and
environmental gains, use of clean technology as a productive resource, and ensuring energy supply.
Associated with industrial application of solar photovoltaic technology, It is anticipated the installation of
systems connected to the grid, moment when is studied the adequacy of the legislation of the electricity
sector, to include the feasibility of harnessing energy that arise.
In the region of western Amazonia, for projects in the state of Amazonas, the Superintendência da Zona
Franca de Manaus, offers encouragement for setting up industries in the Amazon region. Among the
benefits include exemption from: IPI - Tax on Industrialized Products, II-Tax on imports, IE - Tax on
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export ISOF - Tax on financial transactions and program special export allied to the benefits offered by
the government of Amazonas State, Prefecture of Manaus, configured with the credit and refund of Tax
of movement of goods – ICM, exemption of taxes on services - ISS, availability of area for the
installation of the project at low cost and other benefits administered by the Superintendência do
Desenvolvimento da Amazônia - SUDAM. Therefore, manufacturers of systems and equipments
photovoltaic offer incentives for its attachment, as well as proximity to the promising markets of Brazil
and Latin countries. In addition to the Special Incentive Program for the Development of Infrastructure.
The policy of conservation of energy drawn by the Brazilian government states that with the
consolidation of its plan the availability of energy supply arising due to the reduction in consumption,
coupled with the use of efficient equipment for both the establishment of equipment with better
technology and efficiency are highly favorable for facility in the Brazilian market. The sectors and the
agency that make up the national electricity sector, are preparing to permanently adjust the legislation that
will the systems of photovoltaic solar utilization configured with capacity of supply to remote regions and
the availability of energy to the grid connection.
The return on investment in electrification is another factor of considerable attraction, as there are
programs for reimbursement through projects of energy generation which does not require the use of
fossil fuel as an energy resource, such as government incentives like the subrogation of CCC, projects in
isolated regions covered under the Act 12.111, and other projects that use carbon compensation
mechanism, which can be redeemed through carbon credits, such as projects based on CDM - Clean
Development Mechanism. As the Brazilian market specifically attractive for the dissemination of
renewable energy sources, among them solar-photovoltaic given the abundant supply in Brazilian
territory.
Conclusions
Brazil has a sizable population without electric supply, even near the end of the government's most
relevant program to universalization of the access to electricity, national because of the geographic
particularities of the amazon region. The projects developed in the region were of magnanimous
importance for the performance’s evaluation of the integration of photovoltaic technology as proposed to
electrify dispersed populations, located in the Amazon, with observations on their performance.
The Brazilian government remains committed to the electrification in the scattered populations deprived
of power public service and plot plans with the utilities to minimize the electrical exclusion,
understanding that the electrification arising from renewable sources has differential importance. For that
government strategies are plotted to provide the energy supply provided through the regulation of systems
configured for different populational groups in the Amazon, in groups or alone.
Financial resources for development of projects of power generation and electrification are abundant in
the country, international incentives for the development and use of clean generating sources, in addition
to the national interest to diversify energy sources.
Inmetro, agency manager of the Brazilian System of Conformity Assessment - SBAC, orients the
Brazilian effort in putting together the Brazilian Conformity Assessment – PBAC, which aims to promote
a long term vision for the strategic management of the activity of Conformity Assessment – AC in the
country. Conformity Assessment is a powerful tool for industrial development and consumer protection.
For regulators, the programs of conformity assessment, including evaluation of the program for
photovoltaic systems, represent an important instrument to enforce compliance with regulations set by
them and facilitate the supervision they carry out.
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1.

Introduction

Among the various types of renewable energy, solar energy has been widely promoted throughout the world
in recent years. The reliability of photovoltaic modules is essential for the acceptance of the market. The
photovoltaic modules are devices within the system, which are responsible for converting sunlight directly
into electricity. Since modules are typically deployed as components in systems, therefore the module
degradation and failure may not be immediately recognized. Although the photovoltaic modules are a source
of reliable electricity, their study and analysis within the field indicate that they can have a remarkable
degradation or a slight failure. In this paper, we study those losses with the modules that have been exposed
outdoors for a long time.
2.

Methodology

To study the degradation of the photovoltaic modules required a thorough analysis over time. These results
can be seen with a slight loss of power in the module production. It is therefore essential to conduct a
thorough analysis of the power loss of this device for measuring the IV curve. To this end an IV curve tracer
was used. Curves were captured every 10 seconds in sequence every day.

Figure 1: Outdoor PV facility installed in the University Carlos III de Madrid for testing the PV modules used in the study

The characteristics of I-V parameters of all modules tested in the same way, as well as other parameters, are
taken to supplement the results obtained with the obtained data. These measurements were performed using
an I-V curve tracer. 7 This succeeds in obtaining the following parameters: open circuit voltage, short circuit
current, maximum power point. The data were normalized to standard conditions: 1000 W/m2 and 25 °C. 8
A change in the obtained values at different times is an indicator of the degradation of photovoltaic modules.
Analysis of these data taken over a period of time is a valid technique to estimate the progression of
degradation. The analysis of this process can determine which parameters are degrading, and what causes the
degradation of photovoltaic modules.
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Figure 2: Capture Diagram

In the diagram shown in Figure 2 shows the procedure for capturing data from the solar panels, this diagram
consists of the following components: solar panels, a relay box, weather station, an IV curve tracer, a
datalogger and a computer. For viewing a program was constructed as shown in Figure 3, this shows all the
parameters measured in this system.

Figure 3: Display diagram

3.

Degradation and Analysis

In order to make the analysis of the degradation of photovoltaic modules, a set of evaluation methods was
carried out, which contained several pieces of equipment and data visualization, which allowed a
comprehensive study of the various parameters of the modules, such as: I-V curve, short circuit current, open
circuit voltage, maximum power, irradiance (global, diffuse and direct), room temperature, module
temperature, wind speed and direction, relative humidity. This system was installed at the University Carlos
III of Madrid, Leganés Madrid, in collaboration with CIEMAT. Table I summarizes some experimental
results obtained.
TABLE I
Modules Used Also Listed are the Modules Specified and measured, PR and Powers and the Aperture Efficiencies.

Module

Specified
(W)

Measured
(W)

Corrected
(W)

η (%)

PR

A
B
C
D
E

70
60
121
80
160

61.4
59.7
117.7
68.4
147.1

62.4
62.02
119.27
76.4
145.6

8.4
6.18
7.54
8.47
10.84

0.87
95.0
0.92
0.91
0.88

The design power, performance and efficiency are calculated as expressed in equation 1, 2, 3.
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(1)

(2)

(3)

Pnom = Nominal Power
Pmax = Power Measured
G = Irradiance Measurement
γ = 0.005 for Si crystal
γ = 0.0035 for Si amorphous
A = area of the module
The PV modules are divided in five sets; modules in each set are connected to an I-V curve register.
TABLE II
The Temperature Coefficients for Isc (α), Voc (β) and Pmax (γ) of the Modules Used.

Module

A

B

C

D

E

α (mA/°C)

0.0017

0.0029

0.0037

0.003

0.0093

β (mV/°C)

-0.1694

-0.2561

-0.1191

-0.1429

-0.1375

γ (mW/°C)

-0.2514

-0.0176

-0.1729

-0.2447

-0.4583

The temperature coefficients for Isc (α), Voc (β) y Pmax (γ) and are listed in Table 2.
3.1 The temperature coefficients for the module A

Figure 4: trend of parameter alpha for the A module.
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Figure 5: trend of parameter beta for the A module.

Figure 6: trend of parameter gamma for the A module

Figures 3,4 and 5 show the temperature coefficients alfa, beta and gamma of the module in question. For
obtaining values, the system measures the short circuit current, open circuit voltage and power panel,
measured from January 2010 to July 2011 and filter measurements where only using the values of irradiance
in a range between 950 and 1050 W/m2. in the figures mentioned above, can be seen hanging on every factor,
but the worth of these results are the same as those specified by the manufacturers. The reliability of the
results obtained is based on the amount of samples analyzed and the different temperature ranges were
subjected to the modules under test.

Figure 7: Characteristic curves of photovoltaic module B
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Figure 8: Current-voltage curve for technology D measured in different Month

Figure 7 presents the power losses in module D monthly period, it is obvious that the photovoltaic modules
have a slight loss of potency over time, but you cannot determine how much power can lose a photovoltaic
module that has not been subjected to all possible weather conditions of operation. This module has been
exposed to temperature ranges within those specified by the manufacturer.

Figure 9: Aperture area efficiency of the five modules as a function of irradiance

Figure 8 shows the comparison of different technologies and the variation of its efficiency in connection with
irradiance. We can see that some of those technologies undergo a positive effect while some others has the
opposite effect, i.e. their efficiency decreases as the irradiance is increased.

Figure 10: Isc and Voc of the B module measured on June 20, 2011.

4.

Measured Isc and Voc

It can be seen that the short circuit current and the open circuit voltage in a whole day. 6 The open circuit
voltage changes slightly throughout the day while the short circuit current follows the path of the irradiance.
2

2703

5.

Conclusions

We can conclude: First, the modules for determining the rate of degradation should be made of performance
data for periods of at least six months. Conclusions will be presented from all measured as a function of
irradiance and temperature. Second, the modules periodically degrade over time.
6.
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DEVELOPMENT OF A SOLAR ELECTRIC HYBRID VEHICLE
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1. PROJECT OUTLINE
1.1 INTRODUCTION
India is densely populated and has high solar insolation, which varies from 4 to 7 kWh/ (m 2.day) with about
1500–2000 sunshine hours per year. Transportation sector is a major source for global carbon emissions and
also contributes to air quality concerns, particularly in urban areas. In view of above, development of a
passenger solar electric hybrid vehicle program has been initiated. The team is currently working towards the
development of a solar passenger electric hybrid vehicle with an aim to reduce environmental pollutants by
incorporating innovative energy efficient green technologies.
The broad objectives of this project will be to



Reduce dependency on fossil fuels, to preserve environment through sustainable mobility solutions,
and
To penetrate Solar Hybrid Vehicle technology in the Indian Market at an affordable cost.

1.2 KEY FEATURES OF THE SOLAR HYBRID VEHICLE
The hybrid vehicle will be powered by a highly efficient electric drivetrain mechanism and the electric
energy required to power the motor is being generated from a solar array and a gasoline powered genset
which work in synchronization to deliver optimum performance, efficiency and dynamics. Technologies like
plug-in and regenerative braking have also been incorporated in the vehicle.
Our aim is to develop a solar passenger electric hybrid vehicle that has been designed for strength,
performance, weight, cost, safety, usability, tooling, quality, energy efficiency, recyclable and ease of
assembly. The vehicle will be extremely practical and can be used for commuting on a daily basis. Efforts
will be made to design the solar electric hybrid vehicle in a low cost manner in order to make it accessible
for everyone.
1.3 WHY HYBRID?
We believe that the idea we have presented is the best one that can be implemented in practical very low
carbon emission generating vehicles. Just using solar energy will be insufficient because of the many
drawbacks we have in using such a system which use only solar array to charge the battery. Unless and until
we increase the efficiency of our panels and reduce their size and cost as well (which will be there in future
but it‟s very far from now), we cannot turn a pure solar electric vehicle into a practical general purpose
model.
A pure electric car will also not work because of many drawbacks. The main drawbacks of Electric Vehicles
are:

High Operation Costs


Low Reliability (batteries cannot last long and take many hours to get charged)



High Initial Investment

Electric vehicles have not been widely adopted because they are rather impractical!
Electric cars also cannot cruise, accelerate, or climb fast enough to compete with gasoline-powered cars, and
accessories, such as air conditioning and radios, drain the battery even further. Because electric cars are
usually created by replacing the fuel tank and gasoline engine of a conventional car with electric motors,
batteries, chargers, and controllers, the result is a car that is heavier and less efficient then a car solely
running on electricity and more expensive because the manufacturer cannot fully recover the cost of the
discarded parts
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How the drawbacks are efficiently removed in hybrid cars:


Using better quality batteries and components the period of battery replacement can be sufficiently
elongated thereby reducing the operation costs



The hybrid vehicles offer comparable reliability with those of petrol/Diesel cars.



The initial investment can be lowered by mass production of cars.

Hybrid cars are often referred to as the „Car of the Era‟!
The advantages of the hybrid car start right from its difference in the basic pattern. Hybrid car is type of car
that utilizes two energy sources for its movement. The popular hybrid cars in the market are manufactured in
such a manner to combine the benefits of an internal combustion engine and electrical motor. The shortening
level of gasoline in the world as it is a non-renewable energy was the major drawback of the conventional
cars, which was rectified in the electrical cars, but it also had its own disadvantages.
The advantage of the hybrid car is that it can rectify the complaints in the both systems and balances the use
of electrical energy and gasoline engine, in their optimum levels. The unique advantages of the hybrid car
will be sole basis for such recognition in the market. The motor industry was always in the effort to develop
most beneficial model and the disadvantages of the conventional model might be the triggering factor for the
formation of advantageous models. Usually, anything to be considered as advantageous will make benefit
only to its owner, and to the maximum, the family of the owner.
The specialty of the hybrid car enhances in this situation since its advantages can attribute benefit to not only
the owner or his family, but to the entire society, nation and the mankind.
1.4 HOW IS SOLHYBRID DIFFERENT?




The major advantage over Petrol/Diesel Cars is that it is more efficient and gives a better mileage
apart from the fact being green.
The dependability on Fossil Fuels as in normal Hybrids is reduced as Solar is playing a major role
in charging of batteries during moving or while parking.
The reliability factor that influences the consumer`s choice over choosing the electric vehicles due
to range limitation is also sidelined due to the presence of an Auxiliary Diesel Engine which
increases the range as well as reliability.

1.5 SOLHYBRID WILL BE WORLD FIRST, INDIA FIRST,




Solhybrid will be India‟s first series hybrid passenger vehicle.
Solhybrid will be the world‟s first hybrid which uses solar energy as a predominant source for
power generation.
Solhybrid will be the most affordable hybrid car in the fast growing Indian auto sector. Currently
the only hybrid available in Indian market is Toyota Prius, priced at $50,000!

2. VEHICLE OPERATION
The vehicle includes the following powering/charging units:
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Solar charging unit (Solar Array + MPPT Change Controller)



Genset powering unit (Genset + Rectifier)



Battery powering unit (Battery pack + Buck/Bush Converter)

Fig 2.1: Block diagram of the vehicle’s powering system.

The vehicle will be powered by a highly efficient electric drivetrain mechanism and the electric energy
required to power the motor is being generated from a solar array and a gasoline powered genset which work
in synchronization to deliver optimum performance, efficiency and dynamics. Technologies like plug-in and
regenerative braking have also been incorporated in the vehicle.

2.1 VEHICLE OPERATION WHEN GENSET IS OFF
In this case, the only active powering unit will be battery powering unit. Batteries will be used to drive the
motor and solar charging unit will be charging the batteries depending upon the amount of solar insolation
that the solar arrays are receiving and the temperature conditions.

Vehicle Operation when GENSET IS ON:

Vehicle Operation when GENSET IS ON:
]

Fig 2.2: Vehicle operation when GENSET is OFF.
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2.2 VEHICLE OPERATION WHEN GENSET IS ON
This would be the case when the battery pack is low. Genset will be the vehicle‟s powering unit in this case
and will also be charging batteries along with the solar charging unit. The genset is automatically turned off
once the batteries are fully charged and battery again becomes the vehicle‟s powering unit.
not insert a page number! References should be made exactly as shown in the example given below.
Number the sections and sub-sections, and do not use automatic paragraph numbering.

1. Tables, figures, equations, and lists\\\\\\\\

\\\\\\

Fig 2.3: Vehicle operation when GENSET is ON.

2.3 ADVANTAGES OF SERIES HYBRID ELECTRIC DRIVETRAINS


There is no mechanical connection between the engine and the driven wheels. Consequently, the
engine can be potentially operated at any point on its speed-torque (power) map. This distinguished
advantage, with a sophisticated power flow control, provides the engine with opportunities to be
operated always within its maximum efficiency region. The efficiency and emissions of the engine
in this narrow region may be further improved by some special design and control technologies,
which is much easier than in the whole operating domain. Furthermore, the mechanical decoupling
of the engine from the driven wheels allows the use of high-speed engines, where it is difficult to
directly propel the wheels through a mechanical link, such as gas turbines or power plants that have
slow dynamic responses (e.g., Stirling engine, etc.).



Because electric motors have a torque-speed profile that is very close to the ideal for traction. The
drivetrain may not need multigear transmission.



Therefore, the structure of the drive train can be greatly simplified and is of less cost.



2708

1.

Furthermore, two motors can be used, each powering a single wheel, and the mechanical
differential can be removed. Such an arrangement also has the following advantages of
decoupling the speeds of two wheels, a similar function of a mechanical differential, and an
additional function of anti slip similar to the conventional traction control.

2.

Furthermore, four in-the-wheel motors can be used, each one driving a wheel. In such a
configuration, the speed and torque of each wheel can be independently controlled.
Consequently, the drivability of the vehicle can be significantly enhanced. This is very
important for off-road vehicles which usually operate on difficult terrain, such as ice, snow, and
soft ground.

The control strategy of the drive train may be simple, compared to other configurations, because of
its fully mechanical decoupling between the engine and wheels.

3. DESIGN USP’S AND KEY FEATURES
3.1 Solar Hybrid will have compact dimensions
One of the major design considerations while development of the car was the inescapable fact that with ever
expanding cities, traffic snarls have become an inevitable fact of daily life. The important fact is that most
vehicle owners commute alone everyday to work which leads to unnecessary bulk and fuel consumption. To
tackle this problem, the solar hybrid vehicle is compact greatly enhancing urban maneuvering.
3.2 Safety was a high priority
This was achieved with the inclusion of Formula 1 derived materials philosophy and technology coupled
with chassis frame design („Direct Load Path) gives an immensely strong structure („safety cell‟) both in
„end‟ and „side‟ impact scenarios. This is also designed to meet the cost target of high volume production.
3.3 Commercialization of the product
To make the solar hybrid vehicle more accessible, costs would be low. This will be achieved by developing
the vehicle on an existing platform which is currently in mass commercial production. thus ensuring that the
solar electric hybrid vehicle can be converted from „Project‟ to a „Product‟ in a short span of time.
Standardizing certain parts like steering, suspension etc. will ensure that the same assembly line can be
utilised.

4. STRUCTURAL DESIGNING
4.1 Basic requirements of stiffness and strength
The chassis needed to be strong enough to support the weight of batteries, genset, motor and passengers. The
purpose of the structure is to maintain the shape of the vehicle and to support the various loads applied to it.
The structure usually accounts for a large proportion of the development and manufacturing cost in a new
vehicle programme, and many different structural concepts are available to the designer. It is essential that
the best one is chosen to ensure acceptable structural performance within other design constraints such as
cost, volume and method of production, product application, etc. Assessments of the performance of a
vehicle structure are related to its strength and stiffness. A design aim is to achieve sufficient levels of these
with as little mass as possible.

Fig 4.1: Perimeter space frame chassis

4.2 Perimeter space frame or ‘birdcage’ frame
Modern structure is the perimeter or „birdcage „frame. A typical example is the Audi A2 aluminium vehicle.
In this type of structure, relatively small section tubular members are built into stiff jointed „ring-beam‟ bays,
welded together at joints or „nodes‟. For this, the edge members of each ring frame, and especially the
corners, must be stiff locally in bending. This choice of construction method is usually dictated by
production requirements. In the case of the A2, the various beam sections are of extruded or cast aluminium
(with some additional members of pressed sheet), and so they must be assembled into this structural concept
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using welded „nodes‟ or joints. The individual open-bay ring frame is not a very weight efficient shear
structure. If the (very high) shears stiffness of the skin panels is incorporated into this type of body, it now
becomes an „integral‟ structure (see above), and a considerable increase in torsional rigidity is usually
observed, depending on the stiffness of the attachment.
4.3 Punt or platform structure
Other modern car chassis types include the „punt structure‟. This is usually of sheet metal construction, in
which the floor members (rocker, cross-members etc.) are of large closed section, with good joints between
members. It is thus a grillage structure of members with high torsion and bending properties locally. In many
cases (but not all), the upper body is treated as structurally insignificant. The punt structure is often used for
low production volume vehicles, for which different body styles or rapid model changes are required. This
approach is often also used to create cabriolet or convertible versions of mass produced integral sedan car
structures.

`
Fig 4.2: Punt chassis of Lotus

4.4 Solar Electric Hybrid Vehicle structure
From the discussion stated above it can be concluded that no one chassis type can provide all the
requirements of solar electric hybrid vehicle. Therefore, the structure would include of custom designed punt
platform incorporated with a spaceframe that will provide torsional rigidity. This setup would ensure
superior vehicle dynamics and at the same time be lightweight. To keep the cost low this structure can be
developed on an existing unibody or monocoque structure ensuring that few modifications are required for
production.

Fig 4.3: Punt platform incorporated with spaceframe

4.5 Solar Electric Hybrid Vehicle Body Design

Fig 4.4: Compact body for easy maneuvering and parking (Note: Detailed working drawing can be provided on request)
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Aerodynamics forces interact with the vehicle causing drag, lift (or download, lateral forces, moments in roll,
pitch and yaw, and noise .These impact fuel economy, handling and NVH. The aerodynamic forces produced
on a vehicle arise from two sources- form (or passage) drag and viscous friction. Drag is the largest and most
important aerodynamic force encountered by passenger cars at normal speeds.
The drag force is most easily understood if it is broken down into five constituent elements. The most
significant of the five in relation to road vehicles is the form drag or pressure drag which is the component
that is most closely identified with the external shape of the vehicle. As a vehicle moves forward the motion
of the air around it gives rise to pressures that vary over the entire body surface. If a small element of the
surface area is considered then the force component acting along the axis of the car, the drag force depends
upon the magnitude of the pressure, the area of the element upon which it acts and the inclination of that
surface element. Thus it is possible for two different designs, each having a similar frontal area, to have very
different values of form drag. As air flows across the surface of the car frictional forces are generated giving
rise to the second drag component which is usually referred to as surface drag or skin friction drag. If the
viscosity of air is considered to be almost constant, the frictional forces at any point on the body surface
depend upon the shear stresses generated in the boundary layer. The boundary layer is that layer of fluid
close to the surface in which the air velocity changes from zero at the surface (relative to the vehicle) to its
local maximum some distance from the surface. That maximum itself changes over the vehicle surface and it
is directly related to the local pressure. Both the local velocity and the thickness and character of the
boundary layer depend largely upon the size, shape and velocity of the vehicle.

Fig 4.6: Various Vehicle Body Styles

A consequence of the constraints imposed by realistic passenger space and mechanical design requirements
is the creation of a profile which in most situations is found to generate a force with a vertical component.
That lift, whether positive (upwards) or negative, induces changes in the character of the flow which
themselves create an induced drag force. Practical requirements are also largely responsible for the creation
of another drag source which is commonly referred to as excrescence drag. This is a consequence of all those
components that disturb the otherwise smooth surface of the vehicle and which generate energy absorbing
eddies and turbulence. Obvious contributors include the wheels and wheel arches, wing mirrors, door
handles, rain gutters and windscreen wiper blades but hidden features such as the exhaust system are also
major drag sources.
Although some of these features individually create only small drag forces, their summative effect can be to
increase the overall drag by as much as 50%. Interactions between the main flow and the flows about
external devices such as door mirrors can further add to the drag. This source is usually called interference
drag. The last of the major influences upon vehicle drag is that arising from the cooling of the engine, the
cooling of other mechanical components such as the brakes and from cabin ventilation flows. Together these
internal drag sources may typically contribute in excess of 10% of the overall drag.

Optimisation of vehicle bodies results in:
o
o

Considerable improvement in efficiency
Improvement of comfort characteristics and

o More favourable driving characteristics of ground vehicles .
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5. TRANSMISSION AND DIFFERENTIAL

Fig 5.1: Continuously Variable Transmission (Solidworks)

Unlike traditional automatic transmissions, continuously variable transmissions don't have a gearbox with a
set number of gears, which means they don't have interlocking toothed wheels. The most common type of
CVT operates on an ingenious pulley system that allows an infinite variability between highest and lowest
gears with no discrete steps or shifts. Most CVTs only have three basic components:




A high-power metal or rubber belt
A variable-input "driving" pulley
An output "driven" pulley

CVTs also have various microprocessors and sensors, but the three components described above are the key
elements that enable the technology to work. The variable-diameter pulleys are the heart of a CVT. Each
pulley is made of two 20-degree cones facing each other. A belt rides in the groove between the two cones.
V-belts are preferred if the belt is made of rubber. V-belts get their name from the fact that the belts bear a
V-shaped cross section, which increases the frictional grip of the belt.
When the two cones of the pulley are far apart (when the diameter increases), the belt rides lower in the
groove, and the radius of the belt loop going around the pulley gets smaller. When the cones are close
together (when the diameter decreases), the belt rides higher in the groove, and the radius of the belt loop
going around the pulley gets larger. CVTs may use hydraulic pressure, centrifugal force or spring tension to
create the force necessary to adjust the pulley halves.
Variable-diameter pulleys must always come in pairs. One of the pulleys, known as the drive pulley (or
driving pulley), is connected to the crankshaft of the engine. The driving pulley is also called the input pulley
because it's where the energy from the engine enters the transmission. The second pulley is called the driven
pulley because the first pulley is turning it. As an output pulley, the driven pulley transfers energy to the
driveshaft.

Fig 5.2: Pulley System

When one pulley increases its radius, the other decreases its radius to keep the belt tight. As the two pulleys
change their radii relative to one another, they create an infinite number of gear ratios -- from low to high
and everything in between. For example, when the pitch radius is small on the driving pulley and large on the
driven pulley, then the rotational speed of the driven pulley decreases, resulting in a lower “gear.”
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When the pitch radius is large on the driving pulley and small on the driven pulley, then the rotational speed
of the driven pulley increases, resulting in a higher “gear.” Thus, in theory, a CVT has an infinite number of
"gears" that it can run through at any time, at any engine or vehicle speed.
The simplicity and stepless nature of CVTs make them an ideal transmission for a variety of machines and
devices, not just cars. CVTs have been used for years in power tools and drill presses.

Fig 5.3: Solidworks Model of Drivetrain

The differential is a device that splits the engine torque two ways, allowing each output to spin at a different
speed.

Fig 5.4: Front Wheel Drive

A vehicle's wheels rotate at different speeds, mainly when turning corners. The differential is designed to
drive a pair of wheels while allowing them to rotate at different speeds. In vehicles without a differential,
such as karts, both driving wheels are forced to rotate at the same speed, usually on a common axle driven by
a simple chain-drive mechanism. When cornering, the inner wheel needs to travel a shorter distance than the
outer wheel, so with no differential, the result is the inner wheel spinning and/or the outer wheel dragging,
and this results in difficult and unpredictable handling, damage to tires and roads, and strain on (or possible
failure of) the entire drivetrain.
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6. TECHNICAL SPECIFICATIONS

Tab 6.1: Electrical components description

S. No

Component

Description

Quantity

1.

Motor

1

2.

Motor controller

3.
4.

Maximum power point
tracker
Batteries

5.

Solar Panels

6.

Genset

7.

Instrument Panel
( Monitoring System )

Hub Brushless DC Motor 48V, peak 20kW
(Model: HPM-10kW) from Golden Motors,
China
HPC500A, 48V , 300amp peak
from Golden Motors, China
(Regenerative Braking included)
MPPT Solar Charge controllers
From AERL, Model : SMV24
48V, 100Ah with Battery Management System
(BMS) and charger
Silicon solar cell panels of 14% efficiency (32W
each)
Honda Portable Genset
(5.5kVA, 16.5 Ltrs. capacity)
Complete Instrument Panel with Speedo, 48V
and 12V gauges and all warning lights plus
Additional Motor Temperature Gauge & Charge
Warning Light.
Electrical Simulation Software
Electrical circuit Designing Software

8.

LabView 2010
Multisim 2010

1

1
1
5
1

1

1

Tab 6.2: Mechanical components description

S. No

Component

Description

Quantity

1.

Brakes

1

2.

Steering

Front: Hydraulic Disc Brakes
Rear: Internally Expanding Drum Brakes
Rack and Pinion

3.

Suspension

2

4.

Transmission

Front: McPherson Strut
Rear: Torsion-bar rear suspension
Continuously Variable Transmission (CVT)

5.

Chassis

Custom designed punt platform incorporated
with a spaceframe

-

6.

Solidworks 2009

3D Desiging Software

1

6.3 PRODUCT SPECIFICATIONS
6.3.1 BATTERY PACK
Tab 6.3.1: Battery specification
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Parameter
Module capacity

Value
48V, 100AH

Type

Lithium Iron Phosphate

Energy

4.8 kWh

Maximum discharge current

240 Amp

Charging cycle life

3000 cycles @ 70% DOD

Module weight

42 kg (approx.)

1

-

Battery pack is non-toxic, non-contaminating, and compact in size and light in weight. It can be used for all
high power output applications and can be used under extreme temperature. It‟s extremely safe as well (no
explosion, no fire under collision, over charged or short circuit).
Why Lithium iron phosphate batteries?
o
o
o
o
o

o

Faster charging
Large overcharge tolerance and safer performance.
Self balance.
Simplified BMS system due to self balance and large overcharge tolerance features.
Longer cycle life. (3000 cycles @ 70% DOD)
High temperature performance.

Fig 6.1: Solidworks Model of Genset

Fig 6.2: Solidworks Model of Motor

6.3.2 GENSET (Portable diesel powered GENSET)

Tab 6.3.2: Battery specification

Parameter

Specifications

Engine

Honda GX390

Displacement

389cc

AC Output

120/240V 6500W max. (54.1/27.1A) 5500W rated (45.8/22.9A)

Receptacles

20A 125V Duplex, 30A 125V Locking Plug,
30A 125/250V Locking Plug

Engine HP

13 HP

Starting System

Recoil, electric

Fuel Tank Capacity

16.5 (ltrs)

Run Time per Tankful

14.0 hrs.

Dimensions (L x W x H)

33.5" x 26.4" x 27.5"

Noise Level

60 dB @ rated load 52 dB @ 1/4 load

Dry Weight

260 lbs.

o

o
o

Fuel consumption of GENSET is 0.26 gal/hr if it is continuously run. If we the vehicle is able to
travel 30-40 miles then the fuel efficiency of the vehicle is 115 MPG! (Toyota prius has an average
of 72 MPG)
Toyota Prius emits 101 gm/km of CO2 whereas GENSET emits 1/10 th of that value.
Flexifuel models are also available so environment friendly fuels like biodiesel or ethanol can also
be used.
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6.3.3 MOTOR (High Power Brushless DC Motor)
Tab 6.3.3: Motor specification

Parameter

Value

Voltage

48V

Rated Power

10kW (20kW peak)

Efficiency

88%

Speed

2000-6000 rpm (customizable)

Weight

11Kgs

Length (height)

126mm

Diameter

206mm

The high power BLDC motor is compact in design, water resistant and is having a stainless steel shaft. It‟s
equipped with self-cooling fan as well.

6.3.4

SOLAR ARRAY

Panels will be made from multicrystalline Silicon solar cells of rated efficiency 16.66% and the panels thus
formed will be of efficiency of about 14%. Panels will be placed over an area of 4.2 square meters on the
vehicle. The estimated output we will get from the panels placed over the vehicle on a sunny day will vary
between 150-200W.

7. REFERENCES
1. Tom Denton, 2004. Automobile Electrical and Electronics Systems, third ed. SAE, International.
2. Doug Carroll, 2003. Winning Solar Car - A Guide towards Perfection, third ed. SAE, International.
3. Harald Naunheimer, Bernd Bertsche, Joachim Ryborz, 2011. Automotive Transmissions, Springer 2011.
4. Software used for designing chassis and body of the vehicle: Solidworks 2009.
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1. Introduction
Transparent conductive oxide (TCO) thin films such as Al doped zinc oxide (AZO) and tin doped indium oxide
(ITO), due to their low resistivity and high transmittance, have been widely used as transparent conductive
electrodes for various displays (Li et al., 2010; Minami, 2005) and photovoltaic devices (Manavizadeh et al.,
2009; Bagherzadeh et al., 2009). In generally, TCO thin films were prepared by many methods such as spray
pyrolysis (Lokhande & Uplane, 2000), pulsed laser deposition (Shin et al., 2011; Viespe et al., 2007), chemical
vapor deposition (Gaskell & Sheel, 2011; Kim et al., 2010), sol–gel (D. Raoufi &T. Raoufi, 2009; Valencia et
al., 2008) and sputtering method (Lei et al., 2010; Manavizadeh et al., 2009). Among these techniques,
sputtering of TCOs is an interesting technique for all applications where low process temperatures are desired
and the stoichiometry of the films are more controllable than other techniques (Manavizadeh and et. al., 2009).
Nowadays, the replacement to flexible polymer substrates is gaining a great interest (Fahland et al., 2001,
Guille & Herrero, 2005) because it can give advantages such as lighter weight, higher shock resistance and
scalable roll-to-roll preparation procedures.
In this work, we investigate the effect of ITO buffer layer on AZO physical properties on glass and flexible
PET substrates. Results show that ITO buffet layer improves the quality of AZO thin films on both substrates.
The Optical, electrical and morphological properties of AZO layer are analyzed by UV/VIS/IR spectroscopy,
four point probes and SEM analyses. The quality of films deposited on buffer layer is found to be superior to
those grown directly on a substrate.
Experimental

The substrates used in this study were micro slide glass (rigid substrate) and PET (flexible substrate). All
substrates were cleaned by RCA method (DI water, ammonia, hydrogen peroxide 5:1:1). The ITO buffer layer
(~100nm) was deposited on all substrates by RF sputtering at 250W power from an ITO source, with a purity of
99.99%. Subsequently, the AZO layer with a thickness of 100nm was deposited onto the ITO film on the
corresponding substrates. The distance between the source and the substrates was 60mm. The vacuum chamber
was evacuated down to a base pressure of about 6×10-6Torr prior deposition. The reactive sputtering gas was
high purity argon (99.999%). The deposition was carried out at a constant pressure of 20mTorr. In this work,
ITO thin films have been grown by sputtering at room temperature simultaneously onto glass and PET
substrates because of the weak thermal resistance of polymer substrates in high temperature. In order to study
the physical properties of these layers, the morphological, electrical and optical properties of layers are
analyzed by scanning electron microscopy (SEM), four point probe system (Keithley 196 & 224) and
UV/VIS/IR spectrometer (Varian Cary 500), respectively.
2. Results and Discussion
In order to analyze the influence of the ITO buffer layer on the structure of AZO thin films, ITO transmittance
property on both substrates was characterized and then AZO films deposited onto ITO layers were studied.
Optical transmittance spectra of the ITO on glass and PET substrates are shown in Fig.1. In order to compare
the transmittance of the ITO coating deposited onto the glass and the polymer, it has been calculated from the
transmittance Spectrum of the ITO-coated samples by subtracting the transmittance of the corresponding
substrate. Results demonstrate that the average transmittance of ITO in visible range on Glass and PET
substrates is 77.8% and 83%, respectively.
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Fig. 1: Optical transmittance spectra for ITO layers on Glass and PET substrates.

Fig. 2 shows the transmittance spectra of AZO thin films deposited on Glass and PET substrates with and
without ITO buffer layer. Although thick layer invariably have lower optical transmission due to optical
scattering from longer optical path (Wong et al., 2004), the transmittance of AZO films are increased by
applying the ITO buffer layer. Results show that the average transmittance of AZO varies from 83% to 89% on
PET substrates and varies from 82% to 92% on glass substrates. This means that ITO buffer layer improves the
transmission of AZO thin films on the glass and PET substrates.

Fig. 2: Optical transmittance spectra for AZO thin films with and without ITO buffer layer on Glass and PET substrates.

The electrical resistivity of the films was measured by four point probe system. The measured values
demonstrate that the application of ITO buffer layer reduces the resistivity of AZO film from 4.75×10-2 Ωcm to
6.9×10-4 Ωcm on glass substrate and from 2.27×10-2 Ωcm to 1.04×10-3 Ωcm on PET substrate which is due to
increase of free electron concentration in AZO. The resistivity of the ITO layers on both substrates and AZO
thin films with and without buffer layers are summarized in Table 1. Comparison of the results shows that
resistivity of AZO thin film on glass substrate with ZnO buffer layer is the least. This is due to the highest
number of vacancies. In other word, multilayer thin films show different physical properties other than the
conventional monolayer thin films (Fallah et al., 2007). The quality of films deposited on buffer layer is found
to be superior to those grown directly on a substrate (Fallah et al., 2007; Viespe et al. 2007).
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Tab. 1: The Electrical Resistivity of ITO and AZO thin films on both substrates

Structure

Resistivity×10-4 (Ω-cm)

ITO/Glass
ITO/PET

23.7
10.1

AZO/Glass

227

AZO/PET

475

AZO/ITO/Glass

10.4

AZO/ITO/PET

6.9

Figure 3 shows the surface SEM images of ITO on glass and PET substrates before AZO deposition.

(a)

(b)

Fig. 3: SEM images of ITO on (a) glass and (b) PET substrates.

In order to investigate the morphological properties if AZO on glass and PET substrate in presence of ITO
buffer layer, the surface and cross-sectional microstructure of AZO films has been imaged by SEM in Fig. 4
and Fig. 5. The SEM photograph reveals that the growth mechanism of the AZO films on the both substrates is
3-dimensional manner and a granular crystalline structure is formed, but on glass crystallizes in good order, and
on PET substrate crystallizes disordered and results the higher resistivity of AZO on such substrates.
The SEM images reveal that the flat surface of the AZO thin film on ITO/Glass and ITO/PET is a result of the
most perfectly matching crystal lattice of layer and substrate. SEM images of AZO thin films also show that
AZO grains on Glass and PET substrate with ITO buffer layer are more uniform than AZO grains on bare glass
and PET substrate.

(a)

2719

(b)
Fig. 4: The surface and cross-sectional SEM images of AZO on (a) glass and (b) PET substrates.

(a)

(b)
Fig. 5: The cross-sectional SEM images of AZO on (a) ITO/glass and (b) ITO/PET substrates.

3. Conclusions
Optical, electrical and morphological properties of AZO on glass and PET substrates with and without ITO
buffer layer were analyzed. The quality of films deposited on buffer layer is found to be superior to those grown
directly on a substrate. The morphological, optical and electrical studies reveal that ITO buffer layers improve
the crystalline quality, optical and electrical properties of AZO thin films. The results indicate that the
application of ITO buffer layer reduces the resistivity of AZO film from 2.27×10-2 Ωcm to 1.04×10-3 Ωcm on
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glass substrate and from 4.75×10-2 Ωcm to 6.9×10-4 Ωcm on PET substrate which is due to increase of free
electron concentration in AZO. ITO buffer layer increases the AZO average transmission in visible region (400800nm) to 92% and 89% on glass and PET substrates, respectively. The SEM images reveal that the flat surface
of the AZO thin film on ITO/Glass and ITO/PET is a result of the most perfectly matching crystal lattice of
layer and substrate. SEM images of AZO thin films also show that AZO grains on Glass and PET substrate with
ITO buffer layer are more uniform than AZO grains on bare glass and PET substrate.
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AN EVALUATION METHOD FOR DESIGNING COST-EFFICIENT SINGLE AXIS
PV-TRACKERS
Shyi-Jeng Tsai and Yi-Lun Pan
National Central University, Department of Mechanical Engineering, Jhong-Li (Taiwan)

1. Introduction
The requirements on installation of solar trackers are not only to maximum the received solar energy but also
to reduce the invested cost. With combination of increased energy, lower installation cost and lower
operation complexity, single axis trackers are widely applied in silicon-based PV-panel systems. Among the
mentioned advantages, maximization of the generated PV-power is always first priority for the design task to
realize. For single axis tracker, however, the daily variation of the angle of incidence between incoming light
and the photovoltaic panel is various due to the different values of the design parameters. On the other hand,
the sunshine rate affects also the generated power. How to select a suitable
There are various works on evaluation of the performance of different PV-tracking systems based on a
numerical or experimental approach. For example, Abdallah (2003) has compared different types of tracking
PV-system experimentally. Chang (2009) compared also the PV-power gain of the single-axis tracker in
azimuth tracking and the fixed type systematically. Koussa et al. (2011) proposed an approach to improve the
performance of PV-system by comparing five different configurations of solar trackers with two fixed panels
under consideration of different sky condition. Lorenzo et al. (2002) has demonstrated an approach of
determining the produced energy of another type of single axis tracker, i.e. azimuth tracker, under
consideration of shadowing effect. Lubitz simulated solar radiation on fixed, azimuth tracking and two axis
tracking PV-panels at 217 diverse locations in USA by utilizing the Perez radiation model with hourly
typical meteorological year (TMY3) data. Padovan and Col (2010) proposed new measurements of global
and diffuse solar irradiance on the horizontal plane and global irradiance on tilted PV-panels with a good
accuracy.
The aim of the paper is thus to propose a simple evaluation method for selecting suitable design parameters
of the single axis PV-trackers under consideration of the environmental influence at the installation place to
obtain the maximum generated PV-power. Especially how the design parameters affect the gain of energy is
also discussed.
2. Mathematic Models
2.1 Cumulative hourly PV-power
In order to evaluate the different tracker design, a generalized equation for calculation of the cumulative
hourly PV-power Qtotal in one year is derived based on Şen (2008) as the following equation,
Ne ( M ) t 
18 h


12

Qtotal f SS ( M )   I 0 f () f (i ) f d (m)
Pe [MJ/m2].
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(
M
)
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(eq. 1)

The parameters in the equation can be divided into four types:
 constant parameters are invariant parameter in calculating the solar power, including the energy
conversion efficiency of the solar cells Pe and the solar constant I0 (=1367 W/m2 or 4.921 MJ/m2h);
 environment related parameters are the parameters for solar irradiation. There are two influence
factors, the astronomical factor fε(Ω) for the change in extraterrestrial solar radiation, and the
atmospheric factor fd(m) for definition of atmospheric transmittance of beam radiation.
 weather related parameter is here the monthly sun-shine rate fSS(M), which is determined from the
weather measured data;
 tracker related parameter, i.e. the hourly power decline function fξ(i) due to the angle of
misalignment i. The angle i at each time point is determined according to geometric relation
between the designed tracker and the position of the sun.
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The above mentioned parameters are further described in the following sections corresponding to solar
irradiation and misalignment of the single-axis tracker.
2.2 Solar irradiation
Solar irradiation I with unit W/m2 is defined as incident radiant power on a unit surface,
I I 0 f () f d (m) [MJ/m2h]

(eq. 2)

where the astronomical factor fε(Nd) is defined as
f () 1 0.033 cos(2
N d / 365)

(eq. 3)

with Nd the number of the days from 1 January to a particular date in a given year;
and the atmospheric factor fd(m) for definition of atmospheric transmittance of beam radiation is determined
according to,
f d (m) 0.56(e 0.65m e 0.095 m )

(eq. 4)

m  1229 (614 sin ) 2 614 sin 

(eq. 5)

with the air mass ratio m,

2.3 Misalignment of the single-axis tracker
The misalignment of the PV-panel on the tracker to the solar beam is essential to determine for evaluation of
the generated PV-energy. In case of the misaligned PV-panel, the generated PV-energy will be decreased
according to the equation
I  I 
cos 

(eq. 6)

The instantaneous incident angle ξof solar beam upon the PV-panel can be determined by using the innerproduct of the two vectors, namely the normal vector of the PV-panel NTracker and the vector for the solar
beam NSun (Tsai et al., 2009), Fig. 1,

N Sun 
T N Tracker
N
T Sun T N Tracker

cos  T

(eq. 7)

The astronomical relation of the sun and the earth is simplified as a spherical trigonometric model for solving
the vector of the solar beam. The essential coordinate systems are considered for the derivation: (a) ecliptic
coordinate system SE(xE, yE, zE), (b) equatorial coordinate system SC(xC, yC, zC) and (c) earth coordinate
system, Fig. 2. The related coordinate systems are defined as the following:
 SE(xE, yE, zE): is fixed on ecliptic plane, where zE axis is normal the plane, vernal equinox is on the xE
axis, and the rotation axis of the earth is inclined to zE axis with an angle α.
 SC(xC, yC, zC): is fixed on equatorial plane. zF axis is not only perpendicular to the equatorial plane,
but also coincided with the rotating axis. xC axis is also coincided with xE axis.
 SD(xD, yD, zD): is a moving system with the movement of the sun. zD axis is coincided with zC axis,
and both the centers of the sun and the earth fall on the xD-zD-plane.
 ST(xT, yT, zT): is fixed on the earth. zT axis is coincided with zD axis, and an angle γexists between xT
and xD axis due to rotation of the earth. If xT axis and xD axis are coincided, i.e. γ=0, the time is
defined as 12:00 (noon).
 SG(xG, yG, zG): is fixed on the ground plane, where zG axis is directed to the north and xG axis to the
west.
From the previous work of Tsai et al. (2009) the vector of the solar beam can be expressed as
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T N Sun
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(eq. 8)

with
360
N d 80.

365

(eq. 9)

The normal vector to the PV-panel is derived from the coordinate transformation as
T N Tracker

R TG R GF R FR R N Tracker
cos() 0 sin()
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(eq. 10)
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(eq. 11)

Fig. 1 Definition of the dual-axis solar tracker in roll-tilt type

(a) Ecliptic coordinate system

(b) Equatorial coordinate system

(c) Earth coordinate system

Fig. 2 Coordinate system for derivation of the solar beam
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3. Analysis Results
In the following, different types of tracker, namely horizontally fixed panel, inclined fixed panel, single axis
(east-west) and dual-axis (tip-tilt type), Fig. 3, are analyzed. Two locations of installation are considered,
Hengchun and Jhongli, which geographical locations can be found in Fig. 4. Some analysis works are
conducted,
 Verification of the calculation approach for solar irradiation by comparison with the measured data,
 Exploration of the influence of the tracker design parameters on misalignment of the panel,
 Exploration of the influences of the tracker design parameters on the generated PV-energy,
 Optimization of the tracker design parameters for the highest generated PV-energy.

Fixed (Horizontal)

Fixed (Inclined)

Single-Axis

Dual-Axis

Fig. 3 Different types of tracker for evaluation of PV-energy

Fig. 4 Geographical locations for simulation: Jhong-li and Heng-chun

3.1 Comparison of the solar determination model with the measured value
In order to verify the model for calculation of the solar irradiation, the calculation results are compared with
the measured data from the sunshine senor, installed at the National Central University, Jhongli (Fig. 5). Two
data measured on 26.09.2009 and 28.12.2010 are compared and illustrated in Fig. 6. The two measured days
are sky clear. It is clear to recognize that the calculation approach is reliable for determination of the solar
irradiation.
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Fig. 5 Sunshine Sensor (Type BF3)

Time

Fig. 6 Comparison of the calculated radiation with the measured data

3.2 Influence of the tracker design parameters on misalignment of the panel
The variation of the misalignment angle plays an important role for designing solar tracker. Different design
parameters will cause different variation. Two parameters of the solar trackers, i.e. the tilt angle θfor
inclination of the main axis and the tip angle φfor inclination of the PV-panel related to the main axis, are
considered here to explore their influence on the misalignment.
Fig. 7 illustrates the variation of the misalignment angle of the PV-panel in a year due to different tip angles
φ. The tilt angle θis defined as the same with the latitude of the installation, here Jhongli. It can be
recognized that the misalignment angle has an even variation if the tip angle φis equal to zero. In this case,
the misalignment angle is also equal to zero both on vernal and autumnal equinox. The misalignment angle
tends to be zero on summer solstice with the tip angle φto 23.4º, on the other hand, it is also zero on winter
solstice with tip angle φto 23.4º. Another fact is not shown here that the misalignment angle in a day is not
varied if the tilt angle θis equal to the latitude of the installation. It is thus clear that the adjustment of the tip
angle can vary the misalignment angle in a year.
The effect of another parameter, the tilt angle θ
, on the misalignment is illustrated in Fig. 8, where the tip
angle φis settled as zero. We can recognize from Fig. 7 and Fig. 8 that the misalignment angle is increased
from morning to noon and decreased again to dusk in a day on the days near summer solstice, and in contrast,
it is also decreased at first to noon and increased again in a day on the days near winter solstice, in case of the
tilt angle θsmaller than the latitude of installation, here 15º. In case of a larger tilt angle θ
, here 30º, we can
find a contrary variation.
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Fig. 7 Variation of the misalignment of the PV-panel in a year due to different tip angles φ
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Fig. 8 Variation of the misalignment of the PV-panel in a year and a day due to different tilt angles θ

3.3 Influence of the tracker design parameters on the generated PV-energy
The influence of the tilt angle θof the main axis of the tracker and the tip angle φof the PV-panel on the
generated PV-energy is discussed based on the proposed approach. The monthly sunshine rates used for
calculation are average values adopted from the database of Taiwan Central Weather Bureau based on 10year measurement, Fig. 9.
The generated PV-power of the trackers in single-axis design and with various tilt angles is illustrated in Fig.
10, each for location in Hengchun and Jhongli, respectively. The tip angle of the PV-panel is in this case
equal to 0. It is very clearly to find that a greater PV-power can be obtained for single-axis tracker or
inclined-fixed PV-panel if the tilt angle is settled around the latitude of installation. However, the difference
between the maximum value and the minimum value is not significant, for example, in Hengchun the factor
is about 1.04 for single axis tracker, and 1.05 for inclined fixed PV-panel; in Jhongli only 1.05 for single-axis
tracker, and 1.07 for inclined fixed PV-panel.
The tip angle, in contrast to the tilt angle, has a significant effect on the generated power. Because the tip
angle is only considered while in designing the single-axis tracker, there are three type of tracker/panel for
comparison in Fig. 11. It is obvious that the tip angle has also similar effect as the tilt angle. A larger PVenergy can be generated if the tip angle is designed near zero. However, the ratio of maximum to minimum
value is greater than the case of the tilt angle, for example, 1.08 in Hengchun and 1.09 in Jhongli.

2727

Monthly Sun-Shine Rate

1
0.9

Hengchun

0.8

Jhongli

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
1

2

3

4

5

6

7

8

9

10

11

12

Month
Fig. 9 Average monthly sun-shine rate

Yearly PV-Power

[MJm¯²]

Jhongli
700
600
500
400
300

Dual-Axis
Single-Axis
Fixed (Inclined)
Fixed (Horizontal)

200
100
0
0

5

10

15

20

25

30

35

40

Tilt Angle [deg]
Fig. 10 Influence of the tilt-angle on the generated PV-power

[MJm¯²]

Jhongli

600
500

Yearly PV-Power

Yearly PV-Power

[MJm¯²]

Hengchun
700

400
300
200
100

Dual-Axis
Single-Axis
Fixed (Horizontal)

0

700
600
500
400
300
Dual-Axis
Single-Axis
Fixed (Horizontal)

200
100
0

-25 -20 -15 -10 -5

0

5

10

Tip Angle [deg]

15 20 25

-25 -20 -15 -10 -5

0

5

10

15 20 25

Tip Angle [deg]

Fig. 11 Influence of the tip-angle on the generated PV-power

3.4 Optimization of the tracker design parameters for the highest generated PV-energy
In order to evaluate the maximum possibly generated PV-power, an optimization method, here Powell
method, is also introduced in the paper (Press et al. 2007). The optimal parameters based on the proposed
method for the single axis tracker and inclined fixed panel are calculated as listed in Table 1, each for the
locations in Hengchun and Jhongli, respectively. The single axis tracker with the tilt angle 30.5° and the dip
angle 7.4° can generate maximum PV-power in Hengchun, and with the tilt angle 33.4° and the dip angle
8.3° in Jhongli. On the other hand, the PV-panel of the fixed system should be inclined 20.3° in Hengchun
and 21.9° in Jhongli to the south for generation of the maximum power. The yearly generated PV-power of
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tracker or fixed PV-system can be compared clearly with each other from Fig. 12. In comparison with the
inclined fixed PV-system, the PV-power gain from the dual-axis tracker increases up to 43.7% both in
Hengchun and Jhongli, and for the single-axis tracker 38.1% in Hengchun and 38.2% in Jhongli. The results
reveal also the facts that the maximum power of the single axis tracker can be obtained, independent on the
location, but under fulfillment of the following strategies:
 the misalignment angle on morning and evening of a given day in summer is smaller, and in winter
greater;
 the average misalignment angle of a given day around the vernal and autumnal equinox is near to
zero.
The monthly difference of the PV-energy between the mentioned PV-systems is illustrated in Fig. 13. It is
obvious to find that the PV-energy obtained by the single-axis tracker is smaller than that by the dual-axis
tracker in winter and in summer. On the other hand the inclined fixed PV-system generates less energy than
the horizontal fixed PV-system from April to September, and more energy in the other months.
Table 1 Optimal Design Parameter for various types of trackers and their maximum generated yearly PV-power

Hengchun
Type of Tracker

Optimal Parameter

Horizontal Fixed

--

Jhongli

Yearly PV-Power

Optimal Parameter

427 MJ/m2

Yearly PV-Power
316 MJ/m2

--

Inclined-Fixed

θ= 20.3°

455 MJ/m2

θ= 21.9°

341 MJ/m2

Single Axis

θ= 30.5°; φ= -7.4°

628 MJ/m2

θ= 33.4°; φ= -8.3°

471 MJ/m2

Dual Axis

--

653 MJ/m2

--

490 MJ/m2
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4. Conclusions
The proposed method is applied successfully to analyze four types of PV-system in Hengchun and Jhongli,
Taiwan. The results enable us to draw the following conclusions:
 The calculated PV-energy based on the proposed approach has a good agreement with the measured
data from a sunshine sensor.
 The tilt angle of the main axis of the single-axis tracker affects mainly the distribution of the
misalignment angle in a given day, while the tip angle changes the daily variation of the
misalignment angle.
 The analysis results show cost benefit of the single axis tracker that its generated PV-power with
optimal design is only 3.9% less than the dual axis tracker and 36.3% more than the fixed PV-system.
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1. Introduction
Numerical simulation is now almost indispensable for the understanding and design of solar cells based on
crystalline, polycrystalline and amorphous materials. Highly developed programs include effects due to
tunneling, optical light trapping, heat flow and other features. In principle, any numerical program capable of
solving the basic semiconductor equations could be used for modeling conventional homo-junction and thinfilm solar cells. These basic equations are the Poisson equation and the continuity equations for electrons and
holes. In general, the recombination terms, contained in the continuity equations, make the problem highly
non-linear, but numerical methods for dealing with such equations has been already developed.
Our basic approach for developing and designing improved solar cells has been to have a basic
understanding of the specific solar cell physical behavior by means of simple analytical models first and then
proceed to make detailed and more exact calculations with the help of simulation programs. When this
approach has been used, having to simulate many cases has been avoided, except for those with the greatest
physical significance, in such a way that the results can be understood in a more complete manner than doing
simulations without any previous knowledge. Sometimes, the numerical simulations provide new features, in
addition to more exact calculations, as compared to the analytical model calculations. Proceeding in this way,
the importance of numerical calculations is revealed in a more precise way. In other words, in a similar
manner to real experiments, the simulation of solar cells has to be planned based on previous analytical
model results that involve the basic physics of solar cells. Optimization of these devices can then be realized
in a more straightforward manner, as will be shown by some examples below. This approach has been more
useful when applied to the new thin film solar cells
In this paper, as an example of the above approach, we will describe and explain the numerical simulation
results for two different solar cell structures, pointing out the importance of the new features provided by the
simulation results. The first case refers to HIT solar cells on silicon. It will be shown that numerical
simulation allows us to define the best TCO layer regarding the work function, in addition to the required
low interface state density at the silicon surface. The second case refers to CdS/CIGS solar cells. It will be
shown that this kind of solar cells is complex, and not completely understood, so that many electrical
parameters are not well known, making it difficult to generate an appropriate model. In addition, it will be
shown that the real structure has not been determined experimentally, particularly for those cells reported
with efficiencies above 18%, which is the maximum efficiency obtained numerically for a simple CdS/CIGS
solar cell. Explaining the laboratory efficiencies above 20% can not be done with present (numerical) models
and then it will be necessary to make further experiments to obtain information about the material properties
and the real structure for this kind of solar cells in order to have a more realistic model. In this case, the
interaction between modeling and experimental results can be used for guiding us in defining the required
experiments.
2. Solar cell simulation tools
Before proceeding to the above discussion we shall make a short review of some of the freely distributed
simulation tools. These programs are mostly reduced to one dimensional analysis as compared with highly
expensive commercial programs which can make two and three dimensional device simulations and
requiring workstations for running.
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2.1. PC1D
This program was developed by Basore and coworkers originally at Sandia National Labs and was further
developed at UNSW, Australia (Basore, 1990; Clugston and Basore, 1997). It is considered a standard for
crystalline Si cells, and it is widely spread in the PV research community, and hence also used for some thinfilm cells, though it is not particularly designed for those cells. Being originally developed for crystalline
silicon cells the number of layers is rather limited, only five layers are allowed per device. For CdTe/CdSbased devices this is probably enough provided that the doping of the layers is not graded, but for CIGS
based devices this number is low. All of the most common recombination mechanisms are implemented:
Auger, band-to-band and trap-assisted tunneling (Hurkx et al., 1992). It is not possible to define a general
Density of States (DOS) distribution; only one deep level can be specified per layer by giving its position in
the forbidden gap and the lifetimes for electrons and holes. Because no densities of deep levels can be given,
there is no space charge connected with these levels. This is a problem when modeling II-VI and a-Si solar
cells, where the charge contained in deep states can play an essential role. Besides the standard J(V) and
spectral response measurements, transients can also be simulated. Light or bias voltage can suddenly be
applied and the effect on the device can be monitored as a function of time.
2.2. SCAPS-1D
SCAPS (a Solar Cell Capacitance Simulator) is a numerical simulation program written and maintained at
the University of Gent (Burgelman et al., 2000). It is designed as a general polycrystalline thin-film device
simulator and is mainly used for modeling CdTe- and CIGS/CIS-based solar cells. Up to seven layers can be
added to the device and for each layer or contact all physical and electronic properties can be shown and
altered inside a separate window. Simple models are used for the temperature dependence of the effective
density of states and the thermal velocity, other parameters such as the band-gap and the mobilities are
independent of temperature. For each layer, up to three deep levels can be defined, and in between two layers
up to three interface states can be placed. These deep levels can be energetically distributed in the band-gap
(single level, uniform, gauss or exponential tail). The deep bulk levels can also vary spatially inside the layer
(uniform, step, linear or exponentially). All other properties can be graded for each layer in the device.
Recombination in deep bulk levels and their occupation is described by the Shockley–Read–Hall (SRH)
formalism. Recombination at the interface states is described by an extension of the SRH formalism
(Pauwels and Vanhoutte, 1978), allowing the exchange of electrons between the interface states and the two
adjacent conduction bands, and of holes between the states and the two adjacent valence bands. SCAPS has
among the studied simulation programs the largest number of electrical measurements that can be simulated:
J(V), C(V), C(f) and spectral response. Each measurement can be calculated for light or dark conditions and
as a function of temperature. When solving the desired simulations, the energy band diagram and the charge
and currents in the device are shown on screen for each intermediate bias voltage or wavelength.
2.3. AMPS-1D
AMPS (Analysis of Microelectronic and Photonic Structures) was written by S. Fonash and coworkers of
Pennsylvania State University (www.ampsmodeling.org., August 2011). It is a very general and versatile
computer simulation tool for the analysis of device physics and for device design. A single device can have
up to 30 layers, each layer having its own set of parameters. All parameters (bandgap, effective density of
states, mobilities) are independent of temperature. For each layer a total of 50 deep donor and acceptor levels
can be assigned, resulting in the possibility of creating an almost arbitrary density of states distribution. The
deep levels can be energetically distributed in the band-gap (discrete, uniform or gaussian). In addition, it is
possible to define exponential band tail states. All properties of a layer are spatially uniform. By adding
different layers with gradually changing parameters, however, it is possible to simulate graded junctions.
AMPS can handle up to 3000 nodes, but direct tunneling, amphoteric and interface states are not included.
When the definition of the device is completed, the user can choose to simulate J(V) in both light and dark
conditions as well as spectral response measurements. AMPS is slow in solving the problem when compared
with other simulation programs. The ability to solve several cases simultaneously, combined with a
remarkable stability, makes this program suitable to use in a batch mode. Once the results are calculated,
they can be analyzed with the built-in plotting facility. One of the major drawbacks in this program is the
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absence of trap states at the interface between two layers. However, this can be solved by means of a “trick”,
i.e. by having a very thin region with a high (bulk) band-gap distribution of states between the two regions.
We have used this trick in order to simulate HIT silicon solar cells (Hernandez-Como and Morales-Acevedo,
2010) with AMPS, as will be explained below.
2.4. Other Programs
Many other numerical simulation programs than those discussed here are in use. SimWindows
(www.simwindows.com., August 2011) is a freely available one-dimensional drift/diffusion simulator for
semiconductor devices. It can handle tunneling and incorporates internal heat generation in its calculations.
ADEPT-F from the group of Jeff Gray, Purdue University (Gray, 1991) has been widely used. A version for
the Windows operating system is to be issued shortly. The program ASPIN of the University of Ljubljana
(Smole et al., 1994) has been used for CIGS cells and for a-Si cells. AFORS-HET has been developed by a
group of the Hahn-Meitner Institute of Berlin (Froitzheim et al., 2003). Programs such as SILVACO-ATLAS
and CrossLight-APSYS are expensive commercial programs used in silicon microelectronic industry; though
in principle they are also usable for solar cells, they are specially developed for microelectronic devices, and
some also implement simulation of Si wafer processing. They often offer true multi-dimensional (two- or
three-dimensional) simulation. Polycrystalline thin-film solar cells properly require the use of two- or even
three-dimensional programs because of grain boundaries and non-planar interfaces. Grain boundary effects
seem to be more prominent in CdTe cells than in CIGS cells. Though one-dimensional problems effectively
average the effect of grain boundary states over the bulk, they have been surprisingly successful. Also,
transition to two or three dimensions will increase substantially the number of input parameters, many of
which are presently not well known.
3. The relevance of solar cell numerical modeling
We already have explained that numerical simulation would help whenever there is a previous analysis of the
solar cells to be studied by means of analytical models. Before any solar cell simulation problem is
attempted a good understanding of the cell structure and the physical parameters involved is required. This
sometimes is not possible because there is not a full characterization of the real cell structure. For example,
the real structure for CdS/CIGS solar cells is not well known because an interfacial layer between the CdS
and the CIGS layer may appear with special properties depending upon the cell preparation method. It has
been suggested that close to this interface a thin inversion (n-type) CIGS layer exist in contact with a more
stoichiometric p-type CIGS layer. The presence and properties of this layer will depend upon the deposition
method and conditions for both the CIGS and the CdS layers. Sometimes, some parameters which are well
known for bulk materials are not adequately known for thin polycrystalline materials, and therefore it is not
easy to select the appropriate values for simulating the solar cells based on such materials. In addition,
experimental groups usually report the efficiency of solar cells, but not the properties of each of the layers
and viceversa. Therefore, there will be some uncertainty on the real values for the physical parameters such
as electron affinity, carrier mobility and lifetime for each of the layers used for specific solar cells. Hence, all
these considerations have to be taken into account in order to asses the real significance of the numerical
results. Even with these limitations, it will be shown that this kind of analysis is important and will help for a
better understanding of the observed behavior for solar cells, as will be shown with the two examples below,
where we have used AMPS-1D for making the simulations.
3.1. HIT Silicon solar cells
Sanyo Ltd. has developed a silicon solar cell called Hetero-junction with intrinsic thin layer (HIT) cell. The
high-quality performance of these devices has been demonstrated by efficiencies over 22% in laboratory
cells and over 20% in mass production cells based on textured n-type Czochralski (CZ) crystalline silicon (cSi) (Taira et al., 2007; Tanaka et al., 2003).
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TCO
a-Si:H(p)
a-Si:H(i)
c-Si(n)

a-Si:H(i)
a-Si:H(n)
TCO
Fig. 1: Schematic diagram of the hetero-junction (HIT) amorphous/crystalline silicon structure with an intrinsic thin
amorphous layer

In figure 1 (above), the schematics of the cell structure is shown. Notice that, in addition to the well known
properties of crystalline silicon, the full parameters for both the extrinsic and intrinsic aSi layers is required.
Fortunately this characterization has been done for aSi although the properties of the materials used in real
solar cells usually are not reported, and we would have to assume that properties of pure layers grown at
different laboratories than those where the cells are fabricated are the same for layer used in the solar cells,
under similar deposition conditions.
We have used AMPS-1D for simulating this kind of solar cells. This simulation program has the limitation
that no interface recombination is considered explicitly. However, by assuming a very thin layer with high
(Shockley-Read-Hall) recombination it is possible to simulate a real interface. In figures 2-3 we show some
of the results, when the parameters given in table 1 are assumed for the simulation (Hernandez-Como and
Morales-Acevedo, 2010). We can notice the small total trap density (Nss) at the interface between the
intrinsic aSi and the crystalline silicon substrate required for achieving high efficiency HIT solar cells. In
addition, we can observe the efficiency degradation for such solar cells when the interface density is
increased above the required maximum Nss value. Notice that the results show that Nss above 1012 cm-2 will
cause a strong degradation of the solar cell efficiency.
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Fig. 2: Efficiency of the simulated HIT solar cells as a function of the intrinsic aSi layer thickness for different thickness of the
p-type aSi emitter
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Fig. 3: Efficiency of the HIT solar cells as a function of the total density of states Nss at the CSi/aSi(i) interface. Different
Gaussian donor states are assumed in the p, n and intrinsic aSi layers.

Tab. 1: Parameter set for the simulation of hetero-junction solar cells with AMPS-1D
Parameter and units
e, h for electrons and holes respectively

a-Si:H(p+)

a-Si:H(i)

a-Si:H(n+)

Thickness (nm)
Electron affinity (eV)
Band gap (eV)
Effective conduction band density (cm-3)
Effective valence band density (cm-3)
Electron mobility (cm2 V-1 s-1)
Hole mobility (cm2 V-1 s-1)
Doping concentration of acceptors (cm-3)
Doping concentration of donors (cm-3)
Band tail density of states (cm-3 eV-1)
Characteristic energy (eV) donors, acceptors
Capture cross section for donor states, e, h, (cm2 )
Capture cross section for acceptor states, e, h, (cm2 )
Total Gaussian density of states NDB (cm-3 )
Gaussian peak energy (eV) donors, acceptors
Standard deviation (eV)
Capture cross section for donor states, e, h, (cm2 )
Capture cross section for acceptor states, e, h, (cm2 )
Total midgap density of states Dit (cm-3 eV-1)
Switch over energy (eV)
Capture cross section for donor states, e, h, (cm2 )
Capture cross section for acceptor states, e, h, (cm2 )

10
3.8
1.72
2.50×1020
2.50×1020
10
1
3×1018
0
2×1021
0.06, 0.03
1×10-15, 1×10-17
1×10-17, 1×10-15
1×1018–5×1020
1.22, 0.70
0.23
1×10-14, 1×10-15
1×10-15, 1×10-14
0
0
0
0

5
3.8
1.72
2.50×1020
2.50×1020
20
2
0
0
2×1021
0.06, 0.03
1×10-15, 1×10-17
1×10-17, 1×10-15
1×1016–1×1018
1.22, 0.70
0.23
1×10-14, 1×10-15
1×10-15, 1×10-14
0
0
0
0

10
3.8
1.72
2.50×1020
2.50×1020
10
1
0
1×1019
2×1021
0.06, 0.03
1×10-15, 1×10-17
1×10-17, 1×10-15
1×1018–5×1020
1.22, 0.70
0.23
1×10-14, 1×10-15
1×10-15, 1×10-14
0
0
0
0

Layer at the
a-Si:H/c-Si
interface
3
4.05
1.12
2.80×1019
1.04×1019
1350
450
0
3×1015
1×1014
0.01
1×10-15, 1×10-17
1×10-17, 1×10-15
0
0
0
0
0
1×1016–1×1020
0.56
1×10-15, 1×10-17
-17
1×10 , 1×10-15

c-Si(n)

300000
4.05
1.12
2.80×1019
1.04×1019
1350
450
0
3×1015
1×1014
0.01
1×10-15, 1×10-17
1×10-17, 1×10-15
0
0
0
0
0
1×1011
0.56
1×10-15, 1×10-17
-17
1×10 , 1×10-15

Another important result is related to the transparent conductor oxide properties, in particular its work
function. In figure 4 we show the variation of efficiency as a function of the TCO work function. We can see
that materials with a work function below 5 eV will cause efficiency degradation for this kind of solar cells.
Then, we can see the importance of using ZnO(Al) instead of ITO for making better HIT solar cells. In other
words, in this case it is not irrelevant the TCO used, as assumed by some experimentalist groups which have
made HIT solar cells with a small work function TCO.
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Fig. 4: Efficiency of the HIT solar cells as a function of the acceptor concentration in the p-type aSi layer for different TCO
work functions

In summary, in the case of HIT solar cells where the parameters of aSi and cSi are relatively well known,
numerical simulation allows establishing the required upper limit for the aSi-cSi interface trap density. It also
reveals that a high work function TCO is required in order to have high efficiency. Of course, after a good
numerical model has been achieved, the simulated solar cells can be optimized taking into account the
technological limits for a specific laboratory.
3.2. CIGS solar cells
Contrary to the above example for silicon, solar cells based on thin film polycrystalline materials become
more difficult to simulate numerically because most of the properties are not adequately known yet, and the
poly-crystallinity character require a two or three dimensional solution of the transport equations. However,
it has been established that recombination in the grain boundaries, which is the most important parameter
affected by the presence of small crystallites, can be modeled by means of an “effective lifetime”. Carrier
mobility can also be included in a solar cell model by assuming an “effective mobility”. And both of these
parameters are related to an “effective diffusion length” (Morales-Acevedo, 2006), in such a way that a one
dimensional model can be used for carrier transport in this kind of materials. Therefore, we have used this
approach in order to model thin film polycrystalline solar cells.
In figure 5, we show the typical structure for a CuInGaSe2/CdS (CIGS) solar cell. One of the first problems
encountered is that affinities (x) for CIGS and CdS are reported with different values by different authors.
Furthermore, the affinity of the crystalline materials is not necessarily the same for the same polycrystalline
materials. Then, we always will have some uncertainty about the correct band diagram of the hetero-junction,
unless the real band offsets are measured.
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Fig. 5: Schematic diagram of the simulated hetero-junction CdS/CIGS solar cells

Notice that in CIGS solar cells, the band-gap of the material can be modified as a function of the x =
Ga/(In+Ga) ratio in the film. It has been established that as a function of this ratio (x) the band-gap can be
determined by:

E g ( x)  1  x E g CIS   xE g CGS   bx1  x 

(eq. 1)

where Eg(CIS) = 1 eV, the band-gap for CuInSe2 and Eg(CGS) = 1.7 eV is the band-gap for CuGaSe2. The
“bowing” parameter has been determined to be approximately b = 0.24 (Wei et al., 1998).
Most of this band-gap variation is due to the modification of the electron affinity. Then, we have also a
variation of the affinity as a function of x:

 (CIGS )   CIS   E g (CIGS )  E g (CIS ) 
(eq. 2)

where (CIS) is the electron affinity for CuInSe2.
In order to have a complete model we have taken into account the presence of two acceptor levels in CIGS.
Schroeder et al. (1998) have measured the acceptor concentration and position within the band-gap so that
the majority carrier concentration can be determined as a function of x.
Finally, since it is difficult to have absorption coefficients for the whole range of x, we have modeled the
absorption coefficient by assuming a direct band material in all cases:

 A h  E g  x 
 h , x   
0

h  E g  x 
h  E g  x 

(eq. 3)

Keeping the above uncertainties in mind, we modeled CIGS solar cells with the parameters defined in table
2. The purpose was to see if it is possible to obtain a reasonable simulation which could be compared with
experimental results and other simulation calculations.
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Tab. 2: Parameter set for CdS and CuInGaSe2 for the simulation of CIGS solar cells

Parameter
ε

s
2

µ (cm /V s)

CdS

CIGS

10

13.6

10

50

5

25

e

2

µ (cm /V s)
h

-3

16

0

N (cm )
A

-3

16

N (cm )

17

0

1x10 -1 x10

D

E (eV)

2 .4 2

g

19

 1x10 - 1x10

1.00 – 1.68

-3

19

N (cm )
C

19

1.00 x 10

C

-3

1 .0 0 x 1 0

19

N (cm )
V

19

1.00 x 10

V

χ (eV)

1 .0 0 x 1 0

4 .5

4.80 – 4.10

t (s)

-

1x10

t (s)

1x10

-

100

3000

e

-8
-9

h

Thickness (nm)

The first calculation (using AMPS-1D) was done by varying the carrier concentration in the CdS layer as a
function of x (Ga content) for two different CdS layers. The result for the efficiency is shown in figure 6. We
notice that only in the case of high carrier concentration (1017 cm-3) in the CdS layer we can observe a
monotonous growth of the efficiency for values of x up to 0.7. In the case of low carrier concentration (less
than 1016 cm-3), the efficiency is strongly reduced for x < 0.5 due to the presence of a spike in the CdS/CIGS
interface affecting the filling factor of the cell.

20
18
16

Efficiency (%)

14
12
10
8
6
4
16

Nd =1x10
17
Nd =1x10

2
0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Ga Content

Fig. 6: Efficiency of the simulated CIGS solar cell as a function of Ga content in the CIGS layer. Two donor concentrations
were assumed for the CdS layer
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Notice that the optimum value of x = 0.7 corresponds to band-gap values of the CIGS layer around 1.45 eV.
This value is in agreement to old calculation for the optimum band-gap in a solar cell. However, it is well
established experimentally that the optimum efficiency for CIGS solar cells occurs for CIGS band-gap values
between 1.15-1.2 eV. In order to explain this, it has been suggested that a very thin inversion layer (n-type
layer) appears at the CIGS/CdS interface as a consequence of the processes for making the solar cell.
Therefore, we have included such (inversion) layer with the properties summarized in table 3 (above). In this
case, we have used the high carrier concentration (1017 cm-3) CdS layer. The result is shown in figure 7.
Notice that in this case the optimum occurs for x = 0.4 which corresponds to a band-gap value of 1.22 eV
which is more in agreement with the experimental result for the optimum band-gap. These results are also in
agreement with those by other authors, but it seems to us that none of the previous works have obtained
simulation results which allow the prediction of the high record conversion efficiencies reported for CIGS
solar cells (above 20%).

Tab. 3: Physical parameters for modeling the inverted (CIGS) layer at the CdS and CIGS interface

Parameter

Inverted Surface
Layer
1 3 .6 0

ε

s

2

µ (cm /V s)
e

2

µ (cm /V s)
h

-3

N (cm )
A

10
5
0

A

-3

N (cm )
D
D

E (eV)
g

15

1x10
1.30

-3

N (cm )
C

19

1 .0 0 x 1 0

-3

N (cm )
V

χ (eV)
t (s)
h

t (s)
e

Thickness (nm)

19

1 .0 0 x 1 0
4 .5
-8

1x10
30

According to the above discussion, we need further investigation in order to explain the disparity between
the calculated maximum efficiency and the reported experimental record efficiency. It has been suggested
that band-gap grading (Morales-Acevedo, 2009, 2010) can be a part of this, but in any case, a better
understanding of the behavior of CIGS solar cells is still needed in order to foresee new ways to improve the
efficiency of this kind of solar cells.
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Fig. 7: Efficiency of the simulated CIGS solar cell where an inversion (n-type CIGS) layer was included at the CdS/CIGS
interface. In this case the CdS layer donor concentration was assumed to be 1017 cm-3

4. Conclusions
It has been shown that numerical simulation, preceded by simple analytical models, is an important tool for
understanding and achieving high efficiency solar cells. Particularly, for materials for which most of the
transport parameters are well known. Silicon, both in crystalline and amorphous phase, is one of those
materials. In this case, the numerical calculations provide not only a good understanding but they also allow
us to predict ways to improve the efficiency, for example of HIT solar cells. On the other hand, cells made
from polycrystalline materials are more complex and the transport properties are not well known. In this
case, numerical simulation helps for understanding the solar cell behavior, for example for CIGS/CdS solar
cells it was shown that the inclusion of a CIGS (n-type) inverted layer between the CdS and the CIGS films
gives a possible explanation for the observed optimum Ga content in the CIGS, although it does not explain
the high record efficiencies observed experimentally. These results also suggest further characterizations to
be made for CIGS layers and complete solar cells. For example, a better characterization of the band offsets
at the CIGS and CdS interface, effective lifetimes and mobilities of minority carriers, in addition to the
presence of the inverted layer is still needed. Other effects, such as the band-gap grading is also an effect to
be investigated further which also can be modeled numerically.
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NOVEL MONO-CRYSTALLINE SOLAR CELLS WITH IMPROVED
EFFICIENCY
Alex Axelevitch and Gady Golan
Holon Institute of Technology – HIT, Holon (Israel)

1. Introduction
Solar cells, as alternative energy sources, attract much attention in recent decades. Solar cells have the
potential to replace fossil fuels as the main means of electric power generation. However, solar cells of all
types suffer of two main deficiencies: relatively low efficiency, and high cost in comparison with
conventional fossil fuel electric sources. It's known that the maximum theoretical efficiency of solar light to
electricity conversion, may reach to approximately 93%. Also it's known that obtained solar power in earth is
about 1.21017 W. Thus, there are significant reasons to put efforts and resources to develop low cost and
high efficient PV convertors.
The chart presented in figure 1 shows the best laboratory photovoltaic efficiencies obtained for various
materials and technologies [1]. Usually, this is done for very small, 1 cm2, solar cells and requires application
of concentrators, cooling systems, and complicated technologies such as multi-layer thin film semiconductor
systems. These systems must take into account a variety of technological and material parameters such as:
semiconductor lattice parameters, formation temperatures and working temperatures, refraction coefficients
matching, thickness of all layers in the multi-layer system, concentration of charge carriers in the
semiconductor layer, and many others.

Fig. 1: NREL compilation of best research solar cell efficiencies [1]

Almost 90% of all solar cells produced in 2006 were made from single and polycrystalline silicon.
Significant growth of silicon consumption in the world results in an increase in silicon price due to the solar
cells market appearance together with the microelectronics industry. Single crystalline silicon solar cells are
the most widely used today. Together with the polycrystalline cells which are slightly less efficient, they
represent the base line of the nowadays market. At the same time, thin film solar cells made of amorphous
silicon (a-Si) became significant in the commercial photovoltaic device market. Amorphous silicon solar
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cells can be made in many combinations using a wide variety of substrate materials, including flexible ones.
Unfortunately, solar cells made by chemical vapor deposition (CVD) methods suffer of low efficiency and
significant degradation under solar irradiation (the Staebler-Wronski effect). Also, due to the small thickness
of the semiconductor layers, a substantial part of the solar light cannot be absorbed (photons with wavelength
of more than 800 nm).
Unfortunately, the extremely high conversion efficiency is not feasible in practical devices due to losses
caused by electrical, optical, material and technological reasons. Optical losses reduce the level of solar
radiation by reflection and shadowing of the irradiating light. The spectral sensitivity of various
semiconductors has a significant contribution to the optical losses. All photons with energy lower than the
semiconductor band-gap cannot generate electron-hole pairs and thus lost in the semiconductor substrate.
Photons with energy that is higher than the bandgap generate charged carriers which transfer additional
energy to the semiconductor material (the thermalization process) and heat up the photovoltaic device. This
increasing heat decreases the cell’s efficiency. Electrode system (pass-bars), located on the active surface of
the solar cell, also reduces the efficiency by reducing the surface area that absorbs light.
Electrical losses have detrimental effects on both the current and the voltage of a solar cell. These losses may
be conditionally divided to two major groups: losses due to the electrical transport (Ohmic losses) and
recombination losses given by various recombination mechanisms. The Ohmic losses consist of electrical
resistance to transport of charged carriers within the doped regions of the device: emitter and base, resistance
of the P-N junction, contact resistances on the borders of the semiconductor and metal collectors, and the
resistance of thin metal films of the collector system. The recombination losses are defined by various
processes in the semiconductor: a radiative or "band-to-band" recombination (luminescence), Auger
recombination, recombination on the semiconductor defects and impurities (Shockley-Read-Hall or SRH
recombination), and surface recombination. Detailed analysis of electrical losses was done in past by many
authors [3, 4].
Losses due to the properties of the used materials and the characteristics of the applied technologies also
seriously affect the efficiency of converting light into electricity. These losses are determined by a plurality
of different independent factors, incorrect selection of which can lead to complete failure of solar cells.
Consequently, the appropriate technology must take into account all possible mechanisms of losses and
reduce the influence of each of them.
As mentioned above, an intrinsic layer of semiconductor may be inserted between the doped parts of a diodetype PV cell, to increase the active converting region. The following parts of this paper present an analysis of
the influence of the intrinsic layer on the efficiency of solar cells, a new design of solar cell, developed on
the basis of this analysis, and a new technology to manufacturing novel highly efficient solar cells.
2. Efficiency of the PIN system
2.1. PN structure performance
Figure 2 presents schematic cross-section of the non-ideal conventional diode-type PV cell. Photon with
suitable energy may be absorbed by the semiconductor material. This process consists of generation of
charged carrier pair: electron and hole. Due to the built-in electrical field within the P-N junction, these
charged carriers are drifted to the emitter (electrons) and to the base (holes) thus generating electric current
which is applied to the external load. Figure 2c represents the simplest case of electrical charge distribution.
Assuming an abrupt type of the junction, the cross-section (Fig. 2a) represents three actual regions in the PV
cell: emitter (an n-type layer), base (p-type layer), and the space-charge region (depletion zone of the formed
junction).
We assume that light irradiation penetrates the cell as a flux of photons (as shown in figure 2b) and that the
cell (crystalline structure) absorbs the light homogeneously, in the first approximation. The quantity of the
excess charged generated pairs, n = p is lower than the majority carrier concentration. Only the minority
charged carriers generated in both sides of the diode under irradiation can be taken into account for the
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charge collection. Thus, only electrons generated in the p-type base, in a distance of electron's diffusion
length from the depletion region, may reach the electron collector. The same part of holes generated in the
emitter can reach the hole collector. However, charged carriers of both types generated in the depletion zone
are effective due to n > ni, the intrinsic concentration of the charged carriers.

Fig. 2: Cross-section of the non-ideal diode-type PV

All of the current processes in the PV cell may be described by Poisson's equation and the continuity
equation. Detailed analysis of these processes shows that the current density generated by diode-type solar
cell is described by follows equation:
𝑉

𝐽 = 𝐽𝑝 + 𝐽𝑛 + 𝐽𝑅 = 𝐽0 𝑒 𝑉 𝑡 − 1 − 𝑞𝐺 𝐿𝑝 + 𝐿𝑛 + 𝑊

(eq.1)

Where Jp, Jn, and JR are current density generated in the base, emitter and space charge region respectively,
Lp and Ln are holes and electron diffusion length respectively, Vt = kT/q is the environment potential, k is the
Boltzmann's constant, T is the absolute temperature of the environment in K, V is the voltage generated by
the cell due to the charges separation, W is the space charge region width as shown in figure 2a, q is the
electron's charge, G is the electron-hole pairs generation rate, and J0 is the leakage current density, described
by follows relation:
𝐽0 = 𝑞𝑛𝑖2

𝐷𝑝
𝐿𝑝 𝑁 𝐷

+

𝐷𝑛
𝐿𝑛 𝑁 𝐴

(eq.2)

Where ND and NA are the impurity concentrations in the emitter and base respectively, Dp and Dn are hole's
and electron's diffusivity respectively, and ni is the intrinsic charge carriers concentration.
To compare values of W, Ln and Lp for conventional silicon diode, we have calculated these values, as they
are fully defined, by the silicon properties and the impurity level concentration in the p- and n-sides of the
structure. Table 1 present the silicon properties required for calculation at room temperature [4].
Tab. 1: Properties of the silicon

Property

-3

Value

Intrinsic carriers concentration

cm

1.51010

Relative dielectric constant, r

-

11.7

cm2/vs

1350

Electron mobility, µn
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Units

cm2/vs

Holes mobility, µp

480

The calculation was performed for two different diode structures with different impurities concentration and
for the condition of equal lifetime of generated charged carriers (n = p = 0.1µs), see the table 2. Also, an
electrical field providing separation of the generated charged carriers was calculated. For these calculations
we will use the well known following relations:
The built in potential: 𝑉𝑏 = 𝑉𝑡 ln

𝑁𝐴 𝑁𝐷

The depletion zone width: 𝑊 =

𝑛𝑖2

(eq.3)

2𝜀 0 𝜀 𝑟 𝑉 𝑏

1

𝑞

𝑁𝐴

+

1
𝑁𝐷

(eq.4)

The diffusion length: 𝐿 = 𝐷𝜏, where 𝐷 = 𝜇𝑉𝑡 (eq.5)
The maximum electrical field: 𝐸𝑚 = −

𝑞𝑁𝐴 𝑥 𝑝
𝜀0 𝜀𝑟

=−

𝑞𝑁𝐷 𝑥 𝑛
𝜀0 𝜀𝑟

(eq.6)

Here, xp and xn are the depletion width in the p-side and n-side of the junction, respectively.
Tab. 2: Calculation results of the width for two different diode structures.

N

NA

ND

Vb

W

Ln

Lp

-Em

cm

cm

V

µm

µm

µm

104 V/cm

1

1016

1016

0.7

0.43

18.7

11.1

3.2

2

16

19

0.88

0.34

18.7

11.1

5.3

-3

10

-3

10

In the table, Vb represents the built-in potential of the diode and E m is the electrical field value. As shown, the
space charge region takes a small part of the effective zone. However, we can significantly increase the
generated current by widening the space charge region (see equation 1). This may be performed by
introducing additional intrinsic (i-) semiconductor layer between the p and n parts of the diode system. So,
we will obtain the PIN structure instead of PN.
2.2. PIN structure performance
The main difference between the PN-diode and the PIN diode is the extension of the internal electric field in
the diode [5]. The internal electric field is limited to the depletion layer in the PN-type diode, whereas it
extends over the whole i-layer in the PIN-type diode. The operating principle of photovoltaic solar cell is
generation of charged carriers under irradiation and their separation by the internal built-in electric field. So,
location of this electric field and its value are most significant. The internal electric field must provide a
complete separation to the generated charged carriers and its maximal utilization. Generally, the distance of
traveling from the origin point to the suitable electrode is determined by the carrier diffusion length.
Maximum value of this parameter may reach the order of 1 cm for the single-crystalline Si or Ge [6]. In the
case of a PIN-diode structure, collection of the charged carriers is governed by the drift length of both
electrons and holes within the intrinsic layer. It can be shown, that, under "reasonable conditions", the drift
value is about 10 times larger than the minority carrier diffusion length [7]. Thus, if the quality of the applied
material is high, the high efficient PIN solar cells based on the single-crystalline silicon may be achieved.
This claim was verified using the "Afors-Het" simulation program [8].
We considered a virtual photovoltaic structure, presented in figure 3. This structure represents a singlecrystalline p-type silicon substrate, 2 mm thick, equipped at its rear side by continuous metal electrodes. The
front side of the substrate is coated respectively by an intrinsic silicon layer of 1 µm thick, a 2 µm thick
single-crystalline n-type silicon layer, and a 150 nm thick layer made of indium-tin oxide (ITO) film. This
upper layer is coated with a pass-bar electrode net representing the upper electrode.
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Fig. 3: Virtual PV structure for evaluation of the intrinsic layer influence

The I-V characteristics, simulated by the "Afors-Het" program, for the PV structure presented in figure 3, are
shown in figure 4 for the standard conditions of room temperature and irradiation of AM1.5 solar spectrum
with an average power of 1000 W/m2.
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Fig. 4: I-V characteristics for PN and PIN structures simulated by "Afors-Het"

Estimated difference in the efficiency shows an increase of the PIN structure in almost 5% for the considered
non-optimized virtual structure. This system is better than the conventional PN structure; however, it suffers
from the following disadvantages:
- There are difficulties in growing single crystalline silicon layers as intrinsic as highly doped;
- Efficiency of the PIN structure decreases due to the existence of the upper pass-bars which shade a
significant part of the active front surface of the PV cell;
- The large thickness of the base layer decreases the number of excess holes that can reach the rear
electrode;
- The separated by the internal electric field charged carriers must overcome the highly doped emitter
layer. This layer increases their electrical loss due to Auger recombination;
- As emitter as base - both increase electrical losses due to Shockley-Read-Hall (SRH) recombination
processes;
- The active part of the structure is comparatively thin, thus decreasing the number of excess charged
pairs, generated by light irradiation.
It seems that high efficiency solar cell should be free from the above mentioned shortcomings.
3. Novel construction of the solar cell
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It can be seen in figures 2 and 3 that photons penetrating through the front surface of the cells generate
electrons and holes which move in the same direction of photons (holes) and in opposite direction
(electrons). This conventional system is designated as a "vertical behaving system". Photons coming from
the top and charged carriers move in parallel or anti-parallel to photons. Let's turn this construction so that
charged particles begin to move now perpendicular to the direction of the incoming photons. Let's also widen
the intrinsic zone and make emitter and base significantly thinner. A cross-section of such novel PIN
construction of the PV cell is presented in figure 5. This PV cell represents a single-crystalline silicon strip, ~
10 mm wide and 10 cm long, having the maximal surface area of 10 cm2 oriented accordingly [001]
direction. This silicon is grown as pure single crystal material having intrinsic concentration of charged
carriers (ni  1.51010 cm-3). Both sides of the strip are heavily doped by donors at one side (N D  1019 cm-3)
and by acceptors on the other side (NA  1019 cm-3). Both sides are also coated by metal electrodes with
Ohmic contacts.

Fig. 5: Novel PIN construction of the PV cell

Figure 6 represents approximately a charge distribution in the novel cell (fig. 6 c), an internal electrical field
distribution (fig. 6 d), and directions of incoming photons and generated charged carriers (fig. 6 a). This
structure may be designated as "lateral PV cell" due to the perpendicular direction of charged carriers
moving relative to the photons incoming.

Fig. 6: A cross-section view of the novel solar element

What can we see in this construction: first of all, an active surface which absorbs the photons occupies
almost the entire surface of the PV cell. This wide active intrinsic zone is totally un-doped. Consequently, the
SRH recombination caused by impurities is practically absent. The obtained silicon strip is oriented
according to the [100], [010], [001] directions, hence most of the charged carriers move now via virtual free
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channels. Thus, the carriers are practically free of collisions with lattice atoms and are scattered only by
crystal defects. As a result of that the mean free path of the charged carriers and their mobility reaches its
maximum value. Since the main mechanism of separation of the generated charged carriers is the internal
built-in electric field, it is interesting to calculate its value and its spatial distribution to achieving complete
charge separation in this novel system.
To find the correct description of the PIN structure behavior, we have to consider physical processes at p+/i
(or n+/i) junctions in detail. The full-depletion approximation assumes that the depletion region around the
metallurgical junctions has well-defined edges [9]. It also assumes that the transition between the depletion
region and the quasi-neutral region is abrupt. Here, the quasi-neutral region is defined as the region adjacent
to the depletion region. In the quasi-neutral region, the electric field is small and the free carrier density is
close to net doping density. The PV cell shown in figure 6 has the abruptly doped sides that may be realized
enough simple, for example by an epitaxial growth process. Also, the quasi-neutral region is not doped, thus
it contains the inrinsic charged carriers only. However, we cannot claim that the depletion regions closed to
the quasi-neutral sides are free of the mobile charged carriers due to dynamical type of equilibrium processes
in the junctions. Therefore, for the description of this device we must use the Poisson's equation without the
depletion approximation part. In other words, we must admit that mobile charged particles are exists and
move within the depletion zone.
The one-dimensional general form of the Poisson's equation for the potential distribution looks as follows:
𝑑2∅
𝑑𝑥 2

=−

𝜌
𝜀𝑠

=−

𝑞

𝑝 − 𝑛 + 𝑁𝐷 − 𝑁𝐴

𝜀𝑠

(eq.7)

Here, s = 0r is a relative dielectric constant and the charge density, , is taken as a function of the electron
density, the hole density and the impurities density. To solve the Poisson's equation, the electron and hole's
density may be written as functions of the potential  using the Fermi level, F, defined for an intrinsic
semiconductor as follows:
∅𝐹𝑖 =

𝐸𝑔

3

𝑚 ℎ∗

4

𝑚 𝑒∗

+ 𝑘𝑇𝑙𝑛

2

(eq.8)

Where Eg is the bandgap of our semiconductor and me* and mh* are effective mass of electron and hole
respectively. For the doped semiconductor (for example, p-type) this relation takes following form:
𝑁𝐴

∅𝐹 = ∅𝐹𝑖 − 𝑘𝑇𝑙𝑛

𝑛𝑖

(eq.9)

Therefore, the Poisson's equation may be rewritten as follows:
𝑑2∅
𝑑𝑥 2

=

2𝑞𝑛 𝑖
𝜀𝑠

Where 𝑠𝑖𝑛ℎ

∅𝐹
𝑘𝑇

𝑠𝑖𝑛ℎ
=

∅−∅𝐹
𝑘𝑇

𝑁𝐴 −𝑁𝐷
2𝑛 𝑖

+ 𝑠𝑖𝑛ℎ

∅𝐹
𝑘𝑇

(eq.10)

(eq.11)

We have obtained the second-order non-linear differential equation which cannot be solved analytically in
the general case. However, it can be simulated using suitable simulation software in each specific case.
4. Simulation
Simulation of our novel PV cell had to meet the following questions:
1. How wills the built-in electrical field in the lateral PIN structure is distributed?
2. Which mechanism drives the charged carriers in this structure?
3. What efficiency may be reached in this lateral PIN structure?
4. By-facial mode of operation – possibility for application.
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5.

Evaluation and influence of factors such as width of the I-region, level of irradiation, level of doping in
cathode and anode, temperature of the basic PV cells (open circuit voltage, short circuit current,
efficiency).

In order to check the distribution of the built-in electrical field at the junction between the side electrode
(anode or cathode) and in the intrinsic region, a numerical simulation was peformed. We assumed an abrupt
PIN diode structure with variable width W and the thickness D = 300 µm under equilibrium in dark
condition. The side electrode's doping concentration was chosen as ND = NA = 1020 cm-3.
This simulation was done using the Silvaco's ATLAS silicon device simulator based on the "Synopsys". The
concentration value in the intrinsic zone was chosen at the -level (ND  1012 cm-3). The simulation shows
that the field strength reaches high values of tens of thousands Volts per centimeter for sufficiently small size
of the intrinsic zone (up to 2 microns) in defined conditions. In 10 microns within the intrinsic zone, the field
drops to hundreds of Volts per centimeter and after 50 microns the field practically disappears. Figure 7
presents the electrical field distribution for the equilibrium state and without irradiation.

Fig. 7: Electrical field strength for various intrinsic zone widths

As shown in Fig. 7, the electrical field drops practically to zero at dark equilibrium conditions. However, the
irradiation drastically changes this picture. The following simulation was provided for a sample having a
doping concentration in both sides, equal to 1019 cm-3 and wide width relative to the sample presented in
figure 7, W = 1 mm. In this experiment, the passivated sample was illuminated by monochromatic light with
a wavelength of 800 nm in various intensities from one side. The passivation layer thickness was of 70 nm.
The MINIMOS-NT device simulator developed for simulation of MIS solar cells [10] was used. Fig. 8
presents the simulation results.

Fig. 8: I-V characteristics for various light intensities
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Here, no contact resistance was taken. However, SRH and surface recombination are accounted for. As
shown in Fig. 8, our novel PV cell construction generates electricity according to the received light energy.
Also, as shown in Fig. 5, this construction of PV cell enables bi-facial illumination. Simulation of bi-facial
illumination shows a double growth of electricity generated. In order to clarify what mechanism is
responsible for the charge separation in the cell, the simulation of electrical fields in both cases: dark and
illumination, was done. Fig. 9 compares the electric field in 1 mm width cell with and without irradiation at
zero bias.

Fig. 9: Electric field along the cell width

As shown, the electric field looks different in the two simulated cases. In case of darkness, there is a high
electric field near the contact. This field drops very quickly with the distance. A slope of the doping profile,
defined in a distance of 1 µm, leads to a reduction of the peak electric field from 30 kV/cm to almost zero.
This picture dramatically changes with illumination. Now, the field is able to separate the charges and
transfer them to the electrodes. In this case, the dominant transport mechanism is a drift in the electric field.
Fig. 10 presents a by-facial simulation of the cell behavior with different trap concentration. The trap
concentration value Nt = 1012 cm-3 is very high for intrinsic silicon. If we decrease the trap concentration to
value Nt = 1010 cm-3 or simulate the cell behavior without SRH recombination, we obtain a significant
increase of Isc (short-circuit current) and Voc (open circuit voltage).

Fig. 10: I-V characteristics for various SRH recombination
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As shown in Fig. 10, a number of traps (crystal defects, impurities etc.) in silicon strongly affect its transport
properties. Therefore, the silicon must be pure, single crystalline and properly positioned for PV cells
preparation. The crystal should be oriented in the [100], [010], and [001] directions to minimize the transport
collisions and increase the carriers lifetime. For example, lifetime of 10 ms was obtained for charge carriers
in the case of Nt = 1010 cm-3.
The novel PV cell behavior significantly depends on the ambient temperature. This PV cell is made of pure
single-crystalline silicon with intrinsic concentration of charged carriers. Their concentration is proportional
to the temperature in degrees  (  14) that leads to dependence of Voc from temperature. This dependence
may be described as follows [3]:

V  Voc  Vt
dVoc
 g
(eq.12)
dT
T
For silicon the estimation according to eq.12 gives a reduction in the open circuit voltage of about 2.3 mV
per 0C. Fig. 11 presents our simulation results of our novel PV cells with various ambient temperatures T =
300-400 K. As shown in Fig. 11, while a short circuit current Isc remains nearly the same, Voc decreases with
reduction of ~2 mV/K.

Fig. 11: I-V characteristics for different temperatures

All of the above simulations were done for cell's width of W = 1 mm. However, the real cell's width should
be higher. Fig. 12 presents simulations for the cells with various widths from 1 mm to 20 mm.

Fig. 12: I-V characteristics for various cell widths

These simulations were based on illumination according to the ASTM G173-03 reference spectra, which
gives after integration 832 W/m2 power intensity for the range:  = 400-1000 nm and for integral solar power
intensity of 1200 w/m2. Simulations were performed without recombination and without reflections. As
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shown, the generated electricity grows proportionally to the received solar power. Evidently, electricity
losses also grow together with the width growth. Fig. 13 presents the maximum generated power (P max, W),
fill factor (FF, %), and efficiency (, %) as functions of the cell's width.

Fig. 13: Maximum power, fill factor, and efficiency vs. cell width

As can be seen from the graphs, the maximum efficiency reaches 28% for narrow cells and slightly reduced
for wider cells. The results of these simulations give hope for high efficiencies results to our novel PV cells
in their lateral mode of operation.
5. Experimental Implementation
Practical implementation of our novel PV cell was based on a patent application of Golan et al, (2011). There
are some problems in carrying out experimental verification of novel type of PV cells. Almost all global
manufactured single-crystalline silicon is P type. This is due to the requirements of the microelectronics
industry which is a major player in the silicon market. Thus, the silicon which is used in our experiments was
P-type with resistivity of about 10 kcm. This resistivity corresponds to impurities concentration of about
Nt = 1.41012 cm-3. Such number of traps leads to SRH recombination and consequently to an increase in the
cell's losses.
The second challenge was to create highly doped (~10 19 cm-3) regions with abrupt transition at the edges of
the cell. Such technologies are not developed yet and are subjected to scientific and technical development.
Same can be said on making Ohmic contacts into the doped regions. In our case, the highly doped regions at
the edges of the samples were made by diffusion of boron and phosphorus, respectively. Contacts to the
doped sides of the samples were done using metal-brazing pastes. Passivation of the samples was done using
plasma enhanced chemical vapor deposition (PECVD) reaction. The oxy-nitride films with thickness of
approximately 70 nm were grown on the silicon samples on one side. These films also play the role of
antireflection coatings. Measured lifetime of the charged carriers under the passivation layers was of 5-10
ms. The measured minority carriers diffusion-length was of ~4 mm. The schematic view of the complete PV
cell is presented in Fig. 14.

Fig. 14: The schematic view of the novel PV cell

Efficiency of the first examined PV cells has reached  = 11.9 % and FF = 79.6 % for one-side illumination.
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6. Conclusions
Based on the simulation experiments and first trials of practical implementation of our novel type of PV
cells, we can conclude the following:
1.
2.
3.
4.
5.
6.
7.

The lateral structure is preferred on the vertical;
Despite the large width of cells, the electric field generated in the semiconductor under
illumination is sufficient for efficient charged carriers separation;
The lateral construction provides full utilization of the active PV cell surfaces;
The lateral construction and right choice and orientation of the semiconductor crystal
enables us to minimize losses due to SRH and surface recombination mechanisms;
These PV cells can be used in a bi-facial illumination mode;
The maximal efficiency of these PV cells under bi-facial illumination can reach 28%;
This lateral structure of PV cell can be easily implemented into a manufacturing process.
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1. Abstract
One of the most crucial issues for PV modules is the thermal stability during shading situations.
Principally, the hot spot risk can be attributed directly to the properties of the solar cell. The increased hot
spot risk at cells results on the one hand from local shunts, deformations of the p-n-junction, impurities
and the resistance of the raw wafer material and on the other hand from bad cell processing. The risk can
be reduced by using shorter solar cell strings and by using advanced in-line quality control tools for cell
testing. This work presents the investigation about the operating principle of shadowed solar cells in PV
modules. Thereby a focus is the understanding of the current flow in the dark and in the irradiated part of
the shadowed cell. Finally, by means of this current examination the dissipated power can be determined.
Keywords: Photovoltaic; Hot Spot; Crystalline silicon cells; Reliability
2. Introduction
PV installation density increases, and more systems suffer from shadowing along with the related hot spot
risks. Typical shading situations of PV modules are resulting from antennas, bird droppings, self-shading of
adjacent modules, trees, smokestacks and/or from support structures. Basically, each solar cell has a certain
hot spot risk which causes (under unfavorable conditions) that the cell’s operating point is transferred into
reverse voltage and results in heat dissipation. A typical shadowing situation of a standard multi-crystalline
PV module and the origin of a hot spot are shown in Figure 1.
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Fig. 1: Origination of a hot spot at a PV module. From left to right: shading a solar cell by building structures (red outline),
breakdown of the IV curve caused by the shading, local temperature increase of the solar cell by the reverse voltage, thermal
destruction of the solar cell, and decomposition of the insulation film on back.

The IV reverse bias characteristic of solar cells, its properties and the hot spot phenomena were studied on
different ways. In 1934 Zener posited the property concerning the breakdown of electrical insulators (Zener
breakdown) [1]. At first in 1954 McKay presented an avalanche theory of breakdown at room temperature
[2]. Breitenstein et al. (2010) investigated the junction breakdown in multi-crystalline solar cells [3].
Furthermore Breitenstein et al. (2010) also analysed the influence of defects on solar cell characteristics [4].
Hartman et al. (1980) [5], Spirito and Abergamo (1982) [6], Lopez Pineda (1986) [7], Bishop (1988) [8],
Quaschning (1996) [9] and Alonso-García et al. (2006) [10] presented different models of the reverse
characteristics of solar cells developed. M. Simon et al. (2010) [11] studied the analysis and detection of hot
spots at single cells. The influence of cell texturization on the breakdown has been represented by
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Nievendick et al. (2011) [12] and Lausch et al. (2008) [13]. On the pv module site Wohlgemuth (2005) [14]
and Herrmann (1997) [15] proposed hot spot test for standards. A hot spot risk factor analysis at PV modules
has been carried done by Wendlandt et al. (2010) [16]. In 2010 Pingel [17] showed the influence of the
potential induced degradation on the reverse characteristics of solar cells and panels.

3. Experimental set-up & technical description
The tests have been performed on a single-crystalline PV module. The module has 60 solar cells connected
in series. Each cell has an edge length of 156 mm x 156 mm. The module is divided into three cell strings.
Each string consists of 20 solar cells and one bypass diode. The tests have been performed at the solar cell
with the highest leakage current (= bypass diode switching point) in full shading conditions according to the
standard IEC 61215-2 Ed. 2 (2005) for standard test conditions.
During the tests the following electrical currents have been measured: the total module current Imodule, the
current through an unshadowed string Iunsha, the current through the shadowed string (= shadowed cell) Isha,
the current through the bypass diode Idiode. In addition, the following voltages have been measured: the
voltage of an unshadowed solar cell Vunsha, the voltage of the string with the shadowed solar cell Vstring and
the voltage drop of the shadowed solar cell Vsha. The measurements have been recorded via calibrated
multimeters (max. voltage error: ± 2%, max. current error: ± 2%) and with a logging interval of ∆t = 1 sec.
For the experiments a class C (homogeneity class B, class spectrum: C, temporal stability class: B) steadystate solar simulator has been applied. The irradiation unit of the simulator consists of eight metal halide
lamps, each with an electronic ballast. For the measurements the steady state solar simulator has been set to
an irradiance value of Ee = (1000±5) W/m² on the plane of module and reached a temperature of
T = (50±10)°C on the unshadowed module area under thermally stable conditions.
To realize measurements under different loads of the module an ohmic resistance has been used. The
resistance has been connected in parallel to the module terminal.
The hot spot temperature has been measured via an IR-camera with an absolute measurement error of ± 2 K,
a resolution of 320 x 240 pixels and a thermal sensitivity of 0.1 K at 30 °C. The temperature has been
measured on the front glass of the module. During the infrared image recording, the module has been taken
off the steady-state solar simulator. During that period the missing irradiation resulted in a cooling of the
module, which resulted in a reduction of hot spot temperature of 2 K (absolute). The distance between
camera lens and module surface was fixed to 0.66 m. The camera itself has been tilted by 15 degrees from
the normal of the module during the measurements. The duration of each measurement has been about 15
minutes - then the module reached thermally stable conditions.
For the hot spot analysis the following shading rates sz = 100.0%, 75.0%, 66.7%, 50.0%, 33.3% and 25.0%
have been applied. For each degree of shading, the measurements have been done at the following load
points: the global MPP, the local MPP, the bypass-diode switching-point and the others in the following
fixed operation points: R = 0 ohms, 1.1 ohms, 4.2 ohms, 9.5 ohms, 125 ohms. For a better understanding of
these working points in power-voltage-curves at the different shading rates are shown in Figure 1. In addition
to that, the corresponding current-voltage-characteristics are also shown as well.
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Fig. 1: Power-voltage characteristics (left) with the hot spot analysis of the investigated operating points (gray) and the
corresponding current-voltage characteristics (right).

4. Results
Figure 2 shows the voltages and currents measured in different operating points of the module for a cell with
shading rates of sz = 100% and 25%. Each measurement has been carried out for a time period of t = 15 min
to reach thermal equilibrium.
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Fig. 2: Measured PV module voltages (left) and currents (right) during the time period from initial state to thermal equilibrium
for a cell shaded by 100% (above) and by 25% (below).

Figure 2 shows that the bypass diode switches into “pass” mode, as soon as a module string gets an
inhomogeneous radiation. The diode voltage operates in reverse bias in the string loop. The voltage-drop
across the shaded solar cell itself depends on the voltage of the unshaded cells in the same string and the
number of unshaded cells in the same string, the bypass diode voltage and the degree of shading at the
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investigated solar cell. This voltage relation and operating principle is displayed for the initial state in
Figure 3. Accordingly, in case of the fully shaded cell a voltage drop of -11.5 V at initial state and -10.1 V at
thermally equilibrium can be observed. The voltage reduction itself can be attributed to a negative
temperature coefficient of the unshaded solar cell in the same string by heating-up through current flow and
irradiation.
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Fig. 3: Comparison of the measured with the calculated voltages at the shadowed solar cell for different loads applied (left).
Loop of voltages in a module with a shadowed solar cell in one string (right).

By comparing the measured with the calculated voltage-drop at the shadowed cell, a good correlation among
them can be observed. Physically, the voltage in string mash meets Kirchhoff's voltage laws:

n

∑V

k

=0

(eq. 1)

k =1

Applying that formula to the string mesh results in:

Vsha ,cell − nunsha ,cell ⋅ Vunsha ,cell (I sha ) − Vdiode (I diode ) = 0

(eq. 2)

By interpretation of formula 2 it becomes visible that the voltage drop at the shadowed cell dependents
primarily of the number of unshadowed cells in the string mesh.
After explaining the voltage-drop at a shadowed cell, the current-flow through the cell will be discussed.
Figure 2 shows that the current is increasing from the case of short circuit to the case of open circuit. The
increased current through the bypass diode over time at low module resistances can be explained by a lower
diode threshold voltage by the temperature increase. The temporal change of the current at the shadowed
string can described in this way. The operating principle of the current in a string with shadowed cell is
displayed in figure 4.
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Fig. 4: Comparisons of the measured and calculated currents in the pv module (left) with different loads and shading levels.
Balance of currents in a module for different shading levels at a shadowed cell in one string (right).

Also the comparison between the measured and the calculated currents in the string with a shadowed cell
shows a fine correlation. That can be traced back to the Kirchhoff's circuit law:

n

I = ∑ Ik

(eq. 3)

k =1

By applying that law to a module string it results:

I module = I leak (sz ) + I diode

(eq. 4)

Due to figure 4 it becomes clear that the current through the shadowed cell increases by reduction of the
shadowing rate. That can be described with that in addition to the leakage current Ileak there exists also the
photo current Iph through the irradiated part of the cell. To separate both currents in a first step the currents
and voltage points of the shadowed cell are fitted by the two-diode model with reverse bias extension term
from Quaschning [18].

 q (V + IRs ) 
 q (V + IRs ) 
I (V ) = I ph − I 01 exp 
− 1 − I 02 exp 
− 1 − I leak
kT
kT





(eq. 5)

With

I leak

 V + IRs
V + IRs
=
− b(V + IRs )1 −
Rp
VBr






−n

(eq. 6)

The measurement points and fits together with the maximum power loss curve of the shadowed cell are
shown in figure 5.
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Fig. 5: Measurement points and fits together with the maximum power loss curve of the shadowed cell.

Figure 5 demonstrates that the photo-current increases with smaller shadowing rates. It becomes also clear
that with smaller shadowing rates the power loss at the shadowed cell also increased. The difference between
measurement points and fitting curves is resulting from measurement errors. The ratio between Ileak and Iph as
a function of the cell voltage for different shadowing rates is shown in figure 6.
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Fig. 6: Relationship between leakage- and photo-current as a function of cell voltage for different shadowing rates.

Figure 6 shows that for a fully shadowed cell the leakage current is the dominating one. In case of partly
shadowed situations the photo current becomes dominating. Also the influence of the voltage becomes
visible so it can be said that at higher voltages the ratio of leakage-photo currents increases. This is due to the
leakage current’s influence because the photo current is limited by the irradiated cell area in reverse bias.
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Caused by the inhomogeneous properties (specifically the local parallel resistance Rp and the local
breakdown voltage Vbr) of the cell, the leakage current is distributed over the dark and irradiated cell area.
For the fully shadowed cell situation it is getting easy to determine the current because it equals to the string
current. For situations with partly shadowed cells the separation of the leakage current into the share of dark
Ileak,1 and of light Ileak,2 is becoming more difficult. Figure 7 shows the scheme of current flows through a
partly shadowed cell as described above.
Istring = Ileak + Iph = Ileak,1 + Ileak,2 + Iph
Ileak,1

Ileak,2 + Iph

unshadowed
cell area

shadowed cell
area

Istring

Fig. 7: Balance of current flows through a partly shadowed solar cell.

Therefore the following current model can be established:

I string = I leak (R p ,Vbr ) + I ph (sz , Ee ) = I leak ,1 (R p1 ,Vbr1 ) + I leak , 2 (R p 2 ,Vbr 2 ) + I ph (sz , Ee )

(eq. 7)

Thereby the photo current is calculated by the current density of the cell at unshadowed conditions and the
shadowing rate.
After knowing the reverse voltages and the different currents, the according dissipation powers can be
determined. The power curves as a function of the shadowing rate are shown in figure 8.
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Fig. 8: Dissipation power of shadowed solar cell for different levels of shadowing.
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In figure 8 the reduction of the dissipation power for the leakage current at increasing shadowing levels is
clearly visible. Also it becomes clear that the total dissipated power is dominated by the photo current.
Furthermore, an offset of the dissipation power from the photo current is visible. This is an effect of light
trapping in the encapsulation material and the glass above the glass. The total power loss curve (red) itself
shows a maximum of dissipation for a shadowing rate of 17%. This point divides the operational status of the
shadowed cell into: current (for smaller rates) and voltage (for larger rates) limited ranges.
In figure 7 it is visible that the leakage current is divided into the dark and light part. To determine the partial
leakage current of each part the measured means of the temperature distribution in the dark and light part of
the shadowed cell and a reference temperature of an unshadowed module range Tref,mean is applied. The
leakage currents are calculated by the following model:

I leak , 2 T2,mean Tref ,mean T2,mean − Tref ,mean
=
−
=
I leak ,1 T1,mean
T1,mean
T1,mean

(eq. 8)

Figure 9 shows the leakage currents of each part over the shadowing rates. The currents are determined on
the measured temperatures shown in the small window in figure 9 and equation 8.
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Fig. 9: Leakage current and temperature (small window) over the shadowing rates for a shadowed solar cell.

Figure 9 shows that large shadowing rates cause the highest leakage current. Furthermore it becomes clear
that in case of shadowing of the hot spot a higher leakage current flows through the shadowed cell part. That
can be due to a less dark resistance of this cell part. In a situation of irradiating the hot spot this cell part also
shows a higher leakage current. From there it could be found that the part with the lower leakage current
operates as a well blocking diode and the part with the high leakage current as a weak blocking diode.
Finally, the power dissipation for the dark and lighted cell part over the shadowing rates is shown. Figure 10
displays the results.
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Fig. 10: Power loss of shadowed and unshadowed part over the shadowing rate.

Figure 10 shows the power loss for the case of shadowing and unshadowing the hot spot. For both situations
the losses for the dark and lighted part are shown. By interpreting the figure it becomes clear the irradiated
cell part shows a higher power loss. That can be due to a strong influence of the photo current on the power
loss. Furthermore the figure shows that in case of a lighted hot spot there the highest power becomes
dissipated. The small window in figure 10 shows the error between measured power (figure 8) and the
modeled power following equation 7.
By comparison of the results in figure 10 and the measured temperatures in figure 9 a well correlation
between hot spot temperature and dissipated power is visible. Consequently it was found that a higher hot
spot risk for shadowed solar cells exists if the hot spot itself is not shadowed.
5. Conclusions
The hot spot problem depends on the solar cell raw material, the cell process quality and the cell sorting in a
module. This paper showed that in case of shadowing a part of a cell this cell operates as a load. This could
be due to that the voltage of the shadowed cell becomes negative.
It could be shown that under short current conditions the highest dissipation power drops at a shadowed cell.
The level of the dissipation power depends on the reverse bias voltage and the current through the cell.
Thereby the reverse bias voltage depends on the number of unshadowed cells in the string mesh and the
voltage of the bypass diode. The current consists of two parts, on the one hand the leakage current, which
results in the solar cell properties, and on the other hand in the photo current at partly shadowed solar cells.
An analyse between both currents had displayed that the relationship-value decreases with smaller
shadowing rates, which means that the leakage current becomes decreased and the photo current becomes
increased. Furthermore it could be found out that at fully shadowing situations the leakage current shows the
highest value. However the photo current has a maximum in the range of smaller shadowing rates.
In this paper a model was applied to separate the global leak current into the dark and the light part. The
model is based on the means of the temperature distribution of the dark and lighted part of the shadowed cell.
The results showed that the highest leakage current flows through the highest defect range of the cell.
By calculating the power loss for the shadowed and unshadowed part at different shadowing rates it was
found that the worst condition exists when the hot spot becomes irradiated.
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1. Introduction
To construct the technical foundation of the growth promotion of Pea plants using short-time irradiation of
blue LED light in addition to the natural daylight, we designed the irradiation equipment that consisted of
blue LED light and see-through solar cells. See-through solar cells are amorphous silicon solar cells capable
of passing light (light transparency of 10%) while generating electricity as shown in Fig.1. The power
generated by a solar cell was used for supplemental lighting system(Downs et. al.1957,Takano et. al
1996,Lin 2000).. The aim of this study was to obtain basic knowledge on efficient supplemental lighting to
establish plant growth and to design the irradiation equipment that consisted of blue LED light that consisted
of blue LED light and see-through solar cells.

Solar radiation
See-through
solar
(Output36W/m2)

cells

Supplemental ＬED
blue lighting

.
Fig. 1: Schematic diagram of agricultural products by means of see-through solar cells and supplemental blue lighting.

2764

2.

Lighting system of greenhouse

The system can be used in the place where the commercial electric source is not supplied. The block
diagram of measurement and power supply is shown in Fig.2. The storage battery of the system is charged
by the solar cells. See-through solar cells are amorphous silicon solar cells capable of passing light(light
transparency of 10%) while generating electricity. When the voltage changed greater or amaller than a
predetermined level, the relay located between the battery and the solar cell cuts off the circuit to prevent its
damage under the control of the computer. The voltages of solar cells and battery and intensity of solar
radiation are measured by data logger and computer. The supplemental irradiation of blue LED light to the
plant as pea(Fig.3)(pisum sativum L. cultivar Kisu-Usui) for a half hour before daylight was carriedout to
promote the growth of the plants.

SEE-THROUGH
SOLAR CELLS

SIGNAL
POWER

BATTERY

DC/AC
CONVERTER

LED
LIGHT

SOLAR
RADIATION
DATA
ROGGER

COMPUTER

CLOCK
CONTROLLER

Fig. 2: Block diagram of lighting system composed for greenhouse

Fig. 3: Pea(pisum sativum L. cultivar Kisu-Usui)

3. Performance of the PV roof

1.9m

2.3m

The green house used in the experiment was built as shown in Fig.4 at the research farm of Faculty of
Biology Oriented Science & Technology, Kinki University, Japan. The electric generating region of the
panel has numerous holes, as shown in Fig.1, from which the a-Si layer and metal electrode have been

3.0m

Fig. 4: Greenhouse using seethrough solar cells

1.9m
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1.97m

removed to light to pass through. Solar panel is a combination of six solar modules(TSS solar:KN38, Taiyo
Co.) and connected in parallel combinations as shown in Fig.5(a). The see-through solar module is
composed of submodules having light transparency of about 10%. The sky is observed through see-through
solar panel as shown in Fig.5(b). The maximum output current(Ipm) and voltage(Vpm) of a photovoltaic
solar module are 0.66A and 54.5V under the condition of 100mW/cm2(AM-1.5), respectively. Each circuit
is connected in parallel by two solar modules. Resultant current and voltage are 1.32A and 54.5V. The

Connecting Box

Battery

(a)Schematic diagram (mm)

(b)See-through solarpanel has been installed on roof of greenhouse.

Fig.5 See-through solar panel used in the experiment
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Fig.6: See-through solar panel used in the experiment
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5.0

Power generation (kWh)

Solar radiation (kWh/m2・day)

daily solar radiation at Kinokawa City(Lat.34°15′and Long.135 °21′), Wakayama, Japan and photovoltaic
power generation are as shown in Fig.6. Power consumption and operation time of blue LED light were
decided as 76W and 30minutes. The expected power generations of August and December are about
21.4kWh and 8.6kWh by using solar radiation as shown in Fig.6, respectively.

4.

Method to illuminate supplemental lighting and natural daylight for the plant

Figure 7 shows the method to illuminate supplemental LEDs light and the natural daylight to the plant. The
tray in which plant as peas was planted is placed on the conveyor belt Its operation is controlled by the
sensors fixed to the both ends of a conveyor belt. A left-hand side photosensitive sensor detects that solar
radiation and a right-hand side sensor detects that LEDs illuminate. red or blue LEDs arranged in the shape
of a matrix and fixed to the ceiling. After sunset time, a motor rotates clockwise by the command of PLC, A
conveyor belt moves rightward to be detected that a tray exists in the LEDs side by photosensitive sensor as
shown in Fig.8(c1) and (c2). In the morning twilight ,LEDs illuminate for the plant as shown in Fig 8(a1)
and (a2).. After sunset time, a motor rotates counterclockwise and a conveyor belt moves to be detected that
a tray exists in the solar radiation side as shown in Fig.8(b1) and (b2). Sunrise and sunset times are
calculated by using
the information
from National Astronomical Observatory of
Japan(http://eco.mtk.nao.ac.jp/koyomi/koyomix/koyomix.html).

photosensitive
sensor to detect
that a tray exists
in the solar
radiation side

conveyor belt
tray in which
peas were
planted

photosensitive
sensor to detect
that a tray exists
in the LEDs side

Red or blue LEDｓ arranged
in the shape of a matrix

motor

PLC
The case with LEDｓ
Forward

Reverse Stop Speed

Sensor1 Sensor2 LEDs on/off

fixed to the ceiling

Fig.7: The system for growth promotion of a plant with supplemental LED light controlled by means of PLC

(a1)

（ｂ1）

（ｃ1）

(a2)

(b2)

(c2)

Fig.8: Operation of conveyor belt for obtaining supplemental light an natural daylight controlled by PLC.
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5. Conclusion
The additional irradiation of blue light to plant of pea (Prisum sativum L.cultivar Kisyu-Usui)for a half hour
before daylight influenced the growth of the pea plants. We would like to improve the performance about
supplemental lighting system and operation of conveyor belt by means of PLC. It was shown that seethrough solar panels could be applied for greenhouse. .
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THE PLANAR HIGH-VOLTAGE SOLAR CELL ON THE BASIS OF THE
HOMOGENEOUS SEMICONDUCTOR
Yuri D.Arbuzov, Vladimir M.Evdokimov, Dmitry S.Strebkov, Olga V.Shepovalova
The All-Russian Research Institute for Electrification of Agriculture (GNU VIESH), Moscow, (Russia)

1. Introduction
Usual homogeneous semiconductor photoconverters (PC), including one p-n junction (Lidorenko et al. 1988,
Arbuzov and Evdokimov 2008), generate the voltage, determined by the height of the potential barrier of
junction. For technologically the most used photoelectric materials, silicon and gallium arsenide, at
illumination with intensity of the order one solar voltage achieve 0,6-0,9 V. At the same time for the
operation of the typical electronic equipment the voltage considerably exceeding these values (up to ten
times) that is carried out due to commutation separate PC in the battery are required. However it leads to
inevitable ohmic and commutation losses of power, therefore the problem of creation effective PC with
voltage increased even in some times is actual.
In the given work the new type offered by authors homogeneous planar PC on the basis of multijunction
semiconductor structure n+-p-p+-n+-p-p+-…-n+-p-p+ (Strebkov et al. 2008, Arbuzov et al. 2007, Arbuzov et
al. 2008) which principally allows to increase values of the output voltage is considered. At the present time
the similar structure can be created by methods liquid or gas epitaxy by creating the subsequent layers on
base PC. Base PC can be created by usual way and will provide mechanical hardness of all structure. As p+
and n+ layers are heavily doped between them ohmic contact due to quantum mechanical tunneling of charge
carriers through a potential barrier on p+-n+ junction is provided. Such structure shown on fig.1, represents
homogeneous high-voltage PC, consisting of consistently connected PC, illuminated by light which has been
consistently pass through the previous semiconductor layers.

Fig. 1. Structure of the homogeneous high-voltage photoconverter. Figures designate PC number .

In the series-connected elements currents are identical, and for avoidance of circuit losses in cascade PC each
element at illumination should be in an optimum point of current-voltage characteristics. As value of PC
optimum operating current is close to a photocurrent the condition of generation of the maximal power in
structure is actually reduced to the requirement of equality of photocurrents of all entering in structure PC.
For realization of this it is necessary to determine corresponding values of thickness of separate PC base
layers .
Besides the stated statement allows to formulate and the more general problem of structure optimization and
a design offered homogeneous cascade PC. As illumination of everyone separate PC and base PC decreases
with growth of their quantity in a circuit because of absorption of light in more top layers, the photocurrent
generated in structure also decreases with growth of the separate PC quantity. At the same time the full
voltage generated in structure, representing the sum of the voltages generated in separate PC, with growth of
their quantity will increase. It is meant, that output power, generally, will depend non monotonously on
quantity PC in cascade N, achieving the maximal size at some value N. It is natural, that optimum values of
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separate PC thickness and their full quantity, as well as value of the maximal generated power, will depend
on a spectrum of falling radiation, diffusion and recombination parameters of each semiconductor layer.

2. Limiting photo-electric characteristics of high-voltage homogeneous
photoconverters.
One of the primary goals is definition of the maximal opportunities of the offered new type homogeneous
high-voltage PC with use of the optimized designs cascade PC and idealized, theoretically limiting values of
semiconductor structures parameters. In particular, it corresponds to conditions of neglect volume and
surface recombination of charge carriers in epitaxial layers deposited on base PC. The opportunity of
realization of such conditions is based that optimum values of thickness of layers a priori can appear small in
comparison with the diffusion lengths of charge carriers in them, and surface recombination can be
essentially eliminated by existing technological methods.
The problem is solved for conversion of the monochromatic radiation, giving function of generation of
charge carriers on depth x from a illuminated surface of a kind:

Φ ( x ) = Φ ⋅ e − αx ,

(eq. 1)

Where Φ - density of a stream of falling photons, α - coefficient of absorption of the radiation, depending on
wave length λ and the nature of the semiconductor.
The density of photocurrent JΦi generated in i-th PC, with the account of light absorption in the previous
layers, is equal:

J Φi = q ⋅ Φ ⋅ e

−α

N

∑ dk

k =i +1

Q i ; i = 1, 2,..., N ,

(eq. 2)

where q - an electron charge, dk - thickness of k-th PC, Qi. - spectral coefficient of charge carriers collection
to p-n junction in i-th PC. According to idealized model we accept, that the coefficient of carriers collection
in i-PC is equal to the share of radiation absorbed in these PC, i.e.

Q i = 1 − e − αd i ; i = 2, 3,..., N ,

(eq. 3)

and the coefficient of carriers collection in base 1-st PC is accepted fixed: Q1 = Q.
Proceeding from this, conditions of equality of photocurrents in a consecutive circuit of the cascade present
as:

(

)

1 − e − αd i +1 = e − αd i +1 1 − e − αd i ; i = 2, 3,..., N ,

(eq. 4)

i

1 − e − αd i = e

− α ∑ dk
k =2

Q; i = 2, 3,..., N .

(eq. 5)

The decision of these equations gives following value:

di =

⎡ 1 + (i − 1) ⋅ Q ⎤
1
⋅ ln ⎢
; i = 2, 3,..., N
α ⎣1 + (i − 2) ⋅ Q ⎥⎦
.

(eq. 6)

PC thickness changes as inverse proportion to coefficient of photons absorption, slowly falls with PC
number increase and grows with increase in coefficient of charge carriers collection in base 1-st PC.
From here we receive value of a photocurrent in series circuit of N elements:
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J Φ = J Φi = qΦ ⋅ (1 − e − αd N ) = qΦ ⋅

Q
; i = 1, 2,..., N
1 + ( N − 1)Q
.

(eq. 7)

Apparently, the photocurrent falls with growth N (at N×Q>> 1 - in inverse proportion) and gradually
becomes independent from Q, coming nearer to value JΦ = qΦ/N.

3. Prospects of achievement of high-voltage in cascade photoconverters.
The total voltage U generated in structure, represents the sum of the voltages generated in separate PC. Thus,
extremely achievable the current voltage characteristic of ideal cascade PC looks like:

U=

N ⎛
⎞
⎡ qΦ ⋅ Q
⎤
AkT
ln⎜⎜ ⎢
− J ⎥ J 0i + 1⎟⎟
q i =1 ⎝ ⎣1 + ( N − 1) ⋅ Q ⎦
⎠,

∑

(eq. 8)

where kT - thermal energy, J0i - density of the dark reverse current in i-th PC, A - parameter of the
characteristic curvature. As thickness of i-th PC enough slowly depends on its number, and all PC are created
on uniform technology value J0i practically appears identical to all PC and the current voltage characteristic
becomes:

U=N

⎞
⎞⎤
AkT ⎛⎜ ⎡⎛
qΦ ⋅ Q
⋅ ln ⎢⎜⎜
− J ⎟⎟⎥ J 0 + 1⎟
⎜ ⎝ 1 + ( N − 1) ⋅ Q
⎟
q
⎠⎦
⎝⎣
⎠,

(eq. 9)

with an open circuit voltage

U oc = N

⎞
AkT ⎛
qΦ ⋅ Q
⋅ ln⎜⎜
J 0 + 1⎟⎟
q
⎝ 1 + ( N − 1) ⋅ Q
⎠.

(eq. 10)

Dependence of the open circuit voltage of ideal cascade PC from N in relation to a voltage of base PC (N =
1) open circuit Uoc1 for various values of charge carriers collection coefficient in base Q is presented on fig.
2.
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Fig. 2. Open Circuit voltage of cascade PC.
Curves 1 - 3: A = 1, J0 = 10-11 A/cm2, Q =: 0,5 (1); 0,7 (2); 0,9 (3).
Curves 4 - 6: A = 2, J0 = 10-7 A/cm2, Q =: 0,5 (4); 0,7 (5); 0,9 (6)
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With growth of PC quantity N in system the relative open circuit voltage monotonously grows
approximately directly proportional and slowly depends on value of the dark reverse current and coefficient
of charge carriers collection in base PC. In the asymptotic limit at N×Q>> 1 the open circuit voltage of
cascade PC gets weak distinct from linear dependence:

U oc = N

⎞
AkT ⎛ qΦ
⋅ ln⎜⎜
+ 1⎟⎟; N ⋅ Q >> 1
q
⎝ N ⋅ J0
⎠
.

(eq.11)

Thus, in offered new type cascade homogeneous PC there is a basic opportunity of achievement of voltage, it
is more than ten times exceeding voltage in usual planar PC.

4. Prospects of efficiency increase of cascade photoconverters.
Generated power of ideal cascade PC in an operating point of current voltage characteristics (9) is equal
(Arbuzov and Evdokimov 2008):

P = m ⋅ J Φ ⋅ U oc = m

⎞
qΦ ⋅ Q ⋅ N AkT ⎛
qΦ ⋅ Q
J 0 + 1⎟⎟
⋅
⋅ ln⎜⎜
1 + ( N − 1) ⋅ Q q
⎝ 1 + ( N − 1) ⋅ Q
⎠,

(eq. 12)

Where m - filling coefficient of the characteristic which at enough large value of an open circuit voltage can
be presented by asymptotic dependence:

m = 1−

AkT ⎛ qU oc
⎞ qU oc
>> 1
⋅ ⎜ ln
+ 1⎟;
qU oc ⎝ AkT
⎠ AkT
.

(eq. 13)

With growth of number N the filling coefficient converge to one because of corresponding growth of an open
circuit voltage, and cascade PC power, generally, changes non monotonously. At small number PC (N = 2 3) power sharply enough grows with increase N, passes then a maximum and in asymptotic limit very slowly
falls according to expression:

⎛ qΦ
⎞
P = AkT ⋅ Φ ⋅ ln⎜⎜
+ 1⎟⎟; N ⋅ Q >> 1
⎝ N ⋅ J0
⎠
,

(eq. 14)

The relative efficiency ideal cascade PC, i.e. the relation of power of the cascade to the maximal power of
base PC (corresponding condition N = 1, Q = 1), in neglecting weak dependence of factor m from N, is
presented on fig. 3 and 4 for various values Q and for two values of a dark reverse current: J0 = 10-11 A/cm2
(at diffusion mechanism of a current A = 1) and J0 = 10-7 A/cm2 (at recombination mechanism of a current A
= 2).
With growth of number N efficiency of cascade PC, as well as its power, changes non monotonously,
increasing at small N, passing flat enough maximum in the region of N = 2 - 7 and at N×Q>> 1 falling
according to expression for power (eq. 14) at any values Q. Thus the maximal efficiency achieves the values
making more 0,8 from limiting efficiency base PC. For various mechanisms of the dark reverse current in PC
character of this dependence is qualitatively kept.
Thus, offered cascade homogeneous PC, created on the basis of usual planar PC, alongside with repeated
increase of a voltage have prospect of achievement of the efficiency considerably exceeding efficiency of the
base PC, especially at low values of charge carriers collection coefficient in it.
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Fig. 3. Relative efficiency cascade PC. A = 1, J0 = 10-11 A/cm2.
Q = 0,5 (1); 0,6 (2); 0,7 (3); 0,8 (4); 0,9 (5).
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Fig. 4. Relative efficiency cascade PC. A = 2, J0 = 10-7 A/cm2
Q = 0,5 (1); 0,6 (2); 0,7 (3); 0,8 (4); 0,9 (5).

5. Characteristics of real high-voltage homogeneous photoconverters of a solar
energy.
One side cascade PC.
The condition of equality of photocurrents of all PC in the cascade for an any spectrum of falling radiation
generally leads to system N-1 of the nonlinear equations for everyone i-th PC with structure n+-p-p+
(Strebkov at al. 2008):
∞

∫ dλ ⋅ Φ(λ) ⋅ e
0
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N

− α ∑ dk
k =i +1

∞

∫

Q i (λ) = dλ ⋅ Φ (λ ) ⋅ e
0

N

− α ∑ dk
k =2

Q1 (λ )
i = 2,3, … N,

(eq. 15)

where: Φ(λ) - spectral density of a stream of radiation on length of wave λ; Qi (λ) - spectral coefficient of
charge carriers collection to n +-p junction in i-th PC; dk = dkn+ + dkp + dkp+, - thickness of k-th PC which
represents the sum of thickness doped n+-layer, base p-layer and p+-layer.
In real semiconductor structures the coefficient of charge carriers collection Qi of i-th PC can be presented in
the form of the sum of collection coefficients from doped n+-layer, a base p-layer and p+-layer,

Q i = Q in + + Q ip + Q ip +
,

(eq. 16)

Each of which can be expressed through single function Q(α, d, L, S, D) from factor of absorption α,
thickness of a layer d, diffusion lengths of minority charge carriers in it L, speeds of surface recombination S
on a surface opposite n+-p (or p-p+) junction, and factor of diffusion of minority charge carriers D (Arbuzov
and Evdokimov 2008):

SL
⎡ SL
d
⎞⎤⎥
⎞
+1⎛ d
⎢ D − 1 ⎛⎜ − L
⎟
⎜ L
⎟
e − e − αd ⎟⎥
e
αL ⋅ ⎢
− e − αd ⎟ + D
⎜
⎜
⎟⎥
⎟ 1 + αL ⎜
⎢ 1 − αL ⎜⎝
⎠⎦
⎝
⎠
⎣
.
Q( α, d, L, S, D) =
d
d
−
⎛ SL ⎞ L ⎛ SL ⎞ L
⎜1 +
⎟e + ⎜ 1 −
⎟e
D⎠
D⎠
⎝
⎝

(eq. 17)

Omitting an index i, it is possible to write down:

Q n + = − e − αd n + Q ( − α , d n + , L n + , S n + , D n + ) ,

(eq. 18)

Q p = e − αd n + Q ( α , d p , L p , S p , D p )

(eq. 19)

2e

Qp+ =

−α (d n + + d p )

dp

⎛ Sp L p
⎜1 +
⎜
Dp
⎝

,

⎞ L p ⎛ Sp L p
⎟e
+ ⎜1 −
⎟
⎜
Dp
⎠
⎝

dp

⎞ − Lp
⎟e
⎟
⎠

⋅ Q(α, d p + , L p + , S p + , D p + )

.

(eq. 20)

For speed of surface recombination on the back side of base p-area it is necessary to use effective value:

Sp + L p +
Sp =

Np

⋅

Dp+

⋅

Dp+

+ th

dp+
Lp+

Sp + L p + d p +
Np+ Lp+
1+
th
Dp+
Lp+

,

(eq. 21)
+

Where Np - a doped level of a base p-layer, Np + - a doped level p -layer.
At the fixed values of parameters doped n+-and p+-layers the received system N-1 of the nonlinear equations
for values dip has been solved by numerical methods. Squaring the equations, summing them and taking from
the received sum a square root some norm is given which obviously has a minimum equal to zero, on the
decision of system turned out. For the numerical decision the method of consequent coordinate descent for a
finding of a minimum was used. With this purpose the corresponding program was created.
Most simple of the offered designs of new type is represented with the cascade from two PC (N = 2). Used
parameters of semiconductor layers are resulted in tab. 1. Thus was accepted, that doped n+-and p+-layers are
created on the same technologies and consequently have identical values of parameters.
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Table 1. Values of parameters of semiconductor layers.

Type of a
layer,
number PC

L [micron]

S [cm/s]

D [cm2/s]

d [micron]

Np [1/cm3]

p1

300

106

25

500

1016

p2

300

0 - 106

25

?

1016

n+

1

106

1

1.0

1019

p+

1

106

1

1.0

1019

As a spectrum of falling radiation the spectrum of absolutely black body with temperature 6000 K (the
exoatmospheric sun) has been chosen:

Φ (λ ) = W

120 ⋅ h 3c 3

1
π ⋅ (kTs ) 4 λ4 exp( 2πhc ) − 1
kTs λ
,
⋅

(eq. 22)

Where W = 136 mW/cm2 - density of a stream of the energy falling on PC; h - Planck's constant, divided on
2π; c - speed of light; k – Boltzmann's constant; Ts - temperature of a surface of the Sun. Integration on
lengths of waves was made in an interval 0,4 - 1,1 microns as for smaller lengths of waves the factor of
collecting in real PC is small.
Results of numerical calculation of thickness of a base layer of the second PC for structures with infinitely
thin not photoactive p+-layer at various values of surface recombination speed base layer Sp2 are resulted in
tab. 2. In this table values of a photocurrent of structure JΦ, an open circuit voltage of separate elements Uoc1
and Uoc2 and on all structure Uoc, and also efficiency η also are resulted. Results are received for PC with
parameter of current voltage characteristic A = 1, corresponding to diffusion dark reverse current, determined
the least doped base p-area with concentration of acceptors of 1015 cm-3.
Table 2. Values of thickness of a base p-layer and parameters PC for various values Sp2.

Sp2 [cm/s]

d [micron]

JΦ
[mA/cm2]

Uoc1 [mV]

Uoc2 [mV]

Uoc [mV]

η [%]

0

3.13

17.36

563

657

1220

13.0

10

3.13

17.36

563

647

1210

12.9

10

2

3.13

17.35

563

563

1176

12.5

10

3

3.14

17.33

563

561

1124

11.8

10

4

3.28

17.09

563

506

1069

11.0

10

5

4.09

15.85

561

468

1029

9.7

10

6

4.78

14.95

560

459

1019

9.1

It is visible, that creation of the cascade favorably if it will be possible to lower surface recombination speed
on a back surface of base of the top element to values Sp2 <103 cm/c. At large values of surface
recombination speeds the dark reverse current of the top element increases and its efficiency worsens. Thus
thickness of its base layer that is necessary for operation of the cascade increases. At Sp2 = 106 cm/c value of
efficiency is equal η = 9.1 %, and top limit value at elimination of recombination is equal η = 13.0 %. For
comparison, on one base PC following values JΦ = 35.41 mA/cm2, Uoc = 581 mV, η = 12.5 % are received.
Thus, the open circuit voltage of idealized cascade structure consisting from 2 PC (with elimination of
surface recombination) for a sunlight more than in 2 times exceeds an open circuit voltage of usual planar
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PC at simultaneous efficiency increase. The increase is achieved due to improvement of characteristics both
top, and bottom PC. Top - due to the increased of collection coefficient at elimination of surface
recombination. Bottom - because in it more long-wave radiation absorbs and thus negative influence of the
doped layer less affects.
Negative effect is reduction of a photocurrent in such structure that leads to reduction of a open circuit
voltage. But, apparently from the presented results, it is the negative tendency can be under certain
conditions compensated by positive, that as a whole leads to some growth of efficiency of all structure.
At the account of presence p+-layer in the second PC with the parameters represented in tab. 1, following
results are obtained (tab. 3).
Table 3. Values of thickness of a base p-layer of an element and parameters PC at the account p+-layer.

Sp2 [cm/s]

d [micron]

JΦ
[mA/cm2]

Uoc1 [mV]

Uoc2 [mV]

Uoc [mV]

η [%]

13.06

2.44

16.84

562

645

1207

12.4

Surface recombination speed on the back surface of base area of the second PC decreases to value of 13.06
cm/c. The account of the non zero sizes p+-layer leads to necessity to reduce thickness of a p-layer.
Simultaneously in comparison with top limit values of efficiency, a current of short circuit and an open
circuit voltage a little decrease. However as a whole the cascade structure possesses good parameters that
speaks about an opportunity of creation of effective high-voltage planar cascade elements.
For the optimized structure from two PC on the basis PC with base thickness dp1 = 300 microns numerical
calculation results to the following values: dp2 =2.61 microns, JΦ = 17.22 mA/cm2, Uoc1 = 571 mV, Uoc2 = 651
mV and total value of an open circuit voltage on structure Uoc = 1223 mV. The efficiency of structure is
equal 12.9 %. On one base PC values are received: JΦ = 36.18 mA/cm2, Uoc = 590 mV, η = 13.0 %.
Thus, the open circuit voltage of real cascade structure from 2 PC for a sunlight more than in 2 times exceeds
a open circuit voltage of usual planar PC at actual preservation of efficiency.
Bilateral cascade PC.
At rather small thickness usual planar PC can operate at illumination from two sides, however they appear
ineffective besides have small values of a voltage. For increase in efficiency and simultaneously increases of
a operating voltage the new type bilateral high-voltage PC is offered. One of the most simple designs of
similar type represents offered cascade PC, consisting of three consistently connected PC with structure n+-pp+ so the general cascade PC structure looks like: n+-p-p+-n+-p-p+-n+-p-p+ where base PC 1 it is created on
usual technology and provides mechanical hardness of all system.
It is supposed, that p+-layer provides ohmic transitive contact between p+ and n+-layers, eliminates (reduces)
surface recombination on the corresponding side of base area of everyone PC and gives the contribution to
collection coefficient of the photogenerated charge carriers. The structure bilateral cascade PC is shown on
fig. 5.

Fig. 5. Structure of the bilateral cascade photoconverter.
Figures designate PC numbers .
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At illumination by light from two sides each of 3 consistently connected PC is illuminated with light which
has been consistently pass through corresponding previous converters. At such illumination generation
function in everyone PC represents the sum of generation functions from a light stream falling from the right
and from the left. Thus resulting generation function becomes more homogeneous and the areas far from p-n
junction are lit.
The condition of equality of photocurrents of all PC in the cascade for an any spectrum of falling radiation
generally leads to system of two nonlinear equations for everyone i-th PC with structure n+-p-p+:
∞

∞

∫ dλ ⋅ Φ(λ) ⋅ (Fil (λ) + Fir (λ)) = ∫ dλ ⋅ Φ(λ) ⋅ (F1l (λ) + F1r (λ));
0

0

i = 2, 3
,

(eq. 23)

where Fil(λ) - spectral coefficient of collection in i-th PC in relation to a stream of the radiation falling on
system from the left, Fir(λ) - spectral coefficient of collection in relation to a stream of the radiation falling
on system from the right. In view of absorption of light in the previous layers their values will be less than
own spectral coefficients of charge carriers collection Qil or Qir and will be equal to:

F1l (λ ) = e −αd 2 Q1l ; F1r (λ) = e −αd 3 Q1r .

(eq. 24)

F2l (λ) = Q 2l ; F2r (λ ) = e −α (d1 + d 3 ) Q 2r .

(eq. 25)

F3l (λ ) = e −α (d1 + d 2 ) Q 3l ; F3r (λ) = Q 3r .

(eq. 26)

The spectral coefficient of carriers collection Qi can be presented in the form of the sum of coefficients of
collection from doped n+-layer, a base p-layer and doped p+-layer:

Q i = Q in + + Q ip + Q ip +

.

(eq. 27)

They can be expressed through single function entered above Q(α, d, L, S, D) (eq. 17). Omitting an index i,
for illumination from the left side it is possible to write down:

Q n + l = −e − αd n + Q ( − α, d n + , L n + , S n + , D n + ) ,

(eq. 28)

Q pl = e −αd n + Q(α, d p , L p , S p , D p )

(eq. 29)

2e

Qp+l =
⎛ Sp L p
⎜1 +
⎜
Dp
⎝

,

− α (d n + + d p )

dp

dp

⎞ − Lp
⎟⋅e
⎟
⎠

⎞ L p ⎛ Sp L p
⎟⋅e
+ ⎜1 −
⎟
⎜
Dp
⎠
⎝

Q(α, d p + , L p + , S p + , D p + ).

(eq. 30)

At illumination from the right side it is accordingly had:

Qn +r = e
Q pr = −e
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−α (d p + d p + )

− αd p +

Q (α, d n + , L n + , S n + , D n + ) ,

Q( − α, d p , L p , S p , D p )

,

(eq. 31)
(eq. 32)

2e

Qp+r = −
⎛ Sp L p
⎜1 +
⎜
Dp
⎝

dp

− αd p +

⎞ L p ⎛ Sp L p
⎟⋅e
+ ⎜1 −
⎟
⎜
Dp
⎠
⎝

dp

⎞ − Lp
⎟⋅e
⎟
⎠

Q ( − α, d p + , L p + , S p + , D p + )

. (eq. 33)

Results of numerical calculation of thickness of deposited PC base layers give value dp2 ≈ dp3 ≈ 6.36 microns.
The photocurrent of structure thus is equal JΦ = 22.6 mA/cm2. Values of an open circuit voltage on separate
PC in structure are equal: Uoc1 = 578 mV, Uoc2 = 658 mV, Uoc3 = 658 mV and total value of an open circuit
voltage on structure Uoc = 1895 mV. The efficiency of structure is equal 13.19 %. For comparison, at the
same bilateral illumination of the base element has following values: JΦ = 60.78 mA/cm2, Uoc1 = 603 mV,
efficiency of an element is 11.21 %.
Thus, the open circuit voltage of real bilateral cascade structure from 3 PC for a sunlight more than in 3
times exceeds an open circuit voltage of the usual bilateral PC at simultaneous sharp increase in efficiency.

6. The conclusion.
The results presented in the paper speak about greater potential opportunities of the offered new type highvoltage planar PC on the basis of cascade structures of the homogeneous semiconductor.
Top limit characteristics for ideal cascade structures show prospects of creation of designs of photo-electric
systems - receivers and converters of radiation with the voltage reaching values, in 7 - 10 times exceeding a
voltage of usual planar PC, at sharp increasing of their power efficiency.
Use of similar cascade structures for real photo-voltaic converters of a solar energy will allow to solve
effectively a problem of creation of high-voltage and powerful solar power systems at simultaneous
preservation or substantial growth their efficiency, increase of PC identity and decrease of power
commutation losses.
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PROPERTIES OF SOLAR CELLS/MODULES WITH SELECTIVE EMITTER ON
MULTI-CRYSTALLINE SILICON
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Hanisch and Karl Heinz Küsters
Conergy SolarModule GmbH & Co. KG, Frankfurt/Oder (Germany)

1. Introduction
In recent years, some suitable solutions to produce solar cells with selective emitter have been established.
One of the simplest but also most advanced methods is laser-doping of PSG (Hahn, 2010). The process will
result in an increase in efficiency for mono- as well as for multi-crystalline cells (Köhler et al., 2009). A
detailed analysis of industrially produced multi-crystalline silicon solar cells with selective emitter is given
here. The function of these cells in the module in comparison to standard cells is shown. Advantages and
disadvantages of this technology in industrial applications are investigated.
2. Experimental
Groups of cells with different laser-doping have been produced and characterized. The best diffusion
parameters were determined on mono-crystalline wafes. These parameters were used to produce multicrystalline cells with selective emitter at an industrial scale.
Based on the same silicon material two groups have been built, to produce cells with standard process with
an emitter at 80 ohm/sq as a reference and with selective emitter at 115 ohm/sq. First, the material was
homogenized, so that adjacent wafers were included in both groups, thus eliminating the risk of different
behavior of the base material in both groups. Electrical parameters have been compared and analyzed.
Modules were assembled and the power loss from cell to module was analyzed.

3. Results and Discussion
Key electrical parameters of a solar cell, such as open circuit voltage (UOC), short circuit current density
(JSC), efficiency (ETA), filling-factor (FF), serial resistance (RSER) and parallel resistance (RSHUNT) have been
compared between reference group and selective emitter group. As a first result an ETA gain of 0.26 % in
multi-crystalline cells was found with selective emitter (Fig.1a).

Fig.1: a) Difference in ETA and b) Uoc (mean) between reference group and selective emitter group

This gain is caused by strongly higher JSC and UOC. Cells with selective emitter profit from a higher emitter
resistance. A high-ohmic emitter shows a lower recombination activity, so that the emitter saturation current
is decreasing and voltage rises (Fig.1b). Parallel to this effect the lower Auger-recombination leads to a
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higher current density in the blue spectral range. An increase in the Jsc is the result (Fig. 2a). As a drawback
the FF is reduced by 0.43 % (Fig.2b).

Fig.2: a) Difference in Jsc and b) FF between reference group and selective emitter group

The reason for the lower FF is a higher RSER (Fig. 3a). For both, the reference group as well as the selective
emitter group, the same grid design was used. With the high-ohmic emitter, the selective emitter cells show
worse transverse conductivity. This is the reason for the higher RSER in the selective emitter group.

Fig.3: a) Difference in RSER and b) RSHUNT between reference group and selective emitter group

The selective emitter group can also be distinguished by a lower RSHUNT (Fig.3b). In general, there are two
types of shunts, which are characterized by linear and nonlinear behavior. The majority of linear shunts is
process-induced (e.g. by bad laser edge-isolation), whereas nonlinear shunts are often caused by impurities in
the space charge region (Breitenstein 2007).
Another important parameter is IREV2 (reverse current on dark field measurement at -10V). This parameter is
an indicator for hot spot problems in solar cells. A high IREV2 indicates nonlinear shunts.
It was shown, that cells with selective emitter have a significant deviation in reverse current on dark field
measurement (Fig.4a, b). This nonlinear breakdown behavior was no shown by mono-crystalline silicon
(Fig.4a).
Cells, made from neighboring wafers of multi-crystalline silicon with a standard emitter, have a higher
breakdown threshold in comparison to cells with high-ohmic selective emitter (Fig.4b). The initially
suspected influence of laser-doping on the IREV2 could be excluded through thermography measurements.
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Fig.4: a) Difference in IREV2 between multi-crystalline silicon solar cells with standard emitter, selective emitter and monocrystalline cells with selective emitter; b) cells from neighboring wafers (comparable material): differences in reverse current of
standard cells and selective emitter cells

By further investigation, linear and nonlinear shunts were separated (compare Fig. 5a-d). On neighboring
cells, the breakdown area was exactly at the same position. Analysis of electroluminescence images
indicated, that the breakdown area contains strong dislocation networks (compare Fig. 5d and 5e). Standard
cells also show a breakdown at strong dislocations, but the breakdown threshold is higher.

Fig.5: linear shunt: red arrow; nonlinear shunt: green circle; a) cell 1-3: thermography at -2V reverse current; weak linear
shunts visible; b) cell 1-3: thermography at -4V reverse current; just linear shunts visible; c) cell 1-3: thermography at -6V
reverse current; nonlinear breakdown begins at dislocations; d) cell 1-3: thermography at -8V reverse current; strong nonlinear
breakdown at dislocations; e) electroluminescence measurements

Breakdown behavior is influenced only by the high-ohmic emitter. Changes of the temperature profile at the
diffusion furnace (inline spray diffusion) aiming at an even more high-ohmic emitter seem to lead to a worse
reverse current behavior and thereby to a lower breakdown threshold.
In the Conergy process cells with IREV2 above an internal limit are not used to build up modules to avoid hot
spots. For the selective emitter, studies show, that IREV2 is higher compared to standard solar cells and that
yield loss, due to the internal IREV2 limit, will be slightly higher. The reason seems to be a combination of
material parameters and the thin, high impedance emitter, created by inline diffusion (Schieferdecker et. al.;
Germershausen et. al.). There are not more outliers of IREV2 in the selective emitter group compared to the
reference group, but the all values are shifted by a constant factor (Fig. 6).
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Fig.6: probability net plot of IREV2 of cells with selective emitter and cells of a reference group with standard emitter at
80 Ohm/sq

To investigate the influence of cells with high IREV2 in more detail, modules have been built up with bad
cells. To simulate the shading case, both, normal cells and cells with a low threshold for break-through were
partially shaded (real-life test). It was found that normal cells have become less hot and that their temperature
has risen homogeneously. Cells with high IREV2 above the Conergy internal limit show especially in the field
of the dislocation networks strong hotspots (Fig.7). This can have a rather negative effect on the reliability of
the module in the field under real-life conditions.

Fig.7: electroluminescence image of a multi-crystalline solar module: cells with a low breakdown threshold are getting hotter in
the area with high dislocation density (part of the cell is shaded, so that this cell is not power generator but a power consumer)

To study the performance loss from cell to module between selective emitter group and reference group
several modules were built up. Parameter, such as PMPP (power at maximum power point), FF (filling factor),
UOC (open circuit voltage) and ISC (short circuit voltage) were measured to determine the performance
(Fig.8).
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Fig.8: performance loss from cell to module: a) PMPP, b) UOC, c) FF and d) ISC

The modules assembled of cells out of the selective emitter group have not shown any significant higher
power losses from cell to module compared to modules assembled of cells out of the reference group
(Fig.8a). The same applies to UOC and FF (Fig.8b, c). Only the coupling gain of ISC for the selective emitter is
slightly lower (Fig.8d). That could be due to the fact that cells with selective emitter have shown better
internal quantum efficiency in the blue spectral range (Küsters et. al. 2010). The EVA foil absorbed a part of
the incident light in this spectral region. As a consequence a part of the initial current of the selective emitter
cells could not be transferred into the module. However, these losses seem marginally, the total output loss
(from cell to module) between selective emitter and reference process is comparable.

4. Conclusion
The experiments show a gain of ETA, UOC and JSC and a draw back in FF due to higher serial resistance. The
higher serial resistance can be reduced by optimized grid design. To reduce the parameter yield loss, caused
by higher IREV2 in selective emitter cells, there are two options: Only material with a small amount of grain
boundaries and dislocations should be used and the formation of a deeper and more homogenous emitter
should be established. The behavior of selective emitter cells in the module is comparable to conventional
cells.
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1. Abstract
Lifetime of terrestrial PV modules is determined not by limits of the photovoltaic process but by
ingression of moisture into the module laminate. To avoid (or at least to limit) moisture ingression an
adequate sealing at the module edges is very helpful, but also a good adhesion of the laminate layers is
necessary. This paper addresses the adhesion quality. Adhesion of a standard PV module lamination is
consisting of the sequence glass-EVA-cell-EVA-glass or glass-EVA-cell-EVA-backsheet. The adhesion
quality depends mainly on:
1.1. the cleanliness of the glass sheets
1.2. the condition of the EVA (prior to lamination)
1.3. the lamination process (process temperature, profile and duration, pressure, homogeneity)
To test lamination quality, three different tests (on the module center as well as close the module edges)
have been applied:
2.1. Chemical analysis of samples to determinate the state of “curing” or cross-linking of the co-polymer
EVA after lamination
2.2. Peel tests to determine the force to peel-off the layer of the laminate
2.3. Damp-heat treatment (1000 h at a temperature of 85°C and 85% of relative humidity)
It was found out that the chemical analysis of the EVA curing-state (2.1) is good to find out about the
accuracy of the lamination process, following the recommended temperature profile and homogeneity
(as 1.3), and the initial condition of the EVA used (1.2.). However, this test method may be misleading
to allow a statement on the overall quality of the lamination: the surface glass sheet may be treated with
oil (e.g., to prevent adhesion of the individual glass sheets during storage) which has not been removed
properly before lamination, thus causing low laminate adhesion (especially after the damp heat treatment
2.3), early moisture ingression and a reduced module lifetime. Therefore peel tests (2.2) are essential to
determine the overall quality of the lamination. Several results of measurements are presented in the
paper.
Keywords: Photovoltaic module; quality; lifetime; reliability, EVA; encapsulate; peel test; lamination;
extraction; durability
2. Introduction
Prices of PV-modules became very favourable, but sometimes quality and lifetimes are not meeting the
expectations. Lifetime of terrestrial PV modules is determined not by limits of the photovoltaic process but by
ingression of moisture into the module laminate. To avoid (or at least to limit) moisture ingression an adequate
sealing at the module edges is very helpful, but also a good adhesion of the laminate layers is necessary.
This paper addresses the adhesion quality. Adhesion of a standard PV module lamination is consisting of the
sequence glass-EVA-cell-EVA-glass or glass-EVA-cell-EVA-backsheet. The following document intends to
give an overview of the different methods for testing of encapsulation and describes the problems which are
accompanied by them. The package of a PV-Module is a very complex system with many surfaces involved.
Careful selection of the components is required to achieve an optimum result. Just the backsheet itself consists
of 2-4 layers (e.g, Tedlar®-Polyester-Tedar®) which are bonded to each other.
To verify overall quality of PV modules the standards IEC 61215 (for modules with crystalline cells) and IEC
61646 (for modules consisting of thin film cells) have been established to ensure performance and lifetime. The
quite similar standards IEC 61730 and UL 1703 are both focused on module safety. The test sequence for a
combined testing of IEC 61215 and 61730 is shown in Fig.1. In addition to the standards some banks and other
financing institutions demand additional tests and proofs which are not covered in the standards. This is for
example the proof of sufficient curing of EVA.
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Fig. 1: Full test procedure for module quality, performance, safety as given by IEC 61215, IEC 61730

3. Storing of the material and problems
In most photovoltaic modules an encapsulate material consisting of ethylene-vinyl-acetate (EVA) is used. This
encapsulate is produced as a film and is stored and delivered on rolls. The length and the width of the roles may
vary. Most of EVA manufacturers recommended a storage temperature below 30°C (optimum at 22°C) and
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relative humidity below 50%, for a time not exceeding 6 months after the production, no direct sunlight and
always wrapped tightly with the original packaging material. A film cut in sheets should be stacked and used
within 8 hours (Solutia, 2010). The company STR gives in an overview in the technical manual of Photocap®
products: reduction of adhesion of the EVA to other materials by the duration of storage.
Via customer reply and own investigations, PI Berlin compiled a list of possible reasons for partial failure or
complete failure of the laminate. Some of the problems are a direct result of not following the storing
parameters as mentioned above (PI Berlin, 2011):
 Unclean glass or other parts
Dirt or process chemicals might stick on a surface of one the components of the compound. This prevents
adhesion of the EVA or the backsheet or the glass.
 Evaporation of the curing agent before curing.
Due to wrong storage or mistakes on producer-side there is not enough curing agent left for the curing process.
 Curing time too short
In order to increase production numbers, insufficient curing time may be applied by the process engineers. The
result might be inhomogeneous curing within a module, or only partial curing at all.
 Wrong curing parameters.
The temperature for curing is selected too high or too low. In combination (or not) with inappropriate curing
duration partial curing might result or the material can be irreversibly damaged.
 Not uniformly cured.
Since the development ultra-fast, fast, or similar curing formulas in combination with increasing module sizes
the curing process might not be completed across the whole range of the module. We found that the curing level
could deviate up to 20% between the positions. The problem is the time difference when curing temperature is
reached at the central part of the module and at the edge or corner of the module. In addition, thermal stress
might result in a bending of the module, which lifts parts of the module from the surface of the laminator and
reduces heat flow considerably. During the testing at PI Berlin gel-content rates for different positions were
obtained which deviated more than 30% from each other.
 Error by the supplier
It could happen that the supplier does not put enough peroxide in the EVA, stores it too long or just mixes good
EVA with bad EVA. In contact with customers PI Berlin was told that it was a single batch of EVA, yet in the
lab it proved to have different curing properties.
 Process problems on the supplier side
Non-uniformly distributed curing agents and other chemicals in the films cause local different properties. In
highly optimized process it might lead to localized curing. (Schulze) has shown that for a standard EVA there is
already a noticeable local variation of the peroxide in the sheet.
 Chemicals in the EVA are damaging the backsheet.
In contact with suppliers of back-sheets it was told that a too high remaining peroxide level can damage the
bonding. Results at PI Berlin seem to proof it, yet this is still under investigation.
4. Lamination process and preparation of the parts
On the market there is a broad selection of different EVA-films from a wide selection of manufactures (Solutia,
STR, Mitsui, DuPont, Bridgestone and many others). Each of the manufacturers offers different films with
different curing properties and different recommended curing levels. These recommended curing-levels range
from about 70% to 90%. Depending on the type of EVA and backsheet used, the producer of the cells has to
wash and/or prime the components to ensure a good adhesion.
In their datasheets the manufacturers of EVA-films state mechanical, chemical and optical properties which are
valid for their recommended curing level. With different curing levels these properties might deviate from the
data sheet.
An optimization as well a total control of the lamination process (process temperature, profile and duration,
pressure, homogeneity) is essential to obtain the best properties of each component of the laminate. But
searching for an ultimate optimization can be risky. As every material, the components used in the laminate
have their own limit in term of temperature resistance for example.

2788

In a term of aging of the PV module, a good lamination can prevent or at least slow down delamination and
solar cell aging, ensuring a durability of the PV module performances year after year.
5. Testing Methods
5.1 Chemical analysis of the EVA
5.1.1 System of crosslinking
The film is composed of a standard co-polymer EVA which is produced for example by DuPont™ under the
name of Elvax®. The bulk material of the EVA is a thermoplastic. The manufacturer of the film adds a curing
agent and other chemicals. The curing agent is a peroxide (Klemchuka, 1997) which decomposes with the
increase of the temperature and starts the reaction in the film. That should be the curing process in the
laminator. When the curing process is finished the former thermoplastic becomes an elastomere and cannot be
melted anymore. The material is irreversibly cured.
5.1.1 Discussion of the Methods
There are several methods on the market to measure the cross linking of a polymer A comparison of the
extraction process and the differential scanning calometriy (DSC) was made by (Xia et al, 2009). In addition
there is dynamic mechanical (DMA) analysis which is common for rubber polymers e.g shown by (Schulze
2011). Also swelling (Zang et al., 1989), relaxation with and without heat can be used to determine the grade
cross-linking.
The problems discussed in (Xia et al. 2009) also apply for quality control by a third party. In contradiction to
Xia et al. it was found that extraction based on gel-content analysis works best. Most modules and EVA
samples received by PI Berlin have been a type of “black box” - little or nothing was known about the EVA
used and the thermal history of the module. Therefore it is not possible to assume that the rest of 30% (Ezrin et
al, 1995) which is needed for the DSC is still present. DMA and other methods are also not practicable due to
either problems in sample preparation or lack of reference samples.
Extraction methods are well known for cross-linking determination see e.g (Xia et al, 2009),(Schulze, 2011),
ASTM D7567-9, EN 579, in addition many producers of EVA propose a quality control by some sort of
extraction in their manuals e.g. (STR-Photocap), (Etimex Solar GmbH, 2010).
5.1.2 Soxhlet Extraction at the PI Berlin
The extraction method at the PI Berlin is based on an extraction according to soxhlet. The apparatus used by the
PI Berlin has proven to give the most reliable results due to good controlling of the extraction cycle and an
active flushing of the specimen at the end of the cycle. Further information can be found in the Information
sheet about the extraction at the PI Berlin (PI Berlin, 2011) Fig. 2 shows the setup of the extraction equipment.

Fig. 2: Picture of the setup of the extraction apparatus
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5.1.2.1 Removing of the EVA
The removing of the EVA is a difficult part of the analysis. At defined or from customer requested positions the
backsheet is removed and the EVA taken out. This takes a lot of time and practice many modules have
completely different adhesion qualities. After taking the EVA the samples have to be cleaned. In this process it
is also possible to determine if a filled EVA (fiberglass or otherwise supported) is used which results in
correctional parameters for the extraction. In fig. 3 the process of the EVA removing for the extraction is
shown. In the Fig. 3 it is possible to see the different adhesion qualities to the different parts of the module, a
weak connection to the cell and metallization paste and a good connection to the busbar and glass.

Fig. 3: Picture of EVA sampling.

5.1.2.1 Extraction process
PI Berlin elaborated a useful set of parameters to achieve satisfying results. Different EVAs with different
curing times are behaving very different in the extraction process. Typically, 45 and 75 cycles are run. If the
deviation of 45 and 75 is too high, the measurements are repeated doing 150 cycles. Extended extraction may
be required to reach the stability on the gel content determination. It is essential to provide the most accurate
result. As shown in Fig.4, stability is reached after specific extraction times or extraction cycles - depending on
the tested module (and so lamination process and material). For different scenarios different sets of filters have
been used: cellulose (low level) and stainless steel (medium and high level gel content). For solving EVA, PIBerlin uses stabilized tetrahydrofuran (THF). This solvent avoids further curing during the extraction process
and minimizes the melting and softening of the polymer due to a high extraction temperature.
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Fig.4: Gel content vs. number of extraction cycles
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5.1.3 Results
As shown in Fig. 5, the majority of samples tested do not have a problem with insufficient curing. However,
35% of the samples show insufficient curing.

Gel content distribution of 254 samples
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Fig.5: Gel content distribution of 254 samples
(254 samples from 120 modules analyzed from several manufacturers)

5.1.4 Problems
In addition to the problems described above, extraction adds some more problems. The main problem is the
lack of standardization and the large number of different EVA-films on the market and their differing
properties. When the customer receives the datasheet he has to check if the test result is within acceptable limits
which guarantees for the properties he has been promised by the manufacturer. The test only shows if the
curing happened and gives a fairly good approximation of the cross-linking level.
5.2 Peel Test
5.2.1 Principle of the peel test
Similar to extraction there is no definitive standard for the peel-off test in the PV industry. The peel test origins
from the field of adhesives and is described internationally in many standards e.g. EN 1895, EN 28510. The
principle of the peel test is the pulling of a thin flexible film from a rigid substrate (see Fig. 6). The angle for
pulling at PI Berlin is 90°.
The peel-off test also includes the surface condition in the test procedure. In some cases the curing sate of EVA
may be satisfying, but the adhesion (and consequently the lifetime) of the module may be poor, due to the low
adhesion caused by unclean surfaces at the glass, backsheet or cells. Therefore, the Peel-Off-Test is giving
more comprehensive information about the durability of the lamination, but the EVA-gel-content tests helps to
find details. In figure 6 the setup of the test at the PI Berlin is shown. The peel-off procedure is carries out by
cutting off stripes partly form the backsheet laminate and apply an increasing pull-force to them (see Fig.7). For
the test the speed of the peel is constant and the force is recorded. At a specific force the rest of the stripe starts
to dismantle from the module laminate. That specific pull-off force is recorded. The test is carried out for 20
times at different locations of the module (center, corner, edge, busbar, cell and glass) in addition if it is
possible the different layers (backsheet, EVA or parts of the backsheet) are separated and pulled off. During the
peeling the module moves in the opposite direction to the peel to keep the peeling angle at 90°.
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Fig. 6: Picture of the peel test

Fig.7: Picture a measured sample and the interval used for the end result

5.2.2 Data
As well as the curing rate of the EVA, the adhesion EVA to the glass or to any other component of the laminate
is essential to ensure a long lifetime of the PV module. In terms of adhesion of EVA to glass, a peel strength
from 75 N/cm to 125 N/cm can be expected (Fig.8), this range should be a reference value for quality control.
A lower value can be critical for the PV module durability. It has been shown already that the adhesion can
decrease by the time. A diminution of 50% (up to complete delamination) of the adhesion can be recorded after
aging of the PV module in the damp-heat chamber.
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Peel strength: EVA to glass
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Fig.8: Peel strength distribution, adhesion between EVA and Glass

5.3 Damp heat test
The damp-heat test is a standardized procedure as described in IEC 61215/61646 (85°C, 85% relative humidity
for 1000 h). This test is quite helpful to determine module durability, but while it takes at least 42 days to be
performed, it is not the main focus of this paper.
5.4 Other methods
In any other test stress applies on the encapsulation system e.g., ammonia chamber (for modules applied on
farm roofs with livestock), UV (especially for module made without glass), humidity freeze tests increase the
possibility of failure of the encapsulation.

6. Discussion
None of the tests can me applied as the only measure to describe module durability. For example, it is possible
to have an almost perfect cured EVA (extraction) and still poor adhesion, on the other hand it also possible that
the EVA sticks (peel test) quite well to backsheet and EVA yet most of the peroxide has been remaining in the
EVA. In addition, a non-durable encapsulation might also be visible via the standard tests of IEC 61215/61646.
Close attention has to be paid to the results which indicate discoloration, delaminating or moisture ingression.
Due to the lack of standardization and the complex system of the encapsulation problems might be indicated by
small hint rather than the failure in one of the standard tests of IEC 61215/61646.
For the producer of the module the extraction test and the peel-off test can be easily applied in their production
facilities to constantly monitor the quality of the production process. The suppliers of the components usually
will provide them with the information necessary and different test equipment is available on the market.
For testing labs the challenge is to address the constantly changing properties of the EVA and backsheet
materials and sometimes the unwillingness of the encapsulation manufacturers to pass technical documentation
to third parties. Many of the tests are made for banks and resellers. Before testing, the only information these
groups have is the number plate on the module. Sometimes, the encapsulation process changes without giving
notice to the customer nor the testing lab, nor to the certification body. A steady control and supervision of the
production process seems to be necessary in several cases.
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ABSTRACT

The overall energy balance of a solar PV-module across its life time needs a consideration
incl. its energy consumption during manufacturing process versus its energy harvesting
capabilities during life time. A glass-glass-module based on thin tempered glass on front
and backside can dramatically influence this overall balance, since more than 50 % of
encapsulation materials manufacturing energy can be saved, followed by a an further
impact on frameless mounting of light-weighted modules, reducing mounting costs and
enabling simpler BIPV

Keywords: PV-Glass-Glass-Modules, Thin Tempered Glass

1. INTRODUCTION

Since the world faces increasing challenges in renewable energy recourses, all kind of
aspects come into the game of not only cost-effective but also energy effective
manufacturing methods for PV modules, reducing carbon emission and optimized energy
harvesting properties.
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1.1 Todays conventional approach

Our todays conventional crystalline PV module manufacturing process involves three major
“energy spending materials” – silicon as cell material (mono- as well as poly crystalline),
glass and backsheet as encapsulation materials and finally framing and substructure
material (typ. aluminium).
Several institutions are working on new approaches for poly-silicon production, this paper
focuses on encapsulation material and - as “added value” - on framing and substructure.
As glass is the proven “face” of a PV module, absorbing the first portion of sun radiation,
efforts towards minimizing this absorption are of interest. Low iron content of glass and anti
reflection coatings are proven concepts, going thinner in glass was limited so far by
manufacturing processes like thermal toughening to aro. 3 mm. Any additional reduction
could bring another small portion of transmission efficiency, thus a reasonable amount of
payback over lifetime of a PV module.

1.2 LiSEC`s thin glass approach

The commercial availability of 2 mm
thermally toughened ultra clear glass is an
enabling tool to consequently go this
route; float glass as well as patterned
glass with these properties is available in
quantities today, a strong growth in
capacity is ongoing.
In terms of cost reduction from glass side
2 mm seems to offer the highest potential
in respect to reduced material vs.
increased efforts and costs for handling,
breakage etc. Going any thinner might not
be feasible from todays point of view.
Comparing 2 mm glass in terms of cost
with conventional backsheet materials it
turns out that even tempered glass is
competitive in this respect. As glass is a
proven, long-lasting, stable and hermetic
resistant material it makes sense to
consider this as replacement of backsheet
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material – along with an hermetic edge
sealing this turns out to be the choice for
a new generation of PV modules.

The overall advantages of this concept include several issues like
+ transmission – thinner glass provides higher transmission efficiency
+ module thickness – 5.5 mm overall thickness
+ module weight – less than 10 kg/m2
+ hermeticity – glass is excellent in this respect to humidity, gases etc.
+ frameless – suits best for backrail mounting solution
+ energy consumption of materials used for encapsulation

2. ENERGY BALANCE

In order to specify the energy savings in this configuration we compared the encapsulation
material only (no cells and embedding foils considered).
The energy consumption for producing float glass is well known (2,5 kWh/kg) and can
easily be scaled for 2 x 2 mm (front and back = 12,5 kWh) in comparison to 1 x 3,2 mm
(front only = 20 kWh). Same applies for thermal tempering process ( 0,3 kWh/kg glass).
Furthermore the amount of energy for a typ. backsheet was evaluated with approx. 14
kWh/m2 and aluminium frame elimination – just acc. aluminium melting process – gives
another 32 kWh for a typ. 2,5 kg of aluminium/m2 of PV module.
This calculation gives a 56% lower energy consumption for raw material production for a
glass-glass-module compared to a conventional glass-backsheet module.
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Energy balance of encapsulation materials
module size:
1,65 x 0,98 m
3,2 Glass-Backsheet
[kWh]

2+2 Glass-Glass
[kWh]

Frontglass 3,2 mm
Frontglass 2 mm
glass tempering
Backsheet
Backglass
Frame (Edge sealant)

20,0
2,5
14,0
32,0

14,0
0,5

Total (kWh)

68,5

30,0

14,0
1,5

56 % energy savings !!
Table 1 – Energy Balance – not considering cells and embedding foil materials

3. CONCLUSION AND OUTLOOK

Considering the cost pressure coming from Chinese module manufacturers it is not only essential to
work on further cost reduction itself but also considering the environmental impact of overall
module production. Energy consumption is one major topic in respect to CO2-footprint, thus
influencing the total environmental balance. If an advantage in this aspect can be gained along with
multiple other features like enhanced lifetime through hermetic encapsulation, lower weight with
reduced substructure, there is no reason not to switch towards this technology. The trend is clearly
showing increasing demand and thus efforts in introducing glass-glass modules also for crystalline
technology .
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Abstract
Since mobile telephony is becoming ubiquitous, many African countries wish to use mobile telephony and
ICT for their economic development. According to International Telecommunication Union (ITU) global
mobile statistical report, it is estimated that there are about 5.3 billion mobile subscribers and about 940
million mobile broadband subscribers worldwide (Teltscher, 2010). Out of this figure, 3.8 billion are mobile
subscribers coming from the developing countries. The mobile phone penetration in Africa stands at 400
million subscribers as at the end of 2008. From 2009, more and more people who never had access to
landline continue to be connected and Africa has now been identified as the fastest growing mobile industry
in the world (International Telecommunication Union, 2008), (ITU, 2010). The Africans feel that the mobile
phone is good and have positive attributes to their lives. The mobile companies initially were targeting urban
and semi urban dwellers for their market; however, the rural communities that are marginalized are
overwhelmingly taking advantage of the opportunities to maximize the benefits of the technology. Despite
this improvement, Africa still remains the least in terms of mobile telephony use in the world. This is due
primarily to the poor telecommunication infrastructures, inadequate planning policies, lack of coordination
and linkage with reliable energy supply. Since renewable sources are abundant in Africa, they could offer
reliable source of energy supply for the mobile telecommunication operators. Therefore Policy and
Regulatory reforms are very necessary in order to open up mobile communication and ICT industry in
African countries. By this, much savings can be derived on cost of operation and maintenance. Good policy
on the use of renewable energy in the mobile sector will yield environmental gains where the mobile
network’s carbon foot print could be kept at base while the network expands. This paper therefore examines
renewable energy as an alternative source of energy for the mobile industry. The study is based on ITU
recommendation.TDAG-4/7-E (International Telecommunication Union, 2000), International research and
studies on policy options which will guide the industry.
1. Introduction
The importance of energy in telecommunication will continue to increase as long as there is a demand for
expansion in the industry. As the cost of energy is estimated to go higher in future due to the increase in price
of crude oil in the world market, it is therefore the concern of many to save in energy consumption. Another
great concern of the world today is the climate change due to the increased carbon dioxide (CO 2) and other
gases emission levels in the atmosphere. The CO2 emissions are mostly due to the burning of fossil fuel for
energy generation. Thus the future use of the fossil ought to be reduced and one of the ways is the large scale
adoption of renewable energy sources.
1.1 Growth in Telecommunication
Modern telecommunication and ICT technological innovations have been adopted very quickly by many at a
tremendous speed. The number of internet servers have multiplied with their accompanying influx of variety
of mobile telephony facilities, devices and gadgets such as I- phone, mobile TV, I-pad etc, which function
without any break, delay or interferences thus making the telecommunication and ICT industry to grow very
fast. ITU estimated that the global mobile subscribers was about 3 billion at the end of 2010 ( International
Telecommunication Union, 2010) (Global mobile statistics, 2011), an increment from 4.6 billion mobile
subscribers with China and India leading the growth. The driving force behind these developments has been
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the ability of telecommunication and ICT to perform complex real time services. In 2009, about half a billion
people in the world were having access to mobile internet, while over 6.1 trillion messages were sent via
short message service (SMS) in 2010 and this global growth is expected to double in the next five years.
Over the period, the mobile competition in the developed countries is getting to saturation point and the
known operators are turning their attention to the developing economies for their activities and this requires
increase in the number of subscribers and expansion of base transceiver stations with its core network
equipment, power and cooling systems.
1.2 Telecommunication growth in Africa
Poor infrastructural development has been one of Africa’ difficulty in telecommunication development,
therefore the wireless technology is seen as a blessing and hailed as king. Many people never had access to
land lines or any form of modern telecommunication until recently. As at 2001, only small proportion of the
African population had access to telephone, but currently there are over 50 million mobile subscribers. The
fixed line operators are now providing wireless and satellite subscription, thus creating more competition in
the industry. As the Mobile market drifts towards the developing economies, mobile operators are taking
advantage of the experience of the developed markets in many areas including the third generation (3G), 3.5
generation (3.5 G) and LTE fourth generation (4 G). About 333 million African now have access to mobile
telecommunications including those in the remote area that never had landlines (Global mobile statistics,
2011). According to ITU, the mobile growth is being driven by the developing world and it is estimated that
80% of new growth of telecommunication and ICT is expected to come from the lower-income emerging
markets. Currently, Africa is seen as the fastest growing mobile market in the world at about 41.4 percent,
and the number of internet users have also grown faster than expected (Global mobile statistics, 2011)
(www.itu.int/ITU-D/connect/africa/2007/media/kit/africa_ict.html, 2009). Mobile telephony is increasingly
playing economic and social roles in development through the promotion of investment, reducing risk from
disasters while the mobile operators make profit, pay taxes, open more opportunities for new services. A
research confirmed that currently, 80% of a typical rural district in Africa uses mobile phone for social
activities such as “chatting” among other things. In spite of this encouraging statistical rapid growth, the ICT
penetration in Africa is still way behind the rest of the world, with only very few African countries having
ICT systems that are comparable to the developed countries. The internet usage in Africa is negligible for
both the fixed and mobile broadband.
2. Mobile Network architecture
Typical mobile network consists of the mobile radio core network with its mobile switching centre and radio
access network (RAN) particularly including base transceiver station equipment (being BTS, MSC). It also
houses data centre thus, IT equipment which are basically servers, storage devices etc, and power and air
conditioning infrastructure that supports IT and core network equipment. The power system provide backup
power, regulate voltage and converts alternating current and direct current (AC/DC), and the cooling
equipment such as room air-conditioning units and computer room air conditioning units. By principle,
electricity is supplied to an uninterrupted power supply (UPS) unit which serves as a backup battery bank for
the system to ensure that no equipment experiences any power fluctuation and disruptions which could cause
disruption to business or loss of important or valuable data of which are costly to business. Electricity is
converted from AC to DC to charge the internal batteries within the UPS. The output of the batteries is then
refined and converted back to AC to serve the various equipment and gadgets. Within this equipment, there
are power units that regulate/convert the electricity to low voltage DC power which is then used by the
internal components such as central processing units, memories, fans. The core network equipment and
storage devices facilitating the transmission of signal as well as data also rely on the electricity for their
operations. Mobile operators in Africa current are using Global System for Mobile communication (GSM),
Code - Division Multiple Access (CDMA) systems at the Base Transceiver Station (BTSs), Base Station
Controller (BSCs) and Mobile Switching Centre (MSCs) for their operation. These BTSs, BSCs and MSCs
are always in operation and they consume a lot of power. Also, modern IT equipment generates high amount
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of heat and therefore the necessary cooling to enhance effective operation ought to be provided. As the
demand for mobile communication increases, the base stations of the mobile RAN are widely distributed
throughout the network and there is an increase in the BTSs, BSCs and MSCs. This naturally leads to
increase in power consumption in different parts of the mobile telecom industry.
2. 1. Energy consumption in mobile network
Typical base station power consumption is between 0.5kW to 2kW. This consumption depends on the
numbers of core network element, thus as the core network element increases, the power consumption also
rises. The base transceiver stations are always in operation for twenty hours a day, seven days a week, the
power consumption also goes up accordingly (Koutitas, 2010). A study shows that a huge amount of
electricity is consumed due to cooling infrastructure that supports the base transceiver stations therefore there
is the need to develop the necessary power sources to meet this growth. Additionally, the rising oil price in
the world market makes electricity cost keep going up and therefore increases the operation and maintenance
cost of the system. Telecommunication network and broad band access have been proved to consume much
energy for data delivery. Figure 1 below shows the various volume of energy consumption within ICT sector
(Koutitas, 2010) (ITU, 2007). From figure 1, mobile networks, WLANs, LANs fixed line networks and
servers take about 50 percent of the energy consumption in the telecommunication sector. A research has
also show that the energy consumed within the telecommunication and broadband access networks accounts
for 2 - 4% of global electricity consumption (A Gladisch, 2008) which is also estimated to be about 2- 3% of
carbon dioxide emission (Telecommunication Regulation Authority of India, 2011).

Fig.1 Energy consumption in ICT sector – Source: Gartner, Sept. 2007
3. Ways to reduce Energy Consumption in Mobile Network
There are several ways of reducing the energy consumption in a mobile network in order to decrease the
network operational costs as well as minimize the carbon dioxide (CO2) emission and other negative vices.
This study examines only how the use of Renewable Energy and policy to could decrease the cost and CO2
emission within the cell sites in a mobile network.
3.1 Renewable Energy Potential
Renewable Energy is derived from resources that are regenerative. Energy generated from renewable sources
do not produce green house gases such as CO2 and is considered to be potential for electricity generation for
telecommunication and ICT industry because it has been accepted technically as a technology that is capable
of producing reliable power and is competitive to other forms of energy generation. The use of renewable
energy for electricity generation has seen great improvement over the years and is now considered globally
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as energy source worth using. This shows that there is a need to embrace the development of renewable
energy (solar and wind). (Janet Sawin, 2010)(U.S Energy Information Administration, 2010).
3.2 Energy Resource in Africa
Most African countries have difficulties with electricity generation because they depends very much on
import of oil and gas for their operation and this import places big burden on their economies. The situation
is likely to get worsened in the future as there is increase in fossil fuel prices. However the geographical
location of African countries gives them several advantages for extensive use of most renewable energy
resources which appear to be one of the most efficient and effective solutions for clean and sustainable
energy development especially for developing “poor” Africa . They have fairly good sunshine durations,
good wind speeds and other natural resources abundantly which are perceived to play important roles in the
future energy generation for the telecommunication and ICT industry.
4. Mobile Communication Policy challenges in Africa
Although mobile communication has seen some improvement in Africa, low capacity of infrastructural
installations has been hampering the telecommunication development. A good number of potential customers
reside in semi-urban and rural areas, where telecommunication infrastructures are not available. The
increased uses of ICT in these areas are extremely poor and bound to have negative financial implications for
both the customers and the operators. The operators will require extra funds to be able to undertake any
extensions and installations in these areas while the customers will be very sensitive to pricing due to their
income levels. Therefore there are some policy challenges such as empowering the telecom operators to
deploy renewable energy at cell sites are starring at the mobile communication in Africa.
4.1 Energy Policy Gap related to Mobile Communication
Most previous studies regarding energy policy and regulation in African countries were focused on energy
supply and price regulation while others were only political statements. There is no specific uniform policy
for mobile operators regarding the use of energy. There are no legalization, no flexible tax regulations and no
incentives for companies to invest in renewable energy. However, some of the big weights in the mobile
industry such as Vodafone are having pilot on-site renewable energy project by replacing diesel engine
generators with either solar panels or wind turbines. Since sustainable energy can be the bedrock for the
development of mobile telecommunication especially in Africa, there must be specific policy on renewable
energy to support the general mobile communication policy framework because infrastructure for energy
generation is very poor and unreliable (GSMA, 2011) in Africa.
4.2 Policy guideline
Energy policy for Telecom in Africa require an imaginative and innovation to re-orient the current focus of
energy supply to the telecom industry. These could take a direct regulation from the regulatory authority or
could be co-regulated by all actors or could be self regulation by the telecom operators. In view of this, all
the actors will (Regulation Authority, Ministry of Energy, and Telecom Operators etc) jointly need to:
(i)
(ii)
(iii)
(iv)
(v)
(vi)
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Appreciate the essence and relevance of renewable energy in Telecom in Africa,
Structure policies to attract private investors
Establish an enabling environment that take into account the needs and innovative approaches
that are viable through incentives
Institute capacity building based on institutional strategy that could mobilize support and
broaden decision making processes, develop managerial, technical and financial capacities.
Agitate for removal of subsides on convention power provider and the true cost including
environmental cost
Foster the development of business models and take advantage of the unique features of
African markets

(vii)
(viii)
(ix)

Undertake research to support the development of low cost of entry models for providing
mobile coverage.
Ensure that the commercial of objectives of renewable energy is taken into account when
planning national infrastructure development including budget allocation
Promote a long term view of investment in the renewable energy sector through the use of tax
incentives and shared risk and investment by operators and government

In order to formulate an acceptable policy, governments, planners and policy makers and other stakeholders
need informed analysis based on adequate data that will show the significance and benefits of renewable
energy must be assessed and the physical impact will have to be converted into economic cost. The policy
guideline should create an enabling environment to attract investment into renewable energy technology to
support the mobile telecommunication in enhancing speedy development within Africa. It should also
encourage telecom operators to set targets for adopting renewable at all base transceiver stations while
preserving the environment within which the mobile transceiver stations will be located as a way of
sustaining the ecosystem. It should address barriers in the legal and regulatory framework that will ensure the
independence of the regulatory authority through the inclusion of all actors on the regulatory board in order
to create a “leveled playing field”, development of indigenous resources and promotion of commercially
proven renewable energy technology especially solar photovoltaic, and wind energy. Appropriate policy and
financial incentives laws should be enacted to realize the benefits of renewable energy and encourage
mobilization of capital investment through well targeted subsidies, tax holidays, fiscal and other forms of
incentives.

5. Conclusion
Even though the electricity consumption in the telecommunication and ICT sector may generally be small as
compared with other industries, the issue of policy and regulation is paramount as the growing trend of
mobile communication and deployment of ICT gadgets represents significant addition to power
consumption. Since the African countries are part the new emerging market for mobile telecommunication,
we can conveniently say that mobile phones are now part of African culture and not necessarily just for the
elite class. Therefore governments should aim at effective renewable energy policy and adhered strictly to
regulations that will entice investors to establish businesses that will provide and sale renewable energy to
the telecommunication operators and major ICT users especially in un-electrified regions. Inadequate access
to modern energy services in the rural areas has been one of the factors that promote migration to cities;
therefore policy makers should ensure that the benefit of renewable energy technology is equitably shared
distributed in both the rural and urban areas. It should also identify the resource that is available in any
particular location, considering the technical and financial feasibility. The policy should link other
governmental institutions such as education and health to ensure a coherent policy that will be beneficial to
majority of the people. The policy should equally identify if subsides, tax exceptions or tax holidays will be
involved. In all these, the policies should take into account the Ecosystem to improve and reduce emission of
any green house gases.
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1. Abstract
To obtain a suitable ohmic contact with low specific contact and sheet resistance athin film of Mo~1µm is
deposited on n-type multi crystalline Si wafer by RF sputtering in Argon atmosphere. The ohmic
characterization of Molybdenum contact was investigated by the Keithley2361 and the sheet resistance was
measured by the four point probe. Two sets of experiments were carried out to study the resulting deposition
of Molybdenum thin film. In the first experiment, during the deposition process, the RF power was varied at
constant 100, 200 and 300 Watts and in the second experiment RF power was kept at a constant 300 W while
the Ar gas flow was varied at constant 10, 30 and 50Sccm.The specific contact resistance was not affected by
varying the RF power of deposition; it remained at about 1×10-3Ωm2. However, the sheet resistivity reduced
to 1.6×10-5Ωm. Although varying the RF power did not impact the resistivity of the contact by much, the
XRD spectra of the samples show that there was an increase in the crystalline structure as the RF power was
increased. The best result was achieved with the lowest Ar gas flow with the specific contact resistance of
8×10-4Ωm2 and the sheet resistivity of 3.3×10-6Ωm.The low Ar gas flow not only yielded the sample with the
lowest specific contact and sheet resistivity, it also produced the sample with the most orderly deposited
molybdenum grains; as observed with the SEM.
2. Introduction
Thin film solar cell technologies were developed to provide high production capacity at reduce material
consumption and energy input in fabrication process, and integration in the structure of modules by the
deposition process and consequently cost reduction for large scale terrestrial application [Razykov et al,
2011]. Low resistive ohmic contacts are crucial for both device applications and the study of fundamental
physics [Takada et al, 2010]. The most important parameter for ohmic contacts is the contact resistance,
which depends on the metal and substrate [Gambino and Colgan, 1997].
Molybdenum, a chemical element, can provide the electrical properties of an ohmic contact [Martinez,
Guillen, 2003]. It has a very high melting point (2610 ̊C) [Khan, Labbe, 1997] and is able to withstand
extreme temperatures without thermal expansion or softening. It also exhibits excellent corrosion resistance,
weld-ability, and thermal and electrical conductivity [http://www.evanstechnology.com/molybdenum.html].
Sputtering is the most widely used method for deposition [King et al, 1998, 1999]. Sputtered Molybdenum
coating used in the production of solar cells and thin film flat panel displays is one of the emerging
applications of the material. It is generally accepted that the work function for Molybdenum in device
applications is dependent upon the conditions of its deposition and subsequent processing. This material has
a high work function of 4.6–4.9eV [Yun and Rhee, 2008].
In this work, Molybdenum films were used as the back contact layers for the silicon based solar cells. This
study is composed of two main experiments; in the first experiment the RF power of the sputtering system
was varied and in the second experiment the flow of sputter gas was varied. The conductivity and the contact
resistivity of the resulting Mo/Si contacts were studied. Furthermore, the Molybdenum films were studied
using X-ray diffraction in order to determine the influence of the various RF power on crystallographic
properties and the a scanning electron microscope (SEM) was used to distinguish the changes in various Ar
gas flow.
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3. Experiment
3.1. Sample Preparation
The multi crystalline silicon (mc-Si) wafers were cut into 1cm × 1.5cm pieces by DICER system. In order to
remove all foreign matter from the surface of the Si wafers (dirt, scum, silicon dust, etc.) prior to processing,
the silicon substrates were cleaned chemically using a modified-RCA process. The chemicals used in this
process were comprised of ammoniac, hydrogen peroxide, and DI water by the volume ratio of 1:1:5.
The Molybdenum film was deposited on Si substrates using a RF sputtering system in the Argon atmosphere
from a Mo target with a purity of (99.9%). The sputtering system conditions for both experiments are given
in Tab.1. In the first experiment Molybdenum was deposited using three RF power depositions: 100, 200 and
300 watt and Ar gas flow kept at 30Sccm. In the second experiment the RF power was kept at 300 watts and
three Ar gas flow were used: 10, 30 and 50 Sccm. Finally, the thickness of the Molybdenum films was
measured using the DEKTAK profiler.
Tab.1: Optimized sputtering condition for preparing Mo thin films

Initial vacuum

8×10-6 Torr

Sputtering pressure

3.7×10-2 Torr

Sputtering temperature

Room.temp.

Film thickness

1 µm

The photolithography proccess was used to pattern the samples. The thicknesses of the Molybdenum films
were determined using the DEKTAK profiler and the I-V curves of the contacts were attained by utilizing
the Keithley 2361. Moreover, a four point probe was used to determine the sheet resistivity of the Mo film.
For the first part of the study, the fabricated samples were studied using an X-ray diffraction (XRD) to
determine the samples’ predominant crystal faces. For the second part of the study, the samples were imaged
under a scanning electron microscope (SEM) in order to study their morphology.
3.2. Resistivity measurement
This study focuses on the contact resistivity ρc, since it is the best parameter that characterizes the quality of
an ohmic contact [Musa et al, 1983]. The contact resistance of Mo to Si was determined using the
Transmission Line Method (TLM) [Scrooder, 1990]. Fig.1 shows a TLM structure and a schematic of a
patterend sample which was prepared by photolithography and etched in Molybdenum etching solution. The
distance between each pad wasvaried from 0.8mm to 0.1mm by 0.1 decrements. The area of each pad is
0.4mm × 0.8mm.
The TLM was used to measure the contact resistance between deposited metal films and Si. The total
resistance RT of the metal/semiconductor contacting system is:
ௗ

ܴ ் = ߩ௦  + 2ܴ

(eq.1)

Where ߩ௦ is the resistivity of semiconductor, d is the distance between each two pads and the ܴ the
resistance of metal/semiconductor contact. If the distance between metal pads is minute (d→0), we can
approximate RT→2RC. The total electrical resistance as a function of the distance between each two pads is
displayed in a graph in Fig.1. By extrapolating the points displayed in each chart the total resistance was
calculated.
For anohmic contact, the specific contact is defined as[Fahrenbruch, 1992]:
ߩ =  ቚ
ௗ

ௗ ୀ

= ܴ ܣ ሺΩcmଶ ሻ

(eq.2)

Where ߩ is the specific contact resistivity and the ܣ is the area of a pad. Once the contact resistivity of
pads and semiconductor were measured by the Keithley2361 the specific resistance was attained by utilizing
eq.2.
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Fig.1: TLM structure and the extrapolation of a plot of electrical resistance as a function of contact spacing d, to find the total
contact resistance

For understanding the changes of sheet resistivity experiment and the effect of the parameters in each the
Four Point Probe was used.
4. Results and discussion
4.1. Effects of various RF powers
In this part of the experiment, the RF power was varied and the flow of Ar gas was kept fixed at 30Sccm.
The RF power depositions of 100, 200 and 300 W were used. The I-V characteristic of the contact of the Mo
to Si is illustrated in Fig. 2.The linear behavior of the I-V curves confirms Molybdenum’s ohmic property.
By extrapolating the points were measured with two probes of Keithley2361 which are shown in fig. 3 charts
the total resistance achieved and according to 3.2 the specific contact resistivity could be figured out.

Fig.2: I-V characteristics to show the ohmic contact
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Fig.3: The plot of electrical resistance for (a)100 (b)200 (c)300 watt RF power deposition with extrapolation of it

The results of specific contact and sheet resistivity for the samples in three various RF power depositions are
recorded in Tab.2. According to the results, although increasing the power of deposition reduces the sheet
resistivity to 1.6×10-5Ωm, it does not have much effect on the specific contact resistance, which remains
around 1.1×10-3 Ωm2.
Tab.2: specific contact resistivity and sheet resistivity

P (watt)

100

200
-3

ρc(Ωm2)

1.2×10

ρs(Ωm)

3×10-5

300
-3

1.1×10

1.1×10-3

2.5×10-5

1.6×10-5
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The XRD spectra depicted in Fig. 4 displays the crystallographic orientation of the Mo films. Results not
only, indicate that at high power deposition, the Mo films grow with preferential orientation along the
(1 1 0), but also that by increasing the RF power the Mo films become more oriented so that the samples
deposited by the RF power greater than 200W exhibits preferential growth along the (2 1 1) plane.

Fig.4: XRD spectra of the three Mo films deposited on Si in power of deposition 100, 200 and 300 W

4.2. Effects of various gas flows
In this part of the experiment, the flow of Ar gas was varied while the RF power was kept constant. Three
different flows of gas were used 10, 30 and 50Sccm and the RF power was kept at 300Watt. Then the
specific contact and sheet resistivity resulted in each deposition process was measured, and each deposition
sample was imaged under a scanning electron microscope (SEM) in order to observe its surface texture.
As the results are shown in Tab.3, the lowest specific contact and sheet resistivity have been gained in the
lowest Ar gas flow. There are two reasons for this result. Firstly, in the lower Ar gas flow deposition, fewer
Argon molecules absorbed the same RF power; hence each Argon molecule carried more energy.
Tab.3: The specific contact resistivity and sheet resistivity as a function of gas flow

Flow(sccm)

10

30
-4

50
-3

ρc(Ωm2)

8×10

1.1×10

1.3×10-3

ρs(Ωm)

3.3×10-6

1.6×10-5

3.5×10-5

Secondly, by comparing the images from the SEM in Fig. 5, it can be observed that the deposition with the
lower gas flow resulted in a more ordered surface. This is in turn, due to the fact that the low gas flow
provided the grains of molybdenum with more opportunity to deposit on the substrate and fill the boundaries
of the crystalline plates.
Finally, it is important to note that, deposition using a lower gas flow not only results in better specific
contact and sheet resistivity, but also it is more economical because less gas is wasted.
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(a)

(b)

(c)

Fig.5:: The SEM micrographs of the as-deposited
as
Mo inflow of Ar (a) 10 sccm (b) 30 scm (c) 50 sccm

5. Conclusion
In order to effectively adopt the Molybdenum back contact for polycrystalline silicon, we studied the effects
of various RF powers and various Ar gas flows while Molybdenum was deposited. In the first part of the
study, we showed that the influence of the RF power over the electrical properties of the Molybdenum is
weak and the sheet resistivity of the resulting films were almost unaffected by the variations in the RF power.
In The second part of the study we have shown that the flow of the Ar gas during the deposition process
impacts the specific contact and shee
sheet resistivity. The lowest Ar gas flow resulted in the lowest sheet
resistivity and the most ordered sample surface.
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1. Introduction
The increase of worldwide population together with a constant need for new technologies that facilitate our
lives, the energy demands has also increased all over the world. Once the non-renewable energies are
exhaustible and highly polluting, the scientific community concentrates its efforts to develop more efficient
and low cost energy producing from sources, such as, solar cells, wind energy, biomass and nuclear energy
(Mills, 2004; Şen, 2004).
The nuclear sources have been widely employed in many countries as primary source for generation of
electrical energy because its elevated conversion efficiency (Bela and Juergen, 1997). However, it is not a
secure form to power generation as shown in the recent nuclear accident at the Fukushima Daiichi Nuclear
Power Plant. This disaster has caused serious consequences for the worldwide population, and after this
event, the need for renewable energy sources became even more evident.
Among several renewable alternatives, the solar radiation is the form of energy most abundant in the planet.
One way to obtain solar energy is by the absorption of solar radiation using flat panels that directly convert
the absorbed in electrical energy through the photoelectric effect (Avrutin et al. 2011, Bhubaneswari et al.
2011, Adolf et al. 1998). Currently, p-n junction is the most common solar cells used worldwide due to its
high conversion efficiency compared with other solar cells.
However, besides the traditional solar cells based on p-n junction, Grätzel (2003) has shown an alternative
and efficient way to convert solar radiation into electrical energy by means of organic solar cells using, for
example, titanium dioxide (TiO2). Titanium dioxide is an inorganic semiconductor widely used in several
technological applications due to its high photocatalytic activity under ultraviolet radiation. On the other
hand, the photocatalytic efficiency of pure titanium dioxide after solar irradiation is quite low because the
ultraviolet region corresponds only to approximately 5% of the solar spectrum (Stranak et al., 2010). One
solution to solve this problem was found in the work conducted by O’Regan and Grätzel (O’Regan and
Grätzel, 1991) in which TiO2 was sensitized covering it with a thin film of organic ruthenium-based dyes.
However, these organic dyes are expensive and may detach from the surface when employed in aqueous
solutions, and moreover, the long-term stability of cells using different dyes can be questioned (Lindgren et
al. 2003). For that reason, many efforts have been done in order to find an alternative way to activate the
photocatalytic activity of titanium dioxide by visible light. In 2001, Asahi et al. reported a theoretical study
in which they have doped titanium dioxide with several transition metals and non-metal anions and the
substitutional nitrogen doping was found to be more effective in decreasing the energy gap of titanium
dioxide because the N 2p states contributed to band-gap narrowing by mixing with O 2p states. This study
was of great importance to explain the experimental good results obtained by Shinri Sato in 1986 (Sato,
1986) and other researchers that have reported this technique as an reliable way to red-shift the titanium
dioxide absorption band (Hěrman et al. (2006 ) and (Chappé et al. (2004)).
One of the most traditional techniques used to grow titanium dioxide doped with substitutional nitrogen is
the reactive magnetron sputtering. However, the reactive sputter deposition at constant gas flow rate not
always is the better choice due to the high instability of the deposition process caused by the target
poisoning. One alternative to overcame this problem was given by Martin et al. (2007a), that have developed
the reactive gas pulsing technique in which the reactive gas flow, like oxygen, is periodically pulsed into the
vacuum chamber with the other gas flows at constant rate.
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In this paper, titanium oxynitride thin films (TiOxNy) were deposited by reactive magnetron sputtering using
the reactive gas pulsing technique varying the pulsing time for oxygen flow rate with fixed argon and
nitrogen flow rates. The chemical composition, optical and structural properties of the films were analyzed
and correlated.
2. Experimental
Titanium oxynitride thin film were deposited on glass and Si (100) substrates using a 34 mm in diameter
high purity titanium target (99.6% ) in gas mixtures of Ar+N2+O2 without external substrate heating source.
All fixed parameters used in the reactive sputtering process are shown in Table 1. The partial pressures of
nitrogen and argon were kept, respectively, at 0.2 Pa and 0.4 Pa while the oxygen flow rate were pulsed at
different duty cycles (α = 20, 40, 60, 70 and 80%) by using a rectangular waveform (see Figure 1). The films
were analyzed by perfilometry (Tencor Instruments Alpha-Step 500), spectrophotometry (JASCO V570),
RBS (Pelletron-tandem model 5SHD) and XRD (Philips X’Pert) techniques.

Fig. 1: Rectangular waveform used to the pulsing of oxygen flow rate.

The results from perfilometry and spectrophotometry were used to calculate the deposition rate and optical
band gap of the films. RBS data were used to calculate the overall film concentration and the XRD data,
obtained from grazing incidence angle, were used to study the influence of the oxygen pulsing duty cycle
on the formation of the film structures.
Table 1: Deposition parameters.

Parameter
Target-to-substrate distance
Power supply
Partial pressure of argon
Partial pressure of nitrogen
Partial pressure of oxygen
Deposition time
T (total period of one cycle)

Value
40 mm
dc, 130W
0.4 Pa
0.2 Pa
0.09 Pa
30 minutes
50 s

3. Results and discussions
3.1. Perfilometry
The deposition rate and film thickness as function of the oxygen pulsing duty cycle are shown in Figure 2.
Results indicate an important decrease of the deposition rate as the oxygen pulsing duty cycle is increased
from 20 to 80%. This effect is the well-known mechanism called “target poisoning” that is caused by the
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formation of oxide compounds at the target surface, which contributes considerably to decrease of the sputter
yield of the compound and, consequently the deposition rate decreases. A more accentuated decrease of the
deposition rate can be observed between α = 40 and 60%, which probably is related with the transition
between the nitride mode and oxide mode.

Fig. 2: Deposition rate and thickness of the films as function of oxygen pulsing duty cycle.

3.2. Spectrophotometry
The optical band gap was determined from the Tauc relation (Hĕrman et al., 2006):

α=
B ( hυ − Eg )
A hυ

r

(eq. 1)

where, αA the absorption coefficient, hν the energy of the incident photons, B a constant and Eg the energy
gap. The power r characterizes the transition process (0.5 for direct and 2 for indirect). Titanium oxynitride is
considered as semiconductor with indirect transition (Kumar et al. 2000) and we have used r = 2. The
absorption coefficient was calculated from the following equation (Lindgren et al., 2003):

 T 

α A d = −ln 

1− R 

(eq. 2)

where d the film thickness, T and R the transmittance and reflectance, respectively. Figure 3 shows the
transmittance data obtained for films deposited at different oxygen pulsing duty cycles (α = 20, 40, 60, 70
and 80%). Films deposited at α = 20 and 40% are opaque, which is typical from titanium nitride structure.
Increasing the oxygen pulsing duty cycle to 60% films become slightly transparent and at higher duty cycles
(70 and 80%) the films become entirely transparent, which are in good agreement with the results obtained
by other researches (see Hĕrman et al., (2006) and Chappé et al., (2003)).
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Fig. 3: Transmittance spectra of titanium nitride, titanium oxynitride and titanium dioxide films as function of the photon
wavelength.

The optical band gap obtained from the transmittance and reflectance spectra using the Tauc relation (see
Fig. 4), indicates that the film deposited at oxygen pulsing duty cycle of 60% has the lowest energy gap (1.91
eV) and increasing the pulsing duty cycle, the substrate is gradually covered by oxide compound so that this
effect contributes to increase the optical band gap up to 3.26 eV (α = 80%), which is the typical energy gap
of the titanium dioxide structure (see Table 2).

Fig. 4: Optical band gap Eg of titanium oxynitride and titanium dioxide evaluated from the transmittance and reflectance
spectra using the Tauc relation.

Thus, we can conclude that an optimal mixture of reactive gases is given when oxygen pulsing duty cycle
around 60%. Films deposited at that condition can absorb photons with wavelength below about 640 nm, i.e.
more than a half of the visible spectrum, while films deposited at α = 70 and 80% can only absorb photons
from the ultraviolet spectrum region.
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Table 2: Calculated optical gap

Duty cycle α (%)
20
40
60
70
80

Optical gap (eV)
1.91 ± 0.02
3.01 ± 0.01
3.26 ± 0.05

Appearance
Opaque
Opaque
Dark greenish
Yellowish
Transparent

3.3. Rutherford Backscattering Spectroscopy (RBS)
The overall composition of the films as function of the oxygen pulsing duty cycle is shown in Figure 5.
Results indicate that the films are free of impurities and the modification on the pulsing duty cycle
significantly changes their chemical composition. As described in section 3.2, the film deposited at α = 20%
is opaque and the RBS analysis confirms our hypothesis, showing predominantly a titanium nitride chemical
composition nitrogen (33%) and oxygen (26%). Increasing the oxygen pulsing duty cycle, films become
more oxide although the partial pressure of nitrogen is approximately twice of the oxygen partial pressure.
This effect is caused due to the higher sticking coefficient of oxygen in relation to nitrogen (Harra, 1976).
Despite the low amount of nitrogen in the films (about 5%) deposited with α = 70 and 80%, the measured
energy gap present typical values obtained for rutile and anatase phases. This indicates that nitrogen do not
substitute the oxygen position but occupies interstitial sites on the film lattice.

Fig. 5: Chemical composition of the films as function of the oxygen pulsing duty cycle.

3.4. X-ray Diffraction (XRD)
The XRD patterns are shown in Figure 6 at different oxygen pulsing duty cycles. As mentioned in the last
sections, films deposited at α = 20 and 40% are opaque, which is typical from the titanium nitride structure.
These films show the most common crystallographic orientation for titanium nitride, i.e. (111) and (200).
The film that has the lowest optical band gap, deposited at α = 60%, is amorphous and this is in agreement
with other studies (Hĕrman et al. 2006). For films deposited at α = 70 and 80%, it is observed a slight
crystallization of the rutile and anatase phase which are in agreement with the calculations of the energy gap
and the data from RBS.
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Fig. 6: XRD patterns to the films deposited at different oxygen pulsing duty cycles.

4. Conclusions
In this paper, titanium oxynitride was successfully deposited by reactive magnetron sputtering using the gas
pulsing technique. The overall results indicate that is possible to control the optical properties, chemical
composition and structural properties of the films by modifying the duty cycle of the oxygen flow rate. The
RBS and spectrophotometry results show that there is an oxygen pulsing duty cycle that favours the growing
of the film with the highest doping of substitutional nitrogen (13%) and, as consequence, the lowest energy
gap, 1.91 eV. This film absorbs photons with wavelengths below 640 nm, which means the absorption of
more than a half of the visible spectrum. Thus, these results make titanium oxynitride a promising
technology to substitute the organic dyes commonly used together with pure titanium dioxide in dyesensitized solar cells.
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1. Introduction
The diary availability of solar energy, the benefits of clean and renewable energy and the crescent tendency of
distributed generation contribute to fast advance of photovoltaic systems. The process of energy generation
with solar cells is in a continuous evolution, reaching each year higher levels of efficiency, which combined
with the advancements in the power electronics field and semi-conductors technology in large scale production
makes the utilization of the photovoltaic systems cheaper and more efficient. Therefore, investments in solar
energy supplied houses, buildings, industries and transportation increase. Fig. 1 illustrates the cumulative
growth in PV capacity in major solar energy producing countries from 1992 to 2009 (IEA PVPS Programme,
2009).

Fig. 1: Cumulative installed grid-connected and off-grid PV power in IEA countries (IEA PVPS Programme, 2009)

Once PV systems generate direct current (DC) signals, it is necessary to convert it to alternating current (AC)
signals by applying an inverter. Inverters are used in a wide range of applications, from small power supplies
for a computer to large industrial applications to transport bulk power. When applied to PV systems the DC
power produced by the PV generator is converted into AC power. AC power is necessary in PV systems
because the majority of the loads are AC. Therefore, the inverter is one of the key components of connecting
the PV systems either to the grid or to off-grid systems as cited in Amrouche et al. (2007).
The converted AC signal is delivered to an off-grid system, which is useful to both domestic purposes and nondomestic installations, providing electricity to households, villages and rural areas that are not connected to the
utility grid as shown in Claverie et al. (1994); Muljadi (1997); Hamidat et al. (2002); Schinca and Amigo
(2010); Misak et al. (2011); Ranjit et al. (2011). The energy produced is also applied for lighting, refrigeration,
telecommunication, water pumping and more specific applications such as vaccine refrigeration and other low
power loads (Ofualagba, 2008).
The off-grid system has an important characteristic, its modularity, in other words, it is built out by several
parts or components. A basic off-grid system has a PV module, a rectification section, a conversion or inversion
section and a load. Besides that, it is common the utilization of a battery as energy storage and a charge
controller. An interface circuit, which can be composed either by a rectifier, an inverter, a battery, a resonant
circuit, among others, coupled between de PV module and the load is necessary to increase the system
efficiency, smoothing the oscillations of the energy supplying by the PV cells due to the solar irradiance and
temperature changes (Castaner and Silvestre, 2002).
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In this paper, an off-grid system designed to feed either rural houses or villages using self-regulating
photovoltaic panels is simulated. In order to achieve a low cost system, the scheme in Fig. 2 composed of PV
modules, battery, inverter and resonant circuit is consider. Notice that the charge controller is not included. In
this paper, both THD and Efficiency analysis of a Resonant Circuit coupled to the output of one of the most
popular inverter topology, known as classical full-bridge, is performed. Full-bridge topology has recently been
applied in works involving inverters (Feel-soon, K. et al., 2005; Banaei, M.R. and Salary, E, 2011; Colak, I. et
al., 2011). The reason for choosing this topology is its simplicity, low cost and reasonable efficiency, which
results in a good cost-benefit relation so that this system can be utilized to produce energy in places far from the
public electric network. In these places, energy is used for simple applications such as lighting, heating and
water pumping, in order to ensure the minimum of comfort quality of life for these people. This topology also
permits to generate both Square-Wave, or Modified-Square Wave or Enhanced-Modified-Square-Wave. PWMbased wave is not considered in the subsequent analysis because it requires more complex circuits, which are
expensive.

Fig. 2: Off-grid system

Since most of the PV System components are described by non-linear equations and the resulted equations of
the node analysis most often do not have analytic solutions, computational ancillary is indispensable. Besides
that, simulating real solar irradiance profiles in order to obtain accurate results closer to reality is possible. All
simulations are based in a robust model that considers a wide range of variables in order to be closer to the
reality. Real data is used in the modeling. In the following sections the means to replicate the models are
provide, but for more information about models of PV modules, battery, and inverter, the reader is referred to
Castaner and Silvestre (2002).
Off-grid systems, whether fed by non-sinusoidal wave based inverters, generate harmonics in current that may
cause damages to the load. Coupling a resonant filter between an off-grid system and the load is an affordable
way to reduce harmonic distortions. The goal of this procedure is to obtain a sine wave with 60 Hz in order to
reduce the Total Harmonic Distortion delivered to the load, as discussed in Cho, K.M et al. (2003). On the other
hand, it may also decrease the system efficiency. Therefore, it is necessary to find out a tradeoff between both
THD and Filter Efficiency.
There are some regulatory technical standards for the THD for both current and voltage, but we chose the most
used, that is the IEEE standard (IEEE 519, 1992). IEEE 519 (1992) establishes 5% of THD for the output
voltage as maximum to be inserted by a general system in order to prevent from creating power system
problems.
This article describes a basic explanation about the system structure, but the main goal of this paper is to find
out a relationship between the Total Harmonic Distortion (THD) and the efficiency of the resonant filter
utilized. Three different non-sinusoidal inverters and its problems are analyzed before and after the filtering
process. Many system variables involved are considered in order to perform a reliable analysis.
The remainder of this paper is organized as follows. In Section 2, it is showed how the Resonant Circuit Input
Signals were obtained. Considerations about both the irradiance profile, the behavior of the PV modules model,
the battery model and the inverter used in this work are made in this section. Section 2 has the goal of
contextualizing the subsequent analysis to reality. Section 3 is reserved for sizing the Resonant Circuit. In
section 4, the method of analysis used in this paper is presented, including the definition of Total Harmonic
Distortion and Efficiency. Section 5 is dedicated to an important result involving THD and Q-factor. In Section
6, a relationship between Efficiency and Q-factor is analyzed. Section 7 comes up with a discussion about THD
and Efficiency for the Resonant Filter. Section 8 shows the conclusion.
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2. Resonant Circuit Input Signal
The irradiance is defined as the integral of spectral irradiance extended to all wavelengths of interest. Since
radiation of the sun reaching the earth is partly reflected by the atmosphere and partly transmitted to the earth’s
surface, the irradiance varies from day to day. Therefore, it is necessary to consider an irradiance profile of a
given day.
This article uses a real irradiance profile for terrestrial PV applications. All data was acquired by the Renewable
Energy Sources Laboratory, of the Electrical Engineering Department of the University of Brasilia, Brazil, in
2006. Fig. 3 presents the irradiance profile obtained.
The irradiance profile is the data input of the model. The PV model requires that the irradiance profile is
modeled as a voltage source, so that the voltage delivered by PV modules can be simulated. Two arbitrary
cloudy days that represent normal weather conditions were chosen. Since the focus of the paper is not in the PV
models, this consideration is good enough for our purposes.

Fig. 3: Irradiance Profile

The whole system was modeled based in real data in order to be realist. In this section, all the variables
considered in the simulations are present.
2.1. PV Modules Model
Lead-acid batteries require at least 14,2V in its terminals so that they can be recharged. Therefore, the PV
module has to generate greater voltage to compensate losses. For this purpose it is possible to use either typical
panels or self-regulated panels, but when using typical panels it is mandatory to couple a charge controller to
avoid battery overvoltage and the consequent evaporation of its electrolyte. Therefore, we decided to use selfregulated panels, which do not need a charge controller because its open circuit voltage is lower than the typical
panel’s one, so it can be direct connected to the batteries.
On the other hand, there are two constraints in using self-regulated panels. First, self-regulated panels only
should be connected to small systems with well-defined load. Second, the battery must be used daily to avoid
the PV module to send current to the battery when it is already completely charged. However, these restrictions
are not a problem because the proposed system is designed to feed either rural houses or villages, which daily
need electricity and do not vary constantly the way they use electricity.
In this analysis, a self-regulated polycrystalline module with 32 cells, KC45 Kyocera model in a parallel array
is used. Its voltage coefficient is -8.24x
, the short-circuit current is 3.1 A, the open-circuit voltage is
19.2 V. The output power of each panel is 45 W. The ambient temperature is 25 °C.
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A PV module can be described by the basic equations of a solar cell so that it can be modeled by an electrical
circuit (Castaner and Silvestre, 2002). In the model “module_beh.cir” for the software PSpice (Castaner and
Silvestre, 2002), several variables are included, such as series and shunt resistive losses, recombination losses,
and temperature effects. Its entry is the irradiance profile showed in Fig. 3 modeled as a voltage signal. The
equivalent circuit that models PV cells takes into account an ideal behavior of a solar cell based on an ideal
diode and an ideal current source. The responses of the PV panels are greatly consistent.
2.2. Battery Model
Lead-acid batteries are the most commonly used energy storage elements for standalone photovoltaic systems
because they are affordable and have high storage capacity. However, it is difficult to model these batteries and
the estimation of the battery state of charge value is recognized as one of the most complex tasks. The battery
used in this paper is of this type. The battery simulation parameters were set according to the lead-acid battery
that is coupled to the PV panels installed in the Renewable Energy Sources Laboratory. The model parameters
are:


Nominal Capacity ( ): 63Ah. It is the total charge that the battery can store. Usually, this parameter
is given by measuring the charge delivered by the battery certain period of time at a given discharge
rate and temperature. The subscripted index is the discharge period.



Initial State of Charge (



Maximum State of Charge (



Number of 2V series cells (



Charge/discharge battery efficiency (K): 0.95. It is a dimensionless number characteristic of the battery
(IEEE 1361™, 2003).



Battery self-discharge rate (D): 1.48·
battery characteristics (IEEE 1361™, 2003).

): 100%.
): 1872Wh. Maximum battery energy.
): 6.

. It is also a dimensionless number that depends on the

In Fig. 4 is shown the battery voltage evolution given by the simulation when coupling the PV modules and the
battery modeled above connected to a 4Ω resistance in parallel to simulate a continuous loss of energy. The
simulation considers the irradiance profile for the two days mentioned in Section 2.
As showed in Fig. 4, the voltage signal delivered to the inverter is approximately 13 V DC.

Fig. 4: Battery voltage evolution

Photovoltaic modules provide a direct voltage with small ripples at its output, and for that reason the signal
needs to be rectified. After, an inverter is used to transform the signal in an AC wave. There are many inverter
topologies, each one with its particular characteristics of losses, size, price, and output signal quality. Basically,
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an inverter uses oscillators or more complex control systems coupled to transistors, or similar components, like
thyristors or IGBT`s, that interrupts a continuous input signal to create de desired wave (Dugan et al. 2002).
Classical Full Bridge is the most widely inverter topology. It is possible to utilize this topology to generate a
wide range of waveforms, such as Square-Wave, Modified-Square-Wave or Enhanced-Modified-Square-Wave.
The output voltage of the inverter designed to generate a Square-Wave when it receives the input presented in
Fig. 4 is showed in Fig. 5.

Fig. 5: Square-Wave obtained in the simulation

Following the procedure specified in this section and using variations of the classical full-bridge inverter it is
possible to obtain either a Modified-Square-Wave or an Enhanced-Modified-Square-Wave with the voltage
amplitude equal to the Square-Wave amplitude, showed in Fig. 5. Wave based in PWM control is not
considered in the subsequent analysis because it requires more complex circuits that are expensive. The
inverter output signal is delivered to the resonant circuit, which is detailed discussed below.
3. Resonant Circuit
Six parameters are considered in the analysis, some of them are the circuit components and the others are wave
parameters. They are summarized below.


–resistance of the RLC filter;



L – inductance of the RLC filter;



C – capacitance of the RLC filter;



Q – quality factor (selectivity) of the RLC filter;



THD – total harmonic distortion of the considered signal;



 – efficiency of the filter.

The resonant circuit is sized to work as a band-pass filter. It is built out using a RLC series connected circuit,
with unity power factor. The resonance frequency ( ) is chosen to be 60 Hz because this is the utility grid
frequency in Brazil, so that only the signal components with frequencies near to the resonance frequency are
allowed to pass, the rest is suppressed.
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Fig. 6: RLC filter

The following equations are used for sizing the filter:

Following the Fourier series approach, a periodic function can be written as a sum of sinusoidal functions
which are known as harmonics. Harmonic frequencies are multiples of the function original frequency.
Therefore, if a periodic wave is submitted to a band pass filter with a cutoff frequency equal to the frequency of
the original signal then the output wave will be the fundamental harmonic because the other harmonics will be
suppressed.
Total harmonic distortion (THD) is a relation that quantifies the harmonic disturbance. It is given by the
equation 3.

In eq. 3,

is the rms value of the first harmonic, and

are the rms values of the nth harmonics.

The filter efficiency can be calculated as the ratio between the output power and the input power, as depicted in
the equations below (eq. 4-6).



In both eq. 4 and 5, the mentioned voltage values are rms values. For obtaining the efficiency of the whole
system it is necessary to multiply the filter efficiency by both the inverter efficiency, the battery efficiency, and
the PV modules efficiency.
After obtaining THD and Filter Efficiency it is necessary to connect these analysis parameters to the filter
parameters. The Transfer Function of a Resonant Filter is completely characterized by both Q-factor and its
resonant frequency ( ), which in this case is 60 Hz. Therefore, the analysis parameters must be parameterized
by Q-factor.
4. Method of Analysis
According to both eq. 1 and eq. 2 there are basically two ways to vary the Q-factor: the first one is to keep the
resistance value ( ) as a constant and then to vary both the inductance value (L) and the capacitance value (C).
The second way is to keep both the inductance and the capacitance values as constants and then to vary the
resistance value. Since both inductance and capacitance determine the resonant frequency, the choice was the
second one. Both inductance and the capacitance are maintained constants and then the resistance value is
calculated to each Q-factor by the eq. 1.
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Therefore, in order to establish a relationship between both THD and Filter Efficiency and Q-factor of the
resonant circuit, the following method of analysis is used:
First: the waveform delivered to the resonant filter is defined, it can be either Square-Wave, or ModifiedSquare-Wave, or Enhanced-Modified-Square-Wave. The voltage signals are generating using the first 120
Fourier series components, as showed in Fig. 8 and 9.

Fig. 8: Square-Wave and Modified-Square-Wave, respectively

Fig. 9: Enhanced-Modified-Square-Wave

Second: The THD of the original wave is calculated. Table 1 presents those values.
Tab. 1: THD for the original waveforms

Waveform

Square-Wave

Modified-Square-Wave

Enhanced-Modified-Square-Wave

THD

48.13%

36.14%

20.51%

Third: both inductance ( ) and capacitance (C) are chosen. Next, the Q-factor is chosen. Then, the resistance
(R) is calculated for a 60 Hz resonance frequency using eq. 1. Therefore, the resonant filter is totally
determined.
Fourth: the filter transfer function is calculated for a range of Q-factor. Next, the filter input is multiplied by the
transfer function of the resonant filter.
Fifth: the THD for the filter output voltage is calculated for each filter determined.
Sixth: the filter efficiency for each filter determined is calculated by eq. 4-6.
5. THD and Q-factor
Selectivity is another denomination for Q-factor because the higher this factor the lower the band-width
accepted by the resonant band-pass filter characterized by this factor, in other words, more harmonics are
suppressed for bigger values of Q-factor. Therefore, it is expected that occurs a reduction of THD levels when
filtrating a signal in 60 Hz. Fig. 7 depicts the THD falling for the selectivity increase for the filtered signals. To
generate the mentioned graphic the method of analysis described in Section 4 is utilized.
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It is possible to notice from Fig. 7 that for small values of Q-factor it is necessary to make just small increases
in Q-factor for having great reductions of THD for the filter output voltage. This result is quite important
because it allows filter designer to perform a great project improvement without needing large increases in the
components values.

Fig. 7: THD falling for the three filtered signals plotted in linear axis

Fig. 8: THD falling for the three filtered signals plotted in logarithm axis

Fig. 8 is obtained plotting the THD for the filter output voltage versus the Q-factor in logarithm axis. This
graphic shows a linear region for the three waves considered. It facilitates the possibility of proposing a
mathematic equation to describe this phenomenon. However, it is beyond the scope of this paper.
6. Filter Efficiency and Q-factor
Since the desired is to decrease the THD, increasing the Q-factor is necessary. However, keeping the efficiency
in high levels is extremely important. Therefore, the method of analysis described in previous sections is used
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to observe the Filter Efficiency dependence of Q-factor. Fig 9 depicts how the filter efficiency is affected by Qfactor.

Fig. 9: Filter Efficiency falling for the three filtered signals

From graphics of Fig. 9, it is possible to notice that the Filter Efficiency decrease for the three waves when Qfactor achieves high values. However, this efficiency reduction is greater whether the input signal is either a
Square-Wave or a Modified-Square-Wave, which causes high losses of energy. On the other hand, the Resonant
Filter is appropriate for being coupled to an Enhanced-Modified-Square-Wave based inverter because the filter
efficiency keeps near to 100%.
7. THD and Filter Efficiency
After analyzing the effects of Q-factor in both THD and Filter Efficiency, it is possible to make a direct
comparison between them. THD and Filter Efficiency are plotted to a range of Q-factor value in Fig. 10.

Fig. 10: Filter Efficiency vs THD for the three filtered signals

According to IEEE 519(1992) standard, the maximum value of THD that should be delivered by the system to
avoid damages to the load is 5%. Table 2 shows both the Filter Efficiency and Q-factor for the three filtered
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signals that provide a THD for the Filter Output Voltage accepted by the regulatory standard.
Tab. 2: Filter Efficiency and Q-factor that provides 5% of THD

Waveform

Filter Efficiency

Q-factor

Square-Wave

81%

2.67

Modified-Square-Wave

88%

1.44

Enhanced-Modified-Square-Wave

96%

0.5

Therefore, both Square-Wave based and Modified-Square-Wave inverters coupled to a Resonant Filter are not
appropriate for applications that require THD levels near to 5% because their Efficiency decrease overly.
Notice that the filter efficiency has to be multiplied by the efficiency of the other components of the system to
obtain a global efficiency. However, some loads for purposes like illumination or water pumping do not require
low THD levels, so a Square-Wave based inverter coupled to a Resonant Circuit can be used as part of an offgrid system to supply energy to an isolated community without damages to the loads and with low cost. On the
other hand, coupling a Resonant Circuit to an Enhanced-Modified-Square-Wave based inverter is highly
suitable because it is possible to reduce the wave THD from approximately 20% to 5% with an efficiency of
96% according to Tables 1-2.
8. Conclusion
In this paper both THD and Efficiency analysis about a resonant circuit coupled to a classical full-bridge
inverter of an off-grid PV system are performed. A resonant filter is totally defined in terms of both its resonant
frequency and Q-factor. Since Q-factor represents the filter selectivity, the greater the Q-factor the lower the
THD for the filter output voltage. Moreover, the Filter Efficiency decreases whether its Q-factor increases.
However, both Square-Wave and Modified-Square-Wave based inverters are not suggested to be used with a
resonant circuit coupled to its output when the goal is to achieve low THD values for the output voltage
because the system efficiency is impaired. Finally, coupling of a resonant circuit to an Enhanced-ModifiedSquare-Wave is a great combination, since this system can achieve near to 100% efficiency and producing a
filtered wave with low THD through low Q-factor for the RLC filter.
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1. Abstract
We achieved the control of diameter, length and level of nitrogen doping in synthesis of nitrogen doped carbon
nanotubes (N-CNTs) through careful selection of catalyst, precursor mixture, and chemical vapor deposition
(CVD) synthesis temperature. Solutions of butanol and acetonitrile (20% acetonitrile) were pyrolysed over a
Fe/Al/MgO catalyst in a CVD reactor at temperatures from 700 oC to 1000 oC. The products were characterized
by transmission electron microscopy (TEM), thermogravimetric analysis (TGA), and Raman spectroscopy. NCNTs with well graphitized morphology, small diameter, and narrow diameter distribution were obtained at
CVD temperatures from 850 oC to 950 oC. Below 800 oC N-CNTs with large sized diameters were formed and
above 950 oC the product yield became very low, and the carbon nanotubes were malformed with wide diameter
distributions. By pyrolysing precursor mixtures of acetonitrile and alcohols (methanol, ethanol, propanol,
butanol, pentanol, hexanol, heptanol and octanol) we found out that short, 500 nm in length, N-CNTs were
obtained by the pyrolysis of long chain alcohols, (heptanol and octanol) and acetonitrile solution whilst longer
N-CNTs were formed from pyrolysis of shorter chain alcohols (methanol, ethanol and propanol).

2. Introduction
Polymer based photovoltaic devices can be made using a coating process such as spin coating or inkjet printing,
hence they are an attractive option for inexpensively covering large areas of flexible plastic surfaces. Efforts to
incorporate carbon nanotubes (CNTs) in organic solar cells have not yet yielded the requisite efficiencies for
such cells to be competitive economically. Using CNTs the best power conversions achieved to date were
obtained by depositing a single wall CNT layer between indium tin oxide (ITO) and the poly (ethylene
dioxythiophene) doped with polystyrene sulfonate (PEDOT : PSS) or between the PEDOT: PSS and the
photoactive blend in a modified ITO/PEDOT: PSS/ poly(3hexyl)thiophene : (6,6)-phenyl-C61-butyric acid
methyl ester (PCBM)/Al solar cell. By dip-coating from a hydrophillic suspension, SWCNTs were deposited
after initially exposing the surface to an argon plasma to achieve a power conversion efficiency of 4.9%,
compared to 4% without CNTs (Chaudhary et al., 2007).
The chemical bonding of CNTs is composed entirely of sp2 bonds, similar to those of graphite. This bonding
structure, which is stronger than the sp3 bonds found in diamonds, provides the molecules with their unique
strength. Recent studies have shown that doping CNTs with hetero-atoms is an alternative to functionalizing
CNTs and can lead to modification of length, diameter (Terrones et al., 2004) and also electronic properties of
CNTs. Nitrogen and boron are the most frequently used dopants because their atomic radius is similar to that of
carbon and because they serve as p- or n- type dopants respectively (Terrones et al., 2002). Nitrogen doped
carbon nanotubes (N-CNTs) and boron doped CNT (B-CNTs) can be employed as highly selective electron- or
hole-transport materials to give remarkable device performance enhancement in organic solar cells (Lee, 2011).
Castrucci et al., 2006 showed that multi-walled CNTs (MWCNT) are more effective than SWNTs in
photocurrent generation in organic solar cells.
The role of the CNTs in the solar cells is not yet fully understood. For instance it is thought that they can
enhance the charge carrier collection, in a bulk heterojunction solar cell with a polymer – fullerene active layer,
e.g., P3HT: PCBM. However the efficiencies obtained to date for such types of solar cells remains below that
of polymer-fullerene solar cells that have just entered commercial manufacture. The reasons for the reduction in
efficiency when CNTs are incorporated include shorting between electrodes, lack of clarity on the nature of the
synthesized CNTs, i.e., whether they are metallic or semiconducting, and whether they are n- or p- type.

2831

The introduction of nitrogen to the graphene layers of the carbon nanotube takes place during synthesis and
therefore the conditions used in the catalytic growth process are important. The process of N-CNT synthesis
takes place in three stages: 1) decomposition of the precursor to surface carbon and nitrogen atoms, 2)
diffusion/ migration of these atoms through/ over the metal, and 3) formation of the N-CNT. In order to be able
to tune the physical chemical properties of the N-CNT one needs to influence one or more of the above
mentioned stages.
The long term goal of this study is to contribute towards the development of a low-cost, strong and reliable,
highly efficient polymer-nanocarbon solar cell. In this paper we report on the determination and optimization of
the CVD conditions necessary for the synthesis of nitrogen doped carbon nanotubes of desired properties (e.g.
pure, short, small diameter, soluble). We show that changes in synthesis parameters, specifically temperature,
and N/C source, will affect the physical-chemical properties of the resulting N-CNTs, e.g. the graphitic
character, the amount and type of nitrogen incorporated, as well as thermal stability. We also give preliminary
results obtained in ITO/PEDOT:PSS/P3HT:PCBM/Al solar cell trials incorporating these N-CNTs.
3. Experimental
N-CNTs were synthesized by the catalyst chemical vapor deposition method (see Fig. 1). The catalyst
employed in this work was Fe/Al/MgO with molar ratio of 1:1:12. A quartz boat with 300 mg catalyst powder
was inserted in the centre of a quartz tube reactor. The reactor was heated to the required temperature in 5% H 2
in argon flow at 240 ml/min. At a steady temperature the carbon and nitrogen source (80% alcohol and 20%
Acetonitrile) mixture was introduced by means of a 20 ml syringe driven by a pump at 1.2ml/min for 20
minutes. Finally the reactor was cooled to ambient temperature under the flow of 5% H2 in argon. The alcohols
employed in this case include ethanol, methanol, pentanol, butanol, and heptanol.

Fig. 1: Schematic of a temperature controlled CVD furnace (Coville et al. 2005)

Purification of N-CNTs was achieved by refluxing for 6 hours in NaOH followed by refluxing for 12 hours in
33% HCl and washing several times with distilled water and then drying for 24 hours in an oven at 100oC. They
were characterized by transmission electron microscopy (TEM), thermogravimetric analysis (TGA), X-ray
photoelectron spectroscopy (XPS), and Raman spectroscopy.
Photovoltaic devices were fabricated on clean patterned ITO coated glass substrates by first spin coating
PEDOT:PSS, a hole transport layer, followed by a 10 mg/ml 1:1 mass % P3HT:PCBM composite solution
including 1% mass N-CNTs. The Al top electrodes were deposited by thermal evaporation in high vacuum. IV
characteristics were obtained under solar simulated AM1.5 spectrum white light of different intensities at room
temperature using an HP 4141 source measure unit.
4. Results
Figure 2 (a) and (b) show typical TEM micrographs for the synthesized carbon nanotubes. Carbon nanotubes
with bamboo structures along their whole lengths were obtained for all temperatures, and for all alcohols
employed in the synthesis, suggesting successful nitrogen incorporation in the CNT structures.
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Fig. 2: TEM micrographs of CNTs synthesized at CVD temperatures (a) 750 oC and (b) 950 oC

The diameters of CNTs synthesized at 700 oC are large and approximately uniform. The average diameter is 5
nm while the length is larger than 100 µm. At 950 oC, most of the tubes have smaller diameters ~ 2 nm, but
both the diameter, and the length distributions are larger.

The N-CNTs synthesized at different temperatures were studied by first order Raman spectroscopy. Two first
order peaks at 1350 – 1356 cm-1 and at 1583-1592 cm-1 which correspond to the D and the G band respectively
were observed for all the samples studied. Raman spectroscopy can be used to measure the quality or purity of
the carbon nanotubes by comparing the intensity of the D band which occurs at approximately 1350 cm -1 to the
intensity of the G band which occurs at 1582 cm-1. The D-band arises from disorder or defects within the
carbon nanotubes structure and also from the edges of the N-CNTs structure. The G-band arises from the sp2
bonded carbon in the carbon nanotubes structure. An increase of N in CNT causes an increase of the I D/IG ratio.
We also observed a decrease in the ID/IG ratio with an increase of synthesis temperature. We infer from Fig 3(a)
that higher temperatures are conducive to more graphitic CNTs since Raman spectra indicate larger intensity
for the G peak as compared to the D peak at higher temperatures.
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Fig. 3: (a) Raman spectra, and (b) TGA plots, for CNTs synthesized at different CVD temperatures between 750 oC and 1000oC

The TGA results (Fig. 3(b)) show that CNTs decompose at temperatures above 500 oC. The decomposition
temperature increases with CVD synthesis temperature suggesting a higher thermal stability for N-CNTs
synthesized at those temperatures. The amount of residue after decomposition is lower for N-CNTs synthesized
at low temperatures. This is related to the purity of the CNTs. Less pure CNTs decompose at low temperatures,
while purer CNTs decompose at higher temperatures. This suggests that more defects (Nitrogen) are
incorporated in the CNTs when the CVD temperature is low.
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We confirmed this through the XPS measurements of our N-CNTs synthesized at different CVD temperatures.
An XPS plot for our N-CNTs synthesized at 850 oC is shown in Fig 4(a). Total nitrogen incorporated decreases
with CVD synthesis temperature as shown in Fig. 4(b). We found that from XPS data,that quaternary nitrogen
incorporation was dominant over the other forms of nitrogen incorporation at high temperatures above 800 oC.
The quantities of nitrogen species in the N-CNT samples (extracted from XPS data) are plotted against CVD
synthesis temperature in Fig. 4(b). The plots are not parallel hence these quantities are not decreasing
proportionally to the decrease in total nitrogen content. All the nitrogen species decrease in quantity with
increase in CVD synthesis temperature, but pyridinic nitrogen and oxidized pyridinic nitrogen decrease faster
(the graphs are steeper) than quaternary nitrogen. After 850 oC pyridinic and oxidized pyridinic nitrogen are not
incorporated in the N-CNTs at all.

Fig.4: (a) Percentage of types of Nitrogen incorporation in CNT synthesized at different temperatures, extracted from XPS
spectra.

Figure 5 shows the four types of nitrogen species that can be incorporated in the graphitic structure of carbon
nanotubes. Literature reports that at least four types of nitrogen can be distinguished in the N1s spectrum, viz.
pyridinic N (398.6 eV), pyrrolic N (400.5 eV), quaternary- or substitutional N (401.3 eV) and pyridinic N-oxide
(402 - 405 eV).

Fig.5: Types of Nitrogen incorporation in graphitic CNTs, and their binding energies (Biddinger et.al 2009)

The pyridinic N type is an sp2 hybridized nitrogen atom located at the edges or at defects of the graphene sheets.
The three sp2 hybridized orbitals of pyridinic nitrogen are occupied by four electrons, hence two orbitals are
filled by one electron each and form
bonds with neighbouring carbon atoms while the two remaining
electrons form an electron lone pair. The fifth electron is positioned in an atomic p-orbital and is used to form a
bond with an adjacent carbon atom. The localized electron lone pair has electron donating properties. As with
pyridine, the quaternary nitrogen, substituting a carbon atom of the graphitic matrix, has three sp2 hybridized
orbitals. However, these are filled with one electron each and form three bonds with neighbouring carbon
atoms. One electron fills an atomic p-orbital and is used to form a π bond with an adjacent carbon atom. The
remaining electron cannot be accommodated in a bonding orbital and ends up in a π* orbital. It is this electron
that is delocalized over the graphitic network and is actually delocalized thereby ‘doping’ the graphene layer
(Lide 2004, Serp et al. 2003, Shimoyama et al. 2001).
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Nitrogen incorporated in a graphitic environment has both donor properties (because of the extra electron as
compared to carbon) and acceptor properties since it is more electronegative than carbon. The delocalized
electrons may have an impact on other nitrogen atoms, for example pyridinic types, which may induce changes
in their reactivity. Therefore the optimization of the amount of pyridinic nitrogen is important for catalysis. The
pyrrolic N type is sp3 hybridized and part of a five membered ring structure. The quaternary N is a carbon
substituted nitrogen atom located in the graphene sheet.
A temperature of 850oC CVD was employed to synthesize CNTs from precursors containing different
alcohols. Shorter chain alcohols conduced to more graphitic CNTs that were more thermally stable. It appears
from the TGA graph of Fig 6 (a) that butanol gives the optimum stability and purity. Raman spectra (Fig 6(b))
gave higher ID/IG peak ratios for shorter alcohols, e.g., ethanol, while I D/IG peak ratios were lower for longer
chain alcohols. By considering the chain lengths of the alcohols, for the same mass, shorter chain alcohols
introduce more oxygen, while longer chain alcohols such as heptanol introduce less oxygen in the precursor.
Hence the higher the C:O ratio, the more graphitic the N-CNTs.

Fig. 6: (a) TGA plots, and (b) Raman spectra, for CNTs synthesized using different alcohols in the precursor at 850 oC

We functionalized N-CNTs synthesized qt 850 oC from ethanol/acetonitrile and polymerized P3HT around the
CNTs. Figure 7 shows J-V characteristics of ITO/PEDOT:PSS/P3HT:N-CNT/Al solar cells. We observed a
slight improvement in the output of the solar cell with polymer attached N-CNTS, as compared to one whose
active layer consisted only of P3HT. However the cells with P3HT and N-CNTs that were not functionalized
gave much lower outputs.
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Fig. 7: (a) JV characteristics of a /PEDOT:PSS/P3HT:N-CNT/Al solar cell, (b) Comparison of JV charcacteristics of solar cells
with and without N-CNTs

When the solar cell is illuminated electrons will be excited from the π to π* states of P3HT, electron transfer
from P3HT to the N-CNTs then takes place, producing an excited donor-acceptor radical, and the field at the

2835

interface between P3HT and N-CNTs will dissociate the exciton, hence generating negative and positive
charge carriers. The negative charges are transported through the nanotubes to the Al electrode, while the
holes are transported by the polymer through the hole transport layer, PEDOT:PSS, which also blocks electron
transport, to the ITO electrode. A potential difference is therefore generated between the holes on ITO and the
electrons on the Al electrodes, and an electric current is measured in an external circuit. We obtained an open
circuit voltage of about 300 mV under white light illumination, and short circuit current densities around 1
mA/cm2, with a fill factor FF about 29 %, giving a power conversion efficiency of 0.09 %.
5. Conclusions
A method of controlling the diameters, lengths and graphitic structure of CVD synthesized N-doped CNTs has
been demonstrated. Short and thin carbon nanotubes can be useful in carbon based nanoelectronics and
photovoltaic devices since there is less entanglement of N-CNTs which will result in good dispersion of carbon
nanotubes in solutions and polymer matrix. There is still room for improvement of solar cells incorporating NCNTs from the materials synthesis as well as from device design and optimization.
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1. Introduction
Photovoltaic (PV) technology for electric generation has already proven its diverse applications worldwide
and during the last years has had a significant growth not only in rural but also in urban areas.
An appropriate design in addition to an accurate installation that theoretically optimizes the solar irradiance
of certain location can potentially ensure a sustained yield from a PV system. Nevertheless it can happen that
unforeseen events like the deposition and accumulation of dirt and airborne dust on the surface of PV
modules could cause troubles and diminish the predicted performance of PV modules. If the dust
accumulation continuously increases in the course of time, PV cell efficiency may fall to very low values
after only a few days or weeks. The presence and frequency overcast skies, rain, wind speed, as well as
humidity and ambient temperature can also have an important role on performance drop.
It has been extensively proved that accumulation of dust deteriorates the performance of solar cells and
contributes to appreciable losses in the generated power. Pollution of solar cell surfaces by airborne particles
has been recognized since several years ago. The first studies mainly deal with thermal collectors and
particularly with the decrease on mirror reflectance as a result of dust accumulation (Dietz, 1963; Garg,
1974; Bethea et al., 1981; Deffenbaugh, 1986). Afterwards the attention was paid in the intensity reduction
of solar radiation transmitted through the glass cover by dust accumulation (El-Nashar, 1994; Feuermann and
Zemel, 1993). The published works in the last two decades mostly analyze the effect of dust accumulation on
the electric performance of PV cells. Several authors tried to simulate the deposition of dust in the
laboratory. Thus, El-Shobokshy and Hussein (1993) polluted PV surfaces with different kinds of dust that
include materials frequently found in the real atmospheric dust as well as cement and carbon particles from
combustion products, and then measured the electric output of the cells under different conditions. It may be
concluded from this study that the gradual degradation on the PV performance cannot correlated to the
exposure time in a given site. The results also show that the effect not only depends on the dust deposition
density but also on the nature of dust, its size distribution as well as the fines particles from a given dust have
more deterioration effect than that of the coarser one. Goossens et al., (1999) introduced in the aeolian dust
wind tunnel a multi-crystalline silicon cell polluted with natural soil dust. According to the results obtained,
it is possible to conclude that in general high wind speeds lead to high dust accumulation; in cases of low
wind, dust accumulation is smaller. Also high dust concentrations lead to a higher accumulation on the PV
module surface. Elminir et al., (2006) exposed glass samples to the environment strong polluted and
concluded that the reduction in glass normal transmittance and energy yield depends on the dust density in
conjunction with tilt angle as well as the orientation of the surface respect to the dominant wind direction.
Kimber et al., (2006) developed a model for predicting soiling losses that approximates the soiling pattern
observed over approximately 250 PV systems from various geographical regions and local environment type.
The simulation program involves an interaction of dust and rain. Kaldellis and Kokala (2010) measured in
Athens during August-September, a short period without rainfalls, the performance of five pairs of PV
modules to evaluate the impact of natural air pollution on the energy production. Likewise estimated the
resulting annual income loss €/kWp. Kaldellis and Fragos (2011) carried out a comparative study between
identical pairs of PV modules polluted with several amounts of carbon-based ash. From this study it may
possible to state that the fly-ash particles existing in the atmosphere of heavy polluted areas, when deposited
on PV surfaces cause approximately 30% reduction in the generated power output, for an ash deposition
density of 0,4 mg/cm2. Thevenard and Pelland (2011) developed a methodology to estimate the uncertainty
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in long term PV system yield predictions. In this work soiling like snow were considered variables which
effects are difficult to model or extrapolate from case studies since both depend on the specific site and
climate. In conclusion a limited number of published works has quantified the impact of dust deposition on
PV surfaces and they have an important restriction: the values on efficiency reduction reported are applicable
only to the specific location in which the testing was conducted since they are related to climate and local air
pollution where PV system is installed.
A 60 kWp PV system grid connected was installed in October 2009 on the roof of the classrooms building at
the University Autonomous Metropolitan Iztapalapa (UAMI, for its Spanish acronym) in Mexico City. The
system supply partially electricity needs in the building. The PV system is part of the institutional program
Toward Sustainability that has the purpose of create and promote directed practices to take care of the
environment and the profitability of the limited natural resources, so that investigation and practice to lay the
foundations to turn the university facilities into a prototype of sustainable university.
The PV system had been monitored permanently from the first day of operation. With the aim of quantifying
the impact that dust has on the performance of PV modules when deposited on their surface, the performance
of the UAMI PV system was examined in February 2011 during unusually drought season. Electrical
parameters such as power output, performance ratio, energy generation and efficiency are compared with
system data from February 2010.
During February 2011, the electrical performance of one of the 21 sub-arrays that integrates the 60 kWp PV
system and was maintained clean, is simultaneously compared with the performance of others sub-arrays
with the same electrical characteristics, located in the same area and operated under the same environmental
conditions but that were left unclean, in order to make the estimation of energy loss due to dust accumulation
and lack of rain.
The performance evaluation and energy produced by grid connected PV systems in Mexico is still limited.
Lack of financing and other incentives have hindered a faster growth of the PV market in this country. In
addition to the UAMI PV system in Mexico City there are two among others systems, with the same installed
capacity (30kWp): one is the first grid connected PV system installed in Mexico ( December 2005) the other
installed at the Technology Museum of the national utility (2010).
2. Air pollution in Mexico City
The atmospheric dust at elevated concentrations is a very complex local problem but common in highly air
polluted urban environment, affected by diverse site-specific topographic, environmental and weather
conditions. Air pollution in the Metropolitan area of Mexico City is a multifaceted environmental problem.
Mexico City is one of the biggest cities in the world, and the largest urban area in Mexico. A high population
density, an increased vehicle fleet, its topography and climate contribute to trapping the pollution across the
broad valley that surrounds the capital and have caused significant degradation of the urban air quality.
According to Cicero-Fernandez et al., (2001) one of the factors that make it difficult to comply with the
national and the World Health Organization air quality standards in Mexico City is its geographic situation.
Mexico City is located at an average altitude of about 2240 m above sea level and 19.5°N latitude in a valley
surrounded on three sides by mountains with average elevations over 3000 m. The lower atmospheric oxygen
levels at this altitude, approximately 23% lower at sea level (Molina, 2002) cause incomplete fuel
combustion in engines and higher emissions of carbon monoxide, hydrocarbons and volatile organic
compounds. At this latitude, it receives high energy solar radiation throughout the year which induces high
concentrations of ozone and related oxidants as well as particulate matter. The climatic conditions induces
absence of winds and stationary masses of cold air during the winter as well as thermal inversions
aggravated by the surrounding mountains that tend to isolate the city from the winds of regional weather
patterns avoiding air dispersion. The government has implemented air quality programs (PROAIRE I and II,
2000-2010) during the last decade. Lead, carbon monoxide and sulfur dioxide are now under control but the
concentrations of ozone and its precursors as well as aerosol particles still exceed significantly air quality
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standards and are causing health effects, ecological damages and economic losses. In 2009, ozone levels
exceeded standards on almost 50% of days (SMA-GDF, 2010).
3. Description of system
PV modules are installed on a flat roof of 4 floors building on a metal support structure (figure 1). They are
facing south, with a tilt angle of 19° to maximize the yearly energy production. The separation of the rows is
0.8m in order to avoid shadows. The total system power is 60.06 kWp at standard test conditions. The PV
generator consists of 286 modules 210 kWp of nominal power Tenesol TE 2000 of multi-crystalline cells.
They are distributed in 19 subsystems of 14 modules (two strings connected in parallel, each string of seven
modules) and 2 subsystems of 10 modules by string. Each subsystem is connected to a single phase EI 2500
Tenesol inverter. These are connected by a RS485 interface to a data acquisition system (DAS) Energrid
Data EG32 to measure electrical parameters and also to monitor meteorological parameters such as
irradiance on both horizontal and module plane and ambient temperature, the performance data was averaged
at 10 minute intervals. The system is connected to the 500 KVA, 3 phase electrical network of the building
located at the ground of the same building. The 21 inverters break switches, interruption switches and the
DAS are located in control room in the roof.

Figure 1. 60.06 kWp Photovoltaic System at the University Autonomous Metropolitan in Mexico City

4. Parameters for performance analysis of grid connected PV system
The performance ratio PR is one of the most used parameters to evaluate PV system performance. It allows
make comparison of PV systems operating at different locations. PR is the ratio of PV energy produced to
the energy theoretically available. It is a dimensionless quantity that accounts for the total losses at operating
conditions of the cells. In practice, it is specified in percent and describes the effectiveness of the PV system
compared with PV system that operates under nominal operation conditions without losses. Nevertheless it
cannot used to identify system failures or system efficiency drop.
To estimate the impact of dust deposition on PV module surface it is useful to know the generator efficiency
from the output DC energy.

2840

The Performance ratio PR is calculated from
PR =

E AC
EGi
P*
G*

or

PR =

Yf
Yr

(eq. 1)
Yr =

EGi
G*
(eq. 2)

Yf =

E AC
P*
(eq. 3)

Generator efficiency is calculated from:

ηG =

E DC
EGi AG
(eq. 4)

Where AG: PV generator area (m2); EAC: output energy AC (kWh); EDC: output energy DC (kWh); EGi: tilted
irradiation (kWh m-2); G*: standard irradiance (1kW m-2); P*: PV generator power under standard conditions
STC (AM 1.5, 1kW m-2, 25°C) (kWp); Yr: reference yield (kWh kWp-1 d-1); Yf: final yield (kWh kWp-1 d-1).
5. Soiling events in the first year of operation
5.1. First year of operation: October 2009-September 2010
The optimal grid connected PV system performance depends on PV modules efficiency, inverter
characteristics, local climate and the coupling system to the grid (Sidrach-de-Cardona and López, 1999).
Other factors that influence are the orientation and inclination of PV array, operating temperature of the
modules and shadows incidence on the PV array. According to De Soto et al., (2006) the electrical power
output from a PV module depends on the incident solar radiation, the cell temperature, the solar incidence
angle and the load resistance.
Previous to installation of PV system at the UAMI it was carried out a feasibility study for the PV system.
The solar resources assessment of Mexico City is based upon historical measured meteorological data from
National Meteorological Service. The data base contains the 10 minutes average values of irradiance in the
horizontal plane. Also it was used the RAD II software developed by the Institute of Engineering of the
National University Autonomous of Mexico to obtain the mean daily values of irradiation for any point of
the Mexican Republic for horizontal or inclined surfaces from the values of the latitude and the longitude of
any specific site. For the PV system at the UAMI the values used were for latitude 19°21'N and for longitude
99°8´ W.
The PV system started operations in October 2009. The total energy generated during the first year was
89353.1 kWh (1487.7 kWh/kWp). The monthly value of normalized energy yield by the system is shown in
figure 2. The values are normalized to kWp with the data sheet for the module. The energy produced during
July was lower than estimated. There were two damage modules that were replaced in January 2010.
Values of PR remained relatively constant throughout the year however the system shows a gradual decrease
in performance that coincides with the drought season during which dust is accumulated on the PV modules.
The system performance usually returns to its normal level after a heavy rain falls. On the other hand if the
rainfall is light the performance falls remarkably.
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Figure 2. Monthly normalized values of energy yield in the first year

Mexico City climate is temperate sub humid. Table 1 shows the monthly and the annual total rainfall for
Mexico City reported by the National Meteorological Service. The PV modules were keep more or less
clean thanks the rain fell with the exception of November 2009.
During the first year of operation it was necessary to wash the PV modules one time. It was done in
December 2009.
Mexico
City
2011
2010
2009
2008
2007
2006
19412005

January
mm
0,1
25,8
13,2
0,1
6,0
2.2

February
mm
0,7
55,3
6,8
2,9
22,0
1.2

March
mm
8,1
1,6
8,6
3,1
20,4
11,8

April
mm
39,8
14,9
5,9
39,4
21,4
27,6

May
mm
28,0
27,3
41,7
42,6
60,9
75,7

June
mm
129,8
94,3
86,3
152,8
104,5
105,6

July
mm

August
mm

September
mm

October
mm

November
mm

December
mm

Yearly
mm

203,3
103,6
164,0
173,8
168,6

174,5
143,0
184,7
168,5
215,7

93,7
227,8
113,6
172,8
153,6

3,7
72,1
37,7
38,0
77,4

1,4
0,7
0,0
7,2
38,7

0,1
3,4
0,0
1,6
4,3

697,9
713,0
747,5
797,0
882,6

8,0

4,4

9,3

23,5

49,9

124,8

154,8

145,8

126,0

54,2

11,3

6,6

718,6

Table 1. Monthly and annual rainfall

5.2 Extended accumulation dust, November 19th 2009
Every day a visual inspection of PV system was systematically realized from the first day of operation. On
November 19th 2009 the PV modules surface looked unusually without brightness. The glass did not have the
typically dust but a blackish coat strongly stuck. The value of PR was reduced from 78 to 71 (9%, fall )
compared to the previous day notwithstanding the solar irradiation and the maximum ambient temperature
registered during PV system operation were almost similar in both days (5.529 kWh m-2, 31°C, day 18th) and
(5.528 kWh m-2, 31°C, day 19th). On December 2th the rain fell but it was insufficient for a complete cleaning
of the PV modules. On December 8th half of PV array was washed, and on December 9th all the array was
cleaned and the PR returned to its historic level (figure 3).
Figures 4, 5 and 6 illustrate the effect of dirty accumulation on the PV system power output and energy yield
evaluated on December 8th. The test was performed between two similar subsystems. One sub-array was
cleaned and the other was unclean due to dust accumulation since November. Both subsystems are similar
consisting of: 14 PV modules, arranged in two parallel strings with 7 modules in each, connected to a 2500
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W inverter. The incident global irradiance in the array plane, the voltage and the current for every sub-array
were averaged for every 10 minutes and stored at the DAS.

Daily Energy (kWh)

Performance ratio

Solar insolation (kWh/m2-day)
80

350

70

300

Daily Energy (kWh)

50
200
40
150
30
100
20
50

PR (%) - Solar insolation (kWh/m2-day)

60
250

10

0

0

Figure 3. Daily energy yield, PR and solar insolation from November 17th to December 10th

Figure 4 shows the electrical power of the clean sub-array and the dirty one. It was determined by measuring
the DC current and voltage generated by each subsystem. The generated current is function of the solar
radiation incident on the cell and cell temperature. Assuming that temperature of both sub-arrays was the
same, the difference in power generated can be attributed to the attenuation of radiation intensity due to light
absorption by dust.
08.12.2009
Array was cleaned

Array was left unclean

Solar radiation

Power (W) & Solar radiation (W/m2)

3000

2500

2000

1500

1000

500

0

0

1
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3

4

5

6

7

8

9

10 11 12 13 14 15 16 17 18 19 20 21 22 23

Figure 4. Clean and unclean arrays power output

Figure 5 illustrates the effect of dust accumulation on the electrical power produced by the unclean
subsystem compared with the clean one. At solar radiation levels between 435 and 1015 W m-2 it can be
noted that power reduction remains fairly constant. This behavior was observed from 10 to 18 hours.
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08.12.2009
Power unclean / Power clean

Solar radiation

4,5
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0
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Time of day

Figure 5. Effect of dust accumulation on power produced by sub-array unclean compared with the clean one

Figure 6 shows the total DC energy generated by the 2 subsystems on December 8th. The clean sub-array
produced 13.19 kWh (4.49 kWh/kWp) i.e. 18.3% more than 11.15 kWh (3.79 kWh/kWp) produced by the
unclean sub-array.
08.12.2009 DC ENERGY
Array was cleaned

Array was left unclean

Solar radiation
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250

800

200
600
150
400
100

Solar radiation (W/m2)

1000

300

200

50
0

0

0

1

2

3

4

5

6
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9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Time of day

Figure 6. DC Energy generated by 2 subsystems

6. Soiling impact on PV system performance during February 2011
The rain was scarce during the last two months of 2010 as well as in January and February 2011(see table 1)
so self-cleaning due to rainfall was not effective during this period. The dust was accumulated day after day
on the modules surface ant its effect was detected on the PR systematic decay.
Figure 7 shows the daily normalized values of energy produced by the PV system against solar radiation in
February 2010 and 2011. The daily normalized value of energy produced by the system in February was 4.35
kWh/kWp/day on 2010 and 3.84 kWh/kWp /day on 2011.
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Figure 7. Comparison of the daily energy production for February 2010 and 2011

Table 2 shows some meteorological and electrical parameters recorded in February 2010 and 2011. The
results registered show a great difference in the normalized values of energy yield. It is observed that
regardless of irradiation is 17% higher in 2011 the energy yield decreases about 13.3% compared to the same
month of the previous year. The average values of minimum temperature are similar; the average value of
maximum temperature increases 5°C over the temperature test conditions for 2011 but it is not an extreme
high module temperature. So the great difference observed can be attributed to the amount of rainfall on
2010, which helped to maintain clean the PV modules surface.
February
2010
2011

Irradiation
(kWh m-2)

Rainfall
mm

Tmin
(°C)

Tmax
(°C)

Energy yield
(kWh)

Energy yield
(kWh/kWp/day)

Performance
Ratio

5.3
6.2

55.3
0.7

8
9

25
30

7321.1
6464.6

)
4.35
3.84

82
61

Table 2. Meteorological and electrical parameters

With the purpose of quantifying the impact that soiling has on the PV modules performance when deposited
on their surface during no rainfall, an analysis of the sub-arrays performance was made for operating data of
February 2011. One of the 21 sub-arrays was maintained clean and the rest of the PV plant was kept unclean.
Figure 8 shows the PV plant distribution. Each sub-array is identified with a specific color. The 14 modules
of subsystem 10 were maintained clean from February 4th until the 26th, day in which were registered 0.7 mm
of rainfall. Figure 9 illustrates a view of cleaned and unclean modules corresponding to analyzed period.
The performance of sub-array 10 was specifically compared with the sub-arrays 2, 6, 7 and 17, because all of
them have had a variation < 1% about the monthly energy production during 2010 (figure 10).
Figure 11 shows the daily energy generated by the clean and unclean sub-arrays. The total electricity
delivered by each subsystem analyzed during February was 339.34 kWh (clean sub-array), 306.82 kWh,
304.90kWh, 305.99 kWh and 298.82 kWh by sub-arrays 2, 6, 7 and 17 respectively. The energy produced
was almost similar for all them during the first 3 days. From the 4th day, the subsystem 10 was maintained
clean; the energy generated by this sub-array was 24% more than the unclean sub-arrays. The gap on energy
production was steadily until the difference in energy production reached 44%, this happens just before the
rainfall. Although the amount of rain was not sufficient to completely clean the modules surface the
subsystem 10 only produced 10% more than the others after the natural cleaning process of the PV modules
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due to rainfall. The average monthly energy for the unclean sub-arrays was 31.3% lower in comparison with
the cleaned sub-array.

Figure 8. PV plant distribution
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Figure 9. Sub-arrays February 10, 2011

Figure 10. Monthly energy produced by 5 sub-arrays
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Figure 11. Energy generated by clean and unclean sub-arrays
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Figure 12 shows daily performance ratio for the same subsystems during the same period. The average value
was 77.4 for the clean and 59.3 for unclean subsystems. At beginning of February the PR was 61 and
decreased for the dirty sub-arrays until 54 and then increased to 73 just after the rain.
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Figure 12. Performance ratio of clean and unclean sub-arrays
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Figure 13. PV generator efficiency for clean and unclean subsystems
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Figure 14. Efficiency ratio un clean/clean sub-array
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The PV generator efficiency drop was evident in polluted systems compared with the clean one (figures 13
and 14). The difference in average monthly efficiency reached 31.3%
7. Conclusions
A severe impact on the performance of PV system due to dust accumulation has been observed at the UAMI
PV system during the analyzed period. In this case the system would have generated about 2023 kWh more
in February if it had not been polluted or if it would have been washed in time. The energy losses could have
a big impact on the economics of the systems. Since this type of energy losses dependent of pollutants
emitted by neighboring factories in combination with rainfall absence it is difficult to develop a methodology
to estimate in long term PV system energy production.
According to analyzed data, the PV modules efficiency gradually decreases through time and can be reduced
up to 44%. While this information is useful it is limited of the relatively small number of data and time
evaluated. More work on this subject is still needed in order to drawing statistically significant conclusions.
It is also indispensable to explore the effect of wind velocity and direction in addition to identify the specific
pollutants present in the atmosphere.
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1. Introduction
Societies around the world place their hope on Renewable Sources of Energy (RSE) in order to secure
resources to achieve and sustain their standard of living. This hope is due to the fact that fossil energy
resources are finite, and the awareness on the grave environmental effects of using fossil fuels. There are many
mentions about the advantages of using RSE such as the cleanness of its use and its never-ending character.
But in fact, this discourse has been around for many years, even decades, and the RSE do not yet reach this
long-announced importance in its use.
There is controversy as what people understand as alternative energy, because to some, they are synonymous to
renewable energies, and to others it includes some energies such as geothermal, or even nuclear energies. In
some documents some forms of energy such as large hydraulic facilities are not considered renewable, and in
others biomass can only be referred to as the energetic use of firewood.
Another great difficulty about alternative and renewable forms of energy comes from the fact that the language
used to refer to them incorporate them all at once; almost as if they all had the same characteristics, advantages
or difficulties, or like if all the available technological energies had the same degree of development, including
its commercial availability. For example, when we speak about promoting solar energy, we need to know if we
speak about flat solar panels to heat water for domestic and recreational purposes, or thermal energy for
industrial processes, or electrical energy for isolated (or grid-connected) systems.
For all these reasons, any assessment of the energy situation of a region that takes into consideration the
renewable energy supply must clarify from the beginning what is understood as renewable energy and what
specific technologies are referred.
2. Renewable energies in the World and in Mexico
The role of renewable energies has been at the center of discussions about the world energy future, but the
differences that we just pointed out and the lack of enough and reliable data complicate the analysis of its
application. In November 2002, the International Energy Agency (IEA) published a document that included
information about the use of renewable energies, with the intention of facilitating the debate of the role they
have played in the world supply of energy. This document was again published in January 2007. For the IEA,
renewable energies include renewable fuels and waste, hydraulic energy, geothermal, solar, wind, tide and
other.
In the year 2004, renewable energies accounted for 13.1% of the 11 095Mtoe (1 toe = 41.868 GJ) of world total
primary energy supply (Fig. 1). Combustible renewable and waste (97% of which is biomass) represented
79.4% of total renewable, followed by hydro (16.7%). In Mexico, the percentage is 10.4% according to this
same source.
The total supply of renewable energies experienced an annual average growth of 2.3% during the last 33 years,
same as observed by the total supply of primary energy (Fig. 2). However, “new” renewable including
geothermal, solar, wind, etc. recorded a much higher annual growth of 8.2%. Wind experienced the highest
increase (+48% p.a.) followed by solar (+28% p.a.).
The main users of renewable energies are the underdeveloped countries of Asia, Latin-America and Africa, due
to the great share that biomass has in their energy offer (Fig. 3). We may also note that their main use is for
cooking and domestic heating (Fig. 4), but industrialized nations use more hydraulic and “new renewable”:
44.5% and 66.1% in the year 2004.
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Fig. 1: 2004 Fuel Shares of World Total Primary Energy Supply

Fig. 2: Annual growth of renewable supply from 1971 to 2004

In the world production of electricity, renewable contribute 16.1% of the total, and most of it (almost 90%) is
due to large hydraulic plants (Fig. 5). Geothermal, solar and wind have now reached 4.5% of renewable
generation.
The distribution of the installed capacity for the generation of electricity in Mexico is shown in table 1, where
89% corresponds to hydraulic energy, 7.9% to geothermal energy and the 3% remaining corresponds to
biomass, solar photovoltaic, wind and biogas.
According to the reference scenario, in which the IEA assumes that government policies remain without
changes, and abrupt technological changes do not happen, renewable energies grow at a 1.3% annual average
until 2030, while the global energy growth will be 1.7% annually.
A second scenario assumes a wide range of new energy and environmental policies enforced. In this case,
different renewable energies will grow 4% between the year 2000 and 2030.
3. Renewable energy resources in Mexico
For Mexico, the prospective for the use of renewable energies foresees as base scenario that the total primary
energy offer will duplicate between 2002 and 2030 (SENER 2005). Natural gas will have an annual growth
rate of 3.5% and the demand for oil for the year 2030 is estimated at 3.4 million barrels daily; hydro will grow
2.3% annually, and biomass 3.7% and other renewable 4.1%. Renewable energies not used in the generation of
electricity will contribute to 5% of the total, reducing the use of biomass from 8% in 2002 to 4% in 2030, due to
the fact that today the main use of biomass is for residential purposes.
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Municipal waste has grown at an annual rate of 4.7% from 1991 to 2001. In 2001, 31.9 million tons of waste
were generated, 50% of which was organic material. There exists one plant in Monterrey that processes the
biogas generated by municipal waste, and it has a capacity of 7.4 MW. The cost of energy of this biomass is in
the range of 750 to 1 300 USD/KW.
Geothermal energy has High Enthalpy reserves estimated at: 1 340 MW proved reserves, 4 600 MW of
probable reserves and 6 000 MW possible reserves for a total of 12 000 MW. There is a current installed
capacity of 953 MW in four sites. The depth of the site wells vary from 600 to 4 400m. The investment costs
vary in the range of 1 200 to 5 000 USD/KW, and the generation costs vary between 0.02 and 0.05 USD/KWh.
There are Low Enthalpy reserves (< 150ºC useful as process heat) in 276 sites across the country and estimated
resources on 300-350EJ.
The availability of solar energy is distributed as follows: 57% of the surface receives an average in the range of
1.6 to 2KJ/cm2 per day, 38% receives more than 2KJ/cm2 per day and 3% receives 1.6KJ/cm2 or less per day
on average. Low temperature solar panels are made by some 50 manufacturers scattered around the national
territory. As of 2004, 573 919m2 were installed on rooftops around the country. The national market has
grown at an annual rate of 15% in the last ten years. Solar photovoltaic cells generate 14.17 MW in residential
market and 4.01 MW in other sectors. 49% of the photovoltaic cells are imported from Japan, and 51% from
the US and the European Union. The typical efficiency of the installed technology varies from 6 to 15%, and
its useful life is from 20 to 30 years.
In relation to wind energy, some geographical regions in the southeastern shore facing south to the Pacific
Ocean have shown a capacity of up to 2 000 MW in recent studies (Fig 6).
The biomass energy offer per year is about 2 056 PJ. 62% of it comes from firewood, 35% from plantations
and the remaining 13% from natural waste. The biomass resources available to produce biodiesel and ethanol
is equivalent to about 2 000 PJ per year.

Fig. 3: 2004 Regional shares in renewable supply
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Fig. 4: 2004 Global sectoral consumption of renewable

Fig. 5: 2004 Renewables in electricity production
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Fig. 6: Wind Energy Studies

4. Diagnostics on Renewable Sources of Energy in Mexico
According to the Secretary of Energy and the German Cooperation organism GTZ, there are several obstacles
in the way of developing and implementing Renewable Sources of Energy in Mexico. These may be classified
as institutional, legal and regulatory, economic, financial and technical. Among the institutional we find that
the national energy plan is based on methodologies that evaluate only the short-term economic cost of the
generation of energy, and not on the stability of prices of energy and the long-term consequences of this fact.
Among the legal and regulatory, there are legal and constitutional limitations to the private participation in the
energy sector. Some aspects on the evaluation of renewable energy resources are mentioned as technical
barriers, but there is no mention to the domestic development of new technologies and the role that may be
played by several national research institutes, some of which are currently working specifically on the subject
of renewable energies.
The Law on the Use of Renewable Sources of Energy (Ley para el Aprovechamiento de las Fuentes Renovables
de Energía), approved by the House of Representatives in December 2005, the creation for a Program on the
Use of Renewable Sources of Energy is established. Its goal is that by the year 2012, at least 8% of the primary
energy used must come from renewable sources (without including large hydro). It is necessary to utilize 600
million pesos (about 50 million US dollars) per year to the development of both public and private investment
that install and operate electricity for public utilities, using competitive technologies. An additional investment
of 400 million pesos (34 million US dollars) per year are necessary for less mature technologies that are
considered as strategic for Mexico.
In spite of all the efforts made, the technology on renewable energy in Mexico is still little known by potential
users, both as how it works, and the benefits that may be derived from its use. This is particularly relevant
among key decision makers in the energy or productive sector. It has also proven very difficult to evaluate the
environmental and social benefits from the use of renewable sources of energy.
Another important aspect is that the internal market is less than favorable to the applications of renewable
energies because of subsidies that are applied to conventional energy sources. Most of the applications are not
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economically competitive, and they hardly will be without modifying the structure of costs of conventional
energy sources.
It cannot be ignored that the process of development of technologies that use renewable energy sources has
been developed disengaged from the national productive process. As a consequence, many research institutions
have only experimental prototypes, or worse, they simply import foreign technologies.
The economic resources destined to research and development of technologies based on renewable energy have
been traditionally very scarce and discontinuous. As a consequence of this, most of the projects undertaken
have been small, and in many cases have been abandoned before conclusion due to lack of resources. Thus,
only on very few occasions the technological developments reach its final stage. Some projects were motivated
by purely academic objectives.
The technological development is the next step after research, and in the case of renewable energies, there is a
lack of cooperation between research institutions and the productive sector. The process has centered
fundamentally on equipment, and very little on methods for the design and analysis of the systems, so the
technology transfer has been extremely slow.
Also, scarcity of training programs for engineers and technicians is now evident. Yet, few efforts have been
made to provide training and education despite it plays a key role in leveraging industry development. Some
universities and research centers are creating programs on renewable energy systems and a particular interest on
energy management is noticeable.
From the industrial sector perspective, one of the limitations has been the lack of industrial prototypes, i.e.
prototypes conceived for serial production.
5. Conclusions
The known reserves of petroleum, natural gas, and other non-renewable energy sources in Mexico are not as
large as they were thought to be; besides, its use implies environmental consequences that are ever harsher, that
is why it is necessary to accelerate the energy transition towards more sustainable energy schemes. In this
context, all renewable energies play an important role, since Mexico represents a great reservoir of such
resources.
When discussing about renewable energy sources in general, it is a common mistake to include them all in the
same category, as if they all had the same degree of technological and commercial development. A serious
discussion must take into account the particular characteristics of each technology and each use.
Creation of a critical mass of both technology and human resources are crucial for the renewable energy
industry to grow. Some efforts have been made to train engineers and technicians but specialized academic
programs are still scarce. Creating a skilled and trained workforce is decisive to leverage development in the
country.
Subsidies in the electricity tariff and fuel play an key role in the development of renewable energy. Some
incentives for installing renewable energy systems have emerged and now net metering is possible. Yet, a
profitable scheme for renewable energy systems is still far in the horizon.
Even though there have been efforts to include these sources of energy in national energy policy, the plans
include errors, and a better strategy would include all the actors involved.
The problems for the development of renewable energy sources are not primarily scientific of technological, but
rather institutional, programmatic, operational, legal and financial. It is fundamental to state a national
objective about which topics are a priority for the research and development system. It is also important to
define policy that include the industrial development as well as the commercialization of renewable energy
sources.
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PV-grid connected systems are worldwide installed because it allows consumer to reduce energy
consumption from the electricity grid and to feed the additional energy back into the grid. The system
needs no battery so therefore the system price is very cheap comparing to the other PV systems. This
paper presents the results obtained from monitoring a 3.6 KWp thin film photovoltaic system installed
on a flat roof of 4 meter height on Cairo, Egypt. The system was monitored for one year starting from
January 2010 till December 2010 and all the electricity generated was fed into the 220V, 50Hz low
voltage national grid through Sunny boy 3800 inverter. Monthly, daily and annual performance
parameters of the PV system are evaluated which include: generated KWh per day, system efficiency,
inverter efficiency , array efficiency, power output, solar irradiation, Capacity factor and availability
factor around the year. The average generated KWH per day was 15.65KWH/day, the average solar
irradiation per day was 5.6 KWH/m2/day, the average PV array efficiency was 4.22%, the average
inverter efficiency was 94.55%, the average system efficiency was 4.02%, the availability factor was
39% and the capacity factor was 18.12%. The analysis of the obtained results shows clearly how the
variation of the solar irradiation and weather conditions around the year affects on the performance
parameters of the thin film PV grid connected system in Cairo.

Keywords: Solar energy, PV array, grid connected power system
1. Introduction
As a solution for the depletion of conventional fossil fuel energy sources and serious Environmental
problems, focus on the photovoltaic (PV) system is increasing around the world. In the future, the
establishment of utilization technology for stability and reliability of PV systems will take on more
significance in this area as high-density grid-connected PV systems will be interconnected with
distribution networks. Therefore, total three units of 1.2 kW grid-connected PV systems have been
installed on the roof of renewable energy lab in Egypt since Jan. 2010. The Monitoring system has
been constructed for measuring and analyzing the performance of PV systems to observe the overall
effect of meteorological conditions on their operation characteristics by field test. During one year of
monitoring period, the performance of PV systems has been evaluated and analyzed not only for
component perspective (PV array, grid tied inverter) but also for global perspective (system efficiency,
capacity factor, electrical energy). The loss factors of PV systems and components such as a grid tied
inverter and PV have been also reviewed.
2. System description
The PV system is installed on the rooftop of a renewable energy lab, Cairo, Egypt. It consists of ninety
modules covering a total area of 70 m2 with an installed capacity of 3.6 kWp within the range of
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typical domestic installations. The Pfixx TF-ASI-40 B modules are each of 40Wp capacity and
comprise 39 solar cells. The modules have an efficiency of 4.2% under standard test conditions and are
connected in series-parallel combination (5 in series * 6 in parallel) for each array. The modules are
fixed, inclined at an angle of 35 degree equal to the latitude of Cairo, facing south at an azimuth angle
of 0 degree. The roof is approximately 4 m height and the modules are mounted on metal frames that
were 1.5 m height. A single phase Sunny Boy SB 3800 inverter is used to convert DC to AC which is
fed directly into the grid. The inverter has rated maximum efficiency of 95.6% and maximum AC
power of 3800 W.
Table 1: The data sheet of the solar module

PV Module
Type

Specification
TF-ASI 40B (PF 40)

PIN junction
Number of cells
Weight
Nominal power
Maximum dc system voltage
Maximum output power
Voltage
Maximum output power
Current
Open circuit voltage

Double junction
39 series connected
14.4 Kg
40 Watt
1000 V
47 V
0.86 A
63 V

Table 2: Data sheet of the sunny boy 3800 inverter

Inverter
Input Maximum dc Power

Specification
4040 Watt

Maximum dc Voltage

500 V

PV - voltage range at MPPT
Maximum dc Current

200-400 V
20 A

Output
Maximum ac
Power
Nominal ac power
Maximum current
Efficiency
Maximum
Efficiency
Weight

3800 Watt
3800 Watt
18 A
95.6%
38 Kg
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3. Results and discussions
A 3.6 kWp grid connected PV system installed in Cairo, Egypt was monitored between January 2010
and December 2010 and its performance parameters were evaluated on monthly, seasonal and annual
basis.The average generated KWH per day was 15.65KWH/day, the average solar irradiation per day
was 5.6 KWH/m2/day, the average PV array efficiency was 4.22%, the average inverter efficiency was
94.55%, the average system efficiency was 4.02%, the availability factor was 39% and the capacity
factor was 18.12%.These results show it is highly imperative to develop evaluation, analysis and
application technology of thin film PV grid connected system in Egypt.

Average sun irradiation energy
per m2 per day(KWh/m2/day)

3.1 Solar irradiation
Site data during the monitored period showed that the average solar irradiation per day was 5.6
KWh/m2/day, the maximum value of the solar irradiation is 7.1 KWh/m2/day in June and the
minimum value was 4 KWh/m2/day in December as shown in Fig.1.
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Fig.1: Average solar irradiation Energy per day for each month

3.2 Capacity factor
The capacity factor (CF) is a means used to present the energy delivered by an electric power
generating system. If the system delivers full rated power continuously, its CF would be unity. The
capacity factor (CF) is defined as the ratio of the actual annual energy output to the amount of energy
the PV system would generate if it operated at full rated power for 24 h per day for a year. The average
capacity factor of the system per month is 18.12%; the highest value of the capacity factor is 20.8% in
June while the lowest value is 16.2% in December as shown in Fig.2.
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Fig.2: Average capacity factor per month

3.3 Array and Final yield
The average generated KWh per day from the PV system around the year is 15.65 KWh, the highest
value is 18 kWh in June while the lowest value is 14 kWh in December as shown in Fig.3.
The average generated KWh per day from the PV Array around the year is 14.8 KWh, the highest value
is 16.92 kWh in June while the lowest value is 13.3 kWh in December as shown in Fig.3.
Average final yield per month
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Fig.3: Average generated kWh/day for each month
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3.4 Performance ratio
The performance ratio indicates the overall effect of losses on a PV array’s normal power output
depending on array temperature and incomplete utilization of incident solar radiation and system
component inefficiencies or failures. The Performance ratio of a PV system indicates how close it
approaches ideal performance during real operation and allows comparison of PV systems independent
of location, tilt angle, orientation and their nominal rated power capacity. The PV system efficiency is
compared with the nominal efficiency of the photovoltaic generator under standard test conditions.
Performance ratio is also defined as a ratio of the final yield divided by the reference yield and it
represents the total losses in the PV system when converting from DC to AC. Fig.4 shows variation of
monthly average monthly performance ratio over the monitored period. The performance ratio varied
between 70.0% in July and 86 % in January and the annual average performance ratio is 77.75%.
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Fig.4: Average Performance ratio per month for each month

3.5 Ambient and PV temperature
The average ambient temperature is 21.7 degree Celsius; the highest value is 28.5 in June while the
lowest value is 13 in January as shown in Fig.5.The average PV temperature is 38.4 degree Celsius; the
highest value is 46.5 in June while the lowest value is 29 in January as shown in Fig.5.
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Fig.5: Average ambient and PV temperature per month for each month
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3.6 System efficiency
The average system efficiency is 4.02%; the highest value is 4.8% in January while the lowest value is
3.8% in June and July as shown in Fig.6.

Month
Fig.6: Average system efficiency per day for each month
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3.7 PV Module efficiency
The average PV efficiency is 4.22%; the highest value is 5% in January while the lowest value is 4% in
June and July as shown in Fig.7

Month
Fig.7
: Average PV efficiency per day for each month
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3.8 Inverter efficiency
The inverter efficiency is 94.55%; the highest value is 95.6% in January while the lowest value is 94% in
June and July as shown in Fig.8

Month
Fig.8
: Average inverter efficiency per day for each month

4. Conclusion
Over the first year, the system has demonstrated successfully the potential of grid connected photovoltaic
for Egypt. As barriers to the widespread use of photovoltaic in Egypt will be progressively overcome,
lessons learned from the monitoring of the system will help duplicate this achievement elsewhere. In this
project, we also focused on demonstration and social aspects, which, in the future, may help the
introduction of photovoltaic to Egypt.
Comparison of results from this study with those obtained from other studies for the same system(the same

2862

PV and Inverter) in Holland where the PV modules are manufactured and tested revealed that the PV
system’s annual average daily final yield of 4.35 kWh/kWp/day is higher than those reported in
Holland(2.55 kWh/kWp/day). It is comparable to results from some parts of Spain and Greece but it is
higher than the reported yields in most parts of Italy, Greece, Cyprus and Spain. The PV system has the
highest PV module capacity factor compared to the other reported systems. Due to the relative high
ambient temperature in Egypt the PV and inverter efficiency are lower than the values reported in Europe.
Despite low average PV and inverter efficiency compared to Europe, the high average solar irradiation
level, improve Egypt’s suitability.
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MODELLING GRID-CONNECTED PHOTOVOLTAIC SYSTEMS:
CASE STUDY OF SOME CITIES IN BRAZIL USING A
COMPUTATIONAL TOOL
Gilberto Figueiredo, Wilson Negrão Macêdo and João Tavares Pinho
Grupo de Estudos e Desenvolvimento de Alternativas Energéticas (GEDAE), Universidade Federal do Pará (UFPA), Belém
(Brazil)

1. Introduction
The photovoltaic technology is along the years taking an increasing share on the electric energy production.
The grid-connected application became the most used due to easy installation, maintenance, minimum
environmental impacts in the energy generation process and also the possibility of its use as distributed and
complementary generation. In some countries, where there are incentives for production and consumption of
energy generated by this technology, it plays an important role as a feasible and economically viable
alternative. Brazil has a great solar resource availability and the grid-connected PV application could be used
as a complement of the established hydroelectric plants installed all over the country. However, the difficulty
of access and the high prices still remain as obstacles to the beginning of the PV boom in Brazil.
This paper presents a computational tool, developed in the GUIDE (Graphical User Interface Development
Environment) environment of MATLABTM, which was used to analyze the potential of photovoltaic
generation of four Brazilian cities in different geographical and climatic regions. The program has the main
goal of helping with the analysis and design of Grid-Connected Photovoltaic Systems (GCPVS) by modeling
their generation and energy conversion equipment. A literature survey shows that this subject has been
studied by many engineers and scientists, but with different mathematical concepts (Hamad et al, 2010;
Argul, 2003). The calculation methodologies used here are described, and the developed interface of the
program explained. Finally some simulations for cities of different climatic characteristics are presented
aiming to prove the great potential of GCPVS in Brazil.
2. Mathematical modeling of the system
A GCPVS is basically made of three parts: PV generator, inverter, and grid. The first is the power source,
which generates dc power by the direct conversion of the solar radiation. The second has the role of
extracting the maximum power of the generator (on a given climatic condition), converting it to ac power,
and feeding the energy to the grid. Also, the inverter has to monitor the conditions of the grid and should
only connect to it, if the electrical parameters (such as voltage, frequency, harmonic distortion and
impedance) are within pre-determined ranges defined by international standards.
Figure 1 shows a schematic representation of a GCPVS, indicating the parameters which are included in the
mathematical model used in this paper. The following sub-sections present the mathematical approach for
the energy generation and conversion process.
2.1. Photovoltaic Generator
When the solar radiation reaches the surface of the PV module, its power is converted into electric power. Of
course, this process depends on the cell technology, since the spectral sensibility varies according to the
semiconductor material used, as showed in figure 2 for amorphous and crystalline silicon. As can be seen,
the c-Si is able to convert the solar radiation into electricity in a wider range of wavelength.
It is possible to estimate the maximum power point of the PV generator using equation 1. This simplified
model allows the calculation of the PV generator maximum power for a given level of global irradiance and
cell temperature. This model considers the influence of the cell temperature on the generated power with no
complex calculation involved, and shows a good relationship between processing time and accurate results,
as can be seen in Macêdo (2006) and Figueiredo et al. (2010).
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Fig. 2: Spectral sensibility for two silicon technologies.

𝑃𝑚𝑝 = 𝑃𝑟𝑎𝑡𝑒𝑑_𝑃𝑉

𝐺𝑃𝑉
[1 − 𝛾(𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑆𝑇𝐶 )]
𝐺𝑆𝑇𝐶

(eq. 1)

In equation 1 Pmp is the maximum power, Prated_PV is the total Wp of the PV generator, GPV is the global
irradiance on the PV plane, GSTC is the reference value (1,000 W/m2), γ is the power temperature coefficient
(normally provided by the manufacturer on the data sheet), Tcell is the cell temperature and TSTC is the
reference value (25ºC). Equation 1 only evaluates the point in which the maximum power of the PV
generator can be extracted, not considering the Maximum Power Point Tracker (MPPT) eficienccy, ηspmp.
Since this process is performed by the inverter, it will be presented in the next sub-section.
The cell temperature can be calculated from the environment temperature T, as shown in equation 2. NOCT
is the Nominal Operation Cell Temperature, normally available in the module data sheet.

𝑇𝑐𝑒𝑙𝑙 = 𝑇 +

𝐺𝑃𝑉
× (𝑁𝑂𝐶𝑇 − 20) × 0.9
800

(eq. 2)
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2.2. Inverter
The tasks accomplished by the inverter are following the MPP, converting the dc power to ac power, feeding
this power to the grid, and monitoring the parameters such as voltage, frequency, harmonic distortion, power
factor, and impedance of the connection point. Thus, this device interacts with the grid and is responsible for
controlling and monitoring the system variables, since it has to disconnect, if one of the parameters is out of
the expected range. Also, the device must have an anti-islanding strategy to avoid undue operation.
This paper has the aim of showing an energetic approach for GCPVS by modeling its generation and
conversion process. At the inverter, first of all it is necessary to work as close as possible to the MPP. The
algorithms used in commercial inverters seldom reach 100% efficiency, although it can be very close to it,
depending on the climatic conditions. Using a model proposed by Rampinelli (2010), showed in equation 3,
for the static MPPT, the simulation can achieve very accurate results, when compared to measured data.

𝜂𝑀𝑃𝑃𝑇 =

𝑃𝑚𝑝
𝑃𝑟𝑎𝑡𝑒𝑑𝑖𝑛𝑣

𝑃𝑚𝑝
𝑃𝑚𝑝
+ �𝑀0 + 𝑀1 ×
�
𝑃𝑟𝑎𝑡𝑒𝑑𝑖𝑛𝑣
𝑃𝑟𝑎𝑡𝑒𝑑𝑖𝑛𝑣

(eq. 3)

where ηMPPT is the MPPT efficiency, Pmp the value calculated using equation 1, Prated_inv is the inverter
nominal power, and M0 and M1 are the power coefficients of the static MPPT efficiency model, as given in
(Rampinelli, 2010).
Once the MPPT efficiency is calculated, the next step is to providethe inverter conversion model with the
calculated value of PV power. The model used in this paper, showed in equations 4 to 6, has been used in
many works, showing interesting results (Figueiredo et al., 2010; Rampinelli, 2010; Macêdo, 2006), mainly
when compared to measured data of GCPVS.

𝜂𝐼𝑛𝑣(𝑝𝑜𝑢𝑡) =

𝑃𝑜𝑢𝑡
𝑃𝑜𝑢𝑡
𝑝𝑜𝑢𝑡
=
=
2
(𝑃𝑜𝑢𝑡 + 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 ) 𝑝𝑜𝑢𝑡 + 𝑘0 + 𝑘1 ∙ 𝑝𝑜𝑢𝑡 + 𝑘2 ∙ 𝑝𝑜𝑢𝑡
𝑃𝑃𝑉
𝑃𝑙𝑜𝑠𝑠𝑒𝑠 = 𝑃𝑃𝑉 − 𝑃𝑜𝑢𝑡

2 )
𝑝𝑜𝑢𝑡 = 𝑝𝑃𝑉 − (𝑘0 + 𝑘1 ∙ 𝑝𝑜𝑢𝑡 + 𝑘2 ∙ 𝑝𝑜𝑢𝑡

(eq. 4)

(eq. 5)

(eq. 6)

where ηInv is the inverter conversion efficiency, Pout is the output power of the inverter, PPV is the power of
the PV generator after considering the MPPT efficiency, and pout is the output power normalized by the
inverter nominal power. The coefficients k0, k1, and k2 are related to the losses. The first does not depend on
the output power, since it represents the self-consumption losses. The parameters k1 and k2 refer to the losses
due to inverter loading. The first represents the losses which present a linear behavior with the output power
(such as diodes voltage drops and sectioning devices), while the second represents those losses with
quadratic behavior (mainly due to ohmic losses).
The parameters related to losses can be calculated with just 3 points of the inverter’s loading curve. This
means that it is only necessary to have the information of the efficiencies for 10%, 50% and 100% loading.
Once the parameters are calculated, the task is to solve equation 6, in which pout is the variable of interest.
Before starting the explanation about the user interface, it is necessary to introduce the inverter sizing in
relation to the PV generator, called ISF (Inverter Sizing Factor), and showed in equation 7. This variable is
used to help choosing thesystems optimized size, which allows greater energy generation. Macêdo (2006)
studied several systems with different sizes in São Paulo. The results showed that oversizing the PV
generator can lead to a greater energy contribution of the systems, without considerable negative impacts on
the operation, such as inverter limitation due to power or temperature.
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𝐼𝑆𝐹 =

𝑃𝑟𝑎𝑡𝑒𝑑𝑖𝑛𝑣
𝑃𝑃𝑉

(eq.7)

All inverters have a maximum permissible power level at its input. If the PV generator provides a higher
level, the inverter starts to limit its peak, and if this condition lasts longer, the temperature limitation acts in
the MPPT to lower the power at its input. So, when the oversizing technique is used, care must be taken,
since those limitations represent energy losses and occasionally can make the inverter operate in extreme
conditions. The optimum sizing must guarantee a good relationship between optimized energy generation
and safe operation of the inverter. The choice of the system size can be facilitated when there is a software
able to simulate the operational conditions of the system.
3. User interface
The models presented so far were inserted in an algorithm implemented in MATLAB to simulate the energy
contribution of GCPVS. A user interface was also developed to make the program user friendly. The GUIDE
(Graphical User Interface Enviroment Development) environment of MATLAB was used to accomplish this
task. The software needs climatic data of global irradiance and ambient temperature as input data for the
models presented here. Such data can be provided by .txt or .dat files. Figure 3 shows the first part of the
interface in which the user can decide the best ISF for the system.

Fig. 3: Initial part of the interface: choosing the sistem´s size.

Before running the program, the user needs to choose the PV module and the inverter to be used in the
simulation. There is also the possibility to add other devices to the program library. When the “Simular”
button is pressed, a pop up window ask for the climatic data files. The program generates two graphics. In
the left one there is a plot of ISF versus Inverter Conversion Efficiency (%), and in the right ISF versus
System Yield (kWh/kWp). Both vertical axes are in yearly basis and the ISF varies from 0.2 to 1.6. The
program returns a value of the ISF in which the higher yield and conversion efficiency are achieved.
The algorithm models the power limitation of the inverter, and the cable losses are considered as fixed
values. The temperature limitation and the conversion efficiency as a function of the PV voltage are the next
steps in the the simulation.. .
The second part of the user interface can be seen in figure 4 (it appears after the user presses the “Continuar”
button) and is used to analyze the performance of the system throughout the year (four blue bar graphics on
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the left) or during a time interval specified by the user (graphics on the right). Before running the simulation
(“Simular” button), the user needs to indicate which ISF will be used, and the analysis time interval at the
lower part of the interface.

Fig. 4: Second part of the interface: choosing the size of the system.

The first four graphics show: average daily energy generation for each month (kWh), yield for each month
(kWh/kWp), monthly energy production (kWh), and the performance ratio for each month (%). On the right
there is the energetic analysis of the indicated time interval. The program returns the power profile during the
days (blue graphic), the energy generated on each day (red bar graphic), and the information of total energy
generated, yield, and capacity’s factor for the period.
The voltage influence in the conversion efficiency was already implemented in the algorithm, but it only
should be considered when the time interval of the climate data is short (maximum 5 minutes). The same can
be said for the temperature limitation model. This paper shows simulation results for hourly data, so the
efficiencies considered were related to MPPT and dc/ac conversion process. Figure 5 shows an histogram for
the PV MPP voltage along the year. This information is useful to choose the best configuration of the
generator, considering the voltage MPP range of the inverter. Also, this voltage values can be inserted in the
conversion efficiency model.
4. Simulation Results
Brazil has a great area and regions with completely different weather characteristics. The main objective of
this paper is to demonstrate the potential for GCPVS in terms of energetic contribution of four cities in
different geographical and climatic regions. The climatic data used was provided by METEONORMTM
version 6.0, trial license, with hourly values. The cities are: Manaus, in the Northern region, Recife in the
Northeast, Rio de Janeiro in the Southeast, and Curitiba in the Southern region. Table 1 shows the modules
and inverters used in the simulation for each city.
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Fig. 5: dc voltage histogram.
Tab. 1: Modules and inverters used in the simulation.

System 1

PV Module

Inverter

Module 1 (70 W)

Inverter 1 (1 kW)

PV Module

Inverter

Module (75 W)

Inverter 2 (2.5 kW)

System 2

It was decided to use the ISF calculated by the program to run the energetic contribution. The results can be
seen in the following tables, as conversion efficiency (mean value), total yield, energy generated, and
capacity factor.
4.1. Manaus
Located in the Amazon region, it has high levels of humidity and temperature. There are mainly two seasons:
the rain season in the first semester and the dry season in the second, and PV can be useful in this region
since it has a complementary behavior with the hydroelectricity. The results for this city are shown in table 2.
The city had good values of yield and capacity factor, even being a location with a lot of rains. The
irradiance levels are high almost the whole year, even in the rainy season.
Tab. 2: Simulation results for Manaus.

ISF

Conversion
Efficiency (%)

Yield (kWh/kWp)

Energy Generated
(kWh)

Capacity
Factor (%)

System 1

0.65

88.9

1,317

2,026

15

System 2

0.75

93.8

1,369

4,564

15.6

4.2. Recife
Located on the Northeastern coast of Brazil, it has a good solar resource. The simulation resulted in the
highest yield values among all simulated cities, as can be seen in table 3. The calculated capacity factors are
impressive, since those are static systems (without any tracking strategies).
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Tab. 3: Simulation results for Recife.

ISF

Conversion
Efficiency (%)

Yield (kWh/kWp)

Energy Generated
(kWh)

Capacity
Factor (%)

System 1

0.7

89

1,470

2,100

16.7

System 2

0.85

93.9

1,525

4,487

17.4

4.1. Rio de Janeiro
One of the most important cities in the country is most known for its beautiful beaches. Although being
located in the Southeastern region, it has a good potential for GCPVS application, as can be seen by the good
values of capacity factor and yield shown in table 4, which are very similar to those found for Manaus.
Tab. 4: Simulation results for Rio de Janeiro.

ISF

Conversion
Efficiency (%)

Yield (kWh/kWp)

Energy Generated
(kWh)

Capacity
Factor (%)

System 1

0.65

88.8

1,339

2,059

15.3

System 2

0.8

93.8

1,400

4,376

15.9

4.2. Curitiba
The results returned by the program show the worst behavior.
Tab. 5: Simulation results for Curitiba.

ISF

Conversion
Efficiency (%)

Yield (kWh/kWp)

Energy Generated
(kWh)

Capacity
Factor (%)

System 1

0.65

88.7

1,196

1,839

13.6

System 2

0.75

93.8

1,268

4,227

14.5

The ISF is calculated according to the higher values of yield and conversion efficiency and it depends on the
characteristic of the inverter efficiency curve. All tables show lower ISF for system 1 than the system 2. This
fact means that system 1 is always more oversized than system 2, both related to inverter nominal power, to
achieve maximum productivity and energy generation. The future step of this work will be to consider the
temperature limitation, to indicate a ISF which does not impact in too many limitation losses.
5. Conclusions
The user interface presented in this paper was developed to help design and analyze GCPVS. It can also easy
the use and understanding of the mathematical modeling.
All cities chosen for the simulation presented good values of yield, energy generated, and capacity factor.
This shows the great potential for GCPVS application in the country, even in the regions with lower
irradiance levels.
Although the software already presents good results, some improvements can still be made, such as
considering the temperature limitation and the conversion efficiency as a function of PV voltage, using
measured data with shot time interval.
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Abstract
Currently, the direct conversion of solar energy into electricity is being accepted as an important form of
power generation. This electricity generated by a process known as the photovoltaic effect, using
photovoltaic (PV) system. The operating power of PV system depends on the sun’s intensity, the ambient
temperature and the PV system output voltage (PV load). The maximum power point tracking (MPPT)
algorithms usually are used in PV system in order to make the system operate with maximum efficiency.
Many of MPPT algorithms/techniques for PV system have been proposed vary in complexity, sensors
required, convergence speed and dynamic response, cost, range of effectiveness, implementation hardware,
popularity, and in other respects. In this paper, some most widely-used of MPPT algorithm will be reviewed
and studied, in order to develop a PV model with MPPT algorithm, refer to an existing a small scale gridconnected PV array system at Szent István University (SIU). Simulation results of MPPT line characteristics,
both for ASE-100 (polycrystalline technology) and DS-40 (amorphous silicon technology) modules, as main
components of grid-connected PV array at Szent István University, will be shown, as a preliminary step to
understand the voltage critical values of each module at different weather conditions.
Keywords: power generation, sun’s intensity, ambient temperature, the maximum power point tracking,
voltage critical values.
1. Introduction
Solar energy is one of the most promising renewable resources that can be used to produce electric energy
through photovoltaic (PV) system, which convert directly the energy contained in photons of light into
electrical energy. PV generation is becoming increasingly important as a renewable source since it offers
many advantages such as incurring no fuel costs, not being polluting, requiring little maintenance, and
emitting no noise, among others.
The amount of power generated by a PV system depends on the operating voltage of the system. The currentvoltage-power (I-V-P) characteristic of PV systems is nonlinear and depending on atmospheric conditions,
such as solar irradiation and temperature. In general, there is a unique point on the I-V-P curve, called the
Maximum Power Point (MPP), at which the entire PV systems (array, converter, etc) operates with
maximum efficiency and produces its maximum output power. The location of the MPP is not known, but
can be located, either through calculation models or by search algorithms. Therefore Maximum Power Point
Tracking (MPPT) techniques are needed to maintain the PV array’s operating point at its MPP. Moreover,
since the power efficiency of PV system available in the market still low, the PV systems must be ensured to
operate always on the maximum power point (Lalili et al., 2011).
Currently, many of MPPT algorithms/methods have been developed and implemented. The methods vary in
complexity, sensors required, convergence speed and dynamic response, cost, range of effectiveness,
implementation hardware, popularity, and in other respects. They range from the almost obvious (but not
necessarily ineffective) to the most creative (not necessarily most effective). In fact, so many methods have
been developed that it has become difficult to adequately determine which method, newly proposed or
existing, is most appropriate for a given PV system (Esram et al., 2007). However, the MPPT main mission
generally is to adapt the operation point of the module, usually modifying its output voltage, in order to adapt
the system to different irradiance conditions and also to temperature variations (Calavia et al., 2010).
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Generally, PV system can be operated in three categories: stand-alone, grid-connected or hybrid modes.
Currently, the grid-connected PV array system application is widely used in the worlds, and typically can be
seen in Fig. 1. and composed of five main components as follow (Liu et al., 2004):
1)
2)
3)
4)
5)

A PV array that converts solar energy to electric energy,
A DC-DC converter that converts low DC voltages produced by the PV arrays to a high DC voltage,
An inverter that converts the high DC voltage to a single-or three-phase AC voltage,
A digital controller that controls the converter operation with MPPT capability, and
A DC filter that absorbs voltage/current harmonics generated by the inverter.

Fig. 1: A grid-connected PV power system block diagram

In the framework of the PV Enlargement project of EU, since October 8, 2005, a fixed frame 10 kWp gridconnected PV array system, has been installed at Szent István University (SIU), Gödöll , Hungary, with the
surface orientation of PV system is 30o for tilt angle ( ) and 5o to East (or -5o) for azimuth angle ( ), for
South facing. The system was installed on the flat roof of SIU Dormitory building and is structured into 3
sub-systems. Sub-system 1 consists of 32 pieces of ASE-100 type modules (RWE Solar Gmbh) from
polycrystalline PV technology, and sub-system 2 and 3 consists of 77 pieces of DS-40 type of modules
(Dunasolar Ltd) from amorphous silicon PV technology, respectively. The total power of the system is 9.6
kWp with total PV surface area 150 m2. Recently, performance analysis both energetic and exergetic has
been performed theoretically, and it‘s found that efficiency energy and efficiency exergy for ASE-100
module are 15.72 % and 11.82 %, respectively and for DS-40 are 8.88 and 4.40, respectively. Meanwhile
based on experiment it’ s found that actual efficiency for ASE-100 and DS-40 is 13% and 4%, respectively.
Fig. 2 shows the schematic diagram of a 10 kWp grid-connected PV array at SIU, Gödöll – Hungary (Seres
et al., 2009).

Fig. 2: The schematic diagrams of a 10 kWp grid-connected PV array at Szent István University, Gödöll – Hungary.

In the present work, some of most widely-used of MPPT algorithm such as perturbation and observation
algorithm, incremental conductance (fixed and variable-step algorithm), etc. will be reviewed and studied, in
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order to develop a PV model with MPPT algorithm, refer to an existing a small scale grid-connected PV
array system at SIU. Simulation results of MPPT line characteristics by PVSOL 3.0 software packages, both
for ASE-100 (polycrystalline technology) and DS-40 (amorphous silicon technology) modules (as main
components of grid-connected PV array at SIU), will be shown as well, as a preliminary phase to understand
the voltage critical values of each module at different weather conditions. As a further outcome, a PV model
with appropriate MPPT algorithm and its effects on the performance parameter of PV array system at SIU
will be developed, simulated and evaluated.
2. Mathematical model of PV system
2.1. Mathematical model of PV cell
The basic component of PV system is the PV cell (solar cell). The equivalent electric circuit diagram of PV
cell is shown in Fig. 3, which consists of a photocurrent source, a diode, a parallel resistor expressing a
leakage current and a series resistor describing internal resistance to the current flow.

Fig. 3: General model of PV cell in a single diode model (five model parameter)

The PV cell’ s electric characteristics under solar radiation G is given in terms of PV cell output current I (A)
and PV cell voltage V (V) and the basic equations describing I-V characteristics of the PV cell model are
given in the sets equations as follow:

I = I l − I d − I sh ,

Vd
V
I d = I o exp
− 1 = I o exp d − 1 ,
nkTc
Vt
q
Vt =

nkTc
,
q

(1)

(2)

(3)

Vsh = Vd ,

(4)

Vd = V + IRs ,

(5)

I sh =

Vsh
V
= d ,
Rsh Rsh

(6)

I sh =

V + IRs
,
Rsh

(7)

I = I l − I o exp

V + IRs
V + IRs
−1 −
.
nkTc
Rsh
q

(8)

where Il is the light generated current (A), Io is the diode saturation current (A), Rs is the cell series resistance
(ohms), Rsh is the cell shunt resistance (ohms), Vd is the diode voltage (V), Vt is the thermal voltage (V), n is
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diode quality factor or an ideality factor (1 or 2), k is the Boltzmann’ s constant (= 1.381 x 10-23 J/K), Tc is the
cell working temperature (K) and q is an electron charge (=1.602 x 10-19 C).
For an ideal solar cell, there is no series loss and no leakage to ground, i.e., Rs = 0 and Rsh = ∞. With this
assumption, the equation (8) can be rewritten as:

I = I l − I o exp

V
nkTc
q

−1 .

(9)

Equations (8) and (9) can be used in computer simulation to obtain the output characteristics of PV cell, as
shown in Fig. 4. This curve clearly shows that the output characteristics of a PV cell are non-linear and are
crucially influenced by solar radiation G, operating cell temperature Tc and load condition R. Each curve has
a maximum power point (MPP), at which the solar array operates most efficiently (Air Jiang et al., 2005).

Fig. 4: I-V-P characteristic of PV cell

The PV system characteristic present three important points: the short circuit current Isc, the open circuit
voltage Voc and the optimum power Pmax delivered by PV system to an optimum load Rop (or Rmax) when the
PV system operate at their MPP. Short circuit current (Isc) is the maximum current, at V = 0. In the ideal
condition, if V = 0, Isc = IL. Open circuit voltage (Voc) is the maximum voltage, at I = 0.
The power curves on Fig. 4 show that the optimum power point corresponds to a load connected to the PV
system that varies with the ambient conditions of irradiation and temperature. In practice this variable
optimal load will be achieved through the use of a variable duty cycle (d) of the control part of MPPT
converter, which controls directly the operating voltage which corresponds to this optimal load.
2.2. Mathematical model of PV module/panel/array
PV cells are grouped together in order to form PV modules/panel/array, which are combined in series and
parallel to provide the desired output power. When the number of the cells in series is Ns and the number of
cells in parallel is Np, the relationship between the output current and voltage is given by:

I l ,tot = N p I l ,

(10)

I o ,tot = N p I o ,

(11)

ntot = N s n ,

(12)

R s ,tot =

Ns
Rs ,
Np

(13)
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V +I
I = N p I l − N p I o exp
Ns

I = N p I l − N p I o exp

Ns
Rs
Np

V +I
−1 −

nkTc
q

IR
V
+ s
Ns N p
nkTc
q

Np
−1 −

Ns

Ns
Rs
Np

Rsh

,

(14)

V + IRs
Rsh

.

(15)

For ideal condition Rs very small (Rs = 0) and Rsh very large (Rsh = 0)

I = N p I l − N p I o exp

V
Ns
nkTc
q

−1 .

(16)

Equation (8) – (9) is applied for single PV cell and equation (15) - (16) is applied for module/panel/array.
The complete behaviour of a single diode model PV cells is described by five model parameters (Il, n, Io, Rs,
Rsh) which are representative of a physical PV cell/module.
3. Maximum power point tracking (MPPT) algorithms
Many maximum power point tracking (MPPT) algorithms have been proposed and developed in the
literature, such as perturbation and observation (P&O) algorithm, the incremental conductance (IC)
algorithm (see in Fig. 5), constant voltage and current algorithm, parasitic capacity algorithm, model based
algorithm and intelligent-based algorithms (included the artificial neural network technique and the fuzzy
logic control technique). Among them, the “perturbation and observation” and the “incremental
conductance” algorithms are probably the most extensively used in commercial MPPT system. However,
there is no clear agreement on which algorithm is the best (Air Jiang et al., 2005, Faranda et al., 2008 and
Enrique et al., 2010)

a). Concept of perturb & observe (P&O) algorithm

a). Concept of incremental conductance (IC) algorithm
Fig. 5: Most widely used of MPPT algorithms principle operation for PV system
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A very short description of the most usual of MPPT algorithms are presented below.
3.1. Perturbation and observation algorithm of MPPT (P&O MPPT)
The Perturbation and Observation algorithm of MPPT is probably the most frequently used in practice,
mainly due to its simplicity and easy implementation. P&O MPPT has been used to track the MPP by
continuously changing the operating voltage point of PV system. In this method, small increasing
(incrementing) or decreasing (decrementing) on the PV operating voltage will be applied and refers to that
the PV power output at the present and the previous perturbation cycle is compared it.
The main concept of this algorithm is to push the system to operate at the direction which the output power
obtained from the PV system increases. Following equation describes the change of power which defines the
strategy of the P&O technique.

∆P = Pk − Pk −1 .

(17)

Generally, P&O MPPT operation is briefly explained as follows: assume that the PV system
(module/panel/array) operates at a given point, which is outside the MPP. The PV system operational voltage
is perturbed by a small V, and then the change in the power ( P) is measured. If P > 0, the operation point
has approached to the MPP and therefore, the next perturbation must take place in the same direction as the
previous one (same algebraic sign). If, on the contrary, P < 0, the system has moved away from the MPP
and, consequently, the next perturbation must be performed in the opposite direction or opposed algebraic
sign (Tafticht et al., 2008, Enrique et al., 2010 and Chin et al., 2011). Detail illustration for various cases
can be seen in Fig.6.

Fig. 6: Four cases of displacement of the operating point

Based on Fig.6, MPP search control analysis for above four cases can be summarized in Table 1.
Tab. 1: Summary of control action for various operating points

Case

∆V

∆P

∆P
∆V

Tracking direction

d: Duty cycle control action

a

+

+

+

Good direction

Increase: d (k ) = d (k − 1) + ∆d

b

-

-

+

Bad direction

c

-

+

-

Good direction

d

+

-

-

Bad direction

Increase: d (k ) = d (k − 1) + 2∆d
Decrease: d (k ) = d (k − 1) − ∆d

Decrease: d (k ) = d (k − 1) − 2∆d
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The PO works well when the irradiance change slowly but it presents drawbacks such as slow response
speed, oscillation around the MPP in steady state, and even tracking in wrong way under rapidly changing
atmospheric condition.
To establish the quality of a given MPPT system (and to be able to compare it with other systems), it is
necessary to define the tracking efficiency ( ) , given by :
t

Pinst ( t )dt

η MPPT =

0
t

.

(18)

Pmax ( t )dt
0

where, for radiation and temperature conditions in the given time period, Pinst(t) is the instantaneous power
supplied by the MPPT system controlled PV system, and Pmax(t) is the actual MPP power.
3.2. Incremental conductance algorithm of MPPT (IC MPPT)
The incremental conductance algorithm consists in studying the slope of the PV system power – voltage
curve.
Comparative study shows that incremental inductance algorithm tracks fast the MPPT under rapid changing
atmospheric conditions. The incremental conductance algorithm is based on the fact that the derivative of the
PV output power with respect to output voltage is zero at the MPP, positive on the left of MPP and negative
on the right of the MPP (Calavia et al., 2010 and Lalili et al., 2011).

dP
= 0 , at MPP,
dV

(19)

dP
> 0 , left of MPP,
dV

(20)

dP
< 0 , right of MPP.
dV

(21)

Derivating the output power P = VI with respect to output voltage:

dP d (VI )
dI
=
= I +V
,
dV
dV
dV
dP
=0
dV

dI
∆I
I
≈
=− .
dV ∆V
V

(22)
(23)

∆I
I
represents the incremental conductance, and
represents the instantaneous conductance. The MPP can
∆V
V
I
∆I
be tracked by comparing
to
as follows:
V
∆V
∆I
I
= − , at MPP,
∆V
V

(24)

∆I
I
> − , left of MPP,
∆V
V

(25)

∆I
I
< − , right of MPP,
∆V
V

(26)

The input of MPPT controller are the voltage and current of the PV array, and its output is the reference
voltage used for the PMW (pulse width modulation) control of the dc-dc or dc-ac converter connected to the
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PV array. When atmospheric conditions changes, the MPPT controller increments or decrements the
reference voltage by a predefined iteration step in order to reach the new MPP (Fig. 7).

a). Operation of the fixed step IC algorithm

b). Operation of the variable step IC algorithm

Fig. 7: Type of IC algorithm and its principle operation

3.2. Some of comparative study of algorithm of MPPT
Figs. 8-10 show an illustration of comparative study between PV system with and without MPPT and also
between P&O and IC algorithms.

Sample of IV curve with MPP of PV system

Sample of power measurement of PV system

Fig. 8: Effect of an MPPPT algorithm on a specified of PV (Arduino Peak Power Tracker Solar Charger,
http://www.cutedigi.com)

Fig. 9: Performance comparison of two types MPPT algorithms (Calavia et al., 2010)
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Fig. 10: Generated power comparison for the three MPPT algorithms in the two analyzed scenarios (Calavia et al., 2010)

4. An Initial evaluation of MPPT on the existing system at Szent István University
A two different of PV technologies i.e. polycrystalline silicon and amorphous silicon, as a main component
of fixed frame a 10 kWp grid-connected PV array system at SIU, shown in Fig. 11 (Farkas et al., 2005).

(a) ASE-100 Polycrystalline silicon

(b) DS-40 Amorphous silicon

Fig. 11: Different of PV module technology at SIU

The first step to evaluation a PV array performance is to calculate I-V-P characteristics (included to find
MPPT locations) of a PV module, as a smallest component in PV array, respect to changes on environmental
parameters. PV*SOL 3.0 software packages is used to simulate the I-P-V characteristics. Some model
parameters are required for modelling is taken from Table 2 (Seres et al., 2009)
Table 2: Electrical and others parameters of ASE-100 and DS-40 module specifications.

Module parameters
Electrical Module *
Typical peak power (W)
Voltage at peak power (V)
Current at peak power (A)
Short circuit current (A)
Open circuit voltage (A)
Temp. coefficient of open circuit voltage (%/oC)
Temp. coefficient of short circuit current (%/oC)
Approximate effect of temp. On power (%/oC)
Nominal operating cell temperature/NOCT (oC)
Others
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Sub-system 1
ASE-100
105
35
3
3.3
42.6
-0.38
0.10
-0.47
45

Sub-system 2
DS-40
40
44.8
0.8
1.15
62.2
-0.2797
0.0897
-0.190
50

Sub-system 2
DS-40
40
44.8
0.8
1.15
62.2
-0.2797
0.0897
-0.190
50

Active surface area (m2)
Specific heat capacity (J/kg.K)
Absorption coefficient (%)
Weight (kg)
Array
No. of modules in series (per string)
No. of strings in parallel (per inverter)
Total module area (m2)

0.83
920
70
8.5

0.79
920
70
13.5

0.79
920
70
13.5

16
2
27

7
11
61

7
11
61

* Under Standard Test Conditions (G = 1000 W/m2, AM = 1.5 and Tc = 25oC).
5. Results and discussions
In Figs. 12-13, the MPP ideal conditions of ASE-100 and DS-40 modules arre to be presented.
5.1. MPP Ideal condition of ASE-100 module (Variation of MPP location with change conditions)
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Fig. 12: Ideal MPPT line characteristic for various G and T of ASE-100 module

Based on Fig. 12, it’ s clear that the output power of a PV module is influenced by solar radiation incident on
the system and cell and ambient temperatures. As solar irradiance increases, the short circuit current,
maximum power, and conversion efficiency increases. It is proven that as temperature increases the open
circuit voltage decreases, which leads to the reduction of maximum power.
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Fig. 13: Ideal MPPT line characteristic for various G and T of DS-40 module

5.3. Discussions
At predetermine condition (G and Tc or Ta), the power of the PV system has only single maximum point.
Peak Power of the module changes with the change in temperature. Peak power of the module changes with
the change in isolation level. Based on above figures, it is need to track the peak power in order to maximize
the utilizations of the solar module/array. Methods of obtaining Peak Power can be achieved:
1. Though Manual tracking is possible but is waste of time.
2. Automatic tracking is a better choice.
3. MPPT Algorithms are used for Automatic Peak Power tracking.
6. Conclusion
An initial study to evaluate effect of MPPT algorithm on a small scale grid-connected PV array system has
been elaborated, in order to develop a grid-connected PV system model and appropriate MPPT algorithm,
refers to an existing installation at Szent István University.
The MPPT line characteristics of module (as a component of an existing grid-connected PV array system)
are situated around critical value. In further study, effect of MPPT algorithm on the performance of PV

2882

module will be evaluated, respond to fluctuation of environment conditions.
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1.

Introduction

We present a report on the performance of the photovoltaic systems installed on a development of ten zero
carbon houses in Slough, UK. There are 11 separate PV systems ranging from 4.4 to 10.2 kW p with a
combined capacity of 62.9 kWp. All systems use Solarcentury C21e photovoltaic roof tiles covering the
major part of the roof. The homes were built over summer 2010 and the PV systems were commissioned in
September 2010. The PV systems are oriented within ten degrees of due south. Figure 1 shows a graphic of
the development. Houses 1-4 are built using timber frame construction while the other properties are
masonry construction.

7
4
10

1

Figure 1 Greenwatt Way development. Houses are numbered clockwise from bottom left.
The PV systems at this development are one of a number installed by SSE on their sites across the UK to
help reduce the company’s greenhouse gas emissions. The UK PV industry has grown rapidly from a low
base since the introduction of a feed-in tariff in 2010 and there is need for continued learning to maximize
the effectiveness of PV in the UK.
The monitoring of this site is part of a project between SSE, Solarcentury and the University of Reading
(UoR) to enhance the availability of information on the performance of PV across the UK. As part of this
process we present performance records based on solar radiation measurements made at the UoR weather
station 24 km from the site.
This paper presents a calculation of the performance ratio made using the NREL method (Marion et al. 2005)
on the site using remote instrumentation to calculate on-site irradiance. The operational monitoring results
are compared to predicted performance assessment made at the design stage. The use of the performance
ratio as the main measure of performance allows for intercomparison among the systems at the site and will
highlight any operational issues which may arise.
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2.

Methodology

The aim of this paper is to demonstrate that remotely gathered weather data can be used to monitor the
performance of a PV system with a reasonable level of accuracy. There are several points at which errors
may be introduced in this process. The key potential sources of error are instrument errors, interpolation
errors, diffuse/direct decomposition errors, transposition errors and ground-reflected irradiance error. With
the exception of performance prediction which was carried out with PVSyst 5.21, all calculations were
performed in MS Excel 2007 or higher.
2.1 Performance prediction
Performance was modelled for a representative 5 kWp system of the same module technology, layout and
orientation as the systems at Chalvey using PVSyst v5.21 with the meteo data for London. Stringing of the
systems was as per the PVSyst default settings. As a consequence of design changes prior to construction,
some of the PV systems are subject to partial shading which has a strong impact on the performance over
winter. These were captured by modelling the system with three near-shading regimes reflecting the shading
which is experienced by the various systems on site. In Table 1, these are noted as three shading conditions:
0 for unshaded and 1 & 2 for the two different levels of shed type shading from adjacent properties.
2.2 Radiation data
In this paper, we will use diffuse and direct irradiance data from the weather station at the UoR as the remote
data to assess the performance of the PV systems installed on a development of ten zero carbon homes. The
homes form a wider research project allowing SSE to develop insight into the impact of UK zero carbon
homes regulations on the utility industry, many elements of this research require meteorological data and
global horizontal irradiance is measured on site for several purposes. This data has not been used for this
assessment due to inconsistencies between the on-site radiation sensor (reference solarimeter) and the UoR
instruments (Kipp & Zonen CMP11 pyranometers).
Separate diffuse radiation measurements are not regularly available for the majority of sites across the UK
and so, as part of this project the global radiation data from UoR has also been split into diffuse and direct
components to assess the performance of this approach for wider applications.
Data from the university was recorded on a sub-hourly basis and converted to hourly datasets before being
used for performance analysis. Data points with non-physical values were removed as part of this process.

2.3 Radiation component separation
In order to successfully transpose irradiance from a horizontal plane to an inclined plane, the irradiance must
first be split into diffuse and direct components which are transposed in very different ways. There are
several well established methods for separating direct and diffuse irradiance based on the clearness index.
These use the relationship between the clearness index (the ratio of surface irradiance to the extra-terrestrial
irradiance) and the diffuse fraction of the global horizontal irradiance. In this investigation we have used the
Reindl decomposition method (Reindl et al. 1990).

2.4 Transposition into an inclined plane
The transposition of the direct and diffuse components must be performed separately before they are
recombined with an estimate of ground-reflected irradiance to give the global inclined irradiance.
Transposition of the direct component is a simple geometric exercise. For the diffuse component, a number
of models exist with the Perez model (Perez et al. 1990) being recognised as performing well, particularly
when observed diffuse and direct irradiance values are available. This model treats the diffuse radiation as
comprising three elements, an isotropic background with a horizon/zenith brightening term (resulting from
Rayleigh scattering effects) and a circumsolar brightening term (from Mie scattering). Ground-reflected
irradiance in the plane of the modules has been calculated using a simple isotropic model assuming a fixed
albedo value of 0.2.
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2.5 Solar production data
Each system has Fronius electronics which are monitored centrally via a Fronius Datalogger.Web. AC
energy production is measured on a 15 minute basis and later aggregated to hourly kWh for ease of
comparison with weather data. The fiscal meters (Elstar A100) for each system are also read manually on a
monthly basis. This is used to calibrate the values recorded by the datalogger and apply correction factors
where necessary.
System

Table 1 System details
Capacity (kWp)
Inverter(s)

Shading condition

House 1

6.2

IG+50, IG15

0

House 2

5.0

IG+50

1

House 3

4.4

IG+50

2

House 4

4.4

IG+50

2

House 5

4.4

IG+50

0

House 6

4.4

IG+50

0

House 7

5.8

IG60

2

House 8

5.8

IG60

2

House 9

6.2

IG+50, IG15

1

House 10

6.2

IG+50, IG15

0

Meeting room

10.2

IG+ 35, IG+ 35, IG 20

0

Overall

62.9

The specific yield of the systems at Chalvey have been calculated on a monthly basis by aggregating the
hourly generation and radiation figures. These specific yields are then divided by the calculated in-plane
irradiance (in kW/m2) to give the performance ratios. As expected, the partially shaded systems perform less
well than the unshaded systems and as a consequence have been omitted from some of the results presented
in this paper for the sake of clarity.

3.

Results

3.1 Performance prediction
All systems on the development have the same basic geometry (oriented south with a tilt of 18°). As there is
moderate variation in system size and an associated variation in the inverters, a simplified model
representing all the household systems at the development was created with a capacity of 5.1 kW p. As noted
in section 2.4 there are three different shading regimes at the site with a slightly larger gap from house 1-2
and house 10-9 than between houses 2-3-4 and 9-8-7. Three variants of the predictive model were developed
to cover these three situations.
Figures 2 & 3 show the monthly predicted and actual irradiance, electricity production and performance
ratios. Figure 3 shows the performance ratios predicted on a monthly basis using the representative PVSyst
model and the average performance ratio of the unshaded systems. Since April, monthly PR has been close
to that which was expected from predictions.
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Figure 2 Predicted and observed irradiance and generation for unshaded systems

Figure 3 Predicted and actual monthly performance ratios of unshaded systems
3.2 Diffuse radiation component separation and Transposition
As outlined in section 2.2, while the UoR weather station is instrumented to take readings of diffuse radiation
as well as global and direct radiation, often this quality of data will not be available. Consequently, it has
been deemed necessary to test the accuracy of using a component separation model to allow for similar
performance assessment of sites where instrumentation is not available or would be unreasonably costly.
Figure 4 shows the relationship between the diffuse fraction of the global horizontal irradiance and the
clearness index using measured diffuse irradiance and calculated diffuse irradiance derived using the Reindl
model. The falling away of the diffuse fraction for the observed data at low clearness indices is a wellunderstood artefact of data points corresponding to low sun angles. While the observed data shows much
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broader variability than the modelled data, the overall shape of the distributions are well matched. Similarly
in Figure 5, there is good correlation between the predicted irradiance in PVSyst and the transposed
irradiance (data is for 2010) using either the measured or modelled components. The disparities for April,
June and August are linked to strong deviations from the typical weather patterns for those months.

Figure 4 Measured and Modelled diffuse fraction of horizontal radiation (UoR)

Figure 5 PVSyst prediction and transposed horizontal irradiance for 2010
3.3 Energy Production & Performance Ratios
Over a period of close to a complete year (October 2010 to end July 2011), the eleven systems on site have
together generated 38,268 kWh which equates to 608 kWh/kWp. This is less than the 632 kWh/kWp that was
predicted using PVSyst, primarily due to more severe performance impediment over winter months due to
shading of systems by adjacent properties. Specific yields for the unshaded systems are presented in Figure
6. The unshaded systems have a specific yield which is within 1% of what was predicted by PVSyst though
given the higher than usual irradiance on the site, this reflects a lower performance ratio over the period to
date although over the past four months, the observed performance ratio has improved to close to the
expected values (Figure 3).
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Figure 6 Specific Yield for each unshaded system

As is expected, the systems at the development produced only modest amounts of energy over winter with a
substantial increase in generation coming from March onwards. All systems are now attaining performance
ratios of over 60% systems and all but two have a PR of over 70%. The data (including the shaded systems)
suggests that houses 1 – 4 may have slightly lower performance ratios than their counterparts in houses 7-10.
Table 2 shows that no system has an overall PR of more than 71% overall although the evolution of the
performance ratio suggests this has improved in recent months with the average PR of the unshaded systems
since April being 74.5%. All systems recorded poorer performance ratios over winter. In part, this may result
from the lack of correction to the data for days when snow was lying, this may have amounted to
approximately one sixth of the period from 15 December 2010 to 31 January 2011. The performance ratio
results are only reported here for the calculations based on the measured diffuse dataset from UoR. The
Reindl modelled data gave very similar results (overall inclined radiation over the analysis period was 945
kWh/m2 for the measured diffuse irradiance data versus 959 kWh/m2 using the Reindl model).

Figure 7 Performance ratio of systems (using UoR Met Data, observed diffuse)
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Table 2 Overall unshaded system performance ratios
System
Performance Ratio
House 1

66%

House 5

70%

House 6

65%

House 10

68%

Meeting Room

62%

Average (All unshaded)

66%

4.

Discussion

In general, the PV systems at the site have been performing within the range that could be expected. The
systems are connected in strings running up and down the roof in keeping with standard practice rather than
across the roof which would have been more appropriate for systems which experience the shed type shading
seen at this site. This discrepancy was not factored in to the modelling. A second issue which was not
addressed by modelling was the possibility that the shaded systems run at higher module temperatures due to
lower levels of forced convection as these systems are also sheltered from the wind by the adjacent buildings.
Quantifying the size of this effect in a predictive model would require knowledge of the wind conditions at
the site and careful CFD modelling which was not available. If these factors were included in the PVSyst
model, the difference between the predicted and observed shading impacts may be lessened.
There is a modest performance difference between houses 1-4 and their counterparts in houses 7-10. As a
research project, the two banks of houses are of different construction types with houses 1-4 built of a timber
frame construction with the remainder of traditional masonry construction. While the homes have slightly
different numbers of modules and inverter provision, there may be some environmental element to this
discrepancy such as differing levels of thermal mass in the building fabric which merits further investigation
to determine if there is any module temperature difference between the roof spaces and modules which can
be linked to the structure of the buildings.
Performance ratios of the systems are lower over winter. For the shaded systems it is clear that much of this
is a consequence of the shading at low sun angles which make up a greater proportion of the daylight hours
over winter than over the summer. A second factor which would affect all systems is the possibility that the
Perez transposition model is producing overestimates of the inclined diffuse radiation at low sun angles
which would lead to lower PRs, particularly over winter however this effect should be mitigated as the
calculations are based exclusively on data points for zenith angles of 80° or less. If an in-plane pyranometer
could be installed at the site this would allow both a direct measurement of the radiation received by the
systems and also a means of checking the accuracy of the Perez transposition. An alternative radiation issue
may be the disparity between the typical meteorological year for London used in the PVSyst model and the
irradiation experienced by the systems to date. As monitoring continues in future, should any systems have
performance ratios which are consistently lower than predicted on an annual basis, further investigation of
the possible causes should be undertaken and where possible remedial action taken.
The results found using both the measured diffuse irradiance and the Reindl modelled diffuse irradiance data
as the input to the Perez model produced very similar monthly results however, without an in-plane
irradiance meter available at the site, it is not possible to verify the accuracy of the Perez transposition.

5.

Conclusions

Performance assessment of the first ten months data for eleven PV systems on a development of zero carbon
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homes in Slough, UK has been conducted using off-site irradiation data. Performance is similar to what
could have been expected based on modelling using PVSyst with unshaded systems having monthly
performance ratios in line with expectations since April. The monitoring of this site is ongoing and the
findings presented in this paper are based on a short timescale, as the available data increases over time the
level of uncertainty in these results will diminish.
The PVSyst model of the systems on the development featured numerous simplifications. It would be
worthwhile to repeat this modelling and capture the slight differences between each of the eleven systems
and incorporate the string arrangement in order to provide a more representative baseline against which to
compare the performance of the systems.
There are several groups of systems which bear identical array layouts and inverters, differing only in
building construction type and shading conditions. These sub groups of systems may provide a better means
of identifying the differences in performance as nearly all variables are held constant. An example of such a
sub-group of identical systems are those on houses 1, 9 and 10 which allows for investigations into the effect
of shading between 9 & 10 which will consequently allow for an investigation into the effect of the different
system size and inverter provision between houses 2 & 9 which share the same shading regime.
Further work requiring additional pyranometry, temperature and electrical data recording is needed to:
1.

confirm the accuracy of the results presented in this paper, particularly the use of the Perez
transposition model

2.

verify that the use of off-site horizontal radiation data as an input to the performance ratio is a valid
approach

3.

investigate the influence of construction type and possible temperature consequences on the
differences in performance of homes 1 to 4 and 7 to 10.

Another aspect which should be investigated is the relationship of performance differences between systems
and wind direction to establish the impact of systems being sheltered by adjacent buildings.
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1. Introduction
Photovoltaics is one of the most promising energy alternatives. Brazil has a great potential for the
deployment of photovoltaic power generation, but this technology is not wide spread, and does not have
sufficient incentives to popularize its implementation, yet.
Airport areas present a lot of features that favor the installation of photovoltaic systems, because it has wide
horizontal spaces, with their typically large, sunny areas, free of shades, and buildings to facilitate the
installation of photovoltaic modules.
The GCPVS presented here is a pilot study in the Brazilian Northern Region, to be deployed on the roof of
the airport terminal of the International Airport Val-de-Cans (Belém-Pará-Brazil), aiming to reduce energy
consumption of the airport terminal provided by the power utility, disseminate and encourage the use of
photovoltaic technology and contribute to the preservation of the environment.
2. Description of the Grid-Connected Photovoltaic System
2.1. Area of deployment
The international airport complex of Val-de-Cans is located in the city of Belém, state of Pará, Brazil, at the
geographic coordinates 01°22'45"S 48°28'35"W, as shown in Figure 1. It has about 33,000 m2 of constructed
area.

Fig. 1: Location of the international airport complex of Val-de-Cans.

The coverage of the airport terminal building was chosen as the area available for installation of modules,
being approximately 16,000 m2, as shown in Figure 2.
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AVAILABLE AREA

Fig. 2: Aerial view of the coverage of the airport terminal.

2.2. Chosen PV Modules and Inverters
For the PV generator, 230 Wp monocrystalline modules were chosen, and for the inverters, 11 kW nominal
power devices were selected. They were chosen to be used as reference in this pilot study, because of their
good efficiency.
2.3. Sizing Connected Photovoltaic System Design Network
The design was based on the standard conversion efficiency of the inverter, and with the help of a software
developed in MATLAB, it was possible to choose a good relationship between the inverter nominal power
and the PV generator of approximately 67%. Considering only the available area on the roof of the airport
terminal, the system capacity was limited to 1.3 MWp maximum power, consisting of 79 subsystems. This
limitation considers the spacing between the subsystems to avoid shadowing and allow the passage of people
for maintenance and cleaning. Table 1 shows the composition of the GCPVS and Figure 3 shows its
schematic diagram.
Tab. 1: Composition of Project de GCPVS.

Maximum power generated by the system

1.3 MWp

Total PV subsystems

79

Power generated by each PV subsystem

16,560 Wp

Number of strings

9

Number of modules per string

8

Total modules per subsystem

72
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Fig. 3: Schematic diagram of the GCPVS.

3. Performance Analysis of the System
The electrical performance of the system was evaluated with the help of a program that was developed in the
MATLAB GUIDE tool, based on the same mathematical model that was used to design the system.
The calculated average daily and monthly energy production along one year are shown in Figures 4 and 5,
respectively. The average daily GCPVS production ranges from 4,000 to 5,850 kWh and its productivity
from 92 to 135 kWh/kWp, as shown in Figure 6.

Fig. 4: Average daily energy production of the GCPVS.
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Fig. 5: Monthly energy production of the GCPVS.

Fig. 6: Productivity of the GCPVS.

The months from January to April have lower production due to the raining season in the region, Figures 7
and 8 show the comparison between the average demand of the airport terminal and the averagepower
production of the GCPVS on a typical January cloudy day and a typical August sunny day, respectively.
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Fig. 7: Airport demand and GCPVS power production on a typical January cloudy day.

Fig. 8: Airport demand and GCPVS power production on a typical August sunny day.

The GCPVS contribution for the daily energy consumption in the two cases shown in Figures 7 (34,539
kWh) and 8 (31,146 kWh) is 9.1 and 22.7%, respectively. Figure 8 also shows the inverter power limitation
process due to daytime hours that have high values of irradiance (10 am to 1 pm). Table 2 shows the power
consumption of the airport terminal for the years 2008 and 2009, and the corresponding energy production
of the GCPVS.
Tab. 2: Terminal consumption and energy production of the GCPVS.
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Month

2008 (kWh)

2009 (kWh)

GCPVS (kWh)

1

901,490

1,009,120

132,300

2

805,816

839,372

115,670

3

859,729

938,822

128,540

4

821,680

840,906

121,230

5

783,631

850,566

149,530

6

888,937

917,450

148,560

7

928,285

930,789

169,900

8

957,786

924,287

178,450

9

987,286

—

162,410

10

1,034,073

—

174,840

11

1,029,083

—

163,640

12

1,062,150

—

155,070

According to the data presented in Table 2, the GCPVS contribution is approximately 19% in the month of
highest irradiation (August) and 14% in the month of lower irradiation (February).
Although the energy contribution of the GCPVS does not meet all the energy consumed by the airport
terminal, it plays an important role, which is the reduction of peak demand.
4. Conclusion
The use of airport areas for GCPVS applications plays a very important role in the dissemination of
photovoltaic technology. In the particular case of the airport complex in Belém, there is a very high demand
during the day time. This is associated with periods of higher demand of the airport, especially related to the
air conditioning load. The last aspect makes the application of GCPVS more interesting for demonstrating a
reduction in demand during the daytime.
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1. Introduction
With a rapid development of the installed PV-capacity during the last years, the influence of the PV-power
generation on the power system increased. Since only ca. 25% of the PV-plants are monitored, the German
system operators need to implement system to monitor the current PV-power production in their region
(nowcasting system). In this paper, a method based on the combined use of satellite data and measurement is
proposed to improve the accuracy of the assessment of regional PV-power production.
2. Need for a PV-nowcasting system for the integration of the PV-energy
For the last years the installed PV-capacity has been rapidly increasing so that it currently represents a
significant share of the energy mix. The development of the installed PV-capacity has been especially
important in 2010. During this year ca. 7 GWp were installed, bring about an increase of 70% of the installed
capacity (see Fig.1).

Fig. 1: Development of the installed PV capacity in Germany

Fig. 2: Geographical distribution of the installed
capacity at the end of May 2011

Before this year, the influence of the PV power on the power system was often underestimated by many
DSOs. At this time, the German DSOs and energy utilities were responsible for the prediction and the
nowcasting of the PV-power. A large share of PV-power generation was integrated as base load or as
weather-independent standard profiles. Only large PV-plants were equipped with a 15-minute metering
system and balanced online. Furthermore, exact information on the current status of the installed capacity
was not available but yearly updated. As a result, appropriate mechanisms for the integration of the PVpower production were not available as the strong deployment of the installed PV capacity occurred.
In September 2010, this situation conducted to noticeable effects on the power system. On September the 6th
a positive imbalance of 7 GW occurred for several hours due to an unexpected overproduction of PV-power.
The complete negative balancing reserve power (4 300 MW) as well as additional balancing power from
neighboring countries (ca. 2 800 MW) was used to balance this excess, which conducted to important costs.
A detailed description on this event can be found in Thomaschki (2011). The time series of the PV-power
production and the balancing energy for September 2010 are given in Fig.3.
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During the other days of September 2010, the influence of the PV generation on the needed balancing power
is clearly recognizable whereas not as extreme as on September, the 6th. The influence of the PV-power
generation on the balance power is illustrated in Fig.4.

Fig. 3: PV power production and balancing energy in
September 2011

Fig.4: Scatter plot of the balance energy as a function of the PV
power production

The event of 2010, September the 6th raised the need for appropriate mechanisms for the integration of the
PV-power in the energy system. In particular, the German regulator (Bundesnetzagentur) made
recommendations aiming at improving the PV-nowcasting systems implemented by the 823 German DSOs
(Thomaschki, 2011). Due to the fact that approximately 75% of the ca. 900 000 German PV plants are not
measured, an algorithm has to be implemented to assess the current PV-production in a region based on an
upscaling algorithm taking into account the characteristics of the installed PV-capacity and meteorological
factors (Nowcasting system).
The 823 German network operators are displayed in the map in Fig.5. The area of the region covered by the
DSOs is represented as a probability density distribution in Fig.6. It can be observed in Fig.6 that the area
covered by the majority of the DSO is very small: 613 of the 823 DSOs cover an area smaller than 100 km2.
Therefore, the nowcasting system needs to have a good accuracy on length scales smaller than 10 km (root of
100 km2). In addition, since the PV-power generation is traded into the energy market (EEG 2009), the PVpower generation needs to be assessed by the nowcasting system on a 15-minute basis.
One of the questions addressed in this paper is to find out if the accuracy of current nowcasting systems is
sufficient on the time and length scale identified and to propose a methodology adapted to the current needs.

Fig. 5: Map of Germany with the control zone
of the 823 German DSOs

Fig. 6: Probability density distribution of the
surface covered by the DSO control zones
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3. State of the art of existing PV-nowcasting systems
The four German TSOs have been using nowcasting and forecasting systems for PV-power for several years.
The method used in these systems conducts to satisfying results for the large region covered by the TSOs.
The principle consists in an interpolation of the normalized power of a set of reference PV-plants on a raster
covering the area considered. The interpolated values are then multiplied with the installed capacity for each
cell of the raster. The interpolation technique used is generally the Shepherd’s method which given in (eq. 1)
and (eq.2) and illustrated in Fig. 7.
N

u ( x ) = ∑ wi ( x ) ⋅ u ( xi )

(eq. 1)

i =1

wi (x ) =

d ( x, xi )

−p

N

∑ d ( x, x )
k =1

(eq. 2)

−p

k

Fig. 7: Principle and equation of the inverse distance weighting (IDW) interpolation method

The idea of this interpolation method is to evaluate the missing value d(x0) for the point x0 as the weighted
sum of values d(xi) at the neighboring points xi. The closer the point x0 is, the larger the weight wi for the
value d(xi) is. As example the method used by the German TSO EnbW can be found in (Schierenbeck et al,
2010) or (Rohrig et al 2003).
To evaluate the performance of this method, the measurements of the SMA database (Sunny Portal, ca. 5000
PV-plants used for this study) were used. The locations of the PV-plants are displayed in Fig.8. For each PVplant, the normalized power is represented by the color of the point (2011, August the 15th at 12:00). The
map of irradiation derived from a satellite image for this time is given in Fig.9.

Fig. 8: PV plant of the Sunny Portal (SMA) – the color of the
points represents the normalized power on 15/08/2011 at 12:00

Fig. 9: Irradiation derived from satellite picture on
15/08/2011 at 12:00 (www.soda-is.com)

Assuming at this step, that the satellite image is a good approximation of the actual irradiation over
Germany, it can be observed that the general pattern of the cloud structures can be recognized with the SMA
data. Furthermore, a comparison of the SMA map of Fig. 8 with the map of the installed capacity in Fig.2
shows that the geographical distribution of the SMA data is related to the distribution of the installed
capacity. This means that on the one hand where the installed capacity is large, the probability that a
measurement is available is high. On the other hand, the interpolation error will be large were the installed
capacity is small.
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Therefore, it can be reasonably expected that the result of the above described method conducts to an
improvable but satisfying accuracy for the large region covered by the TSOs. On the smaller length scale of
the DSO regions, this argumentation is not valid any more and the accuracy of this simple interpolation
method for the DSO needs to be evaluated.
To address this issue, a 7x7km raster covering Germany was used. For each cell of this raster, the distance to
the next available measurement was evaluated. The results are displayed in Fig. 11 as a map and in Fig. 9 as
a probability density distribution (red histogram, y-axis on the right side). It can be seen that the majority of
the cells is not further that 30 km to the next PV-plant. 40 % of the cells have a PV-plant in less than 5 km,
75% in less than 10 km and 96% in less than 20 km.
In order to evaluate the influence of the distance to the next measurement on the interpolation error, the
correlation between each possible combination of two PV-plants has been evaluated. Only data between 9
and 15 hour (solar time) were used. The average correlation between two measurements is represented as a
function of the distance in Fig. 10 (blue line, y-axis on the left side). In addition, the correlation was also
evaluated for the global horizontal irradiation at each measurement points using data derived from satellite
pictures (green line in Fig. 10, y-axis on the left side).

Fig. 10: Dependence of the average correlation between PV-power and
irradiation at two locations as a function of the distance separating them
(blue and green curves) and PDD of the distance between each cell of a 7x7
km raster and the next SMA PV-plant

Fig. 11: Distance between each cell of a 7x7 km
raster and the next SMA PV-plant

The high correlation values between the irradiance at two locations (green line on the left graphic of Fig. 10)
are due to the influence of the sun position on the irradiance (similar daily and yearly profile due to the earth
rotation and earth declination respectively). A correction for the influence of the solar geometry such as the
one proposed in (Perez 2011) would significantly decrease these values. It was decided not to apply this
correction, since it is difficult to apply to power measurements.
A comparison of the blue and green lines of Fig.10 shows that for any distance the correlation between the
irradiation is higher than the correlation between PV-power measurements. This difference is much larger
than the influence of the distance. Investigation on the source of this discrepancy showed, that the
characteristics of the PV plants (especially the module orientation) are responsible for the observed reduction
of the correlation (see Fig. 12 and 13).
The small decrease of the correlation with the distance is due to the fact that the influence of the solar
position was not corrected. However, this should be relativized: a look at Fig.8 shows that, for a given time
step, in regions were the regional gradient of the irradiation is large; the relative uncertainty can exceed 50%
for a given point. For large DSO, this error will be reduced with the smoothing effects but this is not the case
for the majority of the German DSOs.
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For most location in Germany, the nowcasting methods based on the interpolation PV-plant measurements
are based on measurement data, whose correlation is smaller than 0.8. A further investigation using Kriging
error assessment method would allow a first quantification of the error but it is already clear that the
accuracy will not meet the need of most of the German DSOs.

Fig. 12: PV-Power of two PV plants located in the same zip area
(PLZ=25709, surface=69km²)

Fig. 13: Scatter plot of two PV plants located in the same
zip area (PLZ=25709, surface=69km²)

4. Principle and accuracy of satellite-based radiation assessment methods
The regional distribution of the PV plants and the influence of the PV plants characteristics have a strong
influence on the accuracy of the regional nowcasting methods. The use of satellite image to assess the
irradiation has become a proven technique and been widely used over the last years. Satellite information
would allow getting information on the weather situation where PV-power measurements are lacking.
Furthermore, it would offer the chance to take into account the characteristics of the PV-plant used and thus
potentially reduce the uncertainty described in the last section.
4.1. Derivation of the ground short wave radiation from satellite images
The images used for the assessment of the irradiation are coming from the image of the visible channels of
the geostationary satellite meteosat-9. In order to assess the ground irradiation from the satellite image, a
relation is used between these two values. Using the notation described in Fig. 14 a radiation budget at the
ground gives the following equation:

⎡ T TT
⎤
Gground = I sc ⋅ ε ⋅ cos(θ z ) ⋅ ⎢ sc c cg 2 ⎥
⎣⎢1 − AS ACTcg ⎦⎥

(eq. 3)

where Gground is the global horizontal irradiation at the ground for the pixel considered, Isc is the solar
constant and θz is the zenith angle. The meaning of the other parameters in eq. 3 is given in Fig.14.
The reflectance Asatellite at the satellite can be derived using the zenith angle and the angle between the pixel
and the satellite. A radiation budget at the satellite location gives the following relation:

Asatellite = AR + Tsc ACTcl − sat +

TscTc2Tcg AS Tcl − sat
1 − AcTcg2 As

(eq. 4)

Using different formulations of the transmission coefficients and albedo in eq.3 can 4 allows solving the
equation system. There are differences between the approaches used by the different existing method for
establishing the relationship between the ground irradiation and the satellite reflectance. For example the
method developed by Meteo-France and implemented in LSA-SAF makes a physical formulation of the
different terms in Eq.3 and 4 while the Helioclim-3 algorithm developed by Ecole des Mines de Paris based
on an empirical relationship between the reflectance and the global horizontal irradiation. This relationship is
motivated by the system of equation (eq.3 and 4). For the sake of conciseness, all details of these methods
are not given here but can be found in the literature (SAF-DSSF, 2011) (Rigollier et al, 2004)
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The common feature of all the algorithms is that information on the ground albedo and on the turbidity of the
atmosphere needs to be known for the assessment of the ground irradiation. In addition, the irradiation values
are based on the reflectance of the upper layer of the clouds. The diffusion and absorption processes
occurring under this upper layer cannot be accurately assessed.
Tsc: transmittance of the atmosphere between
the sun and the cloud
Tc: cloud transmittance
Tcg: transmittance of the atmosphere between
the cloud and the ground
Tcl_sat: transmittance of the atmosphere
between the cloud and the satellite
AR: albedo due to Rayleigh scattering above
the cloud
Ac: cloud albedo
As: surface albedo
Fig. 14: Parameters for the radiation budget at the ground and at the satellite needed for the derivation of the global
horizontal irradiation form satellite images – adapted from (SAF-DSSR 2011)

In Fig.15 an exemplary day profile with direct, diffuse and satellite-derived irradiation is shown. The
irradiation measurements from the BSRN measurement network for the Payern station (Switzerland) were
used. It can be observed that the satellite values are fitting the global horizontal irradiation very well at the
exception of a few fluctuations, which couldn’t be assessed by the satellite. These fluctuations are mainly
due to the presence of small clouds and to the reflection of the direct radiation on the clouds. In order to
illustrate the principle of the satellite-based irradiation assessment, 8 time steps have been marked in Fig.15,
for which satellite pictures from the channel 12 in the region of Payern are provided in Fig.16. It is important
to note that the irradiation was not derived with these pictures but with pictures of a lower resolution. The
satellite pictures were provided by the University of Oldenburg for this study.

(1)
(2)
(8)
(7)
(3)
(6)
(4)

(5)

Fig. 15: Exemplary day with BSRN measurements and satellite-derived irradiation for the Payern station
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(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

Fig. 16: Satellite images from the channel 12 of meteosat-9 in the region of Payern (station marked with a red diamond) for the
time step marked in Fig.8 – The satellite picture were provided for this study by the University of Oldenburg
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4.2. Assessment of the accuracy of the satellite image derived radiation
To integrate the satellite data to the PV-nowcasting system an important pre-requisite is to assess the
accuracy of the satellite-derived irradiation and to understand the different mechanisms conducting to
deviations between the estimated and the observed values. For this purpose the irradiation data from the
SODA web platform (www.soda-is.com) and from the LSA-SAF service (landsaf.meteo.pt) were compared
to the diffuse and direct irradiation measurements of the BSRN station of Payern. One-minute data and 15minute average were used for this analysis. A detailed statistical analysis and visual check was carried out to
get an insight on the performance of the satellite-derived irradiation. Different measures of the accuracy of
the satellite data are given in table 1 for the 15-minute average of one year of measurements from the Payern
station (2008).
Tab. 1: Statistical analysis of the error of the satellite-derived irradiation (Payern, 15-minute average of one year of data)

Mean error
Mean absolute error
RMSE
Correlation
50% quantile of the absolute error
90 % quantile of the absolute error

LSA-SAF

HC3

3.9 W/m2
59.8 W/m2
105.6 W/m2
91,73
28 W/m2
148 W/m2

11,3 W/m2
48.7 W/m2
73.0 W/m2
96.03
33 W/m2
112 W/m2

In the comparison of satellite-based irradiation with measurements, it appeared that the error is very different
for different classes of the diffuse fraction Kd (ratio of the diffuse irradiation to the global horizontal
irradiation). This dependency is illustrated in Fig. 17 and 18.
The accuracy of the satellite date is the lowest for overcastted sky conditions (Kd>0.9). In this case the
irradiation is derived from the upper cloud layer. The effect of diffusion and absorption processes on the
ground irradiation produced by clouds eventually present under the upper cloud layer can’t be taken into
account. An exemplary day representative for such errors is shown in Fig. 19-c. In this example, it can be
observed that the time series of satellite irradiation forms an upper limit for the measured irradiation, which
would tend to confirm the assumption for the source of error.
For intermediate values of the diffuse fraction, the broken clouds which partly obscure the sun prevail
(Skartveit et al, 1998). A frequent error is due to the fluctuation of the irradiation measurement, which can’t
be assessed by the satellite due to its limited spatial resolution (5x5 km in Germany). Small clouds in a clear
sky or small holes in a cloud layer are not seen by the satellite. The resulting errors is given in Fig 19-a and
Fig.19-b.
For clear-sky conditions, deviations between the actual and the predicted ground albedo and atmospheric
turbidity result in a typical error pattern, which is illustrated in Fig.19-d. Such errors were observed for some
winter days. However, the accuracy of the satellite derived irradiation for clear-sky conditions is very good.

Fig. 17: Scatter plot of the LSA-SAF satellite derived
irradiation as a function of the measured irradiation

Fig. 18: Probability density distribution of the error of the
LSA-SAF satellite derived irradiation for different classes of
diffuse fraction
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(a)

(c)

(b)

(d)

Fig. 19: Exemplary days showing the most frequent typical error patterns of satellite-derived irradiation

4.3. Correction of the satellite data using PV-power measurements
In order to improve the accuracy of the satellite-derived irradiation, a calibration of the irradiation was
developed using measurement data from PV-plants.
In order to be able to compare PV-plant measurements with the satellite data, the global horizontal
irradiation is derived from each PV-power measurement. This first step needs reliable information on the PV
plants used and an exhaustive control of the different computation steps.
Using the irradiation derived from power data, calibration coefficients are calculated for each available
location and interpolated to each cell of a raster covering Germany. The resulting correction coefficients are
finally applied to the original satellite images.
Using this approach, the influence of phenomena conducting to errors for clear and overcastted sky
conditions is reduced (ground albedo, atmospheric turbidity and effect of lower cloud layers). It can be
expected that the interpolation of the local effects of small clouds on the ground irradiation may conduct to
an error. However, it is assumed that the large number of PV-plants avoid this negative effect.
An additional benefit of this approach is that the influence of the PV-plant characteristics is separated from
meteorological conditions. The problem illustrated in Fig 12 and 13 is thus addressed by the chosen method.
In addition, PV-plant outages can be detected during the comparison of the PV-plant data with the satellite
irradiation. The corresponding data can be filtered out and do not affect the quality of the interpolation.
Using this method the information contained in the satellite data and in the power measurement are merged,
resulting to an improved assessment of the irradiation over Germany. The calculation of the PV-power from
the global irradiation maps is described in the next section.
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5. Integration of satellite radiation in a PV-nowcasting system
For the computation of the PV-power production for each DSO, a 7x7 km raster covering Germany is used.
For each cell of this raster, the irradiation is obtained through the method described in the previous section.
The air temperature is calculated with a Kriging interpolation of the free station measurements from the
German weather service (DWD).
Using these meteorological data, a physical PV-plant model is used to simulate the PV-power. Each
component of this model is based on state-of-the-art model validated using measurement from the
Fraunhofer IWES.
The technological characteristics of the PV-plants were identified as very important factors for the accuracy
of the nowcasting system. As a result, a very detailed analysis of several databases was carried out to
determine the best set of parameters. It results from this analysis that the PV-plant characteristics are
relatively homogeneous, when the PV-plants are classified according to their region, age and nominal power.
The nominal power of the PV-plant is the most important information for the classification. Indeed, the type
of module, the type of montage, the characteristics of the inverter as well as the module orientation depends
on this parameter. The influence of the nominal power on the tilt angle results from economical and
architectural reasons. The larger the PV-plant, the higher is the probability that the orientation is optimal (30°
South for Germany). For PV-plants which are not optimally orientated, the larger the PV-plant, the lower is
the tilt angle. This may be explained by architectural and mechanical constraints. The consideration of the
region is also very important: for example roofs with a tilt angle of 45° are very frequent in North Germany
whereas in South Germany roofs with a tilt angle of 20-30° are very common.
The results of the model illustrated in Fig.12 are finally calibrated to the yearly production data of all PVplants released yearly according to the EEG for each PV-plant class.

Fig. 12: Principle of the regional model developed at Fraunhofer IWES
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6. Conclusion and outlook
The nowcasting system presented in this paper is aimed at improving the integration of the PV power into the
power system. It has been developed for several years and appeared after the event of September 2010 to
respond to an urgent need of the system operators.
It is currently being implemented by the company Enercast GmbH, which resulted from the activity of the
Fraunhofer IWES in the field of RES prediction systems. Enercast GmbH is commercializing the presented
system to the German system operators. It is currently implemented at several German TSOs and DSOs.
The development of the PV-nowcasting system is a first step in the development of a regional solar
prediction system. The PV-model presented in Section 5 is currently being integrated in a PV-prediction
system using different meteorological models (DWD, Meteo-France, ECMWF).

Fig. 13: Nowcasting system implemented on www.enercast.de
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1. Introduction
Grid-connected Photovoltaic Systems have become a more viable option for de-centralised electrical
generation, as demonstrated by proven high levels of growth, especially in the last five years: average annual
rates of 60% in the five years from 2004 to 2009, and an increase of 53% in 2009 with 21 GW gridconnected PV installations, a six-fold increase in amounts since the end of 2004. This data does not include
high-capacity systems (utility scale, capacity ≥200kWp), whose indices are around 102% and 44% for the
aforementioned period. The current total of worldwide production is 24 GW of photovoltaic, of which 10.7
GW were produced in 2009, resulting in an annual increase of 55% from 2008 (6.9 GW), REN21, (2010).
The binomial cost versus demand was a determining factor in this growth, based on various kinds of
incentives. The cost of photovoltaic is somewhere in the US$1–$5/Wp range, depending on the quantity and
type of technology of the cell. Crystalline silicon (mono or poly) cells are still the most predominant,
however sales of thin-film cells increased by 14% in 2008 and 19% in 2009. In terms of panels, from 16 to
22%, REN21 (2010).
In Brazil, the application of grid-connected PV systems is more present due to the diversity of the systems’
installation locations than the still fairly-limited installed capacity. Various factors have been contributing to
this scenario, mainly the high cost of photovoltaic (US$12–$15/Wp installed) on the national market, the
lack of incentives and guidelines and legislation concerning the generation of solar electricity. On the other
hand, countless projects are being developed with grid-connected PV systems, usually with a capacity of
under 5kWp, with installation and analysis in almost every state in the country. With the systematic
monitoring of these systems, the operational details can be defined, paving the way for the development of
simulation models for medium-capacity systems and analysis of the potential for different locations,
Barbosa, (2009) and Barbosa et al., (2010), along with aiding in the generation of guidelines, norms and
legislation. In 2011, certain changes were announced, such as the publication of the first norms permitting
the participation of distributed solar generation in the official energy market1, and the first commercial solarpower plant beginning operations in Latin America, the Tauá Solar Photovoltaic Power2, with 1 MW from
4,689 panels over an area of 12,000 m2 in the state of Ceará, in Northeast Brazil.
This work presents the Campus Solar Sculpture, a grid-connected PV system installed in the Campus of the
Federal University of Pernambuco (UFPE) and the results of its performance for the first 12 months of
operation. The sculpture is presented in the format of trunk of inverted pyramid made from steel and
aluminum and its upper base is the PV generator (3 kWp) of thin-film amorphous Silicon cells.
In this paper, two points deserve highlighting: firstly, the use of thin-film (Si-a) cells which, until now, have
not been studied under Recife’s climactic conditions: humid heat with an air temperature between 23 and
30oC, 60 – 80% relative humidity and average annual solar radiation level of around 5.5 kWh/m2.d, Tiba et
al.,(2000) and with about 30% diffusion radiation; secondly, the innovation of the structural architecture of
1

2
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the system which provided a multidisciplinary exchange between engineering and architecture, allowing for
the diffusion of the potential for grid-connected PV systems in the area of building designers. Thin-film cells
are extremely attractive in the architecture field, especially when there is the need for larger areas, and they
work better with diffused light than traditional crystalline cells. The results obtained are expressed as daily,
monthly and annual averages for the evaluation parameters: production of useful energy, system and
equipment (PV generator and inverter) efficiencies and the global performance.
2. Methodology and installation
The photovoltaic systems installed by FAE Group are products of research, development and technological
diffusion projects. In this specific case, the opportunity for the system, aside from producing energy, to also
be an artistic object meant that its location needed to be a space open to visitors. The chosen site was the
central garden of the Federal University of Pernambuco’s Campus, where the solar sculpture was installed.
The availability of space and solar cells defined the dimensions of the upper base of the sculpture, which
together with its inclination, corresponding with the annual maximization of energy collection, determined
the dimensions of the steel structure to support the sculpture. Owing to its location within the city of Recife
at 8º 04’03” Latitude South and Longitude West 34º 55’00”, the system was aligned towards Geographic
North with an inclination (β) of 22o in relation to the horizon, Fig. 1.

a

c

b

d

Fig. 1: Campus system - a)Front view, facing Geographic North, inclination (β=220); b) view looking South (without the
box); c) the glass box in the sculpture interior; d) equipments in the box: inverter, data acquisition, and control instruments

The established technical and structural criteria were: type of solar cell technology: thin-film (Si-a); sizing
factor of the inverter: 0.8<FDI<1; support structure: steel and aluminium; the box, to house the equipment
and accessories, made from aluminium and tempered glass to allow the equipment to be seen. The main
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characteristics of the component control and monitoring equipment, responsible for the generation and
adequacy of the energy to local network conditions, were:


PV generator: potential of 2.97 kWp; a useful area of 53 m2 of amorphous silicon; composed of 66 PV
cells. Manufacturing Data: potential (Po-45Wp), efficiency (η=5.6%) in standard conditions (1kW/m2,
25º C and Air Mass 1.5); characteristic values of current and tension: at the maximum point of potential
(Imax= 0.6 A; Vmax= 75V); in short circuit or open circuit (Icc= 0.75 A; Voc= 100 V); 0.8 m2 area and 15
kg; maximum allowable values for the set-up (20 A; 600 V).



3 KVA inverter, with maximum power point tracker, allowing the injection of the produced energy
directly into the electricity supply network of UFPE. Manufacturing data: efficiency above 95%; 16 A
maximum entry current; 195 to 530 Vcc operating tension.



Control and monitoring system: control, monitoring and recording of climatologic parameters and the
system’s operation: electrical command board, data acquisition system and sensors and meters.
Radiation monitoring: photovoltaic sensors with a precision of 3 to 10%, type LiCor-200SA. The low
cost and the almost instantaneous response made the photovoltaic sensors very useful, as they were
calibrated at an interval of six months as recommended by the manufacturer; Cell temperature:
Transistor LM-35, linear variation with temperature, 10 mV/oC exit signal, 150oC measuring limit and
intrinsic uncertainty of ± 0.25oC; current, tension and potential meters: precision shunts and transducers.
Shunt resistors to measure the current from the generator, tension transducer to measure the exit tension
from the PV set-up and potential transducer to measure the useful potential exiting the inverter.

To satisfy the operating conditions of the inverter, the PV set-up was configured with 6 parallel
interconnected panels with each panel having 11 cells in series. This configuration enables the generator’s
operating tension to fall within the recommended functioning range of the inverter (195 to 550 volts).
The inverter, all equipment and meters are housed in a glass box located in the inner centre of the sculpture.
The radiation sensors are visibly installed on the exterior and secured to the structure itself, horizontally and
on the same angle as the generator. The generator’s temperature sensors were installed on the underside of
the cells. The upper base of the structure, which is the surface of the PV generator, protects the sensors and
equipment from weather effects.
The analysis of the performance was carried out through the determination of the global performance ration
(PR). One of the most important parameters in the evaluation of the grid-connected PV system, the PR factor
gives the relation between the possible production of real and theoretical energy, allowing for different
systems to be compared independent of local sunshine hours.
3. Results and evaluations
The grid-connected photovoltaic system Campus began operating in mid-June 2010 with monitoring with an
acquisition rate of 1 minute. The results obtained from the experimental data are expressed as average daily,
monthly and annual values, (FSEC-GP-70-01, 2002, in Mondol et al., 2006). The initial conclusive results in
the 12-month operational period from July 2010 to June 2011 can be seen in the graphics and information in
Fig.2.
The results for the Final Yield (Yf), energy produced per kWp, are shown in Figure 2a. The values are
between a minimum of 54.14 and a maximum of 95.59 kWh/kWp for month, with a monthly average of
79.80 kWh/kWp.m, or a monthly total production of 237 kWh. Around 931 kWh/kWp for year were
produced and 2,844 kWh were injected into the UFPE network during the system’ first year of operation.
An annual global performance factor (PR) of 61% is lower than expected, Fig. 2b. In terms of specific
energy, around 53 kWh/m2, a value much lower than that shown by the (Si-p) grid-connected PV system in
Recife, of 156 kWh/m2, Barbosa, (2009).
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Active energy produced
[kWh/kWp/m ]

Fundamentally, these results can be attributed to the low efficiency (3.57%) shown by the (Si-a) PV
generator. The efficiency shown by the inverter of around 94% falls within the forecasted range. Therefore,
there is some problem in the generation phase (DC) that has not yet been identified, which may have
physical origins or be in the measurements or connections.

Campus system: Final Yield
(Monthly average value: jul/10 a jun/11)
100
80

78.73
77.19

Average annual value

Yf,m

91.03
92.24
90.81 95.59
87.60
81.72 83.48

62.85
62.10
54.14

60

20

 Net Injected Energy
Jun-11

May-11

Apr-11

Mar-11

Feb-11

Jan-11

Dec-10

Nov-10

Oct-10

Sep-10

Aug-10

Jul-10

P R [% ]

65

Monthly: 79.80 kWh/kWp
Annually: 957.5 kWh/kWp

40

0

70

 Final Yield

Average annual: 61%

62.48
60.21 60.68
58.70
59.26
57.92 58.42
57.64

60.56
60

Annual Total: 2,844 kWh

 Performance ratio (PR)

Campus system: Global Performance Ratio (PR)
(Monthly avarage value: jul/10 a jun/11)
65.54
63.9163.82

Monthly: 237 kWh

 Efficiency
PV generator: 3.57%
Inverter: 94.23%
System: 3.38%

55

Jun-11

M ay-11

Apr-11

M ar-11

Feb-11

Jan-11

D ec-10

N ov-10

Oct-10

Sep-10

Aug-10

Jul-10

50

Fig. 2: Campus system – Conclusive final results for the July 2010 to June 2011

3.1. Results analyze
The results for the solar radiation, expressed as average monthly (July 2010 to June 2011) and average
annual values of the radiation on the horizontal plane ( H h ) and the PV generator plane ( H pv ), in kWh/m2.d
are shown in Table 1. The average annual values obtained are from 4.67 and 4.24 kWh/m2.d, respectively. It
can be seen that the results of ( H h ) are lower than the corresponding records of the historic radiation series
for the city of Recife-Brazil, an annual average of around 5.5 kWh/m2.d, Tiba et al., (2000) However, these
results refer to just one year of observations and in a very atypical period with the occurrence of intense rains
even during the summer months. Annual measurements of total radiation can to show differences in the 10 to
15% range.
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Table 1: Campus system–Solar Radiation on the horizontal and the PV generator plane.
(Monthly and annual average value (July 2010 to June 2011).
Month

Jul.
10

Aug.
10

Sep.
10

Oct.
10

Nov.
10

Dec.
10

Jan.
11

Feb.
11

Mar.
11

Abr.
11

May.
11

Jun.
11

Annual
Average

3,86

4.13

4.93

5.11

5.96

5.28

5.26

5.48

5.60

3.78

3..24

3.45

4.67

3.80

3.97

4.60

4.67

5.14

4.51

4.47

4.83

5.20

3.52

2.98

3.21

4.24

( Hh )

[kWh/m2.d]

( H pv )
[kWh/m2.d]

Considering the annual average value of 4.67 kWh/m2.d of incidental radiation on the PV plane, it means that
around 247.5 kWh of solar energy was collected daily, generating electrical energy, (Epv ).
The generated power (Ppv) corresponds to the product of the current and continuous current tension (DC)
generated by the PV set-up at every instance of solar irradiation on its surface. These extremely important
measurements characterise the PV generator in different operating conditions from the standard, and allow
the variation of the currents and tensions generated to be observed with incidental radiation and with the
operational temperature of the PV cell. The produced energy (Ea) is the generate energy (Epv) qualified, by
inverter, for the local network operation condition. The Fig.3 shows the monthly average value obtained
from experimental dates.

Campus system: Energy Balance
(Monthly avarage value: jun/10 a jul/11)
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Campus system: PV Generator, Inverter and System Efficiency
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Fig. 3: Campus System: Monthly average results: a) generated and produced energy; b) PV generator, inverter and
final system efficiency.
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The results referring to the energies are showed in Fig. 3a: energy generated by the PV, ( E pv ) and active
energy produced by the system, ( E a ). The 8.04 and 7.64 kWh/d results represent the average annual values
respectively. The proximity of these results to each other is due to the quality of the inverter.
The average monthly values of the PV generator efficiency (ηpv), inverter efficiency (ηinv), and final system
efficiency (ηf), can be seen in Figure 3b. The obtained average annual value of 3.57% for generator
efficiency is well below the value specified by the manufacturer of the PV cells (5.6%).
The consequence of the energy generated by the PV and the energy exiting the inverter results from the
efficiency of the inverter, which achieved around 94.23% as a average value in the observation period, while
the final efficiency of the system reached around 3.38%.
Finally, the Performance ratio (PR) of the Campus System had an annual average of 61%, with a minimum
value of 58.03% (March 2011) and a maximum of 65.77 % (July 2010), Fig.3b.
For the PV generator the load is the inverter, which should be capable of operating in a tension range
appropriate to the tension of the PV generator’s operation. The synchrony between the tensions is guaranteed
by the Maximum Power Point tracker of the inverter. The operation tensions were in the 350 to 400 volt
range. With the tension controlled by the inverter, the influence of incidental radiation on the PV plane in
operation tension is very much reduced, Fig. 4a.
However, the influence of the radiation on the production of energy (Active potential) is greatly accentuated.
Evidently, it is related to the dependence of the radiation generated current, Fig. 4b. This fact is confirmed by
the ration between the linear coefficients shown in the relations between active potential (AC) and the
current generated by the PV (DC), equal to the value corresponding to the average tension of the system
operation (368 volts), Fig. 4a. Therefore, the efficiency of the inverter is also influenced by the incidental
radiation on the PV, establishing a critical radiation level for the inverter to commence/stabilise its operation.
These effects can be observed in Fig. 4c.
The efficiency of the PV generator is a function of the incidental radiation on its surface, its operational
temperature and the type of solar cell technology. Compared to the inverter, the influence of radiation and
temperature on the PV generator’s efficiency is much stronger. The incidental irradiation effect is a strong
influence on the generated current and on the temperature of the PV generator, as can be observed in the
graphics of Fig. 4b and 4d. The values shown correspond to the instantaneous measurements of incidental
radiation, generated current and the temperature of the PV generator. The generator’s temperature data
corresponds to the average value of the measurements in two points (one in the centre and the other in the
lowest point of the PV set-up).
The temperature of the PV generator increases proportionally to the incidental radiation on its surface, as
shown by the linear regression in Fig. 4d. Considering this as an indicative result, it can be observed that the
resulting relation does not differ from those obtained from mono or policrystalline silicon cells (Si-m; Si-p)
in a tropical climate, where the proportionality coefficient is between 0.02 and 0.03 (Barbosa et al, 2009;
2007; 2006;1999).
The results are still too preliminary to allow for a conclusion; however, the verified increase in operational
temperature can not be considered responsible for the resulting low values for the (Si-a) PV generator
efficiency of 3.58%, annual average value.
The (Si-a) cell stabilizes its exit tension independent of the operational temperature, an interesting choice to
simplify the inverter: the fixed operational tension could be sufficient without leading to energy losses that
may become very attractive for locations such as Recife with a hot climate and high operational
temperatures. Normally, cell efficiency in Standard Conditions is near the lower limit of cell efficiency,
which shows in practice as lower yields, between 4 and 5%.
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Fig. 4:Campus system: Influence of the incidental radiation on the PV plane on: a) operation tension; b) PV generated current and
efficiency; c) active power and inverter efficiency; d) PV operation temperature.
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4. Conclusion
The experimental results obtained from the monitoring of the Campus System, in the period from July 2010
to June 2011, expressed as monthly annual averages, show that: The level of incidental radiation was lower
than radiation historical indices for the city of Recife-Brazil, whose average annual value is around 5.5
kW/m2 per day.


The final productivity of 79.80 kWh/kWp results in around 237 kWh/month. In other words, around
2,844 kWh were injected into the electric network of UFPE in one year.



The Global Performance Factor (PR) of 61% represents a lower-than-expected yield (>65).



The Specific Energy, around 53 kWh/m2, was a much lower result than the value observed in
Recife, Brazil, of around 156 kWh/m2, for the (Si-p) grid-connected PV system.



Fundamentally, these results can be attributed to the low efficiency (3.57%) shown by the (Si-a) PV
generator.

The evaluation methodology used requires a longer monitoring period with the acquisition of data that can
lead to a more complete and reliable analysis of the technical performance of the Campus system and its
cost/benefit ratio.
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1.

Introduction

The Pacific Island Countries (PICs) constantly grapple with the extreme dependence on imported fossil fuels
for electricity generation even when more than 70% of the regional population is not connected to any source
of electricity. The petroleum dependence is reflected in the Oil Price Vulnerability Index (OPVI) developed
by the UNDP that depends on a number of local factors such as petroleum intensity and economic strength
(Balchandra and Mongia, 2007). A 2009 ADB study of 39 developing countries showed that all PICs are
among the most vulnerable countries with seven among the top ten (ADB,2009). The petroleum intensity
(ratio of petroleum products consumption compared to total primary energy consumption) for Kiribati and
Vanuatu is 100% with others not very far behind (PNG and Fiji are close to 75%). Table 1 shows the OPVI
ranks for some of the PICs.
Tab. 1: OPVI and overall rank ( out of 39 developing countries ) for the PICs (ADB, 2009)

Country
Kiribati
Tonga
Fiji Islands
Vanuatu
Solomon Islands
Samoa
Papua New Guinea

OPVI
1.00
0.80
0.79
0.76
0.74
0.73
0.66

Rank
1
2
3
4
5
6
7

Table 2 shows the cost of electricity in FJD per kWh for a number of PICs. The cost in Fiji is the lowest as
more than 50% of the electricity is generated using hydropower. The exorbitantly high tariff in Solomon
Islands reflects the cost of imported petroleum used in electricity generation.
Tab. 2: PIC Electricity Tariff - Fiji cents/ kWh (Source : Fiji Commerce Commission, 2010)1

Country
Fiji
Palau
Samoa
PNG
Kiribati
Tuvalu
Niue
Tonga
Vanuatu
Cook Islands
Solomon Islands

Tariff , Fiji Cents
39.40
43.09
58.75
60.12
61.81
69.08
83.79
89.38
93.30
93.56
147.83

In Fiji, hydro resource is mostly available only on the main island of Viti Levu and electricity generation is
a mix of hydro and thermal. The production is all thermal on other islands. Consequently, generation costs
1

100 Fiji cents = 53 US cents
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are lowest in Viti Levu and increase considerably for other locations. There is a national tariff of 34 cents per
kWh and customers consuming less than 76kWh/month receive a government subsidy of almost 50%.
The PICs are blessed with abundant renewable energy resources and RE based electricity generation can
alleviate the lack of energy to a great extent. The plentiful solar energy available throughout the region is one
of the best resources available. Solar Home Systems (SHS) have been deployed in islands for many decades
now and have proved to be very useful in improving the living conditions of rural communities (Wade et al,
2005). There are number of current interventions helping expand this technology to hitherto unserved
communities2.
While SHSs are very useful in remote locations, larger urban centre RE based systems will have to be built in
order to make a significant impact on the fossil fuel consumption. There is an increasing interest in
developing grid-connected PV systems in the PICs. Table 3 shows grid connected PV systems installed or
being planned in this part of the world.
Tab.3: Grid connected PV systems in the PICs

Country
Nauru

Project (year)
40 kWp system at the Nauru
college, roof mounted (Oct 2008)
20 Kwp roof mounted, 30kWp
ground mounted and 2 kWp ( July
2009)
100 kWp roof mounted
Five
grid connected systems
(total 52.5 kWp) and a number of
mini-grid systems (ept 08-March
09)
40 kW roof top mounted (2008)
46 kW (2010)
1.5 MW ( In progress)

Niue

Palau
FSM

Tuvalu
Tuvalu
Tonga

Funded by
REP 5 (EDF 10)
REP 5 (EDF 10)

REP 5 (EDF 10)
REP 5 (EDF 10)

e8
Austria//Italy/ IUCN
Various under Tonga Energy
Road Map

2. Present Work
A 54 kW grid-connected PV system is being established at the University of the South Pacific. This paper
looks at the preliminary design and economics of this system and feasibility of similar systems in other PICs.
2.1

RETScreen3

RETScreen Clean Energy Project Analysis Software developed by Natural Resources Canada (NRCan) is a
very useful tool for evaluating renewable energy and energy efficiency projects in terns of energy production
and savings, economic analysis and greenhouse gas reduction among other features. We have used
RETScreen to perform a pre-feasibility analysis for the proposed system and a cash flow analysis under
various scenarios.
2.2

Location of the project

The project will be located at the lower campus of the University of South Pacific, Suva, Fiji (latitude: 18.09
S, longitude: 178.27 E).
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2

For example 1500 SHSs being deployed in the North Pacific countries under North REP.of EDF 10 ,

3

RetScreen International ,, http://www.retscreen.net/ang/home.php

2.3

Solar resource:

The solar radiation data for the location was taken from the NASA surface meteorology and solar radiation
website4. The uncertainty in satellite based solar radiation measurement is in the range 12-13 % on daily
basis (Pagola et al, 2010). Fig. 1 shows the average solar radiation and the clearness index for this site.

Fig. 1: Average Daily Solar Radiation and Clearness Index

We also employed Solmetric SunEye to get an idea of the solar access at the proposed site and to identify
any obstructions to solar radiation (trees, shrubs etc.).

Proposed site
Fig. 2: USP lower campus

Figs.2 and 3 show that the proposed site has an annual average solar access of 89% considering the sitespecific shade conditions (shading). Measurements were made for 16 ‘skylines’ within the site. A skyline
includes a ‘fisheye image’, a sunpath diagram and solar access calculation for that location.

4

http://eosweb.larc.nasa.gov/sse/RETScreen/
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Fig. 3: Solar access ( Suneye). Averages for 16 skylines

2.4

Technical details of the proposed PV system

The major components of the proposed 54 kW grid connected solar system are given in table 4.
Tab. 4: System components

i)

Components

Description

Quantity

Solar panels

BP Solar 190W, 24V BP4190T

288

Inverters

SMA Sunny Mini Central 9000
(SMC9000TL)

6

Solar panel mounting

Unirac U-LA Ground Mount

2 x Sub Arrays

Monitoring System

Sunny Web-box

1

Inverter mounting

Sunny Tower

1

Solar Panels

The BP4190T series of solar panels comprising 72 cell monocrystalline modules and manufactured by BP
Solar will be used in this project. Table 5 gives the main parameters of these modules
Tab.5: Technical Specifications of the BP4190T Module

ii)

Solar Panel Manufacturer

BP Solar

Solar Panel Model

BP 4190T

Maximum Power (Pmax )

190W @ STC 1000W/m2

Voltage at Pmax (Vmpp)

37.1V

Current at Pmax (Impp)

5.12A

Short Circuit Current (Isc)

5.56A

Open Circuit Voltage (Voc)

45.3V

Nominal Voltage

24V

Inverters

Transformer-less Sunny island inverters manufactured by SMA will be employed in this project. The inverter
tower is an outdoor IP44 rated enclosure housing 6x Sunny Mini Central 9000 TL inverters. The inverters are
configured as a three-phase output (415V) system where two inverters are connected across each of the three
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phases. Synchronisation in between per phase inverters and across the three phases is facilitated by a RS485
communications cable across the six inverters.
iii)

Solar Array Mounting Structure

A standardised mounting structure by Unirac will be used to mount the solar array on the ground. The U-LA
series of mounting system from Unirac is specifically designed for large PV ground mount arrays. A
concrete beam will run across both the front and rear legs of the solar array for the footings.
iv)

System Monitoring, Control and Analysis

System monitoring, remote diagnosis, data storage and visualization will be facilitated by the Sunny Web
box. It continuously collects all the data from the inverters on the system side and can also be configured to
upload system performance data to the Sunny Portal.
In addition to the WebBox, a Sunny Sensor Box is also to be installed. The sensor box, installed directly
beside the solar array, measures irradiation and module temperature. The Sensor Box communicates with the
WebBox to also upload meteorological data to the Sunny Portal for system performance analysis.
v)

System Design & Configuration

Table 6 highlights important parameters and configuration of the proposed PV solar grid connected system.
Tab.6: Technical details of the system

PV Peak Power

54.72kW

Total Number of PV modules

288

Total Number of SMC9000TL inverters

6

Grid Nominal Voltage

240/415V

Minimum DC Voltage

347V

Maximum DC Voltage

700V

PV Array Specifications
Minimum PV Voltage

357V

Typical PV Voltage

396V

Maximum PV Voltage

613V

Single PV Module rating

190W

Number of PV modules per string

12

Number of PV strings in PV array

24 strings between 6 inverters

3.

Results and discussion

The main results of RETScreen analysis are shown in table 7 that follows. A total of 81.305 MWh of
electricity will be exported to the grid.
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Tab. 7: Main results from RETScreen analysis

Daily solar radiation horizontal
kWh/m²/d
6.18
6.16
5.58
4.82
4.11
3.78
3.95
4.51
5.17
6.04
6.21
6.21
5.22

Month
January
February
March
April
May
June
July
August
September
October
November
December
Annual
3.1

Daily solar radiation
- tilted
kWh/m²/d
5.85
6.01
5.68
5.16
4.62
4.32
4.51
4.93
5.36
5.97
5.92
5.83
5.34

Electricity
exported to grid
MWh
7.512
6.943
7.266
6.431
6.005
5.467
5.905
6.435
6.746
7.714
7.390
7.492
81.305

Cash flow analysis

We have assumed a discount factor of 6%, 100% debt ratio with a 7% interest rate in the cash flow analysis
for the proposed system. The Fiji government has made all renewable energy equipment import to be duty
free (12% VAT applies). It is envisaged that the independent power producers (IPPs) will play a very
important role in renewable energy based electricity generation in Fiji (FEA, 2010) and other PICs. The
regional governments are developing incentives to attract more players in this sector. It is imperative that the
IPPs receive a reasonable return on their investments.
Figs 4-6 below show the cumulative cash flow based on payment (per Fiji cents/ kWh) made to the project
developer. Fig. 4 shows that the a payment of 39.1 cents/ kWh will not be very lucrative to the IPP while
increasing it to 61 cents/kWh (close to the cost of current diesel based generation) will make it a more
reasonable investment.

Cumulative Cash Flow -Fiji @39.1 cents/kWh

-100,000
FJD

-150,000
-200,000
-250,000
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Fig, 4: Cumulative cash flow analysis (Fiji IPP rate Fiji 39.1 cents/ kWh)
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Fig, 5: Cumulative cash flow analysis (Fiji IPP rate 61 cents/ kWh)

As mentioned in the Introduction, the cost of electricity in Solomon Islands is the highest among all PICs. A
grid-connected PV system similar to the above would make a sensible investment for an independent power
producer.

FJD
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Fig, 6: Cumulative cash flow analysis - Solomon Islands (Tariff Fiji 147.83 cents/ kWh)

3.2

Emission Analysis

This project will be able to reduce 48 tonnes of CO2 emission annually considering that only 40% of the
electricity in Fiji is produced using diesel. In Solomon Islands, where the generation is entirely thermal, the
reduction would be about 80 tonnes per year.
It should be possible to develop a number of such systems as part of a Programmatic Clean Development
Mechanism (p-CDM) project in these countries. The PICs have not been able to participate in this process
due to small mitigation capacities. Programmatic CDM is a step in the direction of helping them participate
in the process and will bring additional income to the project proponents.
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3.3

Issues with Grid connect systems

Most of the PIC grids are weak with a large variation in voltages and frequencies. It has been reported from
Nauru that the poor grid quality is affecting the performance of the newly installed PV system. The diesel
generator based grid frequencies were found to be out of range requiring the inverter settings to be regularly
monitored (McCracken, 2009). Similar problems have been reported from Niue (private communication).
3.4

Capacity Building

One of the major objects of this project is to use the system for training and capacity building in the Pacific
region. At present, Fiji does not have a grid-connected PV system in existence and this set-up will be used as
a training ground for future solar technical personnel and USP students. The system–grid coupling will be
continuously monitored in terms of frequency, voltage and harmonic distortions.
This project is being financed by the government of South Korea under its East Asia Climate Partnership
and implemented by the USP and Korea International Cooperation Agency (KOICA).

4.
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3.3 Concentrating PV
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ABSTRACT: It is evaluated the performance of a CPV multijunction (MJ) cell (InGaP/InGaAs/Ge) of 1.0 cm2 area,
for concentration rates varying from 1 up to 122X. The parameters which characterize the cell are extracted from
experimental characteristic curves using the one diode model. Special attention is given to the series resistance,
which affects significantly the cell performance. Results obtained show that the procedure adopted is considerably
consistent, enabling to obtain a general picture of solar cell behavior in spite of large temperature and irradiance
experimental variations. A large value of series resistance (3.8 Ω) is observed for low concentration values. This
resistance decays rapidly, attaining a stable value for high concentrations (0.024 Ω). Average conversion efficiencies
of 35% have been measured when converted to temperatures of 47 ºC. Series resistance obtained for high
concentrations (0.024 Ω) limit the concentration rate corresponding to maximum efficiency to values between 243
and 278. Higher efficiencies with higher concentrations, probably, require further reduction of series resistance.
Key words: MJ solar cells, efficiency analysis, characteristic parameters.
1. INTRODUCTION
Since 1980, multijunction (MJ) solar cells, associated with solar radiation concentrator systems for terrestrial
applications or without concentration for space applications, have been able to improve considerably the efficiency
of photovoltaic converters. The finding that high efficiency values are tangible in practice has encouraged the
development of both research and commercial interest for such devices (King, 2007). To ensure the conditions
necessary to control the tests and repeat the results, the experiments are usually held in laboratories equipped with
artificial sources of radiation. That is so, e.g., for the determination of the cell efficiency from the characteristic curve
(current versus voltage (I-V)) obtained under certain conditions of irradiance (absolute value and spectral
distribution) and temperature (Dominguez, 2010).
In 2005, a cell formed by In0.495Ga0.505P/In0.01Ga0.99As/Ge developed by Spectrolab, a leading manufacturer of high
performance cells, reached an efficiency of 39.0%, employing an AM1.5G spectrum and concentration rate of 236
suns (King, 2005). Later, in 2007, the same cell with different percentage components In0.56Ga0.44P/In0.08Ga0.92As/Ge,
reached 40.7%, with AM1.5D spectrum and under concentration of 240 suns (King, 2007). In 2009, the Fraunhofer
Institute in Germany increased the concentration of indium to form the structure In0.65Ga0.35P/In0.17Ga0.83As/Ge,
obtaining an efficiency of 41.1% under 454 Suns and AM1.5D spectrum (Guter, 2009). Currently, the maximum
conversion efficiency was established in 2010 by Spire Semiconductor, a Spire Corporation subsidiary, which, with a
cell of 0.97 cm2 under AM1.5D spectrum and concentration of 406 suns, reached 42.4% (NREL, 2010).
Several methods, analytic or algebraic, have been developed and applied in the analysis of the operational
characteristics of PV solar cells. Algebraic methods employ simple equations to correct the characteristic curve (I-V)
for temperature and irradiance (Shockley, 1961 & Campbell, 1986), while the physics of semiconductors admits
analytical methods to describe the effects of moderate variations in those parameters (Emery, 2003). Considering the
phenomena of diffusion and recombination of charge carriers in the neutral and load regions of the cell, responsible
for the diode current (ID), the two diodes model yields the most detailed evaluation of the parameters describing (IV) curve (Veissid, 1991). However, since recombination dominates at low voltages, where photovoltaic devices do
not work often, one diode model can be satisfactory (Garcia, 1995).
In this paper we evaluate the performance of a CPV multijunction (MJ) cell (InGaP/InGaAs/Ge) of 1.0cm2 area, for
concentration rates varying from 1 up to 122X. The efficiency of concentrating PV cells is usually expressed as a
function of incident radiation trough the concentration rate (C) and, according to the model adopted, its greatness
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depends on the following parameters: photo generated current (IL), saturation diode current (I0), ideality factor (m),
parallel resistance (Rp) and series resistance (Rs). Different procedures are available to extract these parameters from
the characteristic curve (CC) of the cell and, as commented before, they are usually obtained indoor, under controlled
conditions of irradiance and temperature. However, outdoor tests provide relevant information that can be used to
determine the real operational behavior of the cell (Tanabe, 2009). In this work the model parameters are extracted
from the experimental curves and special attention is given to the series resistance, which affects significantly the
cell performance, as will be shown.
2. EXPERIMENTAL METHODOLOGY
The MJ solar cell used on experiments is a triple junction InGaP/InGaAs/Ge structure with approximately 1.0 cm2
area. At 500 suns and 25 ºC in indoors experiments, the efficiency is around 37%, according to manufacturer’s
information.
The cell has been evaluated operating under natural conditions of irradiance on two different outdoor tests. Initially,
without concentration (one sun), with the cell placed on a horizontal plane inside a box with glass cover, and then,
with concentration, using a Fresnel lens system mounted on a two-axis tracker. In the first case the cell is under the
influence of direct and diffuse irradiance, and in the second case, only direct irradiance reaches the cell.
For the experiments it was set up an electric circuit composed of the MJ cell, responsible for current generation, a
potentiometer for simulating a variable charge and a calibrated shunt to measure the current. Measurements of global
and direct irradiance, were performed using three pyranometers (two photovoltaic and one thermal) and a
pyreliometer. The temperature of the cell was measured using a sensor (LM35) coupled to a structure with high
electric and thermal conductivity on which the cell was set up. All sensors were connected to a Campbell data
acquisition system model CR10X (data logger). The voltage of the cell is directly assessed in one channel of the data
logger.
Figures 1a shows the facility for the tests performed at one sun. The irradiance incident on the cell plane is evaluated
using the PV pyranometer inside the box. The photovoltaic pyranometer outside the box allows evaluating the glass
attenuation for the solar irradiance and the thermal pyranometer gives an appraisal of the quality of the PV
measurements. Figure 1b shows the cell inside the structure used to perform the tests under concentration.

Fig. 1a: Initial assembly

Fig. 1b: Assembly in heat sink

The experimental device for characterizing the cell with concentration uses a square Fresnel lens with side 0.30 m
and focal length 0.20 m. A pair of screws fixed at the bottom of a metal box allows the adjustment of the position of
the solar cell (up and down movement). The position of the cell with respect to the lens defines different
concentration rates of operation. This set was placed on a high-precision (0.1°) two-axis tracker in order to collect
direct irradiance. Figure 2a shows the experimental device placed on the tracker (preparation of the rig test) and
Figure 2b shows the cell under concentration during experiments.
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Fig. 2a: Preparation of the rig test.

Fig. 2b: Cell under concentration.

After initial preparing the tests, the characteristic curves of the cell are obtained by varying the potentiometer
resistance. In addition to the experiments for obtaining the (I-V) curves, it have been measured short-circuit current
(Isc) and open circuit voltage (Voc) for different values of cell temperature. In order to be able to consider the
influence of irradiance exclusively, an indoor experiment using an artificial light source (Hg -Xe lamp) was
performed to analyze the variations of (Voc) and (Isc) with temperature.
The level of effective irradiance on the MJ cell during the tests with concentration was estimated considering that the
relationship of short-circuit current and incident irradiance is linear. This assumption is not strictly correct; however,
devices with high performance tend towards linear behavior (Sanchez and Araújo, 1984).
Thus, defining a standard (I-V) curve from the tests performed at one sun, we obtain, for the cell under
concentration, the concentration rate as follows

C=

I sc,conc

(eq. 1)

I sc,1sun

where Isc,conc is the short-circuit current measured under concentration and Isc,1sun is the short-circuit current measured
for the one-sun standard (I-V) curve.
3. MJ SOLAR CELL - CHARACTERISTIC PARAMETERS

One diode model can be described by the electrical circuit shown in Figure 3.

G
R

V

RP

I

Rs

I0

IL

Fig. 3: Electrical circuit of one diode model

The electric current (I) established in circuit as function of voltage (V), under the effect of irradiance (G) incident on
cell, operating at a given temperature value (T) is described by Eq. 2.
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{

}

I = I L − I 0 exp ⎡⎣(V + Rs I ) mvt ⎤⎦ − 1 − (V + Rs I ) R p

(eq. 2)

where IL is the light-generated current, I0 the diode saturation current, m the ideality factor of the diode, Rs and Rp are
the series and parallel resistance of the cell respectively and vt is the thermal voltage, which relates the cell
temperature T with the electronic charge q and the Boltzmann constant k (vt = kT/q).
For the solar cell tested (high quality) we considered that the parallel resistance Rp is large enough such that the third
term of Eq. 2 can be neglected. It is also assumed that the light-generated current can be approximated by the shortcircuit current IL ≈ Isc (Green, 1982). Therefore, Eq. 2, with these considerations, can be written as

{

}

I = I sc − I 0 exp ⎡⎣(V + Rs I ) mvt ⎤⎦ − 1

(eq. 3)

The diode saturation current can be estimated, on the open circuit condition, trough Eq. 4

I 0 = I sc (exp(Voc / mVt ) − 1)

(eq. 4)

Considering Isc>>I0 and Voc>>mVt, Eq. 4 can be rewriting as the expression given in (Eq. 5). This expression allows
determining the average saturation current, for a particular temperature.

Voc / mvt = Ln ( I sc ) − Ln ( I 0 )

(eq. 5)

Plotting the term (Voc/mvt) as a function of (ln(Isc)), the average value of Io, for a given temperature, can be obtained
as the independent term of the regression line given by Eq. 5 (ln(Io)).
In order to evaluate the diode ideality factor (m) of the cell, we consider the logarithmic dependence of the open
circuit voltage (Voc) with the solar irradiance, or with concentration rate (C), written as

Voc (C ) = Voc ,1sun + mvt ln(C )

(eq. 6)

where Voc,1sun is the open circuit voltage at one sun condition and Voc(C) is the open circuit voltage for a given
concentration rate.
A plot of experimental values of Voc as a function of ln(C) results in a straight line with slope equal to the product
mvt.
The parameter Rs,can be obtained by different methods (Ortiz-Conde, 2006). In this paper we use the optimization
method where theoretical values of the current, calculated with Eq. 3, are compared with experimental values. For
each experimental characteristic curve the series resistance is found when the minimum root mean square deviation
between these values is attained.
4. RESULTS AND ANALYSIS
4.1 One sun experiment

According to present proposal, first experiments were devoted to characterize the MJ cell functioning without
concentration. Thus, short circuit current, open circuit voltage and operating temperature behaviors were observed
for several values of irradiance incident on the cell aperture. Figure 4 shows these behaviors for irradiance range
between 200 W/m2 and 1200 W/m2, approximately.
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Fig. 4: Temperature, short circuit current and open circuit voltage behavior versus incident irradiance.

Temperature of the cell observed in this experiment varies in the range of 43.8 ºC to 51.5 ºC for irradiance going
from 192 W/m² to 1135 W/m². The gradient of temperature is around 0.003 ºC/Wm-2. At one sun condition
(1kW/m2) cell temperature is 47.0 ±1.3 ºC. For the same range of temperature it is shown in Figure 4 the logarithmic
trend of open circuit voltage with irradiance, with minimum value of 2.15 V and maximum around 2.4 V. As
expected, in this range, the short circuit current presents a clear linear behavior with solar irradiance, with small root
mean square deviation of the order of 2.8%. For the standard condition of one sun we found values of short-current
density around 14.1 ± 0.3 mA/cm2 and open circuit voltage of 2.41 ±0.02 V.
The coefficients of variation of short circuit current and open circuit voltage with temperature have been determined,
as mentioned before, with indoor experiment using an artificial light source. Keeping the incident irradiance at a
constant value around 1000 W/m², the cell is heated and the values of Voc and temperature are measured. The same
procedure is applied for Icc. Short-circuit current and open circuit voltage as temperature functions are shown in
Figure 5. The experiments were implemented with temperature range for current (55 ºC up to 100 ºC) and for voltage
(47 ºC up to 75 ºC).
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Fig. 5: Short-circuit current and open circuit voltage versus temperature.

Short-circuit current under the effect of temperature shows a very small gradient, (0.013. ±0.001 mA/ºC) and can be
considered negligible. On open circuit voltage, temperature variation effects show a constant gradient with mean
value of (-7.11 ± 0.03 mV/ºC).
The characteristic curve measured at one sun condition is shown in Figure 6. The power is also plotted as a function
of voltage.
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Fig. 6: Characteristic curve obtained for one sun condition at 1000 W/m² - Standard curve

The curve shown in Fig. 6 has been taken as the standard one sun curve and its short circuit current used afterwards
in order to estimate the concentration rate in the tests of the cell under concentration. Average temperature of the cell
during the experiment was 47 ºC. This temperature is also taken as a reference temperature in this work. Values
obtained for the fill factor, short circuit current and open circuit voltage are 0.805, 14.1 mA and 2.41 V respectively.
The maximum power obtained was 27.9 mW, resulting in an experimental efficiency of the order of 28%, rather high
for one sun experiment.

4.2 Solar cell tests under concentration

Several experimental characteristics curves were obtained for different solar radiation concentration values. Figure 7
shows a sample of the characteristic curves obtained experimentally under concentration and the fits with the one
diode model. Three curves are presented, the highest, for 121 suns, the average for 63 suns and the lowest for 15.6
suns.
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Fig. 7: Characteristics curves obtained different concentration rate

The cell temperature for each curve is also given. Two effects are present in the Voc variation shown in Fig. 8:
irradiance and temperature. It can be seen that temperature prevails in the case of 121 suns as compared with 63
suns. Results of experiments and parameters estimative with concentration are summarized in Table 1.

2931

Tab. 1: Characteristic parameters according to concentration rate.

C
1.0
2.7
3.9
5.9
13.0
14.4
15.6
28.6
38.3
40.3
42.1
54.2
60.0
63.1
69.4
72.7
99.0
107.5
110.6
114.9
121.3
122.3

Vmp (V)
2.08
2.03
1.91
2.10
2.28
2.31
2.26
2.35
2.38
2.49
2.34
2.26
2.53
2.50
2.39
2.30
2.37
2.35
2.45
2.27
2.31
2.49

Imp (A)
0.01
0.04
0.05
0.08
0.18
0.20
0.21
0.40
0.52
0.56
0.63
0.75
0.82
0.88
0.94
1.01
1.42
1.42
1.56
1.56
1.61
1.55

Voc (V)
2.41
2.38
2.40
2.44
2.65
2.68
2.53
2.78
2.72
2.76
2.69
2.61
2.82
2.83
2.79
2.64
2.79
2.66
2.80
2.66
2.66
2.75

Isc (A)
0.01
0.04
0.06
0.08
0.19
0.21
0.22
0.41
0.54
0.58
0.65
0.78
0.86
0.90
0.99
1.05
1.44
1.55
1.59
1.65
1.75
1.75

T (ºC) DI (%)
47.1
4.2
72.3
2.1
76.2
1.7
81.9
2.0
67.3
1.4
60.1
3.0
83.9
1.8
42.8
2.0
77.4
2.7
56.0
2.4
68.1
3.5
80.4
0.8
50.1
7.6
49.0
1.9
56.3
2.8
80.9
1.5
61.2
2.2
80.0
1.9
55.3
1.8
82.1
2.6
76.2
0.6
67.1
4.4

FF
0.80
0.81
0.78
0.83
0.82
0.83
0.84
0.84
0.84
0.88
0.84
0.83
0.86
0.86
0.82
0.84
0.83
0.81
0.86
0.81
0.80
0.80

The fill factors shown in Table 1 were obtained from the values of Voc, Isc,Vmp and Imp. The root mean square
deviations (DI) were calculated between the values of current, measured and estimated with one diode model for all
points in each curve. Although the temperature of the cell during experiments presents large variations (20%
deviation, average temperature of 67º C), it can be observed some important characteristics of the MJ cell when
concentration rate varies. The open circuit voltage increases rapidly for low concentrations, reducing its increase rate
for high values of C (logarithmic behavior). For the whole range of concentration, high and relatively uniform values
of fill factor are observed (above 0.8). The average value is around 0.83 ± 0.02.

4.3 Determination of characteristic parameters

Results of open circuit voltage of the cell with concentration were corrected to the same temperature (47ºC), using
the temperature coefficient obtained in Fig. 5 (- 0.0071 V/ºC). Figure 8 shows (Voc) plotted vs. ln (C).
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Fig. 8: Open circuit voltage as a function of natural logarithmic of concentration rate.
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The ideality factor (m) is then be determined according to Eq. 6 by dividing the slope of the curve obtained in Fig.7
by the value of the thermal voltage (vt) (reference temperature of 47 ºC). The value of m is of the order of 3.2,
corresponding to what is expected for a three junction solar cell (above 3).
The average diode saturation current is determined according to Eq. (5), by plotting ln(Isc) vs Voc/mVt (Fig.9). The
independent term of the regression line yields the average ( Io ).
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Fig. 9: Saturation diode current determination for T=47ºC.

In Fig. 9 the open circuit and thermal voltage are also corrected for the reference temperature (47 ºC). Within the
range of concentration rates evaluated ( 1 ≤ C ≤ 122 ), and for the reference temperature, the average diode
saturation current is around 8.40E-15 A.
Using the optimization method the series resistance is obtained for each characteristic curve. With the values of Isc,
Voc, m and Io (the last one calculated using Eq. 4), it is found the series resistance (Rs) that minimizes the root mean
square deviation of all points of the characteristic curves. For the one sun curve presented in (Fig. 6), the value
obtained for Rs was very high, around 3.8Ω with a root mean square deviation in the values of current (DI) of 4.2%.
Sánches and Araújo (1984), analyzing the efficiency of CPV cells, provide a relation between the concentration rate
which corresponds to the maximum efficiency (CM) and series resistance of the cell, assumed as a constant Eq. 7.

CM = mvt Rs I1sun

(eq. 7)

where I1sun is the current generated by the cell at one sun condition. From Equation 7, it can be verified that the value
of Rs calculated for one sun would not allow the cell to reach high efficiency at more than two suns. This result
disagrees with the expected behavior of the cell, designed to reach maximum efficiency at high concentration rates.
In fact, results of Rs obtained from tests under concentration show a considerably variation in series resistance, with
strong decrease when concentration varies from one (Rs=3.8 Ω) up to thirty (Rs=0.029 Ω). For concentrations greater
than 30 up to 122, the average series resistance found is around 0.024 ± 0.008 Ω. The average root mean square
deviation observed for all the curves is around 2.05%. The behavior of series resistance as a function of
concentration rate is plotted in Figure 10.
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Fig. 10: Series resistance vs. Concentration Rate.

The value obtained for the average series resistance at high concentration rates (C>30) (Rs=0.024 ± 0.008 Ω) agrees
with information found in literature. A detailed evaluation of series resistance (Rs) of a cell with similar
characteristics was performed by Nishioka (2006). Considering contributions of ohmic contacts, tunneling junctions
and electrodes resistance the Rs found was in the order of 0.025Ω. Smaller Rs value was found by Dominguez (2010),
on the order of 0.017 Ω.
Maximum conversion efficiency presented by cell during operation was determined by maximum generated power
and incident power (incident irradiance multiplied by cell the area). Figure 11 presents experimental efficiency as a
function of concentration rate. Also, values of efficiency translated to the temperature of 25 ºC (usual reference
temperature in photovoltaics) and for the reference temperature used in this work (47 ºC) are shown.
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Fig. 11: Efficiency vs. Concentration Rate.

It is observed in Figure 10 an increase of efficiency for very low values of concentration. The lowest efficiency was
27% for (C=4) and cell temperature of (71 ºC). For concentrations grater than 30, the efficiency increases slowly,
almost stabilizing, with an average value of 0.33±0.02. It is expected that for some high value of concentration the
efficiency will start to fall down. This behavior can not be observed in the restricted range of C used in the
experiments. The average values of efficiencies corrected for temperatures of 47 ºC and 25 ºC, obtained for
concentration rates greater than 30 are respectively 0.35±0.01 and 0.37±0.01.
Smalls values of series resistance obtained for high levels of concentration rate (C>30) allow reaching high
efficiency at this region. Using the average Rs of 0.024 Ω we estimate the concentration rate which provides the
maximum efficiency for the three cases: experimental, cell temperature translated to 47 ºC and to 25 ºC (Eq.6).
Results obtained are 278, 261 and 243, much higher than that obtained from the one sun experiment (Rs=3.8 Ω,
T=47ºC and concentration for maximum efficiency C=1.6).
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5. CONCLUSIONS

The procedure adopted to obtain characteristic parameters, based on the one diode model, of 1.0 cm2 MJ cell,
working under real operating conditions and subject to concentration rates varying between (1) and (122X), yields a
consistent general picture of solar cell behavior in spite of large temperature and irradiance experimental variations.
Furthermore, the determination of the ideality factor, saturation current and series resistance allowed characterizing
the MJ solar cell within the concentration interval analyzed.
A large series resistance (3.8 Ω) is observed for low concentration values. This resistance is rapidly decaying,
attaining a stable value two orders of magnitudes lower (0.029 Ω) at a concentration rate of 30. For concentrations
rate above 30, average conversion efficiencies of 35% have been measured when converted to temperatures of 47 oC.
Series resistance obtained for high concentrations (0.024 Ω) limit the concentration rate corresponding to maximum
efficiency to values between 243 and 278. Higher concentration rates and probably higher efficiencies require further
reduction of series resistance.
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Abstract
The purpose of this study is using finite element analysis (FEA) to investigate the effects of gravity and wind
loads on the structural deformation and concentrator misalignment in a 5-kW high concentrator photovoltaic
(HCPV) system. Several operation conditions, including no wind and wind speeds of 7 and 12 m/s blowing
to the front side and back side of concentrator arrays, were applied to simulate the stress distribution and
structural deformation in the given solar tracker. The concentrator misalignment caused by the structural
deformation was also calculated. A comparison of the simulation and measurement results of strain change
at two selected locations in the given solar tracker during field operation was made to validate the
constructed FEA model. A reasonable agreement of the simulation and measurement results was found such
that the constructed FEA model was validated to be effective in assessment of the structural integrity of an
HCPV system. No structural failure was predicted for all the components in the given solar tracker under the
loading conditions of gravity alone and plus a wind speed of 7 or 12 m/s according to the von Mises failure
criterion. An agreement in the trend of variation of misalignment and resultant displacement of Fresnel lens
in each concentrator was found. Therefore, the concentrator with a greater misalignment could be readily
identified from the corresponding displacement distribution. Given the conditions of no wind and wind
speeds of 7 and 12 m/s, the maximum concentrator misalignment was of 0.3o for a wind speed of 12 m/s
blowing to the front side of concentrator arrays and it was within the range of an acceptance angle of 0.4o for
the given concentrator.
1. Introduction

A high concentrator photovoltaic (HCPV) system is usually incorporated with a solar tracker to maintain a
very high efficiency of concentrator solar cells (Luque et al., 2006; Luque and Andreev, 2007; Willeke,
2003). Concentrator modules are mounted on a tracking mechanism which keeps the lens and cell directed
toward the sun. To ensure that the sunlight can be correctly focused on the concentrator solar cells in an
HCPV system, it needs to precisely control the position of the concentrator modules corresponding to the sun.
For an HCPV system, the solar tracking accuracy is a critical issue. If the efficiency of a concentrator
module drops to 90% of the maximum power for an incident angle, this incident angle is defined as
acceptance angle. In order to maintain a very high efficiency in HCPV systems, the required tracking error
should be less than their own acceptance angle during operation. Structural deformation is one of the
tracking error sources in an HCPV system. It is mainly due to the weight of concentrator modules and the
wind loads acting on the concentrator modules. An HCPV solar tracker is always attached with numerous
concentrator modules which have heavy weight and a large area subjected to wind loads. Therefore,
assessment of the structural deformation in the solar tracking assembly and the induced solar tracking
misalignment is necessary for design of a precise and reliable HCPV system.
An HCPV system with a solar tracker of pedestal form is particularly sensitive to wind loads, since the drive
mechanism must support both self-weight and wind loads (Luque and Hegedus, 2003). For reliable
operation of a solar tracker, it is required that its structure should be able to withstand its own weight and
external wind loads, and to keep its deformation below a certain threshold such that the acceptance angle loss
of its concentrator modules remains within certain tolerable bounds. Therefore, structural stress and
deformation analysis is necessary for a successful, effective design of a precise solar tracker and installation
of a reliable HCPV system with required performance,. However, only a few studies have been reported in
the literature regarding the wind-load effects on the structural deformation in HCPV solar trackers (Cancro et
al., 2007; Gleckman, 2007; Luque-Heredia et al., 2006; Peterka et al., 1989). Although applications of the
finite element analysis (FEA) technique in simulation of structural deformation for HCPV solar trackers have
been conducted in a few studies (Cancro et al., 2007; Gleckman, 2007; Luque-Heredia et al., 2006), those
studies did not consider the structural deformation of concentrator modules. Deformation of concentrator
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modules could make the solar radiation deviate from the focal area on the cell. In this regard, deformation of
concentrator modules and the associated tracking misalignment caused by gravity and wind loads should be
included in the structural deformation analysis of an HCPV system. The aim of this study is, by means of
finite element method, to develop a computer-aided engineering (CAE) analysis technique to assess the
structural deformation and its induced solar tracking misalignment for design of a reliable HCPV solar
tracking assembly. In particular, the effects of gravity and wind loads on the structural deformation in an
HCPV system are characterized.
2. Modeling and validation
2.1. Modeling for structural deformation
A 3-D FEA model was constructed on the basis of a 5-kW HCPV system developed at Institute of Nuclear
Energy Research (INER) using a commercial FEA code, ABAQUS. Structural deformation in the solar
tracker at different zenith angles was calculated. Schematic of the FEA model at zenith angel of 63.5o which
is the maximum tracking angle of the solar tracker during operation is shown in Fig. 1. The system has a
pedestal form of solar tracker attached with forty concentration modules. The dimension of one
concentration module is 1338 × 555 × 246 mm3 and the weight is about 19 kg. To simplify the model, fillets,
chamfers, and drill holes in the components and gears of the driving mechanism were neglected. An 8-node
hexahedral element was selected for most parts of the model. Hex-dominated elements (mixture of 8-node
hexahedral and 4-node tetrahedral elements) were used for the remaining parts due to the sharp geometry. A
complete FEA model was meshed with about 1,110,683 elements and 2,114,972 nodes.

Fig. 1: Schematic of finite element model for structural deformation simulation

2.2. Modeling for wind loads
The wind pressure distribution on the arrays of concentration modules at different wind speeds was
determined using a commercial FEA code, COMSOL. The FEA model for wind loading calculation was
constructed with three simplifications in order to reduce the computational time. Firstly, half of the HCPV
structure and wind field were constructed due a symmetrical geometry. Secondly, only key components of
the HCPV system were constructed, such as pedestal, concentration modules, rotating axle, and several steel
beams. They are the major components facing the wind directly. Thirdly, the clearance between each
concentration module in one array was neglected. Dimensions of the wind field are 30 × 40 × 60 m3.
Schematic of one half of the structure in the model is show in Fig. 2.
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Fig. 2: Schematic of finite element model for wind load simulation

2.3. Investigated cases
In this study, three typical loading conditions were considered: gravity alone and wind blowing from front
and back sides of the arrays of concentration modules. Eight zenith angles were considered in each loading
condition, including 0o, 10o, 20o, 30o, 40o, 50o, 60o, and 63.5o. The wind blowing cases were carried out
respectively for wind speeds of 7 and 12 m/s. These two wind speeds were chosen according to the
operation guideline of the given HCPV system at INER.
2.4. Definition of Concentrator Misalignment
Concentrator misalignment is defined as the angle between the normal vector of the Fresnel lens and the
direction of the solar beam. The method for calculating the concentrator misalignment due do structural
deformation is described below. Four nodes at the corners and a node in the center of the Fresnel lens were
selected. These five nodes construct four triangular planes. As shown in Fig. 3, each plane (P) has its

v

v'

original normal vector ( n ) before deformation and has a new normal vector ( n ) after deformation. The

v

v'

angle α between vectors n and n is the misalignment for the triangular lens plane. Consequently, four
misalignment values were determined for one single Fresnel lens. In this study, the average of these four
misalignment values was defined as the misalignment for each concentrator.

Fig. 3: Definition of the angle α between undeformed plane P and deformed plane P’

2.5. Deformation measurement and validation
In order to validate the constructed FEA model, simulation results were made a comparison with the
measurements of strain change at two selected locations in the given HCPV system during field operation.
Constantan alloy strain gauges with a length of 2 mm were used for measurements. Figure 4 shows the
locations for strain measurement. Strain gauge S1 was pasted on one of the four steel beams attached to the
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twelve aluminum beams. Strain gauge S2 was pasted on a steel ring extension which links the rotating axle
and lead screws. A strainmeter was used to process the signals from the strain gauge. The strain data were
then recorded and saved in a personal computer (PC). The experiment was performed in a sunny day
without noticeable wind such that the experimental results were only made a comparison with the simulation
for the case of gravity alone.

Fig. 4: Locations selected for strain measurement

3. Results and discussion
3.1. Effect of self-weight only

Fig. 5: Comparison of simulated and measured strain changes at various zenith angles

Figure 5 shows the simulated and measured strain changes as a function of zenith angle at two locations. By
setting the strain value to zero initially at zenith angle of 0o, the simulated strain change for each specified
zenith angle was calculated by subtracting the calculated strain at zenith angle of 0o from that at each
specified zenith angle. As shown in Fig. 5, the strain measurements show that the strain change of gauge S1
was decreased with an increase in zenith angle and the maximum strain change between 0o and 63.5o was
113 μm/m. The measured strain change of gauge S2 was increased with zenith angle and the strain
increment had a highest value of 80 μm/m at zenith angle of 63.5o. The strain variation can be explained by
the following structural analysis. At zenith angle of 0o, the normal stress at location S1 had a highest value
because the steel beam was subjected to a maximum bending moment caused by the weight of concentration
modules. The weight of concentration modules can be divided into two force components at zenith angle of
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63.5o. One of the force components is normal to the steel beam and the other is parallel to it. The normal
component of weight was less than that at zenith angle of 0o and it caused a smaller bending moment on the
steel beam. Therefore, the stress and strain at location S1 was decreased from zenith angle of 0o to 63.5o.
The steel ring extension attached with gauge S2 was linked to the zenith rotating axle and it was subjected to
a bending moment at location S2 through the torque on the axle caused by the weight of concentration
modules. At zenith angle of 0o, the weight of the upper and lower arrays of concentration modules was
balanced about the zenith rotating axle and the torque on the axle was almost zero. The zenith rotating axle
was subjected to a maximum torque at zenith angle of 63.5o leading to a maximum bending moment at
location S2. Therefore, the stress and strain at location S2 was increased with zenith angle. As shown in Fig.
5, the trend of strain change at each selected location in simulation agreed with that in measurement. The
constructed FEA model for the given HCPV system was thus validated by such a reasonably good agreement.
Figure 6 shows the calculated distribution of von Mises equivalent stress in the steel beam at zenith angles of
0o. The maximum von Mises equivalent stress was of 76.2 MPa at zenith angles of 10o during rotation of the
solar tracker from 0o to 63.5o. However, this value was very close to 75.4 MPa at zenith angles of 0o. The
calculated maximum von Mises equivalent stress was less than the yield stress 250 MPa of an SS400 steel.
Therefore, no structural failure (yielding/plastic deformation) was predicted for the given HCPV system at an
operating condition without noticeable wind.

Fig. 6: Distribution of von Mises equivalent stress in the steel beam at zenith angles of 0o for gravity only (no wind)

Fig. 7: Comparison of the maximum misalignment and displacement of concentrator modules at various zenith angles

Figure 7 shows the maximum misalignment and corresponding displacement of concentrators as a function
of zenith angle. The resultant displacement of Fresnel lens in each concentrator includes contributions from
the deformation of Fresnel lens and other components in the solar tracker. As shown in Fig. 7, the trend of
variation in the maximum misalignment agreed with that of displacement. It means that the concentrators
with greater misalignment could be readily identified from the corresponding displacement distribution. The
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corresponding maximum displacement at zenith angles of 0o, 20o, 40o, and 63.5o were of 8.87, 9.4, 9.12, and
7.78 mm, respectively. The maximum concentrator misalignment for all the calculated conditions with
gravity alone is 0.23o at zenith angle of 20o. This value is less than the acceptance angle of 0.4o for the given
HCPV system. It indicates that gravity would not cause significant concentrator misalignment for the given
HCPV system.
3.2. Effect of wind blowing to the front side of concentrator arrays
Figure 8 shows the calculated distribution of von Mises equivalent stress in the steel beam and steel ring
extension at zenith angles of 0o and 63.5o, respectively, for a wind speed of 7 m/s blowing to the front side of
the concentrator arrays. The locations where the maximum stress took place in these two components were
the same as those in the case of gravity alone. The maximum von Mises equivalent stresses in the steel beam
and steel ring extension during rotation of the solar tracker from zenith angle of 0o to 63.5o were of 76.1 MPa
at 10o and 45.0 MPa at 63.5o, respectively. The corresponding values in the case of gravity alone were of
76.2 MPa at 10o and 38.6 MPa at 63.5o, respectively. Therefore, a wind speed of 7 m/s had no noticeable,
additional effects on the stress distribution for the given solar tracker in comparison with the gravity effect
alone. The stress distribution pattern in the case of a wind speed of 12 m/s blowing to the front side of the
concentrator arrays was similar to that in Fig. 8. The maximum von Mises equivalent stresses in the steel
beam and steel ring extension during rotation of the solar tracker from zenith angle of 0o to 63.5o were of
75.9 MPa at 10o and 62.6 MPa at 63.5o, respectively. It shows that a wind speed of 12 m/s had a greater
effect on stress in the steel ring extension than did a wind speed of 7 m/s. However, 62.6 MPa was less than
the yield stress 250 MPa of an SS400 steel.

Fig. 8: Distribution of von Mises equivalent stress in the (a) steel beam at zenith angles of 0o and (b) steel ring extension at 63.5o
for a wind speed of 7 m/s blowing to the front side of concentrator arrays

Fig. 9: Comparison of the maximum misalignment and displacement of Fresnel lens at various zenith angles for wind speeds of 7
and 12 m/s blowing to the front side of concentrator arrays

Figure 9 shows the maximum misalignment and corresponding displacement of concentrator modules as a
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function of zenith angle for wind speeds of 7 m/s and 12 m/s blowing to the front side of concentrator arrays.
The trend of variation in misalignment agreed with that of displacement, as shown in Fig. 9. As in the case
of gravity alone (no wind), the concentrators with a greater misalignment value could also be readily
identified from the corresponding displacement distribution in the wind blowing cases. The maximum
displacement of Fresnel lens in the case of wind speeds of 7 and 12 m/s were of 9.65 mm at 30o and 10.91
mm at 50o, respectively. The maximum displacement of Fresnel lens in the case of a wind speed of 12 m/s
are all greater than the corresponding ones in the case of gravity alone, indicating a wind speed of 12 m/s
indeed generated an additional effect on the structural deformation and associated concentrator misalignment.
The maximum concentrator misalignment for all the calculated conditions with a wind speed of 12 m/s
blowing to the front side of concentration arrays is 0.3o at zenith angle of 50o. This value is less than the
acceptance angle of 0.4o.
3.3. Effect of wind blowing to the back side of concentrator arrays
For wind speeds of 7 and 12 m/s blowing to the back side of concentrator arrays, the patterns of stress
distribution in the steel beam and steel ring extension were similar to those for wind blowing to the front side
of concentrator arrays. The maximum von Mises equivalent stresses in the steel beam during rotation of the
solar tracker form zenith angle of 0o to 63.5o for wind speeds of 7 and 12 m/s blowing to the back side of
concentrator arrays were all equal to 75.4 MPa at 0o and the maximum stresses in the steel ring extension
were of 42.7 and 50.6 MPa at 63.5 o for 7 and 12 m/s, respectively. At zenith angle of 63.5o, the maximum
stresses in the steel beam and steel ring extension in the case of a wind speed of 7 m/s blowing to the back
side of concentrator arrays were of 41.1 and 42.7 MPa, respectively. For a wind speed of 12 m/s, they were
of 37.2 and 50.6 MPa, respectively. The corresponding values in the case of gravity alone were of 45.2 and
38.6 MPa, respectively. In comparison of these stress values, the stresses in the steel beam and steel ring
extension were mainly contributed by the gravity for the case of a wind speed of 7 m/s blowing to the back
side of concentrator arrays. Similar to the cases of wind blowing to the front side of concentrator arrays, the
effect of wind blowing to the back side of concentrator arrays on the steel ring extension was greater than
that on the steel beam. For all the calculated conditions with wind blowing to the back side of concentrator
arrays, the maximum stress in the solar tracker during rotation of the solar tracker form zenith angles of 0o to
63.5o was less than the corresponding yield stress. Therefore, no plastic deformation was predicted to take
place in the given solar tracker for a wind speed of 12 m/s and below.

Fig. 10: Comparison of maximum misalignment and displacement of Fresnel lens at various zenith angles for wind speeds of 7
and 12 m/s blowing to the back side of concentrator arrays

Figure 10 shows the maximum misalignment and corresponding displacement of Fresnel lens in each
concentrator as a function of zenith angle for wind speeds of 7 m/s and 12 m/s blowing to the back side of
concentrator arrays. The trend of variation in misalignment agreed with that of displacement, as shown in
Fig. 10. The concentrators with a greater misalignment value could also be identified from the
corresponding displacement distribution in the wind blowing cases. For wind speeds of 7 and 12 m/s
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blowing to the back side of concentrator arrays, the maximum concentrator misalignment was of 0.24o and
0.25o at zenith angle of 20o, respectively. In comparison of the two wind directions for a wind speed of 12
m/s, the maximum concentrator misalignment at each specified zenith angle for wind blowing to the back
side of concentrator arrays was smaller than that for the other wind direction. It is because a greater
deformation of the Fresnel lens in each concentrator was induced by the wind blowing toward the front side
of concentrator arrays.
4. Conclusions

(1) An FEA model for the given HCPV system was constructed and validated to be effective in simulation
of structural deformation and concentrator misalignment.
(2) During rotation of the given solar tracker, high stresses took place at two components, namely, the steel
beam and steel ring extension. Based on the von Mises criterion, there was no stress value greater than
the yield stress. Therefore, no structural failure (yielding/plastic deformation) was predicted for the
given HCPV system at a normal operating condition.
(3) The trend of variation in the misalignment of a concentrator agreed with that in the resultant
displacement of Fresnel lens of each concentrator so the concentrator with a greater misalignment could
be readily identified from the corresponding displacement distribution.
(4) The maximum concentrator misalignment was of 0.23o, 0.25o, and 0.24o in the cases of no wind and a
wind speed of 7 m/s blowing to the front side and back side of concentrator arrays, respectively. The
maximum concentrator misalignment was of 0.3o and 0.25o in the cases of a wind speed of 12 m/s
blowing to the front side and back side of concentrator arrays, respectively. These values were less than
the acceptance angle of 0.4o for the concentrators in the given HCPV system. Therefore, the given
HCPV system is expected to safely operate under a wind speed of 12 m/s and below with a high
efficiency of solar power generation.
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1. Introduction
Aplanatic optics were originally invented for improved imaging of telescopes and microscopes
(Schwarzschild, 1905). Recently, these optics were considered for compact solar concentrators to be used in
photovoltaic concentrator (CPV) designs (Gordon and Feuermann, 2005). Compactness is of paramount
importance as it reduces manufacturing and shipping costs substantially. However, the two-mirror system –
in the compact version of the design – causes shading of the primary mirror by the secondary and limits the
level of practically achievable concentrations and/or forces the focus to be placed inside the optic. Passive
cooling of the solar cell from within the optics (ruling out active cooling, for practical and economic reasons)
is problematic as a large cooling fin (the size of roughly the aperture) in contact with ambient air is required
for passive cooling. Thus, either a terminal dielectric concentrator to extract the concentrated sunlight into
the solar cell located behind the primary mirror (Fig. 1) or a conical heat-conducting cone is necessary to
permit positioning of the heat sink behind the primary from where heat can be rejected passively to the
environment. It turns out that the heat-conducting cone is problematic causing relatively large temperature
gradients along the cone and with it a relatively high temperature of the cell with the concomitant reduction
in cell efficiency. Though the dielectric element does the job of extracting the light to the cell quite well, in
fact permitting further concentration, there is the need for an optical bond to the cell without which
additional Fresnel losses and totally internal reflected rays at the dielectric-air interface would result in
intolerable losses. This optical bond has to withstand temperature variation and moisture over at least 20
years, a feat not easily achieved and of significant conern to the manufacturers. Nevertheless, the design of
figure 1 has in fact been adopted for large-scale CPV systems and successfully deployed (Fig. 2, SolFocus,
2008-2011).
Is there an optic that could satisfy the constraints of compactness, low self shading, and avoiding a dielectric
tertiary concentrator and bond while still being reasonably simple to manufacture? In this paper we suggest
to nest the dual-mirror aplanats (akin to a Fresnel lens) that can satisfy all these objectives. We present two
possibilities for which the optical performance was evaluated via ray trace simulations.

heat sink
(a)

cell
dielectric
concentrator/extractor

(b)

Fig. 1. a) Cross-section of the aplanatic concentrator; the compactness is expressed by the aspect ratio
(AR), in this case AR=0.25; geometric concentration 625; shading 3.5%. A tapered dielectric element
extracts the light and is optically bonded to a solar cell. b) completed prototype.
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Fig. 2. Example of CPV deployment of aplanatic optic concentrators. The large number of modules on
each tracker require accurate alignment of the individual modules and a stiff construction to have
each element pointing in the same direction (SolFocus, 2010).
2. Maximum concentration and optical tolerance
A second (and no smaller) issue is the level of concentration, and, related to it, the acceptance angle function
of the device. Given that the modern high-concentration, high-efficiency solar cells are not very sensitive to
the homogeneity of the flux distribution on the solar cell (Katz et. al., 2006), the cell may be ‘oversized’
reducing the burden of accurate tracking and/or stiffness of the large modules typically mounted on a single
dual-axis tracker (Fig. 2). This can be expressed in terms of tolerance to off-axis orientation (Gordon et. al.,
2008, Goldstein and Gordon, 2011). For geometric concentration Cg (ratio of entry to active cell area), the
deviation angle θoff-axis up to which collection remains undiminished relative to on-axis performance is
bounded by

 off  axis 

NAout
  sun
Cg

(eq. 1)

where NA = sin(θ) and NAout is the exit numerical aperture, based on the largest angle of rays on the cell
surface. (The current CPV convention defines optical tolerance as the angular deviation up to which 90% of
on-axis collection is maintained.) Accordingly, CPV optics are typically designed with Cg well below Cmax.
The relationship between the numerical aperture and maximum concentration (permitted by
thermodynamics) is given by (Winston et. al, 2008)
2

Cmax

 sin( out ) 
 NA 

  out 

 sin(in ) 
 NAin 

2

(eq. 2)

where NAin is the input numerical aperture (typically, a convolution of the sun angle and the optical quality
of the optics (Rabl, 1985)). An example of an aplanat design with high NAout, high concentration, device is
shown in Figure 3 exemplifying the problematic of passive cooling of the cell. Here and in subsequent
illustrations we note that: (a) the scale is set by defining the focal length as unity, for which the diameter of
the primary mirror equals 2NAout, and (b) the mirror contours follow from selecting the two parameters s (the
separation of the vertices of the primary and secondary mirrors) and K (the separation of the secondary
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vertex and the focus). Aplanatism calls for every ray from the paraxial incident wave front satisfying both
constant optical path length and the Abbe sine condition. The mirror contours have closed-form solutions
(Gordon and Feuermann, 2005).

Fig 3. Example of an ultra-compact (aspect ratio AR = 0.259, i.e., ratio of depth to diameter), dualmirror aplanat of high exit numerical aperture (NAout = 0.9) and low shading of the primary by the
secondary mirror (3.5%), but requiring the focus inside the optic. K and s are parameters
representing the distance between the vertex of the secondary mirror and the focus, and the distance
between the vertices of the two mirrors. One on-axis ray is traced for clarity.
In the following section we present solutions that overcome the above mentioned limitation. Aiming for high
concentration and collection efficiency, we chose (a) 0.9 as the largest NAout value in consideration of the
angular dependence of reflective losses off solar cell surfaces (Spectrolab, 2009), (b) shading losses below
4%, (c) ray rejection not exceeding 4% (established with ray tracing) and (d) AR < 0.3 (the basic bound being
AR ≥ 0.25 (Winston and Gordon, 2005).
3. Nested aplanat design formalism
The inability of the aplanatic dual-mirror formalism to produce an external focus with large NAout (i.e., large
concentration) in a compact, low-shading optics prompts the search for an extra degree of freedom. A key
realization is that the area above the secondary in the aplanat of Fig. 1a could be used to nest another
nominally independent co-axial dual-mirror aplanat, as illustrated in Fig. 4. This allows the original (now
outer) aplanat to be designed with a far larger secondary (relative to its primary), which in turn permits the
focus to be located outside the optic.

Secondary 2

Primary 2

Fig. 4. Concentrator optics constructed of two nested aplanats. The two distinct aplanats here are
characterized by {s1 = 0.25, K1 = 0.1035}, {s2 = 0.125, K2 = 0.27} and NAout2 = 0.4. NAout = 0.8 is the
highest value (and hence determines the concentration). This design has been optimized to maintain
shading losses below 4% while respecting ultra-compactness and an external focus. Two rays are
traced for clarity. The vertical lines (in blue) indicate thin cylindrical sections that permit attachment
of the mirror sections to the top glazing.
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The exit NA of the inner aplanat (NAout2) is taken as the largest value consistent with avoiding shading from
the outer aplanat (the exit NA of the latter, NAout1, establishes the overall NAout). The actual shading loss then
stems exclusively from the inner aplanat, and can be maintained as low as a few percent. Toward facilitating
manufacturability, the intermediate element is mirrored on both sides and serves double duty as both the
primary for the inner aplanat and the secondary for the outer aplanat. The cylindrical sections – connecting
the mirror contours with the glazing which is taken as a base to minimize tolerance build-up – can be kept
thin enough so as not to cause shading losses exceeding a per cent or so. Figure 5 shows a tolerance graph for
the aplanat of Figure 4 and is obtained by ray trace simulation. Ray rejection, shading, and blocking have
been accounted for. The choice of geometrical concentration ratios Cg is obtained by choosing the cell size.
The dashed vertical lines indicate the respective theoretical limits on tolerance angle (Eq. (1)), meaning the
off-axis half-angle up to which 100% of the on-axis efficiency could be retained. The X symbols indicate ray
trace results for the respective optical tolerances actually realized for 90% of on-axis collection.

Fig 5. Optical tolerance plot for the concentrator of figure 4 with Cg = 711 and 1600. Efficiency refers
to geometric collection efficiency, which accounts for shading, blocking and ray rejection (beyond
absorptive and reflective losses that are case-specific and readily accounted for separately).
The nesting concept can be continued ad infinitum, but is illustrated here for only one additional aplanat (Fig.
6) in light of the perceived practicality of manufacture and for clarity of illustration. (Note that the optic
always incurs precisely two mirror reflections independent of the number of nested aplanats.) Designing
from the outside (aplanat 1) inward, and referring to Fig 6, one determines the highest value of NAout2 which
incurs no self-shading of primary 1 by secondary 1, and still maintains an external focus. This condition
establishes the highest achievable NAout1 = NAout. Aplanats 2 and 3 are then determined by minimizing
overall shading, while requiring low AR. In fact, the extra degree of freedom introduced by the additional
nested aplanat allows NAout to be increased to 0.9, while lowering shading to below 2% and still maintaining
AR below 0.3.
The nested designs presented here were compared against the best corresponding conventional dual-mirror
aplanats (similar to the one shown in Figure 1) and, via raytrace simulation, were found to provide the same
near-maximum performance of high flux concentration at high efficiency (Gordon and Feuermann, 2005;
Oustromov et. al., 2009).
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Aplanat 3
Aplanat 2

Aplanat 1

Fig. 6. Triple-nested aplanat. Notation as in Fig. 4. Aspect ratio is AR=0.277 and shading is 1.8%. The
3 distinct aplanats are characterized by {s1 = 0.315, K1 = 0.0625}, {s2 = 0.143, K2 = 0.2}, {s3 = 0.0705, K3
= 0.3} with NAout3 = 0.3, NAout2 = 0.573, and NAout1 = NAout = 0.9. The intermediate elements are
mirrored on both sides, each manufactured as a single element, with the upper contour serving as a
primary and the underside as a secondary mirror. The uppermost mirror element (in this instance,
intermediate primary 2) attaches directly to a protective entry glazing, with the remainder of the
mirrors being attached via minimally-obstructive cylinders.

Fig. 7. Optical tolerance plots for Cg = 900 and 2025. Labels as in Fig. 5.
4. Conclusions
The strategy of nesting dual-mirror aplanats for high-efficiency, high-tolerance solar concentration
surmounts the previously perceived limitation of precluding placement of the absorber outside the optic
while retaining ultra-compactness (aspect ratios below 0.3) at low shading loss (< 4%). It thereby obviates
the need for dielectric terminal concentrators and the associated optical bond to the solar cell. Having each
intermediate component simultaneously fulfill two functions - with an upper surface that is a primary mirror
for an interior aplanat and a lower side that is a secondary mirror for an exterior aplanat - facilitates
manufacturability and minimizes losses due to shading and blocking. Furthermore, each mirror component
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can be produced as a cone-shaped element connected to a straight cylinder that attaches to a module’s entry
glazing, for tractable precision alignment.
For realistic optical errors (effective solar input angle of 10 mrad) and for concentration values characteristic
of current and near-term CPV systems (from ~700 to 2000), double- and triple-nested aplanats were found to
deliver the optical tolerance, collection efficiency and flux concentration of their single-aplanat predecessors
(all close to their respective fundamental limits), but without the latter’s need for extractors and optical
bonds. The nested-aplanat concept could also be used in reverse (i.e., for maximum-performance
collimation) in illumination applications.
References
Goldstein, A., and J.M. Gordon, 2011. Tailored solar optics for maximal optical tolerance and concentration,
Sol. Energy Mater. Sol. Cells 95: 624-629.
Gordon, J. M. and D. Feuermann, 2005. Optical performance at the thermodynamic limit with tailored
imaging designs, Applied Optics, Vol 44 pp. 2326-2331.
Gordon, J. M., D. Feuermann, and P. Young, 2008. Unfolded aplanats for high-concentration photovoltaics,
Opt. Lett. 33:1114-1116.
Katz, E. A., J. M. Gordon and D. Feuermann, 2006. Effects of ultra-high flux and intensity distribution in
multi-junction solar cells. Progress in Photovoltaics: Research and Applications, v. 14, No.4, p. 297 -303.
Ostroumov, N., J.M. Gordon, and D. Feuermann. 2009. Panorama of dual-mirror aplanats for maximum
concentration, Appl. Opt. 48:4926-4931.
Rabl, A. 1985. Active solar collectors and their applications. Oxford University Press.
Schwarzschild, K., 1905. Untersuchungen zur geometrischen Optik I-III, Abh. Königl. Ges. Wis. Göttingen,
Math-phys. Kl. 4, Nos. 1-3 (1905-1906).
SolFocus Inc., 2008-2011. 510 Logue Ave., Mountain View, CA 94043, personal communications and
company technical reports.
Spectrolab Inc. 2009. Technical prospectus CDO-100-C3MJ, 12500 Gladstone Ave., Sylmar, CA 91342.
Winston, R. and J.M. Gordon, 2005. Planar concentrators near the étendue limit, Opt. Lett. 30 (2005) 26172619.
Winston, R., J.C. Miñano, P. Benítez, with contributions from N. Shatz, J. Bortz, 2008. Nonimaging Optics,
Elsevier, Oxford (2008).

2949

EXACT SOLUTION FOR THE ENERGY DISTRIBUTION IN A FLAT
ABSORBER OF A LINEAR PARABOLIC COLLECTOR
1,2

1

1

Manoel H. O. P. Filho , Naum Fraidenraich and Olga C. Vilela
1
2

Federal University of Pernambuco, Nuclear Energy Dept., Recife (Brazil)

Federal Institute of Education, Science and Technology of Pernambuco, Pesqueira (Brazil)

Abstract
This work presents a new approach to obtain the energy distribution in a flat absorber of a linear parabolic
concentrator. The bright distribution of incident light (I(φ)) with angular aperture (φs) is determined by the
beam rays with angle (φ ≤ φs). The angle (θ) between the axis of the beam reflected in the parabolic surface
and the parabola axis defines the relative position of the ray in the reflector. It is proposed a graphical
representation for the (φ-θ) relation, associated with the positions (y) in the absorber (isolines). The
diagrammatic representation allows visualizing which positions (y) in the absorber are total or partially
illuminated by the parabolic reflector. Simulations of energy distribution in the absorber were implemented
using different sun bright distributions. The illumination percentage along the absorber is also presented.
Comparison with results of other models available in the literature shows a good agreement.
1. Introduction
The issue of light distribution in an absorber of a concentrator collector has been oftentimes treated in the
scientific works in analytical form [4, 6, 7] or using ray tracing approach [2, 8]. The current progress in the
concentrator technology used by both photovoltaic (multijunction cells) and thermal (SEGS) systems has
revitalized its importance, especially in what refers to the optimization of concentrators design. This work,
based in [5] shows a new approach to obtain the energy distribution in a flat absorber.
The bright distribution and geometrical equations are treated, at first, separately. The procedure allows using
any bright distribution model and also experimental bright distributions. It also permits to perform analysis
about the contributions of the segments of the parabola surface to the absorber illumination.
The proposed procedure incorporates all solar disc information to produce the radiation profile in the
concentrator absorber region. A diagrammatic representation of the solution has been elaborated in order to
facilitate both model comprehension and visualization of radiations profiles, considering deviations from the
ideal condition.
The solar radiation that enters in the concentrator aperture is characterized by a conic beam of rays whose
angular half aperture is equal to (φs) and its bright distribution is determined by the beam ray intensity (I),
which depends on the angle (φ) within the angular aperture. The angle (φs) depends on the apparent sun
width.
The ray energy intensity (I) in a determined point (y) of the absorber depends on the angles (θ) and (φ). The
angle (θ) is defined between the cone central ray which is reflected by the parabola surface and the
concentrator axis (Fig. 1). The angle (φ) is then associated to the beam that reflects with an angle (θ) and
reaches the absorber in a determined point (y).
The model was developed to a linear focal parabolic concentrator and a flat absorber located in the focal
region. Cylindrical concentrators deviate rays which are at the transversal surface to the concentrator axis.
For this reason, only the projection of the rays in the transverse plane is analyzed. Under this condition, it is
enough to consider a flat cone with half-angle aperture of (φs).
Geometries similar to the parabolic concentrator can be analyzed with the same model, with the single
condition that the incident rays at the aperture perform only one reflection before reaching the absorber.
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2. Development
The incident radiation in a parabolic cavity can be represented by a ray package (+φs , -φs) symmetrically
distributed around a central ray. Analyzing the parabola´s plan, each ray from the package is identified by an
angle (φ), formed by the ray and its beam axis. In the surface of the parabolic cavity it is defined the angle
(θ), as the angle between the reflected beam axis and the axis of the parabola (Fig. 1), P1 and P2 are points
where the ray reaches the parabola’s surface. The flat absorber has an infinity length and width (W); and it is
perpendicular to the parabola axis that contains its focus (F).

Fig. 1 – Parabola angles configuration in the focal plane.

In Fig. 1 it was arbitrated that (φ) is positive for rays situated on the left of the beam and negative for rays on
the right of the beam. The angles (θ) are considered positive on the right of the parabola and negative on the
left. The values of (y) are positive on the right of the focus and negative on the left.
The relationship between the point (y) where the ray reaches the focal plane and the angles (θ) and (φ) is
given by (eq. 1).

y=

r.tan( ϕ ).sec(θ )
1 − tan( ϕ ).tan(θ )
(eq. 1)

r is the distance between the focal point and a point in the reflecting surface reached by a specific beam.
The eq. 1 leads to the same equation described by [3] that presents the total image length in the focal plane
formed by a parabola with a rim angle (θr), a rim radius (rr) and illuminated by a solar cone with a half solar
angle (φs) (eq. 2).

W=

2.rr .sen( ϕ s )
cos(θr + ϕ s )
(eq. 2)

As mentioned before, the position (y) in the absorber will be reached by rays defined by an angle (φ) which
belongs to a beam that was reflected by the parabola surface producing an angle (θ) with its axis. The angle
(θ) defines the beam intersection point to the parabola. The angle (φ) defines a particular ray of this beam
that reaches the point (y). A practical representation, shown in Fig. 2, allows visualizing the behavior of the
rays that reach a point (y). The positions (y) are represented in the form of isolines.
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Fig. 2 – Set of values (θ – φ) that reaches the absorber in a point (y = constant) that it´s used as every
curve parameter.
The angle (θ) is represented in the vertical axis of Fig. 2 and the angle (φ) is represented in the horizontal
axis on the same figure. The values of (θ) vary since (0) up to the rim angle (θr), the values of (φ) vary from
zero up to the sun half aperture (φs). The traced graphs are the geometrical place of the pair (θ – φ) that
reaches the point (y) in the absorber (isolines). The parameter that corresponds to each isoline is exactly the
place (y) reached by rays (θ – φ). For each value of the angle (θ) there is a unique value of (φ) that reaches
the point (y) in the absorber.
The diagram of the Fig. 2 was plotted for a parabola with aperture of 1.64m and focal distance of 1m which
results in ym = 0.0076m (W = 0.0152 m). A set of 10 isolines referred to values of y, varying from 0 to ym, is
plotted in steps of 0.1 ym. The graph shows one side of the parabola (θ > 0, right side) and points (y) in the
right side of focus (F). These points are reached by rays with angle (φ > 0), defined as counterclockwise with
respect to the beam axis (left side). The diagram for angles (θ < 0) is gotten using symmetry to the axis
represented by the line (φ = 0).
The vertical line shown in the graph of Fig.2, indicates the maximum half angle of the beam (φs = 0.267 deg).
This line defines two regions in the graph. In the left (abscissa, φ ≤ φs) the (y) isolines that do not cross the
line (φ = φs) represent portions of the absorber which receive incident beam contributions on the entire
parabola.
The isolines that cross the line (φ = φs) represent a region that receives partial contribution of the parabola. In
the Fig. 2 and for y = 0.6 ym; the angle (θlim, ya) separates the region of the parabola that contributes to
illuminating the point (ya) with (θ > θlim, ya) from the region that does not contribute (θ < θlim, ya). All points
located on the left of the abscissa (φ > φs) receive partial illumination from the parabola.
Both partial and total illumination region in the absorber can be identified in the following way: the points in
the absorber that receive total illumination from the parabola are in the interval (0 ≤ y ≤ yb); the point yb can
be calculated using eq. 3.

yb = f .tan( ϕ s )
(eq. 3)
(f) is the parabola focal length. This position in the absorber is defined by the isoline tangent to the vertical
line (φs = 0.267 deg) in (θ =0), for the parabola used in the example (f = 1), yb = 0.606ym.
The illuminated upper limit region of the absorber is defined by the value (ym) equals to W/2 (absorber half
length) and corresponds to the intersection of the vertical line (φs) with the isoline (ym) (eq. 2). This absorber
region is illuminated by the extreme rays that reach the concentrator rim. The absorber region between the
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points (yb) and (ym) is partially illuminated by the incident rays in the parabola and arises, in all cases, and
independently of the bright distribution of incident radiation, a descending illumination profile. This is also
valid, for example, for a uniform bright profile.

The previous considerations can be visualized in (Fig. 3). The absorber region located between the focus and
(yb) receives contributions from entire parabolic surface. The absorber region (y ≥ yb) represented by the
isolines that cross the vertical line (φs = 0.267 deg) receives rays that reaches only a part of the parabola. For
instance, the interval (ya – ym), distant from the parabola focus (detached region) is illuminated only by the
rays from the region (pa – pr) in the parabola surface.

Fig. 3 – Details of focal region illumination.

The graphs in the Fig. 4 show, in an entire form, all the parabolic surface since –θr until θr, representing the
total absorber extension since –ym (-W/2) until ym (W/2), where ym (W/2) is a half part of the maximum
absorber length, calculated with the eq. 2.

Fig. 4 – Parabola entire graph.
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In a general form, the isolines in Fig. 4 that fit totally inside the two vertical lines, which indicate the solar
cone limit (–φs to φs ), represent the absorber points reached by all rays from the solar beam. However, the
isolines that cross these vertical lines represent absorber points (region between yb and ym (W/2) in Fig. 3)
partially reached by the solar beam. The isolines out of the region delimited by the referred lines represent
the points in the absorber not illuminated by the solar beam (region beyond ym).

2.1 Determination of the energy distribution in the absorber

The incident energy in the point (y) is accounted as the contributions of all reflected rays in the band of the
angle (θ) that have bright intensity I(φ). (φ) is the associated to (θ) for the parameter (y). This relation is
shown in the eq. 4.

tan( ϕ ) =

y
| y.tan(θ )|+ r.sec(θ )
(eq. 4)

The radiation intensity I(y) reaching a determined point (y) will be, therefore, the addition of all parabola
contribution, represented by eq. 5.
+θ r

I ( y) =

∫ I (ϕ (θ , y)).ρ. cos(θ + ϕ (θ , y)).dθ

−θ r

(eq. 5)
The I(φ(θ,y)) term is the radiation intensity variation inside the solar beam, in which (φ) representing the
function φ = φ(θ,y). Any theoretical or experimental bright distribution can be used, for example, the
proposed in [1] or [10].
The cos(θ+φ(θ,y)) term represents the cosine of the angle formed by the ray and the absorber normal (Fig. 1).
φ = φ(θ,y) is the function already described (eq. 4).
ρ represents the mirror reflectivity, and unitary value was used in the simulations.
To determine the local concentration in each point (y), it was used the flux concentration definition (Cflux)
described by [9], as being the ratio between the flux in the absorber (Iabsorber) (that is equal to I(y)) and the
flux at the aperture (Iaperture) (eq. 6).

C flux ( y )=

I ( y)
I aperture
(eq. 6)

Iaperture was considered as being the sum of contributions of each ray defined by (φ) inside the solar beam
(eq. 7), were I(φ) represents the solar beam radiation intensity or bright function.
+ϕ s

I aperture =

∫ I (ϕ ). cos(ϕ ).dϕ

−ϕ s

(eq. 7)
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3. Results
Using the described model, it was obtained the energy distribution in a flat absorber of a parabolic cavity
with a focal length of 1m, aperture of 1.64 m and rim angle of 44.5 deg.
The Fig. 5 shows the concentration distribution, in which, the optical deviation was not considered and the
reflectivity coefficient is equal to one.

Fig. 5 – Energy distribution along by absorber.

The distribution shown in Fig. 5 (blue) was obtained using the bright distribution presented by [10]; the red
graph represents the average concentration attained, 104.8 suns, that is a value equivalent to the calculated
using eq. 8 [3].

C geom=

senθ r cos( θ r + 0,267 )
sen ( 0,267)

−1
(eq. 8)

It can be verified that the maximum concentration reached is 179.8 suns (point C(y=0) in Fig. 5); the energy
is distributed up to the maximum length (ym), which is defined by the reflection of rays at the edge of the
parabola. Its value is 0.0076m (ym point, Fig. 5), providing a total image length of 0.015m, as calculated
using the eq. 2.

The local concentration in the absorber center (C(y=0)) can be determined using the eq. 9.

C(y = 0 ) =

I( ϕ = 0 ) . ρ . sin(θr )
ϕs

∫ I( ϕ ) . cos( ϕ ) dϕ
0

(eq. 9)
It depends on the bright distribution model (I(φ)) and its numerical integration.
For the constant bright distribution (eq. 10)

C ( y= 0)=214 .5 . ρ. sin ( θ r )
(eq. 10)
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For the bright distribution presented in [10] (eq. 11)

C ( y= 0)=257 .3 . ρ. sin ( θ r )
(eq. 11)

For the bright distribution presented in [1] (eq. 12)

C ( y= 0)=248. 3 . ρ . sin ( θ r )
(eq. 12)

Any bright can be used to get the maximum concentration in the absorber center.
The illumination of the absorber using four bright distributions is shown in the Fig. 6. The same parabola
characteristics described before was used. The blue graph (Rabl) was performed using the bright distribution
presented by [10]. The green (Constant) uses the constant bright distribution, the red (Gaussian) was
obtained using a Gaussian bright distribution and the cyan (Abetti) uses the bright distribution presented by
[1]. The entire absorber is shown.

Fig. 6 – Energy distribution using four different bright distributions, showing the entire absorber.

It can be verified that Abetti and Gaussian are very similar. The distribution indicated as Rabl provides
higher values of energy in the central region of the absorber and it will be considered as a referential to the
following comparisons. For the maximum concentration (absorber centre), the constant distribution produced
a value 15% less than the Rabl, the Gaussian got 2.3% less and Abetti got 3.4% less. For the mean quadratic
error, the constant distribution presented 18.5 suns, the Gausian presented 9.4 suns and Abetti has 6.8 suns of
deviation from Rabl distribution.
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Fig. 7 – Illumination percentage of each point of the absorber.

The Fig. 7 shows illumination percentage of each point of absorber gotten using any bright distribution; it
detaches the three important regions commented before, the region between the focus (y = 0) and (yb)
reached, as described, by all rays from the solar beam that reflects in all parabolic surface, with 100%
illumination. The region between (yb) and (ym) presents illumination decreasing almost proportionally with
the distance from (yb) to (ym). The region after (ym) got 0% illumination.

Results of simulation of energy distribution using the proposed model is compared with results obtained
using Evans' model [4] (Fig. 8). For this comparison it is used a parabola with a rim angle of (60 deg) and
focal length (1m). The solar bright distribution was considered constant in the simulations. In Fig. 8 the
abscissa axis has been expressed by a dimensionless variable y/f. The green curve represents the Evans´s
model and the blue the proposed model.

Fig. 8 – Comparison to the Evans´s model [5], it was used the constant bright distribution.

It can be observed that the two distributions are equivalent; the maximum value obtained was 185 suns in
both models. The average value obtained from the graphs was 90.6 suns. The mean value calculated from the
eq. 7 is very similar (91.3 suns).
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4. Conclusions

It was presented in this paper an alternative and exact solution to obtain the energy distribution in a flat
absorber of a linear parabolic collector.
A space (θ – φ) was defined to allow visualizing the concentrator geometrical behavior for any bright
distribution incident in the collector aperture. A function φ = φ(θ,y) or its inverse θ = θ(φ,y) was developed,
where (y) is represented by isolines in the space (θ – φ).
The described procedure is general; it can be applied with any reflector surface geometry since it has only
one reflection. It also permits to analyze and visualize the bright distribution effect over the energy
distribution profile. The simplicity of the solution also allows considerations of optical deviation and
misalignment´s effects over the image in the focal region. The implementation of these conditions, different
from the ideal case, is being conducted and will be presented in a future work.
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1. Introduction
In order to reduce the power generation cost for a photovoltaic (PV) system, a prototype of a 500X
concentrator photovoltaic (CPV) system with dome Fresnel lens was developed (Araki et al, 2005). Field
tests of a prototype of a CVP system were carried out at Toyohashi, Japan, for two test periods: June 2004 to
September 2005 and October 2005 to May 2009 (Kemmoku et al., 2005). In this study, the long-term system
performance of a prototype of the CPV system was estimated along with the system efficiency by using the
data collected during the second test period. In addition, the factors that influence the system efficiency were
also investigated using the open-circuit voltage, fill factor (FF), and I-V curve data for the CPV module.
2. Outline of the prototype of a CPV system
2.1. Outline of the CPV system
Figure 1 shows a photograph of the prototype of the 500X CPV system with dome Fresnel lens (left side).
The module consists of 20 pairs of dome Fresnel lenses and solar cells (InGaP/InGaAs/Ge three-junction
cell). These cells are connected in series. The total area of the module is 0.545 m2.
A two-axis solar tracking system controls the azimuth and elevation angles with high accuracy. The tracking
system works when the solar elevation angle is greater than 15°. The solar tracking errors (RMS) in the
azimuth and elevation angles are 0.045° and 0.027°, respectively (Hiramatsu et al., 2003).

LEFT
500X system

Fig. 1: The prototype of the 500X CPV system with dome Fresnel lens

2.2. Arrangement of the measurement system
Figure 2 shows the arrangement of the measurement system. The PV module output at maximum power
point, open-circuit voltage, and short-circuit current were measured with an IV tracer every 20 s. The module
temperatures were measured by thermocouples and a data logger. The direct solar irradiance was measured
by a pyrheliometer fixed to the module. In addition, weather data such as the wind speed and direction,
ambient temperature, humidity, horizontal global solar irradiance, and global solar irradiance on a sloping
surface (angle : 35°) were measured.
Figure 3 shows an example of the measured data in the form of daily direct and global irradiance, module
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output, open-circuit voltage, efficiency, and FF curves for the 500X PV system on a clear-sky day
(16/10/2006).
In Japan, the peak value of the global solar irradiance on a sloping surface during autumn is larger than the
direct irradiance. However, the daily direct irradiation is larger than the daily global irradiation on a clear-sky
day. In Fig.3, the values of the daily direct irradiation and global irradiation on a sloping surface are 30.1 MJ
m-2 and 25.9 MJ m-2, respectively.
The maximum efficiency of the 500X CPV system reaches 20.6% (uncorrected at 25 °C). The daily average
efficiency (daily generated energy divided by daily direct solar irradiation) is 19.2%.
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Fig. 2: Arrangement of the measurement system

Fig. 3: Daily solar irradiance, module output, open-circuit voltage, efficiency, and FF curves for the CPV system
(16/10/2006)

3. Performance and efficiency estimation of the system
It is required that the high generation performance of a PV system is maintained for more than 20 years. The
performance ratio is usually used to estimate the generation performance of a flat-plate PV system. Because
the definition of the rated output of a CPV system has not been clarified, the performance of the CPV system
was simply estimated in this study on the basis of the efficiency calculated from the generated energy and
irradiation.
3.1. Change in the daily average efficiency
First, the long-term change in the system performance was investigated on the basis of the daily average
efficiency calculated from the daily direct solar irradiation and generated energy of the CPV system. Here,
daily direct irradiation includes the irradiation during the period when the tracking system was not working.
Figure 4 shows the daily average efficiency of the CPV system during the second test period. The efficiency
of the system appears to decrease gradually every year, although it increases during summer and decreases
during winter and spring, owing to seasonal variations in the air mass and spectrum of the direct irradiance.
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The daily average efficiency in October, 2008, after three years from the beginning of the system operation,
was about 2.2 points lower than the efficiency in October, 2005.
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Fig. 4: Daily average efficiency of the prototype of the CPV system (October 2005 – May 2009)

3.2. Change in the average efficiency around the middle of each day
Next, the average efficiency for two hours before and after the middle (11:00-13:00) of each day was
calculated, and the tendency of the change in the efficiency was investigated. Table 1 lists the values on a
clear-sky day in October each year. Although the average efficiency around the middle of October, 2005, is
23.23%, it drops to 20.62% in the next October. However, it does not decrease this much after that and
remains above 20% in October, 2008. Thus, the decrease in the average efficiency around the middle of
every year for three years is about 3.0 points.
Tab. 1: Average efficiency of the CPV system around the middle of each clear-sky day in October

Date
19/10/2005
16/10/2006
21/10/2007
15/10/2008

Average efficiency around middle of the day [%]
23.23
20.62
20.58
20.22

4. Investigation of factors that influence the efficiency
In general, the following factors that influence the efficiency of the CPV system were considered: solar
tracking error, damage of the solar cell, decrease in the transmission factor of the lens, and dew condensation,
among others. To investigate the contribution of each factor to the reduction in the efficiency, the opencircuit voltage (Voc), fill factor (FF), and I-V curve data of the CPV module were analyzed.
The influence of dew condensation on the efficiency is limited during the condensation, and it is supposed
that dew condensation does not influence the long-term system performance directly. Therefore, the
influence of dew condensation is not discussed in this paper.
One measurement of the I-V curve takes few seconds. Thus, the measurement results would be incorrect
when the direct irradiance varies widely during the measurement. For this reason, the average values of Voc
and FF for each day were calculated using the measurement data for two hours before and after the middle.
4.1. Changes in the open-circuit voltage
Figure 5 shows the changes in the average open-circuit voltage for each day. Voc exhibits seasonal variations
owing to the change in the solar cell temperature. The value of Voc in summer is about 2 V lower than that
in winter. However, the value of Voc shows no apparent reduction every year.
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Fig. 5: Open-circuit voltage of the prototype of the CPV system (October 2005 – May 2009)

4.2. Changes in the fill factor
Figure 6 shows the changes in the average FF for each day. FF exhibits seasonal variations owing to those in
Voc. Moreover, FF dropped greatly in middle of October, 2007. Thus, the value of FF dropped from 0.849 to
0.825 over a period of three years.
Figure 7 shows a comparison of daily FF and efficiency curves on a clear-sky day in October for each year.
The values of FF in 2005 and 2008 greatly reduced until 10 a.m. because of dew condensation. The results
show that the values of FF throughout a day in 2008 are lower than those for another year.
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Fig. 6: Fill factor of the prototype of the CPV system (October 2005 – May 2009)
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17
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4.3. Comparison of I-V curves
The reason for the reduction in FF was investigated by comparing the I-V curves. Figure 8 shows the I-V
curves for the middle of a clear-sky day in October for each year. The curve for 01/03/2009 is shown instead
of the curve for 15/10/2008. The direct irradiances for each day are also shown in this figure.
The differences in the values of Voc for each year are very small. On the other hand, the gradations of the
curve from 0 to 50 V increase every year. Such tendencies could often be observed when solar tacking errors
occurred.
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Fig. 8: Comparison of I-V curves for a clear-sky day in October for each year

4.4. 4. Investigation of the factors that influence the efficiency
By considering the results obtained for Voc, it can be reasonably assumed that no solar cell was broken. The
reduction in the efficiency due to a decrease in the transmission factor of the lens might be considered, but
FF should not be neglected in such a case. On the other hand, one may say that solar tracking errors occurred
and influenced the efficiency from reduction in FF and changes in the shapes of the I-V curves.
Therefore, it is reasonable to assume that the reduction in the system efficiency is not because of the
deterioration of the solar cells, but the influence of solar tracking errors.
By considering the reduction in FF, the tracking error was estimated at 0.4-0.7°.
5. Conclusion
In this study, the long-term system performance of a prototype of a CPV system was estimated along with
the system efficiency. In addition, the factors that influence the efficiency of the system were investigated
using the open-circuit voltage, fill factor, and I-V curve data for the CPV module.
The following results were obtained: (1) the daily average efficiency decreased by about 2.2 points over
three years, (2) it can be reasonably assumed by considering the values of Voc that no solar cell was broken,
and (3) it appeared that solar tracking errors influenced the reduction in the system efficiency.
In the future, a more detailed analysis of the influence of solar tracking errors on the fill factor and I-V
curves would be required.
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1. Abstract
This study presents a parametric design process of a solar concentrator for high concentrated photovoltaic
(HCPV) system. The concentrator comprises a flat Fresnel lens and a reflective secondary optical element
(SOE). Ray tracing simulation is utilized to explore the optical performance of the concentrator under
various design parameters. The optical performance of the solar concentrator, including the optical efficiency,
acceptance angle and irradiance distribution, is evaluated via parametric study to achieve an optimum design.
Finally, the achieved design of the solar concentrator for HCPV exhibits a high optical concentration ratio
(OCR) of 909X, and an acceptance angle of 1.03o.
2. Introduction
Nowadays, the interests on solar energy boost due to the increasing demand of renewable energy
Concentrated photovoltaic (CPV) systems apply solar concentrators to collect sun energy from a large area
into a relatively small solar cell. The solar cells used in CPV systems are usually III-V cells, which exhibit
higher efficiency and higher cost compared with Si cells. The geometric concentration ratio (GCR) is
generally defined as ratio of the area of sun collected to the area of the cell (Winston et al., 2005; Luque and
Andreev, 2007). A CPV system is usually classified as a high CPV (HCPV) if its GCR is higher than 300X.
Various types of primary concentrating elements are used in different CPV systems, such as refractive type
(typically using a Fresnel lens), reflective type (typically using a parabolic mirror), and double-reflectors
type (typically using a parabolic primary mirror and a hyperbolic secondary mirror), etc (; Leutz et al., 1999;
Lin et al., 2005; Victoria et al., 2009).
Since using a concentrating element alone may result in serious problems of localized hot spots and poor
uniformity, practically an SOE is adopted in a CPV system. Localized hot spots and poor uniformity will
deteriorate not only the efficiency of the CPV system but also the service life of the cells. Various
researchers have study the suitable SOE designs for individual CPV system (Jaus et al., 2008; Jaus et al.,
2009; Ning et al., 1987; Andreev et al., 2008).
The general goal of a concentrator design is to attain a good optical efficiency  (over 70%) and a wide
acceptance angle (beyond ±1o). The acceptance angle 90% is commonly defined as the incidence angle
corresponding to 90% of the maximum optical efficiency  at normal incidence (Victoria et al., 2009;
Andreev et al., 2008). Moreover, solar concentrators are generally characterized by the optical concentration
ratio (OCR). The OCR is defined as the multiplication GCR C and the optical efficiency Leutz et al., 1999;
Lin et al., 2005)
Optical Concentration Ratio  C   (eq. 1)

This study focuses on the optimum design of reflective SOE for a flat Fresnel lens. Ray tracing technique is
adopted to evaluate the optical performance of the refractive solar concentrator with different design
parameters of SOE. Finally, an optimization of reflective pyramid-type SOE is presented, and the effects of
incidence angle on the optical efficiency and irradiance distribution on the cell are also discussed.
3. Design of Solar Concentrator
3.1. Design of Fresnel Lens
The solar concentrator is composed of a flat Fresnel lens and a reflective SOE of truncated pyramid shape.
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After parametric analysis of the design parameters of the flat Fresnel, the basic parameters of the Fresnel lens
are determined as follows: the size is 165mmx165mm, the focal length is 200mm, and the f/number is 1.21.
The initial size of the receiver, i.e. the solar cell, is given as 7mmx7mm, thus the initial geometric
concentration ratio (GCR) is 555X. The initial position of the receiver is placed at the focal plane of the
Fresnel lens, i.e. 200mm beyond the concentrating lens. The material of the Fresnel lens is chosen as
common optical plastic, PMMA (PolyMethyl Methacrylate), and its nominal refractive index is 1.491 at
550nm. The optical performance of the solar concentrator is analyzed by ray-tracing technique with a
commercial optical simulation package.
The initial simulation is based on single wavelength of 550nm to save computation complexity without loss
of simulation accuracy. Firstly, the effect of prism pitch of the Fresnel lens on the optical efficiency is
analyzed and the results are summarized in Fig.1. The optical efficiency is almost the same when the prism
pitch is between 0.4mm~3mm. However, a rapid decline of the optical efficiency is observed in Fig.1 when
the prism pitch is larger than 3mm. Notably, a finer prism pitch will increase the manufacturing complexity
and the cost of the Fresnel lens. Thus a prism pitch of 1.2mm is selected for the Fresnel lens in this study.
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Fig. 1: Optical efficiency of the flat Fresnel lens under different prism pitches.

The optical efficiencies of the solar concentrator composed of the Fresnel lens alone under different
incidence angles are analyzed and illustrated in Fig.2. A poor acceptance angle 90% of 0.53o is observed and
the corresponding optical efficiency is about 75.6%. The poor acceptance angle indicates that an SOE is
needed to enhance the acceptance angle.
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Fig. 2: Optical efficiency of the flat Fresnel lens under different incidence angles.

3.2. Design of Secondary Optical Element
An SOE is generally tailored with a concentrating lens to improve the acceptance angle as well as the
irradiance uniformity on the solar cell. Systematical approach is applied to determine an optimum parameter
set for the solar concentrator, including parameters of the flat Fresnel lens, the cell size, and the SOE. Finally,
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an optimum design parameter set of the solar concentrator is achieved, and the details are introduced in the
following.
Figure 3 depicts the new design of the solar concentrator composed of a Fresnel lens and a tailored SOE of
reflective pyramid-type. In this design, the cell size is reduced from 7mmX7mm to 5mmX5mm. Besides, the
cell is moved 7mm forward from the focal plane of the concentrating Fresnel lens. Moreover, Fig.4 shows
the SOE of truncated pyramid shape, and the basic design parameters of the SOE are height H, opening
width W of the upper side, and the inclination angle of the walls . The width of the lower side is designated
as the same as the solar cell, i.e., 5mm in this design.
Fresnel lens

SOE

cell
7mm

f = 200mm

Fig. 3: Schematic diagram of the solar concentrator composed of a flat Fresnel lens and a reflective SOE.

width (mm)



height (mm)

5mm
Fig. 4: Design parameters of the reflective SOE of truncated pyramid shape.

A series of parametric study has been performed to determine the optimum design parameters of the
pyramid-shaped SOE. Referring to Fig.4, the relationship between the three parameters of the SOE can be
easily expressed as follows

  tan -1 (

W 5
) (eq. 2)
2H

Therefore, there are only two independent parameters of SOE. In the following simulation, the design
parameters of the SOE considered in the simulation process are height, H, and inclination angle of the wall,
.The simulation results are performed by considering a single-wavelength of 550nm first, saving the
computational efforts while not losing the simulation accuracy. Figure 5 and Fig.6 summarize the optical
efficiencies under variations of the design parameters, W and  of the SOE when the incidence angles are 0o
and 1o, respectively. According to the results shown in Fig.5 and Fig.6, the optimum design parameters of the
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SOE are selected as H=70mm and W=65 (the corresponding inclination angle =23.2o), subject to
constraints including an acceptance angle 90% larger than 1o and a minimum volume (cost) of the SOE.
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Fig. 5: Dependency of the optical efficiencies on design parameters of SOE when the incidence angle is 0o.
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The performance of the designed solar concentrator is then simulated considering solar spectrum for more
realistic results. Figure 7 illustrates the resulting optical efficiencies of the solar concentrator, composed of
the flat Fresnel lens and the optimum SOE, under different incidence angles. As Fig.7 reveals, the optical
efficiency under normal incidence is 83.5%. Moreover, the GCR and OCR are 1089X and 909X,
respectively, resulting from a reduced cell size of 5mmx5mm. The acceptance angle 90% of the optimum
design is 1.03o.
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Fig. 7: Optical efficiency of the optimum solar concentrator design under various incidence angles.
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4. Discussion
Table 1 summarizes the simulated results considering solar spectrum of the original design and optimum
design of the solar concentrator under normal incidence, including GCR, OCR, acceptance angle 90% and the
optical efficiency. For the original design, the concentrator contains only the Fresnel lens and the cell size is
7mmx7mm. While for the optimum design, the concentrator comprises a Fresnel lens and an optimum
reflective SOE of pyramid shape, and the cell is reduced to 5mmx5mm and its position is removed 7mm
forward relative to the focal plane of the Fresnel lens. Under normal incidence, the OCR of the solar
concentrator with an optimum pyramid SOE is 909X and the acceptance angle is improved to 1.03o.
Furthermore, irradiance distribution of the optimum design is also discussed, and Fig.8 (a) and (b) illustrate
the irradiance distribution on the solar cell under normal and 1 degree incidence angle, respectively.
Tab. 1: Comparisons of the optical performances of original and optimum concentrator design.

Original Design

Optimum Design

GCR

555X

1089X

Optical Efficiency

83.84%

83.45%

OCR

465X

909X

o

1.03o

Acceptance Angle 90%

(a)

0.47

(b)

Fig. 8: Irradiance distribution on the cell under (a) Normal incidence (b) Incidence angle = 1o.

5. Conclusions
An optimum design of a solar concentrator composed of a flat Fresnel lens and an SOE is studied via
parametric approach. Ray tracing technique enables us to estimate the optical performances of the solar
concentrator under various design parameters. The optical efficiency of the optimum concentrator design is
83.5% under normal incidence considering solar spectrum. Besides, the OCR of the concentrator is 909X,
and the optimized reflective pyramid-type SOE improves the acceptance angle 90% to 1.03o. Irradiance
distribution on the cell is also discussed and the uniformity may be further considered in the future
optimization.
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1. Introduction
Polymethyl methacrylate (PMMA, PLEXIGLAS®1) has been used successfully in manifold outdoor
applications like automotive lighting, signage & outdoor lighting, architectural glazing, aircraft glazing and
transparent noise barriers over decades since its invention more than 75 years ago in Darmstadt, Germany. Its
outstanding optical properties and unsurpassed weathering resistance in combination with robust handling
make PMMA an attractive raw material for various solar energy applications and especially for optical
systems in concentrating photovoltaic (CPV). With the overall photovoltaic (PV) market growing in the
gigawatt range up to now the PV market dominates the building-integrated and rooftop applications, whereas
solar farms are using CPV products (Kurz 2008). CPVs have gained interest since harvesting technique of
direct vs. global radiation by tracking the sun has lowered the cost for each produced kWh (Miller et al.
2009). In this specific application the lens material is exposed around-the-year to extreme outdoor weather
conditions of the Sunbelt region, which requires an excellent heat (temperatures of up to 85 °C) and UV
resistance. CPVs in general use mirrors or lenses to focus UV-Vis and IR light onto a small area as little as 1
cm² of active semiconductor PV material based on a combination of group III and V periodic table elements
(Fraas, Knechtli 1978). These so called multi-junction cells show very high cell conversion efficiencies of
over 40.7% (King et al. 2007).

Fig. 1: Single Fresnel lens made from PLEXIGLAS® – diameter 250 mm, focal length 400 mm, thickness 3.5 to 8.5 mm.
(Evonik Industries AG)

Beside of being very effective they are very expensive in production. Thus, the multi-junction solar cells in
terrestrial applications should be used in combination with solar concentrators. The key for a decisive cost
1

Evonik Industries AG is a worldwide manufacturer of PMMA products sold under the PLEXIGLAS®
trademark on the European, Asian, African and Australian continents and under the ACRYLITE® trademark
in the Americas.
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reduction in the production of electric power has to be the choice for low cost elements for optical
concentration and sun tracking. Beside its good aging and optical characteristics, PLEXIGLAS® is adaptable
to diverse processing techniques such as casting, extrusion, molding and thermoforming. Additionally, these
techniques can form accurately dimensioned micro-structures being essential for high quality Fresnel lens
production (Raihart, Schimmel 1975).
Ongoing CPV prototype development is governed by three major points: Performance, cost and reliability.
Performance is optimizing the optical efficiency, cell cooling, and performance losses associated with
manufacturing imperfections, soiling, tracking errors or thermal expansion/contraction. Cost implements the
use of inexpensive components and the ease and the automation of assembly. Reliability investigates the long
term degradation of optics or other loss of alignment, loss of adhesion or breakdown of bonds between cell
and the optics and heat sink, etc. (Kurz 2008). Especially in the point of optical efficiency and reliability
PLEXIGLAS® plays an eminent role and becomes more and more used in the CPV applications.
The state of the art CPV systems automatically track the movement of the sun across the sky to within 0.2°
of accuracy. Such precision enables them to achieve efficiency levels of 20 to 24% in terms of electricity
production, compared to 15 to 16% for modules with conventional silicon cells coming along with a overall
cost reduction per kWh (Kinsey et al. 2010). Hereby, the weight of the panel has to be taken into account
since using tracking systems consumes some of the produced energy. Therefore, the energy consumption of
the system shall be as low as possible to run the system even more effective. The main competitor for
PLEXIGLAS®, special silicone-on-glass (SoG) by having more than twice the density meaning twice the
weight of PMMA increases the tracking costs. Costs of maintenance also have to be taken into account when
calculating the energy payback of a solar cell. This value used to be over 20 years in the 1970’s while CPVs
can do this in our days within less than a year (Peharz, Dimroth, 2005).
2. Findings about the behaviour of PMMA in solar applications
PMMA is synthesized by radical polymerization of methyl methacrylate (MMA). The polymer chain is of
pure aliphatic structure and sterically protected by very stable ester groups.

radical

Methyl methacrylate

Polymethyl methacrylate

Fig. 2: Reaction scheme showing the radical polymerization of MMA.

Comonomers (methyl or ethyl acrylate) enable heat processing by inhibiting depolymerization. Additives
(lubricants, plasticizers, stabilizers, colorants, fillers, …) help to adjust dedicated properties. Due to its
thermoplastic nature it can be easily processed by injection molding, compression molding or extrusion.
Among other transparent plastics (like e.g. polycarbonate) PMMA shows a well balanced portfolio of
properties for outdoor applications. The main reasons in favour of using PMMA as plastic material for CPV
applications (Fresnel lenses, mirror materials) are as follows:
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•

adjustable transmission (esp. in the UV region) enabling either prolonged lifetime of cell and lens
(compared to UV transmitting grades) or increased module efficiency (compared to UV-blocking
grades)

•

outstanding optical properties like high transmittance, low reflectance, low dispersion and low
scattering losses

•

design freedom due to its excellent processing performance by injection molding, extrusion and hotembossing

•

excellent resistance to weathering and UV radiation leading to superior yellowing behavior and
stable transmittance levels over long periods

•

robust in handling due to high impact strength and light weight compared to inorganic glass

•

possible recycling for readjusting into the production or cracking into monomers for
repolymerization
3. Performance & Efficiency

3.1 Adjustable Transmission
In literature there are different definitions of efficiency in PV applications, among solar cell or lens
efficiency. Apparently, optimizing the cost connotes optimization of the overall efficiency. In CPV
applications the III-V multi-junction solar cell is the expensive building block and defines the spectral width
and thus the remaining parts have to be matched e.g. the transmission range and optical efficiency of the
lenses to guarantee the maximum possible light harvesting. In general, pure PMMA shows a high
transmittance in the UV wavelength range starting from 250 nm and consequently can be used e.g. in
solarium lamp coverage. For standard use, PMMA is usually modified with UV absorbance molecules to
protect from aggressive UV radiation (c.f. Figure 3 grey dashed curve). In special cases also the use of
standard PLEXIGLAS® in Fresnel lens applications might be of interest.
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Fig. 3: Transmission data of UV-blocking standard PMMA grade, thickness of 3 mm (grey dashed curve), PLEXIGLAS® Solar
IM20, thickness of 3 mm (purple curve), and the III-V multi-junction cell spectral response (black dotted curve). For UV-Vis,
very good transmittance data are achieved, in the visible area 92.03%. Amplification shows the difference between standard
PMMA and PLEXIGLAS® Solar IM20 in the UV range.

For the application in CPV the special grade PLEXIGLAS® Solar IM20 was developed where the onset of
high transmittance was shifted specifically to a lower wavelength range. This alteration matches the
transmission spectrum in the UV range with the absorption of III-V multi-junction PV cells resulting in
optimum light quantum harvesting (c.f. Figure 3 purple curve and black dotted curve – amplified part). Here,
the flexibility of PMMA is benefit since it can be tuned to the right wavelength in the UV range so even the
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smallest part of the solar energy can be used, meaning that also for future solar cells PMMA can be adjusted
to the optimized wavelengths. The transmitted IR radiation of PMMA is less than in glass which is not
disadvantageous at all. The photon energy is gained in the UV-VIS range and IR radiation apparently
impedes the heating of the panel and hence the loss of solar cell efficiency (Miller et al. 2009).

3.2 Optical Efficiency
Good optical efficiency of Fresnel lenses depends on the surface structure and the chosen material. The ideal
structure focuses theoretically 100% of the light on the PV cell. In reality this is never the case and all
imperfections decrease the percentage of the focused beam. The two main reasons are due to thermal
expansion of the material and imperfection of the Fresnel structure based on the fabrication.
The optical efficiency of PMMA and silicon SoG based Fresnel lenses were compared at constant
temperature (20°C) and the real conditions (higher temperature) and were measured at different sunbelt sites
by Hornung et al. 2011. Resulting that at 20°C SoG performs better then PMMA but as soon as the thermal
influence defocuses the center of the beam the PMMA performance is comparable or even better to the SoG.
PMMA shows at all measured sites an optical efficiency of 82.8±0.5% at 20°C and drops just to 81.8% under
thermal influence while the loss in SoG can be up to 2% (Hornung et al. 2011). The overall conclusion is that
PMMA and SoG showed in the operation temperature range a good and constant behavior. The higher
transparency of SoG in UV region can be evaded by using PLEXIGLAS® Solar IM20 instead of the
standard PMMA (c.f. Figure 2 grey curve). In terms of thermal defocusing the PMMA lenses show less
variation than conventional SoG lenses which makes them more reliable. The smaller delocalization also
could be essential in future Köhler design Fresnel lenses and no efficiency drops were observed for PMMA
by Minano et al. 2010. Another advantage to assure the long term optical efficiency of PLEXIGLAS® is that
lenses do not show as SoG the effect of delamination. The edge and the so called ‘sunburst’ delamination
were observed in SoG structures of the PVB (poly vinyl butryral) type. The most common cause of this type
of localized delamination is the use of clamping devices on the edges (Davies and Cadwallader 2003).

Fig. 4: REM micrograph shows the hot-embossed PLEXIGLAS® film lens. Left side is the top view and right side the
breaking edge - view of the cross section.

The second decisive point for efficiency is the precision of the Fresnel lens structure. The REM micrograph
in Figure 4 shows the top view in a distance of 3 cm to the center at the left side and a breaking edge cross
section at a distance of 8 cm to the center at the right side. The tooth length D changes as a function of the
distance changing from 860.1 µm to 605.0 µm in the window from 3 to 5 cm distance to the center of the
lens. The tip radius was determined in the same window being 1.8 µm. To compare the quality of different
Fresnel structures with different tooth sizes and at different positions on the lens the relation d/D is
commonly used, where d is the tip radius. While the relation d/D in the range between 1% and 10%
comprises medium definition structures, 0.5%, as is the case for the presented Evonik style, is in the range of
a highly defined structure. For the optimal efficiency the draft angle shall be 90° but due to production this
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cannot be reached with hot-embossing. Thus, an obtained angle which is bigger than 88° is fairly good.
Resulting in the average optical efficiency of > 86% at 660 nm and > 88% at 400 – 750 nm. The quality
highly depends on the structure and therefore on the production method and its potential to mold an exact
structure. Over the years different techniques were developed to produce the Fresnel structure on polymers
such as PLEXIGLAS®.

3.3 Design freedom
3.3.1 Fabrication methods
Large quantities of Fresnel lenses for CPV power plants require a fully automated production process at short
cycle times. Therefore, multiple production methods such as diamond turning, laser writing, lithography and
e-beam writing are not efficient enough. Others, based on master tools are more profitable in terms of
production time cycles. Here, especially injection molding, hot-embossing, and lamination are commonly
used for the mass production of PMMA Fresnel lenses.
3.3.2 Injection molding
In general injection molding technologies using PMMA molding compounds have been proven to be capable
of producing optical parts not only in high amounts but also in high quality. Such lenses showed a peak-tovalley deviation of less than 10 µm, nearly no internal stress and very low and homogeneous edge radii in the
order of 5 µm (Luce, Cohen 2010). Here the advantage is that standard production equipment can be applied,
and the cycle times are lower than can be reached with the hot-stamping of entire sheets. Production
capacities essential for CPV application for solar power plants are in a range with an output of 10 ktons per
year. This output requires an automatic process and low cycle times for lens production. Furthermore, Luce
and Cohen demonstrated that the cost from a commercial point of view for small numbers is lower for hotembossing, but for high quantities somewhere above 100.000 parts, injection molding is more competitive.
For Fresnel lenses combined in panels compression injection molding is needed to reproduce the structure on
a high quality level.

Fig. 5: Fresnel lens panels produced by a hot-embossed film being laminated onto a PLEXIGLAS® supporting sheet (Evonik
Industries AG)

3.3.3. Hot-embossing
Hot-embossing is a production method replicating precise micro-structures onto plastic substrates (i.e. sheets
or films). It has become a popular process since the creation of master molds with micro-structures became
relatively easy. Nevertheless, the entire cycle usually takes more than ten minutes and the complete sample
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has to be heated above the glass temperature (Tg) and cooled down again. Therefore, this technique is rather
time consuming for mass production and additionally causes high energy costs. Nonetheless, hot-embossing
has become widely used for micro-structure fabrication with applications in optical sensors and biochips
mainly because of the good and reproducible replication of the sharp features (Chang and Yang 2005). An
alternative provided by Evonik Industries AG and its partners is to micro-structure just a film which is
laminated in a second step onto a sheet. Here apparently the energy costs can be kept to a minimum and the
processing speed can be accelerated when using an inline processing set-up.
3.3.4. Lamination
The idea of laminated Fresnel lenses was based on the plastic-on-glass fabrication and was first realized
using a silastic rubber mold (Jebens 1980). Lamination combines the high structural quality of the hotembossing and the higher output of injection molding. Thus, lamination for increasing quality is a desired
alternative. Jebens showed 1980 that beside plastic-on-glass also plastic-on-plastic can be profitable using
lamination. For PLEXIGLAS® micro-structured films being thermally laminated onto PLEXIGLAS® sheets
no extra glue, such as PVB, silicone or TPU is needed which eliminates the major plastic-on-glass problem
of potential delamination and thus minimizes the probability of system failure. This combination of
techniques enables production of panel sizes as desired and consequently, the focus of all lenses in one panel
is interconnected and no focusing problems occur due to further alignment (see Figure 5). The latter problem
was overcome by using optimized glue in between the lens and the metal setup of the solar cell. Lamination
inline with coextrusion renders the possibility to produce a Fresnel lens system with a potential third top
layer making the surface facing the sun even more weather resistant.

3.4 Outstanding weatherability
3.4.1 Degradation mechanisms
Generally, pure PMMA shows high UV stability due to weak absorption in the UV region. However, even
PMMA can experience degradation by different mechanisms: oxidation of residual monomer, chain scission
and subsequent oxidation of low molecular fractions because of intense UV radiation combined with heat
and humidity, oxidation of low molecular weight fractions from processing at high temperatures, mechanical
cracking based on high stress levels. All of these effects are based on two major processes, photo- and
thermal- degradation. These degradation mechanisms are the major impacts on PMMA’s long term stability.
Photo degradation refers to defects caused by high energy (UV) radiation and elevated temperature leads to
thermal degradation. A broad overview of degradation mechanisms and its resulting molecules was provided
by Miller and Kurtz 2011.
3.4.2 Photo degradation
The amount of photo degradation reactions in PMMA is relatively low compared to most other polymers
being the base for the unbeatable weatherability of PLEXIGLAS®. The photo stability of PMMA is based
on the fact, that little light is absorbed and thus can cause damage in the molecular structure. This low
amount of UV absorption in PMMA is a result of the chemical structure. The homolytical scission of C-C
and C-H bonds need 365 and 419 kJ/mol accordingly which are equivalent to the wavelengths of 335 and
285 nm which are not absorbed (Torikai et al. 1990 and Shirai et al. 1999). For the π−π* transition of the
carbonyl group in a non conjugated system, a wavelength of 190 nm would be necessary which is not part of
the sun spectrum. Therefore, the main degradation is based on the forbidden which means underrepresented
n-π* transition of the carbonyl group. The mechanism is based on a quantum absorption and transfer of an
electron to the non bonding π* orbital which is the starting point for further reactions occurring at
wavelengths around 380 nm (Torikai et al. 1995). The resulting reactions can be distinguished between
Norrish type I and II. The β-scission of the polymer chain, a type I reaction, accelerates the degradation and
causes a reduction in molecular weight and can be detected via e.g. gel permeation chromatography (Dickens
et al 1984). While type II results in chain scission type I can provoke a manifold of small molecules which
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differ in presence or absence of oxygen (Grassie 1973). These reactions can be caused by residues such as
additives, initiator or non reacted monomers.
3.4.3 Thermal degradation and oxidation
Normal temperatures do not play any roll in thermal oxidation of PMMA, even the elevated temperature in
the accelerated weathering at 65°C does not show any effect on the structure (without the combination of UV
irradiation). Also extreme conditions like the exposure of PMMA to pure oxygen at 120°C prove the stability
of the polymer. Only some rare and unstable head-to-head combinations in the backbone are weak points in
the PMMA structure at less than 200°C. The Vicat temperature of the PLEXIGLAS® Solar IM20 is around
110°C which defines the short term operation temperature of the Fresnel lenses which have to be form stable
to keep the focus on the small PV solar cell. The temperature range which might cause thermal oxidation is
not accessed in the CPV application of the primary lens. Higher importance than the chain oxidation is the
increasing transportation of oxygen into the sheet or migration of monomer out based on the higher operation
temperature (Dicens et al. 1986). It was shown by Furneau et al. 1980 that independent of the sun facing side
the degradation of a polymer sheet under atmospheric conditions is symmetric and depends only on the
distance to the surface as a result of the amount of oxygen which can access e.g. the additives for oxidation.
3.4.4 Countermeasures
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To produce more stable PLEXIGLAS®, e.g. for Fresnel lens applications the pure PMMA is modified to
assure a longer stability in the extreme application of CPV systems. A common method for UV protection is
to use UV – absorbers which have to be chosen carefully and do not affect the intended applications (Zweifel
et al 2009). Under UV irradiation the weak chain links are methacrylates suffering from some β-scission
while acrylates preferably recombine after homolytic separation again (Grassie 1973). On the other hand the
α-CH groups in the acrylate polymer backbone are predetermined for H-abstraction followed by autooxidation (Hatada et al. 1993). Thus, for a higher UV stability a copolymer of both monomers forms an even
more stable PLEXIGLAS®. Another alternative approach is to cross-link the methacrylate chains (Lomakin
et al 1993).
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Fig. 6: Transmission data and yellowness index of standard PLEXIGLAS® of 9 mm thick sheet over 20 years exposed at
Darmstadt (Germany) from 1971 to 1991.

3.4.5 Long term stability of PLEXIGLAS®
Due to reflection losses of approximately 4% at each surface the absolute transmittance in the UV-Vis
wavelength of a virgin PLEXIGLAS® sheet is 92. The effective transmittance strongly depends on the
meant application and thus on the exact composition of the PMMA, i.e. the amount of copolymers and
additives. Additionally, the transmittance value depends at a minor rate on the thickness of the sheet as
shows a sheet of 9 mm thickness in Figure 6 being 91% in the virgin state. The transmittance loss is not as
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eminent as it is the case of inorganic float glass where a change of up to 17% can be observed (Pilkington
2002). In an outdoor application, the transmittance of PLEXIGLAS® can be affected due to weathering.
Notably, PMMA is known for its good stability for long time periods up to 25 years (Evonik 2011).
The outdoor performance over long time periods has been investigated by Röhm GmbH since the early
1940ies and is still under investigation today by its successor company Evonik Industries AG showing that
the transmittance loss can be rather low: only 2% over a time period of 20 years (Schreyer 1970) which can
be supported by some later test series showing a loss of 2.8% transmittance and an increase of the yellowness
index to 2.5%– see Figure 6.
Tab. 1: Transmission loss of low Fe glass, float glass and PMMA in Rapperswil due to soiling and degradation after 20 years.
Total loss is the sum due to soiling and degradation (Ruesch et al. 2008)

Sample
PMMA
Low Fe Glass
Float Glass

Number of samples
6
8
8

Soiling loss [%]
7.0 – 8.3
4.8 – 8.3
4.2 – 10.3

Degradation loss [%]
0.6 – 1.7
0.1 – 8.8
0.7 – 6.7

Total [%]
7.3 – 8.6
6.3 – 17.3
7.7 – 12.1

These results recently were supported by the SPF study (Ruesch et al. 2008) using among PLEXIGLAS®
samples provided by Röhm (today Evonik Industries AG) and exposing them under intensive solar
irradiation at an elevation of 1500 m in Davos (Switzerland) and moderate solar irradiation at Rapperswil
(Switzerland). The amount of irradiation – such as it is required for CPV Fresnel lens or mirror systems – in
Davos was 312 MJ/m² at a positioning angle of 60° facing south which is comparable with a sheet placed at
an angle of 5° in Bandol (South France) with 313 MJ/m². Because of the higher altitude a higher UV
irradiation was obtained in this latitude as compared to central Europe. It was shown by Ruesch et al. 2008
that the transmittance for PLEXIGLAS® dropped over 20 years hardly in Davos in average from 83.5% to
82.5% (c.f. Figure 7). The value of 83.5% transmittance depends on a composition which was not optimized
for optical purposes. The second exposure site was Rapperswil (Switzerland) just 400 m above see level but
next to Zurich city and its industries. With 236 MJ/m² at an angle of 60° this site can be compared with the
amount of UV irradiation which occurs in Darmstadt (Germany) (214 MJ/m² at an angle of 5°).
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Fig. 7: Transmission data of PMMA sheets and PLEXIGLAS® provided by Röhm GmbH (today Evonik Industries AG);
measurement without prior cleaning; exposed over 20 years at Davos (Switzerland) and Rapperswil (Switzerland). Data
adapted from Ruesch et al. 2008.

These two data sets show that surface soiling more affects the transmission than UV damage. In detail
Ruesch et al. 2008 found that the total average transmittance loss of PMMA was approximately 7.3 -8.6%
while 7.0 – 8.3% was due to soiling (Table 1). The soiling loss could be eliminated by cleaning the sheets
with ethanol or soap and after 20 years just 0.6 – 1.7% loss of transmittance was due to degradation (Table
1). This also explains the drastic loss in transmittance in Rapperswill after ten years. Here the researchers
reported that it did not rain for several months before testing while after 20 years the transmission
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experiments were conducted shortly after a strong rain fall. Furthermore, they did not report any observable
scratches as a result of the cleaning. The comparison of PMMA with low Fe glass and float glass in Table 1
shows that PLEXIGLAS® is not only comparable but on average even better than glass especially under the
assumption that CPVs are cleaned regularly. Hence, PLEXIGLAS® Fresnel lenses for CPV in solar parks
are located in the dessert and far away from environmental pollution. Consistent cleaning is necessary for all
kind of CPV materials to obtain a constant and the maximum of transmission since in a desert self cleaning
by regular rain can be neglected. Thus, the transmission loss of PLEXIGLAS® can be reduced to the
degradation loss which is pleasantly low.

3.5 Handling & Recycling
3.5.1 Handling

Depth of penetration [µm]

Transmission loss as discussed above is a vital criterion for solar lens applications. One further issue is the
loss based on light scattering as a result of surface pitting (Raihart, Schimmel 1975). PMMA is more prone
to scratching as compared to conventional inorganic glass. Thus, scratch-resistant coatings are added to
increase scratch resistance. In general, PLEXIGLAS® as a plastic compound has good scratch resistance
compared to polycarbonates and can be further improved by using a scratch resistant coating (see Figure 8).
Combined with the low brittleness the PLEXIGLAS® solution is a good alternative to inorganic glass.
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Fig. 8: Erichsen scratch-hardness test of standard PLEXIGLAS®, coated PLEXIGLAS®, polycarbonate (PC) and float glass.
The measurement was conducted with a Universal scratch tester 413 from Erichsen equipped with a scratch diamante of 90µ
µm
tip radius angular speed of 5 rpm.

3.5.2 Recycling
Very few polymer materials are recovered, reconstituted, and/or upgraded, and then fed back into the system
with the same material inherent properties as in their first lifetime – a process known as “closed-loop
recycling”. Clean thermoplastic PMMA waste or scrap can be recycled without cracking. Instead it is heated
in a reactor under coinstantaneous mixing and grinding above the glassing temperature and under the melting
temperature (105°C < T < 160°C) and can be used once more e.g. for extrusion (Patent 2008). Thermoelastic
and thermoplastic PMMA can be reprocessed to recover the different acrylic monomers. MMA is one of the
rare monomers which can be recovered from the polymer by processes which are usually referred to as
“cracking monomer” or “monomer crackback” meaning depolymerisation by introducing chipped scrap to a
heat transfer medium where depolymerisation occurs at around 500°C. The obtained purity can be increased
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if needed by additional steps of distillation to more than 99% (Evonik 2011). Thus, using PMMA helps to
save natural resources and saves money since 5% recycled PMMA lowers the total cost of the raw material
up to 7% (Charmondusit, Seeluangsawat 2009).
4. Conclusions
Because of its adjustable optical and weathering properties PMMA is the leading plastic material for the use
in CPV Fresnel lens or mirror systems. PMMA has shown a good track record in long-term outdoor
applications – and in some real CPV installations. It is important to note that PMMA is not simply PMMA –
one has to choose the right PMMA formulation and the right processing conditions to safeguard long-term
outdoor applications under heavy solar irradiation conditions. Evonik Industries AG helps to make the right
choice and provides not only the optimized molding compound with PLEXIGLAS® Solar IM20 for the
production of e.g. injection molded Fresnel lenses but also a combination of hot-embossing and lamination
technique based on an optimized PLEXIGLAS® grades to produce high quality laminated CPV lens panels.
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1. Abstract
The concentrating photovoltaic (CPV) technology has greater potential to generate high PV electricity in
high insolation area. Assessment of CPV’s performance is vital for disseminating this technology. Most
current modeling softwares in PV sector are targeted for non-concentrating PV, such as TRNSYS, PVsyst,
HOMER, etc. We have modified the PV array component in TRNSYS with parameters adjusted for CPV
array. In these modified parameters, temperature coefficients of short-circuit current and open-circuit voltage,
and transmittance-absorptance product are either taken from available measurements or algebraic calculation.
The CPV system used for field test consists of high accurate two-axis solar tracker with two CPV modules
installed. In sunny days, prediction of power output of CPV module agreed well with measured CPV power
in Jhong-Li, Taiwan. Our study has extended the applicability of TRNSYS for dynamic modeling of PV
system.
2. Introduction
Electricity obtained by PV panels is increasingly used in many countries. To improve the efficiency of the
system usually PV panels are mounted on mobile structures that rotate with respect to vertical and horizontal
axes for tracking the sun trajectory in the sky. CPV, in particular, is an emerging PV technology (Luque and
Andreev, 2007) which has the niche application able to generate high electricity under the high insolation. In
2008, it is estimated that the installation of CPV reaches can over 50 MW 2012 (Prometheus, 2008).
Although, the current installation of CPV is much smaller the current PV installation worldwide (12 GW), it
has greater potential of cost-equivalent to PV once the CPV system efficiency reaches to 28%. Thus, the
potential assessment and validation of field test in CPV system with the help of PV simulation tool is vital to
the deployment of CPV technology.
To properly disseminate the installation of PV system and promote simulation tools in PV system for better
assessment, the simulation software designed for PV system should including the following features: 1)
detaily analyze system characteristics under field operation condition, 2) study effect due to various load
profiles, 3) calculate the optimum size of PV module, 4) assess the feasibility of life cycle cost and economic
of PV system. As more PV systems are installed, there will be increasing demand for software that can be
used for design, analysis and diagonsis. There are a number of PV simulation software available, TRNSYS,
PVsyst, HOMER, SAM, Solar Pro, etc. Among them, TRNSYS (2007) has developed more than 30 years
and evolved as a flexible tool designed for simulating the transient performance of thermal energy systems
which earns its reputation in providing valuable modeling in PV system. Gow et al. (1999) have developed
various mathematical model for PV components (inverter, PV panel, etc) for simulate the total PV system.
Davis et al. (2003) calibrated paremeters in empirical formula for various types of solar cell to predict the
performance of PV. Perez et al. (2004) developed PV simiulation model for simulating PV output
performance. Mondol et al. (2009) used TRNSYS to investigate PV array capacity, declination angle,
azimuth angle, load curve, buyback electricity price, feed-in tariffs, capacity and cost ratio of PV and inverter
to the economics of grid-connected PV system.
Cameron et al. (2010) used Solar Advisor Model (SAM), developed by NREL, in which four conversion
models were analyzed, they are the Sandia PV model, CPV model (simulation of power output is corrected
with temperature conpensation), simple solar hour model (system power output and rated output is
proportional to direct normal insolation) and ASTM E2527-06 code. In their study, the performance of CPV
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system with multijunction solar cell is simulated, and one month measurement from two types of CPV
system was collected, including weather data, insolation and system performance. Klise and Stein (2009)
have ducumented and discussed various PV performance softwares (most of available softwares were
included) in support of the PV and grid-connected project.
The objective of this study is to evaluate the performance of CPV system in Taiwan for continuous
contribution of reliability and improvment of CPV technology from our previous study (Wu, et al., 2010).
Both experimental approach (under longtime field test) and numerical simulation (using TRNSYS) are
conducted and compared. We also testing other softwares (SAM and PVsyst) now. Their comparison will be
reported in elsewhere.
3. Approach
3.1 CPV system
The CPV system (see Fig. 1) consists of a two-axis azimuth-elevation type of solar tracker, which is
designed and made in house with two CPV modules (111 W, module efficiency 23.5%, Delta, Taiwan). This
system uses the solar position algorithm to attain high accurate sun-tracking and has been measured CPV
performance for more than one year in Jhong-Li, Taiwan. We also developed a very accurate tracking offsetangle device using PSD (position sensitive device) for monitoring the tracking performance (Wu, et al.,
2010). Accurate tracking lower than 0.5o during the high insolation condition can be achieved, while lower
tracking 0.5-1o in cloudy day. Beside the CPV system, system power output (DC/AC power) can be recorded
via the inverter connection, and a micro weather station dynamically measured the solar irradiation. Detail of
the system setup can be found in Chen (2011).

3.2 TRNSYS simulation
In TRNSYS package, its PV component (type 94) is originally designed for non-concentrating PV (most of
them are silicon-based cell). User can change the input parameters of PV module according to the
specification of PV array and weather data. However, most of CPV modules adopt III-V solar cell instead of
Si-based cell, the former has distinct photo-electrical features compared with silicon-based cell. Therefore,
these parameters must be adjusted and validated if one wants to apply TRNSYS for modeling the CPV array.
We identify four parameters should be modified due to outdoors temperature and semiconductor properties
which different from the standard test condition and non-silicon based solar cell. Brief descriptions of these
parameters are given below.

3.2.1 Temperature coefficients of short-circuit current and open-circuit voltage
As our laboratory did not measure the temperature of CPV module during outdoor operation, hence the
parameters of all temperature coefficients of short-circuit current (TCIsc) and open-circuit voltage (TCVoc) of
the CPV module cannot be obtained. Instead, we adopt the measured correlation between temperature and
CPV module from Kinsey et al. (2009) and Peharz et al. (2011). Kinsey et al. (2009) use multi-junction solar
cells manufactured by Spectrolab under the solar simulator, for indoor testing of temperature variations and
electric characteristics of solar cells where temperature varies from 25oC to 75oC. Their measurement show
that the value of TCVoc varies in the range of -0.13%/oC. Peharz et al. (2011) use solar simulator with
adjustment of controlling temperature and investigate effect of temperature change on parameters (Isc, Voc
and fill factor) for three FLATCON CPV modules. From measurement, they are able to obtain the value of
TCIsc changes between 0.05%/K and 0.13%/K while TCVoc was fixed as -0.18%/K. Based on reviewing above
literatures, we conclude that the reasonable value TCIsc varies in the range of 0.05-0.13%/K and TCVoc is
ranging between -0.13 %/K and -0.18 %/K.
Next, range of values of TCIsc and TCVoc are evaluated for their effect on the power output. First TCIsc is set as
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0.13%/K and varies TCVoc within a reasonable range (between -0.13%/K and -0.18%/K) and compared the
simulation results based on these input values with consecutively seven days of field measurement of CPV
power output. Prediction shows both output power are essentially equal under the changing range of TCVoc.
Next, TCIsc is made varied form 0.05%/K to 0.13%/K and compare this effect on power output. Again, power
output of CPV system are simulated for consecutive seven day and agreement between field measurement
and simulation is good with maximum difference of power 2.39 W.
The simulation indicates that variation of TCVoc (between -0.13 and -0.18%/K) has minor effect on the
prediction of power output, but the change of TCIsc (from 0.05%/K to 0.13%/K）has a larger effect. This is
because in the study of Peharz et al. (2011), the Fresnel lenses (concentrating lenses) are affected by the
elevated temperature inside the CPV module, which degrades the index of refraction. In addition, thermal
expansion induces by the elevated temperature also cause the deformation of lense. These combined effects
lower the absorbed solar irradiance of solar cell. Since one of the CPV modules has a secondary optical
component, functioning as homogenize the incoming sun light on the cell surface to avoid hot spot, thus the
temperature coefficient of Isc (0.13%/K) for module 1 is higher than that of module 2 (0.05%/K), but as
discussed already, temperature coefficient of Isc has minor effect on simulation result.
The CPV module used in our test also has secondary optical component for homogenizing the incoming solar
light. This additional optics can lower value of the temperature coefficient. Thus, based on all these
considerations, parameters in type 94 of TRNSYS are set as Isc of 0.13%/K and Voc of -0.18%/K. These
parameters are further converted into the required unit (TCIsc set as 0.13×1.29/100, and TCVoc set as 0.18×115.6/100), and resulted in values for TCIsc and TCVoc are 1.68×10-3 A/K and -0.208 V/K, respectively.
In Table 1, value of TCIsc and TCVoc for silicon-based solar cell is 1.66×10-3 A/K and -0.126 V/K,
respectively. After unit conversion to %/K one obtain temperature coefficient of Isc and Voc as 0.03%/K and 0.25%/K, respectively. These shows the III-V solar cell used in CPV module is less sensitive to the
degradation of temperature.
3.2.2 Transmittance-absorptance product
The power output of solar cell and PV module is proportional to absorbed solar radiation. It is well known
that effective absorbed solar radiation for a PV system consists of beam, diffuse, and grounded-reflected
components and these relation has been derived by Duffie and Beckmann (2006) in a functional form of the
transmittance (τ) and absorptance (α). They further transform the relation in term of the transmittanceabsorptance product (τα), which should be thought of as a property of a cover-absorber combination rather
than the product of two individual properties. The value of (τα) in PV module has been thoughly studied and
measured, with its typical values around 0.9.
However, this effect in CPV module has not been studied systemically as III-V multi-junction solar cell has
different characteristics of Si-based solar cell. Thus we need to derive the relation of (τα) for CPV module
and it is obtained based on the approach suggested by Duffie and Beckman (2006) with outdoor
measurement of cell temperature TC. They indicate that TC can be calculated from the energy balance
equation, that is part of absorption of solar radiation is converted into electricity and the rest dissipated as
waste heat. Which result in the following energy balance equation per unit module area
=
(τα )GT ηGT +U L ( Tc − Ta )

(1)

where ηc is the efficiency of module, GT is the total radiation of module surface, Tc and Ta is the cell and
atmospheric temperature, respectively, UL is the heat loss coefficient, which combine the heat convection
from the top/bottom module surface, heat radiation and heat conduction through solar tracker.
As the atmospheric temperature is different from the indoor standard temperature, the PV sector define he
nominal operating cell temperature (NOCT), which is cell or module temperature under under the insolation
800 Wm-2, wind speed 1 m/s, atmospheric temperature 293 K, and no electric load (ηc=0). Substituting
NOCT’s temperature, atmospheric temperature and insolation into equation (1) as
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(τα ) ( TC , NOCT − TA, NOCT )
=
UL
GT , NOCT

(2)

For traditional PV module, TC, NOCT is in the range of 313-323 K, however the cell temperature used in CPV
module increases as concentration ratio. We have roughly measured the cell substrate temperature of CPV
module with a thermal couple attached on the back substrate of solar cell and much higher temperature (343363 K) is recorded. Thus GT is chosen as 800 Wm-2 and TC,NOCT uses the average measured temperature 353
K and uses the measured direct normal insolation (DNI) on the CPV module surface for substituting GT. By
simultaneous solving equations (1) and (2) one can obtain the values of (τα) and UL at different insolation
and cell and atmospheric temperature. The average value of (τα) is 0.564 based on measured cell temperature
at outdoor test.
The parametric setting in Type 94 for a negative value of (τα) means the component will perform the
calculation of incident angle modifier (IAM) in order to correct the reflective loss of incident sun light. The
IAM is defined as the ratio of received insolation on the PV array to the amount under DNI
IAM ≡

(τα )

(τα )norm

(3)

where (τα)norm is (τα) value under DNI. Thus, the total effective insolation GT,eff on the CPV array is

=
GT ,eff (τα ) norm ( GT ,beam IAM beam + GT ,diff IAM diff + GT , gnd IAM gnd )

(4)

where IAMbeam, IAMdiff 和 IAMgnd are correction factor of incident angle for DNI, diffuse and reflective
radiation, receptively, and GT,beam, GT,diff, GT,gnd is the DNI (beam radiation), diffuse radiation and radiation
from ground reflection, respectively.
In the study of Mondol et al. (2009), they use TRNSYS to simulate PV electric performance, and set 0.91 for
(τα) which is similar as used in typical PV module (TRNSYS, 2007). On the other hand, the calculated (τα)
in present study is much lower. This is consistent with the characteristics of our CPV module, which has
additional concentrating optical lenses (Fresnel lenses). Optical lenses has optical loss due to lenses itself and
reflection of sun light, and long time exposure of solar radiation. Thus, we use a lower value of (τα) that of
PV module, which should give better representation of our CPV module.
3.2.3 Bandgap of semi-conductor materials
The default parameters of type 94 component used in simulation of PV array is for silicon-based solar cell,
so the value of semiconductor bandgap is also referred to silicon (1.12 eV). Yet, three-junction III-V solar
cell is used in our CPV module, and these two types of solar cell have different semiconductor properties.
One is pure silicon-based while ours is three-junction structure (GaInP/GaInAs/Ge). Thus, we refer the
technical specification of solar cell released by Spectrolab (the cell manufacture) for calculating the bandgap.
The corresponding bandgaps (1.75/1.2/0.66 eV) are averaged and resulting in a value of 1.2 eV. It should be
noted this is an approximation yet reasonable approach. Table 1 lists the parameters used in the PV array
components (type 94) in TRNSYS and the modified parameters (marked in red) for CPV module. The error
(εp) between measured and predicted result is given by

εp
=

PP − PM
×100%
PM

(5)

where PP and PM are the predicted and measured daily average DC power.
4. Results
The outdoor test of CPV system is affected by the insolation and in particular the percentage of DNI among
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the global insolation. Cloudy day with highly variation of DNI is definitely resulted in poor power output.
Simulation in this cloudy day is also troublesome since it cannot realistically mimic the instantaneous
variation of solar irradiance. This is exactly the case shown in Fig. 2, in which comparison of predicted and
measured DC power on a cloudy day (average DNI is 240 Wm-2 on 8/29, 2010) is made. Large error is
observed as high as 47.1%. It should be noted that measurement of DC power output is recorded from 8:20
am to 4 pm. This is because DNI value before 8:20 am and after 4 pm is not high enough to boost the lowest
activation voltage of CPV module. However, simulation did not take this into consideration and therefore,
discrepancy cannot be avoided. The prediction match well with measured power on a sunny day (average
DNI is 866 Wm-2 on 9/28, 2010) as shown in Fig. 3. Smooth distribution of solar irradiance is recorded and
this ensures good power performance of CPV. The measured power was recorded from 8 am to 4:30 pm.
Prediction of TRNSYS depicts the variation of DNI (around 11 am and 1 pm) better than the real
measurement. Overall difference is within 0.18%. Thus satisfactory agreement can be expected for higher
DNI during sunny summer session.
As PV field test needs long time monitor and monthly power generation is a better record to assess its
performance. Fig. 4 shows the measured and predicted cumulated electricity production vs. measured
cumulated DNI on August and September, 2010. Error between measured and predicted electricity
accumulation were 5.28% and 9.53%, respectively. These two months have higher solar irradiance amounts
than yearly average values. Thus agreement between simulation and experimental data are good.
From solar irradiation field monitoring we observe higher amount of DNI always ensure adequate to
sufficient power output since it’s the nature of CPV. The relation of daily average DNI and error between
measured and simulation is given in Fig. 5. As the level of DNI raises to 550 W/m-2 the error drop to 10%
and at even higher DNI level 850 W/m-2 (the reference value suggested by CPV industry) the error further
lower to 3%. We also compare for different month. Fig. 6 shows the monthly averaged measured and
predicted DC power and corresponding error. Overall, better agreement is obtained in August and September.
Both positive and negative values of error are shown, with negative value represents under-predict
simulation results and this occur in December which may due to the low atmospheric temperature which may
lower the module power generation.
There are other parameters that relate to the characteristics of CPV not being simulated in present study, for
example, tracking accuracy and description of the irradiance distribution. The former problem is being
studied in Chen (2011). Generally speaking, high accurate can be obtained under sunny weather and with
good design of sun-tracking algorithm as demonstrated in Wu et al. (2010) and Chen (2011). Yet, the
simulation cannot mimic the realistic tracking deviation. For high concentrating performances require a good
knowledge of the beam component. Then accurate models for achieving this evaluation would involve
parameter like turbidity, water and aerosol contents of the atmosphere, which are not defined in TRNSYS
database.
5. Conclusion
CPV technology has its niche application and unique high performance in efficiency and power generation.
Yet, it remains to increase its reliability and its market share. Simulation and field test of CPV are equally
important. We have successfully modified the PV array component in TRNSYS software for simulating the
CPV module which extends the applicability of TRNSYS. These modified parameters are either taken from
available measurements (e.g. bandgap, TCIsc and TCVoc) or calculated based on energy balance equation
(transmittance-absorptance product). The prediction of TRNSYS is greatly affected by insolation. In cloudy
day, high fluctuation value of solar radiation affect the performance of CPV module. Overall agreement with
the outdoor tests and the simulation is reasonable. Our study has extended the applicability of TRNSYS in
the area of CPV sector.
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Fig. 1 Schematic diagram of CPV system at National Central University in Jhong-Li, Taiwan.
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Fig. 2 Comparison of predicted and measured DC power on a cloudy day with average value 240 Wm-2. Error between
predicted and measured average DC power was 47.1%.

Fig. 3 Comparison of predicted and measured DC power on a sunny day with average value 866 Wm-2. Error between predicted
and measured average DC power was 0.18%.
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Fig. 4 Measured and predicted cumulated production versus measured cumulated DNI on August and September, 2010. Error
between measured and predicted cumulated production were 5.28% and 9.53%, respectively.
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Fig. 5 Error between measured and predicted daily average power as a function of measured daily average DNI.

Fig. 6 Monthly averaged daily measured and predicted DC power and corresponding error.
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Table 1 PV module characteristic parameter used in PV/CPV array component in TRNSYS.

Parameter
Module short circuit current at reference conditions (Isc)
Module open circuit voltage at reference conditions (Voc)
Temperature at reference conditions
Irradiance at reference conditions
Maximum power point voltage at reference conditions
Maximum power point current at reference conditions
Temperature coefficient of short circuit current (TCIsc)
Temperature coefficient of open circuit voltage (TCVoc)
Module temperature at NOCT conditions
Ambient temperature at NOCT conditions
Insolation at NOCT conditions
Transmittance-absorptance product at normal incidence (τα)
Semiconductor bandgap
Number of cells in the module connected in series
Number of modules in series in each sub-array
Number of sub-arrays in parallel
Individual module area

PV
5.54 A
50.3 V
298 K
1000 Wm-2
40.7 V
5.05 A
1.66×10-3 AK-0.126 VK-1
313 K
293 K
800 Wm-2
-0.91
1.12 eV
72
6
1
1.275 m2

CPV
1.29 A
115.6 V
298 K
825 Wm-2
92.87 V
1.2 A
1.68×10-3 AK-1
-0.208 VK-1
353 K
293 K
800 Wm-2
-0.564
1.2 eV
40
2
1
0.575 m2
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SIMULATION AND OPTIMIZATION OF CIGS SOLAR CELLS IN
CONCENTRATED SUNLIGHT
Ali Alimardani, MaziyarNoei, EbrahimAsl-Soleimani and Ali Afzali-Kusha
School of Electrical and Computer Engineering, University of Tehran, Tehran, Iran

1. Abstract
Chalcopyrite Solar cells based on copper-indium-gallium-diselenide (CIGS) absorbers demonstrate the
highest efficiencies of all thin film photovoltaic technologies. In the recent years, laboratory scale cells have
reached efficiencies of about 20% and this technology has received significant funding to support its growth.
Simulations of CIGS solar cells can help designers to examine and evaluate their limiting factors and employ
proper techniques to overcome them. In this work, we simulate single-crystal CIGS solar cells with different
absorber thicknesses and compositions, different grading ratios and different doping concentrations when
considering some defect densities. Moreover, we have added grain boundaries in the structure of our cell's
absorber layer in order to have a qualitative look at the effects of poly-crystalline boundaries in charge
carriers' recombination rate and their influence on efficiency. Furthermore, we compared our results for the
cells with and without boundaries. This comparison helps one to understand the impact of morphology in a
CIGS solar cell on its efficiency. In addition, we performed all of our simulations in higher concentrations of
sunlight in order to optimize the grading ratio and doping concentration in these conditions for obtaining the
highest efficiency.
2. Introduction
Recently, commercial interests have begun to shift towards thin film solar cells where lower amounts of
absorber materials are used in the fabrication processes. So far, Copper Indium Gallium (di)Selenide solar
cells have received favorable attention among emerging materials for solar cell fabrication (Ugarte, et al.
1999). CuIn1-xGaxSe2, being a chalcopyrite material and belonging to P65 symmetry group, experiences
direct electronic transitions and is among the materials with high production volumes. The CIGS solar cells
offer the specific power of up to 919 W/Kg, which is the highest attainable value among the thin film solar
cells (Otte et al. 2006). Also, their high efficiency (as a result of CIGS's direct bandgap and high optical
absorption coefficient) and low cost potential, as well as their ability to be fabricated in a flexible and
inexpensive way offer new possibilities for their applications. Moreover, CIGS cells also display strong
radiation hardness compared to GaAs solar cells (Rudmann and Kessler, 2004). This shows promise for their
further use in space applications. These features have made CIGS solar cells very attractive in the recent
years.
By changing the Ga to Ga+In ratio from 0 to 1, a wide range of bandgap values (1.06eV to 1.7eV) are
obtained while graded-bandgap structures, which offer even higher efficiencies can also be built. The highest
reported efficiency value so far has been obtained by setting the Ga/Ga+In ratio to values of about 0.3. CIGS
solar cells have reached efficiencies in the range of 20% (Bouabid et al., 2005; Ramanathan et al., 2005) and
an efficiency of 21.32% has been achieved with CdS based buffer material in (Chelvanathan et al., 2010). It
is found that the high efficiency CIGS cells have the absorber layer thickness of about 3µm (Pudov et al.,
2005) and the optimum thickness of buffer layer is reported to be 40–50nm.
In addition to improving the open circuit voltage, incorporation of Gallium helps in improving the adhesion
of absorber layer to the Molybdenum back contact. It also alters some of the material properties like lattice
constant, film morphology and defect mechanisms. The composition of absorber layer can be adjusted by
using different processing techniques. This is referred to as Gallium grading. Increasing the Gallium content
increases the bandgap by predominantly shifting the conduction band. Therefore, Gallium grading helps to
build quasi-electrostatic fields, which enhance current collection.
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T. Dullweber et al. (Dullweber et al.,2000) have studied various graded absorber layers like a linearly graded
absorber, multi-graded absorber and a double graded absorber. The output parameters show a strong
dependency to the slope of grading in a linearly graded absorber. While in a multi-graded absorber, the
current is dominated by the minimum bandgap and the open circuit voltage is dominated by the bandgap in
the space charge region.
Non-radiative Shockley–Read–Hall (SRH) recombination occurs via defect states in the band gap. This
recombination is higher for states near the gap center than for states near the band edges. SRH type
recombination in the space-charge region not only increases the saturation current, but also increases the
diode factor (Siebentritt, 2011). A special location for SRH recombination are the grain boundaries (Rau et
al., 2009), which can be expected to display a large density of structural defects, like strained or dangling
bonds. The density of charged defects at grain boundaries in CuGaSe2 was found to be 1012 cm-2 (Schuler et
al., 2002). Assuming grain sizes of about 1µm means an average defect density of 1016 cm-3. On the other
hand, it has been argued that a barrier in the valence band (Persson and Zunger, 2003) at the grain boundaries
keeps the holes away from the grain boundaries and prevents recombination (Persson and Zunger, 2005).
Higher sunlight concentrations bring two advantages for solar cells. Firstly, the required area can be reduced
which lowers the cost. This allows us to use more expensive technologies to produce more qualitative cells.
On the other hand, open circuit voltage of the cell increases as well as its short circuit current, enhancing the
cell’s efficiency. The efficiency however may be adversely affected or saturated due to other loss
mechanisms present in these cells. As a result, it is obvious that design optimization of a CIGS solar cells
requires the study of all of these effects.
Our purpose in this paper is to have a comprehensive study on CIGS solar cells, therefore, we organize this
paper as follows. After the introduction, in Section 2 we present the cell structure which will be simulated in
our work. In order to do so, we find the highest possible efficiency by simulating the device for different
composition values and different absorber layer thicknesses. Using the constructed cell structure, in Section 3
we demonstrate the effects of graded-bandgap. Section 4 is devoted to the impact of absorber layer’s doping
concentration on its performance, while Section 5 gives a qualitative look at the effects of poly-crystalline
thin film grains and the recombination centers at their boundaries. Conclusions are finally drawn in Section
6.
3. Defining the Cell Structure
Schematic of a typical CIGS solar cell structure is depicted in Fig.1. The device consists of a typically 1µm
thick Molybdenum layer which is deposited on a soda-lime glass substrate of 1-3 mm thickness and serves as
the back contact.

Fig.1: CIGS cell structure

The p-type absorber layer is deposited on the back contact, where a thin layer of CdS acts as buffer and
forms a heterojunction with CIGS absorber film. A thinner CdS film minimizes the spectral loss caused by
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its light absorption, and the highest conversion efficiencies in CIGS so far have been achieved by CdS
thicknesses of 30-70nm. A second buffer layer, which is a nominally undoped (intrinsic) i-ZnO (usually of
thickness 50-70 nm) and then a heavily Al-doped ZnO layer are deposited on top of the structure. As ZnO
has a bandgap energy of 3.3eV, it is transparent for the main part of the solar spectrum and hence is denoted
as the window layer of the solar cell.
Table 1. Parameters assumed for CIGS cell simulation

In this work, all of the simulations are done in 2-dimensions. This allows us to consider some of the lateral
effects as well. Firstly, we define the structure of our cell based on the values of physical parameters that are
brought in Table.1.
These values are chosen based on experimental data, literature values, theory and reasonable estimates.
Using these values, to get a reference structure, the conventional CIGS cell is simulated for different
fractions of gallium content in order to find the optimum value for the composition of absorber layer. Fig.2.a
shows the I-V characteristics of our cell when simulated with different composition fractions. It is observed
that by increasing the incorporated content of gallium in the absorber layer, its energy gap and consequently
open-circuit voltage increases, while the short circuit current decreases as a result of lower wavelength cut
off. In Fig.2.b, the obtained efficiencies are plotted as a function of composition fraction. It can be seen that
the efficiency reaches an optimum value in Ga to Ga+In ratio of about 0.4.

Fig. 2: Effect of changing composition fraction in CIGS a) I-V curves for some fractions b) Efficiency

Having specified the optimum composition fraction for the presented cell, the next step is to perform our
simulations for different thicknesses of absorber layer. As it can be seen in Fig.3, the efficiency of cell
increases with the thickness of absorber layer, but the rate of improvement is much slower for thicknesses of
over 4000nm. A thicker absorber layer has more cost with very little improvement in efficiency. Therefore,
the optimum value for thickness of this layer is about 3-4µm. The reference cell structure for our following
simulations has thickness of 3µm for CIGS layer, 50nm for intrinsic ZnO layer, 400nm for the Aluminum-
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doped ZnO window and 40nm for CdS layer (Ward et al., 2001).

Fig. 3: Effect of the cell thickness

4. Effect of Different Grading Ratios
In this section, in order to demonstrate the effects of bandgap grading on efficiency, a certain grading profile
with different grading ratios is simulated in various sunlight concentrations. In these simulations, the
composition fraction of CIGS layer is varied from 0.25, 0.50, 0.75 and 1 to zero. The band diagram for these
different grading ratios (in the units of Ga to Ga+In ratio per absorber layer thickness) is shown in Fig.4.
This figure shows that the changes in composition fraction have a significant impact on the valence band of
CIGS layer. These changes can result in quasi-electrostatic fields that affect the short circuit current to a
great extent.

Fig. 4: Band diagram of CIGS Solar cell for different grading ratios

A higher sunlight concentration enhances the efficiency of the cell by generating more carriers. This
improvement is more significant for cells with lower series resistance. Fig.5 depicts the simulated efficiency
of our solar cell in different sunlight concentrations and grading ratios.
From Fig.5, it can be seen that under 1 sun concentration, efficiency increases in higher grading ratios. When
the spatial variance in bandgap is not large, there’s almost no significant change in the absorption coefficient
and consequently the cell’s current. Therefore, the electric field associated to bandgap grading will enhance
the open circuit voltage, and efficiency increases. However, when the spatial variance in bandgap is large,
absorption coefficient decreases and we get less short circuit current. By improving open circuit voltage,
efficiency will enhance lesser than before.
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Fig. 5: Efficiency versus light concentration for different grading ratios

Higher concentrations of light generate more carriers and short circuit current almost changes proportional to
the sunlight concentration. It is shown that open circuit voltage also changes in a logarithmic manner with
sunlight concentration. These changes should improve the efficiency in higher concentrations if fill factor is
constant throughout the enhancement of sunlight concentration. However, fill factor depends on resistivity of
the cell and due to higher resistivity in the cells with higher grading ratios, by increasing the current under
higher concentration of light these cells have more power loss. This causes a significant reduction in fill
factor and efficiency. Maximum efficiency of the cell in each grading ratio occurs in a different sunlight
concentration, because resistive losses which manifest themselves in the fill factor, take over the enhancing
mechanisms in different sunlight concentrations, depending on various properties of the cell such as its
grading ratio. We see that for grading ratio of 0.5, maximum efficiency occurs in 50suns, while for 0.75 it
occurs in 20 suns. This can be explained by considering that the former case has a lower resistivity and
compared to the latter one, it takes more increase in the cell’s current for loss mechanisms to dominate. It can
be seen that for grading ratio of 0.25, efficiency of the cell improves with increasing sunlight concentration
even up to 100suns.
5. Effect of Different Doping Concentrations
The constructed CIGS cell is simulated for different doping concentrations of absorber layer in several
sunlight concentrations. The results are depicted in Fig.6.

Fig. 6: The cell efficiency versus sun light concentration in four doping concentration

In higher levels of doping concentration, the cell’s efficiency is degraded as a consequence of increased
recombination that decreases the separation of electrons and holes. It can be seen that by changing the doping
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concentration of absorber layer, efficiency changes as well. Precise modeling of the dependency of efficiency
on the absorber layer’s doping concentration can be done in future works.
6.

Effect of Grain Boundaries

To understand the behavior of poly-crystalline solar cells, in this section we consider some of the nonidealities that may exist in the structure of a CIGS solar cell. Experimental results have shown that defects
and grain boundaries play an important role in the output characteristics of a poly-crystalline CIGS solar cell.
Moreover, the surfaces in a CIGS solar cell may have a considerable amount of dangling bonds and Se
vacancies, which act as compensating donors and recombination centers. In order to simulate the higher
recombination rates in interface regions, we have defined a higher surface recombination velocity in our
cell’s structure. In addition, the influence of grain boundaries is taken into account by departing crystalline
regions with very thin regions of high-concentration traps. In these grain boundaries, recombination has a
comparatively high velocity.
We have defined three cells with different grain sizes and calculated their efficiencies both in the presence of
internal defects and without them. A comparison is also made between these cases and the ideal crystalline
cell. Fig.7. shows the obtained results.

Fig.7: The cell efficiency with different grain sizes with and without defects.

Fig.7 shows that both defects and grain boundaries considerably reduce the efficiency in a CIGS solar cell,
yet the impact of defects is more significant.
7. Conclusions
In this paper a conventional structure of CIGS solar cell was simulated in different grading ratios and doping
concentrations. Bandgap grading and optimization of doping concentration are two important methods that
are used to improve the efficiency of these cells. Increasing sunlight concentration also enhances the
efficiency. Studying the impacts of higher sunlight concentration can help designers to understand the trends
and mechanisms of a CIGS solar cell’s performance. By considering the relation between said parameters in
the design of a CIGS solar cell, we can attain the highest possible efficiency in a specific structure.
Finally, two effective non-idealities - defects and grain boundaries - were studied in the constructed cell’s
structure to examine the influence of material morphology on a CIGS cell’s performance.
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1. Abstract
Higher concentration of sun light increases the amount of current and lower sheet resistance is needed to decrease
the loss of current flow. Two ways can be considered for having lower sheet resistance: increasing the doping
concentration and the depth of emitter region, but both of them may decrease the efficiency in some values. If we
consider both methods simultaneously, the optimum values for doping concentration and emitter depth will change.
Another suggestion for improving the efficiency is placing n+-layer under the contacts. In this work, we simulate a
common structure of silicon solar cell in different sunlight concentrations. Sunlight concentration causes different
behaviors in different emitter doping concentrations and depths. These behaviors are studied by examining some
physical phenomena occur during the cell operation. Thus, the optimum value for doping concentrations and depths
and qualitative reasons for the changes can be determined. In addition, we compare the results with analytical
description in some cases. Additionally, we simulate the n+-layer under the contacts and compare the efficiency of
that with previous condition, its influence is more considerable in higher sheet resistances.
2. Introduction
Silicon solar cells have currently the biggest portion of the market for photovoltaic systems in the world. In recent
years, silicon solar cells using concentrated sun light radiation have gained great importance. Higher sunlight
concentration brings two advantages for solar cells. Firstly, the required area can be reduced which results in less
cost. Therefore, expensive technologies can be used for greater efficiency. Furthermore, by using this technique,
open circuit voltage, as well as short circuit current of the cell increases. But other loss mechanisms affect the rising
efficiency trend and especial considerations are needed to design new structure for these cells (Luque, 1989; Araki
and Yamaguchi, 2000; Morvillo et al., 2007). Higher concentration of sun light generates more carriers in solar
cells, thus, the amount of current will increase and lower sheet resistance is needed to decrease the loss of current
flow. One way to decrease the sheet resistance is increasing the doping concentration in the emitter region. But this
results in increasing the recombination rate in that region, lower carrier concentration near the contacts and
accordingly, reduces the currents. Another way for having lower sheet resistance is increasing the depth of emitter
region, but in this case the distance between p-n junction and the cell surface is increased and carriers have longer
paths to reach the contacts, therefore, the collection probability is reduced. Both solutions have optimum values in
certain condition, but if we consider both methods simultaneously, these values will change. A good suggestion for
improving the efficiency may be the placing a heavily doped n+-layer under the contacts. This would minimize the
contact resistance to silicon and keeps minority carrier away from the contacts.
The analytic modeling of these phenomena is not simple because it necessarily involves two- and three-dimensional
approaches (Antonini et al., 2003; Araki and Yamaguchi, 2003; Daliento and Lancellotti, 2010). Therefore,
simulation of the cells can help to understand limiting factors and influences of all parameters more accurately.
In this work, we simulate the structure of a silicon solar cell that is shown in Fig.1, in different sunlight
concentration. Sunlight concentration defines the point which the influence of sheet resistance overcomes the effect
of high recombination rate. In fixed emitter depth, for higher illuminations, efficiency may decrease by changing the
doping concentration. All of the simulations are performed in 2-dimensions and lateral effects in the emitter region
are taken into account. For different emitter doping concentrations and depths, sheet resistance, recombination rate,
band gap, short circuit current, open circuit voltage and efficiency are examined. In addition, we compare the results
with analytical description for bandgap narrowing, recombination rate and sheet resistance. As the equations for
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photo generation and absorption cannot take simple forms and depend on depth and band gap non-linearly,
simulation helps to accurately define the depth and doping of emitter region. Additionally, we simulated the n+-layer
under the contacts and compare the efficiency of that with previous condition with different emitter depths, emitter
doping and sunlight concentrations, its influence is more considerable in higher sheet resistances.
3. Solar Cell Structure and TCAD Simulator
A TCAD device simulator is exploited to analyze the influences of doping concentration and emitter depth changing
under different sunlight concentrations. The structure of simulated cell, defined according to previous works
(Daliento and Lancellotti, 2010) is shown in Fig.1. It is made up by n-type emitter diffused into a 300µm p-type
substrate. The metal grid has a multifinger pattern made up of ideal metal. The spacing between the fingers (center
to center) is 200µm, the width of the fingers is 10µm and the height of them is 10µm. The emitter doping profile
was assumed to have a uniform shape with different junction depths. It is also assumed that two layer of
antireflection material (ZnS and SiO2) are coated on surface of the cell.

Fig. 1: Simulated silicon solar cell structure

Numerical solutions are obtained by discretizing the cell structure in grid points whose spacing has to be short
enough to follow microscopic variations of geometrical and electrical parameters. Once the geometries of the cell
have been defined, material electrical properties, in particular minority carriers recombination and surface
recombination velocity, need to be defined too. In this cell, base doping concentration is set to 6×1016cm-3, bulk
lifetime and surface recombination velocities are set to 75µs and 1000m/s respectively for both electron and hole.
4. Simulation Results and Discussion
4.1. Efficiency, Short Circuit Current and Open Circuit Voltage
We simulate the cell with different doping concentration and depth of emitter under several concentration of
sunlight. In the first step, we consider the efficiency of the cell and discuss about the phenomena and their effects on
efficiency qualitatively. Fig.2. shows the efficiency of the cell in different doping concentration and depths of
emitter under 1sun and 50suns.
Increasing the doping concentration reduces the sheet resistance of emitter, and hence the power loss in this region.
Higher doping concentrations causes higher recombination rate and narrower bandgap, therefore it can be seen that
efficiency decreases considerably, especially in deeper emitters.
Decreasing the depth of emitter reduces the paths that carriers should go to reach the contacts in regions that more
generation occurs and consequently collection probability increases. This results in higher efficiency in lower depths
of emitter because the current rises, but decreasing the depth increases the sheet resistance and power loss which
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may degrade the efficiency.

Fig. 2: The efficiency of the cell in different doping concentration and depths of emitter under 1sun and 50suns

If both effects are taken into consideration simultaneously, different results are gained. In shallower emitter,
efficiencies have greater values but because of higher sheet resistance higher levels of doping are needed to reduce
the power loss, therefore we see that maximum efficiency in shallower emitter occurs in higher doping
concentration. Under concentrated sunlight, cell current and voltage increase, but the efficiency strongly depends on
fill factor of the cell. In high illuminations more carriers are generated, thus high sheet resistance causes more loss
due to lower fill factor. Reducing doping levels and depth of emitter at the same time results in very high sheet
resistances and degraded fill factor. Their effects on efficiency are very considerable in 50suns. Fig.3. shows the
efficiency of the cell in two doping concentration and five depths of emitter versus sunlight concentration. The
optimum concentration of sunlight is different for each emitter depth in lower doping concentrations because the
influence of increasing the voltage and the current overcomes the effect of low fill factor in different concentrations.
In higher doping levels or emitter depths, efficiencies rise by increasing the concentration of sunlight.

Fig. 3: The efficiency of the cell in Doping concentrations of a)1×1018cm-3 b) 5×1019cm-3 and five depths of emitter versus sunlight
concentration for emitter depth of 0.1µm, 0.3µm, 0.5µm, 1µm, 1.5µm

Fig.4.a shows the short circuit current of the cell in two depths of emitter versus doping concentration under three
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concentrations of sunlight. For lower depth the currents are higher because of shorter distances for carriers to reach
the contacts. Short circuit current decreases by increasing the doping concentration because the life time of carriers
reduces. The drop in higher levels is due to high recombination rate especially Auger recombination. Fig.4.b shows
the open circuit voltage of the cell in two doping concentrations versus emitter depth under three concentrations of
sunlight. For these two doping concentrations different behaviors can be seen by changing the emitter depth.
According to eq.1 open circuit voltage depends on short circuit current and saturation current of the cell (Green,
1992). Deeper junction reduces both the saturation current and short circuit current, but short circuit current in
higher level of doping, as it is shown in Fig.4.a has more considerable reduction, therefore decreasing the saturation
current that increases the open circuit voltage can overcome the reduction of short circuit current in lower levels of
doping but it cannot in higher levels. Consequently, in lower doping concentration open circuit voltage increases by
increasing the depth but in higher levels of doping it decreases.
(eq. 1)

ln 1

Fig. 4: a)The short circuit current of the cell in depths of 0.3µm and 0.8µm for emitter versus doping concentration b)The open circuit
voltage of the cell in doping concentrations of 4×1020cm-3 and 8.5×1017cm-3 versus emitter depth, both under 10,30 and 50 suns

4.2. Bandgap Narrowing, Recombination Rate and Sheet Resistance
In this section, the simulation results for effects of bandgap narrowing, recombination rate and sheet resistances are
studied and compared with analytic descriptions.
In the presence of heavy doping, greater than 1018cm-3, experimental work has shown that the p-n product in silicon
becomes doping dependent (Slotboom, 1977). As the doping level increases, a decrease in the bandgap separation
occurs, where the conduction band is lowered by approximately the same amount as the valence band is raised. By
considering this effect new intrinsic concentration is described with following equation.

exp

∆

(eq. 2)

Which nie is the new intrinsic concentration.
Bandgap narrowing is calculated from the expression by Slotboom and de Graaf (Slotboom and De Graaf,, 1976).

∆Eg

E ln

ln

C

(eq. 3)

Which E1, N0 and C are constant values.
The bandgap reduces logarithmically by increasing the doping concentration. Bandgap narrowing versus doping
concentration is shown in Fig.5. In this figure simulation results are compared with analytic results from eq.3.
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Fig. 5: Bandgap narrowing versus doping concentration (comparing simulation results and analytic results from eq.2)

Fig.6.a shows recombination rate, SRH recombination and Auger recombination for doping concentration of
3×1019cm-3 versus the position in lateral direction. The analytic equations for SRH (Shockley,and Read, 1952; Hall,
1952) and Auger (Kerr and Cuevas, 2002) recombination are brought in advance. Recombination rate is mainly
determined by two different mechanisms: SRH recombination for lower concentrations and Auger for higher ones.
(eq. 4)

R
R

C n

C p np

n

(eq. 5)

Near the contacts, recombination rate has higher values because the concentration of carrier is very high near the
contacts. Because of this reason - increasing the carrier concentration - also by increasing the illumination,
recombination rate becomes higher. Recombination rate in several concentrations of sunlight are seen in Fig.6.b.

Fig. 6: a)Recombination rate, SRH recombination and Auger recombination b)Recombination rate for sunlight concentrations of 1, 10,
20, 30, 40 and 50 suns, both for doping concentration of 3×1019cm-3 versus the position in lateral direction

Fig.7. shows the sheet resistance of the emitter region versus the doping concentration. By increasing the doping
concentration sheet resistance decreased as it is expected from the eq.7 (Green 1992). In Fig.7. the results from
simulation and analytic equation are compared. The difference between the diagrams is because of constant value
for mobility in analytic equation, whereas changing mobility with doping concentration is accounted in simulations.
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(eq. 7)

Fig. 7: The sheet resistance of the emitter region versus the doping concentration (comparing the simulation and analytic results)

4.3. Effect of placing n+-layer under the contacts
Surface recombination has a major impact both on the short circuit current and on the open circuit voltage. High
recombination rates at the top surface have a particularly detrimental influence on the short circuit current since top
surface also corresponds to the highest generation region of carriers in the solar cell. Lowering the high top surface
recombination is typically accomplished by reducing the number of dangling silicon bonds at the top surface by
growing a passivating layer (usually silicon dioxide) on the top surface. This passivating layer is usually an insulator
and any region which has an ohmic metal contact cannot be passivated. Instead, under the top contacts the effect of
the surface recombination can be minimized by increasing the doping. While typically such a high doping severely
degrades the diffusion length, the contact regions do not participate in carrier generation and hence the impact on
carrier collection is unimportant. In addition, in cases where a high recombination surface is close to the junction,
the lowest recombination option is to increase the doping as high as possible.
Fig.8. shows the efficiency of the cell in both the case that no n+ layer exists and the case that n+ layer placed under
the contacts versus doping concentration under three sunlight concentrations for emitter depths of 0.3µm and 0.5µm.

Fig. 8: The efficiency of the cell in the case that no n+ layer exists and the case that n+ layer placed under the contacts versus doping
concentration under 1, 10 and 50 suns for emitter depths of a)0.3µm and b)0.5µm.
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This figure shows that in lower doping concentrations n+ layer has more effective influence on efficiency of the cell
because sheet resistance is higher and also more carriers recombine near the contacts, therefore high doped layer can
reduce sheet resistance and recombination rate more considerably. This improving of the efficiency is about %0.5
for emitter depth of 0.5µm and %1.5 for 0.3µm under 1sun and doping concentration of 8.5×1017 cm-3. The distance
between the surface and junction and hence carrier recombination are higher in 0.5µm. Placing the n+ layer has
greater influence in shallower emitters because it reduces the recombination rate more. In addition when the sheet
resistance is higher this layer decrease the sheet resistance more which results in lower power loss. Increasing the
sunlight concentration causes more recombination and more power loss especially in higher doping concentration
and the efficiency improvement reduces.
5. Conclusion
In this paper we simulated a conventional structure of solar cell for working under concentrated sunlight. We aimed
to study the important parameters of emitter region and their influence on efficiency in higher concentration of light.
It is concluded that for shallower emitter, efficiency rises and has a peak value in higher doping concentration. This
lower depth of emitter makes some problem in lower doping concentration especially in concentrated sunlight. We
simulated the cell in different emitter depth and doping and several sunlight concentrations and examined all the
behaviors and explained all the reasons by considering short circuit current, open circuit voltage, bandgap
narrowing, recombination rate and sheet resistance. This helps the designers to consider all effects before production
process. Finally the impact of n+-layer was studied as a solution for reducing the sheet resistance and recombination
of carriers near the contacts. This layer improves the efficiency specifically in lower levels of doping.
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3.4 Wind Energy

APPLICATION OF PERICYCLIC
CONTINUOUSLY VARIABLE
TRANSMISSION TO WIND
TURBINES

transmission (P-CVT) as the optimum transmission
of the wind turbine, as traction based transmissions
are highly inefficient. The P-CVT is a 2 degree of
freedom system that features a
reaction control rotor, pericyclic motion converter,
and an output rotor illustrated in Figure 1.

Theme 3: Renewable Electricity
3.07 Wind Energy
Dr. Sameer Hameer
Department of Mechanical and Industrial
Engineering, University of Dar-es-Salaam, Dares-Salaam (Tanzania)
Fig. 1: Pericyclic Continuously Variable
Transmission (Lemanski et al (2006)).

1. Introduction
Variable speed wind turbines have been used since
1970. And over the 30 year span, several variable
wind speed technologies have come along and
matured with the technological progress in the
electronics industry. Wind turbines can be classified
to their speed control (fixed/Variable RPM) and
power control abilities such as stall control, pitch
control, and active stall control (Jensen, 2007).
Variable speed transmission is important because it
allows the optimization of each section of the rotor to
operate at its best lift to drag ratio. Varying the speed
of the rotor along with pitch and yaw control form
the basis of the control system of a wind turbine. The
wind speed is not constant; therefore, a variable
speed unit must be incorporate such that the rotor
speed is a linear function of the wind speed. The use
of variable speed wind turbines provides 20% more
power than a fixed wind speed turbine. Current
variable speed wind turbines vary the speed
electrically, as opposed to mechanically. The most
common electrical variable speed wind turbine is the
doubly fed induction generator. The major obstacle
with electrical variable speed transmissions lies in the
power electronic conversion from AC to AC, which
involves the conversion from AC-DC and then DCAC. This whole process results in an energy loss of
10%. The major concern with electrical variable
transmission is the low reliability of the slip ring
system. The use of a mechanically continuously
variable transmission reduces torque spikes and
increases component reliability. The Department of
Energy, USA, concludes that the use of mechanical
continuously variable transmissions to wind turbines
provides an economic benefit of reducing the cost of
energy by 11.2%. Based on the wind speed, the
variable speed unit must control the rotor RPM and
torque. Research done on traction and non-traction
based continuously variable transmissions have
resulted in the selection of the non-traction, positive
engagement, pericyclic continuously variable

The P-CVT is an electromechanical CVT consisting
of a reaction control rotor, pericyclic motion
converter, and an output control rotor. The mating of
the reaction control rotor with pericyclic motion
converter at the reaction control rotor side results in
the mating of the output control rotor with the
pericyclic motion converter at the output side5. This
arrangement varies the speed of the output rotor. An
illustration of a P-CVT split torque design is shown
in Figure 2.

Fig.2: Split Torque P-CVT (Lemanski et al
(2006)).
The P-CVT falls under the class of a nutating
mechanical transmission. The P-CVT undergoes
nutation, rotation and precession to achieve variable
speed operability at a design coneing angle that is
selected based on gear design mating principles and it
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is typically in the range of 2 to 5 degrees[Ref
Lemanski et al (2006). The P-CVT mechanism is
illustrated in Figure 3.

wind speed technologies have come along
and matured with the technological progress
in the electronics industry. The wind speed
is not constant – it’s fluctuating (varying
with time). In order to have constant power
output from the electrical generator, a
variable speed unit must be incorporated in a
wind turbine. The rotor speed is a linear
function of the wind speed.

The need for a mechanical variable speed
transmission is justified by the statements
below.
•

The use of variable speed wind turbines
provides 20% more wind power than fixed
wind speed turbines

•

The major obstacle with electrical variable
speed transmissions is that the variable
electricity must be rectified and then
converted to AC electricity using an
inverter, so that it can be fed into the power
grid. This process causes an increase in
overall cost and results in an energy
reduction by 10% due to the heat dissipation
from the power electronics

•

The use of continuously variable
transmission reduces torque spikes and
therefore, increases component reliability

•

Recent research has shown that a
continuously variable transmission would
improve wind capture and reduce fatigue
torque loading

•

The use of continuously variable
transmissions to wind turbines provides an
economic benefit in terms of reducing the
cost of energy by 11.2%

Fig.3: P-CVT Electromechanical Transmission
(Lemanski et al (2006)).
.
The advantages of the P-CVT according to Alfonse
J. Lemanski5 are:
• High Contact ratios (> 5:1) which results in
a quarter of the teeth of the PMC mating
with the reaction control rotor and a quarter
of the teeth of the PMC mating with the
output rotor. This allows for high torque
transfer and efficiency resulting in high
power density, low gear vibration excitation
and noise
• P-CVT analysis done on a K-MAX
helicopter has resulted in a 17% weight
reduction and a 40% reduction in envelope
size
• Large single stage reduction ( > 50:1)
• Static laboratory tests and flight test of the
A-160 Hummingbird UAV has proven the
“optimal speed rotor” concept
• NASA-Army-Industry-University design
study has demonstrated importance of
variable speed technology for Heavy lift
Missions. Studies looked into Nutating
Mechanical Transmissions (NMT)
• Application to mechanically variable speed
wind turbines
• Research conducted on traction and
nontraction based continuously variable
transmissions have resulted in the selection
of the nontraction pericyclic continuously
variable transmission (P-CVT) as the best
approach for a wind turbine, as traction
based transmissions are highly inefficient .

Wind turbines are getting
proportionally with power.
Wind turbines have been
70’s. In the 30 years span,
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larger – scales
Variable Speed
used since the
several variable

The technical challenges of wind turbines is
justified by the statements below (Melicio
and et al). Wind turbines have three types of
controls namely yawing, pitching, and RPM
control. The wind turbine control problem
has at least three important requirements:
•

setting upper bounds on and limiting the
torque and power experienced by the drive
train, principally the low-speed shaft;

•

minimizing the fatigue life extraction from
the rotor drive train and other structural
components due to changes in wind
direction, speed (including gusts), and
turbulence, as well as start-stop cycles of the
wind turbine; and

•

Maximizing the energy production.

•

The control problem is the judicious
balancing of these requirements.

•

The back pressure from the tower causes
torque pulsations equal to the rotor rpm
multiplied by the number of blades

The Variable Speed Wind Turbine Schematic is
illustrated below in Figure 4.

Variable Speed Wind Turbine
Schematic
Wind Turbine
Shaft

Generator
Shaft

P-CVT
Gearbox
IN

Free stream
velocity
(timevarying)

Rotor

Instrumentation

focused on sensor blade loads, shape, and structural
health monitoring using accelerometry. Researchers
at Micron Optics, Inc have focused on sensor blade
operational loads and temperature distribution using
surface mounted fiber optic sensors. Researchers at
TPI composites, Inc have focused on sensor blade
manufacture in an open shop floor environment.
Researchers at Sandia National Laboratories have
focused on sensor blade tip deflections using
processed video images. Researchers at USDA-ARS
have focused on sensor blade field test on an
operational wind turbine. Researchers at
NREL/NWTC have focused on sensor blade static
and fatigue tests in the laboratory. Gearbox failures is
a major cause of concern in wind turbines .
Therefore, the National Renewable Energy
Laboratory (NREL) lists planetary gear bearings,
low speed, and high speed shaft bearings. A three
point plant developed by NREL is shown in Figure 6.

Nacelle
OUT

The P-CVT will have a
differential variable speed at
the input stage (vary the
Rotor RPM) and a constant
output for the electrical
generator

tower

Fig.4: Variable Speed Wind Turbine Schematic.

The wind technology flow chart is shown in Figure 5.
WIND TECHNOLOGY DEVELOPMENT FLOW CHART

Fig. 6: A Three Point Plant (NREL).

(HUMS – HEALTH USAGE AND MONITORING SYSTEMS)

Reliability Prediction of the Wind
Turbine Subsystems using Smart
Sensors and Mathematical models

Drivetrain Sensors
and Instrumentation

Blade Health Monitoring
Sensors and Instrumentation

HUMS

Heuristic/ Neural Control
HUMS and Sensor
Systems for
Gearboxes, Shafts,
and Bearings

Sensors/
controls

Nacelle

Generator

Breaks

Gearbox
(“loads on
wind
turbine”)

Tower
(“CFD/CSD
COUPLING”)

Fig.5: Wind Technology Flow Chart.
The researchers at Sandia Research Laboratories
have stressed the importance of sensors and structural
health monitoring for wind turbines in terms of
developing cost effective and reliable diagnostic and
prognostic smart sensor systems. Researchers at
Aither Engineering, Inc have focused on sensor blade
shape using embedded fiber optic based strain
sensors. Researchers at Purdue University have
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Currently mechanically variable wind turbines use
the Nuvinci transmission which varies the speed by
using a set of rotating and tilting balls placed between
the input and output components, as shown in Figure
7.

Gearing:
•

•

Fig.7:
Nuvinci
Technologies, Inc).

Transmission

Maximum rotor power

–

Engine RPM

–

Rotor RPM

–

Outputs

–

Gear dimensions

–

Speeds for gears

–

Weight

–

Gear dimensions

–

Speeds for gears

–

Weight

Shafting:

2. Transmission Design
Inputs (just the relevant parameters)

Inputs
–

Power and RPM of shaft

–

Length of shaft

–

Inner and outer diameters of the
shaft

–

Area Moment of Inertia

–

Output

–

Weight of shaft( sum of the tube
weight, couplings, and bearings)

a.

Engine RPM

b.

Rotor RPM

c.

Tip speed

d.

Rotor radius

e.

Maximum rotor power

f.

Shaft length/thickness

–

Critical speeds

g.

Bearing loads/dimensions

–

h.

Housing loads/dimensions

i.

Material properties

Number of shaft segments if sub
synchronous operation : wshaft <
wcritical

j.

Critical speeds

–

Critical length

•
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–

Outputs

(Fallbrook
•

•

Inputs

Outputs

Output
–

Weight of shaft( sum of the tube
weight, couplings, and bearings)

–

Efficiency

–

Critical speeds

–

Noise

–

–

Weight

–

Size

Number of shaft segments if sub
synchronous operation : wshaft <
wcritical

–

Critical length

illustrated in Figures 9 through 14
(Dr. Zihni Saribay,2010).

Stress Analysis
•

Based on AGMA formulae for contact and
bending stresses

•

Inputs

•

–

Facewidth and gear sizing factor/s

–

RPM’S and dimensions

–

Power

–

Outputs

–

Thickness of the hollow shaft

–

Stresses

Outputs
–

Thickness of the hollow shaft

–

Stresses

A Matlab program for calculating gear dimensions
and facewidth is shown in Figure 8.

ModelCenter Outputs
Gear Dimensions

Fig.9: Analysis of Power Flow of
the PVT.

Facewidth

Fig.8: ModelCenter Outputs.

Fig.10: Effect of CR on CVU
Branch Torque.
3. P-CVT ANALYSIS
The analysis is obtained from Ref.
(Dr. Zihni Saribay,2010). And is
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Fig.12: Effect of Gear Diameter and Torque.

Fig.11: Meshing Face-Gear Pairs(above) and
Face-gear Tooth Bending Stress(Below).

Fig.13: Modeling of the Face-gear Tooth Surface.
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of about 33% above the synchronous speed
(Melicio and et al).Research done on
traction and non- traction based
continuously variable transmissions have
resulted in selection of the non-traction
pericyclic continuously variable
transmission (P-CVT) as the optimum
transmission for the wind turbine, as traction
based transmissions are highly inefficient.
The use of self aligning bearingless
planetary gears will reduce gearbox
failures. Recent research has shown that a
continuously variable transmission would
improve wind capture and reduce fatigue
torque loading. The use of continuously
variable transmissions to wind turbines
provides an economic benefit in terms of
reducing the cost of energy by 11.2%.
Variable speed turbines have an advantage
of reducing gear and rotor blade loads. RPM
variations of about 10-20% cause a
reduction in mechanical stresses
dramatically in tandem with an increase in
the overall efficiency of the turbine (Jensen,
2007). Wind turbine design concepts have
changed from fixed speed, stall-controlled,
drive trains to variable speed, pitch
controlled gearboxes or direct drive
technologies(Jensen, 2007).

Fig.14: PVT Design Process.
•
•

•

•

Evaluates all geometric parameters and
constraints to estimate the design space
Variables:
• No of tooth
• Gear diameter and height
• Nutation angle
• Gear tooth geometry
• Bearing geometry
Constraints
• Tooth load capacity
• Bearing load capacity
• Efficiency
Result
• PVT Design Space

6.
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5. Conclusion
Based on the wind speed, the variable speed
unit must control the rotor RPM and Torque
Current Variable speed wind turbines use
doubly fed induction generators (DFIG)
having a speed controller, voltage controller,
and a pitch .The DFIG are highly unreliable
with respect to the slip ring assembly,
complexity in the control system, and
having a limited speed variation capability
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A CATALOGUE OF TAIL FIN SHAPES FOR SMALL WIND TURBINES
K.Kwan, T.Leung, P.Mireault, P.Newman, M.M. Rahman, N.Truong, and D.H. Wood
Department of Mechanical and Manufacturing Engineering
Schulich School of Engineering, University of Calgary, Calgary T2N 1N4, CANADA

1. Introduction
Many small wind turbines use a tail fin to point the rotor into the wind. Fig. 1 shows two typical examples.
Rotor alignment is important as average power output decreases by cos2ψ whereψ is the yaw angle between the
rotor axis and the wind direction, eg Pederson (2004) and Maeda et al. (2008). To maintain high power
extraction the tail must follow low frequency wind direction changes, while avoiding high frequency changes.
This is because the gyroscopic loads on the blade roots and shaft depend on the yaw rate. For the 500 W turbine
design example described in Chapter 9 of Wood (2011), the gyroscopic moment on the generator shaft was the
highest load on the turbine, see also Wright & Wood (2007).

Fig. 1: Small wind turbine tail fins. On the left is the
Aerogenesis 5 m diameter 5 kW turbine. Above is the 50W
Rutland turbine, photo courtesy of KAPEG, Nepal

Since the rotating blades of a wind turbine contribute to yaw stability, Miller (1979) and Bechly et al. (2002),
the main purpose of a tail fin is to provide alignment during starting. This can be a challenging requirement
because wind direction changes increase in magnitude and frequency as wind speed decreases, e.g. Mahrt
(2010) and at sufficiently low wind speed, it is likely that the tail cannot provide the needed restoring moment.
Fig. 7 of Wright & Wood (2007) shows a small turbine reaching a yaw angle of 180° when its blades were
stationary at a wind speed of 3 m/s.
The two main theories for tail fin response to yaw are the quasi-steady (QS) analysis developed originally for
wind vanes, Weiringa (1967), Kristensen (1994), and the unsteady slender body (USB) analysis developed by
Ebert & Wood (1995) on the basis of the treatment in Katz & Plotkin (2001). Both have shortcomings: QS
ignores the effects of the unsteady wake and the “added mass” of the air that moves with the fin. It appears,
however, that the added mass can be ignored for practical tail fin shapes. USB requires the width of the body to
vary along the axis to generate steady lift. Thus a rectangular tail fin would experience no steady lift. Both
theories are limited to small yaw angles. Nevertheless both are reasonably accurate, at least for delta-shaped
tails which are the only ones to have been extensively tested. At a constant wind speed of U m/s with no power
extraction, the fin yaws theoretically as a linear second order system. Thus tail fin response can be characterised
by the natural frequency, ωn, and damping ratio, ζ. The two theories predict the same ωn which is linear in U,
but differ in ζ which is independent of U. Ebert & Wood (1995) found that USB gave good estimates for ωn
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and ζ for delta wings with aspect ratio, AR, between 0.7and 3.07for the same tail arm length. The aspect ratio,
AR, of any planform is b2/(planform area) = 2b/c for a delta wing, where b is the span and c is the chord as
defined in Fig. 2. Wright (2005) tested a fixed aspect ratio (1.73) delta wing but varied the total yaw inertia, I,
for a constant tail arm and then varied the length of the tail arm, x. In the first case, both ωn and ζ varied as √I
as required by QS and USB, but ζ was independent of √I for the second.
The development of tail fin theory in Chapter 8 of Wood (2011) was based on delta wings because their steady
lift and drag behaviour is well-known, eg Bertin & Cummings (2009), and they are used in practice, as
evidenced by Fig. 1. Ebert & Wood (1995), Wright & Wood (2007), and Wright (2005) all studied delta wings
with x/c < 2. This work was intended to include other shapes and extend the range of x/c. The turbines in Fig.1
have x/c = 2.1 and 1.1. Nevertheless it would be useful to have additional data at larger x/c.

yaw axis
r
b
x
c
Fig. 2: Basic geometry of a delta wing tail fin. x is the tail armlength, r is the distance from the yaw axis to the centre of
pressure, c is the chord,and b is the span

2. Wind Tunnel Tests of Tail Fins
The unidirectional, nominally constant speed wind provided by a wind tunnel is obviously a much simpler
environment to study tail fins than a field test of an actual turbine. Both the QS and USB analyses assume
small yaw angles and neglect the drag. For a fin in a wind tunnel, the USB yaw response equation is

Iψɺɺ = K1ψ + K 2ψɺ + K 3ψɺɺ

(1)

For a delta wing,

K1

=

1
πρ b 2U 2 ( 2 3 c +
4

K2

=

1
πρ b 2U (c +
4

K3

=

1
πρ b 2 c(c 2
4

x) =

1
πρ b 2U 2 r ,
4

x)2 , and

(2)

5 + x 2 3 + cx 2),

where ρ is the air density, and the other symbols are defined in Fig. 2, taken from Wood (2011). The K1 term is
the steady lift with the centre of pressure at 2c/3 from the apex and distance r from the yaw axis. K2 is due to
the instantaneous downwash - the trajectory of the flow caused by the lift-produced vorticity. K3 is the added
mass which has been found to be negligible in all cases relevant to tail fins.
(Polhamus, 1966, 1971) derived the following equation for the lift of delta wings:

CL

= L

(

1
4

ρU 2 bc

)

= K p sinψ cos 2 ψ + K v cosψ sin 2 ψ

(3)

where L is the lift, and Kp and Kv depend on the aspect ratio, e.g. Bertin & Cummings (2009). Equation (3)
appears to be accurate for delta and other wings for angles up to about 20-30°. At small ψ, the lift is linear in ψ
with slope Kp and K1 in Equation (2) can be written as
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K1

=

1
4

ρ bcU 2Cl r , Cl

= π bψ c

(4a)

from USB analysis of delta wings or

= K pψ

Cl

(4b)

from fitting (3) to wind tunnel measurements of delta wings or other planforms. For wind tunnel tests, ωn for a
delta wing tail fin is:

ωn,USB

=

K1
I + K3

K1
I

≈

(5)

and is, therefore, linear in wind speed. The damping ratio is given by

ζ USB

K2

=

2 K1 ( I + K3 )

≈

K2
2 K1 I

(6)

The approximations in (5) and (6) are valid if the added mass term, K3, is negligible. The QS analysis leads to
the same equation for natural frequency but gives a different damping:

ζ USB ζ QS

=

(1 + c ( 3r ))

2

(7)

While the aerodynamics of delta wings is well known, this is not the case for many other shapes that may be
used for tail fins. Torres & Mueller (2004) investigated the lift and drag of small-aspect-ratio rectangular plates,
ellipses, and similar shapes. There is very little additional useful data and none of non-delta tail fins.

Fig. 3: A delta tail fin in the mid-sectionof the wind tunnel

3. Experimental Set Up and Data Analysis

The experiments were conducted in the 0.76×1.37 m wind tunnel at the University of Calgary shown in Fig. 3.
The Pitot-static tube at the left measured U. The uniformity of the mean velocity at the mid-section where the
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tail fins were yawed is shown in Fig.4. The variations are significant but are still smaller than the variations and
uncertainties in the mean wind speed behind a typical wind turbine. A shaft encoder which resolved to 0.9°
was connected to the underneath section of the vertical shaft to measure ψ. Particular care was taken to
minimize the friction in the two bearings holding the vertical shaft and it was determined that the remaining
friction did not influence the yaw response.

U (m/s)

16

15

14

13
0

0.2

0.4
0.6
0.8
1.0
distance across tunnel (m)

1.2

1.4

Fig. 4: Mean velocity across the mid-section of the wind tunnel. The vertical shaft of the tail fin was mounted at 0.7m.

30
20

Yaw angle (°)

10
0
-10
-20
QS
USB
Measurements
log. decrement

-30
-40
-50
0

0.5

1

1.5
Time (s)

2

2.5

3

Fig. 5: Measured and predicted response of delta wing with AR = 0.58. Only one set of measurements is shown
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Yaw angle (°)
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USB
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log. decrement

-30
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0
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1
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Time (s)

2
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Fig. 6: Measured and predicted response of delta wing with AR = 1.97. Only one set of measurements is shown

Table A1 in the Appendix documents the geometries and ARs tested and the tail fin inertia, It. The vertical
shaft and tail arm, used for all tests, had a combined inertia Ia, of 1.501×10-2 kgm2. x was 0.447 m for all tests..
The inertia, I, in Equations (5) and (6) is given by I = Ia + It.
Figs. 5 and 6 show typical tests. The fin was released from an angle of 45° and its subsequent motion recorded.
The effects of the encoder resolution are clearly visible at the larger times. Each tail fin was tested ten times but
only one result is shown in Figs. 5 and 6. It was necessary to use a high release angle to generate accurate data
and there was no evidence that this induced any non-linearities in the response. The reproducibility of the tests
was generally very good. However, it proved surprisingly difficult to devise a simple and accurate method of
determining ωn, and ζ. The two best methods proved to be the logarithmic decrement method and the
measurement of the maximum positive peak (ymax). The fitted logarithmic decrement response is plotted in the
following figures. On the scale of the figures, it was indistinguishably different from the ymax response.
4. Results and Discussion

Tables 1- 4 summarize the natural frequency, damping ratio, and their standard deviations for the range of
shapes and aspect ratios tested. In USB, delta wings behave identically to right triangles. It is clear that there
are no significant variations in ωn and ζ between the two geometries. In general, there is remarkably little
variation over the entire range of geometries. Figs. 4 and 5 suggest that both theories are more accurate at low
AR where the damping is under-estimated, but over-estimate the natural frequency at higher AR,
Table 1: Damping Ratio and Natural Frequency for Delta Wings at U = 12.1 m/s

0.578

0.214

0.008

0.204

0.008

decrement
(rad/s)
5.28

0.19

Average
ωn from
ymax
(rad/s)
5.24

1.01

0.210

0.006

0.209

0.011

5.63

0.25

5.63

0.27

1.52

0.218

0.016

0.219

0.011

5.75

0.27

5.75

0.29

AR
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Average
ζ from log
decrement

Average
Std
Dev.

Average
ζ from ymax

Std
Dev.

ωn from log

Std
Dev.
(rad/s)

Std
Dev.
(rad/s)
0.21

1.97

0.226

0.011

0.247

0.013

5.83

0.23

5.93

0.22

2.5

0.224

0.011

0.257

0.014

5.53

0.29

5.68

0.28

Table 2: Damping Ratio and Natural Frequency for Right Triangles at U = 12.1 m/s
Average
Std
Dev.

Average
ζ from ymax

Std
Dev.

ωn from log

AR

Average
ζ from log
decrement

0.522

0.218

0.006

0.203

0.006

5.19

decrement
(rad/s)

Std
Dev.
(rad/s)

Average
ωn from
ymax
(rad/s)

Std
Dev.
(rad/s)

0.11

5.13

0.11

0.796

0.218

0.010

0.231

0.010

5.24

0.18

5.30

0.19

1.08

0.225

0.015

0.240

0.012

5.46

0.28

5.53

0.25

1.50

0.230

0.013

0.252

0.011

5.43

0.19

5.53

0.16

1.99

0.244

0.014

0.256

0.008

5.50

0.27

5.55

0.27

Std
Dev.
(rad/s)

Average
ωn from
ymax
(rad/s)

Std
Dev.
(rad/s)

0.25

5.60

0.25

Table 3: Damping Ratio and Natural Frequency for Rectangles at U = 12.1m/s
Average
Std
Dev.

Average
ζ from ymax

Std
Dev.

ωn from log

AR

Average
ζ from log
decrement

0.507

0.196

0.011

0.185

0.010

5.65

decrement
(rad/s)

0.990

0.206

0.009

0.234

0.011

5.34

0.25

5.46

0.24

1.45

0.222

0.009

0.239

0.009

5.67

0.26

5.74

0.24

2.03

0.235

0.008

0.256

0.010

5.24

0.25

5.32

0.26

2.42

0.229

0.017

0.266

0.011

5.38

0.19

5.55

0.23

Average
ωn from
ymax
(rad/s)

Std
Dev.
(rad/s)

Table 4: Damping Ratio and Natural Frequency for Ellipses at U = 12.0 m/s

AR

Average
ζ from log
decrement

Average
Std
Dev.

Average
ζ from ymax

Std
Dev.

ωn from log
decrement
(rad/s)

Std
Dev.
(rad/s)

0.495

0.173

0.010

0.184

0.009

5.21

0.21

5.25

0.22

1.62

0.200

0.008

0.232

0.006

5.10

0.14

5.24

0.16

1.99

0.212

0.009

0.241

0.014

5.13

0.24

5.26

0.26

2.51

0.225

0.010

0.252

0.007

5.01

0.25

5.12

0.23

The indivdual results in Figs. 5 and 6 show very little difference in the predicted ωn between the two theories.
This is because the added mass term, which appears in USB but not in QS, is small. Table 5 shows the
calculated constants in Eq. (2) for the delta wings. Comparison with the table in the Appendix shows that K3
can be neglected in comparison to the inertia.
Table 5: Constants in Eq. (2) for the delta wings tested.
2

AR

K1
(kgm2/s2)

K2
(kgm2/s)

K3 (kgm )
x10-4

0.578

0.5624

0.0357

2.19

1.01

0.8169

0.0487

2.29

1.52

1.159

0.0640

2.50

1.97

1.488

0.0789

2.75

2.5

1.883

0.0969

3.07

Since about half the turbine yaw inertia can be due to the blades and other components, Wood (2011), it is
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useful to present the results in manner that eliminates I. One possible way is seen in Fig. 7 which compares all
the available data to the two theories. (Fig. 7 and subsequent figures show ωn and ζ from the log decrement
determination.) Interestingly the natural frequency-damping ratio, which is related to the ratio of the second to
first derivative in the governing differential equation, is also independent of the AR. USB provides a better
approximation to the results than QS but not by much. The line of fit

ωn c (ζ U ) = 0.93exp( −0.28 x / c)

(8)

appears to be a good first approximation for all shapes. Fig. 8 shows the reduced frequency1, ωnc/U against x/c.
The error bars show the standard deviation from Tables 1 – 4. The collapse is apparently better than shown in
Fig. 7 suggesting that ζ should also be independent I. The line

ωn c U

2.2
= 0.11exp  −0.09 ( x / c )  + 0.03



(9)

approximately fits the data for all shapes over the range of x/c. Fig. 9 displays all measurements of ζ against x/c
with the error bars indicating the standard deviation from Tables 1 – 4. The collapse is not as good as in Fig. 8
probably for two related reasons: first ζ is more difficult to determine accurately and the evidence for its scaling
is contradictory. For example, Fig. 3 of Ebert & Wood (1995) suggests thatζ is independent of x/c, whereas
Fig.2.12 of Wright (2005) shows ζ is proportional to √I as it changes with x/c, at least over a limited range of ζ.
However, Wright’s (2005) Fig. 2.14 suggests thatζ is independent of √I when varied by changing x. It follows
from Equations (2) and (6) that ζ ∼ x/c at large x/c if I is unimportant and the data is consistent with this, but it
is not clear whether the present delta wing and right triangle data legitimately behave differently from the other
shapes and from the obvious extrapolation of the previous delta wing data.

USB
QS
delta wings
right triangles
rectangles

1
0.8

ellipses
Wright figs.2.11 2.12
Wright figs. 2.13 2.14
Ebert & Wood

ω nc/ζ U

0.6
0.4

y = 0.93exp(-0.28x)

0.2

0.1
0

1

2

3

4

5

6

7

x/c
Fig. 7: The natural frequency- damping ratio for all shapes

1

In unsteady aerodynamics the reduced frequency is usually defined as fc/(2U) where f is the frequency in Hz.
The present definition is more useful for tail fin studies.
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delta wings
right triangles
rectangles
ellipses
Wright figs. 2.11 2.12
Wright figs. 2.13 2.14
Ebert & Wood

0.2

ω nc/U

0.1

y=0.11exp(-0.09x2.2)+0.03

0.08
0.06
0.04

0.02
0

1

2

3

4

5

6

7

x/c
Fig. 8: The natural frequency for all shapes

Finally, Fig. 10 shows the behaviour of ζ√I. These results also suggest a larger difference in behaviour
between delta wings and right triangles and the other two geometries than does Fig. 8. Fig. 9 suggests that the
first two give a higher damping for the same inertia, but the limited data must be treated with caution partly
because Wright’s (2005) Fig. 2.12 results for delta wings has ζ√I = 0.0077, that is mid-way between the two
sets of the present results.

0.26
0.24

ζ

0.22
0.2

0.18
0.16

0

1

2

3

4

5

6

7

x/c
Fig. 9: The damping ratio for all shapes. Symbols as in Fig. 8.
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0.04

ζI

1/2

0.02
0.01
0.006
0.004
0.002
0.001
0

1

2

3

4

5

6

7

x/c
Fig. 10: The product of damping ratio and square root inertia for all shapes. Symbols as in Fig.8.

5. Conclusions

The data presented in this paper show the effect of tail fin shape and arm length on the natural frequency and
damping ratio that characterize tail fin behaviour in yaw. The data also significantly extend the available range
of the ratio of the distance to the yaw axis to chord length so that all values used in practice should now be
covered. The two main descriptions of tail fin yaw response, unsteady slender body theory and the quasi-steady
analysis explain some, but not all the features of the response. In particular the tail fin reduced frequency for all
shapes scaled approximately with the normalized distance to the yaw axis which, if generally true, represents a
simpler behaviour than allowed by both theories. It suggests that tail fin planform only has a small impact on
the yaw behaviour.
For the damping ratio, the situation is less clear, apart from the obvious general increase with normalized
distance. It appears that delta wings and right triangles have higher damping than rectangles and ellipses but
the difference is small, not much larger than the standard deviation in the measurements and within the
differences between the two methods used to estimate the damping ratio.
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Appendix: Properties of the Tail Fins

All fins were made from 16 gauge Aluminium with an average thickness of 1.2 mm. I was calculated from the
following formulae:
For Delta Wings and Right Triangles:
I t = m  x 2 + c 2 2 + 4 xc 3

(A1)

I t = m  x 2 + c 2 3 + xc 

(A2)

I t = m  x 2 + 5c 2 16 + xc 

(A3)

For Rectangles:

and for Ellipses:

Table A1: Tail fin geometries
Tail Fin Shape

AR

b (mm)

c (mm)

Delta wing

0.578
1.01
1.52
1.97
2.5
0.522
0.796
1.08
1.50
1.99
0.507
0.990
1.45
2.03
2.42

78
101
123
141
160
71
90
99
122
140
72
100
120
142
155
70
122
141
158

270
200
162
143
129
272
226
184
163
141
142
101
83
70
64
180
100
90
80

Right Triangles

Rectangles

Ellipses

0.495
1.62
1.99
2.51

Measured
mass (g)
34.63
32.82
32.58
33.16
32.38
32.79
29.23
32.09
31.84

2

-2

It (kgm )×10
1.389
1.146
1.016
0.9725
0.9768
1.279
1.216
0.9873
1.024
0.9630
0.8994
0.4412
0.4149
0.4057
0.3944
0.5928
0.4894
0.4987
0.4865
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1. Introduction
In recent years, renewable energy sources have gained importance worldwide and became one of the most
important sources to supply the electrical energy demand. Wind energy have been highlighted as one of the
cleanest technologies, showing wide applicability. In the Brazilian state of Ceará there was in the last years an
investment of about 644 million euros in the construction of 250 towers for wind energy production, which are
distributed in 14 parks. The total electrical output of these wind parks is 500 MW. Ceará is the Brazilian state
with the highest installed wind power but this represents only 5% of the state wind potential. The installation
and operation of a wind farm needs a planning that requires forecasts of wind speeds in order to get an
estimation of the plant generation capacity. Application of Artificial Neural Networks (ANN) to forecast wind
has proved a convenient and efficient technique. In this way, the present paper has as main goal the use of ANN
to make wind speed forecasts based on meteorological data measurements as input. Additionally, the paper
compares the results of applying different ANN methodologies available to estimate the wind potential, as well
as the effect of different input data and the combination of the data (wind speed, ambient temperature, air
humidity and time of the measurement) to forecast the wind speed.The remainder of the paper is organized
having s2 review, section 3 presenting the ANN models, section 4 the methodology, section 5 the training
results, ending with the conclusion in section 6.

2. Review
The growing demand for electric power is a challenge for the countries to explore all the possibilities of
generation. Wind power is appointed as one of the most clean and emission free of the sources available today.
Improvements have been applied to make this source the first option as a complementary source of energy
connected to the grid. But wind power has certain characteristics that cause difficulties to a larger use, such as
the intermittence. To overcome this barrier, forecasting methods are applied.
Accurate wind speed forecasts contribute to reduce the reserve capacity needed for operating wind turbines
connected to the grid. In this way, stops can be scheduled reducing the costs of maintenance and refining
operational plans. According to (A. A. Khan , 2009), Pravin B. Dangar et al (2010) and A. Agüera et al (2009),
wind forecast is a complex task due to the many influences of the meteorological parameters involved. So, a
variety of approaches and techniques have been proposed.
According to (Gong Li, Jing Shi, 2010), the Artificial Neural Network (ANN) is being widely utilized in
different fields including transient detection, pattern recognition, approximation and time series forecast.
According to (Anurag More, M.C. Deo, 2003), ANN has been utilized for its superior performance compared
with traditional forecast methods. (T. Ichikawa, K. Ichiyanagi, 2010) also applies ANN to forecast solar energy
and wind speeds in a time series approach. (T.G. Barbounis, J.B. Theocharis, 2005) showed that specially
Recurrent Neural Networks allow for temporal information to be represented and manipulated several
variations of ANN are available and the performance for wind speed forecast vary the same way.
The present paper compares some ANN schemes to predict wind speed based on meteorological data. Wind
speed, ambient temperature and air humidity are considered as input. The data are from FUNCEME (Ceará's
Water Resource and Meteorological Foundation), which has 76 weather stations in this Brazilian state,
according to figure 1. The stations supply on-line measurements of wind speed and direction at a height of 10
meters, ambient temperature, air humidity, solar radiation, precipitation and pressure at intervals of 3 hours.
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Legend
PCDs weather
PCDs hydrological

Fig. 1: FUNCEME meteorological stations

The Catarina city (06 ° 07 '51 "S 39 ° 52' 40" O) figure 2, climate tropical semi-arid hot, altitude 580 meters
above sea level, has one of these stations and was chosen due to the greater data reliability. This work also
compares the effects of different input data or the combination of them to estimate the wind potential.

Fig. 2: Catarina city

3. Neural network models
Time series forecasting is the use of a model to forecast future events based on known past events to predict
data points before they are measured.Among the techniques used for forecasting time series, are those based on
different architectures of ANN such as Elman (ELM), layered-recurrent network (LRN), Feedforward inputdelay backpropagation network (FFTD) and distributed time delay neural network (DTDNN). Howard et al.
(2008) explain that ANN can be classified into dynamic and static categories. Static (feedforward) networks
have no feedback elements and contain no delays; the output is calculated directly from the input through
feedforward connections. In dynamic networks, the output depends not only of the current input, but also of the
current or previous inputs, outputs or states of the network. Dynamic networks can also be divided into two
categories: those that have only feedforward connections, and those that have feedback or recurrent
connections. Networks with dynamic features are well applied to time series, which is the focus of the present
study.
3.1. Elman backpropagation network (ELM)
According to Howard et al. (2008), the Elman network commonly is a two-layer network with feedback from
the first-layer output to the first-layer input. This recurrent connection allows the Elman network to detect and
generate time-varying patterns. A two-layer Elman network is shown in figure 3.
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Fig. 3: ELM

3.2. Layered-recurrent network (LRN)
In the LRN there is a feedback loop, with a single delay, around each layer of the network except for the last
layer. The original Elman network has only two layers and uses a tansig transfer function for the hidden layer
and a purelin transfer function for the output layer. The original Elman network is trained using an
approximation to the backpropagation algorithm. The newlrn command generalizes the Elman network to have
an arbitrary number of layers and to have arbitrary transfer functions in each layer. The toolbox trains the LRN
using exact versions of the gradient-based “Backpropagation.” Figure 4 illustrates a two-layer LRN.

Fig. 4: LRN

3.3 Feedforward input-delay backpropagation network (FFTD)
FFTD is the most straightforward dynamic network, which consists of a feedforward network with a tapped
delay line at the input. In Matlab, this network is named as Feedforward input-delay backpropagation network
(FFTD), but it is also called focused time-delay neural network (FTDNN). This is part of a general class of
dynamic networks, called focused networks, in which the dynamics appear only at the input layer of a static
multilayer feedforward network. Figure 5 illustrates a two-layer FTDNN.

Fig. 5: FTDNN
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3.4. Distributed time delay neural network (DTDNN)
The FTDNN has the tapped delay line memory only at the input to the first layer of the static feedforward
network. In the DTDNN there is a distribution of the tapped delay lines throughout the network. The distributed
TDNN was first introduced for phoneme recognition. The original architecture was very specialized for that
particular problem. Figure 6 shows a general two-layer distributed DTDNN.

Fig. 6: DTDNN

4. Methodology
According to (Gong Li, Jing Shi, 2010), different network structures, learning rates and inputs are believed to
result in different forecast accuracies. A comprehensive investigation is needed in selecting the type
of ANN training window size, number of hidden layer neurons, evaluation criteria and different input data. In
the present paper the evaluation criteria was the Mean Absolute Percent Error (MAPE):

100
 =





|



|

(eq.1)

Where N is the number of points analyzed, At is the actual value and Ft is the predicted value. For all
ANN applied, the stopping criterion was the maximal number of iterations of 600 training epochs.
For the present paper, initial trainings were performed with 3 years of input data. The first results showed
MAPE values of around 32 to 40%. Xingpei LI et al. (2009) used a 10 days period for the ANN training; so, it
was considered in the present study an investigation of a 1 to 30 days training period to find better MAPE
values. 2 groups of simulations with different input data were used; in the Group 1 (only the wind speed as
input data), all networks have 4 inputs and 1 output (the inputs are a sequence of 4 wind speed data, taken every
3 hours), having as target the next wind speed data. Group 2 has as input wind speed, ambient temperature, air
humidity, day, hour and month. For groups 1 and 2 four ANN techniques were applied. For group 2 all
networks have 15 inputs and 1 output (15 inputs are a sequence of 4 readings of wind speed, ambient
temperature and air humidity, taken every 3 hours, in addition to the information of the day, hour and month),
having as target is the next wind speed data.
For each technique is applied a two phases study. In the first one, with 80 hidden layer neurons, 1 to 30 training
days were used. For each of the techniques, the trainings used 5 rounds and a MAPE average value was found.
This first phase selects the network with the best performance. Table 1 shows the combinations of tests and the
number of trainings of this phase.
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Tab. 1: Combinations of tests (first phase)

1st phase window
techniques

input data

ELM

Group 1:

size of training
data

target
window

rounds

Number of
trainings

Wind speed
LRN
Group 2:
FFTD
DTDNN
4

1 to 30 days

wind speed, ambient
temperature, air
humidity, day, hour and
month
x

2

x

30

1 (wind
speed for 3
hours
ahead)

x

1

5

x

5

=

1200

According to Abelém (1994), while offering advantages, ANN also have limitations. One of the limitations
is the lack of procedures to define the precise number of hidden layers or the number of neurons in each of
these layers, in other words, the most appropriate configuration for the application. In the second phase, which
used the best performance values of the first phase, the number of the hidden layer neurons was varied from 8
to 120, with a step of 8. For each hidden layer neuron, there were five rounds of trainings and an average
MAPE was calculated (total of trainings: 1st phase + 2nd phase = 1200 + 600 = 1800).
5. Simulation results
Applying the proposed methodology, the results for group 1, having as input wind speed values of the year
2006 (Table 2), were found. The results of the first phase, which looks for the best performance by varying the
number of training days, are found by the average of 5 MAPE values. In the second phase, the number of
hidden layer neurons is varied for the best performance found in the first phase. The results of the second phase
are found by the average of 5 MAPE values.

Tab. 2: Group 1 results

Group 1

Input: wind speed for the year 2006
1st phase
Training days
(1 to 30)

2nd phase
Number of hidden layer
neurons
(8-120)

technique

ELM
LRN
FFTD
DTDNN

Best
Performance
(days)

MAPE
(average of
5 rounds)

Best
Performance

MAPE
(average of
5 rounds)

19
24
13
19

16.23
14.49
18.60
13.79

56
104
64
40

14.05
14.49
15.48
13.96

Analyzing the results of the first phase of group 1, it was observed that networks ELM and DTDNN showed the
best performance with 19 days of training. In the second phase, different numbers of hidden layer neurons in
each network were observed but with almost the same performance, with MAPE values between 13.96 and
15.48%.
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Table 3 shows the results for group 2, having as input the wind speed, ambient temperature, air humidity, day,
month and time.
Tab. 3: Group 2 results

Group 2

Inputs: wind speed, ambient temperature, air humidity, day,
month and time
1st phase
Training days
(1 to 30)

Technique
Best
Performance
(days)
ELM
LRN
FFTD
DTDNN

11
24
5
19

MAPE
(average of
5 rounds)
14.54
15.76
17.75
14.23

2nd phase
Number of hidden layer
neurons
(8-120)
MAPE
(average of 5
Best
Performance
rounds)
72
24
40
72

13.89
15.78
18.95
13.52

Analyzing the results of the first phase of group 2, it was observed that networks ELM and DTDNN showed the
best performance with 11 and 19 days of training, respectively. In the second phase, different numbers of
hidden layer neurons in each network were observed but with almost the same performance, with MAPE values
between 13.52 and 18.95%.
To verify the validity of the performance values found in table 3 for another year, in this case 2007, for each of
the mentioned techniques were applied these values (table 4). As an additional information, table 4 gives the
average training time for each technique considering the use of a quad core processor.

Tab. 4: Group 1 results applied to 2007

technique

ELM
LRN
FFTD
DTDNN

Best
Performance
(days)

19
24

13
19

Best
Performance
(Number of
hidden layer
neurons)

MAPE
(average of
5 rounds)

average
training
time

56
104
64
40

25.75
38.76
24.41
28.10

1 min 52 s
55 min 26 s
5s
6 min 23 s

Similar to the described process, table 5 shows Group 2 results applied to 2007.
Tab. 5: Group 2 results applied to 2007

technique

ELM
LRN
FFTD
DTDNN

Best
Performance
(days)

11
24

5
19

Best
Performance
(Number of
hidden layer
neurons)

MAPE
(average of
5 rounds)

average
training
time

72
24
40
72

37.89
22.51
35.67
36

1 min 8 s
7 min 59 s
4s
15 min 3 s
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6. Conclusions
Many factors influence the ANN performance, as the quantity of input data, training parameters, scale of
forecasting and performance evaluation form. In the present paper, as input data were used the wind speed,
ambient temperature, air humidity, day, month and time; as training parameters, the number of training days
and hidden layer neurons; as scale of forecasting, a 3 hours ahead period; as performance evaluation, MAPE
value.
To investigate how the number of training days and hidden layer neurons influence the final result, each
network has a own way to achieve the goal of predicting the wind speed with the best performance; this is
found by varying the simulation parameters, in this case the number of training days and hidden layer neurons.
For the present paper, initial trainings were performed with 3 years of input data. The first results showed
MAPE values of around 32 to 40%. These values were not considered satisfactory; so, a second training was
started, with a 1 to 30 days training period and with 8 to 120 hidden layer neurons. With this new training
period, when seeking the best performance for each type of ANN, it was observed that the networks reached a
similar performance, according to tables 3 and 4. As the main conclusion, it can be seen that using only wind
speed as input data (Group 1) or using a set of 6 different input data (wind speed, ambient temperature, air
humidity, day, month and time) brings no significant difference.
To verify the validity of the performance values found for the year 2006 for the next year, for each of the
mentioned techniques were applied these values. It was observed that the best values of 2006 did not keep the
same performance when used for 2007. As a possible reason for that process, it is worth to mention that 2006
was a year of ELNIÑO and 2007 was a year of ELNINÕ and LaNina.
Other important information to be considered, it is the average training time. FFTD was always the fastest,
followed by ELM; these average times were observed for trainings using a computer with a quadcore processor.
A more robust model that could update dynamically the training would be a way to reduce the ANN results
variability and to make the network applicable to different periods of the year.
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ABSTRACT
This study reports the flow physics past a Savonious wind turbine rotor. It is based on the modeling and
numerical simulation of a VAWT experiments. The computational fluid dynamics (CFD) techniques was
used with a rigid-rotor system to model the coupling. The SST k-ω model is the turbulence model taken into
account in this dynamic study of a Savonious rotor. The rotor motion was governed by a 1-DOF method. The
physics of the fluid flow in and around the Savonious rotor was analyzed by the velocity, pressure and
vorticity fields induced by the rotor rotation. It is founded that the half-period of formation and destruction of
vortices generated by the Savonious rotor is between 90 deg to 270 deg.
1.

Introduction

The Savonious rotor is a vertical axis wind turbine (VAWT) originally invented by a Finnish engineer Sigurd
J. Savonius in 1922 and its concept is based on the principle developed by Flettner [1, 2]. Like other wind
turbines, the Savonious rotor operation depend on the wind velocity and its geometrical parameters. The
harmonic motion of this rotor come from the existence of a single plane of symmetry along its rotational axis
Oz. The Savonious rotor is a low power and slow running VAWT that starts at low wind speed of 2 to 3 m/s.
The advantage of this rotor is he accept wind from any directions without orientations. Many investigations
were undertaken in the past to identify the aerodynamic parameters of this wind turbine. The efficiency of
the Savonius rotor originel is 20%. The conventional Savonius rotor can reach a power coefficient Cp of
30% with a static torque coefficient of 33%. The overlap ratio β=e/d of this rotor is between 0.2 to 0.3 [13].
Blackwell et al. (1977) studied the performance of fifteen configurations of a Savonious rotor in wind tunnel
conditions [4]. They make vary the dynamic torque coefficient Ct and the power coefficient Cp of the rotor
functions of the tip speed ratio λ, the overlap ratio β and the Reynolds number Re during their study. The Cp
obtained by the three-blade Savonious rotor was 0.18 for β=0.10. For the same β, the maximum of Ct
obtained with two blades Savonious rotor is 0.35. They pointed out that the increase of the Re number
increase the performance of the Savonious rotor.
The important parameters of a VAWT motion is the inertial parameters J and its aerodynamic shape. The
equations of motion of this VAWT allowed to find more informations about the flow physics passing
through the Savonious rotor. The wind turbine rotor flow analysis is an important study must be undertaken
before sizing the wind turbine itself. The vortices generated by the Savonious rotor rotation reduce
significantly the energy captured by its blades. To clarify the effect of the overlap ratio β on the flow
mechanism, Fujisawa studied the flow fields in and around Savonious rotors at various β in a water chanel.
He compared his experimental results with a two-dimensional numerical study using the discrete vortex
method [8]. Fujisawa concluded that the two-dimensional simulation approach of the flow is not valid and
the numerical study of a Savonious rotor had to be conducted in a three-dimensional approach to have a
better representation of the three-dimensional vortical structure around the rotor [8]. The importance of the
three-dimensional properties of the fluid flow in a case of a Savonious rotor led us to conduct this study in
three-dimensions.
The purpose of this paper is first to provide a brief overview of a steady and unsteady computational
strategies to validate our simulation. A variable speed is an interesting approach to recreate the real
Savonious rotor motion. Next, the governing equations of the incompressible fluid and the Savonious rotor
will be concisely presented. This unsteady problem has been conducted with the SST k-ω model. Finally, the
dynamic study has permitted to study the dependency analysis between velocity-pressure and vorticity fields
generated by the VAWT rotation.
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2. Numerical method
RANS solver for incompressible flow was used with the SST k-ω approach, because these models have a
rapid convergence with interesting results. The three-dimensional RANS equations were discretized in the
computational domain by a finite volume method. The time integration was accomplished by the Euler
implicit scheme. This integration gives a temporal variation of unsteady parameters of the simulation using
1-DOF method. By applying the Reynolds decomposition in a tensor form, the conservation equations of
continuity and momentum in steady state are given by the following relations:

∂U j
∂x j

=0

∂U i
∂
1 ∂p
∂
+
(U iU j ) = −
+
ρ ∂xi ∂x j
∂t
∂x j
The term

(eq.1)

  ∂U ∂U j
ν  i +
∂xi
  ∂x j



 − ui′u ′j 




(eq.2)

ui′u ′j represents the Reynolds stresses. It allows taking into account the turbulence phenomenon.

In this study, the SST k-ω model is used. The SST k-ω is an hybrid model based on the standard k-ε and k-ω
models and developed by Menter [12]. The standard k-ε model is also called the two equations model and
derived from the linear eddy viscosity model. With the standard k-ε model approach, two transport equations
are used to solve the Reynolds stress tensor [10]. These two equations are respectively, the transport equation
for the kinetic energy k and the dissipation rate ε. The standard k-ε model suits well for a turbulent flow far
from the walls [10]. The first Menter’s interest was to improve the performances for adverse pressure
gradient (APG) flows and the second was to solve the problem of spurious sensitivity to free-stream
conditions [14]. Christopher et al. (2002) argued that the k-ω model performed poorly for wall bounded
separated flows caused by the APG [7].
2. Computational domain and mesh
The computational domain used in this study at Fig. 1 is a parallelepiped, with a size of (20 meters × 10
meters × 3 meters) and has two regions. A cylinder of one meter radius and three meters height is placed at
the center of this domain. The Savonious rotor is interdependent to the cylindrical region and placed at one
point five meter high along the rotational axis Oz. With the steady state simulation, the wind turbine rotor
was moved manually by rotating the internal region. The parallelepiped and the cylinder are centered at (0, 0,
1) meter. The Savonious rotor is centered at (0, 0, 1.5) meter. In the unsteady simulation, the internal region
motion was imposed by the angular velocity ω of the rotor. The Savonious rotors, the external and internal
regions of the computational domain are modeled with polyhedral elements.

Fig. 1: The computational domain used in this present study. The Savonious rotor is positioned at the half of the domain. The
dimension of the radius of the internal region is 2.22R. The wind flow direction at the computational domain is along the Ox
axis.
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The computational domain is composed of 61, 198 cells and the minimum polyhedral cells width of this
domain near the wind turbine rotor is equal to 0.015 meter. The computational domain of the dynamical
study includes 242, 198 cells and has minimum polyhedral cells width of 0.0074 meter. The Savonious rotor
cells were refined compared to the average computational domain cells size. The quality of simulation results
depends on the quality of the rotor and computational domain mesh. For a Savonious rotor height H=1 meter,
the computational domain cells ∆x of the rotor cells is 0.015 meter. The ∆x of the computational domain cells
are 0.0047 meter and will be used to calculate the time step ∆t of the unsteady simulation.
2.1. Geometry of the rotor
The Savonious rotor used in this study in Fig. 2a and 2b has the following features: height H = one meter,
radius R=0.4512 meter, β=0.2 and a=0. Before the Savonious rotor of Ushiyama and Nagai [13], the
Savonious rotors of Blackwell et al. (1977) are the most studied low efficiency wind turbine [4]. The
Savonious rotor of Run 35 and Run 37 of Blackwell et al. (1977) was used because the uncertainty analysis
of the dynamic torque coefficient Ct and the power coefficient Cp curves of this rotor was measured in their
experiments [4]. The thickness ep of the Savonious rotor is not mentioned in their manuscript but a ep of
0.0021 meter was used after a several tests. We tested the following values of ep: 0.01 meter, 0.005 meter,
0.003 meter and 0.0021 meter. We founded that 0.0021 meter is a reasonable thickness of the Savonious
rotor for the dynamic study. A Savonious rotor with ep=0.0021 meter give Ct and Cp gives modeling results
very close to the experiment results. The steady studies of the Savonious rotor are independent of the
thickness of the rotor and a ep in range of 0.01 to 0.0021 meters are considered. For the steady state study,
ep=0.01 meter was chosen.

Fig. 2: Sketch and geometric parameters of the Savonious rotor. Polyhedral cells sizes are uniform for the blades and endpaltes
of the Savonious rotor. For the height H=one meter, the minimal Savonious rotor cells thickness ∆x was 0.015 meter. Ɵ=0 deg
was the initial position of the Savonious rotor take into account in this study.

2.2. Boundary conditions
To set up this study, we had to determine the thermophysical properties of air at the experiments. Knowing
Re, we estimated the ρ and µ of the air. For a Re of 4.32×105 we founded that ρ=1.2157 kg/m3 and
µ=1.777×105 Ns/m2. The exact value of ρ and µ of the air is necessary to solve the incompressible CFD
problem. The variation of these two parameters affects the numerical simulation results. The inlet boundary
conditions include the free stream velocity U=7 m/s at Re=4.32×105. Pressure outlet boundary conditions
specify the static pressure at flow outlets. The outlet boundary is far enough from the rotor with a constant
static pressure which can be measured experimentally. A symmetry plane was used for the top, lower, left
and right parts of the computational domain. The Savonious rotor was manufactured using aluminum with a
ρ of 2700 kg/m3. The Mr=17.74 kg and IOz=2 kgm2 was estimated analytically.

2. Resolution methods
In this section, the aerodynamic parameters and the formulation of the equations of motion of the wind
turbine was presented. Only the component of inertia matrix JOz along Oz axis was considered in the
simulation with the axial symmetry of the rotor. The relationship between the time step ∆t and the minimal
length of the domain cells ∆x was presented. This present study was performed by using a CFD solver with
steady and unsteady simulations capabilities [5]. The Savonious rotor motion resolution is obtained by a fluid
rigid-rotor method. The CFD method can be used to conduct an unsteady simulation with implicit or explicit
schemes. The implicit scheme was used for the unsteady simulation because the implicit methods have a
better convergence than the explicit method.
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The dynamic torque coefficient Ct and the power coefficient Cp developed by the VAWT is given by the
following expressions:

Mt

Ct =

(eq.3)

1
ρDAU 2
2

Cp =

M tω
1
ρAU 3
2

(eq.4)

Where A is the projected area of the rotor, D is the diameter of the rotor, U is a free stream velocity. M is the
output of the steady simulation. Ɵ, ω and Mt are the output of the unsteady strategies. The aerodynamic
power P acting on the Savonious rotor blades is given by Mtω.
2.1. Equation of motion of the Savonious rotor
The Savonious rotor motion was considered as a rigid-rotor rotation around a fixed axis Oz. The equation of motion of
the rotor is a second order differential equation and its expression is given by the following equation:

I Ozθ&& = M Oz + GOz

(eq.5)

Where IOz is the component of the matrix J along Oz axis. MOz is the moment of forces acting on the
Savonious rotor. GOz represents the external forces acting on the Savonious rotor. Assuming that the
Savonious rotor makes a perfect pivot with his rotational axis Oz, this implies that GOz is equal to zero. The
equation of motion of the Savonious rotor is then:

I Ozθ&& = M Oz

(eq.6)

Where Mp is the pressure moments, Mτ is the viscous stress moment, Mf is the external forces moment. fr is
the ramping factor and it was applied to MOz and GOz on the body and used to minimize the shock caused
by the coupling between structural and fluid dynamics [5]. The specificity of the dynamic study compared to
the steady study is the taking into account of the inertia of the rotor characterized by J. Eq. (6) of the rigidrotor is then solved at each time step ∆t [5].
3. Results and discussions
3.1 Unsteady study of the Savonious rotor
The unsteady study of the Savonious rotor gives power coefficient Cp and dynamic torque coefficient Ct
curves in Fig. 2a and 2b. These figures are obtained by the superpositions of several equilibrium states of the
rotor. To define these curves, we carried out simulations in a range of external forces moments Mf in Tab. 1.
Tab. 1: Summary of data obtained from the dynamic study of the Savonious rotor with the SST k-ω model.

Mf(Nm)

λ

Mt(Nm)

ω(rad/s)

P(W)

∆t(s)

-4.2

0

4.12

0

0

0.02

-4.0

0

4.12

0

0

0.001

-3.95

0.19

4.44

2.83

12.35

0.001

-3.9

0.57

4.57

8.84

40.41

0.001

-3.6

0.69

3.70

10.71

39.61

0.001

-3.0

0.85

2.65

13.19

39.56

0.0005

-2.6

0.95

2.65

14.75

39.10

0.0005

-2.0

1.11

2.00

17.22

34.44

0.0005

-0.1

1.54

0.28

23.89

6.69

0.0004
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At each unsteady simulation, the angular velocity ω of the rigid-rotor in Fig. 5 starts at 0 rad/s before
reaching its equilibrium state. Each rigid-rotor equilibrium state corresponds to a specific ω. The time step ∆t
was fixed by the experimental dynamic torque coefficient data. The number of iterations at each ∆t was set at
20 and the sub-iteration number for the 1-DOF solver must be greater than 10 to attest the residuals
convergence. The stopping criterion for each simulation was fixed at 10-6. The ∆t is a parameter which
intervenes in the modeling of the rigid-rotor motion. This choice is based on the compromise between
accuracy and the simulation time T. A highest ∆t may compromise the validity of results. A low ∆t increases
computing resources. The ω of the rigid-rotor during transitory state and at the equilibrium state was
imposed by the Eq. (6). The ω and the dynamic torque Mt curves of the rigid-rotor corresponding to moment
of external forces Mf=2.6 Nm are shown in the following Figure 5. At T =0 s, the rigid-rotor was positioned
at 0 deg and beyond this time, it start moving and as T increases, the ω and Mt parameters tends to a stable
average values at their equilibrium states.

Fig. 5: Time-dependent dynamic torque and angular velocity of the Savonious rotor

(a)
(b)
Fig. 6: Tip speed ratio depending on the dynamic torque and power coefficients of the Savonious rotor.

Fig. 6 describe the dynamic torque coefficient Ct and the power coefficient Cp of a Savonious rotor in the
range of moment of external forces Mf between -4.2 to -0.1 Nm depending on the tip speed ratio λ. Between
Mf of -4 Nm to -3.8 Nm, the SST k-ω model is in agreement the Blackwell et al. (1977) curve with a small
perturbation on the point corresponding to Mf=-3.9 Nm [4]. From λ=1.2 to the end, the SST k-ω model curve
underestimate the Blackwell et al. (1977) curve [4]. In this range of λ, the dynamic torque coefficient Ct in
Fig.6a curve get out the margin of error. If we analyze the data in Tab. 1, it was found that the SST k-ω
model predict the rotor behavior accurately.
The power coefficient Cp in Fig.6b is an important parameter in a wind turbine study and it contribute in the
wind turbine design. A Savonious rotor is often designed for a tip speed ratio λ near 1 [11]. The optimum λ
obtained by the present study turn around 0.86. The SST k-ω model and the Blackwell et al. (1977) curves
are close and have a common maximum of 0.21[4]. From λ=0 to 1, the standard k-ε and the SST k-ω models
curves overestimate slightly the Blackwell et al. (1977) curve but they remains in the uncertainty intervals
except at λ=0.21 [4]. From λ=1 to 1.47, the SST k-ω model curve underestimate the Blackwell et al. (1977)
curve but it remains in the uncertainty intervals [4]. At λ maximal of 1.54, the Cp and the dynamic torque
coefficient Ct curves obtained with this model overestimate tolerably the margins of error. The Figure 7 and
8 inform that the Ct and Cp curves obtained are in agreement with the experimental results.
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2. Analysis of the flow field
In operation, the Savonious rotor generates a complex flow. Chauvin et al.(1983) argued that in their
experiments in a water chanel for this rotor, the retracting blade generates a turbulent wake and the
advancing blade is the seat of an intense trailing edge vortex rotating in the same direction of the rotor [3, 6].
They also precised that the motive vortices occur twice per revolution [6]. Analyzing the physics of flow
over the Savonious rotor revolution, it was deduced that the preconisation of Chauvin et al. (1983) are
consistent with the numerical simulation of the vortex formation in and around the rotor. For this
constatation, the fluid flow study in this paper is restricted on a half-turn of the rotor. Fig. 7a shows the
velocity field around a Savonious rotor taken at angle Ɵ=90 deg with a stagnation point at extrados of the
retracting blade. The λ2 <0 criterion of Jeong and Hussain, 1995 is the vortices analysis and visualization
method used here and at this position, the emptying of the advancing blade vortices is started [9]. This
phenomenon is perceived in Fig. 7c where the fluids expelled from the intrados of the advancing blade
created a low pressure area at the trailing edge of the blade. This phenomenon has already studied by
Aouachria and he describes that it is a result of the pressure drop between the intrados and extrados at blade
tip [2]. This phenomenon is accentuated in Fig. 7d where the Savonious rotor position Ɵ =123 deg and
because the intrados of the advancing blade is in quite exposed to the wind incidence. The importance of this
fact is perceived in Fig. 7f by expanding the diameter of the low pressure zone at the trailing edge of the
advancing blade. In Fig. 9g where Ɵ=202 deg, the Savinous rotor tends to return to Ɵ=90 deg and the wind
velocity streamline at the rotor plane is almost identical to those in Fig. 9a. After Ɵ=180 deg, the
functionalities of the Savonious rotor blades was reversed. The advancing blade becomes the retracting blade
and the retracting blade becomes the advancing blade.

Fig. 7: Visualisation of the velocity, pressure and vorticity fields on a symetry plane of the Savonious rotor. The Savonious rotor
positions was taken at λ of 90 deg, 123 deg and 202 deg. The method of Jeong and Hussain (λ2 <0) was used for the vorticity
fields visualization.

After analysis of the vortex generated by the Savonious rotor, we propose that the swirling zone in and
around the rotor come partly from the low pressure formed by the vacuum created by the shear stress during
its rotation. The Fig. 8 brings more accuratelly to the emptying phenomenon in Fig. 7c and f. Fig. 8 also
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shows vorticity fields through the Savonious rotor filtered with λ2=-600. This restriction enabled us to have a
better visualisation of the swirling zone generated by the rotor in three-dimensions. Due to the axial
symmetry of the Savonious rotor, the vortices generated at the upper part and the lower part of this rotor is
identical.

Fig. 8: Visualization of vorticity fields in and around the Savonious rotor in three-dimensional with the Jeong and Hussain’s
technique (λ2=-600).

2. Conclusions
A a three-dimensional CFD model of a Savonious rotor has been developed in this study. The model has
been validated in unsteady state by comparison with experimental results. The numerical models used are
based on the Navier Stokes equations with SST k-ω models. The results of the unsteady simulations of the
Savonious rotor pointed out that the SST k-ω allow to predict a best approximation of the dynamic torque
coefficient and the power coefficient of the Savonious rotor. The dynamic study had permit to study the fluid
flow in and around the Savonius rotor thanks to the Jeong and Hussain technique. A link between velocity,
pressure and vorticity fields has been identified. The analysis of the airflow through the Savonious rotor
pointed out that the half-period of the formation and destruction of vortices generated by the rotor blades is
in the range of Ɵ=90 deg to 270 deg. Due to the axial symmetry of the Savonious rotor, coherents structures
has been observed at the upper and lower parts of the rotor.
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OFFSHORE POWER TRANSMISSION SYSTEM 2030 IN THE
NORTH SEA
Dr. Boris Valov
Fraunhofer-Institut für Windenergie und Energiesystemtechnik IWES

1. Introduction
The concept envisages the construction of an Offshore Power Transmission System for 70 future wind farms
in the North Sea. With a total installed power of approximately 43 GW, this provides a contribution to an
optimized development of offshore wind power integration into the German Power Transmission System and
into the Trans-European Power Transmission System “Super Grid”. The proposed solutions aim to increase
the reliability of the Offshore-Power Transmission System and the flexibility of its operation management.
They also reduce investment cost in the amount of several billion Euros. The technical feasibility of the
concept has been proven by appropriate load flow calculations.
2. Actual plans of future offshore wind farms
According to the „Windenergie-Agentur Bremerhaven“ [1] and the German Federal Maritime and
Hydrographic Agency [2] the current state regarding quantity and power of the offshore wind farms in the
German North Sea equals the following data (table 1) [3, 4]:

Table 1: Status of offshore wind farms in the German North Sea in 2006 and in 2010
Status of offshore
wind farms

Quantity of offshore
wind farms

Rated power [GW]

Quantity of wind
turbines*)

2006

2010

2006

2010

2006

2010

In Operation

0

1

0

1,04

0

208

Approved

15

21

21,96

21,98

4391

4395

Planned

8

48

4,14

19,80

828

3960

Sum

23

70

26,10

42,82

5219

8564

*) equivalent to 5 MW wind turbines

Before reaching any customer, the offshore generated power has to overcome several obstacles:





Distances from 50 to 100 km, from the wind power plants at sea to the substation on shore,
Additional distances from up to 50 km from the substation at shore to the main grid connection points,
Limited absorption capacity of the main grid connection points,
Transmission through the main transmission- and distribution grid to reach final customers.
3. Concepts for energy transmission

According to the law for “speeding up planning processes of infrastructure projects” [5] the local grid
operator has to plan, erect and run connection lines from substations at sea to the most suited main grid
connection point in land. This will affect all offshore power plants whose erection started before end of 2015.
The amount of offshore wind farms whose erection will be started within this period can hardly be foreseen.
The new developed concept (Fig. 1) is a combination of the “ISET-Concept 2007” and the political attempt
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of Germany and Europe to connect offshore wind farms to a future Trans-European “Supergrid”. Looking at
the geographical location of existing and future offshore wind farms, it can be observed that their distribution
in space within the Exclusive Economic Zone of Germany (blue box in figure 1) is uneven: the major part is
located in the southwest while the minor part is located in the northeast of the zone. This imbalance is also
true for the distribution of the total offshore generated (injected?) electric power; 30.3 GW (72.8 %) and 11.3
GW (27.2 %) are to be absorbed by the 2 grid connection points “Diele” and “Büttel”. Performed studies
show that the minimum requested absorption power, the sub transient three-phase short-circuit apparent
power, should be equal to 22 GVA in “Diele” and “16 GVA in “Büttel” to successfully absorb the injected
offshore power. Otherwise offshore generated power has to be limited.
As an alternative to the costly and time-consuming grid reinforcement measures, a new concept of flexible
distribution of the total offshore power between the two approved onshore grid connection points is
proposed. It interconnects the offshore transmission system between the wind power plants Aiolos (34) and
White Bank (15) and AreaC (14) and Sea Wind (I) (see Fig 1). Again the performed load flow calculations
show the feasibility of the balanced power flow of offshore interconnections between the onshore grid
connection points. Additional flexibility can be achieved by connection of the offshore transmission system
into a future offshore Trans-European “Supergrid”.

Fig. 1: The developed concept of offsore power transmission system 2030 in the Nord Sea with example of integration into
Trans-Europain „Super Grid“

Legend: A - Nordergründe; B - Godewind II; C - Godewind; D - OWP Delta Nordsee I; E - Borkum
Riffgrund; F - alpha ventus (Borkum West); G - Borkum West II; H - Borkum Riffgrund West; I Meerwind; J - Nordsee Ost („Amrumbank“); K - Amrumbank West; L - Butendiek; M - Dan Tysk; N Nördlicher Grund; O - Sandbank 24; P - Global Tech I; Q - Hochsee-Windpark Nordsee; R - „He Dreiht“; S

3040

- BARD Offshore I; T - Veja Mate; U - OWP Delta Nordsee II; V - MEG Offshore I; 1 - Borkum Riffgat; 2
- Innogy Nordsee 1; 3 - Diamant; 4 - Borkum Riffgrund II; 5 - Euklas; 6 - Borkum Riffgrund West II; 7 OWP West; 8 - Kaskasi; 9 - Hochsee Testfeld Helgoland; 10 - Uthland; 11 - Nordpassage; 12 - Sandbank 24
ext.; 13 - Weiße Bank; 14 - AreaC III; 15 - AreaC II; 16 - AreaC I; 17 - Skua; 18 - Sea Wind I; 19 Albatros; 20 - Notos; 21 - Sea Wind II; 22 - He dreiht II; 23 - Bight Power II; 24 - Bight Power I; 25 Aquamarin; 26 - OWP „Deutsche Bucht“; 27 OWP - „Austerngrund“; 28 - Bernstein; 29 - Citrin; 30 - Sea
Storm; 31 - Sea Storm II; 32 - VentoTec Nord I; 33 - VentoTec Nord II; 34 - Aiolos; 35 - Sea Wind III; 36 Kaikas; 37 - GAIA I; 38 - GAIA II; 39 - GAIA III; 40 GAIA IV; 41 - Horizont I; 42 - Horizont II; 43 Horizont III; 44 - NSWP 4; 45 - NSWP 5; 46 - NSWP 6; 47 - NSWP 7; 48 - H2-20
Such integration could result in the following benefits:






Required grid reinforcements reduced to a minimum because excessive power can be absorbed by the
“Supergrid”,
Possibility to use the great amount of hydro storage capacity in other countries, .e.g. Norway,
Participation in international electricity markets, which could result in reduced overcharges of the
German electricity grid,
Improvement of the reliability of the offshore transmission system,
Flexibility in grid operation management.

Some studies considering the design of a future “Supergrid” are already at hand [6, 7, 8]. However they
mainly cover the economic value of interconnection to a future “Supergrid”. A technical feasibility of an
electric realization remains uncertain until today [9].
In the introduced concept 3 converter sea substations are proposed: “West”, “Center” and “East”. Presence of
the applied 2 grid connection points, 3 converter sea substations for a connection to a future “Supergrid” and
2 interconnections between the grid connection points has highly increased the flexibility and reliability of
the offshore transmission system 2030 in the North Sea.
4. Summary
The developed concept of an offshore power transmission system 2030 supports the actual plans for
electricity transmission in the German North Sea. It provides a contribution to an optimized development of
offshore wind power integration into the German Power Transmission System and a Trans-European
“Supergrid”. The proposed solutions aim to increase the reliability of the German Power Transmission
System and the flexibility in operation management of the offshore transmission system and to reduce
investment cost in the amount of several million euros. Feasibility of the concept has been proven by
appropriate load flow calculations.
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1. Introduction
The classical Stewart’s (1976) model is widely used in the wind blades design because that model presents
low computational cost and easy implementation, especially for the case of small wind rotors (Vaz et al,
2009). However, in the structure of Stewart’s (1976) model the axial induction factor in the wake is twice
the inducing factor in the rotor plane, ignoring the generally form established in the work of Wilson and
Lissaman (1974) for the influence of vortex wake when the machine operates at low tip-speed-ratios. For
values of tip-speed-ratio smaller than 2, a wind rotor tends to operate at low speed even for significant wind
speeds. This regime of operation occurs in multiple blade turbines, where the rotation is generally slow, but
with high torques, and is widely used for water pumping (Vaz et al. 2011; Mesquita and Alves, 2000).
Thus, this work proposes a new mathematical model of aerodynamic optimization based on the relationship
between the axial induction factors in the rotor and in the wake, at lower tip-speed ratio. This general
relationship was presented by Wilson and Lissaman (1974), where the vortex wake is considered in the
calculation of the local power coefficient of the wind blade. Thus, it’s possible to promote an improvement
in aerodynamics of the wind turbine with the maximization of the local power coefficient.
2.

The Mathematical Model

Wilson and Lissaman (1974) present a mathematical model that considers the vortex wake caused by the
wind turbine for the calculation of its power coefficient. In that model, the induced speeds u and u1 in the
rotor plane and in the wake, respectively, are written as:


V0  v  u  1  a V0


V  v1  u1  1  b V0


 0

(eq. 1)

where v  aV0 and v1  bV0 . V0 is the undisturbed flow speed, a and b are the axial induction factors in the
rotor plane and in the wake, respectively.
Figure 1 illustrates the behavior of the flow in a stream tube (Hansen, 2008) and the flow axial speeds.

Fig. 1: Simplified illustration of the speeds in the rotor plane and in the wake (Hansen, 2008).
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From Eq. (1) Wilson and Lissaman (1974) showed that it is possible to establish a general relationship
between the axial induction factors a and b from the application of the continuity, momentum and energy
equations for the induced speeds, where the effect of vortex wake formed downstream of the turbine is
considered. In this model, the hypothesis that the wake behaves like a free vortex is considered. The result of
this application is shown in Eq. (2), where the axial induction factor in the rotor plane has a non-linear
relationship with the axial inducing factor in the wake for low tip-speed-ratios (X), especially for values X <
2, as shown in Fig. 2.

a


b 2 1  a  
b
1



2
4 X 2 b  a  



(eq. 2)

Fig. 2: Relation b/a for some values of X.

The local power coefficient in this case has the form:
2

Cp 

b 2 1  a 
b a

(eq. 3)

Wilson and Lissaman (1974) showed that it is necessary to introduce a correction in Eq. (3), because the
hypothesis that the wake formed behaves like a free vortex causes infinite speeds on the wake near the axis.
This fact can be seen in Fig. 3, where the local power coefficient tends to high values when X  0.8 and a <
0.4. Cp can take values greater than 1 when X is very small. For values of 0.81 < X < 2, Cp can take
maximum values less than 100% where 0 < a < 0.815 and 0 < b < 2. So, there is a valid region for 0.8 < Cp <
1, where it is possible to use Eq. (3) to develop a new formulation for the aerodynamic optimization of wind
rotors, especially for a < 0.4, where there is no need for corrections of the axial induction factor in the rotor
plane, as described by Glauert (1935).

3044

Fig. 3: Power coefficient as a function of axial induction factors a and b.

In an attempt to avoid the problem of infinite speeds near the axis, Wilson and Lissaman (1974) rewrote Eq.
(3) according to the Rankine vortex N   / wmax .
2

Cp 

b 1  a 
2Na  1  N b 

b a 

(eq. 4)

where wmax is the maximum speed of the vortex wake and W is the rotor angular velocity. However, there is a
physical limitation for determining the angular velocity in the vortex wake. In the case of a wind rotor, it is
not easy to determine wmax. Figs. 4 and 5 show the behavior of the local power coefficient for N equal to 1
and 2, respectively. The value of the maximum local power coefficient of a rotor is heavily influenced by
wmax in the region where X < 2. It is observed that for X  2 there is no influence of vortex wake in the
calculation of power coefficient of the turbine. However, to use this model, there is a need for accurately
determining the maximum angular velocity in the rotor wake.

Fig. 4: Power coefficient as a function of axial induction factors a and b for N = 1.

3045

Fig. 5: Power coefficient as a function of axial induction factors a and b for N = 2.

Thus, the present work uses Eq. (3) to determine a new equation that maximizes the local power coefficient,
Cp, using a criterion for the initial value of the axial induction factor a, to avoid the effect of infinite speeds
near the axis. Therefore, it is possible to use Eq. (3), assigning dCp da  0 , to obtain an explicit relationship
that determines the value of the optimum axial induction factor in the rotor plane. So, in this case, there are
three analytical roots, in which only one has physically consistent results:

aopt 

2
2


 db 
db 
db
db 
db 
db  db  
b 1    2
 4    4b 3    b 2 1  14
  


da 
da 
da
da 
da 
da da  


4

db
da

(eq. 5)

where db da is obtained by differentiating Eq. (2).
2

8X 2 a  b   b 3 b  1
db

2
da
4X 2 a  b   ab 2 a  1

(eq. 6)

Using Eq. (5) the optimal values of the axial induction factor that locally maximizes the power coefficient is
computed. Equation (5) reduces to the optimal value of the actuator disk theory, assigning b  2a and
hence db da  2 for X > 2, where aopt  1 3 (Eggleston and Stoddard, 1987). Figure 6 shows the curves
for the induction factors for the local tip-speed-ratio, where r is the radial position. It is observed that the
behavior of the parameters b and b' are different from those used by Glauert (1935), b  2a and b '  2a ' ,
where the induction factors in the wake are twice the induction factors in the rotor plane for any value of
r V0 . Glauert’s (1935) model does not consider the nonlinearity given by Eq. (2) when r V0  2 , as
seen in Fig. 6. Figure 7 shows that the optimization proposed results in a tendency of the local power
coefficient reaching maximum efficiency for an ideal turbine, according to Betz (1926) limit, in which the
maximum energy extracted from the wind is about 59.26 %.
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Fig. 6: Behavior of the axial induction factor in the rotor plane and in the wake.

Fig. 7: Behavior of the local power coefficient as a function of local tip-speed-ratio.

Thus, with the value aopt calculated in Eq. (5), the optimal chord is calculated with Eq. (7), which can be
obtained from Vaz et al. (2011).
copt 

4prbF sin2 f
BC n 1  aopt 

(eq. 7)

where F is the Prandtl (as described by Vaz et al., 2011) tip-loss factor, f is the flow angle, and B is the
number of blades.
Cn  Cl cos f  Cd sin f

(eq. 8)

Cl and Cd are the lift and drag coefficients, respectively, which are usually obtained from wind tunnel tests.
For the calculation of a’ the relationship given by Eq. (9) is used, obtained from the velocity diagram shown
in Fig. 8. Equation (9) can be verified in the work of Hansen (2008).

3047

 1  a 
opt 
a 'opt  
 1
 x tan f 

(eq. 9)

where the local tip-speed-ratio is:

x

r
V0

(eq. 10)

Fig. 8: Velocity diagram for a rotor blade section.

The use of Eq. (9) is valid even for values of X < 2, since this relation is obtained in the rotor plane and not in
the wake. Once a 'opt is calculated, b' is estimated by Eq. (11), which can be verified in the work of Vaz et al.
(2011).

b 'opt 

1  a 'opt  sCt

(eq. 11)

2F sin f cos f

where s is the solidity of the turbine

s

copt B

(eq. 12)

2pr

and
Ct  Cl sin f Cd cos f

The optimum flow angle,

(eq. 13)

f , is calculated assigning

 1  a  
opt

fopt  tan1 

 1  a 'opt  x 

3048

(eq. 14)

Finally, the optimum twist angle is given by:

bopt  fopt  a

3.

(eq. 15)

Results and Discussions

The results here obtained consider a small wind turbine with 4 m diameter and 0.4 m hub diameter, constant
rotation of 120 rpm, average wind speed of 4 m / s and 4 blades. The airfoil used is the NACA 644-421
(Abbot and Doenhoff, 1959).
The proposed model is based on the hypothesis that the rotational speed of the wake near the axis can reach
infinite values, which takes the local power coefficient also to infinity near the axis, with a consequent
undefined increase of chord. However, this work proposes to control the axial induction factor a in the chord
calculation near the axis. Figure 9 shows the behavior of the mathematical model for various values of a,
where is possible to verify the effect of increasing the chord near the axis for a = 1/3. Note that when a tends
to the value 1/3, the chord distribution and the twist angle distribution, Figs. 9 and 10, tend to the classical
model of Stewart (1976), but only for radial positions r/R > 0.3. This fact occurs because the local tip-speedratio is very small near the axis, in this case r V0  2 .

Fig. 9: Chord distribution for some values of axial induction factor in the rotor plane.

Fig. 10: Twist angle distribution for some values of axial induction factor in the rotor plane.

In the case of Stewart’s (1976) model, it is not possible to take into account the same criterion, since the
relationship between the induction factors in the rotor plan and in the wake do not depend on X.
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Figure 11 and 12 show the optimized blades using the proposed model and Stewart´s (1976). The blades
were obtained under the same design conditions. It is observed that the blade designed with the proposed
model presents a larger chord than the one designed with Stewart’s model (1976). This occurs because the
tangential induction factor a' is very small, as can be seen in Fig. 6, which causes a considerable increase in
the flow angle, and hence in the chord, that varies directly with the term sin2 f in Eq. (7). This effect
occurs also with Eq. (15) in the case of twist angle. The blade shown in Fig. 11 is designed starting with the
induction factor value of 0.1 for the first chord of the blade counting from its root. With this criterion it is
possible to ensure that the local power coefficient is always below the Betz (1926) limit (see Fig. 3), for any
value of X. Thus, the criterion of the inducing factor controls the optimal chord and twist angle and should
be initiated with a < 1/3, since it is possible to ensure that the chord near the axis has an attenuated behavior,
as shown in Fig. 9. Therefore, the effect of reducing the chord near the axis is a consequence of this criterion
(see Fig. 11). For comparison, Fig. 12 shows the blade constructed using the Stewart’s (1976) model. The
comparison shows significant differences in the aerodynamic shapes of the blades constructed, showing that
the proposed model presents physically consistent solutions, as presented in Figs. 11 and 12.

Fig. 11: Blade designed with the proposed model.

Fig. 12: Blade designed with Stewart’s optimization model.

The calculation of turbine efficiency was performed using the classical Glauert’ (1935) model for both
turbines designed. Figs. 13, 14 and 15 show the results. Figure 13 shows the turbine´s total power
coefficient, calculated by Eq. (16), which is given by integrating the local power coefficients (Hansen,
2008).

CPT 
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P
1 3
rV0 A
2



X
8
a ' F 1 aF  x3dx
2 0
X

(eq. 16)

where A is the rotor´s swept area and P is the power developed by the turbine.
R

P  4p2V0  a ' F 1 aF r 3dr

(eq. 17)

0

It is observed that the total power coefficient of the turbine constructed with the proposed model tends to the
result obtained with the classical Stewart’s (1976) model, when the axial induction factor approaches 1/3,
which is the optimum value for an ideal turbine. The best efficiency curves in this case are obtained when
the blade is designed using the proposed model associated with the criterion of axial induction factor in
calculating the distributions of chord and twist angle of the wind blade. This fact leads to the modification of
the aerodynamic shape of the wind blade. Figure 14 shows the effect of the proposed model for a low tipspeed-ratio region, where the results show that the power curves are improved also in this region. Thus, the
model described in this work gives good results for multiple blades turbines, which are widely used in water
pumping systems.

Fig. 13: Power coefficient as a function of tip-speed-ratio.

Fig. 14: Effects of the model at low tip-speed-ratios.

Figure 15 shows the difference between the output power of the designed wind turbines for multiple starting
values of the axial induction factor, where the turbine developed with the proposed model provides better
efficiency when compared with Stewart’s (1976) model.
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Fig. 15: Output power as a function of wind speed.

4.

Conclusion

The proposed mathematical model represents an alternative tool for the optimal design of wind rotors, where
the main advantage is the use of a general relationship between the induction factors in the rotor plane and
in the vortex wake described by Wilson and Lissaman (1974), taking into account the effects of the wake
rotation. The proposed method shows better efficiency when compared with the classical Stewart’s (1976)
optimization, satisfying the condition described by Betz (1926), where the maximum energy to be extracted
from the flow is 59.26%. The behavior of the induction factors in the wake is completely non-linear for low
tip-speed-ratios, stressing the need for formulations that meet these characteristics. This fact considers the
slow operation of a turbine, such as multiple blades, commonly used in water pumping systems. The
comparisons show that the developed model improves the aerodynamics of the rotor when compared with
the classical Stewart’s (1976) optimization, by controlling the starting axial induction factor in the rotor
plane in the process of calculating the chord and twist angle distributions. It is also observed that the model
shows good efficiency when compared with the rotor designed using Stewart’s (1976) model. The results,
although preliminary, show good consistency and considerable importance. Other simulations are being
conducted with the proposed model.
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OPTIMAL MATCHING OF A SELF-EXCITED INDUCTION GENERATOR TO A
SMALL WIND TURBINE
N. J. Batt and C. E. Coates
The University of Newcastle, Newcastle (Australia)

1. Introduction
The majority of small (< 50kW) wind turbines utilize permanent magnet (PM) generators [Wood, 2011].
These machines offer advantages that include relatively simple control and the ability to directly connect to
the rotor without a gearbox. To achieve direct-drive, the PM generators are built in a multi-pole
configuration that significantly increases the complexity, weight and price of the machine.
The self-excited induction generators (SEIG) are the simplest mechanically and usually the cheapest form of
generator [Eggleston and Forrest, 1987], but are traditionally considered to have a limited range of speed. In
this paper, the SEIG is examined using steady state and dynamic modeling in Matlab / Simulink. These
models are combined with the mechanical power curve of a 5kW wind turbine to optimize the SEIG and selfexcitation capacitance selection for a particular wind turbine. The paper shows the theoretical power curve
achievable with the chosen generator and rotor combination. This is important as frequently wind turbines
are characterized by their mechanical characteristic and the limitations imposed by the generator are ignored.
A dynamic model of the SEIG was created using the ‘Ideal Rotating Transformer’ (IRTF) concept [Veltman
et al., 2007]. This model was expanded to include saturation in the machine’s magnetizing inductance and
self-excitation capacitance. The SEIG is simulated supplying power into a resistive load.
Simulated results are verified against experimental results obtained from a 4-pole, nominally 3kW induction
motor which has been used for prototype testing of the Aerogenesis 5kW wind turbine. In order to create an
accurate model, it was necessary to perform an enhanced version of standard machine characterization tests.
Enhancements include assessing the effect of heating, as well as measuring the saturation curve –
magnetizing inductance vs. phase voltage – for various stator voltage frequencies.
The steady state and dynamic models were assessed against the designed maximum power point curve of a
5kW wind turbine to see how well they match. The excitation capacitance was varied to find the optimum
value for the particular generator/turbine combination.
1.1 List of Symbols Used
Power Coefficient

CP

Magnetising Inductance (H)

LM

Stator Resistance (Ω)

RS

Rotor Resistance (Ω)

RR

Leakage Inductance (H)

Lσ

Electrical Slip

s

Electrical angular frequency (rad/s)

ωS

Rotor EMF (V)

eM

Mechanical angular frequency (rad/s)

ωM

Total Reactive Power (VAR)

Qt

Magnetising flux linkage (Wb)

ψM

Load Resistance (Ω)

RL

Excitation Capacitance (F)

CE

Imaginary Component

ℑ

Stator Phase Current (A)

IS

Tip Speed Ratio

TSR

2. Wind Turbine Power Curve
Tip Speed Ratio refers to the ratio between the circumferential velocity of the blade tips and the wind speed
[Wood, 2011]. TSR has a strong impact on the ratio of extracted power vs the power available in the wind,
known as the power coefficient. Figure 1 demonstrates this relationship on a generic 5kW turbine [Riawan
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and Nayar, 2009].
Tip speed ratios from 7 to 11 are considered the optimum range for maximum power extraction from the
Aerogenesis Turbine. It can be seen that for a particular wind speed, the output power does not vary
considerably in this range. Once outside this range, output power drops off significantly as CP reduces.

Fig. 1: Output power vs shaft speed for varying TSR and wind speeds

3. Generator Power Curve
In order to produce a generator power curve for a SEIG, good knowledge of machine parameters is needed
and an optimum level of excitation capacitance must be chosen. For this paper, a combination of empirical
testing, steady state analysis and dynamic analysis was used to develop a comprehensive power curve that
takes into account multiple factors including magnetic saturation and heating effects.
3.1. Parameter Identification
For a SEIG, there is no external voltage supply and the output voltage is produced through residual flux
exciting a resonance between the excitation capacitors and magnetizing inductance. Changes in machine
parameters, especially magnetizing inductance, due to saturation and heating effects will generate large
errors in the model if not taken into account. In fact it is saturation that provides the negative feedback,
controlling resonance and hence output voltage to safe levels.
Figure 2 shows a two-inductor model of an Induction Machine. This differs from the standard three-inductor
model; however it can be shown that the entire machine dynamics as seen from the stator terminals can be
accurately modeled [Veltman et al., 2007]. Reducing the model to two inductors greatly simplifies analysis
and also makes it easier to identify machine parameters.

Fig. 2: Induction machine two-inductor steady-state model L_sigma is not in the symbol list

A 3kW Donly induction machine, with nameplate data included in Appendix A, was analysed to identify
machine parameters. Traditional induction machine parameter identification involves Blocked Rotor and No
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Load tests [Sarma and Pathak, 2010].
The Blocked Rotor test is usually carried out at rated current and frequency. Due to the required accuracy for
the SEIG model, this test was carried out at various levels of current, frequency and heat. Leakage
inductance displayed variation due to these factors, but this was found not to affect accuracy significantly in
the frequency range where the majority of power is produced. The average leakage inductance level was
found to be 16.8mH.
Rotor and stator resistance RS and RR were found to vary significantly with heat as shown in Table 1.
Tab. 1: Measurements of Rotor and Stator Resistance with varying temperature

Measured at room temp 25ºC.
Referred to as ‘cold’

After 30 mins running hot. Approximate
winding temperature 90ºC

Stator Resistance RS

2.1Ω

2.7Ω

Rotor Resistance RR

1.4Ω

1.9Ω

No load tests are usually carried out at rated voltage and frequency. The saturation curve of an induction
machine is of fundamental importance to a SEIG, so measurements need to be taken at various voltage
levels.
Magnetising Inductance defines the relationship between flux-linkage and current in linear magnetic circuits
[Veltman et al., 2007] according to equation 1. When saturation is evident, this relationship is no longer
linear and the L term becomes variable with respect to current.
(eq. 1)
Flux linkage can be calculated from no load measurements according to equation 2, in RMS form.

(eq. 2)
The no load test was carried out with varying voltages and frequency. The results of this test can be seen in
Figure 4. It is clear that frequency of supply does not significantly affect the relationship between fluxlinkage and current in the range of 20Hz to 70Hz. A 6th order polynomial fit using the 50Hz data was found
to accurately reflect this relationship.

Fig. 3: Relationship between magnetizing current and flux-linkage as the induction machine saturates.
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3.2. Empirical Testing
It is well known that connecting capacitors across stator terminals will allow an induction machine to selfexcite [Arrilaga and Watson, 1978] and that the amount of capacitance determines the speed range for which
this will occur. The 3kW Donly gearmotor had 3 star-connected capacitors connected in parallel to the load.
Assuming a balanced system, the steady-state equivalent circuit is shown in Figure 4.

Fig. 4: Steady-state two-inductor equivalent circuit of a Self-Excited Induction Generator

Tests were carried out with capacitances of 50µF, 75µF and 100µF per phase. For a given capacitance, the
machine was driven by an external prime mover until the SEIG was observed to self-excite. At this point, a
resistive load was added and varied until a maximum power point was found. The speed was then increased
and a maximum power point was found for various speeds. The results of this test can be seen in Figure 5.

Fig. 5: Maximum power curves of SEIG with various levels of excitation capacitance.

Since the synchronous speed of the generator is 1500 rpm, it was decided that the midpoint of the power
curve should be around this value. 70µF was chosen based on the comparison in Figure 5 for excitation
capacitance. It has the effect of moving the maximum power point slightly to the right compared with 75µF.
A more comprehensive maximum power point curve was produced for the 70µF excitation as shown in
Figure 6.

Fig. 6: Measured maximum power point of SEIG with 70µF excitation capacitance per phase
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3.3 Dynamic Analysis
A dynamic model was developed based on the Ideal Rotating Transformer (IRTF) concept introduced by
Veltman et al [2007]. In the book, the input was normally a voltage or flux-linkage space vector. For the
SEIG, these variables are outputs. The sole input into the SEIG model is shaft speed. Considering this
fundamental difference, some important modifications had to be made.
The overview diagram of the dynamic simulation is shown in Figure 7. The central component of this
simulation is the induction generator. The Excitation and Load module provides a feedback loop as in the
real SEIG, which controls output voltage and current. This allows the simulation to have a single input, shaft
speed.

Fig. 7: Dynamic Simulation

This model is intended to be connected to a dynamic simulation of a wind turbine’s mechanical system,
which will use the calculated torque as feedback and provide shaft speed to the model. In this paper, focus is
on assessing the steady state accuracy of the SEIG model and so input frequency will be maintained at a
constant level.
The Excitation and Load module is shown in Figure 8, which is a dynamic model of a parallel RC load.

Fig. 8: Excitation and load

Figure 9 shows the Induction Generator sub-circuit of the dynamic simulation. The primary modification
made for this paper is the replacement of the

gain block between rotor flux linkage and magnetizing

current with the non-linear function from Figure 3. The integrator module that converts
configured with a nonzero initial condition

to

has been

to simulate remnant flux.

The simulation is based around an “IRTF Current” module, which translates signals between the “αβ” stator
frame and the “xy” rotor frame. It also calculates torque in the machine using equation 3. There is a factor of
2 when converting angles and torque between mechanical and electrical values because there are two pairs of
windings in a 4-pole motor [Veltman et al., 2007].
(eq. 3)
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Fig. 9: Induction Machine Simulation including saturation effects.

Magnetic saturation is modeled in Figure 9 using the non-linear formula

. Figure 4 shows per-phase

steady state values. Because of this,
is converted to RMS form
. The per-phase RMS value
of the magnetizing current is then calculated using the 6th order polynomial best fit from Figure 3. The result
is converted back into space vector form, where

and

.

The configuration parameters of excitation capacitance, load resistance and shaft speed that led to the
maximum power point graph of Figure 6 were fed into the dynamic model. Both hot and cold resistance
values were used with the results as shown in Figure 10. It can be seen that the measured results resemble
cold simulation at low power and hot simulation at high power. This is expected, since the machine will heat
up quickly at high power levels.

Fig. 10: Dynamic simulation results for hot and cold resistance values, compared to measured results from Figure 7

As shown in Figure 10, the results of the dynamic simulation closely resemble measured results. This model
was based on measurements described in section 3.1 and shows that the dynamic model represents the SEIG
accurately. The benefits of using a simulation model is that a lot of development work can be carried out
without running the electric machine. It also allows insights into how the SEIG operates and makes a good
base for simulating the whole turbine.
3.4 Steady State Calculations
Steady-state calculations allow many scenarios to be tested quickly by using small incremental steps. This
makes it much more efficient than empirical testing and dynamic modelling to build power curves if
knowledge of the dynamic response is not required.
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From Figure 4, summing currents at the load.
(eq. 5)
From Figure 4, the generator voltage current relationship is [Veltman et al., 2007].

(eq. 6)
Combining Equation 5 with Equation 6

(eq. 7)
Expanding and equating real parts gives the following expression for slip

(eq. 8)
Equating imaginary parts and using simultaneous equations arrives at the following expression for
magnetizing inductance, which depicts the point where saturation of LM balances the LC resonant effect;

(eq. 9)
There are two unknowns in Equation 9, LM and ωS. Since slip is relatively small, we can initially assume
slip=0, making
. Once a value for LM is found, this result can be fed back into Equation 8 to
approximate a value for slip. This would then be fed back into Equation 9 to find a more accurate value for
LM. This process can continue until the desired level of accuracy is achieved. Three iterations have been
found sufficient.
Using the same data as Figure 3, the steady state magnetising inductance for varying magnetising current
values was found as shown in Figure 11. This is related to the slope of the flux-linkage vs current curve and
is effectively a steady-state linearization.

Fig. 11: Steady-state measurements of magnetising inductance with increasing magnetising current

It can be seen that when magnetising current is below 1.5A, there is significant variance in magnetising
inductance for different frequency inputs. This is due to small measurement errors, amplified by the
linearization process. As such, the steady state model will not be accurate at low currents. In practise, we are
interested in the regions where exploitable power is produced, so setting 1.5A as the minimum current is not
a significant issue.
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The trend line on Figure 11 is a 3rd order polynomial best fit based on data where magnetising current is
between 1.5A and 7.5A. Inverting the best-fit equation produces the formula shown in Equation 10.
(eq. 10)
By defining
we can then calculate all significant variables using the following equation set
[Veltman et al., 2007].
(eq. 11a)
(eq. 11b)
(eq. 11c)

(eq. 11d)
(eq. 11e)
(eq. 11f)
(eq. 11g)

After performing the above calculations, output power of the steady state model was
compared with the dynamic model as shown in Figure 12.

Fig. 12: Dynamic model compared to steady-state model

3.5 Calculating Range of Efficient Operation of Generator
In addition to the maximum power point, it is important to know the region of operation where the generator
is most efficient. Figure 13 shows that the power curve for maximum efficiency lies slightly lower than the
maximum power curve.
A third curve is introduced which shows the minimum power the generator can deliver, while retaining the
efficiency of the maximum power curve. Below this point, efficiency of the generator is reduced
significantly. The fourth curve of Figure 13 shows a power curve limited by maximum RMS phase voltage
of 300V and a minimum phase current of 1.5A. 300V has been determined as the maximum safe working
voltage of the SEIG.
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Fig. 13: Power Curves for various regions of operation of the SEIG

Figure 14 shows the efficiency of the SEIG for the various power curves shown in Figure 13. As expected,
the minimum efficient power curve matches the efficiency of the maximum power curve in most speed
ranges. The minimum power curve is realised by reducing output current and allowing phase voltage to
increase. At around 1770RPM this is restricted by the maximum 300V phase voltage and the minimum
power curve will follow the maximum voltage curve.
It should be noted that the trends in Figure 14 only consider electrical efficiency. The electrical machine test
rig used to gather this data does not have an operational torque transducer that would allow the measurement
of mechanical losses. Electrical efficiency has been verified in the model by summing output power and
resistive losses from the stator. This has been found to match the product of torque and frequency which
represents the theoretical mechanical power assuming no mechanical losses. Upgrades are planned for the
test rig that will allow mechanical losses to be measured and included in the model.

Fig. 14: Efficiency curves for various regions of operation of the SEIG

4. Matching Rotor and Generator Power Curves
In Figure 15, The Maximum Power Point (MPP) and Minimum Efficient Power (MEP) from Figure 13 have
been overlaid on the power loci of the 5kW wind turbine from Figure 1. The wind turbine shaft speed has
been multiplied by a factor of 8, to account for the 8:1 gearbox between the turbine shaft and the generator
shaft.
Generally, it would be preferable for the efficient power region of the generator to match the maximum
power range of the wind turbine. With the basic star-connected excitation capacitors of the SEIG studied in
this paper this is not possible for the full region of operation. The capacitor selection of 70µF allows the
power curve to remain within the optimal TSR range for winds ranging from 3.5m/s to 6.5m/s. This would
be suitable for sites with low average wind speed.
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Fig. 15: Matching generator and wind turbine power curves

It can be seen in Figure 15 that as wind speed increases beyond 6.5m/s, the generator power curve moves
further from the optimal TSR range. The maximum power curve of the generator may be controlled more
precisely using controlled converters [Wang et al., 2008] or shunt-series capacitors [Riawan and Nayar,
2009]. It must be investigated further whether the extra complexity of these options will be outweighed by
the improved power output.
5. Conclusion
The dynamic and steady state models described in this paper represent powerful tools for improving the
performance and stability of SEIGs used in small wind turbines. When combined with an accurate wind
turbine mechanical and aerodynamic model, the system can be optimized for maximum power extraction.
For optimum power extraction, focus should be on the power eventually delivered to the load. This should be
calculated for all wind speeds. In Figure 15, a compromise was made to focus on power from low wind
speeds. This was necessary because there is a relatively small speed range where the studied SEIG could
operate and the prototype wind turbine was placed in a relatively low wind location. If smaller amounts of
capacitance are used, the system can be optimized for higher wind speeds at the expense of low speed
performance.
The models used for this paper will be extended in future work to assess alternative induction machines,
different gearbox ratios and various configurations for self-excitation. This work will involve extensive use
of simulations, followed by experimental validation in the lab and finally on the prototype wind turbine.
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Appendix A: 3kW DONLY INDUCTION MACHINE NAMEPLATE DATA

The 3kW induction machine used in this paper
had the following nameplate data relevant for use
as a motor:
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Manufacturer

Donly

Power

3kW

Power Factor

0.82

Voltage L-L

380V

Current

6.8A

Frequency

50Hz

Insulation Class

F

Duty

1

Speed

1420 RPM

The Potential of Wind Power Generation at Gozo North-Offshore
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Abstract
The potential power generation at Gozo North-Offshore was estimated for a hypothetical wind farm
composed of 21 x 2MW wind turbines that can be accommodated within the site constraints. Wind from
directions that are not influenced by the landmass - 270o (due west) through 0o (north) to 120o (east southeast) would generate 100 GWh annually, or 4.3% of power station generation. The particular direction north-westerly - contributes 71.5 GWh emphasising the particular local wind regime. Wind from directions
that may be affected by the landmass, i.e. 120o (east south-east) to 270o (due west), would have a potential of
48 GWh. It is recommended that the potential be confirmed through wind measurements at a representative
point such as the seaward edge of il-Qortin tan-Nadur on the north Gozo shoreline.
Keywords
Offshore wind power, Gozo North, potential electricity generation, directional effects
1. Introduction
In work presented at the Enemalta 25th anniversary conference and subsequently published, Fsadni &
Mallia, (2006) discussed the wind electricity-generating potential of farms sited at Luqa, Bahrija and off the
north shore of Gozo. Each hypothetical farm was assumed to have a rated power of 18MW, made up of 24 x
750kW turbines. The output from each of these farms was compared to that from the two power stations on
an hourly basis throughout the whole year 2001. Wind speed and direction at hourly intervals was available
for Luqa from on-site measurements, and for the north Gozo shore from measurements at the University
Atmospheric Station at Gordan (Ellul 2002).

For Bahrija, a transfer factor from Luqa wind speeds,

determined from parallel measurements made in other years (Farrugia 1999) was used.
The convolution of the hourly generated wind power with the electricity demand showed a significant
contribution over the whole spectrum of the load duration curves. The results of the simulation for a
hypothetical wind farm based on the data from Gordan gave a total energy generation of 75 GWh which
corresponded to 3.7% of total electricity generation, but this included wind from all directions as may be
deduced from the map in figure 1.
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Fig. 1 Map of the Maltese Islands showing the Gordan location on Gozo
(courtesy of RN Farrugia private communication)
Concern was expressed about the influence of the landmass on an offshore wind farm, particularly as the
distance of the chosen site (with acceptable sea depths) from land would be relatively small. In the present
work the analysis allows for current technology and specific site constraints by treating the generation by
wind from directions unaffected by the landmass separately from those affected.
The data used in this analysis originated from an air monitoring station on the Gordan lighthouse on Gozo at
a height of 38m above ground level, itself 145m asl. The location is 800m south of a 50m cliff shoreline
followed by a rising slope leading to a final cliff of 15 m to a plateau where the lighthouse tower stands. It is
exposed to the prevalent north-westerly winds, where the topography is similar to that towards north. The
mean speed for 2007 was 8.8 m s-1, somewhat above that measured at 80m height at the coastal Ahrax Point
(Sant 2011).
2.

Methodology

Three modifications were made to the specifications of the previously assumed wind farm. The first is in the
size of turbine as 750kW is reckoned to be too small for offshore applications and the current practice seems
to require 1.5MW as a lower limit, with 2MW preferred and 5MW as the present upper limit. So 2MW
turbines were chosen. Secondly, we are also suggesting that the maximum depth of water the turbines can
operate in be increased from 20m to 30m. Thirdly, the chosen stretch of sea has been restricted to a length of
6km from Xwieni Bay on the west to Mistra Rocks on the east. This combination of length of site and
working depth would be extensive enough to accommodate 21 turbines keeping to the standard separation
required for 2MW turbines as indicated in figure 2, giving a total of 42MW for the whole wind farm.
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Fig. 2. Depth contours off Gozo north shore with turbine positions ( Θ )
and selected limits of wind direction, (modified from Winstanley 1957)
A qualitative evaluation of possible effects of the landscape on the wind speed measurements was made
using to a detailed analysis (Fisch 2010) for a location with similar topography. This indicated that the wind
speed measurements are not seriously affected apart for a limited enhancement due to the slope. In the
absence of any actual measurements, the Gordan data was taken to be a good approximation to conditions
offshore at the chosen site north of Gozo. The wind coming from the direction 270o through 0o to 120o
degrees would reach the turbines directly unaffected by the Gozo landmass.
The same procedure as in the previous work was adopted in determining the wind farm output hour by hour
for a whole year, employing a typical 2 MW turbine. A generation curve for the wind turbine was selected
from those for a number of turbines on the market. The farm output from 21 x 2MW turbines was
determined on an hourly basis for the year 2007 using the wind speeds measured at Gordan.
3.

Results

The overall generation was 148 GWh, amounting to 6.4% of power station generation. This result, while
appreciable, as in the original work does not allow for any wind shading by the landmass. In an attempt to
allow for such an effect by the landmass, the wind power output was binned in 13 bins. Most bins were of
30o except for one 20o degree bin (270o to290o) and one 10o (290o -300o). This latter split of the bin was
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done as the direction 270o to 290o may be adversely affected by the landmass. The annual output calculated
from this binning resulted in the yields indicated in figure 3.
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Fig. 3. Yearly energy yield from selected wind directions
These directional yields were added up only for wind directions to which the turbines were directly exposed
without any significant interference from the Gozo land mass, as indicated on figure 1. These bins were
bounded by directions 270o (due west), through 0o (north) to 120o (east south-east) as given by the energy
vectors A, B, C, D, E in figure 3. The results summed up for four relevant directional ranges are given in
table 1.
Tab 1: Electricity generation by wind direction

directional bins

270o - 290o

290o - 360o

0o - 120o

120o - 270o

GWh

22.3

51.2

26.6

48.6

The total energy generated within the directional limits unaffected by the landmass was 77.8 GWh, or 3.5%
of power station generation. If the energy generated within the 270o-390o bin is included the total rises to
100.1 GWh amounting to 4.3 % of power station generation. This re-emphasises that the north-westerlies
are still very prominent in the local wind regime despite suspicions to the contrary arising from reports of
climate change.
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4.

Conclusion

The results presented above suggest strongly that the Gozo north offshore is a promising site for a wind farm.
The setting up of a measuring mast at a representative point like the seaward edge of il-Qortin tan-Nadur, is
urgently required to confirm the potential.
5.
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1. Abstract
Considering the relation between system frequency and power equilibrium, the technical characteristics of
primary and secondary power reserve and the fact that traditional schemes regarding ancillary services are
not directly transferable to wind power, a new concept is developed addressing how wind power could
provide power reserve, both positive and negative, in a stable and reliable way.
The main challenge is to overcome the natural fluctuating characteristic of wind power through a process
which provides the structure and the needed data flow allowing wind energy to contribute with both, positive
and negative power reserve, within a reliable framework regarding power availability and stability, as
happens nowadays with conventional generation.
This paper presents a methodology [5] which makes use of the advantages of centralized and decentralized
control systems, providing a two layers architecture (TSOs and dispatch centres) as well as giving the
dispatch centres their own autonomy based on their own monitored and calculated data. It also decreases the
complexity of the control and decision making process with regard to the power reserve provision,
considering that a large volume of wind farms is expected to be able to participate in the power reserve
provision markets.
2. Introduction and objectives of the present methodology
The integration of large shares of fluctuating generation into the existing energy transmission and
distribution systems requires a new strategy for the operational management of wind farms which should be
equivalent (but not equal) to the strategies followed by the conventional generation power management.
Some basic facts should be considered before addressing the objectives of the developed methodology and
algorithm. The considered facts are described as following:
1.
2.
3.
4.

Considering the technologies available nowadays, wind power has the capability to be forecasted
with a 98% level of accuracy in a time frame of 8 hours ahead [1] [2].
The “lower interval” from each forecast has to be considered as the reference forecasted power.
Wind farms should be prequalified in order to be able to provide ancillary services as happens
nowadays with conventional generators.
Due to the needed time response, an automatic algorithm is needed to monitor and control the
different steps until the power reserve is provided by the selected wind farms. This algorithm may
consider the interaction between the TSO, the wind farm operator and the wind farms SCADA
system.

Finally, the objectives of the developed methodology are described as following:
1.
2.
3.
4.
5.

6.
7.

1

3070

Increase the power quality at low costs of those electrical systems which may have a strong
penetration of wind power.
Allow a control of the grid in a more flexible and intelligent way, keeping the current security levels
of the system requested by the TSOs.
Provide a secure and stable environment for all market participants to allow complex interactions
between independent actors.
Promote the aggregation of wind farms into wind farm clusters [3] [4] in order to support the
coordination between TSOs, dispatch centres, wind power producers and energy markets.
Promote the “multi layer control structure”1 as the next step for large scale integration of wind
power in order to allow wind farm clusters to be monitored and controlled in real time according to
the TSO needs.
Provide a communication structure to coordinate the bidirectional data flow and to participate in the
dynamics of the power market.
Encourage the needed changes in the current procedures in order to allow wind power to be
integrated in a flexible and secure way into the ancillary services market.

TSO and DSO

3. Methodology for providing power reserve with wind power
This process is based on an 8 hours procedure where economical variables are considered as well as the
stability of the offered power reserve, at wind farm level, is being monitored and evaluated according to the
TSOs requirements. A schematic description is depicted in Figure 1.

Wind farm
operator

TSO

...

1 - Call for tenders

2 - Offers
3 - Economical
validation

4 - Technical
Validation
Offer Validation
Matrix

5 - Confirmation
6 - Power reserve
activation

Figure 1 - Proposed methodology
Call for tenders: the needed power reserve volumes are published by the TSO one month in advance as it is
described in Figure 2.

Current month

One month ahead
Secondary power reserve – Positive (MW)

TSO
Power reserve requested for
next month

Secondary power reserve – Negative (MW)
Primary power reserve – Positive (MW)
Primary power reserve – Negative (MW)

Figure 2 – Month ahead power reserve request

Tendering process: based on the requested power reserve volumes by the TSO, a “tendering process” would
be opened every hour, 8 hours before the “Power Reserve Activation Time” (PRAT), as it is depicted in
Figure 3. During these 8 hours tenders are posted, economically evaluated and finally their availability and
stability is validated.

3071

Month
Day 1
H: 00

H: 01

Day n
H: 23

...

...

 Set points to wind farms.
(for positive and negative power reserve)
Tendering process (t-8)

Economical
evaluation

Technical
Validation (t-4)

Power reserve activation

Figure 4 – Reserve power tendering process
Economical evaluation: once the tendering process is closed, an economical evaluation of each offer is
performed. This is a market oriented process where the economical variables of each offer are being
considered allowing the TSOs to optimize and reduce costs concerning power reserve provision. Those
successfully evaluated economical offers are going to be technically verified during the last four hours before
the power reserve activation takes place.
Validation process: the objective is to evaluate the relation between “offered power” and “available power”
during the last four hours before the power reserve activation takes place. This “offer stability” validation
process considers an offer to be unstable when the offered power volume is bigger than the one reported by
the Lower Interval (LI) from the wind power forecast for a given wind farm.
The “Validation Process” is performed through the “Offer Validation Matrix”, described in Table 1. Every
hour the required updated information should be loaded by the wind farm operator or the dispatch centre. In
order to evaluate the offer stability, two factors were developed during this PhD (“Hour Stability Factor” and
“Offer Stability Factor”) considering as input data for them the information available in the “Offer
Validation Matrix”. Based on these two factors all offers are monitored in an hourly basis as well as in a
global concern regarding the whole offer and the power availability at the activation time.

Offer Validation Matrix
Wind farm
t-4
t-3
t-2
t-1
osf
Offer type
f(P)
f(P)
f(P)
f(P)
Install
LI (f(P)) LI (f(P)) LI (f(P)) LI (f(P))
capacity
--------Offered
hsf(t-4)
hsf(t-3)
hsf(t-2)
hsf(t-1)
power
Price (€)
Table 2 – Offer validation matrix with a time frame horizon of four hours

Company
Name

f(P):
LI (f(P)):
hsf:
osf

Forecasted active power for offered time frame
Forecasted Lower Interval (LI) for offered time frame
Hour Stability Factor
Offer Stability Factor

Additionally to the already described schema, a weight factor was attached to each one of the four hours
before the PRAT (see Table 3). The aim of this factor is to give a degree of relevance to each hour
considering that potential fluctuations may occur during these hours and depending on when they occur, they
could be more or less relevant with regard to the stability of the offer. This weight factor combined with the
“hour stability factor” is being referred in Equation 2 by the “offer stability factor” calculation, which
evaluates each offer as a whole based on the hourly evaluation described in Equation 1.
Time frame
Weigh factor (w)
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t-4
t-3
0,25
0,50
Table 4 – Weigh factor

t-2
0,75

t-1
1

The two developed factors are explained as following:


Hour Stability Factor (hsf): evaluates the offer stability by each of the four hours previous to the
power reserve activation. This factor indicates by each hour how stable the offer was keeping as a
reference the offer time frame. It is based on the forecasted active power and on its Lower Interval
(LI). As it is described in Equation 1 the “hsf” could have two possible values: 0 or 1, meaning with
0 that for a given hour the offer was not stable enough and with 1 that the offer was sufficient
stable.
The needed conditions for the “hsf” to report an offer to be stable are included into Equation 1 and
described as following:
1.
2.

For a given hour the Lower Interval from a wind power forecast should be lower than the
forecasted power (as it always should be under normal conditions).
The Lower Interval should be above 20% of the offered power reserve.
1

2

f ( P ) − LI ( f ( P )) > 0 Λ LI ( f ( P )) − 20%(offer ) > offer
else

hsf = 1
hsf = 0

Equation 1 – Calculation of the “hsf”


Offer Stability Factor (osf): evaluates the complete offer based on the “hsf” results of each hour
previous to the power reserve activation time and the hours weigh factor. As it is described in
Equation 2 each offer would be evaluated at wind farm level considering its stability during the past
four hours.

osf = hsf (t − 4) * w(t − 4) + hsf (t − 3) * w(t − 3) +
hsf (t − 2) * w(t − 2) + hsf (t − 1) * w(t − 1)
Equation 2 – Calculation of the “offer stability factor”
With regard to the result of Equation 2, an offer is considered stable enough if its final value is
bigger than “2”, representing that at least during the last 3 hours before the activation time of the
offered power reserve from a given wind farm, the offer was always available.

4. Potential power reserve provision with wind power in Germany during 2009
The aim of this analysis is to calculate for which percentage of the year primary and secondary power reserve
could have been provided by wind power, considering the developed methodology [5] presented in this
paper.
The considered time series from 2009 are described in Figure 5. A better description of the available
information can be observed in Figure 6, where October 2009 is represented.

Figure 5 – Wind power production and forecast in Germany, 2009
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Figure 6 – Wind power production and forecast in Germany, October 2009

Based on the information represented in Figure 5 and deeply described in Figure 6, Lower Intervals (LIs)
from the wind power forecast were calculated considering different reliability factors (see Figure 7 and
Figure 8). The reliability factors used for the lower intervals calculation are 90%, 95%, 99% and 100%.

Figure 7 – LI calculation for wind power forecast in Germany during 2009

An example and a better description of the available information from the calculated Lower Intervals is
included in Figure 8 and Figure 9. The black line represents the current needed primary power reserve
volume (800 MW) and the black dotted line represents the secondary power reserve volume (2000 MW).

Figure 8 – LI calculation for wind power forecast in Germany, October 2009
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Figure 9 – LI calculation for wind power forecast in Germany, 01.10.2009 – 06.10.2009

The developed methodology was applied to the German wind power production time series in 2009. Based
on the lower intervals from the wind power forecast it was calculated for which % of the year primary and
secondary power reserve provision could have been provided by wind power. Lower intervals with reliability
factors of 90, 95, 99 and 100% were calculated. The results can be observed in Table 5, Table 6 and Table 7.
For both, primary and secondary power reserve, the relevant reliability factors are 95 and 99% (more realistic
ones if the natural characteristics of wind power are considered).
In Table 5 it can be observed that primary power reserve provision (800 MW) could have been provided by
wind power with a 99% of certainty during 3656 hours (41,74%) in 2009.
Primary power reserve (800 MW)
Potential power reserve provision
Reliability
during 2009
100 %
19,58 %
99 %
41,74 %
95 %
57 %
90 %
66,22 %
Table 5 – Potential primary power reserve provision with wind power in Germany
Secondary power reserve provision results can be observed in Table 6. These results show that wind power
could have provided with a 99% of certainty 2000 MW of power reserve during 2580 hours (29,46%) in
2009.
Secondary power reserve (2000 MW)
Potential power reserve provision
Reliability
during 2009
100 %
13,95 %
99 %
29,46 %
95 %
41,97 %
90 %
47,98 %
Table 6 – Potential secondary power reserve provision with wind power in Germany

Finally, Table 7 shows the calculation results from both, primary and secondary power reserve, together. It
can be observed that both kinds of power reserves could have been provided by wind power with a 99% of
certainty during 2096 hours (23,93%) in 2009.
Primary and Secondary power reserve
(2800 MW)
Potential power reserve provision
Reliability
during 2009
100 %
11,49 %
99 %
23,93 %
95 %
33,38 %
90 %
39,08 %
Table 7 – Potential primary and secondary power reserve provision with wind power
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5. Conclusions
The planned construction of numerous wind farms of the magnitude of conventional power plants calls for a
new strategy in their operational management. In terms of the monitoring, connection and control conditions,
wind farms should be equivalent to conventional power stations. Particularly related to the ancillary services
provision, it is proved that wind farms could take over the tasks currently carried out by conventional
generators.
As it has being described during this paper, wind power can not only be decreased but also be increased
within a time frame of seconds. Widespread use of this method of operation can result in a significant
frequency-supportive power reserve provided by wind farms.
The contribution of wind energy into power reserve market leads to new market rules, legal and regulatory
frameworks. Furthermore, in order to achieve its wide application and participation throughout Europe, these
new rules and frameworks will need to be highly compatible and partly even harmonized in the European
Internal Electricity Market (IEM).
This new context, characterized by complex regulations, an increasing number of actors and the services that
they require, asks for more intelligent control systems that can manage both the electrical and financial
operation of the grid and new interactions between grid participants.
Many different visions have been proposed for future power systems. Each of these visions depends on
equipment, regulations, legal structures, environmental factors and many more, all with specific control
needs.
The consensus no longer exists with regard to the question how a future power grid should be controlled, or
what should be intermediate steps towards that direction. A new research area is currently forming on the
border between electrical power engineering, industrial automation, control engineering, energy economics,
communications technology and intelligent systems. The first large research projects in this area have
already been launched. Some countries like Denmark or Spain, have already implemented the proposed “two
layers” concept (TSO and dispatch centres), showing that wind power is controllable and predictable enough
to allow larger penetration levels, according the world wide trends.
The necessity of the wide use of renewable generation is nowadays self evident. However, it is not the need
of ancillary services provision based on renewable energies. Large wind farm clusters will be centrally
controlled in order to coordinate and adjust the operation of many individual wind farms distributed in the
field.
Developing an innovative concept to provide power reserve with wind power requires also testing the
technical capabilities of real wind farms. In some cases, the already implemented technologies at wind farm
level are not fully being used and the capability of wind farms to be controlled is already there.
Several scientific tests were carried out based on control strategies for active power control considering the
structure of wind farm clusters developed by Fraunhofer IWES as well as the need of sharing data between
TSO control systems and dispatch centres [4] [5].
During several R&D projects, control strategies for wind farm clusters management were implemented and
evaluated. Wind farms located in Germany and Portugal were proposed as real test fields being online
monitored and controlled by the Wind Farm Cluster Management (WCMS).
Concerning the performed tests, the obtained results are described as following:




Wind farms have showed the capability of reacting to a given control command.
Controllability of wind farm clusters was successfully tested.
Power oscillations were registered. They should be deeper analyzed in order to be minimized.

Deviation between the set point target and the real power production in 90% of the measurements was not
more than 1%. The biggest deviation was 3,5% from the given control command. This shows high
controllability levels of wind power during the execution of a set point [5].
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Existing barriers, available technologies and design parameters have been considered for the development of
an innovative methodology in order to allow wind power to provide primary and secondary power reserve in
a secure and flexible way.
For an effective management of the wind power input into the electricity supply systems, wind power
forecasts are essential, therefore the main algorithm includes the use of wind power forecast and the lower
boundary of its confidence interval. At the same time, it is also considered the interaction between the TSO,
the wind power generation companies and the SCADA system of each wind farm.
The structures included into the developed algorithm are “Offer Validation Matrix”, “Hour Stability Factor”
and “Offer Stability Factor”.
Finally, it was studied the concrete capability of wind power to provide primary and secondary power
reserve during one year. The analysis was performed based on the German wind power production time
series from 2009. The results of the validation process can be described as following:





The innovative developed methodology allows increasing the power quality at low costs from those
electrical systems which may have a strong penetration of wind power.
The structure of wind farm clusters is recommended in order to reduce limitations due to potential
unavailability of single units by grouping wind farms into clusters.
Wind farms should be prequalified in order to be able to provide ancillary services as happens
nowadays with conventional generators.
Due to the needed time response, an automatic algorithm is needed to monitor and control the
different steps until the power reserve is finally provided by the selected wind farms.

For the year 2009 it was calculated for how long and with which certainty level primary and secondary
power reserve could have being provided by wind power. Results have shown that wind power could have
contributed to primary power reserve1 during 41,74% of the year with a 99% of certainty. It can also be
observed that secondary power reserve2 could have been provided by wind power during 29,46% of the year
with a certainty level of 99%.
Concerning the performed tests, the obtained results are described as following:




Wind farms have showed the capability of reacting to a given control command.
Controllability of wind farm clusters was successfully tested.
Power oscillations were registered. They should be deeper analyzed in order to be minimized.

Deviation between the set point target and the real power production in 90% of the measurements was not
more than 1%. The biggest deviation was 3,5% from the given control command. This shows high
controllability levels of wind power during the execution of a set point.
Thanks to the commitment of all involved sectors, wind energy is demonstrating once more that it is ready to
face a new challenge in the renewables energies history. It is not only fulfilling the market demand with new
modern multi mega-watt wind turbines (on and off-shore), it is also capable to face the challenge of
progressively replace conventional generation bringing at the same time security to the system through its
already demonstrated controllable characteristics.
This is it self a step forward in the direction of the 100% renewable energies scenario which was also
presented by Fraunhofer IWES.
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1. Introduction
Global demand for energy is increasing at a breathtaking pace and this is particularly true in developing
economies. This sharp increase in world energy demand will require significant investment in new power
generating capacity, especially in the developing world. In contrast to the uncertainties surrounding supplies
of conventional fuels, wind energy is a massive indigenous power source which is available in virtually
every country in the world. Regional economic development is also a key factor in economic considerations
surrounding wind energy.
Ongoing innovations in turbine design include the use of different combinations of composite materials to
manufacture blades, especially to ensure that the weight is kept to a minimum. The main goal of the present
research was to manufacture and test blades for small wind generators using polymer composites having
Brazilian natural fibers (jute fibers and a combination of jute and glass fibers) as reinforcement.
In order to achieve this goal, we have:
1. Manufactured the polymer composite blades with locally available techniques using a vinyl ester resin as
the matrix and, as reinforcement, jute fibers and a combination of jute and glass fibers;
2. Determined the aerodynamic loads for nominal operation and for extreme wind gusts, adding a safety
factor to compensate for aging, hidden manufactures failures;
3. Tested the structural resistance of the blades with the calculated loads.
2. Test blades (Experimental)
The following materials were used for manufacturing the test blades: Vinyl-Esther Resin RF-1001 MV;
Catalyst Methyl-Ethyl Ketone Peroxide – MEK; Mold cleaner; CL Sealer 15 NEB Chem trend sealer;
Demolding Agent – PMR-90; Grees Cera tec glaze (or Carnauba Wax); thinner; Jute fabric and Glass Fiber
fabric 300g/m2.
The blades were manufactures by hand lay up on a two piece mold based on a commercial blade. The mold
surface was cleaned and sealed before a demolding agent was applied. The reinforcing fabrics (hessain cloth,
glass fiber as a woven fabric and non-woven down cloth) were cut out with the mold dimensions. Once the
fabrics are cut out and the mold surface prepared (Fig, 1), the initiator (2% w/w Methyl-Ethyl Ketone
(MEK)) was added to the resin (Vinyl-Esther Resin pre-accelerated with cobalt octoate (0.3%) and di-methyl
aniline (0.2%) as a cocatalyst) with constant stirring. This provides a 30 minutes interval before curing takes
place and the resin becomes too viscous to be applied on the mold and over the fibres. The catalysed resin is
then applied with a brush (or spray) over the mold surface to produce the gel coat (Fig 2.).
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Fig. 1: Tissue cut according to the size of the inner mold

After the gel coat is on the mold surface (Fig. 2), the chosen fabric is laid over the mold (layer by layer) and
each layer separately is impregnated with the catalyzed resin. This step must be done carefully to guarantee
satisfactory wetting of the fabric by the resin, and the perfect insertion into the mold piece in order to avoid
bubbles or tissue folds. This blade was manufactured using two layers of jute tissue. Both parts of the mold
are prepared using the same procedure.

Fig. 2: Gel coat being applied on the mold surface

After the curing, if the boundaries are not smooth and correctly filled, they must be polished in order to avoid
defects that would make difficult the right joining of the two pieces (Fig. 3).

Fig. 3: Checking if the boundaries are smooth and correctly filled

When both parts of the mold are ready, the metallic insert is attached with resin (Fig. 4). Since Vinyl-Esther
Resin is more expensive, unsaturated polyester resin is used instead. The “paste” is a mixture of polyester
resin (matrix) reinforced with talc and calcium carbonate (proportion 70:30). The amount of the
reinforcement added is that necessary to produce a high viscosity paste.
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Fig. 4: Resin used to bind the metallic insert

A glass fiber strand, wetted with the resin was applied around the borders of the blade before the mold was
closed. The purpose of this addition was to ensure perfect closing and adherence between the two parts of the
molded blade. Once these strands are in place, care must be taken to ensure that the mold is cleaned and its
borders are waxed, in order to guarantee that no demolding problems will occur. The mold was then closed
and set with screws along the boundaries to guarantee a good compaction (Fig. 5).

Fig. 5: The mold is closed

The mold has two little holes (and entry and an exit hole) to allow for the injection of an expansible
polyuretane resin. Once injected this resin expands and cures, filling up the empty regions left between the
molded parts, imparting bending resistance to the molded blades. The part must be kept in the mold for at
least 2 hours before the screws are removed and the blade is taken off of the mold.
Blades in four different configurations were manufactured this way and tested. One of them was a
commercially available glass fiber reinforced blade, used as reference. The other three tested blades were
manually manufactured using only jute fabric (hessian cloth) and combinations of jute fabric and glass fibers
as reinforcement laminate (Figure 6).
The difference of the four blades lays merely in the material and in the fiber reinforcement orientation of the
composite layers. The general characteristics are listed in Table 1. Three types of fiber lamination orientation
were used.
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Fig. 6: Used blade configurations

Tab. 1: General characteristics of the tested blades

Test Blades
2
Red
Polyester
Jute Fiber
Fiber Fabric
Glass Fiber
Random Fiber
1466g

1
Yellow
Polyester
Jute Fiber
Fiber Fabric
Jute Fiber
Fiber Fabric
1547g

Characteristics
Color
Matrix
1st Layer
Orientation
2nd Layer
Orientation
Weight

3
Green
Polyester
Jute Fiber
Fiber Fabric
Glass Fiber
Fiber Fabric
1584g

Commercial Blade
4
Blue
Polyester
Glass Fiber
Aligned
Glass Fiber
Aligned
1652g

3. Testing of the blades (Mechanical Performance)
Calculations were based on the operational wind speed: 12m/s and the extreme loads at maximum gust- wind
speeds for wind turbine class 1 with 70m/s, class 2 with 59.5m/s, class 3 with 52.5m/s and class 4 with 42m/s
(Burton et al., 2008). Aerodynamic forces acting on blade elements for maximum 50 years wind gusts
classes 1 to 4 are listed in table 2.
Tab. 2: Aerodynamic forces acting on blade elements for maximum 50 years wind gusts classes 1 to 4 in N (Newton)
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Blade Element

Class 1

Class 2

Class 3

Class 4

5

54.47

39.36

30.64

19.61

4

89.14

64.40

50.14

32.09

3

133.71

96.60

75.21

48.13

2

56.12

40.55

31.57

20.20

1

25.42

18.37

14.30

9.15

Total

358.86

259,28

210.86

129.18

Aerodynamic forces (radial and axial forces) relative to the rotor plane acting on blade elements during
nominal operation are listed in table 3.
Table3: Radial and axial components of aerodynamic forces relative to the rotor plane acting on blade
elements during nominal operation in N (Newton).

Blade Element

Fr

Fax

5

0.68

1.42

4

1.58

4.49

3

4.23

19.68

2

2.78

22.40

1

1.50

19.18

Total

10.77

67.17

Figure 7 below compares aerodynamic loads for nominal operation and maximum gust-wind speeds for wind
turbine class 1 with 70m/s.

Fig. 7: Aerodynamic loads for nominal operation and maximum gust

For blade loading were used gravitational forces. So, the test rig was developed as a simple feature to fix the
blade in a horizontal position and to permit gravitational loading and deflection measurements along the
blade, according to Figure 8.

3083

Fig. 8: Test rig and loading

The blades were loaded in steps, increasing the loads up to the maximum test values. In the case of nominal
operational loads, the steps were 50%, 80%, 100%, 120%, 130% and 135%. In the case of maximum gustwind speeds for wind turbine class 1 to class 4, the loads were increased from the minor values to the higher
ones: 100% class 4 to 110% class 4, followed by 100% class 3 to 110% class continuing this way to the
maximum load of 110% class 1.
The loading time for each step was 15 minutes. That was the time necessary to measure the deflection and to
check the blade for damages visually and by tap testing. The test arrangement allowed adjusting the forces
via the water volume in the test rig within a precision range of plus/minus 0.05N. The resulting deflection
during the test of blade at the tip, 1 manufactured with two layers of jute fabric (hessian cloth) simulating the
loads of the nominal operation (650rpm and a wind speed of 12m/s) and the tap test results are listed in table
4.
Table4: Resulting deflection during the test simulating nominal operation loads.
Load Sequence
1
2
3
4
5
6
7
8

Load Factor (%)
0
50
80
100
120
130
135
0

Deflection at Blade tip (cm)
0.0
3.2
5.8
7.7
9.7
10.6
11.3
0.0

Figure 9 shows the resulting deflection (in cm) of the test blade 1 for 0%, 100% and 135% loading. The
maximum load was applied for a period of 15 minutes. No visual damages were detected nor any identified
by the tap test.
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Fig. 9: Test blade 1 deflection for 0%, 100% and 135% loading

The resulting deflection of the test blade 1 simulating the loads occurring in the case of wind gusts defined
for the wind classes I to IV (42 up to 70 m/s) are listed in table 5.

Table5: Resulting deflection of the test blade 1 simulating the loads occurring during wind gusts for wind classes I to IV.

Load Sequence
1
2
3
4
5
6
7
8
9
10

Wind Class
Initial Reference
4
4
3
3
2
2
1
1
Final Reference

Load Factor (%)
0
100
110
100
110
100
110
100
110
0

Deflection at Blade tip (cm)
0
9.2
9.5
12.8
14.2
16.7
18.7
25.0
27.3
1.5

Figure 10 shows the resulting deflection (in cm) of the test blade 1 for 0% and 110% loads of the wind class
I, which represents the heaviest load applied during the tests. This maximum load was applied for a period of
15 minutes. No visual damages were detected nor any identified by the tap test. The resulting deflection of
the blade tip was more than 25cm.
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Fig. 10: Deflection of the test blade 1 for 0% and 110% loads of the wind class 1

In the following tests, the remaining test blades 2, 3 and 4 qualified as well nominal operation (plus a safety
factor of 35%).
Test blade 2, reinforced with jute and glass fiber woven fabrics (plain weave, 1/1, 90° angle), failed in the
harsher conditions of wind gusts defined for wind classes I (70 m/s wind speed, including a safety factor of
10%.) It is believed that the reason for not qualifying for operation in wind class I, is that Test blade 2 had a
junction defect shown in figure 11.
Only the test blades 1, 3 and 4 qualified for class I.

Fig. 11: Failure in test blade 2

The different deflection levels during the tests showed that test blade 1, manufactured with two layers of jute
fabric, is far more flexible than the, commercially available blade 4. The difference between the two blades is
not only in the type of the reinforcing fibers but also in their orientation: Test blade 1 is made of a plain
weave cloth, mad of orientated in continuous fibers perpendicularly crossing and inter-weaving each other
while the commercial blade is made of oriented continuous longitudinal fibers.
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Figure 12 shows the deflection for the test blade 1 and the test blade 4.

Fig. 12: Deflection for the test blade 1 and the test blade 4

The 15 minutes loading period with the heaviest load (wind class 1 with 70m/s) caused permanent
deformation in all test blades, including the commercially available one, as reported in table 6. It is important
to note that the 10 seconds minimum loading required by the Guideline for the Certification of Wind
Turbines was surpassed by far with 15 minutes loading during the test.
Table 6: Deflection at blade tip in cm

Deflection at Blade tip
Nominal Operation
Wind Class 4
Wind Class 3
Wind Class 2
Wind Class 1
Permanent

1
11.3
9.5
14.2
18.7
27.3
1.5

Test Blades
2
8.9
8.4
12.7
16.2
Fracture
-

3
7.2
8.6
14.4
19.3
24.8
1.0

Commercial Blade
4
7.8
6.4
9.5
12.5
18.2
1.0

4. Conclusions
All four test blades (three blades manufactured for the present project and a commercially available one)
sustained the operational loads with a safety factor of 35% over the calculated loads in nominal operation
with a total of 90.66N without any sign of failure and returned to their original position after reliving the
load. Furthermore, the blades were tested with 110% of the calculated loads for the 50 years period
maximum wind gusts defined in wind classes IV to I (42 to 70m/s) of the IEC 61400-1. The results obtained
were the following:
A. Test blade 1 – with laminates exclusively in jute fibers
The blade sustained all up to the heaviest calculated one for 70m/s wind gust (wind class I) plus a 10% safety
factor which totaled 394N. The test blade 1 withstood all trails without any sign of structural failure. It is
important to note that after the load trails the tip of the blade did not return to the initial zero position, which
resulted in a permanent deformation (deflection) of 1.5cm below the initial zero position. During the load
tests the blade showed high flexibility with a maximum deflection of the blade tip reaching 27cm in a total
blade length of 127cm.
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B. Test blade 2– with laminates in jute fibers and glass fiber cross woven laminates
The blade sustained all up to the calculated to wind class 2 with 59.5m/s one plus a 10% safety factor, but
failed to the heaviest calculated load with 70m/s wind gust (wind class I) plus a 10% safety factor which
totaled 394N. This failure was attributed to a structural damage (a split at the blade junction) presented by
this blade.
C. Test blade 3 – with laminates in jute fibers and short non-orientated glass fiber laminates
The blade sustained all up to the heaviest calculated one for 70m/s wind gust (wind class I) plus a 10% safety
factor which totaled 394N. The test blade 3 withstood all trails without any sign of structural failure.
D. Commercial test blade 4 – with laminates exclusively in glass fiber
The blade sustained all up to the heaviest calculated one for 70m/s wind gust (wind class I) plus a 10% safety
factor which totaled in 394N. The test blade 4 withstood all trails without any sign of structural failure.
After the tests all blades, including the commercial blade, did not return to the original position, with a
difference of 10 to 15mm at the tip. The deformation was not considered a failure and disqualification since
the loading time of 15 minutes exceeded by far the 10 seconds required. The high flexibility of the jute
reinforced blade (test blade 1), which caused a high degree of reflection, has to be considered in the project
of wind energy converters since this could occasionally cause a collision of the blade with the tower.
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3.5 Grid Integration of Renewable Electricity
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Introduction

Much of the remaining advocacy in favour of current generation technology revolves around the ability of
the current coal, gas and nuclear technologies to provide baseload power, which is portrayed to be essential.
The opinion that baseload is an essential feature of power generation is even influencing the design of
concentrating solar thermal (CST) technology, with the advent of the ‘baseload’ Torresal solar tower plant in
Spain (Torresal, 2011).
The baseload + peaking generation strategy has been used for many decades, but is it the best way for the
future? In this paper we show that baseload is not a necessity. It is, rather, a characteristic of low cost fossil,
geothermal, and nuclear plants that are operated continuously to lower their relative capital expenditure.
Running continuously, they are inflexible and unresponsive to load; it is said they are not ’dispatchable’ .
Other, more expensive, peaking technologies must carry out load matching and bear the heavy cost of such
intermittent operation.
Are there non-baseload strategies that may be more suitable for renewable energy dominance of generation?
We use the wind + solar strategy discussed in a companion paper at this conference (Mills and Cheng, 2011)
as a example to illustrate that baseload generation is not essential to either renewable or fossil fuel
generation, and that a broader and more insightful categorisation is now needed. We discuss other strategies
that may arise as technology progresses.

2.
The Baseload Paradigm
Baseload sources of power operate day and night for most of the year and allow reduced cost for coal and
nuclear plants through better utilization of the power block. Many traditional engineers insist that baseload is
an absolute requirement for a comprehensive and low cost system, complemented by intermediate peaking
and fast peaking plants. There is a also great deal output from competitors to renewable energy saying that
baseload is necessary and that renewables cannot do this.
Large companies and utilities supporting this view influence many politicians and ministers in most
countries. A former Prime Minister of Australia, John Howard, said that “Solar is a nice, easy soft answer.
There's this vague idea in the community that solar doesn't cost anything and it can solve the problem. It
can't. It can't replace base load power generation by power stations.” (ABC TV, 2007) .Not surprisingly, a
Minister in his government agreed: “You cannot run a modern economy on wind farms and solar power. It's a
pity that you can't, but you can't.” (ABC TV, 2007). On March 11, 2009, Energy Secretary Steven Chu said
to the the US Senate Budget Committee: “I believe nuclear power is an essential part of our energy mix. It
provides clean baseload generation of electricity.”(Chu, 2009).
There are many other examples of similar statements made in many countries, clearly agreeing with the
views that (a) baseload is essential and (b) solar cannot produce baseload power. We disagree with both those
propositions. Baseload is not essential. The solar tower in Spain shows that solar can generate baseload
power. But we would also disagree with a third, increasingly common proposition: (c) that solar or wind
should be producing baseload power.

3.

Technical Discussion

Fig. 1 shows a schematic of the the traditional grid mix of technology. The dark coloured baseload
component is nearly flat, except when load drops at night below the design baseload power output. The
output need not be absolutely flat but should be working near maximum output most of the time to make best
economic use of plant capital equipment.
The middle section is called ‘intermediate peaking’ and it describes a system that rises and falls slowly
during the day and night to roughly match the daily rise and fall of electricity grid demand. It uses its
equipment for fewer hours than baseload and thus has a higher kWh cost. In the USA, most NGCC plants are
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used for intermediate peaking. Interestingly,
the pressures of a national spot market in
electricity in Australia has caused coal plants
designed for baseload to be pressed into service
as intermediate peakers, but as with natural gas
intermediate peaking, their capital utilisation
declines with decreasing capacity factor and
the system costs more to run with higher
maintenance costs. However, this is usually
repaid by being able to receive high spot
market prices during peak periods.

FAST PEAKING

INTERMEDIATE PEAKING
BASELOAD COAL OR NUCLEAR

1: A simple diagram of the generation types used throughout the
The top light coloured part of the diagram Fig.
day. In practice, baseload is not usually entirely constant and may
refers to fast peaking technologies such as gas slowly adapt to load, while fast reaction peaking technologies like gas
turbines which are characterized by a low usage turbines may turn on and off multiple times over 24 hours and can have
rate (low CF) and high kWh costs because of a low CF of about 10%.
poor utilisation of capital and the necessity to
use more expensive natural gas fuel.
Hydroelectricity can also be used for fast peaking, and can be profitable because the limited water supply can
be allocated to very highly priced peak load times but most fast peaking is done these days by gas turbines.

In (Mills and Cheng, 2011), the hour by hour USA electrical loads for a whole year (2006) were assembled
from US government data, and the authored calculated that the entire electrical system could have been run
without blackouts by a system composed entirely of highly variable sources - solar and wind. Absolutely no
baseload was used in the simulation. Furthermore, the same system, enlarged appropriately for the increased
load, could have run nearly the entire economy if thermal and transport loads were electrified. This part that
could not be run with present wind and solar technology - virgin iron ore production and air transport - was
difficult to access for technical reasons: iron ore reduction requires carbon as a reducing agent and aircraft
need a combustable fuel1. Fig. 2 shows the continental US electricity load pattern derived from basic FERC
data for 2006 (Mills and Cheng, 2001). Both intermediate and fast peaking conventional technologies are
able to handle the big variations visible in the illustration, but fast peaking plants would be necessary for
variations below an hour or so in time. A baseload plant fleet of 0.32 TW would just fit into this scenario,
supplying almost everything below that output, but there was no such low cost baseload used in the matching
simulation. Importantly whatever matches the baseload with the load must clearly deal with a highly variable
load, and therefore can also match a variable inflexible fleet of generators instead. Importantly, if large
numbers of generators are interconnected, the abruptness of variations will be much lessened due to
averaging effects over the grid.

Fig. 2: Calculated continental US electricity load for 2006 in terms of TW(e) vs hour of the year. This is highly variable on a
seasonal and daily basis, and clearly requires a flexible form of generation to match load with any inflexible generator output.
It does not matter whether the inflexible output it itself variable or baseload. The dark region represents the variation in load
that needs to be matched. The region below 0.32 TW(e) would be suitable for the operation of a fleet of baseload plants, the
variations of intermediate peaking and fast peaking would have to match the dark regions in the diagram.

Fig. 3 shows the derived wind output for the USA in 2006 as used in Mills and Cheng. The low cost element
is wind generation, but as is evident, wind is extremely variable and totally unlike the baseload characteristic
in Fig.1. In spite of this, the solar component in the modeled energy mix was able to bridge the difference
1 However, even these markets had the potential to be run by future technical processes using hydrogen fuel provided by electrolysis

using electricity from the same solar and wind technologies. Hydrogen is an alternative reducing agent for iron ore and hydrogen can in
principle be used as a fuel for aircraft.
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between the wind output in Fig. 3 and the load in Figure 2, and achieved 100% reliability over the entire year
modelled for some configurations. The solar generation was modelled as a concentrating solar thermal (CST)
plant with thermal storage to achieve the required flexibility in output.
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Fig. 3. Wind generation output for the USA in 2006. It can be seen that there are extremes of output between summer and
winter. The wind output is prone to fluctuations between 0.067 and 1.02 TW(e).

Instead of Fig.1, we need a new and more
general generation diagram. This is shown
in Fig. 4, where neither component needs to
be baseload, but the required load match
still occurs. Clearly, a flat baseload output
vs time characteristic is not a basic
FLEXIBLE GENERATION
requirement for full grid coverage; the
interface between
the two generations
types could be flat, but doesn’t have to be.
In other words, baseload operation is not
INFLEXIBLE GENERATION
essential. Rather, baseload operation is a
attribute of low cost fossil, geothermal and
n u c l e a r p l a n t s t h a t a re o p e r a t e d Fig. 4: A system with an inflexible source (variable or baseload) and a
flexible dispatchable source (CST). Load-matching wind is not
continuously to lower capital expenditure
intrinsically more difficult than load-matching baseload to an
vs electricity generated. In the wind/solar
unpredictable variable load like wind.
scenario, wind does not share that attribute,
because it achieves its lowest cost as a
variable output, not bearing the additional
high cost of any steadying storage for its electrical output. In Fig. 4 the type of generation used is not
mentioned; it could be renewable or non-renewable.
The ability to abandon baseload generation is not just some quirk of renewable energy. For example, natural
gas combined cycle (NGCC) fossil fuel plants are highly adaptable and can provide either intermediate
peaking or baseload generation without changing the design.. A whole generation network could be
hypothetically be created from NGCC plants, each following the local grid load profile. No single plant
would need to operate as ‘baseload’ in such a system. They could, and probably would, all satisfy their local
grid load changes in parallel, seeking the highest prices in an electricity spot market. If we didn’t care about
the cost associated with natural gas fossil fuel, it would be sensible to run NGCC in this way for what
currently comprises the fossil-fuelled intermediate peaking and baseload market network, because they
would release about half the emissions of coal. Baseload + peaking is not an intrinsically bad system - it
clearly works. It is simply a subcategory of a more general system, and there could be other systems.
A more insightful and broader categorization is needed so that people can think outside the present ‘baseload
box’. The authors believe that the most rational way to interpret the situation is to consider an inflexible,
variable resource which cannot cary out peaking, paired with flexible, variable generation to provide a
matched load for the total system. The main justification for the inflexible component is solely to introduce
low cost energy into the generation mix, not to provide some essential technical foundation for generation. In
this way of thinking, most (but not all!) complete systems would be composed of at least two main
generation types, inflexible low cost components, and flexible higher cost components.
Possible inflexible technologies would currently include (a) coal, NGCC, nuclear, and geothermal operated
as baseload; and (b) PV, CST, and wind operated without storage. Here, some new insights begin. We noted
that the basic reason for introducing inflexible technology was electricity supply at low cost. Clearly, not all
of these technologies are low cost, yet they are competing for the low cost inflexible generation market.
Thinking within the new paradigm, high cost inflexible technologies are in deep trouble and might only
survive through subsidy or re-inventing themselves. For example, should nuclear have a peaking capability?
We would argue yes, if it is going to survive competition from wind, it needs to escape into the higher-priced
flexible market. Additional exclusion criteria may apply to other competitors such as limited resource size
for shallow geothermal or excessive pollution for coal.
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Flexible technologies provide higher cost load matching and would include intermediate peaking NGCC, fast
peaking gas turbines, peaking hydro, CST with thermal storage, and PV or wind with battery storage. Again
these technologies all have pros and cons. Should CST be designed with baseload storage capability like that
of Torresol? We would argue no, because this would make solar a more costly inflexible technology akin to
nuclear. As our paper (Mills and Cheng, 2011) shows, lower storage levels than those necessary for baseload
seem to be optimal for a flexible plant, and its main competitor in this sub-market, intermediate peaking
NGCC, is higher priced than low-cost wind would be in the inflexible market.
The preceding paragraphs show that the continued obsession with baseload unmasks some inherent
mismatches between technologies and markets, mismatches that are often sustained by inappropriate subsidy.
It seems possible in principle to construct a load-matched system in principle using any inflexible system
partnered with any flexible system, such as nuclear + CST, or wind + gas turbines. This is now easy to see;
as an example, wind cannot ‘pair’ wind with nuclear alone because neither can adapt to load, seasonally or
diurnally. These types of combinations are automatically excluded technically, even though most people
would not think of nuclear and wind as direct competitors. However, to design an optimal system, it is also
important to compare price with technologies that do exist within the same category. This is an important
debate to have - should we be pursuing expensive inflexible technologies in a world with limited funds to
invest in clean technology?
Table 1 shows estimated costs for technologies both current and emerging, but these are simple plant costs.
In a future paper, we will make an approximate estimate for combined systems having flexible and inflexible
components. and address variations in redundancy or overbuild, differences in inflexible to flexible
generation ratios, differences in dumping, differences in fuel cost, and different relative tax concessions. That
being said, it will be shown that
• an inflexible wind component is cheaper than an inflexible 2006 coal + nuclear component;
• the inflexible systems are usually larger than the flexible systems in terms of electrical output;
• the high cost of low CF combustion turbines raises the conventional flexible component cost well above
that of NGCC alone;
• the cost range of a full CST/wind fleet overlaps with the cost range of a new conventional system.
Tab. 1: Flexible and Inflexible technologies in the near term. Most figures come from Lazard (2009) but these some have been
altered with a known 13.6 cents per kWh cost for CST based on the Solar Reserve Tonopah plant (Solar Reserve, 2011), and a
cost of 9 cents per kWh for NGCC peaking based on EIA figures adjusted to the Lazard capacity factor of 40%. The gas
turbine figure of 23.5 cents is within the Lazard range and created from EAI figures adjusted for a 10% CF.

Operation

Flexible

Flexible

Flexible

Inflexible

Inflexible

Inflexible

Inflexible

Technology

CST

NGCC Int.
Peaking

Gas
Turbine
Peaking

NGCC
Baseload

Nuclear

Coal

Wind

Cost per
MWh

13.6
Tonopah
(2011)

EIA* 9.0
Lazard 10.2

Lazard
22.5-34.2
EIA* 23.5

6.6 DOE
7.4 Lazard

EIA
11.0-12.1
Lazard
10.7-13.8

6.7-9.5*

7.3
DOE
(2010)

*EIA (2010) figures adjusted for capacity factor, coal CF not adjusted.

There is also is a late-stage problem that emerges when we attempt to fully eliminate pollution. This is the
high cost of grid blackout avoidance in a potential zero emissions scenario, as discussed in Mills and Cheng
(2011) using only wind and solar. The cost of achieving the last few percent of load coverage is very high in
redundant extra plant capital cost to avoid deficits and consequent blackouts. However, there are potential
solutions discussed in that paper, some involving synthesis of hydrogen with redundant capacity. Use of
under 2% of backup fuel can strongly reduce he capital cost of capacity required.

4.

Concluding Comments

We are not the first to question the baseload paradigm. Jon Wellinghof is the Chairman of the US Federal
Energy Regulatory Commission (FERC) and appointed to the FERC as a commissioner by then president
Bush in 2006. He has said (Wellinghof, 2009) “ if you can shape your renewables, you don’t need fossil fuel
or nuclear plants to run all the time. And, in fact, most plants running all the time in your system are an
impediment because they’re very inflexible. You can’t ramp up and ramp down a nuclear plant. And if you
have instead the ability to ramp up and ramp down loads in ways that can shape the entire system, then the
old concept of baseload becomes an anachronism.”
Wind and CST with thermal storage seem to be prime candidates for the future global zero emissions race,
with neither being configured as a baseload technology. Efforts to produce baseload solar are well meant but
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misplaced, as only 3 - 10 hours of storage time should be necessary, quite similar to the larger storage
designs now being planned by Abengoa and Solar Reserve. It should be noted that thermal storage is
dropping in cost (BIPC, 2011) and if low enough in cost will actually reduce the cost per kWh of CST,
because the turbine cost can be reduced more than the cost of storage added. This is not the case with PV or
wind; storage adds to kWh cost in those cases because there is no internal technology cost offset.
As we carefully noted earlier, not all generation systems need be composed of simple combinations of
inflexible and flexible systems. Very low cost electrical storage, now being researched heavily because of the
rise of electric cars, could be a game-changer, particularly if PV fields drop well below the cost of CST
fields. If a flexible system becomes cheaper than an inflexible, then the former is all you need. In the past
New Zealand and Norway had virtually 100% hydro - a flexible and clean system - as the cheapest option. In
the future, low cost backup battery storage may lead to the demise of inflexible generation. In such a system,
each flexible PV, wind and CST generator and its battery would be an intelligent, independent node in a spot
market distributed not unlike the internet, receiving price signals from the grid, and making automated offers
and sales in return. This would be the ultimate sustainable system, very large, very clean, and resilient to
damage - if the software doesn’t get hacked.

5.
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ABSTRACT
Fuel-parity is a very important milestone for further photovoltaic (PV) diffusion. A fuel-parity model is presented,
which is based on levelized cost of electricity (LCOE) coupled with the experience curve approach. Preconditions for
a successful hybridization of PV and fossil fuel power plants are discussed. The global fossil fuel power plant
capacity is analysed for the economic hybridization market potential on a georeferenced localized basis for all fossil
fuel power plants. LCOE of fossil fuel power plants are converging with those of PV in sunny regions, but in contrast
to PV are mainly driven by fuel cost. As a consequence of cost trends this analysis estimates an enormous worldwide
market potential for PV power plants by the end of this decade in the order of at least 900 GWp installed capacity
without any electricity grid constraints leading to a fast diffusion of hybrid PV-Fossil power plants. The
complementary power feed-in of PV and wind power plants might result in hybrid PV-Wind-Fossil power plants in
regions of good solar and wind resources. In the mid- to long-term the remaining fossil fuels might be substituted by
renewable power methane by using the existing downstream natural gas infrastructure. In conclusion, PV is on the
pathway to become a highly competitive energy technology.
Keywords
Fuel-Parity, Hybrid Power Plant, Economic Analysis, Energy Options, PV Markets
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Introduction

Installations of Photovoltaic (PV) power plants have
shown high growth rates around the world.[1] As a
consequence of this growth PV electricity generation cost
continuously decreases. The contrary trend is shown by
power generation cost due to increasing fossil fuel prices.
The intersection of these two trends is defined as fuelparity and indicates cost neutral PV power plant
investments. The purpose of the presented study is a
detailed analysis of global fuel-parity dynamics for nearly
all fossil fuel fired power plants in the world in the years
to come. Key motivation of this work has been to learn
more about the geographic and temporal distribution in
the occurrence of fuel-parity in the world.

markets being prevalent in several regions in the world
[3]. Nevertheless, the true power generation costs are
typically significant in those countries, hence the gridparity concept had to be complemented by the fuel-parity
concept for covering the economic market potential of
PV power plants mainly starting in very sunny but
heavily subsidised markets. First fuel-parity insights have
already been published [4-6], but this paper is the first
comprehensive PV hybridization analysis for all major
fossil fuel fired power technologies on a global scale.
Hybrid PV-Fossil power plants are the major part of an
even more comprehensive work on hybrid PV power
plants.[7]

2
This paper presents a detailed analysis of fuel-parity
dynamics based on the levelized cost of electricity
(LCOE) concept coupled with the experience curve
approach (sections 2 and 3) including a discussion of the
preconditions of PV hybridization (section 4) and an
overview on the global fossil fuel power plant capacity
(section 5). Results for the fuel-parity of PV and fossil
fuel power plants are presented (section 6) and integrated
to a global hybrid PV-Fossil power plant demand curve
(section 7). A broader perspective is given by including
wind power and renewable power methane (section 8)
and the conclusion for the presented insights (section 9).
This conference contribution presents results of Q-Cells
research. Initially the research focus was led on gridparity event dynamics [2], however the grid-parity
concept is no help in case of highly subsidized electricity

Major PV Diffusion Phases - Consequence of High
Growth Rates and Learning Rates

Average annual growth rates of global PV production
increased from about 33% in space age and during offgrid diffusion to 45% for the last 15 years during on-grid
diffusion (Figure 1).[8] In history of PV three major
inventions led to new and sustainable markets for PV
systems. In the 1950s the introduction of PV power
supply in space as least cost option started the first PV
market diffusion phase. The second PV diffusion phase
was driven by off-grid PV applications and started a fast
growth in PV production in the 1970s. The third PV
market diffusion phase has been enabled by the political
invention of roof-top programmes and feed-in tariff laws
in the 1990s. By end of 2010 about 40 GWp of
cumulated PV power capacity has been globally installed
and most interestingly PV products found their markets
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in all countries in the world.[9] This paper intends to give
some insights for the fourth diffusion phase: commercial
utility-scale PV power plants.

Figure 2: Learning curve for PV modules for the mid
1970s - 2010. Best approximation for the cost is the price
curve as information rated in Wp. Oscillations around
this trend are mainly caused by varying PV industry
market dynamics and therefore profit margins,
documented by applying different learning rates of 22.8%
and 19.3% for the periods 1976 – 2003 and 1976 – 2010,
respectively.[8]

3

Figure 1: Historic PV production in dependence of
major inventions and market segments.[8]
The sustainable PV market growth over more than five
decades has been possible due to the favourable
fundamental economics of PV technology. The basis for
this development is the modular and scalable nature of
PV applications and production. Modular PV products
can be found in the market from the sub-watt class (e.g.
solar calculators), in the watt range (e.g. pico systems and
solar home systems) [10], in the kilowatt size (e.g.
residential roof-top systems) [2] up to the multi megawatt
dimension (utility-scale power plants) [5,6]. The
industrial value chain of PV is highly scalable and
characterized by nearly continuous production flows for
all production steps from metallurgical silicon (Si), to Si
refinery, ingoting, wafering, cell and module
manufacturing (or integrated PV thin film module
production), inverter production and even system
assembly, in particular of large scale power plants. Most
industries based on modular and continuous production
flows are characterized by an enormous cost reduction as
a consequence of historic industrial production.[11]
Accordingly, PV technology shows a stable long trend of
reducing PV module cost per doubling of cumulated
production of about 20% for the entire period from the
mid 1970s until 2010 (Figure 2). Stable learning rates
can be expected in the years to come due to fast
increasing corporate PV research and development
investments.[8] A broader discussion of the PV learning
curve can be found elsewhere [8,12].

Fuel-Parity Concept of PV Power Plants

As a consequence of fast decreasing PV levelized cost of
electricity (LCOE), PV power plants become more cost
competitive than fossil fuel fired power plants. Beyond
fuel-parity further cost reduction in power generation can
be realized by combining PV and fossil power plants, i.e.
for the periods of sunshine the conventional power plant
can be reduced in power output or completely shut down.
The most appropriate method for cost calculation is the
LCOE approach [13] summarized and adapted to PV and
fossil fuel fired power plants in Equation 1:
LCOEPV 
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(Eq. 1a)
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Equation 1: Levelized cost of electricity (LCOE) for PV
and fossil fuel fired power plants. Abbreviations stand
for: capital expenditures (Capex), reference yield for
specific PV system at specific site (Yref), performance
ratio (PerfR), annuity factor (crf), annual operation and
maintenance expenditures (Opex), annual cost of Opex in
percent of Capex (k), annual insurance cost in percent of
Capex (kins) and annual Opex in percent of Capex (kO&M),
oil/ natural gas and coal fossil plants as index (i), annual
fix Opex of fossil plants (Opexi,fix), variable Opex of
fossil plants (Opexi,var), annual full load hours of fossil
plants (FLhi,el), fuel cost for fossil plants (fueli), thermal
energy conversion factor of fossil plants (PEth,i), primary
to electric energy conversion efficiency of fossil plants
(ηi,el), carbon emission cost (carbon), carbon emission
intensity per thermal energy of fossil plants (GHGi),
weighted average cost of capital (WACC), lifetime of
plants (N), equity (E), debt (D), return on equity (kE),
cost of debt (kD), fuel cost (fueli), fuel cost of crude oil
(fuelcrude oil), ratio of fossil fuel to crude oil as coupling
factor (cfi), fuel cost of crude oil in the year 2010
(fuelcrude oil,2010), annual escalation rate of crude oil price
(rcrude oil) and year (y).
From an end-user perspective grid-parity is a good
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definition for sustainable PV economics. This must be
regarded differently from utility point of view. Large
power generation companies are mainly used to operate
large power plants, which is also possible by operating
several large scale multi 10-100 MW PV power plants.
PV power plants can be built in the 10 MW scale but also
for a power capacity of more than 1 GW.[14] Large scale
PV power plants become attractive for utilities in case of
favourable economics. Consequently, PV power plants
are competing with fossil fuel fired power plants, in
particular oil, natural gas and coal fired power plants.
Competitiveness is best measured by calculating and
comparing LCOE for all power plants at all relevant
locations. Fuel-parity is therefore defined by the parity of
PV LCOE to the LCOE of respective fossil fuel fired
power plants plus the cost of reduced full load hours
(FLh) of fossil power plants. Relative competitiveness of
PV and oil power plants is depicted exemplarily in
Figure 3 for typical conditions on the Arabian
Peninsula.[5] Fuel-parity is no future projection anymore,
it is a matter of fact. Moreover, being beyond fuel-parity
automatically implies economic benefits of CO2
reduction, as fossil fuel fired power plants emit large
quantities of greenhouse gases (GHG) in contrast to PV
power plants contributing only 2% to 5% of specific
GHG per kWh compared to fossil power plants on basis
of total life cycle analysis.[15]

Figure 3: Cost structure of oil and solar PV power plants
for very sunny and oil rich regions.[5] LCOE of oil
power plants are largely dominated by fuel cost and
relative low capital cost and operational expenses (Opex).
LCOE of solar PV power plants are dominated by capital
cost, whereas solar fuel is for free. Assumptions for oil
power plant LCOE are: fuel cost of 4, 80 and
160 USD/barrel, full load hours of 4,000 h, 4,000 h, and
3,500 h, net efficiency of 40%, 40%, and 50%, CO2 cost
of 0, 0 and 70 USD/tCO2, for status today, opportunity
cost today and opportunity cost future, respectively.
Capital expenditures (Capex), fixed Opex and variable
Opex for oil power plants are 800 €/kW, 17 €/kW and
1 €/MWhel, respectively. Assumptions for solar PV
power plant LCOE are: full load hours of 1,725 h and
1,800 h, Capex of 2,000 €/kW and 1,000 €/kW, Opex of
1.5% of Capex, for PV power plants built in 2010 and
2020, respectively. Weighted average cost of capital are
5% for oil and solar PV power plants. Life time of oil
power plants is 30 years. Life time for solar PV power
plants built in 2010 and 2020 is 25 years and 30 years,
respectively.
Conditions for the LCOE comparison in Figure 3 seem to
be very optimistic, as solar resource for PV is excellent
and oil power plants are known to be the most expensive
fossil power plants. For better understanding of the
global market potential of hybrid PV-Fossil power plants,
the solar conditions are derived for all oil, natural gas and
coal fired power plants in the world (Figure 4).
Necessary input for the evaluation of the global market
potential are globally distributed and georeferenced solar
resource data for fixed optimally tilted PV systems [16]
and the coordinates of all fossil fuel fired power plants in
the world [17]. The georeferenced power plants are
sorted by solar irradiation of fixed optimally tilted PV
modules and depicted in Figure 4.
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Figure 4: Solar location of oil (top), natural gas (bottom, left) and coal power plants (bottom, right) as of end 2000s. Power
plants are georeferenced [17] and sorted by solar irradiation of fixed optimally tilted PV modules [16]. Total power plant
capacities are 560 GW (oil), 1,100 GW (gas) and 1,470 GW (coal) of which about 150 GW (oil), 250 GW (gas) and 290 GW
(coal) are located in very sunny regions of more than 2,000 kWh/m²/y of solar irradiation.

There are thousands of oil, gas and coal fired power
plants located in very sunny regions of more than 2,000
kWh/m²/y (Figure 4). Total fossil fuel fired power plant
capacity in the world is about 560 GW (oil), 1,100 GW
(gas) and 1,470 GW (coal), of which more than 150 GW
(oil), 250 GW (gas) and 290 GW (coal) being located at
very sunny sites of more than 2,000 kWh/m²/y. By
combining PV power plants with fossil fuel fired power
plants to hybrid PV-Fossil power plants the fuel
consumption of the respective fossil power plant can be
reduced. Both, oil and gas fired power plants are able to
adjust their power generation on a minute scale, i.e. by
using state-of-the-art energy meteorology being able to
forecast 24 hours ahead. Thus, there is no fundamental
problem in combining PV power plants with oil and gas
power plants to hybrid power plants. In the case of coal
power plants excellent energy meteorology has to be
applied, or new plants have to be built as integrated
gasification combined cycle (IGCC) coal plants, since
they are as flexible as oil and gas fired power plants.

4

There are various types of fossil fuel fired power plants
like natural gas or oil fired combined cycle gas turbines
(CCGT) in the typical power range of 60 – 800 MW,
natural gas or oil fired gas turbines (GT) in the typical
power range of 60 – 250 MW and coal fired steam power
plants (ST) in the typical power range of 60 – 800
MW.[19] In the last two decades the CCGT power plant
has been the most commonly built power plant in the
world (Figure 5), with the exception of China being more
focused on coal fired ST power plants.

Preconditions for PV Hybridization

Several requirements need to be fulfilled for a successful
hybridization of PV and fossil fuel fired power plants.
Therefore the fundamental concept of hybridization
needs to be applicable for hybrid PV-Fossil power plants.
Due to the fluctuating resource of PV power plants, the
fossil fuel fired power plant has to be very flexible in its
operation modes. However, the fluctuating characteristic
of the PV sub-component would be much better
manageable in case of good predictability in the range of
some days and in particular for the next 24 h for a welladjusted operation of the different sub-components. The
economics of different fossil fuel fired power plant
options for hybridization with PV power plants can be
better analysed by applying a price coupling of the major
fossil fuels. These preconditions for composing and
analysing hybrid PV-Fossil power plants are illustrated in
this section.
Hybrid power generation systems contain two or more
power generation sources in order to balance each other’s
strengths and weaknesses. There are several definitions
for hybrid power systems, but one of the best is as
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follows: small set of co-operating units, generating
electricity or additionally heat or potable water, based on
diversified renewable and non-renewable energy sources,
while the co-ordination of their operation takes place by
utilisation of advanced power electronics systems.[18]
Hybrid power systems are a good way to increase
availability and flexibility of power supply systems and
to have available flexible sources of electricity which
optimize utilisation of energy sources.

Figure 5: Global new power plant capacity
commissioned in the years 1970 – 2008 and still in
operation. Fossil fired power plants dominate the new
investments over the entire period. Hydro power receives
stable investments, whereas nuclear power plants
significantly lost attraction. Wind power is the only new
renewable energy source which achieved considerable
market share. Data are taken from Platts [17], but about
35 GW of wind power and 13 GW of solar PV are
missing in the dataset.

The fundamental reason for the substantial growth in new
CCGT power plant capacities had been power market
liberalization in various markets, relative cheap natural
gas fuel, increased risk level in parameters driving the
power
plant
economics,
relatively
reasonable
performance in emissions and rather low capital
requirements. All this provides a flexibility being
described by the capability to follow the market on the
supply side, e.g. fuel price and fuel availability, and the
demand side, e.g. hourly, daily or seasonal power
revenue and ancillary services. The operational flexibility
comprises fast start-up and shutdown, fast load changes
and load ramps, high start-up reliability and load ramps,
high start-up reliability and load predictability, frequency
control and ancillary services. The ramp rates of modern
flexible CCGT power plants are 2.5% of full capacity per
minute and even higher during the start-up sequence.[20]
The power plant energy conversion efficiency is typically
substantially reduced in case of part load operation,
however an appropriate power plant design allows
relative part load efficiencies not lower than 90% - 95%
of full load efficiency even for a part load of 20%. This is
an enormous contribution for a high operational
flexibility while hardly increasing power generation cost.
The success in increased flexibility of GT and CCGT is
extended to coal fired power plants and realised in the
IGCC power plant which can be fuelled with any type of
fossil fuels, in particular any types of coal.[19]
Besides the flexibility requirement of the last two decades
the arising need for flexibility due to fast growing
fluctuating renewable PV and wind power plants can be
provided by these plants which positions them as nearly
ideal balancing power plants. In the near term even coal
fired power plants will be able to be operated in such a
flexible manner. This will not be the case for nuclear
power plants, hence they are structurally not suitable for
future flexibility requirements and therefore will have to
be substituted.
The interdisciplinary field of energy meteorology
integrates the physics of the atmosphere and energy
system engineering for tackling the various impacts of
weather and climate on conversion, transmission and
consumption of energy. The need for high quality energy
meteorology is becoming very relevant for PV, since fast
increasing cumulative installed PV capacities need to be
properly integrated into existing local power systems.
The operation modes of existing peaking power plants,
e.g. oil and natural gas fired power plants, intermediate
load power plants, e.g. natural gas and hard coal fired
power plants, but also storage facilities need to be
adapted to fluctuating feed-in power sources like wind
power and PV. By accurate forecasting of solar resource
availability and hence PV power feed-in the operation
necessity for conventional power plants can be planned at
least one day ahead. Furthermore, good prognosis tools
significantly reduce the cost of PV integration into
conventional power systems, already documented by
respective tools for wind power prediction which lowered
the regulation cost by 40% and even the knowledge on
the uncertainty on the short-term reduced the cost by
further 40% [21].

In Germany the first PV power forecasting tool was
introduced in the year 2006 [22] and the prognosis
quality steadily increased ever since. The relative root
mean square error (rmse) of the day-ahead (24 hour)
forecast has been continuously reduced from about 35% 40% in the year 2004 to less than 4% in the year
2011.[23,24] Technically it is possible to reduce the
current one hourly forecast interval to the 15 minutes
interval typically used in the power industry but even a 5
minutes interval as is used in the US is manageable.
Lorenz et al. [23] give an overview on further relevant
literature.
The forecast deviations for PV power feed-in in Germany
can still be further optimized but has already achieved a
relatively sophisticated level. The prognosis tools could
be spread all around the world, currently performed for
the US, by adaption to special local weather conditions,
and should be not a large obstacle. Finally, the energy
meteorology tools available for PV power feed-in are an
excellent basis for well performing hybrid PV-Fossil
power plants.
Fossil fuel prices for crude oil, natural gas and steam coal
considerably deviate in different markets in the world,
but the overall price trend is similar and relative price
differences have decreased in the last decade (Figure 6).
Long-term price escalation as a consequence of increase
in demand and degrading and diminishing resources is
reflected in fossil fuel prices. Dependence of natural gas
and coal price on crude oil price can be found within
market fluctuations over the entire period of time. For
comparison reasons all fossil fuel prices have been
recalculated to thermal energy units in USD per barrel.
The long-term price ratio of natural gas to crude oil is
about 0.7 – 0.9, whereas the ratio of coal to crude oil is
about 0.2 – 0.4. The coupling of natural gas and coal to
crude oil is sensible because both are used for their
thermal energy content but factors such as relative
availability, local energy logistics and respective power
plant efficiencies create price offsets. Long-term price
coupling of natural gas on crude oil is expected by
International Energy Agency to be about 0.9 for the US
and 0.8 for Europe and Japan [25].
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Figure 6: Fossil fuel prices in absolute money of the day
units (top) and normalized to crude oil (bottom) on
thermal energy units for major trade centres in the years
1984 to 2010. Long-term price escalation as a
consequence of increase in demand and diminishing
resources is reflected in prices. Dependence of natural
gas and coal price on the crude oil price can be found
within market fluctuations over the entire period of time.
Long-term price ratio of natural gas to crude oil is about
0.7 – 0.9, whereas ratio of coal to crude oil is about 0.2 –
0.4. Data are taken from BP [26].
Summing up, the preconditions for hybrid PV-Fossil
power plants are very good, since most fossil fuel fired
power plants are very flexible and the improvements in
energy meteorology enable a well-adjusted operation of
hybrid PV-Fossil power plants. The fossil fuels are
coupled to the crude oil price, thus the following analysis
is performed on basis of the crude oil price.
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Overview on Global Fossil Fuel Power Plant
Capacity and Economic Scenario

The total global installed fossil fuel power plant capacity
is about 3,180 GW, being about 67% of total global
installed power plant capacity (Figure 5), by end of 2008
composed by about 440 GW (oil), 1,230 GW (gas) and
1,510 GW (coal). These fossil power plants generated
13,683 TWh, being about 68% of total global power
generation in 2008. The contribution by fuel was 1,104
TWh (oil), 4,303 TWh (gas) and 8,273 TWh (coal).
Comparing the installed capacity and the generated
electricity makes it possible to characterize the power
technologies by their full load hours (FLh), being 2,520
FLh (oil), 3,500 FLh (gas) and 5,460 FLh (coal).[3]
The distribution of the global installed fossil fuel power
plant capacity and the respective FLh are depicted in
Figure 7. In this paper the hybridization potential of PV
and fossil fuel power plants is analysed, hence power
plants in peaking operation modes have to be neglected.
For practical reasons only power plants are considered in
the following in case of at least 2,000 FLh of all power
plants in one country per fuel type (Figure 7). This limit
reflects a high probability that the respective power
plants are also in operation during daytime when the PV
power plants feed-in their power.
The applied economic scenario for fossil fuel power
plants is defined in Table 1. In general the assumptions in
Table 1 reflect a realistic estimate of all major economic
drivers, except the price for fossil fuels being very likely
too conservative. The range of the most fundamental
price, crude oil, is between 80 to 107 USD/barrel from
2010 to 2020. If the depletion and degradation rate of
fossil fuels stays at the rate of the 2000s, the real price
could be twice as high at the end of 2010s as assumed in
the applied scenario.

Figure 7: Global fossil fuel power plant capacity (left) and average full load hours (right) of at least 2,000 FLh for oil (top),
gas (center) and coal (bottom) per country by early 2009. Only power plants in operation are regarded. Data are taken from
UDI World Electric Power Plants database [17] and International Energy Agency [3].
Parameters

units

oil

gas

coal

Capex

[€/kW]

800

750

1,500

Opexfix

[€/kW/y]

Opexvar

[€/MWhel]

17

15

20

1

1

power plant lifetime

[y]

1

30

30

40

power plant efficiency 2010
power plant efficiency 2020

[%]

40%

50%

35%

[%]

50%

55%

power plant efficiency increase

45%

[%/y]

1%

0.5%

1%

coupling factor fuel

[-]

1.0

0.80

0.30

Table 1: Scenario assumptions for fossil fuel power plant economics. Further scenario settings are: weighted average cost of
capital of 6.8%, exchange rate USD/€ of 1.40, crude oil fuel price of 80 USD/barrel in 2010, annual crude oil price escalation
rate of 3% in real terms, no cost for existing CO2 emissions over the entire scenario period and a thermal energy conversion
of 1.6806 MWhth/barrel. The scenario covers a business-as-usual approach, whereas the assumptions on the crude oil price
and its escalation as the most relevant cost factor might be too conservative. Price coupling of gas and coal to crude oil
fluctuates over time (Figure 6). Numbers mentioned are for fossil fuel power plants of multi-100 MW. Abbreviations stand
for: capital expenditures (Capex), operational expenditures (Opex), annual fix Opex (Opexfix) and variable Opex (Opexvar).
Data are taken from various sources described elsewhere [7].
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Fuel-Parity of PV and Fossil Fuel Power Plants

Cost dynamics of PV power plants show a fast reduction
in LCOE which is fundamentally coupled to the high
market growth rate (Figure 1) and the high learning rate
(Figure 2). Cost projection of PV power plants can be
modelled by combining LCOE approach and learning
curve approach, shortly discussed in section 1 and
described in more detail elsewhere [2]. Due to several
uncertainties a realistic scenario is used assuming that the
future development of PV industry will stay on a
business-as-usual path, i.e. a lower growth rate than the
average of the last 15 years (Figure 1) and a cost
reduction according to the PV learning curve.
The PV scenario assumptions are: PV power plant Capex
of 1.80 to 2.00 €/Wp (depending on local least cost
conditions), Opex of 1.5% of Capex, performance ratio
of 80%, local irradiation of fixed optimally tilted systems
[16], weighted average cost of capital of 6.8%, plant
lifetime of 25 years, annual power degradation of 0.4%,
learning rate for modules and inverters of 20% (2010 to
2012) and 15% (2013 to 2020) and for remaining BOS
components no further learning to be conservative, global
PV growth rate of 40% (2010 to 2012) and 30% (2013 to
2020).

The PV scenario setting can be considered as realistic,
maybe slightly too conservative. The PV growth rates
have been higher for the last 15 years (Figure 1), hence
the cost reduction in time might be faster. The most
competitive utility-scale market segments in the world are
China and Germany, which show average fully-loaded
PV system Capex of about 1.9 – 2.1 €/Wp in the year
2010 [27] being in line with the realistic scenario
assumptions. Most competitive PV industry leaders
achieve an even better cost level. True costs of PV power
plants in Germany equipped with CdTe modules from
First Solar are found to be slightly below 1.6 €/Wp. The
two c-Si module cost leaders achieve fully-loaded
module cost in average of about 1.02 €/Wp. The fullyloaded average non-module cost in China and Germany
for c-Si PV power plants are 0.67 and 0.72 €/Wp,
respectively. As a consequence the fully-loaded system
cost for very competitive c-Si PV power plants have been
about 1.7 €/Wp, composed by c-Si module cost leaders
and the two most cost efficient PV markets. In total
leading PV industry players have been able to offer PV
power plants for 1.6 – 1.7 €/Wp for the conditions of cost
efficient PV markets.[27]
Comprehensive hybridization economics of PV and fossil
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fuel power plants can be derived on basis of the scenario
assumptions for PV power plants (this section) and fossil
fuel power plants (section 5), the LCOE modelling
(section 3), the experience curve approach (Figure 2) and
described in more detail elsewhere [2,8] and the
georeferenced dataset of all fossil fuel power plants. Key
assumption is the close physical location of PV and fossil
power plants. Therefore no additional storage is needed,
no substantial grid constrains have to be feared and
electricity supply security is provided.
Upgrading existing fossil fuel power plants by PV power
plants to hybrid PV-Oil, PV-Gas or PV-Coal power
plants is economically favourable for PV LCOE lower
than respective oil, gas or coal LCOE. The precise
calculation need to include slightly higher capital cost of
fossil power plants by reducing their FLh in order of the
PV FLh. This effect can be calculated by Equation 1c and
has to be generated additionally by the PV component,

i.e. lower PV LCOE, of the hybrid PV-Fossil power
plant. All breakeven, i.e. parity, analyses in this paper
take this effect into account. The year of PV and oil
power plant parity is illustrated in Figure 8.
The fair comparison of PV and fossil fuel power plants
would be on a total plant LCOE basis, i.e. including all
cost components. However, for estimating the
competitiveness of the PV hybridization approach a fuelonly LCOE calculation is helpful, since only the marginal
cost of the fossil fuel of the power plants are taken into
account, i.e. in case of lower PV LCOE than fuel LCOE a
non-hybridization strategy of respective power plant
owners would definitely cause higher power generation
costs and lead to higher prices for the end-users, thus
loosing competitiveness either to competitors or to other
regions on a macro-economic level.

Figure 8: Parity of PV and fossil fuel power plants for total plant LCOE (left) and fuel-only LCOE (right) for oil (top), gas
(centre) and coal (bottom) fired power plants for the 2010s. Power plant scenario assumptions are defined in sections 5 and
6. Countries operating respective fossil fuel power plants in average of at least 2,000 FLh are included in the analysis. The
calculation is performed on a mesh of 1°x1° of latitude and longitude.

In nearly all sunny regions in the world, PV power plants
are lower in LCOE than oil power plants already in the
year 2010 (Figure 8). In most sunny regions PV LCOE
are even lower than fuel-only LCOE of oil fired power
plants. The calculations are performed without any
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subsidies, i.e. fossil fuels have to be taken into account
for their world market price. Fossil fuel producing
countries often convert the fossil fuels for significantly
less than world market conditions to electricity, but this
is equal to subsidizing the local power sector.

In the case of gas power plants, PV power plants are
lower in LCOE than gas power plants on total plant basis
already in the early 2010s in nearly all sunny regions in
the world (Figure 8). PV LCOE compared to fuel-only
LCOE of gas fired power plants begin their breakeven in
the first half of the 2010s in the very sunny regions,
however the adequate economic reference is the total
plant basis and the fuel-only level is the economically
strictest reference. Consequence of lower natural gas
prices, i.e. looser price coupling to crude oil, would be a
delayed economic breakthrough of hybrid PV-Gas power
plants. PV LCOE start to be lower than those of gas
power plants on a total plant basis in the very sunny
regions in the world in the year 2010 and reach the
regions of moderate solar resources by the end of the
decade.

have major impact on the competitiveness of this
approach.
When applying LCOE data for fossil fuel fired power
plants and PV power plants for all coordinates in the
world, a global demand curve for hybrid PV-Fossil
power plants can be derived. All fossil fuel power plants
are georeferenced, thus the year of financially beneficial
hybridization for the different fuel types for all existing
fossil fuel power plants can be derived and plotted in an
integrated manner. The global hybrid PV-Fossil power
plant demand curve based on fuel-parity is depicted in
Figure 9 for the case of total plant and fuel-only LCOE
parity for fossil power plants operated in countries of an
average of at least 2,000 FLh and for plants firing coal of
at least bituminous coal quality.

Only in very sunny regions in the world, PV power plants
are lower in LCOE than coal power plants on total plant
basis in the second half of the 2010s (Figure 8). PV
LCOE compared to fuel-only LCOE of coal fired power
plants begin their breakeven after the year 2020 even in
the very sunny regions, however the adequate economic
reference is the total plant basis and the fuel-only level is
the economically strictest reference. Consequence of
lower hard coal prices, i.e. looser price coupling to crude
oil, would be a delayed economic breakthrough of hybrid
PV-Coal power plants. PV LCOE start to be lower than
those of coal power plants on a total plant basis in the
very sunny regions in the world in the very end of the
2010s.
The results for hybrid PV-Fossil power plant economics
show several characteristics for a beneficial combination.
Already existing oil power plants should be operated for
at least 2,000 FLh during daytime. Fuel represents the by
far highest fraction of power plant LCOE, e.g. about 80%
(oil), about 75% (gas) and about 50% (coal) for a crude
oil price of 80 USD/barrel, hence fossil power plant
LCOE are highly influenced by the crude oil price. The
solar resource quality at local sites of existing power
plants is very important for PV LCOE and thus hybrid
PV-Fossil power plant economics, but the crude oil price
is more decisive. Fossil fuel producing countries have the
identical fossil power plant LCOE due to the respective
opportunity cost in case of burning fossil fuels priced
lower than world market prices. However, these countries
would have no problems in organising the financing of
large scale PV power plant investments.
Summing up, results for hybrid PV-Fossil power plant
economics give plenty of insights for excellent
competitiveness of this approach for upgrading existing
fossil fuel fired power plants. Financial upgrading benefit
for resulting hybrid PV-Fossil power plants is quickly
increasing as a consequence of fast PV LCOE reductions
and higher than expected crude oil price escalation.

7

Hybrid PV-Fossil Power Plant Demand Curve

The approach of upgrading existing fossil fuel fired
power plants by PV power plants is discussed in the
previous sections. The PV cost reduction dynamics
complemented by fossil fuel price scenario assumptions

Figure 9: Global hybrid PV-Fossil power plant demand
curve in the 2010s on total plant (top) and fuel-only
(bottom) LCOE parity for fixed optimally tilted PV
power plants in the 2010s. Fossil power plant capacity,
i.e. oil, natural gas and coal, is counted only in case of
PV LCOE (plus higher fossil capital cost due to reduced
FLh) lower than total plant and fuel-only fossil LCOE.
Every coordinate of a 1°x1° mesh of latitude and
longitude within 65°S and 65°N is separately checked for
the years 2010 to 2020. Subsequently, all coordinates are
aggregated to the fuel categories. Power plant scenario
assumptions are defined in sections 5 and 6. Countries
operating respective fossil fuel power plants in average of
at least 2,000 FLh and coal plants firing coal of at least
bituminous coal are included in the analysis. Data for
fossil fuel power plant capacity are taken from UDI
World Electric Power Plants database [17].
The global hybrid PV-Fossil power plant market
potential is structured as following: Total plant LCOE
parity is already given for about 350 GW (oil and gas) in
2010, rising to 750 GW (oil, gas and begin of coal) in the
middle of the 2010s and reaching about 1,500 GW (oil,
gas and coal) by the end of the 2010s. Fuel-only LCOE
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parity is already given for about 60 GW (oil) in 2010,
rising to about 380 GW (oil, gas and begin of coal) in the
middle of the 2010s and reaching about 900 GW (oil, gas
and very little coal) by the end of the 2010s. Global total
fossil power plant capacity is about 3,130 GW by early
2009. About 460 GW of that capacity is identified as
being operated less than 2,000 FLh and therefore
excluded from the analysis. Further about 310 GW coal
power capacity is excluded due to the use of low quality
coal not tradable on the world market. The remaining
about 2,370 GW fossil fuel power plant capacity can be
economically upgraded by PV power plants by 2020 to
approximately 63% and 38% for total plant and fuel-only
LCOE parity, respectively.
In the year 2020, fuel-parity of PV power plants and
conventional fossil fuel fired power plants might be in
the order of 1,500 GW, whereas a capacity of
approximately 900 GW fulfils the most aggressive
criteria of PV LCOE parity to fuel-only LCOE of fossil
power plants.
The two economic key drivers for the fast PV cost
reduction are the high growth and learning rates of PV
systems (Figures 1 and 2). The growth rate in the
scenario is assumed to be significantly lower than on
average over the last 15 years. However, the impact of
the learning rate on the fast cost degression and the
dependence of the global hybrid PV-Fossil power plant
demand curve on the learning rate remains somehow
unclear. For lowering this uncertainty a sensitivity
analysis is performed by varying the learning rates within
a range of 10% to 25% for modules and inverters and 5%
to 20% for the other balance of system (BOS)
components. The learning rates are lowered by 5% for
the years 2013 to 2020. All the other assumptions are
identical to the previous sections. The outcome of this
parameter variation is displayed in Figure 10.

(bottom) in dependence of learning rates for the 2010s.
No substantial consequence of varying learning rates on
hybrid PV-Oil power plants can be expected, neither in
the total plant nor in the fuel-only LCOE parity
(Figure 10). The reason for that is the already achieved
competitiveness of hybrid PV-Oil power plants.
However, a faster cost reduction as result of higher
learning rates would further increase the profit of
upgrading existing oil fired power plants by PV power
plants, thus resulting in a faster market diffusion of
hybrid PV-Oil power plants.
The impact of declining learning rates on hybrid PV-Gas
power plants is rather low on a total plant LCOE basis
but more significant for fuel-only LCOE parity
(Figure 10). Even in the case of very low learning rates of
15% (modules and inverters) and 10% (rest of BOS) for
the years 2010 to 2012 and 10% and 5% for the years
2013 to 2020, the economic market potential of hybrid
PV-Gas power plants on fuel-only LCOE parity basis
would reach 70% of the size compared to the case of
even higher learning rates than observed for the past
decades.
The profitability of hybrid PV-Coal power plants is very
sensitive to the learning rate of PV systems for both fuelparity definitions (Figure 10). Nevertheless, the market
diffusion of hybrid PV-Coal power plants can be
expected in the second half of the 2010s and at latest by
the end of the 2010s.
By comparing the results of different years in the 2010s,
it can be estimated that even significantly lower learning
rates of only 10% for modules and inverters and 5% for
the additional BOS components would delay the
respective economic market potential by a maximum of
about 3 to 4 years.
A lower learning rate reduces the market growth but
would be no show stopper at all. PV cost projections on
basis of experience curve approach enable feasible
estimates of a very high sustainable global PV market
potential in this decade. Significantly lower learning rates
would reduce this potential accessible in the 2010s, but
PV market diffusion would be delayed only by a few
years, typically below four years.
The PV learning rate and its impact on the total economic
market potential of PV systems is discussed in more
detail by Kersten et al. [12] and embedded into a broader
perspective including the grid-parity approach for enduser PV systems and off-grid solutions by the first author
of this paper [28].

Figure 10: Global hybrid PV-Fossil power plant demand
curve for total plant (top) and fuel-only LCOE parity
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Summing up, the total fossil fuel power plant capacity of
3,130 GW by early 2009 is by about 70% (2,170 GW)
suitable for upgrading with PV power plants. By 2020,
this PV power plant upgrading market potential is at least
25% to 40% of the suitable capacity due to very
conservative scenario assumptions, i.e. dramatic decline
in PV learning rates and fuel-only LCOE parity. A more
realistic, maybe slightly optimistic, consideration is
beyond 90% of suitable capacity. The fuel-parity market
potential for hybrid PV-Fossil power plants can be
expected to be in the range of at least 700 GW up to even

more than 2,100 GW by 2020. These numbers are very
likely to grow in parallel to new net installed fossil power
plant capacity during the 2010s.

8

Outlook

Significant amounts of conventional power plant capacity
in Figure 9 might not only be used for upgrading with PV
power plants but also used for installations of hybrid
Wind-Fossil power plants. Therefore it is of utmost
relevance to understand the degree of competitiveness or
complementarity of the two major and fast growing
renewable power technologies.
A first global analysis of the complementary
characteristics of PV and wind power plants gives plenty
of indications that these two major renewable power
technologies complement each other to a very high extent
(Figure 11) and show nearly no competition due to the
fundamental underlying solar and wind resources.[29]
The degree of complementarity is measured by overlap
FLh, i.e. the amount of power provided by PV and wind
power plants adjacent to each other in the same time
interval. However, typically the overlap FLh indicate a
good complementarity due to part load conditions of the
respective power plants. For extracting the amount of
power being problematic, the critical overlap FLh are
defined, i.e. the amount of power being above the rated
capacity of PV or wind power per geographic unit and
time interval. In these cases the renewable power might
be lost due to limited power line, balancing power plant
or storage capacities. The first insights for the analysis of
the complementarity of PV and wind power is depicted in
Figure 11.

2005. Power capacity of PV and wind power is set to an
equal value.
Global average total overlap is about 15%, whereas the
maximum overlap is 25%. Critical overlap is significantly
lower, i.e. available power per coordinate higher than
rated power capacity of one power technology. Critical
overlap FLh are worldwide below 9% and at most places
even below 3% to 4%. Consequently, PV and wind
power plants are finally no competition to each other and
the findings for the global hybrid PV-Fossil power plant
demand curve need not to be lowered. However, it seems
to be likely that hybrid PV-Wind-Fossil power plants can
capture significant market share in the 2010s and further
reduce the remaining FLh of the fossil fuel power plant
component of the hybrid power plant.
For reaching a sustainable equilibrium in global power
supply the remaining fossil fuel plants need to be
substituted, since harmful greenhouse gas emissions,
price escalating, diminishing and degrading fossil
resources and supply disruptions induced by military and
economic conflicts around remaining fossil fuel resources
force the power plant operators to low risk investments.
A very promising option in the mid- to long-term arises
by renewable power methane (RPM).[30] RPM would
enable hybrid PV-Wind-RPM power plants to establish a
fully dispatchable power supply based on fluctuating
wind and solar resources. In the concept of RPM the
excess power is converted in a first step by electrolysis
into hydrogen and in a second step by methanation into
methane. Besides electricity only water and carbon
dioxide are needed. Major advantage of RPM is the step
by step switch from current fossil methane (natural gas)
to the future renewable power methane, since the entire
downstream inftrastructure can be used, i.e. transmission
pipelines, distribution networks and the methane (gas)
power plants. A first economic analysis on the global
impact potential of the RPM based on hybrid PV-WindRPM power plants finds indications that this approach
becomes competitive in the early 2020s.[31]

9

Conclusions

The economic potential of hybrid PV-Fossil power plants
is in the order 1,500 GW in the year 2020. This market
potential for PV power plants is available without any
subsidies for PV or fossil fuels. Due to the fast cost
degression of PV in contrast to a cost escalation of fossil
fuels as a consequence of diminishing resources the
profitability of hybrid PV-Fossil power plants is
increasing very fast. PV and wind power plants are
complementary and not competitive, hence hybrid PVWind-Fossil power plants might become a major trend in
global power business mainly driven by its highly
competitive cost structure.
Figure 11: Ratio of annual total (top) and critical
(bottom) overlap full load hours of PV and wind power
to added up full load hours of both power
technologies.[29] Assumed are PV fixed optimally tilted
power plants and wind power plants at 150 m hub height.
Calculations are performed on a mesh of 1°x1° latitude
and longitude and a one hourly time interval for the year
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1. Introduction
The purpose of the paper is to describe two research projects (first completed at the research stage and second is
continuing at current phase) and to analyze the trends in developing modern technologies in developing
renewable energy systems. First project was devoted to combined PV/T (photovoltaic/thermal) system based on
concentrator with vertical p-n junction solar cells. The second project devoted to developing autonomous fully
renewable energy system combining solar, wind and micro-hydro energy sources is actually next logical step in
creating distribution network supplying electrical energy to many possible areas having such type of resources.
Initiator of both projects is the All-Russian Research Institute of Electrical Engineering (VEI), Department
Renewable Energy Sources. According to demands of the supporter of these projects - Ministry of Education
and Science of the Russian Federation, these projects have strong educational components. Young specialists,
students and post graduate students from the UNESCO Chairs of the Moscow State University of Engineering
Ecology (MSUEE) and All-Russian Research Institute for Electrification of Agriculture (VIESH) were
involving and are involving into the projects.
2. Projects descriptions
The first project started from developing concentrator solar cells with vertical p-n junctions and concentrator
system for these solar cells. Project logically transformed to developing concentrator photovoltaic/thermal
(PV/T) systems. The prototype of PV/T systems was created and tested at the roof of VEI. At the final stage of
the project a concept combined PV/T system based on concentrator with vertical p-n junctions solar cells. The
new technology increasing efficiency of the solar cells with vertical p-n junctions was patented.
The second project is carrying out in the framework of the Research-Educational Center VEI-MSUEE which is
created for improving interaction between research institutions and universities. The project is devoted to
developing autonomous fully renewable energy system combining as a concrete example, solar, wind and
micro-hydro energy sources. In fact it is next logical step in creating distribution network supplying electrical
energy to many possible areas having such type of resources. 100 % renewable energy system demands many
innovative decisions on the resource assessments, correct energy management from generation and distribution
to optimal conversion, saving and proper consumption. This work leads us to developing smart grid approach
for autonomous combined energy systems.
3. Conceptual discussion of the projects
The main goal of solar industry is to develop cheap technology. By concentrating, a large part of the expensive
PV area is replaced by cheap optical concentrator area (mirrors, lenses). It is a way to reduce the payback time.
This argument is the driving force behind concentrator PV systems. Also silicon solar cells have been the most
important cells of photovoltaic industry. There are many reasons for the dominance of c-Si in PV: stable
performance, relative low module manufacturing cost, huge resources of initial raw material (SiO2) and mostly
non-toxic materials used in the final product.
Usually solar cells are classified into three generations. The generations indicate the order of which each became

3107

important. At present there is concurrent research into all three generations. The first generation technologies are
still the most highly represented in commercial production accounting for over 85% of all cells produced.
First generation cells consist of large-area, high quality and single junction silicon solar cells. First generation
technologies involve high energy and labor inputs. This prevents any significant progress in reducing production
costs. Single junction silicon devices are approaching the theoretical limiting efficiency of 33% and achieve cost
parity with fossil fuel energy generation after a payback period of 5-7 years. They are not likely to achieve
lower than US$1/W if do not consider concentrator approach.
Second generation materials have been developed to address energy payback requirements and production costs
of first generation solar cells. Alternative manufacturing techniques such as vapor deposition, electroplating, and
other allow creating thin film solar cells. The have many niches for different applications but cannot convert
concentrated radiation, so they are not good for concentrator approach.
Third generation solar cells are solar cells that are able to overcome the Shockley–Queisser limit of 31-41%.
This is correspondently power efficiency for single band gap solar cells under 1 sun illumination and under
maximal concentration of sunlight (46,200 suns, which makes the latter limit more difficult to approach than the
former). This includes a range of alternatives to the first generation solar cells and second generation solar cells.
Common third-generation systems include multi-layer ("tandem") cells made from more exotic (and
unfortunately more toxic) materials like gallium arsenide.
If we put production volume on the known graph - three generations (efficiency against the cost) it is clear that
we would be moved to higher efficiency area by shifting from the first generation silicon solar cells technology
to the concentrator technology remaining in silicon area (Fig. 1). Here there are two opportunities: the planar
concentrator solar cells with very fine contact grid and the solar cells with the vertical p-n-junctions which
known as a good alternative of planar concentrator solar cells.

Fig. 1: Approximate volume production of three generation solar cells
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At Fig.2 we put arrows indicating mainstream technology and our approach on the famous graph showing the
best efficiencies among the different solar cells. All technologies demonstrate progress and have their own
niches for applications, but still mainstream is silicon technology. So, if we want to be shifted to higher
efficient area with less expenditure, it should be technology of the solar cells with vertical p-n-junctions.

Fig. 2: Increasing efficiency of solar cells and VMJSC with perspective PV/T approach

The vertical multi-junctions solar cells (VMJSC) consist of a number of non-monolithic edge-illuminated
junctions connected together in series (Tyukhov et al., 2004, Tyukhov and Vasilev 1995). The VMJSC is
fabricated by metallizing, stacking and alloying (bonding) a number of silicon wafers together. Then, cutting
and sizing processes take place. The VMJSC have the higher voltage at a lower current. The light is incident on
the VMJSC parallel to the junctions rather than perpendicular to them and the charge carriers generated by the
long wavelength part of the light spectrum have the same probability to be collected by the junction as those
generated by short wavelength part. Thus, these VMJSC have more uniformly wide spectral responses. In
comparison to planar bifacial SC, SCVJ have ideal symmetrical frontal and back sensitive surfaces, that allows
to use a both side illumination.
From the point of view energy system concentrator approach can be efficient if extracting thermal energy from
cooling liquid is used. Actually this PV/T technology combines photovoltaic (PV) generation of electric current
and thermal (T) conversion of solar energy. PV/T system is a solar energy system using PV as a thermal
absorber. By using the heat generated in the PV, a PV/T device generates not only electrical, but also thermal
energy, for example for preheating purposes.
Our first project included developing vertical multi-junctions solar cells, designing concentrator providing
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uniform illumination from two sides, designing PV/T receiver for extracting solar electricity and heat. Solar
cells with vertical p-n-junctions have a number of advantages: high temperature tolerance, low series resistance,
identical bifacial sensitive surfaces suitable for bifacial illumination, low equilibrium temperature, quite simple
technology of manufacturing etc. Low series resistance allows solar cells to work under high concentration ratio.
There are also some other interesting application of VMJSC as for laser systems of transfer energy, thermophotovoltaics, metrology and so on.
Silicon solar cells are the most expensive element used in PV systems. This reason and also shortage of
monocrystalline silicon lead us to developing concentrator approach.
There are only three companies in the world which can produce VMJSC: in Russia VEI, VIESH and in the US
GreenField Solar (http://greenfieldsolar.com/our_technology.php, 14 August 2011).
In the framework of research project in VEI the concentrator PV/T system was built consisting of 2D rotational
frame, concentrator made with flat mirror facets and PV/T receiver. The project was devoted to designing,
building and testing of concentrator PV/T system based on solar cells with vertical p-n-junctions (Tyukhov et
al., 2008).
A method of manufacturing solar cells with vertical p-n-junctions using thermal compression bonding with
silumin (compound of aluminum and silicon) was developed and solar cells were investigated in VEI and
defended by Russian patents. Also a new technology allowing to create additional p-n-junctions on the frontal
surface and under the surface was patented. The vertical multi-junctions solar cells made in VEI are shown at
Fig.3.
A new design of concentrator was developed for this project. A special soft was written for calculations of all
dimensions in order to insure bifacial uniform illumination PV/T receiver (Fig. 4) with concentration ratio up to
20 from each side (Fig. 5).

Fig. 3: Solar cells with vertical p-n junctions

The practical steps in realization of the concept concentrator PV/T system with vertical p-n junction’s solar
cells were demonstrated successfully.
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Next project is devoting to combined autonomous energy system.

.
Fig. 4: PV/T receiver with SCVJ

Main trends of integrating different solar energy technologies in buildings were discussed earlier (Tyukhov I.,
et al., 2005). It is important tendency when we use different types of technologies for supply electricity from
photovoltaic modules, heat from solar collectors (traditionally it is separated of technologies), but if we use
PV/T modules we can save surface, increase efficiency.

Fig. 5: Experimental concentrator for VEI PV/T system with bifacial illumination of solar cells
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As for autonomous energy systems based on renewable energy sources the main tendency for practical
applications is integrating of different renewable energy generators which are intermittent by their nature in
order to avoid too big accumulating system. In current project an autonomous energy systems based on three
renewable energy sources: solar PV, microhydro and wind generators.
Hybrid synergetic renewable energy (REN) systems based on several different sources of REN are developed in
our current project – tri-generation (Fig. 6) as well as in the world by several groups. This work leads us to
developing smart grid approach for autonomous combined energy systems because of different kind of
generators (DC and AC), with the different logical management and control of electrical schemes, intermittent
processes of energy generating.
The peculiarities of developing smart grids and possible large scale CPV in Russia are considered in this project
in comparison with integrating alternative energy technologies with the electric grid in the world.
Russia starts quite a big project building solar plant based on thin film SC nearby Kislovodsk. Twenty years
ago concentrator PV/T (CPV/T) project with higher efficiency SC (based on GaAs compounds), was offered. In
our opinion this old project was much more prospective than thin film project. Unfortunately old CPV/T
project was not realized due to lack of financial support after “perestroika”.
One more new project of building solar settlement nearby of Makhachkala (Dagestan) is discussed now and
some first decisions by local government were made. For Russia having vast variety of geographical conditions
the hybrid REN systems, combining different sources like solar, wind, micro hydro, biomass, and geothermal
energy are very important. The peculiarities of such systems, designed in different combinations depending on
concrete location, demand applying smart grids approaches, which are developed in current project for solar,
wind and micro-hydro at VEI and MSUEE (Fig.6).
4. Educational aspects of the projects
In the framework of these projects educational component was an important part of research activity. The
student, post-graduate students, young researchers are participating as members of whole team. Young
specialists, students and post graduate students from the UNESCO Chairs of the Moscow State University of
Engineering Ecology (MSUEE) and All-Russian Research Institute for Electrification of Agriculture (VIESH)
were involving and are involving into the projects. The scientific-research center VEI-MSUEE was created to
attract young generation into scientific-engineering sphere. The new bachelor program in Renewable Energy
Systems was developed and startling in this academic year from September.
The program and educational plans integrate the engineering, environmental, technical, social, economic and
scientific principles to develop, promote and implement new sustainable energy technologies and improve the
efficiency of existing systems.
The system developed at first project will be transferred to MSUEE for developing research activity of students
and post-graduate students.
In the framework of second project the educational system simulating three energy generators (solar, wind,
micro-hydro) working under the management of electronic equipment is developing. System also includes
accumulating unit, electric buffer units, control elements, electrical consumers and other components of real
energy system for electricity supply. This system will help to simulate different modes of operation, to develop
proper strategy for consumer and designers of renewable energy systems.
New coming activity will involve also school students as it was done in other our projects. The interaction
between students of all levels and specialists stimulate generation of new ideas.
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Fig. 6: Experimental concentrator100% REN tri-generation approach

5. Conclusion
The results of two projects (developed and current) show new conceptual point of view for fast developing
cheap concentrator systems based on vertical multi-junctions solar cells with bifacial illumination and additional
heat generation, new conceptual point of view for simulating and designing autonomous renewable energy
systems and involving educational activity.
Authors thanks Ministry of Education and Science of the Russian Federation for support of these research
projects.
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ABSTRACT
Solar and wind resources are nearly abundantly available on earth. This resource availability enables the use of
photovoltaic (PV) and wind energy technology on a large scale in most regions in the world. Long-term social
sustainability requires a 100% renewable power supply on a low cost basis. The cost projections of PV and wind
power are discussed on basis of the levelized cost of electricity (LCOE) approach for the year 2020. First results for
the degree of complementarity of PV and wind power supply are discussed, but due to the fluctuating character of
both major renewable power technologies an appropriate storage technology need to be added. Thus the renewable
power methane (RPM) storage option is presented. The various integration options of hybrid PV-Wind-RPM power
plants are discussed. Based on cost assumptions for the year 2020 the economics for hybrid PV-Wind-RPM power
plants are derived on a global scale and discussed in more detail for an exemplarily site in China. First estimates for
the global energy supply potential of hybrid PV-Wind-RPM power plants show both fast increasing competitiveness
of the approach and comparably short distances between the centres of demand and least cost energy supply all
complemented by nearly abundant resource availability. Hybrid PV-Wind-RPM power plants are characterized by all
relevant attributes for becoming a potential cornerstone of the global energy supply in the next decades.
Keywords
Hybrid Power Plant, Renewable Power Methane, Fuel-Parity, Economic Analysis, Energy Options, PV Markets

1

Introduction

Photovoltaic (PV) is the fastest growing electricity
generation technology in the world.[1] Second fastest
growing electricity option is wind power.[2] Global solar
and wind resource assessment clearly documents
sustainable and the by far highest resource potentials for
PV and wind of all power technologies available to the
market. However the fluctuating solar and wind resources
make it necessary to use fossil fuel power plant or storage
capacities for balancing reasons. An emerging storage
option is the renewable power methane (RPM) storage
technology.
The purpose of the presented work is a first analysis of
the global economic impact potential of RPM storage by
end of the 2010s which would enable hybrid PV-WindRPM power plants establishing fully dispatchable power
supply based on fluctuating wind and solar resources.
This paper presents an overview on the renewable power
methane storage technology (section 2), solar and wind
resource availability (section 3) and economics of system
components (section 4). The global economics of hybrid
PV-Wind-RPM power plants are estimated for the year
2020 (section 5) and presented in a more detailed view
for the exemplarily potential market in China (section 6).
The global power supply potential of hybrid PV-WindRPM power plants is discussed (section 7) and the results
are summarized by the conclusion (section 8).
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This conference contribution presents technological and
conceptual results of Solar Fuel and Fraunhofer IWES
and economic results of Q-Cells research. Initially the
research focus at Q-Cells was led on hybrid PV-Fossil
power plants [3-5] which resulted in quite similar
economics for PV and wind power plants by the end of
the 2010s for many sites in the world [6]. The
complementarity characteristic of PV and wind power
availability [7] generated the insight of firstly taking into
account both major new renewable power technologies
and secondly integrating the seasonal RPM storage
technology for a 100% renewable power solution. All
this mentioned topics are part of a more comprehensive
work on the economics of hybrid PV power plants.[6]

2

Renewable Power Methane Storage

The risk mix of climate change impact, diminishing fossil
fuels and nuclear hazards induces enormous pressure for
restructuring the global energy supply, which is to about
87% dependent on the risk creating sources [8]. The only
sustainable energy pathway is based on the various
renewable energies. A stable power supply need to be
based on full daily and especially seasonal adaption of
renewable power supply to the load demand in the grids.
The balance of seasonal renewable power supply and
load demand is challenging, since both hydro storage
dams and biomass power supply are very limited due to
geographic and resource competition constraints.

Additionally, the major renewable power supply options
are represented by solar PV and wind power (section 3),
which are both fluctuating, hence flexible power
generation units are needed for balancing resource
availability and load demand for a stable electricity
supply. This would be the case for oil, natural gas and
coal fired power plants. However, the respective
greenhouse gas emissions and diminishing fossil fuel
resources allow these conventional power technologies
only a limited function in the transition phase towards a
fully renewable power supply. Nevertheless, fossil
natural gas fired power plants, technically better called
methane power plants, can be also fired by RPM. RPM
can be produced by renewable power, air and water as
input sources. The required seasonal storage of methane
is already applied today. As a consequence, the power
grid and natural gas grid become connected and an
energy flow is made possible in both directions
(Figure 1).

Figure 1: Hybrid PV-Wind-RPM power plant embedded
in the power grid and the natural gas grid. Energy flows
are possible in both directions, i.e. storage of electricity
in the natural gas infrastructure and conversion of RPM
into electricity. CO2 can be used from several sources,
like extraction from air, by-product of biogas plants,
fossil fuel power plants or industrial processes.

Several CO2 sourcing routes are available, e.g. byproduct of biogas plants, fossil fuel power plants or
industrial processes, however the most elegant way is the
extraction of CO2 from ambient air. Several processes are
known for extracting CO2 from ambient air [9], whereas
in the following the focus is laid on the energy efficient
ZSW
process
based
on
absorption
and
electrodialysis.[13]
For producing 10 MJth RPM, it is needed 16 MJel for the
electrolysis process including the methanation process
plus further 4.8 MJel in case of extraction CO2 from
ambient air. This translates into a renewable electricity to
RPM conversion efficiency of about 63% excluding
energy for CO2 souring. Specific energy consumption of
the dialysis process extracting CO2 from ambient air
represents an energy conversion efficiency of about 77%.
Thus RPM using CO2 extraction from ambient air can be
generated on an efficiency level of about 49%, whereas
high temperature process heat of the exothermic
methanation process might be used for other purposes.
About 50% of the electric energy can be chemically
stored in RPM and afterwards used for all purposes fossil
natural gas is used for. In case of burning RPM in
modern gas power plants, i.e. in combined cycle gas
turbines (CCGT) of about 58% efficiency, the full cycle
efficiency would be about 37% (CO2 available on site)
and 29% (CO2 extraction from ambient air). This full
cycle storage efficiency is rather low and induces high
specific cost for such stored electricity, however an easy
usable seasonal energy storage would be enabled and the
entire natural gas infrastructure could be used.
There are only a few and very limited seasonal electricity
storage options, in particular for large scale energy
storage (Figure 2).

Three elementary core processes are needed for RPM:
electrolysis (conversion of electricity and water into
hydrogen and oxygen), CO2 supply (e.g. extraction from
ambient air via dialysis process, by-product of biogas
plants, fossil fuel power plants or industrial processes)
and methanation (conversion of hydrogen, carbon
dioxide and electricity into methane and water).[9] Good
overview on the RPM concept, the relevant components
and the energy system integration is given by Sterner [9],
Specht et al. [10,11] and Sterner et al. [12].
The first core process is the electrolysis converting
renewable electricity and water into hydrogen and
oxygen (Figure 1). Several electrolysis technologies are
available enabling energy conversion efficiencies of up to
80%. The technology is used since decades and can be
operated at various pressures, temperatures and is
scalable for industrial applications in the range of some
kW to MW.[9]
The hydrogen is used in the methanation (Sabatier
process), the second core process, to convert hydrogen
and carbon dioxide to methane and water (Figure 1). The
energy conversion can reach efficiencies up to 85% in a
catalytic exothermal process on a temperature level of
180 – 350 °C and a pressure of 1 – 100 bars.[9]

Figure 2: Overview on major electricity storage
technologies in dependence on energetic storage capacity
and charge cycling. RPM (denoted as Solar Fuel) is one
of only few seasonal storage options for large scale
energy storage.
Pumped hydro storage is the most preferred energy
storage on the power plant and power grid level due to
relative low cost, relative high energy storage reservoirs
and a high flexibility in switching from charge to
discharge operation mode. However, geographic
prerequisites of substantial difference in altitude and
available topographic sites limit this large scale energy
storage. But a seasonal energy storage would also induce
high storage cost due to a respective low cycle frequency.
The remaining two seasonal storage solutions are
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hydrogen and methane. Seasonal storage on RPM basis
might be preferred due to higher storage efficiency and
already existing transport infrastructure in most regions
in the world plus available energy converting units, like
power plants, heating for houses, powering the transport
sector and using RPM in the chemical industry.
Based on the new link power-to-gas, 100% renewable
energy supply systems are designed (Figure 3). The key
elements are direct renewable power generation (main
“primary energy source”), renewable electromobility
[14], heat pumps, RPM and overcoming traditional
biomass. By integrating smart power networks, heat
networks and natural gas networks, a full renewable
energy supply is enabled. Several 100% renewable
energy systems based on hybrid PV-Wind-RPM plants
are presented, reducing global energy-related CO2
emissions by 95%. One new key element is the mutual
linking of power and gas networks.

Figure 3: Hybrid PV-Wind-RPM plant (Figure 1) as the
integral centrepiece of a future sustainable energy supply
system.[9] The four main energy systems are integrated
and positively influenced by renewable power methane,
i.e. power network, natural gas network, heat network
and transportation network.
Several integrated concepts with CO2 from air, biomass,
industrial processes and fossil fuels are designed. In this
way, renewable power can be stored in the natural gas
network and used temporarily and spatially flexible for
balancing power and long-term power storage, for
process heat and for (long-distance) transportation with a
high-energy density CO2-neutral energy carrier. The
major benefit versus hydrogen is the use of the existing
infrastructure. Hydrogen is “stored” in CO2 and made
thus available as natural gas substitute. RPM can be
produced basically anywhere where water, air (CO2) and
renewable power (wind, solar, hydro) are available and
thus decrease import dependence on fossil fuels and the
need for new transmission lines by using existing gas
grids. It can recycle CO2 in the energy system by CO2
capture from combustion or by the use of the generated
O2 for combustion of RPM in the oxyfuel process in
combined cycle plants. This new approach can even act
as carbon sink in combination with CO2 storage and thus
create “carbon sink energy systems”.
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3

Solar and Wind Resource Availability

The global energy supply potential of PV and wind
power exceeds by far the energy demand of human
mankind. Total primary energy demand has been about
151,200 TWhth in the year 2008, i.e. about 17 TW of
continuous energy flow.[8] However, substantial amount
of this primary energy demand is wasted in inefficient
energy use based on burning fuels, i.e. direct use of
valuable electricity would reduce the aforementioned
energy flow to about 11.5 TW provided for instance by
solar PV or wind power.[15] The technical energy
potential of solar PV and wind is assessed differently by
various authors but always by factors or orders higher
than total global energy demand. In 1978 Weingart
estimated the solar PV potential energy flow usable for
mankind being higher than 100 TW.[16] In 2003, the
German Advisory Council on Global Change derived a
harvestable energy flow potential for wind power of
about 90 TW and a practically unlimited potential for
PV.[17] However, these numbers have been adjusted in
2011 to a technical potential of about 54 TW for wind
power and about 8,900 TW for solar energy hence also
for PV.[18] In the 2008 ‘energy [r]evolution’ study of
Greenpeace the utilizable energy flow has been estimated
to about 35 TW for wind power and 150 TW for PV.[19]
Also in 2008, Sawin and Moomaw estimated the energy
flow potential to about 145 TW for PV and about 55 TW
for wind power.[20] In 2009, Lu et al. estimated the
energy flow for wind power to about 80 – 150 TW.[21]
Jacobson and Delucchi derived an energy flow of 40 – 85
TW for wind and 580 TW for PV.[15] In 2011 the IPCC
derived a theoretically utilizable energy flow of about
190 TW for wind power and about 120,000 TW for
PV.[22] Other authors clearly pointed out that wind and
solar energy will become the backbone of the global
energy supply and that this could happen already before
2030.[23] The insight of the necessity to establish a solar
powered society lays many decades in the past and was
emphasized for instance by Hubbert already in 1949.[24]
The three major power technologies in relation to
minimised fully loaded social cost are solar PV, wind
power and hydro power (section 4). But only solar PV
and wind power have access to nearly abundant
resources, whereas the solar resource is the most
homogeneous distributed energy source in the world. It is
a godsend that the two least cost energy options for the
21st century are fully complementary to each other.[7]
A first global analysis of the complementary
characteristics of PV and wind power plants gives plenty
of indications that this two major renewable power
technologies complement each other to a very high
extend (Figure 4) and show nearly no competition due to
the fundamental underlaying solar and wind resources.
[7] The degree of complementarity is measured by
overlap full load hours (FLh), i.e. the amount of power
provided by PV and wind power plants adjacent to each
other in the same time interval. However, typically the
overlap FLh indicate a good complementarity due to part
load conditions of the respective power plants. For
extracting the amount of power being problematic, the
critical overlap FLh are defined, i.e. the amount of power
being above the rated capacity of PV or wind power per
geographic unit and time interval. In these cases the

renewable power might be lost due to limited power line,
balancing power plant or storage capacities. The first
insights for the analysis of the complementarity of PV
and wind power is depicted in Figure 4.

installed NG infrastructure might be of utmost relevance
for fighting climate change and diminishing fossil fuel
resources – as basis for the RPM diffusion.

4

Economics of System Components

This section is focused on the economics of the core
system components of hybrid PV-Wind-RPM-CCGT
power plants based on the technological conditions
needed for RPM storage. Relevant system components
for analyses are 1-axis horizontal north-south continuous
tracking PV power plants (PV 1N), wind power plants at
150 metre hub height (Wind 150m), combined cycle
natural gas power plants in the conventional and carbon
capture and storage (CCS) version (CCGT and CCGTCCS), hard coal power plants in the conventional and
CCS version (coal and coal-CCS) and RPM storage
composed by dialysis, electrolysis and methanation units.
The preconditions for a successful hybridization are
given for the hybrid power plants discussed in this paper
but discussed elsewhere [5,6].

Figure 4: Ratio of annual total (top) and critical (bottom)
overlap full load hours of PV and wind power to added
up full load hours of both power technologies.[7]
Assumed are PV fixed optimally tilted power plants and
wind power plants at 150 m hub height. Calculations are
performed on a mesh of 1°x1° latitude and longitude and
a one hourly time interval for the year 2005. Power
capacity of PV and wind power is set to an equal value.
Global average total overlap is about 15%, whereas
maximum overlap is 25%. Critical overlap is significantly
lower, i.e. available power per coordinate higher than
rated power capacity of one power technology. Critical
overlap FLh are worldwide below 9% and at most places
even below 3% to 4%. Consequently, PV and wind
power plants are finally no competition to each other.
Moreover, it can be expected that the complementarity of
PV and wind power leads to significant reductions in
further investments in the energy system and will enable
the power sector to offer highly competitive solutions for
the heat and transportation sector and maybe even for the
chemical industry via renewable power generated
methane.
For achieving power supply security balancing power
plants are still needed. Natural gas (NG) power plant
capacity of more than 1,100 GW is installed worldwide
[8] and is perfectly suited for power balancing purposes.
Hybrid PV-Wind-NG power plants are an excellent
power plant option in the years to come [5,6], but this
technological approach still depends on fossil fuels.
Greenhouse gas emissions of NG fired CCGT are in the
range of 400 - 500 gCO2/kWh considering the full life
cycle, being too much in a climate change constraint
world. Moreover, peak in conventional oil production is
a matter of fact and it is only a question of time when
peak in NG production will occur. Nevertheless, global

A cost model for all components of the hybrid PV-WindRPM-CCGT power plant enables the calculation of
levelized cost of electricity (LCOE) [25] for all
coordinates by applying local FLh for the PV and wind
component in combination with FLh assumptions for the
entire hybrid power plant. RPM storage is expected to be
available on the large scale by the end of the 2010s,
whereas first CCS power plants, as a potential CO2
source, might be in the demonstration phase at that point
in time. Based on the availability of these two major
relevant components for a broad hybrid PV-Wind-RPMCCGT power plant analysis the year 2020 is chosen for
scenario evaluation. Besides typical capital expenditures
(Capex) and operational expenditures (Opex), major cost
positions are expenditures for fuel but not for related
carbon emissions due to either CO2 free power supply or
application of CCS techniques. Such derived LCOE
make it possible to compare them to LCOE of other
renewable and conventional power plant technologies.
Methodology of calculating hybrid PV-Wind-RPM
LCOE is summarized in Equation 1:
(Eq. 1a)

LCOE   LCOEi
i

LCOEi 

Capex i  crf  Opexi , fix
FLhi ,el
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WACC  1  WACC 

1  WACC N

i
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(Eq. 1b)
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(Eq. 1d)

FLhPV ,el  Yref  PerfR

(Eq. 1e)

FLhRPM ,el  FLhtotal,el  FLhPV ,el  FLhW ,el 

(Eq. 1f)

fueli  fuel crudeoil  cf i

(Eq. 1g)

Equation 1: Levelized cost of electricity (LCOE) for
hybrid
PV-Wind-RPM-CCGT
power
plants.
Abbreviations stand for: capital expenditures (Capex),
annuity factor (crf), annual operation and maintenance
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expenditures (Opex), annual fixed Opex (Opexfix),
variable Opex (Opexvar), annual full load hours of
component i (FLhi,el), fuel cost of component i (fueli),
thermal energy conversion factor of component i (PEth,i),
primary to electric energy conversion efficiency of
component i (ηi,el), weighted average cost of capital
(WACC), lifetime of component i (Ni), equity (E), debt
(D), return on equity (kE), cost of debt (kD), reference
yield for a specific PV system at a specific site (Yref), PV
performance ratio (PerfR), renewable power methane
components (RPM), fuel cost of crude oil (fuelcrude oil),
ratio of fossil fuel i to crude oil as coupling factor (cfi)
and primary to electric energy conversion efficiency of
component i (ηi,el). Components i of the hybrid PVWind-RPM-CCGT power plant are: PV fixed optimally
tilted, PV 1-axis horizontal north-south continuous
tracking, Wind 150 metre hub height, RPM storage units
(dialysis, electrolysis, methanation), combined cycle gas
turbine (CCGT) and carbon capture and sequestration
(CCS). These components are compared partly or fully to
natural gas (NG) fired CCGT-CCS and coal fired coalCCS power plants.

Total FLh of the hybrid PV-Wind-RPM-CCGT power
plant are composed by the renewable source, i.e. PV or
wind or hybrid PV-Wind, and the balancing CCGT
which receives the methane by the RPM component of
the hybrid plant. The RPM is assumed to be generated by
not needed excess electricity and CO2 either by extraction
CO2 from the ambient air (dialysis) or provided by the
carbon capture and storage (CCS) component of the
CCGT plant. The dialysis and electrolysis components
show lower FLh due to its adaption to the availability of
fluctuating excess electricity. However, the methanation
component can be run in baseload operation modus due
to internal hydrogen storage. Some minimum FLh are
assumed for practical reasons, i.e. minimum 500 FLh of
CCGT component, minimum 500 FLh of NG-CCS
component, minimum 500 FLh of critical PV and wind
overlap being very conservative (section 3) and minimum
total 5,000 FLh of the hybrid PV-Wind-RPM-CCGT
power plant. The latter assumption is rather conservative,
since the global power plant capacity is operated for
about 4,300 FLh in average [6]. The hybrid power plant
in this configuration can use the RPM as both a daily but
also a seasonal storage.

The scenario assumptions for calculating LCOE are
summarized in Table 1 and are based on experience curve
assumptions for PV and wind power plants [5,6]. Major
LCOE component of PV and wind power plants are the
capital cost, whereas conventional fossil power plants are
more dependent on the fuel cost in contrary to fossil CCS
power plants showing a higher dependence on capital
cost. Fossil fuel cost are indirectly coupled to the crude
oil price due to the specific thermal energy [5] and tend
to fluctuations and long-term escalation.

PV and wind power plants are on an excellent cost trend
and are expected to achieve LCOE of about 40 – 60
€/MWh in regions of good resource quality in the year
2020 (Figure 5). Major advantage of the hybrid PV-Wind
power plant component are the higher FLh compared to
only one renewable power source leading to beneficial
total LCOE of the hybrid PV-Wind-RPM-CCGT power
plant.

Figure 5: Hybrid PV-Wind power plants characterized by their global LCOE (left) and FLh (right) projected for the year
2020. Assumed hybrid PV-Wind sub plants are 1-axis horizontal north-south continuous tracking PV power plants and wind
power plants at a hub height of 150 m for the conditions of Table 1. The underlaying resource data are provided by NASA
SSE 6.0 [26] but reprocessed and discussed elsewhere [6,27].

PV 1-axis Wind 150m
CCGT
N-S horiz. hub height conv. CCS

in year 2020
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Coal
conv. CCS

Renewable Power Methane
Dial. Electrol. Methanation

Capex
Opexfix
Opexvar
plant lifetime
plant efficiency (PR)
fuel price coupling

[€/kW]
[€/kW/y]
[€/MWhel]
[y]
[%]
[fuel/oil]

1130
17
30
80%
-

in general
WACC

[%]

remark
6.0% despite of higher fossil risk profile identical for comparison reasons

800
15
25
95%
-

750
15
1
30
58%
80%

2100
40
2
30
48%
80%

1500
20
1
40
44%
30%

2800
70
3
40
34%
30%

500
10
1
30
78%
-

300
6
1
30
78%
-

400
8
1
30
82%
-

exchange rate
FLh Methanation
FLh min CCGT
FLh min NG-CCS
FLh min overlap

[USD/€]
[h/y]
[h/y]
[h/y]
[h/y]

1.40
8000
500
500
500

baseload operation
minimum FLh of CCGT component of respective hybrid RPM-CCGT plants
minimum FLh of NG-CCS component of hybrid PV-Wind-NG-CCS plants
assumed time resolved FLh overlap of PV and Wind (conservative)

Table 1: Key economic assumptions of hybrid PV-Wind-RPM power plants and competing power plants projected for the
year 2020. Abbreviations stand for: 1-axis horizontal north-south continuous tracking (1-axis N-S horiz), combined cycle gas
turbine (CCGT), conventional (conv), carbon capture and storage (CCS), capital expenditure (Capex), operational
expenditure (Opex), performance ratio (PR), weighted average cost of capital (WACC), full load hours (FLh), renewable
power methane (RPM) and natural gas (NG). Data are taken from various sources and in case of the non RPM components
given elsewhere [6].

Production cost of RPM by PV and wind power supply is
visualized in Figure 6 for extracting CO2 from ambient
air and for CO2 accessible by CCS. The calculations are
based on scenario assumptions defined in Table 1 and
visualized for respective hybrid PV-Wind plants in
Figure 5.

The technological route of RPM production offers access
to highly valuable fuels in many regions in the world
(Figure 6), in contrary to today’s fossil fuel resource
availability. Based on a more homogeneous solar
resource and wind resource distribution in the world, the
perspective is given for an additional more
homogeneously
distributed
renewable
sourced
hydrocarbon fuel availability.

5

Hybrid PV-Wind-RPM Power Plant Economics

RPM storage offers three key features: Firstly, direct
renewable energy supply can be used as much as
possible, e.g. PV and wind power. Secondly, storage can
be charged by surplus energy for use in periods of lower
load than renewable power in the grid, in particular for
seasonal balancing. Thirdly, a stable power supply can be
granted for the entire year. The remaining question will
be whether it might be economically feasible to run
hybrid PV-Wind-RPM-CCGT power plants as the
centrepiece of such a potential fully stable and
sustainable renewable electricity future.

Figure 6: Cost of RPM production for CO2 from the air
(top) and supplied by CCS facilities (bottom) projected
for the year 2020. Power supply by hybrid PV-Wind
power plants (Figure 5) is assumed for the conditions of
Table 1. Cost of RPM production might be at about 300
USD/barrel for CO2 from air and about 200 USD/barrel
for CO2 from CCS route (excluding CCS cost) at sites of
excellent solar and wind resources.

Total LCOE of hybrid PV-Wind-RPM-CCGT power
plants for 5,000 FLh are calculated on basis of
Equation 1 and scenario assumptions in Table 1 for the
renewable components 1-axis horizontal north-south
continuous tracking PV, wind turbines on 150 meter hub
height and the hybrid composition of these two subplants for the two CO2 source routes, i.e. from ambient
air and accessible by CCS (Figure 7).

Results for RPM production cost based on PV and wind
FLh and LCOE show challenging cost levels even in
regions of excellent resource availability. In case of
extracting CO2 from ambient air, a cost level of about
300 – 400 USD/barrel can be reached (Figure 6). For
CO2 being available due to CCS the cost level is
equivalent to about 200 – 300 USD/barrel (Figure 6).
However the cost level might be not too high compared
to typical fuel prices in industrial countries, since 200,
300 und 400 USD/barrel are equivalent to diesel prices of
0.90, 1.35 and 1.80 €/l, excluding any kind of taxation
and subsidies.
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Figure 7: Global LCOE of hybrid PV-Wind-RPM power
plants for CO2 from air (top) and for CO2 from CCS
route (bottom) projected for the year 2020. Power supply
by hybrid PV-Wind power plants (Figure 5) is assumed
and 5,000 FLh in total for the hybrid power plant for the
conditions of Table 1. LCOE of hybrid PV-Wind-RPM
power plants might be about 80 €/MWh at sites of
excellent solar and wind resources, whereas the CO2 from
air route could be slightly lower in LCOE mainly driven
by challenging economics of CCS facilities.
The LCOE outcome of both CO2 sourcing routes is
nearly identical, whereas the CO2 extraction from
ambient air seems to be slightly lower in cost for the
specific scenario assumptions (Figure 7). In both cases
the hybrid PV-Wind sub-plant leads to lower than the
PV-only or wind-only variation for the total hybrid PVWind-RPM-CCGT power plant, which is caused by the
beneficial effect of extended FLh on a renewable low
cost basis reducing costly RPM production on minimum
level.[6] A hybrid PV-Wind sub-plant reduces the total
LCOE on a level of 60 – 100 €/MWh in regions of good
and excellent solar and wind resource availability, e.g.
the US, Chile, Argentina, Bolivia, some locations in
Europe, nearly the entire MENA region, parts of Central
Asia and Australia.

China – An Exemplarily Potential Market

Considerations in the last sections are focussed on least
LCOE of respective hybrid PV-Wind-RPM-CCGT power
plants in the global context. However, from the point of
local view a more differentiated analysis is very helpful
for understanding the local cost and technological
dynamics. Key assumptions for this consideration are
already defined in Table 1, which are applied for power
plant configurations of 6,000 FLh and a fossil fuel price
range of 50 – 250 USD/barrel. The single components for
establishing respective power plants are: fixed optimally
tilted PV, 1-axis horizontal north-south continuous
tracking PV, wind power at 150 metre hub height,
conventional NG-CCGT, NG-CCGT-CCS, conventional
coal without CCS, coal-CCS, RPM production using CO2
extracted from ambient air and by a cyclical CCS route.
Based on these nine components a variety of 24 hybrid
PV-Wind-RPM-CCGT power plants and fossil fuel fired
power plants is analysed. These analyses can be
performed for all coordinates represented by a data point
in the Figures 5 to 7, but exemplarily shown here for a
coordinate in the North-West of Bejing in China.
Dynamics of the different power plant variations are
depicted for a site in China in Figure 8. The variations
are measured in LCOE but are dependent on the fossil
fuel price. The selected site is characterized by good solar
and very good wind resource conditions.

Nearly identical LCOE results for hybrid PV-WindRPM-CCGT power plants for both CO2 sourcing routes
(Figure 7) is in contrast to the results of RPM production
costs (Figure 6), where the CO2 extraction from ambient
air route is found to be about 40% higher in cost than the
CO2 accessible from CCS option. However, the CCS
system approach is significantly higher in cost on the
power plant level due to higher Capex of the CCGT-CCS
versus the CCGT power plant component and lower
respective primary energy conversion efficiency of
CCGT-CCS versus CCGT (Table 1). As a consequence
higher RPM production cost of the ambient air route is
levelled out by beneficial power plant characteristics of
the CCGT component.
This quite relevant result need to be analysed in a much
deeper and broader scope than possible in this work. It
might be possible that the enormous investments in CCS
technology could end up as stranded cost on a macro
economic level, in particular in case of lower total power
generation system LCOE of hybrid PV-Wind-RPMCCGT power plants using CO2 extraction from ambient
air versus fossil fuel powered CCS power plants.
Enormous public financial means are needed for
establishing the CCS technology and infrastructure,
which might be superfluous not only in the end but right
from the begin of CCS diffusion.
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Figure 8: Hybrid PV-Wind-RPM-CCGT and fossil fuel
fired power plant LCOE dynamics for a site in China
(45.5°N/ 115.5°W) for 6,000 FLh and a fossil fuel price
range of 50 – 250 USD/barrel in the year 2020 (top) and
an overview on annually new installed power plant

capacity in China (bottom). The renewable sub-plant
options are fixed optimally tilted PV (PV 0), 1-axis
horizontal north-south continuous tracking PV (PV 1Nc),
wind power at 150 m hub height (Wind), hybrid fixed
tilted PV-Wind (PV 0-Wind) and hybrid 1-axis tracking
PV-Wind (PV 1N-Wind) sub-plants for the two CO2
source options of extracting CO2 from ambient air (air)
and CO2 accessible by CCS (CCS), whereas RPM is
denoted as SF. FLh of renewable sub-plants can be found
in the figure for the site chosen. The fossil sub-plant
options are natural gas (NG) fired combined cycle gas
turbine (CCGT) and coal fired power plants. The hybrid
PV-Wind components are characterized in Figure 5.
Further assumptions for cost calculation are taken from
Table 1. Annual power plant capacity investments still in
operation are sorted by power technology for the years
1970 to 2008. Data are taken from UDI World Electric
Power Plants database [28].

Therefore the upgrading potential for hybrid PV-WindRPM sub-plants might be limited. However, the large
coal and hydro power plant capacity should be taken also
into account in respect to hybrid PV-Wind-Coal power
plants [5] and hybrid PV-Wind-Hydro power plants [6].
The hybrid PV-Wind-NG-CCGT power plant is the least
LCOE power plant for a fossil fuel price of at least 140
USD/barrel at a beginning LCOE level of about 60
€/MWh. Below 140 USD the hybrid Wind-NG-CCGT
power plant is only 2 – 3 €/MWh higher in LCOE than
coal without CCS. The hybrid PV-Wind-RPM-CCGT
power plant LCOE is about 88 €/MWh, but cannot reach
the least LCOE level below 250 USD/barrel. CCS
technology is not needed for a competitive least LCOE
system design.

7
The selected site would allow a fossil fuel price
decoupled power generation for LCOE of about 88
€/MWh supplied by a hybrid PV-Wind-RPM-CCGT
power plant using CO2 extracted from ambient air.
Breakeven of hybrid PV-NG-CCGT power plant versus
NG-CCGT power plant is achieved at a fossil fuel price
of 90 USD/barrel at LCOE of about 65 €/MWh. A hybrid
PV-RPM-CCGT power plant is not competitive to a NGCCGT power plant at a fossil fuel price of 250
USD/barrel and would generate electricity at a LCOE
level of about 215 €/MWh for the CCS CO2 sourcing
option.
Breakeven of hybrid Wind-NG-CCGT power plant
versus NG-CCGT power plant is achieved at a fossil fuel
price of below 50 USD/barrel at LCOE of about 38
€/MWh. A hybrid Wind-RPM-CCGT power plant is
competitive to a NG-CCGT power plant at a fossil fuel
price of 150 USD/barrel and would generate electricity at
a LCOE level of about 100 €/MWh for the CO2
extraction from ambient air option.
Breakeven of hybrid PV-Wind-NG-CCGT power plant
versus NG-CCGT power plant is achieved at a fossil fuel
price of about 60 USD/barrel at LCOE of about 50
€/MWh. A hybrid PV-Wind-RPM-CCGT power plant is
competitive to a NG-CCGT power plant at a fossil fuel
price of 128 USD/barrel and would generate electricity at
a LCOE level of about 88 €/MWh for the CO2 extraction
from ambient air option. Total LCOE parity for hybrid
PV-Wind-RPM-CCGT and NG-CCGT-CCS power
plants is given for a fossil fuel price of about 75
USD/barrel at a LCOE level of about 88 €/MWh and for
extracting CO2 from ambient air.
The hybrid PV-Wind-RPM-CCGT power plant achieves
LCOE parity to coal-CCS power plants for a fossil fuel
price of 110 USD/barrel at about 88 €/MWh LCOE for
the CO2 extracting from ambient air option. The
respective parity to coal without CCS is given at a fossil
fuel price of about 230 USD/barrel at about 88 €/MWh
LCOE and for extracting CO2 from ambient air.
The total power plant capacity already available in China
by end of 2008 (Figure 8) shows relative little
investments in NG-CCGT capacities in the last years.

Global Power Supply Potential

Upgrading NG-CCGT power plants by hybrid PV-Wind
power plants typically leads to lower LCOE for fossil
fuel prices of about 50 – 90 USD/barrel. In case of good
solar and wind resource availability the hybrid PV-WindNG-CCGT power plant is very competitive beginning
between fossil fuel prices of 70 – 90 USD/barrel
onwards. The remaining natural gas fired in the NGCCGT sub-plant still leads to CO2 emissions but the
natural gas can be replaced by RPM, however it will be
higher in cost than the natural gas option in nearly all
regions in the world and for fossil fuel prices up to 250
USD/barrel assuming no carbon emission cost.
The hybrid PV-Wind-RPM-CCGT power plant
extracting CO2 from ambient air is an excellent
centrepiece of a 100% renewable power supply, which
might be established on a LCOE level of about 80 – 90
€/MWh in regions of very good solar and wind resource
availability. In regions of good solar and wind resources
the LCOE ranges from about 100 – 120 €/MWh and for
at least one good and one moderate resource the LCOE
could be about 140 – 170 €/MWh. These LCOE levels
are fully fossil fuel decoupled and represent the full
social cost, i.e. no further external cost create an
additional financial burden. Moreover, no CCS route is
needed. CO2 extraction from air leads in most cases to
lower total LCOE and in cases of lower CCS CO2
sourcing this is only slightly lower in cost. It is not clear
whether CCS technology will be really available by 2020
or even in 2030, hence waiting for this route might waste
a lot of valuable time. Concluding this, hybrid PV-WindRPM-CCGT power plants extracting CO2 from ambient
air enable a 100% renewable power supply in many
regions in the world and show favourable economic
performance.
The enormous solar and wind resource potential (section
3) lays the basis for analyses of the global energy supply
potential of solar PV and wind power. The last sections
clearly emphasise that 100% renewable energy supply is
technically feasible on basis of PV and wind power using
RPM for storage purposes, in particular for seasonal
storage. Economic considerations result in total power
generation cost of below 100 €/MWh in many large
regions spread over the world (section 5).
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In reality more renewable energy sources can be used for
power supply. An excellent example how such a fully
renewable powered energy system could work is analysed
for the DESERTEC project.[29-32] Historic roots of the
DESERTEC project have been laid in the 1920s
focussing hydro power [33,34] and in the 1930s already
based on first PV concepts linked to power lines [35,36]
but have been changed in the 1980s to solar hydrogen
[37,38] and in the 2000s to solar thermal power
generation (STEG), again linked to power lines [29-32].
DESERTEC is based on all major renewable energy
sources and the interconnection of centres of energy
supply and centres of energy demand by high voltage
direct current (HVDC) power lines. Solar PV, solar
thermal and wind power are assumed to be major sources
of power, whereas biomass and hydro power might act as
a renewable balancing power. The EU-MENA
DESERTEC project gained pace by the Desertec
Industrial Initiative lead by industry giants [39] and
might become a blueprint for similar interregional
cooperation in other parts of the world reaching a global
power grid.
The global energy supply potential for STEGs has
already been analysed.[40] This analysis of global energy
supply potential of solar electricity generated only in
regions of excellent solar resources, i.e. at least 2,000
kWh/m²/y direct normal irradiation, clearly shows the
true potential of solar power: 90% of world population
could be supplied by solar power (solar PV and solar
thermal) via HVDC power lines not longer than 3,000
km.
The indication is high, that based on STEGs a nearly
100% renewable power supply could be established.
However, the STEG economics are not as favourable as
the comparable ones for PV and wind power. Therefore it
might be of very high relevance to perform a global
energy supply potential for hybrid PV-Wind-RPM power
plants on basis of economic competitiveness.
The last sections point out that a 100% renewable power
supply is economically feasible at latest in the end of the
2010s in the regions of the world where at least good and
very good solar and wind resources are available. Key
question in this section is the global energy supply
potential of hybrid RPM systems. The three major steps
for answering this are: Firstly, it needs to be identified
where hybrid PV-Wind-RPM-CCGT power plants are
lower in cost than natural gas and coal fired CCS power
plants, which would be the major competing power plant
technologies in a CO2 constraint world. Secondly, it need
to be estimated how much energy can be provided by
those regions. Thirdly, it need to be evaluated how many
people live in that favourable regions and more relevant
depending on the distant to that regions how many
further people could be supply.
The regions of least LCOE for 100% renewable power
plants on basis of PV, wind, RPM and CCGT
components are shown in Figure 9 being derived on basis
of cost competition against NG-CCGT-CCS and coalCCS power plants and shown for a fossil fuel price of
150 USD/barrel.
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Figure 9: Hybrid PV-Wind-RPM-CCGT power plants of
least local LCOE in competition to NG-CCGT-CCS and
coal-CCS power plants for a fossil fuel price of 150
USD/barrel operated 5,000 FLh in the year 2020. The
renewable sub-plant options are identical to Figure 8 for
the two CO2 source options of extracting CO2 from
ambient air (air) and CO2 accessible by CCS (CCS),
whereas RPM is denoted as SF. The hybrid PV-Wind
components are characterized in Figure 5. Further
assumptions for cost calculation are taken from Table 1.
The regions of most competitive hybrid PV-Wind-RPMCCGT power plants are distributed all around the world
and comprise the regions of very good solar and wind
resource availability. The global energy supply potential
of hybrid PV-Wind-RPM-CCGT power plants can be
roughly estimated. The details for the calculation are
discussed elsewhere [6].
Notably, good PV sites of about 2,000 FLh generate an
annual electricity amount of about 107 GWh/km²,
whereas the good wind power sites of about 3,000 FLh
generate an annual electricity of about 56 GWh/km²,
hence the practical specific energy generation density of
PV is by a factor of two higher than that of wind power.
However, the entire site need to be reserved more or less
fully for a PV power plant, but the site beneath the wind
turbines can be used similar to the purpose before, e.g.
crop land, forests, etc.
For a crude oil price of about 150 USD/barrel, about 37
million km² fulfil the criteria of lower hybrid PV-WindRPM-CCGT LCOE than comparable fossil fuel fired
CCS power plants. Only 1.3% and 6.9% of that area
would be needed to cover the current power and
additional thermal energy demand fully by the hybrid
PV-Wind-RPM-CCGT approach. The number for the
thermal energy is a worst case assumption due to
enormous efficiency potentials. The required thermal
energy might be by a factor of four too high, according to
fundamental efficiency reasons. For the worst case it is
assumes that there is a conversion of valuable electricity
to methane and then subsequent conversions for the
various thermal energy services, like transportation,
heating, cooking, etc. However, it would be much more
efficient to use the electricity in a direct way like electric
transportation, electric heating and electric cooking
which would be more efficient by roughly a factor of
four, or even more.
The numbers for some decades in the future, based on a
crude oil price of 200 USD/barrel, would be 12 billion
humans, about 57 million km² of least local hybrid PV-

Wind-RPM-CCGT LCOE, 3.9% and 16.2% of that area
needed for covering the electric and thermal energy
demand and similar efficiency considerations for the
hybrid PV-Wind-RPM-CCGT but also for the thermal
energy demand. The area requirement might be not as
high as it appears, since in the future 200 USD/barrel
case only 11% of the earth’s surface is classified for
excellent hybrid PV-Wind-RPM economics, enormous
efficiency potentials of about a factor of four in the
thermal energy demand are to be realised, the energetic
wealth level of the EU today might be too high for 12
billion people and all technologies for the hybrid PVWind-RPM-CCGT approach are still significantly
improvable. In total, enormous amounts of energy under
least local LCOE conditions are available for powering
the energy needs of the humans without relevant
sustainability criteria restrictions, in particular due to the
fact that several other renewable power technologies are
able to complement PV and wind power, the two core
power technologies in the years and decades to come.
Besides the enormous energy supply potential of the most
competitive regions on LCOE basis in the world, it is of
highest interest how many people live in these regions
and within what distance lives the other part of mankind.
Many people live in the regions of least cost 100%
renewable power supply based on PV and wind power
plants even for low fossil fuel prices. For fossil fuel
prices of up to 100 USD/barrel about 500 million (50
USD/barrel) and about 800 million (100 USD/barrel)
people live within 100 km next to the regions of least
cost power supply. These numbers sharply rise for higher
fuel prices to about 1,200 million (150 USD/barrel),
1,800 million (200 USD/barrel) and 2,200 million (250
USD/barrel). The aggregated population in dependence
on the distance to the least cost regions is depicted in
Figure 10 for various fossil fuel price levels.
Power lines can transmit electricity over several thousand
kilometres very efficiently. Distances more than about
800 – 1,000 km are economically best interconnected by
high voltage direct current (HVDC) power lines, being
applied since decades for distances of 2,000 km and
more. HVDC power lines show a power transmission
efficiency of about 97% per 1,000 km. Below 800 –
1,000 km conventional high voltage alternating current
(HVAC) power lines represent the most cost efficient
power transport solution.[31]

Figure 10: Aggregated people living in regions of least
cost 100% renewable power supply and respective
distance to these regions in dependence of fossil fuel

prices in the range of 50 – 250 USD/barrel in the year
2020. The evaluation is based on least cost hybrid PVWind-RPM-CCGT power plants (Figure 9) and the
distribution of global population density. Data for
population density are provided by Center for
International Earth Science Information Network
(CIESIN) [41].
Within about 800 km next to the regions of least cost
100% renewable power supply most people in the world
could be supplied depending on the fossil fuel prices, i.e.
about 85% of world population based on the least cost
situation for 100 USD/barrel, about 90% for 150
USD/barrel, about 95% for 200 USD/barrel and about
98% for 250 USD/barrel.
Comparing the results for the global energy supply
potential of STEG versus hybrid PV-Wind-RPM power
plants shows the beneficial consequences of good solar
and wind resource potential accessible in many regions in
the world. The supply potential for more than 90% of
world population is lowered from 3,000 km to about 500
– 1,000 km. This reduction in distance is very important
for lowering the political obstacles for the issues of
transmitting large power amounts through various
countries and the time consuming construction process of
HVDC power lines. Moreover, the hybrid PV-WindRPM power plants enable the 100% renewable power
supply and guarantee the least LCOE option.

8

Conclusions

Renewable power methane storage enables a
bidirectional link of power and gas networks and
represents a competitive seasonal storage option. Due to
a comparably low efficiency of the full RPM process the
cost of producing RPM is rather high. Therefore the input
power LCOE need to be as low as possible.
PV and wind power reach quite competitive LCOE by
the end of the 2010s, are nearly abundantly available and
complement each other. However, both technologies are
still fluctuating. Thus combining low cost PV and wind
power with the balancing RPM storage to hybrid PVWind-RPM-CCGT power plants represents a new power
option for a 100% renewable energy supply.
By the end of the 2010s, economics of hybrid PV-WindRPM power plants are very promising in all regions of
good solar and wind resource quality. The hybrid PVWind-RPM-CCGT power plants might represent the
fundamental centrepiece of sustainable and low cost
power supply in the years to come. By the year 2020
about 90% of human mankind might be in reach to be
supplied by 100% renewable power fully competitive to
fossil fuel prices of about 150 USD/barrel and for
practically not limited amounts of sustainably provided
energy. The RPM approach enables long-term cost
stability due to a fully decoupled cost structure from
fossil fuels, no net CO2 emissions and enormous power
supply potential offering long-term sustainable economic
growth. This hybrid plant topology might emerge into the
role of the key energy supply cornerstone in the world, in
particular if mankind intends to economically survive
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peak-oil and physically and economically survive climate
change.
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INTELLIGENT LOCAL GRIDS FOR HIGH PV PENETRATION
Wolfram Heckmann, Alexander Berg, Thomas Degner
Fraunhofer Institute for Wind Energy and Energy System Technology (IWES), Kassel (Germany)

1. Introduction
There is a pressing need to accelerate the development of low-carbon energy technologies in order to address
the global challenges of energy security, climate change and economic growth. Regarding the energy supply
networks the focus is changing. In the past the grids of the different voltage levels and their tasks were
clearly separated. Most of the system ancillary services were located at the transmission level. With more
and more generation capacity connected to the medium and low voltage networks the need arises to involve
these network levels in the network operation. And the focus is broadened further not only considering the
network but also the connected units, from the bulk power plants, the distributed generation, storage, electric
vehicles and smart, “grid friendly” household appliances. In the future smart grid scenario all system levels
and all connected units will play an active part in the operation of the system. And system ancillary services
will be delivered by all voltage levels (Braun, 2007). The possible change from one network level to others is
shown in the table 1. Bullets are indicating that a service is provided by one network level only; circles are
indicating that more than one level is or will be involved.

Tab. 1: Provision of power system ancillary services by different network levels (based on (Braun, 2007))

One example for the involvement of the LV level in frequency stability is the new German LV
interconnection guideline. Today about 18 GW PV is installed in Germany, most of it in local grids. To
avoid load steps too big for the European rotating reserve the distributed generators connected to LV are no
longer forced to disconnect at once in the case of over-frequency, but to reduce the feed-in power following a
defined slope (VDE, 2011).
Frequency and in distribution networks also voltage stability is challenged when energy surplus occurs. One
approach towards this challenge is to monitor network areas and to give incentives for energy consumption
when surplus is generated. But power distribution systems are designed for uncoordinated and stochastic
load characteristics. This design is challenged on local level by distributed generation driven by the weather
conditions, especially PV, but also heat-led CHP, and future intelligent appliances coordinated by central
price signals. Voltage limits as well as limits of the loading of the electrical equipment have to be considered
(Gwisdorf et al., 2010). Linking both, local generation and local demand, could represent an intelligent
answer to this challenge (Nestle et al., 2009).
The PV power surplus and the demand flexibility within a local network cell were analyzed. The demand
side management (DSM) and control concept for the pilot installation is presented. The aim of the pilot
installation is to match generation and demand within the network cell as far as possible in order to minimize
network losses and to help keeping the voltage limits.
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2. Situation in Local Grids – an Example
For a local network cell in a small town near Kassel, Germany, the energy balance was investigated with
high PV power generation on the one hand and electrical heat demand on the other hand. For the electrical
heating today there are off-peak heating systems installed and can be used for DSM, in future they are
expected to be replaced amongst others by electrical heat pumps. Typical for the distribution system operator
(DSO) in this region is the topology of a closed tripod (see figure 1) serving the demand in the center of the
network cell.

Fig. 1: LV network cells built by closed tripods following the planning guidelines of the regional DSO

If the local conditions allow, each network cell is “mirrored” by another cell and the bus bars for closing the
tripods are located in the same cable cabinet (grid sectioning in figure 2). Both cells can be connected e.g. for
maintenance purposes. In our example the local grid is fed via two secondary substations (630 and 400
kVA). In figure 2 the LV network cell of the 630 kVA substation is shown as single line diagram. To
compensate for the voltage drop along the feeder the voltage level on the LV side of the transformer is set to
102.5 %. The cell comprises 133 customers (households and agriculture) with an average consumption of
4408 kWh per year and additionally 14 off-peak electrical heating systems. Currently there are 9 PV roof
systems installed with a total capacity of 217 kW. There are some big PV power plants on barns but also
several ones on dwellings. All houses and the PV systems are connected by 3 phase, 400 V cables. The cross
section of the cable along the street is 4x150 mm2; for the house lateral it is 4x50 mm2.

Fig. 2: Single line diagram of the investigated LV network cell (3 phase, 400 V) with currently 217 kW PV power installed
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3. Current and Future PV Feed-in and Local Demand
3.1. Description of the Simulation Parameters
For the assessment of the grid different parameters were simulated with the grid simulation tool DIgSILENT
PowerFactory (see table 2).
Two different cases were investigated regarding the installed PV power. Today 217 kW are installed,
investigated was the case of 270 kW installed PV power, this is the already announced capacity, and the case
of 488 kW, when all roofs in the network area are used for PV. The power flow over the transformer was
investigated.
Tab. 2: Survey of the performed simulations
Simulation

Installed PV power

Time Period

Objective/ Investigation

Power Flow

270 kW, 488 kW

summer week and
winter week

power flow direction

Voltage Profile

270 kW, 488 kW

summer and winter week

voltage profile at the substation and at
the weakest network point

Power Flow

270 kW, 488 kW

summer day and
winter day

power flow direction, electricity
demand for heating

Voltage Profile

488 kW

winter day

Voltage profile at the substation with
DSM

In preparation of the voltage profile simulations the voltage path of the network for a sunny summer day at
noon (for the voltage rise) and a winter day in the evening (for the voltage drop) were investigated and the
weak points of the network identified. In the further course the voltage level was simulated at two
characteristic points, the low voltage bus bar of the secondary substation and the weakest point in the
network cell regarding the voltage rise. This point is on a network branch where the resistance of a single
cable is higher than of the tripod which consists of two loops. In figure 2 it is on the left where the 2 PV (30
and 16 kW) power plants feed in. The aim must be that the voltage at the weakest point is still within the
allowed band ± 10 % UN according to EN 50160 and the voltage rise caused by in-feed not higher than 3 %
according to the interconnection rules (VDE, 2011).
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January 19th - January 25th

0,8

P/Pn
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Fig. 3: PV generation per unit of the investigated summer and winter week

All simulations were performed for two different seasons, one week in winter and one in summer. For the
summertime June 29th until July 5th was chosen when it was warm enough so that the heating could be
switched off (lowest mean temperature of a day 20.3 °C). In wintertime the selected period is January 19th
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until January 25th. In both weeks there is one day with almost no clouds at all, i.e. maximum PV input.
Figure 3 shows the PV generation profiles in dependence of the rated power of the selected summer and
winter week.
Besides PV energy production the different kinds of loads have to be considered. In this paper it is mainly
distinguished between the loads of a household and the off-peak-heating using standard load profiles
published by the DSO. 14 off-peak-heating are installed having a specific load profile per daily mean
temperature. Table 3 shows the outdoor temperatures from January 19 th to January 25th.

Tab. 3: Mean outdoor temperatures during the selected winter week
Date

Temperature / °C

January 19th

3.8

January 20th

2.4

st

-1.0

January 22nd

1.8

January 23rd

3.2

th

January 24

2.6

January 25th

0.1

January 21

Usually the off-peak heating systems are charged during the night. On very cold days the heating can be
recharged at daytime, but during the expected peaks of the household consumption around 9h, 12h and at the
beginning rise in the evening it is required to totally switch off. This is not regarded as necessary for the
actual peak of the evening rise, because the peak of the rise in the evening is expected to be counterbalanced
by the decrease of the consumption of commercial and industrial customers.

4.1. Simulation Results
The voltage level at the low voltage bus bar of the transformer between June 29th and July 5th for 270 kW and
488 kW installed PV power was investigated. The result is shown in figure 4. The low voltage bus bar of the
transformer was set to a level 1.025 p.u which is reached by the curve during the night. During daytime the
curve is mainly influenced by the PV profile. There are a lot of fluctuations except on July 3rd, when the sky
was almost clear. Reverse power flow during day time leads to a voltage raise up to 0.7 % (1.032 p.u.).
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Fig. 4: Voltage at the transformer during summer with 270 and 488 kW installed PV power

In figure 5 the voltage profile at the weakest point of the network cell regarding feed-in is demonstrated. The
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highest voltage level is on July 3rd around noon at about 1.06 p.u. The limit of the voltage rise according to
the interconnection rules is exceeded, but not yet the 10 % corridor around the nominal voltage according to
EN 50160. But in the usual network planning the voltage of the whole distribution system is assumed to be
actively controllable in the HV/MV substation only. Therefore the 10 % corridor is split between the MV and
the LV network with a remaining 5 % voltage band for the LV network including the voltage drop over the
secondary substation. So the voltage raise of 6 % interferes with the usual network operation.
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Fig. 5: Voltage profile at the weakest point of the network cell during summer with 270 and 488 kW installed PV power

The power flow over the secondary substation was also investigated. Figure 6 shows the power flow over the
transformer in the summer week with the two different cases of installed PV power, 270 and 488 kW,
positive power meaning back feed from the network cell to the MV network. On every day there is a big
surplus during daytime.
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Fig. 6: Power flow over the transformer in summer with 270 and 488 kW installed PV power

Figure 7 shows the power flow over the transformer during the selected winter week. Only on Thursday there
is a surplus for 270 kW installed PV power. Monday and Friday were very cloudy, so there is only a slight
difference between the installed power of 270 and 488 kW.
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Fig. 7: Power flow over the transformer during winter with 270 and 488 kW installed PV power

5. Domestic Load-shifting
A distribution system operator (DSO) can look at distributed generation as troublemaker only, or make use
of their capabilities and actively include them in the network planning and operation. Opportunities can arise
from the postponement of grid re-enforcement in heavily loaded network areas, reduction of losses and
contributions to peak reduction or control energy. But this requires either a very good coupling of generation
and demand through control and demand side management (DSM), or, in contrast, the de-coupling of
generation and demand by storage. Both can as well be used in combination.
5.1. Thermal Storage
Thermal storage to de-couple local generation and local demand of electrical energy has a certain potential to
raise the energy efficiency and to help keeping the voltage limits in low-voltage networks. Many appliances
in buildings, dwellings and offices, employ electrical energy for heating or cooling regarding thermal
building conditioning, hot water preparation or freezers and refrigerators. Frequently used electrical systems
for heating and cooling are CHP units, heat pumps, refrigeration machines and off-peak heating systems. On
the one hand these systems lead to higher electrical energy demand, on the other hand they carry the
potential to balance on a daily basis the fluctuating generation from PV and wind. CHP units driven by the
electricity demand can be used to compensate for gaps due to changing weather conditions, if the thermal
storage is adequately designed. Heat pumps and refrigerating machines, in contrast, can be actively used
when the network cell generates power surplus. Traditionally off-peak heating in Germany is used to fill the
“night valley” of energy demand to optimize the operation of base load power plants. They were installed
beginning in the 1970ies and are in some areas still in operation. In 2004 there were in Germany in 1.44 mio.
flats electrical heating system installed with an energy demand of 35 TWh (Frey, 2007). Off-peak heatings
are directly controlled by the DSO and can nowadays be re-used to balance local renewable energy
generation and local demand (Degner et al., 2010). In Germany off-peak heating systems in buildings with
more than five flats in Gemany have to be replaced by other heating systems within ten years, and it is
expected that this will happen also for smaller buildings. But in the whole the electrical energy demand used
for heating purposes is expected to grow. The future heat demand of well insulated dwellings will be very
low leading to an advantage of electrical heating systems like heat pumps. Electrical heating systems are
expected to partially replace gas and oil fueled boilers. Long-term energy concepts expect a share of 40% of
all heating systems for electrical heat pumps by 2050 in the sector of private households (Schmid, 2010).
These heat pumps can be utilized as thermal storage in local grids. The local controllable storage capacity
could be enlarged considering e.g. room air conditioners or the batteries of solar home systems and electric
vehicles.
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5.2 Balancing surplus from renewables using thermal storage
In order to shift loads to another time there must be a surplus when energy is supposed to be fed in back to
the MV grid. In this case thermal storage should be linked with PV power generation to consume local
generated power locally.
In figure 8 the sunniest day of the selected winter week is considered. Negative power means feed-in from
the grid, positive power means back feed from the LV network cell. The green marked area shows the
surplus which is generated by the installed PV power plants. The red filled area represents the heat demand.

150

Active Power / kW

100

50

0
0

6

12

18

24

Time / h

-50

-100

-150

Fig. 8: Power flow over the transformer on January 22nd, 488kW installed PV power. Light green shaded area PV surplus,
red filled area heat demand.

The energy balance in table 4 says that more energy is needed for heating than surplus is produced during the
day. That means it is possible to use the total PV surplus for the off-peak heating if the charging is shifted
from the night to periods with PV generation. Considering heat pumps the electrical energy will be used
more efficient and the demand for heating will be lower. To utilize the whole PV surplus the scope of the
DSM has to be broadened beyond heating systems in the future. This applies also for the summer case.
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Fig. 9: Power flow over the transformer on July 3rd, 488 kW installed PV. Light green shaded area PV surplus.

The same simulation was done for the sunniest day of the selected summer week, July 3rd. Surplus begins at
around 7h and lasts until 20h. But there is no heat demand. To use this surplus locally other appliances than
heating systems have to be involved in the energy management like freezes or room air conditioners.
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Tab. 4: Energy balance on July 3rd of PV and heat demand

PV surplus / kWh
July 3

rd

January 22

heat demand / kWh

2322
nd

460

809

Table 4 shows the values of the marked areas in figure 8 and figure 9 representing the PV surplus and the
heat demand on July 3rd and January 22nd.
6. Demand Side Management
6.1 Control Concept
Fraunhofer IWES is developing one possible building block of the future smart grid: a bidirectional energy
management interface (BEMI) (Nestle et al., 2009). The BEMI is the technical core component of the
presented control concept. It is located at the point of coupling between the grid and the building and takes
local decisions on the operation of loads and generators owned by the end-user. The decision is based on
local available information about the current status of the different units and on central information given as
tariff profile. This tariff profile is built with input from the energy markets, the weather forecast and the
expected load. Depending on the communication scheme the tariff profile can be adapted once a day or every
hour. The possible interaction of the BEMI with the markets, the DSO and the end-user is shown in figure
10.

Fig. 10: Possible interaction of the energy management system Pool-BEMI/ BEMI

In a pilot installation beginning early 2012 the DSM potential of off-peak heating systems and freezers will
be tested. Additionally a time-of-use tariff will be generated to investigate the impact on the user behavior.
The information of the user will focus on the use of washing machines, dryers and dish washers.
To realize the DSM a BEMI system is used. It is located in the customer’s premises and takes local decisions
on the operation of the freezer and the off-peak heating system. The decision is based on local information
about the current status of the appliances and on central information i.e. a time variable tariff. The tariff
information is provided by a higher instance the so called Pool-BEMI monitoring the network area. The tariff
takes into accounts predicted weather and load conditions and is sent day-ahead to the user interface of the
end-user. In figure 11 the local management system is shown.
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Fig. 11: DSM approach in the planned pilot installation

6.2 Incentives
The end-user should be motivated to support the grid operation actively and use energy when it is best from
the point of view of the DSO. The incentive to reach such a behavior will be set by a time-of-use tariff and
an information campaign. The consume pattern and the expected generation was analyzed with the aim to
develop tariff zones that foster the matching of local demand and local generation. In the time periods where
PV surplus is expected the tariff is reduced. The reduction is carried out in two steps. The distribution of the
tariff levels is shown in table 5. Tariff level C is the general price for electricity that will be reduced to level
B and level A according to the expected PV surplus in this network cell.

Tab. 5: Time-of-use tariff with three levels to foster the matching of local demand and local generation
Weather
forecast
Time

Sunny and slightly overcast
March – Sept.

Oct.-Feb.

Clouded and
rainfall
all-seasons

0h
Tariff level C
8h
10 h
15 h
17 h
24 h

Tariff level C
Tariff level B
Tariff level A

Tariff level B

Tariff level C

Tariff level B
Tariff level C
Tariff level C

Each network cell, i.e. each network area downstream a secondary substation, can be provided with an
individual tariff. But it has to be further investigated, whether different tariffs in one municipality will be
accepted by the customers.
6.3 Benefits
The presented power balancing has two main benefits, raising the hosting capacity of the local grid for
renewables and reduction of network losses.
Matching local generation and local demand supports keeping the voltage limits. For the presented winter
day, Jan 22nd, all of the PV surplus could be consumed by the electrical heating. Shifting the charging of the
heating systems to the time when PV surplus occurs was simulated and the result on the voltage is shown in
figure 12.
The generated PV power is consumed in the network cell. The network cell does not feed-back and therefore
is not raising the voltage at the MV grid. And in the LV network cell also the used voltage band is narrowed.
The same effect can be utilized in summer when the voltage management is more critical but other
appliances of the end-user must be involved.
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Fig. 12: Voltage rise at the transformer LV bus bar on Jan 22nd with and without DSM

Regarding the network losses we will first consider the case without DMS. On a day when PV surplus occurs
it will be transported from the network cell where it is generated to a neighboring network cell where the
demand prevails. Losses in the secondary substation of the first network cell, losses for the transport as well
as losses in the neighboring secondary substation are to be considered. Each part can be estimated with 1 %,
summing up to 3 %. Thus the effect of loss reduction by distributed generation does not occur, when the
generation cannot be consumed near the generator without passing a substation. Transportation losses are not
avoided. Only the direction of the energy flow is changed.
In spite of the PV energy surplus there will be energy demand in the network cell when no PV generation is
available. This demand will be served by the central power system. We can assume another 3 % losses for
this energy transport.
Transportation losses can be avoided twice, if generation and demand are locally and temporally matched:
first during PV energy surplus and second for demand without PV generation.
7. Conclusions
In this paper the potential for demand side management for the operation of the local grid was investigated.
Simulations of a concrete network cell show that voltage limits could be reached when more and more PV
installations are set up. The BEMI control scheme for demand side management in local grids was presented.
In a 100 % scenario electrical energy from renewables will be used for serving parts of the heat demand also.
Considering this demand in an energy management system can foster keeping the voltage limits, raising the
hosting capacity of local grids for renewables and reducing network losses. Simulations for a concrete
network cell show how thermal storage can utilize local PV power surplus. The operational voltage range in
the network cell is narrowed and voltage rise in the MV grid avoided. Shifting local demand to periods of
local generation raises the overall energy efficiency of the system by avoiding transportation losses twice.
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METHOD FOR THE PROVISION OF NEGATIVE TERTIARY
RESERVE BY WIND FARMS
André Baier, Markus Speckmann
Fraunhofer IWES, Kassel, Germany

Nowadays wind farms do not provide frequency control in Germany. Because of the increasing wind energy
generation, wind farms will have to provide this ancillary service in the future. Even though the provision of
frequency control by wind farms has become a big research field, no work has yet been done concerning the
proof of the provision. Thus in this paper a new concept is presented how wind farms can prove the provision
of frequency control. Moreover a method for calculating the available amount of frequency control power based
on probabilistic forecasts is described. An economic analysis is conducted for three different wind farms and a
virtual power plant, consisting of these wind farms, participating at the market for negative tertiary control
power in Germany.
frequency control, wind farms, probabilistic forecast, tertiary control, available active power
1. Introduction
Because of the increasing installation of renewable energy sources, the energy system in Germany is changing
towards a more decentralized and intermittent power production. Consequently in the future renewable energies
will have to take over the provision of ancillary services which is nowadays mainly done by conventional
power plants. Frequency control is one important ancillary service. As it is described in many studies [1] wind
farms will have to provide frequency control in the future. A lot of work has already been done in this research
field. Two research fields are the calculation of the amount of needed frequency control [1], [2] and developing
measures to handle the decreasing of inertia due to the extension of wind energy [3], [4]. Another research field
is the development of control strategies for the provision of frequency control by wind farms [5], [6]. Until now
no work has been down concerning the proof of frequency control provision by wind farms. Therefore a
concept is presented here (chapter II). Another field of study which received little attention yet is calculating the
amount of available frequency control power. Herein we describe a method based on probabilistic forecasts
(chapter III). Closing an economic analysis is made for the German negative tertiary control market for three
different wind farms and a virtual power plant consisting of theses wind farms (chapter IV).
2. Proof of frequency Control provision with wind farms
State of the Art
Nowadays the proof of frequency control provision is done by comparing the planned power production with
the real power production. Usually the transmission system operator (TSO) gets the planned power production
at the previous day [7]. If the TSO calls frequency control power, the difference between the planned power
production and the real power production must equal the amount of frequency control power. This method is
suited for controllable power plants, like coal power plants or biogas plants since they can follow a planned
power production made at the previous day.
For wind farms there are only two possibilities to keep a planned power production. One is reducing their
planned power production thus increasing the probability of reaching it. This possibility is illustrated in Fig. 1.
On the y-axis the normalized power of a wind farm is outlined. The graphs in fig.1 illustrate different security
levels. The topmost graph resembles a security level of 90%, the lowest graph resembles a security level of
99.9%. Security level of 90% means that the probability is 90% that the real power production is above that
90% graph. The graphs display probabilistic day-ahead forecasts. The area in the background equals the real
power production.
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Fig. 1. Illustration of probabilistic wind power forecasts (day-ahead) for different security levels and of the real power production
of a wind farm [8]

As it can be seen, already for a low security level of 90% a great amount of energy is lost. Therefore this
solution is neither economic nor ecologic.
The second possibility of keeping a planned power production is the combination of a wind farm with storage.
This was done in [9]. Here the participation of a virtual power plant consisting of a wind farm, a pumped
storage plant and a biogas plant at the negative tertiary control market was investigated. The pumped storage
plant was used to balance the forecast error of the wind farm. The result was that the participation of the wind
farm has almost no effect on the amount of tertiary control offered by the virtual power plant. This is due to the
fact that the amount of power of the pumped storage plant, needed for balancing the forecast error of the wind
farms, equals the amount of tertiary control, which can be provided by the wind farm. It can be expected that
the results are different if the virtual power plant consists of more than one wind farm localized in different
regions. This would lead to a better wind forecast and thus to a lower amount of power from the pumped
storage plant needed for balancing the forecast error. Nevertheless the disadvantage of optimizing subsystems
remains leading to an unnecessary high amount of storage. This is due to the fact that sometimes the pumped
storage plant of the virtual power plant will operate in a different direction than the frequency control in the
control area. This is always the case, if the forecast error of the wind farm is in a different direction than the call
for frequency control in the control area.
New Concept for Proving the Provision of Frequency Control by Wind Farms
Since both possibilities of keeping a planned power production with wind farms explained in the chapter before
have disadvantages this leads to the following conclusion. Wind farms do not provide frequency control or the
verification of the provision is changed for wind farms.
In [8] we developed a new proof, which is illustrated in Fig. 2. This concept has neither the disadvantage of
loosing wind power nor the disadvantage of optimizing subsystems leading to an increased amount of storage.
6
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Fig. 2. Illustration of the new concept for proving the provision of frequency control, by comparing the available active power
(upper graph) with the real power production (lower graph) [8]
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The proof is done by comparing the available active power (upper graph) with the real power production (lower
graph). The available active power equals the power production of the wind farm if the power was not reduced.
Fig.2 illustrates the example of providing tertiary control with the wind farm. In the first 15 minutes the tertiary
control is activated (activation). Than the provision of tertiary control is hold constant for 15 minutes
(provision) and afterwards the tertiary control is deactivated within 15 minutes (deactivation).
Determining the available active power brings some difficulties. Current methods [13] do not consider
shadowing effects, thus leading to an overestimation of the available active power.
The available active power can also be used for other purposes. For example for the operation of the
transmission or distribution network. Another field of application is short term forecasting of wind power
production, because an input data for the short term forecast is the current power production.
3. Calculating an offer for the provision of frequency control

Probability Density

In general wind power possesses volatile characteristics. Therefore an offer for wind farms to be placed at the
negative tertiary reserve market should be based on meaningful wind power forecasts. The use of ordinary point
wind power predictions is not advisable in this context because of forecast errors. A failure to fulfill the
contracted capacity could be fined and moreover contradicts the meaning of frequency control power. To
manage this risk of failure we propose a method to determine an offer based on probabilistic wind power
forecasts. Ordinary wind power point forecasts are only able to estimate the amount of wind power which could
be expected for the future point in time. In contrast probabilistic wind power forecasts estimate the probability
distribution of the wind power feed-in for a future point in time. More precise the probability distribution of the
random variable ܺ௧ at the point at time ݐ. This probability distribution could then be used to determine the
probability of occurrence ܲሺܺ௧ ≤ ݔሻ of any wind power feed-in ݔ. An example for the forecasted probability
distribution for wind power feed-in is displayed in Fig. 3.

Time

Fig. 3. Example for a forecasted probability distribution for wind power feed-in for a certain period of time. Each time step
represents a probability distribution function.

For an offer of negative frequency control it is important to know the amount of wind power which could be
expected with a certain level of security ܵ. This amount is the wind power  ݔfor the security level
ܵ = 1 − ܲሺܺ௧ ≤ ݔሻ = ܲሺܺ௧ > ݔሻ . Thus the offered negative frequency control is the ሺ1 − ܵሻ - quantile of the
forecasted probability distribution for the time step ݐ. In other words the wind power for which the probability
to fail to deliver the offered wind power is ሺ1 − ܵሻ.
Example Negative Tertiary Control Power
The german tertiary control power market is a day ahead market in a four hour time resulution. An offer
therfore has to be uniform for one four hour block. Thus the maximal possible offer is the four hour minima of
the quantile forecast with the securety level ܵ or the probability ሺ1 − ܵሻ. An illustration of an offer is given in
Fig. 4. An example for an actual offer is displayed in Fig. 5.
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Fig. 4. Illustration of the determination of an offer for negative tertiary control power using the (S-1)-quantile of a probabilistic
forecast.

Fig. 5. The (1-S)-quantile forecast for security levels of 99.9%, 99.5% 99.0%, 95% and 90% and the corresponding offers.

This calculation of offers is done for the whole year 2009 for three wind farms wf north, wf middle and wf
south. These wind farms are located in the north, middle and south of the 50Hertz Transmission zone.
Additionally offers for a virtual power plant (vpp) consisting of the three wind farms are analyzed. The
probabilistic forecast for the vpp for each time step ܲ൫ܺ௩,௧ ≤ ݔ൯ is the combination of the three single
probabilistic forecasts under the assumption that these wind farms are stochastically independent. Under this
assumption the probabilistic distribution function (pdf) of ܺ௩,௧ is the convolution of the single pdf of the three
wind farms. More general:
n

X vpp ,t = ∑ X i ,t

:

f vpp ,t ( x) = ( f1,t *K * f n ,t )( x)

t ∈ [t Start , t End ] .

i =1

The result of the analysis for the vpp and the sum of the three different wind farms for 2009 is given in Fig. 6.
Here the proportion of the offered negative tertiary control power of the overall production is displayed.
vpp

∑ wf

Fig. 6. Proportion of the offered negative tertiary control power of the overall production for 2009 against the probability to fail
of delivering (1-S).

One obvious result of the analysis is a huge improvement of the available negative tertiary control power for the
vpp in comparison to the sum of the three different wind farms. This behavior can be observed over all
probabilities to fail from 0.1% to 10% or in terms of security level from 99.9% to 90%. Where the sum of
single offers can’t offer any noticeable amount of negative tertiary control power for the security level of 99.9%
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the vpp is able to deliver around 13% of the overall production in 2009. For a security level of 90% the sum of
the single offers is 27% and for the vpp 43% of the overall production.
The results show a great influence of spacial balancing effects to the predictability of the volatile wind power.
Thus, the offers for negative tertiary control power increase for the vpp in comparison to the sum of the single
offers for the same security level.
4. Economic analysis
With the results from chapter IV an economic analysis was conducted. For the three different wind farms and
the virtual power plant the profit was calculated, if they had participated at the German market for negative
tertiary control power in 2009. At this market the six four hour intervals of the next day or the following days in
case of weekends or public holidays are traded at every working day at ten o´clock in the morning [10].
The analysis was conducted for different security levels of the offer. Since the tertiary control market is a pay as
bid market, the calculation were done for three different prices per kilowatt. The low price equals the lowest
price in the particular four hour interval. The medium price equals the average price and the high price the
highest price in the four hour interval. The prices can be downloaded on the internet platform of the TSO
(www.regelleistung.net).
The profit at the negative tertiary control power market equals the income resulting from the price per kilowatt
minus the penalty for not providing frequency control power. On the one hand, the income rises with lower
security levels, since more tertiary control can be offered. On the other hand, the penalty increases with lower
security levels, since the occurrence of times in which the wind farms or the virtual power plant cannot provide
the offered tertiary control rises. The income is calculated by multiplying the price per kW of the particular four
hour interval with the offered tertiary control. The penalty is calculated by multiplying three with the EPEX
spot price (Day-Ahead market) at the particular hour in which the wind farms or the virtual power plant could
not have provided the offered amount of tertiary control with the difference between the offered tertiary control
and the available tertiary control of the wind farm [14]. Moreover the wind farm or virtual power plant doesn´t
get a price for kW for the not available tertiary control.
Prices per kWh were not considered since negative tertiary control is rarely called in Germany [15]. Moreover
it can be expected that wind farms will have a high price per kWh compared to controllable power plants like
coal power station, which can save fuel cost in case of a call for negative tertiary call. Consequently they will
be among the last plants on the merit order list of the TSO and thus deployed rarely.
In the economic analysis it was not considered if the wind farms were paid according to the Renewable Energy
Law (EEG), if they participated at the spot markets or if they conduct other possibilities of direct marketing.
For every wind farm and for the virtual power plant 18 scenarios were calculated since six different security
levels and three different price levels were considered.
Fig. 7 illustrates the results for the highest price per kW, for six different security levels and for each wind farm
and the virtual power plant.

profit [€/MW nominal power]
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90%

0
wf north wf middle wf south

vpp

Fig. 7. Results of the economic analysis showing the profit of the different wind farms and the virtual power plant for the highest
price per kW at the negative tertiary control market in 2009 [8]

For all wind farms and the virtual power plant the profit increases with lower security levels. This means that
the increase in income from a high security level to the next lower security level is always bigger than the
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increase of the penalty. This is not the case for the scenarios with the lowest price per kW for all wind farms
and the virtual power plant. This is due to the fact, that the increase of the penalty from a security level of 95%
to a security level of 90% is bigger than the increase of the income.
Since the wind farm north has got the highest full load hours, its results are the best, compared to the other wind
farms. The virtual power plant has got the best results. This is because of balancing effects between the wind
farms, which can only be used if they are combined in a virtual power plant. If for example all wind farms shall
provide four MW of negative tertiary control, but the power production of wind farm south is only three MW,
wind farm north can take over the provision of the missing MW, if its available active power is bigger than five
MW.
It must be mentioned that in the year 2009 the prices per kW were very high at the negative tertiary control
market, compared to the following year [11]. Thus the results cannot be transferred to 2010 or to the current
situation on the negative tertiary control power market.
A comparison between the profit at the negative tertiary control power market and the income according to the
EEG is made. This is done for the virtual power plant. Assuming a payment of 9,41 Cent/kWh [12] the virtual
power plants gets circa 131000 €/MW and year. For a security level of 90% (99%) and the highest price per
kW the profit is 6148 €/MW (3775 €/MW) respectively 4,7 % (2,9%) of the EEG income. For the lowest price
per kW and a security level of 90% (99%) the profit is 1323 €/MW (1209 €/MW) respectively 1% (0,9%) of the
EEG income. The results show, that the attractiveness of the negative tertiary control power market for a wind
farm operator depends strongly on the security level and the price per kW.
5. Other aspects
There are also other aspects which have to be considered concerning the provision of frequency control by wind
farms.
One is the legal framework. The actual EEG [12] forbids the provision of frequency control for power plants
within the fixed price payment of the EEG. Since most wind farms take this payment the potential for
frequency control decreases dramatically due to this regulation.
Moreover the regulation framework of the network operators have to be adopted [16]. This concerns the
procedure of the prequalification and the data transfer between the TSO and the wind farm operator.
An interview with a manufacturer of wind mills showed, that the provision of frequency control does not affect
the manufacturer's guarantee [8].
6. Conclusion
A new concept for proofing the provision of frequency control with wind farms was presented and its
advantages compared to the actual method were discussed. This concept is based on the determination of the
available active power. Moreover a method for calculating an offer for negative tertiary control based on
probabilistic forecast was described. This method was applied to three different wind farms and the
combination of these wind farms in a virtual power plant for the year 2009. Here the proportion of the overall
production differs from about 0% to 43% depending on the security level with great advantages for the virtual
power plant. The results of an economic analysis for the different wind farms and the virtual power plant were
presented. The profit differs from nearly 0 €/MW to 6149 €/MW depending strongly on the security level and
the price per kW. The combination of the wind farms in a virtual power plants leads to higher profits, due to
balancing effects. Due to the extension of wind power it can be expected that this research field will gain more
interest in the following years.
In a future project with the participation of the Fraunhofer IWES a method for a more exact determination of
the available active power considering shadowing effects will be developed.
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Abstract
With the tremendous increase in installed capacity of renewable energy resources in Germany, distribution
network operators are facing reverse power flows and voltage violations. Different control approaches for
controllable network components and distributed energy units exist to maintain a secure and reliable grid
operation. This conference contribution gives an overview of the installed photovoltaic (PV) capacity in
Germany, the current challenges regarding grid integration of PV and highlights future operation strategies
of distribution sections. Based on the experience gained in current and previous research projects, the
additional value of controllable PV systems and controllable network devices is emphasized.
1. Introduction
The structure of electricity supply is changing from a centralized system towards a decentralized system. Due
to economic incentives and mature technologies the number of new installed small-scale PV systems in
German distribution networks has increased rapidly during the last years. Nowadays installed PV systems in
Germany have a total capacity of over 17.3 GWp with a growth rate about 70% in the last year. 80% of these
are installed in low voltage networks (BMU, 2011), where ancillary services like the provision of reactive
power have so far not been required.
The key challenge for a secure and reliable grid operation in future is to integrate the fluctuating power flow
in distribution systems. Today, the energy from PV systems is difficult to predict, offers less controllability
from the perspective of the grid operator and cannot be sufficiently buffered in existing storages. Within an
increasing number of grid sections the simultaneous feed-in of active power in times of high solar irradiation
can cause voltage violations and reverse power flows might overload conductors and transformers.
Since the existing distribution system was constructed to serve the local load demand, it can be considered
insufficient when it comes to high amounts of local PV energy feed-in. Because of this, new operation
strategies have to be investigated and developed for a technically and economically optimized integration of
PV systems.
Recently, a wide range of research projects were launched at the Fraunhofer Institute for Wind Energy and
Energy System Technology (IWES). The projects presented in this paper are focusing on the control
capabilities of transformers with On-Load Tap Changer (OLTC), PV systems and energy storage systems
(see Figure 1). The common goal of these projects is to develop operation strategies for distributed energy
resources (DER) and facilitate the grid integration by providing ancillary services for the utilities to avoid
unnecessarily high network reinforcement costs. For example, in the HiPerDNO project, the OLTC of a
station transformer will be controlled based on near to real time State Estimation (SE) results in order to
maintain the voltage quality. In contrast to the centralized control of OLTC, decentralized control strategies
are investigated to maximize the PV installation capacity and reduce network reinforcement measures in the
PV-Integrated project. In addition to a single PV system, a combined system with both PV and lithium-ion
battery storage is developed and tested in the Sol-ion project. This allows shifting the feed-in of solar power
to uncritical times for the grid operation to reduce the negative influence of injection from PV on the grid. In
addition, the self consumption of the local PV generation is maximized for residential consumers.
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Fig. 1: Research focus of the presented projects

2. HiPerDNO
At present, most distribution networks operate passively, due to a lack of measurement sensors and limited
communication infrastructures. The conventional voltage control is based on transformers equipped with OnLoad Tap Changers (OLTC) which are widely used to maintain the voltage magnitude (Harlow, 2007).
However, high level PV penetrations and diverse weather condition cause strongly fluctuant and even
reverse power flows, which may result in voltage problems. With the help of novel information and
computing technologies, near to real-time state estimation is developed to increase observability of the
network status and support voltage control in distribution networks. Instead of maintaining the substation
secondary voltage in a preset tolerance band, which is done by a conventional OLTC control (Figure 2 left),
an advanced OLTC control method based on the accurate Distribution State Estimation(DSE) result is
developed (Figure 2 right) in the HiPerDNO project 1 to keep the voltage in the whole network within the
desirable range.

Fig. 2: Voltage control in distribution networks

Not only the real-time measurement data from sensors and the actual switch position, but also the static
network data as well as a load model, deduced from historic data and different sensor characteristics are used
to facilitate DSE to represent an accurate voltage profile. According to the estimated maximum and
minimum voltage in the whole network, operating commands for OLTC are carried out by an automatic
voltage regulator (AVR) after a time delay of 30 to 60 seconds.
In fact measurement data from sensors and transducers contains errors and the DSE is developed to smooth
them. The goal is to obtain the desired accuracy of voltage profile with a minimal number of sensors and in
less calculation time (De-Alvaro and Grenard, 2011). In order to analyse the performance of advanced OLTC
1

http://dea.brunel.ac.uk/hiperdno
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control regarding to different DSE accuracy and different PV penetration static simulations are carried out. A
real rural medium voltage network, real solar irradiation values and synthesized load profiles are used as
input to run the network simulation in the software PowerFactory from DIgSILENT. All 40 MV/LV
substations are equipped with a load model and a scalable PV system. The following four simulation
scenarios have been defined:
•

Scenario 1 (S1): conventional control

•

Scenario 2 (S2): advanced control (no DSE error)

•

Scenario 3 (S3): advanced control (0.5% DSE error)

•

Scenario 4 (S4): advanced control (1.5% DSE error)

Fig. 3: Impact of estimated error for different scenarios

Figure 3 shows simulation results for the different scenarios which depict the maximum and minimum
voltage profiles of one week with 0.3 MW installed PV capacity at each MV/LV substation. In scenario 1,
only the substations secondary voltage is kept in the preset tolerance band between 1.01 and 1.03 per unit,
while the maximum voltage caused by high energy feed-in from PV at noon on the 4th day reaches almost
1.06 per unit. According to the EN 50610 standard the 10 minute average value of voltage must not exceed
±10% at connection points of end consumers. Because of the few measurement data and few voltage control
possibilities in the low voltage network and to keep network losses low, it is recommendable to keep a
narrow voltage band at medium voltage level. By applying the advanced OLTC control based on the ideal
DSE result in scenario 2, both maximum and minimum voltages are kept in tolerance range. Voltages outside
the defined tolerance band of ±3% are referred to as 'voltage excursions' in the following. Since the OLTC
starts to operate only if the voltage exceeds this limit, some unwished voltage peaks can still be found in the
profile. Taking into account small estimated errors in scenario 3, the voltage profile is quite similar to that in
scenario 2 and the operation of OLTC is only slightly changed. By considering the DSE result with 1.5%
error in scenario 4, the green and yellow curves depict the estimated voltage profiles according to the errors.
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The actual maximum and minimum voltages are still maintained in acceptable range at the cost of quite a lot
of additional OLTC operations.

Fig. 4: Impact of PV penetration for different scenarios

In a second step the degree of the PV penetration is increased to analyze the number of OLTC switching
operations and the number of voltage excursions in different scenarios (see Figure 4). When 0.3 MW
photovoltaic are installed at each MV/LV substation, the advanced control approach is able to reduce the
number of voltage excursions remarkably at the cost of more OLTC operations. The number of OLTC
operations increases rapidly with the inaccuracy of DSE results, while the number of voltage excursions
remains similar. With additional 0.1 MW of photovoltaic capacity, the advanced control approach is still able
to effectively mitigate the number of voltage excursions. If the degree of PV penetration rises up to 0.5 MW
at each MV/LV substation, the advanced control approach still can be used to ease the voltage problem.
However, in such an extreme scenario it cannot deal with every single voltage excursion even considering
ideal DSE results. The reason is that the rural network covers long distance and the difference between the
maximum and minimum voltage is so large that OLTC alone cannot solve the problem.
In the next step, coordinated approach using control capability of both OLTC and photovoltaic output power
should be developed to reduce the voltage excursions. An additional warning range or fuzzy control would
be investigated in order to reduce unwished voltage peak near the tolerance band. Furthermore, the impact of
time resolution of DSE result in voltage control will be studied.
3. PV-Integrated
2

Starting end of 2010, PV-Integrated is the most recent of the research projects presented here. In a total of
four years project duration, the various grid aspects of PV integration shall be optimized. The goal is to find
solutions for grid operation and grid planning that ensure a cost-effective integration of high amounts of PV
without compromising on security. The project partners believe that significant efficiency gains can be
realized when PV is actually integrated into the different stages of network planning and management.
Whereas the HiPerDNO project focuses on the medium voltage level, in PV-Integrated, the topology of both
the 400 V and the 20 kV network are modeled in detail. The project partner E.ON Bayern AG is contributing
a real network in Bavaria to conduct analysis and to perform field tests. The test region counts among those
with the highest PV penetration in Germany. There are low voltage networks in which the ratio of installed
PV capacity per household is as high as 3.9 kWp (early 2010) and is expected to increase by 60 % in the
coming years. Accordingly, there is urgent need for cost-effective increase of the PV hosting capacity.
The existing grid infrastructure can be utilized more effectively by actively controlling the PV inverter active
and reactive power output. (Braun et al., 2009) give an early overview of the technical and economic impacts
of reactive power provision by PV inverters. For a rural and a suburban reference network, the costs of
2

http://www.pv-integrated.de
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providing reactive power are compared to the potential savings. It is shown that the commercial and
technical effectiveness of the measure depends on the grid topology and the PV penetration level. (Degner et
al., 2011) analyze the impact of network impedance angle and short circuit capacity on the PV hosting
capacity in low voltage networks in general, and on the effectiveness of reactive power compensation by PV
inverters. (Braun, Ma., 2011) evaluate how much more PV could possibly be accommodated into a given low
voltage network, using different strategies for controlling the PV inverters' active and reactive power output.
Considering that a PV installation is supposed to remain in the grid for 25 years and longer, the German
institution of electrical engineers set up a new technical guideline, VDE-AR-N 4105 (VDE FNN, 2011),
valid since August 2011. This guideline requires reactive power feed-in capability from all PV generators,
even those connected to the low-voltage grid. It is common practice that grid operators include the technical
guideline in force into their connection requirements for DER units. So starting this year, large numbers of
inverters with Q-control capability will be installed in the field.
The control method suggested in VDE-AR-N 4105 for DER units with fluctuating feed-in is controlling the
power factor at the point of common coupling via cos(ϕ(P)) control. This control method is known to be
stable. However, it may cause higher losses than voltage-dependant control strategies, like Q(U) control
(Degner et al., 2010), or ‘dynamic control’, (Stetz et al., 2010). In the technical guideline, it is therefore left
open to introduce voltage-dependant control strategies in the future. Grid operators will start considering
voltage-dependant control as a valid option as soon as proof of stable network operation with this method has
been provided.
So what is needed at this stage, are field tests of PV inverters providing voltage-dependant grid support using
only locally available measurements. It has to be ensured that the system remains stable and that PV inverter
controllers do not counteract each other. Additionally, the interaction with on-load tap changers and further
controllable equipment has to be studied carefully.
Starting 2012, PV systems operators could be obliged by federal law to limit their active power output at the
PCC to 70 % of their installed DC capacity. This would apply to all systems with an installed capacity of less
than 30 kVA that cannot be remotely controlled by the utility. This opens ample opportunity for selfconsumption optimization and usage of local storage. PV-Integrated will use already available research
results on this topic from other projects (see section 4) and shall integrate them into an overall grid operation
concept. These are some of the key topics under investigation in the PV-Integrated network operation work
package.
One key argument of PV opponents is that smart grid concepts may be nice, but that eventually, they do not
have any real impact on the required network expansions. Investments in grid capacity to accommodate the
politically intended amounts of energy from wind and PV till 2020 have been estimated to be in the
magnitude of 10-13 billion Euro for Germany 3 , (BDEW, 2011). In the network planning package that takes
up work in October 2011, it shall be undertaken to develop methods for integrated expansion planning. It is
an explicit task and welcomed opportunity of the project to highlight potentially remaining regulatory
barriers for a more cost-efficient integration of renewable energies.
4. Sol-ion
A different approach to improve the distribution network capacity for local generation is to integrate
stationary storage systems to balance the fluctuations of renewable energies. PV systems in combination with
battery systems have the ability to foster local consumption of the generated PV electricity.
In the project “Sol-ion - Renewable Energy System including energy storage system with Lithium-Ion
battery for residential and small commercial application” 4 a multifunctional PV-battery system with a
nominal power of 5 kVA for private and small commercial application was developed to assess the benefits
3
4
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Scenario 'Energiekonzept 2020'
http://www.sol-ion-project.eu

of such hybrid systems for the owner and the grid operator (see Figure 5).

Fig.5: Sol-ion system layout (Büdenbender et al., 2010)

The setup allows an assessment of different energy management strategies regarding different electricity
tariff structures which would facilitate the PV integration into the distribution system. Therefore three
different incentive-based strategies are under investigation (Büdenbender et al., 2010):
• Self consumption of PV energy: Increased self consumption at the local PCC is rewarded by a special
tariff. The battery is used to consume as much PV generated electricity as possible to benefit from the
special tariff.
• Time variable electricity prices: Time variable electricity prices incentive the usage of the battery to
perform load management to avoid high electricity prices.
• Capacity depending base prices: Introducing capacity payment for private customers would
incentivize using the battery for peak shaving purposes and limit the power flow at the PCC.
The impact of the different control strategies of PV battery systems is shown in Figure 6.

Fig.6: Control of grid connected PV-battery system in different incentive scenarios (Büdenbender et al. (2011))

Assuming a higher future deployment of PV-battery systems within a low voltage grid allows assessing the
practicality of the different tariff options for supporting network operations. An analysis of the influence of
the tariff options on the load flow at the individual PCC as well as at the connection point to the higher
voltage level is possible.
In (Büdenbender et al., 2010, 2011) the influence of the three tariff options on the voltage in a rural
distribution grid of southern Germany is analyzed. Results are displayed in Figure 7. In the base scenario, the
distribution grid connects 54 households with a total installed PV capacity of 220 kWp to the 20 kV level via
a 250 kVA transformer. The future scenario describes a grid with increased PV penetration, in which 20
households receive an additional 5 kWp PV system. Then, during times of high solar radiation, violations of
the 3 % voltage limit occur. A more detailed analysis including the influences of different strategies on the
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load flow, the losses and the electrical loading of the components can be found in (Büdenbender et al., 2010,
2011).

Fig.7: Influence of PV energy on the distribution grid

The analysis shows that the tariff options ‘self consumption’ and ‘time variable pricing’ do not differ a lot
compared to the future scenario without incentives. These tariff options do not lead to a significant reduction
of the voltage as well as of the loading of the transformer. The capacity tariff is the only effective incentive
that helps maintaining the voltage below the increase of 3.0% in 95% of the cases. Nevertheless even in this
case additional investments in the grid are necessary; the transformer has to be replaced to avoid additional
connections to the medium voltage level or a replacement of cables is necessary.
To foster the usage of PV battery systems for small scale applications a capacity based tariff provides the
highest incentive. This research indicates that such an incentive would help to mitigate the increasing
network costs related to the growing PV installation in the distribution system. Future research will
investigate how higher scaled PV-battery systems can positively affect the PV expansion. Different control
strategies for the batteries, especially utility usage of storage devices at the substations to avoid transformer
overloading will be examined.
5. Conclusions and future scope
This paper has presented three selected research projects of the Fraunhofer Institute for Wind Energy and
Energy System Technology (IWES) focusing on the impact of high level PV penetration in distribution
systems. These projects illustrate the variety of possibilities to solve the current and future challenges in grid
operation. Concerted control of all available controllable network components is the key to ensure and
improve the power supply quality of the future. Results from field tests will complete the investigations and
will show the daily application of the suggested approaches. At a later stage, concepts shall be developed that
suggest how to convert the technical findings into an appropriate regulatory framework.
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1. Introduction
In the recent years, there is a strong increase of photovoltaic (PV) systems which are installed in Germany.
Most of the PV-systems are connected to the low voltage distribution network. Today a voltage rise up to 3%
(FNN2011) of the nominal voltage is allowed by generators connected to the low voltage grid. Staying
within the allowed voltage band is one of the major issues. In low voltage grids compared to higher voltage
levels we have relatively small short circuit impedance at the connection point, and a relatively large
resistive fraction of the network impedance. So often the upper voltage limit is reached even if the thermal
capacity of the distribution lines would allow the connection of many more systems.
In Degner et al.(2010) we have shown for one network the possibilities to suppress the voltage rise from
active power feed-in by using reactive power directly delivered by the inverters. In the following first we will
analyse the effect of the network parameters on the voltage rise and then calculate the maximum apparent
connection power assuming a maximum allowable voltage change in the network of +/-3%. The potential of
reactive power to reduce voltage rise and therefore to increase the PV-system hosting capacity is shown.
Finally we quantify the potential of controllable medium voltage (MV) / low voltage (LV) transformers with
variable ratio to increase the connectable power.
2. Effect of network parameters on voltage rise
The voltage rise caused by active power feed-in strongly depends on the network characteristic parameters,
in particular to mention are the short circuit power and the network impedance angle at the connection point
of the PV system, as well as the impedance of the LV/MV-transformer. Especially if the voltage control by
reactive power is considered the network impedance angle ψkV is important. The relative voltage rise ΔuaV at
the connection point V can be calculated by:

Δ u aV =

S A max ⋅ cos (Ψ kV + ϕ )
S kV

(eq.1)

With SAmax the apparent power at the connection point and ϕ the phase angle between current and voltage of
the PV system. The equation is also given in the VDEW(2001) and in Braun(2009).
2.1. Typical network data at the network connection point
Fig. 1 shows network short circuit power and network impedance angle at the low voltage bus bar of the
MV/LV substation for different transformer types and MV network data. It can be seen that the LV-network
short circuit power mainly depends on the parameters of the MV/LV transformer, namely the rated power of
the transformer and the short circuit voltage uk. The network impedance angle varies between 63° and 80°.
Fig. 2 shows how the network short circuit power and the network impedance angle change according to the
distance from the substation. This diagram was also made for other transformer types (not shown here). For
short distances (< 100-200m) the network short circuit power and the impedance angle are mainly depending
on the transformer parameters, while for longer distances the properties of the cable type are dominating.
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Fig. 1: Network short circuit power (top) and network impedance angle (bottom) at the low voltage bus bar of the MV/LV
transformer for different transformer types
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Fig. 2: Network short circuit power (top) and network impedance angle (bottom) as a function of the distance to the low
voltage bus bar at the transformer for different types of cables. These values are for a substation with a MV/LV transformer
of SrT = 630 kVA and uk = 4% with connection to a MV network with Sk = 75 MVA and ψk = 45.3°.

3. Maximum permissible connection power
What is the maximum apparent PV power, which can be connected to the LV network? To answer this
question we have investigated different cases in one simple network. For this investigation we used the
criteria of the German FNN requirements for generators connected to LV networks (FNN2011).
Fig. 3 shows the investigated network data and the analysed cases: Case A refers to a single feeder, single
PV system, Case B to a single feeder configuration, with 5 PV systems equally connected along the feeder,
and Case C to a radial network with 4 feeders, each hosting 5 PV systems. For each case different feeder
lengths have been studied and the rated power of the PV systems is assumed to be equal for all PV systems.
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The apparent power of the PV systems was increased stepwise until the voltage change compared to the zero
load case exceeds the 3% limit. The power system calculation tool used for the calculations was
PowerFactory from DIgSILENT GmbH.

Fig. 3: Network topology and analysed cases.

As a result Fig. 4 shows the maximum permissible connection power as percentage of the short circuit power
at the end of the feeder and as function of the network impedance angle. As a conclusion of this, Case A
shows, that in this kind of scenario different transformers or network cables have nearly no effect. For this
case the answer of the question for “the maximum permissible connection power” is very well given by the
network parameters of the network connection point (Sk, ψk).
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Fig. 4: Results of Case A for different transformer types.

For the single feeder with 5 PV-systems (Case B) this conclusion also applies very good, if the network
parameters Sk and ψk at the end of the feeder are taken as reference values. In the multi feeder case (Case C)
the variation due to different cables and transformers are getting bigger because of the differences of the
varied parameters at the points of common coupling. However the curves look still similar. In the multi
feeder case the voltage from each feeder sums up at the transformer bus bar or any other connection point of
different feeders. This sum of voltage rise decreases the allowed voltage range in each single feeder. As a
matter of this for each feeder the maximum permissible connection power is reduced. However the total
permissible PV power of the network is bigger compared to the single feeder case. These results are shown
in Fig.5.
The superposition principle can be used for networks with more than one PV-system to determine the whole
voltage rise at one point quite good. According to this the voltage range for one feeder of a multi-feeder
network can be determined by this equation:

Δ u feeder = Δ u allowable −

n −1

∑ Δu
x=0

substation lv , x

(eq.2)

With Δufeeder stands for the allowable voltage rise along one feeder. Δuallowable stands for the allowable voltage
rise within the network and Δusubstation lv,x for the voltage rise at the low voltage side of the MV/LVtransformer. The number of all feeders connected to the transformer is represented by n.
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Fig. 5: Results of Case B (top) und Case C (bottom) for different cables.

4. Potential of reactive power to compensate voltage rise
If PV systems are used which can provide reactive power to the network the voltage rise depending on PV
Systems in the network can be regulated. According to the German FNN requirements for generators
connected to LV networks (FNN2011) PV-systems with a rated power greater than 13.8 kVA are required to
provide a power factor of up to cos ϕ = 0.90. Fig. 6 shows the effect of reactive power (under-excited)
provision by a single PV system (Case A) for different values of power factor cos ϕ. Each curve is a result
from reaching either the upper voltage limit at the network connection point, right part of the curve, or by a
voltage decrease at the transformer which is larger than 3%. The effectiveness of voltage control by reactive
power clearly depends on the network parameters Sk, ψk. Similar relations can be found for Case B (Fig. 7,
single feeder, multi PV system case). Fig. 8 shows the relative increase of the permissible connection power
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for a power factor cos ϕ = 0.90 compared with cos ϕ = 1. In the analysed cases the increase of the PV
hosting capacity due to reactive power provision is between a factor 1.5 and more than 2.5. It should
however be noted, that in the latter case the thermal limits of transformer and cables may be exceeded.
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Fig. 6: Maximum permissible PV power for different power factors of the PV system for Case A (single PV system, single
feeder)
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Fig. 7: Maximum permissible PV power for PV systems with power factor 0.90 Case A, and Case B (single feeder, multiple PV
systems.
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Fig. 8: Maximum permissible PV power for PV systems with power factor 0.9 as a multiple of PV power with power factor 1
(Case C).

In general not all low voltage grids have such a simple structure like Fig.3 e.g. some networks have meshed
parts. For these networks it is more complicated to calculate the network parameters and the maximum of
permissible connection power. For inhomogeneous load flows in different feeders there is an advantage for
the permissible connection power by using meshed structures.
5. Permissible connection power for a network with existing PV-systems using reactive
power or active MV/LV transformers
In many low voltage grids like Fig. 9 (see also Paper “Intelligent Local Grids for High PV Penetration”)
some PV-systems are already installed. This “old” PV-systems don’t provide reactive power. If we want to
calculate how much apparent power can additionally be connected to the grid, the already existing PVsystems have to be considered. For the calculations we considered 3 cases. For case 1 the new PV-systems
connected to the network provide power with a cosϕ = 1. For case 2 the new PV-Systems provide power
with a cosϕ = 0.90 (under-excited). For both cases we used the criteria of the German FNN requirements
for generators connected to LV networks (FNN2011). Instead of reactive power provision from the PVsystems a controllable MV/LV transformer is used in case 3. This transformer has a tap changer with 4
taps, 2.5 % p.u. each. So the transformer can reduce the voltage for up to 10% at the low voltage side bus
bar. For the calculations a voltage band from 0.95 p.u. at the low voltage side bus bar up to 1.05 p.u. at any
customers connection point is allowed. This voltage band is chosen to conform to the requirements of the
EN50160 (DIN EN 50160 2010) (0.90 p.u. to 1.10 p.u.) for each customer of the network. If there is
another voltage band needed because of a stronger voltage decrease by load in any feeder, it can be
modified without a great change in the result as long as the span is also 10%.
The results are shown in Fig. 10. For the considered network with the chosen locations for the new PVsystems, there isn’t much capacity for the new PV-systems using case 1 or case 2. It can be seen that the
already installed PV-systems use the major part of the hosting capacity of the network in this configuration.
For case 1 the hosting capacity is 114% of the already installed power, for case 2 the hosting capacity can
be improved to 124% (or 192% if all PV-systems (old and new) provide reactive power by cosϕ = 0.90
(under-excited)). The influence of the reactive power is extremely limited by the existing voltage rise from
the already existing PV-systems. For the real network the hosting capacity gets improved using reactive
power by a factor of up to two. For case 3 the allowed voltage rise is bigger so the hosting capacity of the
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network will become much bigger. With the controllable transformer the hosting capacity will be increased
up to 341% of the already installed power. In case 3 under the assumed conditions the power flow over the
transformer will be up to 116% of the rated power.

Fig. 9: Network topology for calculation of permissible connection power in a network based on real data

Fig. 10: possible hosting capacity in relation to the already installed PV power
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A combination of voltage control by reactive power and by a controllable transformer is possible but the
results show that it is possible to reach the rated power of the operation resources installed in the network
by case 3 only. The additional reactive power will produce additional stress for the operation resources.
6. Conclusions
In our contribution we show general diagrams concerning the maximum permissible connection power from
distributed generators into low voltage radial distribution networks. Network short circuit power and network
impedance angle at the end of the feeder turn out to be appropriate parameters for the diagrams.
By using reactive power voltage control the maximum permissible PV power may be increased. The possible
increase depends on the network parameters at the PCC. Ideally the hosting capacity can be doubled using
reactive power. In real networks especially with PV-systems which don’t provide reactive power the
possibilities can be smaller. If the requirements will allow a bigger voltage rise to satisfy the EN 50160 (DIN
EN 50160 2010), the hosting capacity of low voltage grids can become limited by thermal limits of the
network components. While voltage control by reactive power is quite limited in long feeders a controllable
MV/LV transformer allows to connect PV power to the network depending on the available voltage range.
An additional advantage of a controllable transformer is that the benefit of hosting capacity will not be
influenced by already installed PV-systems, which don’t provide reactive power as the voltage control by
reactive power from new PV-systems does. To fully utilise the advantages of controllable transformer
however would require allowing a voltage change caused by PV power of more than 3%.
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REQUIREMENTS OF THE POWER SYSTEM FOR THE INTEGRATION OF A LARGE SHARE OF
RENEWABLE ENERGY SOURCES
Y.-M. Saint-Drenan, R. Spiekermann, S. Bofinger, K. Rohrig
Fraunhofer Institute for Wind Energy and Energy System Technology (IWES), Koenigstor 59, 34119 Kassel, Germany

1. Motivation
The development of renewable energy sources (RES) motivated by the urgent need to reduce CO2-emissions
has been strongly supported during the last years by the German Renewable Energy Act (EEG). To plan the
further development of RES, several scenarios were proposed by different institutions. In these scenarios, the
impact of RES on the German energy system is usually assessed on the basis of yearly energy production and
demand. However, renewable energy sources have a strong impact on the power system due to the weather
dependent characteristics of their power production. The influence of a high share of RES on the
conventional power plant can thus not be assessed without considering time series analysis.
In 2009, the Fraunhofer IWES evaluated the influence of the renewable energy power production on the
conventional power plants for an energy mix with a share of 47% of renewable energy for 2020. This study
was made for the German Renewable Energy Association (BEE). The analysis was conducted by
implementing the forecast of the scenario in a simulation based on a meteorological year (2007) and
analyzing the influence of the RES power on the base, medium and peak energy and capacity needs (SaintDrenan et al 2009).
With a share of renewable of 47%, RES-power generation is often larger than the medium and peak load
demand. The base load need is thus reduced while the medium and peak load capacity demands increase. As
a result, it can be observed, that the development of RES has an impact on the type of conventional power
plant needed to cover the residual load. Indeed, due to the reduced number of full load hours, small and
medium sized power plants with low investment cost and high operational cost will be more economical than
large power plants with large investment cost and small operational costs. This study showed that there is a
need for a transformation of the current power system to enable an economical integration of a large share of
RES.
Assuming that the BEE scenario is to be realized, the observed changes would progressively occur in less
than 10 years. In order to get an insight into the expected transformation of the residual load, the path from
the current situation to the date of the BEE scenario is simulated and analyzed. On this basis, the
development of the base, medium and peak energy demand is assessed and analyzed (Section 4). Last, a
fluctuation analysis of the residual load was carried out (Section 5), which allows getting information on the
amplitude and time scale of the fluctuations to be balanced. On this basis, the potential role of different
compensatory measures (storage, flexible power plant, demand side management…) can be discussed.
2. Scenarios definition
The following analyzes are performed for the years 2010 to 2020, based on the BEE scenario for the year
2020 (Saint-Drenan et al 2009). The BEE scenario expects a share of 47% renewable energy in the electricity
generation in 2020 with an installed PV-capacity of 39.5 GWp, an installed onshore and offshore wind
capacity of 149 GW, an installed hydro capacity of 32 GW and a biomass capacity of 54 GW. As the
analysis was carried out in 2010, the installed RES-capacity at the end of 2009 was used as starting situation.
As a result, the large PV development of 2010 is not considered in the path used. Between these two times,
the installed capacity of each renewable energy source was linearly interpolated. The assumed development
of the different renewable energy sources is shown in Fig.1.

3162

Fig.1: Scenario for the growth of installed capacity of wind and PV power plants

For each year between 2010 and 2020, the hourly time series of the RES-power production and load are
simulated. The simulation is made for each cell of a 14x14 km raster and summed up under consideration of
geographical distribution of the installed RES capacity. Further detail on the simulation can be found in
(Saint-Drenan et al 2009). The different time series are displayed in Fig. 2.

Fig. 2: Scenario for the growth of installed capacity of wind and PV power plants

Two exemplary weeks taken from the simulation made for the BEE study are displayed in Fig.3. As can be
observed, import/export and pump-hydro were used to reduce the fluctuation of the residual load. In the
present analysis, such balancing technologies are not simulated but investigated through the fluctuation
analysis (section 5). In Fig.2 it can be observed that wind and PV power are the main source of fluctuation of
the RES portfolio. To simplify the computation and ease the interpretation of the results, only these two
energies are considered.

Fig. 3: Simulation of the RES power for two weeks from the BEE study
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3. Determination of the base, medium and peak load
Using the time series of the RES power production and the energy demand, the residual load is evaluated.
The analysis of the residual load is made by determining the base, medium and peak load demand, which
provides a first estimation of the most economical power plant technologies required for balancing the
production with the demand.
For the determination of the base, medium and peak load demand, a simple and pragmatic method is chosen.
The different types of power plants are characterized by their investment and operational costs. On the one
hand small power plants have a low investment cost but high operational cost and on the other hand large
power plants have high investment cost but low operational cost. Depending on the number of full load hours
(FLH) a power plant is operating in a year, different technology will be more adapted. Small power plants
are more economical for a low number of FLH (peak and medium load) whereas large power plants need
many FLH to be economical (base load).
A rigorous determination of the optimal set of power plant technology would require exhaustive
computations (power plant unit commitment). A simpler approach was preferred, which consists in building
an annual duration curve from the load curve and find the values of the power P1 and P2 under which the load
is 2000 and 7000 h in the year respectively. All values of the load smaller than P1 are in the base load area.
Load values comprised between P1 and P2 are in the medium load and values larger than P2 are in the peak
load area.

Fig. 4:Annual load duration curve with base, medium and peak
load ranges

Fig. 5: German electricity load curve from 2007 – 2009

This method is illustrated in Fig.4. The corresponding load curve for 4 years is given in Fig. 5. A small
modification was made on the base, medium and peak load determination method to account for the seasonal
variation of the base load. For each month, the base load power is calculated as the 10% quantile of the load.
It is verified for the entire period whether the annual base load reaches 7 000 hours at full load. If the
condition is not met, the quantile is iteratively adjusted until the condition is met.
Should the seasonal fluctuations of the base load were not considered, there would be an overall constant
base load demand and a greater medium and peak load demand in winter than in summer. For a realistic
evaluation of the influence of the PV power generation to those aspects of the energy supply system, taking
into account the fluctuating base-load demand is of crucial importance.
In the next step the base load is subtracted from the total load. The resulting time series is the sum of the
medium and peak load. Based on this load profile an annual load duration curve is created and the power at
which it falls below 2000 full load hours per year is defined as medium load and everything above as peak
load. The described method for determining the base, medium and peak load demand is depicted graphically
in Fig. 6.
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Fig. 6: Schematic depiction of the method for determination of the base, medium and peak load

4. Development of the base, medium and peak load demand until 2020
The evaluation of the simulation results for the years 2010 to 2020 are displayed in Fig.7. The three graphics
in the left column show the capacity demand for peak, medium and base load and the three graphics in the
right column the energy demand.

Fig.7: Development of the base, medium and peak load demand until 2020 in accordance with the BEE scenario
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In each of the graphics three different values are displayed:
•

The black bars represent the development of the peak, medium and base load power and energy
demand for the load. This is a reference and includes a reduction of power and energy demand for
the three load ranges, according to the energy demand reduction by 2020 as assumed by the BEE.

•

The yellow bars show the development of the residual load, which is defined as load minus PV and
wind power generation.

•

For comparison and to be able to distinguish the influence of the wind- and PV-power generations,
the blue bars show the load minus only the wind power generation.

The most important changes of the three load ranges are marked and numbered and shall hereinafter be
analyzed and discussed.
Wind power production increases the medium and peak load and reduces the base load (capacity and
energy). The influence of the PV-power production on the different classes of load is more complex.
Between 2010 and 2016, the PV-power production reduces the medium load ((4) and (6)). After 2016, the
medium load tends to increase again due to the PV-power production ((5) and (7)). The cause for this effect
is that the PV-power generation occurs mainly during daytime when the medium load demand is high
(around noon). As a result, the medium load is reduced by the PV-power production as long as the PV-power
is smaller than the amplitude of the load variation. As the installed PV-capacity exceed this limit (30 GW
achieved in 2016), the medium load is shifted from daytime to nighttime. At this stage, the increase of the
medium load is accompanied by a decrease of the base load ((9) and (11)) while under this limit the
influence of the PV-power on the base load is limited ((8) and (10)). This effect is illustrated in Fig.8.

Fig. 8: Load curve and wind and PV power generation curve based on the weather data of a sunny week in 2007

It can be observed in Fig.7 that the PV-power production brings about an increase required peak load
capacity (1) and a reduction of the peak load energy (2). The reduction of the peak load energy can easily be
explained by the phenomena explained in Fig.8. To understand the increase of the peak load capacity, it is
necessary to note that the peak load capacity is the difference between the yearly peak load and the power
value corresponding to a number of FLH of 2000. As the maximal demand occurs during the evening of
winter month, the maximal load is not affected by the PV-power production. The power value corresponding
to the lower peak load limit is reduced with an increasing PV-production (See Fig.9). As a result the required
installed capacity for peak load increases.
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Fig. 9: Annual duration curve for the pure load, the residual load of load minus wind power generation
and the residual load of load minus wind and PV power generation

5. Fluctuation analysis and evaluation of measures for the integration of a large share
of RES in the German power system
The aim of this section is to analyze the impact of the PV-power generation in conjunction with the wind
power generation on the fluctuation of the residual load. In particular, the amplitudes and time scales of the
wind, PV and load fluctuations are analyzed separately and in conjunction. The final goal of this fluctuation
analysis is to get an insight into the potential of different technological solutions aiming at a better RESintegration (storage, Supergrid, flexible power plants…). For this analysis the time series of 2020 are used.
Different approaches were tested for carrying out the fluctuation analysis of the residual last (Fourier
analysis, wavelet…). The results were difficult to analyze due to some computation artifacts. Finally, a more
pragmatic approach was preferred. The time series are smoothed using moving averages with a time window
(T )

of 1 up to 8760 hours. The moving average y(t)
the following formula:

y (t)

(T )

of a signal y(t) for a time window T is calculated using

t +T / 2

1
=
∫ y (τ )⋅ d τ
τT τ = t − T / 2

(Eq. 1)

The temporal resolution of the original signal is one hour. The calculation of a moving average acts like a
low-pass filter, which smoothes the fluctuations within each time window. If the time window is as long as
the time series, the moving average is constant and all fluctuations are compensated.
The effect of moving of moving averages with time windows of 12, 24, 168, 744 and 8760 hours is displayed
in Fig. 10, 11 and 12 for the time series of PV-, wind power and the load respectively. It is apparent that the
amplitudes of the time series are reduced with the increase of the time window. For PV-power, it can be
observed that the fluctuations occur within a day and on a seasonal basis. For the wind power, the
fluctuations occur within a week and on a seasonal basis. The reduction of the load fluctuations by the
moving average is large for each time window considered except between one week and a month.
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Fig. 10: Effect of the moving average on the PV power time series (year 2007)

Fig. 11: Effect of the moving average on the wind power time series (year 2007)

Fig. 12: Effect of the moving average on the load time series (year 2007)
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For further analyzes, the moving averages are used to evaluate the amplitude of the fluctuations on different
time scales. For this purpose time windows of one hour, one day, one week one month and one year are used.
For the analysis it is necessary to separate the fluctuations on different time scale. This is done by
considering two time windows T1 and T2 and considering the difference between the moving averages made
with T1 and T2. For example, the fluctuation of the hourly MA within a day is the difference between the
original data (T1=1 hour) and the 24-hour moving averaged data (T2=24 hours). The type and definition of
fluctuations assessed are summarized in Tab. 1. In addition, exemplary technologies potentially adapted to
balance the fluctuations are indicated.
Tab. 1: Classes of fluctuations and examples of compensation measures
Examples of load fluctuation

Time window T1

Time window T2

Type of fluctuation

Hour (1 h)

Day (24 h)

Fluctuation of hourly
MA within a day

Pumped storage, CAES, GT, CCGT, load
management, E-cars

Day (24 h)

Week (168 h)

Fluctuation of daily MA
within a week

CCGT, coal-fired power plant, import/export, load
management

Week (168 h)

Month (744 h)

Fluctuation of weekly
MA within a month

Hydrogen, coal-fired power plant, maintenance of
brown coal-fired power plants, import/export

Month (744 h)

Year (8760 h)

Fluctuation of monthly
MA within a year

Hydrogen, maintenance of coal-fired power plants,
import/export

compensation measures

For each fluctuation type, the amplitude of the difference between the moving averaged data with a time
window of T1 and T2 time is assessed. At this step a correction for the phase shift occurring with the moving
average is implemented to reduce computation artifacts.
The maximum amplitude is used as an indicator of the importance of the fluctuation. Since the maximum
amplitude of each time series occurs in only a few or only one period, the 99%-quantiles and the 95%quantiles of the maximum amplitudes are also determined, to show how the capacity demands changes by
using those quantiles.
The analysis of the compensation capacity demand is performed for the following four load and residual load
time series and the results are presented in:
-

Load

-

Load minus wind power generation

-

Load minus PV power generation

-

Load minus wind and PV power generation

This allows assessing the influence of wind and PV-power independently and in conjunction on the residual
load. The results of the fluctuation analysis are given in Fig. 13 for the three different quantiles and the four
time series considered. To ease the interpretation of the results, the influence of the wind, PV and wind/PV
on the load is shown in Fig.14.
The observations observed in Fig. 10 to 12 are confirmed. The PV-power reduces the fluctuations of the last
within a day and increases the seasonal fluctuations. The wind power increases the fluctuation from day to
day within a week and week to week within a month. These effects can also be observed when wind and PV
are considered together (Last minus wind power minus PV power).
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Fig. 13: Results of the fluctuation analysis of the load and
different residual loads for 2020 (BEE scenario)

Fig. 14: Change of the load fluctuation owing to the power
generation of RES in 2020 (BEE scenario)

This analysis shows the importance of considering the interaction of the RES together and with the load.
Indeed, it is observed that one of the major fluctuations of the PV power is taking place within the day.
Considering the PV-power and the load together, it appears that the PV-fluctuation reduces the load
fluctuations, making it useless to shave them.
The PV-power production increases the seasonal fluctuations of the load, due to the fact that the PV
generation is high when the load is low (summer) and low when the highest demand occur (winter). For wind
it is the opposite: the seasonal pattern of the wind production is well correlated with the demand curve, so
that the seasonal fluctuations of the load are reduced with the wind generation. The combination of the wind
and PV generation reduces the negative impact of the PV generation. However, an increase of the seasonal
fluctuation remains since the seasonal variations of the PV power are more important as the seasonal wind
variations.
The fluctuation of the residual load will increase with the development of the RES for each time scale except
between 1 and 24 hours, due to the daily profile of the PV-power production. Balancing measures are needed
thus for each of the time scales considered. The most important increase will appear in the fluctuation from
day to week and week to month. Flexible gas turbine and import export should thus gain in importance in the
next years. In the longer term, should hydrogen-based storage system be economical and reliable, they would
play an important role for shaving the expected increase of the load fluctuations.
6. Conclusion
The scenario of the BEE study (RES share of 47%) was used for a path simulation between 2009 and 2020.
A detailed simulation of the RES time series and the load was carried out to assess the development of the
base, medium and peak load capacity and energy needs. The RES increase the peak and medium load and
reduce the base load, which raises the importance of adapting the power system for coping with a large RES
penetration.
To further assess the impact of the RES on the power system a fluctuation analysis of the residual load was
carried out. This analysis shows that the PV reduces the fluctuations of the load within a day but increases
the seasonal variations. The increase of the seasonal variation brought about by the PV-power is reduced by
the wind power but remains. The wind power brings about a very important fluctuation from day to day and
from week to week. As a result, the fluctuations of the residual last increase for each time scale except within
a day. To cope with these fluctuations flexible gas turbine and import export will gain in importance with the
development of the RES capacity. Storage system may also be a key technology for this issue.
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TESTING OF COMPLIANCE WITH GRID CODE REQUIREMENTS
IN IWES-SYSTEC TEST CENTRE
Nils Schaefer, Dominik Geibel, Gunter Arnold and Thomas Degner
Fraunhofer IWES, Kassel (Germany)

1. Introduction
Today the installed capacity of Distributed Energy Resource (DER) units in Germany is considerably high
(e.g. PV systems: PPV, inst. > 18 GWp, wind power plants: PWind, inst. > 27 GW). Considering the German peak
demand of about 80 GW the contingent of feed-in from DER units / plants must not be neglected any longer.
For instance, a loss of generation of a large amount of DER can lead to severe stability problems.
Due to the large growth in the amount of installed DER units, the adaptation of interconnection requirements
has been under discussion, at the national and international level, between network operators, manufacturers,
DER plant operators and research institutes. A paradigm change of the role of DER units is occurring.
Commonly, in the past, DER units were not permitted to take an active role, but nowadays all DER
technologies are asked to support the network in terms of static and dynamic issues (Degner et al., 2009). In
Germany, similar to the requirements for the high voltage (HV) level (VDN, 2007), since January 2009 the
new BDEW guideline (BDEW, 2008) for interconnection of DER units to the medium voltage (MV)
network has been in force. From the beginning of August 2011, advanced interconnection requirements for
the low voltage (LV) networks also come into operation. Thus, DER units / plants connected to the German
HV, MV or LV network have to provide extended grid supporting features, in order to support network
operation and stability.
In addition to the release of the new BDEW MV guideline, a certification process for all kinds of DER units
and plants has been introduced. In order to guarantee an assumed coordinated behavior of all DER units, so
called plant certificates are required for new installations. As a basis for these plant certificates unit
certificates of the deployed DER units are a prerequisite. A unit certificate is achieved by validation of
measurements and simulation results. The procedure of the certification process is already familiar for wind
turbines, but had to be extended to all other DER technologies with all the associated implications. This has
resulted in several temporary regulations since, on the one hand, the development of the advanced inverter
functionalities required a lot of time and resources from the manufacturers and, on the other hand, adapting
the existing certification guidelines for wind turbines to other types of DER units with different primary
energy sources posed a challenge.
In order to gain new experience on behavior of DER units and to cope with the growing demand for testing
of DER units, Fraunhofer IWES has upgraded its lab facilities. With its new reference laboratory in IWESSysTec (Systems Test Centre) Fraunhofer IWES can perform testing of new grid components and DER units
up to a rated power of 6 MVA. The lab infrastructure of the reference lab in IWES-SysTec can be used for
reproducible testing of the static and dynamic behavior of all different kinds of DER units. Moreover storage
units, loads, novel grid components and charging systems of electric vehicles can be tested. Innovative
system approaches and coordinated control concepts can be tested and developed for both normal and
disturbed network operating conditions. The lab infrastructure comprises a MV low-voltage ride-through
container (6 MVA), a tap transformer, a LV AC-Source (1 MVA), a DC-Source (750 kW), a signal generator
(and automatic relay test system respectively), adjustable resistive, inductive and capacitive loads and, as
planned in the near future, outdoor MV and LV test networks.
This article focuses on introducing the different testing possibilities featured by the reference laboratory in
IWES-SysTec test centre. An overview of the general certification procedure is given first, followed by a
description of new test procedures. Then requirements for testing DER units regarding laboratory
infrastructure are discussed. Finally the lab infrastructure of the new reference lab in IWES-SysTec is
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described, indicating how the different testing requirements can be satisfied.
2. Procedure of unit certification according to FGW TR8
As evidence of compliance with the BDEW MV guideline, it is mandatory to obtain unit and plant
certificates. Therefore the procedure of certification according to FGW TR8 (FGW, 2011b) will be briefly
described as follows.
Since January 1st, 2009, the grid-conformance behavior of distributed generating systems (such as a solar or
wind farm) connected to the public MV network must be validated by a so-called unit certificate.
Additionally, for plants above 1 MVA rated power, a plant certificate based on the unit certificate/s is
required. The temporary regulation allowed PV units to delay the fulfillment of the static requirements stated
in the BDEW MV guideline until July 1st, 2010, and of the dynamic requirements until April 1st, 2011.

Fig. 1: Flow chart of the process of unit certification

By nature, the principal of the unit certificate (typically the manufacturer of the DER unit) plays a decisive
role within the certification process. Figure 1 shows the significant steps of the procedure and the
participants, i.e. the manufacturer, the certification body and the measurement institute. For achieving
conformance with the BDEW MV guideline, measurements according to FGW TR3 (FGW, 2011a) and
validation of simulation models according to FGW TR4 (FGW, 2010) have to be carried out. Based on these
results a certification body is allowed to issue a unit certificate guaranteeing that the requirements of FGW
TR8 have been fulfilled.
3. Laboratory infrastructure for measurements according to FGW TR3
3.1. General measurement set-up for a PV inverter
Figure 2 shows a general set-up of a PV inverter for taking measurements according to FGW TR3. Besides
the acquisition of voltages and currents on the DC and AC sides of the PV inverter inputs and outputs, the set
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points supplied to the communication interface of the PV inverter have to be recorded synchronously. Since
several kinds of set point signals are commonly used – e.g. RS 485 (for internal farm communication), digital
signals from a ripple control receiver or analogue signals – the measurement equipment should provide
various flexible inputs for the acquisition of set point signals.
Usually, RS 485 signals are generated via manufacturer-specific software commands and sent from the PC to
the PV inverter. If digital or analogue interfaces are used, the set point signals can be easily generated in the
laboratory via a programmable logic controller (PLC).

Fig. 2: General measurement set-up of a PV inverter for measurements according to FGW TR3

3.2. Requirements for the DC source
Using a PV generator is not mandatory for the supply of the PV inverter at the DC terminals, since FGW
TR3 states that module-independent tests are sufficient for the determination of the behavior on the AC side.
Instead of a PV generator, it is possible to use a variable DC voltage source which fulfills the requirements of
Annex E of FGW TR3 regarding power and voltage range, control mode and dynamics. This simplification
is especially meaningful with regard to high-power applications, since a real PV generation in this power
range proves to be quite costly. For testing string inverters, the use of PV simulators is quite common. This
ensures that the characteristic curve of a PV array is provided to the PV inverter, even during transient events
such as radiation changes or network faults.
3.3. Requirements for the AC network simulator
If the power rating of the DER unit is of the order of a few kilowatts, it makes sense to use a network
simulator for the measurements instead of connecting the DER unit to the public network. This procedure
offers advantages, especially for the test of power quality parameters and of low-voltage ride-through
(LVRT). Of course, the network simulator has to fulfill certain requirements in order to achieve a behavior
comparable to a public network. A basic requirement is that each phase of the simulator can be controlled
independently regarding amplitude and phase angle; controlling the frequency should also be possible.
Furthermore, the usage of a physical impedance network for emulation of a network connection point with
certain parameters – short-circuit power Sk and network impedance angle ψk – is mandatory.
For DER units with power ratings up to 90 kVA, the laboratory at Fraunhofer IWES offers a network
simulator with the aforementioned requirements. This 4-quadrant AC network simulator, consisting of linear
amplifiers, provides the possibility of reproducing any desired network behavior.
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3.4. Test infrastructure for high-power applications
For economic reasons, it is nearly impossible to provide a high-class test environment for DER units with
higher power ratings. A balance has to be struck as to which kind of test infrastructure is used for certain
power levels. It is obvious that a general solution cannot be given. However, Fraunhofer IWES has set up a
reference laboratory for testing DER units in the higher power range; the developed concept is described in
the next chapter.
4. Scope of research and infrastructure for testing at IWES-SysTec
The BDEW MV guideline comprises several requirements concerning static and dynamic behavior of DER
units. These requirements can broadly be grouped as follows:
•

Active power provision, including set point control and power reduction in an over-frequency
condition

•

Reactive power provision by set point or characteristic curve (Q(U), cosφ(P))

•

Power quality issues such as switching operations, flicker, harmonics, interharmonics and higher
frequency components

•

Grid protection

•

Connection conditions

•

Response to voltage drops (low-voltage ride-through / fault ride-through, LVRT / FRT)

The new reference laboratory in IWES-SysTec test centre offers an extensive laboratory environment for
measurements according to FGW TR3, verifying the ability of DER units to fulfill the aforementioned
requirements. New testing procedures are developed and, as Fraunhofer IWES participates in standardization
committees, experiences gained may contribute to standardization processes. Furthermore other types of
power system equipment, like e.g. novel grid components or charging systems for electric vehicles, can be
tested. The testing infrastructure of the reference laboratory in IWES-SysTec is described in the following.
4.1. Overview on the reference laboratory
The reference laboratory is integrated within Fraunhofer IWES’ new test centre IWES-SysTec for Smart
Grids and Electromobility (see Fig. 3).

Fig. 3: IWES-SysTec: New test centre of Fraunhofer IWES for Smart Grids and Electromobility
(Source: Fraunhofer IWES, Frank Hellwig)
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Fig. 4: Schematic of the new reference laboratory in IWES-SysTec for testing of DER units in the higher power range

The concept of the reference laboratory for testing DER units in the higher power range is shown in Figure 4.
It offers the possibility of testing DER units rated up to 1.25 MVA on an LV level and up to 6 MVA on an
MV level. Testing is not limited to PV inverters; moreover, novel grid components such as voltage stabilizers
or controllable transformers can be integrated as equipment under test (EUT) into the reference lab. Different
test beds on the LV and MV levels for static and dynamic requirements have been developed and set up. In
the following paragraphs the different lab components and possible testing arrangements are described.
4.2. Low voltage AC network simulator and DC-Source
At the LV level, the static requirements for testing of DER units are covered by using an AC network
simulator with a nominal apparent power of 1 MVA. Figure 5 shows the relationship between the different
functional parts of the AC network simulator.

Fig. 5: Low voltage AC network simulator

The DC-Source, which is shown in Figure 6.1 below, has a rated power of 750 kW and can be used for e.g.
feeding the DC terminals of an inverter or testing of charging systems for electric vehicles. The DC-Source
consists of two parts, collectively five power units of 150 kW each. Various settings, like e.g. solar
irradiation profiles (see Fig. 6.2), can be implemented to the DC-Source.
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Fig. 6.1 and 6.2: DC-Source (left picture) and PV emulation / solar irradiation profiles (right picture)

4.3. Low voltage test loads
As shown in the schematic of the reference lab (Fig. 4), LV test loads can be connected to “Busbar LV-Test
Area 2”. These test loads (see Fig. 7) comprise resistive (3 x 200 kW), inductive (3 x 200 kvar) and capacitive load units (3 x 200 kvar), which are freely adjustable in steps of 1 kW and 1 kvar respectively. The
resistive load units can be adjusted phase by phase, which allows testing under unbalanced conditions.

Fig. 7: Capacitive, inductive and resistive load units (from left to right)

4.4. Medium and low voltage test grids
To extent the lab facilities of the reference laboratory and to allow for further testing configurations, outdoor
installations of MV and LV test grids are planned. These installations will comprise MV/LV secondary
substations, LV line sections (cables) of different lengths and diameters, different types of DER units and
locally distributed test loads representing load profiles of typical consumer groups, e.g. residential.
4.5. Voltage stabilizer
A voltage stabilizer with a nominal apparent power of 200 kVA is also available in the lab. Two points / grid
nodes with different values of LV voltage can be coupled by connecting them to the terminals of the voltage
stabilizer. For performing tests the voltage stabilizer can be placed between “Busbar LV-Test Area 1” and
“Busbar LV-Test Area 2” (cp. Fig. 4). Thus, at one side of the voltage stabilizer the tap transformer (see
subsection 4.7) is connected. At the other side the “LV Test Loads”, a DER unit (“Equipment 2 Under Test”)
and/or the “LV Test Grids” may be connected. An exemplary test set-up is shown in Figure 8 below.

Fig. 8: Test set-up for network stability studies, deploying the voltage stabilizer
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4.6. Signal generator / Automatic relay test system
At the MV level, for testing static requirements, a signal generator and automatic relay test system
respectively is connected to the secondary systems (controller, protection etc.) of the DER unit. As shown in
Figure 9 the signal generator can also be used for testing operation or settings of MV protection relays.

Fig. 9: Signal generator / automatic relay test system during a test of a multifunctional MV protection relay

4.7. Mobile MV low-voltage ride-through container and MV/LV tap transformer
The dynamic requirements are tested by using a so-called LVRT (or FRT) container, which is shown in
Fig 10.1. This mobile container is connected in series between the DER unit (equipment under test, EUT)
and the public MV network and generates network faults (voltage dips) on the MV level without disturbing
the public grid. In the LVRT container twelve large coils (inductances) are used to decouple from the public
grid and to create definite values of short-circuit impedances. Besides three-phase faults also two-phase
faults can be simulated. The simplified schematic of the developed test system is shown in Figure 10.2. In
Table 1 some data on technical details of the LVRT container is given.
Tab. 1: Technical details of the mobile LVRT container developed by Fraunhofer IWES

Parameter

Value

Nominal network voltage

10 / 20 kV

Rated power of the EUT

0.25 to 6 MVA

Short-circuit power at the point of common coupling (PCC)

80 to 350 MVA

Ambient temperature

–25 to +60 °C

Operating temperature

0 to +50 °C

Humidity

≤ 70 % average per day

Test bed assembly

40-feet Maritime High Cube container

Fig. 10.1 and 10.2: Mobile MV LVRT container (left picture) and simplified schematic of the LVRT container according to
FGW TR3 (right picture) with measuring points MP1 to MP3, decoupling / short-circuit impedances ZG, Z1 and Z2 and
switches / circuit breakers S1 and S2

A testing sequence with the LVRT container is performed as described in the following (the initial state of
the switches / circuit breakers is “closed” for S1 and “open” for S2). In order to limit the short-circuit
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contribution from the public grid and at the same time the magnitude of voltage dips for other customers,
initially the decoupling impedance Z1 is activated by opening circuit breaker S1. Then the short-circuit
impedance Z2 is energized by closing circuit breaker S2. Finally, after expiration of a time span specified in
grid codes (e.g. BDEW, 2008), the MV switchgear returns to its initial state.
For DER units with LV outputs, a tap transformer with a wide voltage range (from 254 V to 690 V) is used
for connecting these units to the LVRT container (see Fig. 11).

Fig. 11: Taps and adjustable star point at the secondary side of the tap transformer
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3.7 Solar Thermal Power

ANALYTICAL MODELING OF DSG IN PARABOLIC TROUGH
SOLAR COLLECTORS
Carlos Oliveira, Naum Fraidenraich, Olga Vilela, Andre F. Vieira da Cunha
Federal University of Pernambuco - UFPE, Recife (Brazil)

Abstract
Currently concentrated solar plants with parabolic trough collectors use a thermal fluid to transfer the energy
delivered by the solar field to a Rankine cycle turbine via a heat exchanger. The thermal fluid used has a
temperature limit, usually around 400 oC, which establishes the maximum cycle efficiency. Direct steam
generation (DSG) in the absorber pipes of parabolic trough collectors is a promising alternative to the use of
thermal oil since it enables higher cycle temperatures and efficiencies, reducing the cost of the system. This
paper presents an analytical model of DSG process in parabolic trough collectors. A collector row was
divided in three sections and for each section a system of differential equations was obtained. The model was
implemented and simulations were performed using a configuration and parameters similar to works
published in the technical literature. Results have shown good agreement with them and allow obtaining
many important parameters of the DSG process along the collector row: external and internal absorber
temperature, fluid flow and temperature, vapor title and useful energy. A linear relationship between useful
energy and collected irradiance has been obtained. Using the utilizability method, this result enables to make
long term predictions about the system’s performance.
Keywords: DSG, Modeling, Parabolic Trough, Solar Energy.
1. Introduction
Parabolic trough solar concentrators coupled to steam turbine power converters are nowadays the most
proven and reliable solar thermal technology for electricity production. The largest solar energy generating
facility with that technology was built in the Mojave Desert by Luz Industries. Named Solar Electricity
Generating Systems-SEGS, the first power station started operation in 1984 and the last in 1991, totalizing
354 MWe. United States and Spain have together an accumulated power above 1,218 MWe operating today.
Spain has others 1,250 MWe under construction (Fernández-García et al., 2010) (Protermosolar, 2011).
The present generation of thermal power plants with line focus collectors uses an oil as thermal fluid to
transfer (HTF) the energy delivered by the solar field to an oil/water heat exchanger. The water steam coming
out of the heat exchanger runs a Rankine cycle. The physical stability of the thermal fluid requires not
overpassing a specified temperature limit, usually around 400 oC, as a guarantee of suitable working
conditions. At the same time that temperature limit establishes the maximum cycle efficiency that the system
can reach.
Direct steam generation (DSG) in the absorber pipes of parabolic trough collectors is a promising alternative
to the use of thermal oil in the absorber of parabolic collectors since it enables higher cycle temperatures and,
consequently, higher efficiencies to be reached, reducing at the same time the cost of investment of the power
system (Zarza at al., 2004).
Once proven the technical feasibility of the DSG solar technology (Zarza at al., 2004), a first commercial
power plant was designed within the terms of the INDITEP project (Zarza at al., 2006). Afterwards, two
projects to develop pre-commercial demonstration plants based on DSG technology were announced (Zarza
at al., 2008) (Eck et al., 2008), both of them to be implemented in Spain.
In this work, it is proposed a simple model of collector’s behavior belonging to DSG systems. In terms of
configuration, size and physical properties of the absorber region, it is followed the main lines of reference
(Zarza at al., 2008) that had its name and location recently changed (Fernández-García et al., 2010).
Established on physical grounds, the model to be described enables a clear understanding of the dependence
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of the collector’s performance on key design and operating parameters.
2. Antecedents and specific aspects of the DSG technology
In a previous paper, solutions for temperature and power delivery profiles in concentrating linear collectors
were derived for a homogeneous thermal fluid (Fraidenraich et al., 1997). The heat losses considered were a
second degree polynomial of the difference between absorber and environment temperature. In this paper, a
system of differential equations for DSG collectors is derived. Some important differences exist between the
model in this paper and the paper in reference (Fraidenraich et al., 1997): a) Water vapor is generated in the
absorber of the solar collector instead of using an intermediate thermal fluid like in SEGS; b) Heat losses can
be represented by a general function of the difference between absorber and environment temperature, as
long as it is derivable with respect to the absorber temperature and c) The heat transfer coefficient between
absorber wall and thermal fluid for homogeneous fluid flow and two phases fluid (water-vapor) is considered
as variable along the absorber and dependent on the fluid temperature.
Two aspects of this technology deserve special consideration. The first one refers to the fact that the thermal
fluid, water, cools down to ambient temperature. In the (HTF) cycle the thermal fluid, after delivering its
available thermal energy, cools down no more than up to 200oC, approximately, which becomes then the
input temperature in the solar field collectors’. In the DSG technology the thermal fluid cools to ambient
temperature requiring, therefore, either external energy to preheat the fluid up to evaporation temperature or a
regenerative cycle to avoid energy exchange with external heat sources in the preheating region. The second
aspect has to do with flow stability and heat transfer from the absorber walls to the thermal fluid. It has been
experimented and concluded during the DISS project (Zarza at al., 2004) that the recirculation concept
proved to be controllable and stable under solar transients, having this mode been chosen for the precommercial DSG power plants (Zarza at al., 2008) (Eck et al., 2008).
Some specific aspects of DSG solar collectors are next described. Then the equations of the model are set up
and the method of solution presented.
3. Field description
A DSG solar power plant is integrated by two subsystems, the solar vapor field and the Rankine cycle power
block. A detail of a column of solar collectors where preheating, evaporation and superheating is
implemented is shown in Fig. 1. Every row has ten parabolic trough collectors connected in series. The first
three collectors are used for water preheating, while in the next five the preheated water is evaporated. The
last two collectors in every row constitute the steam superheating section.

Fig. 1: Scheme of a solar DSG field configured in recirculation mode (adapted from Zarza et al. (2006)).

The end of the evaporation section are connected to the inlet of the superheating steam section by a
water/steam separator A small fraction of the input mass flow is not evaporated and is returned to the
collector input. In this way the evaporating section is never dry, always remaining a small and pre-established
quantity of liquid water. A water injector placed at the inlet of the last collector controls the temperature of
the superheated steam produced by the row of collectors.
4. Model equations
The analysis that follows considers the collector row divided in three sections, preheating, phase change
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(evaporation) and superheating. Preheating and superheating deal with homogeneous phase flow and the
treatment, unless minor changes, is similar to the one by Fraidenraich et al. (1997).
In (Fraidenraich et al., 1997), it was derived a relationship between useful energy (qu) and length of the
absorber (x), regarding the heat losses a second degree polynomial of the difference between absorber and
ambient temperature. It is meaningful to use a similar approach in the present case introducing, nevertheless,
the following physical modifications: A) Homogeneous flow: 1) The heat transfer coefficient between
absorber and fluid (h), depends on fluid temperature (Tf), varying then along the absorber (x). In
(Fraidenraich et al., 1997), (h) was considered uniform along the absorber 2) Heat losses are considered a
general function of the difference between absorber and environment temperatures (Ta-Tenv). As mentioned,
in (Fraidenraich et al., 1997) heat losses were considered a second degree polynomial of (Ta-Tenv). However,
polynomials of higher order degree not always accept analytical solutions or, if they exist, are somewhat
cumbersome to be obtained. B) Phase change flow: Apart from the main physical modification for an
absorber with direct generation of vapor, considerations made for the case (A) are also valid in this case; C)
Because of the high pressures to which the absorber tube is subject its walls are thick and significant
temperature differences are verified between the external and internal wall. The preheating, phase change and
superheating sections extend from x=0 to L1; x= L1 to L2 and x= L2 to L3, respectively.
4.1. Equations for homogeneous fluid flow
It was considered, at first, the equations for the useful energy density (qu) for a homogeneous fluid flow

q u  h (Ta ,int  T f )

qu 

m C p dT f
P

(eq. 1)
(eq. 2)

dx

q u  q a  ql

(eq. 3)

where Ta,int is the absorber temperature measured at the internal radius; m , fluid mass flow; Cp, fluid specific
heat; P, absorber perimeter at internal radius. The energy conservation equation (Eq. 3), relates absorbed
irradiance (qa), heat losses (ql) and useful energy (qu). All the density energy variables (q) are expressed in
terms of the internal radius of the absorber (W/m2).
It should be noticed that the heat loss (ql) is a function of the external absorber temperature (Ta,ext) and the
main physical processes occur at the interface between absorber and fluid flow, it means at the internal
absorber radius (Ta,int). It will be necessary, therefore, to find a relationship between both absorber
temperatures.
If the function representing the heat losses is derivable, the heat loss coefficient (U) can be conveniently
defined as (Fraidenraich et al., 1997)

U (Ta ,ext ) 

dql
dTa ,ext

(eq. 4)

and derivation of Eq. (3), results in

dqu
dx

 U (Ta ,ext )

dTa ,ext
dx

(eq. 5)

In differential form, Eq. (1) can be written as

 d (Ta ,int ) dT f
dqu
 h

dx
dx
 dx

 dh dT f 


  Ta ,int  T f 
 dT dx 

 f


(eq. 6)

and introducing Eq. (2), it can be obtained
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 dT
dqu
 h a ,int
dx
 dx


P
P 1 dh 2
  h
qu 
qu


mC p
mC p h dT f


(eq. 7)

4.1.1 Derivative of internal absorber temperature and system solution
To obtain the derivative (dTa,int/dx), we calculate the relationship between internal and external temperatures
of the absorber. Heat conduction between both faces of the absorber is given by

qu 

k
r
rint ln ext
 rint





T

a ,ext

 Ta ,int 

(eq. 8)

or

qu   Ta ,ext  Ta ,int 

(eq. 9)

where



k
r
rint ln ext
 rint





(eq. 10)

Derivation of Eq. (9) combined with (5) leads to

1    dq
  1   u
dx
  U  dx

dTa ,int

(eq. 11)

Introduced then, in Eq. (7), results equal to

dqu
P


dx
mC p

 1 dh 
qu
q 
h 
h     h dT f u 
1  1  
 U 

(eq. 12)

The coefficient (h) depends on (Tf) and coefficient (U) depends on (Ta,ext).Thus, differential equation (12),
associated with ancillary Eqs. (2) and (5), is the solution of the problem. The solution obtained depends,
essentially, on three heat transfer coefficients (h), (U) and (Γ), that express the interaction absorber-fluid,
absorber-environment and heat conduction from external to internal absorber wall.
If heat losses (ql) are represented by a second degree polynomial and the heat transfer coefficient (h) does not
depend on (Tf), it can be verified that Eq. (12) reproduces the analytical solution for the useful energy found
in (Fraidenraich et al., 1997). A lower order approximation can still be derived from Eq. (12) if coefficients
(h) and (U) are considered constant.
4.2 Steam generation region
Consider the following expression for the instantaneous useful energy

qu ( x)  h(  ) (Ta ,int ( x)  Tev )

(eq. 13)

where h(χ) is the heat transfer coefficient between the internal absorber surface under phase change
conditions; (χ) is the vapor title, varying along the distance (x); (Ta,int) absorber temperature of the receiver at
the internal radius (ri); (Tev) the evaporation temperature of the biphasic fluid, uniform along this region. The
evaporation temperature is a parameter which can be selected to optimize the thermodynamic cycle. The fluid
enthalpy is given by

h f  hl (1   )  hv 
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(eq. 14)

Where hl is the enthalpy of saturated liquid and hv is the enthalpy of the saturated steam. The useful energy
(qu), expressed as a function of the vapor title (χ) can then be written as

qu ( x ) 

m hev d (  )
P dx

(eq. 15)

Eq.(15) can be obtained as a balance between the change in enthalpy of the mixture of water-vapor and the
energy conversion of solar radiation into useful energy.
As in the case of homogeneous fluid, Eq.(13) can be expressed in differential form

dT
dqu dh(  ) d

(Ta ,int  Tev )  h(  ) a ,int
dx
d dx
dx

(eq. 16)

and substituting (Ta,int - Tev) from Eq.(13) and (dχ/dx) from Eq.(15), a differential equation for (qu) is obtained

dT
dqu
1 dh(  )
W

(
) (qu ( x)) 2  h(  ) a ,int
dx m hev h(  ) d
dx

(eq. 17)

where h(χ) is obtained from experimental measurements for the specific conditions of geometry and physics
of the collector absorber.
The derivative of the internal absorber temperature (Ta,int) has been obtained in the previous section (Eq.(11))
and is also valid in this case, since it deals with heat losses to the environment and heat conduction from
external to internal radius. Introducing Eq.(11) in Eq.(17), the differential equation for useful energy (qu) can
be written as

dqu
P
1
1 dh(  )
(
) (qu ( x)) 2

dx m hev  h(  )    h(  ) d
1   1  U 




(eq. 18)

Similarly, as in the case of homogeneous fluid flow, Eq.(18) has to be solved together with Eqs. (5) and (15).
The system formed by Eqs. (5), (15) and (18) also depends on heat transfer coefficients (U) and (Γ), as in
previous section. The main modification on the physics of the problem stems from the introduction of the
heat transfer coefficient (h(χ)) and Eq.(15), which calculates the rate of change of vapor title (χ).
4.3 Input conditions
4.3.1 First section (x = 0 - L1)
Usually the input temperature Tf,in = Tf(0) is given as an initial condition. Regarding the absorber temperature,
at first it was calculated a general expression for both absorber temperatures, which can then be specified for
input conditions. Combining Eq. (1) and (9) it is derived

1 1
qu     Ta ,ext  T f
h 

(eq. 19)

and introducing Eq.(3), an expression to calculate (Ta,ext) as a function of (Tf) is obtained

 1
 1
1
1
Ta ,ext  ql (Ta ,ext ) 
   T f  qa 
 
 h(T )  
 h(T )  
f
f





(eq. 20)

Eq.(18) gives (Ta,ext) at any position along the absorber. In particular, it will be used to calculate (Ta,ext) at the
absorber input. This equation is valid for any well behaved function (ql) of the external absorber temperature
that enables to calculate (Ta,ext), at least by a numerical procedure. The internal absorber temperature can now
be obtained as function of Ta,ext combining Eqs.(1) and (9)
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Ta ,int 

1 

 T  Tf 
  h a ,ext

1
h

(eq. 21)

Assuming that (Tf) is known at x=0, Eqs. (20) and (21) yield (Ta,int(0)) and (Ta,ext(0)). Consequently the useful
energy (qu(0)) can be calculated using Eq.(1). The system of Eqs. (12), (2) and (5) can then be integrated to
obtain (qu), (Tf) and (Ta,ext) along the preheating section. The fluid output temperature of this section (Tf(L1))
is the evaporation temperature (Tev), parameter that can be selected to optimize the thermodynamic cycle.
4.3.2 Second section (x = L1 – L2)
The initial conditions at the second section are the output of the first section. It is necessary to add that the
input vapor title is zero (χ(L1) = 0) and the output vapor title is a pre-established value (χ(L2) = 75%, e.g.).
4.3.3 Third section (x = L2 – L3)
The initial conditions are already calculated at the output of the second section. The output conditions are
also pre-established. The pressure corresponds to the equilibrium pressure at evaporation temperature and the
maximum superheating temperature is a design parameter, very important to determine the thermodynamic
cycle efficiency.
5. Model solution
The Mathcad software was used to solve the systems of equations. The systems of differential equations are
solved using the fourth-order Runge-Kutta method. Parameters used in simulation are as much as possible the
same of (Zarza et al., 2006) in order to compare the results. In this initial implementation, pressure drops,
losses due to piping, tracking errors, dirt on mirrors or envelop, and others minor losses are not considered.
However, losses from row shading were taken into account.
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The code developed was used to simulate the behavior of a 980m row of collectors, operating in recirculation
mode, using one hour intervals and the irradiance data of (Zarza et al., 2006) for the city of Almería - Spain.
The program allows obtaining many of the variables involved in DSG process, actually, all those present in
the modeling equations. Results achieved for superheated steam mass flow and thermal output power for a
winter day (Jan 29th) and a summer day (Jun 12th) are shown in Fig. 2.

0

Solar time

(b)

Fig. 2: Simulation results for a 980m row of collectors for (a) January 29th and (b) June 12th.

Although some parameters used in the simulation are not the same as those used in (Zarza et al., 2006),
results shown in Fig. 2 present good agreement with results of INDITEP project (for one row of collectors). It
is possible to observe a decrease in thermal power at noon for January 29th due to angle of incidence of the
direct solar radiation.
The fluid temperature and power delivery profiles along the collector row at noon for both days are shown in
Fig. 3(a). The three sections can be clearly distinguished. Although the useful energy along the collector in a
summer day is substantially larger than in a winter day, fluid temperature along the collector is practically the
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same for both days. The control system maintains the fluid temperature profile almost constant changing the
feed-water flow and the water injection flow. Discontinuity observed near 900m is due to water injection.
The steam temperature decreases once saturated liquid is injected, with that, absorber temperatures and
thermal losses also reduces.
The thermal power can be calculated by integration of the useful energy density curve. On January 29th, at
noon, it results 1.4MW.
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Fig. 3: (a) The fluid temperature and power delivery profiles along the rowof collectors and (b) thermal output power versus
collected irradiance.
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Fig. 3(b) shows the thermal output power versus collected irradiance, which means the direct solar irradiance
taken into account the effect of the incident angle modifier and row shading. A linear behavior of the thermal
power can be observed for collected irradiances greater than a critical value (170 W/m2). This critical value
must increase when all losses that were not considered in this initial implementation are included. For
collected irradiances greater than the critical value, a linear fit (Y= 0.004*X-0.1372) can be used to obtain the
thermal output power from irradiances data for a specified local. This linear function is valid only for a
collector row with the configuration and parameters simulated, and it will also change when all losses are
considered.
5. Conclusions
An analytical solution was derived that allows calculating all the variables along the absorber, involved in
DSG process in parabolic through collectors: external and internal absorber temperature, fluid flow and
temperature, vapor title, and useful energy. Simulations using an initial implementation of the model indicate
good agreement with previous works. However, it is yet necessary to compare the model results with
experimental data. Since the model requires only input parameters typically known in any design study, it is
expected to obtain, at the end of its implementation, a simple computational tool to simulate DSG systems. A
linear relationship between thermal output and collected irradiance has been obtained. Using the utilizability
method, this result enables to make long term predictions about the system’s performance.
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A CONCEPTUAL PHOTO-ELECTRO-CHEMICAL-THERMAL (PECT)
RECEIVER FOR A NET ZERO CO2 EMISSIONS SPTC PLANT
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ABSTRACT
This paper outlines the conceptualization and initial modelling of a Photo-Electro-Chemical-Thermal
(PECT) Receiver, a hybridization of Sodium Sulphur (NaS), Parabolic Trough Collector (PTC) and low cost
Photo-voltaic Technology, for use in Concentrating Solar Plants (CSP). Visible solar radiation is converted
directly to electricity for storage in NaS cells by thin film solar cells, while the Infrared and UV spectrum is
absorbed into the HTF for electricity generation via a heat exchanger. The use of a PECT central receiver
tube in CSP plants could result in increased plant robustness to energy demands, better overall energy
utilization, and could provide a built in storage capability for PTC power plants.

1. Introduction
Renewable energy power plants in the solar thermal sector are today the largest commercial converters of
solar to electrical energy in the world, currently with about 1.17GW (Wang, 2011) of global installed
capacity as of 2011. Continued growth is expected with, a further 17.54 GW of global capacity soon to be
commissioned.
Three main types of solar thermal plants are currently in deployment. These are Solar Power Tower (SPT),
Solar Parabolic Trough Collector (SPTC), and Solar Dish-Sterling (SDS) plants. All three technologies have
solar to electric conversion efficiencies (Mariyappan, 2001) greater than 20%, exceeding the commercial
Photo-Voltaic market average of 11%. However, of these three, Solar Parabolic Trough (SPTC) power plants
(Fig.1) are the most popular, largely because of a proven track record of performance which extends as far
back as the 1980’s when the first commercial plants were built.

Fig. 1 - A SPTC Power Plant (Source: C&S Enterprises)

Today, SPTC plants are among the important renewable energy technologies aimed at reducing global CO2
emissions through conversion of the sun’s energy, an important factor in fighting effects of climate change.
Due to the fact however, that power plants must operate 24hrs, all SPTC plants are hybrids, with fossil fuel
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input from gas fired boilers (Price, 2002) providing power during night time and low sun periods.
Consequently in this paper, the authors conceptualize a PECT receiver for eliminating or significantly
reducing fossil fuel usage in SPTC power plants. This could be achieved, through hybridizing the standard
SPTC plant with sodium sulphur battery storage and low cost photovoltaic technology. This could one day
result in a net zero CO2 emissions plant, which with modern thermal storage (Price, 2003) would be capable
of 24hr operation.
2. The conceptual hybrid system

2.1

The PECT Receiver in a SPTC – Cross Section

From a theoretical perspective, the PECT SPTC system generates power by trapping approximately 70-80%
of the collected solar energy in a heat transfer fluid for electricity power generation via a traditional Rankine
steam power cycle while storing most of the rest as electrochemical energy in high energy density sodium
sulphur cells. Unlike the traditional system, the PECT system proposes to improve the overall electrical
conversion efficiency of solar power plants by the use of spectrally selective filters (Imenes, 2006) during the
solar energy conversion process.

About 75% (Forristall, 2003) of the concentrated radiation in SPTC’s reaches the central absorber or HCE,
where about 95% is absorbed with about 10% lost as long wave radiation. Despite good HCE absorptivity, it
is seen that over 20% of the concentrated radiation is lost before it could be absorbed, of which a good
portion is visible radiation. The the use of a spectral beam splitter, the PECT receiver proposes to increase
the overall SPTC system efficiency by redirecting visible spectral wavelengths of 0.4 – 1.1 microns onto a
narrow array of spectrally matching low cost silicon thin film cells (Fig. 2), where they can be more
efficiently converted to electrical energy.

Fig. 2: The SPTC PECT System with Spectral Beam Filter

A prototype Nb2O5 / SiO2 spectral filter, designed using the needle optimization method (Jiang, Wang & Jia,

3190

2011) achieves very good spectral match with silicon solar cell response. Results show that most of the
radiation inappropriate for the solar cell passes through the filter for thermal conversion by the absorber,
while the 0.4-1.1 micron band is reflected away from the surface. In the PECT system the reflected visible
radiation will be focused onto low cost silicon cells by the hyperbolic filter surface. The concentration of
spectrally matched flux onto the cells significantly increases the cell conversion efficiency, while at the same
time greatly reducing the normal thermal load due to concentration.

Another benefit is that the solar cell array is fixed along the shaded area of the mirror, thus putting to
productive use traditionally wasted mirror area. The electrical energy converted by this array of cells is then
used to charge the NaS cells inside the absorber tube over a 12 hour period. Sodium sulphur (NaS) cells are
thermally activated cells with very high energy density and an operational temperature range of 290 – 390 °C
(Sudworth & Tiley, 1985), ideally suited for the 291 - 393°C HTF loop temperature range (Forristall, 2003)
of most SPTC power plants today.

In the PECT receiver, the HTF flowing in the annulus around the NaS cells is used to bring the cells to
working temperature. After this is achieved, flow control, receiver focus control and heat exchange are used
to maintain the desired operational temperature of the cells during charging and discharging, (Hussien et. Al,
2007) which are largely endothermic and exothermic processes respectively. The fact that NaS battery
storage systems are a proven technology is evidenced by their current commercial role (Tamakoshi, 2001),
in providing the electricity grid with mega-watts of continuous standby power for up to 8 hrs under full load.
It is this characteristic that makes NaS cells congruent with the needs of SPTC plants during “no sun” hours
and at night time.

2.2 The SPTC PECT Plant Heat Transfer Loop
Heat transfer analysis is carried out on a SPTC loop, (Fig. 3) the basic building block of all SPTC plants. The
operational parameters chosen are similar to the LUZ-3 plant, an industry standard, with average inlet and
outlet temperatures of 290°C and 390°C respectively.

Fig. 3: Simplified SPTC PECT Loop

2.3 Conceptual Thermal Management of NaS cells
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Before the NaS cells can be charged or discharged, they must be brought up to operational temperature. This
is the first function of the HTF fluid circulating in the annulus. The working temperature range of the NaS
cells is 290 – 390 °C (Sudworth & Tiley, 1985) almost identical to the LUZ-3 HTF loop temperature profile
of 291 - 393°C. Once the plant has reached operating temperature the NaS cells will operate in one of 3
modes
a)

Charging Mode

b) Discharging Mode

c) Standby Mode

Charging Mode
Charging of the NaS cells will be spread over the 12 “sun” hours available during daylight, at a low rate
compared to the discharge rate. During charging the NaS cell generates ‘Resistance or Joule’ heating due to
current flow through its internal resistance, and ‘Endothermic Heat’ due to reverse cell reaction. When
charging, resistance heat generation is slightly less than the endothermic heat absorption, (Hussien et. al,
2007), which would tend to produce a gradual fall in cell temperature over time. However, if the receiver is
kept focused on incident solar flux, this fall in temperature will not occur.

This makes the charging mode one of the most challenging with respect to thermal management, Once the
NaS cells have been brought up to temperature for charging, the NaS cell temperature must be maintained
within the 290 – 390 °C range to prevent cell rupture. This can be done in two ways. Firstly the SCA’s can be
defocused intermittently, or secondly, the NaS can be cooled by switching in an annular HTF stream at a
lower temperature as required. The second option is favoured by the authors since it saves the solar energy
lost by a defocused SCA, along with the mechanical energy used to defocus the SCA. The energy captured
by the HTF annular streams converted to the electrical power by a Rankine steam power cycle, provides the
day-time electrical output of the plant, while the NaS cells are on charge. An electronic thermal control
system would be required to manage the switching of NaS cooling streams by monitoring HTF loop inlet and
outlet temperatures, from which NaS cell temperatures can be deduced. Calculations and model validation of
these propositions will be the subject of future work.
Discharging Mode
The discharging of the NaS cells is a highly exothermic process, due to the fact that the chemical cell
reaction itself is exothermic during discharge, and more importantly due to the significant resistance heating
which occurs at the anticipated high discharge current rates. One benefit however is that the system will be
operated in discharge mode during nightime hours, when there is no solar flux impinging the receiver, and
when there is significant natural nightime cooling via the ambient, especially in desert locations. With no
incident solar flux, the ( Cp) of the circulating HTF will be adequate to absorb generated heat and maintain
NaS cell temperatures. Model validation of this concept will also be the subject of future work. It is
important to note that one major benefit of NaS cell discharge mode is the ability of the cell reaction
enthalpy to maintain cell operating temperature without external heat.

Standby Mode

3192

In standby mode the NaS cells are neither charging nor discharging, which means that they are producing
neither joule nor entropic heating. However their cell temperature must be maintained by use of the
circulating HTF streams.
3. Heat transfer analysis
Three operational states are now analyzed: (a) Plant transition to operating temperature (b) Plant operation
during battery charging (c) Plant operation during battery discharging

3.1 Plant transition to operating temperature
We begin the by considering the PECT receiver under the following initial conditions which provide a good
estimate of potential plant operation. The site of the Andasol SPTC Plant in Spain is used as a benchmark.
Initial conditions:[Tamb = 20°C; Tsky = 10°C ; Solar time = 9 am; TNaS = THTF = Tabs = Tamb; Loc. 37°N, 3°W;
Month = July; n (Day of year) = 198; Altitude = 1100 m

= 21.2 (Duffie & Beckman, 1991)]

Using the initial conditions above, the clear sky normal beam insolation (Icnb)
(1)
=
where

and k are adjusted for a mid-altitude summer using the Hottel (1976) correction. (Duffie &

Beckman, 1991). Therefore:
1367
The energy balance equations along the PECT receiver cross section (Fig. 4) are as follows:

Fig.4 Heat transfer – PECT receiver cross section

At NaS cell tube (heat flow into NaS cells = +ve; from NaS cells = -ve)
(1)
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where

=

;

=

, and
,

At heat transfer fluid (HTF) (heat flow into HTF = +ve; from HTF = -ve)
(2)

where

At absorber tube (Assuming vacuum between absorber and glass tube)
(3)

where
(4)

where

;

and

(*Incropera and Dewitt, 1990)

At glass tube (Assuming vacuum between absorber and glass tube)
(5)

where
(6)

where
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;

A few of the important parameters in this system have been solved s solved using LabVIEW and MS Excel
software, and can be found in the results section.

3.2 NaS cell energy storage calculations (based on a LUZ-3 plant industry standard)
Each SCA contains 168 T5 Tepco NaS cells, each cell with 632 Ah capacity and Emf = 2V.
Ö Total electrical storage capacity/SCA = IVt = 632Ah
2V
168 cells = 212.352 kWh
Each Plant Loop contains 6 SCA’s
Ö Total electrical storage capacity/Plant Loop = No. SCA’s/Loop
Ö = 212.352
6 = 1.274 MWh
Each Plant contains 142 Loops
Ö Total electrical storage capacity of Plant = 1.274 MWh/Loop

SCA Capacity

142 Loops = 180.92 MWh

If the number of “no-sun” hours = 12, for a plant with the standard 6hrs of thermal storage, the other 6hrs of
energy output could be provided by the NaS cells.
Output = Capacity/No. of hrs = 180.92 MWh/6hrs = 30.15 MWe.
Thus, a 30MWe PECT SPTC plant with a LUZ-3 footprint and 6hrs thermal storage could theoretically
operate without fossil fuel input, provided the combination of NaS cells and thermal storage can power the
plant for 12 “no-sun” hours.
One advantage with the PECT system is that the energy stored in the NaS cells is already ‘electrical energy’.
With the required power inverters as used in the Japanese and US power grids (Kamibayashi, 2001), the
energy can be delivered to the grid on demand.

3.3 Potential of photo-voltaic energy generation
Each SCA has a useful mirror area of 545 m2. At an average daily direct normal beam insolation of
500W/m2:
Ö Solar energy collected per SCA every second = 545 m2

500 W/m2 = 272.5 kW

Ö Solar energy collected per loop every second = 272.5kW

6 SCA’s = 1.64 MW

Ö Solar energy collected by plant every second = 1.64

loops = 232.88 MW

With the beam splitter delivering 10% (selected wavelength) of this energy to the solar cells:
Ö Energy incident on solar cells = 23.29 MW
Assuming a cell conversion efficiency of 50% (the rest is converted to heat, which can be collected)
because of good spectral match, energy converted to electricity would be:
Ö 0.5 x 23.29 MW = 11.65 MW
Ö Time taken to recharge plant storage capacity of 180 MWh = 180MWh/11.65MW = 15.46 hrs.
Therefore 12 sun hours of charging should still be adequate since manufacturer recommendations
are to limit discharge of NaS batteries to 80% of capacity in each discharge cycle for longer service
life.
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4. SOME SIMULATED RESULTS

Fixed parameters: Solar insolation : 1000W/m2; Mass flow = 9kg/s
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%Eff. = [(Thermal +Electrical Output)/ Collected Solar Beam Radiation]x 100

5. FUTURE WORK
After a steady state analysis of the PECT plant is to be carried out with the model described in this paper, a
transient model of the system needs to be constructed in order to determine how the system will function
under the dynamic charge/discharge conditions. Also the operation of the solar cells under the normal SPTC
plant concentration ratios of 40 – 80 suns, their conversion efficiency gains, and the effectiveness of the
spectral beam filter will be investigated through appropriate modelling.
6. CONCLUSION
In this paper a steady state model for a PECT SPTC receiver has been presented. Preliminary calculations
suggest that the PECT concept of hybridizing SPTC, Photo-Voltaic and NaS storage technology could lead to
an elimination of fossil fuel usage in SPTC plants, from an energy generation perspective. Should further
analysis confirm the feasibility of this concept through power plant efficiency gains, adopting the PECT
receiver into existing SPTC plants could see a significant reduction in CO2 footprint and provide the plant
with an inherent capacity to store electricity. This facility does not exist currently.
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7. NOMENCLATURE

View factor between absorber and glass tube
over glass tube

Heat energy of heat transfer fluid per unit length

Conductive heat loss from absorber tube to support bracket per unit length

Radiative heat loss from absorber tube to glass tube per unit length

Direct normal solar flux

3199

8. REFERENCES

Beckman, W.A., Duffie, J. A., 1991. Solar Engineering of Thermal Processes. second ed., Wiley, New York.
Cohen, G., 1993. Operation and efficiency of large-scale solar thermal power plants. In Proceedings of
Optical Materials Technology, Energy Efficiency and Solar Energy Conversion, SPIE, Vol. 2017, p. 332-337.
Forristall, R., 2003. Heat transfer analysis and modelling of a parabolic trough solar receiver implemented in
engineering equation solver. Technical Report, NREL/TP-550-34169, Prepared under Task No. CP032000
National Renewable Energy Laboratory(NREL), Department of Energy, USA.
Garcia-Valladares, A., Velazquez, N., 2008. Numerical simulation of parabolic trough solar collector:
Improvement using counter flow concentric circular heat exchangers. International Journal of Heat and Mass
Transfer 52 (2009) 587-609
Kays, W.M., London, A.L., 1984. Analytical solutions for flow in Tubes, in: Compact Heat Exchangers.
Krieger Pub. Co., pp. 115 -125
Kearney, D., Price, H., 2005. Advances in parabolic trough solar power technology. Advances in Solar
Energy. Vol. 16, Kreith, F., Goswami, D.Y. (Eds.), ASES, Boulder, Colorado, 2005
Mariyappan, J., Anderson, D., 2001. Solar thermal thematic review. Draft Report., The Global Environment
Facility (GEF) Washington, DC., USA
Odeh, S.D., Morrison, G.L., Behnia, M., 1998. Modelling of Parabolic Trough Direct Steam Generation Solar
Collectors. Solar Energy, Vol. 62, No. 6, p. 395-406
Price, H., et.al., 2002. Advances in parabolic trough solar power technology. Journal of Solar Energy
Engineering, Vol. 124, May 2002, 109-125
Price, H., 2003. A parabolic trough solar power plant model simulation model. ISES 2003 Conference
Report Preprint, National Renewable Energy Laboratory, 1617 Cole Blvd., Golden, Colorado, 80401, USA
Rolim, M.M., Fraidenraich, N., Tiba, C., 2008. Analytic modelling of a solar power plant with parabolic
linear collectors. Solar Energy 83 (2009) 126-133
Sudworth, J.L., Tiley, A.R., 1985. The Sodium Sulphur Battery. University Press, Cambridge, Great Britain
Tamakoshi, T., 2001. Recent sodium sulphur battery applications in Japan. A presentation at the ESA 2001
Annual Meeting, April 26-27, 2001, Chattanooga, Tennessee, USA

WEB REFERENCES
Hussein, Z., et. al., 2007. Modeling of sodium sulphur battery for power system applications. Elektrika. Vol.
9, No.2, 2007, 66-72 . Retrieved August 9, 2011 from www.fke.utm.my/elektrika/dec07/paper11dec07.pdf
Wang, U., 2011. The rise of concentrating solar thermal power. Press Release., July 14, 2011., The Global
Energy Network Institute. Retrieved August 9, 2011 from
http://www.geni.org/globalenergy/library/technical-articles/generation/renewableenergyworld.com/the-riseof-concentrating-solar-thermal-power/index.shtml

3200

ENHANCED HEAT TRANFER IN SOLARWATER HEATER (WITH
PARABOLIC COLLECTOR) USING PARTIALLY REFLECTIVE GLASS
1

T Chandrasegaran
1

Cognizant Technology Solution, Chennai (India)

1. Abstract
Solar energy collectors are special kind of heat exchangers that convert the solar irradiation into internal
energy of the flowing fluid. It is the major component of any solar system. There are basically two types
of solar collectors: non-concentrating (or stationary) and concentrating. The concentrating type
collectors require tracking mechanism for better performance. Solar water heaters with parabolic
collectors are very common type. Line focusing type of collection of radiation energy is adopted in
parabolic trough collectors. In this paper an attempt is made to incorporate partially reflective glass with
the parabolic collector. Partially reflective glass will allow 50% of the radiation to pass through and the
remaining 50% of radiation will be reflected back. This reflected radiation along with incoming
radiation is from the source is collimated to form highly intense radiation. This high energy radiation, if
allowed to focus on the flowing fluid will result in high temperature output.
2. Introduction
Nowadays, most(80%) of worlds energy demand is met from fossil fuels, massive exploitation of fossil
fuels leads to a real threat to the environment, through global warming and acidification of the water
cycle. The distribution of fossil fuels around the world is equally uneven. Middle East possesses more
than half of the known oil reserves. This fact leads to economical instability around the world, which
affects the whole geopolitical system. The present system as it is cannot be maintained for more than
two generations. The impact it has on the environment as well to the humans cannot be disputed. So it is
mandatory to switch to renewable resources.
Renewable energy technology produces marketable energy by converting natural phenomena into useful
form of energy these technologies use the sun’s energy and its direct and indirect effects on the earth
(solar radiation, wind falling water and various plants, i.e. biomass), gravitational forces (tides), and the
heat of the earth’s core (geothermal) as the recourses from which energy is produced . These resources
have massive energy potential, however, they are generally diffused and not fully accessible, most of
them are intermittent, and have distinct regional variability’s. These characteristics give rise to difficult,
but solvable, technical and economical challenges.
Nowadays, improving the efficiency of collection and conversion, lowering the initial and maintenance
cost, and increasing the reliability of and applicability make significant progress. Energy conversion
system that is based on renewable energy technologies appeared to be cost effective compared to the
projected high cost of oil. Furthermore, renewable energy system can have a beneficial impact on the
environmental, economic and political issues of the world.
At the end of 2001 the total installed capacity of renewable energy system was equivalent to 9% of the
total electricity generation. By applying a renewable energy intensive scenario the global consumption
of renewable sources by 2050 would reach 318 joules.
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3. Solar Collectors
Solar energy collectors are special kinds of heat exchangers that transform solar radiation energy to
internal energy of the transport medium. The major component of any solar system is the solar
collector. This is a device that absorbs the incoming solar radiation, converts it into heat, and
transfers the heat to a fluid (usually air, water, or oil) flowing through the collector. The solar energy
Collected is carried from the circulating fluid either directly to the hot water or space conditioning
equipment or to a thermal energy storage tank, from which it can be drawn for use at night or on cloudy
days.
There are basically two types of solar collectors: non-concentrating or stationary and concentrating. A
non-concentrating collector has the same for intercepting and absorbing solar radiation, whereas a
sun-tracking concentrating solar collector usually has concave reflecting surfaces to intercept and
focus the sun’s beam radiation to a smaller receiving area, thereby increasing the radiation flux.
Concentrating collectors are suitable for high-temperature applications. Solar collectors can also be
distinguished by the type of heat transfer liquid used (water, non-freezing liquid, air, or heat
transfer oil) and whether they are covered or uncovered. When solar radiation passes through a
transparent cover and impinges on the blackened absorber surface of high absorptive, a large portion
of this energy is absorbed by the plate and transferred to the transport medium in the fluid tubes, to
be carried away for storage or use. The underside of the absorber plate and the two sides are well
insulated to reduce the conduction loss the liquid tubes can be welded the absorbing plate or they can be
an integral part of the plate. The liquid tubes are connected in both the ends by large-diameter header
tubes.
3.1. Using reflective surfaces
In this type the collector consist of mirror in order to get a good reflection. Schematic diagram shows the
collector with reflecting surfaces. Here an attempt is made to impart the partially reflecting mirror in
between the collector and receiver, the purpose of partially reflecting mirror is to split the light into two
halves. The detailed explanation is given below.
4.

Physics Behind Partially Reflective Glass

In this paper an attempt is made to impart the partially reflecting glass to improve the efficiency of the
System. A partially reflected glass is also known as semi silvered glass which allows the light partially
into the target and remaining into the source. It is used in lasers in order to achieve the high coherent and
intense source of light. Initially small quantity of photon is generated by optical pumping and the
photons lies in between the partially and fully reflected mirror, and then the generated photon is
allowed to strike the partially reflective mirror.50% of photons passed to the required target, and
the remaining 50% enters into the source. By multiple reflections the intensity of the beam gets
increased. In this solar heater, a partially reflected glass is placed in between the collector and receiver,
when the incident sunlight fall on the collector it is passed to the partially reflective mirror. it send 50%
of radiation to the receiver remaining 50% return back to the collector, but the collector receiving the
radiation continuously, thus the intensity of the radiation get increased, thus very huge amount of heat
is generated.
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5. PRINCIPLE OF SUPER POSITION
When two waves travel in a medium simultaneously in such a way that each wave represents its separate
motion, then the resultant displacement at any point at any time is equal to the vector sum of the
individual.
It may be either constructive interference or destructive interference, it is shown in the below figure
(a&b).
As per the above consideration the incident light is allowed to enter into the partially reflecting
glass ,only 50% of radiation is allowed to strike the copper tube remaining 50% of radiation is
return back to the collector, in the collector the incident radiation also strikes it imposes with
each other resulting in either rise or fall in amplitude of the wave, when there is a rise in
amplitude there is a rise in energy level, because energy is proportional to the square of
amplitude, if it results in destructive interference the destructive energy is converted into heat
however our ultimate aim is to increase the heat this both way is used to increase the efficiency
of the system
6. Tables, figures, equations and lists

6.1. Tables
Tab. 1: Average reading for one week (during march 2010) without partially reflecting glass

Time

Amb

Inlet

Outlet

Temp

tem

Temp

Temp

Rise

9.00

33

31

31

0

10.00

33

30

32

2

11.00

33

30

34

4

12.00

34

32

38.5

6.5

13.00

34

33

41

8

14.00

34

33

41

8

15.00

34

33

40

7

16.00

34

34

40

6

17.00

28

33

37

4
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Tab. 2: Average
verage reading for one week (during march 2010) with partially reflecting glass

Time

Amb

Inlet

Outlet

Temp

Tem

Temp

Temp

Rise

10.00

33

30

31

1

10.03

33

30

34

4

11.00

33

30

40

10

12.00

26.5

29

43

14

13.00

25

29

44

15

14.00

26

30

50.5

20.5

15.00

26

32

43

11

16.00

26

32

41

9

17.00

25

32

40

8

6.2. Figures

Fig. 1: Parabolic collector with reflective mirror

Fig. 2: Schematic diagram of collector along with partially reflecting mirror
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Fig. 3: Constructive interference

Fig. 4: Destructive interference

Temp Rise (C)

COMPARISON OF RISE IN
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reflective
glass

Fig. 5: Comparison of rise in temperature

7. Conclusion
In this paper an attempt is made to introduce the concept of laser (coherent beam) for the application in
solar water heater. The experiments conducted shows there is scope to incorporate partially reflective
glass in the path of the solar radiation and this also results in the increased outlet water temperature.
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Abstract
The flux distribution on the focal plane of the receiver and spacing of parabolic dish collector arrays for
power generation are investigated in this paper. The mathematical models are developed to study the
variation in the image size on the receiver and thereby flux distribution on the focal plane. The effect of focal
image dispersion characteristics on the receiver is studied with respect to rim angle. It is observed that the
focal image size is very small for 40o to 50o rim angle. The optimum space required between the dishes is
investigated for deployment of power generation. The area covered and orientation of shadows depends on
time of the day, latitude of the place and declination. To compute the minimum distance required between
the dishes, a year round shadow analysis of dish collectors is performed for different arrangement of the dish
collector. Ground utilization factor (ratio of total collector area to land area) determines the fraction of solar
energy actually used out of the total energy received by the land area. A year round shadow profile of dish
collector is to arrive minimum spacing between the dishes to avoid shadowing. In-line arrangement of the
solar dish collectors is found to be a better choice in terms of the minimum land area required. The spacing
between the dishes in east–west direction is chosen such a way that it is equal to shadow length for a given
operating hours after the sunrise at solar azimuth angle of 90°. In north–south direction, the spacing distance
is equal to shadow length at noon at a declination of -23.45°. The generalized correlations are developed for
both east-west and north-south spacing distances as the function of latitude and plant operating hours.
Key words: Solar parabolic dish, Flux distribution, Spacing distance, Shadow profile, Land use factor
1. Introduction
The concentrating solar thermal technologies are one of the most effective ways of collecting solar energy.
Concentrating solar power systems use lenses or mirrors combined with tracking systems to focus sunlight
on focal plane where receiver is kept and the resulting heat is absorbed by a heat transfer fluid and used for
further applications. The primary mechanisms for concentrating sunlight are the linear Fresnel reflectors,
parabolic trough, power tower and parabolic dish. The concentrated solar radiation is to be converted into
high-temperature heat with an effective receiver design with minimum heat loss. The performance of the
large scale solar power plant depends mainly on the flux distribution on the receiver and shadow falling on
the reflecting surfaces by adjacent collector. Several attempts have been made to calculate the flux
distribution on receiver. Robert et al., (1957) carried out the theoretical investigation of flux distribution on
focal plane of dish system assuming the sun disk’s of uniform intensity. Jeter (1986) presented the procedure
for calculating the distribution of concentrated flux in parabolic collector. The procedure was based on the
concepts of flux integral and radiant intensity and the collector was assumed to be operating with zero
pointing error. Kaushika (1993) presented characteristics relevant to the design and cost consideration of the
multifaceted dish collector. Kaushika and Reddy (2000) investigated the flux distribution in a low cost
paraboloidal dish receiver and also determined stagnation temperature at focal point experimentally. Liul
et al., (2003) performed an error analysis for flux distribution on a receiver surface. Aparporn and Somchai
(2007) estimated flux distribution analysis on central receiver system. Reddy and Veershetty (2009)
developed a model for the flux distribution in the focal plane for a parabolic dish concentrator. This model is
used for estimating the image size and flux distribution at focal plane for fuzzy focal solar dish concentrator.
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Barra et al., (1977) prresented an analytical - numeerical method for evaluating the shading efffect in a typiccal
solar poower plant of concentrating cylindrical paarabolic collecttors tracking tthe sun. Appellbaum and Banny
(1979) analysed the shading of verrtical and incllined poles andd collectors. T
This informatioon was used for
f
optimall developmentt of collectors in a given arrea which inccludes the tilt angle, collector size, spacinng
betweenn the collectoors and numbber of rows. Groumpos and
a
Khouzam (1987) preseented a generric
mathem
matical framew
work for the anaalysis of the shhadow effect off large solar coollector power system for three
possiblee orientations: fixed tilt, full tracking and hhalf tracking. It
I has been fouund that full traacking collectoors
requiress more spacingg between them
m than half traccking and fixed
d collectors. Arronova et al., (22008) developeed
a numeerical model for
f determiningg the energy ggenerated by tracking photooelectric poweer modules wiith
partial shadowing. Th
hey have studdied how shadoowing influences the relativve annual lossees of the pow
wer
dules, and arriived at optimuum arrangemeent of the moddule at any chhosen place wiith
generated by the mod
minimuum losses. Theere is not mucch analysis hass done for shaadowing effect on power gen
neration for tw
wo
axis tracking concentrrating system specially
s
parabbloic dish collector. In this artticle an attemppt has been madde
to analyyse the spacingg between the dish arrays andd shadowing efffect on adjaceent dishes.
2. Mathema
atical modelliing for flux d
distribution and
a dish collector field an
nalysis
ncentrated solaar radiation flux
x is usually disstributed non-uuniformly overr the receiver suurface; therefoore
The con
the calcculation of the local flux conccentration ratioo is often difficcult. The aim of this work is to
t investigate thhe
flux disstribution on thhe receiver planne for the solarr dish collectorr and dish collector field anaalysis. A receivver
placed at
a the focal pooint of the paraabola interceptss all the solar rays
r
reflected by
b the dish refflector surface as
shown in Fig.1 and hence
h
high inteensity of radiattion is available at the receivver that can bee used as a higgh
temperaature heat sourrce for power generation. A typical layouut of the solar parabolic dish
h power plant is
shown in
i Fig. 2. The collector field consists of ann array of solar parabolic dishh collectors plaaced in east-weest
as well as north-southh direction. Thhe solar to elecctrical energy conversion
c
deppends on the av
vailability of thhe
s
irradiatio
on, optimum spacing
s
of thee dish arrays and
a operating hours. The op
ptimum spacinng
direct solar
betweenn the dishes must
m be chosen in such a way that the shado
ow of the dishees does not falll on the adjaceent
dishes at
a any point off time during a year.

Fig
g. 1: Solar parabo
olic dish collector configuration

Fig. 2: Paarabolic dish pow
wer plant layout

2.1 Ima
age formation
n on the dish receiver
Consideer a parabolic dish concentrrator as shownn in Fig.1 for analysing the image formattion at the foccal
plane. For
F a given aperture diameteer, the focal disstance ‘f’ of th
he concentratorr and its curvaature depends on
o
the rim angle of the dish.
d
The equation of the surffaces of the parrabola with resspect to their ow
wn axis is of thhe
form:
y=

x2
4f

(eq.1)

3209

Focal length is related to the aperture radius ‘R’ and half rim angle ‘θ’ as:
f =

R sin θ
2(1 − cos θ )

(eq. 2)

Elliptical images are formed on the horizontally placed receiver, because of the conical nature of the sun’s
rays (θs=32’). The width of the receiver can be fixed based on the major axis length of the elliptical images
formed. The semi major length of the elliptical image is given by:

a=

2 f tan θ s
cos θ (1 + cos θ )

(eq. 3)

The minor axis length of the elliptical image is given by

b = a.cos θ

(eq. 4)

The size of the image at the focal plane is twice the semi-major axis of the ellipse and is given as :

2a =

4 f . tan θ s
cosθ (1 + cosθ )

(eq. 5)

Area of the image at the focal spot is expressed as:

4πf 2 . tan 2 θ s
Ai =
2
cos2 θ (1 + cosθ )

(eq. 6)

Aperture area of the dish reflector is given as:

Ap = 4π f 2 .tan 2 (θ / 2)

(eq. 7)

Concentration ratio of the dish system is expressed as:

Ap sin 2 θ . cos2 θ
=
Ai
tan 2 θ s

(eq. 8)

2.2 Shadow around solar parabolic dish collector
The shadow length of the parabolic dish collector depends on the latitude of the place, declination and sun
altitude angle. The shadow length of the parabolic dish concentrator may be expressed as:
Lsh =

D
sin α

(eq. 9)

The sun altitude angle (α) is given as:

sin α = sin φ .sin δ + cos φ .cos δ .cos ω

(eq. 10)

The declination angle is given as:

⎡ 360
( 284 + n )⎤⎥
365
⎣
⎦

δ = 23.45sin ⎢

(eq.11)

The sunrise or sunset hour angles are obtained by setting the α = 0 in eq. (10) and expressed as:

cos ωsr = ( − tan φ .tan δ )

(eq. 12)

At any given solar altitude angle, the shadow cast by the dish on plain ground is in the form of ellipse except
for the altitude angle 90°, where the shadow is circular equal to diameter and at bottom of the dish. The
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length of major axis of the ellipse is equal to the shadow length and length of minor axis is equal to the
diameter of the dish, if the dish is perfectly tracking the sun.
The orientation of the shadow around the dish depends on solar azimuth angle, which is expressed as:

⎛ sin α .sin φ − sin δ ⎞
cos γ s = ⎜
⎟
⎝ cos α .cos φ ⎠

(eq. 13)

2.3 Positioning of the parabolic dish collector field and land use factor
The arrangement of the dish arrays are made in such a way that the land area required to arrange the dishes
must be as small as possible without the shadow falling on the any of the surrounding dishes at any time of
the operation in a day throughout the year. The spacing between the dishes in east-west direction must be
equal to the extreme shadow length at that operating hour to avoid the shadow falling on the adjacent dish.
The minimum shadow length will occur in east-west direction when the solar azimuth angle is 90° for given
operating hours on a particular day. Therefore, it is required to determine the declination (day of the year) on
which the azimuth angle is 90° for given operating hours to determine the minimum shadow length in eastwest direction. Equations (10), (12) and (13) are used to evaluate the declination at which the azimuth angle
is 90° for given operating hours and we get,

tan δ = -cotφ .cos{tan -1[-cot 2φ .cosecωx -cotωx ]}

(eq. 14)

The solar altitude angle at which the azimuth angle is 90° for given operating hours can be expressed as:

sin α |γ s =90o = sin φ.sin(tan −1 Y ) + cos φ.cos(tan −1 Y ).cos(tan −1 X − ωx )

(eq. 15)

where,

X = ( − cot 2 φ .cos ecω x − cot ω x )

Y = − cot φ.cos(tan −1 X )
Shadow length in east-west direction at azimuth angle 90° is expressed as:
Lsh _ EW =

D
sin α |γ s =90o

(eq. 16)

The spacing in north-south direction is chosen in such a way that the shadow does not fall on the adjacent
dish at noon in any of day throughout the year. In order to avoid the shadow falling on the adjacent dish at
noon, the spacing distance between the dishes is taken as maximum shadow length which occurs on the
declination -23.45°. For maximum shadow at noon, ω = 0° and δ = -23.45°. From eq. (10) the solar altitude
angle is expressed as:

sin α |δ =-23.45o = sin φ .sin δ + cos φ .cos δ

(eq. 17)

The shadow length in north-south direction at noon:

Lsh _ NS =

D
sin α |δ =-23.45o

(eq. 18)

Land area required around the dish, is the product of the spacing distances in east-west direction and northsouth direction for given operating hours and is expressed as:
Aland =

sin α |γ s =90o

D2
× sin α |δ =-23.45o

(eq. 19)
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Land use factor (LUF) is the ratio of the land around the dish to the aperture area of the dish which is given
by:

LUF =

Aland
4
=
Ap
π (sin α |γ =90o × sin α |δ =-23.45o )

(eq. 20)

2.4 Shadow effect on the adjacent dishes
The shadow of the dish on the adjacent dishes has been estimated. If the dish system operating hour and the
east-west direction spacing distance between the dishes is same, shadow will touch bottom tip of the adjacent
dish. If the dish system operates earlier than this hour, the shadow will fall on the adjacent dishes as shown in
Fig. 3. When dishes are viewed in the direction of the sunrays, on plane perpendicular to the sun rays
(X-X′ plane) they look like two circles just touching each other if the operating and spacing distance
selection timing are same, whereas if the operating time is earlier than the spacing distance selection time
they look like two circles overlapping on each other.
The shadow covered on the adjacent dish (area intersection of the two circles) can be expressed as:
Ash =

D2
⎛d⎞ d
cos −1 ⎜ ⎟ −
D2 − d 2
2
⎝D⎠ 2

(eq. 21)

where, d = distance between the centre of the dishes as viewed parallel to sunrays, when dishes are perfectly
focused to sun. The value of‘d’ depends on the solar elevation angle, solar azimuth angle and positioning of
the dish with respect to the other dish on which shadow is falling on it.
Dishes at focused position to sun

Sun
Shadow

X
α

d
X′
Fig. 3: Shadow falling on the adjacent dish operating at earlier than‘t’ hours after sunrise

Dishes profile view parallel to Sun rays

Fig. 3: Shadow falling on the adjacent dish operating at earlier than spacing setting hour

3. Results and Discussion
3.1. Image formation and local concentration at receiver
The super imposition of number of elliptical images with radial distance from target centre is shown in Fig.4.
Maximum concentration ratio exists at the centre as all the images formed overlap in the central region and
the concentration ratio decreases on moving away from the centre. The effect of the rim angle on the image
formed at focal plane by solar dish concentrator has been studied and is shown in Fig. 5. The concentration
ratio can be calculated by taking the ratio of the aperture area of the concentrator to image area at the focal
plane. It can be seen that the concentration ratio is maximum for rim angles about 45o.
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Fig. 4: Image formed on the receiver

Fig. 5: Concentration ratio as a function of rim angle

3.2 Shadow profile, positioning of the dishes and land utilization
To determine shadow profile around the dish for any operating time throughout the year, MATLAB code has
been developed. To illustrate how shadow profile occurs around the dish throughout the year, two extreme
latitudes of India say 8°N and 35°N are considered, operating from 2 hours after sunrise to 2 hours before
sunset is shown in Fig. 6. Each ellipse on west side represents the shadow profile for dish system operating at
2 hours after sunrise. When the dish is set to operate at 2 hours after sunrise, the shadow length will be
maximum and as time progresses the shadow length decreases receding towards the dish. The top most
ellipses correspond to the shadow of the dish for the declination -23.45°, whereas bottom most ellipses is for
the declination +23.45° and in-between ellipses correspond to other declinations. The similar shadow profile
will occur on east side at 2 hours before sunset. The shadow length will be longer at noon time for the
declination -23.45° than the declination +23.45°.
The shadow profile around the dish throughout the year depends on the latitude, operating hour, declination
and azimuth angle. The shadow length shown in Fig.6 is in non-dimensional form and expressed as the ratio
of shadow length to the diameter of the dish (Lsh/D). The position of the dish is shown as the filled circle at
the centre (only horizontal position) whose size is equal to its diameter. It is observed that at higher latitude,
the shadow profile is larger as compared to that of lower latitude places for the same operating hours. If the
system operates in the early hours of the sunrise, the shadow cast by the dish is very large as solar altitude
angle is low as compared to later hours. This shadow profile is useful in selecting optimum spacing between
the dish arrays without shadow falling on any adjacent dishes in any day of the year.
The arrangement of the dish arrays for latitudes 8°N and 35°N operating from 2 hours after sunrise to 2 hours
before sunset are shown in Fig. 7. The dish (DR) is taken as reference to locate other dishes around it. The
dishes DE, DR and DW are arranged in-line with spacing distance equal to the shadow length at 2 hours after
sunrise in east-west direction. The dishes DN, DR and DS are arranged in-line with spacing distance equal to
the shadow length at noon at declination -23.45o in north-south direction. The corner dishes (DNE, DSE, DNW
and DSW) are arranged such a way that they are in-line with respect to the adjacent dishes in east-west or
north-south direction spacing distance equal to shadow length in respective direction. The variation of the
spacing in east-west direction for the latitudes ranging from 8°N to 35°N and operating hours ranging from
half an hour to 2.5 hours is shown in Fig.8. The spacing between the dishes in east-west direction for
latitudes 8°N and 35°N, operating after half an hour and 2.5 hours after sunrise are found as 7.74D and
1.66D; 9.41D and 1.97D of the dish, respectively.
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(a)

(b)

Fig. 6: Shadow profile around the dish operating from after 2 hrs sunrise to 2 hrs before sunset at latitudes (a) 8°N and (b) 35°N

(a)

(b)

Fig. 7: Spacing distance between the dishes after 2 hours sunrise and 2 hours before sunset at latitudes (a) 8°N and (b) 35° N

The generalized correlation has been developed to calculate the spacing between the dishes in east-west
direction as the function of operating hours (t) and latitude using regression analysis for a range of latitude
from 8°N to 35°N and operating hours from half an hour to 2.5 hours after sunrise and is given as:

Lsp _ EW
D

= 2.846φ 0.133t −0.976

(eq. 22)

The deviation is found to be within the range of ±10%.
The variation of the spacing in north-south direction is shown in Fig. 9. For latitudes 8°N and 35°N spacing
distance in north-south direction is found to be 1.17 D and 1.91 D of the dish respectively. The generalized
relationship has been developed for spacing distance between the dishes in north-south direction as function
of latitude ranging from 8°N to 35°N by regression analysis and is given by:

Lsp _ NS
D

= 0.0007φ 2 − 0.0038φ + 1.1637

and the coefficient of correlation for the above relationship is 0.99.
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(eq. 23)

The variation of the land use factor (LUF) with latitude for various operating hours is shown in Fig. 10. The
LUF is found to be 11.55 (8.7% of total land) for 8°N, and 22.89 (4.4% of the total land) 35°N, operating
from the half an hour after the sunrise to half an hour before sunset, whereas for same latitudes dish
operating from 2.5 hours after the sunrise to 2.5 hours before sunset, the LUF is found to be 2.47 (40.4 % of
total land) and 4.79 (20.9 % of the total land) respectively.
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Fig. 8: Spacing distance required between the dishes in
east-west direction after different hours after the sunrise
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Fig. 10: Land use factor after various hours after/before the sunrise/sunset keeping
the spacing distance equal to shadow length at same hours for various latitudes

3.3 Shadow effect on the adjacent dishes
The shadow of reference dish on the adjacent dishes is illustrated in Fig. 11 for latitudes 8°N and 35°N
spacing equal to shadow length at 2.5 hours after sunrise and operating 1 hour after sunrise to 1 hour before
sunset. The reference dish (DR) may cast the shadow on the two or three adjacent dishes on different days in
a year. The dish (DR) may cast the shadow on one dish or two dishes simultaneously or some times there will
not be any shadow on any of the dishes depending upon the operating hours, spacing distance, latitudes and
declination. At the same time, dish (DR) will experience equal of size of the shadow by opposite dish/dishes.
The variation of the percentage shadow falling on the dish for different declination, operating at various
operating hours after sunrise to before sunset, when spacing distance equal to shadow length at 2.5 hours
after sunrise at the places of latitudes 8°N and 35°N is shown in Fig.12. At higher latitude, the range of
percentage variation of the shadow for the different declinations is more as compared to lower latitude
places. The average value of the percentage of the shadow is more at lower latitude as compared to higher
latitude places.
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(a)

(b)

Fig. 11; Shadow falling on the adjacent dish operating from 1h after sunrise to 1h before sunset and spacing distance
at 2.5 h after sunrise at latitudes (a) 8°N and (b) 35°N

(a)

(b)

Fig. 12: Percentage of shadow falling on the dish operating at various hours keeping spacing distance at 2.5h after
sunrise at latitudes (a) 8°N and (b) 35°N

4. Conclusions
The variation in the image length and image area on the receiver was studied as a function of rim angle of the
solar dish. Rim angle between 40o to 50o was found to be ideal as it gives small concentrated images. The
shadow profile around the dish throughout the year at various latitudes (8°N-35°N) in India for various plantoperating hours is determined. In-line arrangement of the solar dish collector arrays is found to be a better
choice in terms of the minimum land area required for setting up the power plant. The variation of the
percentage shadow falling on the dish for different declination, operating at various operating hours after
sunrise to before sunset was studied. It was observed that at higher latitude, the range of percentage variation
of the shadow for the different declinations is more as compared to lower latitude places. The average value
of percentage of the shadow is more at lower latitude as compared to higher latitude places.
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Nomenclature
semi major axis length of the elliptical images (m)
A
area (m2)
b
semi minor axis length of the elliptical images (m)
D
aperture diameter of the dish (m)
f
focal length(m)
L
length (m)
LUF land use factor
t
operating time (hours)
x,y
cartesian coordinates
Greek symbols
altitude angle (deg)
α
β
reflector title angle(deg)
azimuth angle (deg)
γ
θ
rim angle (deg)
reflected ray angle (deg)
θr

a

θs
sun aperture angle (32’)
δ
declination angle (deg)
latitude angle (deg)
φ
ω
hour angle (deg)
Subscript
EW east-west direction
NS north-south direction
i
image
p
aperture
sh
shading
sp
spacing
sr
sunrise
ss
sunset
s
sun or solar
r
reflection
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1. Introduction
The need for efficient energy generation in domestic houses push the research toward innovative system, that
can efficiently cogenerate electrical and thermal power for heating and cooling. A good electrical conversion
rate can be achieved when an energy source (hot sink) can reach temperatures of at least 250 °C. Both
conventional and renewable sources can be used to run a domestic cogeneration system; they can be in the
form of fossil fuels, biomass and solar energy.
This paper presents the analysis for a domestic solar concentration system, that is intended to be coupled
with a Stirling cogeneration unit. The proposed solar collector consists of an array of linear reflecting
parabolas housed on a small tracking system (Fig. 1), which focuses solar radiation on a series of vacuum
tubes. The heat is transferred to thermal oil suitable for operating at medium-high temperatures and finally to
the heat exchanger of a Stirling engine (Fig. 2). An example for such solar configuration has been developed
by the Digespo project (Digespo, 2010).

Fig. 1: An example of concentrating optics with a East-West tracking system

In most vacuum glass-tubes today, the fluid inlet and outlet are both located on the same side in order to
reduce cost, possible failures and losses. Consequently internal pipes can be configured in two distinct ways;
either a U-pipe configuration (Fig. 3a) wherein the pipe is bent at the end, or as a coaxial configuration (Fig.
3b) that allows for a pipe-in-pipe design; where the latter option is deemed easier to realize since there is just
one rather than two glass penetrations.
However the coaxial tube may still have some limiting factors with respect to functionality and efficiency.
The temperatures profiles and the heat transfer distribution may suffer from cross-conduction phenomena
between inlet and outlet flow, which generates an internal thermal coupling, and a non-linear maximum
temperature distribution along the pipe. This phenomenon, which can happen under certain fluid dynamic
condition, has been reported in literature (Glembin et al., 2010) as one of the limiting factors of thermal
efficiency. A low flow rate is identified in Glembin’s work as the main factor that can lead to strong internal
coupling and the appearance of maximum temperatures located within the outer pipe rather than at the tube
outlet. The presence of a maximum temperature differing from the outlet temperature causes higher radiative
losses from the absorber layer, a heat transfer effect which is particularly noticed when operating at high
temperature. The distinctive temperature profile and the increase of turnaround temperatures with respect to
the outlet temperature is shown also by Kim et al. (2007) and Han et al. (2008), who respectively developed
a one-dimensional numerical model and detailed 3-D simulations for all-glass vacuum tubes with a coaxial
conduit.

3218

Fig. 2: Cogeneration system layout

Internal thermal coupling can also create a risk of exceeding the boiling temperature for conventional water
collectors (Glembin et al, 2010). The same risk can also occur when thermal oils are used, since those fluids
have a maximum bulk and film temperature. Such temperatures should be carefully controlled and not
exceeded in order to preserve the fluid properties and performances.

Fig. 3: Types of vacuum tube collectors: (a) U-pipe configuration, (b) coaxial configuration, (c) conventional parabolic trough

The aim of this work is to analyse the main parameters which influence the temperature profile and
efficiency of a small-scale medium-high temperature solar concentrating array when a coaxial configuration
is utilized, by taking into account the influence of internal thermal coupling. For this purpose a model is
developed and presented. The model describes the main energy fluxes, and is capable of representing the
spatial temperature profiles. It simulates in details thermodynamics, by coupling radiative, convective and
conductive heat transfer with the fluid dynamics, both for laminar and turbulent flow. The model is adapted
from previous works in the field of concentrating solar collectors (Forristall, 2003) and covers the research
gap in domestic concentrating systems that use thermal oil as the heat transfer fluid. The theoretical approach
that is followed has been validated during field monitoring on bigger parabolic trough by Price et al. (2006)
and Burkholder and Kutscher (2009).
2. Theoretical model and parameters for the solar collector
A theoretical two dimensional model was developed and programmed to describe the temperature profile of
a coaxial collector tube coupled with a solar concentrating system. Previous research (Glembin et al., 2010)
has modeled heat losses with linear correlation, thus properly estimating irradiative losses only for
temperatures ranges typical of domestic heating waters system. Others model (Forristall, 2003) have been
developed specifically for receivers at higher temperatures, but they can be used to model only classical
parabolic trough (Fig. 3c), and are therefore not suitable to capture the nonlinearity arising from coaxial
configurations.
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2.1. Heat Fluxes
The pipe is divided in N computational cells connected along the axis (Fig. 4). A steady-state energy balance
is performed at every computational cell, from which temperatures and heat transfers can be calculated,
along with heat transfer coefficients and fluid physical proprieties. In Fig. 5 a section of the pipe is presented
for a generic computation cell, along with the points where temperatures and heat transfer are defined. The
innermost temperature is the bulk temperature of the fluid in the inside tube (T1ave), while the outermost
temperature represent the glass outer surface (T8). The returning flow in the section is identified by T4ave. The
temperature for the absorber coated surface is T6; temperature for the cover glass are T8 and T7. Temperature
of ambient (TAMB) and temperature for the sky (TSKY) are also defined, and will be used during the
calculation. The subscript “ave” states that temperatures and other proprieties for the fluid (density, velocity,
thermal capacity) are averaged between the outlet and inlet section of each cell.

Fig. 4: Schematic of the two-dimensional heat transfer model. The list of heat fluxes and variable in the image is not
exhaustive.

Fig. 5: Temperatures, thermal resistances and heat fluxes on a collector cross-section
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Tab. 1 below provides the definition for each of the heat fluxes involved and specifies the temperature nodes.
Tab. 2 show explicitly the variables used to calculate heat fluxes.
Tab. 1: Heat flux definitions

Heat Flux
[W/m]

Heat Transfer Mode

Heat Transfer Path
From

To

Solar irradiation
absorption

incident solar
irradiation

T8: outer glass
envelope surface

Solar irradiation
absorption

incident solar
irradiation

T6: outer
absorber pipe
surface

convection

T1ave: heat
transfer fluid

T2: inner pipe,
inner surface

conduction

T2: inner pipe,
inner surface

T3: inner pipe,
outer surface

convection

T3: inner pipe,
outer surface

T4ave : heat
transfer fluid

convection

T4ave: heat
transfer fluid

T5 : annulus,
inner surface

conduction

T5: annulus,
inner surface

T6: absorber
surface

radiation

T6: absorber
surface

T7: inner glass
surface

convection

T6: absorber
surface

T7: inner glass
surface

conduction

T7: inner glass
surface

T8: outer glass
surface

radiation

T8: outer glass
surface

TSKY: sky
temperature

convection

T8: outer glass
surface

TAMB: ambient
temperature

Stainless steel will be used as the test material within the tubes, since copper is not recommended due to the
high temperatures reached in system. Conductivity for the stainless steel tubes is assumed to be a function of
temperature (Eq. 1). Thermal conductivity in the glass is assumed to be constant, with a value of 1 W m-1K-1.
(Eq. 1)
To model the convective heat transfer from the absorber to the heat transfer fluid for turbulent and
transitional cases (Reynolds number > 2300) the correlation developed by Gnielinski (1976) is used. The
remainder convective heat transfer coefficients defined in Tab. 2 are calculated with the following Nusselt
number correlations:
with Ratzel et al. (1979) when pressure in the glass annulus is < 1 Torr and
Raithby and Holland’s correlation for natural convection in annular space when pressure is > 1 Torr (Bejan,
1995); for
natural convection is used in absence of wind while forced convection is used when
the wind is simulated on the glass envelope (Incropera and DeWitt, 2007). A detailed discussion over the
assumption and validity beyond those correlations can be find in Forristall (2003) and Incropera and DeWitt
(2007).
2.2. Heat transfer fluid
The heat transfer fluid used in the model is thermal oil Therminol66, which is commonly used for thermal
applications up to 345 °C. Thermal and physical proprieties implemented in the model can be found in
Solutia (2010). Both on the inner and outer pipe, the bulk temperature for the fluid (T4ave and T1ave) should
not exceed 345 °C, in order to preserve its thermochemicaly proprieties. Another limit is the film temperature
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(T5), which is the maximum temperature experienced by the fluid in contact with the absorber pipe. Film
temperature is calculated by the ratio of the heat flux density to the heat transfer coefficient. When the heat
flux density is very high, which is the case in a solar concentrating system, there is the risk to exceed the film
temperature, even if the measured bulk temperature is under its limit. Although very little fluid is present in
the film, if the film temperature exceeds the maximum recommended, the contribution to the degradation of
that fluid volume can be high.
Tab. 2: Heat flux equations and variables

Heat Flux
[W/m]

Equation

Variable Definitions
= optical efficiency for the
concentration system
= glass absorbance
= solar beam irradiance
= collector aperture
L = collector length
= absorber layer absorbance
= glass optical transmittance
convection heat transfer
coefficient
= inside diameter, inside pipe
= Nusselt number
= fluid thermal conductivity
= steel thermal conductivity
= outside diameter, inside pipe

Analogous to

-

Analogous to

-

Analogous to

= Stefan-Boltzmann constant
= outer absorber diameter
= inner glass envelope diameter

Analogous to

-

Analogous to

-

Analogous to

= glass envelope outer diameter

2.3. Energy and mass balance
The energy balance equation for the steady-state are determined by conserving energy at each surface of the
collector cross-section. The energy balance is imposed at every i cell. It should be noted that the heat flux
defined below have unit [W/m]. The usual heat flux per unit of area [W/m2] is returned when those flux are
multiplied by the length ∆L of the computational cell.
For i=1 to i=N
(Eq. 2a)
(Eq. 2b)
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(Eq. 2c)
(Eq. 2d)
(Eq. 2e)
(Eq. 2f)

(Eq. 2g)

(Eq. 2h)
The solar energy absorbed by the glass envelop (
) and absorber selective coating (
) are a
fraction of the solar radiation which is focused on the receiver by the parabolic mirror. They doesn’t carry
the i prefix, since they are assumed to be constant all along the collector length. The last two equations
represent an energy balance for the fluid inside the inner tube and in the annular tube, where kinetic energy is
also accounted for. Variation in the fluid velocity from the inlet to the outlet of each computational cell is
determined with the following mass balance:
(Eq. 3a)
(Eq. 3b)
Fluid specific heat capacity Cp1ave and Cp4ave are assumed to depend from the temperature and are evaluated
at the mean fluid temperature T1ave and T4ave, while density
and
are calculated from the
temperature at the outlet of the cell, T1out and T4out. At each cell the following equations are applied to ensure
consistency for fluid temperature and velocity along the axis:
(Eq. 4a)
(Eq. 4b)
(Eq. 4c)
(Eq. 4d)
In terms of temperature and velocity the imposed boundary condition for the inlet fluid are:
(Eq. 5a)
(Eq. 5b)
Due to the nonlinearities in the model an iterative procedure is required to obtain the solution of this system
of equation. The calculation ends when the convergence condition is verified. Segmentation in 100 elements
is deemed to be a good compromise between numerical precision and computing time.
Finally, efficiency is calculated with equation Eq. 6.
(Eq. 6)

2.4. Solar collector parameters
The typical variables used as an input for the model are presented in Tab. 3. The values for optical
proprieties used during all the simulations have been chosen according to the target proposed within the
Digespo project (2010), in the range of working temperatures from 250 °C to 350 °C (Tab. 4).
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Tab. 3: Input variables

Input

Unit

Description

T1inlet

°C

Fluid temperature at inlet

vinlet

m/s

Gb

W/m

TAMB

°C

Fluid velocity at inlet
2

Beam Irradiance on collector aperture
Ambient Temperature

Tab. 4: Optical proprieties description and assumed values

Optical
proprieties

Value

Description

0,05

Selective coating emissivity

0,9

Glass envelope emissivity

0,95

Selective coating absorbance

0,02

Glass envelope absorbance

0,97

Glass envelope transmittance

0,9

Parabola and tracking system optical
efficiency

The solar tube collector and the concentration optics have been given constructive characteristics and
dimensions typical for a domestic application (Tab. 5); each parabola has the same length as the solar
receiver and an aperture of 40 cm; the concentration ratio for the system is 11.
Tab. 5: Geometrical characteristics and assumed values

Geometrical
Characteristic

L
C

Value
[mm]

Description

8

Inner pipe, outer diameter

0,3

Inner pipe thickness

12

Annulus outer diameter

0,5

Annulus thickness

55,7

Glass envelope outer diameter

1,8

Glass envelope thickness

2

Collector length

400

Concentrator parabola aperture

11

Concentration Ratio

2.5. Simplification assumptions
The procedure described above leads to the heat transfer balance and temperature profile for a single solar
collector. The proposed system is to be arranged with the tubes in a parallel configuration. The analysis of a
single tubes is thus sufficient to characterize the whole system. The following assumptions are being made to
the proposed model:


The model calculates steady-state condition and thermal capacity are not accounted for.

 The solar flux on the receiver tube is assumed to be constant around the circumference, even if in
reality the parabola reflects the radiation mainly on the lower section of the absorber tube.
 The optical efficiency for the parabola and tracking system is assumed to be constant at 0,9. The
influence of the incident angle on the optical proprieties is not included, since the solar radiation is always
assumed to be perpendicular to the receiver aperture.
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 The model neglects thermal conduction within the pipe material along the tube axis. The same
assumptions is made in the models developed by Glembin et al. (2010) and Forristall (2003).


Thermal losses from the support fin clips of real tubes are not accounted for.

 Optical proprieties in the model do not depend on temperature; they are always assumed to be
constant.
 The model can simulate laminar and turbulent flow on the inner and outer tube. However, the effect
of redirection of the fluid at the turnaround is not modeled. The model thus slightly underestimate the
turbulence in this position.
3. Results and Discussion
3.1. Flow influence on collector performance and temperature profile
The model described computes the temperature profile in a coaxial vacuum tube. The collector efficiency is
here calculated when the inlet fluid velocity and consequently the flow rare is varied. During the simulation
all the other parameters have been keep constant, while fluid inlet velocity is varied within the range
indicated in Tab. 6. The flow rate can be derived from inlet velocity with equation:
(Eq. 7)
2

The collector aperture is assumed to intercept an irradiance of 1000 W/m , which is then concentrated on the
absorber surface. The collector area for the simulated collector receiver is calculated as follow:
(Eq. 8)
The collector performance is analysed with fluid entering in the collector at 300 °C, which corresponds to the
returning temperature from the Stirling engine heat exchanger.
Tab. 6: Parameters used in simulations

Input

Unit

Value

T1inlet

°C

300 °C

TAMB

°C

20 °C

Pann_torr

Torr

0,0001

v1inlet

m/s

from 0,01 to 1

Fig. 6 show that efficiency drops quickly when a fluid inlet velocity below 0,1 m/s is imposed. Efficiency is
about 80% at 0,1 m/s onwards, and it slightly increases after 0,4 m/s, when a turbulent flow regime is
established both on the inner tube and in the annulus.
A turbulent flow increases the value for the heat transfer coefficient and is responsible for better heat
exchange between the fluid and the absorber. The flow at the inner pipe becomes turbulent when the inlet
fluid velocity is at 0,1 m/s, while the same effect occurs in the annulus when inlet fluid velocity exceed 0,4
m/s. The annulus and the inner pipe can show different flow regime at the same time, due to different
hydraulic radius.
Efficiency decreases when the flow rate is reduced below a certain limit, due to temperature increases in the
absorber. Fig. 7 and 8 present the temperature profiles versus path length x (which is the ratio of the
distances from the tube connection to the overall tube length) for the case when the concentration is not
applied, and the solar incident radiation on the absorber surface is assumed to be 1000 W/m 2. In Fig. 7 the
inlet velocity is 0,1 m/s. The temperatures continuously rise from inlet to outlet. The maximum temperature
is achieved at the outlet, where the fluid exits at 305 °C and the temperature on the absorber is close to 310
°C. Fig. 8 show the temperature profiles for a lower inlet velocity. The fluid in the annulus decreases in
temperature when approaching the outlet since part of the heat absorbed is passing to the inner flow. This
phenomena is known as internal thermal coupling, and should be avoided, since under this condition the
maximum temperatures are located in the middle of the pipe. The absorber temperature (T6) exceeds 360 °C
in this zone, causing greater radiation losses compared to the case in Fig. 7. Another problem is related to the
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thermal fluid maximum working temperature (T 4ave, T5), which are exceeded inside the collector, even if the
outlet temperature is below the limit of 345 °C.

Fig. 6: Efficiency versus fluid inlet velocity

The internal thermal coupling would not be observed in a U-pipe configuration, since the two flows are not
in thermal contact through the internal walls. In this case a continuous temperature increase is established for
any flow rate. The effect of internal thermal coupling shown in Fig. 8 is less important compared with the
results from Glembin et. al (2010), which studied this phenomena using water as the thermal fluid; this is
explained by a lower thermal conductivity of the thermal oil compared to the one of water. Thermal
conductivity of the fluid seems to be the most important parameter which affect the magnitude of the
phenomena.

Fig. 7: Temperature profile for v 1inlet = 0,1 m/s. Fluid bulk temperature (T1ave; T4ave); film temperature (T5; T2); absorber
temperature (T6)

In Fig. 9 the maximum bulk and film temperature funded under different flows regime are shown. The film
and bulk temperature are kept below their limit when an inlet velocity of 0,4 m/s is imposed. It can be
concluded that a minimal flow rate should be carefully guaranteed, in order to avoid fluid deterioration inside
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the collector. Increasing the flow rate over this limit does not improve thermal efficiency (Fig. 6) and can
only lead to greater pumping losses. Since these collector are intended to be part of an electrical generation
system, the electrical consumption for the pump should also be optimized and kept at the minimum value
possible.

Fig. 8: Temperature profile for v 1inlet = 0,01 m/s. Fluid bulk temperature (T1ave; T4ave); film temperature (T5; T2); absorber
temperature (T6)

Fig. 9: Maximum film and bulk temperature for the fluid inside the collector, as a function of inlet velocity. The fluid is
entering in the collector with a temperature of 300 °C. The dashed line represent the maximum allowable temperature (345
°C) for thermal oil

3.2. Pressure losses in the vacuum annulus
The vacuum in the annulus between the absorber and the glass envelope is fundamental for good collector
performance. A raise in pressure can affect directly the heat transfer coefficient and the convective heat flux
between the absorber and the inner glass surface (
).
Collector efficiency is analyzed in this section when pressure is lost in the annulus, and air is assumed to
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enter in the vacuum space. The reference case is a collector with concentration optics that are exposed to
1000 W/m2 of solar radiation and a inlet velocity of 0,4 m/s (Tab. 7).
Tab. 7: Parameters used in simulations

Input

Unit

Value

T1inlet

°C

300

vinlet

m/s

0,4
2

Gb

W/m

1000

TAMB

°C

20

Pann_torr

Torr

From 10-7 to 104

Efficiency is plotted in Fig. 10 when pressure in the annulus is varied from 10-7 to 104 Torr. Results show that
the vacuum level is a parameter that strongly affects efficiency. Any gasses entering in this space can
deteriorate the performance, which rapidly drops when the value of 0,0001 Torr (0,013 Pa) is exceeded.

Fig. 10: Efficiency versus different pressure in the vacuum annulus. Efficiency start to drop when the pressure in the annulus
as reached 0,0001 Torr (0,013 Pa)

This value is confirmed by experimental data obtained under similar conditions by Mientkewitz et al. (2011).
This report show a stabilization in stagnation temperatures when the vacuum is better than 0,01 Pa, meaning
that an optimal condition is achieved and a better vacuum gives no advantages in terms of receiver
effectiveness.
4. Conclusion
In this paper a proposed cogeneration unit coupled with a small-scale concentration solar system is
presented. The advantages and problems associated to the use of coaxial vacuum tubes as the receiver is then
discussed. A computer program was developed to calculate the temperature profiles while considering the
internal heat exchange between the inner and outer pipe.
Its capability was used to investigate the influence of flow rate on efficiency and temperature profiles.
Results indicate that a minimum flow rate should be imposed in order to avoid efficiency losses and the
exceeding of temperature limits within the tube.
The efficiency has been shown to be strongly depend on the quality of the vacuum inside the glass envelope
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and a pressure limit is individuated. The theoretical result funded by means of simulations agree well with
experimental data obtained independently.
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1. Abstract
Solar thermal power plants concentrate sunlight onto special absorbers that convert the radiation into thermal
energy. The used ceramic absorbers in the solar tower power plant of Juelich are designed for thermal
stability and high absorption. The surface properties should be optimized in different ways to increase the
efficiency further. A new setup allows measurements of different optical and thermal quantities. The ceramic
absorber cups can be heated in an oven element more than 800 °C, the front surface remains freely accessible
for optical measurements. So the absorption and reflection as a function of temperature can be determined.
For reflection measurements, the absorber is illuminated with a parallel source of radiation from a range of
directions. With an integrated spectrometer connected to a measuring collimating lens the spectral
reflectance is determined from different view angles. The spectral radiation factor
is determined by
comparing the reflection of a white standard with the reflection of the test surface.

2. Introduction

Concentrating Solar Power Plants (CSP) use direct sunlight and concentrate it with mirrors on an absorber
that heats a fluid like air, water or molten salt [1]. The water is either directly converted into steam or
indirectly using a heat exchanger. A steam turbine and a generator are used to produce electrical energy.
The solar tower plant in Juelich is a large scale test facility that started operation in 2008. It uses an open
volumetric receiver, which is composed of small porous ceramic modules (about 0.02 m² each). These
modules are made of silicon-infiltrated silicon carbide (SiSiC). The radiation of the heliostat field is
concentrated on the absorber elements. These can reach temperatures up to 1000 °C and heat up air to the
working temperature of 680 °C [1], a temperature that could not be reached with water or molten salt.
In order to develop more efficient absorber elements, their optical properties must be known. At the SolarInstitut Juelich (SIJ) a setup has been developed, which is able to determine the angular distribution of the
spectral reflection and absorption of absorber surfaces at different temperatures, a heatable optical spectral
analysis goniometer (HOSAG). The construction and function of the measurement system is described in
section 4.
Some sample materials that are used for measuring solar radiation or can be found in other solar applications
are analyzed. The radiance factor of zirconium oxide at different temperatures is been quantified.
Furthermore the hemispheric reflection and emission at room temperature can be determined. The spectrum
of Aluminum oxide as a high temperature resistant reflector gives an impression of its reflection behavior at
different wavelengths. For all sample materials there are microscope images which help to understand the
optical behavior of the surfaces.
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3. Basics

3.1 Black body radiator
A black body radiator is a body which absorbs all incoming radiation and emits the maximum possible
energy according to its temperature. So the values for absorbance and emittance are 1. The radiant exitance is
dependent on the wavelength. Planck’s Law gives the equation for a black body radiator at a temperature T.

M

2 hc 2

1

5

e

hc
kT

(eq. 1)

1

For higher temperatures the curve gets to lower wavelengths. The sun has got a effective surface temperature
of 5778 K and emits radiation from about 250 nm until 2500 nm. The maximum of the curve lies at 500 nm.
Integrated over all wavelengths the radiant exitance gets to M= T4. A body at room temperature emits the
maximum at about 10 µm.
3.2 Absorption, reflection and transmission
Radiation that is impacting on matter can be absorbed, reflected or transmitted. The according quantities are
the absorbance , reflectance and transmittance . With the incident radiation flux i the radiation balance
can be written as

1 with

a
i

,

r

and

i

For opaque materials ( =0) the equation reduces to
reflecting materials are bad absorbers.

t

.

(eq. 2-5)

i

+ =1. One conclusion of this formula is that highly

3.3 Radiance factor
The radiance L with the unit W m-2 sr-1 is defined as the flux per unit solid angle and projected area. For the
measurement system another term is useful: The spectral radiance factor is the ratio of a surface’s radiance
LS and the radiance LD of a perfect diffusely reflecting standard. With a spectrometer all terms can be
measured as a function of wavelength.

( )

LS ( )
LD ( )

(eq. 6)

4. Experimental setup

4.1 Mechanics
The major components of the test setup are arranged inside a light-tight box which prevents disturbing
influences by ambient lighting. The absorber element is placed on a bracket in a cylindrical radiation heater.
The heater is secured with a surrounding insulation in a tube, thus forming a rotary furnace. In figure 1 the
cover is demounted for a better overview. An angle positioner on the bottom plate moves the oven around a
vertical axis of rotation. The angle transmitter at the upper end of the axis measures the surface’s angle to the
incident radiation. A rotation about a longitudinal axis is also possible with a special design. Parallel light
from the radiation source falls through a circular opening in the wall of the box directly on the front side of
the absorber element. The reflected radiation passes through a collimating lens into an optical fiber of a
spectrometer. Moved by a step motor, a pivoting measuring arm drives the probe to the required measuring
angles.
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Fig. 1: Setup of the measurement system

4.2 Parallel Light Source
The parallel light source uses a white light emitting diode which simulates the sun’s radiation. The spectrum
of the LED is shown in figure 2. The first importance is the parallelism of the light and the continuous
distribution of wavelengths. The mirror is coated with a metal on the outside. So the light does not have to
pass through a glass plate. The reflection is higher and more precise. Because of the polished parabolic form
the focus is very precise. A light source which is placed in the focus is reflected as a parallel beam.

Fig. 2: Parabolic mirror and light emitting diode in the focus
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4.3 Geometry and angles
The parallel light arrives into the box on a fixed axis. All angles are defined with respect to this axis. The
measuring surface can be rotated by an angle a. The sensor’s position is defined by the angle s. So the
difference between these two angles gives an angle
that describes the orientation of the sensor to the
surface normal. For s < a the angle has a negative value. The absorber element can also be turned
around its longitudinal axis with the angle , so that all directions of incoming radiation can be simulated.

Fig. 3: Definition of the measuring angles

4.4 White standard
The white standard is a disk of PTFE (polytetrafluoroethylene). It has a reflectance of 96 % and is nearly
constant for all wavelengths which are relevant for the measurement. It has Lambertian characteristics and is
used for both measurements of the direct and hemispherical reflection.

5. Sample Materials

5.1 Silicon infiltrated silicon carbide
Figure 4 shows a plate of silicon infiltrated silicon carbide (SiSiC) and a picture of the plate made by a
reflected light microscope. Because of the different orientation of the crystal planes the light is reflected into
various directions.

Fig. 4: Plane plate of SiSiC ceramic test material in two different scaled views
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5.2 Zirconium oxide
The second sample material is zirconium oxide (ZrO2), stabilized with calcium. The right part of figure 5
shows an image made by an electron microscope. It is a porous structure with a glazed surface. The gray and
black regions are the pore spaces.

Fig. 5: Plane plate of zirconium oxide ceramic test material in two different scaled views

5.3 Aluminium oxide
Figure 6 shows a plane plate of aluminium oxide (Al2O3) in the original size. Because of its high
temperature-resistance and good reflectance in the visible and near infrared region (figure 11) it is used as a
reflector for radiation with a high flux density. The surface of the material is very plane, the grains of the
microstructure are close to each other.

Fig. 6: Plane plate of aluminum oxide ceramic test material in two different scaled views

6. Results

6.1 Spectral radiance factor
The first diagram of figure 7 shows the radiance factor as a function of wavelength. The curves are plotted in
a different color according to their measurement angles, which are presented in the legend. In the diagram
below the mean radiance factor is plotted against the angle .
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Fig. 7: Spectral radiance factor at different viewing angles of a sample plate of SiSiC

The radiance factor is almost independent of wavelength. That means that the sample’s material is a gray
reflector. The radiance factor is changing with the viewing angle. There is no apparent trend because the
material structure is not homogeneous in the measurement area.
6.2 Measurements at high temperature
Figure 8 shows three signals. The green line is the reflection of the light of the parallel light source. It is the
typical shape of a white emitting diode. Because of its temperature of 600 °C the sample emits radiation with
wavelengths starting at about 600 nm, the surface glows with a red color. This emission is represented by the
red curve. The infrared fraction is a lot higher than the visible one, the curve is increasing very quickly into
the infrared region. Both signals, the reflection and emission are detected by the optical sensor. The blue
curve shows the overlap of the light reflection and thermal emission.

Fig. 8: Spectra of the emission, reflection and the overlap signal (porous geometry of SiSiC)

The surface of the zirconium oxide is measured at different temperatures. The angle of the incident radiation
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is 20°, the sensor is placed at a position with the angle
to the surface’s normal.
a

s

of 40°. As follows, the measuring angle

is 20°

Fig. 9: Spectral radiance factor at different temperatures of a sample plate of zirconium oxide

The curves of the radiance factor are different for every temperature. The shapes of them are similar,
described for a temperature of 400 °C. The factor starts from 0.1 at 420 nm until 0.55 at 660 nm. After this
maximum it decreases quickly to zero at 740 nm.
The averaged radiance factor is getting lower for higher temperatures. At room temperature the factor at
room temperature is 0.5 and 0.35 at 400 °C. Because of the method of the temperature measurement the
accuracy of the factor has a range. That is why the points at 401°C and 402 °C differ in 0.01.
6.4 Hemispherical measurements
The hemispherical measurements are made with a system that determines the hemispherical spectral
reflection of a surface. Additionally the absorption of solar radiation is calculated. It is 89.1 % for the sample
plate of SiSiC.

Fig. 10: Spectral radiance factor at different viewing angles of a sample plate of SiSiC
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The hemispheric spectral reflection of the plate is decreasing from 400 nm until 1020 nm, the minimum in
the reflectance. So the absorption of radiation is the highest at this wavelength around 1020 nm. From there
the reflection increases again. Between 1200 nm and 1900 nm there are no spectrally resolved data but a
median. The maximum of the respective weighting function lies at 1500 nm. The reflectance in this NIR
region is comparable with values around 500 nm.
Figure 11 shows measurements of the hemispherical spectral reflection of aluminum oxide. They are made at
three different points on the sample surface.

Fig. 11: Hemispheric spectral radiance factor of a sample plate of aluminum oxide

From the minimum of 35 % at 400 nm the reflectance increases quickly to over 70 % at 650 nm. The curve
runs at a level of 70 % ± 2.5 % from 650 to 1500 nm. That is why it can be used at a good reflector for solar
like radiation. Besides the region until 600 nm, the visible and near infrared range is usable for a high and
stable reflection.
6.5 Hemispherical emission
The emission measurement is made with a system which uses an integrating sphere coated with a diffuse
gold. Its detector is sensitive for wavelengths in the range from 8 to 14 µm. So the emittance is determined
by integrating over this interval. The plate of aluminium oxide is been measured at several points on the
surface at room temperature. The median of the emittance is = 88.4 with a standard deviation of 1.8.

7. Conclusion and further steps
A measurement system was developed which is able to determine the angle-dependent spectral reflection of
surfaces at different temperatures. The heatable optical spectral analyze goniometer (HOSAG) fulfills all the
requirements.
The determination of the angle-dependent spectral radiance factor provides information about the reflection
properties of a testing sample. The measuring surface can be heated up to stable temperatures about 1000 °C.
Furthermore the angle-dependent emission of a heated body can be measured.
Further developments will comprise the automatization of the data recording and a computerized control of
the angular adjustments. The wavelength range of the spectrometer is restricted to 250-1100 nm. With
another or an additional spectrometer values for the near infrared region could be analyzed.
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1. Introduction
Chile is located in the west coast of the southern half of South America. The country is a narrow strip of land that
stretches about 4300 km, with an average width of about 170 km. Chile shares borders with Argentina and
Bolivia to the east and with Peru to the north. The Pacific Ocean forms the entire western border of Chile, which
has a coastline stretching more than 6400 km. Geographically Chile may be divided into three macro zones: in
the north, the Atacama Desert stands as the driest place on Earth, with characteristic sandy and rocky terrain; a
central valley, where most of Chile’s population lives and where productive lands are located, having a mild
climate; and continuing south, a barely populated system of islands, fiords, and low mountains with a tough,
cool, and damp climate is found. This diversity of geographical features and climates makes endowed with a
wide range of natural resources, and through the production, addition of value and exports of such resources it
has emerged as a successful economy.
In the last decades, Chile has experienced a steady economic growth, resulting from sound economic policies
maintained consistently since the 1980s. This development has allowed Chile to increase the quality of life of its
inhabitants, reducing poverty rates by over half, and tripling its GDP in just two decades. A consequence of this
progress has been the increase in the overall energy consumption, both in the industrial and residential sectors. In
order to provide the energy needed to meet the rising demand, conventional sources have been used throughout
the years, especially imported oil, coal and gas (Fig. 1Error! Reference source not found.), making it a
growing net importer of energy. Renewable energy sources in use by the country comprise mostly
hydroelectricity and wood-based biomass. In the best case, renewable energy sources only account for 28% of
primary energy consumption, while non-renewable sources account for the other 72%. As also shown in Fig. 1,
in terms of power generation, renewable contribution is small and it mainly comes from. So, due to the reliance
on imported fuels that the energy matrix has, renewable energy sources are an alternative to diversify the energy
matrix with local resources. Remarkably, by December 2010 the installed capacity of not conventional renewable
energy (NCRE) in Chile was only 452MW, which represents 3% of the country's total installed capacity.

Fig. 1: Chilean Primary Energy and Power Generation Mix
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In addition, the incorporation of renewable energy sources to the matrix goes in line with the Chilean energy
policy, which is based on the main objectives of achieving competitive energy prices and ensuring energy
security supply while being environmentally friendly. With these objectives established, the current government
has set as a goal that by 2020, 20% of the power generation in the country must come from renewable energy
sources. It is expected that this ambitious target will boost the renewables industry by accelerating its deployment
and development, including the solar energy sector.
However, up to now the penetration of solar electricity in the country has been slowed down by its perceived
high costs and returns on investment that are lower than what investors expect in a deregulated electricity market
as the Chilean. However, the electricity costs produced from fossil fuels in Chile are among the highest within
the region and have displayed a tendency to increase during the last decades, which constitutes a comparative
advantage for renewable energy as the high electricity costs are expected to make competition for renewable
feasible sooner.
Here we present the results of a technical-economical analysis which considers radiation levels and investment
costs plus an investment tax credit in order to create a market penetration scenario for CSP technologies in
northern Chile. The analysis takes a 50 MW CSP plant model for which hourly simulations of electricity
production are performed. Electricity market sale prices are used for characterizing sales incomes. A 30-year
lifecycle financial analysis is performed which allows the analyzing the effects of applying the investment tax
credit. The analysis presents a base case without the investment tax credits, and shows how much a developer
could benefit from its application. The market penetration scenario allows predicting the total expenses for the
Chilean state if achieving a CSP-produced quota is desired.
2. Chilean Framework for solar energy technology
Over the past 30 years, Chile's energy policy has been founded on the premise that the best way to meet the
demand for electricity at affordable prices is to rely on competition among private utilities, regulating natural
monopolies and limiting the role of the State in any business decision. In 1982, Chile was a pioneer in the
privatization of the electricity market. Since then, the average cost of technology and technical reliability were
the only variables taken into account in decisions on capacity expansion, above and not considering other
variables such as diversification of the generation matrix (which could limit the emissions of greenhouse gases
by achieving equilibrium between fossil-produced electricity and renewable sources), improving local
technology development, or the creation of skilled jobs (Pueyo et al, 2011).
The assumption that competitive markets offer the security of supply was included in this approach to the mainly
private utility market. However, the heavy reliance on imported fossil fuels created periods of severe power
shortages during the last two decades, with the consequent rise in prices of electricity, as shown in Fig. 2, which
shows the evolution of prices of electricity sold in northern Chile (average market prices) as reported by the CNE
(National Energy Commission) by August 1, 2011. Here you can see that although in the long run has been
strong fluctuations (last year have fluctuated between 60 and 93 clp/kWh), the price has tended to stabilize at
around 66 clp/kWh, equivalent to approximately $ 0.13/kWh or 0.1 € / kWh.
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Fig. 2: Average market price in the SING, determined from the prices of contracts (PPA) reported to the CNE four months later.
The figure shows which is stabilized in the last year around 0.13 USD/kWh (∼
∼ 0.1 €/kWh, ∼65 $/kWh).

The great potential of solar energy in Chile has not been used since the long-term planning capacity to
incorporate renewable energy is not easily compatible with the current electric model that best fits the short-term
decisions for release through the order of merit. In the last five years, the regulatory conditions for the
development of the renewable energy in Chile have improved. This has been done through new laws, including
the creation of instruments for direct support (investment credit and subsidies for pre-investment studies);
availability of better information on renewable energy resources; and the recognition that diversifying the energy
sources is one of the central objectives of current energy policy. Thus, the regulatory framework has been
improved over the years, maintaining the original objective of minimizing the overall cost of electricity to all
consumers. The main changes include a policy to encourage demand for renewable energy in Chile (demand
pull). Law No. 20,257 entered into force on April 1, 2008, requires companies that sell electricity directly to
consumers to incorporate a renewable energy quota of 5% on sales of electricity. This percentage is required to
gradually increase in order to reach 10% by 2024. Companies that fail to meet this quota are subject to fines.
Finally, some institutional developments that favor renewable energy have been the creation of the Ministry of
Energy and the Renewable Energy Center (REC) in 2009. The latter is an entity that seeks to play a role in
accelerating investment in renewable energy and to become a center of knowledge and technology transfer.
2.2. Solar energy potential in Chile
Even as the quality of solar radiation data in Chile is not the best and considerable effort is being put into solving
this issue, the conditions in northern Chile are considered to be very favorable for the application of solar energy
conversion technologies, as stated by Ortega et al. (2010). In fact, as seen in Fig. 3, northern Chile has one of the
highest intensities of solar radiation in the world, with clear skies during most of the year, which would allow
solar field size per MW to be smaller than in other countries where CSP technologies have developed, thus
resulting in investment costs reductions.
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Fig. 3: NREL solar resource assessment in South America. In northern Chile can appreciate the DNI> 8.5 kWh/m2/day.(NREL,
SWERA project: swera.unep.net).

In the same geographical area that has the best solar resource (north of Chile) are concentrated major centers of
energy consumption (both electrical and thermal demand), resulting from the multiple mining activities within
the region. Given the above, Chile could have CSP plants closely located to points of consumption, thus avoiding
transmission lines cost and energy losses. The existence of industrial mining activities located in the same area,
with their auxiliary service providers and road infrastructure greatly facilitate the installation of CSP facilities, as
well as local manufacture of plant components. The energy demand of the Northern Interconnected System
(SING) is essentially constant (mining facilities operate 24 hours, seven days a week), while the power
generation mix is mostly based on coal power plants. Given this, the possibility of having continuous solar power
supply, as allowed by CSP technologies that include thermal storage, offer a unique opportunity to provide base
capacity without emissions of greenhouse gases. Finally, Chile is the largest exporter of thermal storage salts
currently in development for CSP plants, and it is thought that finding similar niches in auxiliary services that
this industry requires is completely feasible. In this sense, social and economic impacts of developing a CSP
industry (such as GDP growth, employment generation, human capital formation, productive clusters, among
others) is yet another benefit worth considering, especially when assessing the net cost to the state and the
benefits of CSP penetration.
2.3. Barriers for solar energy in Chile
Even in the context that it is possible to find ample opportunities for the penetration of solar generation
technologies in northern Chile, some barriers can also be found, such as the capacity of electric transmission
system is limited, so power projects above 350 MW should also consider expanding the capacity of the
respective transmission lines in their projects. Also, solar generation technologies are still relatively high in terms
of investment, and thus not necessarily allows for profitability of CSP technologies in a competitive deregulated
market context as the Chilean.
Therefore, it is thought that a business model that helps to accelerate the recovery of the relatively high
investment costs without changing the deregulated electricity market trade could bring the viability of this
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technology in the Chilean electricity market. An example of such a mechanism is an Investment Tax Credit
(ITC), the analysis of which is the main objective of this paper.
3. The Investment Tax Credit model
A support mechanism such as an investment tax credit (ITC) gives favorable tax treatment to those parties that
decide to invest in renewable energy projects at specific locations, by providing a partial tax write-off or credit to
investors. Chile has previously implemented investment tax credits to help promote other industries in its
northern and southern extreme regions, a mechanism that has not been widely used to promote renewable, as it is
not industry-specific but rather aims to promote investment in general.
In particular for northern Chile, what is called “Ley Arica“ or Law 19.420 establishes a tax credit for industries
that deploy in the extreme north of the country in order to foster investment and thus promote the economic
activity in an underdeveloped region. The main features of the “Ley Arica” are as follows
•

Credit Amount: The amount of credit reaches 30% of the value of physical assets to fixed assets, which
corresponds to construction machinery and equipment. It must be property subject to depreciation, have
a life time over three years, and an investments major larger than USD167.000.

•

Deduction period: The credit is deducted from the first category tax, and the unused credit can be
imputed in the following year.

•

Restrictions: The “Ley Arica” operates only with respect to investments that run until December 31,
2011, with the credit attributable to 2034.

Currently the so-called “Ley Arica” is only valid until the end of the year 2011; there are ongoing discussions in
the Chilean Senate about this topic, and a recently announced presidential message has promoted the extension of
the validity of this law to hold investments until 2025, thereby allowing for an additional period of 14 years, that
will allow companies to benefit from this law by allocate the credits generated until 2045 thus giving the benefit
a total period of 33 years.
It is thought that the application of this mechanism could result in a sustainable business model for CSP
developers to use in order to enable rapid market penetration by means of enhanced financial returns; although its
merits are evident on paper, so far no detailed analysis of this mechanism has been performed regarding its
financial consequences for both industry and state.
4. Evaluation Assumptions
In an effort to assess the impacts of this proposed support mechanism both to increase the returns to investment
and the respective costs and benefits that the extension of this law would mean for the state, a technicaleconomical assessment was performed for a reference plant of 50MW capacity, of the parabolic trough
technology with a thermal energy storage system. The analysis was performed for both optimistic and pessimistic
scenarios.
4.1 Breakdown of costs
Based on standard costs of such plants, we made two scenarios, one pessimistic (CSP2) and another optimistic
(CSP1), which consider the wide availability of solar resource and raw materials plus the proximity to centers of
energy demand. Table 1 shows the cost considerations implicit in each scenario, both for investment and for the
maintenance and operation of the plant.
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Tab. 1: Main cost considerations

Project

CSP 1

CSP 2

50

50

Plant capacity factor

47%

60%

Investment Costs (USD/W)

5,84

7,08

Total investment (MM USD)

292

354

O&M Fixed (USD/kW)

70

136

0,85

1,99

Capacity (MW)

O&M Variable (US¢/kWh)

4.2 Financing assumptions
The main assumptions taken for this reference financing conditions are as follows:
•

Financing: 20% own capital and 80% of 15-year finance, interest rate of 7%;

•

Internal Rate of Return: 10%;

•

CAPEX affected by the tax benefit (Arica Law): 75%;

•

Plants built within the province of Arica (30% tax credit);

•

Project Life: 30 years;

•

Depreciation: accelerated to 5 years.
5. Results

5.1. Impact on energy price
The economic evaluation aims to determine the levelized cost of electricity (LCOE) for both scenarios
(optimistic and pessimistic), both under the law Arica and absence of it, in order to establish a base case for
comparison of its profits. The economic evaluation considered the NREL’s CREST (Renewable energy cost of
spreadsheet tool), which used to determine costs and cash flows. This tool allows you to select two types of
payment of the tax benefit: “Carried forward” or “As generated”. As an investment project of this nature will
have to take operating losses during the early years and positive income will not materialize within 7 to 10 years,
the difference between two types of payment can model two different types of investors:
• Those without pre-project business operations (hereinafter "enterprise SOC")
• Those with pre-project business operations (hereinafter "enterprise COC").
Since the “Ley Arica” is a tax credit attributable to taxes that are later payable by the company, the fundamental
difference is that the SOC may not use company credit until after 7 to 10 years when it starts to rent, since before
that any taxes will not be counted against those who charge the credit. Conversely, a company may use credit
COC from the first year of project operations, attributable to its global taxes, which go beyond the project.
Undoubtedly, the type of company will determine the real benefit that the law will have on the energy price; here
only the case of companies who do best COC uses of this type of benefit will be evaluated and presented. Table
Nº2 shows, for both scenarios, the resulting LCOE for companies COC.
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Tab. 2: LCOE for both scenarios with a COC company

Proyecto
LCOE without ITC, COC
(US$/MWh)
LCOE with ITC, COC
(US$/MWh)
ITC effect
Utilized amount (Ley Arica),
(USD)
Percentage of ITC utilized (Ley
Arica)

CSP 1

CSP 2

160,1

180,2

124,1

145,5

22,49%

19,26%

65.700.000
100,0%

79.605.000
99,9%

The impact of the tax benefit is reasonably noticeable on LCOE, which was predictable, given that the “Ley
Arica” lowers considerably the annual net outflows during the first years of operation of the plant.
Table 3 shows the percentage difference between the LCOE of each project against an energy price of 130
USD/MWh, plus the eventual income from bonds to reduce emissions to a conservative value (∼12 US$/MWh
depending of the SING emission factor). These percentages represent the prices that are competitive in the
Chilean electricity market.

Tab. 3: Percentage difference between the LCOE of each project against an energy price

Proyecto

CSP 1

CSP 2

Average market price in the SING (USD/MWh)

130

130

Emission reducing (USD/MWh)

12

12

Percentage difference without ITC, SOC

-20%

-34%

Percentage difference with ITC, SOC

-17%

-32%

Percentage difference without ITC, COC

-13%

-27%

Percentage difference with ITC, COC

13%

-2%

It is noted that in the case of the company SOC, the “Ley Arica”, is not enough to provide competitive projects;
however, in the case of the COC business, it shows the effectiveness of the ITC, as the LCOE is reduced to be
very similar to the sales price of energy in the CSP 2 scenario, while being lower for the CSP 1 scenario.
3.2. Impact on local economy
This section examines the impact that a CSP project developed under “Ley Arica” could have on the local
economy in terms of direct and indirect jobs produced, both at the construction and the operation stages. To this
end we use the JEDI tool ("Jobs and Economics Development Impact Model") of NREL, which determines the
number of jobs by type and by stage as well as the income they receive both workers and the local economy.
JEDI considers different types of outlets as the economic framework of the geographical area concerned so as
various parameters of economic development (including industrial production local capacity v/s need to import
raw materials) depending on the state you choose. In that sense, we are currently conducting a second analysis
considering the specific economic conditions to the region of Arica; however, for this first approach, we
considered as a reference the District of Columbia (DC) that does have not an industrial and manufacturing
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activity specified in CSP, unlike for example the state of California, where this industry is highly developed, so it
is expected that the project's impact on the local economy may be smaller, yet more like what might be expected
in the region of Arica in Chile.
Table 4 shows the results of this analysis, illustrating the impact of each project during the construction phase,
during the operation stage (for each of the 30 years of the project) and finally the percentage impact of the tax
credit in the community for each project for the total time of the project (construction plus operation). One can
see that all projects have a fairly high impact on the local economy.
6. Conclusions
The solar conditions in northern Chile are considered to be very favorable for the application of solar energy
conversion technologies. In fact, the availability of suitable terrain, high radiation levels, and large electricity and
heat demand have sparked interest into the different alternatives that could be used in order to promote the
development of a CSP industry. Additionally, northern Chile is characterized by a high, nearly constant
electricity demand due to mining industry consumption, which is currently being satisfied by the operation of
fossil thermoelectricity.
Despite these advantages, the penetration of these technologies in the Chilean electricity market has not been
materialized, apparently because the high investment costs still do not allow utilities to achieve the expected
profitability of investment projects in a deregulated market such as Chile. However, there are subsidies such as
"Investment tax credits," that could be deployed in the extreme north of the country in order to foster investment
and thus promote the economic activity in an underdeveloped region. This ITC, called “Ley Arica”, could
provide a profitable business model CSP projects in this region through tax exemptions, increasing returns on
investment projects, bringing it closer to competitive prices even in the context of deregulated Chile.
On the other hand, the economic impacts associated with the development of such projects in regions as Arica,
are much higher than state costs that would involve implementation. But one should not forget that without these
incentive mechanisms it is currently not feasible to implement CSP projects, so this reduction in taxes income,
should not be understood as a reduction in public income, as without the ITC the CSP projects under discussion
here will not materialize, and therefore will not generate income and profits subject to taxes.
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Tab. 4: Resulting impact on the local economy

CSP 1
Jobs
Project
development

380

460

Workers income (MM US$)

58,63

71,03

Community income (MM US$)

69,52

84,23

219

265

Workers income (MM US$)

19,97

24,20

Community income (MM US$)

83,84

101,59

52

62

Workers income (MM US$)

4,01

4,86

Community income (MM US$)

10,20

12,36

651

787

82,61

100,09

163,56

198,18

Jobs

126%

126%

Community income

249%

249%

Total incomes

375%

375%

Jobs
Logistic

Jobs
Indirect Jobs

Jobs
TOTAL
CONSTRUCTIO

Workers income (MM US$)
Community income (MM US$)

Benefices/ ITC
Costs
(Construction)

23

23

Workers income (MM US$)

2,19

5,02

Community income (MM US$)

2,19

5,02

12

28

Workers income (MM US$)

1,02

2,31

Community income (MM US$)

3,50

7,94

4

6

Workers income (MM US$)

0,28

0,48

Community income (MM US$)

0,71

1,21

39

57

Workers income (MM US$)

3,49

7,81

Community income (MM US$)

6,40

14,17

Jobs
Operators

Jobs
Logistic and local
services

Jobs
Indirect jobs

Jobs
TOTAL
OPERATION

Benefices/ ITC
Workers income
Costs
Community income
(Annual
Total incomes
Operation)
Amount of credit (MM US$)

Benefices/ ITC
Costs
(Total)

5%

10%

10%

18%

15%

28%

65,70

79,61

82,61

100,09

Community income (MM US$)

163,56

198,18

Total incomes (MM US$)

246,17

298,27

Workers income

285%

420%

Community income

541%

783%

Total incomes

826%

1203%

Workers income (MM US$)
ITC Benefices
(Total)

CSP 2
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Abstract
The dish-Stirling technology for electricity generation has been in development during more than 25 years.
This technology using a Stirling engine fed with solar energy means a promising development regarding
power generation. The value of efficiency of this technology, around 30% of normal direct solar radiation, is
the highest when compared with other solar energy generation systems. However, the dish-Stirling
technology has not achieved enough advancement to be really competitive with other renewable energy
technologies. The competitiveness must take into account technical, economic and environmental issues. A
state-of-the art review has been carried out in order to identify the developments needed to guarantee the
feasibility of using the dish-Stirling technology for energy production, further than demonstration facilities
that have been operated so far. The economic feasibility of dish-Stirling depends highly on equipment
amortization, so the continuous operation of the system is a key factor. It would also improve the
environmental impact since it means to decrease the environmental load of facility construction, due to the
fact that this facility would be used for more time than exclusively operating from sun energy. The
developments enabling this use are, on one hand the system hybridization, in such a way that guarantees the
operation of the system with other energy sources when solar is lower than nominal operation value or is not
available. On the other hand the thermal storage, providing system operation with stored energy during some
periods such as transients. The stored energy would be obtained from excess of sun radiation in relation to
nominal operation value. In this paper, a review of literature concerning state-of-the-art and developments of
dish-Stirling technology has been performed, presenting the most outstanding issues considered for future
implementation.
1. Introduction
In the last decades the demand of energy used by the human being has increased exponentially. With the
main objective of supply this huge demand of energy, a lot of technologies have been developed. Until now,
the most important percentage of the primary energy demand is covered by fossil fuels (Report International
Energy Outlook, 2008). However, in the last years, the fossil fuel depletion, together with the environmental
degradation caused by their use, has led to an increase in the use of clean technologies. In this way a variety
of renewable energy technologies have been developed. One of the advantages of the renewable energies is
that this kind of energy coming from the nature cannot be depleted. Thus, the scientific research and industry
development in this field has been supported by local and global policies, in order to achieve sustainability of
the Earth.
Regarding to the electricity generation the same problem appears. Now, the electricity can be produced from
a variety of sources: thermal (from fossil fuels), hydraulic, nuclear and renewable. However, the biggest
contribution is the one corresponding fossil fuels because nowadays the thermal sources are the most used
for this electricity production in most of the countries (Varun et al, 2009).This intense use of fossil fuels has
a clear consequence, an increase in the emission of pollutant gases.
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In this context, the use of renewable energy must be promoted, and therefore research and development on
them. Currently the use of renewable energy has meant the development of a variety of technologies,
optimizing durability and cost issues, in such a way that some of them have achieved an acceptable level in
comparison with conventional fossil fuel technologies. One of these technologies is the solar thermal
technology.
The solar thermal technologies are: central receiver, parabolic trough and dish-Stirling. The two first
technologies are suitable for high value production of electricity, whereas dish-Stirling technology enables
distributed generation with units varying from 3 to 25 kW (Gener, 2008). Basically, a dish-Stirling unit
consists of a dish receiver to collect and direct the sun rays in such a way that the concentrated sun energy is
transferred to the fluid inside a Stirling engine. This engine is the responsible for producing the power that
will be converted to electricity by means of a generator. The unit is supported by a metallic structure, placed
on a concrete settlement to provide stability. The stability of the dish-Stirling unit is a significant issue, since
the system has a tracking system to follow the sun rays guaranteeing the proper shape and position of the
concentrated sun energy. The dish-Stirling technology presents the advantages of modularity, with possible
applications varying from isolated facilities for distributed energy to big facilities with the aggregation of a
high number of dish-Stirling units.
The dish-Stirling systemis the solar technology with a highest potential in the long term, due to the high
efficiency and modularity, being especially attractive from the point of view of planning and funding
(Romero, 2008). This technology could have a lot of importance in the distributed energy field (Pantoja,
2007). In spite of the high potential, the limitation of unit power (in any case lower than 25 kW) can avoid
the use in applications for big scale production. Thus, the clearest application is the distributed generation for
electricity production in isolated places where electric net is not available, where the dish-Stirling technology
can be competitive with current commercial systems, such as photovoltaic or diesel generation.
The SBP company, working in the development of the dish-Stirling technology, establishes future costs
around 0.08 €/kWh (Web SBP), that agree with objective values around 0.06 €/kWh of energy prices fixed
by DOE (Department of Energy) of USA (WEB EIA) for 2011. It must be also taken into account that
renewable sources mean an alternative in the long term for conventional fuels that could have an important
cost increase due to resources depletion, together with politics issues for energetic independence. In
particular, dish-Stirling energy could be compared with photovoltaic energy since it means the alternative
facility for similar applications. The current value for photovoltaic energy is around 0.3 €/kWh (Solar Energy
Tecnologies Program, 2009), though this value depends highly on facility size and type. Besides, the
development of new technologies can further reduce this value in the short term, in such a way that the
photovoltaic energy could be competitive without the need of government funds in 2015. The future
comparison of photovoltaic with dish-Stirling is yet under uncertainty, and development issues will be
determinant to favour one or other technology. Last but no least, the environmental evaluation of the dishStirling technology must be taken into account. It is necessary to provide a comparative environmental
assessment of dish-Stirling technology with respect to a similar facility using the Life Cycle Assessment
procedure. Comparing the dish-Stirling technology respect to the photovoltaic technology (Bravo, 2010) and
analyzing the results in terms of CO2 emissions, it has been obtained that the level of environmental impact
is similar for both technologies.
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2. Review of dish Stirling technologies
The dish-Stirling technology has been studied in several research and development projects with a number of
demonstration facilities supported by different companies and research bodies around the world (Reinalter et
al, 2006) (Manzini et al, 2003).
The first dish Stirling systems had heater heads in which the solar flux was directly absorbed by the working
fluid of the Stirling engine. This working fluid was circulating inside the tubes of the heater heads. Some
examples of this kind of configuration are: the United Stirling of Sweden AB (USAB), the Vanguard system
and the McDonnell system. These were some of the first developments in the dish Stirling field. Later, there
was others like STM/Detroit Diesel 4-120 (STM4-120) and the Japanese Aisin Seiki Miyako Island
NS30A (Stine et al, 1994). Each one of these systems had its own Stirling engine. The latest in this list is the
system developed by the German company Schlaich, Bergermann und Partner (SBP) using the Stirling
engine V-160 developed by SOLO kleinmotoren.SBP is a German company that has participated in the
European project EURODISH (1998-2001) and ENVIRODISH (2002-2005), for the development and
demonstration of dish-Stirling technology, together with other European companies and research institutions.
These projects have worked on demonstration facilities in different European countries, such as Germany,
Italy, France and Spain (Plataforma Solar de Almería – PSA- and Sevilla University) (Stine et al, 1994).
Development projects carried out by SBP and SES (Stirling Energy Systems) resulted in commercial
equipment. As for the project leaded by SAIC (Science Applications International Corp.) and STM Power
Inc., and the one coordinated inside the Cummins Dish-Stirling Joint Venture Program by associated
members of the project WGA, both carried out in the United States, there is no information related to later
commercialization.
Other companies such as Infinia (Web Infinia) in the USA are also leaders in the developments of dishStirling systems. Infinia is an organization that works on development of Stirling engines. The dish-Stirling
technology units of 3 kW (PowerDishTM), is included in their technological offer both for distributed
generation or big scale facilities. The first plant with Infinia technology is Casa delÁngelTermosolar, located
at Casa de los Pinos (Web Renovalia Energy), Cuenca (Spain), with 0.99 MW power. The following project
is 71 MW power and is located at Villarobledo, in Albacete (Spain) (Web EnergíasRenovables), currently in
development phase. Innova is the latest company that has developed a mini-Dish Stirling (Web Innova).
3. Future of dish Stirling systems
The next years are going to be crucial in the development of the dish Stirling technology. One of the key
issues for the commercial implementation of the dish Stirling systems is the cost of energy provided by this
technology. In this sense, it is decisive to ensure the operation of the facility the longer time possible. As the
operation of any solar technology depends on sun irradiation, the two main developments are focused on
overcoming the limitation of this irradiation that depends on climatic conditions. On one hand, the use of
other energy sources in combination with solar energy, so they can be used alternatively depending on
climatic conditions. Thus, the system should be hybridized in order to enable the use of the equipment with
different energy sources. It is especially interesting that the alternative energy sources are renewable, so the
dish-Stirling unit works with less environmental impact. On the other hand, if sun energy could be stored so
it could be used in times where it is not available or when the sun irradiation does not reach the nominal
operation value of the system, it will mean also a great advantage. These two developments: hybridization
and thermal storage would mean improvement regarding amortization of equipment, and also regarding
transient operation
.
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3.1Thermal storage options.
The use of thermal storage enables to store energy when this is not necessary for operation, in such a way
that it is available in the appropriate time, transient times, start-up or when the main source energy is not
available (in the case of solar energy, in cloudy days or during night).
The thermal storage can be performed with Phase Change Materials (PCM). The thermal storage system
associated to a dish-Stirling system could be installed as an isolated system, or integrated with a reflux
receiver in case this technology is used in the system. For both cases, the management of the system is a key
issue so it regulates the periods of energy storage and release.
As for potential fluids working as PCM, there are experiences for Stirling engine in lithium fluoride
(Asselman, 1976) (London et al, 1990) and magnesium hydrates (Wiersea et al, 2007). As for known
systems, in the 2009 Clean Technology congress (Weaver, 2009) a low-temperature Stirling engine –
SolarHeartTM Engine- was presented for conversion of hot sources around 100-300ºC, including thermal
solar, geothermal and industrial waste flow. The facility integrated sun roof collectors (SolarFlowTM
System) with a tank for thermal storage, including also an advanced control system to optimize the generated
or stored energy for power supply.
For PCM selection, the key factors are nominal temperature, that in the case of dish-Stirling engine is high
(around 500-900ºC), and thermal capacity (Gil et al, 2009). There are also other factors: cost-benefit balance,
and technical and environmental criteria. The cost depends on the PCM itself and also on the heat exchanger
needed for charge and release of the system. As for technical aspects: high energetic density, good heat
transfer coefficient (efficiency), mechanical and chemical stability (to withstand cycles of charge and
discharge), compatibility with other materials, reversibility of cycles of charge and discharge (hysteresis),
low thermal losses and easy control management.
Regarding dish-Stirling technology, it is known that Stirling Energy Systems (SES) and Infinia are working
on the integration of thermal storage systems. In particular, Infinia started a project supported by DOE,
where 40-50 systems will be used for demonstration in Sandia facilities. As a result of the research, Infinia
presented a patent in 2010 (reference WO2010006319) (Qiu et al, 2010).
The device for thermal storage presented in this patent consists of a container with the PCM, having an input
and output for heat flow. This device is reflux receiver type, in such a way that the input receives energy
from an external source through thermal energy transport members. The energy is transferred either to the
output and / or the PCM. Other thermal energy transport members will be in charge of transferring energy
from PCM to output when this energy is required. The output is connected to the Stirling engine. The control
system is significantly important to manage heat transfer flows through elements operation. In this patent,
extensive information is presented regarding material selection that must take into account a high phase
change temperature together with a high latent heat of fusion. This is the case for eutectic salts, such as
LiF/NaF/MgF2, LiF/NaF y NaF/NaCl, or other material such as Li, LiOH, LiH, LiF/CaF2, LiF, NaF, CaF2 y
MgF2. In this patent, the lithium hidrade (LiH) is presented as one of the most suitable PCM for use in the
dish-Stirling technology. LiH has a high specific energy, available in the range of working temperature from
500 to 1000ºC.
The lithium fluoride (LiF) has also suitable values, with the highest energy density in this range. There are
eutectic salts, such as LiF/NaF/MgF2, with similar values for operation in the dish-Stirling systems.
However, LiH and LiF have advantages regarding production and use of the PCM, due to weight and
security reasons.
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The thermal storage system presented in this patent can operate in combination with hybridization in such a
way that there are two different input energy sources.
3.2Hybridization options.
The hybridization is the use of several energy sources in a facility. The advantages are: adaptation of
production to electricity demand (flexibility), stability of production in transient period, management
improvement, increase of use of equipment (amortization) and start-up support. Hybridization is significantly
interesting when it is applied with two (or more) renewable energies, both for resources consumption and
pollutant emissions. The environmental impact of hybridization has been evaluated for different combination
of energy sources: wind energy with biomass (Perez et al, 2010) and wind energy with photovoltaic energy
(Nema et al, 2009). If the environmental impact of the isolated energy sources is considered, it results
specially interesting to apply hybridization of solar energy with biomass, since they are the ones that present
low values regarding this indicator.
As for the dish-Stirling technology, a number of developments have been carried out by different companies
and research institutions. The hybridization means an important potential for cost reduction (Eyer and
Iannucci, 1999) of the technology with the highest efficiency for solar energy power generation. The design
of the hybrid receiver, that provides the heat transfer to the Stirling engine from solar or the alternative
source, is the key point of the developments, since is a complex technical issue.
The hybridization projects for dish-Stirling technology were initiated in 1981. In the present article only the
most recent (since 1995) and important developments are mentioned and briefly introduced. These are:
SAIC/STMSundish System (1999-2000) (Mayette et al, 2001),Biodish (2000-2003) (Ramos et al, 2010),
HYPHIRE (1997-2000) (Laing and Reusch, 2001) (Laing and Palsson, 2002) and Sandia project (19952002) (Moreno et al, 1999):
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•

SAIC/STM Sundish System (DIR): installation of a dish-Stirling unit in a landfill for exploitation of
biogas, with a time of operation of 600 hours. The main problem found was the fouling due to
composition of biogas and the lack of continuity of this composition. A filter a continuous
monitoring of the composition was necessary to adapt combustion characteristics. The receiver
consists of a bundle of thin parallel tubes, located in a truncated cone.

•

Biodish (DIR): ceramic cylinder-shape receiver that absorbs sun radiation in the inner face and
combustion energy in the outer surface, alternatively or at the same time. The combustion burner is
swirl type. The ceramic material is silicon carbide (SiC) reinforced with carbon fibre to withstand
the high internal pressure (up to 150 bar). The main drawback of this receiver is the complex
production and the high cost. This project performed also an economic analysis for feasibility of a
plant with 50 to 100 dish-Stirling units hybridized with gasified biomass.

•

HYPHIRE (reflux receiver): heat pipe receiver of sodium, with a working temperature between 700
and 850ºC. It consists of three heat exchange surfaces: inner surface for receiving sun energy, outer
finned surface for gas combustion and heat output for Stirling engine. The system can operate
isolated or simultaneously with both energy sources. It has been tested during 117 hours in sun
mode, 92 hours in combustion mode and 56 hours in simultaneous mode in PSA (Plataforma Solar
de Almería).

•

Sandia (reflux receiver): heat pipe receiver of sodium, with a working temperature around 750ºC.
The combustion system is provided with a metallic matrix burner, operating in radiant mode. The
exchange surface with combustion gases is provided with fins to enhance the heat transfer.

An important issue for the design of the hybrid system is the burner selection. It can be determinant for the
design of other components, such as the receiver, since it collects the energy released by this burner. The
burners are classified according to different criteria (Baukal, 2004). The pressure supply determines if the
burner is atmospheric or supercharged. The time where the mixture between oxidant and fuel is done,
determines if it is a premix burner. If the combustion takes place very nearly to burner surface without
diffusion flame, the burner is called radiant. Thus, the combustion energy is released by radiation caused by
the high temperature of the material.
The fuel type must be also taken into account. It determines if the burner is considered as gas, liquid or solid
burner. The gaseous state of the fuel improves the mixture with the oxidant, thus improving the combustion
both for energy release and emissions level. In the case of liquid state, the fuel must be vaporized before
combustion, thus adding complexity to the system. As for solid fuels, the complete combustion depends
highly on the aggregation level and the status of the solid. The fouling is also more critical for solid fuels,
followed by liquids.
As for burner geometry, it can be basically rectangular or round-shaped. The latter is preferred due to
production considerations and elimination of corners that can represent failure points of the burner. In
another geometrical position, the burner can be located concentrically to combustion source. The burner
shape determines also the fluid movement. Thus, a turbulent flow can be imposed (swirl flow) in comparison
to laminar flow. The level of turbulence has an influence also on combustion conditions. There are low
turbulent burners with specific flame characteristics specially designed to operate with poor mixture with
high efficiency and low emissions (Cheng et al, 2000).
Regarding material, the burner can be metallic or ceramic. Depending on the material selection, the burner
can withstand the high combustion temperature with both type of material. The ceramic burner has a better
mechanical stability, though its drawback is fragility.

CONCLUSIONS
In this paper, the state-of-the art of dish-Stirling technology has been reviewed, emphasizing the two
technical developments that could assure its future implementation: hybridization and thermal storage.
Nowadays, the dish-Stirling technology is presented as a promising technology, but yet in development
phase. This technology can play a key role regarding distributed generation systems due to unit modularity
with power range from 3 to 25 kW. As for big scale grid-connected applications consisting of a large number
of dish-Stirling units, the commercial facilities that are being constructed at present in the USA could be
related to energetic independence more than to real competitiveness of the technology. In fact, in the USA,
the dish-Stirling suppliers receive important support from government for research projects, mainly SES
(Stirling Energy Systems) and Infinia.
Hybridization is one of the developments that linked to dish-Stirling technology could guarantee a
comparative level with other power generation technologies. It improves reliability and flexibility of system
operation, and increases time operation for the facility. Besides, if the secondary energy source is a
renewable source, such as biogas, the environmental impact could be further optimized. Future works on
hybridization should take into account previous works that are presented in this paper, together with
considerations regarding burner definition. Also the use of thermal storage can provide to dish-Stirling
technology of competitiveness. The use of stored energy accumulated in the system itself when the energy
level exceed the nominal operation value, improves also reliability and flexibility. In this case, a recent
patent of one of the company leaders of dish-Stirling technology, Infinia, has been analyzed.
The current review has enabled to identify developments needed for future implementations of dish-Stirling
technology. Thus, there are technical challenges to face to assure real feasibility of this promising
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technology. Further efforts are required to result in profitable and reliable systems that can generate power
both for distributed generation and grid-connected applications, guaranteeing a continuous operation based
on combination of solar and other renewable sources.
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Introduction
A new CLFR “Etendue Matched” is a promising CSP technology to achieve a better cost effectiveness with a
lower levelized cost per m2. This new technology can significantly reduce shading and blocking existing in a
conventional LFR (Chaves, 2009; Chaves, 2010), while at the same time optimizing primary and secondary
concentration to the limits allowed by first principles in optics. A preliminary evaluation of the optical and
thermal performance has been performed (Canavarro, 2010, Horta 2011), and a configuration for a full scale
CSP power plant proposed, with two secondary receivers (Fig.1), i.e a multiple receiver solution.
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Fig. 1: New CLFR “Etendue Matched” proposed
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Fig. 2: Yearly DNI for the locations considered

Simulation Model
In the last 10 years several CSP plants have been built, more than 90% of them are PTR plants. In Spain, due
to the tariff scheme, most plants are 50MW plants, some of them have now several years of operation with
well monitorized data.
Performance data for LFR and PTR systems come from simulations and from real data available; one
example is the paper by Hoyer et al (Hoyer, 2009) reporting the overall system efficiency as well as overall
losses (shading, blocking, reflection, thermal, optical receiver) Hurghada, Egypt (27ºN), Guadix,Spain
(37ºN) and Faro,Portugal (37ºN) for both Linear Fresnel (overall efficiency of 9%) and Parabolic Through
(overall efficiency of 15%) collector types.
In order to evaluate the new CLFR-EM concept, first a simulation model has been developed for the optical
optimization of the primary and secondary mirrors using the software TracePro (Canavarro, 2010) and
afterwards for the thermal optimization using an FEM model simulating the energy balance in the receiver
using the Navier Stokes equations (Horta, 2011) with a finite element approach to the convection occurring
inside the secondary TERC, together with the definition of heat flow boundary conditions enabling a
complete analysis of the different heat loss terms affecting system performance at any given operating
temperature.
The model developed was first applied to PTR and LFR collectors for Hurghada and Faro. Losses calculated
were within +/-2% of the ones reported by Hoyer et al., which can be considered a validation of the
calculations involved. With the model calibrated both in the optical and thermal aspects, these tools were
applied to the evaluation of the performance to be expected from the optically optimized CLFR “EM”
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1

configuration which is the object of this paper. A ray trace study was performed defining the heliostat
positioning in order to take advantage of the new Etendue Matched concept patented (Chaves et al., 2009)
and described in detail in Chaves, 2010. This way, shadowing and blocking effects were minimized, and the
irradiance level was studied in order to evaluate how the configuration for the receiver, TERC type, should
be, having the aim of increasing the concentration factor up to 60x (Fig. 3-4). Apart from the reduction of
losses and higher concentration factor, this configuration has the extra advantage of enabling a lower height
for the optimal position of the receiver to about 6m height against the usual 14-16m of a conventional LFR
type collector, with the same width. This feature reduces the investment costs, but also the operational risk
failure.

Fig. 3: New CLFR “Etendue Matched”, ray-trace study, one
half only

Fig. 4: CLFR “Etendue Matched”, radiation concentration

The thermal efficiency calculation, it was made for a non-vacuum cavity with selective coated tubes with a
diameter of 50mm, placed side by side. The energy input considered was the equivalent of an incident direct
radiation (d.n.i.) of 900W/m², ambient temperature of 25°C and wind velocity of 1m/sec. In Fig.5 the
velocity and temperature fields are showed for a temperature of 400ºC in the fluid. The results obtained
report a 70% optical efficiency per mirror surface area (considers losses of 4% due to non-specular effect)
equivalent to 63% per soil surface area, resulting in a value of 0.16 W/m²/°C for the heat loss coefficient
F´Ul at 400ºC (Horta, 2011).

Fig. 5: CLFR-EM, receiver thermal and velocity field

2
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Fig. 6: CLFR-EM, receiver thermal losses and efficiency

The data obtained suggests that due to the increase in the concentration factor, operating temperatures above
400ºC, up to 500ºC in the thermal fluid can be achieved with good efficiencies.
Model Application
With the model described in the previous section, and using Meteonorm weather data, energy production for
the two locations previously mentioned was computed for three different technologies: conventional PTR
and LFR as well as for the new CLFR-EM concept.
In the calculation, a slight energy dumping effect (of 1%) was considered, that is, in all cases the plant was
dimensioned to produce only slightly more energy than the rated peak output power of 50MW.

Technology

Optical eff. Losses coef.
(%)
74
78
66

CLFR EM
PTR
LFR

(W/m2/ºK)
0.16
0.16
0.30

Operating
temp. (ºC)

Pipping Losses

Turbine eff.

(%)
8
16
5

(%)
37.5
36.5
25.0

450
400
270

Table 1: Data considered in the energy output calculation

Month
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Total

CLFR -EM
(kWh/m2)
Soil area
33,48
32,55
63,97
60,76
88,78
98,26
110,35
93,11
73,06
54,75
28,09
25,12
762,29

CLFR -EM
(kWh/m2)
Mirror área
37,21
36,17
71,07
67,52
98,65
109,18
122,62
103,46
81,18
60,83
31,21
27,91
846,99

LFR
(kWh/m2)
Soil area
30,18
27,55
51,80
48,24
68,99
75,89
85,36
73,27
58,70
45,56
25,03
23,14
613,70

LFR
(kWh/m2)
Mirror area
41,16
37,56
70,63
65,78
94,07
103,49
116,40
99,91
80,04
62,13
34,13
31,55
836,86

PTR
(kWh/m2)
Soil area
26,48
26,21
52,19
49,57
74,21
83,55
93,25
77,27
59,54
44,58
22,09
19,70
628,63

PTR
(kWh/m2)
Mirror area
52,96
52,43
104,37
99,13
148,43
167,09
186,51
154,55
119,08
89,15
44,18
39,40
1257,27

Table 2: Thermal Energy output for Faro for the 3 different technologies

Technology

Mirror area

Soil area (ha)

Annual energy
production (GWh)

CLFR EM
PTR
LFR

(m2)
300 000
220 000
450 000

36
66
68

79
72.5
85

Table 3: Mirror area, soil occupation and energy production in each case, Faro, with 1% dumping

Final figures for overall system energy efficiency, both in Faro and Hurghada is summarized in Table 4.

Technology

Optical efficiency
(per mirror area)

CLFR – EM
PTR
LFR

74 %
78 %
66 %

Overall system efficiency (per mirror area)
Faro - PT, 37°02'N
11.8%
14.8%
8.5%

Hurghada – EGY, 27°13'N
13%
16.4%
9.1%

Table 4: Optical efficiency and overall system efficiency
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Month
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Total

CLFR -EM
(kWh/m2)
Soil area
58,80
70,91
90,24
111,53
124,01
127,48
130,67
121,31
101,64
84,66
66,19
55,44
1142,88

CLFR –EM
(kWh/m2)
Mirror area
65,33
78,79
100,27
123,93
137,78
141,65
145,19
134,79
112,93
94,07
73,55
61,60
1269,87

LFR
(kWh/m2)
Soil area
49,45
57,18
71,33
86,18
94,97
97,75
99,85
93,22
79,64
68,31
54,26
46,82
898,97

LFR
(kWh/m2)
Mirror area
67,43
77,97
97,27
117,52
129,51
133,29
136,16
127,12
108,60
93,15
73,99
63,85
1225,87

PTR
(kWh/m2)
Soil area
48,29
57,17
72,24
92,35
107,15
111,69
113,60
102,41
82,07
68,53
53,42
44,76
953,70

PTR
(kWh/m2)
Mirror area
96,57
114,34
144,49
184,71
214,31
223,38
227,20
204,83
164,14
137,07
106,84
89,53
1907,40

Table 5: Thermal Energy output for Hurghada for the 3 different technologies

Considering the data presented in Table 2 and 5 and the efficiencies described in Table 4, the electricity
output for Faro and Hurghada was calculated (Fig 7 and 8) in kWh/m2 of mirror surface area, being
respectively 263 and 394 kWh/m2 per year for the CLFR-EM system.
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Monthly Energy Production

70

CLFR -EM
60

LFR

60

50

PT R

50

40

40

30

30

20

20

10

10

0

0

CLFR -EM
LFR

Fig. 7: Electricity produced per mirror area, Faro
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Fig. 8: Electricity produced per mirror area, Hurghada

In the Iberian peninsula, in practice it is economical to size collector fields for a number of operating hours
equivalent at full power between 2000 and 2300h considering no thermal storage.
If a choice is made for 2220 hours, there will be an oversizing of the collector field with respect to that in
Table 3, of about a factor of 1.4X (420 000m2) resulting in a production of 111 GWh for the CLFR-EM in
Faro, and resulting in an energy dumping of about 12%.
For PTR the equivalent choice would yield an oversizing of about 1.53X (336 000m2) for the same
production and comparable energy dumping.
This dumping effect might be eliminated either by delivering to the grid more than the rated 50MW
whenever necessary, or by taking advantage of a possible thermal storage facility, a concept that is more and
more critical for solar thermal plants.
These results show that CLFR-EM overall efficiency can be up to 13% for Hurghada where LFR would only
achieve 9,1%. This is due to the optimized optical efficiency through the reduction of shading, blocking and
TERC design upgrade which enables a higher concentration factor with the corresponding increase in the
operating temperature. Comparing with PTR collectors the efficiency is still lower, however, when the

4
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comparison is made in terms of costs (per installed power or mirror surface), then CLFR-EM is more
advantageous than PTR.
Cost evaluation
In order to confirm the simulated data, and due to the interest in this concept manifested by several
companies, a demonstration plant at the University of Evora will be installed and monitored, (see Fig. 1). It
will have a total heliostat surface of 530m2, and will demonstrate only optical and thermal performance. The
high operating temperatures demand tubular receivers with selective coatings that were not yet possible to
find in the market. The decision was reached to use, instead, evacuate tubular receivers and limit the
demonstration to temperatures around 400ºC. Standard receiver tubes available in the market specific for
CSP plants (PTR70) was used for the calculations, with a thermal losses factor (with a factor ~60
concentration) of 0.12 W/m²/°C (NREL, 2009), lower than the initially considered due to vacuum. The
configuration of the cavity was also re-evaluated reporting a slight decrease in the optical efficiency due to
the 1-tube configuration, however this reduction is counter balanced with the lower thermal losses of the
receiver, thus the overall system efficiency is considered to be the same (at 400ºC) as the one calculated in
detail with results presented in the previous section. Additionally, the planning of a 50MW CLFR-EM plant
(420.000 m2) was evaluated with a procurement phase for a cost estimation considering relevant players in
the market (Table 7).

CLFR-EM, demonstration plant

CLFR-EM, 50MW plant

24

24 x 12

24 x 2

1455 x 2 x 12

8

485

0,55; 0,9; 1,2

0,55; 0,9; 1,2

Avg. distance bet. rows [m]

0,3

0,3

ηopt,0 [-]

0,74

0,74

Receiver type

PTR70

PTR70

HTF-medium

Therminol VP1

Therminol VP1

Evora,PT (40ºN); North-South

Evora,PT (40ºN); North-South

Thermal loop w/ heat dissipation

Power block w/ turbine η=37,5%

Number heliostats, rows [-]
Total receiver length [m]
Collectors in a row [-]
Row width [m]

Solar field location
Other settings

Table 6: Plant configuration considered in the cost analysis

CLFR – EM

PTR

(mirror area of 420.000m2)

(Morin et al, adapted for 336.000m2)

Total cost [MEuro] Cost [Euro/m2] Total cost [MEuro] Cost [Euro/m2]
Receiver
Reflector
Base structure
Control system
Thermal Block
Comissioning and others
Overall Cost (50MW)
Cost per Wp installed

7,2
5,2
40
3,3
40
3,8
99,5

17
12
95
8
95
9
237
2,0

93

275

40
30
163

119
90
484
3,3

Table 7: Cost estimation for CLFR-EM and PTR systems for a 50MW plant with similar electricity production for Faro, PT
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To evaluate the opportunity of an investment in a CLFR-EM plant in a Southern European location, an
economic evaluation was performed computing the project NPV and its IRR considering following
assumptions: Investment costs= 99,5MEuro, maintenance costs= 2MEuro/year, system availability=100%,
electricity selling price=0,27Euro/kWh for 25 years, WACC=10%. Results are presented in Table 8.
NPV

62 M.Euro

IRR

19.9%

Pay back time

7.5 years

Table 8: Economic project valuation

In order to evaluate the impact of possible changes in the expected scenario, a sensitivity analysis was
performed considering different scenarios (best, better, expected, worst, worse) for 3 different cases:
Case 1: Initial investment costs (receiver, base structure, etc.). Variation of +20%; +10%; 0%, -10%; -20%
Case 2: Overall system efficiency. Variation of +10%; +5%; 0%, -5%; -10%
Case 3: Feed-in electricity tariff. Variation of 0%, -5%; -10%; -15%; -20%
NPV “Best”

NPV “Worst”

[M.Euro]

[M.Euro]

1

88

37

17,8% - 21,8%

2

101

32

17,3% - 22,1%

3

62

15

14,4% - 19,9%

Case

IRR range

Table 9: Economic project valuation for 3 different cases

NPV [Euro]
100000000
80000000

Case 1
25%

NPV total
IRR total

20%

60000000

15%

40000000

10%

20000000

5%

0

0%
Worst

Worse

Expected

Better

Best

Fig. 9: Case 1, NPV and IRR
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NPV [Euro]
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Fig. 10: Case 2, NPV and IRR
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Fig. 11: Case 3, NPV and IRR

The results show that in the scenarios analyzed the IRR varies in a range between 14,4% and 22,1%. The
three cases have different impact on the project evaluation. Case 1 is dependent on the market size and
number of players which enhances competition, it is foreseen that with the rising number of CSP facilities,
this cost will tend to decrease (experience and scale economies).
Case 2 is dependent on technological improvements and its implementation pace. If initiatives like Desertec
will move forward, the market size will increase significantly and therefore increasing R&D spending and
learning curve will drive efficiency values higher.
Case 3 is dependent on the economic framework and to the existence of a guaranteed feed-in tariff. Theses
values are always dependent on the solar radiation available, and are foreseen to be reduced in the future, due
both to CSP technology economies of experience and to the pressure of cutting this kind of benefits. For this
reason, only scenarios with same or reduced feed-in tariff were analyzed. The outcome shows that with a
reduction in the tariff down to 0,21 Euro/kWh, the IRR is reduced to 14%. This is close to the lowest
acceptable value for the cost of capital considered, and is therefore considered to be the lowest point for a
still attractive investment under the current difficult scenario of the international capital markets.
The analysis performed considered that the investment was done by a company already with CSP
technology and experience, with a WACC of 10%. For a new player, WACC would be increased due to its
higher business risk, b, making the investment a more riskier one.
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Concluding the sensitivity analysis, the two more relevant variables were considered (investment costs and
feed-in tariff) and assuming different probabilities of occurrence for the various scenarios a global value for
the NPV and IRR was calculated (Fig.12). The probability of occurrence was 20% for the expected scenario,
15% for each combined scenario “better” vs. “worse” and 5% for the more extreme combined scenarios.

Fig. 12: Sensitivity analysis with probabilities for different scenarios

To finalize the evaluation, a comparison between CLFR-EM and PTR technologies was made, considering
the investment costs mentioned in Table 7, analyzing the sensitivity to the value of the feed-in tariff for an
IRR=14% in both situations (Table 10). Although it can be argued that the costs considered by Morin et al
are somewhat high for the current state of the art of the PTR systems, it is evident the difference in
profitability of both concepts, meaning that with the pressure for a reduction in the feed-in tariff, the CLFREM concept has a good perspective for becoming an important technology in a near future.

IRR = 14%

CLFR-EM [Euro/kWh]

PTR [Euro/kWh]

0,21

0,305

Table 10: Feed-in tariff for 25 years for systems with 2200h of yearly production

An identical calculation for Hurghada (EGY) yields a tariff at least 30% lower in both cases, all else being
equal, not just because solar radiation (and the number of equivalent operating hours) is 30% higher, but, in
the case of CLFR-EM, the overall conversion efficiency is higher, in particular because of the lower latitude.
This analysis will be the topic of a future paper.
As a final calculation, and in spite of the fact that a sensitivity analysis was carried out with respect to several
variables, in particular to cost, it is interesting to use the tools developed to perform a final estimate, a one
shot estimate of what tariff one would obtain if a more substantial cost reduction can be achieved in the
future, due to the usual learning curve, scale effects, optimum control, optimization of collected versus
dumped energy, etc., items not included in the analysis done above. For this, supposing a Capex cost
reduction of 35% can be achieved, i.e. if a value of 1.3 Euro/Wp is considered for the CLFR-EM technology,
the equivalent tariff to the one found in Table 10 (same IRR of 14%, same investment conditions, same
location, etc) would lead to a tariff lower than 0,15Euro/kWh.
Conclusion
Efficiency and economic results of a new CLFR-EM system have been presented. Overall efficiency shows a
potential increase from 8.5% (9,1%) for LFR conventional systems to 11.8% (13%)for the new CLFR-EM
system for sunny locations like Faro, PT (Hurghada, EGY). This higher efficiency associated with
investment costs similar to the conventional LFR makes the new CLFR-EM attractive. Comparing with the

8
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standard PTR technology, the CLFR-EM has a lower output in kWh/m2 of mirror area, however is much
more compact in the soil usage, and globally the cost of the kWh produced is lower than the PTR cost. The
calculations for the tariff supporting an IRR of 14% indicate a value around 0,21Euro/kWh for a sunny
location in Southern Europe (Faro, PT). The same calculation yields a higher value of 0,305 Euro/kWh for
PTR technology. This result depends on real performance data and should be confirmed; thus a
demonstration plant is currently being planned for Evora, PT where real performance data will be obtained,
with the support of the utility company group EDP. It is clear that identical calculation for a sunnier location,
like Hurghada (EGY) will yield a lower tariff value (at least 30% lower), all else being equal.
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Abstract
The CSR is the thin aureole around the sunshape and results from the forward scattering of direct sunlight by
atmospheric aerosols, such as dust, water droplets or ice crystals present e.g. in slight clouds. Solar energy
concentrating systems typically collect the direct solar radiation originating from the disk of the sun and a
fraction of the CSR. With increasing scattering influence the maximum possible concentration is reduced.
This depends on several factors, but knowledge of the CSR can help in predicting or evaluating the efficiency
and overall performance of solar concentrating systems.
Ongoing studies at the SIJ provide measurements and analyses of the circumsolar radiation (CSR) for
applications and theoretical simulations concerning concentrating solar energy systems. The aim of this
research is in the first step the realization of an online measurement and analysis routine of the CSR. With a
special digital camera system it is possible to obtain visual measurements of the CSR and a radiation
intensity profile of the sunshape. In further steps the results of a ceilometer and a light-scattering
spectrometer for particle detecting will be implemented. The combination of the aerosol and cloud data will
be analyzed. This helps to understand their influence on the appearance of the CSR and to complete the
theoretical description of this occurrence.
Keywords: CSR, circum solar radiation, energy meteorology, concentrating solar energy systems, solar
power plants, aerosol, cloud
1. Introduction
Recent studies to examine various options for new meteorological techniques with aim to increase the
efficiency of solar thermal power plants have been conducted at the Solar-Institut Juelich (SIJ). These
analysis techniques and methods are part of the new discipline - the energy meteorology. Despite new
satellite-based measurement methods for weather and climate analysis (for example by EUMETSAT), it is
nowadays still necessary that numerous local values are measured locally at the ground because no certain
forecast is available. This applies also to various solar irradiation values. For highly concentrating solar
thermal plants (100 to 10,000 times sunlight) the direct radiation measured at all times as well as the haze of
the solar disk, are a criterion for the quality of the produced focus and the solar efficiency of the plant [1]. In
particular the radiance distribution deteriorates in high gain of turbidity. This haze can be quantified with the
apparent light increase of the solar disk measured as a grow of diffusing rate from the ground, as the still
highly discrete boundary area of the disk above the atmosphere gets blurred more and more by passing
through the atmosphere. This increasing aureole around the sunshape is called circumsolar radiation (CSR).
Previous studies by [1, 2, 3] have shown that the behavior of the CSR can only partly be explained with the
measured values of the direct radiation and seems to depend also on local criteria.
In order to analyze this effect in detail SIJ is currently carrying out automated photo-optical measurements
with an analysis of the CSR display at ground level. The calculated values are compared with data from a
laser ceilometer and a light scattering spectrometer for local, continuous dust quantification.
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2. Background
2.1. Solarthermal Tower Power Plant
In solar tower power plants (see Fig. 1) direct solar radiation is concentrated on top of the solar tower on an
absorbing field - called receiver. To realize the necessary concentrating radiation of about 1000 suns, the
reflected sunlight is bundled by a high number (several 100 up to several 1000) of large mirrors (10-180 m²),
which are tracked to the sun 2-dimensional. Such a kind of mirror system fixed on a stand and tracking by
zenith and azimuth is called heliostat.

Fig. 1. Layout of the solar tower power plant in Juelich.

This highly concentrated solar radiation heats the absorber area and by the way inside or around the absorber
a transfer medium up to high temperatures. This medium can be for example air, water, water steam or oil.
Depending on the type of construction of the absorber, temperature values are obtained from 200 °C to
1000 °C. The generated heat is transfer to a steam boiler and on this way used in a steam turbine for
conventional generation of electricity.

Fig. 2. Solar tower power plant in Juelich.

Germany’s first and only solar tower power plant for experimental and demonstration purposes is located in
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the town of Jülich. The central receiver system (CRS), which has been designed with an open volumetric
receiver, will supply the grid with a nominal power of 1.5 MWel.
Circum Solar Radiation (CSR)
The visual solar diameter as seen from Earth depends on the position of the elliptic path of the Earth. During
the year the distance between Sun and Earth is changing. Thus the solar aperture angle is varying between
Perihelion (±4.584 mrad) and Aphelion (±4.742 mrad) by around 3% (Fig. 1) and reaches an average
aperture angle of ±4.65 mrad or ±0,266° [4].

Fig. 1. Difference of the visual sunshape diameter between perihelion and aphelion.

The intensity of the radiation is not homogeneously distributed across the shape because the solar
photosphere causes absorption and scattering effects. At the sunshape limb the emitted radiation has a
reduced intensity of around 2.5 times to the central maximum.
The flux density distribution of the Sun or rather the sunshape LS(S) can be expressed by [5], [6]

4

S

 
LS  S   b  1  0.5138  


 4.65mrad  


(eq. 1)

The Factor b is defined differently if one considers a point (2D) or line (1D) focus systems and is given by:

b1D 

Ib
1
8.959  10 6 sr

(eq. 1a)

b2 D 

Ib
1
8.344 10 3 rad

(eq. 1b)

with the direct solar radiation Ib
In the atmosphere, the solar radiation is again deflected by various scattering effects such as Mie or Rayleigh
scattering. The optical sharpness of the sun at the ground is reduced by these effects. The circumsolar
radiation (CSR) characterizes the ground-level reading of the expanded solar disk diameter caused by the
atmosphere and is used to characterize the homogeneity radiation of the sunshape.
The dominating effect is the forward scattering (Mie, 1906) which occurs when the size of particulates
existing in the Earth’s atmosphere is large in comparison to that of the wavelength of the propagating light.
The solar beam is then broadened due to its interaction with atmospheric particulates.
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The amount and character of the circumsolar radiation vary widely with geographic location, climate, season,
time of day, and the observed wavelength.
If ISun represents the integrated brightness or intensity of the solar disk and I CSR the integrated intensity of the
aureole around the Sun (the circumsolar field), then the CSR value is defined by the ratio [7]:

CSR 

I CSR
I CSR  I Sun

(eq. 2)

With the part of the radial sunshape

I Sun 

rSun 360

   r,  ddr
0

(eq. 3)

0

And the part beyond the sunshape limb

 360

I CSR 

   r,  ddr

(eq. 4)

rSun 0

As obtained from optical measurements CSR values range typically from a few percent to values even up to
40% [7].
2.2. Effects and Consequences
The energy transfer from the sunshape area into the circumsolar region has two main consequences. On the
one side because of the increase of the diffuse radiation part this can lead to an over estimation of the energy
collected in a solar concentrating system. And on the other side, it alters the beam width of the flux
distribution in the focal plane of the concentrator.
Under some circumstances these aerosols can cause a significant fraction of the solar flux to be deviated to
angles of several degrees or more. Solar energy conversion techniques using high concentration ratios, such
as solar central receivers and parabolic dishes, only collect light from the solar disk and a small portion of the
circumsolar region [1].
The solar energy system will typically collect all of the direct solar radiation originating only from the disk of
the sun plus some fraction of the circumsolar radiation. The exact fraction depends on many factors, but
primarily on the receiver’s angular size (its field-of-view).
As typical pyrheliometers integrate the radiation of an angle of 5° to 6° with the sunshape in the center, they
do not only measure the direct solar radiation, but their measurements include a large portion of the
circumsolar radiation. Thus the amount of direct sunlight that would be collected by a solar concentrating
system is overestimated.
2.3. Aerosols and Clouds
The occurring CSR depends on the existing scattering targets in the atmosphere and the corresponding hit
probability. The statistic includes the appearance of the different aerosols and special thin clouds.
In particular the lower troposphere between ground and an altitude up to around 1000 m is much more
contaminated by solid aerosols than the upper 14 km. Following this fact means, that especially the near
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ground region could have a high count of sun light scattering effects. These kinds of aerosols can be
distinguished by source depending on nature or human influence.


anthropogenic sources: industry, traffic, agriculture, different kinds of urban pollution, etc.



natural sources: inorganic geological particles (see salt, sand, dry soil, volcanic ash, etc.) and
biological phenomena (light seeds, pollen, spurs, microorganism, ash of forest fire, etc.)

Another option is to characterize the particles by size or weight. Here the range includes the large scaled grid
down to the ultra fine particle.
The kind of clouds which have a remarkable influence on the CSR must be very thin. If they reach a certain
thickness the optical density is blocking the direct radiation too much and the sunshape is not or only very
poorly visible behind the cloud. Because of that the most important category of clouds is on the one side
cirrus - in all small variations in the high troposphere – and on the other hand the category of thin nebulous
dust in the middle or deeper troposphere.
3. Measurements
3.1 Insitu Photo Optical Measurement of CSR
A high resolution digital camera provided with a telephoto lens and special solar filter is mounted on a solar
tracker and used to take and store actual shots of the visual sun. The images of the sun usually show an
excellent circular symmetry. Therefore for the calculation of the CSR it is sufficient to integrate the
brightness distribution of the sun only along the radial coordinate. On this way these photo data are processed
and can be analyzed insitu. Thereby especially the decreasing intensity values near the sunshape outer limit
are of interest (Fig. 2).
With the additional data of a pyrheliometer mounted parallel to the camera, the radiation distribution can be
calibrated. This offers investigators of test facilities with concentrating solar radiation a chronological profile
of the CSR for further analysis.

Fig. 2. Digital photo of the Sun (10.03.2011 10:30 in Juelich, left) is analyzed by a program realised by
LabView Vision Builder (right side). By splitting radial sections the program observes the radial
intensity decrease of the radiation beneath the astronomic limb.
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Fig. 4. Temporal validation of the CSR value during a lapse of a measurement campaign

3.1 Insitu Measurement of Aerosol and Cloud Conditions
The actual data of the aerosol and cloud conditions are necessary for the next step in the development plan. A
good combination to find out the essential characteristic values can be the use of a high reaching ceilometer
and a downside measuring light scattering spectrometer.
The ceilometer (Fig. 5) offers aerosol and cloud values across the troposphere (Fig. 7) and the light scattering
spectrometer (Fig. 6) measures the ground near dust situation (Fig. 8).
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Fig. 5. Ceilometer unit

Fig. 6. Boxed light scattering spectrometer
combined with a small meteorological station

Fig. 7. Temporal validation of clouds and aerosols (Data analyzer laser ceilometer)

Fig. 8. Temporal validation of the local atmospheric particulate matter by pm-standard (Data
analyzer light scattering spectrometer)
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4. Conclusion and Further Steps
SIJ carries out research and develop projects about solar concentrating systems and other domains of energy
engineering. The influence of CSR on highly concentrating systems is now investigated in several steps. In
the beginning an insitu measuring photo optical system was realized to detect the value of CSR.
Goal of the ongoing research is to analyze the criteria of the origination of CSR over the previous optical
measurements by analyzing the aerosol and cloud components of the atmosphere and stratosphere. Meantime
two established aerosol measurement device been installed for this investigations and are being calibrated at
the moment: A ceilometer to measure cloud and aerosol layers and a light scattering spectrometer for
quantification ground-level, continuous dust.
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1. Introduction
In the year 2009 the first research solar tower power plant with open volumetric receiver technology was set
into operation in Juelich (Koll et al, 2009). Already during the construction period data concerning
construction efforts and components were collected in a detailed quantity structure within the framework of
research activities of the “Virtual Institute of Central Receiver Power Plants – vICERP”1. On this basis, a
calculation of the environmental impacts resulting from the construction and commissioning phase (LCA –
life cycle assessment; cradle to gate approach) according to ISO 14040/14044 (DIN 2006a, DIN 2006b) was
carried out. In a second step, the results were investigated towards the most effective optimization
approaches in order to achieve a reduction of environmental impacts. This analysis pointed out that the
reduction of the used unalloyed steel amounts for the mounting structure (heliostat) and the reinforcement
steel (tower) or their (partial) replacement with environmentally expedient materials offer the most effective
approaches to reduce the environmental impacts of the solar tower construction (Hoffschmidt und Fricke,
2010).
In the research project “InnoSol” a complete LCA for a scaled up power tower realized in a site with
appropriate radiation has to be conducted including operation and dismantling phase. Based on the LCA
results of a reference plant planned technological concept changes and innovative components will be
evaluated. In the first part of the study the solar only reference plant was designed and will be assessed. In
the second phase innovative components and concept changes currently under development will be
implemented in the life-cycle wide LCA model.
So far the Solar-Institut Jülich and its partners defined the design conditions for the reference plant and
started the design layout and the life cycle assessment modeling.
2. Design conditions of the 10 MW Solar Tower
2.1. Site selection
Following the internationally promoted realization of solar power plants in the North African region (ISE et
al., 2011) the selected site for the solar thermal tower power plant is located in Algeria. The selection of a
suitable location was influenced by geographical, administrative, infrastructural and meteorological
conditions. The selected location Bechar is sited on 31°N latitude. Bechar’s railway connection to the port of
Omar offers good freight transport conditions. Easy access to an international airport and expressway is
given as well. The solar irradiance of about 2570 kWh/m²a offers good meteorological conditions for the
operation of a solar thermal power plant. The risk of earthquakes is very low so extra construction
requirements for the tower are not necessary.
2.2. Design of the water steam cycle
The water steam cycle is designed as a two pressure step cycle. The feed steam temperature is at 520°C with
a pressure of 80 bar at nominal load operation. The nominal power of the reference solar tower power plant
is just under 10 MWel.
2.3. Heliostat type
For the reference plant the heliostat field was designed with the facetted glass metal heliostat type GM 100.
1
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The technical characteristics of this heliostat has been examined precisely on the Plataforma Solar de
Almería, reliable information about characteristics, material weights and prices were used from various
publications (Weinrebe, 2000), (Ulmer, 1998), (PSA, 1997).
2.4. Construction type tower
The tower of the solar thermal power plant is designed as a reinforced concrete construction. The local
competences are high for this type of construction, the material can be provided by the regional industry. A
tower with a pure steel structure would have to be imported completely as the regional industry cannot
provide sufficient preciseness in the element production. The transport of the huge steel tower elements
could cause high transport efforts and thus higher total costs. For locations with high risk of earth quakes a
steel structure tower although could be the better choice. A rough layout will be done for both tower types to
be able to assess the influence of the construction type of the tower on the LCA results.
2.5. Operation strategy

Hourly PHELIX spotmarket electricity prices [€/MWh]

In the project “InnoSol” the environmental aspect of innovative solar tower plant developments is assessed.
Due to the future oriented character of these plant concepts the operation strategy in a simplified approach
reflects the prospective requirement of load follow operation expected for solar thermal plants. According to
the Desertec idea (bin Talal et al., 2007) and the assumption of a 15% share of German power supply in 2050
in “Leitstudie 2010” (Nitsch et al., 2010) the electricity price index PHELIX of the European Energy
Exchange EEX in 2010 were used to classify four time periods within 24 hours with three different power
targets of 50%, 75% und 100% of the nominal power level (Fig.1).
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Fig. 1: Defined time periods with load targets laid over the hourly PHELIX prices of a week in September 2010

2.6. Storage capacity
The heat storage of the reference power tower plant is a ceramic structure following the construction
principle in the demonstration plant in Juelich. For the operation mode described in section 2.5 a storage
capacity of 8 hours of nominal load was defined.
2.7. Feed-in tariff
The German feed-in tariff currently does not contain an approach to couple tariffs to market prices. For that
reason the herein used feed-in tariff is based on the tariff principles of the Spanish Real Decreto 661-227,
tariff for Central Receiver Power Plants, group b.1.2, regime B. For the layout calculations of the InnoSol
plant concepts the following tariff amounts were defined: the tariff consists of a basis price of 0,23 €/kWh
plus a market price related bonus between 0.05 and 0.07 €/kWh. The bonus level is connected to the time
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periods, 0.05 €/kWh for the 50%, 0.06 €/kWh for the 75% and 0.07 €/kWh for the 100% load period.
3. Design layout reference plant
3.1. Approach for layout optimization
For the power plant design the optimal layout of the main solar components – tower height, solar multiple
and heliostat field design, receiver size – was calculated by simulating the respectively attainable electricity
production using a thermodynamic model and applying the result in an economic optimization approach.
Cost estimations for the optimization program were realized based on literature data and experience. To take
cost changing into account, elder cost information from various sources was updated to 2010. The
adjustment of currency value was done using the inflation rates of US Dollar. The material price movement
was included using the Producer Price Index of the mainly relevant materials and subcomponents. The cost
estimation comprises costs of main solar and conventional components, engineering, installation, capital
cost, operation, maintenance and personal costs.
Based on the simulation results for the yearly electricity output and the feed-in tariff the attainable economic
revenue of certain design variations was calculated.
Finally the calculation of the resulting net present value from investment costs, taxes, yearly operational
costs, interest rates and revenues allowed identifying the optimal design solution.
3.2 Results
Optimal tower height was determined with 160m. The optimal heliostat field size amounts to 1600 heliostats.
The receiver surface optimum was identified with 152m². These results are only valid under the above
described boundary conditions and for the specific plant design.
4. LCA modeling
4.1. Method
The Life Cycle Assessment (LCA) is conducted according to ISO 14040/14044 (DIN EN ISO, 2006a,
2006b). Based on the investigated skeleton data (amounts of material masses, energy use, processes etc. used
for the construction, operation and deconstruction phase) the Life Cycle Inventory (LCI) results are
calculated using the commercial LCI database ecoinvent V2.2 (Frischknecht et al., 2007). The assessment of
the investigated Life Cycle Inventory is done using the CML method of the University of Leiden,
Netherlands (Guinee et al., 2001) in the version 2000 baseline V2.04 as implemented in the ecobalancing
software SimaPro.
4.2. Structure of the LCA model
The LCA structure closely follows the structure of the real plant design in the modelling of the three life
cycle phases (construction, operation and deconstruction). Therefore the environmental impacts can be
related directly to the mainly influencing components or processes within each life cycle phase.
A detailed parameter set up of components, material masses, transport efforts, energy amounts and other
processes needed during the life cycle allows a quick and easy model adaptation in case of components or
concept changing (Fig.2).
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Fig. 2: Section of the realized parameter set up

The intended comparison of the LCA results of the reference plant with the ones of innovative plant concepts
in the second project phase will be realised via parameter variation. In the same way the comparison of the
results based on different waste management scenarios can be done with little effort by means of parameter
variation. An example for the graphical results of a comparison of parameter variation is shown in Fig.3. In
the diagram the results for the construction input of a solar tower with a nominal power of 1,5 MWel (red) is
compared with the a rough estimation of the construction input for a scaled up plant with a nominal load of
nearly 3 MWel (yellow).

Fig. 3: Example for presentation of results via parameter variation
(Construction phase for different sizes of nominal power)

4.3. Waste scenarios for deconstruction phase
The influence on the LCA results from the construction phase depends strongly on the supposed waste
treatments and the estimated recycling rates for the various materials. An assessment of the solid waste
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management situation in the Maghreb countries published by SWEEP-Net1 with support of the GIZ2 clearly
points out the existing gap in waste management infrastructure and gives an idea of the expectable structural
change in the coming decades (Sherif, 2010). Based on that information a reference and a future waste
scenario will be worked out. Additionally a third waste scenario referred to the waste treatment standards of
Western Europe will be modelled.
The LCA results for the deconstruction phase based on the different scenarios will be compared. The
comparison will highlight environmental problems that could result of an inadequate waste treatment or a
disregard of the intended development of the waste management infrastructure in the Maghreb region. The
environmental impacts of the deconstruction phase should already be taken into account during concept
development of a solar thermal power plant as well as of an innovative energy supply system.
5. Conclusion
The definition of the main boundary conditions and the results of the power plant optimization enable the
completion of the quantity structure as the main requirement for the assessment of the environmental
impacts. With the adjustment of technical optimum and maximum economic outcome a realistic plant design
was carried out.
6. Discussion
The selected operation strategy does not reflect the future load follow operation requirements completely. In
future systems of electricity supply solar thermal plants have to close the gap between electricity provided by
fluctuating sources (photovoltaic, wind) and the load curve (residual load). Although the simplified approach
of adapting the power output to fixed power levels within certain time periods creates more complex
requirements for the power application and the operation management. Furthermore the requirement of
following specific power levels for defined time periods results in a minimum need of storage capacity and
solar multiple. Depending on the feed-in tariff conditions the additional investment can cause higher
economic revenue. The focus of this study however lies on the ecological impacts. Here any additional input
in solar multiple and storage capacity plus additional electricity use for the storage fan is correlated with
additional environmental impacts above average. From this point of view the simplified operation strategy
effects more realistic LCA results for plant concepts used in future energy supply systems.
7. Outlook
Based on the layout results the quantity structure of the construction phase will be completed in the coming
months. The quantity structure of the operation and deconstruction phase will be accomplished as well. The
resulting LCA values represent the basis of comparison for the second phase of the study.
In the second phase of the project innovative components and concept changes currently under development
will be implemented in the life-cycle wide LCA model. A comparative analysis of results for the “reference
power plant concept” and “innovative concepts” allows the evaluation of the ecological improvement
potential. The results are to be used to support the development of an integrated ecological and technical
design (ecodesign). Any optimization approach of components or the power plant concept itself could entail
unexpected influences on the performance of the entire system. All environmental impacts will be related to
the amount of electrical energy. Thus all influences on the entire system caused by implemented innovations
will be implicitly included in the comparative analysis of the environmental impacts.
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1. Abstract
To obtain a suitable ohmic contact with the lowest resistivity, Chromium (Cr) thin films were deposited on
transparent conductive oxide indium tin oxide (ITO) by RF sputtering method in argon atmosphere and its
optical and electrical properties were optimized. The deposition of Cr thin film has been performed for the
layers with thickness of 150, 300 and 600 nm in constant Ar gas flow of 30sccm. Results show that the
lowest contact resistivity belongs to the layer with 600 nm thickness. Furthermore Cr/ITO has been studied
for different flows of Argon gas 10, 30, 50 and 70 sccm during the deposition with constant thickness of 600
nm Cr thin films, which result gave us the lowest contact resistivity. Experimental results show that specific
contact resistance decreases by reducing the flow of Argon gas. Analyze of SEM has been performed on the
samples. The SEM micrographs show Cr thin films have smaller grains in 10 sccm argon gas flows, in
comparison with other flows of Argon gas. The best specific contact for Cr/ITO has been obtained 4.5×10-6
Ωm2 at flow of Argon gas 10 sccm with 600nm thickness.
2. Introduction
Interesting and novel applications in photovoltaic are expected from thin and flexible solar modules,
especially in the fields of space, aeronautic, and mobile applications. Within the past years the development
of flexible and lightweight Cu (In,Ga)Se2 (CIGS) modules has intensified. These activities were encouraged
by the relatively high small-area cell efficiencies obtained on polymer as well as on metallic substrates. The
most interesting substrates are metal foils, since they can be coated in a roll-to-roll process at high
temperatures of up to 600 °C and in a Se atmosphere (Britt et al, 1999). Especially stainless steel foils with a
potential as low-cost substrates were tested (Shirakata et al, 2007). Nevertheless, cell and module efficiencies
were lower than on glass substrates. The preparation of highly efficient solar cells requires the deposition of
a barrier layer to reduce the diffusion of impurities from the metal substrate into the solar cells (Hartmann, et
al, 2000). If monolithically integration of the cells is desired to realize solar modules on electrically
conducting substrates, the deposition of a dielectric barrier is necessary (Herz et al, 2003). Thin Cr layers
(Herz et al, 2002) as well as dielectric layers like Al2O3 (Naik et al, 2001) or SiO2 deposited by sputtering
or sol–gel-techniques have been used as diffusion barriers. Tin-doped indium oxide In2O3: Sn (ITO) is a
highly degenerate n-type Wide gap (band-gap~3.7eV) semiconductor and belongs to the class of transparent
conductive oxides (TCO) which is important for photovoltaic applications. ITO film has high transmittance,
high infrared reflectance, good electrical conductivity, excellent substrate adherence and hardness (Cirpan,
Karasz, 2006). Because of its unique properties, it has found extensive application in solar cells (Krebs et al ,
2007), flat panel displays (Shumei et al , 2011), heat reflecting mirrors (Boyadzhiev et al, 2008), LEDs
(Huang et al, 2008) and so on. In this study, the suitability of ohmic contact between Chromium layers as
diffusion barriers in various terms of deposition condition with ITO was investigated. In the present
investigation, we report the influence of process parameters on the comparisons of the Cr/ITO ohmic contact
properties, the deposition rate, and the structure and properties of Cr coatings deposited by RF sputtering of a
metal Cr target in an Ar atmosphere.
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3. Experimental
3.1. Chromium deposition in different thicknesses
Cr coating were deposited by means of the RF sputtering technique from a metallic Chromium target of
99.99% purity and using argon as a sputtering gas. The deposition chamber was initially pumped to a base
pressure of 1.0×10-6 Torr and then back filled with Ar (99.999% purity) to a process pressure of 27 mT. The
ITO/glass substrates were ultrasonically cleaned in an acetone and deionized water before depositions. The
gas flow rate of argon fixed at 30 sccm and RF power fixed at 300W, respectively. The thickness of Cr films
varied to 150 nm, 300 nm and 600 nm.
The sputtering conditions are summarized in Table 1:
Tab.1: Sputtering condition for preparation of chromium thin films

Initial vacuum

8×10-6

R.F power

300 W

Sputtering pressure

27 mtorr

Sputtering temperature

Room temp

Pre-Sputtering time

10 min

Argon gas flow

30 sccm

After every deposition the thicknesses of the Cr films were measured using an alpha-step (Decktak500). The
contact resistance between deposited metal films and ITO film is measured by transfer length method
(TLM). The total resistance RT of the metal/semiconductor contacting system is, RT=2RC+2RM+RSem, where
RM is the resistance of metal which can be neglected; RSem and RC are the resistance of semiconductor and
contact resistance between metal and semiconductor. If the distance between metal fingers are very small
(d→0), we can approximate RT→2RC, now it is possible to calculate RC. Fig. 1 shows SEM image of TLM
pattern used in our measurement.

Fig.1: SEM image of TLM pattern

The I-V characteristic of the contact Chromium thin films at different thicknesses to ITO are given at Fig.2.
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Fig.2: I-V characteristic of Cr 150, 300 and 600 nm contact to ITO

In Fig.3 ohmic contact resistance between Cr/ITO in various thicknesses are compared. By extrapolation the
line equations, the value of RT obtained. Half the value of RT will result RC.

Fig.3: Cr/ITO contact resistivity in 150,300 and 600 nm thicknesses with keithley 2361 system

With specific contact relation equation:

ρc =RcAc
And by extrapolation the graph, specific contact resistances were calculated and as you can observe in
Table.2 the lowest contact resistivity has been obtained in 600 nm thickness of Cr thin film.

Tab.2: specific contact resistivity of Cr/ITO in different thicknesses of Cr thin films

Thickness (nm)

150

300

600

ρC ×10-5(Ωm2)

1.5

1.1

5.5
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Table 3 indicates the values of resistivity of Chromium thin films layer deposited with RF sputtering method.

Tab.3: resistivity of Cr thin film in 150,300 and 600 nm thicknesses

Thickness (nm)

150

300

600

ρs ×10-6 (Ωm)

8.4

4.6

1.0×10-1

Surface morphology of Chromium thin films deposited by RF sputtering on ITO substrate in different
thicknesses are shown in Fig.4. In this image growing trend of the crystalline grains of Chromium thin films
can be observed.
b) 300 nm

a) 150 nm

c) 600 nm

Fig.4: SEM images of Chromium thin films in different thicknesses: a) 150 nm, b) 300 nm, c) 600 nm

3.2.

Chromium deposition in various flows of Argon gas

According to the results, the lowest specific contact resistance is given in 600 nm thickness of Cr thin film.
Therefore at this stage of the experiments, we will examine the effect of flow of Argon gas in sputtering
system with maintaining constant thickness at 600 nm. Deposition have been performed four times in
different flow 10,30,50 and 70 sccm with constant thickness of Cr layer in similar condition as before.
The I-V characteristic of the contact of Chromium thin films at different flows of Argon gas 10, 30, 50 and
70 sccm to ITO are given at Fig.5.
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Fig.5: I-V characteristic of Cr 10, 30, 50 and 70 Sccm contact to ITO

Fig.6 depicts comparison of ohmic contact in various flows of Argon gas during deposition by sputtering
system.

Fig.6: Cr/ITO contact resistivity in 10, 30, 50 and 70 Sccm flows of Argon gas with keithley 2361 system

And like the previous time by extrapolation the graph the specific contact resistances calculated and are
shown in Table.4.

Tab.4: specific contact resistivity of Cr/ITO in different flows of Argon gas

Flow(sccm)

10

30

50

70

ρc(Ωm2)

4.5×10-6

5.5×10-6

8.5×10-6

1.5×10-5
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Resistivity of Cr thin films in different flows of Argon gas are given in below tab.5. As we could see the
Chromium thin film is deposited in flow of Argon gas 10 sccm in comparison with other layer has a lower
value.
Tab.5: resistivity of Cr thin film in various flows of Argon gas

Flow(sccm)

10

30

50

70

ρs×10-5 (Ωm)

1.5×10-1

1.0

1.3

1.5

The SEM images of Fig.7 represent the structure of Chromium thin films deposited in different flow of
Argon gas.

a) 10 sccm

b) 30 sccm

c) 50 sccm

d) 70 sccm

Fig.7: SEM images of Chromium thin films in various flows of Argon gas: a) 10 sccm, b) 30 sccm, c) 50 sccm, d) 70 sccm

As we could see at flow of Argon gas 10 sccm the grains of Cr thin film are smaller and smoother in
comparison with other flows. The worst results are achieved at flow of 50 and 70 sccm which due to unequal
grains of Cr it’s predictable.
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4. Conclusion
Chromium thin films of thicknesses 150,300 and 600 nm are deposited on ITO substrates using RF sputter
deposition techniques. The electrical resistivities of the as-deposited films are determined by the four-point
probe and keithley 2361 systems. As expected, the specific contact and resistivity decrease with increasing
thicknesses in the case of as-deposited films on ITO substrates. As an experimental result, the lowest specific
contact resistivity of Chromium thin films layer deposited on ITO substrate obtained about 5.5×10-6 Ωm2 at
600 nm thickness in RF power of 300 W and Ar flow of 30 Sccm resistivity of 1.0×10-7Ωm.
The optimal deposition flow of Argon gas for Chromium thin film is 10 sccm in order to minimize the effect
of ion bombardment and/or atomic peening that caused too much stress. Best result occurs as the flow rate of
Ar reached 10 sccm at Cr thickness of 600 nm and RF power of 300 W, which is probably happening
according to the SEM images due to the grains of Cr which have more chance to deposited on the substrate
and fill the boundaries of the crystalline plate.
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Abstract
Medium and high temperature heat can be produced by using concentrating solar power (CSP) technologies.
Among CSP technologies, linear Fresnel reflector (LFR) system is simple in design and cost effective technology
for medium temperature (400 oC) applications. In this article, the numerical investigation of the receiver for LFR
system is carried out to estimate the combined convective and radiative heat losses. The 2-D numerical
simulation of trapezoidal cavity receiver is carried out using commercial CFD package, Fluent – 6.3. The cavity
receiver surface absorbs maximum amount of reflected solar radiation with minimum heat losses. At steady state
conditions, the cavity receiver surface will attain almost uniform temperature; therefore, an isothermal boundary
condition and also Boussinesq approximation are considered in the numerical simulations. To account the
radiation exchange between the surfaces, the surface-to-surface model is used. The heat loss analyses are carried
out for various receiver geometric and operating parameters viz. aspect ratio (ratio of receiver aperture to
receiver width), cavity depth and width, operating temperature and wind speed. Based on the numerical analysis
of the receiver, an optimum configuration of the receiver is found at insulation thickness of 300 mm, cavity depth
of 300 mm with an aspect ratio of 2. The total heat loss varies from 614.32 W/m to 968.8 W/m for absorber
width of 300 mm to 800 mm at 500 oC receiver temperature, 0.5 cavity cover emissivity and 2.5 m/s wind
velocity. The effect of cavity cover emissivity on total heat loss is found to be less significant when compared to
that of other cavity parameters. The optimum configuration of the inverted trapezoidal cavity receiver is arrived
based on the heat loss analysis of the receiver.
Keywords: Solar energy, Linear Fresnel reflector, Cavity receiver, Heat loss, FLUENT
1. Introduction
Solar energy has the greatest potential among all the renewable energy sources. The medium and high
temperature heat can be produced by using concentrating solar technologies. Based on the reflector
configurations, the solar concentrating technologies may be classified as: linear Fresnel reflector, parabolic
trough, parabolic dish and power tower. Among these, the linear Fresnel reflector (LFR) system is simple in
design and cost effective system for medium temperature (100 oC – 400 oC) applications. The performance of the
LFR system significantly depends on the design of the receiver. The design and performance evaluation of the
receiver for linear Fresnel reflector system have been reported by the earlier researchers. Negi et al. (1990)
presented the optical design and performance characteristics of a linear Fresnel reflector with a flat vertical
absorber. The analysis has been carried out to study the effect of absorber height, concentrator aperture diameter
and receiver width on performance of the system. The development and performance of linear Fresnel
concentrating system with different sets of mirrors have been carried out by Singh et al. (1999). Mills and
Morrison (2000) evaluated the compact linear Fresnel reflector (CLFR) system for large scale solar thermal
power plants. Alternative versions of the basic CLFR concept have been evaluated interms of receiver and
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reflector field configurations. Reynolds et al. (2002) developed heat loss and hydrodynamic models for CLFR
system to predict output steam conditions and pressure drop across the receiver tubes for given input and
environment conditions. Pye et al. (2003) developed correlations for unsteady heat losses from the receiver of
CLFR system and compared with the steady state conditions.
Dey (2004) carried out analysis to maximize the heat transfer between the absorbing surface and the receiver
tubes. Reynolds et al. (2004) studied the heat loss characteristics of trapezoidal cavity receiver for linear Fresnel
reflector system. The heat losses from the receiver and the flow visualization technique to capture the flow
patterns within the cavity have been described. Mills et al. (2004) proposed the CLFR system for feed water
heating of 35 MWe coal fired power plant. Eck et al. (2007) analyzed the thermal mass of receiver tubes for
horizontal linear Fresnel collectors. The highest thermal mass was found out in the superheating section due to
the lowest heat transfer coefficient at the inner surface of the absorber tube. Mills and Morrison (2007) analyzed
the performance and cost of the compact Fresnel reflector power plants for large scale solar thermal power
generation. The flux distribution of linear Fresnel reflector system was analyzed by Reddy and Reddy (2009).
Based on the flux distribution analysis, receiver size was optimized for maximum energy capture and the
concentration ratio of the system was determined.
The receiver is one of the important components in the linear Fresnel reflector power system. The design of the
receiver significantly influences the overall performance of the system. The convective and radiative heat
transfer in the cavity has been studied by several researchers. Natarajan et al. (2008) investigated the natural
convection in the trapezoidal cavity with uniformly and non-uniformly heated bottom wall. Reddy and Kumar
(2008) studied the combined natural convection and surface radiation heat transfer in a cavity receiver for the
solar parabolic dish collector. The influence of various parameters such as operating temperature, emissivity of
the surface, orientation and the geometry on total heat loss have been investigated. Reddy and Kumar (2009)
investigated convection and surface radiation heat losses from the cavity receiver with different secondary
reflectors. Basak et al. (2009) simulated the natural convection within the trapezoidal enclosures for uniformly
heated bottom wall, linearly heated vertical walls and insulated top wall. Facao and Oliveira (2011) analyzed the
natural convection inside the cavity receiver and optimized the cavity geometric parameter such as cavity depth
and insulation thickness. Most of the above studies dealt with natural convection and radiation heat transfer
separately in the cavity but only few studies are available for combined natural convection and radiation heat loss
from the trapezoidal cavity with simplified form. In this article, an attempt has been made to evolve optimum
configuration of the receiver based on the combined convective and radiative heat losses from the inverted
trapezoidal cavity receiver with actual convective and radiative boundary conditions.
2. Modeling of solar linear Fresnel reflector power system
2.1. System description
The linear Fresnel reflector system comprises of array of long parallel curved/flat mirrors/reflectors and focal
cavity receiver. The reflectors are equipped with single axis tracking, to focus the solar radiation onto the focal
cavity receiver. The schematic of the linear Fresnel reflector with inverted trapezoidal cavity receiver is shown in
Fig. 1. The receiver is placed at the middle of the module at the focal distance to absorb maximum solar
radiation. The receiver consists of bank of black coated parallel high-pressure boiler grade tubes encased in an
insulated inverted trapezoidal stainless steel cavity. The cavity aperture is covered with glass shield to allow
concentrated solar radiation and to reduce heat losses from the cavity. The trapezoidal cavity is insulated with
ceramic insulation to minimize heat losses and the insulation of the cavity is covered with mild steel casing. The
parallel receiver tubes are placed very closely in the cavity to absorb the maximum concentrated solar radiation.
In the present numerical modeling, it is assumed that the receiver tube surfaces equivalent to flat surfaces for the
analysis and the cavity depth is considered from center of the receiver tubes to glass shield. The heat loss
analyses are carried out for various receiver geometric and operating parameters viz. thickness of the insulation
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(50 mm to 300 mm), aspect ratio (ratio of receiver width to receiver aperture, 1 to 3), cavity depth (100 mm to
400 mm), cavity width (300 mm to 800 mm), cavity cover emissivities (0 to 1), operating temperature (100 oC to
500 oC) and wind speed (0 m/s to 20 m/s) to arrive an optimum configuration. The thermo-physical properties of
the cavity receiver are illustrated in Table. 1.

Fig. 1: Schematic of linear Fresnel reflector system
Tab. 1: Thermo-physical properties of cavity, insulation and glass shield

Property

Cavity absorber

Insulation

Glass Shield

Steel

Ceramic Fiber

Borosilicate

8030

60

2230

502.48

670

837.36

16.27

0.04

1.46

Transmissivity

-

-

0.92

Absorptivity

-

-

0.034

Material
Density (kg m-3)
-1

-1

Specific heat (J kg K )
-1

-1

Thermal conductivity (W m K )
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2.2. Modeling of the inverted trapezoidal cavity receiver
The numerical simulations have been carried out to investigate the convective and radiative heat losses from the
inverted trapezoidal cavity receiver for different receiver geometric and operating parameters. The flow and heat
transfer simulations in the cavity receiver are carried out by solving mass, momentum and energy equation
simultaneously. The continuity, momentum and energy equations is given as (Yuan, 1988):
Continuity equation
∂ u ∂v
+
=0
∂ x ∂y

(eq. 1)

X - Momentum equation

u

 ∂ 2u ∂ 2 u 
∂u
∂u
1 ∂p
+v
=−
+υ  2 + 2 
∂x
∂y
∂y 
ρ ∂x
 ∂x

(eq. 2)

Y - Momentum equation
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∂v
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1 ∂p
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ρ ∂y
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(eq. 3)

Energy equation
u

 ∂ 2T ∂ 2T
∂T
∂T
+v
=α  2 + 2
∂x
∂y
∂y
 ∂x


∂ 2u
 +υ 2
∂y


(eq. 4)

The continuity, momentum and energy equations are used to solve the convection model. The surface-to-surface
(S2S) model has been used to account the radiation exchange along with the convection (Reddy and Kumar,
2008). The energy exchange by radiation between two surfaces depends on their shape, size and distance
between the two surfaces. The radiant flux from a given surface involves two components, emitted and reflected
energy. The reflected energy flux depends on incident energy flux from the surroundings, which can be
expressed in terms of energy leaving from all other surfaces. The energy reflected from ith surface is given as
(Modest, 2003):
''
4
''
qout
,i = ε iσ Ti + (1 − ε i ) qin ,i

(eq. 5)

The amount of incident energy upon a surface from another surface is a direct function of surface-to-surface view
factor Fji. The incident energy flux

qin'' ,i can be expressed in terms of energy flux leaving from all other surfaces

as:
N

''
Ai qin'' ,i = ∑ Aj qout
, j F ji

(eq. 6)

j =1

For N surfaces, view factor reciprocity theorem gives

A j F ji = Ai Fij
Therefore,

(eq. 7)

qin'' ,i is expressed as:
N

''
qin'' ,i = ∑ Fij qout
,j

(eq. 8)

j =1
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Substituting equation (8) in equation (5)
N

''
4
''
qout
,i = ε iσ Ti + (1 − ε i ) ∑ Fij qout , j

(eq. 9)

j =1

The equation (9) can be rewritten as
N

Ji = Ei + (1 − ε i ) ∑ Fij J j

(eq. 10)

j =1

2.3 Boundary conditions

The receiver surface is continuously exposed to concentrated solar radiation. At steady state condition, the cavity
surface may attain uniform temperature; therefore isothermal boundary condition is applied on the receiver
surface. The receiver surface is coated with selective coating to absorb maximum solar radiation and to reduce
reradiating losses. Therefore, emissivity of the receiver surface is considered as 0.1. The cavity side walls absorb
heat from the receiver surface by convection and radiation. The cavity side walls give heat to glass shield by
convection and radiation and to cavity outside surface by conduction through insulation. Therefore, the cavity
side walls are subjected to conductive, convective and radiative boundary conditions. Cavity glass shield is
heated up by convection and re-radiation from the receiver surface and cavity side walls. Also cavity glass shield
is heated up by absorbing concentrated solar radiation due to its absorptivity. The absorptivity and emissivity of
the borosilicate glass shield is considered as 0.034 and 0.9 respectively. The glass shield is subjected to
convective and radiative boundary conditions along with heat generation. The cavity outer cover surface includes
bottom horizontal wall, vertical wall, outside inclined wall and outside top wall are exposed to ambient and it
gives heat to the ambient and is subjected to convective and radiative boundary conditions. The inverted
trapezoidal receiver is surrounded by infinite atmosphere. The flow of air is considered as flow across the
receiver. The left side wall of the ambient domain is considered as inlet and is subjected to uniform velocity
boundary condition. The right side wall is considered as outlet and is subjected to pressure outlet condition. The
top and bottom wall of the ambient domain is considered as pressure inlet conditions.
The following assumptions have been made in the present numerical analysis (a) the receiver plane temperature
is assumed as the surface temperature of the receiver tubes and it is uniform throughout the cavity width (b) the
internal surfaces of the receiver are gray and diffuse (c) air is assumed as non-participating media for the
radiation analysis (d) emissivity of the receiver and glass shield is considered as 0.1 and 0.9 respectively.
2.4 Estimation of heat losses from trapezoidal cavity receiver

The convective and radiative heat losses from the inverted trapezoidal cavity receiver have been investigated for
different receiver operating temperatures, aspect ratios, insulation thickness, cavity width, cavity depth,
emissivities of the cavity cover surface and wind velocities. The convective and radiative heat losses from the
cavity can be calculated by estimating the total and radiative heat transfer from the surface or by estimating the
total and radiative heat transfer coefficients and surface temperature of the cavity. The total heat transfer
coefficient can be written as:
ht =

Qt
A (Tout − Ta )

(eq. 11)

Also, total heat loss from the inverted trapezoidal cavity receiver can be calculated as
Qt = Qconv + Qrad
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(eq. 12)

The radiative heat transfer can be calculated by

Qrad = hrad A ( Tout − Ta )

(eq. 13)
4
 Tout
− Ta4 

 Tout − Ta 

where, hrad = εσ 

Convective heat loss from the cavity receiver surface can be calculated as

Qconv = hconv A (Tout − Ta )

(eq. 14)

where, hconv = ht - hrad
3. Results and Discussion
3.1 Numerical Procedure

The 2-D numerical simulations of trapezoidal heat loss analyses have been carried out using commercial
computational fluid dynamics software, Fluent-6.3 (Fluent Inc., 2006). The inverted trapezoidal receiver is
surrounded by infinite atmosphere. The atmosphere (ambient domain) is considered for the analysis and its size
is increased until the variation in heat loss is insignificant. In the present analysis, outer domain size is considered
10 times that of cavity receiver. The governing equations are solved using finite volume method by segregated
implicit solver. Boussinesq approximation is enabled while solving the momentum equation, considering air as a
working fluid. To account the radiation exchange between the surfaces, S2S model has been used (Reddy and
Kumar, 2008). In the discretization scheme, body force weighted average has been used for pressure and
SIMPLEC algorithm has been used for pressure-velocity coupling. The second order upwind differencing
scheme is used for momentum and energy equations. The normalized residuals are considered as 10-3 for mass,
momentum and 10-6 for energy equations for converging solution sufficiently. The grid independent study has
been carried out before the actual simulation of inverted trapezoidal receiver. It is found that, 710250 cells are
sufficient with minimum deviation of Nusselt number with the previous values of the cavity receiver.
The present numerical procedure is validated with heat loss from the trapezoidal cavity receiver for linear Fresnel
reflector developed by Pye (2008). The comparison of total heat losses from the cavity receiver of Pye model
(2008) and present numerical procedure has been carried out and it is found that the present numerical procedure
deviates maximum of ±10.1%. Therefore the present numerical procedure has been used for the heat loss
analyses of inverted trapezoidal cavity receiver.
3.2 Cavity parameter study

The heat losses from the trapezoidal cavity receiver are analyzed for various geometric and operating parameters
of the receiver.
3.2.1 Cavity geometry parameters

The insulation thickness ranging from 50 mm to 300 mm, aspect ratio (ratio of receiver width to receiver
aperture) ranging from 1 to 3, cavity depth ranging from 100 mm to 400 mm, cavity width ranging from 300 mm
to 800 mm, cavity cover emissivities ranging from 0 to 1, operating temperature ranging from 100 oC to 500 oC
and wind speed ranging from 0 m/s to 20 m/s to arrive an optimum configuration. The glass shield is considered
at the bottom of inverted trapezoidal cavity receiver with an emissivity and absorptivity as 0.9 and 0.034
respectively. The glass shield absorbs part of incoming concentrated solar radiation and the rest is transmitted to
the receiver surface. The emissivity of the receiver surface is assumed as constant and is considered to be 0.1.
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The heat losses from trapezoidal cavity receiver are analyzed for different aspect ratio (As) and cavity depth (D)
of the receiver with insulation thickness of 300 mm. Aspect ratio of the trapezoidal cavity receiver is defined as
the ratio between the receiver aperture and the receiver width. The aspect ratio and cavity depth is varied from 1
to 3 and 100 mm to 400 mm respectively. The temperature contours of the cavity receiver for different aspect
ratio when Tr = 500 oC, wr = 0.5 m and D = 0.3 m is shown in Fig. 2. The cavity and glass shield temperature
decreases with increase in aspect ratio. When the aspect ratio increases, the hot air gets trapped beneath the
receiver. The glass shield and cavity cover total heat losses are found out for different aspect ratio and cavity
depth and are shown in Fig. 3 and Fig. 4.

Fig. 2: Temperature contours of the cavity receiver for different aspect ratio when Tr = 500 oC and wr = 0.5 m
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Fig. 3: Variation of glass shield convective and radiative heat losses with aspect ratio and cavity depth for Tr = 500 oC
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Fig. 4: Variation of cavity cover convective and radiative heat losses with aspect ratio and cavity depth for Tr = 500 oC

The combined (convective and radiative) heat losses from the glass shield decreases with increase in cavity
depth. The convective heat losses from the cavity cover is negative for lower aspect ratios due to the amount of
heat loss to the ambient is less than that of amount of heat absorbed from the hot air coming from beneath the
glass shield. The combined cavity cover heat loss increases with cavity depth due to increase in cavity cover
surface area. The combined glass shield heat losses increase with aspect ratio and cavity heat losses decrease
with increase in aspect ratio. The variation of total combined glass shield and cavity heat losses from the receiver
are significant till aspect ratio 2 and cavity depth 300 mm. But total combined heat losses are not significant
beyond cavity depth of 300 mm and aspect ratio of 2.
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Fig. 5: Effect of cavity width on glass shield and
cavity cover temperature for Tr = 500 oC
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The heat loss analyses are carried out for different receiver width varying from 300 mm to 800 mm with aspect
ratio of 2, cavity depth of 300 mm and 300 mm insulation thickness. The variation of glass shield and cavity
cover temperature with cavity width is shown in Fig. 5. The glass shield and cavity cover temperature decreases
with increase in cavity width. The effect of cavity width on convective and radiative heat losses of glass shield
and cavity cover is shown in Fig. 6. The variation of convective heat losses from the glass shield and cavity cover
with cavity width is insignificant. The glass shield radiative heat loss is increases with cavity width due to glass
shield aperture and temperature. Though glass shield temperature decreases with increase in cavity width,
radiative heat losses increases; because, the effect of variation of temperature is less significant than variation of
glass shield area.

0.8

Fig. 6: Effect of cavity width on glass shield and
cavity cover heat loss for Tr = 500 oC
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The heat loss analyses are carried out by varying thickness of the insulation from 50 mm to 300 mm. Based on
the IPSS (Inter Plant Standard Steel Industry) report, surface temperature of the cavity cover should not be 15 oC
higher than that of ambient temperature when the receiver temperature is more than 400 oC at wind velocity of
1 m/s. The temperature difference between the cavity cover and ambient for different insulation thicknesses is
shown in Fig. 7. The temperature difference decreases with increase in insulation thickness. The temperature
difference is found as 14.1 oC when the insulation thickness is 300 mm at receiver temperature and wind velocity
is 500 oC and 1 m/s respectively. Therefore, optimum thickness of the insulation is found to be 300 mm for the
trapezoidal cavity receiver.

Fig. 7: Effect of insulation thickness on cavity cover temperature

3.2.2 Receiver temperature and wind velocity

The heat loss analyses are carried out for receiver temperature varying from 100 oC to 500 oC and wind velocity
0 m/s to 20 m/s with different cavity width. The effect of wind velocity on convective heat losses of glass shield
and cavity cover is shown Fig. 8. The convective heat losses of glass shield and cavity cover increases with wind
velocity. The variation of glass shield and cavity cover heat loss ratio (convective heat loss/radiative heat loss)
with wind velocity is shown in Fig. 9. The heat loss ratio for both glass shield and cavity cover increases with
wind velocity because more heat is carried by wind. The radiative heat losses of glass shield and cavity cover
decreases with increase in wind velocity for all receiver temperature. This is due to glass shield and cavity cover
temperature decreases with increase in wind velocity. The heat loss ratio decreases with increase in cavity width
due to more radiative heat loss for higher cavity width than that of lower cavity width. The total heat losses from
the cavity receiver is varying from 636 W/m to 951 W/m for wind velocity varying from 0 m/s to 20 m/s at the
receiver temperature of 500 oC and receiver width of 500 mm. Based on the cavity heat loss analyses, the total
heat losses vary between 263 W/m to 759 W/m for the receiver temperature varying between 100 oC to 500 oC
for cavity width of 500 mm and wind velocity 2.5 m/s.
3.2.3 Cavity cover emissivity

The effect of cavity cover emissivity on cavity heat losses have been studied for different receiver temperatures
for cavity width of 500 mm and wind velocity of 2.5 m/s. The cavity cover emissivity is varied from 0 to 1 in
steps of 0.25. The effect of cavity cover emissivity on glass shield and cavity cover convective and radiative heat
losses are shown in Fig. 10 and Fig. 11 respectively. The effect of cavity cover emissivity on glass shield
convective and radiative heat losses is found to be negligible. The cavity cover convective heat losses decreases
with increase in cavity cover emissivity and radiative heat losses increases with cavity cover emissivity.
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4. Conclusions

The 2-D numerical simulations for combined convective and radiative heat losses from the inverted trapezoidal
cavity receiver for linear Fresnel reflector solar power system have been carried out. Based on the numerical
analyses of the receiver, optimum configuration is found for insulation thickness of 300 mm, cavity depth of 300
mm with an aspect ratio of 2. Though convective heat losses decrease with increase in receiver width due to hot
air trapped beneath the cavity and radiative heat losses increase drastically with receiver width. The total
convective heat loss decreases from 282.73 W/m to 246.65 W/m and total radiative heat losses increases from
331.58 W/m to 722.15 W/m when receiver width varies from 300 mm to 800 mm at 500 oC receiver temperature
and 2.5 m/s wind velocity. Therefore, number of mirror rows has been designed carefully to minimize the total
heat losses. Glass shield radiative heat losses from cavity receiver are significant compared to the other heat
losses for all the given configurations. The analysis can be used to design an inverted trapezoidal cavity receiver
for any capacity of linear Fresnel reflector power systems.
Nomenclature

A
As
D
E
F
FBy

h
J
N
P
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2

area (m )
aspect ratio
cavity depth (m)
emissive power
(W m-2)
view factor
body force per unit
volume in y direction
(N m-3)
heat transfer coefficient
(W m-2 K-1)
radiosity (W m-2)
number of radiative
surfaces
pressure (N m-2)

q''
Q
T
tins
u, v
Vw
w
x, y

energy flux (W m-2)
heat loss (W)
temperature (oC)
insulation thickness (m)
velocity (m s-1)
wind velocity (m s-1)
receiver width (m)
spatial position (m)

Greek symbols
α
thermal
diffusivity
2 -1
(m s )
ε
emissivity
ρ
density of the fluid
(kg m-3)

Stefan-Boltzmann
constant (W m-2 K-4)
υ
kinematic viscosity
(m2 s-1)
Subscripts
a
ambient
cc
cavity cover
conv
convective
gs
glass shield
in
inlet
i, j
surfaces
out
outlet
r
receiver
rad
radiation
t
total
σ
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1. Abstract
In the context of the PREMIO project, first French smart grid, Sophia Antipolis Energie Développement
(SAED) has designed and built a particularly innovative low temperature solar power plant (between 80 and
130°C). The solar collector field is connected to a 5 kWe Organic Rankine Cycle (ORC) turbine as well as to a
sensible heat water storage device of 150 kWhth capacity
Control system is connected to the PREMIO smart grid, providing energy when needed, even in a lack of solar
energy thanks to the water storage device.
The low temperature solar plant designed by SAED is operational since November 2010. The major technical
data and first experimental results of this technology, in the PREMIO project, will be presented in this
communication.
2. Introduction, state of the art
Three thermodynamic solar technologies are currently available commercially or in advanced stages of
development. They are distinguished primarily by their solar collector devices:
•

Linear concentrator technology uses parabolic trough or Fresnel mirrors to concentrate the solar flux
on a focal line. A heat transfer fluid (oil or water / steam) flowing through a tube placed at this focal
length and is conveyed to a device for converting heat / electricity from one or more turbines.

•

Solar tower technology uses a tracking field of mirrors on two axes (heliostats) to concentrate the
radiation at the top of a tower. Receiver allows the conversion of solar flux into heat energy,
transferred to a medium (molten salt, steam, air) or directly to the working fluid of the thermodynamic
cycle (air).

•

Dish Stirling technology uses a parabola that follows the sun on two axes and concentrate the direct
radiation onto a receiver at a focal point and serves as a heat source Stirling engine.

These technologies work by concentrating the solar flux and then use the direct sunlight. They are referred to
as CSP for "Concentrated Solar Power." CSP principal characteristics are summarized in table 1.
Tab. 1: CSP technology characteristics [Nepveu F., 2009]

Linear

Tower

Dish stirling

Working temperature

270-450°C

450-1000°C

600-1200°C

Power plant size

80-300 MWe

10-100 MWe

1-200 kWe

Unlike photovoltaic systems, some of the thermodynamic solar technologies offer the ability to insert a storage
form of heat. It is also possible to use hybridization with fossil fuel or biomass. Thermodynamic plants are
thus able to overcome the intermittent nature of solar resource.
Thermal energy storage technology for temperature ranges of the CSP, are primarily based on the use of
molten salts containing nitrates [Herrmann et al. 2004]. These storage techniques led to difficult economic
balances (the storage is 15 to 20% of the investment of a plant and use of these material lead to a problem of
competition with other use in industrial and agricultural sectors).
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When the heat transfer fluid is water / steam, storage in the form of steam can be considered. Storage tanks
must then withstand very high pressures (above 100 bar), resulting in an important cost of the tank [Eck and
Steinmann, 2006]. The limitations of this type of storage results in a corresponding dimensioning of the stock
over the fluctuations of the solar flux (cloudy) more than as a real temporal phase shift of production (day /
night).
Another approach is to use solid media such as concrete high temperature [Laing et al. 2006]. This technology
is "simple" and inexpensive but has a limited life time (approximately 10 years), the aging of the concrete
causing cracking reducing the capacity charge and discharge energy. In addition, it requires the insertion of
large quantity of metal in order to overcome the low conductivity of the material storage. Currently, upstream
researches are currently underway to develop alternative storage devices, based on vitrified asbestos [Py et al.,
2009].
In addition to the technologies presented above, SAED has developed its own solar power technology which
the operating principle is based on low temperatures (between 80 and 130 ° C) to facilitate the establishment
of a thermal storage. Solar thermal technology at a low temperature is to our knowledge not yet available on
the market worldwide. It also appears that SAED is the only company to have now developed this concept,
which puts it in a position to pioneer this technology worldwide.
After a small description of the PREMIO project, the advantages of this technology compared to the CSP and
the initial experimental results of the first prototype of the technology involved in PREMIO is presented in the
remainder of this paper.
3. PREMIO Project, first French smart grid
The potential benefits of the smart grid include saving energy, increasing amount of renewables and ensuring
supply security (Hledik R., 2009). PREMIO (Production REpartie, MDE, Intégrée et Optimisée = Distributed,
integrated, optimized energy production and demand response) is a project managed by Capénergies (French
cluster on Zero CO2 emission). It aims at driving the energy production and consumption of different kinds, in
order to provide the energy operator with peak leveling potential, according to his needs or constraints.
PREMIO is supported by 13 partners and is based on three principles:
• Distribution of small renewable energy production means in different locations such as public
buildings and private homes,
• Network energy consumption at the most favorable moment or storage of locally produced energy in
order to use it during peak periods,
Energy consumption reduction or delay during peak periods: this is called peak leveling.

•

Eight types of distributed resources are includes in the project:
•

Thermal storage for industrial and tertiary cooling applications: 1 system,

•

Hot water tanks coupled to heat pumps to provide load shifting in houses: 6 systems,

•

Individual electric storage units coupled to PV panels: 23 systems,

•

Load shedding modules dedicated to residential and small tertiary buildings: 12 systems,

•

Load shedding boxes for houses and apartments: 6 systems,

•

Adapted LED bases public lighting: 9 systems,

•

Solar heat pump combined with hot water storage: 1 system,

•

Biomass coupled with electrical heating: 2 systems,

•

Solar thermodynamic electricity generation using thermal storage.

The last bullet refers to the 5kWe low temperature power plant developed by SAED.
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A control unit optimizes the use of host customers distributed resources. Two types of load reduction services,
‘day-ahead’ (one day prior its implementation) and ‘day of’ (the same day to its application, up to 5-10 min
before), are offered to an upstream operator.
4. SAED in PREMIO project: low temperature solar power plant
4.1. Solar collector technology
SAED is an EPC (Engineering, Procurement, Construction) contractor which has developed is own solar
collector technology based on four patent. The SAED solar collector technology (figure 1) is composed of
heat pipe (figure 2) placed in Dewar type vacuum tubes usually used to generate hot water. These tubes
convert solar radiation into heat energy transmitted to a heat transfer fluid flowing through a collector.

Fig. 1: SAED solar collector unit

This type of technology guaranteed very low pressure drops and the risk of leakage practically nil.
The solar collectors are fixed to avoid the costs associated with a tracking system. This concept allows very
low operating costs and maintenance costs.

Fig. 2: SAED heat pipe

Fig. 3: SAED fields of solar collector

The fields of solar collector developed by SAED (figure 3) consist of the following.
The condenser of the heat pipe is clipped on the surface of the hydraulic water pipes made of black steel pipe
(DN 50). Heat pipes are inserted in the vacuum tube, incorporating a selective coating; and fixed on a support.
Finally, insulation is placed on water piping to limit heat loss. The support consists of stabilities mounted on
the foundation.
Eco-design conception has been pursued, including:
•

No toxic chemicals

•

Water as heat transfer fluid,

•

Materials and components easily available on the market in every country all over the world,

• Restitution of land in the original state when the solar plant is removed after 20 or 30 years of
operation.
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4.2. System description
Power plants using technology SAED are composed of three main sub-assemblies (Figure 4):
• The solar field: it captures solar radiation (including diffuse radiation) and converts it into heat energy
in the form of hot water at a temperature ranging from 80°C to 130°C (pressure about 4 bars).
The aperture area of the solar field is equal to 81m2 representing a thermal power around 45 kWth with a
global radiation approximately equal to 900 W.m2.
• The thermal storage tank: it can store heat energy coming from the collectors and then restore it after
sunset. The device consists of a stratified sensible heat (water) storage tank which is insulated. It is
surrounding by an expansion system. The pressure vessel (<6 bar) is tested to 10 bar.
The storage tank volume is equal to 6m3and represent a 150 kWhth theoretical storage capacity
• ORC Block turbine (Organic Rankine Cycle): The heat from the hot water output of the solar field and
/ or storage can heat and vaporize an organic fluid, which activates one turbine to produce electricity.
The power turbine consists of two heat exchangers (hot and cold sources), a turbine driven by an organic
fluid in a closed circuit and a power generator (converting mechanical energy into electrical energy). The
peak power of the turbine is equal to 5 kWe.

Fig. 4: Concept of the low temperature solar power plant developed in the frame of the PREMIO project

4.3. System performance
The system performance is presented in the two paragraphs below: solar collector efficiency and overall
system efficiency
•

Solar collector efficiency

Figure 5 presents the experimental results of the solar collector efficiency measurement done in April 2011.

Fig. 5 : Experimental and objective solar collector efficiency
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Measurement fits objective with efficiency ranging from 72% to 38% for Tm* respectively equal to 0.040 and
0.18. At operating temperature and solar radiation conditions (Tm* approximately equals to 0.1) measured
solar collector efficiency ranging from 53 % to 64%.
Error uncertainties are due to the measuring devices precision as well as the system regulation. Several
improvements are actually in progress.
•

Overall system efficiency

Measurements done allow us to calculate the solar radiation receive by the solar collector, thermal and
electrical energy produced.
During the all month of April 2011, horizontal global radiation measured is equal to 13.8 MWh. Energy
collected by the solar field during these month is equal to 7.4 MWhth. Thus the overall thermal system
efficiency recorded in April is 53.6%. This value match results presented figure 5.
The recorded energy produced by the ORC turbine is equal to 616 kWhe and represent efficiency equal to
8.32%. The overall system efficiency is thus equal to 4.5%. Out target , next year, is to increase the turbine
efficiency from 8 to 11%, thanks to the control system and the strategy, giving rise to an increase of the
overall system efficiency up to 6%.
In order to illustrate our system capability to produce energy when needed, solar irradiation, electrical power
produced, and thermal energy stored measurements, done 17 and 18 April 2011, are presented figure 6. The
stored thermal energy is calculated considering a mean temperature between top and back of the storage tank.

Fig. 6: Experimental low temperature solar power plant results (Top: Power generation and solar irradiation, Bottom: Storage
tank thermal energy and solar irradiation) during 17 and 18 April 2011

During day a 5kWe electric power is produced during all the day. At the end of the day the stored energy is
used to produce electricity even in a lack of solar energy.
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5. Conclusion
The low temperature solar plant designed by SAED is operational since November 2010. It is the first time
that such a system is done and furthermore connected to a smart grid. The overall objective, production on
demand (even in a lack of energy), is reached thanks to the thermal energy storage device
The technology principle of the power plant presented here could be applied to larger plant, up to 5MW. This
value is between the dish Stirling and other CSP technologies (table 1), making this technology particularly
complementary to other thermodynamic solar technologies. Furthermore its ability to use both the direct and
diffuse radiation makes a technology particularly suited to coastal regions, and thus the island systems.
Moreover, unlike CSP technologies, the thermal storage system used by SAED, currently based on the
sensible heat of water is available and technologically simple to implement. Another solution, based on the use
of phase change materials is being studied. These systems (inexpensive, reliable and with highly performance)
avoids the intermittent sun, using an environmentally friendly material, water and generate electricity on
demand.
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MATHEMATICAL MODELING AND SIMULATION OF A LOW
TEMPERATURE SOLAR THERMAL ENERGY CONVERSION SYSTEM
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University of KwaZulu-Natal, Durban (South Africa)

Abstract
Research and development work on Low Temperature Energy Conversion has great potential for harnessing waste
heat and low energy density solar radiation. This has implications on improving plant thermal efficiencies and
promoting recovery and utilization of waste energy otherwise conventionally regarded unusable. A low temperature
solar thermal system typically uses flat plate and low concentrating collectors such as parabolic troughs. Such
collectors are relatively simpler in construction, easier to operate owing to the absence of complex solar tracking
equipment and therefore more suited to remote and rural outposts. Such systems operate within temperatures ranges
below 300oC. This calls for changes to the conventional conversion systems and necessitates substituting the heat
transfer and working fluids; a subject currently invoking immense research interests. This paper presents a
mathematical model based on such a concept plant. The mathematical model is developed from in-depth analyses of
energy balances and thermo-fluid dynamics at component, subsystem and system levels. Simulations are carried out
by employing a combination of various computer software’s such as EEE (Engineering Equation Solver), F-chart
and Polysun. Different configurations are considered by varying heat transfer fluids, working fluids and plant
layouts. Results of the simulations are presented in the final paper. These results will inform the physical
investigations that are to follow in the next stage of the research.
Keywords: Low temperature, energy conversion, solar thermal, heat transfer fluid, working fluid, mathematical
model, simulation
1. Introduction
Solar energy technology has great potential but its full development is hampered by some major drawbacks. Solar
energy conversion technologies have lower efficiencies and higher costs when compared with other energy sources
and technologies; solar radiation has a relatively low energy density thus requiring large harvesting fields. Table 1
shows energy conversion efficiencies of some common conversion systems and the chart shows levelized electricity
costs from different sources/ technologies.
Table 1. Energy Conversion Efficiencies [1]

Conversion Process – Electricity
Generation

Efficiency

Gas turbine
Gas turbine plus steam turbine
(combined cycle)
Water turbine
Wind turbine

up to 40%

Solar cell

up to 60%
up to 90% (practically achieved)
up to 59% (theoretical limit)
6%-40% (technology dependent, 15%
most often, 85%-90% theoretical
limit)
up to 85%

Fuel cell
*Solar – Thermal CSP
*Solar – Thermal ORC
3 – 25 %
* added to table from other sources
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Figure 1. Levelized Cost of Electricity for Various Technologies [2]

The solar radiation measured just outside the earth’s atmosphere, the solar constant, averages 1365 W/m2. Ignoring
clouds, the average insolation for the Earth is approximately 250 watts per square meter (6 (kW·h/m 2)/day), taking
into account the lower radiation intensity in early morning and evening, and its near-absence at night. [3]
Solar energy technologies include moderate temperature systems for space heating (including swimming pool and
domestic hot water), moderate to high temperatures for industrial processes, high temperature for electricity
generation (commonly referred to as Concentrated Solar Power), Photovoltaic and Oceanic Thermal Energy
Conversion for electricity generation.
So if we can avoid high costs by developing simple conversion devices with minimum number of components and
still be able to harness this low energy density resource the technology potential might have a prospect of
improvement. Researchers and developers of ORC generally agree on the need to maintaining simplicity and low
cost through keeping the number of plant devices few. Low temperature operation allows cheaper and safer
operating conditions; thus adoption of a single stage small (micro) expander removes the usual complexity
associated with conventional power plants. Another plus to this technology is that if adopted for harnessing waste
heat it still has an infinitesimal incremental effect onto the overall plant energy efficiency with considerably lower
associated cost increase.
This paper proposes an appropriate mathematical modeling and computer simulation scheme for a low temperature
solar thermal energy conversion system. The analysis covers a wide range of candidate working fluids and different
optimal cycle configurations. The results of this model will be incorporated in a physical model to be build and
validated as part of the ongoing research.
2. First Pass Mathematical Modeling
The modeling has been done in two parts; the first part, which is presented in this section, being the first pass model
gives an initial insight into the performance of the proposed energy conversion system design. The output of this
first model forms an input into the second part, the detailed model, not included in this paper. This first pass model
output together with the more detailed specifications of components for the proposed system design will yield a

3305

more detailed model with more realistic performance parameters that can now be incorporated in the design,
development and validation of the physical model.
In this work a more generalized model is first proposed. This is then further customized to the thermo-physical
properties of the different proposed working fluids. In particular a mathematical logic model is incorporated to
assign an appropriate cycle configuration to each proposed working fluid.
2.1 Thermal Cycle
The first pass model serves to provide a first performance indicator which can then be improved in subsequent
models as more details of the system, subsystems and components are generated.
The first pass model makes a number of assumptions such as:
- the pumping and expansion are adiabatic
- the thermal losses in the cycle components and ducting are negligible.
- the pressure head losses in the heat exchangers are negligible.
- no work and no heat transfer occurs in the valves, etc.
Three types of models can be identified with low temperature thermal cycles depending on the nature of the working
fluid. Based on the fluids’ T-s saturation curves these three types of energy conversion systems are: the conventional
rankine cycle, the rankine cycle with a recuperator and the rankine cycle with a superheater. In order to develop a
generalized model that can be simulated using a computer program, a general configuration is indicated here from
which the three models will be generated.

Figure 2. General Configuration of the Organic Rankine Cycle

In order to come up with any of the three configurations the two states representing the input and output of any
device that is to be excluded in the model are merged as shown in figure 3.
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Description
of T-s curve

T-s curve Diagram

Recommended Cycle configuration

Isentropic
Vapour
Saturation
Curve

Model 1: Conventional Rankine

Positive
Vapour
Saturation
Curve

Model 2: Rankine with Recuperator

Negative
Vapour
Saturation
Curve

Model 3: Rankine with Superheater

Figure 3. Different Model Configurations of the Organic Rankine Cycle
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2.1.1

Isentropic Vapour Saturation Curve

With the Isentropic saturation curve the process diagram includes only the turbine, pump, evaporator and condenser.
The vapour remains a saturated vapour during expansion process from the higher temperature and higher pressure at
the turbine entry to the lower temperature and lower pressure at the turbine exit; there is no risk of damage to the
turbine blades due to formation of liquid droplets and there is no excessive residual heat in the vapour at the turbine
exhaust.
The four processes making up the thermal energy conversion cycle and identified by numbers in the cycle diagram
are:
Process 1-2: The working fluid is pumped from low to high pressure, as the fluid is a liquid at this stage the pump
requires little input energy.
Process 3-4: The high pressure liquid enters a boiler where it is heated at constant pressure by an external heat
source to become a dry saturated vapor. Note that states 2 and 3 are merged as there is no recuperating device.
Process 5-6: The dry saturated vapor expands through a turbine, generating power. This decreases the temperature
and pressure of the vapor. Note also here, that states 4 and 5 are merged as there is no superheating device.
Process 7-1: The dry saturated turbine exhaust vapor then enters a condenser where it is condensed at a constant
pressure and temperature to become a saturated liquid. The pressure and temperature of the condenser is fixed by the
temperature of the cooling coils as the fluid is undergoing a phase-change. States 6 and 7 coincide due to the
absence of a recuperator.
The mathematical models for the four processes are derived from the energy and mass balance for a control volume.
Pump:

(2.1)

Turbine:

(2.2)

In a real Rankine cycle, the compression by the pump and the expansion in the turbine are not isentropic. In other
words, these processes are non-reversible and entropy is increased during the two processes. This increases the
power required by the pump and decreases the power generated by the turbine. The models take this into account by
incorporating the isentropic efficiencies.

2.1.2

Evaporator:

(2.3)

Condenser:

(2.4)

Positive Vapour Saturation Curve

In some cases, the vapour exiting the turbine attains the lower pressure in a superheated state. This imposes a larger
cooling load on the condenser and consequently reduces the cycle thermal efficiency. In order to overcome this a
recuperator is added to the system to provide preheating through heat exchange between the vapor exiting the
turbine and the working fluid before in enters the evaporator and thus reduce the cooling load on the condenser as
well as the heating load on the evaporator. The recuperator is applicable when the organic fluid is of the "dry
expansion" type, namely a fluid where the expansion in the turbine is done in the dry superheated zone and the
expanded vapor contains heat that has to be extracted prior to the condensing stage. The recuperated Organic
Rankine cycle is typically 10-15% more efficient than the simple Organic Rankine cycle.
In addition to the four processes of the Isentropic Saturation Curve we now have two additional processes taking
place in the Recuperator as follows:
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Process 2-3: The high pressure working liquid from the pump is preheated in the recuperator to a higher
temperature before it enters the evaporator.
Process 6-7: The superheated low pressure dry vapor exiting the turbine enters a recuperator where it loses some
heat at constant pressure to become a saturated dry vapour before entering the condenser.

2.1.3

Recuperator – Cold Stream:

(2.5)

Recuperator – Hot Stream:

(2.6)

Negative Vapour Saturation Curve

These types of organic fluids are referred to as “wet” or as having a negative Isentropic Vapour saturation curve;
these liquids resemble much the curve for water. If the working fluid is fed into the turbine in a dry saturated state, it
ends as a mixture of liquid and vapour upon expansion. This is undesirable as the formation of liquid droplets tend
to cause pitting erosion on the turbine blades and gradually reduce the efficiency of the turbine. This problem is
overcome by superheating the vapour before it enters the turbine so that it ends in a dry saturated vapour after
expansion.
Thus in addition to the four processes of the Isentropic Saturation Curve we now have one additional process taking
place in the Superheater:
Process 4-5: The high pressure dry saturated vapour from the evaporator is further heated at constant pressure in the
superheater to a higher temperature superheated state. The superheated state is designed to coincide with the end
state after expansion resulting in a dry saturated state at the lower pressure assuming ideal (isentropic) expansion.
Superheater:

(2.7)

The reason for assuming a dry saturated end state under isentropic expansion is that due to the fact that at this state
the performance of the superheater is not yet ascertained (will also deteriorate with operation) and that it is safer to
assume it lower, fixing the real end state at dry saturated state risks ending the expansion in a wet state.
The final equation in the thermal model defines the thermodynamic efficiency of the cycle as the ratio of net power
output to heat input. As the work required by the pump is often around 1% of the turbine work output, equation 5
can be simplified.
Thermal efficiency:
Where

is defined as

(2.8)
and in cases where there is no superheating as simply

2.2 Solar Cycle
The first pass mathematical model of the solar thermal cycle is governed by the Hottel-Whillier equation. [4]
(2.9)
where
(m2) is the solar collector field aperture area,
is the heat removal factor, is the cover glazing
transmittance, is the absorber absorptance and U is the overall heat loss coefficient of the solar collector field.
Operational conditions are solar insolation G, heat transfer fluid inlet temperature
and ambient temperature .
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2.3 Model Type Selection
This is incorporated by first selecting an acceptable difference between the entropy values of the working fluid dry
saturated vapour at the lower and higher pressures that would be considered as Isentropic. The model then proceeds,
for all cases not satisfying this requirement, to determine which entropy is larger; if the lower pressure entropy is
larger the working fluid falls into the negative vapour saturation curve and if the higher pressure entropy is larger,
the positive vapour saturation curve. Mathematically the model selection is expressed as:
(2.10)
Otherwise
(2.11)

3. Computer Simulation
Engineering Equation Solver (EES) software is used to develop the computer simulation code. The EES code
consists of the Solar Model and Model Selection Procedures in addition to the main Thermal Model code.
A lookup table listing the working fluids to be analysed is called up during the running of the code. A parametric
table is included to define the type of output data required.
EES software has inbuilt thermophysical properties of several working fluids as well as other materials. It also
allows the user to incorporate properties of materials not included in the initial software.
4. Results
The results from the computer simulations are shown in tables 2 and 3 appended to this paper. The results shown
here do not include the Solar Model code which is yet to be incorporated.
6. Conclusion
Fourteen working fluids have been tested with the model. The model assigned six working fluids (Benzene, nbutane, Isobutane, R141b, R245fa, R123) to Model 1, Conventional Rankine, five working fluids (n-pentane, nhexane, Isopentane, R113, Toluene) to Model 2, Rankine with Recuperator, and three working fluids (R22, R134a,
Water ) to Model 3, Rankine with Superheater. Water is included as a control since it is well established that water
requires superheating. The thermal efficiencies vary from 10.38% for R245fa (Conventional Rankine) to 12.04% for
n-pentane (Rankine with Recuperator). The model requires further improvement to include error reporting for results
that are outside the feasible solutions. Particularly, with heat exchangers, the working fluid may not attain certain
temperatures with low temperatures energy sources. For instance the high pressure temperatures reported for certain
working fluids such as 271.8oC for water, 178.3oC for Toluene, 142.7oC for Benzene and 131.3oC for n-hexane may
not be feasible with flat plate collectors.
In concluding, the mathematical model was successfully developed into EES code and computer simulations
conducted with fourteen different working fluids. Three models were developed to optimize the energy cycle
performance based on thermodynamic properties of the working fluids. These models will be further developed into
detailed models. The results will be presented in future reports. This model has shown that low temperature solar
thermal energy conversion is feasible and potential for further development.
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Table 2.
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Thermal Efficiencies of Different Organic Rankine Cycle Configurations and Different Working Fluids

Model Type

Working
Fluid

Q_dot_
evaporator

Q_dot_
recuperator

Q_dot_
superheater

Power

eta_therm

s_high_s

s_low_s

Rankine with Recuperator No Superheater

n-pentane

[kW]
4.067

[kW]
0.4041

[kW]
0

[kW]
0.4997

[%]
12.04

[kJ/kg.K]

[kJ/kg.K]

1.334

1.235

Conventional Rankine No Recuperator No Superheater

Benzene

4.68

0

0

0.5272

11.11

1.151

1.12

Conventional Rankine No Recuperator No Superheater

n-butane

4.558

0

0

0.539

11.6

2.439

2.408

Rankine with Recuperator No Superheater

n-hexane

3.753

0.6134

0

0.4641

12.1

1.44

1.29

Conventional Rankine No Recuperator No Superheater

Isobutane

4.306

0

0

0.5151

11.72

2.321

2.3

Conventional Rankine No Recuperator No Superheater

R141b

2.6

0

0

0.2987

11.3

1.019

1.013

Rankine with Recuperator No Superheater

Isopentane

3.901

0.376

0

0.4859

12.2

-0.4366

-0.5304

Conventional Rankine No Recuperator No Superheater

R245fa

2.301

0

0

0.2432

10.38

1.77

1.75

Rankine with Recuperator No Superheater

R113

1.64

0.156

0

0.1991

11.89

0.7684

0.7317

Conventional Rankine No Recuperator No Superheater

R123

2.021

0

0

0.2268

11.02

1.685

1.668

Rankine with Superheater No Recuperator

R22

2.496

0

0.2123

0.3296

12.01

1.751

1.825

Rankine with Recuperator No Superheater

Toluene

4.094

0.4495

0

0.489

11.75

1.032

0.9404

Rankine with Superheater No Recuperator

R134a

2.413

0

0.08032

0.2784

10.99

0.9242

0.9516

Rankine with Superheater No Recuperator

Water

23.29

0

2.569

2.803

10.81

6.822

7.355

Table 3. Other Parameters for Different Organic Rankine Cycle Configurations and Different Working Fluids

Working
Fluid

T[1]

T[2]

T[3]

T[4]

T[5]

T[6]

T[7]

h[1]

h[2]

h[3]

h[4]

h[5]

h[6]

h[7]

[C]

[C]

[C]

[C]

[C]

[C]

[C]

[kJ/kg]

[kJ/kg]

[kJ/kg]

[kJ/kg]

[kJ/kg]

[kJ/kg]

[kJ/kg]

n-pentane

35.87

36.17

52.94

92.74

92.74

58.26

35.87

23.38

24.39

64.8

471.5

471.5

421.5

381.1

Benzene

80.07
0.521

80.33
0.133

80.33
0.133

142.7

142.7

96.87

96.87

3E-05

0.7541

0.7541

468.7

468.7

416

416

50.26

50.26

10.38

10.38

199

200

200

655.8

655.8

601.9

601.9

69.58
11.25

94.75
11.25

131.3

131.3

100.5

69.28

104.5

105.5

166.8

542.2

542.2

495.8

434.4

Isobutane

69.28
11.67

37.74

37.74

-2.53

-2.53

173.7

174.8

174.8

605.3

605.3

553.8

553.8

R141b

32.07

32.5

32.5

86.89

86.89

41.03

41.03

75.69

76.19

76.19

336.1

336.1

306.3

306.3

Isopentane

27.86

28.16

44.35

83.77

83.77

49.15

27.86

-343.5

-342.5

-304.9

85.18

85.18

36.59

-1.005

R245fa

15.19

15.43

15.43

62.79

62.85

26.24

26.24

219.6

220

220

450.1

450.1

425.8

425.8

R113

47.61

48.04

64.22

105.7

105.7

69.54

47.61

77.59

77.99

93.6

257.6

257.6

237.7

222.1

R123

27.79
40.81

28.11
39.14

28.11
39.14

80.82

80.82

229.5

229.5

431.6

431.6

408.9

408.9

29.52

40.66
31.19

229.1

0.1148

40.66
31.19

155.2

155.6

155.6

405.2

426.5

393.5

393.5

110.6
25.87

132.6
25.87

178.3

178.3

139.8

110.4

-0.425

0.3616

45.31

454.7

454.7

405.8

360.9

R134a

110.4
26.09

15.71

24.08

-19.9

-19.9

17.63

18.08

18.08

259.4

267.4

239.6

239.6

Water

99.97

100.1

100.1

151.8

271.8

124.5

124.5

419

419.6

419.6

2749

3005

2725

2725

n-butane
n-hexane

R22
Toluene
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Table 3. continued

Working
Fluid

s[1]

s[2]

s[3]

s[4]

s[5]

s[6]

s[7]

[kJ/kg·K]

[kJ/kg·K]

[kJ/kg·K]

[kJ/kg·K]

[kJ/kg·K]

[kJ/kg·K]

[kJ/kg·K]

0.07778

0.07892

0.2061

1.334

1.334

1.361

1.235

Benzene

1.09E-07

0.000747

0.000747

1.151

1.151

1.176

1.176

n-butane

0.9964

0.9977

0.9977

2.439

2.439

2.473

2.473

n-hexane

0.3267

0.3278

0.5004

1.44

1.44

1.462

1.29

Isobutane

0.9021

0.9035

0.9035

2.321

2.321

2.355

2.355

R141b

0.2812

0.2828

0.2828

1.019

1.019

1.036

1.036

Isopentane

-1.668

-1.667

-1.546

-0.4366

-0.4366

-0.4098

-0.5304

1.07

1.07

1.07

1.77

1.77

1.784

1.784

R113

0.2813

0.2826

0.3298

0.7684

0.7684

0.7788

0.7317

R123

1.101

1.102

1.102

1.685

1.685

1.698

1.698

R22

0.8241

0.8248

0.8248

1.751

1.825

1.849

1.849

-0.00111

-0.00039

0.1135

1.032

1.032

1.053

0.9404

R134a

0.07331

0.07394

0.07394

0.9242

0.9516

0.9712

0.9712

Water

1.307

1.307

1.307

6.822

7.355

7.483

7.483

n-pentane

R245fa

Toluene
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1. Introduction
Solar thermal energy is becoming a very important renewable energy, with large scale plants operating in
different parts of the world (NREL). The purpose of the current work is to describe the numerical model of a
saturated steam solar receiver, that includes sub-models for heat conduction, two-phase flow, thermal
radiation and turbulent natural convection using a Large Eddy Simulation (LES) method.
There are different designs for solar power collectors that are currently being used to generate electricity, like
parabolic troughs, parabolic dishes and solar power towers. In a solar power tower, the solar radiation is
reflected and concentrated by a field of mirrors into a receiver cavity. Inside this cavity, panels of tubes with
circulating water receive this radiation and steam is produced. This steam is used to power turbines in order
to generate electrical energy. The heat transfer and fluid dynamics phenomena in the receiver cavity are the
interest of this study.
Termofluids (Lehmkuhl et al., 2007), a new general purpose unstructured and parallel object-oriented CFD
code developed to solve industrial flows is used in this work.
2. Heat conduction in the solid elements of the solar receiver
Transient conduction heat transfer can be solved directly from the governing equation. For the case of
transient heat conduction without volumetric sources, the energy transport equation can be written in integral
form as:

ρc p

∂T
=∇ ·  λ ∇ T  (eq. 1)
∂t

where T

represents temperature, t

is the time,

ρ is density, c p is the specific heat and λ the

thermal conductivity. Unfortunately, in the study case, due to the geometry of the receiver, a correct
evaluation of conduction heat transfer is not straightforward. The size of the fins and tubes is of the order of
millimeters while the overall receiver is of the order of meters. Therefore, large meshes have to be used to
solve each panel, and parallel computers are needed. A non-structured mesh has been used, so that
extensions to other geometries of the tubes can be implemented without substantial changes. A commercial
program could have been used to generate meshes but, in order to reduce the time needed to change the
density of the mesh or the number of pipes, a parametric mesh generator has been designed and
implemented. This program allows us to obtain meshes with different densities and number of pipes and
also, to concentrate the control volumes at the critical points (union between pipes and fins).
The finite control volume method has been used for the integration of the governing equations. A modified
least-square method has been chosen for the calculation of the gradients. The equations are solved with the
Conjugate Gradient method (Lehmkuhl et al., 2007).
The conduction model links all the other models through boundary conditions:
•

Insulation at the back side of the panels: The back side of the panels of the receiver is covered with
an insulating material. This situation is simulated using a one dimensional approach to obtain the
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value of the heat flux between the tubes and the air of the cavity:

q=αk

 Tw−Tg 
 k+α  x 

(eq. 2)

where q is the heat flux, α is the convective heat transfer coefficient, k is the thermal
conductivity of the insulator material, Tw and Tg are the temperature of the external wall of
the tube and the temperature of the air respectively and  x

is the thickness of the insulator.

•

Solar radiation, thermal radiation and convection at the front side of the panels: The radiation
reflected by the heliostats to the receiver cavity is almost completely absorbed by the front side of
the panels. The radiometers situated in the receiver structure give a map of radiation distribution.
This map is interpreted by the code to calculate the heat flux that enters the system by solar
radiation (taking into account the absorptivity of the paint of the panels and the angle of incidence).

•

The radiative heat transfer between the surfaces of the panels is calculated using the radiosity
method. To reduce the computational cost, a simplified mesh is used to discretize the roof and the
floor of the cavity, and the surfaces of the panels are considered isothermal when saw from each
other.

•

The convective heat transfer between the surfaces of the panels and the air of the cavity is
calculated using the Newton’s law of cooling :

q=α Tw −Tg  (eq. 3)
and the convective heat transfer coefficient α
described in section 5):

α=
where
•

is calculated from the Nusselt number (obtained as

kNu
(eq. 4)
L

k is the thermal conductivity of the air and L is the characteristic length.

Forced convection inside the tubes: The convective heat transfer between the internal flow of the
fluid and the tubes of the panels is calculated using Newton’s law of cooling. The temperature of the
fluid and the convective heat transfer coefficient are obtained from the two-phase flow model
described in next section.
3. Two-phase flow inside tubes

The evaporation phenomena inside the tubes can not be solved directly from the governing equations (mass,
energy and momentum conservation), because instantaneous tracking of the vapor-liquid inter-phase is too
complex to do so. Therefore, in all the fields of science and engineering, no matter the computational
resources available, two-phase flows in ducts must be solved using models.
In this work, a one dimensional quasi-homogeneous model has been chosen to represent the forced
convection in the tubes, solved by the step by step method, which was used in the numerical analysis of twophase flow inside tubes (Morales Ruiz et al., 2009). The fact that this code is one dimensional makes difficult
the communication between the two-phase flow code and the code for the solid elements. This problem has
been solved calculating one heat transfer coefficient and one average wall temperature obtained from
evaluating the energy conservation equation at the walls of the pipes.
For this model, a point of crucial importance is the critical heat flux (CHF), an abrupt rise of wall
temperature due to a slight change in one of the flow variables. The temperature rise may be of two or three
orders of magnitude, which most likely will cause a failure of the heated surface. Finding the CHF in terms
of saturated evaporation is not straightforward. There is a wide variety of correlations that try to predict this
condition and the corresponding location of the point of dry-out inside pipes, but there is not a correlation
that provides satisfactory results under different geometries and working conditions of the fluid. So far, the
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Look-up tables (LUT) method seems to be one that can give similar results to the experiments. Moreover,
this method allows to extend this application to different situations in a manner not too complicated. The
implementation of this method in the code was made using the LUT of 2006 (Groeneveld et al., 2007). These
tables are a function of pressure, mass flow and quality of steam. It is necessary to make a process of linear
interpolation between the various tables that exist to find the CHF corresponding to the working conditions
of the fluid.
The two-phase flow code has been validated with:
•

Experimental data for low energy flow (Kattan et al., 1998; Cavallini et al., 2001; Jung and Didion,
1989).

•

Experimental data obtained at the CTTC laboratory using a vapor compression refrigeration system
(Rigola et al., 2003).

•

Experimental data for high energy flow and correlations to predict the status of CHF (Groeneveld et
al., 2007; Wong et al. 1990).
4. Thermal radiation between the walls of the solar receiver cavity

Every surface emits energy in the form of thermal radiation just by the fact that it is at a finite temperature. In
the cavity of the solar receiver there is an exchange of energy between the surfaces (the ducts and fins of the
panels, the exterior, the ceiling and the floor of the chamber) through thermal radiation. To calculate the
radiative heat transfer between the surfaces of the cavity we propose to use the radiosity method (Modest,
1993). To use this method we make the following assumptions
•

All the surfaces are diffuse, gray and opaque to thermal radiation.

•

The medium is non participant.

•

The opening of the cavity is considered as a black-body.

The radiosity represents the rate at which radiation leaves a unit area of the surface. This radiation could be
intercepted by another surface and there is where the view factor between those surfaces could be of interest.
For the calculation of the view factor the 2LI (Double Line Integration) method (Walton, 2002) has been
chosen. Gaussian integration method has been used to improve the accuracy and reduce the calculation time.

Fig. 1: Reduction of error using Gaussian Elimination.

3317

The singularity found when two surfaces are in contact has been solved using an analytic solution.
5. Convection inside the cavity
The temperature differences between the tubes and the air surrounding them causes heat transfer by
convection. This heat transfer is complicated to evaluate numerically because:
•

The geometry is complex and there are large differences between the size of the tubes (millimeters)
and the cavity (meters).

•

The cavity is open and interacts with the medium, so the domain has to be extended to include a part
of the external environment.

•

The air conditions in the real case (velocity and direction of wind, temperature, humidity, etc.) are
variable in time and space.

To obtain a first approach, some assumptions has been made:
•

The cavity has been simplified, the panels of tubes has been modeled as a hot isothermal wall and
the rest of the surfaces has been supposed adiabatic:

Fig. 2: Simplified cavity scheme.

•

There is no wind (only natural convection) and the temperature of the air away from the cavity is
constant.

•

The air is supposed an incompressible Newtonian fluid, with constant thermophysical properties
and negligible interaction in radiation. The Boussinesq approximation for buoyancy is also
assumed.

Under this conditions, the governing Navier-Stokes equations for the conservation of mass, momentum and
energy can be written as follows:

∇ · u=0 (eq. 5)

∂ u
1
 
u· ∇
u =− ∇ p d +ν  Δ 
u  − β  T −T ref  
g (eq. 6)
∂t
ρ
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∂T
u · ∇ T=α  T (eq. 7)
∂t
u is the velocity vector, ρ is the density, p d is the dynamic pressure, ν is the kinematic

viscosity, 
g is the acceleration due to gravity, β is the thermal expansion coefficient and α is the
where

thermal diffusivity.
This problem is characterized by the Rayleigh number (Prandtl number is assumed constant to 0.71):

gβ  T h −T c  L3
(eq. 8)
Ra=
να
where L is the characteristic length (in the study case it is considered the height of the isothermal
surface). Rayleigh numbers up to 1013 has been studied.

Fig. 3: Illustrative results for Rayleigh=812.

To reduce the computational costs, the cavity is assumed to be periodical in the Z axis, so only one slice of it
is solved (this approach was used for instance in Trias et al., 2004, 2007).
The modeling of the turbulence has been done using the subgrid scale (SGS) model proposed by Yoshizawa
et al. (2000).
With the simulation of this case, the heat transfer at the hot wall can be obtained as the local and average
Nusselt number:

Nu=
 =
Nu

 

L
∂T
T h −T c ∂ x

(eq. 9)

Wall

1
∫ Nu  y  dy (eq. 10)
L

and the Nusselt number can be used to calculate the heat transfer coefficient. A correlation between Rayleigh
and average Nusselt numbers has been obtained and it will be used by the conduction model.
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6. Conclusions
A methodology to simulate heat transfer and fluid dynamics phenomena in the receiver cavity of a Solar
Power Tower has been presented. Models dedicated to heat conduction in solids, two-phase flow, thermal
radiation and natural convection have been described.
In future works, it would be interesting to investigate different fluids (over heated vapor, molten salts, etc.)
as well as the effect of wind and other parts of a solar power tower plant.
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Abstract
A new facility known as Heliostat Test Field has been developed in northwest of Mexico (state of Sonora).
With a clear atmosphere most of the year, Sonora is one of the best locations worldwide for its abundant solar
resource. The new facility consists of a solar tower, a laboratory, and 16 heliostats. Three different optical
tests have been implemented for the evaluation of heliostats at this installation: sun tracking test, reflected
spot test, and deflectometry test. These tests allow the evaluation of tracking, and slope errors of the
heliostats. In particular, the later provides detailed slope maps of the reflecting mirrors.

Keywords: Heliostat; Central receiver technology; Deflectometry; Solar concentration.

1. Introduction
In the framework of a National Laboratory of Solar Concentrating and Solar Chemistry Systems, three
research facilities were built in Mexico: a heliostat test field (HTF), a high radiative flux solar furnace [1],
and an experimental photocatalytic water treatment plant. In particular, it was decided to build the HTF in the
state of Sonora, one of the regions with the best insolations in Mexico. Developed jointly by Universidad de
Sonora (UNISON) and Universidad Nacional Autónoma de México (UNAM), with partial financing form
Consejo Nacional de Ciencia y Tecnología (CONACYT), the HTF is located 10 Km away from the City of
Hermosillo (29°05′56″N 110°57′15″W, Fig. 1), in the campus of the Agriculture Department of UNISON. It
is located near the southern edge of the Sonoran desert. With a clear atmosphere most of the year, Sonora is
one of the best locations worldwide for its abundant solar resource. Sonora has values of average solar global
horizontal total radiation of 5-6 kWh/m2/day (Figure 1A).
At the present stage, the purpose of the HTF is to serve as a platform for the development and testing of
heliostat technology. It was finished and started up in December 2010. The installation consists of a 32
meters high tower, with a flat Lambertian target, 8 m × 6.7 m in size, for heliostat evaluation (Fig. 2). A room
for the installation of thermal receivers was also built atop the tower, to be used in future stages of the
project. In fact, this facility is the first stage of a larger project: a laboratory for research in central receiver
technology, which will include the installation of 82 heliostats, to reach 2 MW thermal power [2].
Currently, there are 16 heliostats of different design installed in the HTF, most of them with 6 m × 6 m
aperture area, and with facets canted to achieve 25 suns concentration ratio. The idea is to be able to test
different heliostat technologies. For this purpose, different heliostat tests are being developed at the HTF. The
purpose of this paper is to describe the new installation and to present preliminary results of the evaluation
methods.

3321

Fig. 1. Location of the Heliostat Test Field.

Radiación Solar Anual Promedio Diaria en KW-h/m2

San Luis Rio Colorado
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Puerto Peñasco
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Yecora

Empalme
Obregón
Navojoa Alamos

Fig 1A. Sonora’s map of Annual Average Daily Global Horizontal Solar Radiation in kWh/m2 day.
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Fig. 2. Picture of the HTF, showing a few heliostats, with the tower, and the laboratory at its base.
2. Implemented Tests
The operation of the HTF has been initiated with the implementation of three kinds of tests for heliostats: sun
tracking test, reflected spot test, and deflectometry. All of them use an 8 bit Allied Pike camera to record
images and MATLAB libraries for image processing.
2.1. Sun tracking test
In the sun tracking test the heliostat is operated as a solar tracker. The central facet is removed from the
heliostat and a camera is installed on its place, fixed perpendicular to the heliostat plane and pointing to the
sun. In this way the camera tracks the sun together with the heliostat. The camera is fixed to the heliostat
central beam, as close as possible to the gearbox, instead of fixing it to the mirror supporting structure, in
order to reduce vibration with movement. Then, images from the sun are taken at regular intervals (Fig. 3).
Images are processed in order to extract the coordinates of the center of the solar disc, measured in pixels,
over the CCD sensor. By taking into account the angular diameter of the sun and the number of pixels it
covers, the position can be transformed from pixel coordinates into angles. The wandering of the solar disc
image on the picture allows evaluating the tracking accuracy of the heliostat mechanism, by means of the
standard deviation of the tracking error.

Fig. 3. Typical image from a sun-tracking test.
2.2. Reflected spot test
In the reflected spot test, the heliostat is used to reflect the sun rays to the Lambertian target (Fig. 4). The
images produced on the target by the concentrating heliostat are recorded at regular intervals (Fig. 5). These
pictures are processed to obtain the coordinates of the centroid of the produced solar image, at each time step.
In this way the displacement of the solar image from the nominal target position can be evaluated, and
standard deviations computed.
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Screen

Heliostat

Camera

Fig. 4. Experimental scheme for the reflected spot test.

Fig. 5. Typical image obtained during the reflected spot test (left), and the same picture after partial
processing (right).

2.3. Deflectometry test
In the deflectometry test, also known as fringe projection method [3,4], fringe patterns are projected at night
on the Lambertian screen. Then, the heliostat is oriented in such a way as to reflect the image of the target
and the fringes towards a camera located atop the tower (Fig. 6). Due to the mirror slope imperfections, the
reflected fringes are distorted (Fig. 7). Therefore, from this distorted images it is possible to extract the slope
errors to evaluate the reflecting facets of the heliostat.

Camera

Screen

Heliostat
Projector

Fig. 6. Experimental arrangement for the deflectometry test.
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Fig. 7. Pictures from the deflectometry test: fringes projected on the Lambertian screen (left), and
after reflection by a heliostat (right).
In particular the four step phase shifting method is used to extract the information. In this method, four
sinusoidal patterns with fringes of equal frequency are projected on the screen successively. Each pattern
differs from the preceding one by a  / 2 shift in the phase. Mathematically this is expressed by (for the case
of horizontal fringes)

I n ( x, y)  A( x, y)  B( x, y) cos[2 f y   n ]
where the I n ( x, y) is the intensity of the n-th pattern as a function of the ( x, y ) coordinates over the
Lambertian target, f is the spatial frequency of the fringes (m-1), and the phase shift takes the values

 0  0, 1   / 2,  2   , 3  3 / 2 , for the four different patterns.
The four patterns, as seen by the camera after reflection by the heliostat, can be expressed as

I r ,0 ( x, y )  a( x, y )  b( x, y ) cos[( x, y )]
I r ,1 ( x, y )  a( x, y )  b( x, y ) cos[( x, y )   / 2]
I r , 2 ( x, y )  a( x, y )  b( x, y ) cos[( x, y )   ]
I r ,3 ( x, y )  a( x, y )  b( x, y ) cos[( x, y )  3 / 2]
The phase ( x, y) contains all the information of the geometry of the reflecting facets. This phase does not
depend linearly with the y coordinate, as the original projected patterns did, but the functional relationship is
arbitrary instead. To extract this function from the reflected patterns the following formula can be deduced
from the preceding equations

tan[( x, y)] 

I r ,1 ( x, y )  I r ,3 ( x, y)
I r , 2 ( x , y )  I r , 0 ( x, y )

The phase ( x, y) is said to be wrapped in this expression; it cannot be extracted simply by the arctangent
function, because the tangent function is not biunivocal. Artificial phase jumps are introduced due to this fact
when the arctangent function is used. These can be easily mistaken with phase jumps due to noise and other
sources. To extract the phase correctly unwrapping algorithms are needed, that would be long to describe
here [5]. In the present case a variation of Itoh´s algorithm has been employed.
Once the phase is obtained, the local phase difference ( x, y) with respect to a reference plane (ideal flat
mirror) is calculated. The local angular deformation of the facets  ( x, y) with respect to the flat surface is
given by the following equation
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tan(2 ) 

Zp  Zf

2 f (Yp  Y f ) 2  ( Z p  Z f ) 2

The quantities appearing in this equation are as depicted in Fig. 8. This particular formula is for the analysis
of the vertical deformation in a heliostat located along the central axis of the field, by means of horizontal
fringes, but it is easily extended to other cases.

Fig. 8. Quantities involved in the mathematical analysis of deflectometry tests.

3. Results
In this section some examples of results obtained from the three implemented tests are discussed. In Fig. 8 a
graph is presented for the sun tracking test. The data represent the angular deviation of the tracking during
the test. As can be observed the elevation tracking worked very well in this particular run; i.e., the sun´s
image remained nearly static on the same vertical position on the CCD. On the other hand, the azimuth
presented a very pronounced drift.

Fig. 8. Angular drift in the azimuth and elevation axes as a function of time, for a sun tracking test.
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From the above, one can note that it is important to decouple the tracking errors caused by the accuracy of
the mechanism, from those due to calibration errors in the tracking algorithm; i.e., random vibrations due to
the mechanism need to be separated from the systematic error introduced by tracking calculation an
calibration errors. This part of the process may be a subtle one. In the particular case presented, the drift in
the azimuth direction is quite obvious, with almost linear behavior. Superposed on this, we can see several
spikes due to wind loading, which are more characteristic of the backlash effect of the mechanism. Note that
spikes in both tracking directions are clearly simultaneous, but those found in elevation are of much smaller
amplitude. The amplitude of the spikes can be used to evaluate the tracking error due to the mechanism. For
the particular case presented, a straight line is fitted to the azimuth data to represent the overall drift. Then,
the standard deviation of the data with respect to this average behavior is calculated, to obtain the tracking
error due to the mechanism. It is found that the standard deviation in the azimuth direction amounts to
 t  0.347 mrad .
Another feature that can be observed in Fig. 8 is the presence of high frequency oscillations. However, they
are not a reflection of the behavior of the mechanism. They are an artifact due to the pixel size of the camera,
which limits the accuracy of the measurement.
In Fig. 9, results from a reflected spot test are presented. As well as in the previous test, drift spikes and high
frequency oscillations can be observed. Similar information to the previous test could be extracted, but with
the system acting as a heliostat instead of being used artificially as a solar tracker. Again, to analyze this
information it would be necessary to separate the drift from the oscillatory behavior. It is interesting to note
again the higher accuracy of the elevation as compared to the azimuth mechanism. This occurs because the
first is a linear actuator, while the second is a worm gear and shaft mechanism.

The reflected spot test is potentially very interesting, as information of the shape of the solar image could be
used for carrying out comparisons with ray tracing, which would help to further evaluate optical errors. This
kind of comparisons will be implemented in the near future.

Fig. 9. Reflected spot drift in the x and y axes as a function of time, for a sun-tracking test.

Finally, in Fig. 10, an example of the results from the deflectometry test is shown. As can be observed, the
test allowed determining the local deviation of the facet surface from the ideal planar geometry. A diagonal
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bending line can be observed at the center of the mirror, as well as stress points at the left side. From this data
the standard deviation of the contour error was determined as σc = 1.90 mrad, for this particular facet. Typical
values found for other facets were closer to 1 mrad.

Fig. 10. Image of fringes reflected by a mirror facet (left), and map of local angular deviations of the
facet with respect to an ideal plane (right).

4. Conclusions
A new tower facility for the development and testing of heliostat technology has been established in Mexico.
This is the first installation of its kind in the country and in Latin America. Different kinds of heliostat tests,
which complement each other, have been implemented or are being developed. This allows obtaining a
variety of useful information of the heliostats under evaluation. Presently, tests to evaluate the tracking and
slope errors of the heliostats are implemented. The latter, based on deflectometry techniques, provides
detailed slope maps over the whole surface of the mirrors.
The first results of the tests allow us to evaluate the current heliostats in the field. We observe a better
accuracy in the elevation tracking with respect to the azimuth tracking. Also we observe both stochastic and
drift errors in the tracking, the stochastic error occurs with a standard deviation of 0.347 mrad. With regards
to the deflectometry test, the implemented technique allows to get a map of the local deviation of the facet
surface from the ideal planar geometry. The facets evaluated have a standard deviation between 1 and 2
mrad.
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1. Introduction
The paper describes the realization of a modular 1-3 kWe, 3-9 kWth micro Combined Heat and Power (mCHP) system based on innovative Concentrated Solar Power (CSP) and Stirling engine technology. This
CSP m-CHP will provide electrical power, heating and cooling for single and multiple domestic dwellings
and other small buildings.
The cogeneration of energy at distributed level is one of leading argument in large part of energy policies
related to renewable energy resources and systems. The actual marketable solar systems for domestic and
distributed applications (PV and Solar thermal) suffer of notable limitation: i) the low overall (electrical)
efficiency of PV systems create a small collected energy from available space, sometimes restricted in
surface to few square meters, ii) the stagnation temperatures on solar thermal collectors actually limiting the
diffusion of solar thermal systems, iii) fixed and not retrofittable systems may generate energy in intermittent
way not aligned with the auto consumption profile of domestic spaces.
The development of a new cogeneration system, based on a compact concentrated solar power is therefore
highly required, realized compatibly with the market levelised energy cost (LEC).
Such system (see Fig. 1) integrates small scale concentrator optics with moving and tracking components,
solar absorbers in the form of evacuated tube collectors, a heat transfer fluid, a Stirling engine with
generator, and heating and/or cooling systems; it incorporates them into buildings in an architecturally
acceptable manner, with low visual impact. Four main themes have led to the development of this proposal:


improvements in glass technology allow the adaptation of large parabolic trough solar
concentrator technology for much smaller scale systems, down to the single domestic
dwelling;



recent studies on ceramic-metal (Cer.Met.) coatings suggest that they can provide
improved optical behaviour and material durability for absorbers inside evacuated tube
collectors, at higher temperatures than previously possible, leading to lower emittance
and higher efficiencies, with very low costs at high production volumes;



modified Stirling cycles and new compact heat exchanger technology can improve the
costs and performance of small heat engines, so that they can operate with higher
proportions of Carnot efficiency on the intermediate temperatures (~ 320 °C) from the
new CSP collectors;



the high cost and low power efficiency of gas-fuelled m-CHP systems, combined with
increases in natural gas prices, both absolute and relative to electricity prices, can undermine the financial viability of gas-fuelled m-CHP. There is an urgent need for
alternative m-CHP systems, of which solar m-CHP , whether separately or as a hybrid,
is an option with high potential.

This paper will describe the first phases of development of such m-CHP solar technology, which integrates a
cooperation between seven main partners distributed along five European countries. The work is part of a
European Funded project (DiGeSPo, 2011) in the CALL ENERGY-2009-1.
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Fig. 1: Schematic picture of the m-CHP system under development within DiGeSPo project

2. Methodology
2.1. Multidisciplinary approach
The CSP m-CHP technology under development requires a multidisciplinary approach and regards a series
of themes below described on the main objectives for the related research.
Selective absorber (Cer.Met. coating): R&D on an innovative coating for the solar absorber inside the
evacuated tube collector. A new nano-technology-based Cer.Met. layer (ceramic-metal) will be used to
minimise solar re-radiation back to atmosphere and increase the conversion efficiency of solar radiation to
heat energy in the thermal vector fluid at temperatures up to 250-350°C. The general efficiency target is to
have an absorbance greater than 0,93 and an emittance smaller than 0,06.
Concentration optics and tracking system: modelling and development of the optical sub-system. It
comprises a very high efficiency, low profile parabolic trough reflector using new, chemically treated,
flexible and low cost thin glass mirrors, with concentration ratio of 12:1, a tracking system (both mechanical
and electronic control components). The efficiency target is a reflectance higher than 0,93 (averaged on
solar spectrum) and an impact factor higher than 0,93.
Thermal fluid: R&D on a suitable single or two phase fluid that maximises heat transfer efficiency from the
Cer.Met. layer to the Stirling engine; reducing the NTU deficit, Number of Transferred Units (of heat), to a
minimum. The thermal fluid must adapt at the defined heat engine cycle and must be compatible with the
hydraulic circuit of the evacuated solar collector.
Full solar collector: Modelling and optimisation of an existing evacuated tube collector It uses a low iron,
glass tube with a nanoparticle-based anti-reflective coating (actual certified transmittance of the glass: 0,96),
an absorber with the improved, new high temperature Cer.Met. layer; integration of the complete collector
system to the input/output of the thermal vector fluid. The overall efficiency target is 80% (heat to
fluid/radiation to concentrator).
Heat engine: modeling, development and assessment of two novel engine options that will provide higher
efficiencies than existing engines at the target temperatures. One is a high energy density Stirling engine,
based on a pre-engineering realized by Fondazione Bruno Kessler; the second is a rotary, modified Stirling
cycle engine based on scroll compressor technology.
Both will use novel, extremely compact heat
exchangers based on new manufacturing technology, offering higher efficiency and lower cost. Both will be
matched to the low/medium temperatures and different cycle conditions, with a target power conversion
efficiency for the engine/generator of 20-22%, with air-cooling if required.
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2.2. System integration and Demonstration of the technology
sub-components are integrated into complete formats suitable for initial prototype characterization, and
compliant with later large scale industrial production, commercial impact on the market and prescribed
standards. A test bench has been equipped with sensors to measure performance parameters. The final
prototype will integrate sensors with the control system, to provide feedback and to control all security
options. All the sensors have been chosen in order to meet the precision requirement defined by the UNE EN
12975-22006 standard, which is the guideline for efficiency testing and certification of solar collectors.
A thermoregulation unit, also referred as “Centralina”, is the system designed to decouple the testing for the
solar collector and the engine (see Fig. 2). It’s capable to set a fixed temperature in the system, thanks to a
PID controller, which regulate the rejection or insertion of heat power in the system. The main components
are a water heat exchanger (FT-H), which is used to extract power during solar collector’s efficiency testing,
and an electrical heater (RRE), which will be used for Stirling engine performance characterization and
preheating purpose. The thermoregulation loop is driven by a magnetic seal pump (PRC-1), while the flow
delivered to the system is set by a secondary pump (PRC-2), which rotation velocity is controlled with an
inverter. This configuration allows a better control on the response of the system and avoid the risk of oil
degradation.
To avoid the contact of hot oil with atmospheric air, which can lead to oxidation of the fluid starting at 70
°C, an open expansion tank is located upon the unit . The connecting leg act as a thermal insulator and the
system is open to atmosphere and not pressurized. Temperature in the expansion tank is further controlled
with a secondary water heat exchanger (FT-C), which is automatically activated if a temperature sensor is
triggered. Total power is 14 kW for electrical heater and 25 kW for the cooler heat exchanger.

Expansion vessel

Cooling water input

Thermal oil input

Cooling water output

Thermal oil output

Fig. 2: thermoregulation unit layout (“Centralina”). The system is designed to test solar collector efficiency and engine
performance up to 320 °C

The demonstration of the technology will be located in a high impact and visibility location in the middle of
the Mediterranean area (ArrowPharma Ltd. in Malta).
2.3. System modelling and qualification, energy balance and overall efficiency
The proposed technology is able to convert direct solar radiation into electrical and thermal energy. The
energy flow has been characterized and the different energy conversions / transfers have been partly verified
and partly theoretically confirmed.
The overall efficiency, for a parabolic trough collector, is given by Eq. 1.
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(eq. 1)
Where FR is the heat removal factor, η0 is the collector optical efficiency, UL is the solar collector overall
heat loss [W/m2∙K], Ti is the collector input temperature [K] and T a is the ambient temperature [K], GB is
beam radiation and C is the collector concentration ratio.
The fluid dynamic of the overall system has been modelled and tested. The mass nominal flow rate for the
pump is calculated in relation to the maximum thermal power at the input of the system. The solar field is
composed by 4 unit, each with four parabolas with dimensions 2 x 0,4 m. The data used in the calculation
are:
I = 850 W/m2 ( maximum direct solar radiation); A = 2 ∙ 0,4 m = 0,8 m2 (parabola area); n = 16 (total
number of parabolas);
≈ 0,8 (maximum thermal efficiency expected for the solar collector @
2
300 °C and 850 W/m ).
During calculations the oil is assumed at 300 °C, with a density of 809 kg/m3 and specific heat capacity (Cp)
of 2,51 kJ/kg∙K. Maximum power transmitted to the fluid is calculate in a on conservative way, by assuming
a perfect thermal efficiency for solar collectors, as indicated in Eq. 2:
(Eq. 2)
This value can be used to select pump size, which must provide sufficient flow in order to control
temperature rise inside the collectors. It is assumed that the flow is equally distributed on solar field, which is
composed by 16 tube in parallel. Simulation on heat transfer phenomena shown that maximum bulk (345
°C) and film temperature (375 °C) is avoided (Solutia Inc., 2010) when a velocity of at least 0,4 m/s is
imposed inside the collector tube (Fig. 7). This value correspond to a flow rate as from Eq. 3:
(Eq. 3)

Temperature rise is calculate as reported in Eq. 4:
(Eq. 4)

Under such flow regime the oil in the solar field is heated from 300 °C to 320 °C. See Fig. 3 for temperature
distribution in function of the inlet velocity and inlet temperature.
(°C)
Direct
Direct
Direct
Direct
Direc
t
Direc
t
Direc
t
Direct

(m/s)

Fig. 3: Maximum bulk (blue dot) and film temperature (green dot) for the fluid in the solar collector, as a function of flow rate,
solar irradiation and inlet temperature

A lower temperature rise and film temperature can be achieved by increasing the flow rate. A flow rate of 32
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l/min can reduce outlet temperature to 305 °C (see Eq. 5).
(Eq. 5)
Simulation show that a minimum velocity should always be imposed inside the collector, in order to avoid
losses in thermal efficiency for the solar collector (Fig. 4). The efficiency is reduced when velocity is below
0,1 m/s, which correspond to a flow rate of about 4,2 l/min (see Eq. 6).
(Eq. 6)

(m/s)

Fig. 4: thermal efficiency for the solar collector is function of solar irradiation and fluid velocity.
Below 0,1 m/s thermal efficiency is lost under every irradiation level

An important element for the overall efficiency of the system is the solar receiver in form of evacuated solar
tube. To understand and design the trough, receiver and system components, specific software tools have
been developed (Alberti A., Crema L. 2010).
T_AMB

q8AMBconv

q78cond

q67rad
q45conv
q34conv

T_SKY
q8SKYrad

q67conv
q23cond

q12conv
q23cond

q6SolGlass

q8SolAbs

Fig. 5: : Defined temperatures, thermal resistance and heat fluxes on a collector cross-section of the receiver
Figure 2: Defined temperatures, thermal resistance and heat fluxes on a collector cross-section, Fbk simulation code
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The simulation program enable the analysis and prediction of the thermal behaviour of coaxial vacuum tubes
under different working conditions. The software algorithms allow the realization of parametric studies,
where various input variable (such as temperature fluid at inlet, solar irradiation, outside temperature and
wind conditions) can be varied, in order to calculate the efficiency and find the optimal operational
configuration. An example of the parameters taken in consideration is presented in Fig. 5.
On the extreme end of the hydraulic circuit, thermal energy enters a heat engine for energy cogeneration. The
thermodynamic design of the cycle for the heat engine has used different tools in order to find the optimal
parameters for main components of the engine, including pistons, the regenerator and heat exchanger. The
starting point has been Schmidt analysis and the Beale number, from which qualitative parameters can be
extracted. Since the beginning, the Beale number takes in evidence that an high density power, which means
reducing the swept volume, can be achieved by increasing the charge pressure or the working frequency.
(Eq. 7)
Where Bn is the Beale number, Wo is the power output of the engine [W], P is the mean
average gas pressure [Bar], V is swept volume of the expansion space [m3], F is the engine cycle frequency
[Hz].
Increasing the cycle efficiency has the disadvantages of increasing mechanical losses from friction, and
leaves with the option of increasing instead the pressure. Other engine realized for medium temperature
application show that the design of a low speed engine is the way to follow (Cool Energy, Boulder CO), in
order to achieve good efficiency and reduce mechanical losses. A low speed engine can also operate more
quietly and with less noises. From the beginning the results was the selection for a low speed high charged
pressure concept, and the initials parameters derived from the Beale number have been used to perform the
iterative simulations. The simulation tools used are the one developed by Urieli and Berchowitz (Urieli and
Berchovitz, 1984). Those method results in sinusoidal varying temperatures in the working spaces,
temperature drop between the compression space and cooler, temperature drop between the heater and the
expansion space, non-constant working fluid temperatures over the cycle, and pressure losses across the
cooler, regenerator, and heater, as shown in Fig. 6. An accurate correlation for heat transfer is very important
in order to predict correctly the cycle performance, and weakness of quasi-steady-flow correlations. A
specific tool has been used to find and optimize the thermodynamic cycle in a iterative way, while the code
from Urieli have been used to check the results and for secondary analysis.

Fig. 6: components and parameters model (Urieli and Berchowitz, 1984)

The energy flow, including all sub-components, from direct solar radiation to thermal and electrical energy
generation, is reported in Fig. 7. Main conversions / energy transfers have already been confirmed
experimentally.
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Fig. 7: Energy flow and efficiency loss / gain through the CSP modules and the thermodynamic cycle

2.4. Methodological approach to the technological development
The technology under development addresses directly the above issues with the intention to make available
solar cogeneration systems for the distributed scale, by respecting specific contents/scopes, as follows.


improving the efficiency of key components: the efficiency of the following subsystems will be improved: small scale parabolic trough concentrators, solar absorbers
inside evacuated tube collectors, heat transfer to the prime mover, and the prime mover
(modified Stirling engine) itself;



improving CSP’s environmental profile by: vastly increasing its potential market and
the CO2 savings that result; locating the CSP plant on roof-tops to eliminate the need
for extra land; and reducing or even eliminating the use of water for cooling: final heat
rejected by engine is used for heating and/or cooling the building, because the high
efficiency of the engine, together with the use of highly compact heat exchangers,
particularly the cooler, allows significant reductions in the temperature of reject heat,
compared with existing Stirling engines;



employing new coatings and nano-technology: self-cleaning nano-surfaces on the
concentration mirrors reduce maintenance costs and increase reflective efficiency;
Cer.Met coatings on the absorber increase energy conversion efficiency;



providing large reductions in both capital and maintenance costs: approaching the
EU’s target of 6-9 cent€/kWhe by 2020 [2] is one of the main project drivers. It will be
achieved by innovation in component and sub-system design ; by later mass production;
by eliminating land and water costs; by the use of reject heat for heating and/or cooling
on-site; and by almost eliminating transmission costs;



hybridization with other fuels can be achieved in several ways. Most attractive is
integration with gas-fuelled m-CHP, for which there are several options;



reliability and durability will be ensured by the small scale, low profile design, by
transferring lessons learnt in the large scale sector to the small scale sector and by the
use of proven evacuated tube technology.
3. Results

On the starting development phases related to the project, some good results have already been achieved.
Some details are yet under modelling and development. Indeed some results are presented on the main
technological issues.
3.1 Selective absorber (Cer.Met. coating) and evacuated solar tube
A theoretical modelling on sample candidates has been performed at Angstrom Laboratories in Uppsala
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University. The modelled results have provided indications on the best candidates (Wackelgard et Al., 2010).
From theoretical calculations using the commercial software SCOUT, it has been modelled a number of
coatings. It has been used a Cer.Met. structure of three layers (two Cer.Met. and one antireflection) using the
oxide matrix TiO2, SiO2, ZrO2 and Fe, Co, Ni, Y, Nb, Mo, W, Pt, Ce, Sm, Tb, Dy, Er, Tm, Yb as metal
component. Also Al2O3 was modelled with Mo, W and Ni and Ta2O5 with W, Pt and Ta.
One clear result is that the 4f-element Cer.Met. (i.e. specifically Dy) showed in general a lower absorbance
(for about the same emittance) compared to the 3 d – element Cer.Met.. Another systematic result is that
TiO2 as matrix gives a lower absorbance than SiO2 and ZrO2. However the differences are small, the best
result for in the titanium oxide group (Ce-TiO2) has absorbance/emittance 0.955/0.097 compared to the best
result (0.964/0.096 for Y-ZrO2 or 0.963/0.091 for Ta-SiO2). The worst result of all modelled is 0.907/0.097
for Dy-ZrO2. The limitation here has been a little higher in the emittance than set by the delivery condition.
Lowering the emittance to the delivery of 0.06 gives a lower absorbance by 0.02 to 0.03 units. Two Cer.Met.
have been modelled for the lower emittance than for W-Al2O3 0.937/0.06 and for W-Al2O3 0.935/0.05.

SA: 0.93036; TE100: 0.026541; TE350: 0.04408; 0.515W-AlOx/0.121W-AlOx/SiOx
1

SA: 0.93743; TE100: 0.032863; TE350: 0.061421; 0.44W-AlOx/0.115W-AlOx/SiOx
1

0.9

0.9

0.8

0.8

0.7

0.7
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0.6
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The candidates from the modelled group are: W-Al2O3, W-SiO2 since W is proved to be relatively stable in
temperature.
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Fig. 8: Two spectra of best Cer.Met. candidates from theoretical modelling (W-AlOx/SiOx)

Numerous solutions for the absorption pipes studied are possible since the absorption pipe is a compromise
between achieving different operational requirements. Mathematics models have been used to find a good
compromise since they provide the possibility to calculate the essential output parameters in relation to the
input parameters. The first prototype will be a 12 mm (external diameter) coaxial coated tube, which will use
a commercial absorption layer developed by ALMECO-TINOX (Figures 9 and Figure 10 below). The
objective for the final prototype is to realize an absorber pipe made from stainless steel, with a molybdenum
protection layer, coated with the best Cer.Met identified and developed by above indicated analysis.

Fig. 9: First series of coated tube from Tinox

A proposed technology has been designed and realized for a first series of tests. Some of the main
conclusions achieved include:


Market analysis has shown a lack of products for concentrated receivers in the small mid size range. The solution available on the market (glass tube without vacuum
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isolation or the Sydney type) cannot reach good efficiencies at the indicated working
conditions;

Fig. 10: Details from the first series of tube. The coating has been deposited directly on the stainless steel tube



The potential problem arising from thermal stress dilation and glass cracks has been
resolved by the use of a coaxial tube (Mientkewitz G., Schaffrath W., 2010);



A fundamental parameter for collector efficiency is the vacuum quality. Line losses
arising from convection and conduction are greatly reduced with a level of vacuum
below 0.02 Pa. This feature has been experimentally tested and proven;



For the first prototype a Cer.Met layer from ALMECO-TINOX is used. The second
series of test tubes will have a molybdenum layer which will further limit the emissivity
of the coating and the target value is equal to 0.06 @ 350°C;



The actual concentration ratio has been based on similar values obtained by similar
medium to large scale technologies, so a scale factor has been applied both to the
dimension of the optics and that of the receiver;



The first tube will have a diameter of 12 mm.

3.2 Concentration optics
The system will be provided of a concentration ratio 12:1, and a single module will be 200 cm long, 40 cm
wide and 20-25 cm high. Two or more modules can be combined. The evacuated solar tube, located on the
focus, will have the selective absorber on a tube of 12 mm in diameter. A very thin glass mirror have been
developed (< 1 mm), chemically treated to provide flexibility at ambient temperature, with a multi-layered
structure of silver for reflection and protective coatings. The overall mirror reflectivity has been measured,
the verified value is 0,954. In Fig. 11 are evidenced the 4 optical modules after manufacturing by a project
partner (ELMA).

Fig. 11: first prototypal realization of the optical system
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3.3 Heat engines
Research will focus on solutions to the technical and cost problems that are delaying commercialisation of
the Stirling engine, whether in m-CHP or other applications. The development phase will includes two
separate engine solutions, and one solution to the heat exchanger problems, that will be used for both
engines.

Fig. 13: Compact heat exchanger realized through SLM process
Fig. 12: Engineering of a high energy density
Stirling engine

The first investigated solution in a new Stirling engine (Fig. 12), improved of latest available materials and
technologies and with overall objective of realizing a high energy density, light weight, efficient engine. The
thermodynamic cycle has been investigated and defined theoretically respect some border conditions set for
the engine itself. The engine configures as a high pressure double acting Stirling. Peak power from the
current solar field under realization is estimated to be 10 kW. The target efficiency for the cogeneration unit
is 20 % in electrical conversion and 65 % in the overall efficiency (including thermal), which is recuperated
as hot sanitary water for heating and domestic consumption. The load profile for a solar energy application
has a typical non-constant curve, which should be followed by the engine. The heat power extracted by the
engine should be adjustable, otherwise the fluid in the collectors is cooled/heated, and the source temperature
is perturbed. The power can be reduced or increased by a factor of 2-3 by acting on the engine speed. Due to
technological constrain, both on materials and fluid, the maximum temperature has been imposed to 320 °C.
The cold sink is water for heating purpose, at temperatures in the range from 40 °C to 60 °C. The target
mechanical output is 3 kW. The engine is required to be adjustable to lower nominal power, down to 1 kW,
in order to be scalable with the input source, which is a function of the solar field dimensions. The nominal
output power for the engine can be increased or reduced by a factor of 10 by managing the charge pressure.
The heat exchangers has been optimized through a entropy minimization analytical model (Bejan A., 1996).
Another development will regard a new and compact scroll engine. In contrast to the Stirling engine, a heat
engine based on mass-produced orbiting scroll compressor technology will have uni-directional, near-steady
state charge gas flow. This addresses issue (a): heat exchangers can be specified optimally for most of the
cycle, and the anomalous heating and cooling can be eliminated. Issue (b) is addressed by new
manufacturing techniques for compact heat exchangers, that provide complete freedom of 3-D design and
“build to shape” manufacture of complex, thin-walled, voided components (see Fig. 13 for example). These
allow the manufacture of very compact heat exchangers, with surface area densities of 20,000 m2/m3 or more
(the Stirling heater is normally <1000 m 2/m3), pure counter flow heat transfer, surface enhancement and
varying duct cross-section, in high performance materials. Several functions (i.e. combustion air pre-heat,
combustion, heating) can be incorporated in a single component. This helps to overcome the heat transfer
imbalance across the heater tube walls, reduces costs, size, weight and materials use, and increases
thermodynamic efficiency.
3.4 Variable speed control
The Stirling (or Scroll) engine is provided and instrumented with all necessary on-boars sensors for the
monitoring of performances, fault detection, identification and solution in real-time during operability. At the
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same time they’re required for the engine characterization and verification of the overall system efficiency,
measure of the energy and mass balance through the engine itself. Main sensors included in the Stirling are
pressure and temperature, mainly used for the characterization of the thermal cycle. Sensors are sampled
through an A/D board, included of an encoder connected to the drive control (DS2000 by MOOG Industries),
in feedback loop with the measures themselves. The engine provides also a three-phases power line from the
integrated generator. The generator is a 48-pole, 3-phase alternator using permanent magnet (PM) excitation,
nominally designed to operate at 480rpm, but rated for operation until 600 rpm. The electric power at the
output has 500 VDC in open circuit, and 420 VDC at 7.15 A at full load, generating 3000W of nominal
power. The drive control is used for the engine start-up, speed regulation and electrical power regeneration.
The Overspeed Protection Box is an additional and independent device included in the overall control
system. The box is an additional safety tool in case of fault of the main drive DS2000, and for extreme faults
out of the potential direct control of DS2000. It’s an electromechanical protection that brakes the engine and
slow it down preventing major damages in case of load loss contemporarily to a fault status of DS2000. The
objective of the Protection Box will be to maintain the engine below its maximum speed of 600 RPM.
DC load/Inverter has the purpose of conversion of direct voltage in alternate and deliver it to the grid. During
the engine characterization the load for the Stirling engine is composed of a programmable electronic device,
while during demonstration activities it will be replaced by an inverter for on-grid electrical generation.
During the monitoring, the control system will sample input information from the hot sided of the thermo –
fluidic system until the power generation. The measure of the thermal energy transferred by the thermal oil to
the Stirling is in direct relationship with the rated output power from the Stirling engine itself. Specific
temperature and flow sensors are included in the side of the thermal oil for the quantification of the energy
balance. Similarly, on the cold side, the transferred heat is monitored to account the amount of energy from
the Stirling (Scroll) engine to the hot water storage tank.
The PC/PLC control unit is used for the acquisition of the sensor measures and for the activation of relative
commands, together with their elaboration and handling. The unit will be equipped with a PC user interface
for interpretation of the measured values and for implementation of controls in automatic o in manual mode.
All the measures are saved in a data logger for a post processing of sampled values. A complete description
of the system is illustrated in Fig. 14.

Fig. 14: Architecture for the variable speed control of the engines
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4. Conclusions
The presented work will has started first tests and demonstration activities. On the next months full
characterization of the proposed technology will be completed. Other developments will regards an enhanced
thermal fluid, possibly realized integrating metal oxide nano particles and thermal oil used in the hydraulic
circuit. The evacuated tubes will be integrated of a more performing Cer.Met. coating. The engines will be
manufactured and characterized by the half of 2012.
The actual work is part of a European Funded project, the best valued within the specific topic of CSP in the
call FP-Energy-2009-1.
The impact strategy for such technology is addressed in four main issues: First is the contribution to
“improvements in the optical and thermal efficiency of the solar components, power generation efficiency
(including hybridization with other fuels), and operational reliability”.
Second is the scope for
hybridization with other fuels. Third is a large reduction in capital and maintenance costs.
Fourth is
improvements in the environmental profile of CSP.
There are three additional impacts. First is the creation of a new and extremely large market for small scale
CSP systems, down to the size of the individual household. Second is the application of the innovations,
particularly in the engine, to other solar CSP applications.
Third is the application of the engine
innovations to non-solar carbon saving applications.
Finally DiGeSPo project will provide a new technology system, with the potential for an extremely high
impact in the field of energy production from renewable sources.
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NUMERICAL ANALYSIS OF A LARGE-SCALE LINEAR FRESNEL
CSP PLANT AT STEADY-STATE CONDITION
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tube inner diameter, m
gas friction factor, ̵
liquid friction factor, ̵
homogeneous Froude number, ̵
specific enthalpy, kJ/kg
number of segment, ̵
length, m
mass flux, kg/m2s
pressure, Pa
heat flow rate from wall to fluid, W/m2
temperature, °C

steam fraction, kg/kg

∆
∆
∆

∅

specific enthalpy variation in segment , kJ/kg
pressure variation in segment , Pa
liquid pressure drop, Pa
angle of tube inclination, ̵
liquid dynamic viscosity, kg/ms
gas density, kg/m3
homogeneous two-phase density, kg/m3
liquid density, kg/m3
liquid surface tension, N/m
two-phase friction multiplier, ̵

liquid Weber number, ̵
1. Introduction
Thinking of the current emission reduction policies in the field of energy production, one of the key
parameters is to increase the ratio of total efficiency over costs of the so-called “green” technologies. Solar
power is currently one of the most attended eco-friendly technologies based on conversion of sunlight into
electricity, either directly by photovoltaics (PV), or indirectly using concentrated solar power (CSP). Linear
Fresnel CSP is one of the latter types, offering cost-effective energy production on large scales as an
alternative to conventional power plants. It derives its name from an optical system, which uses thin, flat
reflector panels to focus the sunlight on a fixed absorber tube located at a common focal point. The
concentrated solar thermal energy is used to expand the water flow inside the absorber tubes and to produce
pressurized hot steam in order to operate a heat engine (usually a steam turbine) connected to an electrical
power generator. The heat may also be used to increase the temperature of some thermal oil flowing inside
the absorber tubes; the oil then goes through a heat exchanger to boil water into steam.
The advantages of Linear Fresnel collectors include the relatively simple construction, low wind loads and
significantly lower costs than similar technologies like parabolic trough collectors. However, a major
challenge that must be addressed is the fluctuating intensity of the radiation changes during the day, which
causes a substantial need for advanced control methods. Currently, control concepts are only available for
small power plants (1-5 MWel) of this type; so, a control engineering approach to build a solar thermal CSP
with capacities more than 50 MWel based on Linear Fresnel technology is missing. This deficiency inhibits
further industrial application of this technology and leads to risk-related delays of investment decisions.
The presented work is part of an ongoing joint research project sponsored by the German Federal Ministry of
Economics and Technology (BMWi) within the ZIM program (Central Innovation Program for small and
medium sized businesses). The main goal of the project is to develop new technical security operations and
systematic control methods to eliminate technical risks in large CSP plants based on Linear Fresnel
technology. The main technical challenge is to investigate necessary components and control equipment
hardware and software via model-based simulation to achieve continuous stable operation at full- and partialload scenarios and under management of possible interferences with the optimum efficiency.
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In this paper, different parameters of a solar evaporation field based on Linear Fresnel technology are
described and general characteristics of the water-steam flow inside the multiple parallel absorber tubes of
the field are introduced in detail. Thermal losses due to radiation and conduction and the overall efficiency
are evaluated. Moreover, partial disturbances on the evaporation field, their sources, and their consequences
are estimated. Then, the convection and evaporation processes inside the absorber tubes are simulated using
computational fluid dynamics (CFD). The system behavior is also investigated at partial-load scenarios due
to estimated disturbances. Afterwards, simulation results at different load scenarios are presented and
different characteristics of the system are analyzed. Only the steady and quasi-steady working states are
demonstrated, and transient conditions are not addressed here. Nevertheless, having a detailed overview on
steady-states clarifies the path to modeling the dynamic behavior of the system, and therefore, provides
further hints for the behavior of the system via transition from one state to another, as well as different
control concepts for large-scale Linear Fresnel CSP plants.
2. Description of the overall setup
The concept of the solar steam generator is derived from the forced circulation steam boilers as in the
conventional power plant technologies. The differences to the conventional boiler however arise e.g. from
higher pressure losses, altering pressure loss in partial-load operation, quickly changing heat input, local
separation of evaporator and superheater, a large boiler size, and ask for new technical solutions concerning
the cycle arrangement and the operation. The design of the solar steam generator based on Linear Fresnel
reflectors varies slightly depending on the technology supplier. These design variations may represent
themselves in the form of e.g. wider and/or longer but still similar shaped mirrors, different receiver designs,
size of base collector modules, etc. In this research, the Linear Fresnel system of the German company
Novatec Solar GmbH (formerly known as Novatec Biosol AG) was chosen and is used as the basis. The
model of a 50 MWel power plant, using real power plant equipment data, has been set up in EBSILON®
Professional to examine the influences of the solar boiler on the power plant operation in characteristic
steady states. Figure 1 shows a simplified process flow diagram of a concentrated solar power plant
producing saturated steam by means of a solar evaporation field.
condensate separator
steam drum

steam turbine
and generator
desalination
condenser

steam collector

solar collector module n

solar collector module 4

solar collector module 3

solar collector module 2

solar collector module 1

evaporation field

low pressure pre-heater
condensate
recirculation
pump

thermal deaerator
feed water pump
high pressure pre-heater

feed water divider
Figure 1: Simplified process flow diagram of the water-steam cycle in a Linear Fresnel CSP operating with saturated steam

In regards to conventional power plant equipment, none of the components which are shown and also those
which are not shown here (e.g. a turbine bypass) is special customized equipment for CSP plants. The design
of the equipment for a varying and foreseeable load change, as well as the daily start-up and shut-down of
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the power plant (if no long-term thermal storage is applied), do not pose any difficult challenge. This has also
been successfully proven in several CSP plants with different solar boiler technologies. Therefore, the only
different part in comparison with conventional power plants is represented by the solar field that acts as a
common steam boiler with a varying, but foreseeable fuel supply; the sun.
The main part of the collector field comprises multiple rows of reflectors, each consisting of several slightly
curved mirrors attached to a support structure. Figure 2 shows the schematic layout of a Linear Fresnel
collector module. All reflector panels in each row are connected together through a shaft (not shown here).
This shaft is supported by bearings between each reflector and is connected to an actuator system for the
adjustment of the reflectors and thus their focus in accordance with the sun position over the day.

secondary
reflector

absorber
tube

thermal
isolation

metal
cover

secondary reflector
absorber tube
sunlight
reflector

transient
glass cover

Figure 2: Principle of a Linear Fresnel basic solar collector module

In the case of the Novatec system, one basic solar collector module has a total length of 44.8 meters and a
width of 16 m, approximately. These base modules are connected to each other along the length and arranged
in parallel rows. Here, the reflector panels focus the sunlight onto the absorber tube, manufactured of
stainless steel, with an outer diameter of approximately 70 millimeters. The absorber tube provides an
attenuation coefficient of nearly 95% and an emissivity factor of maximum 10%. The amount of the reflected
direct normal irradiation (DNI) depends on the reflectivity of the reflector panels and the transmittance of the
glass cover below the tube, as well as other optical factors like cleanliness of the components. The absorber
tube is installed inside a receiver system, uppermost covered by a thin layer of aluminum as the secondary
reflector with an approximate reflection ability of 95%, which reflects stray irradiation on the tube.
Since the Linear Fresnel system operates with direct evaporation, water is preheated by heat exchangers
before it is fed directly into the absorber tube at the inlet of the collector. During the preheating process, the
water temperature rises up to a value below the saturation point. It is then directed via divider tubes to the
parallel absorber tubes. In case of no disturbances in the entire field the total mass flow is equally distributed
between all absorber tubes. In order to equalize the pressure at the inlet of the evaporation field, a hydraulic
balancing must be done by choosing different tube diameters or by using orifice plates, regardless of the
distance between the divider and the respective absorber tube. While flowing through the absorber tubes, the
water is then fully heated up to the saturation point and evaporates. Accordingly, the generated fluid exits at
the end of the evaporation field usually in the form of partially saturated steam and water at saturation
temperature. The amount of heat contained by this mixture is considered as the measure of thermal energy,
which is determined by the saturation temperature, mass and average specific heat of the fluid. Separation of
the steam and water takes place inside a steam drum behind the evaporation field. This ensures that only
saturated steam is sent towards the steam turbine. Finally, the steam is directed to the steam turbine where
the thermal energy is converted into mechanical energy. In the case of a Linear Fresnel plant operating with
superheated steam, the saturated steam is sent into the superheater solar field before the steam turbine.
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3. CFD modeling of steady-state operational conditions
Solar thermal power plants use heat exchangers that are designed for consistent working conditions.
However, the performance of the solar power plant, and particularly the solar evaporation field, endures
physical circumstances such as DNI disparity during the day, change of seasonal heat capacity, partial or full
cloud coverage, partial-load due to maintenance concerns, etc. Therefore, the performance must be studied
under different geometrical, thermal, and mechanical boundary conditions in order to provide a clear
interpretation of the sensitivity of the model. This defines the need of knowledge about the extent and
sources of different load disturbances, as well as detailed consequences of different working conditions on
the performance of the plant.
The one-dimensional CFD program “WaDa” (Weidmann 2009), designed by the “Institut für Feuerungs- und
Kraftwerkstechnik”, University of Stuttgart, and adapted for the simulation of the water-steam cycle in CSP
plants, calculates a steady-state solution for a heated tube system. All tubes are discretized by a finite number
of volumetric segments. The state of fluid is clearly defined by pressure and enthalpy in each segment. To
achieve a state of equilibrium, the given initial conditions have to be adapted iteratively to the governing
fluid dynamic conditions. Therefore, a momentum balance is drawn in each segment depending on velocity,
the inclination and density, resulting in a pressure difference over the segment length. Since the pressure at
the end of a tube system is usually given, e.g. by a turbine, it is set as a boundary condition. The current
pressure at the beginning of the tube system is calculated contrary to the flow direction by deduction of each
segment’s pressure difference from the previous one. This begins at the end of the tube system (segment n):

∆

, … ,1

(Eq. 1)

The pressure drop of one- and two-phase flows through evaporator tubes and connecting pipes is composed
of the three components frictional, static and acceleration pressure drop.

∆

∆

∆

∆

(Eq. 2)

Special attention has to be drawn to the two phase flow in the evaporator, since the conditions are not
supercritical. The existence of two phases over a long distance in the evaporator causes additional pressure
losses due to momentum interaction. This phenomenon is considered by the introduction of the Friedel
(Friedel 1978) two phase method, which utilizes a two phase multiplier:

∆

∆ ∅

where ∆

is calculated for the liquid-phase flow as:

∆

(Eq. 3)

⁄

1⁄ 2

(Eq. 4)

The liquid friction factor is obtained by eq. 5, assuming there is only water flowing inside the tube:

0.3164
⁄

(Eq. 5)

The two-phase multiplier is defined as:

∅

3.24
.

.

(Eq. 6)
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where the dimensionless factors , ,

,

,

are as follows:
(Eq. 7)
(Eq. 8)
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(Eq. 9)
.

1

.

(Eq. 10)
(Eq. 11)

The homogeneous density is calculated based on the steam content of the flow:
(Eq. 12)

1

For calculation of the enthalpy, the process is in reverse sequence compared to the pressure calculation
(relating to the flow direction). Since pressure and temperature are now known at the beginning of the tube
system, the enthalpy is determined by:

,

(Eq. 13)

and set as a boundary condition in the first segment. An energy balance is calculated for each segment
resulting in an enthalpy difference which depends on the supplied heat, the pressure difference and the
dissipative heat from friction losses. Now the first segment’s enthalpy is taken as an initial condition to
which the enthalpy differences of all segments are added. So a new steady state is achieved. Figure 3 shows
the finite volume discretization scheme for the calculation of fluid characteristics in all segments of the tube.

1, … ,

∆
∆

1

(Eq. 14)

∆

(Eq. 15)

boundary condition

boundary condition
∆

∆

∆
flow direction

Figure 3: Axial discretization of a tube into multiple volumetric segments

3346

In the following chapter, the performance of the evaporation field is examined by studying different
boundary and load conditions using CFD simulations. All simulations are done for stationary working
conditions. Accordingly, the mixture of water-steam remains under thermodynamic equilibrium at all
working states.
4. Simulation results
Several simulations were done for the evaporation field of the plant described in chapter 2. The overall setup
is summarized in table 1. The first layout consists of 47 absorber tubes that are divided in five different
modules. Four of the modules include ten absorber tubes and the last module contains the remaining seven.
The length of one absorber tube is set to 806.4 meters (18 base collectors in a row). The second layout
consists of 94 absorber tubes divided into fourteen different modules whereas each contains 7 absorber tubes
except for the last module. In this layout the length of each absorber tube is set to 403.2 meters (9 base
collectors in a row). Both layouts engross the same extent of land. For every module a detached water-steam
collector and feed water distributor are used. Each module is connected to the steam drum by an individual
tube. The same structure is used for the connection between the feed water storage and the distributors.
Table 1: Geometrical dimensions of the simulated solar evaporation field

Each absorber tube

Entire evaporation field

Length

Inner diameter

# base modules

Total width

# absorber tubes

Layout 1

806.4 m

0.062 m

18

960 m

47

Layout 2

403.2 m

0.062 m

9

1920 m

94

As boundary conditions, the temperature in the absorber tubes inlet is set to 175 °C. The pressure at the
steam drum is set to 70 bar, which results in a saturation temperature of 285 °C. In this case a steam content
of approximately 80% is expected.
The following simulations were done for both layouts, but only the results for layout 1 are shown if there is
no big difference observed between the layouts. First of all, the behavior of a single absorber tube is shown,
and then the behavior of the entire field is analyzed.
4.1 Behavior of a single absorber tube at different geometrical conditions
In this first simulation the behavior of a single absorber tube is analyzed. A big effort was made to calculate
the pressure drop of the flow inside the tubes. Figure 4 (left) shows the pressure variation along an absorber
tube. As previously described, the pressure is calculated against the general flow direction, since it is
assumed that the outlet pressure is defined by the steam turbine. In the single-phase flow area (approximately
up to 250 meters), the pressure is linearly decreasing. However, once the evaporation starts the influence of
the two-phase pressure drop results in a nearly parabolic decrease of pressure. The amplitude of ∆
increases at higher steam contents leading to more than 90% of the total pressure drop occurring in the twophase flow area.
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Figure 4: Variation of pressure (left) and steam content (right) along a single absorber tube
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In general, the evaporation field is modeled on a fully horizontal surface. In order to have a better
understanding of the influence of this geometrical boundary condition on the pressure drop, the behavior of
the system is investigated applying ±30 meters height difference between the two heads of all absorber tubes.
Figure 4 shows the pressure variation along an absorber tube. The influence of the height difference is
significant only in the single-phase flow area (up to 250 meters in layout 1), while it can be neglected during
the two-phase flow. This can be explained from two different points of view. (1) The amount of the friction
pressure drop significantly increases in the two-phase flow area and dominates the two other components at
higher steam contents. (2) Besides, according to eq. 16, the amount of static pressure drop is a linear function
of the fluid density, decreasing as the steam content increases in the two-phase flow area:

∆

∆

sin

(Eq. 16)

Figure 5 shows the quick reduction of the fluid density at onset of the evaporation process, and consequently,
the two-phase flow. Figure 4 shows that the proceeding evaporation process leads to elimination of the static
pressure drop compared to the friction component and makes the total pressure independent of the
inclinations.
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Figure 5: Variation of density (left) and temperature (right) along a single absorber tube
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As previously shown in figure 1, several absorber tubes are connected to a steam collector and a feed water
distributor, respectively at the outlet and the inlet of the evaporation field. Every distributor has its own
divider tube connecting the relevant solar collector module to the feed water storage. Due to the long width
of the evaporation field, the distance of the feed water storage and the solar collector modules at the edges of
the evaporation field is much larger than of those in the center of the field. For layout 1 the length of the
longest divider tube is about 400 meters, while for layout 2 this length increases up to more than 850 meters.
This provides the necessity of considering additional pressure drop caused by the extreme length of the
divider tubes. Figure 6 shows the pressure variation through the entire divider, absorber and collector tubes
relevant to the furthermost module.

divider
tube

74

absorber
tube

collector
tube

72
70

0

400

800 1200 1600 2000
length [m]

Figure 6: Variation of pressure from the feed water storage to the drum for layout 1 (left) and layout 2 (right)
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Another effect is caused by the height difference of approximately 10 meters between the divider and the
absorber tubes. This results in a static pressure drop right before the inlet of the evaporation field. The effect
is negligible at the outlet of the evaporation field due to the significantly lower density of the two-phase
fluid.
4.2 Adapting the length of the divider and collector tubes
According to the overall setup, the lengths of the divider tubes to the relevant solar collector modules are
different. As shown in eq. 4, the pressure drop through the tubes is a linear function of the length of the tube.
If the other parameters remain constant, the amount of pressure drop through the distant modules is much
higher compared to those closer to the center of the evaporation field. Due to the fact that the overall system
is closed, the resulting outlet pressure of all modules is the same. This also applies to the inlet pressure of
each module. Therefore, the mass flow through the distant modules is reduced so that the pressure drop over
all modules is equalized. Different mass flow results in different steam content at the outlet of modules as
shown in figure 7 (left).
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Figure 7: Variation of steam content in each solar collector module with equal (left) and adapted (right) tube diameters

It can also be seen that the steam content grows faster in the distant modules. Over the entire system the
steam content varies in a range of 71% (center module) up to 87% (distant module). As a critical case
superheating may occur in the distant modules, while the steam content in the center modules is close to
design conditions. There are two possibilities to avoid this effect and to equalize the steam content, as well as
other steam characteristics at the outlet of all modules. As the first opportunity, the mass flow in each module
can be directly controlled. This method needs an active influence on the system. On the other hand, a passive
approach adapts the diameter of the divider tubes, despite the fact that the friction pressure drop may be
affected by the diameter of the tube as well. The necessary adaptions are shown in table 2.
Table 2: Diameters of divider and collector tubes

Number of module

1

2

3

4

5

Original diameter [m]

0.310

0.310

0.310

0.310

0.310

Adapted diameter [m]

0.290

0.255

0.190

0.270

0.260

Figure 7 (right) shows that the resulting mass flows and steam contents are almost equal. This is also valid
for different load-cases. For the following simulations, these adaptions are used.
4.3 Disturbances on the gained heat by absorber tubes
Disturbances like clouds cause a sudden decrease in the DNI. Due to this, an imbalance between mass flow
and heat could occur. To show the effects on the plant behavior, the nominal boundary conditions are
changed to a partial load situation. The total mass flow is therefore reduced to 75% of the design mass flow,
assuming that the amount of DNI is reduced to 75% by some clouds.
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In a further simulation, the DNI is reduced to 50% assuming that the shading is getting bigger. In another
simulation, the DNI is increased to 90%, assuming that the cloud is disappearing. These two cases are shown
in figure 8 and compared to the partial-load simulation with 75% heat. For every simulation, the total mass
flow remains constant at 75% of the design mass flow.
Regarding the steam content shown in figure 8 (right), the effect of the changed heat is clearly visible. If the
DNI is increased, the steam content is rising, in the other case it is decreasing. But for every case, the starting
point of the evaporation remains at the same position. The explanation for this behavior can be found
regarding the temperature profiles in figure 8 (left). Due to the lower amount of steam in the case of reduced
DNI, more water with saturation temperature is produced and circulated. The temperature of the mixture of
circulated saturated water and pre-heated feed water is rising when the amount of saturated water rises
( saturation > feed water ). This results in a higher inlet temperature.
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Regarding the pressure drop in figure 8 (middle), the big influence of the two-phase flow on the pressure
drop can be seen. If the steam content increases, the amount of pressure drop increases.
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Figure 8: Variation of temperature, pressure and steam content along absorber tubes for different amounts of DNI

4.4 Defocusing the reflector panels
In power plant operation it is necessary to properly react to disturbances in the working conditions.
Therefore, the behavior of the CSP plant is analyzed assuming a complete solar collector module is
shadowed and bypassed from the entire network. In this simulation the mass flow remains on the design
level. The resulting curves are shown in figure 9.
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Figure 9: Variation of steam content and pressure for different solar collector modules shadowed

Due to the higher mass flow through the remaining modules, a higher pressure drop occurs through the entire
evaporation field. If there is only one module bypassed, this pressure drop remains in a non-critical area. If
the number of shadowed solar collector modules increases, the amount of the total pressure drop rises
critically and provides undesired changes in the produced steam characteristics. Therefore, it is essential to
adapt the mass flow inside the absorber tubes in order to the limit the changes to a tolerable level.
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Another investigation concerns the control of several basic solar collector modules. The solar evaporation
field is typically oversized during the design process, in order to produce more steam during the high
consumption loads. At lower capacities, it is possible to set some reflector panels out of the focus and reduce
the gained heat by the absorber tubes. In general, it is only possible to put a complete base collector out of
the focus. Figure 10 shows the simulation results for defocused reflector panels at different positions along a
single absorber tube in layout 2. It can be seen that the outlet steam content does not depend on the position
of the defocused basic collector module. Nevertheless, it provides different behavior regarding the pressure.
Because the pressure drop depends strongly on the local steam content, the pressure difference between two
opposite heads of the absorber tube is bigger if the defocused panels are located at the end of the tube. So,
from an operational point of view, the performance of the system improves when the defocused basic
collector is positioned closer to the beginning of the absorber tube. This provides lower total pressure drop.
However, concerning the automatic control of the system, it would be more appropriate to defocus the
reflector panels closer to the outlet of the tubes. Doing so, the subsequent changes in the steam parameters
can be observed and controlled faster.
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Figure 10: Variation of steam content and pressure for different defocused reflector panels along an absorber tube

4.5 Further simulations regarding superheating
In order to increase the efficiency of the solar power plant, an additional superheating solar field can be
added after the evaporation field so that a higher steam temperature is achieved, and therefore, higher amount
of energy can be produced. To analyze different possible superheating field setups, an EBSILON®
Professional model, based on real power plant equipment data, is generated as shown in figure 11.
Using this model, several design possibilities of the water-steam-cycle are compared and two of them are
explained as follows. First, the possibility to reheat the steam behind the high pressure steam turbine with
either saturated or superheated steam is investigated. The second point of investigation concerns the
condensate recirculation behind the steam drum.
The investigation of the reheating system shows that both types of steam (saturated and superheated) can be
used very well as a heating medium. The mass flows of saturated and superheated steam are limited to the
maximum, which still allows complete condensation of the steam. The amount of additional energy usable
from the superheated steam is relatively small in comparison to the usable energy of the saturated steam.
Therefore, only a small increase in the reheated steam temperature is achievable (approximately 10 K) when
using superheated steam as superheating medium.
The evaporator field delivers saturated steam and partially saturated water to the steam drum, which is
positioned between the evaporator- and the superheater field. This helps to avoid dry out at the end of the
absorber tubes and supports a balanced operation of the evaporator. In the steam drum, the water is separated
from the steam. The superheater field is then supplied with saturated steam from the steam drum. The
saturated water of the steam drum then has to be recirculated.
The commonly used recirculation pump behind the steam drum often proves to be a challenge to be
controlled in coordination with the feed water pump. In this model the feed water pump is divided into two
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groups of pumps, and a collector was placed between the pumps. The pressure gradient between steam drum
and collector allows feeding the saturated water from the steam drum into the steam collector without using
an additional pump. Inside the steam collector, the saturated water is mixed with the feed water which avoids
cavitation in the second feed water pump downwards the collector.

Figure 11: Model of a Linear Fresnel CSP Plant in EBSILON® Professional

5. Summary and outlook
A stationary 1-D CFD model of a Linear-Fresnel CSP was developed. Different simulations were done to get
an impression of the general behavior of the plant. Detailed studies of a single heated pipe and the whole
plant show that the pressure drop over the whole field is an important factor. The stationary model was
developed out of an existing and validated model for fossil fuel fired plants. Different changes and adaptions
were implemented to the model regarding the requirements of a CSP plant. The simulation results regarding
disturbances prove the necessity of proper reactions to such disturbances in order to eliminate changes in the
produced steam characteristics. For this goal, the mass flow of the feed water plays a substantial role. The
simulation results show that it is also possible to react to some disturbances by defocusing the mirrors of the
base collectors.
As an outlook for further works, the development of a control concept regarding the presented boundary and
load conditions is essential. Therefore, it is necessary to implement a detailed dynamic model of the LinearFresnel CSP plant. With such a model different control approaches could be implemented and compared.
Moreover, the simulation results with EBSILON show that an increase in the efficiency is possible by adding
a superheating stage and optimizing the overall setup of the plant. In a next step this optimization setup must
be applied with the CFD simulations to get a better understanding of the behavior of the superheating stage
with a special emphasis on the critical points.
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1. Introduction
Concentrated solar power plants are one of the most promising renewable options for electric generation.
Nowadays, parabolic trough collectors (PTC) are the most proven, widespread and commercially tested
technology available for solar harnessing (Price et al. 2002).
Most of the parabolic trough plants deployed operate between 290 and 390ºC using oil as heat transfer fluid
(HTF). A PTC is constructed as a long parabolic mirror with a dewar tube running its length in the focal line.
The HTF runs through the tube and absorbs the concentrated sunlight. The surface of the receiver is covered
with a selective coating which has a high absorptance for solar radiation but low emittance for thermal
radiation. A glass envelope is used around the receiver tube to reduce the convective heat losses with vacuum
or air in the space between the receiver and the cover. The PTC is aligned to the north-south axis and tracks
the Sun from east to west as it moves across the sky using a tracking mechanism system.
Many works have been carried out to study and model PTCs. Sandia National laboratories performed tests to
determine the thermal losses and thermal efficiency of the PTC used in LS2 Solar Thermal Electric
Generation Systems (SEGS). Dudley et al. (1994) proposed a one-dimensional (1D) model to analyse the
thermal behaviour and performance of the LS2 SEGS collector under different receiver configurations and
two selective coatings by comparing with experimental data. Froristall (2003) developed and analysed both a
1D and a two-dimensional (2D) heat transfer model of the PTC. A direct steam generation (DSG) collector
model was proposed by Odeh et al. (1998) based on the absorber wall temperature rather than the working
fluid temperature. García-Valladares and Velázquez (2009) proposed a numerical simulation of the optical,
thermal and fluid dynamic behaviour of a single-pass solar PTC and then extended the study to counter flow
concentric circular heat exchangers.
The majority of the published studies about the heat transfer process in the PTC have established to calculate
the heat losses and thermal performance by considering the solar radiation as a constant and neglecting the
heat flux distribution around the receiver surface. Some optical models for determining the optical behaviour
of a PTC rely on analytical techniques (Jeter 1987) while most use ray-tracing techniques to evaluate the
optical efficiency. Guven and Bannerot (1985) have presented an optical model which uses a ray-tracing
technique to evaluate the optical performance. Y-L He et al. (2011) used the Monte Carlo Ray-tracing
Method (MCRT). The Monte Carlo Method is a statistical method that requires knowledge that is quite
different to Computational Fluid Dynamics (CFD) and is complicated in formulation and resolution even for
simple problems (Modest 1993). On the other hand, the finite volume method (FVM) proposed by Raithby
and Chui (1990) is one of the most popular methods used in CFD. It has been extensively applied at different
situations because it leads to the exact satisfaction of the conservation laws.
The aim of this study is to develop a heat transfer model for a PTC in order to characterize its performance
by considering the energy flux distribution around the collector. This is done by means of an energy balance
model based on finite volume techniques. An unstructured formulation has been used with the FVM to solve
the Radiative Transfer Equation (RTE) between the parabola and the heat collector element (HCE) to
determine the concentrated solar energy flux. The numerical model has been validated with numerical and
experimental results.

2. PTC mathematical model
The general modelling approach is based on an energy balance about the HCE. It includes the direct normal
solar irradiation, the optical losses from both the parabola and the HCE, the thermal losses from the HCE,
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and the gains into the HTF.
Different assumptions and constraints are adopted:
 One dimensional, single phase (liquid) and steady state incompressible flow is considered.
 Fluid velocity is assumed constant through the absorber tube.
 The fluid thermal-physical properties are function of temperature.
 Optical properties are independent of temperature except for the selective coating emissivity.
 Heat conduction along the support bracket is neglected.
 Heat conduction in the absorber tube and glass cover is considered in the axial and azimuthal
directions.
 Thickness of the absorber and glass cover are negligible.
 Wind direction is normal to the axis of the HCE.
 No participating medium with diffuse reflections and irradiation is considered between the absorber
tube and glass cover.
 Thermal radiation between the HCE and the parabolic trough is neglected.
 The glass envelope is considered opaque to infrared radiation.
 Optical errors due to imperfections that may result from poor manufacturing and/or assembling,
imperfection tracking of the sun, and/or poor operating conditions are neglected.
 The effective solar irradiation is considered as totally absorbed by the absorber selective coating
since the absorption in the envelope is neglected (solar absorptance about 0.02).
2.1 Solar irradiation analysis
The solar irradiation is modelled as a collimated beam without taking into account the influence of the finite
size of the Sun (Riveros and Oliva 1986). The collimated beam is solved through its path to the absorber
tube. The direct part of the solar irradiation is only considered as it is several times higher than the diffuse
one.
The RTE for a gray absorbing, emitting and scattering medium at the position r and the direction sˆ may be
written as

dI (r, sˆ)
ds

(r )Ib (r, sˆ)

(r )I (r, sˆ)

s

(r )

4

4

I (r, sˆ ) (sˆ , sˆ)d

where I (r, sˆ) is the radiative intensity at the position (r, sˆ) ,

(eq.1)

(r ) and

s

are the absorption and scattering

(sˆ , sˆ) is the scattering phase function and I b is the Planck black body intensity.

coefficients, respectively.

The two coefficients are related by means of the extention coefficient
medium is assumed transparent and no participating so that

0 and

s

s

. In the present work, the

0 leading to the simple

equation 2.

dI (r, sˆ)
ds

0 (eq.2)

The mirror is assumed to be totally specular reflecting for solar irradiation and opaque surface. The boundary
condition of eq.1 for a diffuse emission, specular reflecting opaque surface is given by (Modest 1993)
d

I (rw , sˆ)

(rw )Ib (rw )

(rw )

s

I ( rw , sˆ ) nˆ sˆ d
nˆ sˆ

(rw )I (rw , sˆs ) (eq.3)

0

where sˆs is the specular direction defined as the direction from which the light beam must hit the boundary in
order to travel into the direction of sˆ after a specular reflection. This direction is determined by the reflection
law

sˆs
d

sˆ 2(sˆ nˆ)nˆ

(eq.4)

is the diffuse fraction of reflected energy and

this case

s

s

is the specular reflection fraction, thus

d

s

. In

for the mirror. Optical properties are obtained from the literature (Dudley et al. 1994)
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according to the specifications defined by the manufacturer and determined at zero incident angle.
The solar energy flux absorbed qSolAbs is obtained by angular integration of the solar flux around the absorber
tube.

qSolAbs

4

I (sˆ nˆi )d

(eq.5)

The solar irradiation analysis should provide the heat flux distribution around the HCE, but also the optical
efficiency of the PTC. It is defined by the ratio of solar energy falling on the surface of the absorber tube to
that which falls on the reflective surface of the collector.

q 3SolAbs
opt

qinc

(eq.6)

The solar heat flux distribution is usually expressed by a parameter called Local Concentration Ratio (LCR)
(Jeter 1987) which presents the ratio of the concentrated solar flux at the absorber surface to the incident
solar radiation.

LCR

q
(eq.7)
qinc

The LCR depends on the azimuthal angle , the incident angle and the collector geometric parameters
involved in the solar concentration. The relative size of the absorber is described by the geometrical
concentration ratio, which is defined as the ratio between the projected aperture area to the absorber area
(Rabl, 1987). Integrating the flux distribution over the entire absorber and dividing by the incidence
irradiance yields the interceptance

qrd

LCR r d

qinc w

w

(eq.8)

where r is the receiver radius and w is the collector aperture. This ratio is defined as the fraction of the
reflected radiation that is incident on the absorbing surface of the receiver. It is of interest in concentrating
systems design as it contains the effect of all optical errors.
2.2 Energy balances in the HCE
The energy balance model of the HCE includes the heat transfer from the HTF to the ambient through both,
the absorber tube and the glass envelope. For this purpose, the HCE is divided into n x longitudinal and

n circumferential control volumes. The HTF is only discretised in the longitudinal direction. Both,
temperatures and heat fluxes, vary along the circumference and the length of the HCE except for the fluid
which varies only along the length of the absorber. By applying the energy conservation principle to the
control volumes of the HCE, the energy balance equations are determined.

Fig.1: Spatial discretisation of the HCE: left longitudinal section, right azimuthal section (1-HTF, 2- absorber surface, 3- glass
cover, 4- environment)

3356

The energy balance model provides the temperature distribution of the HTF, the receiver tube and the glass
cover. The model also determines the performance of a PTC by calculating the useful energy, the thermal
losses and the thermal efficiency. The PTC thermal efficiency can be obtained by dividing the useful energy
per receiver length q u by the direct normal solar irradiation I b at the collector aperture per receiver length.
The PTC thermal efficiency is determined as
qu
(eq.9)
th
Aa I b
being Aa is the aperture area.
Applying the energy equation to the HTF with the aforementioned hypotheses and assuming that enthalpy
gradient can be evaluated as a function of the average specific heat and the temperature difference between
the inlet and outlet of the control volume, the energy balance at each control volume reads, (see fig.1 for
nomenclature)

m[hout ,i

q12conv, j x

hin,i ]

mC p,i [Tout ,i

Tin,i ] (eq.10)

The useful energy is obtained by summing the heat gained by the HTF along the absorber. Thus,

qu

q12conv, j (eq.11)
i

j

The energy equation is also applied to the glass cover and to the absorber control volumes. In the next
sections, the heat fluxes equations are shown. The heat losses are the sum of the convective and radiative
flux lost to the surroundings.

qheatloss

(q 34conv, j
i

q 34rad , j ) (eq.12)

j

2.2.1 Convection heat transfer between the HTF and the absorber
The convection heat transfer between the HTF and the absorber metal pipe is evaluated according to the
Newton’s law of cooling. For a jth term :

q12conv, j

h1 D1
n2

(T2, j

T1 ) x (eq.13)

where h1 is the HTF convection heat transfer coefficient at T1 which is evaluated as a function of the Nusselt
number NuD . As a first approximation, correlations for isothermal cylinders (Incropera and DeWitt, 1990)
1

are used to evaluate the Nusselt number taking into account the temperature of the cylinder sectors. The
Nusselt number is calculated using the Dittus-Boelter equation, NuD
0.023ReD4/5Pr m , (where m =0.4 for
1

1

heating the HTF and m =0.3 for cooling the HTF). With high temperature difference between the HTF bulk
temperature and the absorber temperature (more than 10 ºC), the Sieder-Tate correlation is used as it can be
more accurate and it takes into account the change in viscosity due to temperature change. This expression
1

reads, NuD

1

0.027ReD4/5Pr 3 (

)

0.14

1

(where

and

s

are the fluid viscosities evaluated at the bulk and at

s

the heat-transfer boundary surface temperatures, respectively).
2.2.2 Conduction heat transfer through the absorber wall and the glass envelope
The energy rate per unit length conducted across the cylindrical wall of a solid is defined by

qcond , j

k

dT
e
x (eq.14)
rd 1/2

For the azimuthal direction and for for the longitudinal direction as

qcond ,i

k

dT
A (eq.15)
dx x
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where Ax is the frontal area of the nodal section.
2.2.3 Convection heat transfer between the absorber and the glass envelope
The annular region can be assumed as a good vacuum and then the convection heat transfer in the energy
balance is ignored. However, in operational solar plants the vacuum condition in the annulus can be changed
or damaged by broken seals, hydrogen penetration and getter decomposition when vacuum fails. In those
cases, q23conv , which can be free molecular convection or natural convection (Ratzel et al 1979), should be
considered.
D2

q23conv, j

h (T
T3, j ) x (eq.16)
n 23 2, j
If free molecular convection is considered, the heat transfer coefficient is evaluated as,
kstd
(eq.17)
h23
(D2 / 2ln(D3 / D2 ) b (D2 / D3 1))

b

(2

a )(9
5)
(eq.18)
2a(
1)

2.33 * 10

20

(T23

Pa

273.15)

2

(eq.19)

where kstd is the thermal conductivity of the annulus gas at standard temperature and pressure, b the
interaction coefficient,
the mean-free path between collisions of a molecule, a the accommodation
coefficient, the ratio of specific heat for the annulus gas, T23 the average temperature of the gas in the
annulus ( T2,j + T3,j )/2 , Pa the annulus gas pressure and

molecular diameter of the gas (air and hydrogen

have molecular diameters of 3.53 10 8 and 2.32 10 8 respectively).
In the case of consider the natural convection within the annulus, then the heat transfer coefficient is
evaluated as,
2keff
(eq.20)
h23
D2ln(D3 / D2 )
being the effective thermal conductivity of the gas keff
thermal conductivity k , and the Rayleigh number Rac

k (0.386)[

Pr
]0.25 (Rac )0.25 function of its
0.861 Pr

(ln(D3 / D2 )4
L3 [D2 0.6

D3 0.6 ]5

RaL . RaL is evaluated at the

D2 ) / 2 .

air gap distance of (D3

2.2.4 Radiation heat transfer between the absorber and the glass envelope
The surfaces have been considered as gray and diffuse emitters, absorbers and reflectors. The glass envelope
is assumed to be opaque to the infrared radiation. For simplicity and according to the spatial discretisation,
the radiation in the jth control volume can be approximated as

1
n

q23rad , j

D2 (T2,4j
1
2

where

2

T3,4j )

D2 (1
D3

3

)

x (eq.21)

3

is the emittance of the absorber tube and

3

is the emittance of the glass envelope.

2.2.5 Convection heat transfer from the glass envelope to the atmosphere
The convection heat transfer from the glass envelope to the ambient is evaluated according to,
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q 34conv, j

h34

D4
n

(T3, j

Tamb ) x (eq.22)

The heat transfer coefficient, h34 , is evaluated from the Nusselt number depending whether the convection is
0.48RaD0.25 or NuD

natural or forced as: NuD

4

4

4

0.193ReD0.618Pr51/3 , respectively.
4

2.2.6 Radiation heat transfer between the glass envelope and the sky
The glass envelope is assumed to be a small convex grey object in a large black body cavity (the sky). By
applying the net radiation method, the radiation between the glass envelope and the sky is written as
q 34rad , j

4

(T3,4j

4
Tsky
)

D4
n

x (eq.23)

2.2.7 Solar irradiation absorption
The distribution of the solar irradiation absorbed by the receiver tube q2Solabs, j is calculated by means of the
methodology as described in (2.1). The total solar absorbed flux qSolAbs is calculated as

qSolAbs

qsolar , j (eq.24)
3. Numerical Solution

The energy balance equations result in a set of non-linear algebraic equations which are solved using an
iterative procedure where temperatures and heat fluxes are coupled. The equations of the HCE (see eq.11) are
discretised in a linear system and then solved with a direct solver (LU decomposition). The temperature at
the faces of the control volumes are evaluated by means of a high order scheme (SMART). The concentrated
solar distribution is conducted by a FVM code for solving three-dimensional (3D) unstructured mesh. A 3D
structured, non orthogonal and non-overlapping grid is used to descritise the domain between the parabola
and the receiver tube which is a particular case of the 3D unstructured mesh. The domain is reduced to the
half because of the symmetry around the z axis. The angular space (4π) is subdivided into N N
M
non-overlapping control angles, where
ranging from 0 to 2π (see figure 2).

is a polar angle ranging from 0 to π and

an azimuthal angle

Fig.2: Angular discretisation

In order to reduce the false scattering, one of the shortcomings of the FVM, which is due to the spatial
discretisation errors, the mesh is arranged to follow the direction of the reflected rays. The number of
directions in the azimuthal direction is chosen according to the spatial discretisation along the parabola and
adjusted to capture the direction of the specular reflection. The angular mesh contains all the directions of the
reflection focused on the focal point of the parabola.
The angular discretisation is arranged to capture the collimated incidence which comes from the sun
irradiation (Chai et al. 1994). The collimated intensity is solved directly by the FVM. The angular space
between two consecutive reflection directions is filled with an extra direction. Thus, the RTE for a
transparent medium is integrated over the control volume
V and over each of the solid angle
elements
. The STEP scheme is used to relate the control volume facial intensity to the nodal one. This
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scheme is analogous to the upwind scheme used in a CFD code.

Fig.3: Flowchart of the general algorithm

The discretised algebraic radiative transfer equations and boundary conditions are solved by means of a
parallel sweep solver (Colomer et al, 2010). The calculation of the solar concentrated distribution is carried
out as a pre-processing task using the optical properties of each surface. The above described methodology
gives as a result the distribution about the absorber tube of the radiative heat flux. This heat flux distribution
is added to the energy balance model as a boundary condition of the outer surface of the absorber tube. The
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resulting heat flux distribution from the resolution of the RTE is integrated over the boundary of each control
volume of the absorber tube.
In the energy balance model, there is another coupling between the one dimensional model for the HTF in
the longitudinal direction of the PTC and the two dimensional model for the HCE. The energy equation has
been solved in the HTF by integrating the total convective heat flux transferred from the absorber tube to the
HTF. The temperature of the HTF is then determined using a direct solver (TDMA) method in the
longitudinal tube direction.
The general algorithm, as can be seen in figure 3 is divided in two steps: the optical model or the preprocessing calculation of the concentrated solar flux distribution and the thermal model for modelling the
HCE.

4. Computational results and validation
In order to validate the optical model, simulations results are compared first with semi-analytical results of
Jeter (1987) and then with numerical results of Cheng et al. (2010) which are obtained with the MCRT
method. The geometric shape of the PTC (Model 3001-03) used by Jeter (1987) is reproduced. Jeter
considered the influence of the finite size of the sun, “the cone optics”, which is not considered in our
numerical results. This phenomenon causes a spreading of the reflected incident radiation around the
absorber (Riveros and Oliva 1986) and can not be considered by assuming the solar radiation as a collimated
beam.
Figure 4 presents the comparison of the LCR obtained by the optical model and the analytical results of Jeter
(1987). It can be seen that increasing the number of nodes in the azimuthal direction of the absorber, the false
scattering decreases. The main difference between the present results and the results of Jeter is the influence
of the finite size of the sun which tends to moderate the solar flux distribution around the absorber and the
false scattering. This is why the maximum obtained by the present model seems to be higher when
decreasing the false scattering.

Fig.4: LCR distribution for different meshes and comparison with Jeter

The optical model has been also verified with the numerical results of Cheng et al. (2010) for a typical LS-2
PTC module which has been tested by Dudley et al.(1994).
Different grids systems are studied and compared with the MCRT solution (fig.5). The spatial grid system
( n A =100, nP =600) has been chosen as the most adequate one because it presents low false scattering and
good trend to the results of Cheng where n A is total number control volumes in the aperture of the parabola
and nP is the total number of control volume in the parabola. The main difference between the present
results and those of Cheng is due essentially to the cone optic effect which is taken into account in his paper.
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Fig.5: Solar energy flux distribution around absorber for different grids systems

As it is shown in fig.5 the solar flux distribution is symmetrical but non-uniform. The curve of solar flux can
be divided into 4 zones : i) the direct radiation zone where the absorber tube only receives the direct solar
irradiation without concentration, ii) the heat flux increasing zone where the heat flux increase rapidly
because of the reflection of the solar irradiation, iii) the heat flux decreasing zone where the reflected solar
flux decrease because of the parabolic shape, iv) the shadow effect zone where the heat flux is much lower
and decrease rapidly because of the solar irradiation is shadowed by the absorber tube.
Different numbers of longitudinal n x and azimuthal control volumes n sections have been tested to get a
grid-independent solution. The grid ( n x =60, n =60) is considered as grid-independent since there is no
significant difference with the finest one.
Tab. 1: Experimental condition data from Dudley et al. (1994).

Test Condition

Ib (Wm-2)

ṁ (kgs-1)

Tair (ºC)

Tin (ºC)

Case 1

933.7

0.68

21.2

102.2

Case 2

968.2

0.65

22.4

151.0

Case 3

982.3

0.63

24.3

197.5

Case 4

909.5

0.66

26.2

250.7

Case 5

937.9

0.62

28.8

297.8

Case 6

813.1

0.72

25.8

101.2

Case 7

858.4

0.71

27.6

154.3

Case 8

878.7

0.70

28.6

202.4

Case 9

896.4

0.79

30.0

250.7

Case 10

906.7

0.70

31.7

299.5

Figure 6 shows the distribution of the temperature of the whole absorber tube and glass envelope based on
the test condition of case 1 (see Table 1 for details). The temperature of the absorber increases with the
0 , 90 and 180 ).
increase of the axial direction as shown in figure 7 (a) for different azimuthal angles (
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(a)

(b)
Fig.6: Distribution of the temperature of the whole (a) absorber and (b) glass envelope

It can be seen that the temperature of the absorber at

180 is higher than that of two other angles because

the absorber receives more concentrated solar radiation at this angular direction, while at
0 is the
lowest one because there is no solar concentration in this direction. The maximum of solar concentration is at
about
135 . The comparison between the distribution of the temperature of the absorber along the
circumferential direction is shown in figure 7 (b) for different axial locations. It can also be seen that the
temperature increases with longitudinal direction and the symmetrical distribution of the temperature around
the absorber. The distribution of the temperature of the absorber in figure 7 (b) follows the same trend as the
solar energy flux distribution. The temperature decrease at
180 which is due to the shadow effect as
well as to the optic cone effect.
Several cases (see table 1) have been simulated and compared with experimental results for the cermet
(selective coating) with air and vacuum in the annulus space. According to figure 8 (a), the heat losses
increase with the fluid temperature which causes the drop of efficiency.

(a)
(b)
Fig.7 : Variation of the temperature of the absorber (a) with the HTF along the axial direction and (b) azimuthal direction
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(a)
(b)
Fig.8: Comparison of the (a) heat loss and (b) Efficiency, with experimental results of SNL for air and vacuum in annulus

The three components of thermal losses (conduction, convection and radiation) vary in different ways
depending on the configuration of the receiver. When there is vacuum in the annulus, conduction and
convection across the annulus is effectively eliminated. On the contrary. when there is no vacuum, the heat
losses increase significantly due to convection and conduction, as expected.
The results follow the same trend as the experimental ones and show a fair agreement in the heat losses
especially for low temperatures. However, there is an overestimation of the efficiency which is due
essentially to the realistic conditions that are not considered in the optical model such as: dirt effect, shading,
changes in reflection and refraction selective coating incident angle effects.

5. Conclusions
A FVM for solving the RTE is coupled with an energy balance model to simulate the optical-thermal process
of a PTC. The FVM is used to calculate the solar energy distribution on the absorber tube using a mesh that
reduces the false scattering shortcoming. The simulation results are compared with numerical and
experimental results from literature and it is shown that the predicted results follow the same trend.
However, some differences in the solar distribution around the absorber tube are detected due to the false
scattering and the modeling of the solar irradiation as a collimated beam. The optical model can be improved
by taking into account the finite size of the sun which is important in such solar collectors and might require
the use of the ray tracing method in the future investigations which avoid the false scattering problem. An
additional factor, that considers realistic conditions such as dirt, shading and refraction, could be added to the
optical model to give a more accurate solar distribution.
The numerical results have shown that of the solar flux distribution around the absorber can be divided in 4
general zones: the direct radiation zone, the heat flux increasing, the heat flux decreasing zone and the
shadow effect zone. Furthermore, the model provides the temperature distribution on the absorber which is
observed to follow the same distribution as the solar energy flux for the azimuthal direction. This distribution
shows large difference of temperature of about 80ºC. This difference has an important effect on the thermal
behaviour of the PTC which is not accounted for in simpler models, such as those where the solar energy
flux is considered constant.
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OUTPUT OF THE EVAPORATION ENGINE (SLOPING CANOPY)
N.G. Barton
Sunoba Pty Ltd, P.O. Box 1295, Macquarie Centre NSW 2113, Australia

1. Introduction
Thermal technologies for solar power generation include both one-axis concepts (troughs, Compact Linear
Fresnel Reflectors) and two-axis concepts (towers, dishes). In general, one-axis concepts collect heat energy
at a lower temperature than two-axis concepts. The challenge is to produce electricity as cheaply and
reliably as possible, and it is not yet clear which collection temperature or technology will yield the
economic optimum, namely the lowest Levelised Electricity Cost (LEC). An alternative third concept is
investigated here – power generation from passive solar thermal heat collection. Since the collection
temperature will probably be in the range 100-150°C for such a concept, the thermodynamic efficiency will
be low, and it will be necessary that both the heat collection process and the heat engine be cheap and simple.
The paper describes new simulations for a heat engine powered by passive solar heat collection under a
transparent insulated canopy. Two possibilities for the required ‘low ∆T’ heat engine would be the Organic
Rankine-Cycle and the Stirling Cycle. In addition to their core mechanical components, these engines need
heat exchangers to access the sun’s energy and condensers or other heat exchangers to dispose of waste heat,
and so their specific capital cost ($/kW) is high. Here, an engine with a thermodynamic cycle based on
evaporative cooling of hot air at reduced pressure is adopted (Barton, 2008a). This cycle is summarised in
Section 2 and can be achieved in a two-stroke piston-in-cylinder engine that is large, multi-cylinder, slowrevving and lightly stressed, without need for heat exchangers or condensers. An experimental version of
this engine has been successfully tested (Barton, 2008b) and many other aspects have been studied, including
limitations to the engine speed as a result of incomplete evaporation during re-compression.
Recently Barton (2010a) simulated the annual output of the evaporation engine at a suitable site with passive
solar heat collection under a horizontal canopy. The site was Wellington in inland New South Wales,
Australia: 32.6°S latitude, 148.9°E longitude, 305 m altitude. The present work contains new simulations
based on a canopy that slopes at the latitude angle. From knowledge of the total daily incident solar radiation
and the sun’s position throughout the day, trigonometry gives the direct solar irradiance on the sloping
canopy at all times. The instantaneous output of the canopy/engine system was calculated using a heat
transfer model of the transparent canopy coupled to the thermodynamic code for the evaporation engine.
The air flow-rate under the canopy was chosen to optimise the power output over half-hourly intervals. The
power output was aggregated over the day and the whole procedure repeated for a representative sample of
days. These aspects are described in Section 3.
In the case of the horizontal canopy, Barton (2010a) showed that the daily power output can be approximated
using a linear function of the total daily insolation. For the sloping canopy, however, additional modeling
assumptions are required to relate sample results to both the time of year and the total daily insolation. This
procedure, which is described in Section 4, enables the daily output to be estimated over the entire year. It is
found that the sloping canopy leads to more power output over the year and in a more evenly distributed
fashion. The sloping canopy allows a smaller engine than that required for the horizontal canopy. Inclusive
of canopy thermal losses but exclusive of engine losses, the annual output from a 1,000 m2 canopy is
estimated as 104 MWhr (horizontal) and 131 MWhr (sloping). Engine losses are expected to reduce these
estimates by 25-30%, as described in Section 5.
Passive solar heat collection is relatively cheap and easy, so financial metrics (cost per peak Watt, Levelised
Energy Cost) for the canopy/engine system are expected to be favorable, especially for the sloping canopy.
These metrics are presented in Section 6. Section 7 concludes the paper with discussion of the
developmental pathway for this technology, including current research on heat storage within a bed of
loosely packed rocks so as to give despatchable power output when the sun is not shining.
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2. Overview of the thermodynamic cycle for the evaporation engine
Figure 1 shows a simulated ideal pressure-volume plot for the piston-in-cylinder evaporation engine. Hot air
is taken in through inlet valves, expanded and then spray-cooled at constant volume. Evaporative cooling
continues as the air is re-compressed back to atmospheric pressure, whereupon it is released through outlet
valves. Air is the heat transfer fluid and the working gas, and the cycle involves intake – expansion –
cooling – compression – exhaust. This is radically different to usual gas power cycles (e.g. Otto, Diesel)
based on intake – compression – heating – expansion – exhaust. The evaporation engine has natural
advantages when air that is already hot or can be heated cheaply is readily available at ambient pressure. The
theoretical work output of the cycle is the area inside the P-V plot, and is the difference between work
expended in expansion and work received in re-compression.

pressure relative to
ambient (Pa)
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-10,000
-20,000
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-60,000
volume (m^3)
Fig. 1: Pressure-volume plot for the evaporation engine when the inlet temperature is 100°C and the inlet partial
pressures are 99.3 kPa for dry air and 2 kPa for water vapour. The ambient temperature (of unheated air and injected
water) is 20°C and the expansion ratio is 1.8. For these conditions, the results are: specific work output 7.24 kJ/kg dry
air; efficiency 10.8%; specific water consumption 11.8 kg/kWhr. These results do not take account of losses.

Barton (2008a) provides a thermodynamic analysis for the evaporation engine. This assumes that both air
and water vapour are ideal gases with constant specific heat capacities. Each stage of the cycle involves
coupled algebraic equations for six variables (partial pressure and density of air, partial pressure and density
of water vapour, temperature and volume). Expansion takes place along a dry adiabat and is modelled as an
isentropic process. Evaporation to saturation at constant volume involves cooling of the air-vapour mixture
through uptake of the latent heat of evaporation required to turn liquid water into water vapour. Recompression of the composite air-vapour-droplet mixture takes place along a moist adiabat, with ongoing
evaporation to saturation, and the process requires a numerical solution of the six governing equations. In all
cases, the saturation vapour pressure is given by interpolation from tabulated values. The theoretical model
assumes that the cycle of the engine is slow enough that there is sufficient time for evaporation to saturation
both at constant volume and during re-compression.
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Fig. 2: Theoretical results as a function of inlet temperature and expansion ratio (Barton, 2008a). Left: efficiency;
right: specific work/cycle [J/kg air].
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Fig. 3: Theoretical results (Barton, 2008a). Left: back-work ratio; right: specific water consumption [kg/kWhr].

Figures 2 and 3 (Barton, 2008a) show the efficiency, specific work output, back-work ratio and water
consumption for various inlet temperatures and expansion ratios when the ambient temperature and water
temperature are 20°C and the inlet partial pressures are 99.3 kPa and 2 kPa for air and vapour respectively.
The efficiency is the work output divided by the heat energy required to heat ambient air to the inlet
temperature at constant pressure. The back-work ratio is the work expended in expansion divided by the
work received in re-compression.

Fig. 4: Illustrating the 1,000 m2 canopy used in the simulations.
The evaporation engine is at one end, but not shown.

Fig. 5: Elements of the heat transfer model (horizontal canopy).

3. Heat transfer model for the canopy
Figures 4 and 5 show the canopy used in the simulations and the elements of the heat transfer model.
Sunlight incident on the canopy is partially reflected, partially absorbed and partially transmitted. A thin
layer of ground is warmed by the sun, but otherwise heat transfer into the ground is neglected. Infrared
radiation from the ground is substantially reflected by the thin coating on the underside of the glass cover;
the remaining infrared radiation from the ground is assumed to be absorbed in the cover. The glass emits
infrared radiation from both top and bottom surfaces. There is molecular diffusion of heat through the
convection-suppression region (labelled as diffusion zone in Figure 5 and made, for example, from
transparent bubbles or slats) and the glass sheet, and convective heat transfer from the outside surface of the
glass to the atmosphere. The remaining heat energy is transferred by the airflow to the inlet valves of the
evaporation engine.
With the notation given in Appendix A, one-dimensional steady-state heat transfer in the cavity under the
glass canopy during any 30-minute period is described by
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with inlet condition and heat gain/loss terms as follows
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The ground and air temperatures are assumed identical. In (3a), n.s = cos ) is given by equation (9) below.
Equation (1) involves the temperature at the underside of the glass cover and must therefore be solved jointly
with an equation for heat transfer in the cover, namely
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In (4), absorption of sunlight and infrared radiation is averaged across the thickness, e, of the glass cover.
The boundary condition (5a) at the bottom surface of the glass cover involves competing effects due to
heating (by molecular diffusion through the convection-suppression region) and cooling (by infrared
radiation). At the top surface (5b), there is cooling due to convective heat transfer and radiation. All
radiation terms in the above equations take the general form


AB C

(6)

in which the emittance A and absolute temperature T are appropriate to the emitting surface.
Data
The Bureau of Meteorology routinely provides minimum and maximum daily temperatures for observation
stations, as well as temperature and relative humidity at 0900 and 1500 hours. The ambient temperature
throughout the day, T0, was modelled by a quadratic-cubic spline approximation to the data, in which the
minimum and maximum were assumed to be at 0500 and 1230 hours (with adjustment for daylight saving
time as appropriate). The vapour partial pressure throughout the day was taken to be the average of the
readings for 0900 and 1500 hours. Wellington is 305 m above sea level, and the atmospheric pressure was
taken as 97,630 Pa throughout the year.

Fig. 6: Illustrating the unit vectors n and s.
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The solar radiation impinging on the canopy is now calculated (based on a southern hemisphere location).
As illustrated in Figure 6, let (x,y,z) be Cartesian coordinates, with x to the east, y to the north and z vertical.
The canopy is indicated by red lines and slopes to the north at an angle λ to the horizontal. Let P be a point
on the canopy such that OP points towards the sun; P’ is the projection of P on the (x,y) plane. The altitude
α is the angle between OP and the (x,y) plane. The angle φ is the angle between OP’ and the x-axis. The
unit vector n is normal to the plane of the canopy and the unit vector s points towards the sun.
It follows that
n = (0, sin λ, cos λ)

and

s = (cos α cos φ, cos α sin φ, sin α)

(7,8)

If Φs is the radiant flux intensity due to sunlight, then the component of solar radiation hitting the canopy is
Φs n.s = Φs (sin λ cos α sin φ + cos λ sin α)

(9)

The angles α and φ were obtained at 15-minute intervals from www.sunposition.info (in fact for Mudgee,
about 50 km to the east of Wellington). The radiant solar flux intensity averaged over the day, Φs, was
obtained by considering the integral
HIJH=K

DHIJLMH=  sin 1G 'G

HIJH=K

 . DHIJLMH= sin 1G 'G

(10)

which leads to the total insolation on a horizontal surface in MJ.(m2.day)-1, as provided by the Bureau of
Meteorology. Variations in Φs due to air mass and diffuse radiation were not included in the model. About
5% of the insolation data were not available, presumably due to equipment failure. Missing values were
filled in using estimates based on hours of sunshine and temperature data for the days in question. The
canopy was either horizontal or sloping at the latitude angle, λ = 32.6°.
The reflectance ρ and transmittance τ for the glass sheet were taken to be those for low-emissivity glass
manufactured by Pilkington (2005). The absorptance α was given by α = 1 – (ρ + τ). Coefficients for
sunlight were taken as the average of Pilkington data for 350-2,500 nm wavelength and coefficients for
infrared radiation as the average for 3,000-20,000 nm wavelength. A correction due to Mitalas &
Stephenson (1962) was applied to give the effect of the angle of incidence on the transmission and reflection
coefficients, with the absorption coefficient held constant. This gives the incidence angle modifier (IAM) for
coefficients. For calculations of emitted infrared radiation, the emittance A was taken to be the same as the
absorptance α. As in Barton (2008a), the heat transfer model assumed both air and water vapour were ideal
gases with constant specific heat capacities. The gas properties and other parameters are as described in
Appendix B.
Numerical procedures
The following procedures were used to simulate the output of the canopy-engine system on any given day.
The averaged direct solar irradiance Φs was calculated using equation (10) and the ambient temperature
smoothly approximated by a cubic-quadratic spline. For any 30-minute interval, the incident solar radiation
was given by Φs n.s. The effect of water vapour was neglected for heating under the canopy, but necessarily
was included for the calculation of the thermodynamic cycle in the evaporation engine.
Equations (1-5) were solved by a predictor-corrector method. For the predictor step, temperature and
radiation values were approximated by those at the previous spatial location. A forward-Euler method was
used to give an approximation to the temperature at the new spatial location. The predicted temperature
values were then used to obtain the solution to equation (4), which always takes the form Tc = s0 + s1z +
ζz2/2, in which ζ is the right-hand side of (4) and the constants s0 and s1 are determined from the boundary
conditions (5a,b). That allows terms (3a-d) to be approximated at the new spatial location, thereby enabling
a corrector step with an improved approximation to the solution.
Once the outlet air temperature was known, the previously developed thermodynamic code (Barton, 2008a)
was used to predict the power output of the engine and other operating parameters. The key factor
controlling the performance of the canopy-engine system is the mass flow-rate of air, , which is expressed
in (kg air) s-1. As  becomes larger, the temperature attained under the canopy and the specific work output
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(J (kg air)-1) of the evaporation engine become less. However, canopy losses (infrared radiation and heat
transfer from the top surface) are also reduced, and since  is larger that acts to increase the power output of
the engine. A simple root-finding procedure was used to find the optimal flow-rate . In a few cases with
cool ambient conditions and low insolation levels, especially early morning and late afternoon,  was also
limited by assuming that the air in the engine was always above freezing after expansion by the factor r.
Tests confirmed that suitable accuracy could be obtained with 50 spatial steps. The overall heat budget for
the canopy was routinely checked and always accurate to better than 1%. Losses from the top surface
included reflection of sunlight, emission of infrared radiation and convective heat transfer.
4. Results
To generate a sample of results, the output of the canopy-engine system was calculated on the 15th day of
each month from March 2009 to February 2010. For each 30-minute period, the flow-rate was chosen to
optimise the power output. Illustrative results are first shown for 15 September 2009 (spring conditions) and
15 December 2010 (summer conditions). All 12 monthly results were then jointly analysed to develop
procedures to predict the annual output.
Results for 15 September 2009 are shown in Figures 7a-c. This was a fine and sunny spring day, with
maximum temperature 24.9°C, 8.5 hours sunshine, 21.03 MJ m-2 insolation on a horizontal surface, and
relative humidity of 74% and 38% at 0900 and 1500 hours respectively. All results are for a canopy with
glass area 1,000 m2. The sloping canopy receives more sunshine at all times of the day than a horizontal
canopy. As a result, the theoretical power output of the sloping canopy is 45% more than for the horizontal
canopy over the course of the day. Figures 8a-c show corresponding results for 15 January 2010. This was a
warm to hot summer’s day, with maximum temperature 33.5°C, 8.5 hours sunshine, 30.49 MJ m-2 insolation
on a horizontal surface, and relative humidity of 63% and 41% at 0900 and 1500 hours respectively. Again,
results are for a canopy with glass area 1,000 m2. Under the summer conditions, the sloping canopy now
receives less sunshine at all times of the day than a horizontal canopy. As a result, the theoretical power
output of the sloping canopy is 18% less than for the horizontal canopy over the course of the day.
For the 12 days that were explicitly simulated, the aggregated daily power output in kWhr (including canopy
losses but not engine losses) is shown in Figure 9 as a function of total daily insolation on a horizontal
surface. Results are shown for both horizontal and sloping canopies on the same days. For the horizontal
canopy (red squares), it is reasonable to model the daily power output as a linear function of daily insolation.
That was the approach taken by Barton (2010a), with the result
y = 23.13 x – 187.5

(11)
2 -1

-1

-2

-1

where the output y is in kWhr (1,000 m ) day and the insolation x is in MJ m day . The situation is
different however for the sloping canopy (blue circles); a linear approximation is evidently unsuitable, as
would be simple quadratic or cubic approximations.
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Figure 9: Daily power output in kWhr (1000 m2)-1 day-1 as a function of insolation on a horizontal surface in
MJ m-2 day-1.

A general observation from the calculations and Figure 9 is that the daily power output is greater for the
sloping canopy than for the horizontal canopy during winter (significantly so), spring and autumn. The
output is less in summer however. That general conclusion is supported by Figures 7 and 8 above and
follows logically from the amount of direct solar radiation intercepted by the sloping canopy compared to the
horizontal canopy. The situation is made more complicated, however, because some of the low-insolation
daily results in Figure 9 are for cloudy spring or autumn days, and not from winter days. The sloping canopy
results need to be approximated using a model that takes into account both the time of the year and the
cloudiness of the day in question. This model is now developed.
Figure 10 shows the observed daily insolation (MJ m-2) on a horizontal surface at Wellington for 365 days
starting from 1 March 2010. Also shown on Figure 10 is the expression
f(n) = 24.1 – 10.85 sin {2π(n-22)/365}
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(12)

which approximates the optimal (cloud-free) insolation that could be expected on day n of the year. At day
22 (corresponding to the autumn equinox, 22 March), the insolation takes the mean value 24.1 MJ m-2. For
other days the optimal insolation varies sinusoidally as a function of n with amplitude 10.85 MJ m-2 and
period 365 days. Note that while (4) appears to be a reasonable description of the insolation received, no
attempt is made to give the formula a theoretical justification.
The maximum power output that could be received for any particular level of insolation, under perfect
weather conditions, can now be modelled by the quadratic function
p(x) = c1 x (1 + c2 x)

(13)

where x in MJ m-2 day-1 represents the insolation received on a horizontal surface during a day. This
expression is shown by the solid line in Figure 11. The power output is in kWhr (1,000 m2)-1 day-1, and the
numerical values of the constants are c1 = 34.5 and c2 = -0.01725. It is noted that (13) has been used as a
reasonable representation for the optimal envelope, without theoretical justification.
Now let g(n) be the observed insolation in MJ m-2 day-1 received on day n of the year. The power output q(n)
in kWhr (1,000 m2)-1 day-1 on given day n is approximated by
NO
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(14)

where the coefficient γ is chosen to give the least-squares best fit between q(n) and the calculated power
output for the sample of 12 days that were simulated in detail. That process gives γ = 1.34. As with (12) and
(13), equation (14) has been used merely for descriptive purposes, without theoretical justification. To
interpret approximation (14) in words, the simulated power output is the perfect power output given perfect
insolation for the day in question, reduced by a multiplicative factor which is linear in the relative shortfall in
the amount of insolation compared to the perfect amount of insolation.
The outcome is shown in Figure 11, in which the pink squares show approximation (14) for the 12 days that
were simulated. The most significant discrepancy between the blue circles and pink squares occurs for x =
28.40 MJ m-2, which corresponds to 15 November 2009. This day was unusual in that it was not especially
sunny (hence the received insolation was clearly less than perfect) but it was hot (38°C maximum, 36.9°C at
1500 hours), which meant that heat losses from the canopy were reduced and the power output was higher
than might have otherwise been expected. As Figure 9 shows, the power output from the horizontal canopy
was also above the theoretical prediction on this day.
power output [kWhr/(1000
m^2.day)]

insolation [MJ/(m^2.day)]

40
35
30
25
20
15
10
5

600
500
400
300
200
100
0

0
0

100

200

300

400

day of year (starting 1 March 2009)
daily insolation - observed
daily insolation - optimal
Fig. 10: Observed and approximate optimal insolation on a
horizontal surface in MJ m-2day-1 for 365 days starting from 1
March 2010.

0

10

20

30

40

insolation [MJ/(m^2.day)]
envelope (sloping)
approx (sloping)

sloping

Fig. 11: Results for the sloping canopy. Blue circles show the
calculated power output for the 15th day of each month from
March 2009 to February 2010.
Pink squares show
approximation (14) for these 12 days. The solid line is the
envelope for daily power output given perfect weather
conditions at any given level of insolation.

3373

Based on the above procedures for sloping canopies, Figure 12 displays the simulated power output for every
day of the year. Monthly averages are also shown, as are results for horizontal canopies. Note that these
results are for a canopy-engine system in which the glass area of the canopy is 1,000 m2. Canopy losses are
included, but not engine losses. It is immediately clear that the daily power output is more uniform
throughout the year for the sloping canopy than for the horizontal canopy. The maximum daily power output
of the horizontal canopy system clearly occurs in summer, whereas for the sloping canopy system there is not
much difference in the daily power output between summer, autumn and spring. For the sloping canopyengine system, the annual power output is estimated to be 131 MWhr (1,000 m2)-1 year-1, some 26% higher
than for the horizontal canopy-engine system.
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Fig. 12: The simulated power output for every day of the year for both horizontal and sloping canopies.
Monthly averages are also shown.
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The water consumption for the sloping canopy system is plotted in Figure 13. Also shown is the linear
approximation w = 9.258 q + 112.1, where q has units kWhr (1,000 m2)-1 day-1 and w has units litres (1000
m2)-1 day-1. Using this linear approximation and the approximation (14), the total simulated water
consumption for the sloping 1,000 m2 canopy-engine system over the entire year is estimated to be 1,250 m3
(1,000 m2)-1 year-1, which is approximately 20% greater than for the horizontal canopy-engine system.
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Fig. 13: Water consumption for the sloping canopy-engine system.

5. Losses
The calculations presented so far are an over-estimate in that they include canopy losses but not engine
losses. Engine losses for the sloping canopy-engine system are now estimated. Table 1 below is reprinted
without modification from Barton (2010a), whilst Table 2 contains fresh calculations specific to the sloping
canopy-engine system. To minimise incomplete evaporation during re-compression, the amount of water to
be purified and injected is taken to be 125% of the theoretically predicted amount (Barton, 2010b). As in the
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case of the horizontal canopy (Barton, 2010a), expected engine losses amount to 25-30% of the theoretical
power output after canopy losses, leaving 70-75% of the theoretical output as the actual output.
Table 1: Engine losses.

%
Comments
loss
Category A. Losses that reduce the available heat energy
Transient heat transfer
7
This estimate is uncertain; the loss is reduced as the engine
becomes bigger and faster revving.
Leakage around valves and
1
Not expected to be significant.
seals
Dead zones
1
Not expected to be significant.
Category B. Losses affecting the engine operation
Incomplete evaporation
4
This is the major limitation on the engine speed, and has been
during re-compression
extensively studied elsewhere (Barton, 2010b). Satisfactory
performance is obtained if 25% more water than theoretically
predicted is injected and the engine runs at 1 Hz.
Aerodynamic losses in
1
Not expected to be significant since the engine will have generous
valves
valves and be slow-revving.
Mechanical friction
4
A standard engineering challenge.
Category C. Water losses
Water purification
The energy requirement for a reverse osmosis system is
approximately 15 kJ kg-1 or 0.004 MWhr m-3. See Table 2.
Water injection
The water pump pressure is 10 MPa and the energy requirement is
10 kJ kg-1 or 0.0028 MWhr m-3. See Table 2.
Category D. Electrical losses
Mechanical to electrical
3
A standard engineering challenge.
conversion
Table 2: Annual power output for the sloping 1,000 m2 system after engine losses.

Predicted output with no engine losses
Mechanical output after 18% losses in Categories
A and B
Energy requirement for water purification
(Category C)
Energy requirement for water injection
(Category C)
Energy loss in mechanical to electrical conversion
(Category D)
Estimated power output

131 MWhr
131 × 0.82 = 107 MWhr
1,250 m3 ×0.91×1.25× 0.004 MWhr m-3
= 5.7 MWhr
1,250 m3 ×0.91×1.25× 0.0028 MWhr m-3
= 4.0 MWhr
107 × 0.03
= 3.2 MWhr
107 – (5.7+4.0+3.2)
= 94 MWhr

Table 3: Financial metrics for a 1,000 m2 sloping canopy-engine system.
The peak power output is 60 kW after all canopy and engine losses.

Cost of land, earthworks, frame and glass
Cost of engine and balance of plant
Capital cost
Interest rate
Rate of capital return (based on 8% interest
and 20 year pay-back)
Capital expenditure per year
Operating expenditure per year
Expenditure per year
Metric 1: cost per peak Watt
Metric 2: levelised electricity cost

$25m-2, so $25,000 per canopy
$1,000 (kW)-1, so $60,000 for a 60 kW engine
$85,000
8%
10.2%
0.102 yr-1 ×$85,000 = $8,670 yr-1
4% of capital cost, so $3,400 yr-1
$12,070 yr-1
$85,000/60,000W = $1.42 (Wp)-1
$12,070/94 MWhr = $128 (MWhr)-1
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6. Financial metrics
For the sloping canopy-engine system, the maximum theoretical instantaneous power output over the 12 days
that were carefully simulated was 77 kW. Perhaps slightly higher output might be obtained for particularly
hot and sunny days not simulated during the year. After allowing for 25-30% inevitable engine losses, it is
therefore reasonable to assume that a 60 kW engine would be appropriate for the 1,000 m2 sloping canopy.
(The corresponding figure for the horizontal canopy was 65 kW.) This enables financial metrics to be
prepared (Table 3). These calculations include estimates for all canopy and engine losses. The metrics
depend on financial, manufacturing and operational assumptions that, at this stage, must be regarded as
preliminary. Taxation issues are not included in the calculations.
7. Conclusion
Table 4 summarises the key results of this study of the canopy-engine system in which the canopy slopes at
the latitude angle. The site for the simulations is Wellington in inland New South Wales, latitude 32.6°, and
the work is based on the period from March 2009 to February 2010. Results for a horizontal canopy (Barton,
2010a) are also shown in Table 4. In comparison to the horizontal system, the sloping system gives 27%
more annual power output, which is more evenly distributed over the year and is obtained with a slightly
smaller engine. The cost per peak Watt is 3% higher for the sloping system. The levelised electricity cost is
35% lower for the sloping system.
Table 4: Summary of results for the passive solar canopy-engine system. Results are
for a 1,000 m2 canopy and are inclusive of all losses. The output is electrical power.

Peak power
Annual output
Annual water consumption
Financial metric 1
Financial metric 2

Units
kW
MWhr yr-1
m3 yr-1
AUD (Wp)-1
AUD (MWhr)-1

Horizontal
65
74
1,181
1.38
173

Sloping
60
94
1,422
1.42
128

Current work with this concept focusses on heat storage in a bed of loosely packed rock fragments. It is
anticipated that this will enable power generation at constant levels and when the sun is not shining. It is
intended that simulation results will be presented to the Australian Solar Energy Society Conference in late
2011. Another important issue is the mechanical principle for the piston-in-cylinder evaporation engine.
Barton (2008b) reported serious shortcomings with the mechanical principle for his experimental evaporation
engine. A greatly-improved mechanical concept has been developed, although this needs further
development and remains an industrial secret at present.
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Appendix A: Notation
C
d
e
F
hc/o
k
L,H.W

n
r
s0,s1
s
t
T
x,z
x,y,z

specific heat capacity
thickness of the convection-suppression zone
thickness of glass cover
terms used in equation (1)
convective heat transfer coefficient
thermal conductivity
length, height, width of the canopy
mass flow rate of air under canopy
unit normal to canopy
expansion ratio of the evaporation engine
coefficients in solution of equation (2)
unit normal towards sun
time throughout the day
temperature
lengthwise, normal coordinates relative to canopy
east, north, vertical coordinates in Fig. 6.

[J kg-1 K-1]
[m]
[m]
[W m-1]
[W m-2 K-1]
[W m-1K-1]
[m]
[kg s-1]
[-]
[-]
[K,K m-1]
[-]
[s]
[K]
[m]
[m]

α,A,ρ,τ
α
δx
ζ
η
)
ρ
σ
Φ

absorptance, emittance, reflectance, transmittance
sun angle (altitude)
element of length lengthwise in the duct
right-hand side of equation (4)
canopy efficiency
angle of incidence of sunlight on canopy
density
Stefan-Boltzmann coefficient
radiant flux density

[-]
[radian]
[m]
[K m-2]
[%]
[radian]
[kg m-3]
[W m-2 K-4]
[W m-2]

Subscripts
a
c
c/o
g
ir
o
P,V
s
v

air
cover (glass), c1 outside surface, c2 inside surface
cover to ambient
ground
pertaining to infrared radiation from ground and cover, 3000 – 20000 nm
ambient
constant pressure, constant volume
sun, pertaining to solar radiation, 350 – 2,500 nm
water vapour

Appendix B: Parameter values for the simulations.
(* Mitalas-Stephenson correction not applied here.)
L
W
H
d
e
δx
r

100 m
10 m
2m
0.025 m
0.003 m
2m
1.9

αs,c
ρs,c
αir,c
ρir,c
ρc
kc
Cc

0.18
0.12 *
0.15
0.85
2,500 kg m-3
1.20 W m-1 K-1
840 J kg-1 K-1

CaP
CaV
CvP
CvV
ka
hc/o
σ

1,005 J kg-1 K-1
718 J kg-1 K-1
1,872 J kg-1 K-1
1,411 J kg-1 K-1
0.0261 W m-1K-1
50 W m-2 K-1
5.67×10-8 W m-2 K-4
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Abstract
In this paper, a performance and cost assessment of integrated solar combined cycle systems (ISCCS) based
on parabolic troughs using CO2 as heat transfer fluid is reported on. The use of CO2 instead of the more
conventional thermal oil as heat transfer fluid allows an increase in the temperature of the heat transfer fluid
and thus in solar energy conversion efficiency. In particular, the ISCCS plant considered here was developed
on the basis of a triple-pressure, reheated combined cycle power plant rated at 252 MW. Two different
solutions for the solar steam generator are considered and compared.
The results of the performance assessment show that the solar energy conversion efficiency ranges from 23%
to 25% for a CO2 maximum temperature of 550 °C. For a CO2 temperature of 450°C solar efficiency
decreases by about 1.5-2.0 percentage points. The use of a solar steam generator including only the
evaporation section instead of the preheating, evaporation and superheating sections allows the achievement
of slightly better conversion efficiencies. However, the adoption of this solution leads to a maximum value of
the solar share of around 10% on the ISCCS power output. The solar conversion efficiencies of the ISCCS
systems considered here are better than those of the more conventional Concentrating Solar Power (CSP)
systems based on steam cycles (14-18%) and are very similar to the predicted conversion efficiencies of the
more advanced direct steam generation solar plants (22-27%).
The results of a preliminary cost analysis show that due to the installation of the solar field, the electrical
energy production cost for ISCCS power plants increases in comparison to the natural gas combined cycle
(NGCC). In particular, the specific cost of electrical energy produced from solar energy is much greater
(about two-fold) than that of electrical energy produced from natural gas.
1. Introduction
Nowadays, a large number of R&D activities are carried out in the field of both photovoltaic and
Concentrating Solar Power (CSP) systems. In particular, in the field of CSP systems, parabolic trough
collectors integrated with steam Rankine cycles are today the most commercially proven technology. In CSP
plants, solar energy produces a high temperature heat transfer fluid used for feeding a heat recovery steam
generator. To increase plant availability, an energy storage system is usually installed. In the last few years,
in addition to steam power plants, several alternative options have been proposed, mainly based on gas
turbines and combined cycle power plants. In fact, solar energy can be used to heat the compressed air in
simple cycle gas turbines (Fisher et al., 2004; Garcia et al., 2008; Sinasi et al., 2005) or in externally fired
humidified air turbine systems (Zhao et al., 2003). Nevertheless, solar energy can also be used in more
complex systems, such as steam reforming processes integrated with fuel cells or gas turbines (Tamme et al.,
2001, Jin et al., 2003) or combined cycle power plants, to produce additional steam for the bottoming
Rankine cycle (Birnbaum et al., 2010; Dersch et al., 2002; Dersch et al., 2004; Donatini et al., 2007; Horn et
al., 2002; Hosseini et al., 2005; Kane et al., 2000). In particular, in the field of large size CSP plants,
Integrated Solar Combined Cycle Systems (ISCCS) are one of the most interesting options as they allow the
achievement of a significant improvement in the conversion efficiency of solar energy and reduce the
importance of energy storage systems. Moreover, ISCCS plants reduce solar energy production costs since
the additional cost of the combined cycle steam section is lower than the overall cost of a dedicated steam
power plant (Horn et al., 2002; Dersch et al., 2002; Hosseini et al., 2005).
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Worldwide, current CSP generating capacity is around 1300 MW, mainly located in the United States of
America and Spain; also considering CSP systems under construction or under development, overall
generating capacity is more than several GW. In the U.S., nine Solar Electric Generating Stations (SEGS)
have been in operation since the 1980’s and 90’s, in California’s Mojave Desert, with an overall generating
capacity of more than 350 MW, and the NEVADA 1 power plant with a net power output of 64 MW. Spain
is the world’s country with the higher CSP installed capacity, thanks to fourteen 50 MW plants in operation
and nine plants under construction (Solar Spaces, 2011).
Regarding ISCCS, nowadays three plants are operating in Italy, Iran and Morocco. In Italy the Archimede
Project has led to a 5 MW CSP plant, inaugurated in July 2010 in Priolo Gargallo (Sicily), integrated in a
combined cycle of about 750 MW. Two ISCCS with a larger solar section are operating in Iran (467 MW,
with 17 MWe from solar energy) and in Morocco (470 MW, with 20 MWe from solar energy). Other ISCCS
power plants currently under construction are located in Egypt (140 MW, with 20 MWe from solar energy)
and in Algeria (150 MW, with 20 MWe from solar energy).
As is known, for all CSP solutions, solar energy conversion efficiency increases with the maximum
temperature of the Heat Transfer Fluid (HTF). Almost all parabolic trough systems under operation or under
construction use thermal oil as the HTF, which presents the important drawback of a low maximum
operating temperature (about 400°C). In this framework, the Italian ARCHIMEDE project has proposed the
use of molten salts (60% NaNO3 and 40% KNO3) as the HTF, making it possible allowing to reach a
maximum operating temperature of about 550°C. However, the main drawback of molten salts is their high
solidification temperature (about 290°C). To replace thermal oil and maintain high HTF temperatures, one
possible choice is the direct production of steam in the solar collector, as in the most recent Direct Steam
Generation (DSG) solar plants (Montes et al., 2009; Montes et al., 2011; Nezammahalleh et al., 2010; Zarza
et al., 2006). Another possible option is the use of gaseous fluids as the HTF. In particular, the Italian
ESTATE Project, promoted by CRS4, Sardegna Ricerche, RTM SpA, Sapio Srl and the University of
Cagliari, aimed to demonstrate the use of carbon dioxide at 550°C in parabolic trough collectors. The overall
cost of the ESTATE project is estimated at 11.4 million euros, and it has been co-funded by the Italian
Ministry for Universities and Scientific Research (Baistrocchi et al., Cascetta et al., 2009, Cau et al., 2010).
In this framework, this paper aims to evaluate the capabilities of integrated solar combined cycle power
plants to efficiently convert the high temperature thermal energy produced by parabolic solar troughs using
CO2 as the heat transfer fluid. In particular, the study proposes to evaluate the expected performance of
ISCCS power plants in function of the solar radiation and for different operating conditions. Moreover, a
preliminary assessment of the energy production cost has also been carried out.
2. ISCCS configuration
Figure 1 shows a detailed configuration of the Integrated Solar Combined Cycle Systems analysed in this
paper. The ISCCS includes three main sections: the solar field (SF), the solar steam generator (SSG) and the
combined cycle (CC) power plant.
The solar field is based on parabolic trough collectors connected in series to achieve the required CO2 exit
temperature and in parallel to achieve the required CO2 mass flow. In the solar field is also installed a CO2
compressor for circulating the heat transfer fluid from the SF to the SSG.
In the solar steam generator the CO2 is used to produce the steam for the combined cycle power plant. In this
study, two different SSG configurations are considered and compared. In the first configuration (SSG-1), the
solar steam generator includes the high-pressure pre-heating, evaporating and superheating sections, whereas
in the second configuration (SSG-2), it includes only the high and intermediate pressure evaporating
sections. Obviously, in the latter case, water preheating and steam superheating are carried out in the
conventional Heat Recovery Steam Generator (HRSG). Moreover, the maximum steam mass flow produced
by the SSG-2 section is closely related to the maximum thermal power available in the HRSG for water preheating and steam superheating. On the contrary, the influence of the HRSG thermal load on steam mass
flow produced by the SSG-1 section is of minor importance.
The combined cycle power plant includes the gas turbine, the HRSG and the steam power plant. The gas
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Figure 1 – Simplified scheme of the ISCCS power plant.

turbine and the post-combustor of the HRSG (the latter can be used to increase the combined cycle power
output during nights and other periods of low solar radiation) are fuelled by natural gas. The steam cycle
power section is based on a triple pressure level HRSG with steam reheating. The bottom part of Figure 1
shows the integration between the SSG section and the HRSG for the two options considered. In the SSG-1
solution the water for the economizer is directly pumped from the condenser, whereas the steam is mixed
with the high-pressure superheated steam produced by the HRSG. On the contrary, in the SSG-2 solution the
high temperature CO2 feeds only the high- and intermediate-pressure solar evaporators which operate in
parallel with the corresponding HRSG evaporators. Water pre-heating and steam super-heating are still
carried out by the HRSG of the combined cycle.
3. Solar field modelling and performance
The performance of the ISCCS plant previously described was evaluated by means of the GateCycle™
simulation software, version 5.40 (GE Enter Software, 2001). As the GateCycle™ model library does not
include a solar collector, a dedicated parabolic trough simulation model was developed. The model simulates
the parabolic trough performance as a function of solar radiation, technical specifications of the solar trough
and composition and thermodynamic properties (pressure and temperature) of the heat transfer fluid. In
particular, for given values of the previous inputs, the model allows evaluation of the mass flow and HTF
thermal power, as well as thermal efficiency and pressure drop of the solar collector.
The simulation model was developed starting from the one-dimensional, steady-state NREL model
(Forristall, 2003). In particular, it is based on the following energy balance of the solar collector:
(eq. 1)
where QSOL denotes the solar energy input (that is, the direct solar radiation available in the aperture area of
the parabolic trough collector), QFLD is the energy transferred to the heat transfer fluid, and QLOSS are the
collector energy losses (optical, conductive, convective and radiation). For a given collector, the simulation
model allows evaluation of the temperature profile along the solar collector and the collector thermal
efficiency as a function of the direct solar radiation, the mass flow and the temperature of the heat transfer
fluid. In particular, according to eq. 1, the collector thermal efficiency, and then the solar field thermal
efficiency SF is represented by the ratio between QFLD and QSOL:
(eq. 2)
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In this paper the model was applied to solar parabolic troughs characterized by a length of 100 m, a collector
aperture area of 576 m2, an optical efficiency equal to 80% and a CO2 pressure equal to 15 bar. A more
detailed description of the collector simulation model can be found in Cascetta et al. (2009).
As mentioned, the main aim of the ESTATE-LAB project is to demonstrate the capabilities of parabolic solar
troughs to produce high temperature gaseous fluids for feeding a Solar Steam Generator. Previous studies
show that CO2 assures better performance in comparison to other gaseous fluids (Cascetta et al., 2009).
Figure 2 shows the collector thermal efficiency as a function of the direct solar radiation incident on the
collector aperture area for given values of both inlet (150 °C, 200 °C and 250 °C) and outlet (450 °C, 500 °C
and 550 °C) CO2 temperatures. The collector thermal efficiency increases with high values of solar radiation
and with low values of the CO2 mean temperature (maximum efficiency is reached for 150°C at the inlet and
450°C at the outlet). In fact, high solar radiation and low mean temperatures reduce the influence of the
convective and radiation energy losses. Overall, the achievement of a collector thermal efficiency higher than
70% requires a solar radiation above 800 W/m2.
Figure 3 shows the CO2 mass flow and the CO2 thermal output per unit collector aperture area as a function
of the direct solar radiation and for different values of the CO2 inlet and outlet temperatures. Both CO2 mass
flow and CO2 thermal output increase with solar radiation, due to the increase in the available solar energy
and the better collector thermal efficiency. Moreover, the CO2 mass flow and the CO2 thermal output per unit
area increase with decreasing values of the CO2 outlet temperature and with increasing values of the CO2
inlet temperature. However, the thermal power per unit area is less influenced by the CO2 mean temperature
than the CO2 mass flow.
4. Power section modelling and performance
The performance of the ISCCS power section (that is, SSG+CC) was calculated by means of the
GateCycle™ simulation software starting from a combined cycle power plant based on a GEMS531(FA) gas
turbine integrated with a triple pressure level HRSG. The combined cycle is rated at 252.6 MW, at ISO
conditions, with a design efficiency of 54.2%. The performance of the ISCCS power section was initially
evaluated in function of the available CO2 thermal power, regardless of the operating conditions of the solar
field (collector thermal efficiency, solar radiation and then solar field area). The performance assessment was
carried out with reference to the two SSG solutions shown in Figure 1 and for three different values of the
SSG inlet temperature (450, 500 and 550 °C). Table 1 shows the main operating parameters assumed here for
the performance assessment of the power section.
The integration of the combined cycle power plant with a solar steam generator leads to an increase in steam
production and thus in steam section power output. Figure 4 shows steam mass flows produced by the SSG
and steam mass flows evolving in the HP steam turbines for both SSG-1 and SSG-2 options. Figure 4 also
shows the HP steam produced by the HRSG (only for the SSG-1 option) and the steam mass flows entering
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the IP steam turbine (only for the SSG-2
option). All the mass flows refer to design
conditions of the power section and are reported
as a function of CO2 thermal input and CO2
temperature.

Table 1 - Main operating parameters for the performance
assessment of the ISCCS power section.
Gas Turbine
Gas turbine power output
Gas turbine net efficiency
Gas turbine pressure ratio
Exhaust mass flow
Exhaust Temperature

165.8 MW
35.6%
15.2
408.9 kg/s
603.3 °C

With reference to the combined cycle power
plant considered in this study, the reference HP
steam mass flow (that is, without any additional
Steam power plant
steam from SSG) is around 48 kg/s. In the case
STHP inlet pressure/temperature
101.3 bar/538 °C
ST
48.0 kg/s
HP inlet mass flow
of the ISCCS plant, the steam produced by the
STIP inlet pressure/temperature
16.5 bar/538 °C
SSG section increases with the available CO2
STIP inlet mass flow
59.4 kg/s
STLP inlet pressure/temperature
1.65 bar/233 °C
thermal power. However, as shown by Figure 1,
STLP inlet mass flow
65.4 kg/s
the HRSG is fully integrated with the SSG-2
HRSG Minimum temperature difference
10 °C
Condenser pressure
0.05 bar
configuration, whereas the HRSG is only
Steam section power output
86.8 MW
partially influenced by the presence of the SSGCombined cycle power output
252.6 MW
Combined cycle efficiency
54.2%
1. For this reason the maximum CO2 thermal
Solar
Steam
Generator
input of the SSG-2 solution closely depends on
SSG Minimum temperature difference
10 °C
the HRSG available heat for water preheating
SSG-1 approach temperature difference
30 °C
and steam superheating. In this analysis
therefore the maximum value of the CO2 design
thermal input for the SSG-2 section has been restricted to 75 MW and that of the SSG-1 to 150 MW.

Steam mass flow (kg/s)

Steam mass flow (kg/s)

Figure 4 shows that for the SSG-1 configuration, the HP steam produced by the solar steam generator
increases with thermal power associated with CO2, from zero up to 46-51 kg/s for a CO2 thermal power of
150 MW (the maximum value is obtained for the lower CO2 temperature). On the contrary, HP steam
produced by the HRSG slightly decreases with CO2 thermal power, from 48 kg/s to 32-37 kg/s for a CO2
thermal power of 150 MW (the maximum value in this case is obtained for the higher CO 2 temperature). In
fact, as mentioned before, the increase in the HP steam mass flow requires greater energy for the HRSG
reheating section and thus decreases the heat available for the HRSG superheating section. The mass flow
evolving in the HP turbine increases less than the
0
25
50
75
100
125
150
steam produced by the SSG-1 section (from 48
100
kg/s to 83.5 kg/s for a CO2 thermal power of 150
SSG-2 550 °C
STIP inlet
MW), due to the reduction of the steam produced
SSG-2 500 °C
80
SSG-2 450 °C
by the HRSG, with no significant influence of
CO2 temperature. Similarly, the mass flow of
60
STHP inlet
saturated steam produced by the HP and IP
40
evaporators of the SSG-2 section linearly
SSG-2 HP
increases with CO2 thermal input, thus leading to
20
SSG-2 IP
a corresponding increase in the steam mass flow
at the inlet of the HP and IP turbines. For the high
0
100
pressure evaporator the maximum value of steam
SSG-1 550 °C
mass flow of 39 kg/s is obtained for a CO2
STHP inlet
SSG-1 500 °C
80
temperature of 550 °C, whereas for the
SSG-1 450 °C
intermediate pressure evaporator the maximum
60
value of steam mass flow of 17.5 kg/s is obtained
HRSG HP
for a CO2 temperature of 450 °C. Despite a
40
greater increase in the HP steam produced in the
SSG-1 HP
20
SSG-2 section in comparison to the SSG-1
configuration, the higher reduction of steam
0
produced by the HRSG leads to a steam mass
0
25
50
75
100
125
150
flow evolving in the HP turbine comparable to
CO2 thermal power (MW)
that of the SSG-1 configuration (66 kg/s for a CO2
thermal power of 75 MW). In fact, even though
Figure 4 - Steam mass flow in function of the CO2 thermal input
and the CO2 inlet temperature.
for a CO2 temperature equal to 450 °C the steam
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60

ISCCS power output gain (MW)

mass flow evolving in the HP turbine is equal to
60.7 kg/s, increasing the CO2 temperature increases
CO2 mass flow up to 66.1 kg/s for a CO2
temperature equal to 550°C. Nevertheless, the
decrease in saturated steam mass flow produced by
the IP evaporator increasing CO2 temperature leads
to a steam mass flow evolving in the IP turbine
practically not influenced by the CO2 temperature.
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Figure 5 shows the net power output gain PSOL of
SSG-2 550 °C (=38.4%)
10
SSG-2 500 °C (=36.8%)
the ISCCS power section as a function of the CO2
SSG-2 450 °C (=34.6%)
thermal power, for both SSG-1 and SSG-2
0
configurations and for the three different values of
0
25
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150
the SSG inlet temperature considered. Overall, the
CO2 thermal power (MW)
CO2 compressor requires 5-10% of the gross power
Figure 5 - ISCCS power output gain in function of CO2
output gain produced from the CO2 thermal power.
thermal input and CO2 inlet temperature.
Obviously, for a given CO2 thermal power, the
lowest power requirement refers to the lowest values of both CO2 mass flow and CO2 compressor inlet
temperature, that is, for the SSG-1 configuration and 550°C. As appears in Figure 5, the power output gain
PSOL is almost proportional to the CO2 thermal power and increases with CO2 temperature for both SSG
configurations, even though the power output gain of the SSG-2 solution is greater than that of the SSG-1.
For the SSG-2 option (maximum CO2 thermal input equal to 75 MW) the power output gain is 28.8 MW at
550 °C (which is more than 11% of the reference combined cycle power output), whereas the maximum
power output gain is equal to about 26 MW if the CO2 temperature decreases to 450 °C. As the ISCCS power
plant based on the SSG-1 option allows a design for an higher CO2 thermal input (150 MW), the maximum
power output gain is 54.5 MW at 550 °C and 49.5 MW at 450 °C.
Figure 5 also reports the conversion efficiency of the CO2 thermal power (even at design conditions), here
defined as the ratio between the power output gain PSOL and the energy transferred to the HTF QFLD:
(eq. 3)
In the cases considered here, ηPS ranges from 33.0% to 38.4%. In particular, ηPS improves by adopting the
SSG-2 solution (the efficiency improvement with respect to the use of the SSG-1 option ranges from 1.6 to
2.1 percentage points, as a function of CO2 temperature) and also with higher values of the CO2 temperature
(the increase from 450 °C to 550 °C improves the efficiency by 3.3 percentage points for SSG-1 and 3.8
percentage points for SSG-2).
Due to the absence of the thermal storage section, the ISCCS power plants operate at off-design conditions
during nights and the periods of low solar radiation. In fact, the daily and seasonal variations of solar
radiation lead to a corresponding variation in CO2 thermal energy and therefore to the steam production in
the SSG section. During off-design operation, ISCCS power output decreases with CO2 thermal input, due to
the lower steam production for both SSG options. Nevertheless, with respect to design conditions, the
decrease in ISCCS power output is lower than 6-7%, even for a CO2 thermal input equal to 30% of design
conditions, due to the predominant contribution of the combined cycle to overall power output. For this
reason, steam turbine efficiency is almost constant and thus the fossil fuel conversion efficiency of the
ISCCS power plant can be assumed to be almost unchanged.
5. ISCCS power plant performance
For a given solar energy availability, depending on geographic location of the plant, an ISCCS power plant
must be designed according to suitable reference conditions for both solar field and power section. As
previously discussed, for a required CO2 thermal power, the solar field aperture area depends on the direct
solar radiation incident on the collector aperture area, as well as on the collector efficiency, which also
depends on CO2 inlet and outlet temperatures.
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The solar field design of CSP systems is usually carried out with reference to the highest values of the direct
normal irradiation (DNI). Generally, this value is assumed as the average DNI value at noon on 21 June.
Common DNI design values in southern European countries range from 800 to 900 W/m2. As previously
mentioned, parabolic troughs use a single-axis tracking system to follow the sun’s track from east to west,
without any north-south tracking system. For this reason, the incidence angle of direct solar radiation on the
aperture area is greater than 0° (especially during winter months) and the direct solar radiation available on
the collector aperture area is lower than the DNI. Moreover, with solar fields composed of multiple rows of
parabolic collectors, the shadow effects between the collector rows reduce available direct solar radiation,
especially during sunrise and sunset. At the noon design point, with incidence angles around 12-16° and no
shadow effects between rows of collectors, the direct solar radiation available on the aperture area is about
96-98% of the DNI.
With reference to design conditions, Figure 6 shows the required solar field aperture area in function of the
desired CO2 thermal power for different DNI design conditions (800, 850 and 900 W/m2) and for both SSG-1
and SSG-2 configurations. The solar field aperture area was evaluated by assuming a CO2 temperature of
550 °C and a solar radiation available on the collector surface equal to 97% of DNI. As shown by Figure 6,
the design solar field area increases with the CO2 thermal power (and then with the power output gain of the
ISCCS power plant) and with low values of the design DNI. Furthermore, the ISCCS based on the SSG-2
solution requires a slightly higher solar field area than the SSG-1 to achieve the same CO2 thermal power,
due to its higher CO2 exit temperature (224 °C instead of 182 °C of the SSG-1 configuration) and thus to its
lower collector thermal efficiency. In particular, for a DNI equal to 900 W/m2 and a maximum CO2
temperature of 550 °C, a CO2 thermal power of 75 MW is obtained through a solar field aperture area
respectively equal to 120830 m2 for the SSG-1 configuration and to 121530 m2 for the SSG-2 configuration.
In the following analysis, performance of an ISCCS power plant based on SSG-1 and SSG2 options were
compared with reference to the same solar field based on 210 collectors, for an overall area of 120960 m2.
Figure 6 also shows net solar conversion efficiency ηG defined here as the ratio between the net solar power
output PSOL and the corresponding solar energy input QSOL:
(eq. 4)
Obviously, according to eqs. 2 and 3, net solar conversion efficiency ηG is calculated by the product of solar
field efficiency SF and power section efficiency PS. Similar to power section efficiency PS (see Figure 5),
net solar conversion efficiency does not in practice depend on CO2 thermal power. Indeed, it depends only
on the SSG configuration, which affects PS, and on the design DNI, which affects SF. For a ISCCS power
plant with a maximum CO2 temperature of 550 °C, net solar conversion efficiency ηG ranges from 23.2%
(SSG-1 with a design point DNI of 800 W/m2) to 24.8% (SSG-2 with a design point DNI of 900 W/m2).
ISCCS power plants based on the SSG-2
300
configuration assure higher net solar conversion
SSG-1 ( =23.6%)
efficiencies in comparison to SSG-1, despite their
SSG-1 ( =23.4%)
lower solar field efficiency SF, thanks to the
SSG-1 ( =23.2%)
higher power section efficiency PS. Obviously, a
200
DNI 900 W/m2
lower CO2 temperature leads to lower solar
DNI 850 W/m2
efficiencies. For example, by assuming a CO2
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TCO2=550 °C
temperature of 450 °C, ηG decreases by about 1.5100
1.7 percentage points (it ranges from 21.7% for
the ISCCS plant based on the SSG-1
SSG-2 ( =24.8%)
SSG-2 ( =24.5%)
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on parabolic troughs integrated with steam power plants (the net efficiency of these systems ranges from
14% to 18%) and are very similar to the predicted conversion efficiencies of the direct steam generation solar
plants (22-27%).
The annual energy production of an ISSCS power plant depends closely on direct normal radiation available
for the design site. In the countries of south Europe (Spain, Italy, Greece), the annual DNI availability ranges
from 1800 to 2200 kWh/m2. Annual DNI values of more than 2500-2800 kWh/m2 can be found in southern
states of the United States (California, Arizona, Nevada, etc.) or in other countries suitable for CSP plants
(Mexico, Jordan, Algeria, Morocco, etc.). In this paper, the annual performance of ISCCS power plants are
evaluated with reference to the 8760 hourly values of DNI measured in Cagliari, Sardinia (Italy), in 2005.
During periods of off-design operation (that is, for a DNI lower than the reference value of 900 W/m2), the
conversion efficiency of the power section is only slightly reduced with respect to the design value. On the
contrary, solar field efficiency is largely influenced by DNI, as shown in Figure 2. In particular, solar field
efficiency decreases for solar radiation values lower than the reference DNI, even if the decrease in the CO2
temperature at the collector inlet slightly reduces the penalty on solar field efficiency due to the lower DNI
(in particular temperature decreases from 182 °C down to 150 °C for a DNI equal to 200 W/m2 with a SSG-1
configuration and from 224 °C down to 200 °C for a SSG-2 configuration). For the reference DNI (900
W/m2), the solar power contribution is 25.5 MW for the SSG-1 configuration and 26.8 MW for the SSG-2
configuration. In practice, the solar field guarantees a power gain respectively equal to 10.1% and 10.6% in
comparison to the reference combined cycle power (252.6 MW). For both SSG solutions, the solar
contribution to annual energy production is lower than that of net power output. In fact, owing to the absence
of thermal storage, the annual operating hours of the solar section depend on annual DNI availability, which
also varies on a yearly and daily basis. Obviously, the greater solar contribution is obtained in summer, but it
is zero at night and during low sunny days (in fact, in this study, the minimum DNI that assures solar field
operation has been assumed equal to 200 W/m2).
Figure 7 shows the monthly solar contribution to the yearly net energy production of the ISCCS power plant
based on the two SSG options. In particular, Figure 7 shows the ratio between the electrical energy produced
from solar radiation and the electrical energy produced by the combined cycle from natural gas at reference
conditions (that is without any solar contribution). The energy contribution from the solar field is calculated
as the difference between energy from ISCCS and energy from the reference NGCC. On the right of Figure
7, the yearly average solar contribution is also shown. During winter (from November to February) the
contribution of solar radiation to ISCCS net energy production is lower than 1%, whereas during summer the
solar contribution exceeds 2-3%, with maximum values of 3.4% (SSG-1) and 3.6% (SSG-2) calculated for
July. The SSG-2 configuration achieves a higher solar contribution in comparison to the SSG-1 configuration
due to the higher net solar conversion efficiency ηG. Globally, the annual energy gain is 1.72% (SSG-1) and
1.80% (SSG-2).
With reference to data measured during 2005 in Cagliari, a DNI annual availability of 1530 kWh/m2 is
calculated. However, owing to the minimum useful DNI value assumed here (200 W/m2), the DNI annual
availability for the ISCCS power plant
decreases to 1425 kWh/m2. The annual net
energy production from solar in the ISCCS
plant is equal to 315 kWh/m2 for the SSG-1
configuration and to 328 kWh/m2 the SSG-2
one and the net solar conversion efficiency
ηG is 22.1% and 23.0%, respectively.
Therefore, for the present ISCCS power
plant, based on a solar field aperture area of
121530 m2, the net solar energy production is
38.3 GWh/yr (SSG-1) and 39.9 GWh/yr
(SSG-2), with a design solar power output of
25.5 MW (SSG-1) and 26.8 MW (SSG-2).
Overall, the integration between a combined
Figure 7 - Monthly ratio between energy gain due to the solar field
and energy from combined cycle at reference conditions.
cycle power plant fuelled with natural gas
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and a solar field produces a fossil fuel saving
of about 1.7-1.8% on a yearly basis.
Figure 7 is obtained starting from DNI
experimental data measured over a single year
(2005). For this reason, solar energy
production shows an irregular behavior: for
example, January and May show a great solar
contribution to global energy production in
comparison to February and June. For
comparative purposes, the analysis was
repeated referring to the monthly average
values for solar radiation provided by UNI
10349 for the city of Cagliari. The UNI 10349
Figure 8 - Monthly ratio between energy gain due to the solar field
reports the average daily solar radiation of the
and energy from the combined cycle at reference conditions.
month, based on measurements of many
years. Starting from UNI 10349 data, by means of suitable correlation, the hourly DNI average values were
calculated. Obviously, the highest DNI values are calculated in summer (the maximum value is 730 W/m2 at
noon in July) and the lowest values in winter (for example in December all DNI hourly values are lower than
200 W/m2).
Figure 8 compares ISCCS performance calculated with reference to DNI values measured at Cagliari during
2005 and to DNI average values calculated through UNI 10349. As expected, energy production from the
solar field calculated referring to UNI data shows a more regular trend in comparison to that calculated from
2005 data. In particular, the solar contribution calculated from UNI data is lower in the first part of the year
and greater in the latter (in December global energy from the solar field is zero, as the DNI average value is
always below 200 W/m2). Nevertheless, both the procedures calculate almost the same yearly mean value for
the energy ratio, varying from 1.72% (2005 data) to 1.74% (UNI data). The solar contribution in Figure 8
refers to the energy production calculated for the SSG-1 configuration, but similar results have been obtained
for the SSG-2 configurations.
6. Economic analysis
Finally, a preliminary economic analysis was carried out to compare the energy production cost of the two
ISCCS power plants considered in this paper and a conventional combined cycle power plant fuelled by
natural gas (NGCC). In particular, the economic analysis makes it possible to calculate the Levelised Cost of
Energy (LCE) and, for the ISCCS power plant, also the solar marginal Levelised Cost of solar Energy
(LCEs,m). The ISCCS and NGCC power plants are based on the same combined cycle and the main economic
assumptions, referred to 2010, are reported in Table 2.
The LCE is calculated with reference to the IEA (International Energy Agency) simplified methodology:
(eq. 5)
where CC is the capital cost, CO&M are the yearly operation and maintenance costs, CF is the annual fuel cost
and EA is the annual energy production. Fixed Charge Rate (FCR) is calculated with the following equation:
(eq. 6)
where i is the real debt interest, N is the operating lifetime and IINS is the annual insurance rate. For ISCCS
power plants, the LCE calculated according to eq. 5 refers to the energy production cost of both fossil and
solar energy. As the NGCC and ISCCS configurations are based on the same combined cycle, the solar
energy production cost has been evaluated by means of the solar marginal Levelised Cost of Energy, LCEs,m.
This parameter is defined as the ratio between the increase of the annual cost of ISCCS plants with respect to
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NGCC plants (due to introduction of the solar field
and to the higher size of the steam power section)
and the corresponding increase in annual energy
production due to the solar energy contribution.
Table 3 shows the main results of the economic
analysis.

Table 2 - Main assumptions for the economic analysis of
ISCCS and NGCC power plants.
Specific investment cost of CC steam unit

€/kW

645

Specific investment cost of gas unit

€/kW

220

2

Specific investment cost of solar field

€/m

220

O&M cost factor of CC steam unit

%CC

2

5
Both ISCCS power plants are characterized by a
greater nominal power in comparison to NGCC,
O&M cost factor of solar field
%CC
1.5
due to the presence of the solar field which requires
Specific land cost
€/m2
2
the steam turbine to be slightly oversized. In
Natural gas price
€/t
450
particular, NGCC shows a nominal power equal to
Real debt interest
%
8
252.6 MW, whereas for the two ISCCS
Annual insurance rate
%
1
configurations the nominal power increases up to
Operating lifetime
Years
25
278.1 MW (SSG-1) and to 279.4 MW (SSG-2). As
previously mentioned, the power output gain of
ISCCS configurations is closely related to the greater size of the steam section. For this reason, the specific
investment cost (€/kW) of the combined cycle section increases, and shows its maximum value for the SSG2 configuration (392.8 €/kW). The cost of the solar field is equal to 27.12 M€ for both SSG options, as it
depends on collector aperture area. Overall, the capital cost required by ISCCS power plants is about 50%
greater than that of the NGCC plant, even though it leads to a power output increase of about 10% and an
energy production increase of only about 2%.
O&M cost factor of gas unit

%CC

Annual fuel consumption is constant for the three different solutions, as it depends only on the gas turbine
rating; consequently also the annual fuel cost shows no variations (138 M€/y). Annual O&M costs are on the
order of 3 M€ and increase with the size of the plant. The annual energy production of NGCC is 2212.8
GWh, and that of ISCCS plants increases by 38.1 GWh (SSG-1) and 39.7 GWh (SSG-2) due to the presence
of the solar field. Overall, LCE values (c€/kWh) are very similar, due to the small contribution of solar
energy (only 1.5-2% of the annual energy production). LCE results 6.79 c€/kWh for the NGCC and increases
up to 6.91 c€/kWh for both ISSCS. Obviously, the solar marginal Levelised Cost of Energy is significantly
higher than LCE from natural gas (13.5-14.0 c€/kWh vs. 6.8 c€/kWh). Moreover, LCEs,m is greater for the
SSG-1 configuration in comparison to the SSG-2 configuration, due to the better efficiency of the SSG-2
configuration. In this framework a sensitivity analysis was carried out to evaluate the influence of both fuel
price and solar field specific cost on the solar energy marginal cost. In fact, with the development of solar
technologies a great reduction in solar field costs is expected, with a corresponding reduction of LCEs,m. At
the same time, the natural gas cost is also expected to increase in the next years, increasing NGCC-LCE and
reducing the gap with LCEs,m.
Figure 9 shows LCE of NGCC and
LCEs,m of ISCCS (for both SSG-1 and
SSG-2 configurations) as a function of
solar field cost, for a natural gas
reference cost of 450 €/kg. The SSG-2
configuration provides the lower LCEs,m
and the breakthrough point between LCE
and LCEs,m is reached for a solar field
cost of 35 €/m2. Figure 10 shows the
same economic parameters as a function
of natural gas price for a solar field
reference cost of 220 €/m2. The
breakthrough point between LCE and
LCEs,m is reached for a natural gas price
respectively equal to 935 €/kg (SSG-2)
and 955 €/kg (SSG-2).

Table 3 - Main results of the economic analysis of ISCCS and NGCC
power plants.

Nominal power

MW

252.6

ISCCSSSG-1
278.1

Specific investment cost of CC

€/kW

366.0

391.7

392.8

M€

-

27.1

27.1
137.10

NGCC

Cost of solar field
Total investment cost

ISCCSSSG-2
279.4

M€

92.69

136.25

Annual investment cost

M€/y

9.61

14.13

14.21

Annual fuel cost

M€/y

137.79

137.79

137.79

Annual O&M cost

M€/y

2.94

3.67

3.69

Total annual cost

M€/y

150.34

155.59

155.69

Annual electricity production

GWh/y

2212.8

2250.9

2252.5

LCE

c€/kWh

6.79

6.91

6.91

LCES,M

c€/kWh

-

13.77

13.48

3387

16

NGCC
SSG-1
SSG-2

14
12

LCE and LCEs,m (c€/kWh)

LCE and LCEs,m (c€/kWh)

16

10
8
6
4

14
12
NGCC
SSG-1
SSG-2

10
8
6
4

0

40

80

120

160

Cost of solar field (€/m2)

200

240

Figure 9 – Levelised Cost of Energy of NGCC and solar
marginal Monthly Levelised Cost of Energy of ISCCS as a
function of cost of the solar field.
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Figure 10 - Levelised Cost of Energy of NGCC and solar
marginal Monthly Levelised Cost of Energy of ISCCS as a
function of natural gas price.

7. Conclusions
The performance assessment carried out in this paper demonstrates that integrated solar combined cycle
systems (ISCCS) may be an interesting option for Concentrating Solar Power (CSP) power plants based on
parabolic solar troughs, especially when CO2 is used as the heat transfer fluid. In fact, the results of the
performance assessment show that net solar energy conversion efficiency ranges from 23-25% for a CO2
maximum temperature of 550°C. ISCCS efficiency is higher than those of the conventional CSP systems
based on steam cycles (14-18%) and are very similar to the predicted conversion efficiencies of the more
advanced direct steam generation solar power plants (22-27%). In the study also a comparison between a
solar steam generator equipped with preheating, evaporating and superheating sections (SSG-1) and one with
only the evaporating section (SSG-2) was performed. Overall, the ISCCS plant based on the SSG-1 solution
assures a higher solar power share, whereas an ISCCS plant based on the SSG-2 configuration provides
slightly better conversion efficiencies.
Obviously, in a ISCCS power plant the solar contribution to energy production is certainly lower than the
solar contribution to the nominal power output. In fact, due to the absence of the thermal storage section, the
ISCCS power plants operate at off-design conditions during nights and during periods of low solar radiation.
The energy production increases by about 1.5-2% on a yearly basis with the introduction of the solar section,
with a corresponding fossil fuel saving.
The integration of the combined cycle with the solar energy, due to higher costs associated with the solar
field section, increases the Levelised cost of energy (LCE) from 6.79 c€/kWh (NGCC) to 6.91 c€/kWh
(ISCCS). A solar marginal LCE equal to 13.77 c€/kWh (ISCCS with the SSG-1 configuration) and 13.48
c€/kWh (ISCCS with the SSG-2 configuration) was calculated. It is expected that a wide diffusion of solar
technologies will lead to a sensible reduction of solar field costs which, associated with an expected increase
in fossil fuel prices will make ISCCS more competitive in the near future. In particular, solar marginal LCE
will equalize NGCC-LCE for a natural gas price of about 950 €/kg or a solar field cost of 35 €/m2.
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1. Abstract
The Spier Estate – a wine estate in the Western Cape Province of South Africa – is engaged in a transition
towards operating according to the principles of sustainable development. Besides changes in social and
other environmental aspects, the company has set itself the goal to be carbon neutral by 2017. To this end,
Spier is considering the on-site generation of electricity from renewable energy sources. This study was
initiated to explore the technical and economic feasibility of a concentrating solar power plant for this
purpose on the estate.
The investigation was carried out to identify the most appropriate solar thermal energy technology and the
dimensions of a system that fulfils the carbon-offset requirements of the estate. In particular, potential to
offset the annual electricity consumption of the currently 5 570 MWh needed at Spier was investigated using
a concentrating solar power (CSP) system. Due to rising utility-provided electricity prices and the expected
initial higher cost of the generated power, it was assumed that implemented efficiency measures would lead
to a reduction in demand of 50% by 2017. Sufficient suitable land was identified to allow electricity
production exceeding today’s demand.
The outcome of this study was the recommendation of a linear Fresnel collector field without additional heat
storage and a saturated steam Rankine cycle power block with evaporative wet cooling. This decision was
based on the combination of the system’s minimal impact on the sensitive environment and the high potential
for local development. A simulation model was written to evaluate the plant performance, dimension and
cost. The analysis followed a literature review of prototype system behaviour and system simulations. The
direct normal irradiation (DNI) data that was used was based on calibrated satellite data. The result of the
study was a levelised cost of electricity (LCOE) of R2.741 per kWh, which is cost competitive to the power
provided by diesel generators but more expensive than current and predicted near-future utility rates. The
system contains a 1.8 ha aperture area and a 2.0 MWe power block. Operating the plant as a research facility
would provide significant potential for LCOE reduction with R2.01 per kWh or less (favourable funding
conditions would allow for LCOE of R1.49 per kWh) appearing feasible. These results are cost competitive
in comparison to a photovoltaic (PV) solution. Depending on tariff development, Eskom rates are predicted
to reach a similar level between 2017 (the time of commissioning) and the year 2025. The downside of this
plan is that the plant would not solely serve the purpose of electricity offsetting for Spier which may result in
a reduced amount of generated electricity.
Further studies are proposed to refine the full potential of cost reduction by local development and
manufacturing as well as external funding. This includes identification of suitable technology vendors for
plant construction. An EIA is required to be triggered at an early stage to compensate for its long preparation.
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All conversion rates are calculated with R7.3 per $ and R9.5 per €. R = South African Rand (ZAR)

2. Introduction and background
The Spier Estate (hereafter referred to as Spier) is a wine estate located in the Cape Winelands region of the
Western Cape Province of South Africa (see Fig. 1). It is actively engaged in transforming its enterprise into
a company operating under the principles of sustainable development. The company’s vision is to “make a
real difference to society and the planet” (Spier, 2008). This statement indicates that, besides seeking a more
equal and just society, Spier is committed to changing the way in which it consumes natural resources, as a
source and as a sink. In this context, the short-term, self-imposed targets comprise, amongst others, plans for
more environmental friendly farming, zero waste water production and a carbon neutral footprint by 2017
(Spier 2008). With more than 60% of Spier’s carbon emissions caused by electricity consumption, renewable
power generation provides the biggest lever towards the proposed target. The total CO 2 emissions in the
business year 2007-08 was 6 055 tonnes (Spier, 2008).

Fig. 1: Location of Spier (Google Maps, 2010)

Currently the electricity consumed by Spier is provided by South Africa’s public utility Eskom, which
generates more than 90% of its energy from coal. To offset its share of emissions caused by electricity, Spier
is committed to generating its own electricity by means of renewable energies.
The target of this study was to identify a suitable CSP system tailored for the Spier context and evaluate the
cost of construction and operation. The technologies need to conform to Spier’s ethos of sustainability and
South Africa’s industrial environment. A CSP plant at Spier would not only represent the first operating solar
thermal power plant in South Africa, but one with ideal public exposure. Spier is situated between
Stellenbosch and Cape Town (two towns well known for their universities, wineries, and sought after
climate) and is popular among tourists. Furthermore, due to Spier’s proximity to parliament in Cape Town
and Cape Town International Airport, it is easily accessible to national and international political
representatives. For these reasons, a CSP plant at Spier would have high strategic and representative value.
The work in this paper was based on several underlying assumptions. Firstly, it was assumed that the City of
Cape Town would buy excess electricity in times of peak production and sell back grid electricity at times of
higher demand (thus working as an electricity storage system for the CSP plant at Spier). This procedure was
assumed with equal prices for selling and buying. It is difficult to predict how electricity demand will behave
between the time of this study and 2017; however, rapidly increasing Eskom rates for the following years are
likely to boost the trend towards energy efficiency. Because Spier has not yet developed a roadmap toward
their target to achieve zero emissions, there was no strategy in place to determine the extent energy
efficiency measures will be deployed to reduce the need for energy production. It was agreed for this study
that offsetting half of the current electricity consumption would be a sufficient target.
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2.1 Electricity demand
The total electricity demand of Spier averaged at 5 570 MWh over the previous five years. This figure
includes the resort, hotel, winery and farming activities. With the above mentioned assumption of 50%
efficiency increase, an electricity demand of 2 785 MWh per year is expected for 2017.
2.2 General resource assessment
The Spier farm was investigated using GIS satellite data. A generated GIS map (Fig. 2) shows the slope over
the farm and indicates grid power lines, farm roads as well as other structures (mostly houses, factory
buildings and schools). The larger orange blocks are Spier’s vineyards. The centre of the farm provides two
areas at suitable low slope for line focusing CSP plants (parabolic trough and linear Fresnel), marked as area
A and B with each measuring above 2 ha at less than 1% slope. Water access points are marked by red
circles and can provide a combined capacity of up to 129 m3/h. The Eskom grid power lines are marked in
dark blue. Eskom not only allows the connection of a renewable energy production plant via a main
transmission system substation or a distribution substation, it also permits a generation plant to be directly
looped into an existing transmission line (ESKOM, 2010). As shown in Fig. 2, the suitable locations are in
proximity to transmission lines. By 2012 the Eskom grid will be able to support 4 100 MW of additionally
supplied electricity in the Western Cape (ESKOM, 2010). Although the National Energy Regulator of South
Africa (NERSA) allows grid connection for IPPs outside the REFIT program (NERSA, 2008), the
technology needs to be designed to fulfil the Distribution Code, the SA Grid Code and possibly additional
codes (ESKOM, 2011).

Fig. 2: Spier farm with slope and suitable sites A and B indicated

2.3 Solar resource assessment
For the analysis of the DNI, five year satellite data was used, calibrated by data gained from a ground
measurement station at the University of Stellenbosch. The average annual DNI on site was calculated with
2 347.7 kWh/m2. The calibrated hourly data of the five years was used to create a year composed of
individual month, representing the average month values as closely as possible.
3. Objective
The objective of this study was to supply Spier with a pre-feasibility study on its vision to offset its
electricity production by operation of a CSP plant. Part of this work was to identify and provide the
following:
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Appropriate technology



Proposed power plant configuration



Capital cost for plant installation



Levelised cost of electricity



Appropriate site for the power plant



Environmental effect



Recommendation on the way forward

The other stimulating effects of possibly the first operating CSP plant in South Africa on marketing and sales
of the Spier Estate are not discussed in this report.
4. Methodology
As a basis for research on a solar thermal power plant for the estate, an initial investigation was completed on
Spier’s electricity consumption and its past development. Additionally, interviews with Spier employees
were used to understand the company’s targets, approach and work done to date. The resources at the Spier
farm were analysed by different satellite based tools. A solar map was developed and insolation data of the
previous years investigated. Based on GIS data, the land resource was evaluated.
The selection of a suitable technology was done mainly based on a literature review of technology. A power
plant simulation model was developed to extract the best sizing of the power block and the collector field.
This model was written on an approach using theory and simulation results from the literature and was built
on hourly steady state calculations. The simulation was verified by comparison to simulation results on a
linear Fresnel prototype system as no operational experiences were available. The cost results were then
analysed and, based on the findings, opportunities for cost reduction are discussed.
5. Technology identification
As stated above, development at Spier endeavours to follow the principle of sustainability. This noted effort
leads to important criteria when it comes to the selection of an appropriate solar thermal power plant
technology. Besides the economic matters of capital cost, LCOE and operation and maintenance (O&M) cost
selection is based on:


Potential for local development in South Africa



Technology maturity for project realisation by 2017



Minimal risk of soil contamination of valuable farmland



Minimal risk of fire and explosion



Low system complexity

The expected power plant capacity was estimated with, depending on the capacity factor, 0.9 MW to
2.9 MW.
5.1 Collector identification
In order to identify an appropriate concentrator – satisfying the above criteria – the technologies systems of
parabolic dish, central receiver, parabolic trough and linear Fresnel were reviewed. The result of the review
was the proposition of a linear Fresnel collector.
Parabolic dishes equipped with Stirling motors were ruled out as the 9 kW to 25 kW systems only become
cost effective at large manufacturing quantity of thousands of systems (Kaltschmitt, 2007), which cannot be
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foreseen for the near future, with recent large scale projects being aborted (Tessera Solar, 2011; Business
Wire, 2010). Central receiver systems are a more mature, and at small scale cost effective, technology.
However, a power plant in the given dimensions would require a receiver tower height of approximately
35 m to 45 m (note: the 100 kW Aora-Solar system already features a tower of 30 m), which makes the
technology infeasible for an application in a visually sensitive environment such as the Western Cape’s
Winelands.
The parabolic trough collector represents the most mature system with 354 MW installed only in the SEGS
plants in California (Nixon, Dey & Davies, 2010). Parabolic trough plants have also been operated at small
scale in the MW range in combination with an organic Rankine cycle (ORC) (Sinai, Fisher, 2008). To date
however, the collectors are restricted to operation with synthetic oils as heat transfer fluid (HTF). HTFs are
typically biphenyl/diphenyl oxide blends with an operating temperature restriction of below 400°C and a
flash point of 117°C (DOW, 2001). A synthetic oil as HTF is not desired in case of leakage on the farm, and
furthermore, the material properties provide a risk of fire. The same applies to the mentioned lower
temperature ORC technology which is operated at a HTF temperature of 300°C (NREL, 2010). The lower
temperature allows for utilisation of mineral oils which also feature a lower flash point at 193°C (Tecsia
Lubricants, 2010). Another downside of the parabolic trough is the requirement of flat land as the removal of
high quality farm soil is not reconcilable with the approach of sustainable development at the estate.
The other line focusing technology of linear Fresnel bypasses those matters. The technology can tolerate
slopes of up to 1.75% (Nixon, Dey & Davies, 2010) and is, due to a static receiver pipe, predestined for
direct steam generation (DSG) which reduces environmental risks in case of leakage. The current prototype
linear Fresnel plants and the plants under construction are based on DSG (NREL, 2010; Küsgen, Küser,
2009; Häberle et al., 2002). Furthermore the technical simplicity of linear Fresnel allows high local value
gain (Ford, 2008). To enhance the sustainability of this renewable energy source, linear Fresnel allows dual
land usability by elevating the mirrors above the ground (Häberle et al., 2002; Scoccini, 2010) which is
unique to the linear Fresnel collector due to reduced wind load on the smaller mirrors (Brost, 2010). While
annual solar-to-electric efficiencies of linear Fresnel plants are estimated with 10.4% (Lerchenmüller et al.,
2004) to 11.3% (Häberle et al., 2002), the sustainability aspect is further supported by it being the most
efficient technology in terms of land usage.
5.2 Thermodynamic cycle
To date, four thermodynamic cycles found application in CSP (prototype) systems. Due to their working
principles, the Stirling cycle and the solar Brayton cycle are not feasible in combination with a linear Fresnel
collector. Owing to its functioning, the Stirling engine is not feasible in the required scale, with a 330 kW
engine as the biggest reported machine (von Wedel, 2011) and high efficiencies only achieved in
combination with high temperatures. The same reason rules out the solar Brayton cycle –otherwise appealing
due to its requirement of no cooling water – which requires a high concentration ratio in order to efficiently
achieve the required temperatures of above 1 000°C (EC, 2005).
The remaining popular and mature cycle is the Rankine cycle (RC) with its derivatives of superheated steam
RC, saturated steam RC and the ORC. The ORC can reach reasonable efficiency at low HTF temperatures
(Prabhu, 2006) but the required refrigerants as working fluid (WF) are explosive and have high global
warming potential (GWP) (Unitor, 2008). Further development of the ORC technology for solar thermal
electricity generation seems to have stopped in commercial on-grid applications, as the small scale gives
diseconomies of production for manufacturers and the high installation costs lead to a high LCOE (Orosz,
2010).
The RC with superheated steam finds application in common power plants such as parabolic trough CSP and
fossil fuel coal fired power stations. In CSP applications, usually a specific part of the collector field is
dedicated to steam superheating. Typical parabolic trough plants reach a steam temperature of 370°C,
leading to a power block efficiency of 38% (Eck, Hennecke, 2007). Provision of a consistent superheated
steam quality increases the complexity of the collector setup and requires sophisticated configuration.
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The more simplified solution is the saturated steam RC which can operate at lower temperatures of 200°C to
300°C with efficiencies of up to 33% achieved (Mills, 2004). With utilising saturated steam, the additional
superheating section of the collector becomes obsolete. A steam separator is installed prior to the turbine and
in between turbine stages to maintain steam quality and turbine protection (Eck, Zarza, 2006). Typical
operating conditions of saturated steam CSP plants are 250°C to 300°C steam temperature at 35 bar to 45 bar
pressure (NREL, 2010).
The Rankine cycle with superheated steam also requires high temperatures and steam pressures which lead to
higher design requirements and a complicated system configurations. The linear Fresnel system developers,
Ausra and Novatec Biosol, decided to design their first prototype installations for saturated steam Rankine
cycle operation. The lower system temperature and pressure of saturated steam technologies allow less
complex solar field configuration and reduced risks. Therefore, the saturated steam RC is seen as a suitable
combination for a linear Fresnel collector at Spier. The target of international developers is to superheated
steam conditions with improved system understanding and maturity (Price 2010, Stancich, 2010).
6. System configuration
Mertins (2009) compares a simple power plant layout with a more sophisticated version. In the simple
layout, the entire field is used to heat the water and generate superheated steam in the same absorber tube.
The complex scheme describes a complicated system with a separated superheater stage and five reheater
sections in an attempt to increase efficiency. While the more complex system offers higher solar-thermal
efficiency, it does not result in considerably lower LCOE as the bottom line is less than one percent lower
cost (Mertins, 2009). One has to keep in mind that a solar power plant at Spier is intended to be a newly
developed plant, so unexpected errors and higher downtime than with a mature commercial plant could
occur. Possibly opening the facility towards research by institutions such as Universities would lead to
further downtime due to experiments. The significantly higher capital cost of the complex plant could easily
lead to higher LCOE when production targets are not reached. Also, a less costly power plant would reduce
investor risk. In conclusion, the simple plant layout is proposed for the Spier application.
6.1 Cooling
South Africa is a water scarce country and insufficient water is available for direct once through cooling. The
water consumption for an evaporative wet cooling system – the next efficient and economically viable
system – was calculated as following with T H being the steam temperature and TC the condenser temperature
𝑉𝑤𝑎𝑡𝑒𝑟 = 2.0

𝑙
𝑘𝑊ℎ

∙

550 °C−𝑇𝐶
𝑇𝐻 −𝑇𝐶

(eq. 1)

with 2.0 l/kWh being the reference cooling water consumption for a RC power plant operating at 550°C
steam temperature (IEA, 2010). Results for a typical saturated steam plant with 270°C steam temperature are
4.5 l/kWh, or 8 978 l per hour at peak load, a quantity that can be supplied by the farm irrigation pipelines.
The annual water requirement is about 12.5 million litres which represents less than 4% of Spier’s total water
usage. If required, this amount can be further reduced by dry cooling.
6.2 Receiver configuration
The receiver was proposed to be a single-tube system with secondary reflector. The single-tube receiver is a
less complicated solution than one with multiple pipes and allows for simplified controls. It also has the
potential to yield 10% more energy than the multi-tube system (Morin et al., 2006). The wide distribution of
incoming beams is partially captured by the large pipe, while the passing beams are reflected by a secondary
compound parabolic concentrator (CPC).
6.3 Thermal storage
Thermal storage is not envisaged for the CSP plant at Spier. The mature systems, such as molten salt storage,
require high operational temperatures to avoid freezing and are only cost effective in large scale applications
leading to significant increase in capital cost (Herrmann, Kelly & Price, 2004). The saturated steam system
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serves as small scale storage in terms of thermal inertia, and a large steam separator can allow for several
minutes of continued production in case of clouds (Eck, Zarza, 2006). This form of small scale storage was
seen to be suitable for a first plant in South Africa as it allows for reduced system complexity.
7. Power plant simulation
A power plant simulation was developed based on static hourly computation steps. The simulation
configuration is comparable to the approach described for the DLR’s greenius software (Quaschning et al.,
s.a.). Required feed in data includes a year of hourly DNI and hourly air temperature data, as well as the
plant coordinates. The system then computes the sidereal time (Stine, Geyer, 2001) in order to compute the
current position of the sun and the actual usable DNI after cosine losses.
7.1 Reflector efficiency
The position of the sun is further used to compute the reflector efficiency based on incidence angle modifiers
(IAM) for longitudinal (IAMl) and transversal (IAMt) sun angles as follows
𝜂 𝜃𝑡 , 𝜃𝑙 = 𝐼𝐴𝑀𝑡 (𝜃𝑡 ) ∙ 𝐼𝐴𝑀𝑙 (𝜃𝑙 ) ∙ 𝜂 𝜃 = 0

(eq.2)

With 𝜂 𝜃 = 0 representing the optical system efficiency with the sun in
behaviour is illustrated in Fig. 3.

zenith. The IAM

Fig. 3: Dependence of IAM of incidence angle theta of the sun beams (Häberle et al., 2002)

7.2 Receiver model
The receiver efficiency model is based on Häberle et al. (2002) description of the Solarmundo prototype. The
efficiency is calculated as
𝜂 𝑇𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟

= 𝜂0 − 𝑢 ∙

𝑇𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 −𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡
𝐸𝑏𝑒𝑎𝑚

(eq. 3)

where Ebeam is the DNI in W/m², 𝜂0 the optical efficiency of 61% and u the temperature dependent heat loss
coefficient as calculated in equation (4) (Häberle et al., 2002).
𝑢 = 3.8 ∙ 10−4 ∙ (𝑇𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 )

(eq. 4)

The resultant solar thermal efficiency is plotted in Fig. 4

Fig. 4: Collector efficiency curve for vertical insolation
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The collector is modelled as a single element. The non-linearity of the absorber efficiency suggests an
investigation of the absorber pipe in segments for better accuracy. For the scope of this work, it is sufficient
to see the pipe as one element at intermediate temperatures. The effect of more accurate non-linear behaviour
is mostly linked to part load stages with low DNI. The effect is negligible for saturated steam application
with an outlet temperature of 270°C (Selig, 2009).
7.3 Power block model
The power block model represents the behaviour of the steam turbine. The efficiency of the turbine was
based on the theoretical Chambadal-Novikov efficiency,
𝜂𝐶𝑁 = 1 −

𝑇𝐿

(eq. 5)

𝑇𝐻

which is a modified Carnot-efficiency in order to cater for irreversibility of a real instead of ideal process.
This approach is selected because no specific turbine was selected at this stage of the project. As the output
of a solar thermal power plant is dependent on intermittent insolation, a sufficient steam supply to operate the
steam turbine at the design point cannot be guaranteed. For that reason, the part load behaviour of a saturated
steam Rankine cycle is discussed and implemented into the simulation. The part load behaviour is a
simplified model, based on Eck and Zarza (2006) and Mertins (2009) as shown in Fig. 5

Fig. 5: Power block performance over thermal input

The turbine shut down is programmed with 30% of thermal as a typical value used in the literature (Häberle
et al., 2002; Eck, Hennecke, 2007; Eck, Zarza, 2006; Mertins 2009).
7.4 Further assumptions
The simulation is supplied with further assumptions on generator efficiency of 96% (Eck, Zarza, 2006), run
up phase of the plant of 1 h, parasitic losses of 9% (Pitz-Paal, 2007) and piping losses as calculated on
physical background, described in Mills (1995).
7.5 Economic modelling
The benchmark for electricity producing technologies is the LCOE. This number provides a basis for
comparison of technologies by giving costs per kWh of produced electricity. The LCOE is calculated as
following the NREL guideline (Short, Packey & Holt, 1995)
𝐿𝐶𝑂𝐸 =

𝐶𝑅𝐹∙𝑘 𝑖𝑛𝑣𝑒𝑠𝑡 +𝑘 𝑂 &𝑀 +𝑘 𝑓𝑢𝑒𝑙
𝐸𝑛𝑒𝑡

(eq. 6)

with the capital recovery factor (CRF) calculated as
𝐶𝑅𝐹 =

𝑘 𝑑 ∙(1+𝑘 𝑑 )𝑛
(1+𝑘 𝑑 )𝑛 −1

+ 𝑘𝑖𝑛𝑠𝑢𝑟𝑎𝑛𝑐𝑒

(eq. 7)

with 𝑘𝑖𝑛𝑣𝑒𝑠𝑡 as the total investment of the plant in ZAR, 𝑘𝑂&𝑀 the annual operation and maintenance cost in
percent of direct investment and 𝑘𝑓𝑢𝑒𝑙 the annual fuel cost in ZAR, which is zero in case of a solar only
plant. 𝐸𝑛𝑒𝑡 is the annual net electricity output in kWh and 𝑘𝑑 the debt interest rate. The LCOE can be
calculated with 𝑛 representing depreciation period in years (hence the planned lifetime of the power plant)
and 𝑘𝑖𝑛𝑠𝑢𝑟𝑎𝑛𝑐𝑒 the annual insurance rate in percent of direct investment. Included were capital costs for the
power block, R3 990 per kW for simple once through saturated steam plant (Eck, Zarza, 2006), and for the
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collector, R1 140 per m², which was estimated for developing countries (Lerchenmüller et al., 2004).
7.6 Simulation verification
The simulation was tested on the data available (NREL, 2010; Selig, 2009) for the PE1 1.4 MW linear
Fresnel prototype in Spain. The deviation between the above model and the data given in the sources was
2.2%. This indicated that the analysis was acceptable for a pre-feasibility investigation.
8. Results & discussion
8.1 Plant dimensions
The resulting proposed power plant dimensions are based on providing the lowest LCOE for the saturated
steam linear Fresnel system operating at 270°C steam temperature. The optimum point has been calculated
with R2.01 per kWh at a plant lifetime of 25 years (8% debt interest rate, 1% insurance rate, R330 per kW
O&M cost (based on (Häberle et al., 2002)). The setup requires a collector field of 17 828 m² and a power
block of 2.0 MW capacity. The resulting annual net solar to electric efficiency was calculated with 6.7%1.
The capital cost was computed with R68.4 million (LCOE of R2.74 per kWh) for a newly developed turnkey
system (first plant). Assuming a research based approach with additional prototyping stage, the costs of the
solar field were multiplied by a factor of two to account for the fact that the system is not a “third plant” but
a first plant/prototype requiring additional effort in system production, understanding and debugging leading
to capital cost of R50.3 million and LCOE of R2.01 per kWh.
With an assumed collector width of 24 m, the total field length is 743 m leaving a variety of opportunities to
construct the plant, as shown in Fig. 6. As it can be seen, sufficient land is available at usable slopes.

Fig. 6: Possible linear Fresnel plant setup with two lines (left) and four lines (middle and right)

8.2 Cost analysis
The sensitivity of the LCOE is shown in Fig. 7. A good research loan of 4% interest rate can potentially lead
LCOE to drop below R1.5 per kWh. For comparison in 2010 Spier paid an average rate of R0.43 per kWh
for utility provided electricity. However, the current increase in Eskom rates is radical with about 25% per
year which Eskom assumed to get permitted until 2015 (Reuters, 2010). Further tariff increase with inflation
rate until the year of plant commissioning in 2017 leads to a minimal utility tariff of R1.29 per kWh with
higher rates possible. An ongoing increase of utility rates by 25% would lead to equal LCOE to Eskom rate
at the year of commissioning in 2017.
The potential for cost reduction was investigated by a sensitivity analysis as illustrated in Fig. 7. It can be
seen that capital cost and interest rates present the highest levers for cost reduction. Due to the high distance
to the winery and the hotel facilities (including crossings of farm roads and rivers), cogeneration was not
seen as a feasible alternative to reduce cost.
1
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𝜂=

𝑃𝑦𝑒𝑎𝑟
𝐷𝑁𝐼 ∙𝐴

where Pyear is the annual electricity production and A the collector aperture area.

Fig. 7: Sensitivity analysis on proposed power plant

9. Conclusion and further work
A system fitting the requirements of a plant operating in a sustainable environment on a farm was found
using the direct steam generating linear Fresnel technology. Due to the possibility of dual land usage
underneath the mirrors for farming, the technology could further strengthen the sustainable approach at
Spier. The site offers sufficient land for the collector field and insolation of strength superior to CSP
locations in Spain. Water supply was also found to be sufficiently available.
The LCOE was identified with R2.01 per kWh. This is higher, by almost a factor of five, than the current
R0.43 per kWh. Nevertheless, the reach of grid parity by 2017, the year of scheduled commissioning, is
possible due to radically increasing utility rates. LCOE reduction would be achieved by allowing the
university to utilise the plant for research purposes. With R49 million, the capital costs involved would be
high, but national and international funds and grants for research facilities could provide potential for a cost
drop. The effect of a low interest rate of 4% would lead to LCOE reduction to R1.49 per kWh. Additional
research could be done on the land usage underneath the mirror field for higher attractiveness of the project.
The plant sizing on cost estimation was based on a simulation model built on physics and literature results.
Its applicability was verified with a single validation point – a prototype plant in Spain. Further development
of the model is possible and would aid higher accuracy and allow more detailed plant sizing.
The Spier location offers a unique environment for a demonstration plant with its high public exposure and
close access to Cape Town. This attractive location could further increase access ability to funding. A basic
CSP plant as proposed for Spier would provide good potential as a first research station for institutions on
their way to develop sophisticated utility scale projects. However, it is important to understand the
dimensions and the environmental impact, especially visual, of the plant. An evaluation would be needed if
such a prominent structure would fit into the Spier philosophy. An investigation on construction regulation
and procedures also would be required to identify risks of project refusal.
The findings suggest that a CSP plant at Spier will be economically feasible and will be capable of meeting
the company’s targets of carbon offsetting. It is recommended that the solution should be further pursued,
including a detailed study of alternatives. The proposed way forward is a full scale feasibility study,
including investigation of the domestic manufacturing industry and a detailed electricity demand prediction
at Spier. The proposed linear Fresnel technology is economically competitive to an alternative PV solution.
The linear Fresnel system is estimated with R24 500 per kW installed, while PV is predicted with R25 000 to
R30 000 per kW for large scale applications. A CRSES developed PV tool predicts R1.99 per kWh (financed
under the same conditions as the CSP plant as described in Section 5).
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Abstract
Solar concentrating systems are designed to provide solar energy at high temperatures. The sizes of solar systems
range from large scale power plants to small scale household systems, where thermal heat is collected for heating
and cooking purposes. A ray tracer can be useful when designing the reflection and absorption components of solar
concentrators, in particular for complex systems with several components in a non symmetric 3D arrangement.
Emitted sun rays are traced from the source through all reflections until they intercept with the receiver or are lost
past all of the components. A 3D ray tracer method to simulate and analyze solar concentrating systems is presented.
The algorithm of the ray tracer and a vectorized implementation of it (in MATLAB) is presented. The ray tracer has
been programmed as part of an effort to develop small scale concentrating solar energy systems with integrated heat
storage units. The ray tracer is demonstrated for selected cases where a comparison between continuous reflecting
surfaces and flat mirror tiled surfaces is made. Off focus sensitivity analysis can provide guidelines for the required
solar tracking accuracy. Sensitivity analysis on the size of mirror tiles can be made, in relation to the absorber
geometry. Ray tracing computations have in particular been useful when analyzing double reflection systems, where
a primary reflector with focus on a secondary reflector which focus further onto the absorber. Such systems become
sensitive to the accuracy and to the geometry of the reflecting elements.

1. Introduction
Solar thermal energy storage systems designed to operate at high temperatures require concentrating collectors. A
solar concentrator consists of one or more reflectors mounted to face the sun and reflect or ‘concentrate’ the solar
radiation on to a receiver placed at the focal point of the reflector (Duffie and Beckman, 2006). The main challenge
from a practical point of view encountered in solar concentrating systems is that the temperature distribution on the
absorbers is not uniform and this affects the inlet fluid temperature; and hence the charging of the bed. Effective
charging demands that inlet fluid temperatures to be maintained or increased (Chikukwa, 2007).
Ray tracing is a technique of following the path of an incident ray from the source to the final point. The advantage
of using ray tracing is its ability to handle any kind of geometry and still provide complete visibility (Seron et. al,
2005). An accurate beam distribution analysis gives an insight into the design of reflectors and receivers. Ray
tracing tool is finding growing use in different research areas. Spencer and Murty (1962) describe a unified
procedure of ray tracing applicable to optical systems containing cylindrical and surfaces of arbitrary orientation and
position. Zeng et al. (2003) used ray tracing method to simulate a sound field. Yevgen and Yuriy (2007) used
Monte-Carlo ray tracing to simulate light scattering in spherical clusters of large transparent particles. Stephen et al.
(2010) presented work based on ray tracing to study how well non-imaging daylight collector pipes diffuse light into
long horizontal funnels for illuminating deep buildings. Te-Tan (2009) presented a study based on ray tracing
techniques to examine the errors induced in a light ray’s path as it is reflected or refracted at a paraboloidal
boundary surface and concluded that using ray tracing method, the effect of the light path in each boundary surface
within the optical system can be systematically examined. Duffie and Beckman (2006) give a brief outline on the
application of ray tracing in solar concentrating systems. Chi-Feng et. al (2010) investigated a solar concentrator
combining primary paraboloidal and secondary hyperboloidal or ellipsoidal mirrors by using a ray-tracing method to
obtain higher concentration ratios. Ralf and Hans (2007) presented a method using reverse ray tracing for stationary
solar concentrators with the intension of estimating the performance of photovoltaic concentrators. They explained
that using ray tracing, new concentrators may be optimized for location and tilt.
This work is based on simulation of solar radiation concentrating system using ray tracing tool; it is done in 3D
using MATLAB. The path of a ray is traced from the sun to the final destination; which could be a collector,
receiver or even the surrounding. The collector is a parabolic dish whose surface is made of continuous surfaces or
flat mirror tiles. The performance of the continuous surface reflectors is compared with that of flat mirror tiles. The
effect of secondary reflectors in improving the interception factor is also discussed.
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2. Description of the Model
We model a sun emitting rays which are reflected by parabolic dish onto a receiver placed at the focal point of the
reflector. See figure 1.

Figure 1: Schematic diagram of the concentrating system; sun rays are reflected by the parabolic dish on a receiver at the focus





The sun: is made of panels and emits rays.
The reflector: is a parabolic dish; the surface is either made of flat mirror tiles or continuous mirror surface.
The receiver: different geometries are used namely flat, cylindrical, box and spherical.

3. Equations for the surface and Algorithm
We describe the equations and the algorithm to find the intersection of a ray on plane for a parabolic dish made of a
flat panel or a continuous surface. A detailed description of the implementation of the algorithm is also presented.
3.1
Algorithm for a surface of flat tiles
The equation of a plane (points P are on the plane with normal N and point P3 on the plane) can be written as:



Ndot P  P3







The equation of the line (points P on the line passing through points P1 and P2 ) can be written as:



P  P1  u P2  P1



(2)
is the length of the line between the points.
The intersection of these two occurs when

u





Ndot P1  u P2  P1

Solving for u gives:
u


Ndot  P

  Ndot P

3


P

(3)

Ndot P3  P1
2

(4)

1

So we find the normal vector to the plane.

3.2
Algorithm for continuous surface
We consider a parabolic disc made of a continuous mirror surface and find the point of intersection of a ray with the
surface. Given a focal point f on the z-axis; then it can be described by the equation:

x 2  y 2  4 fz

(5)
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To find the point of intersection P  x, y, z  on the surface of a line having direction d and starting from the point
S  sx , s y , sz  which is the sun. The length along the ray to the point of intersection is
P is defined by:
P  S  ud

u.

(6)

On component form this is
x  s x  ud x
y  s y  ud y
z  s z  ud z
The shape of the surface is:
p  p ( x, y , z )  0
p  x 2  y 2  4 fz  0
Inserting the components into the surface shape gives an equation for
( s x ud x ) 2  ( s y ud y ) 2  4 f ( s z ud z )  0

u:

Rearranging:

( s x ud x ) 2  ( s y ud y ) 2  4 f ( s z ud z )  0
u 2d x2  u 2d y2  2ud x s x 2ud y s y 4 fd z  u  s x2  s 2y  4 fs z  0
u 2 (d x2  d y2 )  u(2d x s x d y s y 4 fd z )  ( s x2  s 2y  4 fs z )  0

(7)

Equation (7) is a second order equation of the form:
au 2  bu  c  0
Where

a  d x2  d y2
b  2d x s x  d y s y 4 fd z
c  s x2  s 2y  4 fs z
The solution is:
 c 
  b 



1

b


  2a



if b  0  a  0



4ac  b 2 , 



1
b
2a




4ac  b 2  if a  0  4ac  b 2


(8)
This is solved in 3D using MATLAB. There may be real solutions and no solutions or complex numbers. We solve
for u and extract only the positive numbers. The rest are lost rays. The computation does not fail as long as we
remove the non physical results after the u computations.
We then need the normal vector

n at point of intersection to compute the reflected rays r .

r  d  2n

(9)
The normal vector is the normalized gradient of the surface:
p
n
| p |
(10)

For a parabola, the components at the point P  x, y, z  are:
( x 2  y 2  4 fz )  2 xi  2 y j  4 f k
| p | 4 x 2  4 y 2  (4 f ) 2

The procedure is then, for each surface:
- Given a sun point S and a direction of the ray d we solve the second order equation (8) for
- We remove the non physical values of u , and retain only the positive values.
- The intersection point is computed from (6).
- At this point P, compute the normal vector, n , and the reflected vector in equation (9).
- The point P becomes the new sun point and r , the new sun direction.
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u.

After all the surfaces have been looped over, we retain only the first reflection point of the ray, in case of multiple
reflections.
3.3
Implementation of the model
The reflectors and the receiver are descritized into small panels. The sun is discritized into several panels and each
panel emits rays. For each panel, we take note of the center position which is the point where the rays are emitted
from. The direction of the ray is dependent on the given sun angle. We loop over all panels and find the intersections
for all rays and the selected panel/ surface. We test to ensure that the point of intersection is within the panel.
Multiple reflections are removed and the rays are sorted to remove duplicate rays. We’ kill’ rays on absorbers, so
that no further reflections occur from absorbers.
4. Results and Discussions
The tracer tool has been used to simulate different cases; reflectors made continuous and flat mirror tiles of varying
aperture and focal length, receivers of different geometries, etc. Results are shown and discussed below.
4.1
Testing model with parallel rays
We illustrate the validity of the model with parallel rays emitted from the sun at incident normal to the aperture of
the reflector. The rays are traced from the sun onto the reflector as shown in figure 2. In figure 3, all parallel rays
incident on the parabolic dish are reflected to the focal point where there is a receiver. This demonstrates a case that
agrees with basic theory.

Figure 2: A beam of parallel rays emitted from the sun normal to the aperture of the reflector.

Figure 3: Parallel rays are reflected onto a receiver placed at the focal point
of the parabolic dish made of continuous mirror surface.
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4.2
Interception Ratio
Figure 4 shows the interception ratio i.e. the fraction of the radiation incident on the aperture of the concentrator at
angle  reaching the receiver for two types of reflectors: one made of flat mirror tiles and the other made of
continuous mirror surface. For radiation incident within the acceptance angle, the fraction is unity. However, at
angles above the acceptance angle, less radiation reaches. It is observed that a concentrator made of continuous
reflecting surface has a wide range of acceptance angle compared to that made of flat tiles. However, the fraction
falls sharply for the continuous surface for radiation incident outside the acceptance angle.
The high acceptance angle for the reflector with continuous surface implies that it is possible for such concentrator
to function with minimum requirements for tracking since it has the ability to reflect to the receiver all of the
incident radiation within the limits of the acceptance angle. To improve the performance of the interception ratio for
the flat tiles, the size of each tiles has to be reduced which is a challenge in practice.

Figure 4: Fraction of incident radiation on the aperture of the parabolic dish reaching the receiver for concentrator made of continuous
surface and flat tiles.

4.2
Images on the receiver for varying angles of incident radiation
Angle variations in the incident radiation on the aperture of a continuous reflecting surface and the image of the
reflected beam on the receiver are shown in figures 5-7; the number of hits per absorber area is used. In figure 5, the
incident radiation is at angle 0o depicting a very good tracking system. Therefore, all the radiation is concentrated at
the focal point on the receiver and hence the observed image at the center of the receiver showing very high hits per
absorber area. The rest of the receiver parts do not receive any radiation.
Figures 6 and 7 demonstrate cases where the incident radiation is not normal to the parabola aperture and the
reflected beam is observed to shift from the focal point (at the center) towards the edge of the receiver. The intensity
of the radiation (which is illustrated by the number of hits per unit area) reduces as well and it is not concentrated at
one point; at 15o most of the radiation is lost. This illustrates a case of poor tracking. Errors in tracking lead to fall
in intensity of the radiation/energy concentrated on the receiver.
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Figure 5: Radiation incident at zero degree; showing an example of very good tracking system. All the rays are concentrated at the
center and therefore high absorber hits per area (intensity) is observed.

Figure 6: Radiation incident at 10 degree; a case of poor tracking. The reflected rays fall at points away from the focal point and the
intensity is low
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Figure 7: Radiation incident at 15 degree showing very poor tracking. The reflected rays only hit the edges of the receiver. No
concentration and the intensity (the number of hits per absorber area) are very low.

4.2
Secondary Reflector
A secondary reflector with focal point on the receiver is introduced to intercept rays from the primary reflector that
do not hit the receiver and reflects them back onto the receiver. Figure 8 shows the use of secondary reflector to
enhance the concentration of the beam on the receiver. The impact of having a secondary reflector becomes
important when the system is out of focus as shown by the increased interception ratio.
In practice it is difficult to maintain the concentrating system in focus due to challenges in the tracking mechanism.
For a system designed for rural communities, mechanical tracking is usually recommended, however, such a system
does not track very well and therefore a secondary reflector could be used to improve the overall concentration. But
it should also be noted that the increased interception ratio observed due to the secondary reflector may not translate
into increased energy in the absorber due to losses in energy as a result of multiple reflections between the primary
and the secondary reflector. Therefore, an experiment is needed to find the impact of the secondary reflector in
terms of the energy at the receiver.
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Figure 8: A secondary reflector improves the interception ratio although experimental measurements are needed to check whether there
is an increase in energy too.

5. Conclusion
A ray tracing tool to analyze a solar concentrating system has been presented. The model simulates the sun emitting
rays and traces them up to the final destination on the receiver or when they are lost in the surrounding. The
performance of the parabolic dish using a continuous reflecting surface and flat mirror tiles has been explored and
found out that a continuous surface has better performance. Errors in tracking mechanisms have been illustrated by
the ray tracer tool and the use of a secondary reflector to improve the fraction of the reflected rays reaching the
receiver has also been demonstrated. The ray tracer tool could be used in designing solar concentrating systems.
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Abstract
The deployment of renewable energy power plants is a priority of the Chilean government. A mandatory quota
system requires that 5% of the electricity generated in the country must come from renewable energy sources,
gradually increasing to 10% by 2024. As of 2010, only wind and biomass power plants have been installed in
the country, while solar energy has received attention only for small-scale future demonstration projects.
Concentrated solar power (CSP) plants are an interesting option for the country, especially when considering
the high levels of solar radiation coupled with high values of the local clearness index and availability of flat
terrain that are available in northern Chile. In this work, the modeling and simulation of a 20 MW CSP plant of
the parabolic trough type, without thermal energy storage is carried out. In order to maintain the power block
performance at nominal conditions during long non-insolation periods, most of these plants have a thermal
storage system or contain a heat support (such as fuel). Because of that, a proper solar field size, with respect to
the electric nominal power, is a fundamental choice. A too large field will be partially useless under high solar
irradiance values whereas a small field will mainly make the power block to work at part-load conditions. A
sensitivity analysis is conducted in order to determine the influence of solar field area and radiation levels, and
the optimal plant configuration and solar field area are obtained as a result. The CSP plant is simulated using
the TRNSYS computational tool and monthly and annual electricity yields are obtained from hourly
simulations that consider radiation levels, solar field, and power plant characteristics. Therefore, it was found
that Chile has an outstanding potential for CSP plants, especially in the northern locations of the country such
as Antofagasta.
1. Introduction
A government goal has been presented in order to promote and implement the measures needed to ensure that at
least 15 percent of new power generation capacity installed between 2006 and 2010 in Chile was obtained from
renewable energy sources (CNE, 2008). A new law has been passed, which requires electricity distributors to
provide 5 percent of their energy sales from renewable energy sources, at average bided prices, increasing this
contribution to 10 percent by 2024. This initiatives follow the so called 'short law' passed in 2004, which set
standards and allowed small generators (< 20 MW) to connect to the national grids. The government hopes to
promote the use of renewable energy for electricity generation, as a result of modifying the electricity sector
law, effectively removing barriers for the incorporation of renewable energy plants.
In general, Chile is thought to be abundantly endowed with renewable energy but no large scale renewable
energy resource assessment has been conducted, and in particular for solar. Therefore, any energy planning
effort that considers this renewable source is seriously impeded for the time being. In the case of solar energy,
large scale systems are not being planned or even discussed (Larrain and Escobar, 2009). Regarding the power
generation sector, the solar thermal power plant technology is scarcely known. Solar energy development in
Chile is small, mostly focusing on water heating applications for the residential sector. The market size is small,
and solar power is used even more scarcely, mainly through photovoltaic panels in rural electrification. By the
other hand, the energy consumption in northern Chile is mostly related to mining and industrial processes,
which require continuous operation and energy supply. Therefore, it is presumed that solar as renewable energy
source could be introduced to the Sistema Interconectado del Norte Grande (SING), that represents about a
third of Chile’s total electricity consumption, as a support to the conventional electricity generation system
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maintaining continuous supply of energy and power as needed. Therefore, Chile is an example of a country that
could benefit from solar thermal power generation, as it exhibits both the need for electric energy and available
solar radiation and associated climatic conditions, being better than in other locations where concentrated solar
power systems are in use today. Yearly mean radiation reaches 6 kWh/m2 in some regions in northern Chile
(Ortega et al., 2009), and is higher than yearly mean radiation in some locations where CSP technologies are in
use today, as for example in California, where it reaches 5.86 kWh/m2, or Almeria, Spain, where values are
near to 4.8 kWh/m2. Also, northern Chile possesses ample plains and flat terrain availability with low
alternative use, especially suited for large scale CSP deployment. Within solar power alternatives, the parabolic
trough collector (PTC) power plant is currently the most mature and commercially available CSP technology
(Sargent and Lundy, 2003) for solar electricity generation in Chile, since it displays better performance than
other alternatives and also has the lowest energy generation cost of approximately 0.12 €/kWh (Kaltschmitt et
al. 2007) that is becoming competitive with traditional power plants (Price et al., 2002; Sargent and Lundy,
2003).
Most of these plants consist of a solar field, a steam generator, a power cycle and a fossil-fuel fired backup
system, as shown in Fig. 1. CSP plants either need backup auxiliary generation or storage capacity to maintain
electricity supply when sunlight is low or not available. All commercially operated CSP plants are hybrid plants
(Kearney and Price, 2004). They generally either have a natural-gas-fired boiler that can generate steam to run
the turbine, or an auxiliary natural-gas-fired heater for the solar field fluid (Kearney and Price, 2004). This
hybrid structure is an attractive feature of CSP compared to other solar technologies because the auxiliary
backup component has a low capital cost and can mitigate intermittency issues to ensure system reliability. The
addition of thermal storage would allow better use of available solar energy and would further reduce
intermittency issues and potentially lower overall generation costs. However, the cost-effectiveness of adding
solar storage depends on the tradeoffs between storage capacity, cost and other CSP system parameters. This
technology uses parabolic trough shaped mirror reflectors to focus the sun’s beam radiation on a linear receiver
located at the focus of the parabola. A heat transfer fluid (HTF) circulates through the receiver and returns to a
series of heat exchangers in the power block where the fluid is used to generate high-pressure superheated
steam. The superheated steam is then fed to a conventional reheat steam turbine/generator to produce
electricity.

Fig. 1: Diagram of a solar thermal plant with parabolic trough system.

Patnode (2005) developed a computational model based in the SEGS VI plant, rated at 30 MWe, with 188,000
m2 and assembled in Kramer junction, (USA) in 1988. A model for the solar field was developed using the
TRNSYS simulation program and the Rankine power cycle was separately modeled with a simultaneous
equation solving software (EES). Both the solar field and power cycle models were validated with measured
temperature and flow rate data from the SEGS VI plant from 1998 and 2005. The combined solar field and
power cycle models were used to evaluate effects of solar field collector degradation, flow rate control
strategies, and alternative condenser designs on plant performance.

3411

Parabolic Trough plant projects with operational status
Nevada Solar One is a solar thermal plant, based on the parabolic trough collector (PTC) technology and is
located in the El Dorado Valley in Nevada, USA. The solar field is made up of 760 solar collectors, each one
with a reflective surface of 470 m2, to make up a total of 357,200 m2 of solar reflective field, over a total land
area of 1,600,000 m2. The steam turbine has a nominal generating capacity of 64 MW and the plant produces
annually around 130 GWh (annual capacity factor of 23%), while employing a supplementary gas heater
facility for back-up steam generation in case solar irradiation is not adequate. The Alvarado I plant is situated
in Alvarado (Spain) and has a capacity of 50 MW, based on PTC technology. The facility is built on a
1 km2 site with a solar annual potential of 2201 kWh/m2, producing an estimated 105,200 MWh of electricity
per year. The plant is made up of 768 solar thermal collectors, with an outlet temperature of 393°C, transferred
with HTF: Biphenyl and Diphenyl oxide . Andasol 1 and 2 are two identical solar thermal plants in operation
since 2008 and 2009, respectively. These two 50 MW plants are located in Andalucia, Spain. The solar field of
each of the Andasol plant has a total reflective area of more than 510,120 m2 in a land area of 2,000,000 m2.
With an annual solar potential of 2201 kWh/ m2 and the overall plant efficiency is around 16%. The Andasol
plants are the first solar thermal plants to utilize two molten salt storage tanks for heat storage in cases of low
solar irradiation. The molten salt storage tank system increases the annual equivalent full-load running time of
the solar thermal plant to around 3500 h and have a storage capacity of 7.5 h at 50 MW. Solnova 1, 3 and 4 are
solar thermal plants located in Seville, Spain, and based on PTC technology. The plants use synthetic oil to
generate high temperature steam and run a conventional steam cycle. The total reflective surface is composed
of approximately 260,000 m2 of mirrors. The total land area required for the Solnova 1 plant is around
1,200,000 m2. Solnova 1 has an installed capacity of 50 MW and is capable of generating 114.6 GWh of
electrical energy annually (annual average capacity factor of 26%). In low solar irradiation conditions, the
plant is capable of supplying 12–15% of its capacity through natural gas combustion. The overall plant
efficiency is estimated to be approximately 19%. Solnova 4 has the same features as Solnova 1 and 3 and
consists of approximately 300,000 m2 of mirrors that cover an area of about 115 hectares. The Ibersol 1 plant
is situated in Puertollano (Spain) and has a capacity of 50 MW, based on PTC technology. Ibersol 1 consists of
576 collectors arranged in 216 loops of four collectors per loop that cover an area of about 150 hectares. The
total reflective surface is composed of approximately 287,760 m2. Steam generation is achieved via the use of
a HTF (thermal oil) and a thermal storage stage was also constructed, based on the technology of molten nitrate
salt tanks. Archimede is a parabolic trough plant operating in Sicily, Italy. The plant produces steam 5 MW
sent to a combined-cycle steam turbine rated at 130 MW. This parabolic trough system use molten salt as the
heat-transfer fluid. Two tanks provide 8 hours of thermal storage. The solar field aperture area is about 31,680
m2 over a total land area of 8 hectares. The Florida plant is situated in Badajoz (Spain) and has a capacity of 50
MW. This plant consists of 672 collectors arranged in 168 loops of four collectors per loop that cover an area of
about 200 hectares. The total reflective surface is composed of approximately 552,750 m2 of mirrors. Steam
generation is achieved via the use of a HTF (Diphenyl oxide ) and a thermal storage composed of 2-tanks based
on the technology of molten nitrate salt tanks is used. Other plants assembled in Spain with operational status
and 50 MW of capacity are: Extresol 1 y 2 and La Dehesa, both located in Badajoz; Majadas I (Cáceres) and
Manchasol-1 (Ciudad Real).
2. The plant model
2.1. Power Plant
For the thermal solar plant simulation, a model that represents in the best possible way the running time of the
solar field, as well as the power cycle or Rankine cycle was developed. The tool used for the simulation is the
TRNSYS computational software (Klein, S.A., 2007), which allows an hourly simulation of the plant operation
to study and analyze their behavior. For this it’s necessary to establish design parameters in the configuration of
each component that will work in the TRNSYS environment, specifically the components of the STEC library
(Schwarzbözl, P., 2007). The power cycle is analyzed considering steady state, since the presence of an
auxiliary heater ensures a certain working temperature of the oil at the inlet of the train of heat exchangers (Fig.
1), allowing no variations in the characteristic parameters of the power cycle. That way, the generated power
will remain stable at 20 MW, established as the nominal power for the plant. These plants use a synthetic oil as
HTF to transport heat absorbed in the collectors field and because of oil thermal stability, there is a maximum
working temperature of 400 °C in the design of the power block, depending on the train of heat exchangers as
heat source of the Rankine cycle. Thus, a design temperature oil of 390 ºC is established and, consequently, the
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temperature of the turbine inlet will be 380 ºC at a pressure of 80 bar. The turbine is considered with a high and
low pressure body with reheating between, as well as three steam extractions, one at the high pressure body and
two at the low-pressure body to provide energy to the feedwater heater systems of the Rankine cycle. These
extractions are calculated in such a way that enthalpy drops be identical along the expansion turbine line.
(Kostyuk and Frolov, 1988). The characteristics of these extractions are shown in Table 1.

Tab. 1: Main parameters value for the 20 MWe steam power cycle

Turbine

Extraction no. 3

Inlet pressure (bar)

80

Pressure (bar)

0.75

Inlet temperature (ºC)

380

Temperature (ºC)

91.6

Outlet pressure (bar)

0.07

Isentropic efficiency, high pressure

0.85

Outlet pressure (bar)

4.8

Isentropic efficiency, low pressure

0.88

Efficiency

0,9

Steam generator efficiency

0.98

Reheater

Condensate Pump (P1)

Feedwater Pump (P2)
Outlet pressure (bar)

80

Efficiency

0.9

Inlet pressure, steam (bar)

20.5

Inlet temperature, oil side (ºC)

390

Outlet temperature, oil side (ºC)

290

Terminal Temperature Difference (ºC)

Outlet temperature, steam (ºC)

380

Drain Cooling Approach (ºC)

Inlet pressure, steam water (bar)

80

Terminal Temperature Difference (ºC)

Inlet temperature, oil side (ºC)

390

Drain Cooling Approach (ºC)

Outlet temperature, oil side (ºC)

290

Condensing Water Heater

Steam Generator

5

Feedwater Heater
1.5
5

Deaerator
Pressure (bar)

Extraction no. 1
Pressure (bar)

1.5

4.18

20.5

Temperature (ºC)

227.6
Extraction no. 2

Pressure (bar)

4.82

Temperature (ºC)

223.1

The condensing pressure is fixed at 0.07 bar and is referred to a water cooled condenser at a temperature of 20
°C. The feedwater heaters that work with extraction steam are surface exchangers and are defined by their
terminal temperature differences. TTD (Terminal Temperature Difference) is the difference between saturation
temperature at the extraction pressure and the water temperature at the heater outlet. DCA (Drain Cooling
Approach) is the temperature difference between the cold water at the heater inlet and the subcooled steam at
the heater outlet. In this work, the values assumed for TTD and DCA are 1.5 ºC and 5 °C, respectively.
The
heat exchangers train is divided into a steam generator and a reheater. The evaporation process is divided into
three sections: phase change process from compressed liquid state, phase change from saturated liquid to
saturated vapor and finally superheated vapor. Steam generator consists of a train of three counterflow heat
exchangers: feedwater preheater, evaporator and superheater. The reheater accomplish the steam heating
between the high pressure and the low pressure turbine in order to obtain an adequate expansion at a lower
condensing pressure, avoiding the possibility of corrosion on the blades of the turbine through the final stages.
In these exchangers only the evaporator has phase change on the cold side for the water/steam flow. The others
work with single-phase fluids on both sides. The outlet oil temperature of the exchangers train will be
considered at 290 ºC to obtain the main operating parameters. Figure 2 shows the power block scheme and
Figure 3 shows the enthalpy-entropy diagram for the cycle.
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Fig. 2: Power cycle scheme

Fig. 3: Enthalpy-entropy diagram for the power cycle

2.2. Solar Collector Field
In order to have an appropriate thermal size for the collector array, as well as a proper overall solar field size
related to nominal Rankine cycle thermal power, it is necessary to set a design point in which solar field
performance is nominal (Montes et al., 2009). Commonly the chosen design point is noon on summer solstice
(Casals, 2001) in which case for Antofagasta region is December 21st. The absolute maximum of radiation
through the year should, in theory, be produced on this date and it should correspond to the minimum total
surface of the collecting area.
There is a parameter that allows sizing the collector field and is known by the name of solar multiple. The solar
multiple indicates the oversizing of the collector field in order to have an appropriate total area value to reach a
radiation utilization maximum for a longer period through the day. The solar multiple is defined as the ratio
between the thermal power produced by the solar field at the design point and the thermal power required by
the power block at nominal conditions, as shown in the following equation:



SM 

Q field _ max


Q power _ cycle

(eq. 1)

Depending on the type of plant there is a suitable solar multiple value for the sizing, which in the case of fossil
fuel hybridization plants, a solar multiple of between 1 and 1.5 is recommended (Montes et al., 2009). The
exact value in each case will depend on the nominal thermal power produced in the solar field and for this work
a value of 1.2 is considered. The Figure 4 describes the concept of multiple solar.
The solar field has been designed to be used during daylight hours, however, it's use at times of acceptable solar
radiation or above a minimum radiation value previously set is considerable. This is possible because the solar
field has a natural gas auxiliary boiler, which provides support in times of low radiation.
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Fig. 4: Solar multiple concept.

To control the solar field operation, the oil mass flow must be handled in relation to how much is necessary to
circulate through the collectors array, in order to ensure that the available radiation will be enough to achieve
the demanded temperature in the exchangers train for the power cycle. Thus, there is a surplus of oil flow that's
derived to an auxiliary boiler in parallel, so that the plant operates at all times with a nominal oil mass flow to
produce nominal electrical power. The selected collector is an Eurotrough ET-150. The optical and geometrical
characteristics are considered according to the requirements of the collector field model contained in the
TRNSYS STEC library. In this work, two operation modes of the solar field are considered (fixed demand
temperature and variable demand temperature on the outlet of the collector field), which will be discussed at the
results section. Also, was necessary to consider a boiler at the outlet of the collector field to ensure the
demanded temperature by the train of heat exchangers. In the variable demand temperature case two boilers are
required while for the fixed demand temperature case at 390 º C it only requires the presence of a boiler in
parallel. These considerations are used to create the Trnsys model and simulate these operating modes, ensuring
the design temperature in the train of heat exchangers.
3. Trnsys Model
STEC library is a collection of TRNSYS models especially developed to simulate solar thermal power
generation. It is a supplement to the standard TRNSYS routines featuring components from solar thermal power
plants like concentrating collectors, steam cycles, gas turbines and high temperature thermal storage systems.
The TRNSYS model of the solar thermal plant is composed. In the case of the main equipment of the plant, the
STEC library is used. Control applications, processes and specific particular components, are provided by
existing tools on the TRNSYS libraries. The model of the solar thermal power plant has three sections: solar
field, heat exchangers train and power cycle.

3.1. Solar Field
The oil flows through the collector field, achieving the design temperature at the exit of the solar field and
heading for the exchangers train. The model of the collector field requires a given oil flow, then the flow
splitter located before the field, through a flow rate calculated between the field flow and the total flow, sends
the required amount of oil to collectors. When the oil outlet temperature is higher than the design temperature,
the tracking system of the solar field will activate the collectors defocus so they do not receive the full direct
normal radiation. To simulate this behavior, knowing the exceeded temperature range the defocus thermal
power loss is calculated. The balance of this loss to the net thermal power of the field will give us the effective
value of captured heat and finally transferred to the oil thermal power. The collector field model requires the
direct normal radiation data, ambient temperature and zenith and azimuth angles that describe the daily
movement of the sun throughout the year. The direct normal radiation and the ambient temperature are
provided by the Trnsys component called data reader. The sun tracking angles are calculated by the Trnsys’s
solar radiation processor, based on direct normal radiation.
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3.2. Heat Exchangers Train
The oil flow enters to the superheater at 390 °C and exits at 290 °C at the preheater outlet, transferring the
necessary energy to the power block's flow of water/steam. The water flows in the opposite direction of the oil
on the cold side of the exchangers, is preheated, evaporated and superheated up to the required design
conditions of 380 ºC and 80 bar at the turbine entrance. The reheater operates with the steam coming from
extraction produced in the high pressure stage and returning to the low pressure stage at 380 ºC at the given
pressure. Oil operates in the same conditions as in the steam generation section.

3.3. Power Cycle
The model considers the two bodies of the turbine, high pressure body and the low pressure body, the latter
with its respective stages. The extractions are simulated with a steam flow splitter that uses a proper division for
the operation of the heaters. The last extraction works with the demanded flow by the first water heater. Finally,
there are two pumps, one for condensate and the other for feedwater.

3.4. Weather Data
For TRNSYS simulation, a weather database for the region where the solar plant will be assembled it's
necessary. This requires the use of a weather database type TMY, representative of at least 10 years of weather
data. To perform the simulation is considered an hourly weather database for the Antofagasta region, provided
by Chile's Meteorological Office. For the simulation, the most important values are normal direct radiation
value and ambient temperature, variables required by the TRNSYS model of the collector field.

Tab. 2: Solar multiple and flow mass depending on the collector area

Loops

Total area (m2)

Oil flow per loop (kg/s)

SM

42

137,340

5.36

1.86

40

130,800

5.63

1.78

38

124,260

5.92

1.69

36

117,720

6.25

1.61

34

111,180

6.62

1.52

32

104,640

7.03

1.44

30

98,100

7.5

1.35

28

91,560

8.04

1.25

26

85,020

8.65

1.17

24

78,480

9.38

1.08

4. Simulations and Results

In a first instance, the analysis of the simulations will focus on finding the theoretical optimal area of the solar
field. The fundamental concept that defines this area is the solar multiple resulting for each case, using as
reference value for this type of plant an optimum value of 1.3 (Casals, 2001). After selecting an area, the next
step is to analyze the plant considering the operation only through daylight hours. The analysis is performed
taking into account a fixed demand temperature of 390 ºC at the outlet of the solar field and a variable demand
temperature distribution, that depends on available radiation, which is shown in Figure 5.
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4.1. Theoretical Optimal Total Area for the Collectors Field
The variation of the collector area is performed based on the loops number of the solar field area. Table 2
presents the results of oil mass flow per loop and solar multiple associated.
Based in the concept of solar multiple and considering the optimal reference value used in this work of 1.3, the
theoretical optimal area for the collector field was calculated giving a value of 91,560 m2, with an oil mass flow
per loop of 8 kg/s and a solar multiple of 1.25.

4.2. Different operating conditions of the solar plant
Fixed Demand Temperature of 390 °C. This case corresponds to operate under the condition of a temperature
of 390 ºC in the outlet of the collector field, throughout daylight hours. The system will be controlled under this
condition, so that if the demanded temperature is not guaranteed by the available radiation, the plant should
stop functioning.
Variable Demand Temperature. The solar field operates according to a temperature distribution of hourly
demand and a minimum value of 345 W/m2 of radiation. The distribution of demand temperature was
determined based on maximizing the mass flow of oil to the solar field. This distribution of demand
temperature was determined by the designed day mentioned above.

Fig. 5 Demanded temperature distribution for the collector field

4.2.1 Comparative Analysis
The comparison was done for both cases and the following plant variables: auxiliary thermal energy, net
electrical energy and efficiency of the collector field. The results are graphically shown in Figures 6, 7 and 8.

Fig. 6: Monthly auxiliary thermal energy

Fig. 7: Monthly net electrical energy
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Figure 6, shows that the auxiliary consumption is lower when the plant operates on variable demand
temperature than when is operating at a fixed temperature demand. However, for the months of the year with
less radiation (June and July), the auxiliary consumption is higher because the plant operates with this type of
energy for more hours during these months. The auxiliary energy supply in the operating mode with fixed
demand temperature is of 48.2% and for variable demand temperature the auxiliary energy decreases 46.8%.
Conversely, Figure 7 shows that the net electricity production decreases when using a variable demand
temperature, due to the plant operates under the constraint of minimal radiation, with the exception of the
months of June and July.

Fig. 8: Efficiency of the collector field

Figure 8, shows that the efficiency of the collector field increases, consequently does the plant efficiency for the
case of variable temperature, allowing the collector field to operate with greater oil mass flow therefore will
provide a greater heat transfer to the oil.

4.3. Hourly simulation results of the solar thermal plant
The results of the annual plant efficiency given by the TRNSYS simulations are presented through graphs
representing the hourly behavior of the most important variables of the plant. The operating conditions
correspond to the case of variable demand temperature for the outlet of the collector field and the operation in
daylight hours, with restriction of 345 W/m2. As shown in Figures 9 and 10, hours of operation increased in
December compared to May the demand temperature for the collector field remains for more hours throughout
the day. The extensive variation in the oil mass flow corresponds to the yearly radiation, resulting in lower
values in May and higher values in December. This is due to the operation of the collector field under a variable
mass flow to ensure the increasing of temperature from 290º C to 390 ºC.

Fig. 9: Behavior of outlet temperature of the
collector field and oil flow from May 8 to May 14
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Fig. 10: Efficiency of outlet temperature of the collector
field and oil flow from December 8 to December 14

Fig. 11: Behavior of the net absorbed thermal energy,
auxiliary and unfocused, from May 8 to May 14

Fig. 12: Behavior of the net absorbed thermal energy,
auxiliary and unfocused, from December 8 to December 14

Figures 11 and 12, show the behavior of the energy input, both of the collector field and the auxiliary system.
Absorbed thermal energy is greatly increased in December compared to May and the opposite occurs with the
auxiliary support. Table 3 gives a yearly overview of the main parameters that define the operation and
production of the plant.
Tab. 3: Yearly Balance of the solar thermal plant

Global values of the Solar Thermal Plant
Collector field area (m2)

91,560

Number of collectors

112

Number of receiver tubes

4.032
2

Average annual radiation (W/m )
Average annual return, collector field
Efficiency, power cycle*

415
39.1 %
36 %

Average annual return, solar power plant

14.1%

Average annual solar fraction

48.8%

Capacity factor

28.0%

Availability Factor

56.4%

Net annual heat energy absorbed (MWhth)

67,199

Annual unfocused thermal energy (MWhth)

2,060

Annual auxiliary thermal energy (MWhth)

59,060

Gross Electricity (MWhe)

49,998

* Generator efficiency: 98%

5. Economical analysis

Once annual electricity production and auxiliary consumption is estimated, an analysis may be performed to
calculate the cost of the kWhe associated to the plant. This value is called levelized cost of energy (LCOE) and
is determined by Eq. (2):

LCOE 

fcr  Cinvest  COM  C fuel

(eq. 2)

Enet

where fcr is the annuity factor; Cinvest is the total investment of the plant; CO&M represents the annual operation
and maintenance costs; Cfuel is the annual fuel costs; and Enet is the annual net electric energy produced. To
calculate the involved costs in Eq. (2), the data has been set according to (Montes et al., 2008) and these are
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shown in Table 4.
Tab. 4: Costs data and economical parameters for parabolic

Tab. 5: Cost data of investment, operation and

trough plants analysis.

maintenance.

Investment
2

Investment

US$

Solar field (US$/m )

267

Solar field

24,403,444

Power Block (US$/kWe)

982

Power Block

19,639,018

Preheater (US$/kWe)

2

Preheater

Evaporator (US$/kWe)

15

Evaporator

293,182

Superheater (US$/kWe)

2

Superheater

45,591

Reheater (US$/kWe)

6

Reheater

Construction, engineering and
Contingencies

20%

TOTAL investment

Operation and maintenance
Labour cost per employee annual

Construction, engineering and
contingencies

43,206

118,423
8,908,573
53,451,437

Operation and maintenance
67,334

TOTAL operation and maintenance

2,693,361

Number of persons for plant operation

30

TOTAL solar thermal plant

61,197,830

Number of persons for field maintenance

10

(US$/year)

O&M equipment cost percentage of
investment per year

1%

Financial Parameters
Annual insurance cost

1%

Lifetime (years)

20

Debt interest rate

7%

Table 5 shows fixed costs investment and maintenance and operation costs. These costs are considered with the
same value for all cases. The LCOE determined with the evaluation of the annual electricity production is 0.29
US$/kWhe, corresponding to 44,998,036 kWhe of electrical energy production and an auxiliary energy annual
consumption of US$ 5,328,761 using natural gas as backup fuel.
6. Conclusions

The model built complies with the basic operating parameters of the plant, which correspond to the continuity
of the variable oil flow through the collector field, designed up to a maximum of 225 kg/s, calculated for the
heat exchangers equipment of the power block and a leap of 100 °C, from a minimum demanded temperature of
290 ºC and maximum demanded temperature of 390 ºC for the collector field. With the consistency of these
data in the simulation, the power block works within the boundaries of the design parameters at steady state
throughout an entire year of operation, generating a nominal power of 20 MWe.
The simulations showed that the collector area of the plant corresponds to a value of 91,560 m2, size
that was obtained by using the suitable solar multiple for this type of solar thermal power plant of 1.2. With this
collecting area size other plant operating parameters were corroborated such as a capacity factor of 28% and
operation hours of over 2,000 hours for a plant like this.
Comparisons between temperature modes demanded at the outlet of the collector field managed to
show a reduction in the auxiliary support is achieved by varying the demanded temperature in the collector
field. This is due to that when the day's radiation is less and lower than a demand temperature of 390 ºC, the oil
mass flow to the collector field is maximized, thus reducing the flow to the auxiliary boiler and, hence, the
auxiliary thermal energy delivered.
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The LEC economic indicator gave values higher than those estimated from a CSP plant without
thermal storage for today and the future 0.10 US$/kWh (Greenpeace, 2007). This price increment depends
largely on the excessive use of auxiliary support for production, according to the imposition of nominal power
to produce and also the more expensive value of natural gas at 1 US$/m3 for the north of Chile, compared with
other countries like Spain, where the value is about 0.30 US$/m3 (Montes et al., 2009).
Although the characteristic values obtained for the solar power plant analyzed in this paper are those
of a solar thermal plant of the same type located in the United States and Spain, these are achieved in a large
percentage by the supplied auxiliary support of 46.8%. Countries like the U.S. and Spain that have such plants
operating today have very strict regulations regarding the use of fossil fuel by allowing only 25% in California,
United States and from 12% to 15% in Spain, according to the size of the plant.
A clear solution to reduce fossil fuel consumption, but affecting the production of electricity, is to
consider in the designed model a partial load operation of the plant, with only one boiler in series with the
collector field, therefore eliminating the parallel auxiliary consumption by oil mass flow diverted. This would,
consequently imply a decrease of the annual production of the plant, but a more adequate solar/auxiliary
relation of the plant. Another solution to reduce fossil fuel consumption and maintain the electrical power
generated is the addition of a thermal storage system which supplies the auxiliary consumption and, depending
on the amount of hours stored, extend the plant's daily operation period growing its productivity and the plant
factor.
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1. Introduction
The world’s first solar tower power plant with open volumetric receiver technology has been constructed in
Jülich, Germany, and is in operation since December 2008 (Koll et al., 2009). The plant was built by the
general contractor Kraftanlagen München, and owned and operated by the local utility Stadtwerke Jülich
GmbH. Recently the German Aerospace Centre bought the plant to intensify the R&D programs for CSP at the
Jülich site with the support of the Solar-Institut Jülich (SIJ) (Hoffschmidt, 2011).
2. Solar Tower Power Plant Jülich
The solar tower power plant Jülich is built according to the PHOEBUS scheme demonstrated in Fig. 1. It
includes an open volumetric receiver, which consists of porous ceramic absorber modules. Ambient air is
sucked through these modules and is heated up to 680°C. In a heat recovery steam generator (HRSG), the hot
air transfers its heat to a steam Rankine cycle. Cold air leaves the HRSG at about 120°C and is returned to the
receiver, where it is released into the surroundings by passing it around the outer surface of each of the absorber
modules. A portion of this recirculated air is sucked back into the system whereby a heat recovery is achieved.
The amount sucked in again is dependent on the wind conditions, such as wind velocity as well as direction, at
the receiver front.

Fig. 1: Scheme of the Solar Tower Power Plant Jülich

The conventional steam cycle has an electrical output of up to 1.5 MWe. An additional thermal energy storage
system is used as a buffer for storing energy in times of high irradiance, which can be discharged after sunset or
during periods of reduced solar input for enabling longer hours of steadier operation of the plant. There are
different operation strategies to operate a solar tower power plant with open volumetric receiver technology in
combination with the thermal energy storage. In the so-called parallel operation mode, the storage is charged
while simultaneously steam generation occurs. Conversely, the storage can be discharged with or without
receiver operation while simultaneously producing steam. For the case that the receiver is in operation, the hot
air from the receiver is mixed with the air heated by the storage before it is used for producing steam in the
Rankine cycle. For the other case when the receiver is not in operation, only the air heated by the storage is
used for producing steam in the Rankine cycle. The operation control allows a direct and substantial influence
on the energetic and economic efficiency of this power plant technology.
In a system layout, the integration of the storage can be customized, where the storage capacity depends on the
thermal power provided by the receiver. To increase the storage capacity, the heliostat field and receiver
(amongst other components) must be upscaled, while the nominal electrical output remains constant. The ratio
of the thermal power provided by the receiver to the thermal power output of the HRSG is known as the solar
multiple (SM). A solar multiple of 1 means that the useable solar thermal power of the receiver is sufficient for
operating the steam turbine at nominal load. When increasing this ratio, the exceeding thermal energy can be
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stored into the thermal energy storage. Thus, a SM of 2 permits the operation of the steam Rankine cycle at full
load with half of the available thermal power, while storing the same amount of thermal power into the storage.
The use of air as a heat transfer fluid (HTF) for an open volumetric solar tower system offers several benefits.
Air is available for free, it is non-toxic and does not require freeze protection during times of non-operation.
Operating the plant with steam parameters custom to conventional power plant engineering ensures high
efficiency and an optimal use of the available solar energy. The majority of the components used in this type of
solar tower power plant are standard components as used in conventional power plant construction.
3. Hybridization
As a further upgrade of the solar tower power plant with open volumetric receiver technology, a gas turbine can
be used to hybridize the plant. This measure improves the availability and the capacity factor of the solar tower
power plant. In regions with very high irradiation, solar thermal power plants with adequately sized thermal
energy storage systems can reach a maximum of 3,000 to 4,000 nominal load hours per year. Hybridization
enables the operator to produce electricity on demand for up to 8,600 hours per year. It is expected that such
hybrid power plants will have a high potential for the market introduction in the next decade, especially in the
target markets in North Africa.
The upgrade of a solar tower power plant with air receiver technology to a hybrid system by combining it with
a gas turbine is shown in Fig. 2.

Fig. 2: Hybrid solar tower power plant with open volumetric receiver

During hours of lower and intermediate solar irradiation, the flue gases of the gas turbine provide the heat
energy to the HRSG together with the available solar heat input from the receiver. In this so-called parallel
operating mode the gas turbine’s exhaust gases are mixed with the hot air from the receiver before entering the
HRSG. A suitable gas turbine, the Solar Turbine Saturn 20, has been chosen (cf. Tab. 1) (Saturn 20 Generator
Set, 2011). The heat input provided by the flue gases does not provide sufficient energy to operate the HRSG at
full load, which means that during the night the plant is operated at about 40% part load. In the daytime this is
advantageous because a solar energy input can be added to the energy of the flue gases, thus full load operation
becomes possible without the operator being forced to shut down the gas turbine. Any solar heat input
exceeding the 40% threshold is stored into the thermal energy storage. When the solar heat input is still above
the 40% and the thermal energy storage’s capacity is fully charged the gas turbine’s heat input has to be
throttled.
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Tab. 1: Solar Turbines Saturn 20 Main Data

Property

Value

Unit

Output power

1,210

kW

Heat rate

14,795

kJ/(kWe h)

Exhaust flow

23,540

kg/h

Exhaust temp.

505

°C

For simulating the annual electricity production of solar thermal power plants several software tools have been
developed. In the SIJ a software tool for the simulation of open volumetric solar tower power plants as well as
of hybridized plants has been created. It is important to investigate the profitability of a selection of plant
configurations at different sites by determining the annual electricity production, which has a main effect on the
profitability. Therefore a comparison between three simulation models for the site Algiers in Algeria, North
Africa, has been made to show differences in the annual electricity yield dependent on the plant configuration.
These configurations differ from each other in the SM and thermal energy storage capacity. The system layout
for each plant configuration, especially the design of heliostat field and thermal energy storage, has to be
created. The heliostat field layouts were computed with the program WinDelsol 1.0, which is based on
DELSOL 3 (Kistler, 1986), for the plant configurations with the solar multiple 1, 2 and 3. Fig. 3 shows the
heliostat field layout for the configuration with solar multiple 2.

Fig. 3 Heliostat field layout for solar multiple 2

2079 heliostats with 8 m2 mirror surface are yielded for solar multiple 1. Similar receiver design and dimension
of the Jülich plant has been used for this configuration. The storage dimension and capacity was doubled
compared to the thermal energy storage in Jülich. This was possible because solar insolation is significantly
higher than in Jülich, allowing the storage to supply heat to the HRSG for about 3 hours at nominal load.
The design parameters determined for each configuration are inputs for the simulation models. Furthermore,
WinDelsol computes a performance matrix of the heliostat field dependent on the solar position over the year
so that the heliostat field’s optical losses can be considered.
4. Simulation
3.1. Modelling
The investigation of the different hybrid solar tower power plant configurations is conducted with developed
simulation models that have been developed and implemented in MATLAB/Simulink. A model library which
includes the major components of the solar tower power plant has been developed in MATLAB/Simulink from
which the required components can be chosen for the simulation. Fig. 4 shows the model libraries for the solar
cycle (left side), the Rankine components (middle) and the components for hybridization (right). The solar
cycle library for instance contains models of the heliostat field, receiver, blowers and the thermal energy
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storage.

Fig. 4: Model libraries for solar cycle (left), Rankine (middle) and hybrid (right) components

The models were developed for steady-state simulation. Hence, a direct time dependency is not included. In
addition, three models were created that model transient behavior. The thermal energy storage, the evaporator
part of the HRSG, based on Karstensen and Sørensen (2004), and the feed water storage tank (FWST), taken
from Ordys (1994), were developed to model the thermal inertias of the storage material and the water masses.
The different models have been validated with other simulation software and showed good agreement
(Alexopoulos et al., 2008, 2009). Each model component was validated with other simulation tools and layout
designs.
3.2. Simulation
Simulations for three different hybrid plant configurations have been conducted for the site Algiers. The
individual components of the power plant are connected to model the system as a whole. The electrical
generation capability of the Rankine cycle is 1.5 MWe, identical to the Jülich plant, but additional electricity is
produced by the Solar Saturn 20 gas turbine, which is operated in parallel mode. The configurations differ in
size of the heliostat field, receiver and the capacity of the thermal energy storage. Weather data for Algiers from
the year 1987 in hourly resolution has been used in the simulation. The quasi-steady-state simulations are
computed in time steps of 60 seconds.
Fig. 5 shows the power plant performance on 6th November 1987 for the plant design with a SM of 2. The
graphs are shown in a normalized way, which means that the electrical power output is given with respect to the
steam turbine’s nominal electrical capacity. The thermal storage’s energy content is shown with respect to its
nominal thermal energy capacity. The electrical power output of the gas turbine and the steam turbine is
constant during the night and the morning. With the insolation (DNI) rising after about 10 a.m., the steam
turbine’s electricity generation increases to about 90% of the steam turbine’s nominal capacity. From 11 a.m.
onwards the storage is charged. The charging continues until about 2:30 p.m. because until this time the
combined energy input from the receiver and the gas turbine exceeds the energy requirement of the HRSG.
Hence, the excess energy can be stored. At about 3:30 p.m. the receiver is shut down because the insolation is
insufficient for achieving adequately high air temperatures. As a consequence the storage is discharged from
about 6 p.m. until midnight, while the gas turbine is operating. In these hours, the steam turbine generates about
63% of the nominal steam turbine load.
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Fig. 5: Power plant performance of the variant with a SM 2 on 6th November

This example demonstrates that with a configuration with a SM of 2 or 3 and the appropriate thermal energy
storage capacity, a continuous plant operation can be realized even on days with low insolation.
Tab. 2 shows an overview of the three simulation results. With the exception of the results for the insolation
power dump from the heliostat field and the gas turbine’s flue gas heat loss, the configuration with a SM of 1 is
taken as the reference case. The results for the configurations with a SM of 2 and 3 are given as a percentage
with regard to the results of SM of 1. The mentioned defocusing of heliostats is regarded in the simulation in
such a way that the concentrated power that is discarded is computed.

Tab. 2: Simulation results for the three different configurations

Value

SM1

SM2

SM3

Insolation power onto the heliostat field

100

224

311

%

Receiver power

100

234

291

%

Fed-in fossil heat input

100

82

76

%

Gross el. generation steam turbine

100

122

130

%

Total gross el. generation

100

108

111

%

Total net el. generation

100

107

109

%

Fuel share on generated el. energy by steam turbine

74

50

43

%

Solar share on generated el. energy by steam turbine

26

50

57

%

Fuel share on fed-in energy rel. to total el. generation

91

82

78

%

Solar share on fed-in energy rel. to total el. generation

9

18

22

%

As expected the results show that the heliostat field computed by WinDelsol for the configurations with a SM
of 2 and SM of 3 concentrate twice and three times the thermal power, respectively, compared to the field with
SM of 1. Nevertheless, the steam turbine’s electricity generation capacity has only increased to 122 % for a SM
of 2 and 130 % for a SM of 3, compared to the configuration with a SM of 1.
Insolation has to be dumped, which means that heliostats have to be driven out of focus. Furthermore, exhaust
gas losses occur because the gas turbine operates in nominal load and is not shut down when the storage’s
capacity is reached. For this reason the flue gases and the contained exergy are released to the surroundings
unused. With higher solar multiples, continuous steam turbine operation can be achieved at a limited increase of
the overall annual electricity generation. In addition, the solar share on the annual electricity generation can be
increased. The solar share can be computed with respect to the steam turbine’s electricity generation or to the
total electricity generation, which includes the gas turbine’s electricity generation as well. The definitions of
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both solar shares are given by the following equations:
a solar =

E Rec
E Rec + E Fossil

atot ,solar =

(eq. 1)

EST ,e,solar
E ST ,e + EGT ,e

(eq. 2)

Eq. 1 gives the solar share based on the energy delivered by the receiver and the exhaust gas heat which are
passed through the HRSG. The second definition includes the solar produced electricity relative to the total
electricity generation. The simulation results show that for a SM of 2 the solar share can be increased by a
factor of 2. The further upgrade to the configuration with a SM of 3 increased the solar share only slightly
because the thermal energy storage’s capacity is limited.
5. Discussion and Conclusion
The development of the different model libraries in Matlab/Simulink allows the simulation of various hybrid
solar tower power plant configurations at different scales and for different locations. The design computations
with the aid of WinDelsol and the use of the computed parameters show good agreement, which could be
demonstrated for different solar multiples.
According to the results of the simulations it could be shown that when solar tower power plants are designed
with solar multiples greater than 1 also the optimum thermal energy storage capacity must be considered. From
a purely technical point of view the storage capacity has to be chosen such as no solar energy nor thermal
energy of the exhaust gas is dissipated. The optimum storage capacity as well as the best solar multiple
configuration is eventually chosen dependent on the economical boundary conditions and not only on
thermodynamics.
In future calculations, the economical evaluation will be included for the layout of the storage capacity and the
SM. The simulation models will then have reached a more advanced level regarding their transient behavior so
that even more accurate simulations can be performed.
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1. Introduction
Concentrating Solar Power (CSP) commonly is known to be used in huge, large-scale power plants, operating
the solar thermal cycle at high temperatures to drive a turbine with the electrical output of the generator in the
Megawatt range. The Parabolic Trough Collectors (PTCs) are large mirrors to be installed in long collector
rows and with many rows in one collector field onto the ground. Using areas with good solar irradiation values
e.g. in North Africa, a significant contribution to the electricity generation can be achieved.
Additionally to this concept, the SOLITEM light-weight PTCs, which are suitable for roof integration and
already in operation for highly efficient solar cooling and steam generation, are used in a new concept for the
local trigeneration: On Cyprus, the first Trigeneration Plant connected to concentrating PTCs, to be able to
supply cooling, heating and electricity in one solar thermal plant and at the same time, has been set into
operation.
Further R+D works are spent into the integration of solar seawater desalination. Once tested successfully, solar
thermal energy will be able to cover all kinds of energies required and potable water. The new solar thermal
energy concept will be used to increase the share of renewables even more than planned before.
As a novelty for Turkey, also the operation of a Solar Power plant with 10 MW electrical power output is
planned to be installed in the South-East of Turkey. Turkey offers nearly similar boundary conditions as Spain,
where the first Concentrating Solar Power Plants in Europe have been setup into operation. The solar irradiation
in the South of Turkey also is excellent to operate CSP.
2. Solar Trigeneration
Parabolic Trough Collectors operated at about 180 °C can be used, as already done, for double-stage absorption
cooling or steam generation, and the solar thermal energy can be used in an Organic Rankine Cycle (ORC) for
the direct generation of electricity. Combining all applications in a trigeneration plant, the customer can benefit
to use all required kinds if energy from one solar thermal plant, and at the same time, which is world-wide
novelty.
Additionally, as the trigeneration plant is operated automatically, the operation mode can be set in that way to
generate that kind of energy that is most expensive at the given time, to optimize the economics of the plant.

Fig. 1: The SOLTRIGEN Collector Field with SOLITEM PTC 1800 collectors

The first solar trigeneration plant is the SOLTRIGEN project, installed on Cyprus with an ORC engine with 15
up to 25 kW electrical power output. The plant has been set to operation, firstly to test the solar operation of the
ORC process. The solar cooling components, a backup boiler, the optimizing of the single functional groups
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and the combined trigeneration process and the optimization of the economical operation, generating the best
savings on conventional energies at a given time, are further steps. The boundary conditions on Cyprus are
excellent, as both the site shows very good values for the direct irradiation, and the conventional energies are
expensive, as the island shows a strong dependency on the imports of fossil fuels.
The SOLTRIGEN plant includes the SOLITEM Online Monitoring System and operation control. In the future,
several local trigeneration plants in different sizes can be operated in coordination, to cut the peaks of the
electrical compression cooling, of the demand of electricity, and to integrate solar thermal energy in different
ways into the existing energy supply structure. Here an Overall Energy Management System will be necessary.
The economy of scale, also concerning the ORC process, will be another task for the future. The type of
Parabolic Trough Collector and the size of the collector field as well as the single functional groups can be
adapted to the given conditions very exactly. Generally, the higher the capacity of a solar thermal plant is sized,
the better the economics are given. With amortization times below 9 years already today, at the expected
increase of the costs for conventional energies, the economics will be even improved.
The solar trigeneration reduces the energy supply of electricity from conventional energy sources both with
solar cooling, to save electricity for compression cooling, and with the direct electricity generation. For this,
besides the commonly used technologies such as hydro, wind or Photovoltaics, a new possibility to integrate
renewable electricity into the energy supply structure is opened.
3. Renewable Electricity
The usage of renewable energy to generate electricity will be added by solar thermal trigeneration from sizes
such as residential energy supply with several 10 kW up to the MW range, using CSP plants to be connected to
the electrical grid. The small-scale trigeneration plant of the SOLTRIGEN project either can supply the energy
demand at the customer directly, or with connection to the grid generate that kind of energy that offers the best
economics at the given time. Both the solar cooling and the solar electricity generation cause a release in the
load curve of the electrical grid, as the peaks in the demand are cut directly.

Fig. 2: Solar Trigeneration with Solar Cooling, Heating and Electricity Generation at the SOLTRIGEN project

The technologies of Solar Thermal Power Generation can be divided regarding the plant size:
• Residential energy supply, using ORC units adapted to the customers energy demand, usually also
depending on the given installation possibilities. The direct electricity supply enables a much higher
independency on the existing energy supply; especially places such as Cyprus where the SOLTRIGEN plant
is installed, offering good solar irradiation data and suffering from a bad energy infrastructure, can benefit
from this concept.
• District energy supply and electrical power up to the Megawatt range. The single functional group of the
ORC unit and connected components can be designed the more economically, the higher the capacity is
required. This economy of scale is given for each functional group as well as for the whole solar thermal
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plant. ORC units from 500 kW up to 2 MW have better specific costs per kW electricity and are operated at
better efficiencies.
• Solar Power Generation. Operating the thermal collectors at temperatures up to 390 °C, the concept with
a steam engine for electricity generation can be used. This concept is applicable for plant sizes from about 2
Megawatt electrical power up to huge power plants. Below about 2 MW, it is more practicable to operate an
ORC unit than a steam turbine. Actually, the setup of a 10 MWe Solar Power Generation plant is planned for
the South-East of Turkey.
All these paths of solar thermal energy supply will facilitate a significant contribution of renewable solar
thermal energy besides commonly used technologies for renewable electricity.
4. Trigeneration technology
Each SOLITEM solution takes account of the conditions at the customer. The examination of the collector
installation possibilities, with the option of roof integration due to the light-weight design, the option to choose
the suiting type of PTC, and a special arrangement regarding the number of collectors per row and the number
of rows in the field, allows to deploy the best possibilities in the supply with solar energy. Any single consumer
may have a special energy consumption profile. A typical electricity consumption profile of a hotel is shown in
figure 1.

Fig. 3: Typical electricity consumption profile of a hotel

The example shows that in the summer season, the highly efficient solar cooling can be used to cut the demand
for electricity for state-of-the-art compression cooling. The concentration of the solar energy, as done with
Parabolic Trough Collectors, enables about 180 °C operation temperature of the solar hot water cycle. At this
temperature level, which cannot be reached with conventional technologies, the operation of a double-stage
absorption cooling process allows to generate about 1.4 units of cooling energy from 1 unit of solar thermal
energy. Both the energy conversion in the solar collector and that one of the cooling process lead to an overall
process efficiency that allows the economical operation; in best cases, such as calculated for a hotel planned to
be installed on Cyprus, the static amortisation time is less than 9 years already today.
Special applications occur if the electricity supplier offers energy at high-tariff time in the evening, as done for
example in Turkey. In this case, the usage of hot water storages to operate the absorption chiller after sunset can
improve the economics additionally.
As it makes no sense first to convert conventional energy into electricity and than operating a compression
cooling system with electricity, the efficient usage of solar energy as described above offers a better overall
energy conversion efficiency. If electricity is required additionally, all common technologies, such as
Photovoltaics or CSP, have the disadvantage that only on kind of energy is generated.
For this, the challenges of storing electricity, improving the grid, and the setup of an intelligent consumer
structure (“smart grid”) that has the information when solar energy is offered and can be used, have to be
solved. This implies time and additional investment. Especially the storing of huge amounts of electrical energy
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won’t be easy, but maybe answered with the integration of the traffic sector into the concept. Using electrical
cars, the batteries of the cars will take over a significant share to store the energy.
The way to combine the energy conversion units for cooling and electricity generation directly enables the
customer to use that kind of energy that either is required, following the load curve, or to use that one that is
most expensive at the given time. For this, the combination of solar electricity generation with the complete
concept has to be evaluated different to the PV or CSP technologies.
ORC processes for electricity generation are operated at several temperature levels. The level of 180 °C that is
used in the described applications is sufficient for the ORC operation. While several customers have demand
for electrical power in the range of about 150 kW, the specific electricity generation costs can be decreased
with increased power. In spite, to customize the component size to a small-scale application, the SOLTRIGEN
plant is designed for only 15 up to 25 kW electrical power. The SOLTRIGEN plant is the first step to combine
the technologies. For any specified solar solution, the plant design and the sizing of the main components has to
be adjusted to the demand structure, i.e. the single functional groups for cooling or electricity generation have
to be chosen according to the given requirements. In general, the higher the capacity (thermal capacity of the
collector field, cooling capacity of the chiller, electrical power output of the ORC), the better the economics.

Fig. 4: SOLITEM Online Monitoring System at SOLTRIGEN

The system is equipped with the SOLITEM Online Monitoring System, as shown in figure 4. The operation is
full automatic. Using an Overall Energy Management System, the energy distribution can be arranged in that
way that the best economical operation mode is switched on automatically, i.e. the Programmable Logic
Controller PLC of the Switching Cabinet has the information which kind of energy at which point of time
should be used directly by the customer, should be supplied by a conventional solution, or should be fed into a
common grid.
5. Solar Power Generation
Above about 2 Megawatt electrical power, a conventional steam turbine offers better possibilities than the low
temperature ORC process. The South of Turkey offers cities with a value of the Direct Normal Irradiation
above 2.000 kWh per square meter and year. Actually, it is planned to install a 10 MWe Solar Thermal Power
Plant.
The collector field with the Parabolic Trough Collectors will be combined with a storage group, to be able to
supply electricity for 24 hours. The total electrical efficiency is about 30%. For the huge thermal capacity to be
installed, a bigger PTC model than the PTC 1800 will be used. The collector field is built up in a modular
design, using thermal oil as heat transfer medium for 390 °C operation.
While the trigeneration and solar cooling plants regard the energy supply with solar thermal generated energy
while the solar irradiation offers the best values, the operation of the solar power generation is different. Even at
low irradiation values, the thermal operation start. The range between average and peak radiation values is used
to store the thermal energy.
This concept for the direct electricity generation requires several new developments:
•
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Application of huge Parabolic Trough Collectors, using thermal oil at 390 °C for the heat transfer.

• Combining the functional groups collector field, storage group, and the power units to one whole solar
power plant.
For huge thermal capacities and the solar thermal power generation, SOLITEM developed larger Parabolic
Troughs. The PTC 1800 has 1,80 meter aperture width and offers about 4,5 kW thermal capacity at standard
conditions. For the solar power generation, bigger PTCs with a larger aperture width will be used.
The combination of the collector field with the high temperature storage group is novelty. Several state-of-theart possibilities are given. Actually, the best operation is the usage of molten salt for the 390 °C operation.
6. Conclusion
The described solar trigeneration, the integration of electricity into multi-functional solar thermal energy
supply, and the setup of large-scale solar power generation plants offer several advantages:
•

Easy integration of renewable energy systems.

•
Application of the fitting technology for the given boundary conditions, concerning the PTC
installation possibilities, the energy demand, and the total plant size.
•

Increasing the technical potential of solar energy.

•

Offering all kinds of required energies with on solar energy plant and at the same time.

•

Using sustainable and zero-emission energy.

•

Enabling the economical usage of solar energy already today.
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1. Introduction
The modern development of concentrated solar power (CSP) plants worldwide started with the first oil crisis
in the early 70’s, and peaked with the nine commercial SEGS plants built in the Mojave Desert in California,
with an average yearly direct normal insolation (DNI) up to 2727 kWh/m2 year, between 1984 and 1990
(Fernández-García et al., 2010). It is mainly because of these installations that plants based on parabolic
trough collectors (PTC) are the most mature and cost-effective CSP technology (Price et al., 2002). Several
other solar power plants of this kind are currently being built. Another option for line-focus concentrators to
which consistent R&D efforts are being devoted involves linear Fresnel collectors. This technology has the
potential of significantly reducing the cost of the solar field, which constitutes the largest share of the total
initial investment and the cost with the highest margin for reduction (Pitz-Paal et al, 2007). Linear Fresnel
collectors are now in the pre-commercial stage (Mills, 2004).
In conventional solar thermal power plants a heat transfer fluid (HTF, typically synthetic oil) is used in a
closed loop to carry the thermal energy over to the working fluid of the steam Rankine cycle power system.
Techno-economic optimization leads to a typical power capacity of the order of 50 MWE due to the
complexity and cost of a steam power plant. The corresponding footprint is approximately 25 hectares. The
value of the turbine inlet temperature, which is directly related to the efficiency of the thermodynamic cycle,
is limited by the HTF thermal stability. Available oils are compatible with operating temperatures up to
approximately 390 °C, thus limiting the live steam temperature to a lower value. Conversely, the thermal
efficiency of the solar field decreases with increasing temperature of the absorber, since higher temperatures
increase the heat losses to the environment. Major research and development efforts are underway to
improve the performance of absorbers at higher operating temperatures (Benz, 2007). In order to increase the
steam temperature at the turbine inlet, other HTF’s such as molten salts are being investigated (Eck and
Hennecke, 2007; Kearney, 2007; ENEA, 2011). An all-together different concept is to directly generate
vapor in the collector, thereby making the intermediate HTF-loop redundant. Direct steam generation (DSG)
would allow a substantial reduction of the cost of the solar electricity produced mainly by (Müller, 1991;
Cohen and Kearney, 1994; Pitz-Paal et al., 2007)
 increasing the power plant efficiency. Live steam up to 500 °C and 100 bar (at the solar field outlet)
has been proposed (Benz, 2007; Birnbaum et al., 2010).
 decreasing both the cost and the complexity of the plant as the HTF loop and the expensive heat
exchanger between the HTF and the working medium of the Rankine cycle is avoided.
The main drawbacks of DSG technology can be summarized as follows:
 the absorbers and the piping in the whole solar field must endure both elevated pressures and
temperatures, which poses technical challenges;
 operational difficulties might arise because the two-phase flow in the absorber can cause
unacceptable circumferential temperature gradients under certain operating conditions in terms of
heat-flux and mass flow (Eck and Steinmann, 2004; Martínez and Almanza, 2007).
In addition, a Ledinegg-type hydrodynamic instability might also occur due to the evaporating flow,
leading to potentially risky pressure’s oscillations and thus requiring additional equipment and
complications in term of control of the loop (Taitel, 1990; Odeh et al., 2000). Extended research
activities on these phenomena have been carried on in the recent past, with the aim of identifying
feasible operational strategies (Valenzuela et al., 2005; Valenzuela et al., 2006; Eck and Hirsch,
2007).
 Thermal storage concepts suitable for DSG are inherently more complicated and less efficient, if
compared to systems for conventional solar thermal power plants. This is due to the need for a
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multi-stage system with a combination of sensible- and latent-heat storage sections (Tamme et al.,
2004; Steinmann and Tamme, 2008; Pitz-Paal et al., 2007).
Nonetheless, the feasibility of the DSG configuration has been proven under real solar conditions at the PSA
DISS facility in Almería, Spain (Zarza et al., 2004). Further work is ongoing with the aim of demonstrating
the technology at a pre-commercial scale (Zarza eta al., 2006).
Organic Rankine cycles (ORC) turbogenerators are technically and economically attractive energy
conversion systems for so-called external thermal energy sources in the small-to-medium power range (from
few kWE up to few MWE); the advantages of an organic working fluid compared to water for such plants’
sizes have been demonstrated (Angelino et al., 1984). ORC power systems are successfully employed for the
conversion of medium and low temperature energy sources such as industrial waste-heat, biomass
combustion, geothermal reservoirs, and their market is growing at a fast pace. In this power range and for
moderate and low temperature (up to 400 °C), ORC based conversion units are arguably more efficient and
cost-effective than steam power plants (Quoilin et al., 2009).
The use of ORC turbogenerators for the conversion of high-grade energy source has been studied
(Obernberger et al., 2004; Invernizzi et al., 2007) and first ORC-based CSP solar plant prototypes were put
into operation several years ago (Verneau, 1978; Angelino et al., 1984); new commercial plants are planned
and currently under construction worldwide (Turboden, 2011).
Recently, a new paradigm for the successful development of thermal solar plants has arisen (Price and
Hassani, 2002): economy of production can be achieved by means of high-volume manufacturing of
small-capacity standard and modular systems, suitable for distributed energy conversion, instead of larger
centralized power plants (Prabhu, 2006). On this same development path is also the technology of Stirling
engines powered by a solar-dish coupled: the Maricopa (AZ) pilot plant, made of 60 dish-Stirling systems
(each producing a nominal gross power of 25 kWE), started operation on January 2010 (Solar Paces, 2011).
As a matter of fact, after the success of the SEGS plants (ranging from 14 up to 80 MW E), no more
commercial plants have been built in the US between 1990 and 2004 and the reason is the high risk
connected with the large initial investment and footprint associated with multi-Megawatt solar plant. Even
recently, several projects for the realization of large solar power plants have not gone beyond the initial
phase in many countries (Fernández-García et al., 2010).
The advantages of the new small-scale approach to the development of solar thermal power plants can be
synthesized as follows:


Cost-effectiveness can be reached by large-series production of standard modular units (both
PTC and power conversion unit), thereby achieving economy of production. Standard units can
be assembled in the factory and delivered skid-mounted for fast and easy installation, thus
reducing associated costs.



Market penetration in the initial phase is eased by the low absolute value of the initial
investment (at least one order of magnitude). Even if the specific cost is comparatively high,
but not unreasonable, the risk can be managed. First technically successful installations can
promote rapid growth.



A small-modular plant can provide local value and meet local customer’s needs, rather than
generating power for the wholesale market.



Small power plants can be fully automated and remotely controlled, significantly reducing
O&M costs, which are a non-negligible component of the operating costs of large installations.

The first research and development project which investigated the feasibility of this concept, named
STORES (Prabhu, 2006), resulted in the identification of ORC turbogenerators as the optimal conversion
technology for distributed thermal solar power, mainly because of its reliability and sufficient performance.
The outcome of the study has been the construction of the first solar plant of this kind in the Saguaro Desert,
AZ (average yearly DNI over 2500 kWh/m2 year). The plant has a nominal power of 1 MWE and an average
annual efficiency of 12%, it features a small-capacity thermal storage unit and no need for onsite staff
(Canada et al., 2006; Kolb and Hassani, 2006). This was the first new PTC solar-thermal power plant to
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come on-line in 15 years.
The study documented in this paper is related to the concept of Direct Supercritical Fluid Generation (DSFG)
in the solar absorber of a parabolic trough, in combination with a high-efficiency small-capacity ORC
turbogenerator (figure 1). The idea stems from the observation that siloxanes, a suitable working fluid for
ORC turbogenerators, are also employed, as mixtures, in the very same thermal oil loops of large solar power
plants. The underlying objective is the evaluation of the possibility of reaching comparatively higher energy
conversion efficiency and lower initial investment, thanks to the simplicity of the overall plant configuration.

Fig. 1: Conceptual plant layout of the DSFG system (from the Cycle Tempo graphical user interface) dimensioned to be
installed in Tucson, AZ. The nominal power output is 100 kWEL, and the corresponding estimated net efficiency is ηNET=22%.
Solar field constituted of a single ET-150 SCA, ASF = 817.5 m2, AvailabilitySF = 0.96, DNIDES = 950 W/m2, ηOPT_DES = 75 %.

2. Plant configuration and working fluid
With reference to figure 1, the organic fluid in the supercritical state (pressure greater than the critical
pressure of the fluid) is circulated directly in the solar absorber, where it is heated and reaches the maximum
cycle temperature (also supercritical), before expanding in the turbine. Due to the thermodynamic
characteristic of the fluid, namely the large heat capacity, the vapor at the outlet of the turbine is at high
temperature in a dry superheated state, therefore a heat exchanger (the regenerator) transfers its thermal
energy to the liquid at the outlet of the main pump, substantially increasing the thermal conversion
efficiency. An air-cooled condenser further cools the organic vapor, condenses it, and brings it to a
sub-cooled temperature at the inlet of the pre-feed pump.
The working fluid considered in this study belongs to the family of siloxanes (Angelino and Invernizzi,
1993; Colonna, 1996; Angelino and Colonna, 1998), and more specifically it is D4
(octamethylcyclotetrasiloxane, [(CH3)2-Si-O]n, with n=4, a cyclic molecule), see Tab. 1. Linear siloxanes are
already employed in commercial ORC turbogenerators and they are non-toxic, environmentally friendly
(ODP and GWP are both zero), low-flammable, bulk-produced and highly thermally stable (Colonna 1991,
Angelino 1993, Colonna, 1996, Angelino 1998). The selected cyclic molecules are slightly more complex
than currently adopted linear siloxanes, thus arguably more suited for the power capacity considered in this
preliminary study (100 kWE) (Angelino et al., 1984). Specific models for the calculations of thermodynamic
properties for these fluids have recently been developed (Colonna et al., 2006; Colonna et al., 2008).
One of the key points is that, due to the low critical-pressure values of suitable working fluids (around 10
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bar), it is technically and economically feasible to pressurize the fluid in such a way that the pressure in the
collectors is kept above its critical value. In addition, though some technical challenges are connected to heat
transfer and fluid dynamic features, supercritical flows of siloxanes could work as heat transfer media
equally well to currently adopted pressurized liquid mixtures of siloxanes.
The supercritical ORC configuration has already been studied for space power applications (Boretz, 1986;
Colonna, 1991; Angelino and Invernizzi, 1993), for geothermal applications (Bliem and Mines, 1989), and
more recently also for heat recovery applications (Schuster et al., 2010; Astolfi et al., 2011). A number of
concepts have also been proposed for high temperature systems (Fernández et al., 2011).
The envisaged advantages of the proposed DSFG solar ORC turbogenerator are:


High conversion efficiency: the cycle configuration reduces thermodynamic losses, as thermal
energy is directly transferred to the working fluid at comparatively higher temperature;



plant simplification: as in DSG steam power plants, the primary heat exchanger, the phase
separator, and the HTF are not needed; furthermore the pressure levels are much lower.



ease of operation: all the problems related with the evaporative section of the solar absorber can be
avoided;



high thermal capacity of the working fluid: the working fluid might be used also for direct thermal
storage (Beckam and Gilli, 1984).
Tab. 1: Main properties of D4 (Colonna et al., 2006)

D4

Tcr [°C]

Pcr [bar]

MW [g/mol]

TBOILING [°C]

ρcr [kg/m3]

313.34

13.32

296.62

175.35

305.79

3. Method
In order to obtain preliminary results about the performance of the plant, several models have been
developed and implemented in computer programs, which have been used to perform simulations. Initially a
1D model of the solar absorber employing supercritical organic fluid has been developed in order to correctly
estimate the thermal energy made available to the power conversion unit. The validated model has been
reduced in order to make it compatible with a steady-state system model of the entire power plant (solar field
and power conversion unit). The reduced model of the absorber and of the power conversion unit have been
implemented into a commercial software (see fig. 1) capable of on- and off-design simulations (Van der Stelt
et al., 1980-2011). The steady state simulation program has been already validated with field data and used
successfully in numerous studies on ORC power plants (Angelino and Colonna, 1998; Angelino and
Colonna, 2000a; Angelino and Colonna, 2000b). A library for the estimation of thermophysical properties of
fluids (Colonna and Van der Stelt, 2004) is used for thermodynamic and transport properties calculations in
all cases. Finally, the simulation of one year of operation utilizing data related to solar radiation over a
typical location has been carried out. A steady state simulation is run for each hour of the year, using the
appropriate DNI and weather data from a database. The results are post-processed in order to obtain the most
important performance parameters.
4. Models
4.1. Absorber
The solar energy collecting equipment (SECE) for the proposed plant does not differ from a conventional
PTC, but for the working fluid, which is in the supercritical state. Main components of a SECE are the solar
collector assembly (SCA), including mirrors, the structures, the tracking system, and the absorbers tubes.
SCAs are connected in a series forming a loop. The solar field (SF) is made of many such loops. A
one-dimensional steady-state physical model of the absorber (SOLAB) has been implemented in Fortran90,
as no suitable program for the detailed simulation of an absorber containing a supercritical fluid has been
found elsewhere. A similar finite-volumes absorber model has been recently proposed and extensively
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validated against experimental data for the case oil as HTF within the absorber (Forristall, 2003). The
absorber is discretized in heat collecting elements (HCE). Thermal losses can be calculated along the length
of the adopted solar loop by solving energy balance equations accounting for the heat transfer fluid, the
receiver, the glass envelope and the environment. Pressure losses are estimated with correlations, as well as
the main field and optical losses.
Almost no scientific literature is available regarding the experimental assessment of heat transfer or pressure
drop correlations applicable to the flow of complex supercritical organic fluids in pipes. Experiments and
theory show that in water and carbon dioxide, an enhancement of the heat transfer coefficient (HTC) in the
near critical region can occur for a certain range of the heat fluxes, while the phenomenon of heat transfer
deterioration (HTD) can take place under conditions of high q / G (being q the heat flux and G the mass flux)
(Pioro et al., 2004a). Figure 2 shows the variations of some properties of interest in heat transfer and pressure
drop calculations in the critical region, according to the models applied for D4.

Fig. 2: Variation of thermo-physical properties of interest for the estimation of the heat transfer coefficient in the critical region.
The fluid is D4. a) Density and specific enthalpy, b) Prandtl number and isobaric specific heat. Properties vs. reduced
temperature are shown along two isobars (reduced pressure).

In this work a recent correlation (Bae and Kim, 2009) for the estimation of the heat transfer coefficient has
been selected. This correlation is capable of predicting with sufficient accuracy also the deteriorated heat
transfer regime and it has been validated against experimental data also for HCFC-22 in the near critical and
supercritical region. According to the authors, if the non-dimensional group Bu = Grb/(Reb2.7Prb0.5)
(accounting for HTD) is small enough (Bu<10-8), heat transfer can be predicted with classical
Dittus-Boelter-like equations. Given the foreseeable values of the process parameters involved (mainly in
terms of heat flux and mass flux), this limit is not likely to be reached in any operating condition. These
conclusions are also coherent with the limits suggested by other authors (Hitch et al., 1997; Grabezhnaya and
Kirillov, 2006). Thus the following equation has been used in the present work (Bae and Kim, 2009):
0.82
0.5   w
Nu  0.021  Reb  Prb  
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Where n is a function of TWALL, TBULK and TPSEUDO-CRITICAL. The estimation of the pressure drops in the
absorber tube can be performed with usual methods provided that some kind of correction is applied, mainly
to take into account the accelerations along the tube consequence of sharp density changes (Pioro et al.,
2004b). The proposed formula has the form
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Where the friction factor ξFR is evaluated as follows (Filonenko, 1954)
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Figure 3a shows the comparison between data calculated with SOLAB and the reference data (Forristal,
2003): calculations are performed with the same hypothesis in terms of SECE, working fluid –
Therminol-VP1 (Solutia Inc., 2009) – and operating conditions. The curves display the global efficiency
(thermal efficiency at peak optical efficiency) of the collector. One of the calculated iso-DNI curve
(DNI=300 W / m2) shown in Figure 3a shows also values for supercritical D4 instead of Therminol-VP1.
Being the heat transfer properties and specific heat of the two fluids quite similar, there are no appreciable
differences in the efficiency of the collector (mainly function of absorber’s outer wall temperature) for the
two cases. Figure 3b displays the pressure and the convective HTC between the fluid and the inner wall in
the HCE as a function of the position along the absorber. An increase in the HTC is predicted and this is due
to values of the fluid temperature close to the critical one.

Fig. 3: a) Validation of the 1-D absorber model by comparison with reference data (Forristal, 2003): collector global efficiency
vs. average HTF temperature, the incidence is zero (peak optical efficiency), the fluid is Therminol VP1, the mass flow is 8 kg/s.
b) Convective heat transfer coefficient and pressure in the absorber for fluids VP1 and D 4 as a function of the position along the
absorber. TINL = 300 °C, DNI = 850 W/m2, TOUT = 325 °C. LS-2 Collector and Solel UVAC Cermet selective coating.

Fig 4: a) Exergy efficiency of an ET-150 collector (supercritical D4) under varying TOUT and irradiation. TIN is 250 °C, and the
incidence is zero (peak optical efficiency); exergy of solar radiation calculated according to Candau (Candau, 2003). b)
Maximum wall temperature and working fluid mass flow as a function of DNI and TOUT (TIN is 250 °C).

Figure 4a shows the map of the computed exergy efficiency for a SCA ET-150 with the Schott PTR-70 heat
collecting element. The working with fluid is D4 entering at 250 °C, with varying outlet temperatures and
irradiation levels. As expected (Bejan, 1981; Fiaschi and Manfrida, 2010), unlike thermal efficiency (see fig.
3a), the exergy efficiency does not show a monotonic behavior with respect to fluid temperature, but the
optimal operating temperature is lower than the maximum achievable under certain irradiation conditions.
Figure 4b shows, for the same conditions of the results of figure 4a, the map of the maximum wall
temperature and of the mass flows as a function of the loop outlet temperature and DNI. It can be seen that,
due to the efficient heat transfer process, conditions at which thermal decomposition of the fluid can be
expected, i.e. approximately TWALL-MAX = 400 °C (Colonna P., 1991; Angelino G., Invernizzi C., 1993) are
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not reached for any of the foreseen operating conditions.
4.2 Solar Field
The solar field simulated for this study is composed of one single ET-150 SCA with Schott PTR-70
absorbers; the selection of such a relatively large SCA could be plausible wherever a footprint to approx 6 m
x 150 m is available. This could be the case of a shopping center in a sunny country.
In order to obtain the model of a solar field which is suitable for the year-round simulation of the
performance of the entire power plant in terms of complexity/computational time, a lumped parameters
model has been derived by reduction of the 1-D model. Heat-losses (HL) have been modeled as a function of
TFLUID, TENV, DNI, θINCID, and VWIND through the functional form (Burkholder and Kutscher, 2009)





2
3
2
HL  A0  A1 THTF  Tenv  A2THTF  A3THTF  A4  DNI  IAM  cos INC  THTF 
 Vwind  A5  A6 THTF TAmb  

(1.4)

Where IAM is the incident angle modifier for the given SCA (Forristal, 2003). The coefficients have been
determined using the Levenberg-Marquardt algorithm for least squares curve fitting (Press et al., 1992),
starting from the results obtained with SOLAB. As shown in the previous section (see figure 3a), the use of
supercritical fluid has negligible influence on the thermal efficiency of the collector, if compared to a HTF,
thus the values of the calculated coefficients are similar to those taken as the reference (Burkholder and
Kutscher, 2009). Given the almost linear behavior of thermal losses with respect to fluid’s temperature, the
power lost across the whole loop can be determined by integrating eq. 1.4. An additional loss of 10 W / m2
has been considered in order to account for piping losses (Forristal, 2003). Optical losses for off-design
conditions have been modeled with the usual approach, i.e., by considering the IAM and the end-losses from
the collector (shadowing losses have not been accounted for, as in this case there is only one SCA). Finally,
the instantaneous, useful thermal energy (per unit length of collector) is calculated as

Qinput  OPT  DNI  WAP  cos  IAM  End Loss  QThermal loss

(1.5)

Where ηOPT is the peak optical efficiency, WAP [m] is the collector aperture, θ is the incidence angle (mainly
dependent on the plant’s location, time of the year and tracking axis orientation) (Duffie and Beckam, 2006).
Given the values expected for the pressure drops across the SCA (less than 1 bar in design conditions), this
quantity has been considered fixed and independent from the mass flow. A value of 2 bar is set for the
pressure drop such that it includes all the other losses in the cold header and in the valves.
4.3 Components of the power conversion unit
Given the considered power capacity and the need for modularity, compact plate heat exchangers have been
modeled for both the recuperator and the air-cooled condenser; the dimensioning procedure (determining
exchangers layout and surface areas satisfying the given process constraints) has been carried out by means
of a commercial package for the design of compact heat exchangers (Aspentech, 2007). All the main
parameters related to on-design operation of the ORC power unit are reported in figure 1. For off-design
conditions the overall heat transfer coefficient U

 1

 hIN




hOUT 
1

1

has been varied proportionally to the

mass flow G (neglecting thermal resistance on the process side) as (Incropera and De Witt, 2002),

hOff-Design

 GOff-Design 
 hDesign 

 G
 Design 

n

(1.6)

The exponent n has been determined by fitting off-design simulation results performed with the commercial
package. The fluid is considered to enter and exit the condenser in saturated conditions, and the condensation
pressure is considered fixed by the control of the coolant mass-flow. The pressure drop across the heat
exchangers is also considered constant in off-design conditions for simplicity.
The modeled expander is a single-stage supersonic axial turbine. The turbine is assumed chocked in all
operating conditions, and the result of the design calculation is the critical nozzle area (where sonic
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conditions occur) (Dixon, 1998). For off-design simulations there exists a relation between the mass flow
and inlet pressure. The isentropic efficiency of this type of turbomachinery strongly depends from the
expansion ratio : the efficiency is a parabolic function of u/ C0 for different values of, being u the
rotational speed and C0 the ideal discharge velocity ( C0  2hIS ) (Verneau, 1987). The locus of maximum
efficiency can in turn be described by a logarithmic function of the expansion ratio. The rotational speed is
considered to be controlled in order to operate the turbine at maximum efficiency for a given expansion ratio.
For simplicity, the efficiency of the pumps and of the fans are assumed constant and equal to the design
values for all off-design conditions, as well as the efficiency of the high-speed generator.
For this first study, the temperature at the outlet of the solar field is assumed controlled and kept at a constant
value (see fig. 4a), even though it is known that such a control strategy is a sub-optimal; the mass-flow
therefore can fluctuate as a response following the available irradiation. The control strategy must also
guarantee that the pressure of the working fluid in the solar field is supercritical for all operating conditions.
In order to fulfill these requirements, a valve is placed at the outlet of the solar field (see fig. 1), such that the
pressure at the inlet of the chocked turbine can be reduced in case of low irradiation. Conversely the the main
pump is appropriately regulated if the mass-flow must be higher than the nominal value.
5. Simulation of one year of operation
The hourly simulation of one year of operation has been carried out in order to evaluate the performance of
the proposed system. For this exemplary case, the data for solar radiation and environmental conditions are
those of the Saguaro power station in Tucson, AZ (Canada et al., 2006; Kolb and Hassani, 2006). Data on air
temperature, wind speed and DNI have been obtained from the TMY3 weather-data bank (NREL, 2008).
An availability factor of 0.96 has been assumed for the solar field, coherent with an unmanned installation. A
reducing factor of 50% has been considered for hours where irradiation was enough to run the plant, but no
sun had been available for the previous five hours. In this way a rough estimation of the energy contribution
required for start-up operation is introduced (Cabello et al., 2011); the value is chosen considering the high
flexibility of ORC turbogererators.
The performance of the 100 kWE DSFG ORC system is finally compared to the performance of the 1 MWE
Saguaro plant (Canada et al., 2004); being the SECE and thus the optical performance almost the same for
the two cases (Fernández-García et al., 2010), the main difference is the performance of the power
conversion units. Tab. 2 shows the main performance parameters of the simulated and the actual
installations.
Tab. 2: Performance comparison between 100 kWEL DSFG system and 1 MWEL Saguaro power station (Canada et al., 2004 )

Saguaro Desert, Tucson, AZ

Plant Location
2

DNI [kWh/m year]
Plant
Plant Size [kWE]
SECE collectors/absorbers
Solar Field Size [m2]
Solar Field availability
Solar Field HTF
ORC working fluid
Nominal Data
Condensation Temperature [°C]
ORC Turbine gross output [kWE]
TINLET-SF [°C]
TOUTLET-SF [°C]
TINLET-ORC-TURBINE [°C]
pINLET-ORC-TURBINE [bar]
ηORC
ηSOLAR-TO-ELECTRIC
Results
Annual Capacity Factor
ηSOLAR-TO-ELECTRIC_Annual

2636
Saguaro APS
1000
Solargenix DS-1/Schott PTR70
10340
Xceltherm 600
n-Pentane

DSFG-scORC
100
Eurotrough ET-150 /Schott PTR70
817
0.96
D4 (supercritical)
D4

15
1160
120
300
204
22.3
20.7 %
12.1 %

80
120
270
380
380
15
22.3 %
13.5 %

23 % (Gross)
7.5 % (Gross)

25% (Net)
13.5% (Net)
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6. Conclusions and future work
The study documented in this paper is focused on the feasibility of a new concept for a small-scale CSP plant
(100 kWE). The power conversion unit is a high-efficiency, therefore high-temperature, air-cooled ORC
turbogenerator powered by Direct Supercritical Fluid Generator: the working fluid (a siloxane) is pressurized
at supercritical level and the supercritical fluid receives thermal energy directly in the absorber. A
supercritical cycle with the selected working fluid features a low maximum pressure and no need for an
intermediate heat transfer loop. The system configuration is therefore simple and suitable for standardization
and high-volume production. The simulations show that in condition of optimal insolation the maximum net
conversion efficiency is 22.3 % while the net electrical efficiency over one year of simulated operation is
13.5%. These projected values are higher than those available for the best solar ORC plant in operation,
which is water cooled, and close to those of proposed high-efficiency air-cooled large solar power stations
(Mittelman and Epstein, 2010).
A high value of the turbine inlet temperature (380 °C), together with a relatively high value of the
condensation temperature (80 °C) of the thermodynamic cycle have been selected. The thermal stability of
the fluid over long period of operation should be better investigated, though preliminary results are
promising provided that the fluid is properly treated and the plant made completely air-tight.
Future work, made possible by the availability of the tools developed for this study, will consider the
optimization of the operating parameters, the possible advantage of using mixtures as working fluids, the
possibility of using the working fluid also for thermal storage. Several improvements to the models are under
scrutiny, namely more complex and accurate models for the heat exchangers, of the turbine and of the heat
transfer characteristic of the supercritical fluid. A dynamic model of the system is under development for
control studies. The construction of a proof-of-concept prototype power conversion unit with commercial
participation is also presently discussed. Tests on an absorber in which supercritical siloxanes is flown
should also be undertaken.
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1.

Introduction

One of the short-term priorities for renewable energies in Europe is their integration for local power supply
into communities and energy islands (blocks of buildings, new neighbourhoods in residential areas, shopping
centers, hospitals, recreational areas, eco-parks, small rural areas or isolated ones such as islands or mountain
communities) These applications strongly influence field concepts leading to modular systems capable to
more closely track demand tracking, meet reliability requirements with fewer megawatts of installed power
and spread construction costs over time after output has begun. In addition, integration into single-cycle
high-efficiency gas turbines plus waste-heat applications clearly increments the solar share (Romero et al.,
1999; Gonzalez et al., 2010).
Table 1 summarizes an overview on potential concentrating photovoltaics (CSS) integration in buildings
(Chemisana, 2011). Besides, other interesting building integration solutions have been deeply analyzed,
particularly those related to ready-to-use façade integration (some examples are illustrated in Fig. 1).
In this work, it is presented a feasibility study based on optical analysis of an innovative concept integrating
a concentrating solar system in buildings and the main guidelines for developing it from an architectural
point of view. Figure 2 shows an example of the proposed system, named Vertical Reflector Field or Vertical
Heliostat Field (VHF). It is based on central receiver concentrating solar technology. A south-façade is used
as reference frame for installing a heliostat field. Radiation coming for the Sun towards the south-façade is
redirected by the heliostats towards a receiver placed in front of the solar field.
Tab. 1: Classification of concentrated systems applied to building integration (adapted from (Chemisana, 2011)). Notation:
NTS, non-tracking systems; TAT/ESM, two-axis tracking and entire system moveme nt; O AT/ESM, one -axis tracking and
e ntire syste m move me nt.

S ystems

Advantage

1-High Concentration

2-Medium Concentration

3-Low Concentration

C > 100x
1.1 - Point focus Fresnel
systems (TAT/ESM )
1.2 - Cassegrain Optics Concentrators, (Gordon, Feuermann,
2005) (TAT/ESM )
1.3 - Light guide Solar Optics
Concentrators (TAT/ESM )

(10x < C < 100x)
2.1 - Parabolic Trough
Concentrators (OAT/ESM )
2.2 - Linear Fresnel reflectors
(TAT/ESM )
2.3 - Linear Fresnel lenses (TAT/
ESM ; O AT/ ESM )

(C < 10x)

Electrical production efficiency

(2.3) Separate the beam from the
diffuse solar radiation.
Interior illumination building control feasibility

3.1 - V-Trough (NTS)
3.2 - CPC-Compound Parabolic Concentrators (NTS)
3.3 - Fluorescent
Concentrators, Quantum dot
Concentrators and Holographic Concentrators (NTS)
Low-cost
Concentrate direct and diffuse radiation
Flexible aesthetical façade

Optical and structural cost
effectiveness
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Disadvantage

Requires high precision

Overheating of Linear CPVs
systems.

(3.1 and 3.2) reduce interior
lighting

Integration

Flat roofs

(2.1) flat roofs, (2.2 and 2.3) flat
or inclined roofs and façades.

At any building location

(a)

(b)

(c)

(d)

Fig. 1: (a) Concentrating PV wall e lement section (Brogen et al., 2003); (b) Le ft: solar window, Right: parabolic re fle ctor and
the absorber (Davidsson et al., 2010), (c) Siemens PV module reflector concentrating syste m (Gajbe rt et al., 2007), (d) Le ft:
Curtain wall archite ctural de sign, Right: Parasol archite ctural de sign (Che misana, 2011).

Fig. 2: (Le ft) Artistic vie w of a Ve rtical Re fle ctor Fie ld; (Right) Ray tracing of a 100kW th plant.

2.

Optical analysis

2.1. Description of the concentrating solar system components
In order to perform the feasibility analysis, it has been defined a reference case consisting in a 100 kW th
Vertical Heliostats Field installed in Móstoles, Spain (40º Lat.). Design point is noon time of Julian Day 81
with a nominal DNI of 850 W/m2 .
Vertical Heliostat Field (VHF). It is composed by 196 heliostats placed on the south building façade. Each
heliostat has a 1-m2 square mirror with 0.90 reflectivity and 2.6 mrad optical error (reflected ray). Among the
different technologies of reflectors available today, small heliostats adapted from existing façade shading
elements have been selected in order to minimize the structural stress loads.
For including the influence of the distance between heliostats edges or heliostats spacing, three distances
have been taken into consideration: 1 m, 0.5 m and 0.01 m. These distances are compatible with a small
occupation area, a major concern as strong constraint in urban integration.
Three different types of architectural configurations have been analyzed and evaluated under optical
efficiency terms (see fig. 3): (1) Tower-type façade, corresponding to office buildings, (2) Square-type
façade, related to housing buildings, and (3) Wide-type façade, associated to shopping centers or malls.
Square Buildings are representative of those fields that have similar horizontal (x axis) and vertical (z axis)
dimensions. Tower buildings fit into slim fields where vertical dimension is larger than the horizontal.
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Fig. 3: (a) Square -type , (b) Wide -type , and (c) Towe r-type ge ome trie s; (d) Re ce ive r locations.

Finally, the wide-type configuration fits into fields where horizontal dimension is larger than vertical one.
Tower. Receiver position is crucial for establishing solar power plant performance. In the present work, it is
assumed that receiver is placed on North-South axis at 20 m from the VHF (N-S axis crosses thru the center
of the VHF). Besides, required annexed spaces for power generation, thermal storage and/or control system
are supposed to be located at the same front building.
Once the tower location fixed, three different heights have been considered, corresponding to the mid façade,
roofline and upper mid façade of the façade on which the VHF is installed (see Fig.1).
Receiver. It has been considered a common aperture size of 0.6 m in diameter. Although the receiver design
is out of scope in the present work, its choice would depend on the power of the plant, and it could be used to
solarize a gas turbine, Stirling engine, heating water, etc. A suitable non-glints receiver design proposed by
Imenes and Mills (2004) is showed in figure 4. This design would avoid undesired glare effects in urban
environment.

Fig. 4: Cavity re ce ive r with PV ce lls as a solution for avoiding glare e ffe cts (Ime ne s and Mills, 2004).

2.2. Computational modelling
Calculations have been performed in three representative days: vernal equinox (day 81), summer solstice
(day 172) and winter solstice (day 355). VHF receives solar radiation from 6 a.m. until 6 p.m. on day 81,
sunrise and sunset, respectively. On day 172, VHF receives solar radiation approximately from 8 a.m. until
16 p.m., and further this time, even if the sun keeps a high elevation angle, its azimuth angle is larger than 90º, which means that the sun is located behind the building where the heliostats are installed and no
radiation arrives to the mirrors. On day 355, VHF also receives radiation from 8 a.m. until 16 p.m., sunrise
and sunset. Annual results have been obtained taking into account the hourly results of these three days
(Kistler, 1986). Receiver tilt and optimal focal length have been optimized for all computer-modeling cases
in order to compare the results in their best conditions.
Considering the three VHF configurations (square, wide and tower), three receiver heights, three heliostat
inter-separations, and time points, at least 1000 cases have been accomplished.
During the computer-modeling process, several software tools have been employed, such as TracePro 7.04
software (Lambda Software, 2011), based on Monte Carlo ray tracing method, Microsoft Excel and
Matlab®.
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2.3. Calculation results
Square-type heliostat field
Hourly global optical efficiency for square-type case is shown in figure 5. Calculations indicate that the best
configuration for this typology corresponds to a heliostats spacing of 1 m and a receiver placed on the
roofline. Annual optical efficiencies are collected in Table 2. Roofline is the best height receiver choice for
every heliostats separation, reaching 144.86 kW th in the receiver on day 81 at noon. Along the year, it is
observed that the lowest efficiencies always occur in summer, mainly due to the higher sun elevation angle
that causes a diminution of shadowing and blocking efficiency factor. This effect would be less pronounced
when heliostats spacing increases, as can be observed in figure 5. Maximum efficiency is reached at noon in
all cases along days 81 and 355; however, a local minimum appears at noon of day 172 for separations of 1
and 0.5 m, due to shadows influence. This phenomenon is particularly important in case of 0.01 m
separation, penalizing the efficiency along day 172 (fig. 5.c).

Fig. 5: Square fie ld hourly optical e fficie ncy value s. He liostat spacing: (a) 1 m, (b) 0.5 m, and (c) 0.01 m.

Optical efficiency factors are plotted in figure 6 in the case of receiver placed at roofline and 1 m heliostat
spacing. In this case, blocking factor is almost negligible. Reflectivity factor is constant and it reduces the

Fig. 6: O ptical e fficie ncy for re ce ive r at roofline and 1 m he liostat spacing (Square -type he liostat fie ld).
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global optical efficiency without modifying its curve shape. Shadowing factor is almost constant achieving
values close to 1 along days 81 and 355 from 8 a.m. to 4 p.m., while it shows a strong variation along 172
presenting a local minimum at noon. As it has been previously explained, this effect is related to the high sun
elevation angle during the summer. Spillage factor has a similar behavior for all days, reaching maximum
values at noon and slightly decreasing when it would be moving away from that time. Cosine factor also
causes an important impact on global efficiency evolution. It reaches its maximum at noon. As seen in figure
6, the evolution in time of the global optical efficiency is mainly governed by blocking and cosine efficiency
factors.

Fig. 7: Cosine factor of the square-type field for 1 m heliostat spacing and different receiver height. (Left) Mid façade, (center)
Roofline , (right) Uppe r mid façade .

Receiver location affects drastically on optical efficiency due to its influence over cosine factor. Figure 7
depicts the annual cosine factor for each receiver position case. Distribution maximum moves upwards when
receiver height increases. This trend becomes evident in the extreme case where receiver is situated in the
upper mid façade. Then most active heliostats are located in the middle and upper part of the field. Annual
average cosine factor for mid façade, roofline and upper mid façade are 0.82, 0.88 and 0.90, respectively.
Tower-type heliostat field
Hourly optical efficiency values are shown in figure 8. With this typology, receiver placed at mid façade is
the most adequate choice, being more evident for winter season. The best configuration has a heliostat
spacing of 0.5 m, achieving 124.96 kW th in the design point.

Fig. 8: Towe r-type heliostat typology field hourly optical efficiency values. Heliostat spacing: (a) 1 m, (b) 0.5 m, and (c) 0.01 m.
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1 m heliostat spacing case does not appear as the best option because the increment of separation between
heliostats enlarges the field raising up heliostat-receiver distances and increasing spillage losses. This
important influence of spillage on optical efficiency has been proved by performing calculations without
taking into account spillage. In these simulations, it has been observed that best results would be obtained for
1 m separation case.
As in square-type typology, lowest efficiencies are always achieved during the summer by the same reasons
descried previously. However, this effect is less pronounced when heliostats separation increases. Optical
efficiency decreases drastically for upper mid façade case what reject this location for placing the receiver. In
the same way, maximum optical efficiency along days 81 and 355 is achieved at noon, while it suffers a drop
at midday of 172 for 1 and 0.5 m heliostat spacing by shadows effects.

Fig. 9: O ptical e fficie ncy for mid façade re ce ive r he ight / 0.5 m He liostats e dge s se paration for towe r typology.

Optical efficiency factors have been plotted for mid façade and 0.5 m separation case in figure 9. Sun
blocking is insignificant and reflectivity is a constant value that does not affect optical efficiency curve
shape. Shadowing evolution shows the same behavior as in the square case, sharply dropping at noon of day
172 due to the high elevation angle of the sun. In comparison with square results, cosine efficiencies evolve
in the same way along the days, but tower field has worse global optical efficiency, especially on summer
time.
Figure 10 presents the evolution of the annual cosine efficiencies of the whole field, results for 0.5 m of
separation and the three receiver locations. Heliostats with the best annual cosine for mid façade case are
located in the lower part of the field.

Fig. 10: Cosine factor of the tower-type field for 0.5 m heliostat spacing and diffe re nt re ce ive r he ight. (Le ft) Mid façade ,
(ce nte r) Roofline , (right) Uppe r mid façade .
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Tower typology follows the same trend as square one, and the field area where heliostats have the best
annual cosine efficiency moves upwards when receiver height increases. Annual average cosine factor
efficiency for mid façade, roofline and upper mid façade are 0.82, 0.895 and 0.90, respectively. The low
cosine factor for mid façade is offset by high shadowing efficiencies, which finally make mid façade case
reachs the best annual optical efficiencies (Table 2).
Wide-type
Main results are plotted in figures 11 and 12. Calculations show that the effect of receiver height slightly
affects optical efficiencies. It has to be considered that vertical dimension of the field is quite small compared
with previous cases, and then differences between considered receiver locations are smaller, what minimizes
efficiency variations. Best results are always obtained for receiver located at upper mid façade, and for 1 m
separation case it is obtained the highest optical efficiency for that typology (tab. 2), obtaining 120.4 kW th on
day 81 at noon. As the best values have been obtained for the highest simulated receiver heights, it will be
necessary further simulations taking into account higher heights, in order to delimit the optimum receiver
position.

Fig. 11: Hourly optical e fficiency values for “wide” typology field. a) Separation of 1 m between heliostats. b) Separation of 0.5
m. c) Se paration of 0.01 m (continue s down)

Factors contributing to the total optical efficiency for 1 m heliostat spacing separation and mid façade case
are plotted in figure 12. Efficiencies trends are quite similar to those described in previous typologies.
Shadowing is almost negligible during spring and winter, while its effect is detrimental to global efficiency
in summer. Spillage and cosine are responsible for the characteristic optical efficiency curve. Annual cosine
values of the heliostats field for the three studied receiver locations heliostats field are shown on figure 13.
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Fig. 12: O ptical e fficie ncy for midfaçade re ce ive r he ight / 1 m He liostats e dge s se paration for wide -typology

Heliostats placed close to the façade edges present the worst results, and as previously, best efficiency area
moves upwards when receiver height increases. Annual average cosine values for mid façade, roofline and
upper mid façade are 0.806, 0.842 and 0.866, respectively. Compared to the other typologies, this field gets
the lowest cosine efficiencies. However, it gets better annual efficiencies than the tower one.

Fig. 13: Cosine efficiencies of the wide-type field for different re ceiver heights and 1 m heliostats separation. Le ft: Midfaçade .
Ce nte r: Roofline . Right: Uppe r mid façade .

Optical efficiencies for the whole amount of studied cases are summarized on table 2. Façade occupation
factor is an aspect that must be taken into account for future profitability studies. In table 3, it has been
summarized the efficiency values comparing power arriving to the receiver aperture divided by the total
power arriving to the whole area, it means land occupied by the field.
Façade occupation factor is an aspect that must be taken into account for future profitability studies. In table
3 it has been summarized the efficiency values comparing power arriving to the receiver aperture divided by
the total power arriving to the whole area; it means land occupied by the field.

Tab. 2: Annual optical e fficie ncy value s for the whole possible simulate d alte rnative s.

Separation of 1 m
M id façade Roofline

Separation of 0.5 m

Separation of 0.01 m

Upper mid
Upper mid
Upper mid
façade
M id façade Roofline
façade
M id façade Roofline
façade

S quare

0.599

0.635

0.596

0.570

0.596

0.572

0.466

0.473

0.449

Tower

0.520

0.524

0.333

0.550

0.523

0.369

0.465

0.440

0.340

Wide

0.548

0.577

0.593

0.546

0.566

0.573

0.462

0.470

0.474
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Tab. 3: O ptical e fficie ncy value s in te rms of total are a land occupie d by the fie ld.

Separation of 1 m

Separation of 0.5 m

Separation of 0.01 m

Upper mid
Upper mid
Upper mid
M id façade Roofline
façade
M id façade Roofline
façade
M id façade Roofline
façade
S quare

0.161

0.171

0.160

0.266

0.287

0.267

0.390

0.396

0.376

Tower

0.143

0.144

0.091

0.261

0.247

0.174

0.391

0.369

0.286

Wide

0.150

0.158

0.163

0.270

0.267

0.270

0.388

0.395

0.398

Results are better when separation between heliostats is lower. Previous efficiency analysis indicates that a
separation of 0.01 m is a good choice, however further analysis including economic should be taken into
account for confirming this observation.
3.

Architectural Design

Figures 14 and 15 illustrate two proposals for an external steel frame structure used for supporting the
heliostat field. It is built from steel columns and beams (HEB) and it allows its free structural movement
from the main building envelope. This skeleton would avoid the transmission of structural overstresses to the
main building owing to the continuous heliostats sun tracking movement.
The second aesthetic skin is fixed to the main façade by means of vibration isolation bearings placed
between beam headings and slaps and under each heliostat foundation.
The overall movement is minimized facilitating incorporation into buildings and offering different
possibilities for the façade composition.

Fig. 14: 1 st concept of CSP system integration in building. (Left) Typical cross façade section; (right) Ste e l frame structure .
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There is an outdoor maintenance walkway between the heliostat façade and the external enclosure of the
building, making easier any Maintenance & Operation task. Notice that the sketches just represent the
architectonical concept, without measurement or scale, so loadings, structural stresses and reactions must be
considered to select the appropriate standard steel member of which section and properties satisfy the
mechanical design requirements. In addition, the annexed areas requirements must be considered, including
tower needs and receiver features (materials, dimensions and non-glint design).
A more innovated solution, formulated from the building roof as the Fifth Façade, is illustrated in figure 15.
The heliostat field support mimics an armadillo carapace and so taking advantage of the entire envelope (exo
skeleton) of the building, when architecture design makes it possible. This proposal would be associated to a
multi-tower system (Fig 15).
(a)

(c)

(b)
Fig. 15: 2 nd concept of CSP system integration in building (a) Façade and cross section of the articulated shell heliostat system;
(b) 3D articulate d she ll he liostat syste m; (c) Individual He liostat Vibration isolation be aring photo.

4.

SWOT Analysis of the CSP building integration

Tab. 4: Analyse s of compe titive advantage s of CSP building inte gration syste ms.

STRENGHTS
Electricity production efficiency
Dispatchable energy (Energy-Heat Storage
can be solved by using molten salt and others)
Thermal storage improves capacity factor

WEAKNESS ES
Mirrors prevent light from passing into the
building
The heliostat movement creates strain on the
building structure.

Fuel supply is free and renewable

O&M costs may also be higher for
concentrating systems due to the tracking
actuators.

The entire system uses established technology
that is ready available (mirrors, tubes and
electrical generators).

Cost of electricity generated from CSP, at
urban scale, is higher than conventional
technologies.

CSP can store the collected energy as heat,
cheaply and easily in many designs

Excellent solar conditions (direct irradiance)
are required.

The heat can be used to generate
steam/electricity on demand, cooling, airconditioning, desalination, co-generation, etc.

Tower receiver environmental glare.

Proven and mature technology

Environmentally friendly

Planning regulations (tower height, and
aesthetical façade regulations).
Central receiver has not been demonstrated at
commercial scale in urban communities.
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OPPORTUNITIES

THREATS

Urban planning application based on District
heating production, bulk gridding integration
for cities, dispatching heat, electricity and
others on demand.

Building integration competitors: CPV
technology
Planning Regulations

Innovated architectonical building integration,
generating functional façades from technology
beauty.

5.

Population has no knowledge about this
technology as an efficiency energy resource
applied to buildings energy demands

Conclusions

A new concept integrating a concentrating solar system in buildings, called Vertical Reflector Field or
Vertical Heliostat Field (VHF), has been described. The optical analysis of several VHF configurations
makes possible a better understanding of the performances of this kind of facilities. The comparison between
square, tower and wide-type configurations suggests that square-type provides better optical efficiencies than
the others.
Optical efficiencies breakdowns show that similar trends are followed by the three configurations. Sun
blocking effect is negligible along the whole year for all the cases, while shadowing plays an important role
in the behavior of the field: worst results are obtained always for summer time, mainly due to the high
elevation angle of the Sun that produces higher shadowing losses. During this season there are less working
hours due to azimuth angle reaches values further than 90º, and this effect is not specific for VHF but
common for every solar energy system integrated into façades.
Cosine factor also plays an important task in optical efficiency evolution and field area that contains
heliostats with better cosine efficiencies moves upwards when receiver height increases. In terms of receiver
heights, roofline tower height is the best option for square typology, while tower field works better in mid
façade height option in almost cases, and wide-type field would do its best when upper mid façade heights
and even further were running.
Further analyses are going to be carried out in order to study in depth the annual efficiencies of different
heliostat field zones. In this paper, a regular grid has been used for heliostats arrangements, but further
studies would be performed in order to test different layouts as radial traditional one (Kistler, 1986), in the
way of searching the best options. Besides, it would be important to deeply analyze the influence of others
heliostats parameters such as the height to width heliostat ratio or use of several focal distances. Finally,
Global efficiency of the whole facility, including receiver design options and performances as well as power
block, would lead us to an accurate knowledge of the overall system efficiency.
Annual optical efficiencies for the best cases reach values that are closed to traditional horizontal field
arrangements, what supports the feasibility of Vertical Heliostats Field.

6.

Forward Vision

CSP integration in buildings is feasible, both in technical and optical efficiency terms. It is just a question of
time. Environmental awareness and maybe evolution will do the rest…

Fig. 16: (Left) 2010, Solar power offices in Ljubljana, Slovenia, by OFIS Architects. CO2 neutral building, (Center) 1997-2004,
The Sage Gate s he ad, UK, by Foste r + Partne rs, (Right) 2011..., Armadillo and its carapace .
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1. Introduction
Solar thermal power plants are a key technology for electricity generation from renewable energy resources.
Thermal energy storage (TES) is indispensable for solar thermal power plant applications. It makes it
possible to meet the intermediate load profile with dispatchable power, a benefit that has a high value to
power utilities and that gives concentrating solar power (CSP) technology an edge over photovoltaic and
wind power. The major high temperature collector technologies are parabolic troughs, linear Fresnel
collectors (line focusing systems), power towers and dish collectors (point focusing systems). Most systems
utilize a steam cycle that drives a turbine for electrical energy production. The primary heat transfer fluids
(HTF) in the absorbers differ between these technologies. HTFs include water/steam, thermal oil, molten salt
and air. Each HTF has its own unique properties and characteristics. This paper focuses on storage designs
using water/steam as the HTF in the absorber. This so-called direct steam generation (DSG) has some major
advantages. These advantages of the HTF include the following: low costs, low freezing temperature, nonflammable and non-hazardous to ground water. Also, the DSG design results in a comparably low number of
heat exchangers and it has a high upper temperature limit (Eck and Hennecke 2009). DSG is utilized today in
parabolic trough collectors (e.g. Solarlite), linear Fresnel collectors (e.g. Solar Power Group) and solar tower
receivers (e.g. Abengoa PS10, eSolar, Bright Source). The technologies differ in terms of the temperature
and pressure levels, as well as the enthalpy ratios for preheating to phase change and to superheating.
For DSG technology, cost-effective storage technology is to-date not commercially available. The only
commercially available storage technology is a steam accumulator. This accumulator only produces saturated
steam at a sliding pressure and is not cost-competitive for larger storage capacities due to the pressure vessel
(Steinmann and Eck 2006). Therefore, the demand for storage systems that are adapted to the special
characteristics of the two-phase fluid water/steam is increasing steadily.

Fig. 1: Simplified temperature-enthalpy characteristics for sensible heat storage systems with a sensible heat transfer fluid in
the absorbers (left) and combined sensible / PCM-storage for DSG in the absorbers (right). The sections in the power block
steam cycle are 1-2 preheating, 2-3 evaporation and 3-4 superheating
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Figure 1 on the left side shows the temperature-enthalpy characteristic of a sensible heat transfer fluid in a
solar field absorber. Figure 1 on the right side shows the characteristic of a DSG solar field. It is important to
note that the utilization of a sensible heat storage medium for DSG would result in a large temperature
difference between solar field temperatures and power block temperatures (this inefficient design is not
shown in Figure 1). This paper focuses on a combined sensible and latent heat storage system. Figure 1 on
the right side shows the characteristic of such combined storage system.
2. Sensible heat storage concepts
2.1. Steam accumulator
State-of-the-art for thermal storage used in process heat applications is the steam accumulator technology
(also called the Ruths storage systems). Steam accumulators use sensible heat storage in pressurized saturated liquid water, although a gas-liquid phase change occurs during charging and discharging (Figure 2).
These systems benefit from the high volumetric storage capacity of liquid water for sensible heat. Steam
accumulators are charged by condensation of steam fed into the pressurized liquid volume. During discharge,
steam is produced by lowering the pressure of the saturated liquid. Since water is used both as the storage
and working medium, high discharge rates are possible. Hence, this storage concept can be suitable for
buffer storage applications to compensate cloud passing. Also, it may be used to support other storage
concepts that have larger storage capacities and require longer start-up procedures. The storage capacity
corresponds to the variation of sensible energy of the liquid volume during the discharging process. Since the
water in the volume is in the saturation state, a change in temperature is correlated to a change of pressure of
the saturated steam provided during the discharge process. A large decrease in pressure is advantageous
considering the volumetric storage capacity. On the other hand, efficiency considerations limit the acceptable
pressure variations in the system. The maximum temperature is limited by the critical point of saturated
water (374 °C, 221 bar). The cost of a steam accumulator is dominated by the pressure vessel. Hence, the
cost-effective capacity of steam accumulators is limited by the size of pressure vessel (Goldstern 1970,
Steinmann and Eck 2006).
The PS10 central receiver power plant is the first commercial solar thermal power plant in Europe. Operation
began in 2007 and a steam accumulator for the compensation of cloud transients is integrated in the system.
Four tanks with a total storage capacity of 20 MWh enable a 50 % load operation of the 11 MWel for about
50 minutes. The storage system is charged with saturated steam at 45 bar; during the discharge process
saturated steam is produced at a varying pressure.
Steam Discharging

Steam Charging

Isolated
Pressure Vessel

Steam

Liquid Phase

Liquid water
Charging / Discharging
Fig. 2: Schematic layout of a sliding pressure steam accumulator.

2.2. Molten salt
For temperatures above 100 °C, molten salts are attractive candidates for sensible heat storage in liquids. The
major advantages of molten salts are a high thermal stability and a low vapor pressure. The low vapor
pressure results in storage designs without pressurized vessels. In general, there is experience with molten
salts from a number of industrial applications related to heat treatment, electrochemical reactions and heat
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transfer. The use of salts requires consideration of the lower temperature limit defined by the
melting/solidification temperature. One major difficulty with molten salts is unwanted solidification during
operation. Solidification must be prevented in the piping, the heat exchanger and in the storage tanks. Hence,
often auxiliary heating systems are required. Other limitations of molten salt storage may arise due to aspects
such as costs of the storage media, the risk of corrosion and difficult handling of hygroscopic salts. The
thermal stabilities of the salts used define the upper temperature limits. Salt mixtures, rather than single salts,
have the advantage of having a lower melting temperature and similar thermal stability limits as the single
salts. Typically a non-eutectic salt mixture of 60 wt% sodium nitrate and 40 wt% potassium nitrate is utilized
and is commonly called solar salt. This mixture has a thermal stability limit of about 550 °C.
For DSG, a single molten salt storage system only based on sensible heat storage would either result in a
large temperature difference between solar field and power block (see Figure 1) or require a large salt
volume. Hence, for DSG plants, a single molten salt storage system is an unattractive option (Birnbaum
2010). On the other hand, sensible molten salt storage is a feasible option for preheating and superheating
water/steam.
2.3. High-temperature concrete
Early solid media sensible heat storage developments at DLR within the framework of the project
PARASOL/WESPE were funded by the German government from 2001 until 2003 (Laing 2006). Initially,
two different storage materials were developed. These were high temperature concrete and a castable
ceramic. At the Plataforma Solar de Almeria, four modules with a capacity of about 350 kWh were tested.
High-temperature concrete showed advantages in terms of lower costs, higher material strength and easier
handling compared to the castable ceramic and was therefore used for further developments.
Concrete is a composite material that consists of two major components. These are mineral aggregates and
hardened cement paste. The paste contains free (evaporable) water and forms a matrix with the embedded
aggregates. In a follow up project, Ed. Züblin AG joined the concrete storage development and a major focus
was directed towards cost reduction (Laing 2008). A concrete storage module is principally composed of a
tube register, two fluid headers and concrete as the sensible storage material (Figure 3), where additional
components such as insulation and foundation are not shown. The tube register is used for transporting and
distributing the heat transfer fluid while sustaining the fluid pressure; the solid media stores the thermal
energy as sensible heat. A durable and safe construction is achieved by this division of the functions. For the
charge and discharge processes, the flow direction of the heat carrier fluid is reversed. Hence, such concrete
storage modules have a defined cold and hot end during operation.

Fig. 3: Schematic layout of a concrete storage module showing the main elements tube register, concrete storage material and
heat transfer fluid collector (without insulation).

The first test module built within the ITES project was damaged during the start-up phase. During initial
heating of the concrete, residual water evaporates and can build up a critical vapor pressure if the
permeability is too low for the rate of heating. The analysis of the damaged module led to an improved
concept with a sufficient permeability of the concrete and a suitable thermo-mechanical design.
A special focus was set on the mismatch of the thermal expansion between concrete and tubing. In previous
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lab tests, the coefficients of thermal expansion (CTE) of the concrete and the tubes were determined. In a
temperature range of 100 to 350 °C, the values were estimated with 9.0 to 12.0 x 10-6 1/K for concrete and
13.5 to 15.0 x 10-6 1/K for the tubing. Without additional measures, this mismatch would lead to longitudinal
and radial stresses in the tubing as well as in the concrete. To limit the stresses to an acceptable level, a
special interface material was installed. This special material reduces the friction between tubing and
concrete and is compressible to allow a slight deformation to reduce the stresses without reduction of thermal
transmission.
A second improved 20 m³ concrete module was built in Stuttgart, Germany. The module was commissioned
in May 2008. In August 2011, this module had accumulated about 10.000 hours of operation at temperatures
higher than 200 °C and about 386 thermal cycles. During this time, the performance of the storage was
absolutely constant.
Earlier work on concrete development focused on parabolic trough power plants with thermal oil as the heat
transfer fluid up to a maximum temperature of 400 °C (Laing et al. 2006, 2008, 2009). For DSG, higher
temperatures are feasible and concrete testing up to 500 °C was performed (Laing et al. 2011b). The stability
of the cement paste has a decisive impact on the concrete strength. Oven experiments and strength
measurements up to 500 °C showed that mass loss and strength values of the concrete stabilize after a period
of time and a number of thermal cycles. Hence, the utilization of high-temperature concrete as a sensible heat
storage up to 500 °C seems feasible. Detailed results of material investigations related to the thermal stability
of concrete up to 500 °C are presented in other publications (Laing et al. 2010a and 2011b).
The following discussion focuses on a third larger concrete unit, built at the power plant Litoral of Endesa in
Carboneras, Spain for the combined DSG storage system. Although high temperature concrete for 500 °C
has been developed, the operation temperature of this concrete storage unit is still limited to 400 °C. This
concrete module has the following dimensions (without thermal insulation): total length 13.60 m; length of
storage concrete 12.60 m; height 1.32 m; width 1.35 m; tube spacing 100 x 110 mm (triangular).
The higher design parameters (128 bar / 410 °C instead of 20 bar / 400 °C) require greater wall thicknesses
and a redesign of the headers compared to the module tested in Stuttgart. The concrete body is longer
(12.6 m instead of 8.4 m) in order to study the axial temperature distribution over a greater length, but not as
high (1.3 m instead of 1.7 m) to limit the investment costs. Again, the tubes are arranged in a triangular pitch,
but more densely to achieve higher heat transfer rates.
The construction of the concrete storage test module includes different process steps. The tube register was
prefabricated in the workshop, transported to the site and lifted onto the previously prepared foundation by a
crane. To reduce heat losses, a pressure-resistant thermal insulation (30 cm FOAMGLAS®) had been
installed beforehand. Afterwards, additional reinforcement and measurement equipment was installed. To
measure the thermal performance of the test module and control the start-up process, the concrete block is
equipped with a number of temperature and vapor pressure sensors. The steam temperature is measured by a
pair of PT100 sensors near the flanges on both the inlet and outlet of the storage module. The temperature
within the concrete is measured at three cross-sections of the test module. Each measurement cross-section is
equipped with several thermocouples (Type K, Class 1) in equivalent positions. Special focus was directed
towards the measurement of vapor pressure, in order to control the start-up process. A number of capillary
steel tubes inside the concrete module are used to connect the pressure tapping points to pressure transducers
outside of the module (Laing 2010b). Subsequently, a formwork was installed and the storage block was
poured with heat storage concrete. Finally, the module was covered with 40 cm of high-temperature mineral
wool for lateral and top thermal insulation and covered with troughed sheets (Laing 2011a).
Commissioning of the storage unit includes the first heating of the storage block to expel the excess water in
the concrete. During this process, water evaporates and builds vapor pressure within the concrete. If the
vapor pressure exceeds a critical value, serious damage may occur. The storage test module was therefore
closely monitored during initial heating. During the first heating steps, the expulsion of water from the
concrete can be seen as a steam cloud at the top of the storage (Laing 2010b).
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3. Phase change material (PCM) storage concepts
Regarding efficiency, a fundamental demand for thermal energy storage is the minimization of temperature
differences between the HTF and storage medium. This requires an isothermal storage medium for processes
using water/steam with a condensation/evaporation process. An obvious solution is a latent heat storage
system with a phase change material (PCM). For a given PCM, the melting temperature is a material
constant at a given pressure. The selection of the PCM strongly depends on the saturation temperature
resulting from the pressure in the steam cycle. The vapor pressure curve directly links the saturation
temperature to an operating pressure of the PCM module. DSG-processes with an operation range of 30150 bar require melting temperatures between 230 °C and 350 °C (Figure 4). PCMs absorb energy during
melting and release heat during solidification. In the case of NaNO3 with a melting temperature of 306 °C, a
driving temperature difference of e.g. 10 K means that the steam has to condensate at 107 bar / 316 °C while
charging the system and water has to evaporate at 81 bar / 296 °C during discharge. Table 1 lists selected
alkali metal nitrate and nitrite PCMs with their physical properties.

Vapor pressure of saturated
water/steam [bar]

1000

100

10

1
100

150

200
250
Temperature [°C]

300

350

Fig. 4: Condensation/evaporation temperature of saturated water/steam.
Tab. 1: Physical properties of nitrate and nitrite salts and their mixtures. Shown are own measurements and data from Janz et
al. (1979, 1981) with the melting temperature T, melting enthalpy H, thermal conductivity λ, heat capacity Cp, density ρ and
volume change on melting ∆V/V, where s refers to the solid phase and l to the liquid phase near the melting temperature.

Salt system
(Composition
in weight%)

T
H
λs
λl
Cp,s
[°C] [J/g] [W/mK] [W/mK] [J/gK]

KNO3-NaNO3
(54-46)

222

100

n.a.

0.46-0.51

LiNO3

254

360

1.37

NaNO2

270

180

NaNO3

306

KNO3

337

Cp,l
[J/gK]

ρl
[g/cm3]

∆V/Vs
[%]

1.42

1.46-1.53

1.95

4.6

0.58-0.61

1.78

1.62-2.03

1.78

21.5

0.67-1.25

0.53-0.67

n.a.

1.65-1.77

1.81

16.5

175

0.59

0.51-0.57

1.78

1.61-1.82

1.89-1.93

10.7

100

n.a.

0.42-0.50

1.43

1.34-1.40

1.87-1.89

3.3

As can be seen from Table 1, all salt systems show a high mass specific heat of fusion in the range from 100
to 360 kJ/kg and similar density values of around 1900 kg/m³. However, all known PCMs suffer from a low
thermal conductivity value. The thermal conductivity of the PCM significantly affects the power density of
the storage system. For DSG plants, the focus is currently on systems for daily operation with
charging/discharging times in the order of several hours. Simple PCM storage designs cannot meet this high
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power density demand. Hence, advanced PCM concepts with enhanced heat transfer designs are required
(Figure 5). Within the European project DISTOR (Energy Storage for Direct Steam Solar Power Plants),
several of these concepts were experimentally investigated (Steinmann and Tamme 2008). It was found that
the concept of PCM capsules embedded in a steam accumulator is less suitable. Also, designs with PCMgraphite composites with increased conductivity were less promising for DSG applications.

Fig. 5: Heat transfer enhancement concepts for latent heat storage systems.

It was found that enhanced heat transfer structures using fins are effective (Figure 5). The selected concept
uses embedded fins, made of either graphite foil or aluminum, in the PCM volume and tubes for the
pressurized HTF (Steinmann et al. 2009) (Figure 6). Graphite foils show good chemical compatibility in
alkali metal nitrates and nitrites and mixtures thereof at temperatures up to 250 °C with the exception of
lithium salts (Bauer et al. 2009). Aluminum has been tested up to temperatures of 330 °C in a PCM
demonstration unit (Laing 2011c).

Phase Change Material (PCM)

Tube

Heat carrier: water/steam
Fins

Fig. 6: Simplified scheme of the finned concept for heat transfer enhancement.

Several latent heat storage units have been designed and measured by DLR. Table 2 gives an overview of
these units and PCM tests with their characteristic thermal power and capacity values, as well as fin materials
and PCMs. Some units utilize PCMs with a low melting temperature (142 and 194 °C). The application of
these storage units is industrial process steam recovery (Steinmann 2009, Johnson 2011a). Solar industrial
process steam applications could also utilize such storage systems.
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Tab. 2: Overview of latent heat storage units and PCMs tested by DLR
(Steinmann 2009, Laing 2010a, Bauer 2010, Johnson 2011).

Name

Max.
power
[kW]

Capacity
[kWh]

PCM

Mass
PCM
[kg]

Melting
Temp.
[°C]

Fin Material

DISTOR I

2

3.5

KNO3-NaNO3(eu)

130

222

Graphite foil

PROSPER

15

7

KNO3-NaNO2-NaNO3(eu)

400

142

Graphite foil

PROSPER
Plus

various

10

KNO3-NaNO2-NaNO3(eu)

500

142

Graphite foil

100

200

KNO3-NaNO2-NaNO3(eu)

5000

142

Graphite foil

DISTOR II

100

55

KNO3-NaNO3(eu)

2000

225

Graphite foil

DLR-S1/ITES 1

4

8

NaNO3

156

306

Aluminium

DLR-S2

4

5

KNO3-NaNO3#

150

220 - 260

Aluminium

DLR-S3

4

12

LiNO3-NaNO3(eu)

150

194

Aluminium

DLR-B1

7

15

NaNO3

320

306

Aluminium

ITES II

700

700

NaNO3

14000

306

Aluminium

# Non-eutectic mixture using a melting range
The following discussion focuses on the largest unit, with 14 tonnes of sodium nitrate (NaNO3) for the
combined DSG storage system. Detailed thermo-physical properties of NaNO3 have been reported (Bauer
2009). Figure 7 shows a sketch of this module with dimensions. The latent heat value of the module is about
680 kWh. In order to reach practicable charge and discharge times, the module is equipped with aluminum
fins. In charging mode, steam with a temperature slightly above saturation properties (typically ~107 bar,
~320 °C) condenses in the module. A condensate drain assures that the medium leaves the module only in
liquid form. When the salt is completely molten, the tubes within the PCM module are flooded with liquid
water at a temperature just below saturation properties (typically ~81 bar, ~295 °C). The saturated steam
produced by the module during the discharge process then flows to a steam separator. The liquid water from
the steam separator is recirculated either by natural recirculation or by a pump.
The PCM storage module is equipped with a number of thermocouples (Type K, Class 1), installed in four
cross-sections from bottom to top of the storage module. In contrast to the molten salt storage technology, a
PCM storage does not need to be filled with molten salt but can be filled directly with fine to medium
grained solid salt, eliminating the need for an external melting unit in the filling process. In the PCM storage,
the salt can be melted directly inside the storage unit, using the high power of the finned tube heat exchanger.
This fast and efficient filling process has been tested successfully in the Carboneras demonstration unit
(Laing 2010b).

Fig. 7: Scheme of the 14 ton PCM module with finned heat carrier tube, collector and container without insulation.
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4. Combined storage system for parabolic trough DSG
4.1. General design of the combined storage system for a 50 MWel DSG power plant
The integration of a combined latent and sensible heat storage system in a DSG solar power plant was
analyzed by Birnbaum (2010). The combined system consists of the preheating, evaporation/condensation
and the superheating module. Figure 8 shows the integration of such combined system in a DSG power plant
and the T-s diagram of the process. Figure 9 gives details of the combined system with the three modules.
1

Discharging Cycle
8

Solar Field

Thermal Storage System

1

Temperature

Charging Cycle

Power Block

Superheating
7

2

Storage System

Charging Cycle

8
melting temperature
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3

7

6

G

Evaporation /
Condensation

2

9
6

3

4

Preheating
4

Discharging Cycle

5

5
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10
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spec. Entropy

Fig. 8: Integration of energy storage in a simplified parabolic trough DSG power plant (left)
and T-s diagram for charging and discharging process of steam in the DSG power plant (right).

C

steam
drum

Capital letters designate inlet / outlet of
A Preheating unit, feed water
B Evaporation / condensation unit, liquid water
C Evaporation / condensation unit, steam
D Superheating unit, live steam
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to solar
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D
B
A

from
power
block

sensible heat storage unit:
preheating / cooling of
condensate

latent heat storage unit:
evaporation / condensation

sensible heat storage unit:
superheating / cooling of steam

to power
block

Fig. 9: Overview of a three-part thermal energy storage system for DSG combining sensible and latent heat storage.

Based on a commercially available steam turbine and suitable PCMs, two configurations with the steam
parameters 110 bar / 400 °C and 156 bar /500 °C were analyzed. Suitable PCMs are potassium nitrate
(KNO3) at 156 bar and sodium nitrate (NaNO3) at 110 bar (Birnbaum 2010). For further considerations, the
first concept with 110 bar / 400 °C and NaNO3 as PCM was selected. A driving temperature difference
between melting temperature and HTF of 10 K can be assumed. This means that the steam has to condense at
107 bar / 316 °C while charging and water has to evaporate at 81 bar / 296 °C during discharging of the
system (a pressure loss of 3 bar between 110 bar and 107 bar is assumed). The remaining boundary
conditions of the storage system depend on the power block and the solar field. The division of the total
required storage capacity into the latent heat storage for evaporating the water and the sensible concrete
storage units for preheating and superheating strongly depends on these interface conditions.
The determination of the optimum final feed water temperature (FFWT) is a compromise between the
thermodynamic efficiencies of the power block and the solar field. This temperature should be as high as
possible for the highest power block efficiency. In the solar field, however, a high FFWT raises the thermal
losses, and therefore, lowers the solar field efficiency. At full load, a FFWT value of 260 °C was selected
(Birnbaum 2010).
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With these boundary conditions, parameters for a combined storage system for a 50 MWel DSG plant were
estimated. From the specific enthalpies, the heat stored or released was calculated for a cycle with a total
amount of heat transferred of 545 MWh. This corresponds to 6 hours of operation of the turbine with steam
from the storage system. During discharge, the gross power of the turbine is reduced from 50 MWel to
approximately 35 MWel, due to the lower pressure. The charging time is almost 6.5 hours to balance out the
lower enthalpy difference available. Table 3 shows the division of the total amount of heat into the three
parts of the combined storage system for charging and discharging (Laing 2010a).
Tab. 3: Enthalpy of water / steam at the interfaces of the thermal storage system (Laing 2010a).

Temperature

Enthalpy

°C

kJ/kg

242.5

1050

Enthalpy difference

Heat
stored/released

kJ/kg

%

MWh

Discharging (81 bar)
A
B

A-B: preheating

296.9

1322

272

13

72

C

B-C: evaporation

296.9

2757

1435

70

380

D

C-D: superheating

390.0

3108

351

17

93

A-D: total

2058

545

Charging (107 bar)
A

260.0

1134

B

A-B: cooling of condensate

316.0

1437

304

16

85

C

B-C: condensation

316.0

2712

1274

65

357

D

C-D: cooling of steam

400.0

3082

370

19

103

D-A: total

1948

545

4.2. Test results of the combined storage system for DSG
In order to validate the combined DSG storage concept, a PCM and a concrete storage module with a total
storage capacity of approximately 1000 kWh were installed in the research projects ITES and REAL-DISS at
the power plant Litoral of Endesa in Carboneras (Figure 10). The combined storage system comprises of a
PCM storage module for evaporating water and a concrete storage module for superheating steam. A
concrete module for preheating liquid water is not installed. Since the superheating step is more challenging,
the project resources for concrete storage were completely allocated to a superheating module.

Fig. 10: Demonstration storage system with concrete superheater (left) and PCM-Storage (right)
in the water/steam test loop at the power plant Litoral of Endesa in Carboneras, Spain
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The combined storage system was built in 2009 (Laing 2010b and 2011a). In July 2010, the commissioning
was successfully completed (Laing 2010b). After improvements on the installation, cycle testing started at
the end of 2010. For the PCM storage operation, two different options, constant pressure and sliding pressure
operation have been tested. For the operation with constant system pressure, the mass flow through the
storage and the charging/discharging power falls continuously, while for the sliding pressure operation, the
charging/discharging power can be controlled at a constant value.
In combined operation, the concrete and PCM storage modules are coupled; the concrete storage is charged
using the sensible heat of the superheated steam and the PCM storage by the latent heat of the condensing
steam. In Figure 11, an exemplary day for combined operation in sliding pressure operation is shown.

Fig. 11: Example of a charge/discharge cycle of the combined storage system in sliding pressure mode with measured inlet and
outlet temperatures as well as obtained power levels.

Superheated steam at 400 °C (TCon,hot) enters the concrete storage module on the hot side (Figure 11). Dry
saturated steam leaves the concrete storage and enters the PCM storage module on the hot side. So, the outlet
temperature of the concrete storage equals the inlet temperature to the PCM storage (TCon-PCM). Saturated
water exits the PCM-storage (TPCM,cold) on the cold side, therefore TCon-PCM equals TPCM,cold, as only latent
heat is transferred. The charging heat flow QCharge is constant at approx. 450 kW in the PCM module and
approximately 125 kW in the concrete superheater module.
At approx. 13:00 o’clock, the charging process is stopped and the switching process starts. At about 13:45
o’clock the discharging operation is started and water enters the PCM storage from the cold side (TPCM,cold).
When the level in the steam drum stabilizes at about half full, a constant discharge heat flow rate is available.
Wet steam is produced in the PCM storage with the temperature TCon-PCM and is then separated in the steam
drum into dry steam and saturated water. This dry steam enters the concrete storage at the cold side (TConPCM) and is heated within. Superheated steam is produced at an almost constant rate with the temperature
TCon,hot ranging from 356 °C at the beginning of discharge and 336 °C at the end of discharge.
Models of the PCM storage and the concrete storage were developed in Modelica. These models can be
connected into a whole storage system for direct steam applications with the program DYMOLA. DYMOLA
stands for Dynamic Modelling Laboratory and is designed to solve transient physical models numerically
and is in particular suited for system modeling. The 2D heat conduction in the radial direction inside the
storage material is described by a partial differential equation (PDE). To solve the PDE numerically, the
concrete storage is approximated with a simplified model of Schmidt and Willmott (1981) and the storage
side of the PCM storage is discretized with the finite difference method. The aims are to predict temperature,
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pressure, mass flow rate, heat loss, capacity and coupling of several modules. Furthermore, the models can
be used to lay-up storage systems iteratively. This is possible due to the models’ short computing time. In a
recent paper, tests on each unit separately and combined testing, as well as comparisons of modeling results
with experimental values are described (Laing 2011c).
5. Summary and conclusions
This paper addresses current limitations of direct steam generation (DSG) technology in terms of the
availability of thermal energy storage systems for the two-phase heat transfer fluid water/steam. The paper
presented work on the effective combined thermal energy storage concept to overcome this limitation. The
combined thermal energy storage system is composed of a latent heat storage unit using sodium nitrate as a
PCM and a sensible heat storage unit using concrete as a solid storage medium. The paper gave an overview
of the principle and previous work on both individual storage concepts as well as the combined operation.
Commissioning and testing of a combined storage demonstration system with a total storage capacity of
approximately 1000 kWh was described. It is the first demonstration of such a combined storage system for
the two-phase heat transfer fluid water/steam. The system operates under pressure and temperature
conditions as they occur in a DSG power plant with the main steam parameters of 110 bar and 400 °C. The
combined operation of a PCM storage module for evaporating water and a concrete storage module for
superheating steam in sliding pressure mode was successfully demonstrated. Good system operability of the
single systems and the combined mode was achieved.
For large scale implementation of such a storage system, the single storage modules will be increased to a
feasible module size. Then, the required storage capacity for the evaporation section will be built by
connecting PCM modules in parallel. For the superheating section, the required number of concrete modules
can be designed in series and in parallel. This modular setup makes it easy to deliver a specified storage
capacity. As the next step, a scale-up to pre-commercial scale of 10-20 MWh capacity is planned.
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CONTROL SYSTEM AND PURGING EFFECTS OF SINGLE
PERSON OPERATED FUEL CELL VEHICLE WITH 1kW FUEL
CELLS (micro FCV)
Tsubasa Yamazaki, Yoshitaka Namekawa, Satoru Yamaguchi, Ryo Nakajima
and Yoshihiko Takahashi
Kanagawa Institute of Technology,Atsugi,Kanagawa,Japan

1. Introduction
We have developed a single person operated small fuel cell vehicle which uses 1 kW fuel cells. The
hydrogen used for the fuel cells is produced by a water electrolysis hydrogen generator using solar powered
energy sources. The advantage of using solar powered energy sources is that it produces power without
requiring use of fossil fuels. This paper presents the measurements, the control system, and finally the
experimental results of the purging effects of the fuel cells.
Most of the observed increases in global average temperatures are very likely correlated with the rise in
anthropogenic greenhouse gas concentrations in the Earth’s atmosphere. One of the primary contributors to
the emission of these gases is fossil fuel combustion. Thereafter, a vehicle using the internal combustion
engine must be replaced with more ecological system in order to reduce greenhouse gas (e.g., carbon
dioxide) emissions. As a result, fuel cell electrical vehicles (FCV) are becoming one promising technologies
for reducing the carbon dioxide emissions. Several large automobile enterprises and research institutes are
developing fuel cell electrical vehicles [1-6]. As they are researching high powered fuel cells in the 100 kW
class, the cost of these vehicles may be prohibitive for some consumers. It is essential, thereafter, to reduce
the cost of fuel cell vehicles. The purpose of our research is to develop a low cost fuel cell vehicle using a
low powered fuel cell. Taiwan University developed a small fuel cell scooter with two wheels [7]. The
developed fuel cell scooter is permitted to run on a public roads despite its use of a small fuel cell in the 2
kW class.
Our aim is to develop a small fuel cell vehicle using four wheels which will be permitted to operate on a
public road. We have already developed fuel cell vehicles for Japanese light weight electrical vehicle
competitions. The designed systems were single person operated vehicles with fuel cells of rated power 200
W [8] and 20 W [9, 10]. We have been also developing a hybrid wheelchair which utilizes a photovoltaic and

3471

a fuel cell [11-13]. We have now started to develop a micro car class fuel cell vehicle which will use a 1 kW
fuel cell (named the micro FCV). The micro FCV is a single person ride vehicle which will be permitted to
operate on a public road. The micro FCV uses a fuel cell when operating a flat road at constant speed,
however uses a battery when it accelerates or climbs a steep slope. We have improved a purchased micro car
class electrical vehicle to develop our micro FCV. This paper will explain the control system designs and the
experimental results of the purging effects of the developed small single person operated fuel cell vehicle.

2. The Concept of micro FCV
We have developed a single-person operated small fuel cell vehicle, which we call the micro FCV, which
uses 1 kW Fuel cells. Fig.1 shows the developed micro FCV. A purchased micro car with a 600 W motor was
reinforced and used as the base mechanism to develop our vehicle. Fig.2 shows the hardware system of the
micro FCV. Fig.3 shows the electric system configuration. A brush DC motor of rated output of 500W and a
CURTIS motor controller are used. A driver is able to select between a foot or hand accelerator with a
selector switch.
The micro FCV uses the fuel cells of rated power of 1kW. The temperture and the humidity of the fuel cells
are measured with the fabricated thermometer and hygrometer. The fuel cell voltage changes from 36V to
69V depending on the driving load. The changed fuel cell voltage is converted to 48 V in order to send to a
motor controller. Six 200 W DC/DC converters were connected in parallel to obtain a 1200 W capacity. The
converted electicity is supplied to the motor controller. Four 12V, 24Ah batteries are connected in series, and
used as the power source. One of these batteries is used as the power supply to the hydrogen mass flow meter
and the cooling fans of the fuel cells.
The voltage and the current of the batteries and the fuel cells are measured at the input side of the motor
controller. A speedmeter was fabricted using the pulses from magnetic sensors. A measurement and control
system to include the functions of the themometer, the hygrometer, the speedmeter, the purge controller and
the voltage and current sensor is fabricated. A 12V, 3Ah battery is used to power the measurement and
control. The voltage of the battery is converted to 5V through a DC/DC converter.
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Fig. 1: Photographs of developed micro FCV
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Fig. 2: Hardware system of micro FCV

Current Voltage
sensor sensor

48V24Ah

Motor
controller
350A

Battery
system

12V24Ah

Flow meter

Thermometer
Hygrometer
Purge controller

43V,1kW

12V/5V
10W
DC-DC
converter

Fuel cell system
39～69V

36〜76V/48V
DC-DC
Converter

48V,1kW

FAN
Battery
12V3Ah

Motor
25〜115V
500W

FOOT
Accelerator

HAND
Accelerator

Power line
Signal line

Speed meter

Fig. 3: Electric system configuration
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3. Measurement and Control System
Fig.4 shows the developed measurement and control system. The LCD displays the temperature, the
humidity, and the speed. The temperature sensor is able to read between 0 and 100 (º C). The humidity sensor
is able to read between 5 and 100 %. The speed sensor is able to read between 0 and 60 km/h. The purge
controller for the fuel cells was fabricated. The purge timing may be set from 1 to 30 minutes, and is
displayed on an LCD. A manual purge button was also designed in order to allow the driver to manually
purge the fuel cells. Wattage is calculated from the voltage and the current and displayed on the LCD. The
voltage is able to be read between 0 and 70V, and current is measured from 0 to 50A.
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Fig. 4: Measurement and control system

4. Experiments on the Developed Sensors
Experiments on the accuracies of the developed sensors was conducted.
4.1. Thermometer and Hygrometer
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The developed thermometer and hygrometer were compared with purchased sensors. The experiments were
conducted at 20.2 (º C), 34.1% RH. The data were acquired every 5 minutes. Fig.5 shows the experimental
results of the thermometer and hygrometer. We confirmed the maximum errors were 0.7 (ºC) and 6.8%, and
the minimum errors were 0.1 (ºC) and 4.8%. As the maximum error of the thermometer was 0.7 (ºC), the
permissible temperature of the fuel cells is 65 (ºC), the temperature sensor is not able to read the temperature
inside the fuel cells, and the experiments were conducted under 45 (ºC), we determined the maximum error
of 0.7 (ºC) to be negligible.
4.2. Voltage and Current Sensors
The accuracy of the developed voltage and current sensors are determined by using a stabilized power supply
and an electronic load. Experiments were conducted in the ranges of 40 to 52 V and 0 to 25 A which are our
expected ranges while the vehicle is driven. Fig.6 shows the experimental results of the voltage and current
sensors. The experimental results show that the maximum errors were 0.3 V and 0.2 A, and the minimum
errors were 0V and 0A.
4.3. Speedmeter
We confirmed the accuracy of the speedmeter by calculating vehicle speed from tire rotation frequency.
Speeds of 10, 20, 30 and 60km/h were measured. Fig.7 shows the experimental results of the speedmeter.
The experimental results show that the maximum error was 0.5km/h, and the minimum error was 0km/h.
4.4. Purge Controller
The accuracy of the timing of the developed purge controller was observed at 1, 5, 10, 20 and 30 minutes.
Fig.8 shows the experimental results of the purge controller timing. The experimental results show that the
maximum and minimum errors were 6 and 1 seconds respectively.
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5. Experiments on Purging Effects of Fuel Cells
Experiments on the purging effects of the fuel cells were conducted. Three experimental conditions at 200,
400 and 600W were conducted. The fuel cells are loaded the time interval of 30 min. The enough fuel cell
purging is conducted at each wattage change. The voltage was then checked again after purging. The room
temperature and the humidity were 20.8 (ºC) and 27.3% RH at the 400W loading condition, 19.4 (ºC) and
38.2% RH at 200W, and 600W loading conditions.
Figs.9, 10 and 11 show the experimental results. The voltage dropped from 47.38 V to 46.20 V, and then
recovered to 46.37 V after purging at 200W. The voltage dropped 43.76 V to 42.03 V, and then recovered to
42.31 V after purging at 400W. The voltage dropped 41.93 V to 40.32 V, and then recovered to 40.75 V after
purging at 600W. The purging effects recovered 0.17V at 200W, 0.28V at 400W, and 0.45V at 600W. At
higher wattage, the recovery was also greater since a larger amount of hydrogen was used meaning more gas
was purged.
Next, voltage fluctuations over a long time interval were observed at the 600W loading condition. The
experiments were conducted at 18.2 (ºC) and 36.3% RH. Fig.12 shows the fluctuation voltage and current of
the fuel cells at 600W. The purging effects were 0.48V at the first time, 0.49V at the second time. Voltage
recovery over a longer interval was confirmed.
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6. Conclusions
Measurement and control system were developed for use in our developed micro car class 1 kW fuel cell
vehicle. Various sensors to observe the vehicle conditions were developed, and their accuracy was confirmed.
Additionally, purging effects of the fuel cell were examined, and the output voltage recovery was confirmed.
The experimental results showed that the fuel cells were able to recover their voltage after purging.
Improvements to the measurement and control system must be addressed in future research.
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1. Introduction
Electric energy storage is a crucial problem for autonomous systems powered by photovoltaic installations. The
excess of produced energy under favourable conditions is normally stored into batteries. For large scale applications,
where more than one battery is used, the correct utilization of the storing bank plays an important role in order to
extend the batteries' lifetime. The context of this work is related to the research on a solar assisted domestic heating
application, which includes an autonomous photovoltaic installation and a software-driven resistance load which
represents a dwelling heated by a heat pump. The load stands as a sink with time-varying energy consumption. The
energy pattern resulting from the climate condition and the user driving behaviour implies a hard float cycling work
of the storing bank. Moreover, in such applications, due to the tolerances on the internal parameters, the interactions
between the batteries are unavoidable. As a result, some storage units work under constant discharge conditions
whereas the others take on the overcharge current and imbalances occur. Therefore, a state-of-charge monitoring
scheme of an individual unit can provide an essential information in order to improve energy management.
The notion of State-Of-Charge (SOC) can be explained in terms of the energy available to the user in given
charge/discharge conditions. Knowing the amount of energy left in a battery compared with the energy it had when
it was new gives the user an indication of how much longer a battery will continue to perform before it needs
recharging. The SOC is a fictitious variable which embodies the physical phenomena that occur in the battery and it
cannot be explicitly measured. Hence, many modelling approaches have been developed to determine the SOC
(Jossen et al., 2001; Sabatier et al., 2006; Rodrigues et al., 2000; Sauer, 1997). Unfortunately, none of the existent
model assures a reliable estimation of it and new approaches are under development. Typically, the procedure of
SOC determination involves the modelling of the battery behaviour under operating conditions. Generally, several
methods of SOC estimation are used:
•
•
•

SOC as a linear/non-linear function of the battery open circuit voltage.
Ampere-counting techniques such as current integration.
SOC as a function of the battery impedance.

Each technique has its disadvantages. Since the SOC is a non-linear function depending on many parameters it is
difficult to design an adequate model. The open circuit voltage represents the SOC function but is not though
available under load. Thus, different observers based on the equivalent electric circuit have been designed to
reconstruct this state in order to determine the SOC.
The current integration method stands as a better solution to determine the SOC and it takes into account all
charging and discharging currents. But also ampere counting does not allow an adequate SOC processing due to the
errors accumulated during integration.
The Electrochemical Impedance Spectroscopy (EIS) methods (Rodrigues et al., 2000) are commonly used to
determine the physical parameters of the equivalent electric circuit and therefore give the essential information
about SOC. Nevertheless, the battery impedance does not altogether reflect the SOC but provides in turn knowledge
about faults, battery age, corrosion of electrodes, and other active mass properties. Besides, its practical
implementation with systems that constantly work under load is complicated too.
Since the battery exhibits a non-linear behaviour and its parameters may contain uncertainties, it appears interesting
to study and compare two approaches of SOC calculation:
•
•

robust state estimation, based on the sliding mode technique;
fuzzy logic observation, based on the black-box modelling.
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The sliding mode technique for SOC calculation is an important approach for robust observers design. It addresses
the problem to improve the accuracy of information of incoming data containing errors or uncertainties (Utkin,
1978; Barbot et al., 2002). The recent investigations in SOC estimation for lithium batteries (Kim, 2006) prove the
interest of developing robust observers also for other types of electrochemical storage units. However, the gain of
robustness properties pays its price for some speed performances.
The fuzzy logic approach stands as a very promising technique to estimate the SOC based on the least knowledge
about the battery behaviour. Fuzzy logic allows complex systems to be modelled using a higher level of abstraction
originating from knowledge and experience. To observe the SOC, the novel researches in this direction exhibit good
results. Numerous papers describe fuzzy logic observers which use the impedance knowledge database to determine
the SOC (Raisner et al., 1990; Raisner et al., 2004). However, the implementation of such observers is rather
complicated because of the impedance measuring scheme. In practice only two parameters are available - voltage
and current. Since the current-based SOC estimation method provides higher accuracy but still needs compensation
for the operating conditions, it can be combined with the voltage-based method.
The organization of this work as follows. Section 2 describes the experimental part and the equipment nomenclature.
The development issues are reported in section 3. Finally, the main results are exposed and discussed in the section
4. Some theoretical issues and numerical values are annexed.
2. Experimental
The experimental data have been collected from a flooded-vented lead-acid battery with declared 125 Ah of capacity
for 20 h and 12 V of nominal operating voltage. The battery (VARTA) is designed to work in float cycling regime.
The battery has been integrated into an experimental installation that consisted of a constant-voltage power supply
(Agilent 6268B) connected to a battery charge regulator (STECA TAROM 2140) equipped with a data logger
(TarCom). A programmable electronic load (KIKUSUI PLZ-4W) has been either used to determine the energy
consumption profile. The charge regulator has a built-in SOC meter and the manufacturer states its high reliability.
Two kinds of experiments have been carried out.
a) Impulse current discharge test. It allowed obtaining explicitly the analytical dependency of the open circuit
voltage to the SOC. The applied procedure comprised the alternating short discharging tests with a 12.5A current
and 10-minute rest periods. Both the open circuit voltage and the SOC then have been recorded in the data logger at
the end of every rest period.
b) Sequential charge and discharge test. It has aimed to investigate the battery behaviour in different discharging
and charging conditions. The initially fully charged battery has been subjected to discharging and charging cycles of
1A-, 3A-, 5A-, 7A-, 9A- and 11A-constant rate current. The measurements of voltage, current and SOC have been
stored in the data logger during 333 hours of total work.
All the experiments have been carried out in a protected ambiance at about 20 °C without significant temperature
variations - less than 1 °C.
3. State-of-charge observers design
3.1. Robust sliding-mode observer
A robust observer faces the state estimation problem out of very inaccurate information. In real operating conditions,
the battery is influenced by unknown disturbances and the model parameters vary with time. The sliding mode
technique guarantees the robustness of the observer as it allows rejecting any parameter variation and any
unpredictable disturbance.
3.1.1. System modelling
The structure of the sliding mode observer is based on the RC-equivalent electric circuit presented in figure 1, that
many researchers have used to model the behaviour of an electrochemical storage unit (Sutano et al., 1995).
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Fig. 1: RC-equivalent electric circuit of a lead-acid battery

The source   depends on the SOC, denoted as .  is the internal resistance of the battery,  is the charge
transfer resistance which is due to limitations in the chemical reaction rates at the electrode/electrolyte side,
is
the polarization capacitance. Both  and
are used to model the diffusion phenomena and the repartition of the
cumulated charge in the active mass.
The numerical values of parameters  ,  ad a
are usually identified by the EIS method with some adequate
equipment. Numerous papers contain results of the EIS identification for lead-acid batteries (Gopikanth et al., 1979;
Viswanatan et al., 1994). Since the systems designed on the ground of the sliding mode theory exhibit robustness
properties in the face of internal parameters variations, we suggest to use as numerical values of parameters those
which are cited in the literature (Gopikanth et al., 1979; Viswanatan et al., 1994).
In accordance with the impulse current discharge test (a) results, the open circuit voltage   has been modelled
by using a nonlinear function:
(eq. 1)
 
    e
The comparison of the measured and approximated open circuit voltages is shown in figure 2. The time derivative of
the SOC is defined as follows:




(eq. 2)

N

where N is the rated capacity and  is the sum of all currents coming in or out of the battery. As noted in figure 1,
the output voltage is the sum of the open circuit voltage  , of the drop of voltage in the internal resistance 
and of the polarization voltage  :
     
The dynamic of the polarization voltage  is governed by the following equation:






1





(eq. 3)

(eq. 4)

Fig. 2: Measured and approximated open circuit voltages

By replacing   in (3) with (1), the state equation system writes as follows:








1



N





(eq. 5)
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By denoting the values  1⁄ N ;  1⁄
# ;#  ; $  ; %  and successively:
0 0
); *
0 
representation:
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'


'  );


1,; -
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$
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 , #

#
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1⁄

+#

; !

; 

; "#

   e ;

# ,. , equations (5) are rewritten in canonical

&# *%
-% "#

(eq. 6)

3.1.2. Observer design
The observer designed for system (6) is described as:
#/

&#/

(eq. 7)
*% 0$  $/ 1#/, $, $3
$/
#/ -% "#/
where 0 is a linear gain vector and 1#/, $, $3 4 5 is a non-linear correction term whose properties will be discussed
later. It should be noted that the spectrum of matrix & is located in the left half-plane, so that spectrum 6& 7 0.
The output error is defined as follows:
(eq. 8)
$3 $  $/
$3
#3 8# , #3 
where #3 #  #/ is the state error and 8# , #3  is the non-linear output error. One can see that the non-linear output
error is the difference "#  "#/ and using relation #/ #  #3 :

(eq. 9)
8# , #3   e9: e93:  1
Since the exponential function is used, the non-linearity 8# , #3  is bounded by sector +0, ∞, and always remains of
the positive sign for all # 4 +0,1,. In this case, the observability of (6) can be verified using criteria for the linear
time invariant systems. The system is observable as the rank of observability matrix is equal to system's order:
!
1
' 
) ; rank<=  2
0

&

According to the weaker observability condition, the non-linear state error function converges to zero as the linear
state error #3 tends to zero:
<=

>

?

lim #3 M

JKL

0 N lim 8# , #3 , M
JKL

0

(eq. 10)

One proves the stability of the observer as follows. Consider a Lyapunov candidate function:
 #3 . O#3
whose time derivative must be negative or equal to zero:

(eq. 11)

(eq. 12)
 #3 . O#3 #3 . O. #3 7 0
where O is a positive definite symmetric matrix (O O. P 0). The derivative of #3 can be found by differentiating
the difference:
#3 #  #/ &  0 #3  08# , #3   1#/, $, $3
where 0 is such that the system &,  is stable. A further calculation yields:


(eq. 13)

.
(eq. 14)
&  0 #3  08# , #3   1#/, $, $3 O#3 #3 . O. &  0 #3  08# , #3   1#/, $, $3
.
.
.
.
.
#3 &  0  O O &  0  #3  2#3 O 08# , #3  1#/, $, $3 7 0
Since &,  is stable, the first term is negative, so condition (14) will hold if the second term is negative for any #3.
#3 . O. 08# , #3  Q 0 holds if and only if there exists such a positive constant R P 0, so that #3 . O. 0 R #3 , S#3 .
This statement is possible since the non-linearity belongs to the class of monotonic functions bounded in sector
+0, ∞,. Defining T +R 0,, T 0. O, the following linear matrix inequality (LMI) problem has a solution into T
and O:
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&. O O. &  . T  T . U 0
Finally, the linear gain can be calculated as follows:

(eq. 15)

(eq. 16)
0 O T .
The procedure of LMI verification is presented in appendix A.1. The non-linear correction term can be chosen
as 1#/, $, $3 V1 $3, where V 4 5=WX is the gain matrix. Basing on the stability approach for the Lur'e systems
with generalized sector condition (Hu et al., 2004), it can be shown that the term #3 . O. 1#/, $, $3 remains also
positive, if:
(eq. 17)
#3 . O. &  0 #3  V1 $3 U 0, S#3 4 Y
with Y that represents some contractively invariant ellipsoid. We assume that 1 $3 is a concave odd function,
which satisfies the property 1 $3 1 $3 and for which exists a set of inclusions
1 $3 4 co\]^ #3, … , ]` #3, … ]a #3b, 0 P ]^ P ]` , Sc 1 … d. Since the 1 $3 is concave, the following
inequalities hold for all #3 4 Y:

Therefore, statement (17) yields:

]` #3 7 1 $3 7 ]^ #3,
if #3 P 0
]^ #3 7 1 $3 7 ]` #3,
if #3 U 0
|$3| U g` , Sc 1 … d

#3 . O. &  0 #3  V1 $3 7 maxi#3 . O. &  0   ]^ V
It is obvious that this condition holds, iff

Hence, the observer is asymptotically stable.

V

O 

#3, #3 . O. &  0   ]` V

.

#3j U 0
(eq. 18)

3.2. Model free fuzzy logic observer
The structure of the fuzzy logic observer relies on the corresponding fuzzy logic controller, of the type TakagiSugeno. The synthesis of the fuzzy logic observer is achieved within two stages:
•
•

Choice of the observer’s structure;
Tuning of the observer’s parameters.

3.2.1. Choice of the structure
Since the fuzzy logic method refers to "black-box" modelling, the decision making rule may a priori include
explanatory variables without really physical interpretation in the studied process. For example, one can assume that
the variation of the SOC depends on a linear combination of the instantaneous current M, voltage  M and actual
SOC M (Jossen et al., 2001). However, by applying the notion of energy, the modified relation is introduced in
this work:
(eq. 19)
M kM  lM
This relation is interpreted: the available energy M at time M is equal to the difference of the work kM that
potentially could be done for given charging/discharging conditions, with specified  M, and the overall work that

is done lM. Considering lM
following form:

J

m n^ oo and kM

M

J

m^  m p o o
^

J

m^

m  M, the relation (19) can be rewritten in the

m  M

(eq. 20)

n^ oo and #  M for the output mapping $ M and
like parameters m^ , m and m are to identify. The structure of the observer is determined by specifying the inputs
q \# , # b, their values S#` 4 &` , &` i`, , `, , … , `,a j, 1 7 c 7 |q|, the output mapping T: q K $, and the
number of fuzzy rules d. The decision making rule is designed as follows:
Thus the explanatory variables are chosen as #

(eq. 21)
$ m^  m # m #
The fuzzy logic resolution scheme can be expressed in the form of Takagi-Sugeno rules (Babuska et al., 1996):
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if # 4 & s # 4 & then T: q K $

With:

iRv qj

i`,v jw`w|x| , T

&`

wvwa

Rv q m^,v  m,v #
Therefore, the estimated output is equal to:
$/
zv

(eq. 22)

wvwa

m,v #

(eq. 23)

∑a
v| zv · Rv q
|x|

(eq. 23)

∑a
v| zv

} `,v #`  , 1 7 ~ 7 d
`|

The fuzzy rules are obtained within two steps. In the first step, the vector of measured data q, $, which has been
obtained from the sequential charge and discharge test (b), is subjected to the fuzzy clustering procedure (Dunn,
1973) in order to map hyperboxes embedding every cluster v  iq  , $  v , … q  , $  v j, with q  , $  v 
… q  , $  v  q, $. In the second step, the set of hyperboxes 

iv j

wvwa

is converted into the set of

membership functions i`, #` , `, #` , … `,a #` j, 1 7 c 7 |q| by projecting each cluster onto q.
3.2.2. Tuning of the parameters

During this stage of design, firstly the vector of unknown output parameters is found Θv +m^,v m,v m,v ,,
1 7 ~ 7 d. For each fuzzy rule specified with (22), the vector of unknown parameters is calculated using the leastsquares approach (Soderstrom et al., 1988):
 .
(eq. 24)
q . lv q
q lv · $
+
,,
with vector q
 q matrix lv diagv and measured output $. Secondly, the set of input parameters for
membership functions `,v #`  is identified. The Gaussian representation of the membership function is suggested
for all input terms:

Θv



9,

,



(eq. 25)
`,v #`  
, 1 7 c 7 |q|, 1 7 ~ 7 d
The learning algorithm has been designed to adjust the set of unknown parameters `,v , !`,v . The applied algorithm
is based on an evolutionary programming technique (Rechenberg, 2000) which uses the high-level vector coding of
solution  +   v  a ,, with v +`,v !`,v `,v !`,v ,. First, the algorithm generates the
set of possible solutions \ bwwa . The selection of the best solution performs iteratively by calculating the fitness

function for each vector of solutions:

(eq. 26)
min TT  $  $/ 
The solution is accepted if the fitness function tends to a minimum. In order to diversify the region of the optimal
solution research and not to let the algorithm stagnate at a local optimum, the so-called "crossover" and "mutation"
operations have been used. The crossover operation performs between two pairs of vectors  and  , which are the
candidates for the optimal solution. It consists in recombining the internal terms v , so that two new vectors !
and ! are created:
v





v  , if ~ U 




 ,  

¡v , !`,v

¡£

v





v  , if ~ U 



(eq. 27)

v  , if ~ Q 
v  , if ~ Q 
where  is the random number specifying the recombination point. The mutation operation brings the alterations to
some values of the new set of vectors \  ! bwwa  in accordance with the normal distribution law ¡·:
v

¢¡ £

`,v

2

`,v

, `,v ¤

`,v

2



`,v

, `,v ¤

¡v , !`,v ¥

(eq. 28)

where `,v is a lower bound, `,v and !`,v are upper bounds of the parameters and v is the center of cluster v .
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4. Results and discussion
The data collected during the sequential charge and discharge test (b) have been used to validate both the designed
observers. In the case of the sliding mode observer, the parameters of the model equations (5) and (6) are:
0
0
8.0
+0.32 1,; - 0.16
?; * 10¨ · >
?;
0 1.4
50.45
The parameters of equation (1), that approximate the open circuit voltage in figure 2, are "# 14.7  3.5e.®9: .
The saturation-like function is adopted for the non-linear function 1 $3 tanh$3. The LMI equation (15) is
resolved in Matlab using the YALMIP toolbox resulting in matrix T and positive definite matrix O:
&

>

47.51 13.25
?
13.25 20.42
The linear gain 0 and the non-linear gain V are calculated from equations (16) and (18):

T

+28.01

0,; O

>

0.72
24.9
>
?; V 10¨ · >
?
0.47
6.51
The error in the SOC estimation is shown in figure 3. Let us note chattering due to the forced commutation.

0

Fig. 3: SOC estimation error

The output error $3M that is equivalent to the motion onto sliding manifold °$3, M ± 0 is depicted on figure 4.
Therefore, the system remains on a sliding manifold.

Fig. 4: Output error

In the case of the fuzzy logic observer, the procedure described in Section 3.2 has been used to design and adjust 7
fuzzy rules during 100 iterations of the learning algorithm, which has been implemented in Matlab using the
FUZZY toolbox. The set of solution vectors has been limited to 10, with a recombination rate of 40% and a
maximum probability of mutation of 0.05. The high-level coding approach has allowed to diminish the length of the
solution vector to 28 elements. The traditional 0-1 coding demands a larger number of terms v in vector . The
adjusted input membership functions are presented in figures 5.

(a)

(b)

Fig. 5: Membership functions for: (a) input term "Current" and (b) input term "Voltage"
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The numerical values are listed in Appendix A.2. The results of the both SOC estimations are presented in figure 6.

Fig. 6: Comparison of performances of SOC observers

Both designed observers exhibit high capabilities to estimate the SOC. The sliding mode observer has been designed
independently of the measured data in test (b). The proposed approach of synthesis exhibits good robustness
properties with respect to the modelling imprecision, since the SOC calculated with the sliding mode observer
follows the indications of the STECA TAROM 2140 charge regulator.
However, due to the dynamical properties of system (6), the time needed to reach the sliding mode is non-negligible.
This time increases with the modelling imprecision, resulting in higher amplitude of the chattering process.
The fuzzy logic observer is free of dynamics and no transient time is needed to achieve the stationary state.
However, it is sensitive to the errors accumulated in current integration, according to relation (20). It should be
noted that the fuzzy logic observer imitates the behaviour of the charge regulator, since the indications of the charge
regulator have been used in the training stage. Therefore, this type of observer is useful to model the behaviour of
the energetic plant "storing bank - charge regulator" in order to study issues of different autonomous systems.
5. Conclusion
The developed sliding mode and fuzzy logic observers perform well to estimate the SOC of lead-acid batteries. The
first approach allows designing robust observers, which are insensitive to errors and parameter uncertainties and
reject any external unpredictable disturbance. However, the chattering in such systems, due to the alterations via
application of high-frequency switching control, is a subject to investigate.
The combination of voltage measurement as well as ampere-counting allowed designing a simple and reliable fuzzy
logic observer for a time-varying plant with parameter uncertainty and reduced number of available measured
values. However, this approach of observer synthesis has its disadvantages - the learning algorithm must have
sufficient information with respect to output parameter variations. Hence, it demands rather much time to collect the
data.
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Appendix
Appendix A.1. To the explanation of LMI problem formulation
Consider the following LMI:
&. O

O. & 

.

T  T. U 0

It can be shown that for R 4 5 , the LMI will have a solution in the matrices T and O O. P 0. Let assume some
values for R and O. Taking into account the numerical values of system’s matrices &,  from (6), the enlarged
relation is written as follows:
'

²
0 0
) · >²
0 
¨

²¨
² ?

'

²
0 0
) · >²
0 
¨

²¨
!
² ?  > 1 ? · +R
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Then for every value R P 0 and  U 0 the following relations always hold:
2! R P 0

4! R  ²  R   ²¨  P 0
Appendix A.2. Numerical values of the fuzzy rules
Tab. 1: Parameters for the output functions

Fuzzy rule
1
2
3
4
5
6
7

³´
-231.18
-270.44
8.17
45.10
-349.52
-182.23
-446.21

³ · ´µ
-2.82
-3.96
-2.53
-3.44
-1.15
5.0
-1.00

³µ
23.49
26.24
3.66
0.97
33.27
18.67
40.78

Tab. 2: Parameters for the input membership functions

Fuzzy rule
1
2
3
4
5
6
7
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·
¸
·
¸
·
¸
·
¸
·
¸
·
¸
·
¸

¶ , A
91.54
-742.1
112.6
14.07
49.18
-499.6
50.04
-1252
95.42
298.9
19.46
61.05
9.603
-254.2

¶µ , V
0.102
11.69
0.054
12.69
0.073
11.85
0.196
12.29
0.135
12.48
0.013
12.90
0.053
12.41

MECHANICAL DESIGNS AND FUEL CELL TEMPERATURE
CHARACTERISTICS OF SINGLE PERSON OPERATED
FUEL CELL VEHICLE WITH 1kW FUEL CELLS (micro FCV）

Yoshitaka Namekawa, Satoru Yamaguchi, Tsubasa Yamazaki, Ryo Nakajima
and Yoshihiko Takahashi

Kanagawa Institute of Technology, Atsugi, Kanagawa, Japan

1. Introduction
We have developed a single person operated small fuel cell vehicle which uses a 1 kW fuel cell. The
hydrogen used for the fuel cell is produced by a water electrolysis hydrogen generator using a solar powered
energy source. The advantage of using a solar powered energy source is that it produces power without
requiring use of fossil fuels.
Most of the observed increases in global average temperatures are very likely correlated with the rise in
anthropogenic greenhouse gas concentrations in the Earth’s atmosphere. One of the primary contributors to
the emission of these gases is fossil fuel combustion. Thereafter, a vehicle using the internal combustion
engine must be replaced with more ecological system in order to reduce greenhouse gas (e.g., carbon
dioxide) emissions. As a result, fuel cell electrical vehicles (FCV) are becoming one promising technologies
for reducing the carbon dioxide emissions. Several large automobile enterprises and research institutes are
developing fuel cell electrical vehicles [1-6]. As they are researching high powered fuel cells in the 100 kW
class, the cost of these vehicles may be prohibitive for some consumers. It is essential, thereafter, to reduce
the cost of fuel cell vehicles. The purpose of our research is to develop a low cost fuel cell vehicle using a
low powered fuel cell. Taiwan University developed a small fuel cell scooter with two wheels [7]. The
developed fuel cell scooter is permitted to run on a public roads despite its use of a small fuel cell in the 2
kW class.
Our aim is to develop a small fuel cell vehicle using four wheels which will be permitted to operate on a
public road. We have already developed fuel cell vehicles for Japanese light weight electrical vehicle
competitions. The designed systems were single person operated vehicles with fuel cells of rated power 200
W [8] and 20 W [9, 10]. We have been also developing a hybrid wheelchair which utilizes a photovoltaic and
a fuel cell [11-13]. We have now started to develop a micro car class fuel cell vehicle which will use a 1 kW
fuel cell (named the micro FCV). The micro FCV is a single person ride vehicle which will be permitted to
operate on a public road. The micro FCV uses a fuel cell when operating a flat road at constant speed,
however uses a battery when it accelerates or climbs a steep slope. We have improved a purchased micro car
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braking system and the hydrogenous piping system as well as experiments conducted on electricity
generation by the fuel cell. Structural analysis was conducted, and showed the design to be safe. Electricity
generation characteristics of the fuel cell dependent on ambient temperature was observed.

2. Developed micro FCV
Fig.1 shows the photograph of the developed micro FCV. The Milieu R of the Takeoka Jidosha Kogei
Corporation was purchased, and converted to a fuel cell electric vehicle. The Milieu R is a micro car class
electric vehicle driven by a motor using below 0.6kW. Fig. 2 shows the mechanical configuration of the
micro FCV. The battery was set under the seat. The fuel cell, the hydrogen tanks, and the control systems
were set at the back of the seat. The micro FCV has a hybrid energy system which uses a battery and a fuel
cell. The battery system is used when a large amount of power is required, e.g. situations of acceleration or
steep slope climbing. The fuel cell system is used when the required power is below 1 kW.

Fig. 1: Photograph of developed micro FCV

Fuel cell Hydrogen tank×2 DC/DC converter
Control unit

Sensor battery Drive battery ×4

Motor

Motor controller

Fig. 2: Mechanical configuration of developed micro FCV
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3. Hydrogen Piping System Designs
Fig.3 shows the hydrogen piping system of the micro FCV. A regulator reduces hydrogen pressure in the
hydrogen tanks to between 0.05 to 0.065MPa. The hydrogen is then supplied into the fuel cell. A mass flow
meter measures the hydrogen consumption rate in the fuel cell which is displayed on the segment. Fig.4 is a
photograph of the hydrogen piping system. The regulator, the mass flow meter, and the valve were fixed on a
wall inside the vehicle body.

Valve

Pressure gauge

Hydrogen tank

Valve

Pressure gauge

Hydrogen tank
3.0L, 19.6MPa

0.2MPa

T-Joint

Fuel cell

Mass flowmeter

Regulator
0.05～0.065MPa

Hydrogen flow
Data signal

Purge valve
Flow rate

To purge

Fig. 3: Hydrogen piping system of micro FCV

Hydrogen flow

Valve

Fuel cell

T-joint

Regulator

Mass flow meter

Fig. 4: Photograph of hydrogen piping system

4. Braking System Designs
In order to reduce the running resistance, it is very essential to reduce the weight of the overall vehicle.
Therefore, we redesigned the rotating parts and suspension system with lightweight components. The tire
and wheel systems were replaced with smaller wheels and tires as well as lightweight components. The front
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braking systems was converted from a drum brake to a disk brake. An adapter was designed to attach the
new wheels and the drum brake. Fig.5 shows the braking systems and the actuator system of the micro FCV.
A three dimensional CAD was used to design the front braking systems after measuring the existing braking
components. Next, the designed model was assembled based on the CAD design. Figs.6 and 7 show the
modeling diagram of the front and rear braking systems respectively. Al5056 was used to produce the
components of the hub, handle-arm, knuckle, caliper-jig, and adapter as it is corrosion resistant. SUS440C
was used to produce the disk as it is abrasive. Finally, SCM440 was used to produce the shaft in order to
provide the necessary strength required. The designed components were produced using a lathe and a milling
machine. The knuckle and the hub were fabricated using an NC machine tool to create their curved surfaces.
Figs.8 and 9 are the before and after images of the replacements to the braking system. The weight of the
overall suspension system was decreased 31%.

Hub
Disk

Caliper

Caliper
Handle
Knuckle
arm
jig

DCDC

39～69V

Fuel cell

48V

Steering
gear

DC
Motor
Motor
controller 0～48V
Differential
12V×4
gear
Drive
Drum
battery
brake
Power Flow
Adapter
Hydrogen Flow

Selector

Handle
Caliper
arm Knuckle jig
Disk
Hub

Adapter
Drum
brake

Hydrogen tank

Caliper

Fig. 5: System configuration of developed micro FCV

Caliper
Caliper jig
Knuckle

Hub

Disk

Shaft
Handle arm
Knuckle arm

Fig. 6: Modeling diagram of front braking system
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Adapter

Drum brake

Fig. 7: Modeling diagram of rear braking system

Knuckle arm

Knuckle

Rod end Handle arm Drum brake
(a) Before improvement

Knuckle

Rod end

Shaft

Disk

Handle arm

Hub

(b) After improvement

Fig. 8: Photographs of front braking system

Damper

Drive shaft

Damper

Drum brake

(a) Before improvement

Drum brake

Drive shaft

Adapter

(b) After improvement

Fig. 9: Photographs of rear braking system
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5. Strength Analysis of Lightweight Design Components
Strength analysis of the braking system components was conducted in order to confirm their safety. Static
and dynamic analyses were conducted. The shaft, knuckle, hub, and adapter were tested using static analysis,
and the hub, caliper-jig, and adapter tested using dynamic analysis. Both models were formulated utilizing
static and braking wheel loads. The braking load was determined by the deceleration force, which is
calculated by assuming a braking distance of 5m from a velocity of 30km/h.
Figs.10 and 11 show the stress simulation results of the static and the braking loads. The safety factors were
determined using the stress simulation results. The safety factors of the shaft, knuckle, hub, and adapter were
respectively 6.84, 14.7, 74.9, and 16.7 with respect to the static load. The safety factors of the hub, caliper,
and adapter were respectively 3.62, 3.37, and 10.1 with respect to the braking load. We confirmed that the
designed braking components met their safety factor requirements. However, the safety factors of the hub,
the knuckle, and the adapter exceeded their limits, and therefore must be redesigned.

122MPa

(a) Shaft

3.28MPa

(c) Hub
Fig. 10: Simulation results of static load
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16.7MPa

(b) knuckle

14.7MPa

(d) Adapter

24.3MPa

72.8MPa

67.7[Mpa]
67.7MPa

(a) Hub

(b) Caliper jig

(c) Adapter

Fig. 11: Simulation results of braking load

6. Braking tests
Braking test experiments were conducted to confirm the performance of the newly designed braking system.
Fig.12 shows the experimental method of the braking test. When the vehicle passes the starting line, it begins
to stop using the braking system. The stopping distance is measured as the distance from the starting line to
the stopping position. Braking tests were conducted at a velocity of 30km/h on a dry test road.
Fig.13 shows the experimental results of the braking test. The braking distance before the improvements was
4.5m. The braking distance after the improvement was 2.3m. We confirmed that the new braking system
improved performance by nearly a factor of 2.

Stopping distance
Start line

Stop position

Experiment condition
Driver weight : 55kg
Speed : 30km/h

Fig. 12: Experimental method of braking test
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Stopping distance[m]

5
4
3
2
1
0
Before improvement

After improvement

Fig. 13: Experimental results of braking test

7. Participation to JISFC2010
(Japan Inter-College Solar & Fuel Cells Car championship)
The micro FCV participated in the JISFC2010 (Japan Inter-College Solar & Fuel Cells Car Championship)
to evaluate its long distance running performance. The JISFC is held at the solar sports line in Ogata village,
Akita prefecture every year. The course is mostly flat, and one lap is 25 km. Participant vehicles run twenty
five hours over three days. The micro FCV was able to run two laps (50 km) of the course over a running
time of five hours in total. The temperature at the course was approximately 35º C.

8. Experiments of Electricity Generation Characteristics of Fuel Cell Dependent
on Ambient Temperature
The fuel cell generates heat when it generates electricity. The characteristics of the fuel cell vary dependent
on ambient temperature. It is therefore important to examine these characteristics. A Horizon H-1000 fuel
cell stack was used for these tests. Its specifications are shown in Table 1.
Fig.14 shows the experimental set up. The experiments were conducted in an experimental room. The room
temperature was set at 6.5, 10, 15, 20, 25, and 30º C. The fan voltages of the fuel cell were set at 0, 3.5, 6, 9,
and 12V. An electronic rated load of 1 kW was used. The electronic load was increased from 50 W to 900 W
each minute. When the fuel cell was unable to generate electricity, the experiment was stopped. The values
of the fuel cell voltage, current, hydrogen consumption rate, fuel cell stack temperature, humidity, fan
voltage, and current were recorded using a data logger. Electricity generation performance decreased when
the non-active gas is increased in the fuel cell. The non-active gas was purged, therefore when the electricity
increased.
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Table 2 shows the experimental results of the relationship between the air velocity and the fan voltage. This
relationship was proportional. Fig.15 displays the experimental results of the fuel cell at the temperature of
20º C and the fan voltage of 12V. Figs.16 and 17 depicts the maximum power and temperature of the fuel
cell which were related to the fan voltage and the ambient temperature. The fuel cell was able to generate
900W under the conditions: (a) the temperature was between 6.5 and 10º C, and the fan voltage over 9V, and
(b) the temperature was between 15 and 20º C, and the fan voltage 12V. However, the fuel cell was not able
to generate 900W at the temperature between 25 and 30º C.
We confirmed that the fan was able to cool down the fuel cell sufficiently at a temperature between 5 and 20º
C, however it was not able to cool down at a temperature between 25 and 30º C. When the fan voltage is
over 12 V, it is required to keep the fuel cell temperature below 38º C to obtain maximum electricity (see
Figs.16, 17 (d)). When the fan voltage is at 0, 3.5, and 6V, however, the fuel cell is not able to generate
maximum electricity regardless of the temperature being below 38º C (see, Fig.16, 17 (a), (b)). Therefore, it
is necessary to use a fan, and to keep the fuel cell temperature below 38º C in order to obtain the maximum
electricity.

Table 1: Specifications of fuel cell stack (Horizon H-1000)
Type of fuel cell
Number of cells
Rated power [kW]
Rated performance
Output voltage range [V]
Weight(with fan) [kg]
Size [mm]
Reactants
Rated H2 consumption [L/min]
Hydrogen pressure [MPa]
Ambient temperature [deg.C]
Max. stack temperature [deg.C]
Hydrogen purity [%]
Humidification
Cooling
Start up time
Efficiency of system [%]

PEM
72
1
43V@23.5A
39～69
4.7
256×220×122
Hydrogen and Air
14
0.05～0.065
5～30
65
99.999 dry H2
Self-humidified
Air (integrated cooling fan)
immediate
40@43V

FC temp.
FC humidity
Data logger 2
Hydrogen
tank

Mass
flowmeter

Temp.sensor
Room
temp.

Fuel cell

Electronic
load

Fan×4

Flow
rate

Fan voltage
Fan current
FC voltage

Power
source

FC current
Data logger 1

Hydrogen flow
Signal flow

Fig. 14: Experimental set up
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Table 2: Relations between air velocity and fan voltage

Fan voltage [V]
Air velocity [m/s]

3.5
1

6
2

9
3.7

12
4.8

Hydrogen
FC humidity FC temp. flow rate
[deg.C]
[%]
[L/min]

Fuel cell
current
[A]

Fuel cell
voltage
[V]

Fuel cell
power
[W]

1000
FC P
500
0
60

FC V

30
0
30
FC I

15
0
20

flow

10
0
45

FC temp.

30
15
35

FC humidity

25
15
0

690
Time[sec]

1380

Maximum power of fuel cell [W]

Fig. 15: Experimental results of fuel cell (room temp. 20deg.C, fan voltage 12V)
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(a) 6.5 [deg.C]

(b) 10 [deg.C]

(c) 15 [deg.C]

0 3.5 6 9 12

0 3.5 6 9 12

0 3.5 6 9 12

(d) 20 [deg.C]

(e) 25 [deg.C]

(f) 30 [deg.C]

0 3.5 6 9 12

0 3.5 6 9 12

0 3.5 6 9 12

Fan voltage [V]
Fig. 16: Maximum power of fuel cell
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Maximum temp. of fuel cell [deg.C]
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0

50
40
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10
0

(a) 6.5 [deg.C]

(b) 10 [deg.C]

(c) 15 [deg.C]

0 3.5 6 9 12

0 3.5 6 9 12

0 3.5 6 9 12

(d) 20 [deg.C]

(e) 25 [deg.C]

(f) 30 [deg.C]

0 3.5 6 9 12

0 3.5 6 9 12

0 3.5 6 9 12

Fan voltage [V]
Fig. 17: Maximum temperature of fuel cell

9. Conclusions
An approximately 30 % reduction in weight as the result of redesigning the braking system with lighter
components was achieved. The designed components met safety requirements. The performance of the
braking system was improved by nearly double. The developed micro FCV participated in the competition of
the JISFC2010, and was able to run 50 km. Characteristics of the fuel cell were examined. We confirmed
that the characteristics of the fuel cell are strongly dependent on the ambient temperature and the cooling fan
voltage. We are now considering a water cooling system to obtain enough electricity.
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1. Introduction
Dispatchability of CSP and a further reduction of levelized electricity costs are strong incentives for the
development of cost-efficient technical solutions for thermal storage systems. A heat storage system using
fine-grained particles as its storage material is a technology option that offers novel low-cost solutions. The
implementation of this concept however depends on a viable concept for an air-to-particle heat exchanger, a
component that is needed to heat up the particle flow and that is not available on the market today. SolarInstitut Jülich (SIJ) and the German Aerospace Centre (DLR) are developing and testing a new air-to-particle
heat exchanger (Warerkar et al., 2009). Relevant problems include high temperature gradients in sand and
frame structure, the pressure drop through the heat exchanger, the thermodynamic behavior and the fluid
dynamic interaction within the bulk material.
In this paper open questions on material properties of the sand-like inventory are addressed. High
requirements are placed on the particulate materials used in sand-air heat-exchanger to ensure a smooth and
efficient operation for many years. Hence, a detailed analysis of candidate bulk materials and their properties
are of ample importance for the development of the technology. The focus of this work is put on properties
like effective thermal bulk conductivity, thermal shock resistance, and attrition aspects.
2. Sand Storage Concept
The sand storage concept in an open-volumetric receiver solar tower (Hoffschmidt, 1997 and 2003) involves
an air-sand heat exchanger unit as the most cost-relevant component, a component that is not available on the
market today. First experience with a small 15 kW prototype has been reported (Warerkar et al., 2009). The
air-sand heat exchanger concept (Fig. 1) assumes a cross flow of air and sand, where the sand is moving
vertically, driven by gravity only, and the air is passing horizontally through the sand driven by a fan. The
heat exchanger volume must be enclosed by filter walls at the air inlet and exit areas in such a way that the
bulk material always fills the volume completely and that it does not penetrate the filter walls.
First results have been obtained in a previous project where a 15 kW sand-air heat exchanger was built and
operated. Theoretical studies have shown that good thermal performance is achievable at moderate pressure
drop (Warerkar et al., 2009). The ongoing project Hitexstor advances the technology by looking at properties
of material candidates and further detail design options for the heat exchanger.
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Sand

Air

Fig. 1: Sand storage concept for solar power towers [1] (left) and 15 kW heat exchanger prototype (right) [2]

3. Properties of short-listed bulk materials
Thermal Conductivity
The thermal conductivity of the bulk is one of the determining factors for the thermal performance of the
heat exchanger. The knowledge of this material parameter is therefore crucial for its design.
Measurements of effective thermal bulk conductivity have been performed with the method of heated wire in
a Netzsch TCT 426 thermal conductivity analyzer (see figure 2 below). Bulk conductivity was measured in a
temperature range from room temperature to 800°C. The materials used in the tests include the most
promising material candidates as listed in table 1 below.
Table 1: Grain sizes of tested granular materials

Material

Volumetric mean grain size [mm]

Standard deviation [mm]

Sintered bauxite

1.49

± 0.26

0.56

± 0.09

2.01

± 0.50

1.17

± 0.20

Basalt

2.89

± 1.08

Quartz flint

2.02

± 0.57

Quartz sand

0.80

± 0.18

Normal corundum F14

1.83

± 0.42

NC F16

1.61

± 0.36

Alumina grinding balls

In figure 3 below, the measured results are shown. Though the thermal conductivity of the solid materials
span a wide range from 2 W/mK (e.g. basalt at 800°C) to 20 W/mK (e.g. alumina at 20°C), the
corresponding effective bulk conductivities turn out to be in a narrow range between 0.2 to 0.3 W/mK for
low temperatures and 0.5 to 0.8 for high temperatures. Hence, the solid’s thermal conductivity is of minor
importance for the bulks thermal behavior.
The increase of effective conductivity with temperature is attributed to the increasing contribution of thermal
radiation on the apparent conductivity at higher temperatures. As can be seen in figure 3, a larger grain size
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of the same material leads to a higher effective conductivity. Here, the underlying effect is seen in the
reduced number of particle contacts reducing the conductive heat resistance with larger particles. Also, the
radiative heat resistance is reduced with a smaller number of particles on a given distance.
Quarzflint

1

Quarzsand

λ SO [W/mK]

0.9

Normal Corundum F14

0.8

NC F16

0.7

Bauxite 0.6

Bauxite 1.5
Alumina 2.0

0.6

Alumina 1.2
Basalt

0.5
0.4
0.3
0.2
0.1
0
0

100

200

300

400

500

600

700

800

T [°C]

Fig. 2: Sintered bauxite in the TCT 426 hot wire device

Fig. 3: Effective heat conductivity of various granular materials

Thermo-shock resistance
To ensure stable and predictable operating conditions of the system over the materials lifetime, degradation
and the resulting reduction of grain size must be avoided, as this would negatively affect pressure drop and
the flow behavior of the bulk. One of the potential origins of such failures is thermal shock occurring in the
heat exchanger during charge operation and must therefore be considered. To this end, a thermal cycling of a
number of materials has been performed.
Cyclic thermo-shock tests have been applied to the materials through heating to approx. 810°C, water
quenching at 20°C and subsequent drying at 110°C. With the help of the image analysis system Powder
Shape, grain size distribution was determined after five, ten and thirty cycles and then compared with
untreated specimens.

100%

AlOx_gr_new

90%

AlOx_gr_5cyc

80%

AlOx_gr_10cyc

70%

AlOx_gr_30cyc

100%
80%
fraction [%]

fraction [%]

As a result it turns out that for the ceramic materials, like sintered bauxite or alumina, the grain size
distribution remains almost unaffected from this treatment. This is illustrated in figure 4 below for alumina,
where the almost unchanged curves indicate a good suitability and a high lifetime expectancy with cyclic
thermal loads.
Cum. Count Undersized Grain Size
Cum. Count Undersized Grain Size

60%
50%
40%
30%

60%

quarzsand_neu
Quarzsand_5cyc
Quarzsand_10cyc
quarzsand_30cyc

40%
20%

20%
10%
0%
0

500

1000

1500

2000

2500

3000

grain size [um]

Fig. 4: Cumulated grain size for alumina after 0, 5, 10 and 30
cycles

0%
0,00

500,00

1000,00

1500,00

grain size [um]

Fig. 5: Cumulated grain size for quartz sand after 0, 5, 10 and
30 cycles

In contrast, the investigated natural products have a higher sensitivity to thermal cyling. As can be seen from
Fig. 5, quartz shows a pronounced granular disintegration, becoming visible from an increased fraction of
fine particles after 30 cycles. Here, thermally induced stress exceeds the mechanical strength of the material
and thus leads to breakage of the grains. This is further amplified by the quartz inversion, occurring at
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approx. 573°C.
Less pronounced, but still visible effects of degradation have been determined for basalt and normal
corundum. A possible damage mechanism could again result from the typically existing quartz-phase in the
grain. Hence, the use of natural products containing quartz phases in general, and specifically quartz
products, bears the risks of limited lifetime when operated with high temperature gradients and with
temperatures around the quartz inversion point.
Attrition behavior
The relative movement of the particles is another origin for potential changes in grain size distribution, with
possible effects on flow behavior of the bulk and air-side pressure drop. To limit such risks, attrition tests
were performed in a ring shear cell as shown in figure 6 below. The device consists of a ring channel filled
with the granules and a matching cover plate. The bulk material is densified by the plate with a specified
normal force, inducing an attrition load in the bulk. By rotation of the cover plate, an additional shear stress
is generated. A perforated plate is installed at the bottom of the ring channel, keeping the lower layer of
particles in place to achieve the formation of a shear zone in the bulk of 20-30 mm width.
The failure zone, in which attrition occurs due to a high strain rate, is assumed to have a width of 6 to 10 mm
(Bridgwater, 2007, Ghadiri et al., 2000). An the initial mean grain size of the specimens ranging from 1.5 to
2.9 mm implies that almost all particles are located in the failure zone. All tests have been conducted with a
normal force of 2 kN, inducing a normal force of 84 kPa in the bulk, and with a rotational speed of 42 rpm,
corresponding to a mean velocity of 3 m/s. Attrition is quantified using a subsequent sieve analysis.
The test results are summarized in Fig. 7 below. It shows the fraction of attrition plotted versus strain rate,
which is defined as ratio of shear length to sample layer thickness. Attrition is defined as mass fraction of
particles smaller than their smallest initial grain size. From this diagram it can be gathered that, unlike all
other tested materials, alumina grinding balls turn out to remain completely wear-free thanks to its high
roundness, hardness and tensile strength. Bauxite degrades faster than quartz flints, but both materials’
attritions saturate at a value around 60 % and 45 %, respectively. No such saturation effects were found for
corundum and basalt within the indicated testing periods.

Fig. 6: Shear cell device (left), principle of the shear cell (right)
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Fig. 7: Attrition vs. shear strain for different granular materials

The results in figure 7 can now be used to deduce statements on the long-term behavior the materials: Based
on the modified Gwyn equation, an empirical correlation, the particle attrition can be related to the
mechanical load condition expressed by the bulk’s normal stress and shear strain in an annular shear cell
(Bridgwater, 2007):
β

⎛ σΓφ ⎞ ,
⎟⎟
W = K N ⎜⎜
⎝ σ SCS ⎠

(eq.1)

where W is the mass fraction of broken particles, Γ the shear strain , σ the normal stress applied to the bulk
and σSCS the tensile strength of the solids. Performing least square fits of the experimental data to this
equation allows to estimate the material parameters β,Φ, and KN. The parameters β,Φ describe the effect of
stress and strain on attrition, respectively. KN can be interpreted as a measure of the attrition at a shear strain
of unity and is called the Gwyn constant (Bridgwater, 2007). The estimated values for β, Φ and KN are listed
in Table 2.
Table 2: Material parameters for the modified Gwyn-Equation

Material

Β [-]

Φ [-]

KN [-]

Sintered bauxite

0.5

0.21

38.5

Basalt

2.7

0.5

135

Alumina

0.4

0.05

0.035

Normal corundum

1.45

0.5

1.79

Quartz flints

1.05

0.5

1.13

Further tests were conducted with the aim to quantify abrasion on a number of materials that could be used
for filter walls in the air-sand heat exchanger. Candidates tested were two types of ceramic honeycombs
made from Re-SiC and Si-SiC, and meshes of stainless steel. These materials were assembled onto the cover
plate and sheared over the granules instead of the stainless steel plate used for attrition tests.
The test results show that abrasion on wall materials significantly depends on the combination of wall
material and granular material. While honeycombs made of porous Re-SiC are almost completely destroyed
by basalt and quartz flints after 3 hours under load, the dense structure of Si-SiC honeycombs exhibits high
resistance to abrasion for quartz, basalt and bauxite with no evident damage after the same testing time (see
Fig. 8).
The metallic meshes are partially destroyed shortly after being exposed to alumina grinding balls, as can be
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seen in Fig. 9. The desintegration of the mesh structure is not due to the poor wear resistance of the stainless
steel, but the mechanical interaction between the particles and the fiber ends. The mesh structure is destroyed
by fibers being pulled from the mesh. The use of such meshes as filter walls is thus viable only if the mesh’s
fibre ends can be protected.

Fig. 8: Re-SiC after abrasion by basalt (left) and Si-SiC after abrasion by bauxite
(right)

Fig. 9: Destroyed metallic mesh after
exposure to moving alumina grindig
balls for 120 minutes

Flow properties of particulate materials
Fig. 10 shows the pressure drop the air flow experiences when passing through a compact bed of sand. It is
the most critical performance parameter because it directly affects the parasitic energy consumption of the
fan. Therefore several commercially available mineral bulk products have been examined at room
temperature in a 7 cm x 7 cm x 10 cm test box, where the material was confined by wire mesh on each side.
The air volume flow was measured with an orifice. Average air velocities vAir in front of the inlet filter were
calculated. Pressure drop Δp of the 10 cm thick material was calculated as an average of data measured in an
upward and downward flow direction after fitting the data with a second-order least-square fit.
6000
SiC-Pearls 0,6-0,9 mm
SinBauxProp 0,45 mm
Euroquarz 0,5-1,0 mm
Fusil 1,0-2,0 mm
NorproAlSil 0,9 mm
Quarzsand 0,7-1,2 mm
Basalt 1,0-1,6mm
Alox 0,75-1,5 mm
Quarzsand 1,0-2,0 mm
SintBaux HSP 1,0-1,7 mm
Eurokies 1,0-2,0mm
Korund 1,0-2,0 mm
NorproBaux 1,5 mm
Sika (SG) 1,0-2,0 mm
Korund 1,2-2,5 mm
Basalt 1,5-4,2 mm
Alox 1,5-2,5 mm
Sika (SG) 2-3 mm

5000

Δp (10cm)

/ Pa

4000

3000

2000

1000

0
0

0.5

1

1.5

2

2.5

vAir / m/s

Fig. 10: Pressure drop results

Materials in the legend are sorted with respect to the air velocity required for a 4000 Pa pressure drop.
Obviously the fine materials impose the highest pressure drop. Particle shape and the width of the particle
size distribution are further relevant factors. A reasonable requirement is a pressure drop < 4000 Pa at an air
velocity of 1 m/s. All materials with an average grain size > 1 mm, except for Fusil, can fulfill this condition.
In a previous experiment with a 15 kW heat exchanger unit it was observed that the sand flow was blocked
when the air flow was too strong. This phenomenon is called pinning and was analyzed in more detail for six
different materials:
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2.3
2.2
Bauxit (Norpro) 1,5 mm
Average Bauxit
Quarzsand 1,0-2,0 mm
Average QS 1,0-2,0
Quarzsand 0,7-1,2 mm
Average QS 0,7-1,2
Basalt 1,0-1,6 mm
Average Basalt
AlSil (Norpro) 0,9 mm
Average AlSil
Fusil1,0-2,0 mm
Average Fusil

2.1

Critical air velocity / m/s

2
1.9
1.8
1.7
1.6
1.5
1.4
1.3
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.11

0.12

0.13

0.14

0.15

Particle mass flow / kg/s

Fig. 11: Critical air velocity for sand blocking

In a low-temperature experimental unit the particles could be observed through a Perspex window. The
critical air velocity was determined by increasing the mass flow rate up to the first observation of a void.
Then the flow rate was slightly reduced until the volume filled again. Conditions were maintained for 3
minutes in order to ensure stability. The procedure was repeated with increasing particle mass flow rates. Air
velocities were determined from air flow rates as in the previous experiment.
As displayed in Fig. 11, there is a considerable amount of scattering. Nevertheless, it can be observed that
coarse materials are less sensitive to pinning than fine materials. Highest flow rates without blocking could
be observed with the 1.5 mm round spheres of Norpro bauxite. The desired air velocity of about 1 m/s could
be achieved for any examined material. There is no clear general trend that relates the critical air velocity to
the sand mass flow rate. This experiment was carried out at room temperature.
Depending on air mass flow and its temperature, the moving bed is observed to undergo three phases of flow
restriction, shown in Fig. 12:
-

Phase 1 (Congestion): A small area at the bottom of the exit area starts to congest and stops its
downward movement

-

Phase2 (Blistering): At the top of the inlet area a little volume develops which is not filled with bulk
material

-

Phase 3 (Blockade): The bulk flow is stopped completely
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Phase 1: Congestion

Air

Phase 3: Blockade

Phase 2: Blistering

Air

Air

Fig. 12: Blocking behaviour of bulk flow in three phases

4. Conclusions
As particle degradation is an important design aspect, a variety of candidate materials has been investigated
with respect to thermal, thermo-mechanical, and tribological properties. It turns out that the effective thermal
bulk conductivity of all investigated materials behaves independently of the corresponding solid’s
conductivity. It is mainly influenced by grain size and temperature, and also by porosity and thermal
conductivity of the solid and the gaseous phase. Natural stones, in particular quartz sand, have a low
resistance to thermal shock, which limits the applicable range of temperature and temperature changes.
Technical ceramics, like alumina or bauxite, do not exhibit any sensitivity to thermal cycling.
Attrition occurs for all materials under investigation except for alumina grinding balls thanks to their
hardness, strength and round shape. Quartz flint shows the least proneness to attrition and reaches a
stagnating attrition fraction after a large shear strain. Corundum and bauxite generate much wear debris after
a short time of loading. Si-SiC honeycombs are highly resistant to abrasion thanks to its dense structure and
tensile strength, other than porous Re-SiC. Metallic meshes should only be applied if fiber ends can be
protected from the moving bulk.
The analysis of the pressure drop that occurs when air is passing through the particle bed reveals that the
average grain size should be at least 1 mm. Air velocities that lead to blocking of the sand flow range from
1.4 m/s to 2.1 m/s with increasing average grain size and particle roundness. There is no obvious dependence
of the critical air velocity on the sand mass flow rate.
The blocking behavior of bulk flows was investigated. As a result the dependence of three blocking states on
the bulk material as well as the dependence on air mass flow could be detected and quantified.
Presently the most promising bulk materials are basalt, quartz, and bauxite (Norpro). Further investigations
at high temperatures (about 600 °C) will be carried out before final decisions will be made.
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1.

Introduction

Is a vehicle that runs on electricity really environmentally friendly? In Japan, thermal power generation
accounts for over 60% of all electric power. If railways, especially trams, could run on renewable energy
such as solar power, wind power and micro hydropower, wouldn’t that be truly environmentally friendly?
In this document, we propose an exactly environmentally friendly LRT (Light Rail Transit) system using
renewable energy and we want verify feasibility.
2.

Summary of the System

2.1. Method of Supplying Electric Power
How can we supply electric power by renewable energy to the railcar? First of all, the method of spreading
the solar cells over the roof of the railcar like solar car is devised. But there are two problems in this method.
The railcar cannot run in cloudy or rainy days and during the night. In addition, it's hard to use wind turbine
and water wheels in this method.
Next, the method of replacing thermal and nuclear power plants with renewable energy power plants is
devised. The electric power reaches from not the thermal or nuclear power plant but the renewable energy
power plant though the electric power is supplied to the railcar as usual through the contact wire. However,
the railcar cannot start in cloudy or rainy days even by this method. Moreover, the method of transmitting the
long distance is unsuitable to power generation by renewable energy. Because power generation by
renewable energy is not more efficient than thermal power generation and nuclear power generation. In
Japan, the transmission loss of electricity is about 5.6%. The electric power of 168,120,000GJ was lost while
transmitting electricity in 2008.
We propose the rechargeable run system. Solar cells are installed on the roof of the station and around the
station. Wind turbines and water wheels are built around the station. The charging devices are installed at the
station, and electricity from these generator is always charged to the charging devices. There is the short
contact wire for rushing charge in the station. The charging devices are also installed in the railcar. When the
railcar stops at the station, electricity is rapidly transmitted from the charging device of the station to the
charging device of the railcar. The railcar charges with the electric power only to reach the next station at
each stop. In this method, the railcar can run in cloudy or rainy day, and need not be considered the
transmission loss.
2.2. Charging Devices
Rechargeable batteries are famous charging device. However, we propose to use EDLC (Electric Double
Layer Capacitor) as charging device in this system. In this system, charging devices repeat charge and
discharge. Advantages of EDLC such as long life, high input-output power, are suitable for our system.
The amount of energy stored per unit weight of EDLC is lower than that of the battery. But usually distance
between stations of trams are shorter than that of railways. Therefore that cannot become a disadvantage in
this system.
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Fig.1 : Schematic diagram of power supply system

3.

Verification

3.1. Amount of Required Electric Power
According to research on battery-driven LRV (Light Rail Vehicles) developed by the Railway Technical
Research Institute, their LRV consumes the electricity of 8.9MJ per kilometers at the maximum air
conditioning load. Assuming that interval between the stations is 500 m, a railcar requires 4.45MJ of
electricity to reach the next station.
If a railcar arrives and departs every 10 minutes, a power generation capacity of 53.4MJ per hour is
necessary for the station to transmit electricity to each railcar. When we assume that the first train of the day
is 6:00 AM and the last train is 0:00 AM, the electric power necessary for a day is 961.2MJ, for one year is
350,838MJ.
Tab. 1: Quick charging at tram stops (test outcome)

Battery charging current
& duration

Charged energy
(at a battery terminals)

Running distance after
charging
(without air conditioning)

Running distance after
charging
(at the maximum air
conditioning load)

1000A, 61sec.

35.6MJ

Equivalent to 7.9km

4.0km or over

500A, 3min. 16sec.

56.9MJ

Equivalent to 12.7km

6.4km or over
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Fig. 2: Battery-driven LRV “Hi-tram”

3.2. Photovoltaic Generation
In Japan, the amount of power generation of the solar cells per year can calculate the rough estimate in rated
power [kWh] × 1100 [hours]. If all electric powers of 350,838 MJ are supplied with the solar cells, the solar
cells of about 89kW is needed. When the energy conversion efficiency of the HIT solar cells are assumed to
be 19%, about 470 square meters are needed.
Roofless platforms or small roof platforms for tram are usual in Japan. If the roof of 2m in width and 30m in
length is installed at each station, and the HIT solar cells is spread over the all aspects, about 12.8% of a
necessary electric power can be secured. An insufficient electric power is filled with the solar cells installed
in surroundings of the station, the wind turbines or the water wheels.

Fig. 3: Roofless platform and small roof platform for tram in Japan (left: Kumamoto / right: Osaka)

3.3. Wind Power Generation
Because it is set up in surroundings of the station, a small-scale wind turbine is suitable for this system.
Assuming the wind turbines like Tab. 1, ten wind turbines of 10kW are necessary to generate 961.2MJ a day
at the site of average wind speed 4m/s. “Kaze Nagasu Kujira" Daiwa Energy Co., Ltd. was referred to for
these specifications.
The vertical axis wind turbine is suitable for this system because vertical axis wind turbine is more quiet than
horizontal axis wind turbine.
There are street light that combine the savonius wind turbine with the solar cells. The supplemented role can
be expected by setting these up on the road in the surrounding.
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Tab. 2: Amount of electric power obtained by wind power generation and number of needed wind turbine

Rating output

Rating wind
speed

10 kW

11m/s

2kW
(max. 4kW)

9.5m/s

1kW

12m/s

Average wind
speed

Capacity factor

Amount of power
generation per
day

Number of
needed wind
turbine

5m/s

21%

50.4kWh

6

4m/s

12%

28.8kWh

10

5m/s

21%

20.2kWh

14

4m/s

12%

11.5kWh

24

5m/s

18%

4.2kWh

65

4m/s

9%

2.2kWh

123

Fig. 4: Wind turbine “Kaze Nagasu Kujira” 10kW by Daiwa Energy Co., Ltd.
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Fig. 5: Solar cells & wind turbine hybrid tower “Kaze Kamome” by Panasonic Ecology Systems Co., Ltd.

3.4. Micro Hydropower
The micro hydropower can be used if there are a river or a waterway around the station. A steadier power
supply can be expected compared with the photovoltaic generation and wind power generation.
P = 9.8QHη

[kW]

(eq. 1)

The electric power obtained by hydropower can be calculated from eq. 1. The power generation capacity of
11.25kW is necessary to generate electricity by 970MJ a day. When we assume efficiency to be 0.72, the
flowing quantity of 0.32 cubic meters per second is needed for the head 5m and 0.53 cubic meters per second
for the head 3m.

Fig. 6: Pelton wheel in Wadayama Town (Hyogo Pref.)

3.5. Rushing Charge
Charging time is calculated from an electric energy necessary to run to the next station. Charging time means
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stopping time at the station. The EDLC trolley bus has already run in Shanghai (China). When EDLC of
600V-200F is charged by 200A, it takes 200 seconds to the full charge. This EDLC is used in the range from
400 to 600V. Therefore, the stop time of the station is computable from eq. 2, formula of the quantity of
electricity of the capacitor.
Q = CV = It

[C]

(eq. 2)

If we assume the voltage of EDLC to be 600V in this system, the capacitance of EDLC is calculated from eq.
3 with 24.7F. It takes 30 seconds when EDLC of 600V-25F is charged by 500A, it takes 15 seconds when it
is charged by 1,000A.
W = 1/2CV2

[J]

(eq. 3)

4.

conclusion

It is feasible in the calculation to make trams run using renewable energy if electricity not only is generated
at the station but also the electric power is supplied from the surrounding of the station. Moreover the stop
time is a practicable range. The town where the trams run using renewable energy will be shown in Fig. 7.
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Fig. 7: The town where the trams run using renewable energy (illustrated by Takuma Shioguchi and Takuto Ichikawa)
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RUNNING EXPERIMENTS AND ENERGY SAVING RUNNING
SIMULATIONS OF SINGLE PERSON OPERATED FUEL CELL
VEHICLE WITH 1 KW FUEL CELLS (micro FCV)
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and Yoshihiko Takahashi
Kanagawa Institute of Technology, Atsugi, Kanagawa (Japan)

1. Introduction
We have developed a single person operated small fuel cell vehicle which uses a 1 kW fuel cell. The
hydrogen used for the fuel cell is produced by a water electrolysis hydrogen generator using a solar powered
energy source. The advantage of using a solar powered energy source is that it produces power without
requiring the use of fossil fuels. This paper presents the running experiments and the optimum running mode
simulations of the developed small fuel cell vehicle.
Most of the observed increases in global average temperatures are very likely correlated with the rise in
anthropogenic greenhouse gas concentrations in the Earth’s atmosphere. One of the primary contributors to
the emission of these gases is fossil fuel combustion. Thereafter, a vehicle using an internal combustion
engine must be replaced with a more ecological system in order to reduce greenhouse gas (i.e., carbon
dioxide) emissions. As a result, fuel cell electrical vehicles (FCV) are becoming very promising technologies
for reducing carbon dioxide emissions. Several large automobile enterprises or research institutes are
developing fuel cell electrical vehicles [1-6]. As they are researching high powered fuel cells of 100 kW class,
the cost of these vehicles is prohibitive. It is essential, thereafter, to reduce the cost of fuel cell vehicles. The
purpose of our research is to develop a low cost fuel cell vehicle using a lower powered fuel cell. Taiwan
University developed a small fuel cell scooter with two wheels [7]. The developed fuel cell scooter could run
on a public road despite using a small fuel cell of 2 kW class.
Our aim is to develop a small fuel cell vehicle using four wheels which can run on a public road. We have
already developed fuel cell vehicles for Japanese light weight electrical vehicle competitions. The designed
systems were single person operated vehicles with fuel cells of rated powers of 200 W [8] and 20 W [9, 10].
We have also been developing a hybrid wheelchair with a photovoltaic and a fuel cell [11-13]. Now, we have
started to develop a micro car class fuel cell vehicle using 1 kW fuel cell, which we have named the micro
FCV. The micro FCV is a single person ride vehicle which can run on a public road. The micro FCV uses a
fuel cell while running on a flat road at a constant speed, however uses a battery when it accelerates or it
climbs a slope. We have improved a purchased micro car class electrical vehicle to develop our micro FCV.
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This paper will explain the experimental results of the running tests. An optimum energy saving running
scheme will be proposed, and the simulation results will be explained.

2. System Configuration of the Developed micro FCV
Fig.1 is the photographs of the developed micro FCV. A Milieu R produced by the Takeoka Jidosha Kogei
Corporation was purchased, and converted into a fuel cell electric vehicle. The Milieu R is a micro car class
electric vehicle driven by a motor using below 0.6 kW. Fig.2 outlines the system configuration of the micro
FCV. The micro FCV has a hybrid energy system using a battery and a fuel cell. The battery system is used
when large power is required, for example during acceleration or climbing a slope. The fuel cell system is
used when the required power is below 1 kW. Sensors I and II measure the voltage, current, temperature, and
humidity of the fuel cell. These values are then indicated on an LCD display, for the driver to monitor them.
Table 1 displays the main specifications of the developed micro FCV. The dimensions are 2150x1240x1325
mm, and weighs approximately 233 kg. The front and rear treads are 1085 mm and 1060 mm, and the
wheelbase is 1480 mm. A 48 V 24 Ah lead acid battery system along with a 500 W DC brush motor is used.
A 1 kW fuel cell and a 3 L 19.6 MPa hydrogen tank are also used.

Fig. 1 Photographs of developed micro FCV

Sensor I

Fuel Cell

Mass Flowmeter
Hydrogen Tank

DCDC I
Sensor
Battery

DCDC II

Selector
Drive
Battery

Hydrogen Tank

Sensor II

Motor
Controller

DC
Motor
Differential
Gear

Fig. 2 System configuration of developed micro FCV
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Table 1 Main specifications

Length×Width×Height [mm]
Tread [mm] Front/Rear
Wheelbase [mm]
Net weight [kg]
Type
Rated output [W]
Type
Voltage [V]
Capacity [Ah]
Type
Voltage [V]
Capacity [Ah]
Type
Rated output [W]

Fuel cell
Drive battery

Sensor battery
Motor
Max. Speed [km/h]
body

Max. Pressure [MPa]
Capacity [L]
Outer deameter [mm]
Front
Rear

Hydrigen tank
Tire
Brake

2150×1240×1325
1085/1060
1480
233
PEM
1000
Lead acid battery
48
24
Lead acid battery
12
3
DC brush moter
500
30
GFRP
19.6
3
352
Hydraylic disc break
Hydraulic drum break

3. Outline of Running Tests
We conducted six running tests to observe the performances of the micro FCV; (1) during the ecological
running competition of JISFC (Japan Inter-College Solar & Fuel Cells Car Championship) in Akita, (2)
electricity consumption at wheel idling, (3) flat road, (4) maximum velocity, (5) uphill, and (6) observing the
relationship between velocity and motor voltage. This paper will describe the two experimental results of (3)
flat road and (5) uphill.
Fig.3 shows the measured points used in the experiments where the voltage, current, and hydrogen flow rate
are measured.
Sensor II
Fuel
Cell

DCDC II

Selector

Ampere
meter

Motor
Controller

DC
Motor

Voltmeter
Drive
Battery

Fig. 3 Measured points

4. Experimental Results of Flat Road Tests
Experiments on the flat road tests were conducted. The relationships between electricity consumption and
hydrogen flow rate at each velocity were obtained. The vehicle velocity was calculated by the measured
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running time. Fig.4 is a photo of the running test course used in our experiments, where the total distance
from start point to goal point is 390 m. The running experiments were conducted twice.
The experiments were carried out based on the on-board speedometer. Velocities of 5, 10, 15, 20, 25 and 30
km/h were examined. The vehicle ran at constant speed from the starting point to the goal point. The fuel cell
was used at the speeds up to 25 km/h, however the battery was used at 30 km/h due to the higher power
requirement. Each data was measured at 1 second samples. A data logger recorded the experimental results.
Electricity consumption is calculated using P=IV, where P is the electricity consumption [W], I is the current
[A], and V is the voltage [V].
Fig.5 gives an example of the relationship between electricity consumption and the hydrogen flow rate at 21
km/h. Table 2 shows the practical velocity which was obtained using the running distance and time. Figs. 6
and 7 show the relationships between time, electricity consumption and hydrogen flow rate at each velocity.
Electricity consumption at velocities 5 km/h and 7 km/h was at approximately the same value of 250 W.
Hydrogen flow rate increased when vehicle velocity increased. The hydrogen flow rate at 21 km/h was 12
L/min. Fig.8 shows the relationship between the electricity consumption and the hydrogen flow rate
comparing the catalogue values and the electrical load tests. The hydrogen flow rate is proportional to the
square of electricity consumption. The measured hydrogen flow rate is higher than the catalogue values. The
inclinations are approximately the same. Fig.9 shows the averaged electrical consumption and Fig.10 shows
the averaged hydrogen flow rate during the experimental run (see Figs. 6 and 7).
Electricity consumption is above the desired amount at each velocity. Lower electricity consumption is
necessary in order to decrease the hydrogen flow rate. Adaptations of a direct drive motor and low rolling
resistance tires will be addressed in future designs. A lighter weight vehicle design is also expected to
decrease the electricity consumption.
The inconsistency between the practical velocity and the on-board speedometer ranged 10-30 %. We believe
this deviation is due to the difference in the outer diameters of the tires used in this experiment and the
original tires of the purchased Milieu R.

283 m
Distance : 390 m

Goal point

5
R2

Start point
225 m
Fig. 4 Running test course

3522

Table 2 Practical velocity

5
268
248
258

10
188
188
188

15
110
112
111

20
75
85
80

25
64
69
67

30
56
57
57

5

7

13

18

21

25

Electricity consumption [W]

Practical velocity [km/h]

1000

60

Voltage

Voltage [V], Current [A]

On board velocity [km/h]
1st LAP [sec]
2nd Lap [sec]
Average [sec]

40
500
Electricity consumption
20
Current
0

0

90

40
Time [sec]

0

Electricity consumption [W]

Fig. 5 Relations between electricity consumption, voltage and current at 21 km/h

1000

21 km/h

18 km/h
13 km/h
500

0

5 km/h

7 km/h

0

100

Time [sec]

200

300

Fig. 6 Experimental results of electricity consumption
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Hydrogen flow rate [L/min]

21 km/h
15
18 km/h
13 km/h

10

5 km/h
5
7 km/h
0

0

100

200

300

Time [sec]

Hydrogen flow rate [L/min]

Fig. 7 Experimental results of hydrogen flow rate

21 km/h

15

18 km/h
13 km/h
7 km/h

10

5 km/h

5

0

Electric load

Catalog

0

500
1000
Electricity consumption [W]

1200

Electricity consumption [W]

Fig. 8 Relations between electricity consumption and hydrogen flow rate

1000

500

0

5

7

18
13
Velocity [km/h]

Fig. 9 Averaged electricity consumption
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21

Hydrogen flow rate [L/min]

15

10

5

0
5

7

18
13
Velocity [km/h]

21

Fig. 10 Averaged hydrogen flow rate

5. Experimental Results of Uphill Running Tests
Uphill running tests were conducted. The performance during slope climbing is essential to determining
vehicle performance. The relationship between electricity consumption and hydrogen flow rate at uphill was
obtained.
Fig.11 provides the specifications of the experimental uphill course. The slope gradient and the slope angle
are obtained using the height [m] and the base distance of the sloping road [m]. The calculated gradients
were 5% and 6%. The experiments were conducted 3 times at the 5% gradient slope at the velocities of 10,
15, and 20 km/h according to the on board speedometer. The experiments on the 6% gradient slope were
conducted once. Both tests were conducted using the battery system.
Fig.12 shows the experimental results of the electricity consumption where the experiments were tried three
times. The slope gradient was 5% and the velocity was 7 km/h. Fig.13 displays the experimental results of
the electricity consumption where the three velocities of 7 km/h, 13 km/h, and 18 km/h were tried. The slope
gradient was 6% and the velocity was 7 km/h. Fig.14 displays the averaged electricity consumptions at the
gradient of 5%. The experimental results of the electricity consumption values were 1200 W at 7 km/h, 1800
W at 13 km/h, and 2000 W at 18 km/h. Fig.15 displays the averaged electricity consumptions at the gradient
of 6%. The experimental results of the electricity consumption values were 1900 W at 7 km/h, 2000W at 13
km/h, and 2200 W at 18 km/h. We confirmed that the developed micro FCV with a 500 W DC motor was
able to climb a slope at the gradients of 5% and 6%.
Climbing resistance is considered when running on a sloped road. Climbing resistance is calculated using the
total mass [kg], the acceleration of gravity [m/s2], and the slope gradient. Electricity consumption of the
climbing resistance was calculated at approximately 280 W using the calculated velocity [km/h]. The
experimental conditions were V = 7 km/h, m = 285 kg, g = 9.81 m/s2, and gradient = 5%. In addition to the
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electricity consumption of 250 W (the electricity consumption of the flat road at 7 km/h), calculated
electricity consumption is 530 W. However, the experimental results of the practical electricity consumption
were observed at 1200 W as shown in Fig. 13. We believe that the difference is the result of gear box

Gradient 5%

Gradient 6%
3.43 deg.

2.86 deg.

1.40 m

inefficiency.

23.01 m

26.80 m

Fig. 11 Course of sloping road

Electricity consumption [W]

2500

2nd
1st

2000
3rd
1000

0

0

3
Time [sec]

6

Fig. 12 Electricity consumption at gradient of 5% at 10 km/h

Electricity consumption [W]

18 km/h
2500
7 km/h
2000

13 km/h
1000

0

0

5
Time [sec]
Fig. 13 Electricity consumption at gradient of 6%
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10

Averaged electricity consumption [W]

2000

1000

0

0

7

13
Velocity [km/h]

18

Averaged electricity consumption [W]

Fig. 14 Averaged electricity consumption at gradient 5%

2500
2000

1000

0

0

7

13
Velocity [km/h]

18

Fig. 15 Averaged electricity consumption at gradient of 6%

6. Optimum Energy Saving Running Scheme

Simulations of cruising distance based on results of the running tests on flat road were conducted. Two 3 L
19.6 MPa hydrogen tanks were used. First, the hydrogen capacity per one tank is calculated. Next, the
hydrogen flow rate at each velocity is obtained. Fig.16 explains the relationship between the hydrogen flow
rate and the velocity. The simulations are based on the experimental results of the averaged hydrogen flow
rate on the flat road. The initial value with no load was 1.6 L/min. Running time and the cruising distance are
calculated. The maximum cruising distance is the highest point on the cruising distance curve. Fig.17
explains the simulation results. The highest efficiency point of the developed micro FCV is 15 km/h,
therefore the cruising distance is 37.0 km, the hydrogen flow rate is 7.8 L/min, and the running duration is
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148 minutes. We have confirmed that the proposed scheme is able to approximate the optimum running
pattern.

Hydrogen flow rate [L/min]

14
12

y = 0.0056x2+ 0.3316x + 1.6

10
8
6
4
2
0

0

5

7

21

13
18
Velocity [km/h]

100

30
Hydrogen flow rate

20

50
Running duration

10
0

0
0

20

40
60
80
Velocity [km/h]

100

800
600
400
200
0

Running duration [min]

Cruising distance

40

Hydrogen flow rate [L/min]

Cruising range [km]

Fig. 16 Relations between hydrogen flow rate and velocity

Fig. 17 Simulation results of cruising distance

7. Conclusions

The following were confirmed by the experimental results. Electricity consumption on the flat test course at
21 km/h was approximately 800 W. Electricity consumption is proportional to the square of hydrogen flow
rate. Electricity consumption on a 6% slope was 2000 W at 18 km/h. The practical electricity consumption
was larger than the calculated ideal electricity consumption. We believe that the difference is the result of
gear box inefficiency. A simulation scheme of the cruising distance was proposed. Lower electricity
consumption and higher cruising velocity must be addressed in future research.
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1. Introduction
One of the main targets to reach maximum effectiveness of solar power plants is the mismatch between
the curve of energy demand and that of energy production. Thermal energy storage (TES) systems are
among the best solution to manage this mismatch, but they may also help to reach a more stable electric
energy production, prevent possible decreases of the heat transfer fluid (HTF) temperature and reduce the
start up time of the power plant. On the other hand, the selection of a suitable TES system for a solar
power plant or an industrial application would be rather debatable if there is no data available about the
behavior of the corresponding storage material under cumulated thermal cycles. Until today, the current
way to carry out such short and middle time predictions is composed of limited experiments at laboratory
or pilot scale. Those tests are usually achieved using kilograms of materials cycled during few weeks up
to few months. In comparison, corresponding industrial operation concerns several thousands of tons used
for about 35 years. Therefore, the above approaches cannot predict accurately the behavior of the real
system for years of operation at full scale. Without this needed level of expertise, the investment in new
TES materials and systems and their use at industrial scale for the electric production companies could
lead to a very high risk.
Fourcher et al. (1980) published an original theoretical study on TES systems based on sensible heat
storage. In this publication the TES system was considered trough the transfer function approach and the
output signal of the TES system was studied, using a periodic sinusoidal input signal. A publication by
Bransier (1979) developed a simple model to study the interaction of the main parameters involved in a
periodic heat transfer process. This work was focused on the optimisation of a TES system using
mathematic models based on transfer functions.
After these first steps of modeling the thermal storage systems with transfer functions, Acker et al. (1981)
studied the convection and conduction of a fluid in laminar flow and in contact with a wall. This study
compared the periodic response of two different storage modules: one using air as HTF and a second one
using a commercial organic oil called Sanotherm. The obtained results showed that the performance was
very similar between the cases of air in turbulent flow and organic oil in laminar flow.
Bourouga et al. (1985) applied the transfer functions developed by Fourcher et al. (1980) to TES systems
for three different geometries: plates, cylinders and spheres. This theoretical study demonstrated that the
storage performance is rather independent to the geometric parameters of the module and to the thermophysical properties of the HTF.
The present work, based on the modelization of TES systems through transfer functions, is focused on a
potential method to scale up properly TES systems with a high level of accuracy in order to predict their
behavior at industrial scale using lab-scale experiments. The scale up can be done in space, changing the
metric scale and geometry of the TES system, or in time, changing the duration and number of cycles of
charging and discharging allowing the prediction of the life cycle of an industrial TES system from
laboratory scale experimentation.
2. Methodology and matehmatical model
Mathematical model

The mathematical model of the TES system used by Fourcher et al. (1980) was done through the thermal
transfer equations, which include the thermo-physical properties of the storage material and the HTF, and
geometrical characteristics of the system. The thermal equations describe the dynamic behavior of the
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TES system taking into account that it is a solid sensible heat storage system, and considering the HTF is
in direct contact with it. On the other hand, the model assumes sinusoidal signal as input signal with an
output signal that is a function of the thermo-physical properties of the HTF and storage material, and the
geometry of the system. The temperature distributions within the solid storage material and the HTF can
be written as shown in eq. 1 and eq. 2 according to Bourouga et al. (1985):

θ = θ ( x, y ) ⋅ sin[ω ⋅ t + Ψs ( x, y )]

(eq. 1)

[

(eq. 2)

]

T = T ( x, z ) ⋅ sin ω ⋅ t + Ψ f ( x, z )

The axes x, y and z are defined depending on the geometry of the TES system. Three geometries of TES
system were modelized by Bourouga et al. (1985) (Fig. 1). In the present work, only the geometry of
plates is presented (Fig. 2).

2·lf
ls

cpf hf

u

u

u

cpf hf

cpf hf

αs hs

αs hs
αs hs

Fig. 1. Three different geometries studyied by Bourouga et al. (1980): a) plates; b) cylinders; c) balls

L

ls ls

L0

ls
lf

u

2·lf

lf

Fig. 2. Parameters of the storage system based on the geometry of plates

The study of the harmonic response of the TES system considering the mechanisms of dynamic thermal
transfer leads to the use of tranfer functions based on the mathematical model equations of the system.
TES system based on plates geometry

According to Bourouga et al. (1985), applying the boundary conditions of the TES system for the case of
plates and using complex formulation for the temperatures, the equation system leads to the eq. 3.

~
T ( x) = T0 ⋅ e − µx

(eq. 3)

where µ is the damping function defined as

µ = i⋅

2π

τ

*

+ St * ⋅

(1 + i ) ⋅ sinh(β (i + 1))

(1 + i ) ⋅ sinh( β (i + 1)) + γ ⋅ cosh(β (i + 1))

(eq. 4)

This model takes into account the assumption that the TES system is based on sensible solid heat storage,
having a direct contact between the storage material and the HTF. On the other hand the thermal
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properties of the TES material and HTF were considered constant and uniform, according to Fourcher et
al. (1980).
Considering a specific change of scale (in space or in time), according to eq. 3 and eq. 4 if the damper
function is kept constant, the change of scale is done under perfect analogy. This means that the answer of
the TES system to the same incoming signal will lead to a similar value. Otherwise, the change of scale
will be associated to a modification in the system behavior. Therefore, the ability of a system to accept a
perfect analogy configuration can be easily studied using the damper function.
The damper function defined in eq. 4 describes the dynamic behavior of the TES system depending on
four independent dimensionless numbers (β, γ, St* and τ*). This dimensionless numbers are strongly
related to the geometry of the TES system and the thermo-physiscal properties of the HTF and storage
material. Therefore, the perfect analogy based upon the non variation of the damper function can be
extended to the non variation of the four dimensionless numbers. Otherwise, the results obtained can not
be scaled up directly. The proposed method is based upon the study of the concerned four dimensionless
numbers and the possibility to keep all them constant during a change of scale.
Coefficient β is a relation between the thickness of the plate and the diffusivity of the storage material
(eq. 5):

π

β = ls

α s ⋅τ

=

π ⋅ ρ s ⋅ Cps
hs

⋅

ls

τ

(eq. 5)

Coefficient γ establishes a relation between the external heat transfer between the HTF and the storage
material and its effusivity (eq. 6):

γ =

Bi

β

= 0,023 ⋅ Re 0.8 ⋅ Pr 0.4 ⋅

hs
τ
⋅
hs ⋅ Cps ⋅ ρ s ⋅ π 4 ⋅ l f

(eq. 6)

The modified Stanton number (St*) is a relation between the heat transferred to the fluid and the heat
capacity of the fluid for the case of the system studied (eq. 7):

St * = St ⋅

L 0,023 ⋅ Re 0.8 ⋅ Pr 0.4 L
=
⋅
lf
Re⋅ Pr
lf

(eq. 7)

The characteristic time of variation of the inlet temperature (τ*) is the period of variation of the fluid inlet
temperature during the time that it remains inside the storage system (eq. 8):

τ* =

τ ⋅u
L

(eq. 8)

Depending on the main parameter to scale up (L, ls, lf, u, or τ) the optimal solution must be calculated
combining the dimensionless numbers in the right sequence. This assumption means that there are
different possibilities to reach a solution of the equations system but only one will lead to the right
solution (perfect analogy). Therefore, in this paper a systematic study of the possibilities was carried out
to reach these solutions where the dimensionless numbers rest invariable.

Analysis of possible combinations

The analysis of the system of possibilities is based on a tree of combinations. Every combination is a
sequence of following dimensionless numbers ordered and defined as illustrated in Fig. 3 in the particular
case of choosing β as first choice. To simplify the resolution of the equations system, both HTF and
storage material properties were considered constant. Therefore, only the geometry of the storage system,
the flow rate of the HTF, and the period of the input temperature signal would be the parameters to be
varied. This approach is consistent with real cases for which lab scale experiments are achieved using
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industrial HTF and TES material. In addition, and in order to have an easier systematic analysis, the
Reynolds dimensionless number is introduced in the system eq. 9, due to its dependency with the thermophysical properties of the fluid, the geometry of the TES system, and the HTF mass flow rate:

Re =

4⋅u ⋅lf

υf

(eq. 9)

In the present study, physical and temporal parameters of the system (L, lf, ls, u and τ) are varied. The
effect of these variation on final value of dimensionless numbers (β, γ, St*, Re and τ*) is analyzed.
Combinations for which all dimensionless numbers remain constant have to be considered as valid
solutions. On the other hand, combinations that induce a variation on the final value of at least one of
dimensionless numbers lead to a distorted solution not considered as valid in this work.
Variation in physical and temporal parameters is introduced multiplying them by a constant (K). The
value of constant K is greater than 1 when a scale-up is desired and less than 1 when scaling-down.
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γ
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γ
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St*

St*

τ*
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τ*

γ

St*
τ*

τ*
St*

β

St*

Re

Fig. 3. Tree of possibilities giving β as first step

For a particular dimensionless number to remain constant, the variation of one of its internal parameters
has to be balanced by a proportional variation of one of the other involved parameters.
Eq. 10 shows an example for which the plate thickness (ls) has been modified by a scale change factor K:

ls = ls ⋅ K → β =
'

π ⋅ ρ s ⋅ Cps ls ⋅ K
hs

⋅

τ

'

⇒ τ ' = τ ⋅ K 2 ⇒ β = const
(eq. 10)

Considering the dimensionless number β, its final value can be kept constant by a modification of the τ
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parameter by a factor K².
This kind of internal balance has to be done on each four dimensionless numbers successively taking into
account the already modified parameters done on the previous ones. Obviously, each dimensionless
number needs at least one internal available parameter to achieve its own balance. This can be done only
if all its internal parameters have not been used already by the previous balances. Therefore, some (or
even all) successions of the four dimensionless numbers could lead to a non possible combination.
According to this observation, the dimensionless parameters composed of very few internal parameters
are much constrained and should be considered before the others.
3. Results and discussion
Scale-up changing the TES length (L)

As a first example, a current space scale-up of a TES system using plates can be viewed by the
modification of the plate length. Then, in this case, the change of scale is defined by the ratio K between
the industrial and the lab scale plate lengths (eq. 11).

L = Llab ⋅ K

(eq. 11)

In this case the study of the possibilities leads to 10 possible combinations for which the dimensionless
numbers remains constant for length scale-up of the TES system (Table 1). Everyone of these
combinations leads to the same system of equations depending on K.
Table 1. Perfect analogy in the case of space change of scale for TES based on plate geometry.

Combination of
dimensionless numbers

System of equations for the
variation of geometry (L)

St* - γ - β - τ* - Re
St* - γ - β - Re - τ*
St* - γ - τ∗ - Re - β

ls = lslab ⋅ K
l f = l flab ⋅ K

St* - γ - Re - β - τ∗

τ = τ lab ⋅ K 2

St* - γ - τ* - β - Re

St* - γ - Re - τ∗ - β
St* - Re - τ∗ - β - γ

u=

ulab
K

St* - Re - τ∗ - γ - β
St* - Re - γ - β - τ∗
St* - Re - γ - τ∗ - β

All combinations that lead to the system of equations for this case starts by the St* dimensionless number.
Table 1 shows that having a laboratory scale storage tank with determined parameters (Llab, lslab, lflab, ulab,
and τlab) if K is defined as 10 the length (L) and the thickness of the plates (ls) and the distance between
plates (lf) of the industrial scale storage tank will be 10 times higher than these of laboratory scale tank.
On the other hand, the flow rate (u) has to be decreased by a factor of 10.
Concerning the period (τlab), for a value of K defined as 10, the number of cycles in industrial storage
tank is increased by a factor of 100. That means that for an experiment of 10 cycles the results can be
extrapolated to 1000 cycles.
This illustrates that a relevant change of scale in space can induce a modification in time scale. This effect
has to be taken into account and highlights that even if perfect analogies are possible in space or time
scales, it would be probably very difficult in the two scales simultaneously.
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4. Conclusions
The present work describes a relevant method to scale up properly TES systems. This method may help to
predict the behavior results at industrial scales obtained using lab-scale experiments with a high level of
accuracy. It can be used also to design properly a lab-scale experimental set-up to offer directly a perfect
analogy when possible. The scale up can be done in space scale, changing the geometry of the TES
system, or in time scale, changing the number of cycles of charging and discharging.
The TES system studied is based on solid sensible heat storage material in direct contact with the HTF.
Three geometries were analyzed by Bourouga et al. (1985): plates, cylinders and spheres. The present
work is focused on the plates geometry only.
In order to apply the modeling of the storage system based on solid sensible heat storage material through
transfer functions, carried out by Bourouga et al. (1985) to other storage systems, it will be necessary to
determine the governing equations of the storage system and to develop the transfer function for the
storage system. Systems based on storage by liquid sensible heat or latent heat may be also developed.
Concerning to the case studied, only 10 different combinations lead to a system of equations where the
dimensionless numbers remain constant as Table 1 shows. All the other combinations introduce a
variation in the dimensionless numbers.
The analysis of the 10 combinations shows that there is only one system of equations to scale up the TES
system having results for a laboratory scale.
Values of K adequate for geometric changes could drive to variations of period or flow rate not desired or
even lead to values without physical sense. In other words, not all K values lead to convenient values of
the geometric and temporal parameters.
On the other hand, a specific scale up can be done also assuming that some dimensionless numbers will
not be kept constant. In these cases the equation systems lead to distorted solutions that have to be studied
in detail one by one.
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5. Nomenclature
Symbol
Thermal diffusivity of the solid storage material

αs

Prandtl dimensionless number
Biot dimensionless number
Damper function
Heat transfer coefficient
Specific heat capacity
Density of the storage material
Temperature of the HTF
Temperature of the solid storage material
Temporal variation of the sinusoidal signal of temperature
Phase of the sinusoidal of temperature in the solid storage material

Pr
Bi
µ
hs
cps
ρs

Phase of the sinusoidal of temperature in the HTF

T ( x, y )

θ ( x, y )

ω ⋅t
Ψs ( x, y )
Ψ f ( x, y )

Modified Stanton dimensionless number

St

Characteristic time

τ*

*

β

Coefficient β
Coefficient γ
Reynolds dimensionless number
Thickness of the plate

γ

Re

ls

Unit
m2 s-1
W m-2 K-1
J g-1 K-1
kg m-3
ºC
ºC
rad
rad
rad
m

Distance between plates

lf

m

Length of the plate
Speed of the flow rate of HTF inside the plates
period of the input temperature signal
initial period
thickness of the plate of the model at laboratory scale

L
u

m
m s-1
s
s
m

τ

T0

ls lab

distance between plates of the model at laboratory scale

l f lab

m

length of the plate of the model at laboratory scale

Llab

m

Speed of flow rate of HTF inside the plates of the model at
laboratory scale
period of the input temperature signal of the model at laboratory
scale

ulab

m s-1

τ lab

s
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1. Introduction
Central receiver power plants using air as heat transfer medium hold great potential to unite high conversion
efficiencies with particularly cost-effective solutions [Romero et al., 2002; Pitz-Paal et al., 2005; Sargent &
Lundy, 2003]. Regenerator storage based on directly heated solid media is a suitable heat storage technology
for this type of power plants. The technology combines a simple setup with the applicability to highest
temperatures and has best prospects for a deployment in large installations [Haeger et al., 1994; Fricker,
2004; Zunft et al., 2009; Gil et al., 2010; Medrano et al., 2010]. These aspects indicate good opportunities for
a near-term commercialization [Zunft et al., 2011].
However, this storage type still needs a solar-specific adaptation to be market-ready, where upscalability of
today’s solutions and cost-efficiency of their implementations are some of the major topics. Among other
technical uncertainties, open questions exist with respect to possible air flow maldistributions that may imply
the risk of performance losses.
The solar tower Jülich is an experimental central receiver plant, inaugurated in 2009 to serve the needs of
further development of the technology [Hennecke, K., et al., 2008; Koll, G., et al., 2009; Pomp, 2010]. The
plant uses an open volumetric receiver, a technology developed at DLR. In its primary cycle, air at
atmospheric pressure is heated up to temperatures of about 700 °C. This solar heat is transferred to the
secondary cycle, a water-steam cycle with 100 bars and 500 °C, driving a 1.5 MWel turbine-generator set.
The plant also integrates a heat storage subsystem, an air-cooled regenerator storage, connected in parallel to
the steam generator, see Fig. 1. This storage system has been investigated and its performance has been
assessed using measured data obtained from a test campaign performed in March 2010. These results are
described in a previous paper [Zunft et al., 2011]. Its storage design and part of these measurements have
been used in the following as a data basis.
The objective of the present work was, based on a CFD model of the Jülich tower’s storage, to simulate the
process of charge and discharge in full load and part load operation, aiming to assess its proneness to
maldistributed air flow.

Fig. 1: Jülich solar central receiver plant (left) and plant layout (right)
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2. Storage technology and design
One of the key advantages of solar tower power plants and CSP in general is its ability provide demandoriented electricity generation, supporting a grid-conformant integration of renewable energy. This is
achieved with the help of heat storage technologies providing high-temperature heat at 600 °C up to 1000 °C
to the power cycle after sunset.
In combination with air-cooled receivers, regenerator-type storage is particularly well suited. With this
storage type, a gaseous heat transfer fluid, such as flue gas or air, is in direct contact with a solid storage
medium and exchanges heat as it flows along a flow-path through the storage medium.
Regenerator-type storage is used in several high temperature industrial applications. Examples are hot blast
stoves, or “Cowper” stoves, in the steel industry, regenerator chambers in the glass industry and regenerative
thermal oxidiser (RTO) in industrial air purification systems. Predominantly, alumina-silica, basic and fine
ceramic products in form of checker bricks or honeycomb bricks, as well as in form of saddles and spheres
for small devices, are used as inventory materials. These existing implementations have been developed for
the specific needs of each single target process. Though solar applications of this storage have been looked at
in the early 1990ies, its status is still at an early stage.
The Jülich tower plant’s storage is one of the rare solar operated implementations of this storage technology.
In this system, it is integrated into the tower. It extends over two storeys, close to the location of receiver and
steam generator. At rated operation conditions, the storage system is cycled between 120 and 680 ºC and
supplies a storage capacity of almost 9 MWh. Further technical specifications are summarised in Tab. 1
below.
Tab. 1: Storage design specifications [Zunft et al., 2011]

Inlet temperature (Charge / Discharge)
Outlet temperature (Charge / Discharge)
Charge mass flow
Discharge heat rate
Full load discharge period
Pressure loss

680 °C / 120 °C
120-150 °C / 680-640 °C
9.4 kg/s
5.7 MWth
1.5 h
< 1500 Pa

The storage consists of four chambers of identical size, connected in parallel in a common tank. The
inventory is a stacked arrangement of honeycomb bricks made of fine ceramics material, see Tab. 2 below.
The total volume of the inventory amounts to 120 m3. The storage housing is rectangular in 7 m x 7 m x 6 m
size and is made of mild steal, see Fig. 2. An inner insulation made of 0.25 m thick ceramic fibre blankets
keeps the surface temperature of the containment below 60 ºC.
During charge operation the hot air from the receiver is divided in two pipes before entering the storage’s
dome and flows downwards through the storage chambers, forming a moving temperature profile as typically
found in regenerators. At the bottom of the housing there are four outlets with one valve each; the junction of
the four pipes is located beneath the containment. Reversing the flow direction through the storage starts
discharge operation and supplies heat from the storage to the air loop of the steam generator. Details of the
storage subsystem are described elsewhere [Zunft et al., 2011].
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Tab. 2: Inventory [Zunft et al., 2011]

60 x 60 cells

Honeycombs
Brick dimensions
Material

150x150x150 (mm)
alumina porcelain (C130)
2700 kg/m3

Bulk density
Specific heat capacity

0.88 kJ/(kg K)

Thermal conductivity

2.1 W/(m K)
1180 m2/m3

Heating surface
Free cross section

69 %

Fig. 2: Storage subsystem: CAD illustration (left) [Zunft et al., 2011] and side view (right)

3. Modeling approach and simulation studies
A CFD model has been set up to describe flow and temperature field in the storage subsystem.
The CFD code solves the incompressible continuity, momentum and energy conservation equations. These
again are coupled to the two conservation equations for turbulent kinetic energy and the specific dissipation
rate, arising from the k-epsilon approach with standard wall functions used to model the turbulence.
The heat storage inventory itself was modelled as a homogeneous porous medium, a well founded
assumption in particular for the case of ceramic honeycombs with large specific heat transfer surfaces. The
porous medium’s transients enter into the momentum equations through its source terms. The momentum
source term Si (i=x,y,z) consists of two parts, the viscous and the inertial loss term.
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(eq. 2)

μ = dynamic fluid viscosity, α = permeability, ρ = fluid density, C = inertial resistance factor, v = superficial
velocity component.
Neglecting convective acceleration and diffusion the momentum equation in the porous model simplifies to
equation 3, where the resistance coefficients have been obtained from the relevant pressure drop correlations.
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(eq. 3)

The inventory’s flow passage, consisting of 2 mm wide quadratic channels, enforces a laminar flow along
through the material with low Reynolds number ranging from 20 to 50. As an implication, the inertial
resistance factor in equation 3 can be neglected. An adequate pressure drop correlation is therefore equation
4 [Tiedt 1966].

dp
0.89  32  

 vx
2
dx
d channel

(eq. 4)

where vx is the physical velocity, which has to be replaced by superficial velocity/ε. This results in the
following expression for the permeability:

 0.89  32
 i  
2
   d channel






1

(eq. 5)

For a proper representation of the inventory’s channel structure the porous media needs to be modelled as
anisotropic: Permeability in the channels axes is calculated as indicated by equation 5 and is set to low values
for all other spatial directions.
The porous medium’s transients are also implemented in the energy conservation equation. The time
derivative of total energy consists of two summands for solid and fluid, weighted with the porosity. The
convective term is not affected by the solid because it has no velocity. An effective thermal conductivity is
implemented as part of the diffusive term.


 f E f  1    s E s   v f E f  p    k eff T    hi J i    v   S hf
t
 i



Ef = total fluid energy,
Es = total solid energy,
keff = effective thermal conductivity of the medium

Shf = fluid enthalpy source term,

k eff  k f  1   k s
ks = thermal conductivity solid,

(eq. 6)

ε = porosity

(eq. 7)
kf = thermal conductivity fluid

The temperature field is coupled to the flow field by the temperature dependent material properties, density ρ
and the viscosity μ, see equations 1 and 2. Hence, changes in the temperature field caused by heat losses have
an effect to the pressure loss (equation 4), which in turn changes the flow field.
To evaluate the uniformity of flow distribution, the uniformity index γ is used [Tsinoglou et. al. 2004]. The
uniformity index quantifies the degree of flow uniformity on different planes A in the storage. It is defined
as:

  1

1
 v  v dA
2v A A

v = velocity component
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v

1
 vdA
AA

(eq. 8)

A computational grid consisting of 2.4 Mio cells has been set up
for one of the four chambers. The boundaries to the other
chambers have been modelled as symmetry planes, see Fig. 3. The
remaining boundaries are assumed to be insulated; applying a
thermal conductivity of 0.1 W/(m K) and an external convective
heat transfer coefficient of 5 W/(m² K).
To study the temperature field and flow field over a wide range of
operation and to evaluate the resulting flow distribution,
operational cycles have been calculated in both full and part load.
For the part load case, the model parameters are chosen to
reproduce test runs of a previously conducted measurement
campaign.

Symmetry

Heat loss

The full load case assumes a 100 minutes charge period with a hot
Fig. 3: System boundary of the
air inlet temperature of 680 °C, followed by a 100 minutes
computational model
discharging period with 120 °C inlet temperature, each with a
constant air mass flow of 9.5 kg/s, an initial system temperature of 25 °C and an ambient temperature of
25 °C.
For the part load, the set-point for the mass flow was 2.34 kg/s. The charge temperature starts with 50 °C,
increases in a ramp and reaches the target temperature of 625 °C after 120 minutes. After 645 minutes the
mass flow decreases to 0.85 kg/s. The discharge period of 428 minutes starts after 708 minutes with mass
flow set-point of 2.6 kg/s and a discharge temperature of 90 °C. The initial storage temperature is 8 °C; the
ambient temperature is 11 °C.
4. Results
The results for the temperature field shown in the remainder of this work refer to
reference planes within the inventory as shown in Fig. 4.
4.1 Full load
Fig. 5 shows the inventory temperature distribution during the first operating
cycle. After the end of charging, the cold end temperature is still at its initial value
of 25 °C. The subsequent discharge operation shifts this cold zone through the
storage, finally heating it up, see Fig. 5 d-f. After 60 minutes of discharge only a
small part of the hot end inventory is in the range of 680 °C. After a further
discharge of 40 minutes the storage is nearly completely discharged.
From the temperature profiles a relatively uniform flow distribution can be
Fig. 4: Reference planes
deduced for both charge and discharge operation. Furthermore, it can be observed
that the temperature spread remains smaller in the outer regions, compared to the core zone. At this moment
the temperature level in the central upper areas is slightly higher as in the outer regions.
Fig. 6 shows the mass flux distribution on a cross-sectional plane 5 cm below the storage bed entry (hot end).
The air mass flow is well distributed during the whole cycle. During the charging the flow is uniformly
distributed while during the discharging a decrease in uniformity can be observed. The uniformity index
shown in Tab. 3 also confirms this.
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(a) Temperature distribution in Kelvin after 30 min charging

(b) Temperature distribution in Kelvin after 60 min charging

(c) Temperature distribution in Kelvin after 100 min charging

(d) Temperature distribution in Kelvin after 30 min discharging

(e) Temperature distribution in Kelvin after 60 min discharging

(f) Temperature distribution in Kelvin after 100 min discharging
Fig. 5: Temperature distribution in storage inventory, full load case, vertical cross-sections (according to Fig. 4)
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Mass flux in [kg/(s m²)], 5 cm below storage bed entry (hot end), after 30 min, 60 min, 100 min (from left to right) charging

Mass flux in [kg/(s m²)], 5 cm below storage bed entry (hot end), after 30 min, 60 min, 100 min (from left to right) discharging
Fig. 6: Mass flux distribution during charging and discharging, full load case

Tab. 3 Uniformity index, 5 cm below storage bed entry (hot end), full load case

charging
t [min]
γ [-]

discharging

30

60

100

30

60

100

0.9943

0.9971

0.9978

0.9964

0.9922

0.9917

Based on the temperature dependence of the air viscosity, a plausibility check of these results becomes
possible: An air viscosity rising with increasing temperature induces a higher flow resistance or, vice versa,
lower flow resistances in relatively colder areas. If now, due to maldistributions in the dome, zones of locally
increased flow velocities exist, these zones experience an increased heating rate and are thus heated up more
rapidly during charging. As the increasing flow resistance represents a counteracting, self-regulating effect,
the resulting flow tends to improve its uniformity during the charge cycle.
During discharge, in contrary, a locally increased flow induces a more rapid cooling of that zone. This effect
is enforced by a decreasing flow resistance – a self-reinforcing mechanism provoking a potential
maldistribution during the discharging period.
4.2 Part load
Fig. 7 shows the temperature distribution in the storage inventory during the part load cycle. Again, a
satisfying uniformity of flow is visible. Also, as before, the temperature spread is smaller in the outer regions
than in the core zone.
Compared to the previous calculation run, the charging period is now long enough heat up all part of the
inventory. After 257 minutes of discharge only a small part of the upper inventory shows temperatures in the
range of 625 °C. After 430 minutes the discharging is stopped, the storage is not completely discharged. The
temperature level in the core’s upper areas is slightly higher than in the outer regions. Compared to the full
load case the calculated temperature field show a less pronounced symmetry. This is due to an increased
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significance of thermal losses resulting from a longer cycle period.

(a) Temperature distribution in Kelvin after 175 min charging

(b) Temperature distribution in Kelvin after 360 min charging

(c) Temperature distribution in Kelvin after 534 min charging

(d) Temperature distribution in Kelvin after 72 min discharging

(e) Temperature distribution in Kelvin after 257 min discharging

(f) Temperature distribution in Kelvin after 430 min discharging
Fig. 7: Temperature distribution in storage inventory, part load case, vertical cross-sections (according to Fig. 4)
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Fig. 8 shows the mass flux distribution on a virtual plane 5 cm below the storage bed entry (hot end). As in
the full load case, the air mass flow is well distributed during the whole cycle. During the charging a
uniforming of the flow and for discharging a decreasing uniformity can be observed. The corresponding
uniformity indexes are given in
Tab. 4.

Mass flux in [kg/(s m²)], 5 cm below storage bed entry (hot end), after 175 min, 360 min, 534 min (from left to right) charging

Mass flux in [kg/(s m²)], 5 cm below storage bed entry (hot end), after 72 min, 257 min, 430 min (from left to right) discharging
Fig. 8: Mass flux distribution for charging and discharging, part load case

Tab. 4 Uniformity index, 5 cm below storage bed entry (hot end), part load case

charging

discharging

t [min]

175

360

534

72

257

430

γ [-]

0.9961

0.9975

0.9973

0.9971

0.9959

0.9940

5. Summary and conclusions
On the way to cost-efficient market-scale regenerator storage for use of air-cooled receivers, the flow-related
design aspects offer room for further cost savings. This includes the quality of flow distribution, a property
depending, amongst other, on the volume of the storage’s dome.
With this goal in mind, a regenerator-type heat storage forming part of Jülich solar tower plant was modelled
by using commercial CFD software. The operation conditions selected for the simulation runs were chosen
after the test runs of a measurement campaign. Temperature field and flow field were evaluated for chosen
cross sections of the inventory and for chosen time intervals of the cycle.
The results show only small deviations from a uniform flow distribution, becoming apparent in calculated
uniformity indexes close to 1. Accordingly, for this specific storage implementation and for the operational
conditions under consideration, a temperature-induced maldistribution is not to be expected. It can be
concluded that a smaller dome had led to comparable flow quality and that up-scaled version of the storage
could benefit from such cost reduction potential.
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The underlying mechanism of the flow disturbance is attributed to temperature-related changes of the air
viscosity. The simulation results also indicate, that the resulting flow maldistribution have a ‘self-healing’
effect during the charge period. In contrast, during discharge period a self-reinforcing tendency to a declined
flow uniformity occurs and could potentially amplify initially small distribution errors.
These results and the understanding of these phenomena provide valuable hints towards a further improved
storage design.
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4. Rural Energy Supply

4.1 Electrical energy supply

BARRIERS TO THE UPTAKE OF SMALL HYDROPOWER FOR
RURAL ELECTRIFICATION IN AFRICA
Wim Jonker Klunne
Council for Scientific and Industrial Research (CSIR), Pretoria, South Africa

1. Introduction
Small hydropower is a proven technology that can adequately contribute to the electricity needs of rural areas in
Africa. Currently only a (very) small fraction of the huge hydropower potential on the African continent is
harnessed. For large scale hydropower, utilisation percentages of between 4 and 7% are being mentioned, while
for small scale hydropower the gap between the potential and the actually developed sites is most probable even
bigger.
Although the technical aspects of small hydro are very well understood, the number of small hydropower plants
in Africa is minimal, suggesting that other barriers then the technology itself do persist.
This article will investigate the different barriers in Africa toward rural electrification and the application of
renewable energy technologies in general and to those hampering the uptake of small hydropower in general.
The article will describe the role of policy and regulatory frameworks, financing, local and regional human and
industrial capacity, as well as the limited information on the available resource.
2. Background
Of the total hydropower potential of the world approximately 10% can be found on the African continent, with
the majority of that in Sub-Saharan Africa. However, only 4 to 7% of the potential for large scale hydropower
has been exploited (ESHA, 2006; Min Conf Water for Agriculture and Energy in Africa, 2008). For small and
micro scale hydropower this percentage is most probably even lower, although no proper statistics are
available. To indicate the low rate of development of small hydropower on the African continent, Gaul et al.
(2010) compare the 45,000 plants below 10 MW in China with a total of a few hundred developed sites in the
whole of Africa. While the European Small Hydropower Association (2006) is even referring to 100,000 units
in the micro spectrum as installed in China!
Small hydropower can play a pivotal role in providing energy access to remote areas in Africa that are currently
not connected to the national electricity grid, either in stand-alone isolated mini grids or as distributed
generation in national grids. The potential role of small hydropower in eradicating energy poverty has been
recognized by a number of national governments and bi- and multilateral donors. An example is the new draft
energy strategy for the World Bank, which does specifically highlight small scale hydropower as an important
component of future World Bank activities in Africa (World Bank, 2010)
The large knowledge base on technical aspects of microhydro in general does suggest a proper understanding of
the technology. However, the relatively small number of small and micro hydropower projects implemented in
Africa does not reflect the enormous potential for the technology on the continent, suggesting that other barriers
than the technology itself are still persistent.
Although small hydropower projects have been implemented in several countries on the continent, information
on the current state of affairs is scattered and incomplete. To a (very) limited extend information is available on
technical details of implemented projects, however, information on implementation models followed and their
successfulness is not available in most cases (Michael, 2008; Pigaht & van der Plas, 2009). Basic technical
information on existing hydrostations might be available, but is definitely not complete nor consistent over the
different information sources. This lack of information does severely hamper the possibility to learn from past
experiences and is a barrier to large uptake of village level hydro on the continent (Gaul et al., 2010).
3. Defining small hydropower
At this stage no internationally agreed definitions of the different hydro sizes exist. A generic distinction though
is between “large” hydro and “small” hydro. The most generally accepted definition of “small” has been set by
the World Commission on Dams, which set the upper limit for small hydro at 10 MW of installed capacity,
although large countries as China and India tend to put the limit higher at 50 MW and 25 MW respectively.
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Recently some international donors seem to use a maximum capacity of 15 MW when referring to small hydro.
Within the range of small hydro, distinction can be made between mini hydro (often limited to an installed
capacity of maximum 1 MW), micro hydro (below 300 or 100 kW depending on the definition) and pico hydro
(below 20, 10 or 5 kW), each with its own specific technical characteristics. Micro and pico hydro installations
are mostly found in developing countries for energy provision to isolated communities where the national
electricity grid is not available, whereas mini hydro tends to be grid connected. Micro and pico hydro can also
differ from mini hydro due to the extended possibility of using local materials and labour in the case of first
two, while mini hydro typically involves more traditional engineering approaches and will usually need for
example heavy access roads for delivery of materials and electro-mechanical equipment.
In this article the upper limit of 10 MW of installed capacity is being used when referring to small hydropower.
4. Small hydropower in Africa
Small hydropower is a proven, mature technology with a long track record, also in Africa. The gold mines at
Pelgrims’ Rest (South Africa), for example, were powered by two 6 kW hydro turbines as early as 1892,
complemented by a 45 kW turbine in 1894 to power the first electrical railway. In several African countries
church missions did build small hydropower installations, like in Tanzania where church missions installed
more than 16 small hydropower systems during the 1960’s and 70’s that are still operating (Mtalo, 2005).
Another example is large scale commercial farmers in the Eastern Highlands of Zimbabwe that installed hydro
stations as early as the 1930’s (Klunne, 1993).
Many countries in Africa do have a rich history of small scale hydropower, but over time large numbers of
these stations have fallen in disrepair. Some because the national grid reached their location, some because a
lack of maintenance or even pure neglect.
Recently initiatives have seen the light in a number of countries in Africa to revive the small hydro sector,
either through international development agencies or through private sector led initiatives. Particular in Central
Africa (Rwanda), East Africa (Kenya, Tanzania and Uganda) as well as Southern Africa (Malawi, Mozambique
and Zimbabwe) new initiatives are focusing on implementing small hydropower projects. In South Africa the
first new small hydro station in 20 years was opened in 2009, with more under development.
5. Barriers
Most of the challenges facing small hydropower exploitation are not specific for hydropower but generic for all
types of renewable energy and rural electrification projects. General barriers for renewable energy projects are
the absence of clear policies on renewable energy, limited available budget to create an enabling environment
for mobilising resources and encouraging private sector investment, and the absence of long-term
implementation models that ensure delivery of renewable energy to customers at affordable prices while
ensuring that the industry remains sustainable.
Looking specifically at small hydropower development, the following barriers can be identified:
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•

Policy and regulatory framework: unclear or non existence of policies and regulations that govern
the development of (small) hydropower. In some countries hydropower developments under a certain
threshold are not regulated at all, while in other countries it might be part of a broader regulatory
framework for rural electrification in general. Generic frameworks often lack clarity on a number of
hydropower specific issues like access to water and water infrastructure and the associated payments.

•

Financing: hydropower developments are faced, even more than other sources of renewable energy,
with high up-front costs and low O&M costs, something most available financing models do not
favour. Nearly all of the new developments on the continent are relying in one form or the other on
donor financing. Development of alternative financing models, including tapping into alternative
funding sources, is needed to facilitate small hydro developments.

•

Capacity to plan, build and operate hydropower plants: national and regional knowledge and
awareness on the potential of small hydro in rural electrification is missing or very minimal. This
includes knowledge at political, government and regulatory entities, as well as knowledge on local
production of parts and components.

•

Data on hydro resources: linked to the limited knowledge about the technology is the lack of proper
resource data on water availability and flow on which hydro developments can be based.

Regulatory and legislative frameworks
A clear prerequisite for the uptake of small hydropower are policies and strategies that are in support of small
scale renewable energy development. These should show long-term vision, as well as concrete targets and
implementation plans with associated budgetary allocations. Preferably they include coordination efforts on
support by international donors.
Unfortunately, in Africa very few countries have been able to develop such strategies and policies. Although
almost all Sub-Saharan African countries have rural electrification plans, their main focus is on grid extension
and most of them do not address renewable energies, let alone specifically support small hydropower
deployment.
The availability of long-term grid extension plans is essential to enable small hydro investor to assess financial
project viability. Grid extension plans can provide the needed information on whether an area will see grid
extension and thus whether the set-up of an independent mini-grid will be viable. More often than not the
national electricity grid reaching an isolated small hydroplant has resulted in the hydroplant being
decommissioned and the community being connected to the national grid. Only very few examples exist where
an existing small hydro station is being integrated in the national grid (e.g. Mantsonyane in Lesotho) or is able
to operate in parallel to it (e.g. Matembwe in Tanzania).
Next to the needed regulation and legislation with respect to the electricity aspects of small hydropower, rules
and regulations with respect to water use and use of physical water infrastructure are essential in developing
small hydropower.
Funding of hydropower schemes
Three broad categories of funding of small hydropower developments can be distinguished:
•

Private or balance sheet funding for systems that serve one household / farm or are part of the
operations of a commercial enterprise. These systems tend to be designed to supply a small load
consisting of domestic energy use and more power demanding applications like milling or grinding.
As these systems do typically not supply outside entities their existence is quite often not publicly
known and information is rather difficult to get. Funding of these systems normally does not involve
external parties. A typical example is the Horseshoe Falls system in Sabie in South Africa, which was
designed and built by farmer Pieter Weber in the 1960s and operated till 1990 when the national grid
reached the farm (microhydropower.net, 2011). Another example is the use of hydropower at tea
estates in eastern Africa.

•

Public funding, often through the national or municipal power utilities, for grid connected systems.
This typically involves larger systems like the 2 MW Mantsonyane plant in Lesotho. Specific funding
could be available for off-grid installations through Rural Electrification Agencies and Rural
Electrification Funds.

•

Systems funded by bilateral donors (e.g. from Austria, Belgium, China, Germany, Japan,
Netherlands, UK and Sweden) and multilateral donors (World Bank, AfDB, GEF, UNDP, etc). These
systems will often form part of a national programme on energy access / rural electrification.

Table 2 does indicate what type of support is available for hydro projects in a number of selected African
countries.
Financial incentives for hydropower systems can be provided through generation based incentives or installed
capacity based incentives.
The best known example of the generation based incentives are renewable energy feed-in tariffs, which do pay
owners of renewable energy generators a premium based electricity tariff. In African region only Kenya, South
Africa and Uganda do have specific feed in tariffs for hydropower, while the feed-in tariff in Tanzania does not
make a distinction between different generation technologies. The feed-in tariff in South Africa does not make
a distinction on the installed capacity of the small hydro plant and the initially announced rate amounts to ZAR
0.98 / kWh (approx. US$ 0.14) (NERSA, 2009) for hydro stations in the 1 – 10 MW range. This tariff was
revised downward to between ZAR 0.671 and ZAR 0.68 / kWh depending on the implementation year
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(NERSA, 2011). However, in the current South African competitive bidding process for renewable energy the
announced REFIT has been put aside.
Kenya has a feed in tariff for hydropower that is depending on the size of the installation:
Plant capacity
(MW)

Max firm power tariff

Max non-firm power tariff

0.5 – 0.99

0.12 US$/kWh

0.10 US$/kWh

1–5

0.10 US$/kWh

0.08 US$/kWh

5.1 – 10

0.08 US$/kWh

0.06 US$/kWh

Table 1 Hydropower feed in tariffs Kenya (Ministry of Energy Kenya, 2010)

Also Uganda has a hydro feed in tariff which varies with plant size. Between 500 kW and 1 MW of installed
capacity a tariff of US$ 0.109 / kWh will be paid. For installations between 9 and 20 MW a tariff of US$ 0.073
/ kWh is applicable, while in between 1 and 8 MW a linear tariff as displayed in Figure 1 will be used (ERA,
2010).

Figure 1 Uganda feed in tariff for hydropower (ERA, 2010)

Capacity based incentives do provide up front funding to offset the high investment needed for hydropower and
are typically modelled as once-off investment subsidies. Particularly for off-grid systems capital investment
support is considered a preferred form of support as long as it is supplemented by a business model to operate
the facility in a sustainable way. This support can be given in the form of grants and loans, or as tax incentives
on the investment.
A specific form of financing is provided by the Clean Development Mechanism (CDM) under the Kyoto
protocol. Most of the hydropower projects world-wide that benefit from CDM funding related to avoided
carbon emissions are in Asia (India and China) while very few can be found in Africa (see Table 3). The
uncertainties around the CDM funding after the end of the Kyoto protocol in 2012 make investors hesitant to
follow this route. Coupled with a general lack of CDM project development capacity in Africa it is not likely
that the number of CDM funded projects will increase dramatically in the (near) future.
Linked to the carbon emissions avoided tradable renewable energy certificates can be issued for hydropower
plants, which can provide an additional revenue stream for the operator. At the moment only South Africa has
an operational system for tradable RECs in place in Africa. The South African RECs initiative has the 3 MW
Friedenheim plant in Nelspruit as one of its contributors (ZARECS, 2010).

3554

X
X
X

X

X
X
X
X1
X
X2
X

X

X
X
X
X

X

X
X
X

Rural electrification agency

Public competitive bidding

Public Investment Loans / grants

Reduction in sales tax

Investment / production tax credits

Capital subsidy

Tradable REC

Feed in tariff
Country
Botswana
Ethiopia
Kenya
Lesotho
Madagascar
Malawi
Mozambique
South Africa
Tanzania
Uganda
Zambia
Zimbabwe

X
X
X
X

X
X
X
X

Table 2 Support for renewable energy (based on REN21, 2011 and own research)

Project Name

Type

Country

Credit Buyer

Status

Capacity
(MW)

Credit
Period (yrs)

Tsiazompaniry

New

Madagascar

France (ORBEO)

Validation

5.25

10 fixed

Sahanivotry

New Run of River

Madagascar

Austria (Kommunalkredit
Public Consulting Gmb)

Registered

15

10 fixed

Clanwilliam

Existing Dam

South Africa

Denmark (Danida)

Validation

1.5

7 renew

Bethlehem

New Run of River

South Africa

Netherlands (Statkraft
Markets BV)

Registered

7

7 renew

LUIGA

New Run of River

Tanzania

-

Validation

3

7 renew

Buseruka

New Run of River

Uganda

Validation

9

10 fixed

Ishasha

New Run of River

Uganda

Validation

6.6

10 fixed

Bugoye

New Run of River

Uganda

Norway (Public)

Registered

13

10 fixed

West Nile
Electrification
Project

New Run of River

Uganda

Netherlands + Finland
(PCF)

Registered

3.5

7 renew

Denmark (Danish
Energy Agency)
Netherlands (C-Quest
Capital LLC)

Table 3 Overview of African small hydro projects in CDM pipeline (Chu, 2011)

Capacity building
Local capacity to plan, design, build, operate and maintain hydroplants is essential towards the successful
operation of small hydropower in Africa. Without proper resource assessments and associated feasibility studies
no project will be developed. Similar, without proper maintenance and technical capabilities to repair systems,
sustainable operation will not be possible.
National and regional capacity to plan and design systems has been and currently is being build by
(international) NGOs funded by development assistance funds from developed countries. Also local production
1
2

GEF project
Bilateral project
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of turbines and other components of hydroplants has been piloted by in particular Practical Action, but with the
limited regional market these efforts have not resulted in wide spread local production.
In an analysis of best practices on microhydro developments, including detailed descriptions of four
installations on the African continent, Khennas and Barnett (2000) pointed out that the lack of knowledge about
financial management and utilisation of electricity to generate revenues is a main bottleneck for a successful
operation in Sub-Saharan Africa.
The limited number of microhydro projects in Africa has resulted in few people with practical experience in the
technologies involved. Gaul et al. (2010) identify four approaches to address this deficit:
•
•
•
•

Establish international or regional knowledge networks and induce foreign expertise by training local
technicians.
Strengthen technical schools and science institutes to build up local capacity.
Project-driven approach, involving local engineers in the planning and implementation of projects and
at the same time building up their skills.
Technology transfer either north – south or south – south. Particular the small hydro expertise in
countries like Nepal and Indonesia could be targeted for technology transfer.
6. Current initiatives

Several initiatives are currently ongoing to assist developing small hydropower Africa. Table 4 does give an
overview of these initiatives, while detailed descriptions of some of those initiatives follow below.
The United Nations Industrial Development Organisation (UNIDO) is currently running a number of pilot
projects on small scale hydropower in countries such as Tanzania (75 kW), Nigeria (34 kW), Madagascar,
Uganda (250 kW) etc. (Min Conf Water for Agriculture and Energy in Africa, 2008).
Linked to the UNIDO Regional Centre for SHP was an UNDP/GEF initiative on small hydropower in 10
countries in West Africa. A network was launched at a high level meeting in Vienna, but unfortunately it has
not resulted in substantial developments in the region, highlighting the challenges in the sector. In fact, the
project initiative, which was to be funded by the GEF, has been withdrawn.
The United Nations Environment Programme (UNEP) is implementing a Global Environment Facility (GEF)
funded project that looks at the possibilities of applying small hydro at tea estates to generate electricity in the
Eastern Africa region. Starting from the premises that tea does need altitude and water to grow, which
incidentally are requirements for hydropower as well, a collaboration of the East African Tea Trade Association
(EATTA), UNEP, the African Development Bank and the GEF has set up a facility to accelerate the uptake of
hydropower. The project received huge interest by the tea estates due to the current unreliable power supply
from the national electricity grids. The project aims to establish 6 small hydro power demonstration projects in
at least 3 of the EATTA member countries, preferably with an attached rural electrification component, as well
as to prepare additional pre-feasibility studies. Both studies and planned installations will serve as training
grounds for the entire tea sector in the region. The project includes a special financing window to assist
individual tea processing plants to move into “green power generation”. A key feature of this Greening the Tea
Industry in East Africa project is linking the energy requirements of the tea industry with the available hydro
resources and using this as a basis to develop viable projects that preferably do include a rural electrification
component.
Under the header of the EU funded project “Catalysing Modern Energy Service Delivery to Marginal
Communities in Southern Africa”, the British NGO Practical Action is implementing a regional micro hydro
project in Malawi, Mozambique and Zimbabwe. The project seeks to promote the use of renewable energy
through creating micro hydro expertise in poor communities by equipping community members with micro
hydro scheme management skills, such as installations, fabrication of equipment, etc. The project aims at the
installation of 15 micro hydro units in the three countries concerned. The project is in the initial phases of its
implementation and currently supports three hydro systems in different phases of implementation. The project
does look into the development of a regional pool of microhydro expertise, including local manufacturing,
quality standards and work on removing of political barriers. Also management and ownership models will be
tested and evaluated under the project (Mika, 2009). At this stage three different financial models are being
implemented and will be evaluated on their merits. In the “ShareD” financial model, as is implemented in
Chipendeke in Zimbabwe, local community members do provide sweat equity to the project that will be
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converted in shares in the commercial enterprise that will be running the hydro plant. The “generator model” as
implemented by Practical Action together with their Mozambican counterpart Kwaedza Sumukai Manica
(KSM) is build around a private entrepreneur generating electricity for the community. In this model the local
transmission and distribution infrastructure will be owned by the community. Thirdly Practical Action is
applying an adapted version of Build, Operate and Transfer model (BOT) to have a smooth transition towards
community ownership of the installation (Mutubuki-Makuyana, 2010).

Location

Project

Implementer

Description

Important component

East Africa

Greening the tea
industry

UNEP/GEF

Linking rural electrification
with existing industrial
activity

Kenya

Tungu-Kabiri
hydro project

Practical
Action /
UNDP/GEFSGP
GPower

Small hydroplants at tea
factories, including rural
electrification
component
Community owned
system to power micro
enterprises centre
11 small hydroplants
initially off-grid, later to
be interconnected. Incl.
local turbine production
Rehabilitating existing
systems, development of
local/regional capacity

Long term planning,
integration with grid, part of
larger development plan,
local turbine manufacturing
Inclusion of capacity
building component

GIZ

Rehabilitation of
microhydro mills

Direct link with productive
use
Capacity building, linkages
with International Centre for
Small Hydro Power,
Hangzhou, China
Current status unclear
Need to incorporate
requirements of financial
sector
Learning-by-doing project –
increased role of private
sector in construction and
O&M
Integration of productive
uses (grain milling and ICT
centre)

Rural Energy
Access Model

Malawi.
Mozambique,
Zimbabwe

Catalysing
Modern Energy
Service Delivery
to Marginal
Communities in
Southern Africa
Access to
modern energy
services
UNIDO
Regional Centre
for Small Hydro
Power, Abuja

Practical
Action / EU

UNIDO

National and regional
capacity building

Energizing
Development

GTZ

Support to private sector
to develop hydroplants

Rural energy
development in
Rwanda

UNIDO

Rural energy
development

Tanzania

Kinko Village
hydro, Lushoto

Establishment of village
hydro scheme

South Africa

Bethlehem
hydro
Kisiizi Hospital
hydropower

UNIDO /
MoEM /
TANESCO /
TaTEDO
NuPlanet

Mozambique

Nigeria

Rwanda

Uganda

West Africa
(Cameroon, Mali,
Central African
Republic, DRC,
Gabon, Congo,
Rwanda,
Equatorial Guinea,
Togo and Benin)

First regional
micro/minihydropower
capacity
development and
investment in
rural electricity
access

Kisiizi Hospital
Power Limited
UNDP/GEF

7 MW capacity at Sol
Plaatjie and Merino sites
300 kW crossflow
turbine serving hospital
and local community
Regional integration
project aiming at
developing 36 small
hydropower stations.
Included a network on
small hydropower.

Legislative framework
prohibited connection of
households

CDM project
Hospital as anchor client

Establishment of regional
network.
PLEASE NOTE: project
cancelled.

Table 4 Overview of current initiatives on small hydropower
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7. Discussion
The research described in this paper aimed at providing information on the current status of small hydropower
in Africa, as this lack of information is seen as a major stumbling block towards larger uptake of the
technology. Precisely this lack of information did hamper the research as the knowledge base on small hydro is
not well documented and does feature internal inconsistencies.
The research did find a large number of promising activities in the region that can bring small hydropower the
needed impulse.
The research does clearly indicate interest in the region for small hydropower, but also highlights the
embryonic stage of the development of sustainable implementation models. Which is surprising seen the
maturity of the technology involved.
It is recommended that further research is done towards removing the barriers towards larger uptake of the
technology and into implementation models that ensure sustainable operation once the physical infrastructure
has been established
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DEVELOPMENT OF THE COMPACT ENERGY BOX (CEB) AS A
“PLUG AND PLAY” HYBRID UNIT FOR OFF-GRID POWER
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1. Introduction and Motivation
About 1.5 billion people worldwide still don’t have access to electricity. Even in Germany and Central
Europe, there are countless small forest and alpine huts, holiday and garden houses, that cannot be connected
to the public grid. Gasoline- or diesel-operated generators usually cover their power demand. The
consequences are high emissions (CO2, noise, exhaust gas pollution), high risks during transportation and
storage of fuel, high operating costs and unreliable supply.
Although the technical equipment for off-grid power supply systems is nowadays available in very good
quality, problems in running systems occur relatively often. The project “Integral Evaluation of Supply and
Disposal Systems at Mountain Refuges“ (www.ievebs.eu) initiated by the German Alpine Association, also
assess this problem en detail. One hundred datasets of selected mountain refuges situated in the project
partners countries Germany, Austria, Italy, Switzerland, Slovenia and the Czech Republic were analyzed.
The result was, most of the problems with the off-grid power supply systems are caused by inadequate
planning and design, inadequate installation and lack of maintenance as to be seen in Fig.1 (Deubler et al.
2010).

Technical
Problems
11%

Operation and
Maintanance
11%

Integral Planing,
Energy Concept
38%

Planing,
Dimensioning
Power Plant
16%

Installation
12%
Adaption of the
single
components of
the power plant
12%

Fig. 1: Problem areas causing failures of the energy-supply systems mentioned by the operators of the systems and the
evaluation team (Deubler et al., 2010)

Despite the positive development of the off-grid power supply systems in the last years, the lifetime of the
batteries is still the weakest point in the system design. The main problems causing an early breakdown of
the batteries are the following:
•

High operating temperature of the batteries (a increase from 30 to 40 degrees Celsius of
the operating temperature leads to a reduction of lifetime of 50%)

•

Inadequate battery management (charge and discharge) due to excessive demand, lack
of frequent full charge or frequent deep discharge

To resolve all the mentioned problems occurring in the customized systems formed the general motivation to
think about the development of a standardized power supply unit. When Bergwacht Bayern (Bavarian
Mountain Rescue Service) came up with the request to build up a compact off-grid power supply unit for a
radio transmitter in the National park Berchtesgaden, a developing project was designed.
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Up to now the location of radio transmitters mostly depends on availability of a public grid as necessary
power source, leading to significant gaps in the network coverage. This leads to problems in emergency
situations because reliable communication facilities are the basic requirement for their successful operations.
And the basic requirement for radio communication (irrespective analog or digital) is an area-wide mobile
radio network - as well in regions far away from a grid. Sometimes exactly these regions are most attractive
to tourists, as for example the Alps near Königssee, Berchtesgaden (Germany). Therefore a compact, robust
and maintenance free off-grid power supply unit is urgently needed. Thus the location of the transmission
stations can be optimized in future regarding the network coverage. Due to the independency from the public
grid, the stations can be located even faraway from populated areas avoiding the frequently occurring
problem regarding the acceptance of the radio mast by the people.

For the execution of the project “Development and Field Test of the Compact Energy Box CEB as a Hybrid
`Plug and Function´ System for a Climate-Neutral, Off-Grid Power Supply for a Radio Transmitter at St.
Bartholomä and for a Alpine Hut of the Mountain Rescue Service” a funding by the DBU (Deutsche
Bundesstiftung Umwelt) could be achieved. In the following the objectives, methods, results and prospects
of this project will be elucidated.
2. Objectives
The objective of the development of the standardized power supply unit (“CEB”) was in general, to provide a
compact, economical and easy to handle system for off-grid power supply as a flexible “plug and play” unit
which ensures a long-lasting, safe and high quality power supply, even under extreme climatic conditions
from the alps to the tropics.
For the power supply of the radio transmitters, the Bavarian Mountain Rescue Service requires some specific
features:
•

Remote control and administration

•

Little maintenance effort

•

High operational reliability

•

Two different power supply units with a DC output power of around 200 W for the
analog radio transmitter and with a AC output power of around 2 kW for their alpine
huts and the future digital radio stations

Following specific features are required by the German Alpine Association (DAV) for their self supply
refuges:
•

Easy system design in corporation with the future user

•

Automatic and reliable operation

•

Automatic prevention of miss- or over-use

•

Easy to use operator panel and display with relevant information for optimized usage

•

Highly flexible and easy connection to different power generators as well as easy plug in
of consumers

•

Different AC output power classes – units providing about 2 kW for small self supplied
refuges and units providing about 5 kW for small or medium DAV-refuges with AC
coupled power generation

•

Modular expandable – extending the AC output by connencting several units in series or
even three units connected in parallel in order to deliver a three phase current grid 230 /
400 V

•

Good cost effectiveness, environmentally friendly and a long operating life

3561

3. Material and Methods
For the realization of these ambitious objectives an interdisciplinary team was created, combining the
expertise of scientific specialists in the relevant research areas, specialists in the practical fields, technicians,
manufacturers and last but not least, the further users of the power supply unit. In particular the group is
composed as follows:
•

Company Elektro-Mechanik Meisl GmbH, Berchtesgaden with over 15 years practical
experience in off-grid power systems from a few watts to over 100 kW as customized
PV-Hybrid Systems combined with wind and water power, CHP, fuel cells and diesel
generators

•

Leading manufacturer of control boxes

•

Leading battery-experts

•

Consultant MSc in renewable energy and energy efficiency with more than 15 years
experience in development cooperation and off-grid power supply systems

•

Leading manufacturer of radio transmission technology

•

Experts from the future users: Bergwacht Bayern (Bavarian Mountain Rescue Service)
and DAV (German Alpine Association)

•

Company SMA AG as the leading manufacturer of inverters, especially island-systems
of the highest quality

•

Research institutes Fraunhofer ISE, Freiburg, and Fraunhofer IWES, Kassel, with their
respective scientist for continuous discussions and feedback

Since the 4th of July 2011 the first prototype of the Compact Energy Box CEB6548-5 is providing the
electrical energy for a one family house in south east Germany (see Fig. 2).

Fig. 2: PV-hybrid-CEB system supplying power for the one family house that is seen in the background

A PV generator with a nominal power of 2.76 kWp is the main power source. If there is a deficiency of PVpower due to bad weather conditions about two days after, the batteries can be recharged by a gasoline
driven emergency motor generator. On the consumer side, a common, ordinary residential house is
connected. Prior to that, the house had been supplied by public grid. No further changes in indoor installation
had to be done. Due to the island grid, the residents are now much more aware of their behaviour regarding
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electricity consumption, trying to use the strongest consumers as e.g. the washing machine only when the sun
is shining and not at the same time with the electrical cooker. The displays at the box permit a continuous
control of the power supply unit. Thus, the residents do not have to accept any changes towards a lack of
comfort but count on a power supply quality, which is equal to the public grid. Since the commissioning of
the system no failure was reported. The technical data of the CEB6548-5 is shown in Tab. 1 in chapter 4.

Operation of the prototype facilitated the execution of different series of field tests under realistic and
practical conditions. Besides the overall function checks, emphasis was put in the test of the passive cooling
system of the box. As already mentioned in the introduction, the crucial point for the lifetime and therefore
of the system’s economic viability are the batteries. In the Compact Energy Box an optimized passive
cooling system is applied. The aim is to avoid the application of an active cooling system (ventilation or air
conditioning), even during warmer climatic conditions for examples in the tropics. Thereby additional power
demand and possible system failures can be prevented.

The passive cooling system of the CEB is based on the generation of a continuous air flow through the box,
caused by the specific thermal conditions in the box. The main sources of heat emission are the inverters,
installed in the upper section of the box. The ventilation slots on the upper side of the box are designed to
allow hot air to stream out easily, avoiding heat accumulation beneath the roof. As the box is airtight besides
the ventilation slots on the upper and the lower side, the out streaming hot air is hauling in fresh air from
underneath the box. Air that is flowing in has to pass the ground underneath the box, where it will be cooled
down, compared with the outside air temperature. By ascending into the box the relatively cold air is cooling
down the batteries, which are located on a steel grating in the lower part of the box.

The effect of this passive cooling system was analyzed in detail, using temperature data loggers attached on
different levels in the box and outside in the shadow. Additionally, themographic images of both the open
and the closed box were taken in order to reveal the temperature distribution in the box.
4. Results
4.1. Optimization of the passive cooling system
From 5th of August starting at 07.12 am to the 7th of August 2011, ending at 12.00 pm the temperature
distribution in the Compact Energy Box was measured and recorded. During these relatively sunny days the
potential power production by the PV generator was higher than the power demand of the residents. Fig. 6
shows the dynamics of the power supply system, dispatching the state of charge of the batteries and the
inverter power.
On the 5th of august at 11.00 am a thermal image of the box was taken. The reference picture on the right side
in Fig. 3 shows the closed CEB. The ventilation slots on the lower and upper side are visible well. Even at
the outside of the closed box the range of the temperature from the bottom to the top is clearly visible with a
difference of 16 K. The vents at the bottom are slightly cooler than the surrounding material of the box, due
to the in streaming air. Although the batteries were strongly charged at that moment and therefore heating
themselves due to the internal resistance, the lower part of the box, where the batteries are installed,
remained relatively cool.

The picture of the open box in Fig. 4 shows clearly that the batteries in the bottom part of the box remain
cool. In contrast, the inverters installed in the upper part of the box were already heated up to more than 32
degrees Celsius. Directly beneath the roof of the box the temperature is again lower than the inverter
temperature. That indicates that the hot air can sufficiently stream out through the ventilation slots.
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Fig. 3: Thermo graphical picture of the CEB(left), temperature spectrum and reference picture (right); time of recording
05.08.2011 11:00

Fig. 4: Thermo graphical picture of the internal view of the CEB in operation; time of recording 05.08.2011 11:05

To provide more specific data, the temperature is measured and logged continuously at four different levels
inside the CEB and for comparison also outside in the shadow above the PV generator. Fig. 5 shows an
excerpt of the temperature development during the measurement time. It is clearly visible, that the battery
temperature remains lower than the temperature bneath the roof of the box and even lower than the outside
air temperature. It can be observed, that the hot air caused by the inverters can sufficiently stream out, so
there is no occurrence of unacceptable heat accumulation.
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These results show that the passive cooling concept applied on the Compact Energy Box is working efficient
and satisfying. Therefore the batteries remain on a favourable operation temperature, even while installed in
a closed box together with strong heat emitters like the inverters. It is for this reason, the CEB has proven to
guarantee a long lifetime of the system and especially of the batteries.
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Fig. 5: Temperature distribution profiles of the CEB during operation on two days in August 2011
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Fig. 6: Gradient of State of Charge of the Batteries and AC Inverter Power1 of the CEB during operation on two days in
August 2011

To implement the results of analysis of the passive cooling system, the ventilation slots have been optimized
in dimension and location to achieve an even better passive cooling system in the new model line of the
Compact Energy Box.

1

Negative power reflects the charging of the battery, positive power shows the power demand by the resident
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4.2. Description of the model line of the Compact Energy Box CEB
Based on the results of the field tests undertaken with the prototype, the design of the box has been adapted
and optimized. At the end of August 2011 the new model line of the CEB is available on the market at
company Elektro Mechanik Meisl GmbH (www.meisl.eu).
The different CEB-models contain all components of necessary power electronics, inverters, protective
devices, batteries and cabling. The control panel on the outside is equipped with all necessary socket outlets
and plugs as well as LED displays, consumption data logger and fuses.

The new model line consists of three different models types, each combined with different battery options, to
satisfy the various requirements of the future users in the best way. For the power supply of a mobile radio
network and analog transmitters, which work with a relatively low DC output power of a few hundred watts
up to 1000 W, the CEB 1024 is optimized. The CEB2524 offers an DC output as well as an AC output and is
optimized for applications like digital radio transmitter or small refuges in the alps, holiday and garden
houses, hunting lodges, small schools, hospitals and health stations or scientific or monitoring stations. And
finally the CEB6548-3/5 with the most powerful AC output (nominal output power 6.5 kW) fits for all
applications like the CEB2524 with a higher power demand e.g. medium size refuges and even residential
houses or small villages or workshops in the rural electrification worldwide. The detailed technical
information regarding the different model lines are summarized in Tab. 1.

Tab. 1: Technical Data of the 3 standardized CEB models differentiated mainly by the system power and the battery capacity

CEB1024

CEB2524

CEB6548-3/5

1000

1000 - 2000

-

12 / 24

12 / 24

48

Nominal Output Power [W]

-

2500

6500

Maximum Power (3s) [W]

-

3900

12000

AC Nominal Voltage [V]

-

230 / 120

230 / 120

630 / 1250

630 / 1250

3200 / 5200

140

140

550

25-60 / 40-80

25-60 / 40-80

175 / 188-440

-

16

32

120 / 62 / 150

120 / 62 / 150

120 / 62 / 150

250

350

450

DC Output
Nominal Output Power max. [W]
Nominal Battery Voltage [V]
AC Output

DC Input
PV Connection Power [Wp]
DC Input max. [V]
MPP optimal [V]
AC Input
AC Input max. [A]
General Data
Dimensions (W / D / H) [cm]
Ca. Weight (Basic Version) [kg]

All models are equipped with a complete protection and security package including e.g. DC Fuse, AC Short
Circuit and Overload protection, and optimized battery management with protection against Over
Temperature and Deep Discharge.
Lead-Acid Gel Batteries with a capacity of 300 Ah are standard equipment. 600 Ah are optionally available
for CEB1024 and CEB2524. Alternatively, the CEB can also be equipped with Lithium Batteries to achieve
at least a double capacity with the same volume of batteries.
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Other optional features are also available e.g. Automatic Generator Start, External Control Display, Remote
Monitoring, Load Management, ENS, Control Panel Cover and Protective Roof. Also Sets including PV
generator, small wind turbine, fuel cell or CHP (Combined Heat and Power Plant) can be delivered.

All the requirements of the Bavarian Mountain Rescue Service and the German Alpine Association
mentioned in the chapter 2 will be implemented in the two CEBs elaborated and installed in the context of
the project funded by DBU. Besides these characteristics, the CEB also provides the following features:
•

Easy handling and transport of the Compact Energy Box (compact dimension and low
weight)

•

Flexible location out- or indoor in various climatic regions (robust design)

•

Maximized economic efficiency by minimized retail price

•

Highly flexible connection of different power generators (PV, small wind- and hydropower, fuel cells, CHP, motor generator, etc.) with the capacity to sum up the nominal
power of each system component to the total system power

•

User-friendly (plug and play), easy to handle and maintenance free

•

Data monitoring function for control and fault detection (including alarm system e.g. in
case of over-use)

•

Modular expandable (single phase - three phase)

•

Easy selection of the adequate CEB by the future users using an optimized data
collection sheet in matrix form

•

No specialized electrician needed for the on-site installation and commissioning

For the application in the area of rural electrification the CEB also satisfies the following criteria in addition
to the aspects mentioned above
•

Resisting a wide range of climatic conditions, even tropic conditions

•

Easy adaptation to global grid types (frequency / voltage, TN-C / TN-S / TT)

•

Possibility of subsequent integration into the public grid

The CEB can not only be used as an off-grid power supply system but also grid connected. Additional
objectives for grid coupled applications are:
•

Backup function in case of frequent break down of the public grid comparable in quality
to an uninterrupted power supply unit (UPS) but even for a much larger time

•

Stabilizing a public grid with strong fluctuation of frequency or voltage

•

Increasing the self consumption portion of the own power production e.g. with the PV
generator on the roof, compared with the feed into the public grid
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5. Conclusions and Further Work
After having completed the field test cycle it can be determined that the tested prototype of the CEB mostly
satisfies already the ambitious expectations which were defined at the beginning. Especially the passive
cooling system operates very well, so that the main threat to lifetime of such a compact box is eliminated.
The results of the executed field test are already transferred to optimize the production of the new model line.

At the end of August 2011, the new and enhanced model line will be available at international level. In the
scope of the project “Development and Field Test of the Compact Energy Box CEB as a Hybrid `Plug and
Function´ System for a Climate-Neutral, Off-Grid Power Supply for a Radio Transmitter at St. Bartholomä
and for a Alpine Hut of the Mountain Rescue Service” the planed power supply units will be installed,
starting in September.

To enhance the quality of the Compact Energy Box even more, a continuous observation and analyses of the
installed unit will be implemented combined with a scientific thesis. The results will directly be integrated in
the further production of the CEB.
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EXPERIMENTAL RESULTS OF A 180 Wp SOLAR HOME SYSTEM TO
SUPPLY TYPICAL RIVER DWELLER FAMILIES IN THE AMAZON
Wilson Macêdo, Keila Maia, Andréa Nascimento, Marcos Galhardo, João Tavares Pinho
Grupo de Estudos e Desenvolvimento de Alternativas Energéticas/Universidade Federal do Pará, Belém (Brazil)

1. Introduction
The application of Solar Home Systems (SHS) in Brazil is extremely interesting because it allows a
distributed electricity production next to consumption, essential to supply remote areas. Considering the
Brazilian Amazon Region, where there are many isolated communities, there is a great interest in using PV
systems to supply small residences.
About three decades have passed since the first SHS was installed in developing countries (Nieuwenhout et
al., 2001). In Brazil, experience has been gained in some projects (Trigoso, 2000, Trigoso et al., 2001 and
Anhalt, 2002), although this information does not bring sufficient details about some aspects of the SHS’s
operation. To contribute to the discussion on the importance of SHS application in Brazil, a brief overview of
the current legislation, which regulates the use of intermittent sources for the electric service, is made. The
paper also presents a performance analyses of a monitored SHS installed in the laboratory of the Grupo de
Estudos e Desenvolvimento de Alternativas Energéticas (GEDAE), in Belém-PA, Brazil, and reports the
experience acquired with some systems installed in an isolated community under Amazonian climatic
conditions.
The experimental performance analyse is accomplished in a 180 Wp solar home system, installed in the
laboratory. The system was designed to provide at least 13 kWh per month (or 433,3 Wh daily), according to
the Brazilian Electrical Energy Agency (ANEEL) normative resolution number 83/2004, which defines the
standards for electric energy supply using Individual Generation Systems with Intermittent Sources. To
simulate the real use in a river dweller residence typical for the Amazon region, a system was implemented
with timers that allow obtaining the load profile of the households. The efficiency of the system components
is determined and presented in this paper. The average daily electricity generation for the PV array in June,
July, and August (some of the best months in terms of solar radiation) are between 400 Wh and 900 Wh. It is
possible to note the difficulty of the system to provide the 433,3 Wh per day requirement in the worst days of
solar radiation, if losses in the rest of process of energy conversion (battery charge and discharge, dc-ac
conversion, etc.) are superior to 30 %. Five similar systems were installed and are operating in river dweller
residences in the Marajó Island, Pará, Brazil. Some results of these systems are presented, too.
2. Brazilian ANEEL normative resolution number 83/2004
The Brazilian ANEEL normative resolution number 83 (NR83) from September 20th 2004, establishes the
procedures and provides conditions for Individual Systems of Electricity Generation Using Intermittent
Sources (called SIGFI). On the scope of the governmental project “Luz para Todos”, not only the
conventional grid expansion but also the decentralized generation systems (with isolated grids or individual
systems) will be contemplated.
The program aims at the universalization of the electricity services, and the individual systems powered by
intermittent sources (in which SHS are included) are among the feasible options, and a specific regulation
which considers the characteristics and particularities of such systems is necessary.
The obligatory characteristics expected of the SIGFIs installed after the regulation publication are as follows:
I – the electricity supply must be ac-sinusoidal, considering the voltage and frequency levels of the
municipality where the consumer is located, and according to the values defined by official standards; II –
the systems must be classified in one of the cathegories shownd in Table 1.
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Tab. 1: Classification and service availability.

Service
Class

Reference daily
consumption
(Wh/day)

Minimum
autonomy
(days)

Minimum
power
availability (W)

Guaranteed
monthly
availability
(kWh)

SIGFI13

435

2

250

13

SIGFI30

1,000

2

500

30

SIGFI45

1,500

2

700

45

SIGFI60

2,000

2

1,000

60

SIGFI80

2,650

2

1,250

80

Regarding metering, the utility must install metering equipment in all consumers supplied by SIGFIs which
began their operation after the regulation publication and has guaranteed monthly availability greater than 30
kWh, which means that for the systems considered in this work the electronic energy meter is not obligatory.
Regarding the continuity of service, the utility must obey the reference standard of “Interruption Duration for
each Consumer” (called DIC). The reference values are 216 hours per month and 648 hours per year. The
DIC values can be strongly influenced by the difficulty of access.
3. System description
The SHS basically comprises five elements: The PV generator, composed of two monocrystalline modules of
90 Wp each, and oriented to north with a tilt angle of 10º; the mounting system by means of which the solar
modules are attached to a pole; a PWM charge controller of 12 V or 24 V / 20 A; a 12 V battery bank, with
two stationary batteries of 150 Ah capacity each; and an inverter of 12 VDC/127 VAC - 350 VA. Figure 1
shows a picture and the line diagram of the system installed in GEDAE’s laboratory.
AC ELECTRIC
LOAD

PV ARRAY

BATTERY
BANK

INVERTER

CHARGE
CONTROL

DISCONNC
ET SWITCH
DC BUS

Fig. 1: The 180 Wp SHS installed in GEDAE´s laboratory and its line diagram.

To simulate the real use in a typical river dweller residence of the Amazon region, a system was
implemented with timers that allow obtaining the load profile of the households, as illustrated in Figure 2.
An independent programmable data logger was used to monitor all parameters of interest. The device can
handle a wide range of sensors including, but not limited to, thermocouples, thermistors, monolithic
temperature sensors, 4-20mA current loops, etc. It also includes a wide range of sensor scaling and fitting
facilities, including polynomials, expressions e functions. The fundamental inputs measured by the
datalogger are voltage, current, resistance, and frequency. All other parameters are derived from these.
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Figure 2 presents a detailed diagram of the whole system, and all the devices and monitored parameters.
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Fig. 2: Schematic diagram of the whole system and monitored parameters.

Although not obligatory, the electronic energy meter located between the electric devices that compose the
SHS plays the role of acquiring information about the system´s operation.
4. Experimental results
The experimental results analysis was conducted in two steps. The first consists of the integrated and average
values obtained along the two months and eight days of system's evaluation. The second step consists of the
analysis of the electric energy balance and temperature. This allows the evaluation of the detailed behavior of
the system for different days.
Table 1 presents the energy values of solar irradiation (ESOLAR), PV generator production (EPV), dc input
(EDC) and ac output (EAC) of the inverter, inverter efficiency (ηINV), and PV generator efficiency (ηPV). Based
on the information collected, it was possible to note a PV production and energy consumption on the dc and
ac sides of the inverter of approximately 54.05 kWh, 57.57 kWh, and 40.77 kWh, respectively. Although the
average daily production of the system, during the presented months, is relatively high (780 Wh per day), it
is estimated that in the worst months of solar radiation (January, February and March) this value can possibly
reach 470 Wh. Such energy is insufficient to supply the 433.3 Wh per day in the ac side, necessary to
guarantee the energy availability of 13 kWh per month (in agreement with the Brazilian resolution ANEEL
83), since the average daily efficiency of the inverter is approximately 71 %.
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Tab. 1: Energy balance for the PV generator and inverter.

PARAMETER

JUNE

JULY

AUGUST*

TOTAL

DAILY
AVERAGE

ESOLAR (kWh/m²)

172.57

186.01

49.16

407.74

5.90

EPV (kWh)

22.91

24.99

6.23

54.04

0.78

EDC (kWh)

25.86

27.20

6.98

60.04

0.87

EAC (kWh)

18.81

19.41

5.03

43.25

0.62

ηINV (%)

72.71

71.36

72.06

-

72.04

ηPV (%)

12.19

12.30

11.60

-

12.13

*Only first eight days.

Another important aspect is that the average daily PV generation (780 Wh) is inferior to the daily average dc
energy demanded by the inverter (870 Wh) to supply the daily average ac energy consumption of the load
(590 Wh). It is noticed that the average ac consumption is 36 % greater than the 433 Wh that must be
supplied. Figures 3 and 4 show the variation of solar radiation, PV energy production and the consumption
on both sides of the inverter, throughout the monitoring days of system operation. The figures also show the
measured efficiencies of the PV generator and inverter.
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Fig. 3: Variation of the solar radiation, PV generation, and PV generator efficiency along the days.
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Fig. 4: Variation of the dc and ac energy at the inverter.

In figure 3 the variation of the daily average values of solar radiation from 3.000 to 7.500 Wh/m² and daily
PV generation between 400 to 950 Wh can be seen. The PV generator efficiency is between 10.5 and 13.5%
and has been determined taking into account the total area of each module, that is approximately 0.546 m².
Commercial crystalline photovoltaic cell efficiency typically ranges from 18 to 21%. However, the solar cell
efficiency is not equal to the module efficiency. The commercial module efficiency is usually 1 to 3% lower
than the solar cell efficiency. Practical average values for module efficiency are between 9 % to 14%, due to
glass reflection, frame shadowing, higher temperatures, etc. In this work, an average value of approximately
12% was found.
Regarding the energy flow in the inverter, the daily average values obtained for dc and ac energy were found
between 810 Wh and 950 Wh, and 590 and 650 Wh, respectively. These ranges must be associated with the
inverter´s operational conditions, which depend on dc voltage and current, ac power demanded by the load,
temperature, self-consumption, and its efficiency conversion.
The inverter efficiency was determined taking into account the 24 hours in which it is connected. During this
time only five hours (18:00 to 23:00 h) of inverter operation occur with significant load demand. Although in
certain periods of the day there is no load (lamps, TV or radio) connected to the system, a residual load still
remains connected, due to the consumer meter and digital timers used in the experiment. This is an important
aspect because it becomes clear that even low demand, when connected for long periods of time, can result in
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significant consumption of energy for small SHS. Figure 5 shows detailed experimental results of the electric
load and PV generation profile for five days of system operation.
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Fig. 5: Balance between PV generation and consumption: ac and dc power of the inverter, PV generation, and battery bank
voltage.

The dc demand required by the inverter and the ac load demand supplied can be observed in figure 5. It is
interesting to note a residual ac demand of approximately 6 W, which reflected to the inverter dc side reaches
10 W. From this value, 2 W to 4 W are associated to the self-consumption of the inverter and depend
whether the inverter forced ventilation is working or not. The inverter used in the test does not have the
power saving mode, in which the inverter reduces its self-consumption when the load demand is zero. This is
an important tool to optimize the useful energy in small SHS, like the one tested in this paper.
Supposing the dc residual demand constant, it is possible to verify that the dc residual consumption, about
240 Wh per day, is an important fraction of the total energy produced by the PV generator and the energy
required by the load. The contribution of the electronic energy meter and timers to this value corresponds to
approximately 50%, still being a significant quantity of the PV generation. In other words and according to
the experiment, the dc residual consumption contributed in a significant way to the deep discharged of the
battery bank, as was demonstrated in figure 5, where minimum battery bank voltage values (about 11.6 V)
were found.
Figure 6 shows the profile of solar radiation corresponding to the days presented in figure 5, as well as the
PV generation. Note that in bad days of solar radiation the PV generation is reduced to less than a half of the
generation in good days. In spite of that, the average efficiency of the PV generator remains approximately
constant.
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Fig. 6: Profile of the irradiance and PV generator power for five different days.
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The average daily production of the PV generator for the five days is between 400 Wh and 900 Wh. The
performance of the PV generator is influenced, among other factors, by the cell temperature. All the
electrical parameters of PV module and electronic equipment (charge controller and inverter) depend on
temperature. Moreover, the capacity of the battery bank is affected by the environment temperature variation.
Figure 7 gives a good idea of the PV generator and battery bank’s shelter temperature profile along the five
days considered in figures 5 and 6.

Fig. 7: Profile of the PV module and shelter temperature for the same five different days of figures 5 and 6.

Assuming that the temperature of the battery bank’s shelter is approximately equal to that of the electronic
devices’ shelter, the results shown in figure 6 help explain the frequent inverter fan assisted cooling
actuation, for temperature control, once the inverter's operating temperature range is between -20ºC and
50ºC. Note that temperature in the inverter ambient can easily exceed 40ºC.
5. The Santo Antônio Systems
This topic presents the experience acquired with the installation of five SHSs, similar to the system
introduced in the previous section. Some operational data of two of these systems are shown. The five SHSs
were installed in the community of Santo Antonio, municipal district of Breves, state of Pará, Brazil. Figure
8 displays the exact location of the five assisted river dweller residences.

Fig. 8: Geographical coordinates of Santo Antônio's community and their orientation regarding geographical north.

Figure 9 shows pictures of the residences which are surrounded by trees of the native forest. Despite being an
appropriate source of energy for loads in the flooded Amazon region, the PV application has to deal with the
consequent shading. This disadvantage must be carefully considered during the design and installation of the
PV generator.
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Fig.9: Two of the five river dweller residences with SHS.

During the first year of accompaniment of the systems several failures of the SHSs were verified, mainly
related to the operation of the inverter. Such failures were associated, in most of the situations, to inverter
shut off due to overload situations.
Those faults, which usually need human interference to reestablish the system, turned off the load for long
time periods. This happens as a consequence of the difficult and expensive access to the community. This
fact demonstrates that the choice of appropriate inverters can avoid the human interference, minimizing the
number and the duration of the interruptions. This is an important aspect from the point of view of the
electric utility.
Figure 10 shows data obtained from the charge controllers installed in two of the five SHS of the community
of Santo Antonio. The data displays maximum and minimum average values of battery bank voltage for each
month of operation.

(a) SHS1

(b) SHS 2
Fig. 10: Maximum and minimum average monthly voltages of the battery bank.

Analyzing the data from the charge controllers and concerning overcharge and deep discharge protection, it
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is observed that it is difficult for the battery bank of the SHS 1 to reach full charge. The maximum average
voltage remained, in most months, below 14.1 V, which is the voltage limit for the PV array disconnection in
PWM controllers (2.35 V / element) (Oliveira, 2005 and Salazar, 2004).
Still from figure 10, it is also possible to identify the months of operation in which an increasing demand
results in deep discharge of the battery bank. The high average maximum and minimum voltage in some
months, like July 2011, could be associated to the systems failures that caused the shutdown of the inverter
for several days.
The battery bank is usually designed for a depth of discharge of 20 % (State of Charge - SOC = 80 %). From
Figure 11, it can be inferred that for a 12 V battery bank the corresponding voltage for a depth of discharge
of 20 % is 12.2 V.
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Fig.11: Discharge curve of a battery indicating the voltage for some SOCs (Salazar, 2004).

It is noticed, from figures 10 and 11, that in a significant part of the monitoring period both battery banks
were submitted to average monthly discharges equal or inferior to 20 % (minimum battery bank voltage
equal or superior to 12.2 V). However, in spite of the fact that many monthly averages lead to voltages above
12.2 V, occurrences of deep discharges were registered frequently, as shown in figure 12 and figure 13.

Fig. 12: Average annual data given by the charger controller for the first year of operation of SHS 1.
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Fig. 13: Average annual data given by the charger controller for the first year of operation of SHS 2.

Because at high power the inverter could request currents bigger than the charge controller's capacity, the
inverter was connected directly to the battery bank and not to the charge controller. For such configuration
the load was disconnected only when the battery bank voltage dropped below the inverter minimum
operation value, which could reach 10.5 V, depending on the operation condition and system. This
configuration also avoids the disconnection of the charge controller at low battery bank voltage and,
consequently, guarantees the continuity of the electric power supply.
On the other hand, the occurrence of deep discharges was frequent and the minimum average voltage of the
battery bank indicates that it suffered discharges deeper than 50 %, which were due to the lack of discharge
control from the charger controller. This leads to a decrease of the bank’s useful life. But, due to the long
distances and the access difficulties of the dispersed river dweller residences in the Amazon region, the
continuity of the electric power supply, for the electric power utility, can be much more interesting than to
extend the useful life of the battery banks.
With the data from the first year of operation (figures 10, 12 and 13), it is noticed that there were occurrences
of deep discharge in both SHSs, more frequently in SHS 2, in which interruption indication due to low
voltage in 8 of 12 months was verified. The average monthly values are a good indication of the average
operation of the battery bank. However, these values do not reflect the number of occurrences of deep
discharges or full charges, which can be better visualized in figures 14 and 15, where the average daily
values of the battery bank voltage and the occurrences of deep discharges or full charges for the last month
of operation are presented.

Fig. 14: Average data of the last month and the last week of the first year of operation given by the charger controller, SHS 1.

3578

Fig. 15: Average data of the last month and the last week of the first year of operation given by the charger controller, SHS 2.

According to the data contained in figures 14 and 15 it is observed that there was no occurrence of
disconnection for Low Battery Load Disconnects in the last month of operation, but there were occurrences
of Fully Charged Battery in all weeks and in all days of the last week of the same month. In SHS 1, this was
due to the already mentioned characteristics of the inverter, operating with a configuration that does not
allow automatic restart. About the SHS 2, there were no reports of failures during the last month of
operation.
6. Conclusion
The experimental data made possible to verify an average inverter efficiency of approximately 72%. This
value is very inferior to the 85% generally disseminated in the design process in Brazil. That verification,
associated to the residual consumption on the inverter (such as the self-consumption of the inverter), can
make the electric PV energy generation insufficient to supply the daily 433,3 Wh in the ac side, necessary to
guarantee the energy availability of 13 kWh per month. The energy saving mode is an important function,
mainly for low demands like the system presented in the paper.
Practical examples on the importance of inverter quality in the SHS operation were presented in this work.
Moreover, some operating results on these systems help understanding the operation in hot and humid
regions, such as the Amazon region.
The data also showed occurrences of low voltage disconnection of the battery bank. Since the configuration
used does not enable the monitoring of discharging by the charge controller, the batteries suffer deep
discharge because the only thing that limits it is the inverter low voltage disconnection protection in the
input. Despite decreasing the useful life of the battery bank, this configuration allows the continuity of
service and decreases the interruption by overloading the charge controller.
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Abstract
Situated in the Pacific some 1,000 km from the South American continent, the Galapagos Islands have been
inscribed in the UNESCO world heritage since 1978. Later on, in 2007 UNESCO put the Galápagos Islands
on their List of World Heritage in Danger. On 29 July 2010, the World Heritage Committee decided to
remove the Galapagos Islands from the list because the Committee found significant progress had been made
by Ecuador in addressing these problems.1 One of these measures was the launch of the cero fossil fuels for
Galápagos policy. As results of this the hybrid system project for the Isabela Island was launched. The
objective of this project is the cero emission electric generation for this Island by means of the use of PV
power, diesel generators running on biofuels and batteries to ensure the stability of the system and to increase
the PV penetration.
1. Introduction
As a result of the fuel spill produced by the tankers Jessica and Taurus in 2001 and 2002, the Ecuadorian
Government and the German Government through the KFW agreed the implementation of a hybrid system
project to satisfy the electricity demand in Puerto Villamil at the Isabela Island in the Galapagos Archipelago
which should be based only on renewable energies.
Later on, in the year 2007, the Ecuadorian Government has launched the policy “Cero combustibles fósiles
en las Islas Galápagos al 2020”. This policy promotes a radical change in the vision regarding the energy
production in the Galapagos Islands. As part of this policy, the Ecuadorian Government remarks the
necessity of developing adequate programs and projects to reduce electricity consumption and use the
renewable energy resources of the Galapagos Islands with the purpose to eradicate the use of fossil fuels.
This program comprises the following strategic actions:
•
The gradual elimination of diesel as a part of the electricity generation and it’s substitution by solar
and/or wind energy. It also included the use of bio fuels to deal with the fluctuating character of the PV
and wind energy providing electric energy in a reliable way.
•
The gradual substitution of inefficient appliances for efficient appliances (refrigerators, AC, etc), in
order to reduce electricity consumption.
As a result of this policy different projects have been launched in the different Islands in order to turn the
actual fossil fuel electricity generating facilities into a zero emission concept to 2020, based on the use of
renewable energy resources. According to this, currently in the Galapagos Islands are developing the
following projects:
•
•
•
•
•
•
•
1

Baltra Wind Park (2,25 MW) on Baltra Island
Baltra Photovoltaic Plant (0,2 MWp + energy storage 1,0 MW) on Baltra Island
Puerto Ayora Photovoltaic Plant (1,5 MWp) on Santa Cruz Island
Interconnection system Baltra with Santa Cruz
Isabela Hybrid System (1,0 MWp + energy storage 0,50 MW + thermal plant 1,320 MW)
Substitution of inefficient appliances (refrigerators)
Substitution of conventional street lighting system with energy efficient lights

http://whc.unesco.org/en/news/636
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With an extension near to 4640 km², the Isabela Island is the biggest Island of the Galapagos archipelago and
the third most populated with more than 2500 inhabitants. Due to the rapid increase in the touristic activities,
the electricity demand has been growing at very high rates during the last years. The expected peak load
demand in 2017 will be around 1MW. Due to its high PV potential, a hybrid system using diesel generation
running with jatropha oil, PV and batteries is proposed in order to achieve the cero emission electricity
generation goal. Different concepts were analyzed in order to fin the option with the lowest operation cost
and the highest PV penetration.
The electric company of Galapagos (Elecgalapagos) is in charge of the electricity generation, distribution
and commercialization in the Galapagos Islands. The electricity is generated basically with diesel generators.
The diesel is transported from the continent. Isabela electric system includes 667 clients and a power plant
with an effective power of 790 kW. The power plant consists of 3 diesel generators which have more than
40,000 hours of operation.
In order to minimize the fuel consumption, the integration of PV is proposed. During the maximal radiation
hours, the system is expected to work based on a battery inverter as grid former. An energy storage system is
dimensioned in order to supply the load during the day and to save energy during the peak time at night in
order to reduce as much as possible the thermal plant generation. The diesel generators will be running with
jatropha oil in order to avoid environmental risks during the transportation and to have a cero emission
system. Different system options were analyzed in terms of production costs, and fuel saving potential.

2. Load assessment and solar radiation estimation
Fig. 1. shows the actual power demand in Isabela. The Galapagos have two seasons: a rainy season from July
to December and a dry season from January to June. During the dry season a higher demand between 12 and
18 hours can be observed due to air conditioning requirements.

Fig. 1: Actual electricity demand in Isabela Island

The consumer group is predominantly residential, with significant growth of the hotel business. The
commercial and industrial consumption is not significant. Projects proposed and approved by the Governing
Council of Galápagos and the Municipality of Isabela, cannot be considered a mayor requirement. Anyway
this information was considered for setting the projected demand.
Energy efficiency opportunities
Conversion of incandescent lamps to compact fluorescent lamps:
The survey found that there were about 42.4 kW which could be replaced with 14.6 kW giving a saving of
27.8 kW. If these lamps work 4 hours a day could save 40,678 kWh per year. In reference to the total annual
demand of energy, the potential saving is about 1.6%
Appliances:
The estimated consumption in appliances (including air conditioning), represents 70% of total energy
demand and the estimated savings (5% for some appliances) corresponds to 2.9% of total demand. It is
possible to apply the governmental policy for substitution of old refrigerators and air conditioning
equipment, mainly in hotels.
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Public lighting:
Replacement of sodium 150 W lamps with 70 W LED’s lamps is also an opportunity for reducing public
street lighting consumption.
The load increase was predicted using measurements from year 2005 to 2010 as shown in Fig. 2.
Considering different scenarios of energy efficiency an increment of the annual peak load of 9% is
considered.
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Fig. 2: Load increase tendency in the last years in Isabela

Based on statistical information from the INEC (Instituto Nacional de Estadísticas y Censos), EEPG
(Empresa Eléctrica Provincial Galápagos), Hotel Chamber information as well as the operational plans of the
Municipality of Isabela and the Galapagos Governing Council, the electricity demand of Isabela Island for
the next 10 years was projected. Based on different scenarios, it was detected that the maximum demand in
the period from 2017 to 2018 will raise at a rate close to 9% (8.63%) per annum, therefore, the demand can
be found in the 977 kW to 1058 kW range. The energy consumption, for the same years will be in the range
of 5120 Mwh to 6622 Mwh.
Another important aspect in order to design the system is the behaviour of the load during one standard day.
In fig 3, it can be observed how the load behaves along one typical day in a week and in the weekend. These
profiles were obtained in a measurement campaign in September and October 2010.
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Fig. 3: Load behaviour over the day
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For the assesment of the solar resource two sources of data were used: radiation measurements and
heliophany measurements. Since the heliophany data was available from the Charles Darwin foundation1
since 1979, it was used to estimate the long term behaviour of the radiation considering different climatic
phenomena like el niño. In fig 4. can be observed the expected average solar radiation for one typical year.

Fig. 4: Radiation conditions in Isabela island during one complete year.

The radiation measurements were taken from a pyranometer installed directly in the island. The radiation
data was used together with the heliophany data in order to obtain an estimation of the solar resource.
3. Use of jatropha oil in diesel generators
3.1 Physical and chemical properties
The physical and chemical properties of jatropha oil mainly depend on the type and quality of seeds, the
conditions during plant growth, harvesting time of the nuts, post-harvest treatment (pressing, oil extraction
method) and refinement. The colour of the oil varies from light to dark yellow. The density varies between
910 and 930 kg/m³ and the kinematic viscosity at 50°C is approximately 32 centistokes (cSt) and a flash
point range of 210-270°C.The lower heating value ranges between 36 and 39 MJ/kg. The Cetane Number
(measure of ignition delay in IC engines) varies between 44 and 55. The optimum range for diesel engines is
45 to 50.
3.2 Oil processing
The jatropha oil processing is still under research by numerous entities all over the world to determine the
most efficient and economic process for pressing (e.g. pre-treatment of seeds, pressing pressure, pre-heating
of seeds, etc.) and refining high quality jatropha oil for efficient thermal utilization in the automotive sector
(truck and car jet engines) and the power generation sector (high-speed and medium-speed diesel engines).
German research teams recommend that the jatropha oil quality shall be benchmarked against the
requirements of the rapeseed standard (DIN 51605) , which should result in achieving good quality jatropha
oil for combustion in e.g. diesel engines. Standardization activities are presently on the way in Germany
(DIN 51623) and Europe (standard CEN WS 56) to define the quality for different plant oils including
jatropha oil.
3.3 Storage, transportation and pumping
Pure vegetable jatropha oil underlies a stronger ageing effect (hazardous to diesel engines) compared to e.g.
diesel fuel, due to its enzymatic, catalytic and oxidative properties. It is therefore recommended to limit the
storage to approx. 6 months, strongly depending on the prevailing storage conditions and the initial quality of
the jatropha oil. Since temperature and solar radiation have a strong impact on the storage stability of
jatropha oil, such impacts must be mitigated as far as possible. Consequently, the most appropriate storage
1
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location would be an underground tank. Above ground tanks should be shaded, white painted and be
designed as vertical tanks with a preferably small air-oil contact surface to mitigate oxidation processes.
Tank materials can be conventional steel (as per API 650), stainless steel (but not necessary) or HighDensity-Polyethylene (HDPE). Level measurement devices within tanks must be suitable for jatropha oil
operation.
For pumping, transportation and storage of pure vegetable jatropha oil it is strongly recommended to
consider the following recommendations to prevent deterioration of the oil’s quality:
- avoid contact of the oil with catalytic active metals like copper, copper alloys and non-ferrous metals like
brass;
- avoid water contents;
- seals and gaskets shall be of jatropha oil resistant, like Viton;
- flowmeters must be suitable for jatropha oil operation; ultrasonic devices should be preferred.
However, additives like vitamin E improve the storage durability of jatropha oil by means of enhancing its
oxidation stability.
3.4 Running diesel engines using jatropha oil
The main difficulty in operating diesel engines with vegetable oils like jatropha oil lies in the high viscosity,
density, flammability and certain chemical components and elements like fatty acids and phosphor. DieselPPO (pure plant oil) mixtures with up to 10% PPO will not need any modification on the diesel engine to
efficiently operate. Above this rate it is recommended to adapt the fuel system and the diesel engine. The
modifications are usually tested in long engine operation runs and field observations on an iterative process
until the optimum solution for trouble free and efficient operation of an engine type and PPO-fuel is found.
Medium-speed and low-speed diesel engines can easily operate continuously on PPO supposing that the
gasket and sealing materials and metals specifications were considered for PPO operation. Key for effective,
economic and trouble free operation of high speed diesel engines (to be differentiated between indirect and
direct injection engines) are high quality jatropha oil (as per DIN 51605), modification of mechanical parts
of the engine and reprogramming of the engine’s operation parameters via the Electronic Control Unit (ECU)
as below mentioned. The modifications must however enable the efficient engine operation on diesel fuel as
well on PPO.
High quality jatropha oil:
- High Phosphate and Calcium/Magnesium content in the oil will block and “poison” high-end exhaust gas
after-treatment systems, particulate filters, catalysts and cause heavy deposits on piston crowns, piston
rings, glow plugs, turbo chargers, fast deterioration of lube oil (high acidity) and consequently reduce the
engine’s life span and availability and increase maintenance and repair requirements of the engines.
Main modifications of mechanical parts of the engine & reprogramming of the ECU:
- Modern diesel engine fuel injection systems operate with very high pressures (up to 2000 bar) Æ PPO has
to be heated prior to fuel injection to reduce the viscosity and the injection pressure has to be adjusted to
prevent high wear and damage from the injection system;
- Installation of an overpressure relieve valve into the fuel supply line;
- Identification of PPO and diesel fuel for individual fuel conditioning (diesel = fuel cooling; vegetable oil
= fuel heating) in an adapted fuel cycle;
-

Automatic setting of the ECU for correct operation of engine parameters and to enable smooth fuel
switch over to prevent thermal shock on the fuel equipment, especially at the injection pump(s)/elements
(John Deere / VWP, Germany);
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- Modification of injection nozzles to cope with higher PPO viscosity and improve fuel atomisation;
- Direct injection engines: readjust injection beam positioning against piston crown to improve combustion
process (VWP patent; Germany);
- Indirect injection engines: readjust PPO pre chamber positioning to centralize fuel/oxygen mixture to
main combustion centre to improve combustion process (VWP patent; Germany);
- Recalibration of the injection pressures and timings of the multiple injections per combustion to meet
emission regulations (e.g. VWP patent, Germany);
- Substantial reprogramming of engine’s operation parameters;
- Adapt lube oil specification to control fast ageing of the oil due to acid compounds Æ use lube oils with
high Total Base Number.
It is noted that jatropha oil is still not produced and available on commercial level. Only small quantities of
variable quality are being produced. It is still difficult for power plant operators to get larger amounts of high
quality jatropha oil on a regular basis. Many countries have started years ago with the research and plantation
of jatropha for feeding their domestic power projects and transportation sector with jatropha oil in order to
reduce the dependency on crude oil.
Many new power plant projects based on PPO/jatropha oil were already kicked-off worldwide. One of it
located in the Galapagos Island of Floreana (2 x 70 kW) which began commercial operation in 2011 and the
one on the Island of Isabela with a total capacity of 1000 kW to be implemented in 2012. (M. Hofmann u. a.
2008)
4. Selection of the hybrid system concept
In order to make the sizing of the hybrid system, different concepts were evaluated. The methodology for the
evaluation of the different concepts is shown in fig 5. The idea is to evaluate the energy costs of different
concepts under different conditions.

Fig. 5: Evaluation methodology for the different sizing options

The simulation of the different options was performed on the software HOMER. Since HOMER does not
consider annual increase on the load, the operating costs were obtained from HOMER for each year with a
different load. The simulations were made for each year until 2017. The energy cost calculations and the
replacement cost were calculated independently.
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4.1 Different options of the hybrid system concept
Four different concepts for the hybrid system are considered:
-PV- Thermal power plant
The PV plant operate in this concept as a negative load and the diesel gensets should cover all the
fluctuations by ramping. The PV plant is oversized in order to be able to cope a little bit with the
fluctuations by means of limiting power and having some reserve. In this concept the diesel generators
must run 20% to 30% below their nominal power to cope with power fluctuations, causing an increase in
the maintenance cost specially running with jatropha oil.
-PV-Thermal power plant-small batteries
In this case the batteries are intended to compensate fluctuations of the solar radiations and to avoid
ramping operation of the diesel generators. The batteries are sized in such a way that there is always
enough time to start another diesel in case of fluctuations of a load or PV power. The normal time to start
up and synchronize a diesel is 10 minutes maximum. In this case the PV plant is not oversized and the
batteries must cover all the fluctuations. In this case the diesel will operate at the nominal power most of
the time reducing the genset maintenance costs.
-PV-Thermal power plant- big batteries (peak shaving).
The objective of this concept is store PV energy during the day in batteries in order to use it at night during
peak time. A natural constraint of this concept is the budget available. In this case the batteries are sized to
reduce diesel operation at night during peak time (fig 7.). The maximal load time takes from 2 to 3 hours.
The start of a third diesel genset during this time is avoided by means of this concept.
-PV-Thermal power plant-big batteries (diesel off).
In order to maximize the fuel savings a concept with the option of a battery inverter forming the grid
during the day is proposed. The main advantage of this concept is that it makes possible the system
operation in the above mentioned concepts also.
Tab 1. shows the system configuration for the different concepts. These different concepts were simulated in
the software HOMER from year 2012 to year 2017 considering a load increase of 8.6% every year. The
time step of the simulations was of 1 hour.
Tab. 1: System configurations analyzed

Concept

Diesel capacity

PV

Battery inverter

Battery bank

No batteries

1080 kW

750 kW

-

-

Short term
fluctuations

1080 kW

450 kW

300 kW

624 kWh

Peak shaving

1080 kW

1000 kW

400 kW

5000 kWh

Diesel off

1080 kW

1100 kW

500 kW

3400 kWh

4.2 Estimation of energy cost
In order to estimate the energy costs, the maintenance costs, fuel cost and replacement cost were considered.
The replacement costs were taken directly from the software HOMER for each year with a different load
(load increase) with exception of the replacement costs of the batteries. The fuel costs and maintenance costs
were also obtained from HOMER for each year. The battery replacement cost was estimated separately
because its lifetime depends highly on the cycling energy and the cycling energy changes year to year
because of the load increase.
- Maintenance costs
As rule of thumb it can be generally said that the maintenance costs of diesel is linked to the fuel and lube oil
service parts of the diesel engines is roughly doubled due to the requirement of most suppliers of high-speed
diesel engines adapted for operation on pure vegetable plant oils to halve service intervals of engines: fuel
service parts (e.g. fuel filters, fuel hoses, injection nozzles, respectively injectors, fuel pre-pressure pump)
and lube oil service (lube oil change is mostly required after 250 operation hours instead of 500 operation
hours with diesel operation). The lube oil filters exchange intervals can usually be kept same as for diesel
operation. Frequently checks of the injection pump(s) have to be considered, since material wear might be
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increased under pure vegetable plant oil engine operation, if the chemical and physical fuel parameters are
not correctly set as per the genset supplier’s requirements. The exhaust valves shall also be frequently
checked to prevent heavy deposits on the valves resulting in not-tight valves (loss of capacity) and burned
valves.
PV plant maintenance costs include the annual cleaning of the PV panels and are low in comparison with the
maintenance costs of the other components. PV and battery inverters have also low maintenance costs. The
maintenance routines of inverters may include replacement of cooling devices, cleaning and yearly
inspections. An important cost is the maintenance cost of batteries. The maintenance costs of battery depends
a lot on the technology to be employed, and varies also a lot with the specific type of battery to be used.
Vented lead acid batteries for example, require a lot of supervision of the electrolyte levels which is not
necessary in the case of gel batteries.
- Annual replacement costs
In the case of the diesel generators, the inverters (PV and battery) and the PV panels the annual replacement
cost was obtained directly from HOMER. In the case of the batteries, this cost was estimated considering the
expected lifetime and some financial variables. A lead acid battery working with a depth of discharge (DOD)
limit of 60% can last up to 3600 cycles (BAE batterien). Tab. 2 shows the expected annual replacement cost
of batteries for the different options considering a discount rate of 8.67% according to the inflation and
reference interests of the central bank of Ecuador1.
Tab. 2: Expected battery life at 30°C

Concept

Total energy output

Average yearly
cycled energy

Expected life

Annual
replacement
costs

Short term
fluctuations

673,920 kWh

175,867 kWh

3.8 Years

37,350 USD

Peak shaving

5’443,200 kWh

505,137 kWh

10.8 Years

83,500 USD

Diesel off

3’628,800 kWh

359,260 Kwh

10.1 Years

56,000 USD

- Fuel costs
The real cost of jatropha oil is a variable difficult to estimate since the supply chain is currently under
development. Considering the references from the international markets of palm and soya oil, a price
between 1 and 8 USD/Gal is considered in order to evaluate the different options. The base line for the
analysis was a fuel price of 5 USD/Gal which is a reference basis comparing with the international price of
diesel.
With the total operating cost which include the fuel costs, maintenance and replacement costs the levelized
cost of energy (LCE) is calculated in order to compare the different concepts. The levelized cost of energy is
the total costs from year 2012 to 2017 divided by the total energy production of the system. The total costs of
the system include the inflation rates estimated by the Ecuadorian central bank.
4.3 Comparison of the different alternatives
Fig 6. shows a comparison under different fuel prices. The fuel price is the most critical aspect regarding the
economical viability of the system. The concept of a small battery results at the end very expensive and the
peak shaving concept is interesting at just for high fuel prices. The temperature is another very important
aspect since it affects directly the lifetime of batteries and the annual replacement costs.
Despite the negative effect of the temperature in the lifetime of the batteries, the diesel off option is the best
option. Nevertheless it is very interesting option to consider a cooled battery room in order to keep the
battery cool in order to enlarge their lifetime.

1

http://www.bce.fin.ec/
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Fig. 6: Comparison of the different options under different conditions

The diesel off concept permits not only the complete stop of the diesel generation during the time of more
radiation (fig. 7). It is also possible to avoid the start of a third diesel genset during the peak time. This
depends of course on the climatic conditions. It is also important to mention that by means of frequency
control it is possible to limit the active power provision of the PV plant. This active power limitation
provides also some reserve in case of radiation fluctuations. Fig. 7 presents the expected operation by year
2017.
Another important aspect that has to be taken into account is the temperature of operation of the battery
bank. An increase in temperature of operation decreases the lifetime of battery and increases the LCE.
Nevertheless the advantages of using a “diesel off” mode remain also under high temperature conditions. It is
also important to consider the decreasing price tendency of batteries for the future. This tendency can make
other battery technologies better for future expansion of the system.
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Fig. 7: Comparison of the different options under different conditions

5. Conclusions
From the performed analysis, it can be concluded that the diesel off concept offers the most interesting
option for the achievement of a fossil fuel free energy system for the Isabela Island with lower costs.
Nevertheless it is very important to take the correct measures in order to make the batteries last as much as
possible. The critical factors for the battery are the temperature and the correct management of it.
The diesel off mode also requires the reliable operation of the battery inverter and the diesel generator
working in parallel. Both systems must be able to control the voltage and the frequency of the grid in a
complete flexible way. The required operation requires that all the units can form the grid in order to enable
that all the diesel gensets and the battery inverter could connect and disconnect as required. This kind of
operation requires the droop mode operation already studied in (Engler u. a. 2003).
The implementation of a droop concept also facilitates the future expansion of the system without further
complicated communication requirements or dispatch algorithms. This is a very important requirement of the
system since a high load increase is expected in the next years.
From the control and stability point of view, the implementation of a droop concept permits the automatic
regulation an dispatch of the system without any complicated communication requirements. This automatic
regulation inherent to electric systems operating in droop mode is also used since a long time in the public
grids. Nevertheless it is important to have a supervisory control to perform secondary regulation and also to
optimize the use of the different units.
A future development of the system includes intelligent load management by means of the frequency in order
to implement a decentralized concept which shifts deferrable loads to the time of maximal renewable
generation. This decentralized concept can be also applied for future PV generation in other parts of the
electric grid of Isabela.
Considering the price tendency of the fossil fuels to increase, the use of renewable energies and energy
storage solutions for such systems will be more feasible in the coming years. Such big scale systems, like the
proposed for the Isabela Island require the implementation of concepts like the parallel operation of
conventional synchronous generators with battery inverters which can control the grid together in a reliable
and stable way. These systems open also the possibility to develop new energy management concepts that
involve the consumer. The implementation of this kind of concepts could reduce the operation costs even
more and would increase the penetration of renewable also reducing more the environmental impacts in
places where the environment preservation is a priority like the Galapagos Island.

3590

6. References
DIN51605, DIN 51605:2010-09, Kraftstoffe für pflanzenöltaugliche Motoren - Rapsölkraftstoff Anforderungen und Prüfverfahren.
DIN51623, DIN SPEC 51623, Kraftstoffe für pflanzenöltaugliche Motoren - Pflanzenölkraftstoff Anforderungen und Prüfverfahren.
Engler, A., Hardt, C. & Rothert, M., 2003. Next generation of AC coupled Hybrid systems-3Phase parallel
operation of Grid froming battery inverters. In 2nd European PV-Hybrid and Mini-Grid Conference.
M. Hofmann, R. Quintero & G. Gruber, 2008. Sustitución de combustibles fósiles por biocombustibles en la
generación de energía eléctrica en la Isla Floreana.
BAE Batterien , http://www.bae-berlin.de/doku/bae_pvs_block_solar_de.pdf [Zugegriffen August 26, 2011].

3591

IMPROVED LAYOUT AND CENTRALIZED CONTROL FOR SMALL
HYBRID POWER SYSTEMS
Parag Menon1, Edwin Nowicki1 and David Wood2
1

Dept Electrical and Computer Engineering, 2Dept Mechanical and Manufacturing Engineering
Schulich School of Engineering, University of Calgary, Calgary T2N 1N4, CANADA

1. Introduction

At present 1.4 billion people around the world do not have access to electricity. In Southeast Asia 52% of
homes in rural areas have electricity, while in Africa only 25% of rural homes have electricity. Access to
electricity is even lower in rural areas of Sub-Saharan Africa, at 14.3% [1]. Hybrid wind-solar systems as
shown in Figure 1 with a battery bank and backup generator, have a potential to provide reliable power and
thus improve the lives for millions of people. One of the major barriers to the widespread deployment of
renewable energy systems is the unreliability of the wind and solar resources as well as the uncertainty in
forecasting them. Thus it is very important to assess the resource availability of combined energy sources for
a specific location and contribute to the understanding of the complementary nature of wind and solar energy
against the electricity demand for a particular location [2]. Combining a PV and wind energy system should
generally improve power availability as sunny days are often quiet in terms windiness, and strong winds
more frequently occur on cloudy days or at night. Most hybrid systems have battery storage, but this is often
the most unreliable component.

Fig. 1 Basic Diagram of Hybrid Wind-PV System. Photo Courtesy Enarch Energy Solutions
.
Another major problem with current hybrid systems is the multiplicity of controllers since the power sources
and their control electronics are usually supplied individually and have little or no communication between
them. This adds to the system cost and reduces reliability and functionality. Thus it may be valuable to
develop a centralized supervisory control which monitors the entire system and maximizes the power
extracted from each renewable energy source. This paper addresses the related issues of basic system sizing,
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improving system layout, integrating and centralizing system control [3][4]. Actual wind speed and solar
radiance data are used to design hybrid wind-solar-battery-diesel systems using Hybrid 2 software for a
nominal 10 kW AC residential load. A 10 kW system is considered in this paper to be sufficient to power 15
households in Sub-Saharan Africa. Another similar-sized application is to provide an economical alternative
to diesel power that is presently in use in thousands of remote cell-phone telecommunication base towers.
The main aim in the layout and design is to use the diesel generator as little as possible. Another design
decision is whether to have the generator feeding the batteries directly or to place it on the AC bus. We have
chosen the latter as this allows the generator to be used on its own if there are faults in the remainder of the
system, yet batteries can still be charged from the diesel generator when necessary.
One important issue in designing a remote power system is the tolerance to loss of power. It is well-known
that the difference in cost between providing say 95% of demanded power and all demanded power can be
significant [5]. However, it is a good assumption that remote communication towers require uninterruptable
power and our design examples have all assumed this.
The paper is organized as follows. Section 2 explains the comparison among different topologies of the
proposed hybrid power system. Section 3 presents how the sizing of the hybrid system is done using the
weather data of Calgary, Canada and Hybrid 2 software. Section 4 presents the results of the economic
analysis of the hybrid system and compares its benefits and Section 5 discusses the modelling of the hybrid
system and explains the concept of supervisory control. And the last section evaluates the conclusion.

2.

Different Topologies of Hybrid Power System

For an hybrid system consisting of a wind turbine, photo-voltaic (PV) panels, diesel generator and a battery
bank, the load can be fed in three different ways:
A. AC-Bus Hybrid Power System.
B. DC-Bus Hybrid Power System.
C. Combined AC-Bus and DC-Bus Hybrid Power System.
We now discuss these possibilities in turn in a generic manner. In practice, equipment limitations may
impose constraints on the possible topologies. For example, some, but not all, small wind turbines produce
AC output power which can only be accommodated by rectification[6]. It is also becoming common for PV
systems to use micro-inverters for each panel, rather than the single inverter assumed here.

A. AC-Bus Hybrid Power System
An AC-bus coupled system is a centralized system where all energy conversion systems are connected to the
main AC-bus, which is also connected to the load. This configuration is shown in the Figure 2. Here the
wind-turbine is assumed to produce AC power, so it and the diesel are directly connected to the AC-bus with
or without using AC/AC converters. The PV system produces DC power so it is connected to the bus through
an inverter. Due to the requirement of charging and discharging of the battery, it is connected to the AC-bus
with a bi-directional power-flow inverter.
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Fig. 2 Centralized AC-Bus Hybrid Power System

B. DC-Bus Hybrid Power System
In a DC-bus hybrid power system all hybrid power sources are connected to the central DC-bus as shown in
Figure 3, so that the bus accepts the rectified power output from the wind turbine. The DC-bus feeds a
DC/AC inverter for the household AC load and with the possibility for a DC/DC converter(s) for the telecom
load. Since the sources are connected to the DC-bus, the wind turbine and diesel genset will need AC/DC
rectifiers. While the battery bank and the PV systems are connected to the bus using a charge controller for
better system efficiency (charge controllers are not shown in Figure 3).

Fig. 3 Centralized DC-Bus Hybrid Power System

C. Combined AC-Bus and DC-Bus Hybrid Power System
It is possible to combine AC and DC Bus in a hybrid power system to create a mixed coupled system. Here
some sources like PV and battery bank are connected to the DC-bus while the wind turbine and diesel
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generator are connected to the AC-bus. Figure 4 shows a typical architecture for a combined AC-bus and
DC-bus hybrid power system. Here a bi-directional power-flow inverter is connected between the two buses
for the transfer of power among the buses.

Fig. 4 Combined AC-Bus and DC-Bus Hybrid Power System

The single bus system is very simple and easy to operate. The combined AC-bus and DC-bus system also has
the potential problem that an inverter failure will jeopardize the entire system. Also from the control point of
view, a single bus system is beneficial as only a single bus voltage has to be maintained for the system
stability, thus removing the complications that might have arisen in the two bus system. Among the single
AC and DC bus systems, depending upon the functionality of household and telecommunication load, a DCbus system is more suitable for telecom loads and an inverter connected to the DC-bus will supply the
household load. Since the system is located close to the load site; the DC Bus system will not require a large
cost for wiring. Thus, comparing all the parameters of installation and operation, the DC-bus hybrid power
system shown in Figure 3 is preferred over other systems.

3. Sizing of the System using Hybrid 2 Software
Five-minute wind speed and solar insolation data over an entire year for Calgary, Canada, was used for a
Hybrid 2 simulation of a Wind-Solar-Battery-Diesel system to optimize the size of each component of the
system and reduce the consumption of diesel fuel but still provide reliable power to the load[7][8]. We
decided to use Hybrid 2 software after a detailed assessment of other software tools such as Homer, Powercad etc, as Hybrid 2 was able to create a comprehensive assessment of the system with simulation time steps
as low as five minutes for a span of an entire year. The data sampling period is critical to capture the
interaction between the solar and wind resources. Valuable information for supervisory control operation and
system sizing would have been substantially lost if daily averages were used. Here the software uses a
combined probabilistic/time series model to design and study the hybrid power system. Also the model uses
a statistical approach to account for the effect of short-term fluctuations in renewable power sources and load
to consider the power smoothing effect [9]. Also it uses different control strategies to minimize the diesel
operation. The program is structured in three blocks. The first block is where user builds the model, sets up
the power system, exporting load and resource data. The details about the load demand are the system is its
sized for Max. 10 KW household load which we assume is sufficient to power 15 homes in developing
countries, with an average of 7.84 KW giving a yearly consumption of 68,692 KWh. Note that the load
considered here is a hypothetical situation based on the assumption that the primary electrical use is for fans
and some lighting. The simulations discussed below also factors in daily and monthly variations in load.
Figure 5 illustrates the typical electrical load power use over a 24 hour period, as well as variations from
month to month.
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Fig 5. Load profile data; upper graph shows the variation of load over a day and the
lower one shows variation over 12 months
The 10 KW hybrid system under study is sized with an installed capacity of 12.5 KW for Wind, 6 KW for
solar and the battery bank is sized for 560 KWh/11,000 Ah at a nominal voltage of 48V (equivalent to 3 days
of average load). Note from Figure 6 that the wind resource is uniform over the year but there is a definite
summer peak in the solar radiation and this seasonal difference has a significant impact on the equipment
selected.
The battery bank and renewable resources meet the load, if possible, and the diesel is operated to allow the
battery to be charged at the maximum charge rate. The diesel is started when the battery goes below 80%
SOC level and it continues till it charges the battery to 98% SOC level and its minimum run time
requirement has been fulfilled. It is not started again until the renewable resources or the battery can meet the
load. The battery only provides power directly to the load if the remainder of the system is not working. We
believe this strategy simplifies the overall control and supervision of the system.
Software also performs a consistency check so that all the aspects are in order for the project. The second
block consists of simulation where actual performance of hybrid power system is calculated. The economic
module is the third section of the program where the performance of the system is combined with user input
economic parameters to calculate economic indicators like system payback period and life time cost. Here
the hybrid system is compared to base case diesel only system to give you an evaluation as to how much
diesel consumption can be reduced using the hybrid system.

Fig 6. Wind, solar and temperature data for a location in Calgary, Alberta, Canada.
The x-axis denotes hourly data for a year, hence there are 24*364 = 8760 data points.
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Fig 7 . Detail Flowchart of Simulation Model in Hybrid 2 Software [10]

4. Results of Hybrid Simulation
Hybrid 2 was used to simulate the hybrid system and compare it with base diesel-only system to detail the
savings the hybrid system can generate in terms of less diesel usage. In addition it also calculates the yearly
cash flow, the present value, system costs; income levelized annual cost, pay-back period and internal rate of
return. Now since our system is a standalone application with no grid tie up, yearly cash flow, levelized
annual cost can be eliminated. Figure 8 shows the hybrid diesel usage as compared to the base case of diesel
only system. The vertical axis shows the occurrences of diesel consumption; for example for the base case
there were approximately 1000 instances over the year where 7.1 Litres to 7.2 Litres of diesel was
consumed. In contrast, most diesel consumption for the hybrid system was less than 0.4 Litres and thus the
total consumption was significantly reduced (from 56,633 L of diesel fuel in the base case, diesel only
system, to 13,148 L of diesel fuel for the hybrid system; see Table 1).

3597

Fig. 8 Diesel Usage; Upper graph for the base case of diesel only system, and lower
graph for the hybrid power system
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Table 1 Base Case Diesel Only and Hybrid Power System Comparison for a 10 KW Rating

Diesel Only or Hybrid System
Characteristics

Characteristic Value

Base Case: Diesel Only System Fuel
Consumption/Annum

56,633 L

Hybrid System Diesel Consumption/Annum

13,148 L

Diesel Fuel Saved by Hybrid Power System/Annum

43,485 L

Percent Diesel Fuel Savings of Hybrid
System/Annum

76.8%

Assumed Cost of Diesel including Transportation to
Remote Location

$1.50/litre

Initial Capital Cost of Hybrid Power System

$ 262,000 CAD

Initial Capital Cost of Diesel Only System

$ 10,000 CAD

Operation and Maintenance Cost of Hybrid Power
System/Annum

$ 22,000 CAD

Operation and Maintenance Cost of Diesel Only
System/Annum

$ 80,000 CAD

Break Even Time for Hybrid System Total Cost to
Equal Diesel System Total Cost

5 yrs

Table 2 Comparisons of Fuel Savings for Hybrid, PV Only and Wind Only Systems w.r.t to Diesel Only System

System Topology

Reduction in Diesel Fuel Use

Hybrid Wind, Solar and Diesel System

76.8%

Wind – Diesel System

59%

PV – Diesel System

52%

Table 2 shows the percentage diesel savings of hybrid, wind and PV systems with equal installed capacity of
10 KW in comparison to the diesel only 10KW system. The results clearly indicate that the hybrid system
requires the least backup generation, due to the complementary nature of the wind and solar resources. The
results in Table 2 could only be produced from detailed wind and solar data such as that used in this study.
For example, the monthly-averaged data available in most climate databases would be unsuitable as the time
scales of the interaction of the wind and solar resources are much shorter than this. Of course, this
interaction (as well as the mean resource levels) can be highly site-specific.
It is clear that a key issue for remote power system design is the relationship between the renewable
resources. If, for example, wind and PV power were strongly correlated, then the optimum remote power
would simply use the cheaper technology. On the other hand, the ability to defray diesel usage depends on
significant occurrences of high PV power when there is no wind power and vice versa. Figures 9 and 10
show simultaneous power outputs over one day (Figure 9) and one week (Figure 10). It is clear that there is
significance output from one resource when the other resource is at low or zero output. It is believed that this
behaviour is a major factor in the reduction in diesel usage shown in Table 2.
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Fig. 9 Wind and PV power output averaged over 5 minutes for one day

Fig. 10 Wind and PV power output averaged over 1 hour for one week
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5. Design of the Hybrid System
Hybrid 2 is invaluable for system sizing and basic layout but it does not address issues such as the provision
of supervisory control and maximum power point tracking for the PV array and wind turbine [11].

Fig. 11 Proposed Model of Supervisory Control for the Hybrid Power System
As discussed in Section 2, the proposed hybrid system illustrated in Figure 11 has a common DC bus. Note
that the main difference from the basic topology in Figure 3 is the provision of a direct connection between
the backup generator and the load which can be used if the renewable energy system has a fault. The load is
connected to the bus with or without an inverter depending upon the AC household or DC telecom load.
Here the wind turbine and PV array are connected to the Bus using their individual converters which are
assumed to contain the maximum power point tracking. The battery bank is linked to the DC Bus using a
charge controller. The charge controller is used so that it can monitor the charge and discharge level of the
battery bank and accordingly send signals to the controller. The diesel genset is connected to the bus using an
inverter. The battery charge controller also contains a dump load for those times when the renewablygenerated power exceeds the load and the battery requirements. The supervisory controller has an input from
battery bank charge controller so that it can monitor the State of Charge (SOC) of battery and accordingly
switch on the diesel genset if necessary. Also the voltage of the DC Bus is monitored by the controller so it
can perform power quality control by monitoring the voltage and frequency. Although not explored in this
project, the controller has the potential for load and resource forecasting so that it can optimise the power
flow of wind or solar resources so as to minimize diesel operation. Also, it may be possible for the
centralized controller to be monitored in real time from a remote location for system condition monitoring
and maintenance forecasting.
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6. Conclusion
The data presented in this paper shows that the hybrid wind-solar system is an attractive alternative to
traditional fossil-fuel-based system for small remote power systems, for example a load of 10 KW capacity
which is sufficient to power 15 households of primarily fan and lighting loads. Even with only two
renewable resources, a large number of system architectures are possible. The paper begins by reviewing the
main candidates and selects the single DC-bus system shown in Figure 11. The well-known software
package Hybrid 2 was used to size a system for an assumed daily load (Figure 5) and detailed weather data
over one year (Figure 6). A key finding is that the simulations using 5-minute averaged wind and solar data
exploited the complementary nature of wind and solar to reduce the dependence on diesel fuel. Further, for
the data available from Alberta, Canada it is better to have a greater penetration of wind because the wind
resource is more evenly distributed over the year. The paper also briefly considers how the supervisory
control for the hybrid system improves the efficiency of the system in terms of reduced sizing of each
component. In other words the controller helps in greater penetration of renewable resources incorporating
the complementary nature of wind and solar resources. Further, the supervisory controller reduces the
multiplicity of controllers to simplify the system, thus it is expected that the hybrid system with the
supervisory controller will be cheaper, more reliable, and easier to operate.
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1. Abstract
There is a huge potential to utilise solar power in developing nations, however the expensive nature of solar panels
is preventing this market growth at the local level. Widely available and low cost materials and methods are
imperative for solar panel assembly for rural energy supply if the mass uptake of Photovoltaic (PV) in developing
nations is to be realised. In this research a novel and inexpensive assembly for PV panels using commercial silicon
PV cells was developed using alternative materials and techniques. The panels were subjected to laboratory testing
in Leeds, UK and field testing in Gwalior, India. The materials used for the assembly were polyethylene terepthalate
(PET), for encapsulating the solar cell, and polycarbonate (PC) sheet, for the facing and backing of the panel. The
aim was to demonstrate that the cheaper encapsulation technique and materials do not affect solar panel efficiency
compared to more common ethylene vinyl acetate (EVA) and glass fabricated panels and commercial solar panels.
We are able to show that a solar panel assembled with PET and PC produces similar results in terms of power and
efficiency to the standard assembly method using EVA and glass. As well as competing with current panel assembly
the solar panels used in this research are cheap and simple to make, making them suitable for rural energy supply.
2. Introduction
Approximately 1.6 billion people in the world have no access to electricity and another 2 billion have limited
supplies (UNEP 2008). Photovoltaic (PV) panel fabrication on a commercial scale is highly sophisticated, making
use of expensive techniques and materials, where the complete panel packaging material and transport account for
nearly half of the total panel cost (Jorgensen et al 2006). In order to incorporate solar cells into a fully functional
panel, they have to be encapsulated and then protected with packaging. The packaging layers needed for an effective
PV panel include a superstrate (front protective layer), an encapsulant surrounding the whole cell and a substrate
(back protective layer) (Czanderna and Pern 1996). Vacuum lamination using Ethylene vinyl acetate (EVA) and
glass is a well established method for assembling solar panels, however, EVA discolours over time and this
technique is costly and not available to reproduce in remote or rural areas (Berman et al 1995; Pern and Glick 2000).
The feasibility of using plastic materials in solar panels, in particular polyethylene-terephthalate (PET) and
polycarbonate (PC), has been studied and indicated as a viable option (Hackmann et al 2004; Jorgensen et al 2006).
Here we present a simple, cheap and effective assembly for a solar panel suitable for rural energy supply, using a
current commercially available silicon solar cell, PET and EVA as encapsulants, and PC and glass as substrates. The
methods for securing the encapsulants around the cell simply involve using an office laminator and an iron
respectively. The assembly provides a solar panel design that is competitive with existing PV panels where all of the
materials used can be locally sourced in the UK and India and the methods for assembling the solar panels are
simple to reproduce.
As well as providing an inexpensive solar panel, it is also important to ensure the life cycle emissions of the panels
do not increase in order to mitigate climate change. Life cycle emissions of current commercially available solar
panels are generally in the range of 30 gCO2e/kWh (Alsema et al 2006a; Alsema et al 2006b), or higher depending
on the study (Fthenakis et al 2008). It is well known that 50% of these emissions are due to the actual solar cell
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production, however the majority of the other 50% of life cycle emissions is attributed to the assembly materials and
method employed (Fthenakis et al 2008; Alsema 2009). The proposed assembly method is anticipated to help reduce
the life cycle emissions of solar panels, due to the utilisation of low energy techniques.
3. Method
3.1 Panel Assembly
We assemble three dissimilar panels to test our novel assembly against current assembly methods and to
demonstrate that depending on material availability various assemblies can be produced. Three types of single cell
panel are assembled using various mixtures of encapsulating materials (PET or EVA) and PC or glass for the facing
and backing of the solar panel, shown in Figure 1.

Figure 1: Schematic and key for all 3 different solar panel assemblies.

Initially electrical connections are established by soldering ribbon onto both sides of the cell and connecting them to
an external wiring system. Encapsulation of the cell is accomplished by lamination of PET simply using an office
laminator at 140°C or an iron to secure the EVA to the cell. Further packaging involved encasing the encapsulated
cell into a final protective casing using glass or PC sheet of 2mm maximum thickness at the front of the cell and PC
or PET at the rear. Various frames and sealants to finish the panel were used, as these weren’t the main emphasis of
the research and were deemed not to affect solar cell performance. This method is very similar to conventional
vacuum and lamination process but here equipment and materials are readily available, inexpensive and can be
carried out at home. For testing purposes only one cell solar panels were fabricated, however using the same
approach the panels can be easily scaled up. This assembly technique also provides a cost effective to way to repair
or replace solar panels on a larger scale. The solar cells used were monocrystalline silicon solar cells, the
specification for which are summarised in Table 1.

Table 1: Monocrystalline silicon solar cell specification from Mars Rock Group (Mars Rock Group 2011).

Length

125mm ± 0.5mm

Width

125mm ± 0.5mm

Short-circuit current

5.25A

Open-circuit voltage

0.625V

Temperature
Coefficient

Power

-0.119%/K

Efficiency related to
Peak Power

Efficiency

Max Power

16 – 17%

2.40-2.50 W

Cell Dimensions
I-V Characteristics
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3.2 Outdoor Testing
Figure 2 shows the experimental set up for the panels. The solar panels fabricated as indicated in Figure 1 were
securely mounted on to a wooden board, all with a ventilation gap at the back of the panel. The frame was tilted at
11.5° (the optimum summer angle for Gwalior, India), south facing, free from shadows and level. The three solar
panels and pyranometer were connected to a circuit, described fully in (Hardy et al 2011), which was subsequently
connected to a data acquisition unit with a USB connection to a computer, where current and voltage data could be
collected constantly. We used Profilab expert software to run the data acquisition unit and collect the data. Data was
collected simultaneously for all cells by ramping electronic loads for 1 minute and this was automatically scheduled
to occur every 10 minutes. Each ramp collected approximately 60 current and 60 voltage corresponding data points;
hence during a day 8640 data points were collected. This volume of data collection allows more reliable results.
Data collection was affected by power cuts during outdoor testing hence some data is missing; however correlations
between data points can still be made. The panels were cleaned daily to ensure optimum readings were obtained.

Panel 1

Panel 2

Panel 3

Figure 2: Experimental set up of solar panels.

Dust accumulation analysis on separate glass samples and yellowness testing of PET and PC samples were also
undertaken. Samples were taken daily for a week and then weekly for 4 weeks to indicate the effect of dust on
irradiance and possible degradation of the materials due to solar irradiance.

4. Results
5.1 Field Testing
All of the results below relate to 2 months worth of data collection between April and June 2011. The daily
temperature and rainfall was recorded, as shown in Figure 3, to relate data collected with outside conditions. We can
see from Figure 3 that the mean temperature was approximately constant at 35°C with the highest recorded
temperature at 47°C and the lowest at 20°C. Generally no rainfall was recorded until the middle of June where there
were 6 days of rainfall.
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Figure 3: Record of temperature and rainfall for the experiment period 25/4/11-21/6/11.

From the data collected it was possible to analyse the I-V characteristics for each panel at any point throughout the
day. Figure 4 shows an example of an I-V curve from the data collected. Comparing the I-V curves at peak
irradiance (see Figure 5b) to the manufacturer’s specification for the cells in Table 1 shows a close correlation for all
three panels. By analysing different ramps around midday we find a short-circuit current between 3.5-5A and an
open-circuit voltage between 0.5-0.6V for the 3 panels. This indicates that all solar panels are achieving near to the
actual short-circuit current and open-circuit voltage, despite being tested in real world conditions and not AM1.5.

1.4
1.2

Current (A)

1

Panel 1

0.8

Panel 2

0.6

Panel 3

0.4
0.2
0
0

0.1

0.2

0.3

0.4

0.5

0.6

Voltage (V)

Figure 4: Example of an I-V curve for the 3 panels at 8am on 26/4/11.

From the I-V data collected peak power was calculated for each panel over each ramp as shown in Figure 5a. It is
visible that panel 2 has the greatest peak power followed closely by panel 3 and then panel 1. Panel 3 uses the novel
assembly of PET and PC around the solar cell hence indicating the success of the panel assembly in comparison to
the other two panels. The data points below the observed mean for each panel could be due to shadows caused by
clouds or some small error in the data collection. Figure 5b highlights that as anticipated the peak power for each
panel directly links to the irradiance. As expected peak irradiance is around midday, sharply increasing from 8am
and greatly decreasing from 3pm. The data underneath the mean irradiance curve could be due to shadows caused
during the course of the day in the form of clouds.
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Figure 5: (LEFT: 5a) Peak Power over time of day for all 3 panels. (RIGHT: 5b) Corresponding average irradiance data per ramp
related to time of day.

Using the peak power points for each ramp and each panel the energy and efficiency were then calculated. Figure 6
shows the efficiency of all 3 panels related to time of day, showing the highest efficiency gained to be 10% by panel
2 and the lowest efficiency of around 4% from panel 1. Panel 3 has efficiency values similar to panel 2, in the range
of 6-7.5%. The affect of high temperatures on the cells is evident from Figure 6 where a dip in efficiency of all 3
panels occurs during the peak irradiance hours of the day. We expect the power of the cell to drop by -0.119%/K
after 25°C as indicated in Table 1, this correlates with the observed dip since temperatures reach highs of 47°C with
the actual solar cell temperature expected to increase further. The maximum efficiency of the panels occurs during
the late morning and afternoon when irradiance is not at a maximum, agreeing further with the temperature effect on
cell efficiency. This may also help explain why the panels do not gain the same power output as stated in the
specification for the cells.
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Figure 6: Efficiency of the panels against the time of day.

Further analysis of energy and efficiency on a daily basis is shown in Figure 7. The energy of the panels correlates
well with maximum irradiance per day, highlighted in Figure 7a since when daily irradiance is higher, so is the
energy from the panels and vice versa, emphasised on 08/05/11 and 18/05/11 for example. A general trend across all
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points is visible however panel 1 appears to not only have a decreased energy in comparison to the other panels but
it also appears to be degrading slightly over time. Figure 7b shows a similar trend with the efficiency of all panels
and it is more evident in this plot that panel 1 seems to be degrading over time. Analysing the difference between the
efficiency of panels 1 and 2 in Figure 7b at the start and end of data collection we can see a difference of 1.6% and
2.2% respectively, supporting the idea that panel 1 is degrading with time. Unlike panel 1, panels 2 and 3 maintain a
good daily efficiency, correlating well with irradiance and each other. Despite the cleaning regime all panels seems
to slightly recuperate in efficiency after the rainy days in mid to late June. It is noteworthy to highlight that the gaps
and few data points that sit outside of the general trend in the daily data here indicate where the experiment was
affected by power cuts.

Panel 3

Figure 7: (LEFT: 7a) Energy from each panel per day, inclusive of maximum daily irradiance data. (RIGHT: 7b) Panel efficiency per
day (the plot here uses maximum power and maximum irradiance to calculate efficiency).

The peak power and efficiency for the better performing panel, panel 2, gives a peak power of 1W (in Figure 5) and
a peak efficiency of around 7% (in Figure 7), these correlate with the specification of the solar cell as shown in
Table 1, but are half the amount.
5.

Discussion

It is evident from the results that the best performing panel was panel 2, closely followed by panel 3 (the fully
plastic assembly) and significantly below these is panel 1. The difference between panel 1 and 2 in all of the results
is a considerably large fractional difference of approximately 0.5. There are many explanations that could account
for this including the actual silicon solar cells having different efficiencies, the encapsulation techniques used being
insufficient, or some error having occurred in the circuit. The solar cells used can only vary in efficiency between
16-17% (see manufacturer’s specification) this can therefore only account for a possible fractional error of 0.03
which is not large enough to explain the large differences observed. Likewise any possible error in the circuit would
only account for a small fractional error. Together these values cannot account for the large fractional difference
found in the results.
Possible explanations to account for the fractional difference between panel 1 and the other 2 panels could be
explained by the cell encapsulation, material degradation or panel assembly. The PC used in panels 1 and 3 is UV
protected (confirmed by UV-Vis spectrometer testing) and so it can be concluded that neither panel was subject to
UV degradation. The panel temperatures would have exceeded the measured temperatures shown in Figure 3,
manual monitoring of the panels found the panel surface temperature to peak at 56°C, however the temperature of
the actual solar cell was not measured but is very likely to be considerably higher than this. In relation to this the PC
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could not have degraded with the temperatures experienced as it has an upper working temperature of 130°C
(Hackmann et al 2004; Dynalab Corp 2011). There is a significant difference in assembly between panels 1 and 3
(the two panels that incorporated PC) which is the inclusion of a PET layer and air between the cell and the PC in
panel 3, whereas panel 1 has no extra layer between the cell and the PC and is airtight. Therefore it is likely that the
presence of PET is forming a protective barrier against either high temperatures, humidity or chemical attack that
would otherwise degrade either the cell or the PC.
Collectively the results highlight that the panels have not achieved the efficiency that the solar cells are capable of.
The results indicate a fractional difference of over 0.5 between the solar cell specification and the actual results for
the solar panels. It is known that solar cell efficiency decreases with temperature (Radziemska et al 2003; Singh et al
2008). This temperature effect is evident in the calculated efficiencies shown in Figure 6, where at high irradiance
efficiency significantly drops. The peak temperatures experienced in India were very high and as discussed above,
the solar cell temperature is expected to be considerably higher. The other factor that can account for the large
overall drop in efficiency could be due to the experimental set up. Low resistance wires of 1m were used to connect
the solar panels to the circuit, however it is now thought that these wires could have affected data measurements
considerably due to a voltage drop. This can be observed through shallower I-V curves found at higher irradiance
throughout the data set. Future work will explore more sophisticated techniques for data collection.
Calculated energy and efficiency of the panels generally follows a downward trend which is directly related to the
irradiance, but this may also be affected by dust covering. It is clear from UV Vis spectrometer data (not presented
here) of dust accumulated on separate samples that dust does greatly affect the amount of visible light that can reach
the cell. Furthermore it is suggested in the results that rain increases the efficiency which we can assume provides
some extra cleaning of dust particles that the manual cleaning did not sufficiently remove.
6. Conclusion
We have successfully demonstrated a low cost and simple solar panel assembly method using PET, PC and currently
available monocrystalline silicon solar cells. We achieve similar results between the plastic solar panel and the more
common glass and EVA solar panel suggesting that a plastic panel is a feasible alternative. The PET is also found to
provide some sort of protective function to the cell, since the results show that the panel without a protective layer
between the PC and cell did not perform as well as the other panels.
We use readily available materials and equipment and simple lamination techniques including the use of an office
laminator. The cost for the assembly materials for a 1 cell solar panel in India was found to be between €2 for the
PC/PET assembly and €4 for the glass/EVA assembly. With mass production this cost will greatly decrease. Further
work includes continuing analysis on the degradation of this assembly to ensure that it is feasible for long term use
as well as experimenting with various other assembly methods.
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1. Introduction
At present time, the fresh water shortage is a significant problem in many areas of the world, such as
the Middle East and North African countries (MENA), the Southern European Mediterranean Islands
(SEMI) and isolated communities in desert or arid areas of Central Asian countries. Main point is, that
available water resources are strongly mineralized and contaminated, which is not suitable for drinking and
daily usage. Another difficulty is that the part of the population lives in small villages or settlements without
infrastructure, and is not connected to centralized system of electrification and drinking water supply. This
condition of the life calls to consider RE utilization as a promising option. Developing of autonomous system
of drinking water supply or desalination systems working on RE is one of the real solutions, particularly
using solar energy, which is very attractive where the potential is usually quite high in most rural arid areas.
In addition, the cost of primary fuel is getting up while the need to maintain clean environment is becoming
an important issue worldwide [1-2].
Different types of desalination technologies are available in the market, which are based on various
desalination methods proposed, by scientific and production organizations. Among them, Reverse Osmosis
(RO) is quite suitable from small to medium capacity systems, and has good perspectives for cost reduction
and improvement in efficiency in the near future [3]. Reverse Osmosis (RO) is an electrically driven
technology characterized by significantly low specific power requirements. In view of these facts, it is seen
that a small-scale RO desalination system powered by solar energy presents an ideal solution to provide
freshwater to small communities isolated at remote areas.
According to [4] among RE powered desalination processes, estimated for 2007, RO system the
leading process, with 62%, MED-14%, MSF-10%, ED-5%, VC-5% and others -4%, . The energy resources
using to run the systems was estimated as 43% - Solar PV, 27%- Solar Thermal, 20%- Wind, 10%- Hybrid
(solar PV and wind or solar thermal and wind power).
2. RE Powered RO Desalination
There is a number of research reports on solar powered RO systems, which the size of those systems
varies from laboratory to industrial scale. According to literatures the main types of solar powered
desalination systems has been classified into three groups, which described in Fig.1.

Fig.1. The main groups of solar powered RO desalination.

Choosing one of the stand-alone Solar powered RO desalination systems, actually depends on the
location, geographical conditions, topography of the site, capacity and size of the plant. The main selection
criteria may include such parameters as simplicity of operation, low maintenance, compact size and easy
transportation.
2.1. Solar Thermal driven or Rankine cycle driven RO desalination systems:
The most common thermodynamic cycle used in energy production is the Rankine cycle with a single
working fluid (water or an organic compound) or a binary cycle with water as the heat transfer fluid in the
upper cycle and an organic compound in the lower cycle. The general principle scheme of Solar Rankine
cycle driven RO desalination systems is given on Fig.2.
Several types of Solar Rankine cycle powered RO desalination systems have recently developed with
different combination of energy supply subsystems (solar field) and heat transfer fluids in low and high
thermodynamic cycles. As an example the works by Bowman et al., [5], Delgado-Torres, Garcia-Rodriguez
et al.[6-11], where developed and presented several types of Solar Organic Rankine cycle powered RO
desalination systems with different compositions of working fluids and mainly powered by Parabolic trough
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collectors (PTC). The system presented by Manolakos et al. [12,13], was projected to obtain fresh water
from both brackish water and seawater, uses evacuated tube collectors.

Fig.2.The principle scheme of Solar Rankine cycle powered RO desalination systems:
1- Solar collector field; 2- Superheating stage; 3- Turbine (energy generating); 4-Condenser; P-pump; RO- Reverse Osmosis system; 5Product; 6- Brine.

Nafey [14] presented the results of thermo-economic analysis and compared the different
configurations of reverse osmosis energy recovery units powered by solar organic Rankine cycle. Three main
configurations of recovery unit (Basic, Pelton Wheel Turbine, and the Pressure Exchanger) with Sharm ElShiekh RO desalination plant for a total productivity about 146m3/h (40.5 L/s).
Water is commonly used as working fluid in Rankine cycles, although other types of inorganic (e.g.
ammonia, ammonia/water) and organic fluids (e.g. hydrocarbons, fluorocarbons, siloxanes) can be used. The
main advantage of organic working fluids in Rankine cycles is that they can be driven at lower temperatures
than similar cycles using water, and in many cases superheating is not necessary [15].
2.2. Solar PV driven RO Systems
PV is considered as a proper solution for small applications in rural areas with high solar irradiance.
There is a number of R&D works reported by researchers that also proposed several types of PV powered
RO systems from small size to industrial scale, which can be found from the Literature [16-23]. The general
principle scheme of PV powered RO desalination systems are shown on Fig.3. and Fig.4.

Fig.3. The general Principle scheme of PV powered RO desalination system: a) with battery bank; b)
without battery bank: 1- PV panel; 2- Battery charge controller; 3-Battery bank; 4-DC/AC-Converter; P-pump; ROReverse Osmosis module.

Fig.4. Principle scheme of PV powered RO desalination system with RD (energy recovery device): a) and b) with and
without battery bank; c) and d) with two types of RD, respectively: 1-PV; 2- Battery charge controller; 3-Battery bank; 4-DC/ACConverter; P-pump; RO- Reverse Osmosis module; RD- Recovery device.
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In general there is several experimental installations, were suggested, where the PV is directly
connected to RO system with DC motor as the pumping subunit of the system. Where, the works of
Mohamed [16], Abdallah et al. [17] and Helal et al. [18] devoted to study of such kind of systems. At the
same time there is an RO desalination systems powered by Solar PV with battery bank, which are reported
by Hrayshat [19] and Ahmad et al. [20]. And also Solar PV powered RO desalination systems with Energy
Recovery devices, which are studied and presented by Richards [21] and Manolakos et al. [22].
From a technical point of view, PV as well as RO is mature and commercially available technology at
present time. RO currently represents 42% of world-wide desalination capacity [21]. The feasibility of PVpowered RO systems, as valid options for desalination at remote sites, has also been proven. Indeed, there
are commercially available standalone, PV powered desalination systems [23]. The main problem of these
technologies is the high cost and, for the time being, the availability of PV cells. Currently, the RO
constitutes a more realistic choice for both brackish and seawater desalination. Considering the energy
supply, RO presents lower energy consumption comparing to other methods of desalination. Several RO
desalination systems driven by PV have been installed throughout the world in the last decades, most of them
being built as experimental or demonstration plants.
2.3. Hybrid Wind + PV powered RO Systems
As shown in previous works, each systems has own advantages and disadvantages, respectively,
which strongly dependent on technical and economic feasibility of the system, and also on natural
meteorological conditions of the regions to be used. PV is considered a proper solution for small-scale
desalination units in regions with high solar radiation as proposed by number of researchers. Nevertheless, in
some areas with different natural conditions, wind energy may be more attractive for larger quantities of
water. This may be used on some islands where a good wind regime is available.
The electrical or mechanical power generated by a wind turbine can be used to drive desalination
plants. Like PV, wind turbines represent a mature, commercially available technology for power production.
Wind power is one of important options for seawater desalination, especially for coastal areas that present a
high availability of wind energy resources. According to some authors, wind powered RO plants appear to be
one of the most promising alternatives of RO desalination [24]. The general principle scheme of hybrid
Wind-PV powered RO desalination systems presented on Fig.5.

Fig.5.The general principle scheme of hybrid Wind-PV powered RO desalination systems:
1-PV; 2-Battery charge controller; 3-Battery bank; 4-DC/AC-Converter; 5-Wind turbine; 6-Generator; 7-Energy management system;
P-pump; RO-Reverse Osmosis module; RD- Recovery device.

According to literature there is a number of works, which are focused to simulation and experimental
investigations on development, optimization and choosing of technical and economical effective designs of
hybrid wind-PV system to power a RO desalination unit based on a techno-economic analysis and also
taking into account of meteorological data [25-29]. As the results of several scientific works the technical
feasibility of using wind as the power source for desalination has been confirmed.
3. RE Potential of Uzbekistan
3.1. Solar Energy:
Territory of Uzbekistan belongs to the category of countries with high intensity of solar radiation.
Uzbekistan has therefore favorable climate conditions for using solar energy. Technical potential of solar
energy exceeds the annual requirements of Uzbekistan for power resources as much as about 4 times (65-70
mln.t.o.e/year). Fig.6. presents solar map of Uzbekistan.
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Fig.6. Direct Normal Solar Insolation and Global Horizontal Sola Irradiance
in territory of Uzbekistan. [http://www.ebrdrenewables.com/sites/renew/countries/Uzbekistan/profile ]

Gross potential of solar energy is 51*109(t.o.e.). Technically usable potential is 175*106(t.o.e.).
Another important indicator is duration of sunshine in the North is averaged to about 2800 hours/year, and in
the most South (Termez city) reaches 3050 hours/year, where the capacity of solar radiation for 1 m2 is about
1 kW. So during of year it will reach about 1650-1750kWh/m2 which equals the heat from burning of 140150 кg of oil fuel [30].
3.2. Wind Energy:
Wind energy resources potential of Uzbekistan: Total (average during of the year) 2200*10 3 (t.o.e.);
Technical Potential 425*103 (t.o.e.). Average yearly wind speed on the whole territory of Uzbekistan is 22.5m/sec. This circumstance eliminates the prospective of wind power engineering in the country, especially
for wind turbines of middle and high power. On the other hand, monthly average, seasonal average and
yearly average wind speeds on the territory of Uzbekistan are different; it is 4m/s in July (summer) and 8m/s
in January (winter).
The analysis of wind speeds in Uzbekistan and their instability during a day and year shows, that the
creation of autonomous wind power stations in Uzbekistan is ineffective. It is reasonable to create combined
installations like wind power generator with photovoltaic station. The Region with most high potential of
Wind Energy is Becobod-Kokand Line in Tashkent Province. The average speed of wind in this territory is
6m/s. As shown on wind map, the yearly average distribution of wind speed on the territory of Uzbekistan is
in Aral Sea basin, Kyzylkum desert territory and foothill zones of Tashkent region (Charvaq and Bekabad)
yearly average wind speed is 4-5 m/sec and more. Taking into account that these territories are remote to
considerable distance from grid and on hard-to-reach desert, mountain and foothill regions, utilization of
wind energy in such regions looks economically expedient. In the most part of the territory of Uzbekistan
specific wind capacity is 50-150 W/m2. On the north, in Aral Sea basin and foothill zone of Tashkent region,
it exceeds 150 W/m2, and in Fergana valley – less than 30 W/m2 [30-32].
4. Drinking water shortage in the region
Uzbekistan State Program on Provision of Rural Population With Drinking Water for the period
2000-2010 envisages construction of water-supply networks and improvement of the level of drinking water
supply for the population up to 85%, provision of remote rural settlements with alternative sources of water
and energy supply; in 2002-2005 it is intended to provide 1.2 thousand settlements with water of drinking
quality, while in 2006-2010 it is intended to provide that for 1.3 thousand settlements. More than half of
these settlements are located in Bukhara, Navoiy regions and in Karakalpakstan Republic [33]. National
strategy of regional and local initiatives for transition to sustainable development is based on the principle of
provision of overall socio-economic development of local and regional zones, contributing to achievement of
sustainability of settlements. 62.8% of the population resides in 11,844 rural settlements. The issue of social
construction in rural areas is in the focus of attention of the state, which inherited a system with low
coverage of social needs of the population and significant disparities in the levels of development of
infrastructure between towns and villages, as well as territorial disparities between regions of the Republic.
Drinking water supply in rural areas has been developed on the basis of special programs being
consistently implemented. Within the years of independence 21,210 km of water supply lines have been built
in rural areas. There remains, however, a problem of water supply for remote and hard-to-reach rural
settlements. More than 1,183 settlements (of which about 900 are located in desert and semi-desert areas)
cannot access water (or energy) through traditional methods [33].
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Fig.7. Situation of Aral Sea
(www.bracsystems.com/environment.html)

Fig.7. shows the history and present situation of Aral Sea.
Last years the region around the Aral Sea turned to be a large salt
desert. It is continue to grow with increased temperatures and
also affecting more populated regions. Salinity level of water
resources and soil is growing rapidly. The quality of drinking
water currently in the territory of Karakalpakstan, Provinces of
Bukhara and Khorezm is critical, which means that its quality is
below proper usage. The ground water resources, which are main
resource of drinking water in these areas, are contaminated and
salinity degree is very high.
There is also an opportunity in desert and semi-desert
zones for utilization of alternative sources of energy, energy
saving and water pumping, including the use of Photovoltaic
systems (PVC), manufacturing of such systems is being currently
arranged by industrial plants in the Republic. Extent of
sustainability of any settlement is determined by the condition of
ecology, availability of consistent sources of decent income,
provision with housing, available set and quality of social
services, as well as by the extent to which the functioning
systems of health care cover major needs of the population in
drinking water, healthy food and sanitation [33].

As mentioned above, small scale solar powered RO desalination systems could be reliable solution for
rural usage in most arid areas of Central Asian countries. In the current work, some aspects of possible
solutions of this problem are given for the case of Uzbekistan.
5. Solar powered RO desalination as a solution in arid areas of Uzbekistan
Because of economical, technical restrictions and also natural and meteorological difficulties, it is
impossible to build traditional water treatment systems in each small village. In some cases it is difficult
even to build water pipe lines to connect them to central water supply systems because of natural conditions,
mostly in mountain and desert areas. One of the promising solutions for this problem is developing of
autonomous water desalination systems working on RO, particularly solar energy [1-2].
During of last years, several projects have been developed by The Government of Uzbekistan and by
International Organizations. Also number of research works is going on by Uzbek scientists, where we can
refer to works of Khaydarov et al. [34], which devoted to development of novel solar powered water
desalination based on direct osmosis process. The pilot unit with productivity of 1 m3/h has been constructed.
It consists of solar batteries with capacity of 500 W for pumping various fluids (feed, brine, product, working
solution) of the device, solar thermal exchangers for recovery of working solution, water pretreatment unit
on the base of fibroid sorbents and water disinfection devise with energy consumption of 0.1W. With the
support of UNESCO in 2005 the device was installed in a village of Aral Sea Region to remove salts with
total concentration of about 17g/L. The product salinity after the treatment was about 50 mg/L
Based on National and International Research teams practice and also taking into account of natural
or meteorological factors and also need and requirements of consumers developed a preliminary design of
small scale PV powered RO desalination system with expected daily productivity about 100L. The principle
scheme of the system is described on Fig.8.

Fig.8. Principle scheme of PV powered RO desalination system:
1- PV panel; 2-Battery charge controller; 3-Battery bank; 4-switch; P- Booster Pump with DC motor; F1 - Sedimentation pre-filter; F2
and F3 – Polypropylene and granulated carbon filters; RO-Reverse Osmosis membrane module; F4- Active carbon post-filter.

The proposed system is expected to be a promising option by its compactness, its transportability, and
its technical and economic feasibility.
5.1. Parametrical study:
The final parametrical characteristics of the proposed system could be obtained by determination of
technical parameters of each subunit [34].
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The efficiency of electrical power operation subsystem:

ηPV = ηmax ηl =

PPV
ηb APV Qs τ

where, P PV - operating electrical power; Qs -average daily solar irradiation;

(1)

APV - total surface area of

PV array; η b - efficiency of battery bank; τ - average sunny hours; η l - losses due to connections and

η max - the maximum power point efficiency of PV modules.
The maximum power point efficiency of PV modules decreases with increasing cell temperature,
which can be expressed as follows:

ηmax = η s + µt Tc  Ts 
ηs =

I sVs
APV Qss

µ t =η s
where,

(2)
(3)

µV
Vs

(4)

- module efficiency under standard operation conditions; Tc and Ts are the actual cell temperature

µ t - temperature coefficient of
efficiency at the maximum power point that can be found by the approximation [19]; µ V - voltage
temperature coefficient; V s - module’s voltage at the maximum power point under standard operation
and temperature under standard operating conditions (25 o C), respectively;

condition.
The working temperature of the module (cell) could be determined by the method of Duffie and
Backman, which is based on energy balance on module surface [35]:
(5)
where, I incident solar radiation U is the heat loss coefficient from the cell to surroundings (by convection,
radiation and conduction from the surface and bottom of cell). and α are respectively, coefficients of
transmittance of the cover over the cell, and absorption coefficient of cell surface.

is the efficiency of the

module radiation conversion to electrical power.
The efficiency of pumping subsystem η PS can be calculated as the ratio of hydraulic power of the
pump and the operating electrical power E of the subsystem as follows [36]

η PS=

C h Gh
E

(6)

where, C h - hydraulic constant; G - water flow rate; h -total height.
The total efficiency of the PV Pumping system depends on the PV array and the pumping subsystem
efficiencies, which can be written as

η ' =η PV η PS

(7)
The performance of RO system depends on recovery coefficient of RO module, which could be
defined as the ratio between fresh water flow rate and brackish water flow rates:

R = 100 

Gp

(8)

Gf

G p = 1  R G f

(9)

where, G p and G f - are fresh water and brackish water flow rates, respectively. Also G p called
specified recovery coefficient of the RO module. Recovery rate depends on the temperature, membrane and
water properties, particularly the viscosity. Warmer water leads to an increase of the membrane permeability.
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5.2. Pilot Project of proposed system:
Developed design and created pilot unit of Solar PV powered RO desalination system, which includes
two main subunits: First – energy supply subunit with PV panel with peak power 30W (mono-crystalline
silicon modules), battery bank (24V, 8Ah), battery charge controller and switch; Second- treatment subunit,
which includes booster pump with DC motor (voltage: 24V,current: 0.6A, max flow rate: 60 L/h, Pressure:
345-550kPa), five stage RO system (sedimentation pre-filter, polypropylene and granuled carbon filters, RO
membrane and active carbon post-filters), pressure controller, water inlet and outlet valves, tank for cleaned
water (with 12L capacity). In Fig.9 and Fig.10 respectively, presented principal scheme and general view of
proposed small scale PV powered RO desalination system with productivity 100-120 L/d.

Fig.9. Principle scheme of PV powered RO desalination system:
1-Water inlet; 2-Presure controller; 3,4,5–Polypropylene, sedimentation
and active carbon filters, respectively; 6- Booster Pump with DC motor; 7Battery bank; 8-PV Array; 9-RO membrane; 10,11-Feed water control and
valve; 12-Post-Active carbon filter; 13-Clean water; 14-outlet valve.

Fig.10. General view of PV powered RO
desalination system

As shown on Fig.10, unit is quite compact and easy transportable. The results of indoor and outdoor
experimental investigations (under natural conditions of Tashkent City, during of different months and
seasons) shows, that units productivity ranges between 50L and 120L, dependently on quality of brackish
water and meteorological conditions (solar radiation intensity).
5.3. Results of Preliminary experimental investigations:
In order to study of the performance of proposed solar PV powered small scale RO desalination unit,
experimental investigations conducted in the Laboratory of Solar thermal systems of Physical-Technical
Institute. Here presented the results of experiments on 15th of May 2010 and 22nd of March 2011.
Experimental results on 15th of May 2010.
In Fig.11 presented the solar radiation intensity and the temperature range during the day, and in
Fig.12 presented variation output of the electrical current and voltage during the day.

Fig.11. Solar radiation intensity (Q) and the temperature
(T) range during the day.

Fig.12. Variation of output electrical current and
voltage during working hours of system.
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Results shows, that the maximum current during the day occurred between hours 11:30 am to 15:15
pm, which was about 0.60 A. The maximum voltage occurred between 11:45 am and 12:15 pm, which
achieved to 38-40V.Fig.13presents the electrical power output for operating of the motor, which runs the RO
system. The flow rates of desalinated water as a function of sunny hours of the day are presented in Fig.14.

Fig.13. Solar radiation intensity (Q) and the electrical
power output during the day.

Fig.14. Desalinated water flow rate (G) as a
function of the hours of the day.

The results of measurements during the day (from 8:30 am to 18:00 pm) shows, that output power
ranged between 15.2 and 24 Wt, and the maximum occurred between 11:30 am and 14:30 pm. The flow rates
of desalinated water, as presented on Fig.15, ranged between 0.14 and 0.19l/min. The maximum flow rates
also as a function of power, achieved at the time interval between 11:30 am and 14:30, respectively, and
reached to 0.19 l/min.
Experimental results on 22ndof March 2011.
Similar set of results was taken after almost a year of operation with the same system. Fig.15 presents
the solar radiation intensity and the temperature range during the day, and in Fig.16 presented variation
output of the electrical current and voltage during the day.
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Fig.15. Solar radiation intensity (Q) and the
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37
09:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30 17:30

(time)

Fig.16. Variation of output electrical current and
voltage during working hours of system

Results shows, that during the period between hours 11:30 am to 13:30 pm when the solar radiation
intensity was abow 900 Wt/m2, the maximum value of current occurred, which was about 0.60 A, where the
voltage was more stable, which was about 39 V.Fig.17 presents the electrical power output and the flow rates
of desalinated water as a function of sunny hours of the day are presented in Fig.18.
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Fig.18. Desalinated water flow rate (G) as a
function of the hours of the day.

The results of measurements during the day shows, that output power ranged between 12 and 24 Wt,
and the maximum occurred between 11:30 am and 13:30 pm. The flow rates of desalinated water, as
presented on Fig.18, ranged between 0.13 and 0.19l/min. The maximum flow rates also as a function of
power, achieved at the time interval between 11:30 am and 13:30.
6. Conclusion
Choosing any type of solar powered RO desalination system, which divided into three groups as:
Rankine cycle driven; PV driven and Hybrid (particularly Wind-PV) powered RO systems depends on the
location, natural conditions, topography of the site, capacity and size of the plant. The main selection criteria
may include such parameters as simplicity of operation, low maintenance, compact size, easy transportation
etc. Taking into account of these facts, the current presentation proposes a developed small scale PV
powered RO desalination system, which is a promising option for preparation drinking and cooking water by
its compactness, transportability, technically and also economically feasibility. However, the proposed
system needs future research and experimental investigation on optimization of technical parameter and
economical feasibility based on natural conditions of local areas.
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1. Introduction
Buildings are responsible for 40% of energy consumption and for 33% of direct and indirect greenhouse gas
emissions in Europe (International Energy Agency, 2008). Energy efficiency in the built environment has a
large potential for decreasing dependency on fossil fuels, and can contribute significantly to a low-emission
development strategy, which is indispensable to sustainable development. By using commercially available,
cost-effective technologies and by producing electricity from on-site renewable energy sources, building
energy consumption could be reduced.
The European Union has set up new standards for future buildings in order to achieve better energy
efficiency and lower the demand, such as the “Energy Performance of Building Directive Concerted Action”,
EPBD (EPBD-CA, 2005). The EPBD requires all EU countries to enhance their building regulations and to
introduce energy certification schemes for buildings. Moreover, the European Parliament and Commission
declared that by 31 December 2020 all new buildings must be nearly zero energy buildings. To achieve this
goal, the use of energy from renewable sources is significant.
In Norway, noteworthy work has been done in strengthening the building codes towards a reduction of the
use of energy in buildings. Since Norwegian buildings are commonly heated by electric radiators (99% of the
energy is produced with hydropower), electric power consumption per capita is much higher than in other
countries. The increase in electric energy production from renewable energy sources used on-site in the
building sector is beneficial for achieving a more distributed electrical system with reduced energy
transmission losses and lowered peak demand for the heating load.
2. Objectives
The objective of the work presented here is the study of a PV/Wind hybrid system for a low emission
commercial building (Rogaland Energisenter, RES, Fig.1) located in Southern Norway (Bjerkreim, Rogaland
county, coordinates 58°35' N, 6°4′ E). The commercial building will host an energy center and aims to reach
a class A energy label on buildings, which means an energy consumption lower than 84 kWh/m2 per year
(Norges vassdrags og energidirektorat, 2010), and has a total interior surface area of 3500 m2. The final
architectural details, the internal loads and the number of occupants are not known at this stage; hence,
assumptions will be made according to national and international standards. As the owner of the building
wants to inquire about the feasibility and differences between a grid connected hybrid system and a standalone system in Norway, the respective results are included here, despite the fact that the stand-alone option
would not be necessary due to the grid-supply conditions. The systems have been evaluated using the
simulation software HOMER (Hybrid Optimization Model for Electric Renewables, 2010).
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Fig. 1: Preliminary sketch of the RES building (on the left). The blue area is assumed to be covered with PV panels. Three
possible locations of the wind turbine are shown.

3. Methodology
The following method has been used:
• Load profile assessment: all the ordinary loads in a commercial building will be listed and analysed.
Calculations for each electrical load will be performed to achieve a final load profile that fits with a
typical office building demand. The load profile will be used as an input for the hybrid system
simulation software.
• Resource assessment: the renewable energy potential from the local sun and wind sources will be
assessed, taking into consideration the possible constraints and site location.
• Modeling and optimization of the hybrid system: a grid-connected and a stand-alone case will be
modeled and optimized using simulation software. The inputs for the simulation are the load profile
and the assessed solar and wind resources. Different scenarios will be tested to perform a sensitivity
analysis on certain parameters.
• Comparison of results: results from the simulation will be commented and compared with literature
values for validation.
• Economical analysis: an economical study will be performed on the possible scenarios, taking into
consideration the energy flows to and from the grid.
3.1.

Load profile

The load profile evaluates the different electric loads that are commonly present in commercial buildings:
lighting, office equipment (PCs, printers, etc.), fans for ventilation, tap water heating, space heating and
cooling. The assumptions are 246 working days per year and 12 hours of office work per day.
The electricity demand for lighting was calculated for each season, taking into account the percentage of
clear sky days (NASA, 2010) when no lighting is needed except for corridors and restrooms (assumed to
represent 30 % of the total surface area). The standard power demand is 15.8 kWh/m2a (Dokka et al., 2009).
The calculated average lighting demand is 11.64 kW for summer, 12.40 kW for winter and 12.19 kW for
spring/autumn. The difference between summer and winter power requirements for lighting is small due to
the low frequency of clear sky days during the different seasons in this region of Norway. When the sky is
overcast or cloudy the use of artificial lighting is necessary for office work.
Low energy consumption office equipment is assumed (Energy Star, 2010; LCD Monitors, 2010), with a
specific load of 7.5 W/m2. The resulting yearly office equipment load is 22.14 kWh/m2a. During the night,
the server in the data centre is assumed to be operating continuously at all times of the year. An electric
demand of 3 kWh/m2a is assumed (Mariager, 2009).
The use of mechanical ventilation is assumed to occur during working hours and in the office area only (70
% of the total area). The ventilation energy demand is set at 5 kWh/m2a (Sustainable Solar Housing, 2006).
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Water heating can be supplied by solar thermal panels in summer, whereas in winter an electric heater will
be used. During autumn and spring, half of the winter load will be assumed. The consumption of hot tap
water is set at 5 kWh/m2 per year (Norsk Byggtjenestes Forlag, 2007). For the RES building we assume 50
% of the hot water demand is provided by solar thermal power (Grini et al., 2009).
The power needed for space heating should take into account solar gains through glazing and walls, heat
losses (from the whole building) and heat gains (from occupants, electrical equipment and lighting). The
solar gain will be neglected in this calculation because no detail about the building architecture is available.
The other assumptions for the calculation are: desired indoor temperature 18°C, and the daily average
outdoor temperature for Eik (the closest meteorological station) measured during 2008 is used as a reference
for Tout (eKlima, 2010). (More reliable estimates can be obtained by including long-term weather data).
The calculated daily heating demand [W/m2] is:

hdemand = hgain − [k loss ⋅ (18°C − Tout )] ,

(1)

where hgain is the heat gain value (a value of 5.4 W/m2 is assumed here according to (Dokka et al., 2009)),
kloss is the heat loss coefficient (an average value of 0.5 W/m2K (Dokka et al., 2009) is assumed here; it
depends on the thermal performance of the building envelope and its air tightness) and Tout is the average
outdoor temperature for a specific day. When hdemand is a negative value, it represents the heating demand for
that specific day (if positive there is no need for heating). Based on this method, the specific annual heating
demand is about 11 kWh/m2a. Figure 2 shows the resulting heating demand during the year.
The degree days are used to calculate the daily cooling demand during the summer months of June, July and
August. During these months no heating demand is calculated as no extreme low temperature is expected.
The minimum outside temperature to start the cooling system was set to 15°C. The difference between 15°C
and the average outside temperature during the summer (eKlima, 2010) is ∆T = (Tout - 15°C) = 2.7°C.
Assuming the standard energy demand for cooling a commercial building in Norway equals to 4 kWh/m2a
(Grini et al., 2009), which takes into account the internal heat gains due to equipment and occupants, then the
average power needed for cooling the building is Pcool,average = 1.6 kW. If we divide this power by ∆T we
obtain the specific cooling loss rate (Pcool,specific), which represents the amount of power needed to keep a
comfortable office temperature per Celsius degree above 15°C outdoor temperature:

Pcool,specific =

Pcool,average
∆T

= 0.60

kW
o
C

(2)

This parameter is used to calculate the daily variation of power demand for space cooling depending on the
outside temperature. Figure 3 shows the resulting cooling demand during summer.

Fig. 2: Annual evolution of the estimated heat demand of the analysed building. Given are daily averages.
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Fig. 3: Estimated cooling demand during summer. Given are daily averages.

The average electricity consumption of the RES building during the year is about 420 kWh/day. We consider
a base load profile during weekends and holidays (no lighting and equipment load, except for the data server,
which needs to be continuously operated). The specific load will be about 44 kWh/m2 per year, lower than
class A energy label for buildings (<84 kWh/m2a (Norges vassdrags og energidirektorat, 2010)). Figure 4
shows the share of different energy loads during the seasons.

Fig. 4: Share of different energy loads during the seasons. Space cooling demand occurs only in summer.

3.2. Resource assessment
The resource assessment was performed by comparing publically available data sources.
For the specific solar radiation on a horizontal surface, the databases from NASA (NASA, 2010) and the
Photovoltaic Geographical Information System of the European Commission Joint Research Centre, PVGIS
(PVGIS, 2010) were consulted. For the location of Bjerkreim the average of both sources gives a value of
897 kWh/m2 per year. For an optimal inclined plane (inclination of 58.6°) the corresponding irradiation value
is 1053 kWh/m2 per year.
For wind speed data, results from the Weather Research and Forecasting Model (WRF Model, 2010) were
selected as the most reliable public data source available. The average wind speed in Bjerkreim (5.5 - 10.4
m/s monthly averages at 50 m above ground) was found to follow a typical Northern European trend: lower
wind speeds in summer and higher in winter. The combination of solar and wind power is therefore
beneficial for a hybrid system, since the two sources compensate for each other’s minima.
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3.3. Modeling and Optimization of the Hybrid System
The hybrid system simulation was carried out by using the software HOMER, and several hybrid system
scenarios were tested. The scenarios differ in terms of the number and size of wind turbines, the PV module
area and the use of the grid. The case of a grid-connected system is then compared to a stand-alone system
(with the addition of a battery bank and a biogas generator), to check the economic cost of going off-grid for
a commercial building.
In the grid-connected case, the hybrid system is composed of:
• Wind turbine: three types of wind turbines (WT) will be investigated (Northern Power NV100/19
(NPWT, 2010), Entegrity eW15 (eW15, 2010) and BWC- Excel S (BWC, 2010)). The rated powers
are 100, 50 and 10 kW, respectively, and 1 or 2 wind turbines of the same type will be simulated.
• PV modules: Sanyo HIT Power 215N solar modules (Sanyo, 2010) are assumed. The simulation
will be run with 25, 50 and 75 kWp PV power. The effect of temperature is considered in the
simulation.
• Converter: the size of the converter will be equal to the PV size (as the wind turbine already
produces alternating current). Therefore the choice of the converter will be 25, 50 or 75 kW,
according to the PV system size.
• Grid: the electricity cost from the mains is set as 0.1 €/kWh and the sellback rate is assumed at 0.01
€/kWh (Haase and Novakovic, 2010). This feed-in tariff is currently only valid for wind power. We
will assume this tariff for all excess energy produced by the hybrid system, otherwise a dump load
would be necessary to dissipate excess energy produced by the PV system. Net metering is applied.
For the stand-alone case, a battery bank and a biogas backup generator are added to the system and the
converter has different size options:
• Battery bank of the type Hoppecke 8 OPzS 800. Nominal voltage 2 V, Nominal capacity 800 Ah,
lifetime throughput 2741 kWh, 24 batteries per string, 1 or 2 strings.
• Biogas backup generator: Stratos TBG 90, calorific value of the biogas 23 MJ/m3, nominal electrical
power output 91 kW (Biogas generator, 2010). Generation in part load 45, 50, 60, 65 or 70 kW.
• Converter: for each scenario, the size of the converter will be equal at least to the PV array size up
to the maximum power of the wind turbine (to allow battery charging). Therefore the size will be
25, 50, 75, 100 or 200 kW.
In the grid connected case, the renewable energy fraction RF [%] during the year is calculated as:

RF =

WT Output + PV Output − Energy Sold to Grid
⋅100,
AC Load

(3)

where all the terms are expressed in [kWh]. The RF is in this case an index of renewable energy produced
and used directly on site. In the stand-alone case the renewable fraction does not include the term 'Energy
Sold to Grid', and the energy from the biogas is subtracted since the biogas is assumed to be not produced on
site.
Tab.1 shows the characteristics of the different simulated scenarios (six in total). Fig.5 gives an overview of
the calculated energy flows, as well as the RF value for the grid-connected case with a 50 kW wind turbine.
The RF increases significantly when increasing the number of wind turbines from 1 to 2 (from Scenario 1’ to
Scenario 4’ the increase is 9 %).
If we choose to compare the use of 25 kW of PV power to 50 kW (i.e. Scenario 1’ and 2’), RF increases by 8
% but this also means that the roof area dedicated to the PV module will be twice as large. It can also be
observed that most of the renewable energy produced is sold to the grid. The reason is found in the temporal
mismatch between the energy generation and the building load.
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Tab.2 presents the optimal results for each wind turbine case in the stand-alone simulations. The excess
energy produced is high and cannot be used by the system, therefore a dump load may be required. For the
same purpose, the system control management can imply droop control by the inverter, as well as a smart
control of the PV and wind turbine production. The biogas consumption is significant: the transport of biogas
from the production site to the user has to be studied carefully, as there is no public gas distribution network
available. An onsite gasometer and truck transport should be carefully planned. The RF term is quite high
even if it does not include the biogas energy.
Table 1: PV size and wind turbine number in the simulated scenarios.

Scenario
PV [kW]
WT [#]

1
25
1

2
50
1

3
75
1

4
25
2

5
50
2

6
75
2

Fig.5: Overview of the annual energy (kWh/a, left axis) and the renewable fraction (%, right axis) produced in the six different
scenarios with the Entegrity wind turbine.

Table 2: Optimal results for each wind turbine case for stand-alone simulations.
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WT type and size

PV
[kW]

RF
[%]

BWC 10 kW
BWC 20 kW
Entegrity 50 kW
Entegrity 100 kW
NP 100 kW
NP 200 kW

75
50
25
25
25
25

48
47
69
84
80
90

Excess
energy
[MWh/a]
24
28
98
234
175
407

Biogas
[m3/a]
44430
46563
37451
29541
30935
25866

4. Data analysis
4.1. Validation of results as estimated by the HOMER scheme
The results of simulation programs should ideally be checked against measured values or compared with
other simulation programs. When this is not possible, other parameters can help to validate the simulation
results. The latter approach is taken here.
For the PV system, the annual power yield is expected to be in the range 700-1000 kWh/kWp (German
Energy Society, 2008). HOMER provides a value of 863 kWh/kWp per year for the current simulation (the
total solar irradiation on the module plane is given as 1053 kWh/m2 per year). This value may be compared
to values reported from well-designed systems in Germany reaching close to 1000 kWh/m2, where the total
annual irradiation is about 15 % higher (Drews et al., 2008).
A suitable parameter for checking the simulated wind turbine performance is the capacity factor (the mean
output divided by the total rated capacity). Capacity factors typically scatter between 15 and 40 % depending
on location and turbine design. In our case study, HOMER produces capacity factors of 20 % (BWC- Excel
S), 27.7 % (Entegrity eW15) and 29.3 % (Northern Power NV100/19). These values can be considered
reasonable for turbines with the given ratios of rated power per rotor area as selected here, and for the given
wind conditions.
4.2. Economical Study and Discussion of Results
HOMER ranks the simulation results by means of the total Net Present Cost (NPC). Costs include capital
costs, replacement costs, operation and maintenance costs, fuel costs, and the cost of buying power from the
grid. Revenues include salvage value and grid sales revenue. The cost of energy (COE), in €/kWh, is also
provided for each simulation. Fig. 6 and 7 show an economic overview of the simulated scenarios. The main
objective is to find out which scenarios have a high renewable fraction with low NPC and COE. Another
criterion to evaluate is the degree of independence from the grid.
In the grid-connected case, the range of NPC varies from 400 k€ to 1700 k€ and the COE varies from 0.2 to
0.89 €/kWh. By observing Scenarios 2’ and 3’’ it can be seen that with nearly the same NPC, the RF of 3’’ is
10 % smaller. The choice would therefore fall on Scenario 2’.
In the stand-alone case, the NPC is much higher, varying from 1000 to 1800 k€ and the COE from 0.5 to 0.9
€/kWh. It can be seen how the RF changes from Scenario 4’ to 3’’: the NPC slightly decreases but the RF is
over 30 % smaller. The stand-alone hybrid system has a too high cost to justify an investment. Moreover, the
national grid is not located far from the building site. Therefore, the best choice under these conditions would
be a grid-connected hybrid system.
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Fig. 6: Economic overview of the grid-connected scenarios. Given are net present cost, renewable fraction and cost of energy
for the different configurations analysed.

Fig. 7: Economic overview of the stand-alone scenarios. Given are net present cost, renewable fraction and cost of energy for
the different configurations analysed.

5. Conclusions
It is clear that a renewable energy hybrid system - even for the less expensive grid-connected option - is an
expensive and not competitive investment under the given economic conditions in Norway. However, other
values have to be taken into account when making an overall evaluation: the development of research on
alternative energy sources in view of fossil fuel shortage, the future lower cost of components (more
available in the market and better designed), the continuous increase of efficiency (for instance in inverters
and batteries), and the possible use of excess renewable energy for charging electric cars. Moreover, the
choice of using a renewable energy hybrid system will have a positive environmental impact, and contributes
to meet the objectives of the EU growth strategy for the coming decade in terms of reduced CO2 emissions
and increased production from renewable energy sources (EU 2020).
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The high NPC of the systems is due to the current lack of incentives for developing new renewable energy
systems. Norway, due to large share of hydropower in the grid, has striven to adopt effective feed-in tariffs
that could facilitate renewable energy investments. There are several barriers to the construction of lowemission zero-energy buildings. As with many energy-efficient technologies, initial costs are high and
building owners may perceive the long-term benefits as uncertain if the initial investment is not reflected in
re-sale values. However, in the near future, new building codes in Norway will demand an energy fraction of
between 50 % and 60 % to be covered by renewable energy sources. Moreover, a green certificate market
will start in 2012 to promote renewable energy installations, and this is expected to have a positive influence
also on the market for low-emission buildings.
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1. Introduction
In Japan, the serious damages were occurred by the earthquake and seismic sea wave (Tsunami) called the
Great East Japan Earthquake that was happened on March 11, 2011, and the electric power and heat source
were immediately needed everywhere in the devastation area. It is especially expected to construct new
philosophy of energy supply system which contains both thermal source and electric power generation. In
addition, the system is fundamentally needed to decrease Green-House Gas (GHG) according to the
universal consensus to realize the sustainable low carbon society.
The surrounded situation of energy in Japan has completely changed after the Earthquake. There are three
problems. The first is energy supply after the Earthquake especially from the viewpoint of stable electric
power supplies, the second is world pledge of 25% reduction of GHG compared with 1990 year until 2020,
and the third is the introduction of renewable energies. To straighten out the energy problem while
maintaining social revitalization, the nuclear reactor must be stably operated, and the world pledge of the
GHG reduction must be kept, and there is no other method except increasing the ratio of renewable energy
and also saving energy.
The power density of renewable energy like the solar energy, the wind force and any other sources is low,
and even if tens of years pass from development, it is invariable that total cost is expensive as a fatal defect
in the realization of renewable energy often called natural energy although the increase in efficiency and
reduction in costs are advanced.
In the first, the possibility of renewable energy against a disaster is highly demanded that the system is
independent and dispersed as an energy source, even when power failure occurs in the power grid. Secondly,
a high total thermal efficiency is indispensable to enable the system cooperation in normal circumstances
except for a disaster. Highly effective use and smart cogeneration, Smart Heat and Power (SHP), of solar
energy are described below as an example.
The energy network named Smart Grid has already proposed by many researchers, governmental institutes
and energy companies, moreover, we proposed additional concept of SHP to join the thermal and electric
power storages, by all means, the concept is moved ahead the already presented Combined Heat and Power
(CHP) that is popular in Northern Europe utilizing wood biomass from the forest and developed the ideas of
SHP by us. There are three important points to take full advantage of the solar energy. Firstly, the solar
system itself has to make effort to maximize total thermal efficiency. Secondly, another energy supply is
needed to combine the solar energy, for example, with the biomass such as wood biomass stove for firewood
or woody pellet utilizing thermoelectric converter (TEC). Thirdly, the combined system has to maximize
total thermal efficiency, moreover, the system is needed to maintain the best performance in storage systems
charging and discharging both heat and electric power, by keeping independent or harmonizing with the
power grid.

3631

2. High efficiency utilization of solar energy
The intensity of solar energy is 1.37 kW/m2 in the space of outer atmosphere of the earth, and the direct
sunshine on ground of the earth is about 1.0 kW/m2 in perpendicular to the sunshine rays. The energy
spectrum of sunshine on the earth has many absorption bands caused by ozone, water, oxygen, and the
carbon dioxide, and other gases in the atmosphere. By realizing the energy utilization as high thermal
efficiency, it will be possible to perform the reduction of fossil fuel consumption, GHG generation and the
expensive cost, respectively. Therefore, many efforts has been performed to develop high thermal efficiency,
the effort has been also conducted in the utilization of solar energy.

Fig. 1: Solar energy utilization by permselective mirror

Fig. 2: Full spectrum utilization method of both visual
and infra red of solar light
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Kisara and Niino et al. (2008) of the Japan Aerospace Exploration Agency (JAXA) have been attempting to
utilize whole spectrum of solar ray. Figure 1 shows the relation between spectrum power and wave length of
solar light at outer space of the earth which have no absorption by the surrounding atmosphere, and also
shows the separation method by permselective mirror. The region of shorter wave length is mainly visible
light and the longer wave is infrared ray, respectively. Figure 2 shows the apparatus of power generation and
thermal utilization to divide solar light into two regions of visible and infrared rays by permselective mirror.
The electric powers are generated by visible light with solar cell and infrared light by thermoelectric
converter (TEC). The thermal energies are also able to be collected by heat removal from cooling technology
for concentrated photovoltaic solar cell and for thermoelectric converter. The separated energy is about 60%
by visual light and 40% by infrared, respectively. The dividing method of solar light by permselective mirror
is able to realize whole energy use and it is possible to use all energy without uselessness.

Fig. 3: Three layer separation of solar light
by compound photovoltaic cell, ref. Sharp corporation

Figure 3 describes the diagram of spectral power and wave length for multi-junction solar cell based on the
technical report by Takagi (2010) in Sharp Technical Journal. This type of solar cell is constructed by three
layers of photovoltaic semi-conductor, visible shorter wave than red, two zones of infrared ray, in which the
thermoelectric converter is not used.
There are many methods to realize high total thermal efficiency in solar energy utilization, and many
combinations are considered among photovoltaic solar cell, thermoelectric converter (TEC), and dividing
wave length zone, for example, visible light and infrared ray, in the followings.
(a) Only visible light solar cell power generation
(b) Visible light solar cell power generation, infrared ray thermoelectric power generation, and waste heat
recovery
(c) Visible light and infrared ray solar cell power generations, and waste heat recovery
(d) Visible light and infrared ray, only thermoelectric power generation
(e) Visible light and infrared ray, thermoelectric power generation and waste heat recovery
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Fig. 4: Solar tracking system in Miyagi University

Fig. 5: Concentrate unit by Fresnel lens and thermoelectric conver

Figure 4 shows the thermoelectric power system by solar tracking device installed at Miyagi University in
Japan. Thermoelectric converter (TEC) device is installed on the center, the left and right sides are
Photovoltaic (PV) solar cell and solar thermal tube device, respectively. The solar tracking TEC device is 2
m square in dimension and that is composed of 100 units of 200 mm square TEC single unit, however, which
has no permselective mirror. The TEC device is the system (d) visible light and infrared ray, only
thermoelectric power generation, described above in the five classifications. Figure 5 also shows the
smallest TEC single unit which has 200 mm square clear panel of acrylic plastics Fresnel lens. The
composite of TEC is 20 mm square in dimension of bismuth telluride and cooling device is thermal fins. The
concentration ratio of solar light is about 100. The experimental result by the solar system indicates some
technical problems such as thermal contact resistance to improve the efficiency of TEC, moreover, it is
clarified what is the most valuable technology to get high total thermal efficiency by utilizing both heat and
electric power.
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3. Biomass utilization
Figure 6 shows the performance of experimental study in which the power generation by thermoelectric
converter is proved under the condition of wood pellet combustion. Biomass stove is often used in cool and
cold seasons as the heater to maintain the temperature comfortable inside the house for a long time. Biomass
stove is always able to charge the electric power when the room heating or cooking is done in the house, it
will compensate the defects that the solar energy cannot be generated in nighttime and the period of cloudy,
rainy and snow weathers. Yano, T., and Hoyama, K., et al. (2010) showed the experimental result of
possibility to charge the batteries and mobile phone, and also showed the possibility of combined system
both heat and electric power utilizing wood biomass, thermoelectric converter and solar energy.

Fig. 6: Power generation by thermoelectric converter
with biomass pellet stove
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4. Smart Heat and Power (SHP)
The solar power generation has two major defects which are no continuity in daytime and low power density.
The solar system is not able to generate heat and electricity at nighttime, and the solar power is very small in
rainy and cloudy days. Moreover, the power ratio in average of unit year that can be actually used in Sendai
city of Japan is only 12 % as shown by Suginome, S., Yano, T., et al. (2010), compared to the total efficiency
concerning the equipment ability. Then, the combination of solar power and biomass, and other renewable
energy is expected to make power equalization and also full use of heat and electric power storages.
Figure 7 describes the concept of the Smart Heat and Power (SHP) by utilizing renewable energy. The main
advantage is the heat and power storages. The renewable energy, such as solar photovoltaic cell, solar
thermal, wind power, geothermal, small hydro power, biomass co-generation etc., will be combined to make
full use of the characteristics of renewable energies, and also it is possible to connect with the power grid in
most effective patterns.

Fig. 7: Smart Heat and Power (SHP) by renewable energy
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5. SHP against a disaster
What system is desired in the disaster by the earthquake and seismic sea wave such as the Great East Japan
Earthquake? The answer is four items that are, in very short terms, the electric power, heating, water and
food. To add more supplementary statement, it is needed that the electric power, heating and hot water, drink
water and daily life water, and of course, food system to maintain their lives.
Figure 8 describes Smart Heat and Power (SHP) against a disaster. In this figure, the wood biomass such as
wood wastes and forest thinnings are used, and solar thermal tube and photovoltaic cell are combined in the
disaster system. When the disaster happens, there was a portable power generator by gasoline or portable gas
burner, however, there was no gasoline or portable gas canister, if there were not only small amount of fuel
in a coming short time, the fuel supply cannot keep up with the rapid increase of fuel demand. It is needed to
introduce the SHP into the preparation system against a disaster. The main concept of SHP against the great
disaster such as big earthquake is the fully independent and perfectly dispersed power system. Moreover, the
introduction of renewable energy into SHP against a disaster is remarkably effective for the lack of fossil
fuel such as oil or coal. The thermoelectric convertor (TEC) has not a mechanical or movable part, which
can expect high reliability, and can also combine the biomass combustion equipment, sunlight, and heat.
Moreover, reliability rises rapidly if electricity is charged to the rechargeable battery by this combination and
heat is stored in thermal storage equipment.

Wood biomass
Wood
wastes

Sunshine
Forest
thinnings
Forest
Natural convection SHP

Solar
thermal tube
TEC module

Hot water

Bath

Washing

Electric power

Thermal
storage
Lithium-ion batteries

Lighting

Mobile phone

Inverter

Cooking

Electric bicycle
Outlet

TV

PC

Fig. 8: Smart Heat and Power (SHP) against disaster
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6. Total thermal efficiency
The most important issue is the total thermal efficiency in utilization of renewable energy, which determines
the cost reduction of energy system and decrease of green-house gas (GHG). In many case, especially in
solar energy, the most heat is exhausted from solar cell after electric power generation. When the high
thermal efficiency is realized, the cost and GHG emission dramatically decreases. Figure 9 shows the
comparison of total thermal efficiency. (a) The maximum efficiency of photovoltaic power generation is
about 20 % in the market, according to the result of a recent research and development, the power generation
efficiency has been rised up to about 42 % in a champion data, (b) Visible light solar photovoltaic power
generation, infrared ray thermoelectric power generation, and waste heat recovery, the sunlight separation
and heat recovery shows about 55 %, (c) solar thermoelectric power generation with visible and infrared rays,
and the waste heat recovery is ideally expected to 80 % , (d) combination of biomass combustion in the room,
TEC power generation and waste heat recovery also expected to 80 %, when the heat recovery is consumed
at the nearest site, such as fuel cell system has already shown within the house. The dotted line of (c) and (d)
in Fig.9 show several per cents of electric power generation in general efficiency by TEC, however, the
recent research and development describe that the efficiency of power generation by TEC will become 15 %
in near future.
Figure 10 shows the concept model of plant factory by greater use of renewable energy and Smart Heat and
Power (SHP). This concept describes the example of SHP utilization in usual day, however, which will be
utilized as the independent and dispersed power system for a disaster even in the blackout of conventional
power grid.

Fig. 9: Total thermal efficiency combined solar and biomass utilization
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Fig. 10: Plant factory model by renewable energy
and Smart Heat and Power (SHP)

7. Conclusion
To utilize the renewable energy more efficiently, it is needed the storage technologies of thermal power as
heat and electric power, by combining of different renewable energies such as solar and biomass. The
concept of Smart Heat and Power (SHP) system is described here and SHP has two types of storages for
electric power and thermal power. To perform high thermal efficiency, the distance between electric power
generation and heat source is needed as short as possible, moreover, the shortest distance from heat
consumption position is desired.
Moreover, to realize SHP against a disaster, the system has to be independent and distributed perfectly. The
key point for a disaster is to supply the electric power, heating, water and food at an instant. When the SHP
against a disaster has the water and food supply systems, it will become full service system in a disaster such
as the great earthquake.
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1. Abstract
Solar Home Systems (SHSs) are considered an option to supply the basic electricity dependent energy services to dispersed rural households in unelectrified regions of world’s Sun Belt. Recent experiences in China,
India and Bangladesh have consolidated the view that for many applications solar PV is the least cost and the
most environmentally preferred option for increasing access to electricity for rural households and small
enterprises in these rural and remote areas. In some countries (e.g. Bangladesh) SHSs are considered to be
successful but that is not the case in other places.
There is a need to determine the success of SHSs and to find out what factors influence this success. The
objective of this research is to determine the stakeholders understanding on success of SHSs, success factors
and the barriers impacting on the success, the indicators of success and how we can quantify the success.
To address the research objectives a desktop study is carried out to identify successful and failure programs.
Based on this desktop research SHS’s stakeholders will be interviewed on their views on success of the programs.
This paper proposes a framework for assessing the degree of success of SHSs including a consideration of
the key factors that contribute to success. In future work feedback from relevant institutions will be incorporated in the process of developing the success framework and the relative importance of the various factors
and barriers influencing the SHS’s success. It is proposed to develop a weighting system for these factors
that can influence the success of SHS’s installations.
2. Introduction
Availability of modern energy impacts on development. The BMZ report (Marré, Krämer et al. 2008)
proposes positive effects on
employment,
education,
health, environment, preservation of resources, security of
supply, peacekeeping, world
market dependency, financial
resources, and economical
stability. (Koppers, Marré et
al. 2007) (BMZ) structure the
impacts of energy supply as
depicted in Fig. 1.

Fig. 1: Impacts of Energy (Koppers, Marré et al. 2007)

U.S. census data estimates the
world’s population to be
6,78E9
inhabitants
(U.S.
Census Bureau 2011) while
the
world’s
electricity
generation is in the range of
20,1E12kWh/a (BP 2011)
(both data for 2009). This
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leads to an average daily electricity generation of 8,12kWh/d per capita.
At the same time, around 1,44E9 persons do not have access to any electricity (WEO 2011) meaning that one
quarter of world’s population misses out on the above mentioned impact of modern energy supply.
The benefits of electricity use in households are manifold, and include, when simply comparing kerosene or
paraffin illumination to electric light:


Reduction of local ecological impact, (e.g. indoor air quality)



Safety of energy service supply (e.g. fire hazard)



Efficiency of energy service supplied by electric applications (e.g. lumen/W)



Economic advantages of energy service supplied by electricity ($/lumen hr)



Operational reliability of electric energy service appliances (e.g. candle light extinction by a breeze)

Some energy services can only be provided by electricity, e.g.:


Infotainment (radio, TV)



Bidirectional (tele)communication

Even small amounts of electricity can make a considerable impact on the quality of life in the areas where
conventional grid electricity is not available (IEA 2004).
Aid Effectiveness comes into focus of international development assistance. This debate primarily finds
expression in two key international documents, the Paris Declaration of 2005 and the Accra Action Plan
from 2008. Donors and partner countries are looking for ways to strengthen cooperation, efficiently design
projects to achieve maximum impact - even in times of crisis. This development demands tools to gauge the
quality and potential success of projects.
SHSs technically can fill the gap by supplying basic electricity related energy services in Sunbelt countries.
Electricity supplied by SHSs can be an economically competitive option as compared to grid extension
(Gabler 2009). A 50Wp SHS can provide in the range of 100Wh/d of electricity to a rural household in a
Sunbelt country.
This paper will address the success of SHSs.
A conceptualized model will be developed for measuring the success of SHSs. The model will introduce subdimensions of success, identify a set of factors leading to success, and then propose a series of indicators and
measurable quantities of success. Measurability of SHS’s success may contribute to the improvement of the
effectiveness of investments in rural electrification.
3. The Proposed Methodology for Measuring SHS’s Success
This research has four main objectives: First, we want to learn what success in terms of SHSs is. Certainly
success has different meanings for different stakeholders involved in SHS. We need to extract the key stakeholders and then determine their understanding of success. The different stakeholder’s appraisals of success
will be defined as sub-dimensions of success later in this paper.
Secondly, we want to elaborate on the factors leading to success of SHSs. Stakeholder’s perspectives on
success will differ but certainly intersectional success factors exist which contribute to multiple stakeholder’s
success. To define the success factors, indicators and measurable quantities for success need to be developed.
Thirdly, success factors need to be weighted to determine their influence on the sub-dimensions and the
overall success of SHS.
Finally we want to supply a methodology to provide an indication of the degree of success of a SHS project.
Research on success of SHSs is not a one-time undertaking but a continuous process of further investigation.
A major success factor is uniqueness (Nicolai and Kieser 2002). Once a specific uniqueness of a stakeholder
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is known it will be copied by others, thereby losing its uniqueness and hence losing its role as a success factor.
We hope to develop a starting point for a hypothesis on success of SHSs. It can only be a qualitative explorative research at this point.
The starting point for this study is the statement of (Weindlmaier, Schmalen et al. 2006): “...dass trotz der
Multidimensionalität und Multikausalität der Erfolg bzw. Misserfolg eines Untersuchungsobjektes auf einige
wenige zentrale Faktoren zurückgeführt werden kann.“ (translated by the lead author as ... that despite multidimensionality and multicausality success or failure is based on few central factors.) Applying “Abbildung
3: Methoden der Erfolgsfaktorenforschung” (translated as Figure 3: Methods of success factor research) of
(Weindlmaier, Schmalen et al. 2006) leads to a qualitative explorative methodology of this SHS’s success
factor research. The research will help to discover structures and relationships by filtering the potentially
relevant success variables. An explicit model for causal relationship does not exist at the start of the study
and so the research can only be explorative at this stage of the investigation. The data acquisition will be
qualitative. Some factors need to be considered which cannot be quantified. The identification of success factors will be direct by contrast to indirect identification. The success factors will be extracted from literature,
by expert interviews and by user’s interviews in field studies. In the field studies an analysis of contrasting
groups (successful implementation of SHSs vs. failure of SHSs implementation) will be carried out in the
future.
On one hand, homogeneity of research objects is a condition for success research. On the other hand the
research should have a minimum coverage of relevant aspects. It is necessary to balance the homogeneity of
research objects and the scope of research (Weindlmaier, Schmalen et al. 2006). In this project the research
will focus on SHSs of a generator power smaller than 150W p in un-electrified areas of rural sub-Saharan
Africa.
The scope of the research will be broad in terms of the types of stakeholders investigated.
Multidimensional indicators and operationalisation of success limited to considering quantitative success
factors such as financial quantities is a methodological deficiency. Weindlmaier and Schmalen (2006) state
that qualitative entities need to be included. All factors of success found in the literature will be considered.
Stakeholders interviewed will be requested to add factors and indicators of success to the initially identified
list provided in the surveys.
The latter appears to contradict the opening statement “... that despite multidimensionality and multicausality
success or failure is based on few central factors.” A reduction of potential success factors can take place
after having considered all possible factors and their indicators.
A precise definition of success indicators will be given so that all the respondents will add their statements
based on a common understanding.
Key informant bias needs to be addressed in the survey. “Given that many informants in studies of effectiveness and performance are themselves members or leaders of the groups about which they are making attributions, their reports are particularly prone to bias” (March and Sutton 1997). Cross-validation needs to be inserted in the interviews and it is necessary to assign answers to the interviewee and analyze the answers to
try and identify key informant bias.
Survival bias arises when analysis covers surviving enterprises exclusively (Nicolai and Kieser 2002). In the
planned field study it will be necessary to survey a region with successful SHS dissemination and a region
with failed SHS implementation. Here the challenge is to find a region of SHS failure as reports usually
describe success stories.
The overall research methodology is presented in Fig. 2.
Sub-Saharan Africa is chosen due to the homogeneity and high level of solar radiation. This fact is in favor
of the economic operation of SHS. It seems that less research has been carried on the African continent as
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compared to Asia (e.g. Bangladesh, India, and China). The predominant link languages English and French
simplify the project for the researchers.
Two field studies will be carried out. The regions of the case studies will be determined based on the results
of the stakeholder’s interviews.

Fig. 2 Methodology of the research on success of SHSs

4. Conceptualized Model of Success of Solar Home Systems (SHS)
The conceptualized model for success of SHSs developed by the authors is depicted in Fig. 3. Stakeholders 1
to m exist in the SHS’s environment. The stakeholders have (several) self-set goals for their engagement in
SHSs. Success factors 1 to n lead to the achievement of self-set goals. The success factors may interfere in
different stakeholder’s efforts to achieve success. Distinct success factors may have an impact on multiple
self-set goals. The indicator of each success factor and the measurable quantity of each success factor need to
be determined.
The achievement of self-set goals of stakeholders 1 to m need to be gauged. Therefore the indicators for
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achievement are determined and measurable quantities for the achievement of self-set goals are defined.
Self-set goals themselves are sub-dimensions of success of SHSs. The sum of achievement of self-set goals
(sub-dimensions of success) will lead us to the overall grading of the success of SHSs in a distinct project.
Our current state of research on SHS’s stakeholders and their self-set goals are as displayed in Tab. 1 for
some stakeholders.

Fig. 3: Conceptualized model of success of SHSs

5. Stakeholders and Self-Set Goals
Stakeholders detected in the literature are: Project implementers, national governmental agencies, international governmental agencies, nongovernmental agencies (national and international), banks, utilities, donor
agencies (Hellpap 2011), (Urmee and Harries 2011). Local society in the sense of a group of people related
to each other through persistent relations may be considered a stakeholder. The persistent relationship could
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be the collective goal to enhance easy and affordable access to electricity for the members of the society.
As described in section 4 of this paper, stakeholders have self-set goals when investing in SHS technology.
For all stakeholders detected self-set goals are determined by the surveys of this research starting from literature and personal experience.
Tab. 1: A sample selection of stakeholders and their possible self-set goals

Stakeholder
User of SHS

Manufacturer of SHS’s
components

Members of supply chain of
SHSs

Possible self-set goals


Access to a certain energy service



Light



Infotainment (radio/TV)



Bidirectional (tele)communication (mobiles)



Improvement of energy services



Quality



Reliability



Access to a minimum amount of electricity



Reduction of energy related expenses



Access to society (e.g. by communication)



Income generation



Increase of wealth



Increase of study hours



Decrease of health related cost



Reduction of workload for household members supplying energy



Development of a market for manufactured components



Growth in sales



Growth in profit



Publicity



Generation of income



Growth in sales



Growth in profit



Publicity

6. Success Factors and their Measurement
From literature and from personal experience we develop success factors and measurable quantities related to
SHSs. These will be confirmed, modified and upgraded by stakeholder’s interviews and field studies. As an
example of the first step in this procedure we list some user related success factors and measurable quantities
in Tab. 2.
A similar list has been developed for all SHS’s stakeholders listed above.
Some success factors may share the same measurable quantity; for example the success factors user’s appreciation of SHS’s electricity and user’s wish to change energy supply technology. Both are measured by the
amount of money user is willing to pay for SHS.
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Further on the distinction between a success factor and a measurable quantity may be challenging. For example, Willingness to pay may either be a success factor or a measurable quantity.
Tab. 2: Initial list of SHS`s users related success factors and measurable quantities
(from literature and from personal experience)

Success Factor
User’s satisfaction

Measurable quantity
User’s estimate of grade of satisfaction (a qualitative indicator)

User’s economic situation

User’s monthly / seasonal / annual income and savings

User’s willingness to pay
for electricity

Amount of money user is willing to pay for energy and especially for electricity

User’s income generation
based on SHS

Income before and after installation of SHS

User’s need of electric
energy service
SHS’s maintenance
User’s mental model of
SHSs

User’s prioritisation of competitive choices
Amount of money user is willing to pay for electricity
Amount of payments / time invested in maintenance
User’s perception on:
-

Amount of service deliverable
No. of advantages of SHS and their weight
No. of disadvantages of SHS and their weight

User’s awareness of technology

User’s estimate of grade of awareness (qualitative indicator)

User’s knowledge on the
operation of SHSs

No. of users with a correct understanding of e.g. charge controller’s indications

User’s neighbourhood
experience

User’s estimate of experience in the neighbourhood (qualitative indicator)

User’s appreciation of
SHS’s electricity

Amount of money user is willing to pay for SHS

User’s wish to change energy supply technology

Amount of money user is willing to pay for SHS

User’s trust in SHS technology

User’s estimate of trust in SHSs as compared to other technologies (qualitative indicator)

User’s trust in members of
supply chain
User density

User’s estimate of trust in SHS supplier (qualitative indicator).
User’s prioritisation of competitive suppliers.
Mean distance between users in km / travelling time / travelling cost

The multidimensionality of SHS’s success can be captured from the great number of stakeholders, their
related sub-dimensions of success and the variety of success factors.

7. Conclusion
Until now there has been little research on success factors of SHSs. In reports on successful SHS projects
one finds mere figures of SHSs installed or project cost per SHS installed as an indication of success. We
want to deepen the understanding of success of SHSs. To date, the wide field of SHS’s success has been
reviewed and analysed: A methodology for this research has been developed, the conceptualised model for
success of SHSs is established and an initial list of stakeholders, as well as their self-set goals, has been
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determined. Indicators and parameters that can be quantified to measure success have been described. In the
next step of this research, the input of stakeholders will be sought by interviews and field studies. The final
goal is a comprehensive hypothesis on success of Solar Home Systems in the rural sub-Saharan African context that can be expanded into wider contexts.
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1. Introduction
Africa, probably more than any other continent, faces the double challenges of improving the living
conditions of its population by sharply increasing energy access, while at the same time developing its
energy sector in a way that is sustainable. The East African nations of Kenya and Tanzania are two examples
of countries that face these challenges most acutely: Both countries have quickly growing populations and
rising prosperity that lead to increased energy demand. Yet in both countries the electrification rates are
among the lowest in the world, with 14% and 11% respectively in 2005 (IEA, 2006). At the same time, both
Kenya and Tanzania continue to rely heavily on traditional biomass for most of their primary energy needs,
while undergoing structural changes in power sectors that used to be dominated by clean and abundant hydro
power as the primary source of electricity. The two countries therefore serve as good examples for
economies that face the energy challenge and where solar energy, already exploited since the 1970s, might
be part of the solution.
This paper (which is based on Ondraczek, 2011) combines data and information from a broad range of
sources to give an overview of the historical development and current status of the solar energy markets in
Kenya and Tanzania. The paper is based on an extensive literature survey that takes account of academic as
well as ‘grey’ literature. The literature review has been complemented by 25 personal in-depth interviews
with leading experts on the East African solar energy market that were conducted in September 2010 (cf.
Ondraczek, 2011, for further details). The paper provides a thorough overview that focuses on two of the
biggest economies in the region, which are also two of its biggest markets for solar energy applications.
Given the current market structure, the paper focuses on the market for off-grid solar photovoltaic (PV)
systems, but also makes reference to other solar energy applications.
The remainder of this paper is structured in the following way: Sections 2 and 3 present a concise overview
of the development and current status of solar energy markets in Kenya and Tanzania, respectively, and
section 4 provides a short summary and some concluding remarks.
2. Kenya’s solar energy market
2.1. Market development
The origins of the Kenyan solar market date back to the 1970s. During that decade the Kenyan government
started to use solar energy as a means to power signaling and broadcasting installations in remote areas. In
the early 1980s, the government, international donors and development agencies began to include solar
energy in their projects for the provision of electricity for various social uses in off-grid environments, such
as school lighting, water pumping and vaccine refrigeration. The demand for solar systems fostered the
emergence of a national PV supply chain. At the same time, donors supported the first training workshops
for solar technicians and demonstration projects. While donor and government procurement led to growing
demand for solar systems, some early pioneers started solar companies that specifically targeted the energy
needs of off-grid consumers in rural Kenya. In the 1980s a private market segment thus slowly started to
emerge alongside the donor market segment (Acker and Kammen, 1996; Hankins, 2000; Jacobson, 2004).
Throughout the 1980s and 1990s the private solar market grew dynamically, as falling system prices and the
introduction of smaller, more affordable solar systems combined with rising incomes in rural areas during the
agricultural boom years of the early and mid-1990s. It is the spread of radio and TV signals, however, that is
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most widely credited with inducing the rapid expansion of Kenya’s solar home systems (SHS) market. As
broadcasting signals reached more and more parts of the country, consumers were eager to own TVs and
radios, but lacked grid electricity to power these. A lot of these households turned toward so-called batterybased systems for their electricity needs, which many subsequently complemented with solar panels and
wiring for the recharging of the batteries (Acker and Kammen, 1996; ESDA, 2003; GTZ, 2009a; Hankins,
2000, 2010; Jacobson, 2007).
In the early 1990s the overall installed PV capacity was estimated at around 1.5 MWp, with approximately
two-thirds installed in institutional systems (Acker and Kammen, 1996). By 2000, the Kenyan market had
more than doubled to approximately 3.9 MWp and it was estimated that some 75% of the installed capacity
was used in households (ESDA, 2003; Moner-Girona et al., 2006). One decade on, the overall market has
reached between 8 and 10 MWp of installed capacity (GTZ, 2009b). Annual sales of solar PV systems have
recently reached 1-2 MWp and annual growth rates have been around 10-15% since the 1990s, with much of
the market dynamic stemming from demand for residential SHS (e.g. Hankins, 2010).
2.2. Market structure
Today’s solar PV market can be divided into three broad segments. The biggest segment comprises the large
number of residential SHS and some small-scale commercial PV applications (such as kiosk lighting and
mobile-phone charging). This segment makes up around three-quarters of the total installed capacity, or 6-8
MWp (GTZ, 2009b). The second segment consists of systems that provide electricity to off-grid schools,
health centers, missions and other social institutions in rural areas (ESDA, 2003). This segment used to
dominate the Kenyan market in the early years, but was overtaken in the 1990s by the emerging solar home
systems segment. However, increased procurement by the Kenyan government and development agencies
has resulted in a limited revival of the role of institutional systems in recent years (Ondraczek, 2011).
Nonetheless, this segment still constitutes only around 20-25% of the market, or a total installed capacity of
approximately 2 MWp (GTZ, 2009b; Moner-Girona et al., 2006).
While the use of solar energy in telecoms and broadcasting was among the earliest uses of solar energy in
Kenya (ESDA, 2003), newer applications such as solar-powered base stations in mobile-phone networks and
tourism establishments are only slowly emerging as the third market segment, which still remains very small
(GTZ, 2009b). Likewise, the use of solar energy in isolated mini-grids in rural Kenya so far remains very
limited and only tentative steps have been taken with respect to enabling regulation for PV systems feeding
into the national electricity grid (Chloride Exide, 2010a; GTZ, 2009a; MoE, 2010). So far, only two on-grid
solar projects have been installed in the country with a combined capacity of 575 kWp (Ondraczek, 2011).
Table 1 provides more details on the overall PV market and its segments in the year 2009.
Tab. 1: Overview of Kenyan solar PV market (based on GTZ, 2009b)

Market segment

Estimated installed capacity in MWp

SHS and small-scale commercial

> 6-8

Off-grid community systems

> 1.5

Off-grid schools

> 0.5

Off-grid telecom

ca. 0.1-0.15

Off-grid tourism

> 0.05

Overall market size

> 8-10

Similar to the success of the SHS market, a separate but related market slowly seems to be appearing in the
form of solar water heaters (SWH). The majority of SWH so far installed in Kenya are owned either by
wealthy households or hotels in urban areas, who wish to cut their electricity bills, or by tourism operations,
such as game lodges, when grid-electricity is unavailable (Chloride Exide, 2010a; Karekezi et al., 2005).
Annual sales were reported to have reached around 4,000-5,000 systems by 2008 (GTZ, 2009a) and the
overall number of SWH was estimated at around 55,000-70,000 systems in the year 2009 (Ondraczek, 2011).
This figure is expected to rise in the coming years due to new government regulations that stipulate the use
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of SWH in all new and existing urban buildings (ERC, 2010).
2.3. Solar home systems

Number of installed SHS (in 1,000s)

The biggest market segment for solar PV applications is mostly comprised of SHS. Annual sales of SHS rose
from around 100 kWp in the late 1980s and early 1990s to approximately 500 kWp or more since the year
2000, bringing the total installed capacity to an estimated 6-8 MWp (Acker and Kammen, 1996; GTZ,
2009b; Jacobson and Kammen, 2007). This capacity is installed in some 320,000 individual solar home
systems that were sold in Kenya during the past three decades (see figure 1), which implies that around 4.4%
of all rural households now own solar home systems (Ondraczek, 2011). This makes solar the second most
important source of electricity in rural areas after grid electricity, with a rural electrification rate of 5% in
2008 (Legros et al., 2009).
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Fig. 1: Estimated number of SHS installed in Kenya since 1990 (based on Ondraczek, 2011)

While annual sales of SHS are estimated to have grown from 1,000 in the late 1980s to around 20,00025,000 today, they have slowed somewhat during the past two to three years. This is reportedly due to
stagnating or even falling rural incomes and political instability following elections in late 2008 (Acker and
Kammen, 1996; Bailis et al., 2006; Karekezi et al., 2005; KEREA, 2010; Ngigi, 2008). However, when
compared both to historical levels and internationally sales remain high. On a global scale, the Kenyan SHS
market makes up around 10% of the market, putting it second only to China, which has a market share of
around 16%. When only looking at Africa, Kenya’s market continues to lead with a share of around 40% of
all installed solar home systems (Ondraczek, 2011; REN21, 2008).
The key driver for the spread of SHS is the need for electricity of rural households that are not connected to
the electricity grid. Since the early days of the Kenyan solar market, many consumers with a desire to own
and use a TV set and/or a radio perceived solar home systems as a viable option to generate the electricity
needed for powering these appliances. Incidentally, these two appliances reportedly consume the majority of
the electricity generated in SHS smaller than 25 Wp and still account for a sizable proportion even in bigger
systems (Jacobson, 2007). While the use of solar energy for lighting is only secondary in many cases, it
remains an important reason to purchase SHS. More recently, a major factor driving the demand for SHS has
also been the rapid spread of mobile phones and the need to recharge these (Chloride Exide, 2010a; ESDA,
2003; Moner-Girona et al., 2006).
2.4. Solar industry
Due to the long history, size and variety of the Kenyan solar market, a diverse and broad solar industry has
emerged that is unrivalled on the African continent, with the possible exception of South Africa. In 2009, it
was estimated that there were between 15 and 40 major suppliers of solar equipment in Kenya as well as
three manufacturers of lead acid batteries and nine lamp manufacturers (GTZ, 2009a; IEA PVPS, 2003;
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Ikiara, 2009). In addition, five to eight companies regularly imported solar systems and components and
several hundred sales agents and around 2,000 installation technicians served the national market (ESDA,
2003; GTZ, 2009a; KEREA, 2010). Along with South Africa, Kenya is therefore the only African country
with a sizable production capacity for solar components and lead acid batteries, and serves not only as an
import hub, but also as a manufacturing centre for the wider region (Moner-Girona et al., 2006; Centrotec,
2009; Ikiara, 2009). The same, albeit yet on a smaller scale, holds for the import and distribution of SWH,
where up to six companies are currently active in Kenya (GTZ, 2009a).

2.5. Outlook
The future of Kenya’s solar market seems to depend to a large degree on policies introduced by the Kenyan
government. In the area of SHS and other off-grid systems, most researchers expect continued growth in
sales and installations, but the potential market for both will ultimately be determined by a number of
external factors, including the success of Kenya’s rural electrification program. If this program succeeds in
connecting large numbers of rural consumers and institutions to the grid, this will naturally limit the scope
for solar in the long run. Yet it is still expected that the long-term potential for SHS alone could be around 30
MWp (i.e. a four-to-fivefold increase), while the long-term potential for all off-grid PV systems is probably
above 40 MWp (GTZ, 2009a), which underlines both the likely lasting importance of SHS and the scope for
further market growth.
In conclusion, one can argue that the Kenyan solar market can be depicted as a good example of a renewable
energy market that emerged largely without government intervention. The development of the past thirty
years has shown that renewable energy technologies, in this case solar energy technologies, can be
successfully deployed without major support from the state if they provide solutions that are attractive to
consumers or donors.
Since its early days, the Kenyan market has seen brisk growth from a very low base, which was largely
driven by the demand for solar home systems. In this context, the development of an industry that caters to
the needs of Kenya’s rural households (as well as the successful development of business models that
accommodate the specific circumstances under which these households make purchasing decisions) is rightly
perceived as a good example that could serve as a template for similar efforts of technology diffusion in
other countries and for other technologies.

3. Tanzania’s solar energy market
3.1. Market development
Tanzania began to consider solar energy as a means to generate electricity for off-grid uses after the first oil
crisis in 1973/74 (Sheya and Mushi, 2000). In the early years of market development, the electrification of
rural social institutions such as schools, churches and health centers by various off-grid solutions, including
solar PV, had been the main driver behind the initial demand for solar systems in the country (GTZ, 2009c).
Furthermore, the government and the government-owned telecoms and railway companies started to use
solar power for repeater stations and radio communication systems already in the 1970s (Sheya and Mushi,
2000).
Whereas public-sector procurement of solar systems began in the 1970s, the emergence of the Tanzanian
SHS market was mostly the effect of a spill-over from the Kenyan solar market that occurred much later:
After having emerged in Kenya during the 1980s, that country’s SHS market expanded into Tanzania and
Uganda from the late 1990s onwards. At that time, the first companies targeting Tanzanian households
started their activities and Tanzania’s own SHS market emerged (ESDA, 2003). While none of the earliest
solar companies had direct links to Kenya, their supply chain was closely linked with that of the northern
neighbor. The close integration of the Tanzanian and Kenyan markets is still present (Hankins, 2010).
Demand for solar home systems, which became the biggest market segment in recent years, was initially
driven by the spread of broadcasting signals and the availability of TV sets and radios (ESDA, 2003). More
recently, consumers have started to purchase solar systems also for mobile phone charging and to provide
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lighting in their homes, which according to some sources are the main reasons for the spread of SHS in
Tanzania today (e.g. Camco, 2010).

3.2. Market structure
Like in Kenya and other solar markets in Africa, the Tanzanian market can be separated into two broad
segments, solar PV and solar thermal. In the area of solar PV, the market had grown from an estimated 300
kWp in the late 1990s to approximately 1.2 MWp in 2003 and had reached some 3-4 MWp by 2009
(AFREPREN, 2003; ESDA, 2003; Karekezi et al., 2005; SIDA/MEM, 2010; WEC, 2007). This estimate is
underpinned by annual sales that grew from 70 kWp in 2002 to 200-300 kWp between 2003 and 2007 (GTZ,
2009c, 2009d; WEC, 2007). Since then the PV market has seen even stronger growth of 600 kWp and over 1
MWp in 2008 and 2009 respectively (SIDA/MEM, 2010). Hence, while annual growth was 15-30% in the
late 1990s and early 2000s (Chloride Exide, 2010b; Hankins 2010; WEC, 2007), it has considerably
accelerated in the past two years (Camco, 2010). Figure 2 shows estimated sales from 2005 to 2009.
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Fig. 2: Estimated annual solar PV sales in Tanzania (based on Camco, 2010)

The solar PV market can be segmented into a number of categories, with SHS and small-scale commercial
systems making up around three-quarters of installed capacity. The remainder of the PV market largely
consists of institutional systems in schools, health centers, missions and government offices, with other uses
of solar PV, such as in telecoms, game parks, tourism etc., playing only a minor role (Camco, 2010; GTZ,
2009c). Due to the increasing demand for SHS, which in many cases is promoted by donor-funded programs
of the government, the role of the Tanzanian government as a direct buyer of solar PV systems has
diminished in relative terms during the past few years. However, various government programs for the
electrification of social institutions mean that this segment remains important (Chloride Exide, 2010b; GTZ,
2009c; Kassenga, 2008).
The use of solar thermal energy with advanced technologies has so far been small. Although some solar
thermal applications can be found in agriculture, e.g. in the drying of coffee and fruits, the available
information suggests that these technologies are not yet widespread (Kassenga, 2008; TaTEDO, 2010).
Likewise, the market for SWH remains very small according to most estimates. These currently range from
1,000-3,000 installed SWH, around two-thirds of which are used in tourism, e.g. game lodges and hotels
(Nyamo-Hanga, 2010). The remainder is reportedly installed in households and some social institutions, such
as schools and health centers. In the early 2000s, around 100 SWH were installed in the country, suggesting
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that sales probably do not exceed a few hundred systems per year (Karekezi et al., 2005). A large part of this
uncertainty is explained by the fact that many SWH are imported from abroad without proper documentation
(GTZ, 2009c).

3.3. Solar home systems
In recent years, the market for solar home systems has become the biggest segment in Tanzania’s solar
market. Between 1993 and 2003 the market had already grown from a few hundred systems to around 500
kWp (ESDA, 2003; Sheya and Mushi, 2000). Since then, the installed capacity had doubled to approximately
1 MWp by 2008 (GTZ, 2009c, 2009e). In the following year growth has accelerated even further and the
overall capacity is estimated to have doubled again during 2009 to around 2 MWp (Camco, 2010). This
capacity was installed in an estimated 40,000 solar home systems already by the end of 2008, with annual
sales of 4,000-8,000 systems (Camco, 2010; Ondraczek, 2011). These figures, as well as a 2007 household
survey (NBS, 2009), suggest that approximately 0.6-1.0% of rural households in Tanzania currently use solar
energy as their main source of electricity (Lighting Africa, 2010; Ondraczek, 2011), as compared to a rural
electrification rate of 2% (Legros et al., 2009).

3.4. Role of government and donors
Large segments of Tanzania’s solar market remain dependent on the funding and expertise of the country’s
government, international donors and development organizations. These actors played a very active role in
the establishment of the market and remain important in the segment of institutional systems, where they act
as promoters and buyers of solar systems. Furthermore, Tanzania’s government provides various subsidies to
rural communities, households and suppliers of solar systems in an effort to stimulate demand and supply for
institutional and domestic solar systems. These efforts have been, and in some cases continue to be,
complemented by large development programs funded and run by actors such as SIDA, UNDP, GEF and the
World Bank (GTZ, 2009c, 2009f; Magessa, 2008; Msigwa, 2010; Nyamo-Hanga, 2010; Ondraczek, 2011;
REN21, 2008; TAREA, 2010; UNDP, 2010; Zara Solar, 2010). On a smaller scale, national and international
non-governmental organizations (NGO) remain active buyers of solar systems and providers of know-how
and training (GTZ, 2009f; Kassenga, 2008; Ondraczek, 2011; TaTEDO, 2010).

3.5. Solar industry
Through the efforts of these actors and the growing demand for residential and commercial systems, a solar
industry has developed in Tanzania in the past ten years. This industry serves both public and private buyers
of solar systems and slowly reaches all regions. In 2009 the industry was estimated to consist of around 20
companies with an explicit focus on solar energy, some of which were subsidiaries of Kenyan solar
companies (GTZ, 2009f; Magessa, 2008). In addition to these major players, numerous importers, dealers
and installation technicians are also actively providing solar systems or solar-related services throughout the
country. However, despite the growth in the geographic reach of Tanzania’s solar industry and the
emergence of new companies during the past years, the industry is generally perceived not to be very
competitive. Furthermore, poor transportation infrastructure and high transaction costs lead to high consumer
prices, while the quality of products and installations is reportedly still poor in many cases (ESDA, 2003;
GTZ, 2009c).

3.6. Outlook
While the largest potential for short-term growth is seen in off-grid solar PV installations (GTZ, 2009f;
Kassenga, 2008), the general outlook for SWH and grid-connected solar PV systems is also positive.
However, these depend on an enabling regulatory framework to a much larger degree than off-grid uses.
While some tentative steps have been taken to promote SWH and on-grid solar PV, the government so far
does not seem to intend to go much beyond current policies. This is reflected in the government’s Power
System Master Plan for the electricity sector, which almost exclusively focuses on the expansion of coal and
hydro power (GTZ, 2009f; Kassenga, 2008, 2010; SNC, 2009; TANESCO, 2010; Zara Solar, 2010).
Recent estimates forecast an installed capacity of around 40 MWp largely in SHS and off-grid social
institutions, but increasingly also in off-grid telecom, tourism and small-scale commercial systems (GTZ,
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2009c, 2009d). Therefore, it appears likely that solar energy will continue to contribute to rural
electrification, but will not play a major role in the wider energy and electricity mix of Tanzania.
In conclusion, it is probably appropriate to argue that the Tanzanian solar market is slowly developing into a
viable market in its own right and no longer just the spin-off of the Kenyan market that it was during the
early stages of its development. While a lot of the initial impetus, ideas, know-how and money for the
development of Tanzania’s market certainly came from its northern neighbor, the market in Tanzania is now
reaching a stage where domestic demand sustains the solar industry and the supply chain becomes less
dependent on Kenya. Nevertheless, personal and professional links between solar market participants in both
countries remain strong and may even become stronger as the East African Community deepens the
economic integration of the region.

4. Summary and conclusion
This paper tracked the development of solar energy markets in Kenya and Tanzania from the 1970s to 2010.
While both markets started to emerge some 40 years ago, they developed quite differently during the
following 30 years and only recently began to converge. Kenya’s solar market, on the one hand, started to
grow strongly already in the 1980s, which was largely due to the emergence of a major SHS segment
alongside government- and donor-procurement programs. By 2009 the market had grown to an estimated 810 MWp, approximately three-quarters of which were installed in SHS. These SHS, which numbered around
320,000 in 2010, were largely acquired by middle-class households in rural areas for the production of offgrid electricity for their TVs, radios, lights and mobile phones.
The remainder of the Kenyan market is largely in off-grid social institutions, with solar energy also being
used in the communications and tourism sectors. Other forms of PV use, such as in mini-grids and on-grid
electricity generation, are only slowly emerging. The major distinguishing feature of Kenya’s solar market
and its solar industry are that they emerged largely without government intervention. Since its early days, the
Kenyan market was mostly driven by consumer demand for solar home systems and the development of an
industry that caters to the needs of Kenya’s rural households.
Tanzania’s solar market, on the other hand, developed much more slowly and was more dependent on
government and donor support for a longer time. The country’s SHS market only emerged in the late 1990s
and early 2000s, largely as a result of a spill-over from Kenya and active market development programs from
donors and the Tanzanian government. By 2009 overall installed capacity reached an estimated 3-4 MWp,
with around 2 MWp installed in SHS and the remainder in institutional systems as well as some other
applications. The number of SHS was estimated at 40,000 systems in 2008.
The Tanzanian government and its development partners have invested major amounts in the development of
the country’s solar market, yet its industry remains much less advanced that that of neighboring Kenya.
Nonetheless, several major development programs as well as purchases of institutional systems have enabled
the market to reach its current size and to cover the entire country. It seems likely that the Tanzanian solar
market will be converging with the Kenyan market in the coming years as it grows in size and depth,
especially in the areas of institutional and home systems.
A number of differences have been observed between the solar markets of both east African nations, despite
some apparent similarities in the conditions for development of their solar markets. These differences can be
found in the way the markets developed over the past decades, how they are structured today, the role that
solar home systems have played in their development and how this segment emerged, the shape and size of
their industries and the importance and outlook of different solar applications. The in-depth analysis of the
reasons for differences in the development of markets in both countries will be the subject of future research.
In conclusion, one can observe that despite almost 40 years of market development and large solar resource
endowments, both Kenya and Tanzania at present use only a small part of their solar energy resource for the
provision of modern energy services. The role of solar energy in both countries so far remains mostly limited
to rural areas. There, an estimated 4.4% of households in Kenya and a reported 0.7% of households in
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Tanzania currently use solar energy for their electricity needs. Furthermore, thousands of rural institutions
use solar energy when the grid is far away. Yet despite the importance of these systems for rural
communities, the overall contribution of solar energy to the supply of primary energy or electricity is still
minuscule and estimated at less than 1% of total primary energy supply (IEA, 2010a, 2010b; Kassenga,
2008; Ondraczek, 2011). Assuming that current government policies do not change, this contribution of solar
will remain far below its economic potential, which may not be in the long-term interest of both countries.
An analysis of the past development of solar energy markets in Kenya and Tanzania suggests that
government policies will therefore be crucial for the direction that the development of these markets takes in
the future. Whereas Kenya’s largest market segment has mostly developed without active government
involvement, the entire solar market of Tanzania is much more the creation of an active government, its
supporters and the NGO community. This suggests that decisions by these actors will shape the future of
markets in Kenya and Tanzania.
However, based on present policies and trends, the direction of these markets could diverge significantly
during the coming years, as Kenya’s government looks set to promote new uses of solar energy much more
vigorously than Tanzania’s, especially in the fields of SWH and on-grid solar PV. At the same time, the
effectiveness of the rural electrification program and procurement programs for institutional systems will
determine the future of today’s biggest market segments in Kenya, while the market in Tanzania looks likely
to follow recent trends with further growth in the markets for SHS and institutional systems, but only halfhearted efforts at enabling new applications, such as on-grid PV and SWH.
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4.2 Thermal energy supply and solar food processing
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ABSTRACT
Few options are apparent for achieving a benign, sustainable energy future except those relying on the
utilization of solar energy in one way or another (Kaneff, 2004). Experience with fossil and nuclear sources
has revealed an array of unsolved problems of increasing concern as more evidence and understanding
emerges (Quaschning, 2005). Africa has the world’s best solar resources. Several countries have exploited
solar energy for water heating, crop drying, medical applications, and telecommunications, among other
things (Davidson et al., 2007). Solar energy can contribute to supply heat energy in households of SubSaharan African countries. A small scale dish concentrating solar energy system is being developed at the
Eduardo Mondlane University in Mozambique. The system comprises of the collector, the heat storage and
the oven. The main structure of the system has been constructed, consisting of the dish reflector, the sun
tracker and the piping mechanism.
An infrared camera was used to scan the temperature of the concentrated heat. The maximum temperature
reached so far is 350oC. The experimental focal area was found by mapping the reflections of the whole
reflective surface. The shape of the receiver/absorber obtained by the scanning process is semi-spherical.
3D hemispherical absorbers with 110 mm < d < 220 m need to be used and investigated. The collector
efficiency is too low.

Key Words: Solar, Thermal, Energy, Concentrating, System.

1. INTRODUCTION
Africa has a landmass of just over 30.3 million km2 and it housed 885 million people (in 2005) in 53
countries of varied and diverse sizes, socio-cultural entities. Sub-Saharan Africa is a geographical region
which lies south of the Sahara. This region has a population of 800 million (in 2007) and is the poorest in
the world in contrast of North Africa. Yet, on average, less than 60% of the total adult population in subSaharan Africa can read and write - one of the lowest adult literacy rates in the world (Kaneff, 2004).
Sub-Saharan Africa has only 57% of population using improved drinking water sources (in 2002). Access
to electricity, a generally accepted indicator for overall socio-economic development of any country or
region, is low in sub-Saharan Africa. Only 53% and 8% of urban and rural populations have access to
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electricity, respectively while in northern Africa 99% and 88% have, respectively, access to electricity.
Millions of people die because they don’t have access to health care in this region (Quaschning, 2005).

With exception of South Africa, where only 16% of the population depends on traditional biomass energy,
almost 80% of the population of sub-Saharan Africa depends on biomass resources for cooking, heating
and sometime for lighting. Furthermore, when firewood is burnt indoors, emit health damaging pollutants
such as carbon monoxide and many other health damaging substances.

Despite these problems, Africa has a variety of energy resources which include fossil and renewable energy
resources. Africa has the world’s best solar resources. Several countries in the region have exploited solar
energy for water heating, crop drying, medical applications, and telecommunications, among the others
(Davidson et al., 2007).
Solar energy can contribute to supply heat energy in households of Sub-Saharan African countries. Having
this in mind a small scale dish concentrating solar energy system is being developed at the Eduardo
Mondlane University in Mozambique. The system comprises of the collector, the heat storage and the oven.

1.1. SOLAR CONCENTRATING SYSTEMS

Many solar concentrating have been developed around the world. Artur (2009), developed and evaluated a
Solar Concentrating System for high temperature heat for solar oven with heat storage unit at the
University of KwaZulu-Natal in South Africa. The concentrator is a half satellite communication dish
covered with trapezoidal acrylic mirror tiles, and has a total collection area of 2.2 m2. The receiver/absorber
is a spiral coil of blackened stainless steel pipe, and the Calflo HTF was used as heat transfer fluid. The
system has high capability to produce high temperatures (around 180oC at the exit of the storage) for
domestic use and yield an overall efficiency of 35%.
Heetkamp (2002), developed a Small Solar concentration system with Heat Storage for Rural Food
Preparation at the University of Durban-Westville in South Africa. The system consist of a parabolic
concentrator is made of 2.4 metres diameter satellite dish with focal length of 0.915 metres. The reflecting
surface consists of 3 millimeters thick acrylic back-silvered mirror material. As in the system developed by
Artur (2011), the mirror tiles are trapezoidal. A volumetric receiver of 0.2 metres diameter was used. The
system has a geometric concentration ratio of 144, and the atmospheric air is used as heat transfer fluid.
Results show that the air is heated at temperatures around 300oC at the absorber exit and 250oC is achieved,
yielding an overall efficiency of the absorber/receiver between 40 to 80%.
Kaushika and Reddy (2000), worked in design, development and performance characteristics of a low cost
solar steam generating system which incorporates recent design and materials innovations of parabolic
dish. The concentrator is a deep dish of rather imperfect optics, made of silvered polymer reflectors fitted in
the aluminum frame of a satellite communication dish. Semi-cavity and modified receivers were analyzed
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and thermally optimized. The results indicated a solar to steam conversion efficiency of 70 to 80% at
temperature of 450oC.

3. MATERIAL AND METHODS

3.1. MATERIAL
The main materials used in the study are:
•

Mirror stings

•

Laser beam radiation

•

Periliometer NIP, 8.49x10-6 V/W/m2

•

Fan ASTM A312 1009599, abm papst, RLH108/4200 ag, 230 V, 50 Hz, 55W

•

Thermocouples set, T type

•

Datalogger, Hi-Speed USB Carrier NI 9162, 16-ch 24-bit thermocouple input, 250 Vrms CAT II,
ch-to-Earth Isolation, -40 oC

Ta

o

C

The reflector consists of six petals, covered with trapezoidal mirror tiles, which together resemble nearly
parabolic surface with the parameters shown in table 1:
Table 1: The collector parameters
Name

Measurement

Diameter

240 0 mm

Focal lenght

915 mm

F/D ratio

0.315

Half openning angle

66,50º

Half complementary angle

23.49º

Angle of incidence

33.26º

3.2. PROCEDURE
The process of gluing trapezoidal mirrors was done on individual petals using the setup shown in the
image. Theoretical focal length was taken as reference to regulate the amount of glue in order to force the
reflections to a plan near by the focal plan. An individual petal was covered by 163 mirror tiles. The gluing
was preceded by the scanning of each tile. Based on the concept developed by Chikukwa (2008) and the
fact that errors cause the spread of the reflected rays, 3-D receiver will be adopted.
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The spreadness of the reflections onto the focal plan was determined by scanning the whole reflective
surface using a laser beam. Stainless steel fiber was used to build up the absorber and fencing mesh to
molde it. Four absorbers were constructed (1 plan with 300 mm diameter and 3 Hemispherical absorbers
with 300 mm, 220 and 110 mm diameter).

Figure 1: Reflection scanning process

3.2.1. Testing of the Absorber - Experimental Set Up

Seven thermocouples connected to a data logger coupled with a computer with Lab-View
program for logging temperatures were used to measure ambient temperature, outlet
temperature of the air (HTF) and the temperature in four different points on the absorber
surface.
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Legend:
1 – Tco is the temperature of the
central part of the absorber
2, 3, 4 – Tc1, Tc2, Tc3 are the
temperatures of the points
around the central part of the
absorber
5 – Tc4 is the temperature of the exit
air (hot air) in a point
immediately after the absorber;
6 – Tc5 is the temperature of the exit
air in a point after Tc4.

Figure 2: Experiment Set Up

4. RESULTS AND DISCUSSION
4.1. MAPPED REFLECTIONS
Reflected rays intercepted the parabola axis in different points defining a certain region. However, the
smallest image was found to be located at height of 920 mm. Thus, this level considered as the location of
the experimental focal point.
In order to catch as many reflections as possible while at the same time minimize radiative losses by using
the small surface, the hemispherical receiver was adopted. Tests done with solar radiation,

revealed how

small the spot light was. Therefore it illuminated just a small area of the absorber (with a diameter of 220
mm), but for the small absorber (with a diameter of 110 mm) the entire area was illuminated.
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Figure 3: The image defined by reflections

4.2. TEMPERATURE PROFILE:
As can be seen from this graph, although solar beam radiation remained fairly high and fairly high
temperatures were achieved at the absorber, the collection efficiency still very low. Moreover,

manual

tracking was also a problem, resulting in displacement of the spot light from the centre.
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Figure 4: Temperature Profile
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4.3. DISCUSSION
Several factors could influence the poor thermal performance of the collector among others are the
following:
The thickness of the absorber and density of the fibers delay the air flow through it. Thus, increasing the
convective heat loss.
The shape of the absorber support may favour turbulence set up .
Manual tracking makes difficult to keep the spot light at the centre of the absorber.

5. CONCLUSIONS
3D hemispherical absorbers with 110 mm < d < 220 m need to be used and investigated. The collector
efficiency is too low.

6. RECOMMENDATION
Test with an absorber of 150 mm; Decrease the density of the fibers; Decrease the thickness of the
absorber; Test with absorber support with another shape; Test using insulating material; Consider to use a
glass cover for the absorber?!
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1. Introduction
With the increasing population and industrialization, there is need to cut down the load of fossil fuels and to
reduce environmental pollution. Solar energy investments in developing countries are imperative to avoid an
energy crisis arising from over-dependence on fossil fuels. The situation is critical because fossil fuels are
finite and fast depleting (Okoro, 2004). From a number of studies on industrial heat demand, several
industrial sectors have been identified with favorable conditions for the application of solar energy. The most
important applications of solar energy using heat are: sterilizing, extraction, pasteurizing, drying, solar
cooling and air conditioning, hydrolyzing, distillation and evaporation, washing and cleaning, and
polymerization. The ranges of all these processes lie between 60-280 °C (Kalogirou, 2003). Most of the
agro-based industries can be operated in this medium temperature range. The use of solar energy in
agriculture sector can be used to process many perishable agricultural products at farm level. At present,
various kinds of solar collectors are in use in the sector of agriculture and post harvest technology, yet their
applications are restricted only to drying and warming water etc. Beyond this low temperature applications
there are several potential fields of application of solar thermal energy at a medium and medium-high
temperature level. In particular, an important research effort has been directed towards power generation
applications, chemical systems, and process heat (Estrada, 2007). Tremendous efforts have been made in
areas of application of solar energy in the agricultural sector. This can be seen in areas of solar water heating
for dairy and micro irrigation (Oparaku 1991; Jenkins 1995; Essandu-Yeddu 1993). The promotion of small
scale agro-based industries by using innovative solar collectors can open new landmarks in rural
development especially in tropical countries.
Essential oils extraction from medicinal and aromatic plants is one of the medium temperature agro-based
industries. These oils are used in medicinal and pharmaceutical purposes, food and food ingredients, herbal
tea, cosmetics, perfumery, aromatherapy, pest, and disease control, dying in textiles, gelling agents, plant
growth regulators, and paper making (Öztekin & Martinov, 2007). A single ounce of most of the oils is
worth thousands of Dollars. In the last decade, these oils remedies have gained enormous popularity in
industrialized countries as well particularly in the multi-million-dollar aromatherapy business. Out of all
extraction methods, the distillation methods have advantages of extracting pure and refine essential oils by
evaporating the volatile essence of the plant material (Malle & Schmickl, 2005). At present, there are large
and centralized distillation units mostly located in city areas. Due to their high operating costs, these are
sometimes unmanageable by farmers or even groups of farmers in most of the developing countries. Further,
some essential oils come from extremely delicate flowers and leaves that must be processed soon after
harvesting. Thus, for functional, economic and environmental reasons, there is need of a decentralized
distillation system. The on-farm solar distillation is a decentralized approach to reduce the post harvest losses
and to prevent spoilage of essential oil components by processing the fresh herbs. Examples of the plants are
Peppermint, Lemon Balm (Melissa), Lavender, Cumin, Cloves, Anise, Rosemarie, Patchouli, Caraway,
Cassia, Oregano, European Silver Fir, and Fennel etc.
In order to run the distillation experiments, boiling, cooking and steam generation are the basic requirements.
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Increasing awareness of the growing global need for alternative cooking fuels has resulted in an expansion of
solar cooker research and development (Funk, 2000). A system for solar process heat for decentralized
applications in developing countries was presented by Spate et al. (1999). The system is suitable for
community kitchens, bakeries and post harvest treatment. The system employs a fix focused parabola
collector, a high temperature flat plate collector and pebble-bed oil storage.
It is observed through comparison that the two axes tracking paraboloidal dish, which always faces the sun,
is the most promising design for concentrating systems justifying the use of the Scheffler concentrator for
industrial process heat applications (Bhirud & Tandale, 2006). These concentrators are capable of delivering
temperatures in the range of 300 °C and are technically suitable for medium temperature applications
(Delaney, 2003). Scheffler (2006) investigated that about half the power of sunlight which is collected by the
reflector becomes finally available in the cooking vessel. The use of solar energy for the generation of steam
is now an economically attractive possibility since the pay back period of such a system lies between 1.5 and
2 years. These cookers are economically viable if they are used regularly (Jayasimha, 2006). For small-scale
applications in agriculture, post harvest technology and the food industry, this is a cheaper solution. A focal
receiver absorbs the concentrated solar radiation and transforms it into thermal energy to be used in a
subsequent process. The essential feature of a receiver is to absorb the maximum amount of reflected solar
energy and transfer it to the working fluid as heat, with minimum losses (Kumar, 2007).
At present, solar energy is successfully utilized for cooking applications and steam generation. Processing of
medicinal and aromatic plants by solar distillation system was a new research area of solar energy utilization
in medium temperature range. By keeping all facts in view, the study has been initiated to develop a
decentralized solar distillation system for essential oils extraction from medicinal and aromatic plants. The
solar distillation system is installed at solar campus, University of Kassel, Witzenhausen, Germany. Beside
the solar campus, a variety of fresh herbs and medicinal plants are available at the university farms and
tropical greenhouse. The solar distillation system comprises of primary reflector equipped with daily and
seasonal tracking devices, a secondary reflector, a distillation still with all mountings and fittings, a tubular
condenser and Florentine vessels. The system was designed to conduct distillation experiments for on-farm
processing of medicinal and aromatic plants.
2. Design of reflector parabola and reflector elliptical frame for solar distillation system
The paper is about the design and development of solar distillation system based on the Scheffler reflector
technology. Out of all the components of solar distillation system, primary reflector is the most sophisticated
and vital component. First of all, the paper presents the design and develops detail of the Scheffler reflector.
Scheffler reflector is a lateral part of a paraboloid and all calculations are made with respect to equinox with
zero solar declination. In order to calculate the equation of the parabola curve, the calculations are made by
considering the side view of the paraboloid. In this way, paraboloid and reflector frame are drawn in the form
of a parabola curve and straight line respectively. The general equation of a parabola in xy-plane with its axis
passing through y-axis can be written in the following form:

P(x) = m p x 2 + C p

(eq. 1)

Where mp is the slope of parabola and Cp is the y-intercept of the parabola
Taking first derivative of eq. 1 for the slope of parabola

P ′(x) = 2m p x

(eq. 2)

Starting from a point Pn of the parabola curve in the positive coordinate axes where solar radiation is
reflected at 90° as shown in Fig. 1.
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Fig. 1: Description of parabola of the Scheffler reflector

At this point of the parabola curve, the tangent is cut at 45° angle and the value of the y-coordinate is half
that of the x coordinate. In order to design the reflector parabola, the study based on the following two aims:
1.

To construct an 8 m2 Scheffler reflector

2.

The reflector frame should be balanced with respect to central pivot point

In order to meet these two aims, the following procedure is considered (Munir et al., 2010)
•

Selection of x-coordinate of point Pn (xP) in order to get a reasonable distance to the focal point;
calculation of y-coordinate of point Pn (yP) and slope mP with the help of eq. 1 and eq. 2

•

Selection of xE1 and xE2 in order to get a surface of approximately 8 m² and a balanced collector;
calculation of yE1, yE2 and angle of the line joining the points E1 and E2

•

Check if the two aims are roughly reached (calculation of surface area right and left of P and check
m

their difference for balancing and their sum for collector surface); otherwise adapt a new set of Pn, E1
and E2
•

Calculation of semi-major and semi-minor axis of the reflector frame

The x-coordinate of point Pn (xP) is selected as is taken as P (2.86575) for a surface area of 8 m2. This point
varies with different sizes of surface areas of Scheffler reflector. The first derivative of eq. 1 at this point is
equal to slope at the point. The tangent cuts this point Pn at an angle of 45° with x-axis (directrix), so the first
derivative at this point is found to be unity. According to definition of parabola, the y-coordinate at point Pn
is 1.43287 i.e. half the x-coordinate.
Using eq. 1 and eq. 2, the values of mp and Cp are calculated as 0.17447 and 0 respectively. The parabola
equation for the equinox is given as:

P(x ) = 0.17447 x 2

(eq. 3)

For the construction of a balanced reflector (8 m2 surface area), two points xE1 and xE2 are chosen on a graph

3669

paper as 1.32387 and 4.06387. The reason of selecting these points is to construct a balanced parabola in
order to rotate the reflector with a very little force. In this way, the line joining these two points E1 and E2 of
the parabola curve represents the cutting section of the elliptical frame of the Scheffler reflector. This line
E1E2 is not parallel to the tangent at point Pn (which makes 45° angle with x-axis) but makes a 43.23° angle
as shown in Fig. 1. The general equation of this straight line is given by:

G ( x) = m g x + C g

(eq. 4)

Differentiating eq. 4 with respect to x and taking the angle of straight line as 43.23°, the slope mg is found to
be 0.94 by simple calculation. The coordinate x of point E1 (xE1) is selected to be 1.32387 and the coordinate
y is calculated to be 0.31. By substituting the values of x, y and mg in eq. 4, the y-intercept (Cg) is calculated
to be −0.94 and the equation of the straight line becomes:
G (x ) = 0.94 x − 0.93866

(eq. 5)

The coordinate x of point E2 (xE2) is calculated by comparing and solving eq. 1 and eq. 2, the general form of
a quadratic equation formed is as follows:

 mg
x2 −
 mp



C − Cg
x + p

mp


(eq. 6)

By solving eq. 6 with the help of a quadratic formula to get two points of intersection (xE1 and xE2) of the
parabola curve and straight line. The straight line cutting the curve represents a cutting plane of an ellipse
with axes ratio a/b = cos α, where “a” and “b” are the semi-minor axis and semi-major axis respectively. For
a given paraboloid, the cutting section of the lateral part will make an ellipse and its projection on the ground
(horizontal plane) will make a circle. So, the semi-minor axis of the ellipse and radius of projection on the
ground will become the same. The projection of this ellipse on the horizontal plane (xz-plane) is a circle with
a diameter of 2a. The general equation for the diameter of circle (2a) is calculated for a Scheffler reflector
and is given in eq. 7:

 mg
2a = (2 ) . 
 2m p


2

 C p − Cg
 −

mp


(eq. 7)

The semi-minor axis of the ellipse is 1.37000 m and semi-major axis of the reflector is calculated to be
1.88029 m by dividing with axes ratio (cos 43.23).
A number of crossbars can be used but seven crossbars are sufficient to make the required section of the
paraboloid for an 8 m2 Scheffler reflector. Taking the centre of ellipse as origin and major axis along x-axis,
the middle crossbar passes through the origin. The other crossbars are located at a distance of ±0.48 m, ±0.96
m, ±1.44 m from the origin along major axis and the corresponding points on minor axis are calculated as
±1.37000, ±1.3246, and ±1.17798 m respectively. After the construction work of reflector frame,
intersections points of crossbars are marked on the elliptical reflector frame.
3. Calculation of equations for the crossbars ellipses
The cutting planes of the crossbars are perpendicular to the cutting plane of the reflector frame and are
shown in the form of seven straight lines. The inclination angle of cutting plane of crossbars is found to be 46.77° by subtracting the angle of cutting plane of the reflector frame from 90°. These cutting lines are also
ellipses with axes ratio (aq/bq) = cos 46.77°. Starting from the middle crossbar (q4, passing through Pc), the
basic equation of the line is given as:

q 4 (x ) = m q 4 x + C q 4

(eq. 8)

Slope of te middle crossbar is calculated by taking tan (- 46.77), x- coordinate of the point of intersection (Cf)
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of the middle crossbar and the reflector frame is the central point of xE1 and xE2 and y-coordinate is calculated
by substituting this value of x in eq. 8 and is found to be 1.59357.
Substituting the values of mq4, q4(x) and x in eq. 8, the y-intercept (Cq4) for the middle crossbar is calculated
and the equation of the middle crossbar (q4) for 8 m2 surface area of Scheffler reflector is given in eq. 9:

q 4 (x ) = −1.06377 x + 4.45923

(eq. 9)

The slopes for all the cutting crossbars are the same as these are perpendicular on the same cutting plane of
the Scheffler frame. As the crossbars are equally distributed (from center of the reflector frame), so the
difference between two successive y-intercepts is calculated to be 0.70080 by dividing 0.48 with cos 46.77.
The equations for the 4th, 5th and 6th crossbars are calculated by adding 0.70080, 2(0.70080) and 3(0.70080)
in the y-intercepts values of Eq. (4.13) respectively. Similarly, the equations for 3rd, 2nd and 1st crossbars
are calculated by subtracting 0.70080, 2(0.70080) and 3(0.70080) from the y-intercepts values respectively.
The equations for all crossbars can be generalized as qn(x) = mqx+Cqn. Similarly, for semi-minor axis (aqn) of
any ellipse of a crossbar, eq. 7 can be modified for crossbars and reflector frame and is generalized as:

 m qn
a qn = 
 2m p


2


C − C qn
 − p

mp


(eq. 10)

where subscript “n” represents the number of crossbar
4. Calculation of depths and arc lengths for different crossbars
After the calculation of equations for different crossbars, depths and arc lengths for different crossbars are
calculated for the construction of Scheffler reflector by using simple trigonometric equations (Munir et al.
2010). The detail is given in Table 1.
Table 1: Depths and lengths of different arcs of the crossbars for 8 m2 Scheffler reflector

Crossbar

Yn

Radius

Angle

(m)

Depth
“∆n” (m)

“ßn” (degree)

Half arc length
“bn/2”(m)

Arc length
“bn”(m)

“n”

“Rn” (m)

1

0.88090

0.11965

3.30255

15.46997

0.89169

1.78338

2

1.17798

0.19820

3.59969

19.10163

1.20008

2.40016

3
4

1.32460

0.23403

3.86552

20.03966

1.35199

2.70398

1.37000

0.23529

4.10612

19.49036

1.39678

2.79356

5

1.32460

0.20781

4.32536

17.83280

1.34623

2.69246

6

1.17798

0.15595

4.52695

15.08281

1.19169

2.38338

7

0.88090

0.08305

4.71331

10.77170

0.88611

1.77222

After calculating the required parameters, the arcs of different radii are marked on the bending templates as
given in Table 1. Mild steel round bars (10 mm thickness) are used for the crossbars and are cut according to
the required arc lengths as detailed in Table 1. These lengths are then bent with respect to marked circular
curves on the templates. After going through the straightness tests, these curves are then welded on the
marked positions of the reflector frame. These welded curves are then thoroughly examined for precision and
evenness with the help of a jig. Thereafter, aluminum profiles are fixed on the reflector frame to shape the
base for the aluminum reflectors. These aluminum profiles are tied with crossbars with the help of steel
wires. Aluminum reflecting sheets are pasted on these profiles with silicon glue to shape the required lateral
part of the paraboloid. Aluminum profiles from Alcan Company, Germany are normally used with
reflectivity at more than 87 %.

3671

5. Installation and daily tracking of Scheffler reflector
While installing a Scheffler reflector at any site, the axis of rotation is fixed very precisely at an angle equal
to “the latitude of the site” with horizontal in north-south direction. For daily tracking, these reflectors rotate
along an axis parallel to polar axis with an angular velocity of one revolution per day to counterbalance the
effect of daily earth rotation. The daily tracking is accomplished with the help of a small self-tracking PV
system or clock-work operated by gravity which provide angular velocity at one revolution per day. Up until
now, the paper has only discussed reflector design with respect to zero solar declination. The detail for the
other days of the year is explained in the next article.
6. Calculation of seasonal parabola equations
In order to adjust the reflector with respect to the changing solar declination, the reflector is provided with a
telescopic clamp mechanism to adjust the inclination of the reflector by half of the change of the solar
declination angle and to attain the required shape of the parabola for any day of the year. In order to attain
the required parabola equation, a fixed point B with x-coordinate 2.69338 on the parabola curve is chosen
which the common point for all the seasonal parabolas. This point also acts as the central pivot point for the
required shape change of the crossbars. As the point B lies on the same parabola, the y-coordinate is
calculated to be 1.26469. The general form of a parabola equation for any day of the year is given below

D( x ) = m d x 2 + C d

(eq. 11)

Differentiating eq. 11 and equating to tan (43.224 + α/2) for the slope, we have

α

md x = tan  43.224 + 
2


(eq. 12)

where “α” is solar declination.
The general equation of seasonal parabola equations for standing Scheffler reflectors (8 m2) in the northern
hemisphere is calculated. The coordinates of new set of points at any day of the year are calculated by using
the “Rotation Matrix” to rotate the point B(2.69338, 1.26569) about focus F(0,1.43287) and are given in eq.
13.

+ cos α + sin α 

− sin α + cos α 

(x d , y d ) = (x, y ). 

(eq. 13)

This equation shows that the coordinates depend only on the solar declination and are calculated by
expanding the rotation matrix given in eq. 13. By substituting the values of xd, yd and α in eq. 11 and eq. 12,
the equation of parabola in terms of slopes and y-intercepts can be calculated for any day of the year.
In order to see the variation of parabola equations for two extreme seasonal positions on June 21 and
December 21, the reflector has to rotate at half the solar declination angle. The angles at point B for summer
(June 21) and winter (December 21) are +11.75 (+23.5/2) and -11.75 (-23.5/2) respectively with reference to
equinox position. For summer, substitute the value of α = 23.5°, x = 2.69338 and y = 1.26569 in eq. 13. The
value of y-coordinate of focus i.e., 1.43287 is subtracted first from the y-coordinate of the point B i.e.,
1.26569 before solving the matrix and is then added this value to the y-coordinate obtained from the specific
day (in this case, ys) after the solution as a rule of the rotation matrix.
Substituting the values of x, y in eq. 13, the equation for the summer parabola is found out and is given
below:

y = 0.28123 x 2 + 0.54394

(eq. 14)

For winter, substitute the value of α = -23.5°, x = 2.69338 and y = 1.26569 in Eq. (4.23). The same procedure
is repeated as done for the determination of the equation of the summer parabola; the equation for winter
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parabola is calculated and is given below:

y = 0.12736 x 2 + 0.53004

(eq. 15)

The inclination of the fixed point B of parabolas on June 21 and December 21 are found to be 54.974° and
31.474° by adding and subtracting 11.75° to the inclination angle of fixed point B at equinox (43.224°). The
detail of parabola equations for equinox, summer and winter for the northern hemisphere (standing
reflectors) is shown in Fig. 2.

Parabola equation
on June 21

y

y = 0.28123 x2+ 0.54394
B(2.53665, 2.35355)
54.974°

Parabola equation at equinox
y = 0.17447 x2 +0
B(2.69338, 1.26569)

F (0, 1.43287)

+23.5°
-23.5°

43.224°
B

Parabola equation on December 21

Cs =0.54394

y = 0.12736 x2 - 0.53004
31.474°

Ce=0
x
Cw = - 0.53004

B(2.40333, 0.20559)

Fig. 2: Seasonal parabola equations for an 8 m2 Scheffler reflector (valid for standing reflectors in the northern hemisphere) at
equinox, summer (June 21) and winter (December 21)

It is evident from Fig. 2 that the shapes of parabolas are different in summer and winter. The slopes of
parabola curves with respect to equinox (solar declination =0), summer (solar declination = +23.5) and
winter (solar declination = -23.5) for the Scheffler reflector (8 m2 surface area) are calculated to be 0.17447,
0.28123, and 0.12736 respectively. The y-intercepts of the parabola curves for equinox, summer and winter
are found to be 0, 0.54394, and -0.53004 respectively. Through comparison with the equinox parabola curve,
that of the summer parabola is found to be smaller in size and uses the top part of a parabola curve, while the
winter parabola is bigger in size and using the lower part of a parabola curve to provide the fixed focus.
7. Development of solar distillation system
The solar system is designed as a fixed installation of Scheffler reflector (8 m2 aperture area, standing
reflector) and all parts of the reflector stand were fabricated and assembled with respect to the latitude of the
site of installation (solar campus, university of Kassel, Witzenhausen, Germany Latitude: 51.3°). The
Scheffler concentrator is a lateral part of a paraboloid and does not require any manual tracking during the
whole day once it is set. Further, it provides a fixed focus for all the days of the year which can be best
utilized during different distillation experiments. The solar distillation system includes development of
primary reflector, secondary reflector, photovoltaic tracking system, distillation still, condenser, Florentine
vessels etc. The Scheffler reflector is equipped with daily tracking and seasonal tracking systems.
The fixed secondary reflector further reflects the radiations onto the targeted distillation still bottom. Each
morning, the primary reflector has to set back to a starting position in which the secondary reflector is
illuminated to start the PV tracking system. The distillation unit is fabricated of a food grade stainless steel
material (2 mm thickness) having 1210 mm column height and 400 mm diameter (400 mm diameter is the
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designed diameter of the receiver for 8 m2 Scheffler reflector). Three I-bolts are used for quick opening and
closing of the top dome of the distillation still. The still is also provided with safety mountings and fittings
like safety valve, pressure gauge, water level indicator.
The distillation unit has provision to operate for water and steam distillation. A stainless steel pipe connects
the top end of distillation still to the steel condenser. The condenser is provided with steel coil, a cold water
inlet connection and warm water outlet connection and acts as a counter current flow heat exchanger. In
order to record the power during distillation process, a barrel calorimeter is connected at the outlet steam
connection of the distillation still to record dryness fraction during different intervals.
8. Performance of solar distillation system
Several experiments were carried out to evaluate the performance of the system under field conditions.
Within the beam radiation range of 700-800 W m-2, the temperature available at the focus was found to be
between 300-400 °C. Scheffler (2006) showed that about half of the solar power collected by the reflector
becomes finally available in the cooking vessel. Details of one performance evaluation of the solar
distillation system with 20 liters of water on August 31 from 9:06 to 16:00 hour (test duration = 5.9 hour) are
shown in Fig. 2.
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Beam
radiations
(max.)

600

Slight fluctuations
due to clouds
600

Temperature
at Focus

400

400

Water temeperature
(distillation still)

200

200

0
9:00
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Fig. 3: Performance evaluation of solar distillation system with 20 liters of water

The graph shows the variation of beam radiation, focal point temperature and the process temperature versus
time. It is evident from Fig. 3 that within the defined range of beam radiation, the temperature at the focus is
effectively constant. This shows that beam radiations are converging at the targeted focus with the changing
position of the sun during the test period. It is also clear from Fig. 3 that the temperature of the distillation
process is well below the temperature at the focal point. This temperature gradient can be used successfully
for all types of distillation processes. During this test, the total energy gained by the water (in sensible and
latent heat phase) was calculated to be 9.136 kWh. The average power and system efficiency were found to
be 1.548 kW and 33.21 % respectively at an average beam radiations of 863 W m-2
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9. Experimental results of solar distillation system for the processing of medicinal and
aromatic plants
Distillation of medicinal and aromatic plants using solar energy provides an excellent opportunity to process
fresh herbs for pure natural essence by using optimum harvesting time. For distillation experiments, the fresh
herbs were harvested from the university farms located very near to the solar distillation system and dry
herbs were purchased from the local market. Some of the medicinal plants like Melissa and Rosemary were
used from the tropical green houses of the University of Kassel, Witzenhausen. In this way, the distillation
system was evaluated with different kinds of medicinal and aromatic plants. Process heat energy
consumption for different plant materials were calculated from the sensor system installed. In order to record
data in steam generation phase, quantity of distillate (kg) and essential oils extracted (ml) were recorded with
a regular interval of 10 minutes till end of the process. Beam radiations, water and steam temperatures, and
temperature at focus were automatically recorded in the computer by data logger after 10 second pre-set
interval. Different medicinal and aromatic plants (Melissa, Peppermint, Lavender, Fennel, Rosemary, Cumin,
Basil and Cloves, Lavender etc) were processed successfully by solar distillation system (Munir & Hensel,
2008). The detail of some of the plant materials is gives in Table 2.
Table 2: Heat energy consumed and essential oil extracted during solar distillation of different plant material

Plant
material

Part
used

Weight,
kg

Moistures
contents
(wb), %

Heat energy,
kWh

Essential
oil
extracted,
ml

Essential oil
per unit plant
d.m, ml kg-1

Melissa

Leaves

11.6

78

3.868

1.425

0.558

Peppermint

leaves

9.1

74

3.180

28.2

11.918

Rosemary

leaves

3.0

72

4.626

4.6

5.476

Cumin

seeds

1.2

9

8.910

12.4

11.355

Cloves

buds

0.8

11

7.744

44

61.798

Table 2 shows the solar distillation experiments with different plant materials (Melissa, Peppermint,
Rosemary, Cumin and Cloves) conducted by using different weights having different moisture contents. The
heat energy consumed, essential oils extracted and essential oil obtained per unit weight of dry matter (d.m)
were recorded for each experiment. The results show that different plant materials have different amounts of
oils per unit dry matter. In these experiments, Melissa, Peppermint, and Rosemary plants were processed by
using their leaves, Cumin plant by using seeds and Cloves plant by using buds. Under practical conditions,
these specific parts of the plant materials are used for the extraction of essential oils. These results show that
the solar distillation system can also be used for the processing of different parts of the medicinal and
aromatic plants. The best fitted regression model for all plant materials was found to be the sigmoid/logistic
curve (Munir & Hensel, 2010).
In summer seasons, the solar distillation system can be operated for 12 hours a day from 08:00 hours to
20:00 hours. About 18.58 kWh energy can be obtained for processing under similar conditions during 12
hours in one day. In several experiments, total energy consumptions for the processing of 10 kg batch of
Melissa and Peppermint were recorded to be from 3 to 4 kWh. Therefore, 4-5 batches with 10 kg plant
material were processed successfully using fresh herbs. These figures show the potential of solar distillation
system during sunny days at the installed site. The results conclude that the processing of medicinal and
aromatic plants can be successfully carried out by using solar energy.
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SOLAR CONCENTRATOR FOR SOLAR COOKING IN RURAL AREAS
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1. Introduction
In this paper will be presented the process of design and construction of a low cost solar concentrator for
cooking in remote areas and underdeveloped countries. To avoid complexity of design of an specific shaped
surface a common offset parabolic antenna is used to make the reflector. This type of antennas are widely
used both in developed and underdeveloped countries, are cheap and easy to obtain. The parabolic reflector
is placed under the pot almost horizontally, specially at midday when the sun reaches elevations of around 65
degrees.
This configuration offers many advantages over most common centered-focus solar cookers, like lower wind
resistance and higher stability of the structure because of lower center of gravity. It also produces vertically
reflected rays that reach the food pot at the bottom like in conventional stoves. Offset parabolic reflectors are
more efficient since objects placed at the focus don't create shadows over the reflecting surface.
Different types of reflective surfaces have been tested, like aluminium foil and metalized polypropylene
sheets.
The paper also describes the prototype construction process and test with a parabolic dish of 80 cm diameter.
With offset parabolic reflectors it is possible to combine two reflectors that focus at the same point, a
configuration that is not possible with centered focus parabolic reflectors. Also a transparent cover can be
placed around the pot except by its base, reducing heat losses.
This type of device has a security issue due to vertical incidence of radiation that can cause burns and eye
injuries. A proposed solution is to cover the cooking area with a dark surface and protect the focal point with
a lid when not in use.
Fig. 1 shows one of the first prototypes of this type of cooker.

Fig. 1: Prototype of offset solar concentrator with a 80 cm diameter parabolic dish

2. Parabolic cooker construction
Many types of parabolic solar cookers have been developed over the years (Kundapur, 2010). The main
complication of the construction of a parabolic cooker is to obtain a structure with the curvature required to
reflect the sunlight towards the focus. To avoid this difficulty any of the following methods can be used:


Obtaining a mold from a satellite reflector antenna and make a reproduction in another material
such as fiberglass, polyester resin or epoxy. It can also be done with more conventional materials.
The surface has to be covered with a reflecting material like small pieces of mirror or a metallized
plastic sheet.
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Covering a satellite antenna reflector with small pieces of mirror, forming a mosaic that depicts the
curvature of the parabola. This method has the advantage of the ease of obtaining the material,
especially in developing countries. Instead it has the problem of high weight and low mobility of the
parabola.



Coating of a satellite antenna reflector with a highly reflective material such as metallized polyester,
polypropylene or mylar. It's a good solution if there is easy access to necessary materials.
3. Types of parabolic reflectors

Centered focus reflector in which the focus is located on the axis of symmetry of the parabola. They have the
problem that objects situated in the focus project shadows on the reflector as seen in Fig. 2, reducing the
efficiency.

Centered focus parabolic
Fig. 2: Radiation incidence in a centered-focus parabolic reflector

Displaced focus reflectors (offset): in this type the focal point is outside the reflector area and does not
project shadows as seen in Fig. 3, increasing the efficiency.

Ofset parabolic
Fig. 3: Radiation incidence in an offset-focus parabolic reflector

Offset reflectors with angle of elevation: this type of reflector focuses the radiation with a certain elevation,
typically about 25 degrees (Televes, 2010), like in Fig. 4. Thus the position of parabola can be almost
vertical for typical satellite reception, which facilitates placement in buildings, etc. They are the most
common type of satellite antennas.
This type of reflector has the advantage of its low price and availability. When used as a solar concentrator,
the typical elevation angle of the sun at midday allows the reflector to be in horizontal position, specially in
summer and for latitudes about 40º (for example in Spain).
This is the parabolic reflector that will be used in this prototype of solar cooker.
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Elevation angle

Offset parabolic
with elevation angle
Fig. 4: Offset reflector with elevation angle

4. Design and assembly criteria
The following criteria have been taken into account in the design of the cooker:


The characteristics of the offset parabolic reflector allow to place it in horizontal position, what
gives more stability, offers less resistance to wind and directs solar rays towards the base of the pot
the same way as in conventional stoves. It may be necessary to adjust the angle of the reflector in a
certain range to match the elevation angle of the sun at different times of day and seasons. This
angle can be a maximum of 30 degrees in many situations. The design of the cooker frame must
allow this displacement of the reflector.

Summer position

Winter position

Fig. 5: Offset reflector position in different seasons



The pot should not be placed exactly at the focus of the parabolic, but vertically shifted a few
centimetres, so that there is not a very small focus point that could reach very high temperatures.
Instead there will be a “focus zone” of about ten centimetres diameter, with a uniform distribution
of temperature. It is preferable that the pot remains above the focus (rather than underneath) so that
no shadows occur on the reflector. Fig. 6 shows one of the first tests made to locate the focal point
of the cooker and to determine the size of the focal zone in different vertical positions.

Fig. 6: Finding the focal point of the offset reflector



The thermal power of the cooker surface is related to the reflector size, which has a circular shape.
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As an example, a dish of 80cm diameter has an area of 0.504 m 2, for an incident radiation
1000Wm-2 and a performance of approximately 60% gives a power of 300W, equivalent to a small
electric heater. In this power calculation it was not taken into account the direct radiation captured
by the pot, that can achieve a significant value.
5. Construction of the reflector
Our prototype of solar cooker is based in an offset satellite antenna with a diameter of 80cm. This element
has good reflecting properties in the range of microwaves, but is not suitable as a solar reflector. An option to
improve its characteristics is cover the parabolic surface with a reflecting material like aluminium foil or
metallized polypropylene.


Aluminium foil: this material is cheap and easy to obtain, but when placed outdoors suffers an
important loss of reflectivity due to dust or oxidation.



Metallized polypropylene: this material has better properties than aluminium foil. It can be obtained
in many places as wrapping paper rolls.

Aluminium or polypropylene must be cut into pieces that can be triangular, square or rectangular shape. The
size of each piece should be as large as possible, provided there are not too many wrinkles. Squares of
10x10cm or narrow triangular pieces are good solutions.

Fig. 7: Different types of reflective cover: polypropylene film (triangular pieces) and aluminium foil (square pieces)

If triangular pieces are used, each triangle should cover at least 15 degrees of the parabola (24 strips in total),
if they are larger could not follow the curvature of the parabola and if they are smaller the assembly is more
complicated and slow. Fig 8 shows the cutting diagram for a polypropylene sheet, and Fig. 9 shows the
cutting process.

40cm

10cm

15º

Fig. 8: Cutting diagram of the reflective film
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Fig. 9: Cutting polypropylene sheet (IES Escolas Proval Solar Week 2009)

Reflective film can be glued with water based glue or different types of adhesive tapes, as recommended in
Solar Cookers International (2004). Any type of glue should be tested in a small piece of film before using it.
Silicone caulk applied in a very thin layer can also be used it it does not dissolve the plastic film. Fig. 10
shows two stages of covering an antenna with triangular strips using silicone caulk.

Fig. 10: Two stages of the covering process (IES Escolas Proval Solar Week 2009)

6. Construction of the reflector frame
In a typical parabolic solar cooker the pot must be placed close to the focus. Parabolic antennas often have a
metallic arm to hold the electronic amplifier. Fig. 11 shows a common antenna with the LNB holder at the
end of the arm. The following modifications to this structure are proposed to leave space enough to place
different types and sizes of pots, and at the same time allow to change the reflector angle to track sun
displacement. The longest side of the metallic arm must be sawed to reduce its length about 30cm. An Ushaped structure must be assembled to the arm (Fig. 12).

Fig. 11: Satellite antenna and LNB holder cut
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Fig. 12: U-shaped structure and parabola assembly

All the pieces of the reflector frame must be screwed with stainless M8 screws and nuts as seen in Fig 13.

Fig. 13: Reflector frame assembly

The solar cooker can easily be folded for storage or be completely disassembled for storage or transportation
(Fig. 14). Asembly plans and detailed description of parts with dimensions and drills can be found in Fig. 15
and Fig. 16.

Fig. 14: Solar cooker folded and disassembled
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Fig. 15: Solar cooker assembly plan
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Fig. 16: Solar cooker parts and dimensions

7. Use and performance tests
This type of solar cooker produces vertically reflected rays that reach the food pot at the bottom like in
conventional stoves. So many types of pots and recipients can be used. Moreover, heat traps can be placed
around the pot (except by his bottom) without risk of burning or damage. Polyester or nylon oven bags are
particularly suitable for this application. Pyrex glass recipients are also good options. Fig. 17 shows two
examples of use of the cooker for making coffee and baking chestnuts.
The power obtained with this solar cooker is not high because of the small size of the reflector. A few
improvements are planned, like using a larger parabola and combining two reflectors that focus at the same
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point, a configuration that is not possible with centered focus parabolic cookers. On the other hand, it shows
a high stability even in the presence of wind and is easy to adjust and fold for storage and transportation.
This type of device has a security issue due to vertical incidence of radiation that can cause burns and eye
injuries. A proposed solution is to cover the cooking area with a dark surface and protect the focal point with
a lid when not in use.
The reflective film can suffer from an important loss of reflectivity due to dust or oxidation. In this case can
be necessary to replace it periodically, for example one a year.

Fig. 17: Different uses of the solar cooker
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Abstract
A solar cooker based on concentrating collector using a heat transfer fluid is designed, built and tested. The
solar cooker is intended to be used for indoor cooking. Estimates of the thermal energy demand for cooking
is studied and based on this the solar cooker components are designed. The solar cooker uses parabolic
trough collector of aperture area 2m2. The energy obtained from the present parabolic trough solar collector
is transported to a separate cooking place using a heat transfer fluid. Heat transfer fluid, soya bean oil, flows
in a natural circulation through a copper pipe of 16mm diameter and in to a storage system, where cooking
takes place. Two sizes of absorber plates and two arrangement of the solar cooker are investigated.
Maximum temperature of 1260C at the absorber plate and oil temperature of 860C at the cooking pot has
been achieved with solar radiation at 800W/m2. Performance test of the solar cooker is evaluated for
Ethiopian environmental conditions.
1. Introduction
Many people in the developing world suffer from access to energy services. Limited access to energy
services such as electricity, heating, and cooking fuels paralleled with inefficient use of biomass are some of
the many problems. Improving access to modern energy services is essential input to both social and
economic development (Modi et al., 2005).
Energy from the sun can be utilized for cooking using different technologies. The principle of solar cooking
is that the radiation from the sun is collected and converted in to heat for cooking. Early box type solar
cookers suffered from convective heat losses and convenience of cooking. Box type solar cookers proved to
be cost effective but failed to meet efficiency and ease of cooking. Later improved designs were the reflector
type of solar cookers in which reflector material is added to assist more radiation to be focused on the
cooking chamber. Further improved performance of concentration and cooking has been achieved due to the
introduction of parabolic dish solar cookers. These cookers used a large parabolic collector area which
concentrates solar radiation to a focal point where cooking is performed.
Indirect solar cookers use heat transfer fluid to transport heat from absorber to a cooking system. Such types
of cookers are convenient for cooking indoors but they are also more expensive (Klemens et al., 2003). In
this research an indirect solar cooker based on parabolic trough concentrator using a heat transfer is designed
and built. The cooker is designed to concentrate radiation into a relatively small absorber area to attain high
cooking temperature and minimize heat losses. A heat transfer fluid is then used to collect and transport heat
energy to the cooking place. The system is designed to work in a thermosyphon principle, where heat
transfer fluid is circulated by natural convection.
2. Approach
2.1. Design data and location
Ethiopia, located at the Horn of Africa, lying between 30 – 150 latitude and 330 – 480 longitude, enjoys
sunshine throughout the year. Many places in the country have short rainy season and mostly dry weather
with a clear sky radiation (NMSA, 2001). This makes it an ideal place for concentrating solar collectors
which basically utilize beam radiation. Solar radiation data are available from National Metrology Agency of
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Ethiopian and NASA. Performance mesurement is taken during test at the solar center of Department of
Mechanical Engineering Mekelle, Ethiopia.
2.2. Solar energy demand for cooking, cooker size and testing
The principle of cooking is that the temperature is raised to a cooking temperature and then maintained at
cooking temperature to facilitate chemical change associated with the process of cooking (Lof, 1963). Hence
thermal load of the solar cooker is determined based on the amount of energy and temperature required for
cooking for an average family size.
The area of the collector is determined using the average daily solar radiation for the month with lowest solar
radiation and the amount of energy that is required for cooking. The minimum solar radiation occurs at 5.46
kWh/m2 day in August (RETScreen, 2010). Based on the design calculations the solar cooker model was
built at the workshop of the Mechanical Engineering Department in Mekelle University. Locally available
materials were used for the prototype development of the cooker. The main design features of the solar
cooker are the parabolic trough development, the combination of the absorber tube and absorber plate, the
pipe network, the storage system and the tracking mechanism.
3. Design of parabolic trough collector
3.1. Description of the solar cooker
The solar cooker with concentrating collectors is designed to concentrate radiation into a relatively small
absorber area to attain high temperature. A storage system in the form of a tank is built to keep the heat
transfer fluid oil temporarily and power the cooking plate. The main features of the solar cooker are the
absorber plate, the parabolic trough collector, the storage system and the piping network system (Figure 1).
Summary of the parameters of the solar cooker is given on Table 2.
For optimum utilization of the solar energy resource, the orientation of the parabolic trough is important
parameter in the system design. Since Ethiopia is on the northern hemisphere, the collectors face south for a
maximum energy collection. It is logical that the collector be tilted an angle equal to the latitude of the place
in which the collector is mounted. Hence the collector is tilted approximately 14O which is equal to the
latitude of Mekelle.

Figure 1: The solar cooker installed at the solar center of the Department of Mechanical Engineering

3.2. Parabolic collector area and geometry
The design of the parabolic collector is based on the amount of radiation to be concentrated on the absorber
area so that it meets the thermal energy demand. The main design features are the size of the collector area
and the geometry. The solar parabolic trough geometry is designed in such a way that it collects and
concentrates the radiation in to the absorber plate.
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The parabolic curve generated from the width of the aperture area and for a rim angle of 1180. Choice of rim
angle has no significant effect on the efficiency of the solar cooker (Egbo et al., 2008). Therefore, a rim
angle of 1180 is chosen so that the focal point remains within the parabolic trough to avoid the heat losses
due to the high wind speed. A smooth curve is then generated by taking a number of points from the
parabolic equation. Using these points, a parabolic trough structure is fabricated. Three of the collector steel
structure frames are assembled in such a way to form the surface of the parabolic trough collector. On top of
the steel structure, an aluminum sheet metal is laminated to generate a smooth profile so that the pieces of
mirror are attached on top.
3.3. Absorber area and coating material
The absorber is fabricated from a copper absorber tube of 16mm outside diameter and 1 mm thickness. An
aluminum sheet of 1mm thickness is used to support the tube. The plate is also used to capture as much
concentrated radiation as possible and acts as a fin, which transfers heat in to the tube in cases of
concentration inaccuracy. The system is designed to track the sun every 15 minutes and hence within this
time limit the image of the sun remains in the absorber plate. The optimum dimension of the absorber plate is
determined from the earth’s movement around the sun. Hence, for the purpose of this research an absorber
plate width of 180mm and 120mm were tested.
3.4. Reflecting material
Different reflecting materials have been used as reflecting materials ranging from simple aluminum foil to
complex coated films. In this research, glass mirrors cut into pieces of dimension 50mm by 200mm are
attached into the parabolic trough curve. Silicone sealant, a powerful adhesive is used to attach the mirrors to
the collector surface. Mirror is chosen as it is locally available and it has good reflectance of 94 % – 96 %.
The disadvantage of using glass mirror is that it cannot fit into the parabolic curve. Hence the image formed
by the reflection on the absorber plate is not a line but a two dimensional area.
3.5. Heat transfer fluid
Many heat transfer fluids have been developed for a variety of applications. They range from organic to
water based fluids. High temperature fluids operate up to 400 OC, above 315 OC options are limited to
synthetic fluids. Below that temperature, mineral oil-based fluids are viable (Canter, 2009).
Vegetable oil has been successfully used in solar thermal applications as heat transfer fluids (Kalifa et al.,
1986 and Balzar et al., 1996). In this research, soya bean oil with a maximum temperature (flash point
temperature) of 280 OC and kinematic viscosity of 35.4 E-6 m2/s at 37 OC is used as a heat transfer fluid.
Properties of soya bean oil are given on Table 1. The advantage of using soya bean oil is that it is easily
available in local market.
Table 1: Properties of soya bean oil (Source: http://www.chemicalland21.com)

Soya bean oil
Viscosity
50 E-6 m2/s @ 25 OC
Specific gravity
0.925
Heat capacity
1.97 kJ/kg.K
Flash point
280 OC
3.6. Storage and cooking pot system
Solar energy is stored in the form of sensible heat due to the change in temperature in the soya bean oil. The
storage is filled with oil of 18 liters and space is left for the thermal expansion for the oil as it gets heated. A
relief valve is also attached at the bottom of the storage to control the pressure developed due to the
expansion oil. The storage system is a cylinder made of mild steel of thickness one millimeter insulated using
5cm thickness of fiberglass. Inside diameter of the storage is 35cm and height of 22cm.
3.7. Tracking mechanism
A manual tracking mechanism using a circular wheel is designed to keep the solar collector to follow the
sun’s position. It is fixed with the focal point of the collector and is held in position by an arm attached to the
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stand of the collector. Such tracking mechanism results in low concentration ratio and intercept of reflected
radiation but they are technologically simple and very cheap.
Table 2: Solar cooker parameters

Item
Collector aperture area
Aperture length
Aperture width
Absorber plate area
Absorber length
Absorber width
Rim angle
Tracking mechanism
Mode of tracking
Tracking frequency
Storage and cooking pot
Volume
Diameter
Insulation
Absorber tube diameter
Reflecting material
Length
Width
Parabolic curve equation
Focal length
Height
Arc length

2
1.67
1.2
0.2
1.67
0.12
118

Value/type
m2
m
m
m2
m
m
degrees

Manual
15

Minutes

18
Liter
0.35
m
Fiberglass
16
mm
Glass
50
mm
200
mm
2
Y = 7x -126.5x + 569.5
220
mm
445
mm
1.6
m

4. Results and discussions
4.1. Standard stagnation temperature of absorber plate without coating
Stagnation temperature is the maximum temperature that can be achieved by the cooker under no load
condition. This test is first made on the 180mm aluminum absorber without application of coating material.
Radiation and temperatures measured on 13 September 2010 are presented on Figure 2. This test is made
between 11:10 hrs and 12:30 hrs. During the test a maximum temperature of 105.6 OC has been achieved at
the absorber plate at around 11:50 hrs with a radiation of 964 W/m2.
The standard stagnation temperature (SST) gives the temperature to which the absorber will rise under a
horizontal insolation of 850 W/m2 and is given by:
 T − Ta 
(850W/m 2 )
SST =  s

I
(
)
 measured 
105.6 − 28.4
SST = (
)(850W/m2 )
964W/m 2
SST = 68O C
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(Eq.1)

Temperature and radiation measurement
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Figure 2: Radiation and temperature measured on 13 September 2010

4.2. Standard stagnation temperature of absorber plate with black coating
The stagnation temperature of the absorber plate is then measured by coating the absorber plate with a black
spray paint to enhance the absorption of solar radiation. Radiation and temperature measurements taken on
20 September 2010 are shown in Figure 3. This test is made between 8:36 hrs and 15:36 hrs for seven hours.
It is observed that a maximum temperature of 124 OC is achieved at around 10:50 hrs with a radiation of 954
W/m2. The standard stagnation temperature given by (eq 6.1) is 87 OC. This increase is attributed due to the
black paint coating material put on the absorber plate.
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Figure 3: Radiation and temperature measured on 20 September 2010
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Figure 4: Radiation and temperature measured on 18 October 2010

Further improvement in stagnation temperature has been achieved by decreasing the absorber width to
120mm. Radiation and temperature measurements taken on 18 October 2010 are shown Figure 4. This test is
made between 8:44 hrs and 16:14 hrs for eight hours and thirty minutes. Maximum radiation is measured at
noon between 11:44 hrs and 12:14 hrs but maximum temperature at the absorber plate are observed early in
the morning and in the afternoon. This is because many of the radiation coming from sides of the parabolic
trough collector have been observed to miss the absorber plate.
Standard stagnation temperature at this point is calculated by taking the maximum temperature of 171OC
observed at 14:34 hrs. Therefore, the stagnation temperature given by (eq. 6.1) is 159 OC.
4.3. Performance evaluation of the solar cooker when using heat transfer fluid
The solar cooker is loaded with a heat transfer fluid and the thermal performance is presented and discussed
by taking two different arrangements of the storage. First arrangement is when the storage is placed closer to
the collector and second arrangement when the storage is placed fifty centimeters away from the collector
The performance of solar collectors is made by the energy balance. It is important to analyze the quantity of
energy received to the energy distribution in the system. Hence, important parameters in determining the
thermal performance such as radiation, collector and storage temperature distribution, wind and ambient
temperature measurements are taken along some points in the cooker.
4.3.1. Test arrangement 1 Storage distance 100m and absorber plate width 180mm
In this arrangement, the experimental test is made by placing the storage as much closer as the geometrical
limitation allows. The distance between the collector outlet and the storage inlet is ten centimeters. The first
test shown in Figure 6.4 is made by using the 180mm absorber plate.
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Figure 5: Radiation and temperature measured on 24 September 2010

Measurement of radiation and temperature started early in the morning at 8:15hrs. Then after 15 minutes, the
collector is positioned to track the sun. It can be shown on Figure 5 that the time response of the absorber
(time taken to reach 63% of the maximum temperature) after a step change in radiation is on average 30
minutes. The temperature increases sharply to a maximum of 100OC. As one expects, the temperature values
increase with the increase in radiation during the day. However, due to the geometry of the absorber plate
some part of the radiation that was designed to fall on the absorber plate were seen to miss the absorber. This
is because the projection of the absorber when viewed from above and side is different. Hence, the
temperature reaches its pick early in the morning and remains constant during the day until in the afternoon
when it again starts to increase (Figure 7).
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Figure 6: Radiation and temperature measured on 13 October 2010
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4.3.2. Test arrangement 2: Storage distance 500m and absorber width 120mm
In the second arrangement, experiments are made by extending the storage 0.5m from the previous setup.
Additional thermocouple is added at the inlet to the storage to observe how the temperature changes from the
absorber outlet to the storage inlet. Figures 7 and 8 are experimental results taken on 19 and 21 October 2010
respectively. The temperature at the absorber plate increases rapidly when the collector is tracked to face the
sun. Consequently, the temperature at the absorber outlet and inlet to the storage increases rapidly as well
showing the start of natural circulation of the system. In ten minutes, the absorber temperature increases
sharply then slowly increases to its maximum. In Figures 7 and 8 maximum temperatures of 126OC and
121OC have been recorded at the outlet of the absorber plate.
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Figure 7: Radiation and temperature measured on 19 October 2010

Temperature measurements on the cooking pot are taken using a surface temperature K-type thermocouple.
Maximum temperature of 86OC is achieved at the cooking pot in the afternoon around 14 hrs (shown in
Figure 7).
As shown in Figures 7 and 8 the temperature profiles have the same trend; the time response is very fast that
is, the temperature increases sharply to its maximum within a short time. Then it remains steady for much of
the testing time until in the afternoon around 13:00 hrs where it starts to rise again to its maximum
temperature.
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Figure 8: Radiation and temperature measured on 21 October 2010

4.4. Thermal performance
4.4.1. Cooking power
Cooking power for the two arrangements are tested using oil and the change in oil temperature for each tenminute interval is multiplied by the mass and specific heat capacity of the oil contained in the cooking pot.
Two liters of oil have been used for testing the cooking power of the solar cooker. This product shall be
divided by the 600 seconds contained in a ten-minute interval. The cooking power is calculated as follows,

P=

T2 − T1
mc p
600

(Eq.2)
o

According to the world Health Organization fact sheet N 125 (WHO, 2010) it is recommended that food
should be cooked thoroughly so that at least the center of the food reaches 70OC. The cooking power and
maximum temperature in the first arrangement have been 181W and 60OC respectively. Hence, the
temperature obtained in this test is lower than the minimum temperature required for cooking.
Results from the second arrangement showed that maximum cooking temperature of 86OC and cooking
power of 327.5W. In this arrangement, the temperature is higher than the lowest temperature required for
cooking most kind of food.
4.4.2. Thermal efficiency of the cooking unit
One of the important parameters in the performance of solar cookers is the thermal efficiency. The cooking
energy available as sensible heat in the storage and the average incident solar energy falling on the collector
can determine the thermal efficiency of the cooking unit. The average efficiency is given by:

η=

QU
m C ∆T
= Oil Oil
IAC
IAC

(Eq.3)

The calculated results of thermal efficiency showed 2.6% and 2.8% for the first and second arrangements
respectively. The result predicted the overall performance of the solar cooker as system. This result is similar
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compared to the efficiency of 3.36% achieved by parabolic dish heat exchanger working in a natural
circulation system (Murty et al., 2007). The thermal performance is very low which can be explained by high
thermal losses at the absorber plate, cooking pot and very low heat removal efficiency due to very slow flow
rate of heat transfer fluid in natural circulation.
4.4.3. Heat loss mechanisms
The main sources where heat loss is expected are the absorber plate, the storage and the pipe system. At
higher temperature heat loss are dominated by convection and radiation. Convective heat loss is directly
proportional to the object average temperature, ambient temperature, wind speed and object area. Radiation
loss is highly dependent on the object’s temperature.
The main heat loss mechanisms are determined as follows (Lienhard IV and Leinhard V, 2006);
Convective heat loss H conv = hA b (Tb − Ta )

(Eq.4)

Where h is the convection heat loss coefficient given by:
h = 5.7 + 3.8V

(Eq.5)

Where V is wind speed, m/s
4
Radiation heat loss Hr =∈ σT

(Eq.6)

Conduction heat loss
H cond =

k (Tb − Ta )
∆x

H cond =

2πkL
(Tb − Ta )
ln(r2 / r1 )

(Eq.7)

Considerable amount of heat loss are expected from the absorber plate and the top of the cooking pot since
they are exposed to the environment. The side and bottom of the storage and the pipe system are well
insulated that negligible amount of heat loss is expected. The summarized heat losses are presented in Table
3 and Table 4. The results are obtained from the various measured average temperature of absorber plate,
storage and cooking pot and the different pipe network systems. The radiation and temperature
measurements taken on 21 October 2010 are used to calculate the heat losses associated with the solar
cooker.
The convective heat loss coefficient at a wind speed of 3.1m/s is found to be 17.48 W/m2.K. The total heat
loss from the solar cooker is 663W. More than 76% (511W) heat loss is observed from the absorber plate.
Table 3: Convective and radiative heat losses in the solar cooker

Heat losses
Absorber
Area
Length
Width
Average temperature
Ambient temperature
Wind speed
Convective heat transfer
coefficient
Convective heat loss
Average temperature in K
Emissivity
Boltzmann’s constant
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Dimension
0.200
1.67
0.12
105
23.5
3.1

Units
m2
m
m
o
C
o
C
m/s

17.48
286
378
0.97
5.67E-08

W/m2.K
W
K
W/m2.K4

Cooking pot
Area
Radius
Height
Average temperature
Ambient temperature
Wind speed
Convective heat transfer
coefficient
Convective heat loss
Average temperature in K
Emissivity
Boltzmann’s constant

Dimension
0.088
0.125
0.05
70
23.5
3.1

Units
m2
m
m
o
C
o
C
m/s

17.48
72
378
0.26
5.67E-08

W/m2.K
W
K
W/m2.K4

Radiative heat loss
225
W
Total absorber heat loss
511
W
Total absorber and cooking pot heat loss 610W

Radiative heat loss
Total cooking pot heat loss

27
99

W
W

Table 4: Conductive heat losses in the solar cooker

Heat losses
Storage
Surface area

Dimension
0.338

Units
m2

Radius
Height

0.175
0.22

m
m

Average temperature
Ambient temperature

95
23.5

o

Wind speed

3.1

m/s

Insulation
Radius + thickness
Thermal conductivity

0.225
0.038

m
W/m2.oC

Thickness

0.05

m

Conductive heat loss

17

W

Pipe network

Dimension

Units

Pipe network

Dimension

Units

Internal diameter
External diameter

2.20E-02
8.60E-02

m
m

Internal diameter
External diameter

2.20E-02
8.60E-02

m
m

Thermal conductivity
Average temperature

0.038
61

W/m2.oC
o
C

Thermal conductivity
Average temperature

0.038
105

W/m2.oC
o
C

Ambient temperature
Pipe length

23.5
3.6

o

C
m

Ambient temperature
Pipe length

23.5
0.8

o

Conductive heat loss

24

W

Conductive heat loss

12

W

Total conductive heat loss

53

W

o

C
C

C
m

Total conductive, convective and radiative heat losses of the collector system is 663 W
5. Conclusion and recommendation
The solar cooker based on parabolic trough concentrator has been designed, build and tested using locally
available materials and technology. Since the cooking area is separate from the collector area, the solar
cooker is more user-friendly. It means that cooking can be made in a shaded area to prevent direct solar
radiation on the person working on the cooker.
The results presented show that the temperature sharply increases early in the morning and a constant
temperature is maintained throughout the day. Maximum temperature of 126 OC at the absorber outlet and 86
O
C at the cooking pot have been achieved. The very short response time enables the cooking pot to be ready
for cooking early in the morning. Results from the second arrangement showed that maximum cooking
temperature of 86 oC and cooking power of 327.5 W. This is lower than the expected 1kW output from the
solar collector. In this arrangement, the temperature is higher than the lowest temperature required for
cooking most kind of food. Heat retention in the solar cooker storage can further keep food hot after sunset.
Since hot oil remains at the top of the storage due to its density, the storage can simultaneously heat the
cooking pot and store energy by heating the oil. The energy obtained from the present parabolic trough solar
collector can be transported to a cooking place using a heat transfer fluid. This is associated with small
temperature drop along the added pipe and a decrease in the flow rate of the heat transfer fluid.

3695

References
Blazar, A, Stumpf, P,Eckhof, S, Ackermann, H and Grupp, M 1996, ‘ A solar cooker using vacuum tube
collectors with integrated heat pipe’, Solar Energy, vol. 58, No. 1 – 3, pp. 63 – 68.
Canter, N 2009, ‘Heat transfer fluid: Selection, maintenance and new application’, Tribology and lubrication
technology, pp. 28 – 35.
ChemicalLAND21.com 2008, ‘Soya bean oil’, viewed 23 August 2010,
http://www.chemicalland21.com/industrialchem/organic/SOYABEAN%20OIL.htm
Egbo, G, Sintali, S and Dandakouta, H 2008, ‘Analysis of rim angle effect on the geometric dimension of
solar parabolic-trough collector in Bauchi, Nigeria’, International Journal of Pure and Applied Sciences,
vol. 2, no. 3, pp 11 – 20.
Khalifa, A, Akyurt, M and Taha, M 1986, ‘Cookers for solar homes’, Applied Energy, vol. 24, pp 77 – 89.
Klemens Schwarzer, Maria Eugenia Viera da Silva 2003, ‘solar cooking system with or without heat storage
for families and institutions’, Solar Energy, vol. 75, pp 35 – 41.
Lienhard IV, J and Lienhard V, J 2006, Heat transfer textbook, Phlogiston press, Cambridge Massachusetts.
Lof, G 1963, ‘Recent investigation in the use of solar energy for cooking’, Solar Energy, vol. 7, No. 3, pp.
125 – 133.
Modi, V., McDade, S., Lallement, D., Saghir, J. 2005, Energy services for the Millennium Development
Goals. UNDP/ ESMAP/ World Bank/ Millennium Project.
Murty, V, Gupta, A, Mandloi, N and Shukla, A 2007, ‘Evaluation of thermal performance of heat exchanger
unit for parabolic solar cooker for off-place cooking’, Indian Journal of Pure & Applied Physics, vol.
45, pp 745 – 748.
NMSA – Ethiopia National Metrological Services Agency 2001, ‘National communication of Ethiopia to the
United Nations Framework Convention on Climate Change’, Addis Ababa.
RETScreen, 2010, version 4.0, ‘RETScreen clean energy project analysis software’ available on RETScreen
at www.retscreen.net
WHO, 2010, World Health Organization, fact sheet No 125: Enterohaemorrhagic Escherichia coli (EHEC),
available online at (http://www.who.int/mediacentre/factsheets/fs125/en/ ), viewed 14 September 2010.

3696
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1. Introduction
Solar devices and PV systems are useful for different domestic agricultural and cottage industrial purposes.
However, it is important to integrate solar devices for making it useful round the year for one or other
purpose and thus making it more economically viable (Pande, 2011). Attempts have been made earlier to
develop dual purpose solar devices such as solar cooker cum dryer (Pande and Thanvi, 1988) and solar water
heater cum dryer (Pande and Thanvi, 1991) and with emphasis on optimized geometry and design to get
better performance in stationary mode. The experience gained on these devices was used to design and
develop three-in-one integrated solar device (solar water heater-cum-cooker cum-dryer) [Pande, 2007]. The
utility of the device in making water melon candies was reported earlier (Pande, 2009 a). On the other hand
photovoltaic based systems such as PV pump based drip system for growing orchards (Pande et al. 2003)
and PV duster for plant protection (Pande 1998) were also developed and reviewed (Pande et al. 2009). In
this connection, a PV winnower cum dryer was also designed and developed to contemplate winnowing of
threshed material to separate grain and dehydrating agricultural produce, the two important post-harvest
applications (Pande and Dave, 2007). More attention was given on the dehydration of fruit and vegetables
considering the obvious advantage of getting more benefits to farmers from selling of the stored dried
material in off season. Solar dryers of different types are well described by many workers (Sodha et al. 1987,
Fargali et al. 2008, Sharma et al. 2009) The drying of some materials by using this system have been
reported earlier [Pande 2009 b, Pande et al. 2010].
The three in one device, when used as dryer, has the facility to provide heat during the night also, thereby
providing a better quality of dried product. However, in these integrated devices it was observed that water
surface does not touch some portion of the top inclined sheet of GI tank leading to formation of an air gap
that causes poor heat transfer from absorber to water. The design was modified suitably to ensure that water
surface remains in touch with top surface of the tank. This feature contributed to enhance the performance of
the system. On the other hand there were problems of thermal gradient in the drying chamber of PV dryer
across the height leading to non uniform drying. This was addressed and improved system was developed
with incorporation of a pre air heating tunnel (Pande et al., 2010). While utilizing these devices, it was felt
that there are difficulties in transporting fresh mushroom from remote hinterland to consumers. Drying of
mushroom is one of the options for longer storage, but especial care is required while drying with solar
energy due to its high moisture content. In the present work the utility of these improved integrated solar
devices was studied especially to dehydrate mushrooms. The improved systems are discussed and results on
drying are enumerated.
2. Design details of the devices
2.1 The Integrated three- in- one solar device
The three in one integrated device (Fig. 1) comprises especially designed oblique shaped GI tank (capacity
50 L) having better heat transfer, optimized geometry to use the device in stationary mode, irradiance on
horizontal and vertical surfaces ( Mani and Rangarajan, 1982), double glazed windows with reflectors at the
top and in the front side, facility to operate the system as cooker even from inside of a kitchen if installed on
the south facing window, especially designed cooking cum insulting tray and vents with caps for facilitating
the air circulation while using it as a dryer. There were efforts to improve the design and in this series three
models were developed. During the performance evaluation, it was observed that in these integrated three in
one solar devices water surface does not touch some portion of the top inclined sheet of GI tank leading to
formation of an air gap causing poor heat transfer from absorber to water. The pipe fittings at the outlet were
modified suitably to ensure that water surface remains in touch with metallic surface of the tank. This feature
contributed to enhance the maximum water temperature further to 2-3 0C and hence improving the
performance of the system. In addition, the design of GI tank has been improved and fabricated with a
provision of better heat transfer. The water tank is kept in a double walled GI box with fibre glass insulation
filled in between the two boxes. The topside is provided with a double glazed window (89.5 cm x 35.5 cm)
and another window (86.5 cm x 34.5 cm) is fixed in the front side. A mirror is hinged at the top on a GI
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sheet cover with mechanical spring to change the angle of the mirror. Another reflector cum cover is
provided for the front window. These covers can be put gently on the top and front windows respectively to
reduce the thermal losses in the night.

Fig. 1: Three in one integrated solar device

A door (89 cm x 35.5 cm) is provided at the top of the rear side from where a cooking tray can be inserted to
make it easy to use the device as a cooker. This feature enables one to operate the system even from inside of
a kitchen if installed on the south facing window. The cooking tray also acts as an insulating cover when slid
on rail provided over the water tank during evening and helps reduce the heat losses during the night. Four
plastic pipe nipples with caps are provided at the bottom and top of the sides of the box to facilitate the air
circulation when used as a dryer. The device has been kept on an iron angle stand having slots for holding
drying and cooking trays beneath the main unit.
As a water heater, maximum water temperature could be 50-60 oC in winter afternoon while as a cooker food
for a family could be boiled with in 2-3 hours in summer (loading time 10 A.M). As a dryer, fruit and
vegetables like ber, grated carrot, spinach, watermelon flakes, tomato slices etc. could be dehydrated
efficiently with regulation of temperature during day time and continuation of the drying process even in the
night through the heated water. With the use of the device can save about 230 kWh during winter as a water
heater and 70 kWh as a solar cooker when used in the forenoon of 210 days in a year. In addition 50 kg fruit
and vegetables can be dehydrated from the same device saving additional 30 kWh and providing the dried
material for its subsequent use.

2.2 PV winnower cum dyer with pre air heater
The system comprises an especially designed drying chamber, PV module (reflector optional), an air heating
tunnel and interconnecting fixtures (Fig.2). The drying cabinet is made of iron angle with a top cover of two
glass windows fixed on wooden frame and inclined at an angle of 23 degree from horizontal. Two vertical
glass windows (each 98 cm x 68 cm) are provided in the front side and another glass window (55.5 cm x
65.5 cm) is fixed on east side of the cabinet. Doors are provided at the rear side for loading and unloading of
the material. Four ventilation holes (each of 5 cm diameter) are provided at the base with wire mesh and
detachable caps. The openings on the east side above the window and on the rear side above the doors are
provided with GI wire mesh to prevent the entry of insects and to facilitate the air circulation. The inclined
top and front vertical windows enable to take the advantage of the sun’s position in different months for
getting the required energy gain. The drying material can be conveniently loaded on twelve trays stacked one
above another in two parallel compartments.
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Fig. 2: PV winnower cum dryer with pre air heater

The pre heater comprises an appropriately designed blackened aluminium sheet tunnel of about 2 m in
length, 34.5 cm width and a height of 31 cm and it is encased by PVC sheet on an especially designed frame
and provided with suitable fins for better heat transfer. There is a provision of interconnecting the tunnel to
the bin on the west side and PV fan on the other end of the tunnel. The fan is fixed at one of the vertical
openings on the frame, which is essentially a trapezoidal chamber having hopper and guide for feeding the
material and guide flaps for enhancing the air speed and thus the fan becomes an integral part of the system
used for cleaning the grains. The incorporation of reflector with extended length was done after carrying an
extensive study on PV-reflector systems where it was found that the energy gains between 9 to 11 a.m. was
22.6 and 35.4% more respectively for PV module-reflector system having 1.5 and 2 times more length of the
reflector compared to that of obtained from PV module without reflector and the overall gain was about 20%
with additional cost of some 2-3 % of the PV panel (Pande and Dave, 2007). Experiments were conducted
with two PV panels (35 Wp each), one PV panel with and without reflector and a PV panel with storage
battery back up. Some of the results were reported earlier (Pande and Dave 2007, Pande 2009 b, Pande et al.
2010).
3. Drying mushroom in integrated device
Fresh mushrooms were given a pre treatment and then kept on the drying tray after measuring the initial
moisture content. The caps of the vents and both windows were opened and reflectors were fixed. The
weight of mushroom was measured at different stages of drying to evaluate the moisture content. The
irradiance on horizontal and vertical planes, temperature inside the dryer and ambient temperatures was
recorded.
In first exploratory experiment 220 g mushrooms loaded at 10.30 a.m, in January when ambient temperature
varied from 16-21 oC, were dehydrated from 96 % to 7% moisture content within 26 hours. In a separate
experiment, 250g mushrooms were loaded in integrated device at 1 p. m. and dehydrated to provide about
19 g dried material after 28 hours. It was observed that 146 g water from the product evaporated during the
day while 85g water evaporated in night through the use of thermal energy of hot water stored in the tank
beneath the drying tray. The irradiance on the top horizontal surface and vertical windows were 20.16 MJ
m-2day-1 and 19.44 MJ m-2day-1 respectively and maximum ambient temperature during day was 17.5 oC.
The temperature inside the device remained less than 60 oC and varied in between 28- 58 oC during 11a.m. to
5 p.m. The average temperature of water inside the tank beneath the drying trays was about 40 oC at 4 p.m.
that helped drying during the night.

Fig.3: Drying of mushroom in integrated solar device
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In a separate experiment to optimize the loading, 500g mushrooms were loaded at 1 p. m. and dehydrated to
provide about 38g dried material after 28 hours. It was observed that 292 g water from the product
evaporated during the day while 170g water evaporated in night through the use of thermal energy of hot
water stored in the tank beneath the drying tray. The better drying in the night was due to higher temperature
of water, which was about 47 oC. Further, when loaded with 1 kg, there were problems in drying and some
fungus growth was observed. The improved three in one solar device has been installed in a village, Newra
Road, Osian, District Jodhpur, Rajasthan, India for field evaluation.
4. Drying of mushroom in PV dryer in mixed mode
Mathematical model was developed to predict its performance for air heating tunnel under different
conditions with varying mass flow rate of air (Pande et al. 2008). Following simplified equation was used for
predicting the performance of the air- heating tunnel
Tx=b/a(1--e-ax)+Tae-ax

(eq.1)

Where
a = (Ub w b/ (b+1) + U (A c /Ab) w)/mCa
b = [(τα.Hw+UbTaw) {b/ (b+1)} +UAc/Ab wTa]/mCa
m=air mass flow rate, kgs-1,
Ca=specific heat of air, Jkg-1ºC-1,
Tx = temperature of air along the length of tunnel ºC,
Ta = temperature of ambient air ºC,
w = width of tunnel m,
U = over all heat loss coefficient, Wm-2ºC-1
Ac/Ab = ratio of cover to base area
τ = transmittance of cover
α = absorptance of surface/fins
Ub = base heat loss coefficient, Wm-2 ºC-1,
b = ratio of sensible heat to latent heat, which is taken as high as 20 for dry surface
H = Solar radiation (W/m2)
The drying of different produce such as herbs has been discussed in detail by Kavak and Bicer, 2008, Fargali
et al. 2008, Koya and Aydin, 2009. Mathematical model developed for the performance prediction of the
temperature at different trays of the dryer (Pande et al. 2010) with the incorporation of an extended air
heater to pre heat air for reducing the thermal gradient in the drying bin was validated for drying mushroom
in winter.

Fig 4: Drying of mushroom in PV dryer with pre air heater

In an exclusive experiment, 900 g mushroom were dehydrated from 92 % moisture content to 5 % with in 48
hours first in forced convection mode during day and letting the natural convection to prevail subsequently
(Fig.4). The material was loaded equally in different trays at about 1 p.m on a chilly day when ambient
temperature varied from 16.5 to 18.5 oC. The temperature inside the drying chamber varied from 24-35 oC in
different hours of the day and the predicted temperature of the drying trays was close to those observed ones.
The thermal gradient reduced 2-3 oC with the pre air heater and this resulted in quite uniform drying of
material in different trays, indicating the utility of the pre air heater. The quality of the dried material was
better with less browning.
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The dried material was soaked in lukewarm water and was rehydrated to prepare mushroom curry.
Organoleptic tests revealed very good taste of the curry prepared from the dried mushroom. Although, curry
prepared from fresh mushroom had an edge over that, especially in the softness of the cooked mushroom
compared to prepared from dried one, the ease of storing and preparing the dish in off season compensates it.
The device was extensively tested as a winnower in the farm of the institute and also for drying different
produce. Based on year round performance, and with a calendar of using the system as dryer for 250-275
days, it was estimated that PV winnower cum dryer costing $350 has a pay back period of 1.2 years only.
5. Conclusions
Mushroom can be dehydrated successfully in three-in- one integrated solar device as well as in PV winnower
cum dryer. The quality of the dried product was comparable due to advantage of night drying in integrated
device through thermal energy stored in hot water where as in the PV dryer the forced circulation during day
makes it slightly less brown compared to the one with natural circulation due to drying at low temperatures.
The PV dryer with pre air heating tunnel reduced the thermal gradient in the drying chamber. Since
integrated solar device and PV winnower cum dryers can be used round the year, the solar devices have
potential for adoption in rural areas.
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Abstract
Solar Cooking is a well-known concept among development agencies. Many different solar cooking
technologies, particularly on a household level, have been developed and distributed around the world. Solar
cooker promoters advertise the use of solar cookers due to their several benefits for its users and the
environment.
However, a widespread implementation of these technologies could not be reached so far. The reasons for
this are several, such as cultural, economic and technical dimensions. In order to make solar cooking more
acceptable among its users, more research has to be undertaken regarding the social aspects of solar cooking.
In academic circles solar cooking has been widely viewed from a “technological-driven approach” (Wentzel
& Pouris, 2007) without focusing on the economic, social and cultural factors which vary between the
contexts where solar cooking projects are implemented and which thus play an important role for the
adoption of solar cooking.
Particularly, there has been a lack of solar cooking on an institutional level. Much focus has been given
among solar cooking developers and producers related to household applications while solar cooking
technologies for institutional applications have been very limited developed. Solar cooking on an institutional
level could be an option particularly for health centers which rely heavily on biomass in their energy supply
or which suffer from an unreliable and unaffordable electricity grid.
The most distributed institutional solar cooker presents the Scheffler community kitchen called after its
inventor Wolfgang Scheffler. However, a wide range of these solar cooking systems have been implemented
in India while in an African context the system is only limited applied.
The question remains why solar cooking is so much more successful in India than in an African context. This
paper aims to contribute to this debate with a case study of Mozambique. Mozambique is a country with a
high amount of solar radiation and high use of firewood which should make it to an ideal country for solar
cooking. However, despite all this, solar cooking has been only undertaken on a very small level within the
country and is mainly based on small household applications. In this way I want to examine more of the
reasons for why Mozambique has so limited solar cooking activities. The aim is to investigate the
possibilities and limitations of institutional solar cooking in Mozambique with focus on health care centers in
the closer surroundings of Maputo and Beira.
The data of this paper is based on an extensive fieldwork including interviews with governmental officials,
different health care centers and solar cooking promoters in Maputo and the region of Beira. The study
provides a first angle of thought of why solar cooking has been limited undertaken in these regions and what
are the opportunities for institutional solar cooking in Mozambique.
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1. Introduction
Solar Cooking is a well-known concept among development agencies. Many different solar cooking
technologies, particularly on a household level, have been developed and distributed around the world. Solar
cooker promoters advertise the use of solar cookers due to their several benefits for its users and the
environment.
However, a widespread implementation of these technologies could not be reached so far. The reasons for
this are several, such as cultural, economic and technical dimensions. In order to make solar cooking more
acceptable among its users, more research has to be undertaken regarding the social aspects of solar cooking.
Solar cooking has been widely viewed from a “technological-driven approach”(Wentzel and Pouris, 2007)
without focusing on the economic, social and cultural factors which vary between the contexts where solar
cooking projects are implemented and which thus play an important role for the adoption of solar cooking.
Particularly, there has been a lack of solar cooking on an institutional level. Much focus has been given
among solar cooking developers and producers related to household applications while solar cooking
technologies for institutional applications have been very limited developed. Solar cooking on an institutional
level could be an option particularly for health institutions which rely heavily on biomass in their energy
supply or which suffer from an unreliable and unaffordable electricity grid.
2. Research objectives
This paper presents a first part of my research related to the adoption and implementation of institutional
solar cooking. The most distributed institutional solar cooker presents the Scheffler community kitchen called
after its inventor Wolfgang Scheffler. However, a wide range of these solar cooking systems have been
implemented in India while in an African context the system is only limited applied. The question remains
why solar cooking is so much more successful in India than in an African context and to identify the factors
which lead to an adoption of an institutional solar cooking system.
This paper aims to contribute to this debate with a case study of Mozambique. Mozambique is a country with
a high level of solar radiation and high use of firewood which should make it to an ideal country for solar
cooking. However, despite all this, solar cooking has been only undertaken on a very small level within the
country and is mainly based on small household applications. In this way I want to examine more of the
reasons for why Mozambique has so limited solar cooking activities. The aim is to investigate the
possibilities and limitations of institutional solar cooking in Mozambique with focus on health and
educational institutions in the province of Maputo and Sofala. The major research questions in this paper
comprise:
I.

What is the current status of solar energy technologies in Mozambique?

II. Why is solar cooking only limited implemented in Mozambique?
III. What are limits and possibilities of institutional solar cooking in Mozambique?
The data of this paper is based on an extensive fieldwork1 including interviews with governmental officials,
different health care centers and solar cooking promoters in the province of Maputo and Sofala. The study
provides a first angle of thought of why solar cooking has been limited undertaken in these regions and what
are the opportunities and limitations of institutional solar cooking in Mozambique. The paper will start by
giving a background of Mozambique and its climatic potential for solar cooking. Furthermore, I will shortly

1

The paper is based on data collected during the first part of my fieldwork from 14.04 to 26.04.11. Data
collected during the second part of my fieldwork undertaken from 17.06-23.08.11 is not included since the
paper was written before that time. However, the data is relevant to give first insights to the study.
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present the data sources and the three main research questions will be discussed based on the research
findings.
3. Background Mozambique
Mozambique is located on the south eastern coast of Africa bordering Tanzania in the north, the Indian
Ocean to the East, Malawi, Zambia, Zimbabwe and South Africa in the West and Swaziland in the South.
The country comprises a total area of approximately 799,380 km2. The climate is divided into tropical and
subtropical zones and a dry winter from April to September followed by a rainy summer season from
October to March (Cuvilas et al., 2010).
Mozambique is considered to have a huge unexploited potential of natural resources. It is estimated a
hydropower potential of 12,500 MW and 127 billion m3 of natural gas reserves and 13,1 billion tons of coal
reserves. The energy sector in Mozambique focuses on export. Natural gas and electricity is mainly exported
to South Africa while coal is exported to the Brazilian steel industry. The electricity supply in the Southern
part of the country is coming from South Africa since there is no direct transmission line available.
In 2008 only 13,2 percent of the population had access to electricity while most of the people with access to
electricity are located in the southern part of the country (Cuvilas et al. 2010). This means that a high amount
of the population particularly in rural areas live with no access to electricity and it has to be kept in mind that
even with access to electricity, the power is mainly used for lightening but not for cooking since the costs for
electricity are for many households too high. The major energy source for cooking presents firewood and
charcoal. It is estimated that around 80 percent of the population rely on biomass as primary energy source
(Mulder & Tembe, 2008).
According to Cuvilas et al. (2010) the use of firewood is not regarded as a cause of deforestation since
mainly dead wood is collected. However, the production of charcoal in Mozambique is regarded as
unsustainable and as the major cause for deforestation in the country. Particularly the increased consumption
around urban areas leads to an increased deforestation in surroundings of the major cities. Cuvilas et al.
(2010) reports that in the area around Maputo in the late 1980s forest was located 50 to 60 km around
Maputo while in 1993 the situation became worse with a forest location of a radius of 60 to 100 km. In 1999
the increase continued to 150 to 200 km. Today, the charcoal and firewood for Maputo comes mainly from
Inhambane and Sofala which leads to that the price of charcoal and firewood in Maputo is the highest in the
entire country.
On the other hand to this inadequate energy access Mozambique is characterized by a high solar energy
potential. A study undertaken by Cuamba et al. (2006) measuring the solar radiation potential of
Mozambique shows that the global average of solar radiation is 5,7 kWh/m2/day2 while the minimum average
of 5,1 kWh/m2/day was measured in Lichinga and a maximum of 6,0 kWh/m2/day was measured in Pemba in
the northern part of the country.
This picture is also confirmed by Solar Cookers International (SCI). SCI compiled a list of the 25 most
suitable countries for solar cooking. Within this list, a country is regarded as suitable for solar cooking if it is
characterized by dry climates and at least 6 months of sunshine per year. The countries were ranked
according to the following criteria (SCI, 2010):


Annual average sunlight (NASA)



National fuel shortages/net energy imports

2

In comparison Norway (Oslo) has an incoming solar radiation of 2.27 kWh/m2/day. (see
http://www.solarpanelsplus.com/solar-insolation-levels/ (20.05.11)).
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Estimated populations for 2020 (UN data)



Estimated per cent of the population living with both ample sunlight and fuel shortages

Mozambique ranks on place 16 and presents in this way a suitable country for solar cooking according to the
mentioned parameters. This section showed that Mozambique has a need for an improved energy supply
particularly for cooking. Furthermore, the section showed that there is a high potential of solar energy
available in the country but the question remains in which way the country is making use of this potential.
4. Presentation of the data
During the first part of my fieldwork from 14th to 26th of April I was able to conduct semi structured
qualitative interviews with different institutions implementing energy projects in Mozambique. The
institutions include the Ministry of Energy in Mozambique, GIZ and FUNAE. The aim was to find out the
energy plans of these institutions and if these plans include any solar energy technologies as for example
solar cooking. The interviews were undertaken with focus on the three research questions mentioned before.
In the following, I will give a short description of the aims and functions of each of these institutions. This is
necessary in order to assist the reader in understanding the importance of these institutions regarding solar
energy plans in Mozambique.
4.1 Interview partners

Ministry of Energy
The Ministry of Energy was formed after the elections in 2004. Before 2004 it was called the Ministry of
Mineral Resources and Energy. The aim of the Ministry of Energy is to increase the access to energy sources
for Mozambique`s population. Particularly focus is on electrification on a household level. This includes the
extension of the national electricity grid to all district capitals and the use of renewable energies in areas
where no connection to the national electricity grid is possible. The Ministry aims in this way to develop
policies and regulations which support the development and use of renewable energies in Mozambique.

GIZ (Deutsche Gesellschaft für Internationale Zusammenarbeit)
The GIZ former known as the GTZ (Gesellschaft für technische Zusammenarbeit) was founded on 1st of
January 2011. It presents a cooperation of the Deutscher Entwicklungsdienst (DED) gGmbH (German
Development Service), the Deutsche Gesellschaft für Technische Zusammenarbeit (GTZ) GmbH (German
technical cooperation) and Inwent - Capacity Building International, Germany. The GIZ represents a
federally owned enterprise which assists the German Government “in achieving its objectives in the field of
international cooperation for sustainable development.”(GIZ, 2010). One of the projects which GIZ started in
2007 is called “Energising Development “. The project is a cooperation of the Dutch and German
Government. It comprises 18 countries including Mozambique. The project in Mozambique comprised three
different subprojects in the first phase of project until 2009.
1. Connect poor households to the national electricity grid
2. Solar PV project in Sofala province

3. Micro hydro project in Manica province
Furthermore, there are plans for implementing an improved cooking stove project 3 . Since 2010 GIZ is
following a new approach where FUNAE was offered a modular service delivery and between both partners
it was agreed on six different modules which focus in Manica province on the following tasks:

3
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Data is based on the interview with GIZ (15.04.11, GIZ office Maputo).

The first task includes a micro hydro project which includes the establishment of several operational sites and
the establishment of a hydro knowledge and training centre in Chimoio. Regarding solar energy a solar PV
training for all actors within the field of solar energy is planned including the establishment of a solar
training centre in early 2012 at the Instituto Industrial in Maputo. Additionally a training process is planned
to take place for all commercial actors in the field of solar PV. Another module includes the productive use
of energy in agriculture. Based on a previous workshop eight different proposals are being analyzed in
energetic, technological and commercial effects. Furthermore, the aim is to establish battery charging stations.
Currently research is undertaken regarding different available options including stand alone and
combinations with existing (FUNAE) power sources.
In addition the project comprises standardized monitoring and evaluation models which are currently under
implementation in Chimoio and Maputo. Last but not least the project emphasizes on the support of
established (small) companies in their participation with focus on improved stove dissemination.

FUNAE (Fundo Nacional de Energia) FUNAE is the National Energy Fund of Mozambique and an
institution subordinated by the Ministry of Energy. FUNAE was founded in 1997. It major tasks comprise the
financial assistance for projects that contribute to energy development which lead to an expansion of low cost
energy services in rural and urban areas of Mozambique. According to FUNAE (2011) the mission is “to
promote great access for energy on a sustainable and rational way, which contributes for the social and
economic development of the country”. This includes particularly the provision of electricity for people in
rural areas. The vision of FUNAE is to become a well viewed institution all over the country with regards to
the promotion and dissemination of renewable energy.
5. Discussion
The following section presents a discussion of the conducted interview data with focus on the three research
questions.
5.1 What is the current status of solar energy technologies in Mozambique?
Regarding the development, promotion and distribution of solar energy technologies in Mozambique there
have not been any regulations implemented from the governmental side. However, the Ministry of Energy is
working on an improvement of the situation. According to an interview with the Ministry of Energy4 the
Ministry has been working on a policy regarding the support of renewable energies. The policy has been
approved but the strategy plan is still under vision and will not be approved before the end of 2011.
The main focus regarding solar energy technologies from side of the Ministry is on Solar Photovoltaic (PV)
technologies, particularly with the purpose of giving light to the people. The emphasis is hereby mainly on
rural households which cannot be connected to the national electricity grid. Furthermore, it is intended to
make use of solar thermal technologies primary for water heating. In an interview with FUNAE5 it was stated
that solar PV for rural electrification is the major type of solar energy technology which is used.
Regarding solar cooking none of the three institutions is currently making use of any solar cooking
technology for improving the cooking situation of households and institutions. Solar energy technologies are
mainly applied in terms of solar PV panels for giving access to electricity and in this way light. There is no
strong focus given to improve the cooking situation with the use of solar energy. The statements were also
confirmed in my visits to different health centres6 in the province of Maputo and Sofala. Even the more
4

Interview with Ministry of Energy (15.04.2011, Maputo).
Interview with FUNAE (19.04.11, Maputo).
6
The interviews with the health centres are part of another paper which analyses the current energy
consumption patterns and cooking habits of health and educational institutions in Maputo and Sofala
province.
5
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modern health centres/hospitals including access to electricity provided by the national electricity grid or
solar PV panels were not making use of electricity for the purpose of cooking. Electricity was primary used
for giving access to light and cooling of vaccinations while cooking is often undertaken with gas or very
simple in form of a so called 3 stone fire. The only strategy which includes the improvement of the current
cooking situation is the use of improved stoves but this intervention is only limited successful. As the
following statement by FUNAE shows:
When we installed solar PV systems at Muchungue rural hospital although that hospital is a
very big hospital… They have high pressure pots. They have maybe three or four items but
they are not using because solar PV systems installed there cannot support the power. So that
during our survey, myself I was there during the survey, we concluded that we should provide
improved cooking stoves. So we hired a company from Manica Province and they went there
and they built two institutional improved stoves but people were not using. And maybe after
three months we went there to do monitoring and we found out that they were not
using…(FUNAE, 19.04.2011).
The interviews with the three different institutions show that solar thermal energy technologies have not
found grip in Mozambique yet. Solar technologies are mainly limited on Solar PV while solar thermal
technologies are not widely implemented in the country but discussed to be taken into use but limited to the
function of heating of water. However, the government is aware of the limited awareness of solar energy
technologies within the country and is trying to improve the situation with its new strategy plan.
5.2 Why is solar cooking only limited implemented in Mozambique?
During the interviews with the different institutions regarding the implementation of solar energy projects in
Mozambique a strong tendency towards solar PV technologies became clear. As we could see in the section
before solar cooking is a practice which is not included by any of the informants as a further strategy. Among
the informants solar cooking is mainly regarded as an activity on the household level and often associated
with solar box cookers. Solar cooking on an institutional level is only known in terms of a prototype of a
small scale concentrating institutional solar cooking system which is currently developed at Eduardo
Mondlane University. Solar cooking has primary a bad reputation among all informants. The problem
regarding the cultural acceptance is seen as the overall constraint. It includes issues such as for example
cooking outside in the sun, the slow cooking process and the danger of blindness through the reflection of the
sun.
However, the Ministry of Energy does not exclude the use of solar cookers but it is not included in the
current strategy plan. The Ministry reports that attempts had been done before to implement small scale
household solar cookers but were not successful due to cultural problems. According to the Ministry of
Energy, a major problem with the use of solar cookers is seen in the people`s habit of using charcoal. People
have been cooking with charcoal and firewood over generations and that is not easy to change.
During the interview the Ministry reports from other interventions of implementing natural gas stoves or
improved stoves which did not succeed7 and which let conclude that the use of solar cooking can be an even
more challenging intervention.

7

It was reported of a project which offered a community kitchen for free to its people which uses natural gas
for cooking. The community kitchen is not used due to cultural reasons. The main issue is that cooking is
regarded as something private while cooking on a community natural gas cooker requires that a person leaves
his/her house with her/his cooking equipment and ingredients to another place. This means that other people
as for example the neighbours can exactly see the quantity and what type of food is available or not available
for a certain person. This is a huge insight in a person`s private life which most of them do not feel
comfortable about.
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I have to be honest, we did not consider that. Even before 2003 I learnt that the ministry at
that time, we tried to promote solar cooking stoves and I know that there are some NGOs
trying to promote solar cooking stoves but even with the gas stoves and electric stoves we are
still facing problems. I am telling you that because I know here in Maputo for instance
people tend to use charcoal instead of gas because of cultural problems. So as you know
solar cooking stoves, I mean the technology is there but people should first be educated to
understand, you have to use this in this way and if you go to the rural areas no one has time
to…definitely if you put the stove there no one will go and use it (Ministry of Energy,
15.04.2011).
Another issue the Ministry of Energy mentions is the fact that the solar cookers have to be placed in the sun
and it has to be cooked in the sun while the traditional way of cooking is undertaken in the shadow which is
much more comfortable regarding Mozambique`s dry and hot climate.
Furthermore, the government has not yet implemented any regulations which enhance the investment of solar
energy technologies such as for example tax reductions for solar equipment which could support the use of
solar cookers. However, according to the Ministry the use of these kinds of incentives is planned to be
included in a future regulation as soon as the strategy regarding the use of renewable energies is approved. A
further obstacle not only related to solar cooking but to the implementation of new technologies in general
presents the resistance of rural people of using new technologies. FUNAE emphasizes on the importance of
demonstrating new technologies to the rural people in order to make them using the technology.
…When we want to start a new technology we must go to the community and give them one,
two or three prototypes just for them to look and when we see…and when they saw someone
with some new thing, when you go at another time, they are more open for the technology.
Even for the solar system they were very resistant… (FUNAE, 19.04.2011).
There is a general attitude of people which states the importance of seeing something in order to believe it.
FUNAE reports that in their assessment procedure of visiting different households to find out who is
interested in a solar PV system, people are normally more suspicious but when FUNAE returns with the
Solar PV for people who signed up on the list, the other ones who refused an adoption in the first place
suddenly are also interested in obtaining a Solar PV panel.
We ask people “who wants kit A goes to this queue but you will have to pay it”. But some
people say that they (FUNAE) are lying they will not come here again and they don’t want to
give their names and those are the people with some conditions to pay the systems but they
don’t want. They say they lie but when we go there to install they say they want a system
“because I have my business there because I can pay I have money”. But why did not they
come in the beginning? (FUNAE, 19.04.2011).
5.3 What are limits and possibilities of institutional solar cooking in Mozambique?
Regarding institutional solar cooking probably one of the major limitations is the limited knowledge of
existing technical functioning institutional solar cooking technologies and in this way the lacking market in
the country. As mentioned before solar cooking has been widely undertaken around the world with a primary
focus on household applications. However, there are technologies which operate on an institutional level but
it seems that these technologies have not reached the Mozambican market. The biggest limitation is the lack
of knowledge and information and in this way the lacking availability of these technologies as the following
citation by FUNAE reflects:
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You know that is the main reason why we are not using here. We don’t see the availability of
this kind of solar cookers. Maybe if it is available in the market you should try to implement a
project for institutional level first for schools. (FUNAE, 19.04.2011).
Furthermore, one of the major limits are the earlier mentioned lacking strategies and regulations regarding
the import, development and distribution of solar energy technologies which could also contribute to an
increased knowledge of different solar technologies including institutional solar cooking in the country. The
Ministry of Energy is working on an improvement with its new strategy and in a statement by the Ministry it
becomes clear that the government is aware of this limitation and trying to change it.
South Africa, Kenya, Brazil, India, China they have successful examples of interventions. I
mean these interventions are successful because they put in place incentives and we try to do
the same although we recognize we have some constraints but we will try to do that.
(Ministry of Energy, 15.04.2011).
In general, solar cooking on an institutional level was by the informants more positive viewed than on a
household level. Solar cooking on a household level is characterized by its bad reputation among the
informants while the idea to build a solar system for the use of public institutions is more supported and
regarded with a higher success.
Among solar cooking opponents the relatively high prices of simple technologies are often seen as limiting
factor for the implementation of solar cookers. However, the interview with the Ministry of Energy shows
another picture. With focus on the example of solar PV the Ministry reports that they expected that the
application of solar PV would be limited in Mozambique due to its high costs. There is no question that the
use of solar PV is still quite expensive for an average household in rural Mozambique but people are willed
to spend this high amount of money for the technology because the benefits of the use of solar PV are visible
to them. People have a strong desire for light and that is what they can get through this technology. This
shows that a high price does not always present a major obstacle if people have a need for this technology
and see the benefit of it then they are willed to pay for it.
Well, I will talk of solar PV. The case of PV is very interesting. In the beginning we thought
that the price of the technology was too high. I mean it is in fact but when we started the
programmes in the rural area. We realized that people, they are form to pay and they want to
have it, you see they want to have light for other things. In that case as you say it is easy you
can convince an inventor to put a factory here and then the product will come in our market
in relatively low price so that`s what we are considering for the study. (Ministry of Energy,
15.04.2011).
Furthermore, I tried to find out through the interviews what my informants see as the most common reasons
for not adopting solar technologies. With focus on solar PV the Ministry of Energy emphasizes on two major
constraints which include the already mentioned problem of availability and the problem of education. The
materials for building certain solar energy technologies have to be locally available. The Ministry reports
from a solar PV project in Manica province which mainly made use of imported materials but which is more
and more trying to produce the equipment locally. Particularly in the case of Solar PV the problem of
education is visible. People have to be trained on how to use the technology and how to maintain it in order
to adopt it in a long term perspective. However, people see the opportunity and benefits of electricity and
their desire for energy is that strong hat they start overloading the solar PV system so that it breaks down.
In the case of PV mainly is the problem of education. If you are taught how to take care of
the system, then it should not be a problem. But you know what is happening there? Even in
places where people were supposed that people should keep it, what happened is that they
break it. Because they see the electricity, they were taught how to use it but they don’t follow
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the rules. They overload the system…another problem is theft you probably have heard about.
it. (Ministry of Energy, 15.04.2011).
The argument was also confirmed in the interview with FUNAE. People are taught about the use of solar PV
but tend to abuse its capacity after FUNAE left the place. The problem of availability goes along with a
lacking market. In the interview with the GIZ in Maputo the problem of availability and having a market is
compared with the chicken and egg problem that you do not know what should be at place first.
"It is a chicken and egg problem that you have in the beginning (when developing a market)
because if you don't have a big PV market and there are not a lot of systems installed, then
there is not yet a market for companies specialized in operation and maintenance; but on the
other side if you don't have these companies then there will hardly develop a really big
market because the systems installed will not be well maintained."(GIZ, 15.04.2011).
The problem GIZ mentions here for solar PV can be in the same way applied for thermal institutional solar
cooking systems. Institutional solar cooking systems are not well known in Mozambique and therefore not
available on the market. This leads to a lack of companies which are in charge of the installation and
maintenance of this technology. However, without having these companies in place, it is difficult to build up
a market for institutional solar cooking.
Through the interviews it became clear that the use of solar energy in Mozambique has been mainly applied
in terms of solar PV panels for producing electricity while solar thermal technologies are limited to use of
water heating. As mentioned before solar cooking is only known on a household level and often associated
with solar box cookers. The reasons by the informants for focusing mainly on Solar PV instead of solar
cooking can be drawn back to two major points. First of all, solar cooking is regarded as an activity which is
difficult to be adopted by people due to cultural reasons. As earlier mentioned there is a strong tendency by
people for using charcoal or firewood.
However, there is another reason standing behind the cultural problems which is even more important and
that is the lack of knowledge regarding the possibilities of solar cooking. With lack of knowledge, I mean
here a lack of knowledge among organizations that are able to implement this kind of technology and the
intended users. Solar PV in comparison is known among both groups and the intended users have a strong
desire for getting access to electricity because of its several benefits such as having light in the evening hours
and having electricity for using the TV or radio and charging cell phone batteries. Having in mind these
benefits people are even willed to pay comparable high prices as the example by the Ministry of Energy
showed. In comparison to Solar PV, people do not seem to see the same benefits of solar cooking. They do
not really know what solar cooking includes and what are its potential benefits. This makes people more
suspicious and resistant to invest in this technology. Why investing in a relatively pricey technology when
not even knowing the benefits of it? Back to the original question on what are the limits and possibilities of
institutional solar cooking, we can state that there are opportunities in form of external environmental
variables (solar radiation and high use of biomass) but that there has to be created knowledge and awareness
of the technology in the society in order bring it to the people. Institutions have to be aware of the benefits of
solar cooking in order to use it.
It was shown that the main focus of the three interviewed institutions working on energy within the country
is mainly placed on Solar PV. This fact reflects the current lack of awareness and this way market regarding
(institutional) solar cooking in Mozambique. However, the knowledge of the informants regarding the
implementation of solar PV is helpful to assess possible limitations of solar cooking. It can be expected that
solar cooking faces many of the same constraints in implementation as solar PV panels.
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6. Conclusion
The aim of the paper was to find out the current status of solar energy technologies in Mozambique. In
addition, particularly focus was given to solar cooking. The reasons for the limited use of solar cooking in
Mozambique and its potential on an institutional level were investigated. Mozambique presents a country
with suitable solar cooking conditions, the level of solar radiation is high around the whole country and the
current energy supply is limited and regarding cooking mainly based on the use of biomass (e.g., charcoal,
fuelwood) which has several negative impacts on the environment and its users. However, solar cooking has
only be limited undertaken in the country and the interviews conducted with GIZ, FUNAE and the Ministry
of Energy showed that the reasons for a limited implementation lie mainly in a limited awareness and market
of existing institutional solar cooking technologies. Solar cooking is mainly known in terms of small scale
household cooking while available technologies on an institutional level are limited known and not available
in the current market. Due to this lack of implementation the benefits of solar cooking are not visible to its
potential promoters and intended users.
We could also see that solar PV panels are the main solar energy technology so far promoted in the country.
There are ideas of using solar thermal energy for water heating but there are no current plans of including
solar thermal energy for cooking in the plan of all three organizations.
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OPTIMIZATION AND INTEGRATED APPROACHES OF TRADITIONAL
HEATING METHODS OF COLD RURAL AREAS IN CHINA
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1．Introduction
In rural areas of Northern China, some traditional heating methods, such as Chinese Kang, smoke heated
wall, burning cave, biomass-burning radiator, are still used in winter. The central heating methods are not
available in the area due to the scattered locations of the houses. Some of the houses are constructed based
solely on craftsman’s experience. As a result, the indoor heat distribution is uneven in cold winter, and there
exists comparatively large temperature differences between rooms in one house. Some other problems
include the falling leather of the damp walls and icing of the window pane, as shown in Fig.1 (a) and Fig.1
(b). Poor families that make stove with Kang in one room face safety concerns as well as serious indoor
quality problems, shown in Fig.1(c). Although the thermal environment has noticeable improvements after
practical advancement of the heating technologies, from the stand point of total energy consumption of one
building, the integrative energy utilization of the new technology is inefficient. Therefore, the optimization
and integrated approaches of traditional heating methods are important part of this study.

(a) Uneven heat distribution

(b) Freezing window pane

(c) oven-Kang in the bedroom

Fig.1: The current situation of heating residence in cold rural areas in north China

In recent years, both domestic and foreign scholars have studied the heating methods in rural areas of China.
Research lab of Building Environment and New Energy Resources in Dalian University of Technology has
studied the internal smoke flow and heat transfer performance of Kang The lab improved the structures of
inner flue and materials used in Kang [Zhuang,2009]. The combination effect of the coupled heating pattern
of passive solar-collected wall and oven-Kang has been calculated to save about 50% coal for heating [Chen,
2007]. There exist great research value and room for technology improvements in the study of Kang. In
addition, both at home and abroad, scholars are gradually starting to pay attention to the study of burning
cave, which has evolved from the Chinese Kang. Sun[1994,2000] has performed in-depth theoretical study
on the smoldering process, heat transfer performance and other influencial factors in the burning cave.
1
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However, the research reference of integrating the burning cave into a practical residential heating methods
and enhancing its technology is rare, and so far there is no research on the heat distribution in the whole
building space. Based on the measurements and investigations in rural areas of Northern china, along with
theoretical analysis and experimental studies, this paper proposes optimization and integrated methods to the
traditional heating methods in balancing the heat distribution of the overall building space and improving
indoor thermal environment in winter.
2．The analysis of operational effect of traditional heating methods
In order to study the operational effect and heat transfer performance of traditional heating methods, thermal
performance of building envelope, indoor and outdoor temperature and relative humidity, indoor air quality,
radiating temperature of different heating methods, energy consumption, and other parameters were
measured during 2009 and 2010 winter. The advantages and disadvantages were summarized and analyzed in
order to provide data supporting and theoretical basis for the study of optimization and integration of rural
heating methods.
2.1 Heat transfer comparative analysis of different forms of Kang
The Kang is used in North, Northwest, and Northeast of China with utilization rate of 73.3%, 86.3%, and
96.2% respectively [Tsinghua university, Bei Jing,2006]. Due to regional and cultural differences, the layout
of Kang has different structures, including the South Kang, North Kang, Wei Kang, L-shaped Kang,
ring-shaped concave Kang, and etc. The internal flue of Kang also comes in many different forms, including
parallel flue, perpendicular flue, grid-flue, turn-around flue, and others. Kang is the most effective way for
intermittent heating and it changes periodically by people's daily activities. When wood is burning in the
stove, a part of the heat generated by fuel is used for cooking, the other part of heat is used for indoor heating
through the Kang body. The arrangement of Oven-Kang separation could help to improve the indoor air
quality during the heating period. Heat transfer performance of Kang is mainly affected by the structure of
internal flue, the position of stove and chimney, the materials of Kang body, and other factors.
Tab. 1: Contrastive structure and thermal performance of different Kangs

Kang body

The structure of internal

Temperature of Kang’s

flue

surface

Traditional
grounded
Kang

2
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Half-elevated
Kang with
Grid-flue

New-style
elevated Kang
with turn
ground flue
like a bed

Tab.1 mainly lists three representative Kangs and comparatively analyzes on their performances. With the
changing of times, people start to pay more attention to the indoor environment and aesthetics. Therefore, the
form of Kang has gradually been optimized. The ancient traditional grounded Kang is optimized to the
Half-elevated Kang, further optimized to the New-style elevated Kang like a bed. At the same time, the
structure of internal flue has also gone through great changes, from Ancient perpendicular flue to grid and
turn around flue. The decrease in the number of internal brace greatly reduces the resistance of smoke flow.
The fume stopper bricks in the Kang, which is used to divide smoke, are moved from the smoke inlet to the
smoke outlet, improving uniformity of the heat transport. The temperature of Kang’s surface shows when the
Kang is heated, the Kang’s surface temperature difference between the plate at smoke inlet and the plate at
smoke outlet is more than 60℃ on traditional grounded Kang. The overheating of inlet prevents people from
conducting normal activities or sleep on it, and people must take precautionary measures to avoid scald. But,
the surface temperature distribution of turn-around flue Kang is more uniform, and the ambient walls’
temperature of the Kang body is 10℃, higher than the temperature of the former, which means the heat
transfer effect of Kang body has been significantly improved.
The comparative analysis of test data of different Kang in Tab.2 shows that under the same external
conditions, elevated Kang with grid-flue has better heating effects: the indoor temperature is suitable during
the heating period, and the indoor temperature difference is lower. The temperature difference of the
bedroom heated by Turn-ground flue Kang like a bed is the biggest as a result of its weak heat storage and
fast rate of heating and cooling. The temperature of the plate at smoke outlet is changed greatly by the
temperature variation of the plate at smoke inlet. Under the condition of larger temperature difference
between day and night in winter and envelope without insulation, a comfortable indoor thermal environment
cannot be achieved by a Chinese Kang alone. Solely using Kang for heating could result in high energy
consumption and affects peoples’ daily activities on the Kang plate.
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Tab. 2: The test data of different modal Kang

The structure of Kang

Elevated

Half-elevated

Parallel

Perpendi-

flue

cular flue

Kang

Kang

1.8

1.8

1.6

1.5

1.7

98

98

98

98

98

30

35

60

58

53

20

25

42

40

38

14

13

15

16

15

10

9

8

7

10

6

7

7

5

7

8

6

8

11

8

18.7

19.7

15.3

14.9

18.7

Kang
with
Grid-flue

Turn-groun
d flue Kang
like a bed

Kang with
turn-ground
flue

Energy consumption
(convert into standard coal
(kg once time))
TEMP of the surface of Kang
plate at smoke inlet(℃)
TEMP of the surface of Kang
plate at smoke outlet(℃)
TEMP of the ambient surface
of Kang(℃)
The indoor TEMP during
heating period(℃)
The indoor TEMP
after the Kang body was
cooling (℃)
The indoor TEMP in the
coldest day(℃)
The indoor TEMP difference
(℃)
The heat storage coefficient
J/(m2sK)

2.2 The current heating situation of the coupled heating pattern of heated radiator and oven-Kang.
According to the investigations in the rural areas of Shengyang and Dalian, more than 70% use the
biomass-burning radiator as an auxiliary heating equipment. The structure of the coupled heating pattern of
heated radiator and oven-Kang is shown in Fig.2. The biomass-burning radiator system consists of a stove, a
expansion tank, radiators, water pipes, and air release valve components. The heating source of Kang comes
from the combustion heat of fuels inside the stove. In order to improve the thermal efficiency of stoves,
radiator system could be connected to the stove with water jacket, forming a natural gravity circulation.
Radiator releases its heat to the room air by convection, which is through indirect heating. The location of
radiator is arbitrary in the house. To avoid taking too much floor space, radiators can be installed at the
interior side of walls, below the edge of Kang, the bottom of sill, and etc. When the stove is heated at one
time, the average temperature of Kang’s surface could be maintained around 35℃, the radiator around 65℃,
and the thermal efficiency of the stove could reach to 76%. The temperature fluctuations of the room heated
by this coupled heating pattern could be 2℃ -4℃ higher than that of heated only by Kang, and the average
indoor temperature could reach 12 ℃. Since the radiator heating system is added to the stove, the fuel
consumption increases 1.0-1.5kg at one time.
4
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Fig. 2: Configuration of the coupled heating pattern of biomass-burning radiator and half-elevated Kang

The thermal efficiency of the coupled heating system is increased, but there still exist some deficiencies and
shortcomings on the process of application as shown in the following:
(1)The water jacket must be added to the wall outside the stove in the coupled heating system. The
preheating time of the furnace is longer because of large amount of cold water in the water jacket before
heating. Therefore, a large part of the heat is used to increase the water temperature.
(2)The radiator releases its heat to the indoor air mainly by convection, causing the uneven temperature
distribution. Generally speaking, the upper area of the room and the area that is closer to the radiator are
warmer than the rest. As for people living in the room, the body is warm, but the feet are still very cold.
(3)As a result of extremely cold winter, the residual water in the radiator could be frozen. Suddenly being
heated could cause explosion due to the abrupt increase in pressure of the furnace, Fig.3 and Fig.4 showing
the freezing crack is below the radiator.
(4)The heating room with the application of biomass-burning radiator could lead to a larger concentration of
particulate matter and poor air quality. It is crucial to take precautionary measures to prevent carbon
monoxide poisoning.
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Fig.3: Explosion of coal-burning radiator

Fig.4: Frozen crack on the radiator

2.3 The operation effect of burning cave heating system
Burning cave, evolved from wei Kang, is one type of heating methods is gradually accepted by rural
residents. This method is equivalent to the floor radiator heating in city buildings. The fuel is biomass, which
could sustain heating for one month for every filling. This heating method not only saves energy, but also
conserves the environment. Fig.5(a) and Fig.5(b) gives the schematic of existing burning cave. The indoor
temperature could be 13℃-21℃ in the house heated by burning cave. Even on the condition that the outdoor
temperature is below -20℃, the indoor temperature can still maintain at 13℃, which is 3℃ higher than the
Kang heating room under the same condition of temperature and humidity. The indoor temperature balance
could be maintained effectively. The indoor temperature fluctuation is lower than Kang heating room by
1℃-3℃. Fig.5(c) shows that the temperature distribution of the radiator floor is up to 40.4℃ at the
preliminary stage. The lowest temperature areas are the surrounding surface around the burning cave, which
is 23.4℃. The temperature difference of the floor is 17 ℃. The heat loss is 53% since there is no thermal
insulation layer surrounding the burning cave. Large heat loss and low efficiency, caused by the random
control of the combustion speed during smoldering process, are still serious problems. Most burning caves
are not built with standard, so the leak tightness of cave body is poor, resulting in harmful gas seeping into
the room and significant heat loss. When one burning cave is used alone, the indoor temperature could reach
6
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to the ideal state. Due to the fact that rural residence is a single house, the total heat load of the house is
much bigger than one heating room. Heat is also dissipated on the building envelope and roof. The design of
integration and optimization must be scientific and reasonable. On top of that, the corresponding thermal
performance evaluation method [Zhonghai Zheng, Lin Fu,2006][Shoukang Qin,2003] should be formed.

Fig.5: Schema of existing burning cave

3．Optimization and integrated approaches of the traditional methods
3.1 The technical measures of optimization and integrated design
During the past two winters in rural areas of Shenyang, Fuxin, and Dalian, the indoor thermal environment
and air quality of different heating residences have been tested. The results show that heating effect in the
house could be affected by several factors, such as types and forms of fuels, construction and thermal
properties of heating equipment, thermal characteristics of building envelope, and etc.
According to the survey results, optimization design and technology improvements of traditional heating
methods mainly include the following aspects:
(1) The half-elevated Kang should be used because its surface temperature distribution is uniform and heat
storage of Kang plate is strong, as shown in Fig.6. The height of cavity below the soleplate is 350mm,
improving the heat release and making it convenient for people's daily lives. The height difference between
the stove and half-elevated Kang should be increased moderately to improve the pumping power of the
chimney, and prevent smoke from flowing back. Some additional auxiliary heating equipment must be added
in the room heated only by Kang, so the indoor temperature could reach the comfort standards.
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Fig.6: Overhead oven-Kang heating system

Fig.7: Burning cave and hot-water heating system

(2)The insulating layer must be added outside the ambient wall of the burning cave in order to reduce heat
loss. As shown in Fig.7, the hot-water system could be designed with burning cave to improve its thermal
efficiency. This coupled system using floor and radiator to release both radiative and convective heat to the
bedroom could take the thermal efficiency up to 70%.
(3)The pressure gauge should be installed on the water supply pipe to prevent excessive pressure and
explosion during the heating process. The pipe for supply and return must be installed in the room, so the
heat could be diffused into the room, and heat loss could be reduced mostly.
3.2 Energy utilization status of heating house in winter
Through data analysis, the indoor temperature of heating room by burning cave is higher than any other
heating methods by 5℃. As a result, the burning cave could be used as a basic heating method for the house.
Taking into account of the comprehensive utilization of energy, the indoor thermal comfort could be
improved and the fuel could be saved by 50% in each winter through using the coupled heating pattern with
Kang, burning cave, passive solar-collected wall, shown in Fig.8.
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Fig.8: Optimization and integration of heating method in one house

The floor heat storage system based on the burning cave must be established to solve the problem of
extremely uneven heat distribution of the whole building space. Fig.9 shows that there is a 100mm thick air
layer for heat storage at the bottom of the whole building to solve the problem of overheated surface on the
top of burning cave. The optimization changes the burning cave from heating only one room to the whole
house. Therefore, the interior temperature of the whole house could be uniform.

Fig.9: The contrastive temperature of the house from traditional burning cave to the optimized heating system
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4．Conclusions
Based on the measured investigation and theoretical analysis on different houses with different heating
methods, some conclusions could be summarized as follows.
(1)Chinese Kang is an indispensable heating method in rural areas. When heating room uses Kang alone, the
indoor thermal environment could not achieve the ideal state, but it reflects Chinese people's living habits
and national characteristic.
(2)The indoor temperature of the bedroom using the coupled heating method of radiator and Kang, could
reach 3℃-5℃ higher than using Kang alone. But the concentration of inhalable particulate matter is twice as
large as that of the room only heated by Kang. The air quality of the bedroom is worsened significantly, and
there are other safety concerns.
(3)When the outside weather condition is execrable, the application of burning cave could maintain the
indoor average temperature uniformly at 18℃ in the house. In order to prevent harmful gases from seeping
into the room during smoldering process, the leak tightness of pool body must be ensured. In order to
improve the temperature of radiation surface, insulation around the burning cave must be added.
(4) Through the energy analysis and comparisons, although the initial investment of the house will increase
15% using the optimized burning cave and Kang coupled with the passive solar collection, the entire
building's thermal performance could be greatly improved. The indoor heat distribution could be uniform,
temperature difference between two rooms could be reduced to 2 ℃, and overall greatly beneficial for
people.
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1. Introduction
At present, the goal of Mexican agriculture besides of achieving a sustainable development is giving more
emphasis towards improving productivity and product quality, farming profitability, low impact on the
environmental and marketing competitiveness. Accordingly, energy saving, high productivity and reducing
losses is the goal of many industrial and agricultural processing businesses. Rural communities in dryland
areas are engaged on gathering cultivated and wild herbs, brushes and plants needed for medicinal and
aromatic purposes. In order to enroll rural communities on a sustainable development, profiting from value
added products comes from learning the harmful effects any unacceptable activities have on the environment.
However, in order to fully understand their challengers at rural level it is important to evaluate all involved
aspects, such as; non-rational exploitation of natural resources, they lack of a visionless entrepreneurship,
many farms are disappearing because cultivation and gathering vegetative materials is a low yield and
unprofitable activity, there is a steadily increase of importing farm products, a market structure is nonexistent
so there are deficiencies to supply the quantity of farm produce requested and of standard quality. These
factors are an obstacle to achieve adequate competitive levels; therefore, profitability is reduced, so this
sector is far away from capitalizing.
On the other hand, shortage of water for farming and rangeland is a factor that influences low yields from
crops, grasses and vegetative cover of pastureland. This has a negative effect on the economic welfare for
local communities. Therefore, an increase of plants productivity on all these areas depends on making an
optimal use of water from all sources (deep water, lakes, surface streams and rainfall and fog harvesting),
where conservation measures vary according to the value of crops.
Thus, in order to improve productivity it is convenient to seek new alternatives for increasing
competitiveness and sustainability. Being one of Mexico’s landmarks, cactus prickly pear (Opuntia spp) is
referred as one of the most important resources from a socio-economic point of view, as families and
communities benefit from it on a wide variety of ways. Cactus prickly pear is spread all over the arid and
semiarid regions; it subsist in his harsh environment and grows steadily and produces rapidly dry mater
content, consequently it is widely used as an appropriate natural barrier for soil conservation, it has an
organic matter content less than 1.0%, it is used as fodder for livestock, its fruit are highly appreciated and
their young pad are raw material for many recipes. In the medicine area, it is considered as a natural
alternative to control diabetes and other diseases. Consequently, for this study cactus prickly pear was chosen
as the representative model for medicinal and aromatic plants.
However, despite of these benefits to local communities, cactus prickly pear is underutilized because
processing is at low technological level. A foreseen alternative for optimizing its utilization is through
innovative low cost processing and for safe conservation during storage. Especially, when learning the safe
practices to preserve those essential oils, sap and gum contained in the herbs. Hence, the objective of this
wok is aimed on reliable dehydration of vegetative material by using a solar dryer designed and operated to
sustain cactus valuable nutritive and medicinal potential.
2. Methods and materials
Importance of drying
Usually, herbs are harvested when physical shape and health are optimal, as similar physiological features
secure a precise control for environment conditions inside facilities. Drying is one of the oldest conservation
methods that man knows. Drying technology has a positive economic effect on crop production due to
optimal use of organic matter. However, process control for drying with minimum losses requires expertise,
mainly knowledge on the type of vegetative material and prevailing ambient conditions. Accordingly, it is
important to learn how to use the engineering tools available, i.e. generate the drying graph for a particular
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herb and interpret the meaning of its three main sections. In addition, it is important to comprehend the
organic matter and energy balances, economic assessments and how technology is integrated into the farm
production scheme.
Thus, to achieve the best performance, it is essential to understand certain factors, such as; temperature,
humidity, wind velocity, surface area for the product to be dried, texture and structure from that kind of mass,
atmospheric pressure, partial vapor pressure, intensity of solar radiation, UV range, humidity transport and
boundary crossing during the drying method and the time taken for the whole process.
The important factors that intervene on drying experiments are:
• Level of radiation that reaches the dryer,
• Temperature at room conditions, c) useful area for drying,
• Flow of air inside the dryer, and
• Relative humidity.
Moreover, it is also necessary to measure; 1) temperature variation both inside the drying chamber and from
the material placed inside it, 2) absolute humidity in the drying chamber and 3) weight variation
experimented by the material. Those data are used to determine evaporated water, which verify that a natural
drying process is taking place, losses are low and that dryer design is technological convergent with available
facilities, such as glasshouses, store buildings, micro-tunnels for intensive cropping, power generating
installations, etc.
Through precise control drying, it is possible to enhance by 20-30% the quality and quantity of valuable
ingredients inside plants. Storage of dried material is more economic and with fewer losses compared to
other conservation methods. It has been realized that during outdoors drying some nutrients and valuable
active elements are lost.
Nowadays, the technological process for solar drying has the following benefits:
• Fewer losses of nutritional value and preserving foliage’s quality,
• Yield per land cultivated is increased,
• Mechanization for harvesting can be implemented,
• Handling, transportation and distribution is improved and better sanitation is achieved,
• Milling is improved and mixing additional nutriments can be easily done,
• Smaller space for storage, and
• Solar drying maintains the colour of natural vegetative material.
Expenditures for producing a dry material are rapidly returned once the new product is evaluated on its
medicinal or aromatic attributes in terms of quality and quantity produced, and label shows its real added
value.
Development of the solar drier
In this study several types of medicinal and aromatic herbs were used. In this paper, however, cactus prickly
pear was considered as the model to begin with, its special physiology drove the design parameters for the
dryer. On manipulating the drying graph for cactus pear (Fig. 1), it is possible to determine the speed of
drying and the quality for the final product by deriving the respective polynomial equation for its three main
process stages. This graph makes a representation on how water interacts in a chemical, physic-chemistry and
physic-mechanical way inside an object being dried.
It explains the effect used for the drying process and how it is technologically realised inside the dryer. Inside
wet vegetative materials there is a combination of effects affecting water movement in the capillary, as long
as there is a difference of vapour pressure, likely as during drying blood or milk, for instance.
Accordingly, a low atmospheric pressure can be used to speed up the drying process. However, it requires an
expensive technical installation to use this effect more efficiently. In organic, homogeneous and capillary
materials, a constant temperature and a difference of water content produce a flow of moisture from the
wettest point to the driest. Due to the above relationship it is possible to define the coefficient of moisture
conductivity k (Müller, 1978).
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Fig. 1. Characteristic drying graph for cactus pear.

& W = − Akρ tr ∗
m

Where:
&W
m
A
k
ρ tr
du/dl

du
dl

(eq. 1)

flow of moisture (kg/h)
length of cross section of material (m)
sum of capacity for conduction of moisture (m3/h)
bulk density (dry) (kg/m3)
gradient of moisture in the direction of flow (kg/kgm)

Coefficient k is the characteristic for all the coefficients involved on transporting moisture. It is a function
that depends directly from the spot where moisture is located (Werner, 1984):

k = kW + Dk + Dk + DD/RD x d pD/du
(eq. 2)

Where:
kW conductivity of capillary transport of moisture (m2/h)
Dk coefficient of vapour internal diffusion (evaporation and condensation) (m2/h)
DL coefficient of diffusion for the liquid (osmosis) (m2/h)
DD coefficient for the diffusion of gas-vapour (system vapour-air) (m2/h)
In order to increase the surface area exposed to hot air, as well as to raise du/dl, it is important to finely cut
the vegetative material. The efficiency of this will depend both on the amount of moisture flowing along the
stream (kg/kgm) due to reduction of moisture in the air and for increasing the temperature in the drying
chamber.
The drying process is defined as the transport of moisture by diffusion and convection from the surface of a
solid or liquid material in a medium that allows the flow. In some cases, instead of using the difference
among vapour density or the difference of vapour pressure, the difference of water content in the air between
the surface xO and the flow of air xL is considered as the active force for transporting the material (Matthies
and Meir, 2002). Hence:
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& D = A ∗ σ(x o − x L )
m
(eq. 3)
Where:
σ
evaporation coefficient (kg/m2h)
The evaporation coefficient σ and the transport coefficient for the material β have the following relationship
(Kutzbach, 1989):

σ = β ∗ ρL

p − p Dm
p
(eq. 4)

For small vapour pressures just air’s partial density is important. It means that in a solar dryer, it is just
possible to reduce the air density by increasing the temperature in the drying chamber, so to reduce the
moisture in the air going inside the chamber. Because this effect is expensive technically, it is seldom used.
Coefficient β for transport of material is as important as coefficient for heat transfer α, both used in defining
convection heat. Both methods for heat transport have many analogies, so it is possible to derivate some
transport laws. Thus, it was important to use components with low heat conduction (i.e. wood) for
constructing the dryer. This is necessary to avoid condensation on the elements used in the installation; also it
will help to have an installation without leaks in order to avoid false flows and accumulation of solar heat due
to the outside black paint.
In the drying technique, the transport of air is very important, as it has the following functions:
• Heat transportation, as a heat exchanger,
• Transportation of heat needed for moisture evaporation from inside to the surface of each body,
• Transportation of moisture leaving the material as vapour,
• Transportation of moisture,
• Surpass the resistance in the tubing for the flow of air and the flow resistance, and
• In pneumatic dryers able to transport both wet and dry material.
Therefore, air inside the drying facility should move the shortest possible distance, this will help to reduce
the flow in the dryer, to be directed from bottom to the upper part (using the density fall) and a lower flow
before the fan, with a chamber for drying of large diameter and without dragging dry material in the stream.
Nature of bulk material influences the amount of air pressure losses. Main factors are: size and shape of each
piece of material, as well as the condition of the heap’s surface and the amount of impurities, and also the air
velocity as a function of pore space volume (Kutzbach, 1989). Therefore, the material to be dried has to be
placed as a layer of constant depth with free pores distributed regularly on the entire tray.
Leaves from some plants have ≈ 10% of dry matter and ≈ 90% of water. Under those conditions, drying
reduces much of material’s volume. Water moves through the capillary. Soon after, the material structure
gets stiffer, although its volume does not reduce at the same rate as the volume of water, creating more pore
space. In the second section for drying, movement of water is realized by diffusion of vapour. In the last
section, evaporation is characterized by material hygroscopic feature.
Fig. 2 shows the typical drying process with its three sections, pointed from its three discontinuity ends. By
inspecting it from above to below shows that the first section corresponds to a reduction of material’s volume
due to reduction of its surface area. The effect is important for evaporation. The first discontinuity in the
graph is outside the hygroscopic range. The coefficient of water capillary movement σ / η (σ surface tension
and η viscosity of cactus pear juice as a function of temperature and concentration) determines the range.
In the second section, deep inside the material is too wet and the external surface shows larger pore space,
thus, the transport of vapour is realized by diffusion, as showed in Fig. 3. Therefore, as pores are being filled
with water, the drying velocity is close to the final value u ≥ 0 (dashed line in Fig. 3).
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In the third section of the graph, the above tendency is broken and the portion inside the material enters in a
hygroscopic range. Depending on the water content in the air used in the drying process, the drying lines
come to an end.

Fig. 2. Typical process for drying cactus pear’s cladodes. A, B and C are points of discontinuity in the graph.

Fig. 3. Drying graph for cactus prickly pear chunks.
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In the drying process, moisture in the skin is eliminated first, creating a boundary layer. This boundary line
avoids that unnecessary moisture travels to the body’s surface, in that way, the evaporation point moves
inside the body. Resistance to water loss is increased and drying velocity reduces notably.
Effect of boundary layer for the drying process
The effect of boundary layer is important to define the level of technology to be used in the dryer, for
example, the horizontal dryer constructed at our site was designed to be operated by carefully changing the
parameters for the process, in order to obtain a better functioning from the dryer. Its efficiency depends on
the material’s characteristics exhibited in the three stages. From a technological point of view and for
optimizing the process, trays can be changed twice from one specific location to the next, or three chambers
inside the drier can be used with different timing for drying.
The technology for using the dryer can be described as follows:
• How small the material should be cut? and how it is cut?,
• Preparation of material; quantity and how? There is a natural resistance from the material to dehydration
and drying is achieved by using environment conditions – air, temperature, etc. how to reduce the
resistance to extract water from the plant?; chopping cactus pear’s cladodes, improving the flow of air
inside the layer of wet material, changing the material’s structure using a mixture of highly chopped
cladodes, very wet and creamy with a dry material like straw, hay, oat, maize, or forming layers with
those materials; dry material at the bottom and wet material at the top, and finally place the wettest
material on the tray closest to the entrance of air in the block,
• Use mechanical cleaning by means of brushing to select material dry enough from the trays. Thus, tray at
the top will have the wettest material and those at the bottom the driest,
• Dried material can be stored or it can be milled to produce flour of green vegetative material, with the
aim of improving its technological, nutritious and technical parameters,
• Tray are filled with suitable instruments in order to have an average depth layer of 20-30 mm (Fig. 4),
• Performance of the dryer is increased by guiding outside air through flap windows and by directing
hotter air from the upper part to the entrance port in the dryer,
• Block have an orientation North-South, with an inclination of 23°, which depend on the site for the dryer
to make an efficient use of solar radiation,
• Chopping of cactus pear is done just before placing it inside the dryer to avoid losses and diseases from
bacteria, and
• On days, when air has a high relative humidity it is necessary to open the dryer for around 30 minutes to
maintain a low temperature.

Fig. 4. Tray with chopped cactus prickly pear.

Selection of the dryer
The ability to obtain as much homogeneous distribution of air inside the dryer is the most important factor in
selecting a dryer. The aim is to achieve as much contact as possible with the biological material inside the
block. Generally, there are two methods: a) supplying pressurised air and b) extracting the air from the block.
In using the first technique, the entrance port to the dryer is simple; however, the distribution of air is not
good enough due to the flow stream produced. While, in the second method, it is possible to achieve a
homogeneous distribution of air, however, air stream can drag corrosive vapours from some vegetative
material that can damage the fan. After some evaluation, a dryer using a system for supplying pressurised air
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was selected (Fig. 5). Drier is attached on one end to a 240 m3 glasshouse which is used as a heating up air
chamber as inside temperatures can reach up to 70°C. Drier effective drying area is 5.8 m2 which can be split
into equal size three sub-chambers, run by three separated fans; each one is connected to its own solar energy
source, where air flow settings are adjusted to dry different plant materials. It was operated with 2 X 3 trays
placed parallel for the vegetative material.

Fig. 5. Solar drier attached to the close end of a greenhouse. It shows the three drying chambers and photovoltaic cells.

Drying medicinal and aromatic herbs
There is a group of special herbs and it includes medicinal, aromatic and industrial plants. Very often it is
necessary to enhance the ingredients from those parts of the plant that are used as reactive (raw material) for
the pharmaceutical, aromatising and drug industry, where under adequate conditions provide conservation
opportunities such as drying.
Conservation methods, such as refrigeration or preservation on salt or sugar facilitate the drying process.
When drying medicinal or aromatic herbs, special care should be taken, because those plants have parts;
flowers, leaves, roots, tubers, etc., that should be treated at different drying conditions.
Relationship of agricultural production to drying
The main problem is the large variety of plants, including also variability of those useful parts that gives a
great difference on yield per year (Tab. 1). From all parts of those herbs; leaves, flowers, seeds and fruits a
large variety of drugs can be obtained.
It was measured that for a full load of a single vegetative material with moisture content of 25% took about 8
hours to dehydrate this material to 12% moisture content. At the end, amount of losses for varying
temperature from 40 up to 70°C were assessed.
3. Results and discussion
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This drier facility attached to the glasshouse performed effectively. This feature facilitated its technological
integration to the small farmer’s productive process, and encouraged a yield increase of active ingredients
from 20 to 30% compared to outdoors air drying, as well as to the improve the quality and purity of these
components. Extracting drugs from tubers is equivalent as using the technique for harvesting potatoes. Drugs
coming from leaves are the most important group for the drying process. Harvesting is likely the same as for
green forage. Drugs from flowers have more problems for proper harvesting; mechanization is complicated
and could be expensive to implement. For collecting drugs from seeds, the technique available for harvesting
cereals is used. Driers and attached facilities have special shelves to place drugs.

Tab. 1: Attributes and drying requirements of some aromatic and medicinal herbs.

Type of herb

Harvest

Yield (dt/ha)

Drying ratio

Raw material
preparation

Drugs from tubers
Valerian (Valeriana officinalis L.)

Sep/Oct

80 up to 100

4 up to 5

Wash and slicing

Sep/Oct
Aug/Sep

80 up to 150
80 up to 150

5 up to 6
3.5 up to 4.5

Chopping
-

Jun - Sep
Jul - Oct
Aug/Sep
Aug/Sep

200 up to 250
120 up to 150
80 up to 100
80 up to 100

5 up to 6
3 up to 7
4 up to 5
3 up to 4

Chopping
-

5 up to 7

Sieving

Drugs from leaves
Foxglove (Digitalis purpurea L.)
Sweet
majoram
(Origanum
majorana)
Mint (Mentha piperita L.)
Parsley (Petroselinum crispum)
Kitchen sage (Salvia officinalis L.)
Thyme (Thymus vulgaris L.)

Drugs from flowers
Chamomile
Chamomilla L.)

(Matricaria

May - Sep

30 up to 60

Drugs from leaves and fruits
Cumin (Cominum cyminum)
Sweet fennel (Foeniculum vulgare
Miller)
Dog rose (Rosa canina)

Jun/Jul
Sep

8 up to 15
8 up to 20

1 up to 1.3
1 up to 1.3

Cleaning
Cleaning

Sep/Oct

20 up to 40

2 up to 3

Extraction

Preserving ingredient’s quality during drying process
The most important issue during drying process is to protect all valuable plant’s contents. For curative and
aromatic herbs it is very important to keep drying within safe temperatures limits. Medicinal and aromatic
content should be divided into two groups as evaporation in concerned; the first one, regarding etherize oils
which are very sensitive to extreme temperature levels and the second one, for those ingredients insensitive
with different reaction respect to temperature. Another characteristic is sensibility to ultraviolet light.
Etherize oils are contained for most parts of medicinal and aromatic herbs. Etherize oils inside plants such as
sweet majoram and chamomile require a maximum temperature level not higher than 45°C. In the case of
drugs obtained from leaves and flowers, those oils are found in the young leaves and in the tiny hairs located
above and under the leaves or in some parts of the flowers. In the case of drugs from tubers and seeds these
oils are found in the skin
Plants with special thick and sticky juice ingredients such as cactus prickly pear and other having certain
types of alkaloids, they withstand a maximum temperature up to 65°C without degradation. And finally, in
the case of drugs with glucose the upper limit temperature is 50°C and for vitamins of 60°C.
Experimented recorded losses of vital ingredients were due to several factors: a) uncontrolled temperature
levels were allowed; b) the plant material had insufficient surface area exposed to the incoming drying air; c)
there was a direct exposition to ultraviolet radiation; d) a deficient air velocity control and e) inadequate
procedure for drying this type of material where oils, gummies and juices are ignored.
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Dying through cold air ventilation
Drying at ambient room conditions can be done but with many losses because of unforeseen and variable
climate, contamination can occur also. This is the reason why plants used to obtain drugs are placed in
technical installations provided with plenty ventilation to be active within a pressure difference in the range
from 32 up to 19 mm of water column.
4. Conclusions
Generally, through knowledge and skills it is possible to increase precision and effectiveness of technology
application. Sustainability, marketing and economic returns are valuable issues that rural communities should
carefully engage when processing and adding value to herbs, plants and bushes through solar drying in order
to obtain key components used in the medical and aromatic industries. The glasshouse 240 m3 capacity
provided sufficient hot air up to 70°C to the drier. Drier performed effectively when its 5.8 m2 drying area is
being safely controlled either entirely or by any of its individual sections. A full batch of same type herb
material was loaded in the drier and it took 8 hours to reduce moisture content from 25% to 12%. It was
recorded that yield of active ingredients was increased 30%, enhancing its quality and purity and losses were
measured for undesirable varying temperatures, as well as influenced and technical factors that require
improvement.
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Abstract
In Ethiopia there is a huge demand of thermal energy for domestic purposes. The energy needed for baking injera
is almost obtained from fire wood and fossil fuel which are both the main causes for environmental pollution and
depletion of forest resources. A new type of baking system is proposed where solar energy is used as a power
source. The solar thermal energy is transferred to the kitchen by means of a circulating heat transfer fluid which
is heated by a parabolic trough.
The aim of this study is to investigate the performance of the proposed system which can also be applied for
baking of bread and Indian chapatti. A new type of baking pan made from ceramic is manufactured and used for
baking injera. In order to heat the ceramic baking pan, a steel pan with fins is put underneath and the oil enters
the cavity to transfer the heat to the steel and fins which further heats the baking pan. In order to simulate the
daily solar radiation, an electric heater is used to heat the oil in a tank. The oil is pumped to the baking pan
bottom and returns back after discharging heat to the steel pan and fins. Experiments were conducted for initial
heat up and baking cycles. It takes approximately 1 hour to start circulating the oil and 40 minutes to reach the
optimum baking temperature (~ 180oC – 220oC). 5 injera was baked at an interval of 2 minutes and idle time of
3 minutes between each injera. The preliminary study from the laboratory model shows encouraging results of
the proposed system.
1 INTRODUCTION
Most of the developing countries are suffering from what many call the energy crisis, which is characterized by
depletion of locally available energy resources and dependence on imported fuels. The energy crisis is
increasing the food crisis by increasing the rate of deforestation and thereby causing degradation of farmlands.
Furthermore, dependence on imported fuel is weakening the capacity of the concerned countries to buy food
whenever the need arises. All these situations apply to Ethiopia.
Injera is spongy flat bread with a distinctive test and texture. It is predominantly eaten as a staple food item in
Ethiopia and some parts of East Africa. It is similar to an Indian chapatti but with small bubbly structures on top.
Injera baking requires temperatures ranging from 180oC – 220oC. In most households of Ethiopia, the energy
demand for baking injera is largely met with bio-fuels such as fuel wood, agricultural residue and dung cakes.
Whereas, electricity is used in some of the urban households.
In Ethiopia Currently three baking techniques are used for baking injera. These are:
1. Baking on Open fire method (three stone method)
2. Baking on Mirt-injera stove and
3. Baking on Electric baking pan
To improve health and general welfare, better cooking and heating facilities are important. Solar cooking can
decrease the health hazards associated with indoor fire cooking and the economic burdens associated with firewood gathering or purchase [5].
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While many designs exist for solar cooking in pots, relatively few exist for frying (Solar cooker internaltional,
2010; Fundacion Tierra, 2010). The existing systems are also limited to direct cooking technologies by
illuminating the pots on the sides as well as the bottom. Whereas, for injera baking, the heating must be directed
to the bottom of the baking pan.
Solar cooking with energy storage using phase change material [1], pressurized water vessel [9], box type solar
cooker with auxiliary heating [7] and pebble bed thermal energy storage have been proposed , which require the
cook to work outdoors in rural areas and on roof tops in urban areas [11]. The majority of these systems work
below the baking temperature required for baking injera (180oC-220oC). Besides, they do not satisfy the general
requirements for baking injera.

The solar fryer which is specifically designed for cooking injera was developed by Gallagher (2010). He used a
0.46 m diameter pan and 1.2m diameter mirror for his prototype, which was designed for cooking 0.42m
diameter slices of injera. A mirror below the pan directs the radiation to the pan bottom, which is coated with a
low-emissivity black absorber. The mirror uses flat, hexagonal panels of aluminized-Mylar to provide uniform
illumination across most of the pan bottom. This system is mainly designed for cooking outdoors.
The other well-known solar fryer was developed by Devos (2006) by arranging an array of 0.15m square glass
mirrors in a 1.54 m2 rectangle, with each mirror tilted to fit an off-axis parabola. The array is placed near the
ground just beyond a table that supports the fry pan, which sits at an opening in the table. Reflected sunlight is
brought to a quasi-focus on the bottom of the pan, and a metal vane below the table is used to block part or all of
the incident sunlight. The mirror angle is adjusted through the day and the seasons to direct focused sunlight to
the pan [5].
Jorgen Lovseth (1997) proposed a concentrating solar thermal system with pebble-bed heat storage using air as
heat transfer medium. Prassana and unanand (2010), proposed a hybrid solar cooking system where the solar
energy is transported to the kitchen by means of circulating fluid. They proposed an option to maximize the sun
energy by changing flow rate dynamically.
In this study, a solar powered injera baking system is proposed wherein the solar energy is transferred to the
kitchen by means of a circulating heat transfer fluid. In conventional injera baking, there is a smoke emission
from domestic fuels which is the major source of indoor pollution, especially in rural and poor urban
communities. This smoke contains pollutants and particulates that adversely affect the health of women. The
proposed system is free of smoke, hence, improves the health and safety of the user. A solar powered injera
baking technology is expected to contribute considerably towards meeting domestic cooking energy requirement
in a country blessed with abundant sunshine.

2 DESCRIPTION OF THE SYSTEM
The block diagram of the proposed solar powered injera baking system is shown in Fig. 1. The system consists:
parabolic trough, pumps, heat storage tank and the injera baking mitad. The parabolic trough is used to collect
solar energy and increase the temperature of the fluid.
The heat transfer fluid coming from the trough gives up its heat to the fluid coming from the baking pan, within
the heat exchanger. The baking pan consists of a ceramic pan with steel plate underneath. Fin like structures are
welded at the bottom of the steel plate to facilitate heat transfer and to hinder direct oil flow from oil gallery.
Heat is transferred from the working fluid to the steel plate then to clay pan and finally to injera during baking.
The injera mitad is placed in the kitchen where the baking is done. All other components are placed at
intermediate levels according to the building requirements.

3734

Fig. 1 Block Diagram of Solar Powered Injera Baking Oven

Pump-I is used to Pump the heat transfer fluid (Shell Thermia-B) between the parabolic trough and the heat
storage tank (heat exchanger). The energy extracted from the sun is used to heat up the oil to the required
temperature. Once the required temperature is reached (~ 300 oC), the heat energy is transferred to the baking
pan using Pump-II. Oil is partly stored below the baking pan, in order to overcome sudden drop of surface
temperature of the baking pan during baking.
For this study the part comprising the trough, Pump I and the piping line between the heat exchanger and the
trough were replaced by a single unit, i.e., oil heating and storage tank. In order to simulate the daily solar
radiation, an electric heater was used to heat the heat transfer fluid in the heating and storage tank. Then, it was
pumped to the baking pan assembly. Thus, heat will transfer from the heated oil to the baking pan by convection
and conduction heat transfer mechanisms. Once the energy is discharged to the baking pan, the heat transfer fluid
returns from the oil gallery to the oil storage and heating tank through the return pipe line to get heated. The
circulation of the heat transfer fluid will continue as long as Pump II is running.

3 MAIN COMPONENTS OF THE SYSTEM
The laboratory model adapted for this study consists of:• baking pan assembly (oil gallery, baking pan and baking pan support)
• Oil heating and storage tank ( heat transfer oil storage tank and electrical heater)
• Heat transfer fluid piping and pump system (supply line, return line, check valve and pump II).
• Insulation and sealing sub-system (high temperature resistant gasket maker (~ 340 oC), ash insulation
(for oil gallery and heating and storage tank) and fiber glass insulation for piping line).
• Baking pan cover (used to open and close baking pan surface during baking).
Layout out of the laboratory model is shown in Fig. 2 below
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Fig. 2 Main components of the laboratory model

3.1 Baking Pan
Traditionally, flat and circular clay pans with diameter ranges of 500 mm to 600 mm and 20mm thick are used as
baking pans. The baking pan used for the proposed system is 8 mm thick and 580mm in diameter. The diameter
is kept similar to existing baking pans. This makes the system socially acceptable as the users are familiar with
the injera size and a significant change in size may affect the acceptability of the system. The heat transfer from
the oil to baking pan top is mainly by conduction. Hence, reducing baking pan thickness will result in saving a
significant amount of energy. Therefore, the thickness of the baking pan utilized in this system is reduced to
8mm. Besides; the material of the pan is changed from clay to high conductivity ceramic pan. Direct contact of
the pan with heat transfer oil can cause cracking of the baking pan. To avoid this problem 3mm conductive steel
sheet metal is used to separate from the heated oil.

Fig. 3 Photograph of the ceramic pan in horizontal and vertical arrangement

3.2 Heat Transfer Fluid Gallery
In order to bake injera in the same way it is made now, the top surface of the baking pan should be kept in the
temperate range of 180 oC – 220 oC for a long time. In order to overcome sudden drop of baking pan top surface
temperature below this optimum temperature range, oil is partly stored below the baking pan in the heat transfer
fluid gallery. The heat transfer fluid gallery is made with equal size to the baking pan. This helps to transfer heat
energy to injera batter uniformly. The oil gallery is 60 mm high and 580mm in diameter. Galvanized steel pipes
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of ½ inch diameter are welded to inlet and outlet ports of the ½ inch diameter hole drilled on opposite sides of the
housing of the gallery. The oil gallery has a total volume of 15.9 liters.
Fin like structures are welded inside the gallery to hinder direct oil flow from inlet to outlet and to enhance the
heat transfer. To minimize heat loss, the oil gallery is insulated with ash insulation system which has 35mm
thickness from below and the side of the wall.

Fig. 4 Fin like structures on heat transfer fluid gallery
3.3 Oil

Heating and Storage Tank

Shell Thermia B heat transfer oil is used as heat transfer medium. The oil expands by about 20% from the room
temperature volume when it reaches temperatures of in the order of 300 oC. For the proposed system here, the
expansion of the oil is taken care of by increasing the volume of the tank to handle more oil. The tank has
dimensions of 400mm, 500mm and 230mm of length, height and width respectively. Therefore the tank has a
total volume of approximately 46 liters excluding the volume occupied by the Electrical heater.

Fig. 5 Oil storage and heating tank
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3.4 Piping System
The piping system comprises of supply line (from storage and heating tank to pump II and from Pump II to inlet
port of the oil gallery), return line (from oil gallery to storage tank) and excess oil return line (from pump II to
storage and heating tank). The heat transfer fluid is pumped from the storage tank to the inlet side of the baking
pan assembly system using Pump II. All pipes lines are made of ½ inch galvanized steel pipe. The piping system
has a total length of 4.5 m, with 2.1m supply line, 1.4 m return line and 1.0 m excess return line.

4

CAPACITY OF ELECTRICAL HEATING ELEMENT

Flanged type immersion heaters are commonly employed in oil and water heating systems. For this particular
case also flanged type electrical immersion heater was selected as heating element. In order to determine the
capacity of the heater the following assumptions were made;




The electrical power is supplied continuously for approximately 1 hour
The heat losses from the oil gallery are mainly by convection and conduction.
Properties of the material of the tank and the oil remain constant during the process.

Based on the above assumption, the required input power can be calculated as:

(Qin − Qloss )∆t = mc p ∆T

(1)

The heat loss (ܳ௦௦ ) is given by:
Qloss =

T f − T∞
Rt

(2)

The thermal Resistance (Rt) is given by:
Rt =

1
t
t
1
+ 1 + 2 +
h1 A k1 A k 2 A h2 A

(3)

Where: Tf is the average oil temperature (150 oC), T∞ is the ambient temperature (20 oC), h1 and h2 are the
convective heat transfer coefficients of heat transfer fluid (490 W/m2.K) and ambient air (10 W/m2.K)
respectively. t1 and t2 are thicknesses of the housing sheet metal of the heat storage tank (3mm) and the insulating
material (35mm) respectively, k1 and k2 are the thermal conductivities of heat storage tank material (43 W/m.K)
and Ash (0.14 W/m.K) respectively and A is area of the tank (0.814 m2). Assuming that the oil is heated to a
temperature of 280 oC above ambient temperature, the required capacity of the heater is approximately 6 kW.
Based on this result a commercially available 6 kW flanged immersion type heater was employed for the system.

5 EXPERIMENTAL RESULTS AND DISCUSSION
The Experiment was conducted at the Department of Mechanical Engineering work shop of Addis Ababa
Institute of Technology. Different tests were performed to observe the performance of the system during initial
heat up and baking. K- Type thermocouples were used to record the temperature variations in the heating and
storage tank, baking pan inlet, baking pan outlet and on the surface of the baking pan. Injera baking experiments
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were also conducted successfully and the results of the experiment will be presented and discussed to show to
what extent the basic design objectives and specifications can be met with this proposed system.

5.1 Heat up Time and Temperature distribution of oil in the heating and storage tank
The oil in the heating and storage tank is heated by a 6 kW Flanged immersion type electrical heater. The tank
has approximately an oil volume of 42 liters. In order to avoid the reduction of the oil from the tank during
pumping, the oil is first circulated to the oil gallery and the tank is refilled to the required volume. K- type
thermocouples were attached to a National Instrument data logger and the result was recorded using Lab view
software.
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Fig. 6 Temperature distribution of oil in heat storage tank during initial heat up

As shown in Fig. 6 above, it takes approximately one hour to reach a temperature of 300 oC. The heat losses are
roughly approximated for the analytical result. Hence there is a significant difference between the experimental
result and Analytical result.

5.2 Heat up time and temperature distribution of baking pan surface.
Once the oil in the storage tank reaches the required temperature (~ 300 oC), Pump II starts working and the fluid
is pumped to the oil gallery. The temperature of the baking pan top surface starts to rise. In order to bake
successfully, the top surface of the baking pan is expected to be at a temperature of 180 oC to 220 oC. Fig. 7
shows the temperature distribution of the heat storage tank, baking pan inlet, baking pan surface and baking pan
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outlet during simultaneous heat supply and pumping. As shown in the figure, it takes approximately 40 minutes
to reach the optimum baking temperature. Therefore baking can be started after 1 hour and 40 minutes including
the heat up time for oil in heat storage tank. The oil leaving the heat storage tank suddenly drops in temperature
during the first step of pumping. Gradually it regains its temperature during the pumping process. During the
pumping, the temperatures at inlet and outlet of oil gallery were observed to be relatively higher than the tank
temperature. This is due to non-uniform distribution of the heating of the electrical wire. The oil leaving the heat
storage tank is relatively at higher temperature compared to the bulk oil in the tank.
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Fig. 7 Temperature distribution of oil in tank, oil inlet to gallery, exit from gallery and baking pan surface

5.3 Injera baking experiment
Experiments were conducted to bake an injera batter prepared from Teff flour. The dough used for this
experiment is ~ 2/3 water and 1/3 Teff flour by weight. A full size injera ~ 56cm in diameter was baked
successfully. Totally 5 injera was made and it took 2 minutes to remove each injera from the baking pan. An idle
time of 3 minutes were recorded between each injera. The idle time is to recover to the baking surface
temperature which was reduced during the cooking of injera. It is assumed that the injera is cooked at boiling
temperature of water for the specific location.
In Addis Ababa where the experiment is conducted, the boiling point of water is nearly 92 0C. Thus, the injera is
baked when the surface temperature reaches 92 oC. Generally it took 10 minutes of baking time and 12 minutes
of idle time for baking five injera.
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Fig. 8 Temperature distribution of baking pan top surface during initial heat up and cyclic baking

As shown in fig. 8 above, it took approximately one hour to start baking. Even though the injera is removed after
2 minures during the first baking, the injera is cooked sooner than estimated because of high initial temperature
on pan surface. The remaining four injera was baked in approximately 2 minutes each. Due to the increase in
specific heat of the oil with temperature, the oil retains the heat for longer periods. Thus, we observed that it is
still possible to bake at least two injera after the electric power supply is shut-off. Besides, the baking pan looses
heat very slowly which is also one advantage to maintain the baking surface temperature for longer periods.
Assuming that 20 injera is baked per day (based on average family size), it takes 100 minutes of heat up time,
40 minutes of baking time and 57 minutes of idle time. Thus, it takes approximately 3 hours and 28 minutes to
bake 20 injera. The solar radiation can efficiently be collected for approximately four hours per day. Hence the
proposed system can work efficiently with solar power.
Photograph of the injera baked during the first baking cycle is illustrated in fig. 9. The injera is similar in texture
and taste with the one baked on conventional baking pans. It is also removed from the baking pan surface easily
(with out sticking) and the small bubbly structures (eyes) were similar with those obtained in conventional
baking pans.

Fig. 9 Photograph of injera baked using the laboratory model of the proposed system
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5.4 Energy Utilized for baking Injera
The energy utilized for baking injera is defined as the energy required to raise the temperature of the dough
(batter) to a particular temperature (sensible heat), plus the amount of energy necessary to boil the water which
evaporates during the baking process (latent heat). The initial mass of batter and the mass of injera produced
from the batter were measured to determine the energy required for cooking injera. Thus, the mass water vapor
can be obtained by reducing the mass of injera produced from the initial mass of batter. It was assumed that, the
heat capacity of the injera batter is the same as that of water during the sensible heating process. Therefore, the
energy utilized for baking injera is given as:
Energy Utilized = mbatter cbatter (Tboil − Troom ) + (mbatter − minjera )h fg
(4)
Where; mbatter is the mass of the batter for one injera (0.4 kg), Tboil is the boiling temperature of water in Addis
Ababa (~92oC), Troom is the room temperature (20 oC), cp is the specific heat of water (4.187 kJ/kg.K), minjera is
the mass of the injera produced (0.32kg), hfg is the latent heat of vaporization of water (2260 kJ/kg). based on
these data the Energy utilized will be 301.4 kJ. For cooking time of 120 seconds, the power requirement during
the cooking then becomes 2.51 kW.
5.5 Heat Loss
Heat is transferred from the heating and storage tank to baking pan assembly by circulating heat transfer fluid
through the pipe. Since the temperature of the fluid is much higher than ambient temperature, the fluid losses
heat energy to ambient.
Heat is first lost from the heat transfer fluid through the pipe wall by conduction [2] and given as:
Ploss =

2πk1l
T f − T pipe
 Do 


ln

 Di 

[

]
(5)

Where: Di and Do are the inner (17mm) and outer diameters of the pipe (21mm) and k1 is the thermal
conductivity (0.046 W/m2.K) of the pipe material [25].
Heat from the pipe is lost through the insulation by conduction and radiation given by Cengel [12]:
Ploss =

2πk2l
T pipe − Tamb + Aoσε o T pipe 4 − Tamb 4
 Do + 2t 

ln

 Di 

[

]

(

)

6)

Where k2 is the thermal conductivity of the insulation material (0.046 W/m2.K), t is the thickness of the
insulation (3.5mm), Ao is the outer surface area of the pipe, Do is the outside diameter of the pipe (21mm), l is
length of the pipe (4.5m) , σ is the Stefan- Boltzmann constant, εo is the emittance of the outer surface of
insulating material (0.04), Tf ,Tpipe and Tamb are average Oil temperature (150 oC),Pipe outer wall temperature and
(40oC) ambient temperature (20 oC) respectively. Based on these data the heat loss from pipe lines is 0.054kW.
The heat loss from the region insulated by Ash is ignored for this analysis. The Ash was found to be very
effective insulator compared to fiber glass insulation. Hence the heat loss is calculated only for piping lines
where fiber glass insulation was used.
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6 CONCLUSION
In this paper, the performance of solar powered injera baking oven, where heat energy is transported to the
kitchen by means of a heat transfer fluid is investigated. The laboratory model of the system, where solar energy
is simulated by electrical heating gives encouraging results. Main components of the system and experimental
results were described in detail with illustrations and graphs. The ash insulation used for most of the components
is found to be a very effective insulator. It is cost effective as it can be obtained freely. From the experimental
result, it was observed that it took approximately 1hour for heating oil to 300 oC and 40 minutes to reach the
optimum baking surface temperature. Injera is removed from the baking pan every two minutes and it takes an
idle time of three minutes between each injera to recover to optimum baking temperature. Based on average
family size, 20 injera can be baked per day in approximately three hour and 28 minutes. In Ethiopia, high flux
radiation can be collected efficiently at least for four hours. Thus, 20 injera can be baked per day efficiently using
the proposed system; which is powered by solar energy.
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Abstract
Energy is an important component of social and economic development. At a time when global reserves of
fossil fuels are decreasing, resulting in a threat to the long term sustainability of the global economy, solar
energy is an ecologically friendly alternative that can deliver national energy security. Population growth
increases the demand on drinking water availability. The global desalination capacity is expected to increase
significantly in the future. Furthermore, the locations that require fresh water are more likely to be
disconnected from an electrical power grid. Desalination based on renewable energies is a promising solution
for such locations. This paper presents a survey of the characteristics of the solar powered thermal distillation
machinery that have been tested globally under different conditions. It will also discuss the latest academic
work on improving the technical and economic strength of solar powered thermal desalination processes. The
main focus of this study will be on technology that could be integrated with solar thermal energy systems.

-----------------------------------------------------------------------------------------------------------------------------------Keywords: renewable energy, water desalination technologies, sea water, solar radiation, fresh water

1. Introduction
Desalination of seawater is a process that is becoming increasingly important due to the falling water tables
worldwide as well as the fresh water shortage that is likely to occur in the near future. In all arid regions of
the world, especially in the Middle East region, fresh water is scarce, as shown in Figure 1. Water resources
accessibility and projections for the demand in water show that global desalination capacity is expected to
double over the next 20 years. (Bouchekima, 2003) and that it will probably reach 40-50 million cubic
meters around the world.

Fig. 1:This map depicts in red the "stress" areas where water is needed-note the Middle East

Source : http://mabryonline.org/blogs/glenn/archives/2007/02/february_5-9.html
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Global energy consumption has grown a lot in the last ten years and this growth has continued with the use
of fossil fuels as an alternative source of energy. Provision of clean water requires energy, which is currently
being provided by non-renewable fossil fuels. The total energy demand for providing the US water needs is
reported as 123×106 MWh/ year (EPRI, 2002). It has been estimated that production of 1 m 3 of potable water
requires the equivalent of about 0.03 tons of oil (Kalogirou,1998). Extraction of fossil fuels and production
of energy not only place additional demands on water, but also result in pollution of water sources and air.
Thus, the projected global demand for clean water supply for the future will accelerate the depletion of fossil
fuel reserves as well as the concomitant environmental damage and emission of greenhouse gases. There is
global concern and recognition of the fact that current energy trends aren‘t sustainable and that better
alternatives need to be considered for the protection of the environment at large. It was reported that CO 2
emission from the fossil fuel combustion can warm up the earth‘s atmosphere up to 4 ْ K. China and the
U.S.A. are among major world polluters. Only India is expected to have an increase in CO 2 emissions in the
next 20 years, as clearly highlighted in Figure 2.

Fig. 2: Carbon Dioxide Emissions by Country, 1990-2030

Source : http://rainforests.mongabay.com/09-carbon_emissions.htm
The IPCC (Intergovernmental Panel on Climate Change) concludes that, based on scientific evidence
(4th Assessment Report on scientific aspects of climate change, 2007), human activities related to large-scale
fossil fuel consumption, is largely responsible for the increase in global warming by increasing emissions of
greenhouse gases into the atmosphere. Solar energy is an everlasting form of energy which is clean, ecofriendly and available free of cost. The recent worldwide trends regarding the unstable prices of oil, the
environmental demands of the Kyoto Protocol and the renewed calls to place more emphasis on the usage of
renewable energy resources, have contributed to the development of multiple systems for the desalination of
seawater. ‗Renewable energy is the alternative solution to the decreasing reserves of fossil fuels‘( Sofi,2001).
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Solar energy is the most upcoming type of energy. It is a fact that the ever-increasing population of the world
has increased the demand of water all over the world. Hence, it is essential that countries around the world
do something to produce more water sources. For this reason, those countries which have abundant sunshine
and seas are using the latest technology to use the solar energy to desalinate seawater, thereby producing
fresh water. However, this type of technology is underdeveloped and can‘t be used on large scales.
Desalination of seawater by using the solar energy can be done either directly or indirectly. In the indirect
system, less land is required, and more fresh water is produced when compared with the direct system.
However, the disadvantage of the indirect system is that it is costs more to setup, thus it is not preferred.
In fact, there are many ways to produce fresh water from seawater. Of the different available options, the
MED- also called the Multi-Effect Desalination process- is perhaps the best of all as it is less costly and more
effective. For this reason, we will be focusing on this particular process, for the purpose of our research.

2. Why do we need solar energy for desalination?
The application of solar powered energy in thermal desalination techniques is one with a lot of potential
amongst many other types of renewable energy techniques. The non-availability of potable water resources,
and the need to look for other forms of water supplies will increase in the future. In considering factors that
will determine world stability, availability of water worldwide and fossil as a source of renewable energy
will come tops in the nearest future. The global accessibility of renewable energies and established
knowledge and technologies in this area make it quite attractive to consider the assembling of desalination
plants with renewable energy production methods in order to guarantee the production of water in a sustained
and environmental friendly scheme for the areas in question. The process involved in the formation of rain
could also be termed as solar desalination. Thermal desalination methods are very thorough energy methods.
The cost of implementing these types of methods could be as much as 40-50% of the total cost of producing
water (Garcia-Rodriguez, 2003). To run a plant that desalinates seawater to give fresh water requires the use
of tremendous energy. For instance, ten thousand tons of oil would be required to produce 1000 m 3 of water
every day. The use of oil as a source of energy for such plants will not put the Middle Eastern countries in
any spot; because they generate a lot of income from their oil exports, and will thus be able to bear the high
cost. Moreover, using fossil fuels as sources of energy will pollute the environment as well. This can be seen
from the fact that, according to the US EPA 2000, Inventory of the US Greenhouse Emissions and Sinks:
1990-1998, out of the total greenhouse gases produced by the United States, nearly 90% was produced by the
usage of fossil fuels. The problem is that these resources will start depleting sooner, and we might not have
any to use by the end of the next 100 years or so.

3. An overview of the global water problems
Figure 3 shows the population of the world from 1950 to the current year (population circa 6 billion) and the
estimated population by the year 2050 (USCB, 2003). It clearly shows that the population is increasing and
with this increase, the demand for water will increase as well, and with this increased demand of water, a
time will come when it will not be possible to meet the requirements. This is leading to water shortages and
will become a serious problem in the future.
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Fig. 3: Change in the world population since 1950 to 2050 (Matt, 2008)

This can be proved by many examples. For instance, in 1995, a little more than 31 countries with a
population of about 458 million faced a water crisis according to People Action International. However, the
worrying part is that they estimate that by the year 2025 about 48 countries with a population of 2.8 billion
will face the same problem (PAI, 1999). The constant industrial development coupled with factors such as
increase in the population will increase the percentage of people facing the water shortage by 20% to a total
of 60% by the year 2025 (El-Dessouky et al, 2002). Currently, there are about 1 billion humans who are in
need of fresh water according to the world health organization (W.H.O., 2005). Angelo (2000) estimates that
the percentage of the people who will be facing water shortages by the year 2050 will increase to about 63%.
The Middle Eastern countries are already starved of water and if the situation continues, it could cause a
water war among them; therefore, it is vital to do something to prevent any such events (Joshua, 2006). The
water problem can be judged by the fact that currently contaminated water is responsible for almost 30% of
deaths and about 80% to 90% of diseases in the world (El-Dessouky et al., 1999).
The countries of the Arab world have already started facing water shortages, and fresh water will most like
finish in a few years (Wardah et al., 2004). Similarly, a country like China is facing water problems. For
instance, there are about 40 million people in China who do not have enough water for their usage (Sci,
2000). The population of the country forms 22% of the population of the world, but this 22% has only seven
percent of the world‘s fresh water at their disposal (Bindra et al., 2001). However, the problem of water
shortage is not restricted to one part of the world. Even the region such as the UK is facing water strains
(Cosgrove et al., 2000) due to dwindling lake water. One example that shows the problem can be seen from
the fact that one of the largest suppliers of water to London that is using 50 percent of the rain water known
as ‗Thames Water‘ is now searching for some other sources for getting water (Stedman, 2005). Likewise,
Spain faces even more problems in the summer because they have an influx of tourists during those times
and that causes even more shortage for the residents of Spain (Javier, 2001). The percentage of people who
have access to potable drinking water can be seen in Figure 4. Another big problem faced by the few sources
of water is pollution. It contaminates the water thereby reducing the supply of fresh water because of which
the demand for water cannot be met (Kufahl, 2002).
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Fig. 4: Population without access to safe drinking water (Gleick, 1998)

In the light of the above, desalination of seawater has proven to be a sensible option to provide fresh water
and in many cases, it is the only possible solution for many countries around the globe.
4. Distillation processes
4.1. Based on water evaporation :
The process of desalination is used in this method that involves a two-step process. In the first step, the water
is heated to a high temperature and in the second, a vessel of decreasing pressure is used through which the
heated water is passed to ensure that the amount of water vapours of fresh water produced is as much as
possible. This method is called Multistage Flash Distillation (MSF). The same concept, as described above,
is used in the Multi-Effect Distillation method (MED). The only difference is that in this method the
temperature to which the heating is done is low. The last evaporation method used for producing water
vapours by the compression of vapours results in heat. This process is used as a mixture with other processes
and is called the process of Vapour Compression Distillation.

4.2. Based on water crystallisation :
Freezing processes are based on the natural phenomenon that ice crystals are formed of pure water
only, even when formed from a salt solution. Hydrate processes exploit a bond between water molecules and
certain chemical compounds such as CaSO4 or organic gasses (e.g. methane) to recover fresh water from
saline solution.

4.3. Membrane processes :
In this process, a membrane is used through which the saline water is made to pass. When the water is made
to pass with force, the membrane lets the water through and traps the salt, thereby making the water free of
salt. This is known as the process of reverse Osmosis. IMS (Integrated Membrane Systems): In this process,
the NF and RO are used along with the Ultra filtration (UF) and Continuous Microfiltration (CMF).
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5. Energy requirements
One of the most important factors in the process of desalination is the use of energy since it is a major part of
the unit product cost (Darwish et al., 1997). Out of the total cost incurred for operating the MSF desalination
plant, nearly 59% is the cost of energy consumed (Desalination Markets, 2004). In fact, on an average, about
30% to 50 % of the cost of operating a desalination plant consists of energy (Semiat, 2000). The ratio of
consumption of the plant is the deciding factor of the amount of energy that will be consumed (Cardona et
al., 2004). If the ratio is high, more energy is required. This would mean more oil is required to run the plant.
However, with the oil prices touching 120 dollars a barrel (2008), oil is an expensive source of energy for
many countries. It has been estimated that MSF plant consumes 48.5 kWh/m3 energy for heat and about 1.3
kWh/m3 for electricity (Huanmin et al., 2002). Likewise, it has been said in another study that the same
plant, consumes 4-6 kWh/m3 electrical energy and about 50-120 kWh/m3 of thermal energy (Cardona et al).
The MSF plant is also said to use about 3.8kWh/m3 electrical power (Andrianne et al., 2002). Similarly, the
place where the boiler is used to give the steam uses about 17.05MW thermal energy per1MIGD or 324
kJ/kg (Darwish et al., 2000). (Ettouney et al., 2002), have said that 4kWh/m3 is the average consumption of
power at this plant. The performance ratio of the evaporation of recirculating brine in the MSF desalination
plant, according to Khawji is 19 kg/1000Kcal heat input (Khawji, 2001), which proves that when Al-Sahali
said that this plant uses more energy as compared to any other plant, he was right (Al-Sahali, 2007). The
thermal energy which is consumed during other thermal processes is about 290 kJ/kg, which is much less
than the amount of energy that the process of MSF requires when it performs the process of desalination (AlWizen, 2001). However, all is not lost, because it is possible to reduce the amount of energy the MSF
requires. This can be done by using the dual-purpose and hybrid processes (Bruggen, 2002). Moreover, if a
pre-treatment is performed, the MSF will need to do less work to produce fresh water.
6. Selection of desalination process
To produce fresh water from seawater, the desalination uses renewable sources such as solar, wind,
geothermal, etc. However, it is not possible to use all the types of renewable sources of energy for the system
of desalination. To determine the best source for the system, the geography, topography of the land and
weather have to be studied in detail. Various factors that must be considered when the desalination process is
being selected for a specific application are as follows (Kalogirou, 1997) :
1.

The amount of fresh water required in a particular application in combination with the range of
applicability of the various desalination-processes.

2.

How effective the process is with regards to the consumption of energy.

3.

Suitability of the process for solar-energy application.

4.

The seawater treatment requirements.

5.

The cost of the equipment required for this process.

6.

The area of land that will be required for setting up the equipment for the plant.

7.

Robustness criteria and simplicity of operation.

8.

Easier ways of transportation, less maintenance, etc.
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6.1. Direct solar desalination
This system is appropriate for smaller establishments where the daily freshwater requirement is less than 200
m3. The diminished production rate is defined by the reduced functioning steam temperature and pressure.
The primary solar still is basically a trough covered with a transparent solid material such as glass, which
should be tilted for the whole setup to work. Seawater is placed in the trough and when it is hit by solar
radiation, it heats up and evaporates. The water vapour formed mixes with the air that was originally between
the water and the glass cover. Once the vapour hits the glass cover, the now humid air cools and
condensation happens and the formed water trickles along the glass surface for collection at the edge (Rizzuti
et al., 2007). An example of this kind of setup is shown in Figure 5.

Fig. 5: A basic setup for direct solar desalination (Lindblom, 2003)

6.2. Multi-effect solar stills
These types of solar stills reuse a certain amount of the latent heat generated by the condensing vapour on the
cooling panel. The latent heat is directed to either preheat the salty feed water or to heat the water inside the
still (Wang et al., 2010). Preheating the feed water is achieved by combining the feed water channels and the
condensation panel. In this way, the seawater is continuously heated by the heat generated by the condensing
vapour, while at the same time ensuring that the condensation area is well cooled. Such a construction can
produce more than 20 L/m2 on a daily basis as shown in Figure 6.

Fig. 6: Schematic Solar still with MED system
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6.3. Indirect solar desalination
Desalination plants of the multistage flash type, reverse osmosis type and the multi-effect type have been set
up on large industrial scales because of the amount of fresh water that they can provide (Garcia-Rodriguez
and Gomez-Camacho 2002). In fact, according to statistics, 236 m3 of fresh water is produced by this
industry (Garcia-Rodriguez and Gomez-Camacho 2002). However, all the above systems are not cheap to
run at all. This is because the energy that they demand for producing electrical power can only be generated
from burning of fossil fuels. However, the solution to this problem is the usage of renewable energy, such as
the solar power. This type of energy is not only cheaper, but easy to maintain as well.
6.4. Multi-effect desalination
The multi-effect desalination system is currently the most reliable of all other techniques. In the past, this
system was only used for production of over 100 m3 per day. However, the usage of solar systems to
generate the required electrical energy to power the plants has made the systems more economically viable.
This system performs the work of producing fresh water by evaporation of the saline water. When the water
is heated, it produces steam. This steam that condenses is made to pass through a number of tubes which are
basically arranged in bundles. The heat from this steam results in evaporation that takes a total of about
twelve different steps (Seimat 2000). In the second stage, the steam is produced at low temperatures and
pressures by evaporating the brine. Once this has been done, the saline water is evaporated by using it. As of
now, many different studies are going on at different levels, each with the single focus of making a multieffect system that can run on the solar power (Manwell and McGowan 1994).

7. Characteristics of solar powered thermal distillation machinery
The characteristics of the machinery used for the thermal distillation which is powered by the solar energy
are based on two types of heat absorbers, namely copper and aluminium. Copper is less frequently used
because its ability to conduct the thermal energy is less than that of aluminium. Some more characteristics of
this machinery are as follows: 1- how much thermal conductivity does the material used for conduction
possess? 2-The thermal conductor cross-sectional area, which is responsible for determining how much the
exposure from the sun, will the conductor get as the amount of the thermal energy that is absorbed by the
conductor will depend on how much it has been exposed to the sun. 3-The radiosity that depends on the place
where the desalination plant is situated. There are some other characteristics such as the effects of heat and
the input fluid‘s capacity to sustain and trap heat.

8. Low temperature multi-effect distillation (LT-MED)
The efficiency of the Low Temperature Multi-Effect Distillation (LT-MED) has been tested, evaluated and
economically proven to be efficient. An important characterizing element is its good thermodynamic
functionality. That is coupled with low pressure drops accompanied with high volumetric efficiency of
vapour flows providing an economic feasibility of using low cost durable materials (Barron, 1992). The
technical construction of the system using aluminium alloys that provide an efficient transfer of heat within
the system ups its operational efficiency. That is typically due the fact that the thermal conductivity of

3751

aluminium is higher than that of copper, making the material specifically suitable in providing superior
thermal functionalities (Office of Saline Water, 1971).
In the construction of a typical system, aluminium provides a higher heat transfer per ton of water than
copper when the same investment cost is calculated for the two materials. In practice, the economy ratio is
very high as has been proven with similar plants that have been used at the Virgin Island plants (Barron,
1992). The technology incorporates inexpensive centrifugal compressors which demand minimum inputs for
pre-treatment machines (Barron, 1992). Consider a Multi-Effect Desalination (M.E.D.) plant. Established
MED plants are constructed using horizontally arranged aluminium alloy tubes with an evaporative
condenser that consists of falling films in a serial arrangement (Al-Shammiri et al., 1999).
The tubes are serially arranged to optimize the production of multiple amounts of distillate in a repetitive
process involving evaporation and condensation. Technically, the temperature difference between the steam
and the inlet temperature of seawater affects the overall number of effects. The minimum temperature
difference allowed for each effect is also influenced by the arrangement of the aluminium tubes (Barron,
1992). Operationally, the input seawater is divided into two streams at the inlet after it has been deaetreated
and preheated. At this point, one stream is allowed to flow into the sea as a coolant and the other acts as the
input source for desalination. The heating process is done at the heat rejection condenser. Afterwards, the
water to be distilled is allowed into the lowest temperature compartment, referred to as backward feed flow.
That is influenced by the need to optimize the thermodynamic efficiency of the system which is achieved by
controlling the mixing of colder seawater with the higher temperature effects (Barron, 1992).
9. The economic rationale
The studies that have been done on whether desalination plants which are thermally powered are technically
and economically feasible show that, by using desalination plants that are solar powered, the cost of
producing water has gone down by 8% to 17% (Mireles, 1991). Furthermore, it came to light that if the
Multi-effect distillation system was used for the solar powered thermal desalination plants, the cost of the
fresh water produced with it would reduce even more (Swift, 1988). By using multiple wetting techniques for
the usage with pumps which are intermediate and work on the solar power, and by using antiscalants, the
efficiency of MED and LED-MED techniques can be improved (Glueckstern, 1995). When the cost benefit
analysis was done on these techniques, the internal rate of return was found to be about 8.5 % more costly if
gas was being used as a source of energy, particularly in those countries which have longer and colder winter
months (Mireles, 1991). But, when the decision to use a technology is being made, it is essential to analyse
what effect this desalination will have on the environment (Morton, Callister & Wade, 1996).
10. Limitations to the use of solar desalination processes in the MENA region
The fact that desalination requirements are mostly high in those countries which have the oil wealth makes
the use of the expensive solar technology not feasible for them. The funds required to carry on the study and
the research on the solar technology do not meet the requirements. Another problem is the instable electricity
supply. When these plants were built, they were designed to run on uninterrupted supply of the electrical
power. When the power goes out, it affects the efficiency of the system. Different problems are faced by
different desalination systems. For instance, when the vapour compression system is used, it requires a lot of
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energy to get to the optimum level of working. Therefore, there must be some kind of a system which can
store the energy and supply it to the plant when the power gets disrupted. However, this system is workable
only on a small scale where the system that use this stored power is also small. Another option is to store hot
oil or hot water as a source of thermal energy for the thermal system. However, this option is very expensive
and thus not feasible economically. Likewise, the problem with the reverse osmosis system is that the
membrane which is used in this system is sensitive to scaling and fouling.

11. Conclusion and recommendations
The solar systems have a very low rate of fresh water production, and also not efficient enough to be used on
a large scale. Therefore, they are mostly being used for a small scale production of fresh water. Because of
this very reason, the amount of fresh water, which is produced by the use of the solar energy around the
world, is only 0.025%. The demand for fresh water is increasing day-by-day with the increase in the
population. Farmers are now doing irrigation-based agriculture as compared to agriculture which is based on
rainwater. Moreover, fossil fuels are used to supply the energy for the rest of desalination plants. As a result,
with the increasing demand, this trend of producing water from the solar energy will increase in the near
future. The best option available now is to combine the traditional desalination system with a renewable
energy. In the end, we would like to recommend that the MED system should be the subject of further study
so that it can be determined if this process is more effective and economically feasible as compared to other
processes of desalination.
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1. Introduction
At present time mainly two directions of technical development of solar drying systems exists, which meet
the technical, economical and socio - economical requirements: 1) simple, low power consumption, short
life, and comparatively low efficiency-drying system; 2) high efficient, high power consumption, long life
expensive drying system [1,2]. In the current work design and mathematical description of thermal
performance analysis of solar dryer for agricultural and marine products are presented. Proposed solar dryer
includes two main subunits: 1) Solar PV-Thermal air dehydrator; 2) Drying cabin with multistage trays.
2. Solar Dryer
Developed design of proposed Solar dryer, with solar PV-Thermal air dehydrator, which is used as heat
source for dryer and drying cabin with multistage trays, where will be placed agricultural or marine products
to dry presented in Fig.1. And created experimental unit which is presented in Fig.2.

Fig.1. Principal Scheme of Solar Dryer.
1-Solar radiation; 2- light transparent cover; 3-PV module; 4-Absorber and
inlet of an air flow; 5-Back side; 6-Air fan; 7- Air input channel; 8-Korpus
of Drying cabin; 9-Extra cover for reflect and absorb of solar radiation; 10Door of drying cabin; 11-Outlet chamber for an air.

Fig.2. General view of experimental setup of
solar dryer

Solar PV-Thermal air collector consists of rectangular box with light transparent cover from one side, PV
module, which is placed inside of the collector, second absorber layer with insulation. There is air fan placed,
which runs by the PV module, to circulate air through collector and direct heated air to the drying cabin.
Drying cabin consists of rectangular Polycarbonate box with inlet and outlet holes from bottom and top for
air circulation and multistage trays (respectively with holes) inside for putting of drying products.
Mathematical description of the thermal performance of proposed dryer: Developed mathematical model of
the thermal mode and numerical calculations have been done on determination of thermal-technical
performances of each components and a whole solar dryer. Determination of technical parameters of the hole
system could be achieved by analyzing of parameters of each including components. On this basis developed
system of energy balance equations for each component. Simulations run on MathcadPro-2001 by following
modified Algorithm for proposed system.
References
Fudholi A., Sopian K., Ruslan M.H., Alghoul M.A., Sulaiman M.Y. 2010. Review of solar dryers for agricultural and
marine products. Renewable and Sustainable Energy Reviews. 14. pp. 1–30.
Juraev E.T., Akhatov J.S. 2009. Study of mixed-mode forced convection solar drier. Applied Solar Energy. Vol.45, No.1,
pp. 61–64.
Jain D., Jain R.K. 2004. Performance evaluation of an inclined multi-pass solar air heater with in-built thermal storage on
deep-bed drying application. Journal of Food engineering. 65. pp. 497-509.

3756

SOLAR OVEN WITH HEAT-PIPE VACUUM TUBES FOR EASE OF
ARCHITECTONIC INTEGRATION
Javier Diz-Bugarin1
1

Dept. Electronics, IES Escolas Proval, Nigran (Spain)

1. Introduction
Solar ovens are devices that are expected to operate for several hours without constant attention of human
operator. Reflective surfaces are often used to increase the amount of radiation collected by the oven, but in
this case frequent reorientations would be needed to compensate for the sun displacement. This is one of the
main problems when trying to integrate them as a fixed part of a existing construction.
Instead of using reflecting flat or parabolic surfaces to make an optical concentration, vacuum tubes can be
used to collect radiation and introduce it into the insulated oven cavity where it is stored.
Vacuum tubes are usually employed in hot-water solar collectors in cold climates to minimize heat losses, so
they meet the requeriments of good insulation and resistance to high temperatures that are also necessary for
the design of solar ovens. In particular, heat-pipe vacuum tubes can transfer heat without the presence of an
external circulating fluid (like water or oil).
Solar ovens with vacuum tubes offer some advantages over reflecting surfaces, like a high tolerance to
azimut and elevation of sun, what is very important when the device should operate for a long time without
constant attention of human operator or cannot be reoriented. Moreover, vacuum tubes can be placed in
vertical position without significant loss of performance.
This paper is dedicated to the design and construction of a solar oven with vacuum tubes that can be easily
integrated in new or existing buildings, in particular rural houses in remote areas or developing countries.
A prototype of this solar oven has been developed and tested under different positions and orientations of
vacuum tubes to achieve the maximum performance.
Fig. 1 shows one of the preliminary test of the vacuum tubes used in the oven.

Fig. 1: First experiments of solar owen with vacuum tubes

2. Oven design criteria
There are numerous precedents in the literature of the use of vacuum tubes for applications different from the
heating of domestic hot water (Balzar 1996, Esen 2004, Gradinetti 2011, Kee 2007, Khalifaa 1986,
Kundapur 2011).
This article describes a low cost oven that can be integrated into an existing or new construction and does not
require access to the outside for use or adjust. It should be easy to use for people without specific training
like in many rural areas or developing countries.
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A vertical configuration has been chosen for several reasons:


Ease of placement on a wall of an existing construction



heat pipe vacuum tubes need a certain angle of elevation for the internal fluid to circulate properly



vertical position tends to equalize benefits in winter and summer, as the collector works better with
low sun elevations

Although the idea is to build a permanent and fixed oven, the prototype is made with a portable design to
allow for position changes and modifications.
The prototype has been designed in two separate pieces (tube holder and oven) to test different
configurations and materials (wood, glass, plastic, insulations of different types) and divide the system into
hot and cold zones to replace parts if damaged.
The lower part of the oven serves also as storage of replacement tubes and protection for transport.
The lower part of the oven has two rows of tubes. The tubes in the front row are the main collector of the
oven. The tubes in the back are intended only as a replacement, but serve also as thermal mass and may
capture some radiation.
3. Heat-pipe vacuum tubes
Vacuum tubes meet the requeriments of good insulation and resistance to high temperatures that are
necessary for the design of solar ovens. In particular, heat-pipe vacuum tubes can transfer heat without the
presence of an external circulating fluid (like water or oil). Heat-pipe vacuum tubes used in this prototype
have the following characteristics (Jiangsu, 2011):


length 1800mm, outer diameter 58mm, absorber diameter 47mm.



Glass tube: reflectance: 7.5%, absorbtance: 1.8%, tranmittance (two layers): 80%



Absorption coefficient: ≥0.93, Emissivity: ≤0.08



Starting temperature: ≤25 ºC Max.temperature: 250 ºC

According to tests carried out for spanish regulations (BOE, 2010), a collector with 10 tubes of the same type
have the following characteristics:


absorber area of each tube: 0,081m2



output power (Tm-Ta=0ºC, 1000W/m2): > 581W



output power (Tm-Ta=60ºC, 1000W/m2): > 454W

With this data the area of a 3 tubes collector is 0,243m2, equivalent to a typical box oven with a glass
window of 0,6x0,4 m2 area.
4. Collector design
As a starting point for the design of the oven it has been chosen a collector area equivalent to a conventional
box solar oven with a glass window of 0,6x0,4 m2. As the absorber area of a single tube is 0,081 m2 at least 3
tubes should be used.
The tubes will be placed in vertical position for the requirements of architectonic integration. This point will
be discussed in next paragraphs.
The distance between the tubes should be enough to avoid shadowing between them. If the distance between
tubes is the same as its diameter (58 mm), sunrays with an azimut of 60º will not produce shadows (Fig 2).
For an angle of 45º a distance of approximately half a diameter can be allowed. For the prototype a distance
between tubes of a whole diameter has been chosen.
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Fig. 2: Separation of tubes and effect on shadowing

The cylindrical shape of the absorber and its vertical position make the collector area does not vary
significantly with azimuth during maximum solar insolation hours, so it is not necessary to reorientate.
Rear reflectors can be added to improve radiation collection. In summer reflectors help to compensate for the
higher elevation and in winter for the lower insolation. Reflectors also improve insulation and reduce heat
losses.
As mentioned above, collector tubes are placed in vertical position for architectonic integration. This
position is not the typical of a solar collector, so some calculations have been made to determine its
performance. Fig.3 shows the daily solar radiation at Nigran (Galicia, Spain, latitude 42ºN) during year 2005
for an horizontally oriented photovoltaic cell (orange) and a vertically oriented photovoltaic cell (yellow). As
seen in this figure, vertical position gets much better results in winter days and worse in summer.

Fig. 3: Daily solar radiation in Nigran during year 2005 (Kwh/m2)

This results can be represented in terms of gain between vertical and horizontal positions. Fig. 4 shows a
comparison between them. For the vertical position in winter there is a gain of 2.5 and in summer there is an
attenuation of 5.

Fig. 4: Comparison of vertical and horizontal position of collector
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Therefore it can expected that the oven works better in winter than in summer, and in the early hours of the
day better than at noon. To compensate for the attenuation in summer it could be necessary increase the size
of collector (number of tubes) to assure performance in all days and circunstances.
5. Oven construction
5.1. Structure of the oven


The structure of the oven is made of weatherproof plywood (also known as WBP or phenolic
plywood). This type of material can resist temperatures of 100ºC (boiling water) or more. If the
oven reached higher temperatures the upper part of the structure should be made of a different
material.



The whole structure can be made of a single piece of plywood of 2.44x1.22m2 as seen in Fig. 9.



The oven frame is divided into two pieces, tube holder and oven. Fig. 5 shows the lower and upper
part of the structure.



The upper part forms the oven cavity, and the lower holds the vacuum tubes.



The lower part of the oven has two rows of tubes. The tubes in the front row are the main collector
of the oven. The tubes in the back are intended only as a replacement, but serve also as thermal
mass and may capture some radiation.



The front row of tubes is designed to hold 3 or 5 vacuum tubes to increase power.



When not in use, the lower part of the oven serves as an storage and protection to avoid breakage of
tubes.

Fig. 5: Oven structure: lower part (left) and complete assembly (right)

5.2. Thermal transfer structure
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This structure connects the heat-pipes evaporators with the heat diffuser inside the oven cavity. It
must be made of a high conductivity material, like copper tube.



The coupling of the evaporators can be made by a short piece of copper tube with a longitudinal slot
Fig. 6 shows a detail of the structure and Fig. 7 shows the complete assembly wihout the diffuser.



The heat diffuser can be a rectangular piece of copper painted in black. This piece must be soldered
to the copper tubes of joined with thermal silicone to improve heat transfer.



The upper part of the vacuum tubes must be well protected to avoid breakage. It must also be well
insulated since this is the maximum temperature point of the oven.



All the internal surfaces of the oven must be covered with a infrared reflecting material, like
aluminium foil of polyester film.

Fig. 6: Copper tube structure

Fig. 7: Thermal structure assembled

5.3. Vacuum tubes support


Coupling between vacuum tubes and oven support is a very critical point of the design because of
the high risk of breakage of tubes.



It must be made of soft materials that can absorb shocks during movements or transportation.



The lower end of the vacuum tubes is extremely fragile and must be well protected.



In this prototype coupling of the tubes to the structure has been made with polypropylene cups as
seen in Fig. 8.

Fig. 8: Vacuum tubes support made of polypropylene cups
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Fig. 9: Cutting diagram and assembly plans

SPLIT CONFIGURATION
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Fig. 10: Proposal of split configuration
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5.4. Proposed modifications
The front and back of the oven cavity can be made of glass or plastic (heat resistant, like polyester film).
The inside of the oven can also be coated with metal sheet, glass or polyester to improve the thermal
characteristics.
Heat-pipes in the vacuum tubes tend to elevate due to expansion of hot air, what can displace or break the
heat transfer structure. It has been found a solution that consists of remove the silicone seal or make a slot to
allow exit of air to the cavity of the oven. Fig. 11 shows elevation of the tubes (left) and the solution (right).

Fig. 11: Raising of the evaporators due to hot air pressure and solution

6. Architectonic integration
The use of vacuum tubes avoids the problem of reorientation, allowing to place the solar collector fixed on a
facade or wall. Such collectors work well in a vertical position, which improves the performance in winter or
for low sun elevations.
This system allows a split configuration (Fig. 10) which is formed by an external unit with vacuum tubes and
an internal unit with the oven cavity, connected by a high thermal conductivity material with sufficient
insulation.
The oven is designed to be opened by the rear side, so it can be accessed from inside the house through a
hole in the wall or through a window (Fig. 12).
The front can have a window that serves two functions: to increase the collecting area of the oven and also to
light the oven. This surface can be increased or make the oven completely transparent.
The back also has a window used to view the status of cooking as in conventional ovens.

Fig. 12: Example of access to the oven from inside the house
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7. First tests and suggestions for improvement
The prototype of solar oven presented in this article should be viewed only as a viability study and cannot be
expected a good performance. The first tests have shown that can reach temperatures as high as 80°C without
good insulation. Among others, the following changes are planned:


five tubes placed in the front row instead of three



incorporate a rear reflector to increase the radiation in the tubes



improve the seal at the entrance of the tubes to the cavity



experiment with different thicknesses and types of insulation in the cavity



try different types of thermal diffusers (copper plate welded to the tubes)



test reflective materials covering the inside of the oven



incorporate glass or plastic windows to increase solar radiation and light the oven



try different types of cavities completely made of glass or plastic



remove the heat pipes and use the hot air generated as transmission fluid.
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1. Introduction
This paper presents the validation of the simulation of a vanilla indirect solar dryer prototype. The present
project arises from the necessity of the vanilla agriculturists from the state of Quintana Roo to have a
solar dryer capable to preserve the properties of the vanilla obtained with the traditional drying method.
1.1. Vanilla
The vanilla (Vanilla Planifolia) is a tropical climbing orchid and is often called the “Orchid of
Commerce“. It is said to be indigenous from America (Childers et al, 1959). The vanilla produced in
Mexico is classified as producing the best beans, followed by those of Madagascar (Yilera, 1974).
Mexican vanilla has been regarded as the possessor of the finest flavor and aroma.
The vanilla orchid and the mature vanilla bean have no aroma; it is the curing process that develops the
characteristic flavor of vanilla beans. The Mexican Indians developed the original, very labor intensive
process for curing green vanilla beans (Childers et al, 1959). In Mexico the vanilla curing process is done
using two methods: the first consists in expose the pods to the sunlight to dry, being named "Sun Curing”.
In the second method the pods are dried in an oven, called "Oven Curing”.
The characteristic flavor and aroma of Vanilla beans is due to the changes that take place in the beans
during the curing process. Curing consists of an initial killing and wilting treatment, followed by heating
until the beans acquires the proper texture and flexibility. This is followed by drying in air to the desired
moisture content, and finally by a conditioning treatment which consists of storing the beans for several
months in closed boxes at room temperature, during this period the aroma is developed (Childers et al,
1959).
To obtain these particular vanilla properties it is necessary to accomplish the following conditions during
the drying process: Eliminate 75% humidity from vanilla pods, the drying range temperature is 45°C 50°C and the months of drying are January, February and March.
In Quintana Roo, Mexico, the vanilla activity has been under development since 1998. The curing process
used is taken from the traditional method of Papantla, Veracruz, Mexico and is called direct sun-cured
(Barcenas et al, 2010).
1.2 Solar drying
Solar drying is an activity used since antiquity to preserve food from one season to another. This process
is very used in Mexico, which is applied to different products such as coffee, vanilla, sisal, shrimp, fish,
fruits and others. Current solar dryers are an adaptation to these ancient practices, where the system
integrates the drying requirements, hygiene and materials available locally.
Many agriculture products require a drying process to preserve them until they reach the consumer
centers. Solar drying, where products are exposed to direct sun by placing them on the ground, is one of
the oldest uses of solar energy and it is still the most widely used process in Latin American countries.
This process is very inexpensive but produces heavy losses caused by weather changes and the attack of
insects and animals. In addition, product quality is diminished due to animal waste pollution, dust and
mold.
In recent years, higher fuel prices have raised renewed interest in drying based on the use of solar energy.
It has been treated to develop techniques to solve these problems in relation to air drying, one of these

3765

techniques is using solar dryers which remove water contained in food, in order to prevent the
proliferation of microorganisms that damage it. The simplest way to dry a product is expose it to a stream
of air whose temperature and humidity conditions allow the water contained in the product to evaporate.
To achieve this effect, the air temperature is increased by energy intake, in solar dryer this energy
contribution is given by the solar radiation.
1.2 Indirect solar dryer prototype
An indirect solar dryer prototype for 50 kg capacity was designed and constructed at the Universidad del
Caribe with the following elements and characteristics: Solar plane collector (2.0m x 1.0m x 0.10m) with
semi-transparent polycarbonate covering, an steel galvanized sheet as absorber surface and wood walls.
The cabinet (1.0m x 0.80 x 1.20m) was constructed of wood. Also the prototype has a steel galvanized
nozzle and PVC chimney (1.20 m) to induce air flow through the dryer by natural convection, Figure 1.

Fig. 1: Solar dryer prototype.
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2. Solar dryer simulation.
The operation of solar dryer and physical phenomena that take place in it is explained by the three
processes of heat transfer and the properties of the solar radiation.
Sun energy incident on semi-transparent cover (polycarbonate) of the collector is transmitted in the
visible range and is practically opaque to radiation in the longer-wavelength infrared regions of the
electromagnetic spectrum (Cengel, 2007). Part of solar radiation is reflected by the polycarbonate and the
other is transferred to the absorber plate increasing its temperature transferring heat by convection and
radiation into the air causing the greenhouse effect, changing its density, and is pushed by the cooler air to
the cabinet and the chimney to induce air flow through the dryer.
To solve the physical phenomena using the ANSYS-FLUENT code, the following steps were applied:


Design geometry and discretization of the control volume using ANSYS design modeler program or
other equivalent CAD software.



Specification of construction materials properties and boundary conditions for each system element.



Solution of the conservation equations in each element of the mesh for each time interval.

Dryer solar geometry was made with ANSYS design modeler program (ANSYS, Inc. 2010). An angle of
30° to the horizontal plane was considered for the months of January, February and March. Figure 2
shows the final geometry design.

Fig. 2: Solar Dryer geometry.
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The properties of construction materials and working fluid are presented in Table 1.
Tab. 1: Properties.

Materials

Air

Steel

Polycarbonate

Wood

ρ (kg m-3)

1.225

8030

2700

700

c (J kg-1 K-1)

1006.43

502.48

840

2310

k (W m-1 K-1)

0.0242

16.27

0.75

0.173

α (m-1)

20

-

-

-

σs (m-1)

5

-

-

-

n

1

-

-

-

Initial conditions were defined as: atmospheric pressure and ambient temperature (300 K).
Three dimensional, transient and laminar flow was considered for simulation. The simulation was carried
out in a range from 9:00 am to 6:00 pm of March 14 at the geographical location of Cancun, Quintana
Roo, Mexico (21°09′38″N 86°50′51″W). The conservation equations solved by the program were:
Conservation of mass:
( ⃗)
(eq. 1)
Conservation of momentum:
( ⃗)

( ⃗ ⃗)

⃗

⃗

(eq. 2)
Conservation of energy:
(

)

( ⃗(

))
(eq. 3)

Heat transfer radiation:
( ⃗ ⃗)

(

) ( ⃗ ⃗)

∫

( ⃗ ⃗) ( ⃗ ⃗ )

(eq. 4)
3. Thermal Testing.
The characterization of the solar dryer was carried out in March 2011 in the coordinates 21°09′38″N
86°50′51″O. The solar collector was oriented towards the south to get more sunlight. Thermohygrometers
to measure temperature and relative humidity were installed at inlet and outlet of the solar collector and
inside and outlet of cabinet. Solar Dryer thermal behavior can be observed in Figure 3.
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Fig. 3: Solar dryer temperature distribution at March 16th 2011.

4. Results.
Following are the results obtained by simulation compared with experimental data of March 14th derived
from the characterization of solar dryer prototype. In figure 4 is shown the comparison of temperatures at
solar collector outlet.

Fig. 4: Comparison of temperature at solar collector outlet.
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The curve that represents the experimental data show a behavior affected by weather conditions that have
not been considered in the simulation, however, performing an adjustment of the experimental data to a
sixth degree polynomial equation we can see a great similarity in their behavior with a 4.5% absolute
error.

Fig. 5: Comparison of temperature inside cabinet.
Figure 5 presents results of thermal experiments and its comparison with ANSYS-FLUENT simulation
inside cabinet. Due to the random behavior of weather it was not possible to make an adequate estimation
for the convection heat transfer coefficient along the day, so for the simulation we have considered this
coefficient as a constant.
5. Conclusions.
A numerical and experimental investigation of the temperature distribution in a prototype solar dryer is
performed. Numerically, the temperature distribution in the solar dryer is investigated with FLUENT
ANSYS software. Experimentally, the temperature distribution of the solar dryer is evaluated by means
temperature measurements on the inlet solar collector, inside and outlet of the cabinet. Comparison
between CFD simulation and the thermal measured show that at solar collector outlet there is a good
degree of similarity between measured and calculated temperatures. However, for inside the cabinet there
is large difference between measured and calculated temperatures. This disagreement is due to have been
considered a constant convection heat transfer coefficient. In future works it will be necessary to define a
variable convection heat transfer coefficient as function of the time along the day.
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1. Introduction
Research within solar energy has traditionally focused on increasing the system efficiency by developing and
improving the technical components. Thermal solar collectors for hot water production have been markedly
developed since the 1970s and the solar heating technology is today well-developed and has reached costeffectiveness in many applications. Still, the implementation rate and use of solar heating remains modest.
Laboratory experiments and system simulations in advanced computer programs are frequently used methods
within the present solar heating research. However, in a wider perspective, the technology should be used by
people. Market actors, such as architects, installers, property developers and users, are highly influential on
the implementation rate, but they are often overlooked in research and development. To achieve a state of
common use of solar technology more than the purely technical aspects have to be considered.
In this paper, a socio-technical framework has been applied to solar heating to grasp the complexity of the
low implementation rate and to connect technology with market actors and the social context in which the
technical systems appear. The system boundaries are widened and traditional engineering methods are
combined with methods usually not used within engineering research. The focus is still on technical systems,
but by utilizing time-use data the user is introduced in studies of technical performance, while technology is
seen in its social context by carrying out interviews. Solar heating is here regarded a socio-technical system,
comprising both social and technical components. Social components may be market actors, legislation,
politics or cultural aspects.
The paper is based on a doctoral thesis within Engineering Sciences, presented at Uppsala University,
Sweden, in 2009 (see Lundh, 2009). The research focused on storage issues and system solutions and how
social aspects may be brought into technical studies to improve the understanding of solar heating. Some of
the obstacles that can appear in the planning, installation and utilization phases were identified using Sweden
as a case study.
This paper presents one approach to understand the interaction between technology and people by
investigating some aspects of solar heating technology in its social context. Obstacles preventing the
dissemination of solar heating technology may then be identified and thereby contribute to finding solutions
to the slow implementation rate.
1.1. Aim
The aim of the overall research project was to widen the system boundaries and methodology in solar heating
research from pure engineering studies of materials and components to studies of solar heating technology
and technical systems in a social context. The hypothesis was that both possibilities and barriers appear in the
interaction between technology and people, and not only in technology itself.
This paper aims at presenting a socio-technical approach and give examples on how new methods may be
used in engineering research to enrich studies of technology. It further aims at discussing advantages and
problems associated with an interdisciplinary approach.
2. Methodology
Research within solar heating systems has a major focus on complex dynamic simulations of different
system solutions. This is an excellent method to perform low-cost experiments on systems. The simulations,
however, most often only focus on the technical components and highly simplify the social context in which
the solar collector system is operated. To introduce social aspects in simulations, but also to studies of solar
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heating technology in general, methods from other disciplines were applied in collaboration and under
supervision of a social anthropologist and a cultural geographer respectively. Those methods are described
below, while the complementary engineering methods, such as experiments and simulations, are left out. The
aim of this section is to explain how the different methods complement and interact with each other.
2.1. Systems approach
A systems approach characterizes all sub-projects. A system is considered comprising a set of components
interacting with each other to reach a mutual goal (see also Churchman, 1973). The performance of the
system, which often differs from that of the individual components, is the main focus in system studies. It
defines what belongs to the system and what does not.
The methods or tools in system studies are not given, but should be chosen with regard to the problem to be
solved, which enables interdisciplinary use of both methods and theories.
System boundaries do not need to be physical ones, such as the walls of a building. Instead, what is not
influenced by the system is considered belonging to the environment, while the environment still influences
the system. A broad system perspective and including values that are difficult to quantify is usually stressed
in system analysis. Consequently, the social context, which is traditionally regarded as belonging to the
environment, is preferably considered part of the system, added as components, and intimately interacting
with the technology.
2.2. Socio-technical framework
In contrast to technical systems only comprising artifacts, technical components and appliances, or social
systems in terms of the market, political or economic systems, a socio-technical system includes both
artifacts (i.e. man-mad objects) and market actors (social components). The socio-technical perspective is
here used as a means to relate to problems within system studies. It is used as an interdisciplinary framework
to widen the system view of an artifact to also include the social context in which technology appears, and
thereby allow studies on a higher system level.
The socio-technical system perspective originates from a movement towards multi-disciplinary research
within the social sciences in the 1980s and 1990s (Summerton, 1998), but there is no unambiguous definition
of such systems (see for example theories such as Large Technical Systems (Hughes, 1983), Social
Construction of Technology (Bijker et al., 1987) and Systems of Innovation (Berner, 1999)).
With this view, artifacts and technology are not isolated, meaningful objects, but rather intimately embedded
in a network of both social and technical factors. They are only valuable in a social context, i.e. when they
interact with people and are used by people. There is no clear boundary between technical and social
systems. During the development of an artifact, there are always market actors strongly influencing the
technology by what they do, but also by what they refuse to do. Politics, culture and the physical surrounding
influence the artifact as well.
Although socio-technical systems surround us in everyday life the focus in research is in most cases either on
social or technical aspects. In this paper, both considerations are taken into account and are brought together.
In practice, this means to introduce market actors in the normally strictly technological world of solar heating
systems, but also to consider people’s choices, political decisions and organizational structures, and how it
influences the use – or lack of use – of solar heating.
2.3. Case study methodology
One method to systematically examine a phenomenon or limited system is case study. Just like the systems
approach, but in contrary to many other research methods, a case study does not claim any specific method to
collect and analyze information. The main advantage is the ability to manage different empirical materials.
A case study is often based on how and when questions and examines a specific occasion. It is particularly
suitable when it is difficult or impossible to manipulate the relevant variables influencing the study object. It
does not generalize or predict the future, but is used to understand the present situation or context. It only
applies to the particular study object, but should show a general problem and may indicate what should and
should not be done in similar situations. Furthermore, the case study can be used to show the complexity of a
situation. It may explain why a problem occurred and give a background to a certain situation, explain why a
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change works or does not work, discuss and judge alternatives, as well as evaluate and summarize a
situation. (Yin, 2003) A holistic view on the object is important.
Most large solar heating projects are evaluated, but very few evaluations are categorized as case studies. One
exception is found in Section 3.1. Not only a technical evaluation was performed, but interviews were also
carried out with residents to investigate how the technology was received. Case study was thereby used to
position technology in a social context.
2.4. Time-geographic methods and time-use data
In a case study, system simulations can be seen in a context by use of several different methods, so called
triangulation (see below). Still, the social context, in form of the people using the technology, is not included
in the simulations. One way to introduce the household, or rather the behavior of the household members, is
to use the outcome of studies on everyday life. The way people arrange their time indirectly tells how they
use the technical systems that are to be simulated.
Time-geography originates from an interdisciplinary approach in geography, which connects spatial and
timely perspectives, the so called time-space. A person’s everyday life is the interconnected and related
activities she or he performs as time flows; every person has a lifeline in the time-space. This in turn means
that society is built on those everyday activities of its individual citizens (Hägerstrand, 1991).
Ellegård (1999) describes a method to empirically collect knowledge about the timely distribution of
everyday activities by so called time diaries, resulting in time-use data. People write down all activities they
perform during the day; type of activity, when and where it takes place, extension in time, accompanying
persons, means of transportation and so forth. To minimize the influence from the researcher, such as
communicating a notion of “important activities”, the diaries are preferably open, meaning that the
informants define the activities and time-steps themselves.
Time diaries have previously mainly been used within therapy and research on everyday life. A fairly new
approach is to use time-use data to improve the description of human behavior in technical simulations. By
translating the activities into energy use realistic load profiles may be generated. Since they are based on
time diaries they do not only supply an average energy use, but are connected to an arrangement of everyday
activities that makes sense to the person performing them. By letting those load profiles describe the user of
the simulated system a more realistic interaction between technology and user is achieved.
2.5. Research interviews
The theoretical performance, as well as advantages and drawbacks of different systems solutions, may be
studied by simulations, but those cannot explain why a particular system solution is successful or not or how
users actually interact with their heating system. And there are no unambiguous answers. But there are
people with experiences and perceptions. By qualitative interviews the informants get a possibility to express
their thoughts about the situation, from inside the market or household. By interviews, it is possible to
position technology in its social context and achieve valuable input to new important research topics.
An interview is a professional conversation aiming at the informant’s experiences and opinions. It is
particularly well-suited for issues that cannot be directly observed, such as the past. It is a means to
understand how the interviewed person perceives a specific topic or phenomenon. In contrast to everyday
conversations the research interview has specific objectives and structures and is a one-sided questioning; the
interviewer defines the situation, but does not argue for her or his opinion (Kvale, 1996). The end-product
depends both on the interviewer and the informant and their interpersonal interplay.
In this project qualitative semi-structured interviews were used. Topics and questions were formulated in
advance, but the interview guide was not strictly followed. The principal advantage of the semi-structured
interview is its openness and flexibility. There are no strict rules for how to perform it and the approach may
be modified depending on the situation and the informant (for example follow-ups on new interesting topics).
All interviews were recorded and partly transcribed, before being categorized and analyzed.
2.6. Triangulation
To achieve a more holistic picture of a study object several methods may be used together or in parallel, so
called methodological triangulation. All the above methods may be used individually, but in this research
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project they were rather used complementary. As was described above, one method may fill the gap where
another cannot supply a complete explanation of a phenomenon. How the methods were used in practice is
described in the next section.
3. Application of a socio-technical systems approach, examples
A number of sub-projects were carried out and some examples of projects of interdisciplinary character are
given in this section.
3.1. Simultaneous social and technical evaluation of a pilot plant
The residential area Anneberg, outside Stockholm, built 2000-2001, was equipped with a large solar
collector area (2 400 m2) in combination with a seasonal storage in rock (100 boreholes, 60 000 m3 rock
volume). Under design conditions solar energy should cover 70 percent of the annual heat demand. Both
solar collectors and borehole storages are individually well-known technologies, but the combination was
new (a similar plant was built in Neckarsulm, Germany, within the same EU project). The area comprises 50
apartments with tenant-ownership, either as semi-detached houses or terraced houses, see Fig. 1. Lundh and
Dalenbäck (2008) describe the technical evaluation of the heating plant, while a more extensive description,
but also a socio-technical evaluation, is found in Jonsson et al. (2005) and Lundh and Löfström (2007).

Fig. 1: Pictures of one type of semi-detached houses (left) and the terraced houses (right) in Anneberg. Photo: M. Lundh.

The initial technical evaluation of the operation period 2003 and 2004 showed that the system works as
intended, charging and discharging the borehole storage, although with lower efficiency than under design
conditions (Lundh and Dalenbäck, 2008).1 The socio-technical evaluation, connecting the technical results
with the residents’ perceptions of the heating system performance, however, shows that technical and
sociological evaluations do not always match.
First of all, the project faced several problems, both exploding pipes in the collector loop and leakages in the
borehole storage. The exploding pipe in the solar collector loop, and the water leakage it caused in one of the
sub-stations, were recurring issues during the interviews. Several residents communicated a very dramatic
picture of the incident, although the perception varied noticeable between different informants. The damage
was relatively small and the situation was handled professionally. Still, the incident seems to have caused
both distrust in the heating system and in the property developer (Lundh and Löfström, 2007).
Facing new technologies (solar collectors, floor heating, “technical rooms”) caused troubles as well. The
informants describe an inability to affect the heating system; the floor-heating system is perceived as slow, if
at all reacting, and the so called technical rooms2 are for experts and not for laymen. Malfunctioning heating
systems are often claimed. And there were problems in some solar collector sub-systems, but the experienced
malfunction was rather connected to a feeling of powerlessness to control one’s own heating system. (Lundh

1

Bernestål and Nilsson (2007) showed that the solar fraction in 2006 be adjusted was still only 45 percent,
and the system had not yet reached the equilibrium temperature. Some heat exchangers needed modification
and the heat supply and temperature of the floor heating system were to.
2
A small room in every apartment where the individual heating system is regulated.
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and Löfström, 2007)
Furthermore, the relatively small contribution of free energy made many informants focus on the electricity
bills. At the time of the study electricity was still the main heat source and the annual electricity demand
corresponded to other contemporary detached houses. As communicated in the interviews most residents
expected reduced electricity bills already after one year of operation, and most informants found the bills too
high. They often blamed malfunctioning technology (the heating system) and although being aware of the
correlation, they did not consider changing their own activities as a means to reduce the energy demand.
The electricity costs have further caused claims on financial compensation from the property developer. The
residents do not consider the heating system fulfilling the expectations. The information to the residents has
not been investigated, but the mismatch between the residents’ expectations and well-known operational
conditions show that the communication has been insufficient. By clearer information, both the dispute with
the property developer and the general disappointment in the system could perhaps have been avoided.
Although the economic issues engage the informants, the lack of functionality and comfort causes the largest
disappointments (Lundh and Löfström, 2007). Still, the residents have an overall positive attitude to solar
heating in general and their unique heating system in particular. But one important lesson can be learnt: more
effort has to be spent on informing, but also engaging, the house owners to a larger extent. The perception of
the degree to which this was done differs between households, the property developer and others involved in
the project, but the disappointment among the residents is a clear measure of inadequacy. Conclusively, the
heating system may be considered a technical success to demonstrate new technology, while the
dissatisfaction of the residents may be regarded a failure; it all comes down to the method of measurement.
3.2. Time-use data to describe domestic hot water use in simulations
In solar heating simulations the dynamic behavior of household members is often reduced to a schematic hot
water load profile, usually assuming three draw-offs per day, not distinguishing between weekdays and
weekend days or taking seasonal variations into account. However, previous studies have shown that the load
distribution influences the system performance and the fractional energy savings (for example Jordan and
Vajen, 2000), indicating the usefulness of improved load descriptions. Measurements may be used, but they
are often costly and few detailed hot water measurements have been performed so far.
An alternative approach is to model load curves. Jordan and Vajen (2000) present a model based on
probability functions. Stochastic models have been developed as well. Existing models, however, seldom
focus on the influence of the individual household members and their behavior. In this project, on the other
hand, a model was developed to generate load profiles by translating time-use data into hot water use.
Parameters describing the type of tapping (extension in time and draw-off pattern) and the required hot water
volume for different activities were interconnected. The model aims at presenting the daily distribution of hot
water use of individual households as well as average households, based on peoples’ statements about their
activities. A certain energy demand is thereby directly connected to a specific activity or user pattern (for a
full model description see Widén et al., 2009).
A pilot study on time-use comprising a total of 464 persons in 179 Swedish households, from both singlefamily houses and apartments, constitutes the basic data set. The households were selected by Statistics
Sweden and the selection is assumed to be statistically significant. All household members older than ten
years wrote time diaries for one weekday and one weekend day. It should be noted that the time-use study
did not focus on energy use, but on time-use in general. Therefore, the participants are assumed not to have
adjusted the time statements to look better from an energy perspective.
Hot water volumes and temperatures can easily be changed in the model to suit different purposes. The
model output is hot water profiles, either in volume, energy or power, for individuals, households or groups
of people, separating apartments and single-family houses. The time resolution may be varied from five
minutes intervals, see Fig. 2, up to one hour. The model can be applied to any time-use data organized
similarly to the basic data set.
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Fig. 2: Modeled hot water load for an average household member in a single-family house for weekdays (left) and weekend
days (right) respectively.

To estimate the validity of the model the modeled hot water use of an average household member in an
apartment was compared to measured data (see Lundh et al., 2008 and Widén et al., 2009). The modeled and
measured loads follow more or less the same pattern. The magnitude of the draw-off peaks is also similar,
although appearing at somewhat different times in the morning. This may be due to the two measured
apartment buildings being situated in an area where most residents commute long distances to work, and
therefore shower earlier than the average person in the larger time-use study. Other Swedish measurements
show morning peaks that agree well in time with the modeled profiles. Overall, the model has shown to
describe hot water use in apartments rather well.
The modeled profiles for ten households with characteristic patterns were used in simulations of a solar hot
water system to investigate the influence from user behavior and habits on the system performance. A model
was built in the dynamic simulation tool TRNSYS by modifying the standard solar combi-system from IEASHC Task 32 (Heimrath and Haller, 2007). The solar heating system was based on data from the low-energy
buildings in Lindås Park, Göteborg, Sweden, see further in Lundh and Wäckelgård (2009).
The results show a greater impact from the load distribution on smaller systems, but that it also depends on
the periods of the year and the detailed performance of the storage tank. Furthermore, the study indicates that
the total hot water load has greater impact on the fractional energy savings than the daily distribution of
draw-offs. The straight line in Fig. 3 represents the relation between total load and fractional energy savings
while the deviation from the line shows the influence of the different profiles.

Fig. 3: The thermal fractional energy savings as a function of the domestic hot water demand for profiles with varying total
hot water load (Lundh and Wäckelgård, 2009).

This study shows one possibility to incorporate the user in simulations of technical systems. Apart from load
profiles for hot water and electricity, time-use data may be used to estimate occupancy and thereby heating
requirements. The advantages of using time-use data to generate load profiles are many. In case of domestic
hot water use, they constitute an improved description compared to the simple profiles usually applied, but
above all, they connect energy use in household to the residents’ behavior. They may also be used to give
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feedback on energy behavior. Both detailed hot water use and total demand can be studied for individuals,
households and groups of people. Additionally, the method to collect data is both cheap and simple, and does
not require interference in the apartment.
3.3. Interviews to examine technology dissemination
Solar collectors cannot supply all heat demanded in a building in temperate climates. In Sweden, electrical
backup systems are the most common. Another system solution increasingly promoted is combined solar and
wood-pellet heating. Technically, solar and wood pellet complement each other well by the increased system
efficiency and sustainability. Although both solar and pellet technologies are today well-developed and
several companies make effort to offer those systems, the dissemination is slow.
In this study the development towards small-scale system solutions combining solar and wood-pellet was
investigated by ten qualitative interviews carried out in 2007. Among the informants were manufacturers,
retailers, installers and representatives for the trade associations, all considered being involved in the process
towards combined system solutions. They gave their view on the situation; what obstacles they experience
and actions they find necessary to be taken. The interviewer’s background in science and technology was
considered an advantage, both in understanding the topic and conducting technical discussions with the
informants. Detailed results are found in Lundh and Henning (2011).
Four main groups of market actors, perceived as preventing the development of combined systems, but
possessing the power to support it, were identified in the interviews: the solar and pellet companies
themselves, the customer, the installer and the government. The informants describe a close interaction
between those actors, and accordingly, they claim various actions at different system levels to be necessary.
A fundamental drawback, communicated in the interviews, is the small size of both the companies and the
industries. It results in poor economic assets for marketing as well as inability to compete with larger actors
on the heating market. At the same time, marketing and knowledge transfer to the public is considered a
prerequisite for further dissemination. The informants say that only with increased awareness, the customer
will feel confident enough to exercise pressure on installers and construction companies.
Not only customers, but also the installers, are perceived as lacking in knowledge. This in turn is said to
make them unwilling to argue for and install combined systems. They are considered being an important
group to involve due to their major influence on the customers’ choice. To change the attitude within the
installer corps, it is proposed to simplify both installation and purchase, as well as making the installations
more profitable. But the solar and pellet companies must also support the installer by providing proper
knowledge and arguments to be used towards the customer.
Both installers and equipment supply companies need a stable market, and to create long-term stability the
government must collaborate with the industries, the informants say. They demand clear political standpoints
and statements. At present, customers tend to postpone their purchase due to uncertain future energy policies,
according to the informants.
Although an increasing number of people show interest in combined solar and pellet systems, the technical
development is considered to have too little focus on the customers’ requirements. According to the
informants, customers want simple and convenient, but also well-designed systems. Still, manufacturers tend
to focus on improved technology. The interviewees themselves, on the other hand, focus very much on the
different market actors, which they consider govern the implementation process.
The market situation is described as complex with several mutually influencing market actors that may both
promote and prevent further development of this system solution. A number of obstacles that have to be
overcome are identified, but solutions are also proposed. In general, the informants communicate a positive
attitude. By mutual consent they claim a change towards general acceptance of solar and pellet heating and
as one retailer put it: it is no longer “taboo” to mention solar collectors to a customer. The companies
themselves are also perceived as respecting each other and the other technology to a greater extent, although
a joint trade association is suggested to further prevent the feeling of “we” and “them”. By joint effort the
informants believe it is possible to reach wide implementation, and they say that combined solar and pellet
systems are already close to a breakthrough, it is just a matter of time.
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4. Results: Barriers and possibilities
An interdisciplinary approach was used throughout this research project to identify some of the barriers that
may prevent the dissemination of solar heating technology, but also to suggest solutions to those. The
obstacles are summarized in Tab. 1 and are also briefly discussed below.
Low fractional energy savings
The relatively low fractional energy savings achieved with most contemporary solar heating systems result in
reluctance among both installers and customers. Although there is a mismatch between high solar irradiation
and high heating demand, it could be dealt with by for example development of appropriate heat stores and
auxiliary heating systems, but also improved building constructions to reduce the heat demand. In practice,
seasonal storages may be used for residential areas (see section 3.1 and Lundh and Dalenbäck, 2008).
Economically feasible system solutions for individual buildings may be increased store sizes to allow heat to
be stored for up to two weeks and increase the fractional energy savings to about 40-45 percent (see Lundh et
al., 2010b). Finally, complete system solutions, where the auxiliary heat source is both technically and
environmentally well-adapted to solar heating is proposed (see Lundh and Henning, 2011). As solar heating
becomes the main heat source, the willingness to invest in the systems is expected to increase.
Space constraints for installations
Contemporary architecture often limits the possibility to install necessary support systems for solar heating
due to lack of boiler rooms, while the dimensions of boiler rooms in existing buildings tend to limit e.g. the
store size. This is an obstacle to the technology as such, but an issue that could be solved by engaging
constructors and architects (see Lundh and Henning, 2011). Moreover, space constraints may be dealt with
by non-optimal store dimensions without causing significant reductions in fractional energy savings, as is
shown in Lundh et al. (2010b).
Investment cost and pay-back time
The relatively high investment cost is often used as an argument against solar heating: the pay-back period is
considered too long (Lundh and Henning, 2011). Costs may be reduced by cheaper and more efficient
components (Lundh et al., 2010a), industrialized manufacturing in large quantities and development of
standardized plug-in systems. People in the solar and pellet industries suggest both lower investment costs
and a refocus from economic issues to arguments on other values and advantages of solar heating to attract
more customers.
Neglected user behavior
Households using domestic solar heating systems often confirm their own ability to influence the auxiliary
heat demand by changed hot water use pattern. Improved descriptions of hot water loads in households, for
example by modeling load profiles (such as the ones described in section 3.2 and in Widén et al., 2009) are
therefore useful to better describe the dynamics and interaction between user and technology.
Engineering focus
Manufacturers tend to focus on the technical improvement of components and system and not on attracting
the potential users by fulfilling their requirements or involving the installers to promote the technology (see
section 3.3 and Lundh and Henning, 2011). The customer may in return be discourage when technical focus
in product development result in unattractive installations. On the other hand, customers tend to choose
heating systems with low investment cost, without considering operation costs or maintenance. Thus,
technology alone is not decisive for whether a particular heating system is chosen or not, but different market
actors play important roles.
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Tab. 1: Some obstacles identified within this research project, the dissemination phase where they occur, the main actors affected by it and solutions proposed, for details see Lundh (2009).

Obstacle

Dissemination phase

Main actor(s)

Low fractional energy
savings

Purchase phase

Customer

Research and development

Researcher
(academia/institute/
company)

Space constraints for
installations

Planning, installation
Purchase phase

Solution(s)
1.
2.
3.

Large-scale seasonal heat storages

Medium-sized heat stores for single-family houses

Adapted auxiliary heating systems with small negative environmental
impact (such as CO2)

Constructor

1.

Architect

2.

Flexible geometry of storage tanks

Preparation for boiler rooms in new dwellings

Customer
Investment cost

Research and development

Researcher

Manufacturing

Manufacturer

1.

Cheap components produced in industrialized processes and large
quantities
2.

Neglected user
behaviour

Research and development

Researcher

Planning

Installer

Plug-in systems

Include realistic load profiles in simulations and planning

Constructor
Engineering focus

Implementation phase

Installer
User

Apply a socio-technical systems perspective to consider both market actors and
technology

Trade
Government
Complicated systems

Unattractive system
design

Installation

Installer

Operation

User

Purchase

Manufacturer

Implementation phase

User

Planning

Architect

Standardized plug-in systems that are profitable and easily installed and operated

Demonstration projects and good examples
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Complicated systems
Complex technical solutions tend to discourage installers, who make a low profit on solar heating due to timeconsuming installations. They instead focus on installations that are more profitable (Lundh and Henning,
2011). Standardized systems would yield compatible components that are easily connected, and the fewer
details open to the installer and user, the easier to handle, and thereby the more attractive solution. The installer
would need less time to install each system and hence make a larger profit. The user, on the other hand, would
not perceive the system as complicated and would easily be able to operate it.
Unattractive design
Many homeowners as well as architects lay stress on the unattractiveness of solar thermal systems and use it as
an argument against installation. They often have the traditional solution with “boxes on the roof” in mind and
are unaware of the possibilities: different colors, roof-integration and different architectural solutions. Well
thought-out and well-functioning examples and demonstration projects are therefore highly important to show
the aesthetical possibilities (such as the one in section 3.1 and Lundh and Dalenbäck, 2008, which shows that
modern residential buildings with solar heating can be built for ordinary people).
5. Discussion and conclusions
After the overview in Tab. 1 an overall conclusion can be drawn: the obstacles are not isolated issues that can
be tackled one by one. Instead, they all influence, interact and support, as well as suppress, each other. There is
not one universal solution to reach increased use of solar heating, but various actions must be taken at different
system levels and within different actor groups. It has been shown that neither the obstacles nor the solutions
are simply about proper technical solutions, but rather to get the interplay between technology and market
actors to work smoothly. A widened perspective in research and development therefore seems necessary.
Most researchers within engineering and technology are probably aware of social issues and problems
connected to for example market forces and implementation of technology. There is, however, a great
difference between awareness and concretely bringing the issues into research projects. Still, the ultimate goal
of most technical research is to serve the industry and market. Two-way communication with market actors and
taking social aspects into account facilitates the process towards the realization of research results.
It is not trivial to apply a socio-technical perspective to a research topic. The main struggle is the complexity of
the system: to define what influences what and where the system boundaries should be drawn. Another question
that cannot be neglected is how the study should be performed to generate relevant knowledge. It has to be
carefully considered what makes an interdisciplinary system study more suitable than a pure disciplinary study
within engineering. In the end, the choice of approach depends on the research questions to be answered.
For example, an engineering study of solar absorber coatings is very focused on a specific material. This type of
study is highly important and generates knowledge about solar heating on a micro-scale system level. The
system boundaries must be very narrow to allow precise results. The outcome from such a study may be how
the new coatings stand up against existing commercial ones, or in a system perspective the influence on the
collector efficiency or the fractional energy savings. But questions about implementation and market
competition for the new coatings cannot be answered.
On the other hand, in an interdisciplinary study it is possible to move towards higher system levels to get a
holistic view of solar heating. The socio-technical approach allows major obstacles and knowledge gaps to be
identified on a macro-scale system level. Is it new materials or is it primarily the market situation? The
potential of different actions may be evaluated and compared. Moving the system boundaries and extend the
system view opens up for new research questions that cannot be formulated within strictly engineering research.
The main advantage of a socio-technical approach is that any appropriate research method can be used.
Methods from other disciplines may be incorporated into studies of technology to both promote the
development of technical methodology and improve the advance of technological systems. Still, dealing with
new methods demands both time and effort. Without those non-engineering methods, in combination with
collaboration and proper supervision, it would not have been possible to perform the studies presented in this
paper. A background in science and technology (like in this case), however, strongly influences the formulation
of questions, the way in which the methods are used, the reporting, but also the projects themselves.
In contrast to quantitative methods usually used within engineering, the aim of qualitative methods such as
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interviews is to achieve a rich and broad data set, and not necessarily a statistically significant one. The goal is
rather to obtain as complete materials as possible. Interviews is an excellent method to find new technical
research ideas that are highly relevant and important from a market or society point of view. In this project
interviews were used as a means to capture the interplay between technology and market actors.
By applying quantitative and qualitative methods to the same object (triangulation), technical results may also
be either confirmed or rejected, because success does not only come down to technically optimized solutions. In
practice, this was done in Anneberg, presented above, where a purely technical evaluation would only have
shown the system to work, while in this case the residents were shown to disagree with the technical results.
Lessons can be learnt about how new technology should and should not be introduced to residents’ daily life.
Another major advantage of an interdisciplinary approach is the new way of thinking, which also affects and is
brought into other projects, also of purely engineering character. In turn, this simplifies communication and
collaboration with other researchers and increases the understanding and respect for their disciplines.
This limited research project did not solve the problems of modest dissemination and implementation of solar
heating. Still, it widened the system boundaries and method basis in solar heating research, which seems to be a
prerequisite to understand the complexity of the dissemination process and identify barriers as well as solutions
and in the end achieve a change.
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1. Abstract
This paper examines Current Strides in the area of Bio-energy and Bio-fuels Technology Development in
Nigeria. Nigeria, which occupies a total land area of more than 92 million hectares, has adequate potential
for biomass production. The arable land is about 30 million hectares. Even though the agricultural policy of
Nigeria is tilted towards food production, biomass agriculture can have a very significant, positive influence
on the national economy. Energy crops represent, the largest potential source of bio-energy feed-stocks,
whether as whole biomass, wastes or residues. Nigeria shares the concern in the global discussion on the
competition between land- use for food-and-feed production and bio-fuels production. However, there is an
abundance of energy crops. An example is jatropha curcas that grows on marginal land, and produces oilbearing seeds that are not suitable for human consumption. The Nigerian Government is creating awareness
on the potential of jatropha oil as feed-stock for the production of biodiesel, and encouraging local farmers to
plant the crop. Recognizing the fact that there is a dearth of conversion technologies for feed-stocks to
biodiesel product, the Petroleum Technology Development Fund (PTDF), an Agency of the Federal
Government of Nigeria, has endowed a Professorial Chair in Renewable Energy in the University of Benin,
Benin City, Nigeria. The Chair, which is domiciled in the Department of Chemical Engineering, is to focus
its research on the “Development of a viable technology for the production of biodiesel from oils of nonedible seeds”
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2. Introduction
Energy is the mainstay of Nigeria‟s economic growth and development. Nigeria‟s energy production is
mainly from petroleum. Most of the vehicles are run on diesel fuel and much of the electricity used in
buildings, homes and plants is produced with generators running on diesel fuel. This creates a major problem
in Nigeria due to the fact that without diesel, the country is very inefficient. As is well established by now,
bio-fuels may offer advantages to developing countries. These countries can „leap frog‟ into greener world
that is based on a new energy and developing paradigm. Bio-fuels bring a reduction of dependence on oil and
the high fossil fuel prices that are so detrimental to their economies. They offer increased energy security
through fuel diversification, income generation for farmers and rural communities, new jobs in wide range of
sectors, decreased air pollution and green house gas emission.
Ultimately, bio-fuels hold the potential to include some of the world‟s poorest people into the wider
economy looking at them as energy producers, especially in Nigeria, where more than 70% of the populace
make a living from agriculture. Social inclusion and income generation on a massive scale through bio-fuels
can lead to lower pressure on the environment, strengthened lively hood and to more sustainable
developments. According to Kupolokun, a erstwhile Group Managing Director of the Nigerian National
Petroleum Corporation (NNPC), Nigeria introduced bio-fuels into the nation‟s energy mix, despite being an
OPEC member and African continents‟ largest oil producer because „the integration of the agricultural sector
with the energy sector opens a new world of opportunities to all members of society‟. Speaking at the 18th
Enugu International Trade Fair, he shed light on a US $350m Nigerian Content Support Fund (NCSF) which
has created an avenue, through which indigenous companies could source bio-fuel fund to compete with their
foreign counterparts and to strengthen Nigeria‟s grip over its non-energy supplies. Even though Nigeria is a
crude oil producer, the refined fuels sold in the country are under control of foreign capital. Nigeria wants to
change this situation. Moreover bio-fuels production on the other hand is based on distributed production of
feed-stocks amongst many different farmers and is based on local instead of foreign labour.
Energy, and in particular, oil and gas, have continued to contribute over 70% of Nigeria‟s Federal revenue
(Sambo, A.S 2009). However, the environmental problems of petroleum exploration have bred discontent in
the Niger Delta region of Nigeria, the home of crude oil prospecting. With the rest of the developed world
seeking alternatives to petroleum products for transportation or power generation and heating, sooner or
later, the developing nations may find that they have been left behind technologically. The need to develop
alternatives to petroleum oil can, therefore, not be over emphasized, considering the fact that petroleum is
very vital for the transportation and power needs of a nation. Consequently the Federal Government of
Nigeria (FGN) has produced policy guidelines for the take-off of the bio-fuels industry in Nigeria.
3. Nigerian Bio-fuels Policy
The Federal Government of Nigeria, (FGN), directive of August, 2005 on an Automotive Biomass
Programme for Nigeria, mandated the Nigeria National Petroleum Corporation (NNPC) to create an
environment for the take-off of a domestic fuel ethanol industry. The primary objective is to reduce
dependence on imported gasoline, reduce environmental pollution and create a viable industry for sustainable
employment generation.
The policy envisions the introduction of environmentally-friendly fuel that impacts significantly on the
enhancement of petroleum production quality to reduce the current limitations of fossil-based fuels.
The Nigerian Bio-fuel Policy defines bio-fuels as fuel ethanol and biodiesel, and other fuels made from
biomass, and primarily used for automotive, thermal and power generation, according to quality
specifications of the Standards Organization of Nigeria (SON), Department of Petroleum Resources (DPR),
and any other competent government agency. It has also defined biomass to mean agriculturally produced
raw materials which are available on a renewable or recurring basis, including trees, crops, plant fibre,
cellulose-based materials, industrial waste, and the biodegradable component of municipal solid waste.
The policy defines biodiesel as meaning fatty acid methyl ester or mono-alkyl esters derived from vegetable
oil or animal fats for use in diesel engines, according to quality specifications of SON, DPR and any other
competent government agency or authority.
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Cassava, sugar cane, oil palm, jatropha, cellulose-based materials and any other crop as may be approved by
the Bio-fuel Energy Commission qualify for production in Nigeria as bio-fuels feedstock. Thus the
programme has potential for the poor Nigerian farmers who make a living from agriculture, to enhance their
income generation, among other agricultural benefits.
Programme implementation.
The programme is to be implemented in two phases. Phase one involves the blending of up to 10% of fuel
ethanol with gasoline to achieve an E-10 blend, with imported fuel ethanol. Importation will continue until a
time when sufficient capacity and capability for large- scale production of the bio-fuel feedstock and
establishment of bio-fuel plants would have been developed in Nigeria.
Phase two takes off concurrently with phase one with the establishment of plantations and the construction of
bio-fuels distilleries and plants. As at when the policy was gazetted in July 2007, it was estimated that for E10 blend, about 1.3 billion litres of ethanol would be required. The quantity was estimated to increase to
about 2 billion litres by 2020. In the case of biodiesel, based on the 2007 demand for a 20% blend, 480
million litres of ethanol were required. Again the quantity was estimated to increase to about 900 million
litres by 2020, when domestic production of biofuels consumed in Nigeria would have hit 100%.
Policy Objectives
The main objective is to establish firmly a thriving fuel ethanol industry which uses agricultural products for
the improvement of the quality of automotive fossil-based fuels in Nigeria. The agricultural and energy
sectors are thus linked to stimulate development in the agricultural sector.
There are no major ethanol production plants currently; some artisanal producers of ethanol exist.
Government of Nigeria is currently promoting the planting of cassava (manihot esculenta) to serve as
feedstock for ethanol production even though cassava and its derivatives are consumed as food in Nigeria.
Broadly, the policy is aimed at:





promoting job creation, rural and agricultural development and technology acquisition and transfer;
providing a framework capable of attracting foreign investment in the bio-fuels industry.
streamlining the roles of the various tiers of government to ensure an orderly development of the
bio-fuels industry in Nigeria, and
involving the oil and gas industry in a more purposeful development of other sectors of the
economy of Nigeria.

The Nigerian Bio-fuels policy has set the stage for achieving the primary and broad objectives by
making provisions for:









the establishment of :
 Bio-fuels Energy Commission with the responsibility to implement the strategies for biofuels in Nigeria.
 Bio-fuels Research Agency to act as the central coordinating body for bio-fuels research in
Nigeria.
funding of research, and development to encourage participation of both the private and public
sectors in research and development.
 bio-fuel companies to contribute 0.25% of their revenue for funding research into feedstock production, local technology development and improved farming practices,
 FGN to contribute up to 100% of total contribution by bio-fuels companies;
requiring the Petroleum Technology Development Fund (PTDF), that was established under
the Petroleum Training and Development Fund Act to also fund research and development in
bio-fuels; and,
making all expenditure on research and development by bio-fuels companies fully tax
deductible.
Incentives
 bio-fuels projects are eligible for pioneer-status-tax holiday within the provisions of the
Industrial Development (Income Tax Relief) Act;
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exemption from withholding tax, and capital gains tax under some sectors of the
company Income Tax Act;
waiver on import and export duties, amongst others.

Collaborative efforts
Government while seeking collaboration with UNIDO, is also encouraging research into bio-energy and biofuels development in Nigerian universities and research institutes. Consequently, Government is encouraging
research into renewable energy in all its ramifications, by setting up eight research institutes/directorates to
handle the different areas. The National Centre for Energy and Environment, situated at the University of
Benin, to serve the South-South Geopolitical region of Nigeria, is to provide a platform for development of
conceptual and operational policy framework for sustainable biomass energy production/technology transfer,
organize and conduct research and development R&D programmes in bio-energy and environment. It is to
make renewable energy sources mainstream resource through research and development initiatives in bioenergy production and environmental forensics/ management. It is to promote the sustainability of renewable
energy and development programmes, develop and execute pilot projects highlighting the potentials of biofuels production and waste-to-energy programmes, as well as monitor R&D activities in bio-energy
production.
In addition, Petroleum Technology Development Fund (PTDF), an Agency of the Federal Government of
Nigeria, as provided for, in the Nigerian Bio-fuels Policy, has endowed renewable energy Chairs in some
Nigerian Universities. The Chair in the University of Benin is to research into the Development of Bioenergy and Bio-fuels Technology with emphasis on the Development of a viable technology for the
production of biodiesel from oils extracted from non-edible seeds.
4. Why Biodiesel?
In Nigeria, petroleum products are primarily used for transportation for powering spark-ignition engines and,
compression-ignition (diesel) engines. Biodiesel is seen as an alternative to petro-diesel for compressionignition engines, even though it has a lower energy density than petro-diesel. It has a greater lubricity and
higher cetane number and hence a more complete combustion quality.
Biodiesel can be used in existing modern diesel engines without modification and can be blended with petrodiesel in any ratio, wholly or partly. Its use results in the net reduction in CO2 emissions. It can be produced
from virgin vegetable oil, waste cooking oil, animal oil and fats, and oil from algae. However, the different
types of oils must first be sourced through local biomass production.
Local Biomass Production
Nigeria occupies a total land area of 92, 337,000 ha (923,370 k𝑚2 ) (Holm-Nielsen et al, 2006), distributed as
follows:






Arable land -------------30,200,000 ha
Permanent crops----------2,800,000ha
Permanent pasture------39,200,000ha
Forest and wood lands--14,300,000ha
Others----------------------5,837,000ha

There is thus no doubt that Nigeria has adequate potential for biomass production, especially for oil seed
crops. However, there is the concern that a large-scale development of resource for biodiesel production will
negatively impact on arable lands used for cultivating food crops. Consequently non-edible oil seed crops
which can thrive on marginal land are favored.
According to Oderinde et al (2009), Nigeria has one of the most extensive flora in continental Africa. As a
tropical country, Nigeria has a wide variety of domestic plants that produce oil-bearing materials of sufficient
volume potential eg. Neem (Azadirachta indica) and the physic nut (Jatropha curcas) considered as feed
stock for biodiesel production. Unfortunately, the vast majority of the seed oils have not been adequately
characterized. Examples include hura crepitans, otherwise known as sand box tree, neem, castor, etc. Of
those oil seeds already tested, Jatropha curcas and neem (Azadiracta indica) already thrive in Nigeria. Using
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the non-edible oil of jatropha has the potential to make the process of biodiesel production economically
feasible.
Plants use photosynthesis to convert solar energy into chemical energy which is stored as proteins, oils,
carbohydrates etc. Emphasis should therefore be tilted towards cultivating those plants that produce seeds
with very high oil content.
Jatropha, is a perennial shrub. Even though it is doubtful that jatropha would be grown at such a level that it
would provide adequate oil feed-stock for biodiesel as an alternative to petrol-diesel the Nigerian
Government has encouraged the formation of an Association of Jatropha Farmers to grow the crop in the
Country. Small-holder farmers are the major beneficiaries of the scheme.
Hura crepitans is of interest considering its high level of oleic acid (18:1) in the oil. Cotton thrives in
Northern Region of Nigeria. However the oil is edible. Castor (Ricinus comunis L.) has viable possibilities
because it is an annual crop whose cultivation allows farmers to practice crop rotation. The Nigerian variety
of castor seed has an oil yield of 44.7% on extraction (Orbih, O.A 2011). Castor survives under warm and
humid tropical conditions and it matures in about 5 to 6 months. The average seed and oil yields are about
1150kg/hectare, and 500 litres per hectare, respectively. Castor plant has a shorter growing period than
Jatropha. It is an annual crop. Large-scale cultivation of castor appears to provide a better option of nonedible oil seed crop for sustained biodiesel production.
Thus, there is the possibility of dedicating about 1,000,000 hectares of the „other land area‟ in Nigeria for
planting non-edible seeds oils.
Although, in the agricultural policy of Nigeria, priority is food production, there is growing awareness that
energy crops have to be planted to feed the energy bio-fuels industry. Efforts are on to explore the full
potentials of suitable oil seeds that hitherto had not been tested, for biodiesel production.
Technology for processing the oil-feedstock into biodiesel
Nigeria is in the early phase of commencement of biodiesel projects development. There is a dearth of
competitive conversion technologies in the country. At the moment only simple process technologies are
being experimented. Examples include batch alkali or acid catalyzed transesterificaton experiments. The
alkali process can achieve high purity and yield of biodiesel product in a short time (El Diwani et al.,2009,
Dorado et al., 2004, Meher et al., 2006a; Tiwari et al., 2007). Biodiesel produced by transesterification
reaction can be catalyzed with alkali, acid, or enzymes. Chemical catalyst processes, including alkali and
acid ones are more practical compared with the enzymatic method.
Hence the Chair in the University of Benin is studying the development of biodiesel process using jatropha
oil as feedstock with methanol and sodium hydroxide as the catalyst, and evaluation of the biodiesel as a
fuel.
Biodiesel production in the bio-fuels sector
In transportation the renewable energy source is bio-fuel. Globally, the transport sector consumes about 40%
of fossil energy resources, making bio-fuel development an attractive alternative to conventional petro-fuel
(Montrimaite, 2010). One of the tasks of renewable research development is to increase the use of renewable
and other sources (wasting) in transport ensuring such that their production and application all over the world
should have a positive effect on the environment.
5 Biogas production
Biogas production is being intensified in northern Nigeria given the concentration of livestock in that part of
Nigeria. The Sokoto Energy Research Centre has over 21 Biogas plants, 10-20𝑚3 capacities. The Raw
Materials Research and Development Council funded construction of a biogas plant in University of
Agriculture, Makurdi in 1999. UNDP successfully introduced the floating drums, plastic balloons etc to
Yobe, Kano and Jigawa States of Nigeria under the Africa 2000 Low Technology Biogas System. The
UNDP has introduced the technology to some abattoirs in some northern states of Nigeria. The bank of
Industry (BOI) in collaboration with the United Nations Development Programme (UNDP) has just signed
an agreement for a $4.48million alternative energy partnership called Access to Renewable Energy project.
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The project will start with a take-off capital of $655,000 with the UNDP expected to provide #2million initial
capital. The BOI will be responsible for implementing the project and will also house the project
management unit (Vanguard, 2011).
Private Initiative in Nigeria
Some private companies are entering into partnership agreements with some state governments to produce
agricultural feed-stocks for bio-diesel production. The minimum land size is 10,000 ha. One company plans
to establish a 100,000 litres/day bio-diesel plant. Given FGN‟s incentives, more companies will show interest
in investing in the bio-fuels industry in Nigeria.
.
6. Conclusion
Nigeria has recognized the need to develop its bio-fuels industry and has taken adequate steps towards its
realization by formulating her bio-fuels policy. It is no gainsaying that Nigeria is rich in farmland that can
sustain biomass production for the bio-fuels industry, and has some of the best arable lands to farm in the
world. Government is now working closely with the NNPC to implement “clean energy” projects around the
country, and in collaboration with private companies. Also government, through its agencies, is funding
research in bio-energy and bio-fuels technology in Nigerian universities and research institutes. The
government is now looking at implementing new legislature on blending biodiesel with any diesel that is
being used, for commercial purposes with a view to solving its current energy crisis and going more
environment-friendly for the future.
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Abstract
Solar energy is one of the most important resources in the world, and advancements in solar energy
technologies are making it more and more cost effective. Although the use of solar powered systems is
rapidly increasing in many regions, the major barriers for wide spreads of such systems in remote rural areas
of developing countries include lack of investment capital, cultural and technical barriers. This study was
commissioned to assess the practicality of disseminating solar home lighting systems to remote rural villages
in southern Tanzania, to identify specific barriers that may hinder adopting of such systems by wider
communities in rural areas and recommend practical counteractive measures. The analysis used facts
collected from key informants, focus group discussions and primary household-level data from 200
households in remote rural villages of Lindi and Mtwara regions. The study explored technical requirements,
economic viability, and the policy and planning issues which may contribute to success or failure of an
intervention. It was observed that the majority of respondents (80%) were enthusiastic towards acquiring
solar kits for lighting their homes, especially those who happen to know these systems and were willing to
pay between TAS 5000.00 ($3.3) and 10,000.00 ($ 6.6) as initial deposit to acquire a solar system,. In
addition they were willing to pay TAS 5000 ($ 3.3) every month until the cost of the system is recovered.
The payment is slightly lower than the cost they incur to buy kerosene and torch batteries for lighting.
Despite, the willingness to acquire the lighting systems, it was observed that, success of such an intervention
to large extent rely on availability of secure after sale services. The study could not identify any intentional
government or other stakeholders’ strategies or policy measure to ensure sustainability of such interventions.
Investigation on similar projects implemented in other parts of the country revealed that, conventional
methods of providing aftersales services have had little success especially when applied to remote rural areas.
Therefore the study recommends training of local people especially women who are deep rooted in the
village and are unlikely to migrate from their villages to urban areas. The training should cover installation,
repair, maintenance and spare parts procurement. Since most of rural dwellers in Tanzania are semi-illiterate,
special approach for selection of trainees and ‘hands on’ training should be adopted to ensure comprehension
of the course content. Barefoot approach which has been used successfully to train such technicians and has
proved to be a workable solution for provision of training on aftersales services in Northern part of the
country is recommended for other rural communities.
Keywords: Solar home lighting kits, feasibility, Barefoot Approach, Tanzania
Introduction
The Millennium Development Goals (MDGs), adopted at an international level in 2000, set a list of human
development objectives to be achieved by 2015. The goals include eradicating extreme poverty and hunger,
achieving universal primary education, empowering women, meeting basic minimum needs, reducing child
mortality and diseases and improving maternal health. Although energy is not addressed directly in the eight
MDGs, it is widely accepted that access to clean and affordable energy is a prerequisite to achieving
sustainable development and reducing poverty. Energy is only one determinant of poverty and development,
but it is a vital one. Energy supports the provision of basic needs (cooking, heating, lighting, etc.) and creates
productive activities (manufacturing, industry, commerce, etc.).
The remoteness of the rural locations and the topography of the country side where most of the poor people
lives make the expansion of conventional electricity supply through centralized grid system difficult, and
may not be economically feasible. There is, therefore, an urgent need to explore alternative energy sources
that can be maintained at a decentralized level and afforded by the poor. Solar energy technologies are
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considered the best alternative and have been demonstrated successfully in remote rural areas for basic
services and production purposes. However, many of the projects delivering solar technologies to remote
rural areas have not been sustainable due to lack of aftersales services which include spare parts supply,
repair and maintenance services.
It is therefore fair to state that access to technologies using solar energy and their sustainability in remote
rural areas in Tanzania and in Africa at large, is by far one of the most pressing challenge facing the
continent, and should constitute an overwhelming concern for the accomplishment of any development goal
including efforts for poverty reduction, health improvement, water provision, agricultural development, food
security, etc. The rural area presents very specific challenges that are not fully taken into account by policy
makers and energy sector managers. Until this is done, most solutions will fail to achieve their objectives in
rural Africa.
This study aims at identifying the key factors which should be considered for the successful dissemination of
solar energy technologies in remote rural areas. The study focuses on solar home lighting kits since
availability of sufficient light contributes significantly to progress in education (Toor and Rizwana, 2004),
health, and income generating activities that would result in poverty reduction. For sustainability of such a
project, the study recommends the use of a model which ensures that the intervention is controlled and owned
by the rural poor. The recommended approach primarily calls for training of suitable local technicians and
getting them involved in the setup and maintenance process. This attitude overcomes dependence on urban
technician who are expensive to hire and in most cases are not available when needed.
Materials and methods

The Study area
The study was conducted in seven villages in Kitere and Nitekela wards, Mtwara rural district and in
Chikonje and Kitomanga wards, Lindi rural District. The villages namely Lilido, Chekeleni, Nitekela and
Niyumba, represented typical villages in Mtwara region, while Lindi region was represented by Kitomanga,
Chikonje and Nanyaje villages. The Study area which lies between latitudes 7.55° – 10.5°S, and longitudes
41° – 38.8° E is sparsely populated with average population density of 56 per km² and an annual population
growth rate of 1.4 per cent (URT, 2004). The main source of income is agriculture which contributes about
75% of the total income. Other activities include fishing, petty businesses and small industries.

Data collection and Analysis
In collecting information the study involved both quantitative and qualitative approaches. Key informants,
including, District Executive Directors (DEDs), Community Development Officers (CDOs), ward and village
leaders were interviewed to obtain preliminary information on energy use pattern, socio-economic aspects of
the community and their contribution to household livelihood. The information was used for selection of the
villages to be sampled for detailed study.
The detailed study was conducted through as semi-structured questionnaire, which aimed at identifying the
challenges posed by local circumstances in relation to energy used for domestic purposes. The interviews
paid special attention to the contribution of the energy use practices to household income, healthy,
environmental degradation and climate change. Secondly, focus group discussions were used to cross check
some of the information collected during interviews and to capture information that could not be collected
during the household survey. Focus group discussions, led to identification of target group’s energy and
technology needs, attitude and preferences of respondents towards solar electrification and their willingness
to pay for the cleaner energy source.
Results and Discussion

Households Socio-economic characteristics
Half of the respondents were aged more than 45 years and very few (6%) were aged below 24 years. Sixty
six percent were literate with 7 years of primary education. Only 2% had secondary school education while
11% had adult education. Those who had not gone to school were 21%. The average family size in the
villages studied was about 5 people. When household members were divided into age groups, the largest age
group was that of less than five years and the smallest was that of more than sixty year of age. The main
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occupation of the villagers in the study area is agriculture (96%) with few people employed by the
government (3%) and some doing petty business (1%). The main types of crops grown are cashew (80%),
maize (52%), cassava (90%), millet (35%), rice (18%) and ground nuts (25%). Most of the households (58%)
keep an average of 9 chickens while very few keep other types of livestock (7%). The main source of
household income (96%) in the district is through sales of agricultural produce which include sale of cash
crops and surplus food crops. The major agricultural crop grown for cash in this area is cashew. Due to
dwindling returns from cashew, other crops like sesame and cassava are being grown intensively as an
alternative source of income. The average per capita income is TShs 160,030 ($106.7) implying that most of
residents earn less than half a dollar per day.

Housing and Household assets
Most families had one house (98%) with two to four rooms which are used for sleeping, cooking and storage.
The wall materials used for construction were wooden poles alone (21%); wooden poles and mud (67%) and
concrete block or burnt bricks (11%). In most cases roofing materials used were grass thatch (78%) and iron
sheets (22%) while the floor materials were earth (94%) and concrete (6%). About 47% of the houses were
poorly constructed with meagerly thatched roofs, inadequately wall finish (i.e no internal doors, no windows
and no roof sealing materials). Only 1% of the houses were outstandingly constructed. Other assets owned by
the respondents include farming tools (91%), motor cycles (3%), bicycles (20%), radios (68%), televisions
(3%), lamps (68%) and cell phones (5%).

Lighting Energy
The most common energy source for lighting was kerosene (63%), followed by torch (39%), open fire (19%)
and candles (7%). Each household uses about 100 mls every day which is equivalent to 36 litres per year
which result into emission of 24.6 kg of carbon dioxide per household. The average cost per 50mls (koroboi)
of kerosene was TAS 150 ($0.1). A litre of kerosene is sold around TAS 3000 ($2). Most families had one
locally made tin can lamp while they have an average of 2-3 rooms which requires lights during the night.
The tin can lamp is used for providing light at the cooking place. In addition, about 30% of the families go
without reliable light for about 15 days per month because cannot afford to pay $0.1 per day for kerosene.
Among the poorest of the poor, lighting is one of their largest household expenses, typically accounting for
10-15% of total household income. Kerosene lamps provide low quality and very expensive light. They
introduce multiple health and environmental hazards, as well as a significant fire risk.
Kerosene is very polluting, causes indoor air pollution enough to cause severe respiratory problems for
children in enclosed village huts, and pose a fire hazard. Kerosene lanterns emit 1/3rd of a ton of carbon
dioxide every year, and the total emissions in villages are significant as about 30 million people use them. In
addition to health risks, kerosene creates a dangerous fire hazard. Kerosene and candles cause countless fire
catastrophes every year. In 1998, there were 282,000 deaths from fire related burns worldwide and 96% of
the fatalities were in developing countries (.Barki and Barki, undated). Each year, many homes and even
entire communities burn to the ground when a lamp is toppled.
The light provided by a tin can kerosene lamp is not very bright. The light is only 2 to 4 lumens compared to
a 60 watt bulb with 900 lumens (Tanzsolar, 2010). The amount of light from the lamp is only about 0.2% of
what the people in industrialized countries have for the same price. The light is so poor that children can only
see their books if they are almost directly over the flame. Parents and children can only practice very basic
reading and writing skills after dark when they are dependent the inconsistent and poor light provided by
kerosene wick lamps and wood fires. Kerosene lamps and improper lighting create a barrier to education and
learning.

Attitude and preferences towards modern sources of energy
On average, 93% of the respondents were not satisfied with using kerosene and wood fire for lighting.
Reasons advanced for the discontent include: (i) Scarcity of fuel wood during rainy season, (ii) collection of
fuel wood time consuming and cumbersome; (iii) wood fuel, candles and kerosene cause indoor air pollution
leading to eye irritations, coughs, and bronchitis; (iv) upon combustion, kerosene yields carbon monoxide
and carbon dioxide which contributes to greenhouse effect. The respondents were enthusiastic towards
acquisition of solar electricity for lighting their homes, especially those who happen to know these systems.
While 85% of the respondents know or have heard about solar energy, only 80% of preferred solar energy
systems over other forms of renewable energy technologies, the remaining 20% were not sure of the benefits
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of solar energy. Awareness on other forms of feasible renewable technologies such as biogas and wind power
was very limited.
The majority of respondents were willing to pay between TAS 5000.00 ($ 3.3) and 10,000.00($6.6) as initial
deposit to acquire a solar system; thereafter they were willing to pay an agreed amount of money until the
cost of the system is recovered. About 30% of the respondents were willing to pay over TAS 8, 000 ($5.3)
per month, which is equivalent to the cost they pay to use kerosene and torch batteries and 60% said could
only afford to pay between TAS 5000 ($3.3) and the rest could afford 3000 ($2.0). Collective decision by the
community was to pay $3.3 per month as installment for recovery of purchase costs. Since solar lighting
products that are available in the market cost approximately $200, loan period will have to be about 5 years.
The solar lights offset the need for kerosene lanterns and the money saved on kerosene will be much
equivalent to the monthly installment.
However, the greatest challenge of solar electrification of rural remote villages is not the ability of the
villagers to pay for the needed accessories (at least on installments); there is a plethora of factors inhibiting
the rapid development of solar home systems. Factors identified by this study were similar to those pointed
out by Pode (2010) in Northern part of the country. Table 1 summarizes the key factors hindering adoption of
solar home lighting kits by remote rural communities in Tanzania.
Table 1: Barriers to adoption of solar technology in Tanzania
Barriers
Inadequate business knowledge and capacity
for distribution
Limited technical knowledge of sizing,
installation, operation and maintenance.
High cost of solar systems, initial capital
investment and operation and maintenance

Degree
importance
Major barrier

of

Major Barrier
Major Barrier

Low purchasing power of rural people

Major Barrier

Limited awareness of and experience with PV
technology

Secondary Barrier

Lack of established dealer network
Inadequate policy implementation

Secondary Barrier
Secondary Barrier

Difficult access to finance for end users

Secondary Barrier

Methodology for redress issues
Build business knowledge and capacity
for distribution of solar PV systems
Training selected community member
to size, install and repair solar
Introduce credit scheme. Repayment
of the load should correspond closely
to the amount of money served from
using kerosene, candles and torches
Subsidize
promotion
of
solar
technology
Increase Understanding of solar PV
technology to the large community via
media and personal networking
Build a network of dealer
Formulate/revise policies to support
solar PV
Formulate micro credit scheme

These barriers can the summarized in three categories which include, investment barriers, technical barriers:
and 0ther barriers.
Overcoming the barriers to solar electrification of remote rural villages
A large number of energy service delivery initiatives aimed at the poor implemented across Africa and
elsewhere in the world have had little success because the rural area presents very specific challenges that are
not fully taken into account by policy makers and energy sector managers. Until this is done, most solutions
will fail to achieve their objectives in rural Africa. The reasons for the failure of many energy initiatives may
be traced to flawed approaches to dissemination, typically the top-down approach to planning and
implementation of projects, resulting in failure to address the needs of the intended beneficiaries (Mapako
and Musvoto, 2008). Many approaches that experts have taken to reach the poor have been patronizing, topdown, insensitive, and expensive. It excludes the marginalized, the exploited, and the very poor and keeps
them from making their own decisions. Thus it dis-empowers them, leaving them dependent and hopelessly
ill prepared to improve their lives.
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As an alternative decentralized and demystified energy delivery approach is gaining significant attention.
Decentralized solar lighting systems are attractive because they can target a particular energy need, be
mobilized relatively quickly, are modular in nature allowing for expansion or reduction based on need and
economic means, can be individually or communally obtained and are environmentally sound at both the
local and global level. Of greater importance is the fact that decentralized systems keep the energy system
close to the end user, allowing the end user’s direct control of acquisition, design, placement and
consumption decisions. This is especially relevant to remote rural villages where convention energy
distribution and transmission systems are either not economical or feasible.
While the decentralized paradigm of solar lighting delivery is gaining favour in rural areas of developing
countries, the successful implementation of such systems requires a keen understanding of local energy needs
and preferences, sensitivity to the local cultural and economic realities, and an understanding of the
technology. Overcoming rural solar electrification barriers starts with demystification of the technology i.e.
giving the poor the right to decide for themselves if they want to use the technology to improve their quality
of life. They must have the right to choose whether they want the urban experts to come into their villages
with “modern” ideas. They can even decide whether some knowledge would be useful if they could adapt it
to serve their needs. What they need is the opportunity and space to develop them. When provided with that
mental and physical space, the poor can achieve wonders without any outside professional interference or
advice.
Bunker Roy (2008) through the Barefoot College has been pioneering such an approach, which gives the
responsibility to choose and apply and adapt technology to rural communities. Barefoot College has
demonstrated the enduring value of a process and system that is totally owned by the actual beneficiaries.
The ideas have helped lift the marginalized communities out of poverty and given them tremendous hope. By
bringing the value of community knowledge and skills into mainstream thinking in modern technology,
engineering, and architecture, Barefoot College has revealed the relevance of development that is sustainable,
community owned and community managed. They have demonstrated the people cannot be developed but
they develop themselves. This study recommends application of barefoot approach to disseminate solar
lighting systems to remote rural villages in southern Tanzania.
The Barefoot Approach
The Barefoot Approach has been used to reach remote, poor, rural villages in 25 countries in Africa, Asia and
Latin America. Illiterate rural women who are not likely to relocate from the remote villages to relatively
urban areas are given a six months hands-on training on installation, repair and maintenance of solar lighting
kits. After training the women return to their villages as solar technicians. The approach has proved that the
very poor and illiterate villagers can control, manage and own sophisticated technologies to improve their
own lives. Just because they didn’t get formal education, there is no reason that very poor women cannot be
water and solar technicians, designers, communicators, midwives, architects and rural social entrepreneurs.
Through the barefoot approach more than 140 rural women have solar electrified 9,118 remote rural houses
in 21 African countries. It is an extraordinary story because illiterate women are considered un-trainable in
rural African society and after their training they have become role models for their communities. As a result
of solar electrifying their communities, they have managed to save more than 30,000 liters of kerosene per
month from polluting the atmosphere all over Africa.

Sustaining solar home lighting project using Barefoot Approach
The barefoot approach was designed to demonstrate technically and financially self-sufficient, solar
electrified rural villages in Afghanistan, Bhutan and Africa. The target community has been the rural poor
families living on less than $1 per day where the women spend hours fetching wood or kerosene, or rely on
candles and flashlight batteries for lighting at very high costs. After food, the highest family expenditure in
such communities is on lighting. By training illiterate rural women to be competent solar technicians, there is
no need for urban solar engineers to supervise the installations and provide after sale services in rural areas.
The approach eliminates the dependency of rural communities on urban experts.
The approach encourages the communities to pay every month for the use of the solar units (normally
equivalent to what they would have spent on kerosene, candle and torches); through the monthly collection,
the financial commitment is assured for the purchase of replacement components and for paying monthly
salary of the village solar technician. This salary provides the incentive for the technician to work and look
after the units regularly or she will not receive her monthly salary. Each household agrees to pay a fee
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between $2 to $10 a month for the solar lighting, roughly what they used to spend on kerosene, candles and
flashlight batteries. The barefoot approach leverages local community contribution and participation with
public and private sector investment and financing. Working in partnership with the local community, the
Barefoot Approach draws on a mix of resources including government and international funding agencies,
private foundations, and corporate and individual sponsors to enable the appropriate investment for costeffective and self-sustaining solutions for delivering solar power in poor, rural communities.
The approach effectively demonstrated that a combination of traditional knowledge (barefoot) and
demystified modern skills can bring lasting impact and fundamental change when the tools are in the control
and ownership of the rural poor. Many initiatives providing solar-powered lighting in remote villages are
implementing a top-down approach where the installation is done by engineers coming from cities with no
idea how to work and communicate with poor communities. Their faith in the capacity and competence of the
rural poor to fabricate, install and maintain the solar units is totally absent. However, the primary obstacles
that are coming in the way of the demystified approaches like Barefoot Approach is the dogmatic mind set of
expert and the failure for the learned to comprehend and understand that an illiterate rural woman who has
never been to school or college can be a solar technician. Few believe that sophisticated 21st century
technology like solar should be or could be managed, controlled and owned by very poor rural women
earning less than $1 a day. It is by taking whole communities into confidence and making them take all the
decisions that wastage can be minimized, urban migration reversed, and pilferage and theft of solar panels in
villages eliminated. That is why a change in work style and mindset is required to provide clean, inexpensive,
pollution-free light to the poor around the world.

Success of barefoot approach in Tanzania
Dena (2010) used the Social Returns on Investment (SROI) approach to assess benefits of solar lighting
beyond conventional cost-benefit analysis, in two villages in Northern Tanzania which were electrified using
the Barefoot Approach. In addition to many positive finding,the author concluded that the Barefoot Approach
provided remote communities in Northern Tanzania with solar lighting and in the process; communities
gained economic, health and social benefits. By empowering women to take on technically challenging and
important roles, project encouraged an increase in social equity. Through SROI approach, it was revealed that
the implementation of solar lighting has benefits which go far beyond an increase in income or savings; solar
lighting contribute to a decrease in environmental degradation by reducing the harmful emissions given off
by kerosene lanterns, create healthier indoor environments, facilitate evening communication and social
events, thus increasing community and family cohesion, provide children with more time for their studies,
thus helping them to achieve their potential, and they provide community members which opportunities for
entrepreneurship (ex. Poultry business, cell phone charging business, etc.). These benefits collectively
enhance the quality of life in beneficiary rural villages.
Conclusion and recommendations
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1.

Solar electricity is a feasible solution to rural electrification especially for lighting. Solar lighting
systems are in many cases economically superior to conventional power systems because of the
operating costs are low and long working life. Solar home lighting systems are virtually
maintenance-free, requires few spare parts, and no fuel is needed.

2.

High-efficiency solar lighting systems not only provide superior light over fossil fuel based lighting,
but are also less expensive if costs are spread over their entire life cycle. By providing clean,
adequate indoor lighting, the general living standard of people living in deep poverty can be greatly
improved.

3.

By displacing the traditional 'tin can’ kerosene lamps, solar systems have the potential of reducing
the rate of deforestation and CO2 emissions. The current trend in design of solar lighting systems
suggests such systems will be more efficient and cost effective in the near future.

4.

Success of solar home lighting kits in remote rural villages depend primarily on training of suitable
local technicians and getting them involved in the setup and maintenance process. This attitude
overcomes dependence on urban technician who are expensive to hire and in most cases are not
available when needed.

5.

The study recommends training of local people especially women who are deep rooted in the village
and are unlikely to migrate from their villages to urban areas. The training should cover installation,
repair, maintenance and spare parts procurement. Since most of rural dwellers in Tanzania are semiilliterate, special approach for selection of trainees and ‘hands on’ training should be adopted to
ensure comprehension of the course content.

6.

Barefoot approach which has been used successfully to train such technicians and has proved to be a
workable solution for provision of training on aftersales service in Northern part of the country and
is recommended for other rural communities
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Abstract:
The food and beverage industry (F&BI) is one of the largest industries in the Western Cape and thus one of the
largest energy consumers. Currently, process heat is mainly generated from coal, heavy fuel oil (HFO) and
electricity. This paper investigates whether current solar water heating (SWH) technology can supplement
conventional energy use within the Western Cape F&BI. With this aim, two separate areas were investigated,
namely, the potential for such technology in terms of market size (or installed capacity) and the cost of
implementing such technology. Based on the length of production periods at three food and beverage (F&B)
facilities in the Western Cape, coupled with the low costs of fossil fuels, it was concluded that SWH systems are
currently not financially viable. The paper therefore predicts at what price (of conventional energy, namely, coal
and electricity) these technologies may become competitive. Data from three local F&B companies was
employed to model the typical energy consumption profiles of companies in this industry. The program
RETScreen was used to model three different types of SWH systems, whose output was then used in lifecycle
cost analysis (LCA). The net present value of SWH systems was used as one criterion to judge the economic
competitiveness of these technologies.

Keywords: solar water heating, lifecycle cost analysis, food and beverage industry, industrial process heat.
1.

Introduction

South Africa has a very high energy intensity compared to that of developed nations, with the country‟s
industries consuming on average 36% of the total primary energy supply (DME, 2009). In the Western Cape,
the industrial sector consumes as much as 47% of primary energy (Department of Environmental Affairs and
Development Planning: Western Cape, 2008). A large portion of this consumption generates thermal heat.
Economically, the food and beverage industry (F&BI) is one of the largest industries in the Western Cape and
one of the largest consumers of energy in the province as well.
Historically, energy costs in the F&BI have been low, i.e. less than 10% of production costs (DME, 2002), but
in the current energy climate, these costs are due to rise sharply. Companies need to adapt, either by initiating
energy efficiency measures (CCT, 2003) or by using renewable energy technologies.
Solar heating systems (SHSs) offer a way for industry to reduce their reliance on fossil fuels. Many of the
processes in industry run continuously and are therefore well suited to augmentation with solar heat. The F&BI
consumes a large proportion of thermal energy, much of which (60%) is required at temperatures below 250°C,
which can easily be provided by solar water heaters (SWH) (Vannoni, Battisti, & Drigo, 2008).
The main aim of this study is to establish whether there is potential for solar heat to provide energy to the
F&BI, using the Western Cape as the focal point. To achieve this objective, two main subtasks had to be
satisfied: assessing the potential for this technology in terms of installed capacity as well as determining the cost
at which it can be implemented.
To calculate the cost of implementing a SHS1, information was gathered from three large F&B manufacturers
about their energy consumption. Suitable solar technologies were chosen to supplement this energy
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consumption. The data was then analysed within an energy modelling package. A similar approach has been
followed by other authors (Benz et al, 1999; Kalogirou, 2003; Kulkarni et al, 2008). The annual energy output
from these systems was then used as an input for the LCA (lifecycle cost analysis), which was used to determine
the viability of using a SHS (Kalogirou, 2004).
In order to establish the potential for solar heat in the Western Cape F&BI, one must establish the total size of
energy consumption within this industry before calculating what percentage could be supplemented with SHSs.
Various sources were used to determine the energy consumption within the F&BI of the Western Cape (Winkler
et al, 2006; CCT, 2003; Sustainable Energy Africa & UCT's Energy Research Centre, 2010). No disaggregated
energy balances, breaking down energy consumption to a sub-sector level, are available for the province.
The total primary energy consumption for industry in Cape Town, for the year 2000, was 25.4 PJ [Peta-Joules]
(Winkler et al, 2006), viz. 24% of the total energy demand in Cape Town. The F&BI consumes 2.7 PJ or 11% of
this industrial percentage. However, these figures use the year 2000 as a base year and the figures are only for
the City of Cape Town. In a study done for the Western Cape Department of Economic Development and
Tourism (Kowalik & Coetzee, 2005), the total industrial energy demand for the Western Cape was calculated as
27.8 PJ, thus slightly higher than that of Cape Town‟s (25.4 PJ). Kowalik and Coetzee (2005) confirm that the
provincial industrial energy demand is higher for the Western Cape, namely, 27.8 PJ; they state, however, that
this figure is not accurate2 and that it is difficult to obtain a disaggregated balance of energy use in the Western
Cape.
Thus far in South Africa, studies on SWH have limited themselves to calculating and forecasting the demand
from residential and commercial sectors (Holm, 2005) and to assessing the state of the local SWH
manufacturing industry (Holm, 2005; Theobald & Cawood, 2009).
Two international studies have investigated the potential for using solar heat for industrial processes
(AIGUASOL Enginyeria, 20013; Vannoni, Battisti, & Drigo, 2008). The former sets out the current system costs
and what they need to be in order to be competitive with conventional heating systems (AIGUASOL
Enginyeria, 2001). The later was intended to serve as a guide, which would enable local authorities to develop
the necessary policies and instruments to help implement the use of solar thermal energy within the industrial
sectors of their respective countries.
2.

Solar Radiation Data

The “Solar Radiation Data Handbook for Southern Africa” (Eberhard, 1990) and NASA‟s ”Surface meteorology
and Solar Energy” website, which uses detailed satellite and ground data obtained over the past 22 years
(NASA, 2009), were consulted in this study. Both studies indicate the long-term average of the solar irradiance
levels, as data has been recorded over many years, hence reflecting the effects of local climatic conditions. The
NASA data is used by the modelling software RETScreen (Natural Resources Canada, 2010) in the solar energy
modelling spreadsheets.
3.

Solar Collectors

Three types of solar collector were considered for this study, namely:




Flat plate collectors (FPC)
Evacuated tube collectors (ETC)
Parabolic trough concentrators (PTC)

Whenever possible, local manufacturers were consulted first, then local distributors, and finally (when nothing
was available locally), international suppliers. Many local manufacturers are only SABS tested (this is
insufficient for solar modelling of large scale solar systems), and the collector performance parameters
necessary for RETScreen are not supplied in these tests. Collectors tested by European and American
authorities, however, do supply the necessary parameters (see Table 1).
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Table 1: Solar collector parameters used in modelling SHSs

Description

FPC

ETC

PTC

Aperture Area Per Collector (m2)

2.03

1.39

28.89

Gross Area Per Collector (m2)

2.15

2.34

28.89

Cost (R/m2) Lower Bound

4,320

6,130

12,450

FR(τα)n (Heat gain coefficient)

72.13

43.43

68.5

FRUL (Heat loss coefficient)

4.325

1.087

0.4

Temperature coefficient for FRUL

0.0117

0.0043

0.0015

Capacity Cost (R/kW)

6,134 – 9,285

8,757 – 11,671

17,786 – 21,886

Area Cost* (R/m2)

4,230 – 6,500

6,130 – 8,170

12,450 – 15,320

*This is based on aperture area and does not take into account area needed to avoid shading

The costs are based on the aperture area. The area and performance data for the FPCs is based on averages from
four collector manufacturers/distributors. The ETC data is an average of the data from one distributor and from
the literature (Kalogirou, 2003). The PTC data comes directly from the manufacturer (Minder, 2010).
4.

Solar thermal processes

This section highlights the theory used to calculate the useful heat gain of the solar collectors, and it also
describes how the test data from certification authorities is used to calculate this quantity.
The following equation predicts the useful heat gains from solar collectors (Duffie & Beckman, 2006):
[

(

)]

(eq. 1)

where Ac is the area of the collector in m2, FR is the heat removal factor, S is the solar radiation absorbed by the
collector in J/m2, UL is the overall heat loss from the collector 4, and Ti5 and Ta are the inlet fluid and ambient
temperatures respectively. This equation can be applied to most types of collectors.
The useful heat gain is calculated as a function of the collector inlet temperature by using Equation 1. This is a
convenient method for analysing SHSs, but not entirely accurate. The heat removal factor FR therefore adjusts
the useful heat gain of the collector from what it would have been if one simply assumed that the absorber was
at a constant temperature equal to the fluid inlet temperature, to what it is in reality (Duffie & Beckman, 2006).
Most testing authorities define the instantaneous efficiency of a solar collector, which is the ratio of the useful
heat gain to the solar radiation falling on the collector area, as follows:
(

)

(

)

(eq. 2)

where ηi is the instantaneous efficiency and S has been replaced by the product of G T and (τα). In this case, (τα)
is the transmittance-absorptance product of the solar collector. Essentially, it is the transmittance-absorptance
product of beam radiation falling on the collector (Duffie & Beckman, 2006). GT is the total amount of solar
radiation falling on a collector‟s aperture.
The instantaneous efficiency of a collector is a misleading term when used in isolation to determine the amount
of heat collected by a SHS. The above model, Equation 2, implies a simple linear relationship between the
instantaneous efficiency and the operating conditions,
. But in reality, data plotted using Equation 2 can be
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scattered, and the variables FR, UL and (τα) are not constant in the operating conditions of the FPC. Scatter in the
data is due to temperature dependence, wind effects and angle of incidence changes (Duffie & Beckman, 2006).
This leads to the following equation, which describes the instantaneous efficiency of solar collectors as a
function of the operating conditions. The resulting equation implies a quadratic relationship:
(eq. 3)
where the equation is in the European format, i.e. the true mean temperature difference between the absorber
and ambient conditions is used. In this format, ηo is equivalent to F‟(τα). This equation is used by most solar
modelling packages in either of the two forms (European or US), and therefore it is important to make sure the
data entered is in the correct form for the corresponding programme.
Equation 4 below is an adjusted form of Equation 1 that takes into account the changing angle of the sun over
the seasons, and the term τα is known as the angle of incidence modifier:
[

(

)

(

)]

(eq. 4)

Because the product (τα) is calculated under test conditions, when beam radiation is strong, it does not give such
an accurate approximation of the conditions experienced by the solar collector when the sun is low in the sky or
when cloud cover is predominant. At these times, diffuse and reflected radiation make up the larger portion of
the heat collected by the absorber.
5.

Technical potential for SWH

The technical potential of a specific technology is simply a measure of the quantity of a technology that can be
implemented with current knowledge, without regard for economic constraints (Nadel, Shipley, & Elliot, 2004),
and assuming that all available opportunities are exploited.
The technical potential for a process with a constant demand throughout the year is bounded by a solar fraction
of 60%; this is a similar methodology to that used in the POSHIP study (AIGUASOL Enginyeria, 2001).
Another limiting factor is the available roof and ground space of the plant.
The reason why 60% was chosen as the ceiling for the technical potential is that solar fractions above this
require increasingly large amounts of / require much more thermal storage. This invokes the law of diminishing
returns. It makes economic sense to have a small amount of storage available for load fluctuations and for
weekend shutdowns. But in order to supply a large solar fraction (>60%), the amount of storage required
increases, whereas the returns in the form of useful process heat diminish. Storage has only been considered in
the case of Company C (COMC), which required 190,000 litres of storage, as all the heating is needed at night.
This night time load will thus be catered for, but at the expense of increased system costs.
6.

The cost of solar thermal energy

The first task was to collect information about industrial processes common to the F&BI. Emails were sent out
at random to F&B manufacturers who have plants in the Western Cape. A diverse range of companies within the
sector was contacted to ensure that the sample was representative of the many different manufacturing processes
within the industry. Three companies (Companies A, B and C, herein referred to as COMA, COMB and COMC
respectively) were willing to participate in the study and supplied data as to the mass flow rates of thermal
energy consumed in various processes around their facilities.
The next step was to collect data from the various solar collector manufacturers/distributors and to derive
relevant collector specifications that could be entered into a solar model, see Table 1.
COMA produces oil and margarine products, COMB is a fruit canning factory and COMC processes vegetables.
The system design for COMA and COMB is simply an indirect feed system that continuously pre-heats boiler
feed water using a heat exchanger between load and the solar system. In COMC, the amount of energy collected
in the storage tank is equivalent to 60% of the useful heat demand needed by this system. The design for this
system is an indirectly fed system where a heat exchanger is used between the storage tank and the solar system.
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6.1

Collector types and processes

The process chosen for the basis of comparison with the different collector types is the heating of boiler makeup water. The primary reason for choosing this process is that it is common to all three of the factories.
Furthermore, boiler make-up water can be a considerable part of energy consumption in some plants where a
large portion of water may not be returned to the boiler for reheating. This fresh supply of water has to be heated
up from an ambient temperature to the boiler operating temperature. Pre-heating this water to between 80°C and
90°C means that the boiler will consume less fuel and that it just has to top-up the heat to the desired operating
temperature.
6.2

Economic tool for comparison of systems: net present value

The economic tool used to compare the costs of the different solar collector types in supplying the boiler makeup water is the LCA, which compares the net present values (NPVs) of these systems. The NPV analysis takes
into account the time value of money, as well as the effect of discount rates. The economic indicators used are:
inflation rate 6.2%; interest rate 12.5%; discount rate 4.43%. The loan amount has been stipulated as 75% of the
investment cost, as some capital outlay would have to be provided for by the plant applying for a loan.
Renewable energy investments are relatively new in South Africa and there is no consensus amongst finance
experts as to the financial parameters that should be used for these types of investments.
6.3

Fuel costs

The following fuel costs have been used in the sensitivity analysis of the LCA results. The first two electricity
price increases reflect the MYPD 2 increases that have been approved by NERSA (NERSA, 2009). The prices
in the first column are average prices currently available to the F&BI. The coal price has been increased on a
Rand per tonne basis, and the conversion to a price per unit of energy has been shown for comparison with the
electricity price (the Gross Calorific Value [GCV] used is 27.317 MJ/kg).
Table 2: Present and future fuel costs

Present Energy Costs

Future Possible Energy Costs

Electricity Price (R/kWh)

0.4167

0.52

0.65

0.75

0.80

0.9

Coal Price (R/tonne)

1,100

1,250

1,500

1,750

2,000

2,500

Coal Price (R/kWh)

0.14

0.165

0.2

0.23

0.26

0.33

7.

Results

The results of the LCA and potential for solar heat are discussed.
7.1

The potential for solar heat to supply thermal energy in the Western Cape

The technical potential for solar heat in the Western Cape F&BI is 12 PJ, which is equivalent to 9% of the total
industrial consumption in the Western Cape for the year 2007. The base year of the “Energy Scenarios for Cape
Town” has been used (2007).
Due to the lack of disaggregated energy consumption data, the main sources of data for the size of the City of
Cape Town‟s F&BI are air quality data published by the City of Cape Town and aggregated fuel sales figures.
The figures presented in these studies are at best estimates of the size of the energy consumption within the
various subsectors.
The F&BI consumed 35 PJ of energy within the Western Cape for the year 2007, which is equivalent to 28% of
the industrial energy consumption of the province [267 PJ, (Department of Environmental Affairs and
Development Planning: Western Cape, 2008, p. 14)]. Figure 1 shows a breakdown of the energy consumption
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within the Western Cape‟s F&BI. Of this energy / this category, only coal, paraffin and HFO have been
considered in calculating the technical potential for SHSs.

Fuel Consumption in the Western Cape
Food & Beverage Industry
Electricity 1.86
5%

Heavy Fuel Oil
11.17
32%

Liquid
Petroleum Gas
6.07
17%

Paraffin 3.47
10%

Diesel 7.77
22%

Wood 0.00
0%
Petrol 0.00
0%

Coal 5.09
14%

Figure 1: Fuel consumption in the Western Cape F&BI (PJ) and the relative share of each fuel of the total

7.2

The lifecycle cost analysis of the original scenario

In the Original Scenario, the LCA looked at the process of pre-heating boiler make-up water. The systems
modelled are indirect feed systems, where municipal-supply water in a secondary loop is pre-heated by the HTF
(heat transfer fluid) of the SHS by using an efficient flat plate heat exchanger. COMA and COMB do not store
this heat; however, the thermal heat generated by the SHS of COMC is only needed at night, so it must be
stored.
The investigation into pre-heating boiler feed water has been performed over a range of temperatures to see the
effect of temperature on the LCA. Likewise, the performance of the PTCs has been evaluated to see whether
they function better at generating medium temperature steam (10 bar saturated steam at 180°C) or pre-heating
boiler water. The other two types of collectors do not perform as efficiently as the PTC at generating medium
temperature steam (Kalogirou, 2003) and therefore have not been analysed at such high temperatures.
Table 3 summarises the results of the LCA as well as the annual solar outputs, system sizes, and investment
costs. The pre-heating of boiler make-up water is a continuous process during the production periods of the
companies surveyed, even in the case of the plants with seasonal production periods. The length of these
production periods varies by plant.
The following general trends can be observed from Table 3, which summarises the results obtained from the
LCA by using the financial constraints of the Original Scenario:
The LCA yielded negative NPVs for all but three of the proposed SHSs. The payback periods are long and far
exceed the maximum period at which industry deems them suitable for investment, i.e. 18 months or less (DME,
2002).
Both the NPV and payback period of the options for the COMA plant are more favourable than are those of the
COMB and COMC plants. This is due to the shorter seasonal production periods of the last two plants (four and
six months respectively). Plants that operate SHSs for less than six months of the year tend to be uneconomic,
i.e. to have low NPVs and long payback periods. This outcome is confirmed by the POSHIP study: “Systems
with only seasonal utilisation (less than 6 months operation a year) are in general not economic” (AIGUASOL
Enginyeria, 2001, p. 131).
The payback period of the options for the COMC plant are on average shorter than are those of the COMB
plant, which seems to conflict with the above statements. The reason for this apparent contradiction is that the
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plants use different fuels to generate thermal energy. The COMC plant uses electricity, whereas the COMB
plant burns coal, therefore in this case the difference in production periods has less effect on the NPVs than the
difference in fuel prices does.
Table 3: Results of the LCA and RETScreen modelling for the pre-heating of boiler make-up water
Output
Temperature

Water
Requirements

BAU Energy
Requirement

Annual
Output

(°C)i

(L/d)

(MWh)ii

(MWh)iv

System
Aperture
Area
(m²)

FPC

90

144 000

4 525

2 694

ETC

90

144 000

4 525

PTC

90

144 000

FPC

45

FPC

Company/
Collector Type

COMA

COMB

COMC

i.

Investment
Cost

NPV
(15 Years)

Payback
Period

(1000s)iii

(1000s)

(Years)

1 827

R 8 086

R 705

14

2 694

1 888

R 11 656

R -2 709

19

4 525

2 730

1 560

R 19 423

R -10 031

29

144 000

4 525

1 050

713

R 3 157

R 274

14

60

144 000

4 525

1 598

1 082

R 4 797

R 418

14

PTC

180

144 000

10 045

6 007

3 438

R 42 802

R -22 105

29

FPC

90

130 350

1 996

1 189

1 411

R 6 174

R -2 572

24

ETC

90

130 350

1 996

1 189

1 411

R 8 896

R -5 176

33

PTC

90

130 350

1 996

1 193

1 156

R 14 387

R -10 415

47

FPC

45

130 350

1 996

448

524

R 2 324

R -968

24

FPC

60

130 350

1 996

694

814

R 3 604

R -1 502

24

PTC

180

130 350

4 485

2 683

2 600

R 32 371

R -23 877

47

FPC

45

240 000

1 200

413

1 027

R 4 551

R -1 570

22

FPC

60

240 000

1 200

716

1 959

R 8 708

R -3 501

24

ETC

60

240 000

1 200

716

1 672

R 10 250

R -4 977

28

This is the output temperature from the SHS, which would be fed to the boiler.
Some of these figures have been rounded off to the nearest five.
This is the annual useful energy output from the solar system.
Investment costs are based on the aperture area of the solar field.

ii.
iii.
iv.

The second biggest factor that affects the LCA of the SHSs, besides the length of the operating period, is the
fuel type and hence price of the fuel used in the conventional heating system. Electricity is currently far more
expensive than coal, on an energy basis i.e. R/kWh (for a breakdown of the fuel prices used in this analysis,
refer to Table 2).
COMA and COMB use cheap fossil fuels to generate thermal energy; even taking into account the system
inefficiencies of the boilers, the results above clearly show that SHSs competing with coal are uneconomic.
Even in the case of COMA, where the systems would be used continually throughout the year, the price of coal
is so low that the energy savings provided by a SHS are not large enough to render the project economically
feasible.
7.3

The results from the future fuel price scenario lifecycle cost analysis

The operating period or annual utilisation of SHSs and the fuel price are thus the two biggest factors affecting
the financial viability of the SHSs. Future fuel price scenarios (FFPS) have been carried out by varying the fuel
cost and annual utilization period for six of the SHSs listed in Table 3. There are two cases for each of the three
collector types, so that the effect of rising coal and electricity prices can be examined for each collector type.
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The FFPS is essentially a sensitivity analysis, in which many possible scenarios are modelled based on possible
future conditions to help plan future energy investments. The SHSs are envisaged to supplement the use of fossil
fuels, thereby making their consumption under higher energy prices sustainable. The options modelled are:
COMC FPC 60°C (substitutes electricity); COMC ETC 60°C (substitutes electricity); COMB FPC 60°C
(substitutes coal); COMB PTC 180°C (substitutes electricity); COMA ETC 90°C (substitutes coal) and COMA
PTC 180°C (substitutes coal). See Table 2 for a breakdown of the fuel price increases used in the FFPS.
For each modelled in this scenario, the annual system utilisation was varied from one to twelve months, where
one month is equal to 730 operating hours8. The annual plant utilisation starts in January. The LCA was applied
to each individual operating period for each of the six options, and in turn, each of these was examined under 6
different fuel prices. This is equivalent to 432 different LCAs, which generates a large amount of data.
Having such a large spread of data increases the likelihood that the actual conditions present in the future will
fall within the bounds of the analysis.
Each of the options is examined whilst varying both the fuel price and the annual utilisation (i.e. 72 data points
per graph). 3-D surface graphs have been used to show the relationship between the three parameters, viz. fuel
price, annual utilisation and NPV (at 15 years).
7.4

Discussion of the FFPS results

ETC-60°C: Investment Cost R10.250 Million
System Size: 1672 m²

NPV-15 Years (2010 Rands)

Millions

R 20.00

R 15.00
R 10.00
R 5.00

0.90
0.80
0.75
0.65
0.52

R730
R -5.00

1459

2189

2918

3648

4378

5107

5837

6566

7296

8026

0.42
8755

R -10.00

Electricity Price
(R/kWh)

Operating Hours (Hours From January)

*System size based on aperture area
Figure 2: Results from the LCA for COMC FPC 60°C, where SHS supplements electricity

The ETC system, shown in Figure 2, has a NPV of R-4.98 million after 15 years (and a payback period of 28
years) under the Original Scenario. As stated previously, the main factor affecting the viability of this
investment is the annual utilisation of the plant, as it only operates for four months of the year.For comparison
with the results of the Original Scenario, increasing the electricity price to 0.9 R/kWh, while keeping the annual
utilisation constant, only increases the NPV to R634 000 by the end of the project life. The payback in this case
is 15 years, and investing the capital in the SHS provides a much lower return on investment than investing the
same amount of capital in the bank (NPV of R27 million after year 15 at the same interest rate).
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This option first becomes feasible when the electricity price is 0.65 R/kWh and the system is utilised for 12
months of the year. On Figure 2, this corresponds to the region marked by the arrow on the graph. The graph
clearly shows the links between both fuel price and annual utilisation with the NPV of the system. The closer to
the top right-hand corner one gets, the more profitable the investment becomes, and this area is thus named the
region of feasibility.
It is evident from the analysis that a continuously fed FPC system (with high annual utilisation) that
supplements electricity is by far the most economic SHS that can be designed currently. Unfortunately, none of
the plants surveyed for this project meet these conditions exactly.
For example, under current electricity prices (0.416 R/kWh), an indirectly fed FPC SHS, designed to pre-heat
boiler make-up water continuously, with an annual utilisation of 12 months and with an investment cost of R3.5
million would have a payback period of just under 6 years (using the same financial parameters as the Original
Scenario). Therefore, under the next scheduled electricity price rise, systems operating under these constraints
would be financially viable.
To summarise, out of the six options tested under the FFPS, only four of the systems offer real investment
potential, whereas the other two options, namely COMA ETC 90°C and COMA PTC 180°C, never reach a point
where the projects are financially viable. Even under the highest coal prices (2500 R/tonne), the systems only
offer a payback of 7 and 15 years respectively.
The ETC and PTC systems do not become financially viable when supplementing conventional coal heating
systems. The collector costs for both these systems are too high compared to the unit price of thermal energy
derived from coal, even with boiler inefficiency taken into account. However, both collector types do become
feasible when supplementing electricity use at 0.65 R/kWh (COMC ETC 60°C) and 0.75 R/kWh (COMB PTC
180°C).
Thermal storage decreases the competiveness of SHSs in two ways: directly, by increasing the costs of the
system, i.e. that of the storage component, and indirectly, by requiring a larger collector area. The latter result
arises from the fact, firstly, that thermal storage increases the amount of thermal losses and, secondly, that the
temperature difference between the solar loop and the thermal storage is smaller than the difference between the
solar loop and the incoming municipal water in a directly fed system. In other words, the heat transfer from the
solar loop through the heat exchanger is less because the difference in temperature between the storage water
and the water in the solar loop is less, which means that a larger collector area is needed to supply a similar
amount of energy through the heat exchanger.
The increased costs imposed by importing the PTCs, decreases their financial viability. Under further
investigation, the payback of the COMB PTC 180°C option decreases by two years if a lower collector system
cost is used, viz. 10 090 R/m2 instead of 12 450R/m2, with an annual utilisation period of 12 months.
Although the costs of thermal storage and importation do increase the payback period of the systems, it is
evident from the smaller magnitude of these effects, that the annual utilisation period and fuel price are still the
most crucial factors influencing the financial viability of the SHSs.
For the output temperatures explored in this study, the supply temperature seems to have little impact on the
financial viability of the systems. However, the POSHIP report (AIGUASOL Enginyeria, 2001) found that the
temperature of the solar heat played a significant role in the financial success of the systems modelled. It is
important to remember, however, that in their study conventional heat costs are in the range of 3-4.5 cents of
€/kWh (2001 Euros) for HFO and LPG. This is equivalent to a fuel price of between 0.38-0.57 R/kWh (2010
Rands), which is considerably higher than the current cost of coal, with the upper range being more expensive
than electricity currently. This may suggest a relationship between fuel price and the temperature of the solar
energy supply that becomes more apparent when the fuel being substituted is more expensive.
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8.

Conclusions

The main objective of this project was to establish whether there is potential for solar heat to provide energy to
the F&BI in the Western Cape. It was shown that the size of this potential, for fuel consumed in 2007, was 12
PJ, which is 9% of the Western Cape‟s total primary energy consumption. Consequently, solar heat can displace
at least 12 PJ of primary energy consumption within the F&BI of the Western Cape, which is equivalent to 440
000 tonnes of coal a year (using a GCV of 27 MJ/kg) or 290 000 tonnes of oil8. Using the average energy
collected by a square meter of FPC in Cape Town, one would need 2.3 million square meters of FPC9 to
generate 12 PJ of energy a year.
The three main fuels that would be displaced in this case are HFO, coal and paraffin. The emissions savings
potential of such measures would be vast. It is recommended that the Western Cape provincial government
seriously investigate the large scale roll-out of SWH in the F&BI, as this is one of the largest energy consumers
within the Western Cape, with a very high portion of energy used for thermal measures. The cost of
implementing SWH is far cheaper than CSP and wind power. The devices can be readily installed onto existing
factory roofs, thus avoiding the need for costly and lengthy environmental impact assessments. Within the next
two years and under certain conditions, the technologies will become financially viable on a purely economic
basis alone without the aid of subsidisations.
For COMA, based on its current annual utilisation, the most economic option will be to install a FPC, when the
price of coal reaches 1250 R/tonne, or when there are financial incentives that will have the effect of reducing
the gap between this figure and the current coal price of R1100 R/tonne.
COMB, which currently has an annual utilisation of 6 months, would only be able to install a viable FPC system
when coal prices reach 2500 R/tonne. If the plant were able to make use of the system for 10 months of the year,
financial viability could be reached at a coal price of 1250 R/tonne.
For COMC, with an annual utilisation of 4 months, a FPC will not become financially viable, even at a price of
0.90 R/kWh. If the plant could find an alternative use for the heat for an additional 6 months of the year (i.e.
annual utilisation of 10 months), the FPC system would be financially viable at an electricity price of 0.65
R/kWh.
Unfortunately, none of the factories presented a case where a FPC system would be able to replace electricity
entirely, without any extra system size, as in the case of the COMC plant (this system operates at night and
therefore uses thermal storage, which needs an additional collector area to make up for additional heat losses
and system inefficiencies). It is recommended that facilities, which have low temperature (<80°C) processes
supplied by electrical resistance heaters, should seriously consider implementing FPC systems to cover part of
this load.
In conclusion, there is definitely a large potential for solar heat in the Western Cape F&BI. Within the next two
years, as electricity prices increase, SWH systems that supplement electrical heating systems with a high annual
utilisation will be economically feasible. Systems supplementing coal will become feasible within the next five
years.
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Notes
1

A SHS uses solar insolation to generate solar heat, which can then be used for heating, cooling or power
generation. The heat transfer fluid (HTF) may not necessarily be water, as is the case with a SWH system.
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3

4

5

6

7

8
9

They state that: “All data in these energy balances was unclassified and therefore to a certain degree
inaccurate” (Kowalik and Coetzee, 2005, p. 17).
Inst. Nacional de Engenharia e Tecnologia Industrial (INETI); Bayern Zentrum für Angewandte
Energieforschung e.V. (ZAE); Deutsches Zentrum für Luft und Raumfahrt e.V. (DLR); Instituto para la
Diversificacion y Ahorro de la Energia (IDAE); Institut Catala d„Energia and Sociedade Portuguesa de
Energia Solar (SPES).
This term takes into account both the optical losses and heat losses experienced by a solar collector. The
term is temperature dependent.
In European testing procedures, the variable T i is replaced by the true mean fluid temperature across the
absorber. Hence the factor FR is replaced by F„ to compensate for the fact that T i and Tm are not the same.
Data for this project is mostly in the European format. It is possible to convert from one form to another.
The first column of figures in bold font has been used in the Original Scenario Analysis, reflecting current
fuel costs. The other costs will be modelled in a future fuel price scenario.
1 month of operation (730 hours) refers to the utilisation of the plant, whereas the utilisation of SHSs will
be dependent on the amount of sunlight hours.
Where one TJ is equivalent to 2.388x10-5 Million tonnes of oil equivalent (Mtoe).
This is using the annual output of the FPCs modelled in RETScreen for this project. The average energy
collected by a FPC in Cape Town was 1.439 MWh/m2 per year.

10

References
AIGUASOL Enginyeria. (2001). POSHIP: The potential of Solar Heat for Industrial Processes. Barcelona:
Aiguasol Enginyeria.
Benz, N., Gut, M., Beikircher, T., & Ruß, W. (1999). Solar Process Heat with Non-concentrating Collectors for
the Food Industry. Proceedings of Solar World Congress'99 Israel, 1209-1214.
Brooks, M. J. (2005). Performance of a parabolic trough solar collector. Stellenbosch: University of
Stellenbosch.
CCT. (2003). State of Energy Report for Cape Town 2003. Cape Town: City of Cape Town.
Cronje, T. (2010, June 28). Import costs for solar collectors. EFA Solar. (V. Lane, Interviewer).
De Beer, F. (2010, June 3). Solar system cost estimates. Retrieved June 12, 2010, from Forrester De Beer and
Associates: forrester@debeerassociates.com.
Department of Environmental Affairs and Development Planning: Western Cape. (2008). White Paper on
Sustainable Energy for the Western Cape. Cape Town: Department of Environmental Affairs and Development
Planning: Western Cape.
DME. (2009). Digest of South African Energy Statistics. Pretoria: Department of Minerals and Energy.
DME. (2002). Energy Efficiency Baseline Study. Pretoria: Department of Minerals and Energy.
DME. (2003). White Paper on Renewable Energy. Pretoria: Department of Minerals and Energy.
Duffie, J. A., & Beckman, W. A. (2006). Solar Engineering of Thermal Processes Third Edition. New Jersey:
Wiley.
Eberhard, A. A. (1990). A Solar Radiation Data Handbook for Southern Africa. Cape Town: Elan Press.
ESTIF. (2004, November 10). Worldwide capacity of solar thermal energy. Retrieved July 30, 2009, from
European Solar Thermal Industry Federation: http://www.estif.org/143.0.html
Holm, D. (2005). Market Survey of Solar Water Heating in South Africa. Johannesburg: Central Energy Fund.
IEA. (2008). World Energy Outlook. Paris: International Energy Agency.
Kalogirou, S. (2004). Solar thermal collectors and applications. Progress in Energy and Combustion Science,
30, 231-295.
Kalogirou, S. (2003). The potential of solar industrial process heat applications. Applied Energy, 76, 337-361.

3808

Kowalik, P., & Coetzee, K. (2005). The Scope of the Energy Industry in the Western Cape. Cape Town: Access
Market International (Pty) Ltd.
Kulkarni, G. N., Kedare, S. B., & Bandyopadhyay, S. (2008). Design of solar thermal systems utilizing
pressurized hot water storage for industrial applications. Solar Energy, 82, 686-699.
Minder, S. (2010, June 6). Solar Thermal Research. Retrieved June 6, 2010, from NEP Europe:
stefan.minder@newenergypartners.com.
Minder, S. (2010, July 1). Theoretical costs of a solar system. Retrieved July 2, 2010, from NEP Europe:
stefan.minder@newenergypartners.com.
Nadel, S., Shipley, A., & Elliot, R. N. (2004). The Technical, Economic and Achievable Potential for EnergyEfficiency in the U.S.: A Meta-Analysis of Recent Studies. 2004 ACEEE Summer study on energy efficiency in
buildings (pp. 1-12). American Council for an Energy-Efficient Economy.
NASA. (2009, August 29). Surface meteorology and Solar Energy. Retrieved April 14, 2010, from A renewable
energy resource website: http://eosweb.larc.nasa.gov/sse/.
Natural Resources Canada. (2010). RETScreen International Empowering Cleaner Energy Decisions. Retrieved
February 2, 2010, from Natural Resources Canada: http://www.retscreen.net/ang/home.php.
NERSA. (2009). In the matter regarding Eskom Price Increase Application 2009 by Eskom Holdings Limited.
Pretoria: National Energy Regulator of South Africa.
NERSA. (2010, February 24). NERSA‟S decision on Eskom‟s required revenue application - Multi-Year Price
Determination 2010/11 to 2012/13 (MYPD 2). Media Statement. Pretoria: NERSA.
Sargent & Lundy LLC. (2005). Assessment of Concentrating Solar Power Technology Cost and Performance
Forecasts. Chicago: National Renewable Energy Laboratory.
Sargent & Lundy LLC. (2003). Assessment of Parabolic Trough and Power Tower Solar Technology Cost and
Performance Forecasts. Chicago: National Renewable Energy Laboratory.
Schweiger, H., Mendes, J. F., Benz, N., Hennecke, K., Prieto, G., Cusi, M., et al. (2000). The Potential of solar
heat in industrial processes: A state of the art review for Spain and Portugal. Eurosun 2000. Copenhagen:
Eurosun.
Sustainable Energy Africa, UCT‟s Energy Research Centre. (2010). Energy Scenarios for Cape Town:
Technical Report Unpublished DRAFT. Cape Town: City of Cape Town.
The World Coal Institute. (2005). The Coal Resource: A comprehensive overview of coal. London: The World
Coal Institute.
Theobald, S., & Cawood, W. (2009). The South African Solar Water Heater Industry. Johannesburg: Eskom
Distribution.
Vannoni, C., Battisti, R., & Drigo, S. (2008). Potential for Solar Heat in Industrial Processes: IEA SHC Task 33
and SolarPACES Task IV. Madrid: CIEMAT.
Weiss, W., & Rommel, M. (2008). Process heat collectors state of the art within task 33/IV. Gleisdorf: IEA.
Winkler, H., Borchers, M., Hughes, A., Visagie, E., & Heinrich, G. (2006). Policies and Scenarios for Cape
Town‟s energy future: Options for sustainable city energy development. Journal of Energy in Southern Africa,
17 (1), 28-41.

3809

THE ROLE OF RENEWABLE ENERGY TECHNOLOGY
IN HOLISTIC COMMUNITY DEVELOPMENT
Zahnd Alexander
RIDS-Nepal / Murdoch University WA, Australia / Kathmandu University Nepal

Abstract
Recent research has demonstrated the direct relationship between poverty alleviation and improved access to
clean, efficient energy services. Thus, improved access to basic energy services, such as a smokeless stove
for cooking/room heating, basic electric indoor lighting, hot water for cooking/drinking/personal hygiene,
have been recognized as a central part of an holistic community development (HCD) program. My
experience of working with remote, impoverished high altitude mountain communities in Nepal since 1996
shows, that 80-85% of the local village communities identify the same four needs they wish to address: a pit
latrine for improved hygiene/health, a smokeless stove inside the house for cooking/room heating/hot water,
basic electric indoor lighting and access to clean drinking water. Thus I have developed the “Family of 4”
HCD concept which includes projects, implemented in parallel, for each family of a village, addressing all
four of these needs. Once the “Family of 4” projects are in place, and their impact and benefits are
experienced, the local people start to recognize additional needs. Therefore, I created the “Family of 4
PLUS” HCD concept with thus far eight additional projects. Both HCD concepts address the millennium
development goals (MDGs) directly. In the remote high altitude Nepal Himalayas, where the national grid
and drivable roads will probably never go, these concepts have been shown to bring significantly more, longterm benefits than individual projects would have been able to. This is because the multi-faceted needs of the
communities are recognised and addressed through a holistic, context-specific, multi-project approach, which
produces synergistic benefits. Further, the HCD approach enables communities in such a unique and fragile
ecosystem that is threatened by climate change, to adapt and become more resilient by tapping into their locally
available renewable energy resources in sustainable, carbon neutral ways.
1. Introduction
Nepal is a unique country, in regard to its culture, people, geography, ecosystems and climate. These are
crucial factors that must be understood in great detail when developing and implementing development
projects (Zahnd 2012). Situated in the lap of the Himalayas, Nepal is landlocked between China to the north
and India to the south, east and west. It embraces unique climatic environments, from tropical to high alpine,
in a physical ecosystem, ranging between altitudes of 70 to 8,848 m.a.s.l. Previously cut off by thick forests
and jungles, infested with malaria and dangerous animals, its culture developed for most of its history in
isolation from any foreign influence. Thus it comes as no surprise that Nepal is still in its infancy in regard to
its democratic political system, which started to take shape only in the 1990s. Further, frequent changes in
the political leadership, with minimal long-term planning, as well as the decade long civil war from 1996–
2006, has resulted in the decay of the urban infrastructure, so that it has become “acceptable” in the capital,
Kathmandu, to live without access to electricity from the grid for 18-hours a day during the drier season of
the year, from February to May. Nepal is one of the poorest developing countries, with 42 of Nepal’s 75
districts considered acute and permanent food-deficit areas. Nepal is also one of a few countries with a lower
female life expectancy than male (Zahnd 2012). Officially (Nepal 2001 census) 92 different languages are
spoken by 103 distinct castes and ethnic groups. Most people in the mid- and high-altitude hill/mountain
areas are subsistence farmers with little farm land, poor soil and harsh conditions, making a meagre living.
Crops are vulnerable, with immediate consequences if natural calamities strike or weather patterns change.
The Nepalese are family oriented and most tasks and events are believed to be connected with the spiritual
world. Fortune and misfortune are widely accepted as the result of fate. Fatalism proclaims that “one has no
personal control over one’s life circumstances, which are determined through a divine or powerful external
agency” Bista (1991). Bista points out that the culture of fatalism is inherently unsupportive and in conflict
with development and productivity. Approximately 80% of Nepal’s population belong to the 2.4 billion
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people who rely on traditional biomass such as firewood, agricultural residues and dung, for their day to day
cooking, heating and lighting purposes. The rich resources of Nepal, in particular the abundant water from
over 6,000 rivers flowing from the high Himalayas down to the Indian sub-continent, and its abundant solar
energy, with 300 sunny days per year, are underutilised. Thus most (~75%) of Nepal’s rural people and
communities are deprived of even the most basic energy services (Zahnd 2012).
Over the course of the last four decades many summits, conferences and seminars on “Sustainability and
Development” were held (Zahnd 2012), and many theorists have come up with new definitions for
“sustainable development”. However, rather than clarifying the original meaning of each word and defining
the practical outworking and implications of joining them, “sustainable development” is used today as buzz
word which must be included in project proposals, otherwise donors will not even consider financing it.
However, considering their original meaning in context it becomes clear that sustainable development
emphasises the need to maintain the ecological balance while striving for social and political changes. Thus,
a deep understanding of the local belief systems, cultural adherences, political history, poverty, status of
development and economy (Zahnd 2012) are crucial for community development projects in Nepal. In
addition, the environmental, technical, managerial and more philosophical issues form a basis for
understanding and implementing community development projects.
This paper reviews the role of renewable energy technologies (RETs), designed for a specific context, to
meet identified community needs. These RETs are embedded in the new HCD concepts “Family of 4” and
“Family of 4 PLUS” (Zahnd 2012). Renewable energy technologies such as solar PV, solar thermal (water
heating, food drying), pico-hydro power, small scale wind turbines and biomass (firewood) cooking and
heating stoves, are considered within the context of implemented, village based, HCD projects.
2. Philosophy and Rationale of Holistic Community Development
2.1 A Glimpse at the History of Development
In the late 1960s and 1970s the social and economic climate was favourable for projects that emphasised
holism, community, and social equality. It was axiomatic among community development professionals and
theorists of development that projects should be holistic, multi-pronged, and involve the efforts of a multidisciplinary team, acting in concert with local people. This was the climate out of which the Alma Ata
conference in 1978 developed. In the early 1980s the world economy looked very different — economic
recession, debt, the oil crisis and an increasingly unfavourable trade climate had taken their toll, and the
world economy was not growing as hoped. Development projects across sectors had failed and many people
had lost confidence in the process of international development. Health focused UN agencies (e.g., UNICEF)
and the WHO were affected by heightening public scrutiny and criticism as well, and were increasingly
governed by the need to show results that were simple to display, easy to understand, and obtainable within a
defined funding cycle (often only 1-year). Due to this, plus greater emphasis by donor agencies on
quantifiable results and outcomes, a more narrow definition of primary health care emerged and dramatically
changed the nature of the projects that were promoted and funded. This definition is often associated with the
somewhat contentious “selective approach”, centred on short-term, single-goal-oriented interventions, and
cost effectiveness, such as a vaccination, a drinking water or a literacy program. The scope of projects
narrowed in order to meet ever tightening control over reporting and transparency, and an overwhelming
need to show results – preferably within one fiscal year.
2.2 Comprehensive vs. Selective Approaches to Development
Thus, over the course of the last few decades, community development has mostly addressed individual
issues and needs of projects’ end-users, with often minimal interaction and participation of the receiver,
resulting in minimal long-term impact and/or new opportunities for the beneficiaries. This is a consequence
of the serious shortcoming of failing to recognise that communities have multi-faceted problems and needs
within a defined environment and culture. Single-strand projects can never address these many-sided needs
and issues, which are all dependent on, and interlinked with, each other. The various self-identified needs of
the community have to be heard and included in a new, more holistic community development project
approach. Today, most of the traditional health projects concentrate on curative health treatments, addressing
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sicknesses and health impairments caused by people’s poor living conditions. While people treated under
such projects get better over the short-term, they often fall sick again once they return to their homes and
former way of life, because the root causes of their poor health conditions have not been dealt with. This
widespread approach to development shows that there is a significant lack of understanding of the
importance of preventative health care measurements and projects. Thus I claim that while selective
approaches to development are effective in achieving carefully de-limited goals, selective approaches cannot
produce the critical synergistic benefits of a multi-pronged, holistic project framework.
Currently, it is widely recognised that acute respiratory infections (ARIs), diarrheal diseases and malnutrition
are the main problems that need immediate and sustained attention in rural Nepal (Winrock 2004, Pandey
1989). These problems cannot be addressed without making deep and significant changes to infrastructure
and behaviour patterns. While selective projects targeting diseases like polio and measles are critical and do
show results that are easily quantified, they cannot be the only approach to tackling the serious health
problems facing rural people in the struggle for improved overall living conditions. The scope of solutions
has to be as wide and as multi-sectorial as the identified problems that local people suffer. Thus respiratory
infections can be addressed through a stove inside the homes, supported with solar PV or pico-hydro
powered electrical indoor lighting, improving the cooking, room heating and indoor lighting conditions from
the previous open fire place drastically over time. Diarrheal diseases can be countered through a family built
and owned pit latrine, thus banning the open defecations that spread disease. Access to clean drinking water
is facilitated through the village owned and built drinking water system, which pipes clean and fresh water
from the community owned water source. Malnutrition, a very wide spread phenomenon, can mainly be
addressed through increased hygiene awareness and non-formal education literacy classes, enabling the
mothers to understand the reasons for their children’s poor nutrition stage and often early, unnecessary death.
Further, increased local food availability is achieved through high altitude greenhouses, which produce
vegetables for 10 months per year, instead of the previous 3-4 months through the traditional farming
technologies. These produce long lasting changes, leading to sustainable development after 10-15 years.
In our time in the villages, we have seen positive synergistic effects of HCD programs, when project
components are chosen by villagers based on their needs assessment and when these components dove-tail
together to improve the overall hygiene, sanitation and access to elementary energy services in the village.
Thus, local context developed RET projects are embedded in long-term HCD activities and preventative
health care programs that remove the root causes of poor health conditions. Two major, direct health related
benefits, are experienced through RET projects. First, their application and use brings relief from suffering,
related to poor living conditions, such as heavy indoor air pollution from open-fire cooking and heating. This
enables improved overall health-, and living-conditions, even for people with permanent and incurable health
conditions. The second, greater and long-term benefits of RETs, lie in the prevention of a whole range of
illnesses and health impairments for the people born into families who already have an HCD implemented.

Fig. 1: The “Family of 4” consists of a pit latrine, a smokeless metal stove,
elementary indoor lighting for each household and access for each family
to clean drinking water from the village based tap stands.
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The most commonly expressed needs
communities address themselves are a Pit
Latrine, a Stove, Basic Indoor Lighting
and Clean Drinking Water. These all
address improved and easier access to
basic energy services, and better hygiene
and health conditions. Thus I developed
the
new
Holistic
Community
Development (HCD) concept of the
“Family of 4” (a Pit Latrine, a Stove,
Basic Indoor Lighting and Clean
Drinking Water). Once the “Family of 4”
HCD is implemented, in use and
impacting on people’s lives and living
conditions, the “Family of 4 PLUS”, with
various additional measures is introduced
(Zahnd 2012).

3. Holistic Community Development Concepts – “Family of 4” and “Family of 4 PLUS”
Some of the primary health conditions affecting people in the remote mountain communities are: scabies and
other skin conditions, due to unhygienic living conditions; chronic and often severe upper- and lowerrespiratory chest infections, due primarily to indoor air pollution from cooking over open-fires; gastrointestinal worms and other parasites due to the lack of hygienic human waste disposal systems; and dysentery
and Giardia infections from polluted drinking water. To address only one of these problems with a technical
solution might be attractive to a donor with a limited mandate, time-frame, or budget. While recognising that
limitations such as these are a reality for many donors, experience shows that a single-pronged approach is
neither sustainable nor beneficial in the long-term. So I developed the “Family of 4” HCD concept (Figure
1), which is a set of innovations installed as a group in each home in a village. It includes a pit latrine, a
smokeless metal stove, basic indoor lighting (through a locally available and utilised renewable energy
resource such as solar, hydro or wind), and access to a safe drinking water system. The “Family of 4” HCD
approach addresses the key features of village life which are responsible for primary health problems. The
synergistic benefits of the components are consequently many times more powerful than individual projects,
such as “just” light, or “just” clean water, or “just” better sanitary conditions when implemented alone.
Each of the pieces of equipment that we install is developed locally, bearing in mind the cultural,
meteorological, social and economic contexts and the technical limitations of working in this harsh
environment. For example, we needed to balance such considerations as the materials available in the
villages to build the latrines, accommodating the heating needs and culinary preferences of local people in
the design of the smokeless metal stove, the architecture of the houses in the design of the stove pipe, the
amount of solar irradiation available in each village considered to be electrified with a solar PV system, and
so forth. This level of detailed research, development and customising of technologies is part of what we call
“contextualised” technology. It demands significant forethought and long-term commitment to working in
the villages, “tweaking” the technologies as new demand or behaviour patterns evolve, and resources to put
into baseline needs assessment and follow up research lasting for at least one generation (~10-15 years).

Fig 2: Alongside the efficient smokeless
metal stove, designed for the particular local
cooking culture and heating needs, also
WLED lamps for minimal but locally
appropriate, long-lasting light services, are
installed in each home, as part of the
“Family of 4” HCD concept.

Fig 3: The Smokeless Metal Stove (SMS) which I designed in 1998, has been
continually improved. Up to the end of 2010 over 5,000 homes in the remote
districts of Nepal have had one installed. It cooks the traditional food “dhal
bhat” all at one time and “roti”, uses ~40% less firewood, provides appropriate
room heating and 9-litres of hot water for drinking the local “butter tea” as well
as facilitating an improvement in personal hygiene. This is called
“contextualised” technology, with people, their culture and way of living in the
centre and technology developed to suit them in their context.

An example illustrating how important it is to contextualise technologies comes from the development of the
smokeless metal stove that we install in the Humla homes. What local people told me that they want is a
cooking and heating system that allows them to prepare multiple dishes simultaneously, to produce the
national dish called “dal bhat tarkari” (lentils, rice and vegetables) twice a day, whilst also warming the room
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in the winter. Humli people also like to eat a type of unleavened bread (roti) that has to be toasted in the
embers to produce the desired taste. These demands are tough to manage on a single burner stove or openfire place without an air flow regulation or exhaust damper, in order to control the combustion process
according to the meal being prepared or the seasonal heating demands. In contrast, the smokeless metal stove
I developed is designed to meet these preferences, with an easily adjustable air intake and exhaust pipe valve,
3-burners on which food can be simultaneously cooked, and a toaster-slot to toast roti in the embers (Figures
2, 3). All of these tasks can be accomplished without opening the front of the stove, which is critical, since
operating a stove with the door open allows smoke into the room, and causes the combustion to flare out of
control, increasing the rate at which firewood is consumed. Each of our stoves has a stainless-steel watertank abutting one side, where water can be boiled and stored for drinking, washing, or other needs. Further,
each stove consumes, if properly used, ~40% less firewood and has a unique number so that we can follow it
up for years to come. This has proven important for quality monitoring and trouble-shooting.
In a similar fashion, basic electric indoor lighting powered by a solar PV system, is not the same for every
village or home, through a standard solar PV system. Rather, a solar PV system is designed depending on a
village’s context in regard to its geography (exposure to the sun’s daily path throughout the year), culture,
demography, village cohesion and locally identified needs (which are in most cases basic lighting services).
As these parameters vary from village to village so must the design of a solar PV system reflect the local
context. My experience since 1996 shows that three different approaches to solar PV village electrification
systems cater for the full range of villages in Humla. Thus I developed three different solar PV village
systems, the Solar Home System (SHS), the Solar PV Village Cluster System and the Solar PV Central
Village System. The SHS is for an individual, single home. It consists of a 16 WR PV module, fixed on an
aluminium frame, a charge- and discharge controller and a battery bank (14Ah capacity, 12V), which are
both contained and protected in a sealed metal box. Each home has 3 WLED (white light emitting diode)
lamps, consuming each 1 watt only. In Nepal the mountain communities often build their homes in clusters
of 4-10 homes. Thus, I designed the cluster solar PV system to meet the needs of their WLED lamps. One 75
WR PV module, mounted on a one-axis adjustable aluminium frame is installed in the middle of the cluster.
A battery bank with a capacity of 100Ah, 24V, regulated and protected through a specifically designed and
locally manufactured charge– and discharge-controller, provides the power for all WLED lamps of up to 12
homes, connected through buried underground cables. If a village consists of >25 households in close
proximity to each other, it can be electrified through a centrally located 2-axis tracking solar PV system. A 2axis tracking system, locally developed and manufactured, with 4 x 75 WR PV modules can provide up to 60
homes with sufficient power and energy to illuminate each home with 3 WLED lamps for up to 5 days
without sunshine. In a centrally located house, on whose flat mud roof top the 2-axis solar PV tracker is
installed, is also the common battery bank (400Ah, 24V). Protected by a purpose designed charge- and
discharge controller, the converted solar energy is stored and managed according to the village’s load
demand. The battery banks of all three different systems are designed in such a way that they can provide the
needed energy for up to 5 days without sunshine, even at a minimum battery temperature of 10°C. However,
battery banks are always kept in either a locally made wooden box, insulated with local pine needles or silver
birch bark (central and cluster systems), or in an insulated metal box (SHS), in order to keep them always
between 15°C–25°C. Besides the solar PV modules which are imported, all the other equipment has been
developed locally and is manufactured locally, providing valuable new skills and jobs.
Further, in order to provide the best value, ability to repair, exchange or add additional lights, the WLED
lamps were developed and are manufactured in collaboration with PPN (Pico Power Nepal), a local
company. The WLEDs used are of high quality (Nichia NSPW510DS). A 12 diode lamp consumes about 1
watt and has a very long life expectancy of >50,000 hours (Zahnd 2012).
It is an essential part of the “Family of 4” program that each of the four “pillars” are continually developed,
based on the ongoing learning of implemented projects and the resulting feedback of the end-user
communities. Thus the various components of the “Family of 4” undergo ongoing improvements, based on
monitored field research data and anecdotal end-user experience. With the “Family of 4” being implemented
for each family in a village, the people experience positive changes over time. They become increasingly
aware of additional needs they would like to have addressed for their family’s/community’s long-term
development. Thus, once the “Family of 4” program has been running for about 2 years, the second phase,
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the “Family of 4 PLUS” program (Figure 4), can be launched. This program includes a wider range of
identified needs, which can change from village to village, according to their circumstances and needs.
• Greenhouse for high-altitude villages.
• Non-Formal-Education (NFE) classes for
mothers and out-of-school children.
• High-Altitude Solar Water Heating
(HASWH) bathing centre.
• Solar Cooker for cooking during the day.
• Solar drier to dry vegetables, fruits, meat
etc. for winter and income generation.
• Slow Sand Water Filter (SSWF).
• Nutrition program for malnourished
children <5-years of age.
Fig.: 4: “Family of 4 PLUS” HCD concept, 8 additional projects to be
implemented according to the local communities’ needs identification.

• Karnali Technical School scholarship for
a 2 ½ years hands-on apprenticeship.

With 199 days of frost a year only 3-4 months of agricultural work is possible, the major reason why Humla
has permanent food shortages with high levels of malnutrition, especially in children. A low-cost greenhouse
was developed, using local stones, wood beams and UV stabilised plastic (Zahnd 2012). Six years experience
and 35 greenhouses built in the local villages show, that it is now possible to grow vegetables during 10
months per year. Further, as part of a practical Kathmandu University student research project I developed a
solar drier, in order to store the greenhouse’s product yields in clean and hygienic ways. The solar drier
enables the drying and preserving of their precious foods for consumption in times of food shortage.
The rivers in this high elevation area are the warmest from June–August, measured at 12°C-16°C. The rest of
the year they are between 4°C-12°C. Thus, water for bathing needs to be heated by wood fires, and wood
collection is already a huge burden for women. Thus, through another Kathmandu University student
research project, a commonly owned high elevation solar heated bathing centre has been designed and built
(Zahnd 2012). The solar water heaters are designed and manufactured in Nepal, with hot water storage tanks
and insulation to protect the system from freezing in the winter. One bathing centre unit, consisting of four
flat plate solar absorbers and one hot water storage tank, allows up to 300 people to enjoy hot showers
(calculated at 10 litres, 50°C water per person) once every two weeks, addressing the pressing need to
improve local hygiene. A data monitoring system, recording the incoming solar irradiation, the intake water,
the absorber, the hot water storage tank temperatures and the daily hot water consumption, provides in the
two bathing centres built and running, valuable feedback for future improvements.
Though the villages with running “Family of 4” projects include a village based clean drinking water system,
it is often the case that the drinking water gets contaminated by the way people store and handle the water in
their home. Unhygienic conditions inside the home, attracting flies, rats, chickens and dogs, pose a potential
danger of pollution to the drinking water. Thus, I developed through RIDS-Nepal an indoor Slow Sand
Water Filter (SSWF) for the average household family size in the Humla district of 6 people (Zahnd 2012).
The SSWF is filled with two kinds of sand, in order to first filter out the rough, more visual parts, before the
actual biological process through the “Schmutzdecke” takes place in the main part of the SSWF. A 9 litre
water tank, containing the purified water, is accessed by a brass tap. RIDS-Nepal’s ongoing faecal e-coliform
tests have confirmed that up to 98% pure water can be achieved and maintained for consumption with and in
the SSWF, which meets the Nepali standard.
We believe in the synergistic effect of a project such as our “Family of 4” and “Family of 4 PLUS” because
we have seen individuals and groups (e.g., women) rally together in ways they never did before, and take a
qualitatively different and new approach to problems facing them. For instance, the NFE-classes targeting
women bring literacy to members of this community who have never previously been able to read posters or
brochures with health messages.
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With the “Family of 4” and “Family of 4 PLUS” approach as applied up to 2011 in thus far 16 villages, we
have created project components that both stand alone and, especially in combination, energise villagers’
faith in and enthusiasm for making changes in their village as a whole. It is easy for people to appreciate the
benefits to themselves, their families, and the larger group from participating in such a project.
4. Project Planning and Evaluation Procedures
It is paramount for the new HCD concept of the “Family of 4” and the “Family of 4 PLUS” that before any
project activities are planned a Base-Line Survey takes place in the community or village interested to work
in partnership with RIDS-Nepal. Paying due justice to the nature of holism and people’s multiple needs and
ingrained desire for improved living conditions, the base-line survey has been developed by a professional
task force. Thus an anthropologist, a medical doctor, a community development specialist (author) and an
experienced project implementer (a RIDS-Nepal field-manager trained by the author) put their heads and
experience together and over the course of a year developed a 56 question Base-Line Survey questionnaire
and 52 question Follow-Up Survey questionnaire. Starting with more general, household, social and
economic status related questions, the questionnaire also asks each household of the village or community
some demographic, social/attitudinal and health questions. The questions related to the major health
conditions and diseases of the people in this area, are asked by professionally trained health staff of RIDSNepal. The whole survey is conducted with the greatest care and sensitivity for the people’s privacy and right
to remain silent. Each RIDS-Nepal staff member participating in such a survey is trained on how to conduct
the survey, how to ask questions, how to “read between-the-lines” of the answers provided and how to fill in
the blanks. It is compulsory that the questions related to family planning and women’s issues are asked by
RIDS-Nepal female staff and that each person participating and volunteering with their answers in the survey
can remain anonymous if they wish to. This base-line survey enables a detailed quantitative and qualitative
understanding and perspective of each family in a village and a village as a whole. It allows the local people,
who will be the end-users of any development activities taking place in the time to come, to be the main
informants and data providers. They are able to identify, probably for the first time in their life, their own
status living conditions within their village, and their perceived needs which they consider to be important to
be addressed. It provides RIDS-Nepal, as the local people’s most direct partner, as well as all the other
stakeholders of the forthcoming projects, with a picture of the local context, situations and identified needs.
With all the information and data in hand, mutual discussions and meetings among all the stakeholders take
place, during which the actual scope of a project is developed and agreed upon. This whole process, from the
initial base-line survey, is often very time consuming and can take up to one year before a mutual agreement
between all the main stakeholders, the local people, RIDS-Nepal as the NGO partner and the donor agency,
is signed. Once agreed and signed by all parties, the actual long-term program, starting with the “Family of
4”, is launched. The various training programs provided for the local people/families and community
representatives and the implementing of the “Family of 4” projects usually takes 1-2 years. Thus, after 2
years, the “Follow-Up Survey”, with slightly adjusted questions compared to the base-line survey, takes
place. This allows the gathering of quantitative data as well as anecdotal, qualitative information through the
feedback from those who participated in the implementation of all the “Family of 4” projects. They would
have already experienced the direct impact over the last 1-2 years of their pit latrine, smokeless metal stove
inside their home, the elementary indoor lighting and the availability of clean drinking water from the village
water tap system.
It is part of the long-term HCD concept of the “Family of 4” and the “Family of 4 PLUS” programs that such
a follow-up survey is carried out in the 2nd, 5th, 10th and 20th years of the project. In this way a dynamic,
ongoing evaluation of the whole HCD program can take place. Every follow-up survey provides ample food
for thought, resulting in alterations and improvements of the long-term HCD program. Further, the collected
data/information demonstrates the impact the projects have had thus far. The new HCD concept has a
timeframe of two generations or ~20 years in the context of Humla. This allows for such a new development
approach to become accepted by the local users and eventually to become part of their indigenous culture.
While each of the “Family of 4” and the “Family of 4 PLUS” projects enables life changing improvements,
they do support and enhance each others’ impact and thus benefit the local end-user community. But it is
extremely difficult to measure the extent of the synergistic benefits that this new HCD concept sets in
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motion. Further, in order to identify synergistic benefits on living conditions requires not just a few weeks or
months, but rather years. Thus, time, in the sense of long-term participation and monitoring, needs to be
taken into consideration as a crucial parameter. Not only are factual data with regard to synergistic benefits
very difficult to obtain, they are also difficult to track retrospectively, particularly in regard to their source,
magnitude and quality. This is because most benefits are related to long-term improvements in living
conditions and increased preventative health care from the various, concurrent projects and these changes are
hard to identify and express in mere numerical terms. However, some of the shared end-users’ anecdotal
testimonies include the following:
• Since the SMS has been installed the women and children of the homes have been freed from their
chronic coughs and chest pains as well as their previously persistent eye infections and heart pains.
• The pit latrine each family has built as a pre-condition for a SMS has enabled the whole village to
become much cleaner and more hygienic.
• The people, and in particular the children, experience far fewer cases of diarrhoea with the
consequent dehydration, loss of valuable nutrients, subsequent weakness and inability to work or learn.
• These improved health conditions, in combination with the basic indoor lighting with WLED lamps
powered by the locally available renewable energy resource (usually solar- or hydro-power) as the third
pillar of the “Family of 4” HCD concept, enable the women and out of school children to participate in
the daily NFE-classes.
• To be able to read and write, along with the basic numeric skills, brings invaluable long-term
personal as well as community benefits, which would have not been possible without the HCD approach.
In addition to the Base-Line and Follow-Up Surveys, which measure the initial status and the ongoing
improvements of people’s living conditions during HCD programs, we monitor in great detail selected
project parameters, such as the performance of solar PV home/cluster/village systems (Zahnd 2012). This is
done because it is quite common to read in evaluation reports of solar PV home/village projects that they are
not able to provide the energy services expected by the end-users, nor achieve their projected life expectancy.
Long-term monitoring of solar PV systems in their installed context, the analysis of their detailed
performance over time, and local seasonal shifts is almost unheard of, especially in developing countries.
The vital information gained through monitoring is essential to understand and improve a system’s actual
field performance. This leads to more appropriate system design, considering the local context in regard to
the prevailing meteorological conditions and energy service demands. Since 2006, we started to monitor the
performance of various solar PV systems (single home/cluster-/central systems), a pico-hydro power village
system, and high altitude greenhouses. Each system is monitored in great detail by a carefully designed data
monitoring system. A databank developed by RIDS-Nepal, with all the data from 11 data monitoring systems
has been made available for registered users through the RIDS-Nepal web site.
5. Results and Discussion
To evaluate, assess or measure the impacts on, and changes to the lives and environment of the people
through implemented projects, be it in quantitative or qualitative terms, is inherently difficult. This is because
mere numerical values cannot comprehensively explain the effects a project has upon a person’s health,
living condition and environment. Further, the situation becomes even more complex if a holistic community
development approach is followed, such as the multi-pronged “Family of 4” HCD concept. In this case each
individual project has a direct and indirect influence on each other, as well as enhancing the overall outcome
and results through synergistic benefits. The Base-Line and Follow-Up survey questionnaires that RIDSNepal uses (Zahnd 2012) attempt to take these interactions into account. Examples of health and attitudinal
impacts and changes, produced by HCD village projects, are presented below (Zahnd 2012). These results
are obtained from the analysis of the Base Line Survey and Follow-Up Survey (1-2 years later).
• Approximately 40% reduction in firewood consumption and 7% reduction in firewood collection
time have been achieved by the users of the new smokeless metal stove. The small reduction of firewood
collection time indicates, that while the stove technically provides a significant improvement, the wide
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spread deforestation demands that the bulk of firewood collection time is spent in getting to the forest and
not the actual firewood collection.
• The benefits for families of building and using a pit latrine (PL) were demonstrated by an average
reduction of 20%-60% of people (dependent on age and gender) suffering from intestinal infections (such
as diarrhoea) and intestinal worms following the implementation of the “Family of 4” project.
• People seem to feel less stress and see things more “positively” with regard to their resources
(+70%), education (+550%), health (+500%), relationships and “general life outlook” (+660%), once an
HCD program is implemented.
• There is a great need for increased awareness raising and education among the end-users of
community development projects in regard to what community development is, what it aims to do and the
realistic changes it can produce.
• Particulate Matter (PM2.5) and CO (Carbon-Monoxide) 24-hour Indoor Air Pollution (IAP)
Measurements show that health endangering PM2.5 and CO values can be significantly reduced through
the installation of an SMS (by 10-50 times and even more for CO).
• Respiratory ailments are particularly common among the people in Humla, due to open-fire place
cooking and heating and the use of “jharro” for lighting (local resin soaked pine tree sticks which are
burned to generate a dim and smoky light). The results of installing the SMS and indoor WLED lighting
show that the trend is encouraging, with fewer people suffering from respiratory ill health (Figure 5).

Respiratory Symptoms
Relative Rate (95% CI)

Phase 1 Female
Phase 2 Female
1

Phase 1 Male
Phase 2 Male
Phase 1 M&F
Phase 2 M&F

0
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Fig. 5: Respiratory Symptoms: Prevalence Rates before (Phase-1) and after (Phase-2) the “Family of 4” project, with 95%
Confidence Intervals

• Another encouraging piece of anecdotal evidence is that people who have participated in the
implementation of a “Family of 4” HCD project became increasingly aware and able to identify additional
needs for development. They include the need for increased education (literacy, numeracy, technical,
+55%), increased application, use and maintenance of contextualised technologies (mainly renewable
energy technologies +63%), and increased business activities (e.g. selling vegetables grown in local
greenhouses, +77%). This led the author to develop the “Family of 4 PLUS” HCD program, which is a
more flexible, long-term program including various additional projects.
Thus, the data gathered and interpreted so far show very encouraging outcomes and results. However, these
data represent changes after only ~2 years of a “Family of 4” HCD program in the villages. With HCD
programs aiming to continue (including their follow-up) for up to 20 years, their impact is expected to
become increasingly greater.
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The centrality of RETs in HCD projects is illustrated by the following example of the comparison of
different long-term impacts of solar PV powered WLED indoor lighting with the traditional fuel based
lighting called “jharro” as practiced by the Humla people. The data shows that WLED lighting not only
improves the quality of lighting, but also the general living standard of the people over time. WLED lighting
helps to improve their health, education, life expectancy as well as income generation, resulting in a notable
improvement of the United Nations’ Human Development Index (HDI) factor for the community. The
average life expectancy of Humla people is 54 years (KIRDRC 2002), resulting in a life expectancy index of
0.483. With an average adult literacy rate of 18% (women 4.8%, men 31.2%) and an estimated gross
enrolment of 33%, the combined education index is 0.230. In Humla the average per capita income is US$72
(KIRDRC 2002), derived mainly from selling firewood and trading goods between China, Nepal and India.
As more than 95% of families in Humla are farmers, an additional estimated annual US$40 value from their
annual crops can be added. Thus the GDP index factor is calculated to be 0.019. When combined in the HDI
formula the index for the Humla people, before any HCD interventions is 0.244 (Zahnd 2012), compared to
the national average of 0.428 is indicated by the UN (UN 2010).
HDI = 1

3

(Life Expec tan cy Index ) + 13 (Education Index ) + 13 (GDP Index )

= 1 (0.483) + 1 (0.230 ) + 1 (0.019 ) = 0.244
3
3
3

(eq.1)

In order to utilise the synergetic benefits that elementary indoor electric lighting can provide, each
electrification project RIDS-Nepal is implementing in Humla is part of a long-term HCD project, such as the
“Family of 4”. Based on a long-term HCD project, including WLED indoor lighting, the following HDI
index changes over a ten year time span, compared to the unchanged neighbouring villages, can be expected
(Zahnd 2012). The installed WLED lighting instead of the “jharro”, in addition to the installed smokeless
metal stove for cooking and heating, enable clean indoor air. PM10 (Particulate Matter less than 10µm mean
diameter) measurements in traditional houses in Humla since 2006 showed that over a 24-hour time span, the
average indoor air pollution was 10-50 times less with WLED lighting and a smokeless metal stove
compared to the use of “jharro” for lighting and cooking on an open-fire place. These improvements over a
10 year period of time will produce considerable health benefits, especially in regard to chronic respiratory
chest diseases. It is assumed that this will increase life expectancy by about 10 years, from the present 54 to
64 years. Thus, the “healthy and long life” HDI factor increases from 0.483 to 0.650.
Non-formal education classes for adults and out-of school children are part of the RIDS-Nepal HCD projects
in Humla. The installed WLED lighting provides clean and smoke free light to enable people to read. That
means that one of the synergistic benefits from the WLED lighting is that the educational level of the
villagers is likely to significantly increase over the next 10 years. Also the number of children enrolling in
school will increase substantially, once the mothers are aware of the changes education brings to their village
and lifestyle. It is therefore realistic to assume a doubling of the literacy rate and school enrolment over a ten
year time span. Thus, the combined “education” HDI factor increases from 0.230 to 0.460.
Adequate lighting inside the home provided by WLEDs, clean indoor air due to the use of a smokeless metal
stove, a pit latrine, access to clean drinking water, all produce synergistic benefits. The increased social
gatherings in a more comfortable environment bring forth new ideas for community and income generation
activities such as knitting, bamboo basket weaving and other simple handicrafts. Thus, WLED based lighting
allows an increase in home based income generation abilities, supported by better health and educational
status, but compared with the first two HDI indices, it may not be the major factor. Thus it is reasonable to
assume a 40% increase of the annual income can be achieved over 10 years as a result of indoor lighting
improvements, which means that the GDP HDI factor can increase from 0.019 to 0.075.
Summing the three newly calculated HDI factors increases the overall HDI index from 0.244 to 0.395, an
increase of 60% over the assumed time span of 10 years. This expected increase in the HDI index shows that
replacing fuel based lighting with WLEDs, in combination with other related community development
projects, can substantially improve the socio economic development of the communities. Follow-up survey
and anecdotal data from RIDS-Nepal’s implemented “Family of 4” HCD programs show that a 60% HDI
increase is realistic (Zahnd 2012).
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A point, often not strongly enough highlighted, is that the newly developed HCD concepts, which include
various new locally manufactured technologies, are an important part of the slow, but steady growth of the
local economy. The locally developed RETs provide a basis for industrial development and the creation of
employment within the country. While accurate numbers are impossible to obtain, I have estimated that 300
new jobs (Zahnd 2012) have been created through the various new RETs (various solar PV systems, solar
water heaters, solar drier, pico-hydro power plant, smokeless metal stove, slow sand water filter), that I
developed through RIDS-Nepal and Kathmandu University and are now manufactured in Nepal.
6. Conclusions
Poverty has many faces, and cannot be defined simply by economic values and figures. Lack of electricity
and heavy reliance on traditional biomass are hallmarks of poverty in developing countries (IEA 2002). One
clear way to improve upon this situation is to work toward providing people living in poverty with access to,
and control over sustainable energy projects, as it is widely accepted (Zahnd 2012), that “poverty alleviation
and development depend on universal access to energy services that are affordable, reliable and of good
quality” (Reddy 2002). There are clear linkages between access to energy and reduced infant mortality and
increased literacy and life expectancy (WEA 2000). This further substantiates the assertion that applied
RETs must take a central, crucial role in community development projects.
Deforestation in Nepal is widespread and the once picturesque and bio-diverse forests and valleys have been
stripped of their valuable resources in unsustainable ways. Tapping into locally available renewable energy
resources to provide the needed energy services provides the local ecosystem with a chance for recovery and
results in synergistic benefits. The approach embraced in this collaborative effort between RIDS-Nepal, its
donor partners and the local people, is that the combined outcome of a comprehensive community
development project bears more sustainable benefits than a set of individual projects. This is particularly true
with respect to the four critical pieces of community development technology in remote Nepal: pit latrines,
stoves, lighting and clean water, which I called the “Family of 4”.
Nepal has no fossil fuel resources, but is rich in renewable energy resources such as hydro-power, solar
energy, as well as wind energy and biomass (Zahnd 2012). These abundant, locally available renewable
energy resources, tapped into with locally developed technologies that the community has helped to specify
and adapt to the local conditions, are one of the principal tools for development. Also, local applied RETs
enable a community to become energy independent of any external providers. Further, a RET system
contributes to the solution to global warming by making remote communities carbon emission free or neutral
in the case of a biomass based energy system. This is worth mentioning, considering the rather fragile and
unique environment of the Himalayas.
Some important lessons that I learned from previous unsuccessful RET systems that failed to provide the
promised energy services, are summarised below:
• The locally available renewable energy resources have to be understood in terms of quality and
quantity in regard to their minimal/maximum/average power capacity and seasonal availability.
• The local power/energy user(s)’ geographical, social and cultural context has to be understood in
detail, in order to decide which RE resource(s) to tap into and which RET(s) is/are most appropriate to
provide the defined energy services for the project’s whole life cycle.
• For the local context, relevant RETs have to be developed and applied, with a mandate for high
sustainability, minimal losses, down-times and maintenance requirements.
• The use of locally available equipment and materials in the RET designs are more important than
aiming for highest efficiency and the latest technologies.
• For the local context, appropriate educational and practical skills, O&M training programs for the
local end-users of RET projects have to be provided, in order to achieve sustainable development.
Maintenance and follow-up schedules have to be planned and incorporated into the project.
• Established lines of communications between the end-user(s) and the RET project
implementer/equipment provider have to be in place for unforeseen problem solving/support as well as for
programmed maintenance, follow-up and overhaul work.
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• RET projects have to aim for financial independence from external funding during their life cycle.
This is a difficult goal and in the places RIDS-Nepal is working the local communities are so poor that
this goal is hard to achieve even over two generations.
• Professional engineering and design are mandatory in order to meet the energy service demands of a
community with minimal loss of load, throughout a project’s life cycle.
• Funding sources and management plans have to be in place during the detailed project planning for
timely equipment replacement, RET system expansion possibilities, salvage values, decommissioning and
possible recycling costs.
Without the technical components of a HCD program, the needed changes can not take place. Energy and
effort has to be invested into the design, development, implementation and monitoring of the projects. Sound
engineering principles, in the context of an understood cultural context of the end-users, are mandatory in
order to develop appropriate, contextualised designs of technologies. Likewise, the building and maintaining
of relationships among project stakeholders is also important and takes effort, time and investment.
Consequently it can be said that for communities with ample renewable energy resources such as the highaltitude villages of Nepal, contextualised RETs do play an important, central role, within a long-term HCD
program, in providing the people with an opportunity to escape the vicious cycle of poverty. Improved health
conditions, hygiene, increased food availability and nutrition as well as re-growth of their local biomass
resources are all benefits the people directly experience in their family units and local community. Further,
the local RET power plants empower the community towards energy independence and security.
Likewise, it can be strongly affirmed, that a multi-sectoral HCD concept for community development, as
applied through the “Family of 4” and the “Family of 4 PLUS”, is able to effectively address the
multifaceted needs identified by the local people. A reductionist approach clearly cannot address the needs of
a disadvantaged community as effectively as the HCD concept can. If the benefits of the HCD concepts of
the “Family of 4” and the “Family of 4 PLUS” have to be summarised in one sentence, it could be: The
whole is greater than the sum of its parts.
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1. Introduction
To balance urban and rural development, the Chinese government has initiated a New Village Construction
movement from the early of 21st century. Since then, the vast rural areas that involves a huge number of
villages have been undergoing a reconstruction/renovation process. From around the same period, renewable
energy technologies (RETs) have been greatly promoted in the country as one of the most important ways to
deal with the contemporary energy and environmental problems. Combing the above two aspects, how RETs
have been applied in the village reconstruction/renovation process and what are the problems and or barriers
for their application in such areas become questions that are worthy of investigation. Based on preliminary
field investigations and questionnaire surveys, this paper identifies and discusses some technical and nontechnical factors related to the above questions, hoping to provide references and insights for further
researches in the relevant areas.
2. Reconstruction/renovation of villages in China
There are about 3.2 million villages in China (Tsinghua Building Energy Research Center 2007). By the end
of 2008, the building construction areas in the villages remain up to 22.1 billion square meters, which
accounts for 56% of the total building construction areas in the country.
In the long past history, due to the substantial difference of economic and living conditions between urban
and rural areas in China, energy consumption of buildings in the rural settlements/villages has been much
lower than that in the cities. However, alone with the high speed economic growth as well as the ever
increasing urbanization in the recent decades, living conditions and standards in the rural areas have been
constantly improved and many rural areas have quickly changed into suburbs of cities. Large scale migration
of young people from villages to cities, either temperately or permanently, has largely increased the
communication and interaction between rural and city communities; as a result, rural life styles have become
more and more closed to that in the cites.
The 2009 Annual Report on China’s Building Energy Efficiency (Tsinghua Building Energy Research
Center 2009) states that the rural areas in China have moved quickly into a reconstruction stage, which
implies both great opportunities and challenges for the development and application of RETs in China (BingDi 2006).
3. Field investigaitons about RETs’ application in the rural areas of China
China possesses rich renewable energy resources, including solar, wind, hydro, biomass and geothermal
energies etc and has long promoted RETs for its large population in the rural area (The World Bank 1996). In
the recent 10 years, more efforts and larger amount of funds have been put on developing new RETs in the
country, a Renewable Energy Law has been put in place with the target to boost the use of renewable energy
capacity up to 10 percent by the year 2020 and new development of RETs have greatly added to the options
available for energy supplies in the new village construction process in the country.
With this background and supported by the Ministry of Housing and Urban-Urban Development of China,
the Natural Science Basic Research Plan of Shaanxi Province (project number:2010JM7014) and the Shaanxi
Province Key Lab of Western Architecture & Technology (project number: 09KF2), a series of preliminary
field investigations have been conducted in the newly constructed villages. The aim was not to get precise
statistic results but to understand the large and basic conditions, to identify general problems and barriers,
and to provide effective advices for further promotion of RETs and other energy-saving technologies in the
rural areas of China.
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This paper introduces part of the results of the investigations which are especially helpful in identifying
barriers and problems for RETs’ application in the rural areas of China. The discussion are focused in two
aspects: the active RETs and the passive design of buildings
3.1. Active application of RETs
Results of the field investigations show that a variety of RETs have been actively applied in the rural areas of
China, including solar water heating, solar cooking, PV lighting, small scale wind electric power generation
and biogas lighting/cooking systems, etc (Fig.1). So far the most widely applied ones are the solar water
heating systems and the biogas lighting/cooking systems, while the least applied ones are the PV/wind
electric power generation systems. The later ones are usually applied either in the selected demonstration
villages or isolated villages that are located far away from existing infrastructures and are hard to construct
new ones due to their natural environmental conditions (e.g. in the remote mountainous areas, etc.) and they
are mostly sponsored by the central or local governments.

Fig 1 A variety of RETs been applied in the rural areas of China

Face to face interviews in the investigated villages reveal that the benefits for applying RETs, especially
solar energy technologies for improving indoor thermal comfort and reducing heating costs in wintertime,
have been well recognize by many rural residents in the newly constructed villages. Many rural residents
have interests in applying solar water heating system in their household and those raise domestic animals or
plant corns, vegetables and or fruits also express interests in applying biogas systems as long as they are
reliable and affordable.
3.2. Passive design of buildings
Passive design of buildings is investigated as a special and important type of RET in this research as it can
help in utilizing renewable energies (e.g. solar, wind and geothermal energy) in the buildings.
Passive design and construction methods have been practiced in vernacular buildings in China’s long past
history. For example, the heavy clay structures have been dominate building structures in the large rural
areas for thousands of years. However, results of the field investigations show that they have been abandoned
quickly in the new village construction process and replaced by a simple brick and concrete structure that
have spread widely all over the country (Fig.2), although their energy-saving capacity and indoor thermal
performance of the former ones are still widely known and well recognized.

Fig 2 Heavy clay structures (left) replace by simple concrete and brick structures (mid and right)

Face to face interviews reveal that this is happening mainly because that comparing to the simple brickconcrete structures, the old heavy clay structures usually take longer time to build, occupy more structure
spaces, provide less flexibilities for indoor space arrangements and cost similar or even more to build. And

2
3823

above all, looked old and out of date, the heavy clay structures are seen as a symbol of the past poor rural
lives. Although the young generations of rural residents were born and grew up in the villages, many of them
have worked and or studied in the cities for some time. They know more about city life styles, have more
income comparing to the older generations and expect to build new style houses than represent better living
conditions.
Some research have been done in developing new styles of passive housing in the rural areas, the
performance of which still need to be tested and proved by users over time.
3.3. Problems and barriers for the application of RETs
The problems and barriers for active application of RETs and passive deign of buildings in the investigated
regions are mainly revealed as the following:
(1) For active application of RETs
z

Although many programs have attempted to extend renewable energy supplies to rural area, the costs
for installing such systems are still unaffordable for many rural households in China. For example, the
PV solar systems been promoted in many demonstration projects are still unsuitable for the vast normal
rural consumers because of their high costs and relatively low efficiency.

z

Some suitable RETs may change into unsuitable due to climate change over years. One example in the
field investigation shows that a wide afforestation campaign in the mid north China area have caused a
distinct reduction of wind speed, a joint consequence of which is that the small scale wind electric
power generation system been applied in the demonstration projects in that region became useless after
only 1-2 years of installation.

z

The seasonal low efficiency of some RETs can add troubles to their users. The field investigation shows
that, for the many rural families who live in the cold and severely cold regions and use biogas stoves,
they have to install a second stove which can use alternative fuels (e.g. coal, firewood, gas, etc.), so that
when the production of biogas generation system becomes very low and unstable in the cold wintertime,
they can still cook their meals.

z

The suitability of RETs can be affected by the availability of other natural resources. For example, the
solar water heating system depends not only on solar energy but also on water resources. The field
investigations shows that, in some rural areas in China, lack of reliable water supply equipment is a
factor that limits the use of solar water heating systems.

(2) For passive design of buildings
z

For the traditional rural houses, although possessed many advantages from the passive design point of
view, they are not attractive to the younger generations in the rural areas anymore for many reasons (e.g.
they take longer time to build, require more labor cost, looks out of date and represents fall behind and
poor living conditions of the past time).

z

For the carefully designed new passive rural houses, due to insufficient instructions and guidance to the
users, some of them may not perform as expected (e.g. the opens or tunnels for natural ventilation may
be sealed or blocked during the renovation process or even normal daily activities).

To summarize, problems and barriers for the application of RETs in the rural area of China mainly includes
but is not limited to the following: (1) economic affordability; (2) technical reliability; (3)natural resource
availability; (4) culture acceptance; (5) user guidance.
4. Questionnaire survey about RETs’ application in the rural areas of China
To further understand rural residents’ perceptions regarding the relative importance of different factors
relating to RETs’ application in the rural area, a small scale questionnaire survey was designed and
conducted after the field investigations. To limit the realm at the same time ensure the effectiveness of the
results of the survey, registered university/college students who originally came from rural areas of the
country were selected as the targeted population for the survey. This is based on the consideration that these
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group of people can best represent the young generations of rural residents who have experience of both rural
and urban lives, have more knowledge of RETs and usually play important roles in their extended families.
350 questionnaires were sent out and 287 replies were identified as valid for the purpose of this research.
Results of the survey reveals the following:
z

First, majority of the respondents（96.6%）stated that they had applied one or more RETs (mostly
solar energy technologies) in their families and have certain knowlege and experience about RETs
application.

z

Second, 40% of the respondents considered economic affordability as the most important factor for
application of RETs in their family. This is followed by the effectiveness (22%), safety (21%) and
reliabilty (9%) of the technology (Fig.3).
A related respondence shows that, to effectively promote RETs in the rural areas, the three most
important factors for decision making are deames as goverment subsidy(48%), large increase of energy
cost (24%) and decrease of price (19%) (Fig.4). At the same time, if a passive house possesses better
energy-saving performance but would require more construction cost comparing to a normal one, about
half (49%) of the respondents would not accept it, 29% were not sure, only 22% would accept.

Fig 3 Factors that affect the application of RETs

Fig 4 Factors that may help to encourage the application of RETs

z

Last but not least, the style and apperance of building play an implicit but important role in the
application of RETs in the rural areas of China.
The appreance of the RET device or system itself w s not considered as an important factor to the rural
residents (Fig, 3); however, if the appearance of the building style would be affected due to application
of RETs, only 44% of the respondents would still accept it, 29% were not sure, 27% would not accept.
For traditional housing styles, although recognizing their better energy-saving performance, more than
half (58%) of the respondents would not accept them, 23% were not sure, only 19% would accept.

5. Conclusions and further research
The overall results of the investigations and surveys in this research show that a variety of RETs have been
applied in the broad rural areas in China especially in the newly construted villages. Some of the
technologies have been widely applied by normal rural households, some are more adopted in government
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spongsored demonstration projects. Economic affordability, technical reliability, natural environmental
conditions, culture acceptance and user guidance are the five major factors that affect the application of
RETs in the rural areas of China.
In order to effectively promote RETs in the rural areas in China, further reseraches are recomended to be
concentrated not only on the technial fators (e.g. efficiency, reliability and safey of the techinical systems),
but also on the non-technical factors, such as economic affordability, culture accpetance etc. For example,
more efforts should be put in establishing more feasible and comprehensive economic intensive systems, and
in developing new generations of rural passive houses that not only abstract wisdoms from the past, but also
fit into the needs of furture rural style. The building styles should be accpeted and welcomed by the rural
residents, especialy their younger generations, and the operation of the buildings should be properly guided.
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Abstract
This work describes the application of a solar photovoltaic (PV) system in the urban water sector, especially
related to water pumping. The Sun and gravity are two basic natural and renewable sources of energy. It is
pure natural energy that has no harmful effects on the environment, spread everywhere and available for use.
Solar photovoltaic systems can be successfully applied in many areas in water sector and especially in water
supply. Due to the importance of water supply for urban area sustainability, and due to a significant energy
consumer whose price is increasing each day, alternative solutions to power systems are sought in the form
of water supply systems, such as a PV generator. It is a complex system, whose functioning is defined by a
whole range of factors: climate, soil, hydrological, water consumption in the cities etc. It can be optimized
only with the application of a systematic approach and the use of adequate tools. The paper will show that
the solar photovoltaic systems are efficient in use in urban water sector.
Keywords – photovoltaic pumping, PV generator, water supply, service reservoir, optimal sizing, energy
policy
1. Introduction
Urban Water Systems (UWS) are natural, modified and human-built elements of the urban water cycle that
can be found in towns and cities. The systems provide water to support human life, hygiene, health, safety,
recreation and amenities.
The natural system includes the local and regional water resources, while a built system includes water
intake, water supply pipes, pump stations, service reservoirs, distribution networks, water treatment plants,
swage network, channels, drains, wastewater treatment plants, pump stations and outfalls. The built system is
a part of the broader urban infrastructure system. Water services are functions provided by the built system
of Water Supply (WS), wastewater and storm water infrastructure.
Fig. 1 depicts typical water supply management processes indicating location and transfer elements. The
elements of the water supply system are divided in two major types:
•

location elements; i.e. physical elements in which water is altered in quantity and quality or
consumed (service reservoirs, treatment plants);

•

transfer subsystems that connect or feed the location systems (pipes, pump stations, etc.).
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Fig. 1: Typical elements of the water supply management system
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The existing situation in many areas in the World requires a shift from the existing linear trends in resources
exploitation to sustainable urban water management which will be a part of the ongoing trends towards
sustainable cities. Urban water management should contribute to the goal of sustainable urban development,
including resources management, like water, energy and other resources.
The main input of the urban water system is water. But the water cycle is not the only input and process of
the system. System work also requires materials, energy, labour, capital and other resources. The most
significant resource besides water is energy. Urban water supply system is a significant user of energy, since
all water has to be brought to a higher elevation in order to produce the required pressures to users. Without
energy, the system cannot work and thus provide vital services for the people in the cities. That is why
reliable energy sources are a prerequisite for reliable water supply, or sustainable energy source is a
prerequisite for sustainable water supply and achievement of strategic goal - sustainable cities. By using
green energy, cities minimize energy use from classical sources and reduce the CO2 output as well as the use
of other resources.
Generally, the largest energy user is the Main Pump Station (MPS) of the system, which pumps water into
service reservoirs. It is also the most important pump station, since water from the reservoirs flows to the
user by gravity. That is why energy supply to this pump station is a priority. However, large water supply
systems may have several such pumping stations, as well as reservoirs, while smaller cities and systems in
general cases require only one pump station and reservoirs.
Different intermittent renewable energy sources (RES) (wind, solar thermal (ST), (PV) will have different
productivity and production of energy (Patel, 1999). Input solar energy in the largest part of the day
coincides with the dynamics of living in towns and hence the water needs. This means that energy production
and water consumption are easier to adjust by using solar energy (especially PV technology) than other RES.
PV generator uses less technological processes and elements in transformation of external energy in the
system than ST plant and does not use fossil energy as ST to superheat solar generated steam.
An important factor in the proposed application is the availability of primary energy for operation of the
power plant space. Solar energy is generally available in all parts of the Earth where people live, which is not
the case with the usable wind energy, because it depends on the location and generally suitable sites are in
open areas only. This means that the use of the Sun enables a wider use of PV power plant for water supply.
Another important fact is that, in principle, PV energy can be produced every day in many locations, which
is the basic prerequisite for the application of the water supply of a town. Specifically, the daily supply of
energy provides daily balancing of water in the city reservoir, which is standard practice in sizing the city
reservoirs. A multi-day lack of energy would require the construction of a water reservoir of much larger
capacity to ensure the supply in the period when there is no water inflow into the reservoir or use of
conventional energy sources.
This issue has already been partially addressed in the literature (Bakelli et al., 2011; Ghoneim, 2006;
Hamidat and Benyoucef, 2009). In fact, the use of PV generators for pumping systems has for some time
been discussed (Kenna and Gillett, 1985). However, at present there are no significant publications on a
more thorough consideration of possible applications of PV generators in solving the energy supply of urban
water supply systems. The paper describes the proposed solution for sustainable water supply, its basic
features and methodology of sizing and selection of the power of the PV generator Pel and volume of service
reservoirs V.
2. Concept technological characteristics
The proposed concept of green energy supply to MPS is simple, Fig 2. The concept uses, PV power plant
that operates together with water supply service reservoirs in order to provide continuous water supply to the
consumer. During the day solar energy is primarily used to supply energy to MPS which pumps water into
reservoirs. Water from the reservoirs is used according to the consumer needs. The service reservoir should
be designed to have sufficient capacity to balance the pumped water and water needs. The PV power plant
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should have adequate power to supply the pump station with energy throughout the whole planning period.
However, PV energy may be parallely used for direct supply to the local grid and other users, when PV
generator has sufficient capacity and when the reservoir is full of water. The general objective of the system
development is to provide continuous water supply to consumers over a long period (one critical year) with
best compromise alternative of the size of the PV power plant and service reservoir.
The reservoir volume is the result of balance estimation between uncontrollable water inflows generated by
solar energy and planned water outfall generated by consumer water demand. In that way, the size of
reservoirs significantly influences the size/power of the PV plant and vice versa. Larger reservoirs require
smaller power plant for the same water needs. This functional interdependence is the basis for system Pel-V
optimization.

Fig. 2: Concept of sustainable energy supply to the water supply system

The starting equation for nominal electric power of PV generator Pel expressed in (W), which established the
relation between the output hydraulic energy and radiated solar energy (according to Kenna and Gillett,
1985) is as follows:

Pel =

1000
E
⋅ H
f m [1 − α c (Tcell − T0 )]ηMP ES

(1)

where EH (kWh day-1) is output hydraulic energy from the pumping system, ES (kWh day-1) is solar energy at
the input of the system, i.e. the PV generator, fm is the load matching factor to characteristics of the PV
generator, αc is cell temperature coefficient (0C-1), T0 is temperature of the PV generator in Standard Test
Condition (25 0C), ηMP is motor–pump unit effectiveness, and Tcell is temperature of the PV generator (0C).
Therefore, nominal electric power of PV generator is calculated based on the known average daily demand
for hydraulic energy EH and available average daily solar irradiation ES in the critical time period and the
known efficiency of the motor–pump unit ηMP, taking into account the effect of outside temperature on the
efficiency of the PV generator. Eq. 1 stands for critical day, i.e. the day in which the ratio between hydraulic
and radiated solar energy EH/ES is maximum. However, the critical day is not easy to determine, because of
the influence of a number of interdependent variables in the system, which should be taken into account
(Glasnović and Margeta, 2007). Hydraulic energy EH, expressed in kWh, can be calculated by the equation:

EH =

2.72QPS H m
1000

(2)
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Where QPS is average daily water volume (m3 day-1), pumped from the lower location into the service
reservoir; Hm is average manometric height (difference between water level in water intake and water level in
service reservoir (Hg), increased by hydrodynamical losses in the pumping system) (m).
By inserting eq. (2) into eq. (1) and by combining invertor efficiency η1 with the motor pump unit efficiency
ηMP into one efficiency ηMPI and by inserting it in eq. (3) instead fm, the final equation for the estimate of
electric power of the PV power plant Pel is obtained:

Pel =

2.72 H m
Q
[1 − α c (Tcell − T0 )]ηMPI ηS ES PS

(3)

This equation is the starting element for system sizing.
The PV power plant, of nominal power Pel, forms a stationary field of PV collectors, interconnected serially
and parallely, in order to obtain the required voltage and current. Inverters are required in order for the PV
power plant to provide alternating current (Rashid, 2001).
The limit in the scope of construction of the PV power plant, defined by local conditions generally, the area
Aneeded, required for location of a PV power plant, can be calculated by the Equation (4):

Aneeded =

Pel
1000 ⋅η oc

(4)

where ηoc is PV power plant efficiency.
Water volume, i.e. reservoir, is the key variable in the system. It defines the state of the system and the
required water that should be taken from the intake (water resources) into the service reservoir, in order to
achieve the required water supply. The reservoir volume is the result of needs for water supply and inflow by
work of the pump station, and available energy from PV generator. Consumption of water in the reservoir
(due to water needs in town) is compensated by pumping water from water resources, i.e. from the water
source into the reservoir.
According to Fontane and Margeta, 1988 and Fig. 1, the equation for system state for the reservoir can be
expressed as follows:

V(i) = V(i-1) + QPS(i) – QWS(i) – Qloss(i)

(5)

where increment i assumes the values i = 1 to N (N is the total number of time stages, e.g. days or hours); V(i3 -1
1) and V(i) are reservoir volumes in (i-1) and i period respectively (m i ); QPS(i) is water pumped by the PV
3
power plant in i period (m /i) ; QWS(i) is water discharged from the upper reservoir into the town and Qloss(i) is
losses from reservoir in i period (m3i-1). The system state equation includes the most important variables of
the water balance. The urban water supply service reservoir is closed and waterproof, variable Qloss(i) is 0 for
all practical purposes. Water discharge QWS(i) is the urban water demand during the day and is generally
known and prescribed in the process of the system design. That is why these variables in the designing
process can be considered as deterministic values. Water pumped by the PV power plant QPS(i) is the result of
available solar energy and therefore is changeable as the solar energy irradiation, or stochastic.
In the systematic approach, for the set output water quantities QPS(i) (discretizied values of decision variable),
the values of nominal electric power are calculated by eq. 6. Namely, QPS(i) is by water balance (eq. 5)
correlated to reservoir characteristics (water volume V(i) and V(i-1)) and local climate elements that determine
water needs in the reservoir which are to be covered by the PV power plant.
The required volume of the reservoir is determined depending on the availability of inflow (Margeta, 2011):

 j

Vtb = max ∑ (QPS ,t − QWS ,t ) , 1 ≤ t ≤ j ≤ tb = x*T, T = 24 h
 t =1


(6)
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where x is number of days, tb = time step for sizing the reservoir. Urban service reservoirs aren’t generally
built for balancing periods longer than 5 days, therefore:

1≤ x ≤ 5

(7)

The requested result of the optimization process is the best compromise solution between the pairs Pel and V
that best meets the set objectives.
3. Sizing of the system
The general objective of system design is finding the electric power of the PV power plant that will, in the
best manner possible, meet all consumer needs for water with minimal construction and operation cost.
However, solar energy is free. Broader objectives of the problem have to be taken into consideration, as well
as economical aspects of green energy use instead of classical energy. This means that it is necessary to
select a system which will minimize negative economical difference between the green energy system and
classical energy system use, since green energy supply is still more expensive than classical energy supply.
Electric energy that can be produced by the PV power plant directly depends on the fluctuating radiated solar
energy and on its size (the total area of the PV power plant array Aneeded), so that for a chosen size of PV
power plant, in certain time periods it would pump too much, and in others too little water into the reservoir.
That is why the simplest solution is the selection of the PV power plant for the most critical period of pump
station work. It is necessary since the water supply system has to meet all needs constantly or at a required
level of reliability in the whole planning period.
There are different possible approaches to problem solving according to the objectives of the analysis i.e.
solution stages. In the initial analysis of the problem a simplified implicit approach is mainly used, because
at the beginning the acceptability of the concept is estimated based on limited information, and only after that
its dimensions and operation are accurately determined and economic analysis is conducted. The estimate is
mainly carried out in four basic steps:
•
•

•
•

the required power of the PV generator Pel is determined according to the selected daily balance
period.
for the selected PV generator power Pel and the period of its work during the day, the required
reservoir volume is determined, according to the foreseen regime of hourly water consumption
in a settlement.
a compromise solution, i.e. PV generator power Pel and reservoir volume are selected Vtb.
the dimensions of the main pumping station (MPS) and other elements of the hybrid system
solution are determined.

There may be other methodologies according to the characteristics of the problem being solved and the level
of problem addressing.
The required power of the PV generator must provide sufficient energy in accordance with daily insolation
regime and other climate features, so that in the period when the PV generator is in operation, the required
daily quantity of water VPS (m3) is pumped into the service reservoir throughout the year. This procedure is
simple, because the relation between Pel and VPS is linear.
Based on the selected/calculated initial value

Pel(1) and VPS(1), (eq. 3), the minimum required Pel* is

determined from established differences:

∆Vt = VPS ,t − Vdaily ,t ; t = 1,…, 365

(8)

Where Vdaily,t is daily water consumption.
The critical day is determined by the minimum daily difference:
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min ∆Vt ⇒ t *

(9)

The regime of hourly water consumption is assumed based on measurement data or data for the settlement of
similar characteristics compared to maximum daily consumption (Fig. 3).
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Fig. 3: Hourly consumption of water in settlement (% of daily flow)

This diagram determines the expected regime of water discharge from the reservoir, but there is the question
of the pumping station operating regime and water inflow. Available insolation ES, i.e. electric energy Pel
determines the period of pumping station operation. In this paper it is assumed that the pumping station will
work with the constant necessary capacity QMPS (m3 h-1) during the insolation TS (h):

QMPS =

daily
Qmax
TS

(10)

Therefore, the calculation applies to the average intensity and duration of sunshine in the critical period of
the system operation, i.e. in accordance with eq. (1). The optimal combination x of PV generator power (f1)
and operating volume Vtb (f2) is sought for the selected group of pairs - alternatives X.

DR[ f1( x ), f 2 ( x )], x ∈ X

(11)

DR means to apply the appropriate decision rule(s) and find the best-compromise solution x* from the set of
alternatives X. The standard trade-off method could, among other, be used for the selection of a compromise
solution (Chankong, and Haimes, 1983). Operating volume Vtb (f2) is a function of number of days x used for
balancing the service reservoir. In this case the economic criterion is dominant. However, the problem can be
analyzed by extending the criteria of which the reliability of water supply is the most important one.
4. Results and discussions
4.1. Case study
This paper analyses a hypothetical example of a settlement which has a population equivalent of 8970. The
settlement is located in a hilly area of the Mediterranean part of Croatia and has one water reservoir located
at ground elevation of 140 m above sea. Water flows into the reservoir from the wet basin of the pump
station. Water in the wet basin inflows from the spring by gravity. Total head of the pump station is 82.41 m.
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The water quality is satisfactory so that it does not need treatment. The positions of the basic facilities of the
water supply system are shown in Fig. 4.

Fig. 4: The position of the basic facilities of the water supply system

The analysis is conducted according to the presented methodology in Section 3. Specific water consumption
qsp is 160 litres capita day-1. Annual daily water consumption Qdaily is shown in Fig. 5. Maximum daily
consumption is 2366 m3 day-1, minimum

daily
Qmin
is 676 m3 day-1, and average is 1436 m3 day-1. Hourly

consumption of water in the settlement is determined by the daily regime of consumption in accordance with
the, Fig. 3. Maximum hourly consumption is 248.43 m3h-1, minimum is 11.83 m3h-1, and average is 98.58
m3h-1.

Daily water consuption Qdaily (m3 day-1)

2400
2200
2000
1800
1600
1400
1200
1000
800
600
0

73

146
219
Time t (days)

292

365

Fig. 5: Daily water consumption in settlement in a typical year

4.2. Determining the PV generator power
Climate features of the area are presented in Tab. 1. Here are presented the average monthly values and the
daily values of the average year are used in the calculation.
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Tab. 1: Climate characteristics of the area

I
3.8
1.63
8.8

Months
S (h)
ES (kWh day-1)
Ta (°C)

II
5.8
2.20
9.3

III
7.4
2.78
11.1

IV
6.7
4.93
14.1

V
8.9
5.98
18.1

VI
9.6
7.02
21.8

VII
12
7.09
24.5

VIII
9.5
6.26
24.4

IX
9.2
4.80
21.5

X
6.3
3.14
17.7

XI
3.5
1.86
13.7

XII
3.3
1.35
10.4

Starting from the climate characteristics of the location as well as characteristics of the pumping station, and
eq. (1-3), a general expression for calculating the PV generator power Pel and the quantity of water VPS which
it he can pump into the reservoir is obtained:

V PS =

1
[1 − α c (Tcell − T0 )] ⋅η MPI ⋅η S ⋅ Pel ⋅ E S
2.72 H m

(12)

For the considered location (Es and Ta), the altitude difference is Hm =82.41 m, the efficiency of the inverter
and motor pump unit is ηMPI = 0.75. The calculation is made with a 50% probability of exploitation of solar
energy ηS = 0.5 (because the calculation used average year, while with the detailed analysis of input data the
ratio ηS can be changed according to the set objectives of the analysis), while αc = 0.005, T0 = 25 °C. ES is
taken as the average daily value for each typical day in the year.
By analyzing the planning period of water demand and available power of the PV generator, the critical
period for sizing of the system is defined, which is the 337th day (VPS = 1012 m3). The power required for this
critical period is calculated for Pel = 2.82 MW. Every other day requires less power Pel to meet the daily
water needs. This means that if several days are balanced tb with the critical day (t*) the required power Pel
will decrease, but the required volume of the service reservoir Vtb will grow. In the case of urban service
reservoirs computational period is at least 1 day, so that computational steps tb are always t* +1.

Required power of PV generator Pel (MW)

The next step analyses the impact of the equalization period (critical period) on the PV generator.
Consequently, the whole procedure from the previous step was repeated, but with different values of
computational step tb (Fig. 6).
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Fig. 6: The required power of PV generator Pel as a function of balancing period tb

If the critical period is extended from one to several days, the required power of PV generator is lower,
because it allows long-term balancing of water demand and water inflow, i.e. electric energy of PV generator
for pump station operation (Fig. 6). In this case the differences are very significant for tb = 1 and other
alternatives. The differences are smaller with higher tb, as the result of the relationship which is very big for
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the critical 337th day. It is obvious that increasing of number of days in the balancing period tb PV generator
power and consequently investment costs can be significantly reduced. However, investment cost of the
reservoir should not be disregarded. This approach that will provide for all needs in the critical period results
in large surplus of energy in the remaining part of the year (Fig. 7).

Daily workflow of energy (water) (m3 day-1)
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Fig. 7: Daily workflow of energy (water) production for various balancing periods tb

It can be concluded that it is desirable to build water reservoirs for a two-day balancing period, because the
power is reduced by 72 %. For longer periods savings are significantly lower: (2-3) = 13 % (3-4) = 8 %, etc.
The available energy surpluses can be used for other purposes or simply placed in the local energy system.
4.3. Determining the reservoir volume
The reservoir volume depends on the regime of pumping and discharge. The regime of hourly water
consumption was determined (Fig. 4), but there is the question of the operating regime of the pumping
station. In this paper it is assumed that the pumping station will work with the constant necessary capacity
QMPS during the insolation period TS in one day:

QMPS =

daily
Qmax
TS

(13)

This means that the calculation is made for average intensity and duration of sunshine in the critical period of
the system operation. In accordance with these assumptions, the calculation for the required reservoir volume
V(x,day) for the balancing period tb = 1, 2, 3, 4 and 5 days is made, taking into account insolation and duration,
Fig. 8. The results are as expected and clearly show that with increasing periods of equalization xt the size of
the required volume increases, but that the increment is smaller and smaller. In this example, it is obvious
that the balancing period tb =2 a very acceptable alternative. Considering that water consumption and
insolation period do not change significantly over a period of one week, the features of the pumping station
and pressure pipe are approximately the same for different equalization periods. This means that the MPS
does not have a significant impact on the choice of solutions in function of the equalization period.
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Required reservoire volume V(x,day) (m3)
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Fig. 8: The required reservoir volume V(x,day) as a function of the balancing period tb

The resulting set of results provides a good basis for the basic/initial analysis of the possible use of PV
generators in the work of water supply system. A simplified economic analysis of alternative solutions was
made accordingly.
4.4. Economic analysis
It is pertinent that the basic economic analysis should be made while attempting to optimize the size of the
PV generator and service reservoir. The economical approach, according to the concept of life cycle cost
(LCC) (Euro), is developed to be the best indicator of economical profitability of the system cost analysis
(Bakelli et al., 2011). The system consists of three main parts: (1) PV generator and convertor, (2) service
reservoir and (3) main pump station and associated rising main. LCC takes into account the initial capital
cost (Ccapital), the present value of replacement cost (Creplacement) and the present value of operation and
maintenance cost C(O&M):
LCC = Ccapital + Creplacement + C(O&M)

(14)

However, the economic analysis of a renewable energy project basically comes to the calculation of cash
flow, the Pay-Back-Period (PBP), the Net Present Value (NPV) and the Internal Rate of Return (IRR), where
all these factors can be translated into cash flow Cy*, i.e. reduced to the difference between all profits Px,y and
costs Cx,y related to generic yth year.
In the case of the water supply system the economic objective is to minimize possible economic losses which
occur due to not using conventional energy sources which are still cheaper than green sources. These losses
are expected to decrease over the time, because PV generators are becoming cheaper and conventional
energy more expensive. Since sustainability projects should be evaluated by three main indicators: (i)
economic, (ii) environmental and (iii) social, the single economic approach is obviously not sufficient and
that is why a multicriteria approach is necessary for the projects of this type. However, the main goal of this
paper is just the presentation of the possible concept of sustainable energy supply to water supply system; we
will simplify the economic analysis providing sufficient information for understanding the problem
characteristics. Only initial capital cost estimation will be presented.
The results are presented in Tab. 2. Based on these results it is clear that it is cheapest to build a combination
with four days of balancing and then 2 days. In fact, alternatives tb = 2 to 4 days are similar, as expected. It is
also evident that for the previous economic analysis it is sufficient to consider two alternatives, with one and
two days of equalization, because the change increments for larger equalization steps are relatively small.
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Detailed economic analyses can identify more precise data and provide a better insight into the structure of
preferences.
Tab. 2: Costs of various alternatives

Balancing
period, tb
(days)

Power
Pel of
PV
(MW)

Volume
V of SR
(m3)

Ccapital,
PV
(Euro)

Ccapital,
SR
(Euro)

Ccapital,
Total
(Euro)

1
2
3
4
5

2.82
0.77
0.67
0.62
0.60

577
1293
1356
1374
1443

705000
231000
201000
186000
180000

230800
698220
732240
741420
779220

935800
929220
933240
927420
959220

The analysis can be extended according to the presented methodology. The safety of supply and possible
increase of the PV generator power or reservoir volume, or both can be analysed. It is evident that with a
smaller increase in volume from tb = 2 to tb = 4 (∆V = 81 m3, or 6 %) and with retention of generator power

tb =2 days, a good compromise between the required power of the PV generator and the equalization period
is obtained. We should not forget that the downward trend in prices of PV generator in the last 5 years is very
significant (Campoccia et al., 2009; www.pvxchange.com) and will continue to be so. This means that
construction costs of the reservoir will have a decisive role. Bigger PV generators provide a significant
surplus of energy throughout the year, which allows additional income (Fig. 8).
It is opportune to ask if the construction of a PV generator is profitable. If the problem is viewed from the
economic point of view, the answer is no, but if a broader framework is taken into account, the
environmental and social answer is not so simple.
The analysis should be adapted to the actual characteristics of the problem. A more detailed, sensitive
analysis with respect to input data, the trend of price change of generator and energy from energy system,
subsidies for green energy, etc. would give a more complete picture of the problem to be solved. Such
analysis goes beyond this work and will be the subject of future research and papers.
5. Conclusions and recommendations
A general concept of the possible use of PV generators in the energy supply of the main pump station of
urban water supply system is presented. These results clearly show that the proposed concept can be realized
and that it provides a great opportunity of adjusting of the solution (combination of Pel and V) to actual needs
of the problem to be addressed.
Achieving the sustainability and use of green energy has its price. Although the basic energy resource is free
(sun), and so is a significant part of operating costs, the construction costs are significantly higher and
predominantly relate to construction costs of the PV generator. However, construction costs of the PV
generator are constantly decreasing and their efficiency increases correspondingly (Green et al., 2010).
Therefore, by reducing construction costs of the PV generator, the cost effectiveness of application of the
planned concept increases.
The sustainability of water supply also has its price, starting from the importance of water supply for every
urban settlement. Therefore, it may not be necessary to address all pumping capacities in this way. The
gradual introduction of green energy increases the sustainability of water supply systems, reduces the risk
and achieves other objectives in the concept of sustainable living, such as reduction of CO2 emission and
environment protection.
Through different periods of use and more favourable conditions for PV generator work, the entire process
and solution can be rationalized. For instance, if the PV generator is sized for summer conditions, when
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insolation is higher, construction costs can be significantly reduced. During the winter period the lack of
energy is solved by combining the available solar and conventional energy. This enables significantly lower
construction costs, but the realization of the primary goal of ''sustainability'' is lower. Similarly, the energy
from PV generator can be used during the day when energy from the energy system is the most expensive
and energy from the energy system/grid during the night when it is the cheapest. There may be various
combinations that should always be comprehensively considered.
The climate has a dominant impact on the solution; therefore it is clear that the locations with longer and
constant insolation throughout the year are more favourable for the application of the proposed solution. The
increase of the PV generator efficiency can be better achieved by harvesting of solar energy and thus allow a
favourable application of the proposed solution in areas with less and variable insolation. It is clear that the
proposed solution always provides sustainable supply of energy to the water supply system with varying
efficiency, because the solar energy is always available at places where people live.
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USING THE INTERNET TO DISSEMINATE INFORMATION ON
MICRO HYDROPOWER
Wim Jonker Klunne
Council for Scientific and Industrial Research (CSIR), Pretoria, South Africa

1. Introduction
Micro hydropower has proven to be a technology with huge potential to provide energy to individual
households and small villages. Particularly in Asia the technology has seen large uptake, with Africa as an
area where only limited activity has taken place up till recently.
Several technical publications are available, either as hardcopy books or downloadable from the internet in
softcopy, describing the microhydro technology in great amount of detail. However, as the application of the
technology is very site specific, sharing of examples and best practices has proven to be a very welcome
addition to these text books. In addition to these more static exchanges of information, interaction amongst
microhydro plant owners and potential developers of such sites has proven to be very effective as
information dissemination techniques.
This article will focus on the use of the Internet to build a virtual community around the technology of
microhydro to boast the uptake of the technology by analyzing the microhydropower.net internet portal and
the associated email and web discussion forum.
2. History
The microhydropower.net web portal originates from a wish by the author to make information on technical
and non-technical issues of microhydro more readily available to interested persons.
Somehow word was spread that the author had worked with ITDG Zimbabwe (now called Practical Action
Southern Africa) on the rehabilitation of a microhydro plant in the Eastern Highlands of that country and he
was approached quite often with questions regarding microhydro and its applications. The questions differed
from very broad requests for general information, to very detailed technical questions. The general questions
could be answered most of the time with a very general response, while some of the technical queries were
really beyond his knowledge.
Initially referring people to some of the available textbooks on the topic, it became clear that the more
practical questions could not be answered in that way. Standard documents describing examples of
microhydro installations that could be sent by email evolved into the microhydro web portal. This portal
brings together information on the topic of microhydro and intends to be a dedicated information source.
Based on the interests of the author, the original target audience was developers of microhydro stations in
remote areas of developing countries. However, during the nearly fifteen years’ of existence it has seen
greater interest from the developing world (and in particular the United States of America) than from
developing countries.
While most of the generic questions could be referred to the new web site, for the more specific technical
questions another solution had to be found. Several e-mail discussion groups did (and still do) exist for solar
energy, wind energy and other sources of renewables, but no such group existed for microhydro. Therefore,
by the end of 1998, the author set up a discussion group related to microhydro using eGroups, which was
later incorporated in the Yahoo! family of web services and is now called Yahoo! Groups.
3. Technology delineation
The main aim of the internet portal microhydropower.net is to provide information to people interested in the
application of the microhydro technology and bring the international internet community around this topic
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together. Currently no uniform international definitions of the different sizes of hydropower do exist and
consequently no strict definition is being applied to the web site as well. However, the opening page of the
web site does indicate that the definition of a maximum of 300 kW of installed capacity as used by Fraenkel
(1991) is loosely applied to the site to give visitors an indication of the delineation applied. The limit of 300
kW relates to a commonly accepted maximum size for standalone hydro systems not connected to the grid,
and suitable for ‘run-of-the-river’ installations.
4. The microhydro web portal
The microhydro internet portal has been build around the following building blocks:
•

Events: this section gives an overview of events dealing with microhydro that will take place in the
near future. Typical examples are conferences, workshops and training courses. Information for this
section is either received directly from the organisers or collected through scanning through
renewable energy magazines, newsletters, press releases and web searches.

•

News: providing an overview of recent news related to micro hydropower, either supplied directly to
the website or collected from newsletters, web sites and magazines.

•

Databases: one of the main areas of the web site is the database with information on consultants,
manufacturers and organisations in the field of microhydro. Visitors to the website can register their
company or organisation in the database and add themselves to the expert directory. Through logging
in on the web site, visitors can manage their own entries on the database.

•

Downloads: a popular area of the web site is the download corner in which software, manuals and full
books can be downloaded. In particular, the Layman's Guide on Microhydro by Celse Peche and the
ITDG/ESMAP publication on Best Practices for Microhydro prove to be very popular.

•

Literature overview: an overview of titles on micro hydropower, with a short description of the books
and possible links to web sites where the books can be ordered

•

Internet links: an overview of relevant links to Internet sites that deal with microhydro.

•

Case studies of microhydro plants, which are described as best practices from which visitors can
learn.

•

Basic theoretical background of microhydro, describing all stages from site survey to turbine selection
and the electrical installations.

•

Country pages: for a number of countries a special section of the web site is being allocated that gives
an overview of the state of affairs regarding hydro in that specific country, a selection of companies
and experts from the country, as well as an overview of the hydro stations in the country.

The microhydro portal was originally started on the web server of the employer of the author and moved to
the free web servers of GeoCities in 1999. Since 2001 the web site is hosted on its own server and accessible
under its own domain name.
The site statistics of the web site are captured using Google Analytics and the last couple of years the number
of visitors is constant at around 2000 unique visitors per week (see Figure 1).

Figure 1 Weekly visitors figures for the period January 2009 – July 2011
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The majority of the visitors are from IP addresses in either North America or Europe, followed by Asia. A
breakdown of the visitor’s origin can be found in Figure 2. The top 10 of countries visitors are coming from
is topped by the USA, followed by the Netherlands, the UK, India, Belgium, Canada, Indonesia, South
Africa, Australia and Italy.

Figure 2 Geographical origin of visitors (period January 2009 – July 2011)
5. The microhydro discussion forum
Linked to the web portal is an email and web based discussion forum at which topics related to microhydro
can be discussed. The forum is in existence since 1999 and is hosted at Yahoo! Groups. It offers various
subscription methods: individual emails for each posting, daily digests of messages and reading through the
web interface. Over the last three years the group does see on average around 140 postings per month. Topics
discussed range from very basic questions on how to determine the feasibility of a possible site to very
technical questions related to for examples the bearings of turbines.
The discussion forum is open for everyone wishing to join and the archives are accessible to non-members as
well. To guarantee the quality of the discussions each and every message to the forum is moderated and
evaluated whether it is on-topic and relevant to the subscribers. Although this does result in substantial
workload for the moderator and delays in the dispatch of messages to the members, moderation has proven to
be necessary to maintain quality discussions.
As with most discussion forums, most subscribers are either only following emails or not active at all, with
the number of people really active in the discussions being limited to a small group. In particular a handful of
subscribers is very active at the forum with a larger group around them that provides inputs every now and
then (see also the results of the survey).
6. User survey
From Monday the 18th of July 2011 till Friday the 13th of August 2011 a questionnaire survey was held
amongst the users of the web portal and discussion forum. A web-based questionnaire was developed to get a
better understanding of the background of the visitors / participants, their expectations and their feedback. In
total 234 dedicated members of the discussion forum and users of the web site did complete the survey.
The survey consisted of a number of sections dealing with the visit frequency to the web portal, referrals to
the site and the contents of the site, a section on the discussion forum and a set of questions on the
background of the respondent.
The full survey can be accessed via the web portal at http://microhydropower.net/survey.
7. Survey results
In this section of the article the main results of the survey will be discussed, followed by some conclusions in
the next section. The full survey results are available at the microhydropower web portal should the reader be
interested (http://microhydropower.net/survey).

3841

Demographics
The majority of the respondents to the survey was male (94.5%) and from the United States of America or
Canada (41% of the respondents) and in most cases more than 40 years of age. Figure 3 gives an overview of
the age categories of the respondents, while Figure 4 gives an overview of the country of residence of the
respondents to the survey.

Figure 3 Age of respondents

Figure 4 Country of residence respondents

Next to the country of residence of the respondents the survey did ask the geographical area of interest to
them. This question could be answered with either “no specific area”, assuming interest in the technology
irrespective of the geographical location, or by selecting one or more geographical areas. Although northern
America and Europe were selected quite often, nearly 35% and 21% respectively, also other areas were
reasonably well represented. Figure 5 does give details on this.
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Figure 5 Geographic interest (more than one answer possible)

As the microhydro portal is mainly focusing on hydro installations with an installed capacity of less than 300
kW (see paragraph 3), it was quite revealing to see that the respondents showed a large interest in pico hydro
installations (less than 10 kW). Also a substantial number of respondents were interested in larger scale
hydro as well. Figure 11 does give the details of interest shown in the different sizes of hydropower with
Figure 7 giving details of the nature of the interest in hydropower.

Figure 6 Hydro size interest
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Figure 7 Interest in hydropower as indicated by the respondents

Microhydro web portal
The section of the survey that focused on the microhydro portal did start with an analysis of how often the
respondents did visit the web site and how long ago their first visit was. The majority of the respondents
indicated that they do visit the web site every now and then, with a small group (14%) being regular visitors.
Most of the respondents indicated that they visited the web site the first time a long time ago, with only 23%
indicating that their first visit was within the last month.
Most visitors did reach the web site the first time using a search engine, as can be seen in Figure 8.

Figure 8 Indication of how respondents did find the web site the first time. The category "other" is mainly respondents who
could not remember how they found the site

For different sections of the web site (see paragraph 4) respondents were asked their opinion of its
usefulness. In particular the sections on theory, case studies and the manufacturers’ database were well
appreciated by respondents. In subsequent questions respondents indicated that most sections of the web site
did meet their expectations.
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Figure 9 Usefulness of sections of the web site

Figure 10 Overall opinion on the web site

In the open questions respondents indicated that they would like to see more information on case studies and
if possible also videos on installations.
The databases on the web site were seen as very relevant and in particular the manufacturers’ database was
well appreciated by respondents. Respondents who did register for the databases and have their information
included did indicate that their major reason for doing so was the hope to get some business out of the listing,
with a wish to let people know their interest in microhydro as a second best reason. About 5% of the
respondents indicated that a listing did indeed get them new business. The next two figures do give an
overview of the opinion of respondents on the databases.
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Figure 11 Use of databases

Figure 12 Usefulness of databases

Discussion forum
The section on the discussion forum did provide a good insight in the users of the forum. Most users are
member of the forum for a considerable time already, with 5% member since the start of the forum. Most of
the respondents do either subscribe by individual emails (54%) or daily digests (30%) with only a minority
reading messages on the web site. Most respondents did find the discussion forum through a web search
(68%), while reference to the forum by colleagues and friends (8%) did also bring a number of respondents
to the forum. Most of the respondents that are a member for a long time did find it difficult to indicate how
they found the forum.
A large majority of 80% of the respondents indicated that they read nearly all or most of the messages of the
forum, which does correspond well with the 76% of the respondents that indicated that the quality of the
discussion is either excellent or good. As expected, about 45% of the respondents indicated to see themselves
more as a listener than a contributor, while 40% indicated to contribute seldomly to the discussion.
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Figure 13 Length of membership discussion forum

In the open questions in the section on the discussion forum respondents expressed their satisfaction with the
forum and its quality, the role of the moderator in stopping off-topic postings, and the dedicated
contributions of some of the members. Other respondents did mention the fact that some discussion threads
were a bit too technical for them and suggested a FAQ sections for new members to avoid repetition of novice questions.
8. Conclusions
The results from the survey do show that a web site like the microhydro portal can certainly play an
important role in the dissemination of information about this renewable energy technology. It must however
be noted that the survey does indicate that these mediums might be better suited to people in areas with good
internet connections (e.g. northern America, Europe and South East Asia) rather than countries in the
developing world.
The most appreciated parts of the web site are the manufacturers’ database and the case studies section,
indicating that the web site is indeed a good medium to give people information on practical introduction of
the technology.
With respect to the discussion forum, respondents indicated a long time interest in the forum because of the
focused discussion that is achieved through strict moderation of all messages.
Based on the results of the survey, the pending overhaul of the web portal will focus on enhancing the
manufacturers’ database and the addition of more case studies.
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5. Resource Assessment

5.1 Solar Radiation Availability and Variability
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1. The Need for Solar Energy Data in Chile
Renewable Energy promotion in Chile has obtained institutional support by means of a law that mandates a
renewable energy quota of up to 10% of the electrical energy generated, which must be met by 2024, with
public announcements already being made that would modify this goal in order to achieve 20% of power
generation by 2020 from renewable energy. This plan has sparked interest in introducing renewable energy
systems to the country´s electricity system. Solar energy is currently at the initial stages of market
penetration, with several projects being announced including PV, CSP, and industrial heat supply plants.
However, strong barriers still exists due to the absence of a valid solar energy database, adequate for energy
system simulation and planning activities. Previous reports by the authors in both the Johannesburg 2009
SWC and Renewable Energy Journal (Ortega et al, 2009 and 2010) identified several databases of solar
radiation which are available for Chile and discussed their merits and shortcomings. It has been found that
significant deviation exists between sources, and that all ground station measurements display unknown
uncertainty levels, thus highlighting the need for a proper, country-wide long-term resource assessment
initiative. However, the solar energy levels throughout the country can be considered as high, and it is
thought that they are adequate for energy planning activities –although not yet for proper power plant design
and dimensioning. As a general conclusion, the previous work by the authors demonstrated that although for
Chile there are several databases of ground measurements, a weather simulation model, and satellite-derived
data, none of these data sources are completely valid and therefore a nationwide effort of resource
assessment was needed.
As context, it is possible to mention that solar radiation data for large spatial regions can be obtained from
ground station networks that provide discrete data points from which a continuous map can be obtained by
means of a proper interpolation scheme. In addition, surface radiation can be estimated by satellite data
processing. The latest Brazilian Solar Atlas (Pereira et al. 2006), for example, combines both measurement
techniques in order to obtain data with low uncertainty levels. Pyranometer-based measurements from
ground stations typically have lower uncertainty levels that satellite-derived data obtained by radiative
transfer models, although this cannot be guaranteed for locations in between stations for data that has been
computed by means of interpolation schemes. However, it has been shown that uncertainty levels for ground
stations data are higher than satellite-derived measurements whenever the distance between stations is larger
than 35 km (Perez et al 1997, Zelenka et al 1999 ), and thus, a sensible resource assessment campaign will
try to use satellite-derived irradiance for ample terrain coverage, at the same time as the use of ground
stations for monitoring and validation purposes. As reference regarding proper time periods for measurement
campaigns, the temporal variability of solar irradiance indicates that 5-year data sets can help determine the
long-term average solar radiation with a fair degree of accuracy (estimated to be slightly larger than 5%), but
do not contain enough information to accurately represent year-to-year variability. A 15-year data set can
show inter annual patterns and trends, although statistically these variations are complex and do not follow a
simple bell shaped curve of a random distribution. However, as mentioned by Pitz-Paal (2007), a long term
accurate average can be obtained by this data. The characteristics of solar irradiance can be described with a
high degree of statistical confidence by analyzing 30-year data sets (Oregon University, 1999). The current
efforts in assessing the solar resource in Chile aim to produce databases that satisfy the previously stated
conditions.
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This report updates the previous article by presenting the advances made during the last two years regarding
solar energy resource assessment in Chile. A new network of ground stations aiming to achieve BSRN
standard of operation is being deployed in the country by the authors that provides developers, researchers
and policymakers with good quality data. The location of this network is presented along the first
measurement results for different climates. A second network composed of rotating shadowband radiometer
devices (RSBR) is also being deployed by the authors in isolated locations of scientific interest such as high
altitude places, salt lakes, snow covered terrain, and others. An existing network of ground stations was
deployed by government agencies using non-standard methods that have introduced errors in the
measurements, as was discussed in previous reports. The data produced by these stations has been
reprocessed in order to improve DNI estimations. Finally, a new satellite estimation model is being
developed by the authors. The Chile-SR model builds upon the Brazil-SR model partially developed by
researchers at the Instituto Nacional de Pesquisas Espaciais (INPE) of Brazil, and introduces different
treatments for the meteorological variables and the effective cloud cover computations. The report presents
results and comparisons for all four data sources. Partial validation of the Chile-SR model is also presented,
in which becomes apparent that the model is properly estimating solar radiation for temperate climates,
although further refinement of the methodology is needed for desert areas with clear skies, where improved
effective cloud cover estimates and better atmospheric aerosol modeling are needed. In what follows, we will
first describe each database of ground station measurements that are available to the public. The satellitebased Chile-SR model is then described. Finally, a comparison between the data produced by different
sources is attempted when possible.
2.

Available Data

We consider that solar radiation data for Chile is available to the public if the following conditions are met:
the database existence is known, no fee has to be paid in order to access the data, and the data can be
accessed either through a website or by direct contact with the owners. As previously reported, there are
several such databases in Chile, belonging to the National Meteorological Agency (Dirección Meteorológica
de Chile – DMC), Technical University Santa María (through its Solar Evaluation Laboratory which
includes the National Solarimetric Archive – NSA), the Chilean National Energy Commission (CNE –
Comisión Nacional de Energía) in collaboration with the German cooperation agency GiZ, and the Pontifical
Catholic University of Chile (UC) in collaboration with FONDEF (Fondo de Desarrollo Científico y
Tecnológico – Scientific and Technological Development Fund). DMC operates a network of 18
meteorological stations containing pyranometers with coverage from 1988 to date; the NSA considers
ground station measurements from 89 stations along the Chilean territory, which includes data from as early
as 1961; the GiZ-CNE network is composed of 7 stations that have been deployed since 2008, and the UCFONDEF network includes 5 stations designed under BSRN guidelines, and 7 RSBR units; all deployed or
being deployed since mid-2010. In what follows we will briefly describe each network. Additional details of
each but the UC-FONDEF networks and data sources can be found in Ortega et al. (2010).
2.1 NSA data
This database is under custody of the Chilean National Solarimetric Archive, located at Universidad Técnica
Federico Santa María, Valparaiso. The stations were not operated continuously, but from as much as 21
years to a minimum of 3 months (Cáceres, 1984). The archives of measurements from the stations include
both complete and incomplete years. Therefore, the data from the archive might have high yet unquantifiable
uncertainties associated to the measurement period, plus the uncertainty which is inherent to the use of the
actinographs (pyranographs) and Campbell-Stokes devices which were used in the measurements. In
addition to the uncertainty inherent to the device and the time period of measurement, a human operator had
to manually measure and integrate the produced data, as seen in Fig. 1. Unfortunately there aren´t
maintenance registries for any of the stations, and thus it is not possible to evaluate the calibration status and
instrument condition. The data is available in two forms: processed data spanning 1961 to 1983 that has been
published as tables in a book (Sarmiento, 1984), and unprocessed data available by direct request to the NSA
(contact given in the references). The processed data includes monthly means for each location, with the
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addition of hourly data supplied for a typical day of each month obtained from a clear-day model. No
information is given in the book regarding statistical procedures utilized to construct the monthly means, and
no description is given about the model utilized to construct the hourly data. An interpolation method was
utilized in order to create a contour map of monthly means for the whole Chilean territory.

Figure 1: Actinographs of the NSA (left), and Mr. Roberto Sotta of the NSA processing results.

The unprocessed data includes hourly values for the period in which each station was active, and can be
supplied in xls format. This data has been processed by the authors in collaboration with the NSA,
determining long-term averages, trends, monthly means, and typical years, although the results are yet to be
published.
2.2 DMC data
The Dirección Meteorológica de Chile has a series of pyranometers located at meteorological stations
covering the main climate regions of the country. As of 2011 a total of 18 meteorological stations with
pyranometers have been reported. A number of them are already decommissioned due to maintenance costs,
and some others have been switched to different locations The data can be requested directly to the DMC at
their website www.meteochile.cl, and is freely available to the public at a modest fee that covers processing
costs. The data is integrated in 10 minute intervals by pyranometers covering the 0.285 to 2.8 µm spectral
range, and is presented as hourly-integrated irradiation (Wh/m2) from which hourly mean irradiation (W/m2)
is easily computed, spanning complete months or years as the
customer requests, and is provided in xls worksheets. The
pyranometers are properly maintained and calibrated by DMC
personnel. The DMC is also the custodian of an absolute cavity
pyrheliometer traced to the world reference at Davos.
2.3 CNE-GiZ ground stations
The Chilean CNE requested the German cooperation agency
GTZ to conduct a series of Renewable Energy assessments,
including solar energy potential. A network of seven ground
stations has been deployed since 2008, all located in the
northern part of Chile in the Atacama Desert. The stations
utilize three Kipp&Zonnen CMP11 pyranometers, a datalogger
with a scan rate of 1 or 2 seconds which saves data in 10minute averages, also measuring wind speed and temperature
sensors.
Figure 2: View of a CNE-GiZ station.

The stations are operated and maintained by independent local
consulting companies hired by GiZ. Maintenance and data recovering from the datalogger are performed
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with monthly frequency. One pyranometer measures global horizontal irradiance, and the remaining two are
mounted into a east-west one-axis solar tracker intended for use in PV systems. The first tracker-mounted
pyranometer measures global irradiance in tracking mode, and the second measures diffuse irradiance in
tracking mode as it is covered by a shadow ring. This way, an estimation of
direct irradiance in the tracking plane is made by subtracting the diffuse
from the global reading. Figure 2 shows a view of the station located at San
Pedro de Atacama. The shortcomings of the design and operation of these
stations have been discussed elsewhere (Ortega et al 2010), where it was
argued that the validity of the measurements is severely restricted
particularly in what is related to the direct irradiance values being
computed. However, GiZ and CNE state that the objective of this
measurement campaign is not to generate scientific quality data, but rather
obtain consistent, trustable and comparable data in order to enhance
knowledge of available radiation in northern Chile (www.cne.cl). Five of
the GiZ-CNE stations have had their data reprocessed by Fraunhofer ISE by
reviewing the data and computing the DNI values for 10-minute and hourly
averages. It was determined that a ±18.2% uncertainty exists in the
computed DNI for hourly values of DNI, with a ±8.7% uncertainty for
global horizontal irradiance. Installation reports are available at the website
www.cne.cl, as well as raw and re-processed data in pdf format of monthly
reports and xls worksheets. Calibration status of these stations is unknown.

Figure 3: Location of ground stations in Chile.

2.4 UC-FONDEF stations
Starting in January 2010, a research project directed by the authors and
financed through FONDEF grant D08i1097 is deploying a network of 12
ground stations, of which 5 are designed and operated under BSRN
standards, and the remaining 7 are of three different configurations of
RSBR. The stations designed following BSRN standards are composed of
Kipp&Zonnen Solys 2 trackers, sun sensors, CMP 11 and 21 pyranometers,
heating and ventilation units, CGR6 pyrgeometers, CHP1 pyrheliometers,
CUV4 UV meters, and also temperature, atmospheric pressure, relative
humidity, wind speed and direction sensors, all connected to Campbell
CR1000 dataloggers, with power supplied from the grid. Both scan and
save rates follow BSRN guidelines, as well as the maintenance activities.
The RSBR devices can have any of three different configurations. The basic
configuration includes an Irradiance Inc. RSBR2 device, composed by a
Licor radiometer, the motor controller and rotating shadow band, temperature, atmospheric pressure, relative
humidity, wind speed and direction sensors, all connected to Campbell CR1000 dataloggers, with power
supply from a small-scale PV system. A second configuration lacks all meteorological sensors, and is used in
locations that have a meteorological station in order to avoid repeated sensors. A third configuration is
similar to the first one, with the addition of a CMP11 pyranometer for a redundant measurement of global
horizontal radiation. This is used in sites where radiation conditions are particularly interesting and which
have personnel readily available for maintenance and cleaning of the CMP11 device. Figure 4 shows two
different configurations of the RSBR, one BSRN-designed station deployed in the field, and the Solar
Evaluation Lab at UC in Santiago where all stations are received previous to field deployment. One BSRNdesigned and one RSBR are permanently measuring at this location. These stations have the objective of
supplying data that satisfies international standards and criteria for design, operation and maintenance, thus
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providing high quality data for project developers and policymakers, and for the Chile-SR satellite estimation
model described in a following section. Calibration certificates for these stations are still valid, and it is
planned to trace them to the world reference as suggested by international standards with the proper
frequency. Data qualification algorithms are being transferred from INPE to UC and will allow analyzing the
quality of data being generates in the stations.

Figure 4: Two different configurations for RSBR stations (top); one BSRN-standard station (bottom left); author Alberto
Ortega at the UC Solar Evaluation Lab in Santiago (bottom right) where both BSRN-standard and RSBR radiometers are
tested prior to field deployment. Nice clouds over the Andes Mountains at the back.

2.5 Comparing data from different sources
Considering that there are at least four different sources of solar radiation data that are available to the public
and also some others that are not freely available, then it stands to reason as logical to compare the data from
each of these databases in order to analyze a site of particular interest. A site where solar projects are being
developed is El Tesoro, located in the Antofagasta region in northern Chile. This place has exceptionally
good conditions for the development of solar energy projects: apparently it receives large amounts of
radiation; has more than 350 clear days a year; it is near a mining facility that has a large power and heat
consumption, and is located in ample, flat terrain. In particular, this place is considered in Chile as one of the
best, if not the best, for solar energy project development. Figure 5 displays a compilation of solar radiation
data for El Tesoro: “MET” stands for data produced by a meteorological station located at the mining facility
which includes a 10-year old Licor sensor that has measured for a similar period; “Meteo” corresponds to
data obtained from the Meteonorm software; “RSBR” stands for data produced by one of the UC-FONDEF
rotating shadowband devices deployed in late 2008; “ANS” refers to NSA data processed by the authors, and
“SAT” stands for satellite-derived data from the GL1.2 model as described in Ortega et al (2010), which
covers 1995 to 2005. The image on the left of Fig. 5 displays the location of El Tesoro in northern Chile
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superimposed to a “SAT” map of yearly mean global horizontal radiation. The data in Fig. 5 corresponds to
monthly averages of daily radiation, in kWh/m2. Neither the GiZ-CNE nor the DMC networks have a
radiometer deployed in a location close to El Tesoro.
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Figure 5: Location of El Tesoro in northern Chile (left), and compilation of available solar radiation data for the place (right).

Comparison of all data sources for this location indicate that yearly global horizontal radiation could be
anywhere from 1960 to 3050 kWh/m2, that is, a 40% difference exists between the maximum and minimum
radiation levels, and this without considering any uncertainty on the data related to measurement quality or
long-term averages. In particular, it can be observed that recent measurements (RSBR) performed by a
calibrated sensor in a properly maintained station have produced data that locates cleanly at the middle of the
range enveloped by the extreme high (MET) and extreme low (SAT) radiation data. Both the ANS and SAT
data severely underestimate radiation levels at El Tesoro, while MET and Meteo to a lesser degree
overestimate the radiation level.
The questions that immediately arise by observing the data are: How can any project be developed with such
uncertainty in the data?, and what can be done to improve this situation?. Observation of this hard reality led
the authors to develop the nationwide resource assessment initiative funded by FONDEF known as Chile-SR
satellite estimation model.
3. Chile-SR Satellite-based Estimation Model
It has been noted before that ground measurement campaigns, although accurate, are expensive and prone to
equipment failure. In addition, poor maintenance leads to data of higher uncertainty, while the cost and
length of a campaign prevents deploying the large number of ground stations needed to properly cover an
extended geographical region such as a country. Satellite estimation of solar radiation at the earth surface
combines several advantages over ground measurements that make it a preferred method for identifying sites
with high potential before deciding to commit to a ground measurement campaign. Satellite estimation is
cheaper yet sufficiently accurate, and it covers a large geographical area with adequate spatial and temporal
resolution; however, its basic methodology remains a combination of remote sensing and numerical
algorithm, and thus needs validation by ground station data in order to be considered as quality data useful
for project development and policy making. Moreover, a methodology that relies on modeling the
atmospheric transmittance has to adapt to the different climate conditions that can be present in a geographic
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region such as a country or continent, and therefore it is desirable to develop region-specific methodologies
that are properly validated. Considering this, the authors aimed at developing a satellite estimation model
that could produce accurate and low uncertainty data for Chile by taking into account the different climatic
characteristics that the country displays, with enough spatial and temporal resolution to be used for project
development. The Chile-SR model is being developed by the authors as a modification of the existing BrasilSR model developed by INPE within the SWERA project (swera.unep.net). The model takes the basic
Brasil-SR algorithm and modifies it in order to create an adaptation especially suited for the largely different
conditions that Chile presents with respect to Brazil. In particular, the northern region of Chile is the
Atacama Desert, characterized by the absence of clouds throughout the year which result in high radiation
levels reaching the surface. Moving further south, first a Mediterranean climate is found in the country´s
center region, which gives way to a cold forest region in southern Chile. Moreover, the country is a narrow
strip of land located between the Pacific Ocean and the Andes Mountains. Therefore, it is possible to roughly
divide the country into nine different regions, as defined by a matrix composed of north/center/south and
coast/interior/mountains regions. The Chile-SR model had to accommodate for all these combinations, each
of which has a different atmospheric profile, cloud cover, and topography.
According to this, the Chile-SR model is made specific for the conditions of Chile by including updated
altitude-corrected weather data (temperature, relative humidity, and atmospheric pressure), topography, and
albedo. GOES images for visible and IR channels are used as input to first classify cloud types, and then
determine an effective cloud cover. The atmospheric radiative transfer algorithm that Brasil-SR utilizes is
left untouched but for the input data and the effective cloud cover computation. The output data from the
Chile-SR model is composed of global horizontal radiation diffuse horizontal radiation and DNI in hourly
basis. Figure 6 illustrates the sequence of main steps that Chile-SR takes in order to estimate radiation for
January 25, 2001, at 16:40 UTC. It can be seen from the visible channel picture that cloud formations were
present in the Pacific Ocean, southern Chile, and also covering a thin strip of territory in northern Chile.
Most of the territory was free of cloud covers. This first picture also illustrates an additional difficulty that
the research team has faced, in the form of salt lakes and snow covers that in a visible channel picture might
appear as cloud covers. The next image, IR channel, complements the visible channel image by giving
information about the temperatures of each region. By properly combining the information from both
channels, a cloud classification can be made, thus determining if a particular region is clear of clouds (type 1
in the figure), or if it has cloud covers (types 2 to 4 in the figure). The next step is processing the cloud type
and comparing the instantaneous information from each image to a monthly-established reference, which
allows determining an effective cloud cover CCIeff. The next two pictures in Fig. 6 show the results from the
Chile-SR model for both global horizontal irradiance and DNI. It can be observed that northern Chile
exhibits a high GHI up to 1200 W/m2, which steadily decreases with latitude. Cloud covers in northern and
southern Chile decrease the GHI down to about 400 W/m2, the same as along the Andes Mountains. DNI
values are also high well in excess of 1000 W/m2, and are severely diminished by the presence of cloud
covers.
From what can be seen in the form of preliminary results, the Chile-SR model is a significant advance in the
solar energy resource assessment for Chile, as it is able to capture the different climate conditions present in
the country. However, it is necessary to advocate caution as the model is yet to be fully validated; although
preliminary comparisons with ground station data are promising, a more detailed analysis is being performed
which will reveal both the model potential shortcomings and strengths. In particular, the model aims to
capture the cloud-clear conditions present in northern Chile and the cloud variability observed in southern
Chile; both conditions have not been fully observed in the time period where both satellite-estimated and
ground station data are available, and thus our main hypothesis remain untested. In particular -as a twisted
way in which nature enjoys playing with our project schedule- the weather conditions during 2011 have seen
many cloudy days and even rain in northern Chile, something that seldom occurs and is considered as one-inhundred-years weather. As mentioned, ground station data is being produced in the UC-FONDEF network
since mid-2010, with some stations still to be deployed in their final and definite location. Satellite-estimated
data has been produced since May 2011, and thus a first comparison with several months’ worth of data is
expected to be concluded by the end of September 2011.
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Figure 6: Sequence of steps going from satellite image to radiation estimates with the Chile-SR model, for January 25 2001,
16:40 UTC.

4. Comparing the different sources of data
The most recent data for Chile, as explained before, is composed of the CNE-GiZ and UC-FONDEF ground
stations networks, and the satellite-derived data from Chile-SR. Although it would be highly desirable to
perform a direct comparison of all three data sources, the fact that the ground stations from both networks are
located in different locations prevents that comparison. However, several comparisons can be attempted in
order to assess the weaknesses and strengths of each data source. In what follows, first a comparison of raw
and processed data from a CNE-GiZ station is performed. Then, data from relatively closely located stations
from the UC-FONDEF and CNE-GiZ networks is compared. Finally, preliminary comparisons of data from
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the Chile-SR model and UC-FONDEF ground station data provide partial validation of the model´s
performance.
Since a significant part of this report focuses on the CNE-GiZ and UC-FONDEF networks, the latter being
deployed and operated by the authors, it is important to establish here that both networks are unrelated.
Although a degree of collaboration exists between both operators, their efforts are mostly unrelated and
uncoordinated.
4.1 Comparing raw and processed data from a CNE-GiZ station
As mentioned in the system description (section 2.3), the CNE-GiZ stations are designed in a non-standard
configuration that does not follow international standards or best practices. In addition to the sensor
mounting in a one-axis tracker that is used to estimate direct radiation in the tracking plane, a non-standard
shadow ring is used, and no correction factor is reported to account for this in the diffuse radiation reading.
Additionally, no radiation shields are provided in order to block ground-reflected radiation, and the
pyranometers are directly installed on top of a steel plate of high reflectivity that reflect direct radiation to the
inner shadow ring and then back to the pyranometers. As stated before, the data is saved in 10-minute
intervals, and maintenance is performed on a monthly basis. Thus, the several shortcomings in the design and
operation of this station severely restrict the validity of the measurements, to a point in which the data has
been sent to ISE Fraunhofer for reprocessing. Unfortunately, the reprocessing methodology has not been
made public, although the reprocessed data is available for the period March-September 2010. Figure 7
displays a comparison between raw and processed data for September 21, 2010, where it can be observed the
differences that exist in the so1200
called “Direct irradiation in
tracking plane” (DTP) and the
1000
estimated DNI (produced from
raw data processing by the ISE
800
Fraunhofer).
600

DNI estimated
400

Dir track raw

Figure 7: A comparison of CNE-GiZ
data for September 21, 2010.

It can be observed that the DTP
displays non-zero values from
earlier to later than the estimated
0
DNI. This is due to light being
04:48
07:12
09:36
12:00
14:24
16:48
19:12
21:36
measured before the sun arises
from behind the Andes and after it settles below the horizon. The estimated DNI reaches higher values than
the DTP, but an integration of both DNI and DTP over the day yields daily totals within 5% of each other.
Although this could be interpreted as the DTP being an acceptable surrogate for DNI, no formal comparison
with pyrheliometer data has been made, and thus it is better to wait for that comparison before reaching a
conclusion on the data validity. Moreover, the processed data is only available for 6 months, and thus has not
covered a complete year in order to analyze the data behavior for all seasons. While the data processing
appears to be an advance that leads to better quality data, it is very difficult to argue in favor or against this
procedure without knowing its details; until the procedure for processing the data is made public, one can
only guess about its validity and therefore no analysis can be performed other than to say that the data has, in
effect, being re-processed.
200

4.2 Comparing UC-FONDEF and CNE-GiZ data
The previous section establishes that since the CNE-GiZ stations are non-standard there are questions about
the data quality and validity; this has led the operator to send the data for re-processing in order to establish
both the uncertainty of the measurements and to compute an estimation of DNI. Although no comparison
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with pyrheliometer data has been performed for the CNE-GiZ network, one UC-FONDEF station with a
pyrheliometer device is located at 8km distance from one of them, both in the San Pedro de Atacama town in
northern Chile. This distance is thought to be sufficiently close to allow a comparison between data
generated by both stations, which could be considered as valid especially in clear days as both stations are
located within the same geographical area with one definite weather system. Moreover, they are both located
at roughly the same altitude and distance to the Andes Mountains. Figure 8 shows a comparison between
GHI produced by the two stations (top), and the DTP compared to DNI. Unfortunately, the pyrheliometer
data is only available since
1200
December 2010, while the
processed data covers march1000
September 2010 as previously
explained. This prevents from
800
GHI GiZ
performing
a
complete
GHI UC
600
comparison including DTP,
estimated DNI, and measured
400
DNI.
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Figure 8: Comparing ground
measurements
San
Pedro
de
Atacama taken with the UCFONDEF and CNE-GiZ stations for
March 1, 2011. Data in W/m2.Top:
Global
horizontal
irradiance.
Bottom: Estimated direct irradiance
in tracking mode (CNE-GiZ) and
measured DNI (UC-FONDEF).
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The day chosen for this
comparison is March 1, 2011, a
day that started clear and then
200
became partially cloudy. For the
0
GHI, it can be observed that
04:48
07:12
09:36
12:00
14:24
16:48
19:12
21:36
from sunrise until about half an
hour after solar noon, the day remained clear and the data from both stations agrees very well; in fact, the
data from each station cannot be distinguished from the other. This is not surprising, since both sensors are
the same brand and model and are measuring the same parameter in a geographically similar location.
Shortly after solar noon, the data from both stations shows diminishing radiation levels that indicate the
presence of scattered clouds. This phenomenon is well known for the area where both stations are located,
where these clouds originating in the Andes Mountains travel west, eventually dropping rain in what is
known as “Bolivian winter” in reference to the clouds origin over the country of Bolivia, located further east.
That the data from both stations from this point on widely differs indicates that the clouds passing over each
site are local in nature, and thus the distance between stations (about 8 km) results in each being subject to
very site-specific local weather conditions. Perhaps the most important conclusion from this comparison is
found in the first pat of the day, while both stations are measuring clear-day irradiance. It can be observed
that the measured DNI is at first higher than the DTP, then they intersect resulting in the DTP having a
higher value, to finally intersect again and the measured DNI being higher again. This behavior is different to
the one displayed by the estimated DNI from re-processed data, which only intersects the DTP once.
However, regardless of this observed differences, it must be stated that this comparison is far from
conclusive, and that therefore it is better to avoid jumping into conclusions other than the three parameters
(measured DNI, estimated DNI, and DTP) must be properly compared in order to establish their validity.
Such comparison process is being underway in a collaborative effort by GiZ and UC, and the results are
400
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expected to be available within the next months.
4.3 Chile-SR satellite-derived data and UC-FONDEF ground stations
Figure 9 shows the comparison for satellite-derived data and ground measurements including both partiallyclouded and clear days. The satellite-derived data includes both data produced with the original Brasil-SR
model and the modified Chile-SR model. Considering the time of the year and the measurement location
(Santiago in January, during summertime), it was not possible to obtain data for a fully-clouded day. It can
be seen that for a clear day both
the Brasil-SR and Chile-SR
models slightly overestimate
GHI measured data, and that this
overestimation is larger with the
Chile-SR model.

Figure 9: Comparing Satellitederived data and ground
measurements in Santiago for a
cloudy (left) and clear (right) day.
GHI data in W/m2.
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situation is very different. Both
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Figure 10: Comparing Satellite-derived data and ground measurements in Santiago for GHI (left) and DNI (right) data in
W/m2. A total of only 57 full days were available for this comparison.

The available number of data samples at time of this reports completion was low (only 57 full days of ground
station data), and thus no meaningful comparison can be performed. Moreover, the available measurement
data didn´t include fully cloudy days, and therefore all comparisons are for days with relatively high
radiation. Even then, as a preliminary analysis, it is possible to observe that there are two clear tendencies for
the satellite-derived data, as seen in Figure 10, which displays the comparison for Santiago. First, it is
possible to observe that the GHI satellite-derived data is higher than measured data, and that the DNI
satellite-estimated data is lower than what was measured. Second, the satellite-estimated DNI shows a larger
dispersion than the GHI. With such few data points it is very difficult to extract a meaningful conclusion
from the comparison, other than say that the Chile-SR model is apparently capturing the radiation behavior
with an acceptable error level. However, it is necessary to emphasize that any conclusion is premature, the
Chile-SR model is not fully validated, and that the validation process is currently being conducted by UC and
INPE researchers.
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5. Conclusions
Renewable Energy promotion efforts in Chile aim to achieve a power production quota of 10% to be met by
2024. This plan has sparked interest in solar energy among other renewable sources, with PV, CSP, and
industrial heat supply plants being announced. Previous reports by the authors have identified several
databases of solar radiation finding that significant deviation exists between sources, with most data from
ground station measurements displaying unknown uncertainty levels. This highlighted the need for a proper,
country-wide long-term resource assessment initiative. This report updates the situation in Chile by
considering the efforts performed in the last two years by two different resource assessment programs; one
by CNE-GiZ and other by UC.
The CNE-GiZ program has expanded its ground station network reaching coverage at seven different
locations. The sensor setup in this network has been criticized as being non-standard and therefore the
validity of the generated data is not assured; this has led the operator to reprocess the data in order to
quantify the uncertainty levels and compute an estimation of DNI thought to be more precise and
representative of the actual irradiance conditions than the measured DTP. The UC-FONDEF program is
deploying a network of five BSRN-designed and seven RSBR devices, which are producing data according
to international standard and good practices. Both networks are relatively new, and the oldest station has
been producing data for less than three years. A satellite estimation model has been developed to account for
the particular conditions found in Chile, which is already producing data and it is currently being validated.
Preliminary data from the Chile-SR model indicates good agreement with ground measurements, although
this preliminary validation is by no means exhaustive and requires further work.
As seen, Chile still has no database of solar radiation data that could be considered as valuable for project
design and financing activities. However, the current efforts are starting to yield interesting results by
producing high quality data that is expected to be released to the public shortly. It is then expected by the
authors that the lack of solid data for Chile is about to be solved.
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Abstract: This paper presents a climatic and statistical analysis of global, direct horizontal and diffuse radiation
from a database of solar radiation measured from 1996 to 2006 in the city of Botucatu, SP, Brazil. Variation
intervals of hourly and daily irradiation, annual mean < G>, < bh> and < d> irradiation, monthly mean < G>,
< bh> and < d> irradiation and monthly mean < >, < bh> and < d> fractions were determined. Results
showed that values of hourly and daily annual mean irradiation were as follows: < G>=1.49MJ/m2 and
< G>=17.74MJ/m2; < bh>=0.90MJ/m2 and < bh>=10.33MJ/m2 and < d>=0.57 MJ/m2 and < d>=7.09MJ/m2,
respectively. Variation intervals of hourly monthly mean irradiation were as follows: < G> ranged from
1.65MJ/m2 in March to 1.16MJ/m2 in June; < bh> ranged from 1.06MJ/m2 in April to 0.79MJ/m2 in June, and
< d> ranged from 0.70MJ/m2 in January to 0.37MJ/m2 in June and July. Similarly, daily < G> irradiation ranged
from 21.35MJ/m2 in November to 12.94MJ/m2 in June; < bh> ranged from 11.83MJ/m2 in April to 8.49MJ/m2 in
June, and < d> ranged from 10.29MJ/m2 in December to 4.38MJ/m2 in June. Variation intervals of hourly
monthly mean fractions were as follows: < > ranged from 43.5% in January to 54.2% in April; < bh> ranged
from 33.6% in January to 58.0% in April and < d> ranged from 66.4% in January to 42.0% in April. In the same
way, daily < > fractions ranged from 45.5% in January to 59.8% in August; < bh> ranged from 38.9% in
January to 62.0% in August and < d> ranged from 61.1% in January to 37.7% in July.
1.

INTRODUCTION

Knowledge of global (G), direct horizontal (bh) and diffuse (d) solar radiation by means of temporal and spatial
series or estimation models is of major importance for developing research or simulation projects in areas of
Engineering, Forestry and Agricultural Sciences. Studies in the literature have shown that most of them have
been conducted using estimation models, which associate the clarity index Kt (Kt=G/H0, where H0 is the
extraterrestrial radiation) with Kbh (bh/G) direct fraction and Kd (d/G) diffuse fraction of global radiation, as
shown in studies developed by De Miguel et al. (2001); Erbs (1982); Reindl (1990); Hawlader (1984); Oliveira
(2002b); Louche et al. (1991); Lam and Li (1996); Lalas et al. (1987); Newland (1989); Jacovides et al. (1996);
Soares, et al. (2004) and others. Studies on the series of G, bh and d radiation are a result of measurements in
time and space. In Brazil, a country of continental dimension with regions having different climate conditions,
simultaneous measurements of two of these components in only one site are still scarce, and little information is
available in the literature as shown in studies by Sousa et al. (2005); Tiba et al. (2005); Oliveira et al. (2002a);
Cavalcanti (1991). The major limitation of few measurement sites of direct at normal incidence, or diffuse
radiation is the high cost of pyreliometers on a solar tracker and pyranometers equipped with shadow rings used
to measure diffuse radiation. These devices have still been imported at high cost. For information on the three
types of radiation in a single site, the Solar Radiometric Station monitored G radiation and bh radiation at normal
incidence in the period of 1996 to 2006 in Botucatu/SP/Brazil. The research will contribute to studies on
conversion processes of thermal, photovoltaic and biomass energy, as well as on climatology and environmental
studies. Several microclimatic meteorological events have happened annually in the local atmosphere, which
increased considerably cloudiness and precipitation in the summer and spring (rainy period), while high
concentrations of aerosol as a result of sugar cane burning were observed in autumn and winter (dry period). The
effects of sky coverage and climatic changes on values of the three types of radiation have remained unknown in
the site of the study. Therefore, this initial study shows a statistical analysis of annual and monthly mean global,

3862

direct and diffuse irradiation among years. Results were analyzed and discussed as a function of climatic changes
occurred in the same period of measurement.
2.

METHODOLOGY

2.1.

Climate description

Measurements were performed in the Solar Radiometric Station in Botucatu city, School of Agricultural
Sciences, State University of São Paulo (22º53'S latitude, 48º26'W longitude and 786 m altitude). A warm
temperate mesothermal climate is dominant in the area and characterized by precipitation in the summer and
drought in the winter. Figure 1(a, b, c) shows climatic series of temperature, relative humidity, cloudiness and
precipitation from 1970 to 2000 in Botucatu city. Temperature and humidity are higher when solar declination is
closer to the local latitude, and lower when the sun declines in the northern hemisphere, farther to the local
latitude. February and July are the hottest (23.2ºC mean temperature) and the coldest (17.1ºC mean temperature)
months, respectively. February is the most humid month and August is the driest month with relative humidity of
78.2% and 61.80%, respectively.
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Fig. 1(a, b, c): Climatic series of temperature (a), humidity (a), cloudiness (b) and precipitation (c) from 1970 to 2000 in Botucatu.
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In most months, annual evolution of cloudiness (Fig. 1b) follows the values of temperature and relative humidity
of the climatic series. The highest and lowest values of cloudiness are found in January (f=0.61) and August
(f=0.27), respectively. Conversely, the highest number of sunshine hours is in August and the lowest one is in
February with a total of 229 hours and 175.28 hours, respectively. The longest day in December (summer
solstice) has 13.4 hours and the shortest day in June (winter solstice) has 10.6 hours. Annual evolution of
monthly mean precipitation follows the evolution of cloudiness (Fig. 1c). It consists of two distinct rainy and dry
periods, in which the limit between the periods is the precipitation value of 100 mm, approximately. The highest
values of precipitation occur in January and reach 260.7 mm, whereas the lowest values occur in August and
reach 38.2 mm.

Month

Fig. 2: Monthly correlation between aerosol optical depth (AOD) and concentration of particulate matter, PM10 in µg.m-3 in 2004,
Botucatu.
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The city of Botucatu has 100 thousand inhabitants and does not have large polluting industries. However, it is
located in a rural area of sugar cane crops and ethanol production. During the dry period and at the beginning of
the rainy period (July to November), the local atmosphere shows high concentration values of particulates
originated from burning of sugarcane debris and industries of ethanol and sugar production located within 100
km from the city center. Annual evolution of mean AOD obtained by the TERRA satellite in 2004 (Fig. 2) shows
that from the beginning of sugarcane burning in July, the monthly concentration values of aerosol increase
considerably reaching a maximum value of AOD=0.45 in September. This value is equivalent to PM10
concentration of 70.0 µg.m-3 (Codato et al., 2008).
2.2.

Instrumentation

Global irradiance (IG) was monitored by an Eppley PSP pyranometer. Direct irradiance at normal incidence (Ib)
was monitored by an Eppley NIP pyreliometer mounted on an Eppley ST-3 solar tracker. Diffuse irradiation (I d)
was obtained by the difference between I G irradiance and direct irradiance on the horizontal surface (I bh),
calculated at the same frequency, using the equation Id = IG-Ibh= IG-Ibcosz, in which z is the zenith angle.
Measurement errors of global and direct radiation are related to the precision of the Eppley equipment: the PSP
pyranometer, which measures global radiation, has an uncertainty of approximately 1.5% to 2.0%, and the
pyreliometer, which measures direct radiation, has an uncertainty of 1.5% to 2.0%. Therefore, the diffuse
radiation has an estimated error of 3.5% to 4.0%.
For data acquisition, a Campbell Scientific CR23X data logger with a sampling frequency of 1 Hz was used.
They were collected every 1 second interval and 5-min means were stored. The data underwent quality control
and spurious values were removed. Then, integration of hourly, daily and monthly radiation values was
performed using computer programs.
3.

Results

3.1.

Annual mean

G,

bh

and

d

irradiation

The statistical analysis of annual mean irradiation in Tab. 1 shows the number of hours and days of irradiation,
mean values of global, direct and diffuse irradiation per year with percent standard deviations. The G, bh and
2
d lines (hourly and daily) show values of annual mean irradiation calculated for each year in MJ/m in the
period from 1996 to 2006 using the Eq. 1, in which δ G, δ bh and δ d are percent standard deviations of annual
mean irradiation. The < G>, < bh> and < d> lines show values among years of annual mean irradiation in
MJ/m2 calculated using the Eq. 2, in which δ< G>, δ< bh> and δ< d> are percent standard deviations of annual
mean irradiation among years.
̅
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∑
̅

∑

̅

̅

∑
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∑

∑

̅
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(1)
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∑
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in which, n is the number of hours and days and j is the number of years.
Fig. 3 shows values of daily
G
bh>
d> irradiation with standard deviations. The line with bars
represents mean values of global, direct and diffuse irradiation among years, with standard deviations. Mean
values of global, direct and diffuse irradiation among years were as follows:
2

G>=(1.49±0.07MJ/m
bh>=(0.9±0.07MJ/m

2

bh>=(10.33±0.57

2

d>=(7.09±0.4MJ/m

d>=(0.57±0.04MJ/m
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G>=(17.74±0.48MJ/m
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Fig.3: Mean irradiation inter years and annual mean global, direct and diffuse irradiation from 1996 to 2006.
Tab. 1: Number of hours and days, annual mean with standard deviations for global, direct and diffuse irradiation per year

Year

Radiation
G

1996

bh
d
G

1997

bh
d
G

1998

bh
d
G

1999

bh
d
G

2000

bh
d
G

2001

bh
d
G

2002

bh
d
G

2003

bh
d
G

2004

bh
d
G

2005

bh
d
G

2006

bh
d

Interannual

G>
bh>
d>

Nº of
Hours
3131
3131
3131
4019
4019
4019
3919
3919
3919
4081
4081
4081
4336
4336
4336
4068
4068
4068
4129
4129
4129
3817
3817
3817
4121
4121
4121
4095
4095
4095
3131
3131
3131
11
11
11

Annual Mean
(MJ/m²)
1.50
0.91
0.59
1.54
0.95
0.59
1.52
0.92
0.60
1.53
0.94
0.60
1.45
0.84
0.61
1.49
0.86
0.63
1.46
0.90
0.55
1.55
1.00
0.55
1.41
0.85
0.56
1.40
0.82
0.58
1.50
0.91
0.59
1.49
0.90
0.57

Deviation
(%)
67.9
99.5
82.3
68.2
99.2
83.5
68.1
98.9
75.4
72.5
100.3
78.8
75.9
108.5
83.3
73.6
107.3
85.5
73.5
103.7
89.3
69.3
97.0
91.1
74.8
109.8
86.4
73.5
112.7
88.6
67.9
99.5
82.3
3.4
6.0
4.3

Nº of
Days
262
262
262
342
342
342
349
349
349
334
334
334
364
364
364
348
348
348
348
348
348
352
352
352
358
358
358
357
357
357
364
364
364
11
11
11

Annual Mean
(MJ/m²)
17.26
10.41
6.78
17.68
10.84
6.83
17.06
10.27
6.79
18.39
11.12
7.27
18.12
9.99
7.77
18.37
9.78
7.92
17.81
10.67
6.80
18.15
10.81
6.83
17.28
9.74
7.03
17.28
9.31
7.16
17.73
10.74
6.99
17.74
10.33
7.09

Deviation
(%)
31.4
60.4
50.2
34.7
63.3
51.7
37.7
66.8
41.9
33.7
60.8
41.7
34.1
64.8
43.9
33.8
69.3
45.8
32.7
61.6
53.1
33.3
66.0
57.9
37.3
73.0
51.1
34.4
74.0
51.6
30.4
60.9
53.9
2.7
5.5
5.6
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The percent deviation DV (%) between annual mean irradiation and inter years mean irradiation from 1996 to
2006, calculated by the Eq. 3, expresses the variability of irradiation in each year. The result is shown in Fig. 4.
(

)

(3)

The percent deviations were different among years for the 3 types of radiation. For hourly global irradiation, the
deviations (DV%) ranged from -5.4% to 4.8%, whereas for daily global irradiation they ranged from -3.8% to
3.6%. For hourly direct irradiation, the deviations (D V%) ranged from -6.2% to 11.6%, whereas for daily direct
irradiation, they ranged from -9.4% to 7.6%. For hourly diffuse irradiation, the deviations (DV%) ranged from 5.8% to 8.0%, whereas for daily diffuse irradiation, they ranged from -8.3% to 16.2%.
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Fig.4: Percent deviation between annual mean irradiation and inter
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years annual mean irradiation from 1996 to 2006.

The annual mean value of irradiation, below or above the inter years mean value ± standard deviation, is not in
agreement with that estimated by the 11-year series. Fig. 3 shows that mean values of global, direct and diffuse
irradiation, in most years, are in agreement with those estimated by the experimental series from 1996 to 2006.
The exceptions for hourly global radiation occurred in the years of 2003, 2004 and 2005, in which the standard
deviations were higher than ±3.8% standard deviation of the total series. Daily global radiation exceptions
occurred in the years of 1998, 1999 and 2001, in which the standard deviations were higher than ±2.8% standard
deviation of the total series. Similarly, exceptions for hourly direct radiation were in 2003 and 2005, in which the
standard deviations were higher than ±6.4% standard deviation of the total series. Exceptions for daily direct
radiation occurred in 1999 and 2005 and the standard deviations were higher than ±5.6% standard deviation of
the total series. Exceptions for hourly diffuse radiation occurred in 2001, 2002, 2003 and 2006, in which the
standard deviations were higher than ±4.8% standard deviation of the total series. The exceptions for daily
diffuse radiation occurred in 2000 and 2001, in which the standard deviations were higher than ±5.6% standard
deviation of the total series.
The variability of global, direct and diffuse irradiation among years is highly associated with annual mean
cloudiness and presence of water vapor in the atmosphere during the same period, which is caused mainly by
synoptic systems: 1) Frontal systems (South Pole and Atlantic Ocean) as a result of polar cold fronts or humid
fronts which cause an increase in cloudiness and precipitation of moderate and high intensity, mainly during
austral autumn, winter and spring (Satyamurty & Mattos, 1989; Satyamurty et al., 1998). According to Lemos &
Calbete (1996), 5 events of frontal systems occur each month in the state of São Paulo. 2) The Convergence Zone
of the South Atlantic Ocean (CZSA) characterized as a northwest-southeast oriented band of cloudiness from the
Amazon Basin to the South Atlantic Ocean, is a result of the convergence of hot and humid air masses from the
Amazon Basin and the South Atlantic Ocean. The CZSA causes an increase in cloudiness and intense and
persistent precipitation events between the end of the austral spring and the beginning of autumn Liebmann et al.,
2001; Carvalho et al., 2002. The frequency of occurrence is twice to four times a year, mean duration of 8 days
and variable intensity (Nogués-Paegle & Mo, 1997).
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The annual mean global irradiation in 1998 was lower than the mean value of the series with no significant
increase in cloudiness, water vapor and accumulated precipitation in that year. On the contrary, both
meteorological parameters remained within the interval estimated by the climatic series (Fig. 5a, c).
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Fig. 5: a) Daily annual mean cloudiness; b) Days with precipitation; c) Annual accumulated precipitation, from 1996 to 2006.

However, Figure 5b shows that during that year, an unusual increase in the frequency of rainy days, in relation to
the mean value, occurred as a result of CZSA and frontal systems. CZSA and frontal systems which occurred that
year caused an increase in cloudiness; and the precipitation was of low intensity with long duration in both
seasons (summer and spring), in which the value of radiation energy in the year is higher. The increased
cloudiness in that year led to an increased diffuse radiation. The increased water vapor concentration led to an
increased absorption of infrared radiation and therefore to a decreased global radiation. In this study, only days
with accumulated precipitation higher than 1mm were considered as days of precipitation. The unusual increase
in global radiation in 2001 occurred as a consequence of cold front passages from the South Pole, which
increased, in an unusual way, cloudiness, precipitation and water vapor in the dry season, during autumn and
winter. The phenomenon caused a decrease in direct radiation and an increase in the diffuse component in the
seasons which have high direct and low diffuse radiation distribution. Annual mean direct irradiation in 1999 was
high as a result of decreased cloudiness and precipitation, whereas low annual mean direct irradiation in 2005
was a consequence of an atypical increase in cloudiness and precipitation.
3.2. Annual evolution of monthly mean

G,

bh

and

d

irradiation

Table 1 shows annual evolution of monthly mean global, direct and diffuse (hourly and daily) irradiation from
1996 to 2006. The < G>, < bh> and < d> columns show values among years of monthly mean irradiation in
MJ/m2 calculated using the Eq. 5, in which δ< G>, δ< bh> and δ< d> columns represent percent standard
deviations. The G, bh and d values (hourly and daily) of monthly mean irradiation were calculated for each
year in MJ/m2 using the Eq. 4.
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in which, n is the number of hours and days per year and j is the number of years.
Seasonality of < G>, < bh> and < d> irradiation (hourly and daily) shown in Fig. 6 (a and b) is a result of
astronomical and geographic changes, such as solar declination and latitude, and also of local climatic changes,
such as clouds, water vapor and aerosols. Values of < G> and < d> irradiation were higher in the rainy period,
negative solar declination and closer to the local latitude during January, February, March, October, November
and December. In these months (Fig. 7), higher concentrations of water vapor and clouds in the atmosphere are
observed. Conversely, values of irradiation were lower in the dry period, north solar declination and farther from
local latitude during April, May, June, July, August and September. In these months, cloud and water vapor
concentrations are the lowest, and aerosol concentration is the highest in the year (Fig. 7).
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Seasonality of < bh> irradiation did not follow the same pattern of < G> and < d> irradiation. The value of
< bh> was increasingly higher in April, March, August and September, with alternating cloudy and humid
conditions in March and September and clearer and drier ones in April and August.
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Fig. 6(a, b) shows annual evolution of hourly and daily, monthly mean
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Fig 7: Monthly mean values of cloudiness (a), accumulated precipitation (b) in the experimental period (1996 to 2006), and.
monthly mean values of AOD (c) obtained by the TERRA satellite from 2000 to 2005.

In general, < bh> value was lower in cloudy and humid months as January, February, June and December,
except for June which is a dry and clear month. Hourly < G> irradiation ranged from 1.65MJ/m2 (March) to
1.16MJ/m2 (June), < bh> irradiation ranged from 1.06MJ/m2 (April) to 0.79MJ/m2 (June), and < d> irradiation
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ranged from 0.70MJ/m2 (January) to 0.37MJ/m2 (June and July). Similarly, daily < G> irradiation ranged from
21.35MJ/m2 (November) to 12.94MJ/m2 (June), < bh> irradiation ranged from 11.83MJ/m2 (April) to 8.49MJ/m2
(June), and < d> irradiation ranged from 10.29MJ/m 2 (December) to 4.38MJ/m2 (June).
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30
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The δ< G>, δ< bh> and δ< d> standard deviations shown in Figure 8 express the variability of hourly and
daily < G>, < bh>and < d> irradiation in each month among years, and they were increasingly higher
according to the sequence bh, d and G irradiation. The variation range of irradiation is associated with the
occurrence of CZSA macroclimatic events and the Humid Frontal System among years, which caused marked
changes in cloudiness, precipitation and water vapor concentrations in the atmosphere in the rainy period
(January, February, March, October, November and December). The occurrence of macroclimatic events in the
dry period was a result of the Polar Frontal System among years, which caused marked changes in cloudiness
and precipitation in May, June and July, and also, of burning of sugar cane among years which increased
concentration of particulate matter in the atmosphere (August and September).
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Values of δ< bh> were higher in January, February and March, in which occurrence of CZSA was observed in
at least one of the months, in the years of 1996, 1997, 1999, 2001, 2003, 2004 and 2005. Similarly, values of
δ< bh> were higher in October, November and December. Occurrence of the Humid Frontal System was
observed in 1996, 1997, 1998, 2003 and 2005. Values of δ< bh> were lower during the dry period of July and
September. In the months of April, May, June and August, values of δ< bh> were higher because of the
occurrence of the Polar Frontal System in at least one of the months in the years of 1997, 1998, 1999, 2002,
2003,2004 and 2005. Also, variation in particulate matter concentrations in the atmosphere was also observed in
August, from 2000 to 2006.Values of δ< d> were higher in April, May, July and August, the dry period, as a
consequence of occurrence of the Polar Frontal System, in at least one of the months in 1997, 1998, 1999, 2002,
2003, 2004 and 2005. Also, variation in concentration of particulate matter in the atmosphere was observed in
August from 2000 to 2006. Values of δ< d> were higher in March, October and November, the rainy period,
because of occurrence of CZSA in at least one of the months in 1996, 2003 and 2006 and of the Humid Frontal
System in 1997, 1998, 2000, 2003 and 2005. Hourly standard deviation ranged as it follows: δ< G> from 11.6%
in January to 4.5% in September; δ< bh> from 28.3% in February to 8.2% in July and δ< d> from 18.9% in
June to 8.6% in February. Similarly, daily standard deviation ranged as follows: δ< G> from 10.9% in February
to 4.2% in July; δ< bh> from 28.3% in February to 8.7% in July and δ< d> from 19.2% in June to 7.5% in
February.
3.4

Annual evolution of monthly mean < >, <

bh>

and <

d>

fractions inter years.

Normalization of HG irradiation by means of irradiation at the top of the atmosphere (H 0) defines the clearness
index Kt=HG/H0, or atmospheric transmissivity of global irradiation, which eliminates the dependence of HG
irradiation from solar declination and local latitude. Therefore, Kt value is the general indicator of scattering and
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absorption processes by clouds, water vapor and aerosols which reduce global radiation, and consequently, direct
and diffuse irradiation in each month of the year. Fig. 9(a, b) shows values of < t> fractions among years,
calculated by Eq. 6.
̅

∑

in which, ̅

̅

(6)

∑

and n is the number of hours and days per year, and j is the number of years.
The comparison between annual evolution of daily < t> (Fig. 9b) and annual evolution of cloudiness,
precipitation, and aerosol concentration (Fig. 7) shows that from January to April, < t> value increased from
45.5% to 59.0% as a result of the decrease in cloudiness from 60.7% to 33.0%; relative humidity from 77.5% to
74.2%, and precipitation from 246mm to 66mm in the same period. January, in which ZCAS is always more
intense, had the lowest transmissivity of G irradiation in the year, < t>=45.5 %, while April had the highest
transmissivity of G irradiation in the year, < t>=59.0%.
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Fig. 9: Hourly and daily annual evolution of < t> among years.

The result obtained in the month of April can be attributed to the transition between rainy and dry periods, in
which a marked reduction in cloudiness and precipitation is observed compared to the previous months. After a
reduction in frequency of occurrence and intensity in the southeastern region (region of Botucatu city), the CZSA
moves gradually to the northern region of the country, allowing incoming cold fronts from the south polar region,
which decrease temperature and lower concentration of clouds and water vapor in the atmosphere. The analysis
of sky coverage in this period shows that in January, 30.0% of days were totally cloudy; 42.0% of days were
partially diffuse (days in which direct irradiation is lower than diffuse irradiation); 22.0% of days were partially
clear (days in which diffuse irradiation is lower than direct irradiation) and 8.0% of days were clear, while in
April, 10.0% of days were totally cloudy; 18.0% of days were partially diffuse; 27,0% of days were partially
clear, and 44.0% of days were clear. The decrease in < t> value to 56.2% in May compared to the value of
< t>=59.0% in April was a result of incoming polar cold fronts which increased cloudiness, precipitation and
humidity. The percentage of cloudy sky days in May in relation to those in April increased from 10.0% to 14.0%,
while the percentage of clear sky days decreased from 44.4% to 37.2%, respectively. From May to August, a dry
period and with occurrences of burning of sugar cane, < t> value increased from 56.2% to 59.8% as a result of
the decrease in cloudiness from 0.35% to 0.27%, precipitation from 74.9% to 36.3% and relative humidity from
74.8% to 67.8%, and the increase in aerosol concentration in the atmosphere from 23.0µg/m3 to 45.0µg/m3. In
September, in which the sky coverage had the highest aerosol concentration, the decrease in < t> value to 53.6%
in relation to 59.8% in August was also a result of increased cloudiness, relative humidity and aerosol
concentration. Considering all sky coverage, characterizing individual effects of aerosol, clouds and water vapor
on the extinction of global radiation is not possible. Values of < t> decreased from 52.0% to 48.7% in October,
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November and December, as a function of increased cloudiness from 46.0% to 52.0%, precipitation from 108
mm to 203 mm and relative humidity from 70.0% to 75.0%. These increases were a result of humid frontal
systems from the Atlantic Ocean and the beginning of ZCAS.
Fig. 10(a, b) shows annual evolution of hourly and daily <
Eq. (7):
̅

∑

in which, ̅

̅

;

̅

∑

;̅

∑

bh>

̅

and < d> fractions among years calculated by

(7)
∑

,

and n is the number of hours and days per year and j is the number of years.
Seasonal variation is a result of variations in cloudiness, water vapor and aerosol concentration among years in
the local atmosphere. The annual evolution of < bh> and < d> fractions is inverse and symmetrical in time:
value of < bh> is lower than that of < d> in the rainy period in January, February, October, November and
December, in which values of cloudiness, precipitation and water vapor are the highest in the year. On the
contrary, value of < bh> fraction is lower than that of d fraction in the dry period, April, May, June, July and
August, in which cloudiness, precipitation and water vapor are lower and aerosol concentration is the highest in
the year. The < bh> and < d> fractions are roughly the same in months of transition between humid and dry
periods, March and September.
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The value of < bh> fraction increased from the least percentage of 33.6% (hourly) and 38.9% (daily) in the most
humid and cloudy month (January) to the highest percentage of 58.0% (hourly) and 61,4% (daily) in the humid
and cloudless month of April. On the contrary, in this period, the value of < d> fraction decreased from the
highest value of 66.4% (hourly) and 61.1% (daily) in the most cloudy and humid month (January) to the lowest
value of 42,0% (hourly) and 38.6% (daily) in the humid and cloudless month of April. Values of hourly and daily
< bh> and < d> fractions from April to August show an inverse and symmetric inflexion point in June: while the
value of < bh> fraction decreased from 58.0% (hourly) and 61.4% (daily) to 52.7% (hourly) and 59.4% (daily),
from April to June, as a result of the increase in cloudiness, precipitation and water vapor in the atmosphere, the
value of < d> fraction increased from 42.0% (hourly) and 38.6% (daily) to 47.3% (hourly) and 40.6 % (daily).
From June to August, while < bh> fraction increased from 52.7 % (hourly) and 59.4% (daily) to 57.2% (hourly)
and 61.9% (daily), due to the decrease in cloudiness, precipitation and water vapor in the atmosphere, the value
of < d> fraction decreased from 47.3% (hourly) and 40.6% (daily) to 42.8% (hourly) and 38.1% (daily). In
months of August until December, the value of < bh> fraction decreased from the highest percentage of 57.2%
(hourly) and 61.9% (daily) in the clearest and driest month (August) to the lowest percentage of 36.8% (hourly)
and 43.6% (daily) in the cloudy and humid month (December). Inversely, the value of < d> fraction increased
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from 42.8% (hourly) and 38.1% (daily), in the clear and dry month of August to 63.2% (hourly) and 56.4%
(daily) in the cloudy and humid month of December.
4.

CONCLUSIONS

The objective of this study was to perform a statistical and climatic analysis of a data base of direct and diffuse
global radiation measured from 1996 to 2006 in the city of Botucatu, SP, Brazil.
Results showed that hourly and daily annual mean < G >
bh> and < d> irradiation among years were as
2
2
follows:
and < G>=17.74 MJ/m ; < bh>=0.90MJ/m2 and < bh>=10.33MJ/m2 and
G>=1.49MJ/m
< d>=0.57MJ/m2 and < d>=7.09 MJ/m2. Values of monthly mean < G>, and < d> irradiation among years
were higher in the south solar declination in January, February, March, October, November and December, in
which the concentrations of clouds and water vapor in the atmosphere are the highest in the year. On the
contrary, values of irradiation were lower in the north solar declination in April, May, June, July, August and
September, in which the concentrations of clouds and water vapor are the lowest, and the concentration of
aerosols is the highest in the year. Value of < bh> was higher in April, March, August and September, with
alternating cloudy and humid months as March and September and clearer and drier months as April and August.
Hourly < G> irradiation ranged from 1.65MJ/m 2 in March to 1.16MJ/m2 in June; < bh> irradiation ranged from
1.06MJ/m2 in April to 0.79MJ/m2 in June, < d> irradiation ranged from 0.70MJ/m2 in January to 0.37MJ/m2 in
June and July. Similarly, daily G irradiation ranged from 21.35MJ/m2 in November to 12.94MJ/m2 in June;
< bh> irradiation ranged from 11.83MJ/m2 in April to 8.49MJ/m2 in June, and < d> irradiation ranged from
10.29MJ/m2 in December to 4.38MJ/m2 in June.
Annual evolution of hourly and daily
clarity indexes among years shows that in rainy periods from January
to April,
t> value increased from 43.5% to 54.2% (hourly) and 45.6% to 59.1% (daily) as a result of
decreased cloudiness, precipitation and water vapor in the atmosphere. Similarly, in October, November and
December, values of
> decreased from 48.4% to 45.4% (hourly) and 52.0% to 48.8% (daily). In the dry
period of May, the decrease in
value to 51.3% (hourly) and 56.2% (daily) was a result of the increase in
cloudiness, precipitation and water vapor in the atmosphere. From May to August,
value increased to
53.9% (hourly) and 59.8% (daily) as a result of the decrease in cloudiness, precipitation and water vapor in the
atmosphere, and of the increase in aerosol concentration in the atmosphere. In September, the decrease in
value to 50.2% (hourly) and 53.6% (daily) was a result of increased cloudiness, water vapor in the atmosphere
and aerosol concentration.
The value of < bh> fraction increased from the least percentage of 33.6% (hourly) and 38.9% (daily) in the most
humid and cloudy month (January) to the highest percentage of 58.0% (hourly) and 61.4% (daily) in the humid
and cloudless month of April. In this period, the value of < d> fraction decreased from the highest value of
66.4% (hourly) and 61.1% (daily) to the lowest value of 42.0% (hourly) and 38.6% (daily). From April to June,
value of < bh> fraction decreased from 58.0% (hourly) and 61.4% (daily) to 52.7% (hourly) and 59.4% (daily) as
a result of increased cloudiness, precipitation and water vapor in the atmosphere, while the value of < d>
fraction increased from 42.0% (hourly) and 38.6% (daily) to 47.3% (hourly) and 40.6% (daily). From June to
August, while < bh> fraction increased from 52.7% (hourly) and 59.4% (daily) to 57.2% (hourly) and 61.9%
(daily), due to the decrease in cloudiness, precipitation and water vapor in the atmosphere, the value of < d>
fraction decreased from 47.3% (hourly) and 40.6% (daily) to 42.8% (hourly) and 38.1% (daily). In months of
August to December, the value of < bh> fraction decreased from the highest percentage of 57.2% (hourly) and
61.9% (daily) in the clearest and driest month (August) to the lowest percentage of 36.8% (hourly) and 43.6%
(daily) in the cloudy and humid month (December). In this period, the value of < d> fraction increased from
42.8% (hourly) and 38.1% (daily), to 63.2% (hourly) and 56.4% (daily).
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Abstract
The assessment of Earth-reaching solar radiation continues to be relevant in the utilization of this form of
energy. In this work, we have used satellite images of the Earth in the visible spectrum obtained from
EUMETSAT and Artificial Neural Network to estimate the solar radiation at our location, Akoka (lat. 6.510N;
lon 3.400E), for the months of January, February and March, 2010. The estimates were obtained for the hours
between 10:00hours UT and 13:00hours UT. The reflectance of the Earth was determined for each image and
from this, cloud index were estimated. The cloud index obtained for each hour for half the total number of days
in the months, were used to train a Feed-forward back propagation Artificial Neural Network. Clear-sky index
for the hours of the days used for the training served as target for the network. For the three months considered
in their usual order, the relative values of RMSE obtained for the hours ending at 11:00, 12:00 and 13:00 were
0.0349, 0.0276, and 0.0356 while the corresponding relative MBE values were -0.120, -0.040 and 0.013.
Keywords: Artificial neural network (ANN), Satellite images, Normalized (digital) count, Cloud index, Clearsky index , Reflectance
1. Introduction
The assessment of the amount of solar radiation reaching the Earth surface continues to play an import role in
the utilization of this form of energy. Some of the early works on the use of satellite images to estimate solar
irradiation reaching the Earth’s surface include those of Tarpley (1979), Gautier et al. (1980) (from Cano
(1986)) and Cano et al. (1986). Earlier methods involved the defining of a cloud index with respect to the
properties of image pixels (digital counts). This was achieved by first normalizing the counts and then
considering possible extreme cases as references on which the definition of cloud index was based. Linear
regression method was used to obtain a correlation between the cloud index and a well-known parameter – the
clearness index. Further developments of this approach incorporate some elements of this first methods.
Following the success of the these authors, efforts were made towards improving on this method of assessing
Earth-reaching solar radiation, by some authors. Efforts, such as those by Rigollier et al. (2004) and Mueller et
al. (2004) - reported by Badescu (2008)- have provided significant improvements on earlier works. While
Rigollier et al. (2004) adopted the approach that eliminated the need for tuning satellite data with ground data,
Mueller et al. (2004) adopted an approach that depended greatly on integrating atmospheric effects – in
particular, aerosols – through the use of Radiative Transfer Code.
Artificial Neural Network (ANN) has been shown to be a useful tool for predicting the amount of solar
radiation reaching the earth surface. ANN have been used for forecasting (Sfetsos and Coonick (2000)) and
estimating (Reddy, Ranjan (2003)) available solar radiation. In the case of the latter, they used a combination of
parameters for geographic location, time and meteorological data to train Feed-forward ANN. The results
reported for locations in India had maximum mean absolute relative deviation of predicted hourly global
radiation as 4.07%.
In this work, we have considered the possibility of an approach which involves combining remote sensing with
artificial intelligence. This is to harness the potentials these two techniques provide – the geo-spatial coverage
of satellites and the power of ANN as a modelling tool for relating data from different sources. This, it is hoped,
will contribute to the efforts being made towards developing accurate methods of assessing the amount of solar
radiation reaching the surface of the Earth.
2. Methods
2.1

Solar Radiation in the Atmosphere

Solar radiation is depleted in a very clear atmosphere by three distinct processes; these are
− selective absorption by water vapour, molecular oxygen, ozone and CO2 in certain wavelengths
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− Rayleigh scattering by molecules of different gases and dust particles in the atmosphere
− Mie scattering
In a clear atmosphere, the scattering of solar radiation by gas molecules and particles of much smaller
dimension compared with the wavelength of the radiation takes place in accordance with Rayleigh’s theory
which indicates that the scattering coefficient is of the order of λ-a where λ is wavelength of the radiation. Solar
radiation experiences scattering and absorption in the atmosphere. About half of the scattered radiation returns
to space while the rest is directed downwards to the surface of the Earth. The scattering of radiation by particles
of larger dimensions compared with the wavelength of the radiation constitute Mie scattering. The radiation in
this case experiences real scattering and absorption. The scattered radiation is directed downwards towards the
Earth surface in form of diffuse radiation. The total solar radiation reaching the earth surface comprises of both
diffuse radiation and the portion of solar radiation that is not scattered – direct radiation.
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Figure 1 Solar irradiance pattern for the months of January, February and March, 2010.
Solar radiation experiences a greater degree of scattering in a cloudy atmosphere; a large portion of the
radiation from the sun is reflected back to space while some of the scattered radiation is directed towards the
earth surface as diffuse radiation. The sensing of the radiation reflected back to space from the atmosphere as
well as the Earth’s albedo form the basis for the assessment of ground – reaching solar radiation from satellite
images.
The networks were trained and simulated to assess their performance. The MSE returhed from the training was
of the order of 10-26 indicating that the networks had learnt to relate the inputs with the targets. The deviation
from measurements range from as high as about 22% down to less than 2%. The relative MBE and RMSE
obtained from simulating the network were 0.037MJ/m2 and 0.183MJ/m2 respectively; the relative values are
0.0268 and 0.1308 respectively. The results obtained show that ANN can be a viable option as a tool for
assessing solar energy reaching the earth surface from satellite images.
2.2

Normalized Digital Counts and Cloud Cover Index

The principle governing the extraction of information on ground-reaching solar radiation is based on the
construction of a cloud cover index arising from a comparison of the observations made by the satellite’s sensor
with what would be observed if the sky were clear (Rigollier et al. (2001)); each pixel of the image is
associated with a digital count.. The normalized count, CN(i,j), for an observed pixel is expressed as :

C N (i, j ) =

(C (i, j ) − C )
*
N

NO

I O .ε . sin 1.15 γ

(1)

where CN*(i,j) is the observed numerical count at that instant for pixel (i,j). CN0 is taken as the sensor's zero, Io
is the extra-terrestrial irradiance while sin1.15γ is the clear sky model of Perrin de Brichambaut, Vauge (1982)
which is dependent on solar altitude. The essence of normalizing the counts is to obtain count values that can be
related with ground-reaching solar radiation; this is achieved by eliminating or drastically reducing the effects
associated with sun-earth-satellite geometry. Therefore, the model used must be sensitive only to the quantity of
interest. As mentioned earlier in the introduction, the approach adopted by earlier researchers involves
obtaining the cloud index and relating it, in a linear manner, with the clearness index as follows (Cano et
al.(1986)):
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K T = An + B

(2)

where KT is the clearness index, n is the derived cloud cover index while constants A and B are empirically
determined.
In this work, we estimated the Earth’s reflectance for each image from digital counts. This was done by
converting the counts into radiance, L, and then using equation (3) to obtain reflectance.

ρ (i, j ) =

πL
I O ε . sin α exp(− τ )

(3)

Equation (3) was used to generate values for reflectance. The reflectance for cloud free atmosphere ρg(i,j) and
that for complete cloud cover (overcast) ρc(i,j) where determined from the images for the period considered in
this work. The reflectance ρg(i,j) represents the condition for clear atmosphere; in this case, the radiation sensed
by the satellite's sensor is due mainly to reflections from the Earth surface. For a given pixel (i,j), the cloud
cover index n is defined as follows from Rigollier et al. (2001, 2004):

n=

ρ (i, j ) − ρ g (i, j )
ρ C (i, j ) − ρ g (i, j )

(4)

Equation 4 was used to generate cloud index values that were used to train and simulate artificial neural
networks.
2.3

Clear-sky index

The clear-sky index, kc , for our location, were determined for the period covered in this work. We estimated the
transmittance for the combined direct and diffuse irradiation and applied computed the kc from radiation
measurements taken at our location.
2.4

Artificial neural network (ANN) model and training

Next, we consider how a time varying quantity such as solar radiation can be estimated from instantaneous
readings taken at definite interval through the use of artificial neural network (ANN).
Artificial neural networks (ANNs) are based on ideas about how biological neural networks function. They are
usually non-linear, parallel processing systems that have the ability to learn through adaptation of its response
to changes in its environment.
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Figure 2 Basic features of Artificial Neural Network
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OUTPUT

υ

y =

Σ wk xk

The function of ANN is based on these properties. This gives them the power for exploring relationships
between physical quantities. Reddy and Ranjan (2003) used multilayer feed forward ANN to estimate solar
radiation for two locations in India; data from eleven other locations were used to train the network. Jacyra
et.al. (2004) and Dorvlo et. al. (2002) have carried out similar works for locations in Brazil and Oman
respectively.
We have used the Feed-forward Back-propagation ANN in this work. The cloud index for 15 days from each
month consider were used as inputs. The weights were set before each training session. The epoch was set at
10000 to ensure that the network properly computes the targets. The cloud index for other days that were not
used for the training of the network were then used to simulate it.
2.5

Approach adopted

The approach adopted involves first, investigating the suitability of ANN through the use of time series solar
radiation data (Erusiafe et al. (2010)). Hourly solar radiation values were calculated from this data. This was
for the periods 9:00 to 10:00UT and 10:00 to 11:00UT for the month of January 2010. Irradiance reading
logged at five minutes were taken at fifteen minutes interval in the hour to represent periods when the satellite
scans the Earth; this was used to train the network. The purpose was to ascertain the possibility of reproducing
the hourly radiation values given four readings at fifteen minutes interval within an hour.

3. Results and Conclusion
The results from the training show that the ANNs were able to reproduce the target fairly accurately. This is
observed from the mean- squared – error values (of the order of 10-10 ) returned at the end of each training
session.
The results from simulation of the network indicates that the network was able to estimate the desired
parameter. This is seen from the correlation coefficients (R2 values) returned from plots of the output of the
network against ground measured readings. This is as shown in figures 3, 4 and 5 for the hours 10:00 – 11:00
UT, 11:00-12:00 UT and 12:00 – 13:00 UT respectively.
The MBE for the hours 10:00 – 11:00 UT, 11:00-12:00 UT and 12:00 – 13:00 UT are expressed (in relatively
terms) as -0.1202, -0.0405 and 0.0128 respectively while the RMSE for the same period are expressed (also
relatively) as 0.0349, 0.0276 and 0.0356 respectively.
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Fig. 3 Plot of estimated clear-sky index against observed values for 10:00 to 11:00UT
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Fig. 4 Plot of estimated clear-sky index against observed values for 11:00 to 12:00UT
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Fig. 5 Plot of estimated clear-sky index against observed values for 12:00 to 13:00UT
Considering sky conditions for our location for the period considered in this work (ranging from cloudy to
partly cloudy), the results obtained appear to be satisfactory. The error in estimation gives an indication of the
limitations that are expected with this approach.
This work has focussed on only one location; conparism with the results obtained by other authors would be of
little or no significance for this reason. We intend to apply the method used in this work to other locations
within our region and possibly beyond for its validation.
Appreciation:- We wish to express our appreciation to EUMETSAT for satellite images and software used in
this work.
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ATMOSPHERIC TURBIDITY MEASUREMENTS IN TORINO: A COMPARISON BETWEEN 1975 AND 2010
Gian Vincenzo Fracastoro, Yingying Yang, Gianni Coppa, and Marco Simonetti
Department of Energetics, Politecnico di Torino, Torino, Italy

1. Introduction
Torino is a large industrial city located in Northwestern Italy. It is the seat of the largest Italian car factory,
although recently most production plants have been moved to other sites. In the last 35 years coal and heavy
oil-fuelled heating systems have been progressively replaced by district heating and natural gas installations.
Private and public transportation on the other hand has increased, although the specific pollutant emissions in
terms of CO, NOx, SOx and particulates have been dramatically reduced with enforcing of more and more
stringent EU limits. A comparison between nowadays and 1975 situation under the chemical and health points
of view can be easily made because concentrations of the main pollutants are regularly monitored since a long
time. However, it is interesting to evaluate how changing emission patterns have affected the optical quality of
the atmosphere, namely its turbidity.
In order to make this comparison, direct normal solar irradiance has been continuously measured during year
2010 at the Polytechnic site in Torino city centre and its values have been compared to those measured by one
of the authors during the period September 1975 – July 1976.
Direct normal solar irradiance data have been also employed to validate some widely spread atmospheric
models both for the calculation of direct normal irradiance and for splitting total horizontal radiation into its
direct and diffuse components.
2. Turbidity: definitions
The intensity of a monochromatic beam of solar radiation crossing a homogeneous plane-parallel atmospheric
layer is given by the so called Bouguer-Lambert Law:

G λ = G 0λ exp(− τ λ sec z )
Eqn 1
where
Gλ = monochromatic solar irradiance at the ground
G0λ = monochromatic extra-atmospheric solar irradiance
τλ = optical thickness of the atmospheric layers
z = Zenith angle of the Sun (angle between the solar beam and the local Zenith
An ideal atmosphere in which only molecular scattering from nitrogen and oxygen molecules occurs would
have an optical thickness which was determined by Rayleigh in his fundamental works in the early 1870’s
giving an explanation for the blue colour of the sky.
He showed that the optical thickness of this ideal atmosphere, called “Rayleigh atmosphere” can be determined
as a function of wavelength and height above sea level by the following formula:

32 π 3 (n − 1) H 0
=
3λ4 N 0
2

τ mλ

Eqn 2
where
n = refraction index of the air (function of wavelength)
H0 = thickness of the homogeneous atmospheric layers
N0 = number of molecules per unit volume
Introducing the values for H0, π and N0 one obtains:

τ mλ = 1.044 10 5 (n − 1) λ−4
2
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From the above one may obtain the value of the ideal beam irradiance through a Rayleigh atmosphere, once the
values of monochromatic extra-atmospheric irradiance G0λ are known (see Figure 1):
∞

GR = G0 exp ( −τm sec z ) = G0λ exp ( −τmλ sec z ) d λ

∫
0

Eqn 3
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Figure 1 - Extra-atmospheric solar irradiance (G0 = 1368 W/m2)
For a real atmosphere in clear sky conditions the following applies:

1
1
G0 exp ( −τ sec z ) = G0 exp ( −T τm sec z )
Eqn 4
S
S
where S takes into account the yearly variation of the extra-atmospheric irradiation G0 and T, i.e., the number of
Rayleigh atmospheres producing the same beam radiation extinction as the real atmosphere, is called “Linke
turbidity factor”. In spite of its limits, namely its slight variation with air mass due to wavelength-dependent
water-vapour and aerosol absorption, the Linke turbidity factor is useful for comparison of atmospheric
transparency under different conditions (Coulson, 1975).
Gbn =

3. Atmospheric turbidity measurements in 1975-76 (Torino and Pino Torinese)
Starting from October 1975 until July 1976 a measurement campaign (Fracastoro, 1976, 1977) of beam solar
radiation was simultaneously carried on in Torino (1.17 million inhabitants, 240 m above sea level) and Pino
Torinese (about 5,000 inhabitants, 620 m a.s.l). Two Kipp & Zonen Moll thermopiles previously calibrated at
the “Colonnetti” Metrological Institute were used. One was placed on top of the main Politecnico building
(Torino), while the other was placed at the Astronomical Observatory of Torino, located in Pino Torinese.
Pino Torinese is a small location on the hills about 10 km East of Torino centre, 380 m above the city. Its
atmosphere tends to be unaffected by typical pollution problems which characterize the industrial city of
Torino.
The summary of these results is shown in figure 3.
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Figure 2 - 1975-76 turbidity values in Torino and Pino Torinese.
As it could be expected, turbidity data in Pino Torinese were always lower than in Torino. However, while in
the late spring and summer months the difference (less than 5%) may considered “physiological”, i.e., justified
by the different thickness of the atmospheric layers, during the heating season (from October to April) the
difference between the two locations was much higher than in the rest of the year (up to 100% for November
20).
This different seasonal behaviour may be explained with the heavy polluting combustion appliances (heavy oil
and coal) used for heating plants and industrial premises in those years in Torino. The specific climatic
conditions of the Torino area, with very low winds and frequent winter thermal inversions, were and still are
rather unfavorable to pollutants dispersion. As a result, air quality was very poor, and would absolutely be
considered unacceptable under the present, both legal, cultural and environmental, points of view.
4. Comparison of atmospheric turbidity data in 1975 and 2010
From February 2010 to December 2010 solar beam radiation was measured every day at Torino, exactly at the
same location as in 1975-76 measurement campaign. The measurement instrument was an Eppley
Pyrheliometer with solar tracker, with a time sampling of 10’. Unfortunately, this time no beam radiation data
were available at Pino Torinese, which could have been a useful reference also for the new data.
During the period 1975 to 2010, the city of Torino experienced a profound change in its socio-economical
situation: the largest Italian carmaker left only a few productive premises and its headquarters in its birthplace,
and moved most of its plants to Southern Italy and abroad (Brazil, Poland, Turkey, etc.). Torino municipality
population in its turn decreased by about 250,000 inhabitants (from 1.15 to 0.9 million). On the other hand,
mobility increased by about 30% (from 415,000 to 545,000 private cars during the same period), although this
increase was compensated by more and more stringent EU pollutant emission limits.
In the last years, even Torino energy structure radically changed: while mobility increased, the switch to natural
gas and district heating (nowadays, 410,000 Torino inhabitants are district-heated) led to consistent reduction of
pollutant emissions. As an example, the SO2 time history is shown in figure 3 (Comune di Torino, 2011).
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Figure 3 – SO2 Concentration time history in Torino centre,
While SO2 concentration is now just 1% of 35 years ago levels, the air quality in Torino is still poor, compared
to other Italian and European cities, with higher than acceptable frequency of days in which pollution levels are
beyond threshold, especially in terms of NOx, and Particulate Matter (PM). For instance, PM decreased only by
a factor four from 190 µg/m3 in 1974 to values around 40-50 µg/m3 in these last years.
A comparison of turbidity measurements in Torino and Pino (1975-6) and Torino (February 2010-December
2010) is shown in figure 4. Eighteen daily sets of data were chosen from this measurement campaign as
examples of clear sky days. Daily averages were calculated considering only the clear part of the day.
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Figure 4 – Turbidity factors in 1975-6 and in 2010.
The conclusion which may be drawn looking at figure 4 is that turbidity values have not radically changed
during the last 35 years in Torino. They appear slightly below the old data during the heating season, while they
seem somehow higher during the rest of the year (April 15 to October 15, or days 105-288).
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5. Validation of clear sky theoretical models: beam normal and diffuse horizontal
irradiance
Starting from the measured beam and total horizontal irradiance other considerations were made, with two main
goals:
•

Verify the well known ASHRAE model (ASHRAE, 1985) for clear sky beam normal
irradiance Gbn

•

Verify ASHRAE model for diffuse horizontal irradiance Gdh

The ASHRAE clear sky model was originally developed by Moon (1940), and was later modified by Threlkeld
and Jordan (1958) and Stephenson (1967). The ASHRAE model is still widely used, especially for engineering
calculations, and may be described as follows:

Gbn = A exp ( −B m ) = A exp ( −B sec z )

Eqn 5

Gdh = C Gbn

Eqn 6
2

where the apparent solar constant (A, W/m ), the extinction coefficient (B) and the diffuse coefficient (C) vary
during the year, as reported by ASHRAE (1985).
As an example, both the measured and calculated data have been reported for March 6.
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Figure 5 – Measured and calculated (ASHRAE model) solar irradiances for March 6, 2010.
The example above shows a good agreement between the measured and calculated Gbn values, except for some
unavoidable shading of both the pyrheliometer and the pyranometer on the Department roof in the early
morning time. On the other hand, the Gth values calculated by the ASHRAE model are in perfect agreement
with data taken at the central weather station of Politecnico (Gth_MeteoPoli), while they appear underestimated
whether compared to the data taken at the Department. A maximum 8-9% difference between the two occurred
at noon. This difference will become a possible important source of errors when the diffuse component will be
calculated.
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Figure 6 - Measured and calculated (ASHRAE model) Gbn values.
The figure above shows the comparison between instantaneous 10’ measured and calculated values of Gbn for
the 18 clear sky days. A regression coefficient of 0.84 and a slight systematic overestimate (7%) are an
evidence of the substantial acceptability of the ASHRAE model for most engineering purposes. The refinement
of the method is beyond the scope of this paper, also due to the modest quality level of the experimental data.
Main sources of errors were morning shading from buildings, limited duration of the measurement campaign,
and non regular calibration of the instrument.
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Figure 7 - Measured and calculated (Hottel model) Gbn values.
Other theoretical models, like Hottel (1976), provided (see Figure 7) a less satisfactory correlation (r2 = 0.73),
but a similar – in absolute terms - error on the estimate (-6.4%). Hottel’s model main drawback is the fact that
the atmospheric transmittance is never zero, and this leads to a minimum value of around 200 W/m2, even at
very low solar altitude.
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Similarly, the diffuse horizontal irradiance values Gdh, have been calculated from the measured data of Gbn and
Gth (Department data) as follows:

Gdh = Gth − Gbn cos ( z )

Eqn 7

Gdh values have been compared to those predicted by the ASHRAE model (Eqn 6) both in absolute terms, and
through their ratio to beam irradiance (namely, constant C in the ASHRAE model). The first comparison led to
the results shown in Figure 8.
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Figure 8 – Measured and calculated (ASHRAE model) diffuse horizontal irradiance.
Figure 8 is self commented: the large spread of the data (very low regression coefficient) and the systematic
error (50% underestimate from theory) are immediately visible.
Similar - although slightly better - results were obtained by the Liu-Jordan model (1960), shown in Figure 9.
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Figure 9 - Measured and calculated (Liu-Jordan model) diffuse horizontal irradiance
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The ratio of diffuse horizontal to beam irradiance (namely, constant C in the ASHRAE model was calculated:
•

between measured Gdh and calculated Gbn (C, blue lozenges, ASHRAE model), or

•

between measured Gdh and measured Gbn (C’, purple squares)

As an example, the daily variation of C for the same day as in Figure 5 (March, 6) and on April 9 are shown in
figures 10 and 11.
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Figure 10 – Daily variation of diffuse horizontal to beam normal ratio for March, 6.
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Figure 11 - Daily variation of diffuse horizontal to beam normal ratio for April, 9.
Some considerations may be drawn from the figures above:
•

when Gbn ASHRAE values almost coincide with measured values, C and C’ almost coincide as on
March 6, while this does not happen on April 9.

•

the experimental C and C’ values are in the average well above the C predicted by the ASHRAE
model, as it could be expected from the results shown in Figure 8.

•

The most interesting finding is however that a daily regular oscillation of experimental C values,
symmetrical to noon time, occurs, with very high values at the extremities of the day and at noon.
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The last findings may be explained by the limits of the isotropy assumption implicit in the ASHRAE model: as
the sun rises, circumsolar sky radiation increases in altitude, and therefore its vertical component tends to
become more relevant. On the other hand, for very low altitude angles the vertical component of Gbn in Eqn 7
tends to decrease faster than Gdh, producing an asymptotical increase of C ratio up to an infinite value for θz =
90°.
6. Conclusions
Turbidity measurements carried out 35 years ago in Torino and in the reference station of Pino Torinese
showed in Torino a strong seasonal variation, with systematically higher values during the heating season, due
to high pollution levels from the heavy oil and coal fuelled heating and industrial plants. Torino turbidity values
were two Rayleigh atmospheres above those of Pino Torinese during winter time, while they were just a few
percentage points above the reference in the late spring and summer.
The new measurements performed during 2010 have shown turbidity values comparable to those of 1975-76,
but without any apparent seasonal variation: the optical quality of the atmosphere in Torino seems to have
slightly improved in the winter time, and slightly worsened during the rest of the year.
The measurement campaign was also used to validate some popular engineering models for clear sky solar
irradiance (namely, ASHRAE, Hottel and Liu-Jordan models) for the area of Torino. A satisfactory agreement
has been found for beam normal irradiance, while calculated diffuse horizontal irradiance is usually
underestimated and the ratio of diffuse to beam normal appears to be oscillating during the day.
Finding a new model for diffuse solar radiation is beyond the scope of this paper, both for the reduced number
of measurements and for their arguable quality.
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AVAILABILITY OF DIRECT SOLAR RADIATION IN UGANDA
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Abstract
Investigation on the potential applications of concentrating solar energy systems and selection of optimum sites requires
information on the geographical distribution of direct normal solar irradiance over an area of interest. Direct solar radiation data
is best provided by measurements, but due to high cost of the pyreheliometers, many developing countries are without this
instrument. The most common solar radiation parameter available at most Meteorological stations in Uganda is the sunshine
duration measured mainly with the Campbell-Stokes sunshine recorder. The CSD1 Sunshine Duration sensors are used in a few
places in Uganda. Using solar radiation models, we developed an hourly direct solar radiation distribution for Uganda from
measured data of daily sunshine duration and daily global and diffuse solar radiation available. Comparison between the model
and measured direct hourly solar radiation gave a MBE and RMSE of -0.112 and 0.22 kW/m2 respectively. Hourly direct normal
solar radiation intensities of the order of 500 W/m2 can be expected as early as 0900 hours and as late as 1600 hours for locations
in the eastern and northern regions of Uganda. This is between October and March. The intensities of direct solar irradiance are
higher in eastern and northern regions.

Keywords: hourly direct solar irradiance, solar radiation, sunshine duration
Nomemclature
Symbol

Quantity

a1, a2

Empirical constants

H

Monthly average daily global solar radiation

Hd

Monthly average daily diffuse solar radiation

Ho

Monthly average daily global to extraterrestrial solar radiation

Ib

Hourly direct solar radiation on a horizontal surface

Id,h

Hourly diffuse irradiance on a horizontal surface

Ih

Hourly global irradiance on a horizontal surface

Ibn

Hourly direct normal solar irradiance

Isc

Solar constant

n

Monthly mean daily sunshine duration

N

Maximum possible sunshine duration

φ

Latitude

δ

Declination

θz

Zenith angle
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ωi

and ωs

1.

Hour angle and Sunset hour angle

Introduction

Concentrating Solar Power (CSP) technologies is currently being used in different parts of the world and they are
considered an effective tool for solar energy conversion as reported by National Renewable Energy Laboratory,
2011 and Duffie and Beckman, 1991. CSP systems design mainly consists of a concentrator, a tracking mechanism
to direct the concentrator towards the Sun, and an energy storage sub-system that is used to correct the mismatch
between periods of availability and demand for energy. Lovseth, 1997 and Lovseth, 2000 proposed the construction
and development of a solar energy cooking system with heat storage. To determine the potential use of such a
system in a given area, information of the amount of direct normal solar irradiance and its spatial and temporal
variability are of great importance. A good knowledge of the distribution of direct normal solar irradiance is
essential in designing optimum energy storage for CSP systems and in planning for back up energy sources during
bad weather periods.
Solar radiation data for a given area are best provided by measurements. The World Meteorogical Organisation
recommend the use of a Pyreheliometer for measurements of direct solar radiation. However, due to the high cost of
this equipment, measurements of direct solar radiation are scare. Most of the available meteorological data is the
sunshine duration data recorded uisng Campell-Stokes sunshine recorder and CSD1 sunshine duration sensors. In an
attempt to provide estimates of the amount of hourly direct solar irradiance and how they are distributed in a
particular area, different models have been developed by researchers that estimate direct normal solar irradiance
from other solar radiations parameters (Actor and Jorgen, 2009; Hove and Gotsche, 1999; Serm, 2010 and Liu and
Jordan, 1960).
A substantial amount of solar radiation is received within the Equatorial region throughout the year. This makes this
region a potential candidate for solar energy applications. For one to make an effective design of a concentrating
solar energy system, data of hourly direct solar radiation distribution is needed. These data is of interest in modelling
and assesing the performance of solar concentration systems. One way of achieving this is to present these data as
maps of monthly mean hourly direct solar radiation. Locations with high intensities of hourly direct solar irradiance
are required for solar industrial development. The objective of this study is develop a monthly mean hourly direct
solar irradiance distribition for an Equatorial region (Uganda).
1. Materials and Methods
2.1 Overview
All the stations considered in this study are in Uganda which is located within the equatorial region and lies between
latitudes 01o 30`S and 04o 00`N, and longitudes 29o 30`E and 35o 00`E. The perimeter and area of Uganda is
16,630km and 241,500 km2 respectively. Most part of Uganda lies at altitudes between 900m and 1,500m, the
highest point being at 5,029m and the lowest at 620m as provided by Langlands, 1974. The stations considered in
this study are shown in Table 1 with their respective coordinates. They have been arranged in the order of increasing
latitude.
In this study, data of global and diffuse solar radiation measurements being carried at four selected locations across
the country using pyranometers starting 2003 was used. In addition, one of the station (Kampala) has a
Pyreheliometer that is configured to measure hourly direct solar radiation. The Pyreheliometer data is used to
validate the model. The data from six other stations were got from the Meteorogical Department that has been
measuring daily sunshine durations and other climatic parameters like daily maximum and minimum temperatures,
relative humidity, cloud cover, and rainfall for over 30 years. The instrument used for sunshine durations
measurements at these sites is the Campbell-Stokes sunshine recorder.
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Table 1: Showing different locations across the country from which solar radiation data where obtained.

Station

1
2
3
4
5
6
7
8
9
10

Latitude

Longitude
Altitude (m) Solar radiation data
(deg. East)
Kabale
-1.25
29.98
1869
Sunshine duration
Mbarara
-0.62
30.65
1413
Global, diffuse and sunshine duration *
Entebbe
0.05
32.45
1155
Sunshine duration
Kasese
0.18
30.10
959
Sunshine duration
Kampala
0.32
32.58
1220
Global, diffuse, direct and sunshine duration *
Jinja
0.45
33.18
1175
Sunshine duration
Tororo
0.68
34.17
1170
Global, diffuse and sunshine duration *
Masindi
1.68
31.72
1147
Sunshine duration
Soroti
1.72
33.62
1132
Sunshine duration
Lira
2.28
32.93
1189
Global, diffuse and sunshine duration*
*
Sunshine duration data recorded with CSD1 sunshine recorder

The Angstroms (1924) type correlation developed by Mubiru, 2006, recommended Uganda climate was used to
determine the monthly mean daily global and diffuse solar radiation at locations with only sunshine duration
measurement. The correlation is expressed as:

H
= 0.019 + 1.295( n ) − 0.548( n ) 2
N
N
Ho

(eq. 1)

Values of N used in the above equation were computed from Cooper, 1969 formula given by

N = (2

) cos −1 (− tan φ tan δ )
15

(eq. 2)

H o were obtained from the relationship
πω
24
360n
Ho =
I sc (1 + 0.33cos
)(cos φ cos δ sin ωs + s sin φ sin δ )
π
365
180

(eq. 3)

The sunset hour angle and the declination are given by the following expressions

ωs = cos −1 (− tan φ tan δ )
δ = 23.45sin(360

(eq. 4)

284 + n
)
365

(eq. 5)

The average day numbers of the month n used in this computation are shown in the Table 2.
Table 2: Showing the average day number of the month

Months
Jan
Feb
Mar
Apr
n
17
47
75
105
Adapted from Duffie and Beckman [2]

May
135

Jun
162

Jul
198

Aug
228

Sep
258

Oct
288

Nov
318

Dec
344

To determine the monthly mean daily diffuse from sunshine hour’s record, the correlation developed by Mubiru and
Banda, 2007 of the form:

Hd
= a1 + a2 ( n )
N
Ho

(eq. 6)
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These coefficients for the diffuse correlations was found to be site dependent and therefore no single correlation
could be used for estimating diffuse irradiation distributions at different locations in Uganda. The coefficients
obtained from four stations with diffuse solar radiation measurements are shown in Table 3.
Table 3: Empirical coefficients for determining diffuse irradiance in Uganda

Mbarara
0.314
-0.123

a4
a5

Lira
0.383
-0.136

Kampala
0.236
-0.013

Tororo
0.359
-0.238

In this study we have assumed closer stations with similar climatic paramaters to have the same coefficients for
diffuse correlation.
2.2 Estimation hourly normal direct solar radiation
The hourly direct normal radiation can be estimated from the knowledge of hourly hemispherical radiation on a
horizontal plane , and hourly diffuse radiation on horizontal plane using the relationship

I bn =

I h − I d ,h
cos θ z

(eq. 7)

Values for the hourly global and diffuse can be determined using the Collares-Pereira and Rabl, 1979 conversion rt
and rd factors for estimating average hourly insolation from average daily insolation expressed by:

cos ωi − cos ωs
Ih
π
=
(ar + br cos ωi )
H h 24 sin ω − (ω π ) cos ω
s
s
s
180

rt =

and

rd =

where ar

cos ωi − cos ωs
I d ,h π
=
H d 24 sin ω − (ω π ) cos ω
s
s
s
180

(eq. 8)

(eq. 9)

= 0.409 + 0.5016sin(ωs − 60o ) and br = 0.6609 − 0.4767 sin(ωs − 60o )

The hourly conversion factors, rt and rd are corrected to safisfy the requirement that:

∑r H
t

h

= H h and

day

∑r H
d

d ,h

= H d ,h

(eq.10)

day

Interference of direct solar radiation at low solar altitudes by tall buildings, trees and other obstables, was accounted
for by setting computation limits to -82.5o ≤ θz ≤ 82.5o.
2.3

Statistical methods used for data validation

There are numerous statistical methods available in solar energy literature which deals with the assesment and
comparison of solar radiation estimation models Iqbal (1983). In the present study, the statistical indicators used to
evaluate the accuracy of the correlation with the measured data are the mean bias error (MBE) and the root mean
square error (RMSE). The MBE test gives information on the long-term performance of a correlation. A low MBE
is desired. A positive value implies an average amount of overestimation in the calculated value and vice versa.
Overestimation of an individual observation can cancel underestimation in a separate observation. The MBE is
given by MBE =

1 n
∑ ( X i,cal − X i,meas )
n i =1

(eq. 11)

Xi,cal being the ith calculated value, Xi, meas is the ith measured value and n is the total number of observations.
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⎛1 n
2⎞
The RMSE value is computed from RMSE = ⎜ ∑ ( X i ,cal − X i ,meas ) ⎟
⎝ n i =1
⎠

1

2

(eq. 12)

The RMSE gives information on the short-term performance of a given correlation. It allows term by term
comparison of the actual deviation between the calculated and the measured values. The smaller the RMSE, the
better the model’s performance.

3.

Results and Discusion

3.1

Monthly Sunshine Distribution in Uganda

The distribution of monthly averages of daily sunshine duration at different locations is shown in figure 1. Monthly
mean daily sunshine duration varies between 4 and 9 hours. Observation indicates that Soroti, Tororo and Lira
exhibit higher values of sunshine duration compared to other stations. This shows that the northern and eastern part
have relatively higher insolation compared to the southern and south western part of Uganda.
Kabale
Mbarara
Entebbe
Kasese
Kampala
Jinja
Tororo
Masindi
Soroti
Lira

14

12

Sunhine hours

10

8

6

4

2
Jan

Feb
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Apr
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Jun
Jul
Month

Aug

Sept

Oct

Nov

Dec

Figure 1: Distribution of monthly average daily sunshine duration across some selected stations in Uganda

3.2 Monthly average distribution of direct solar radiation
The distribution of monthly mean daily direct solar irradiance in Uganda is shown in figure 2. South-western region
received less direct solar radiation compared to the eastern and northern part of Uganda. More direct solar radiation
is received between December to March mainly in the northern and eastern part of Uganda. Kabale recieves the
lowest intensity of direct solar radiation.
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Figure 2: Estimated distribution of monthly mean daily direct solar radiation in Uganda.

3.3

Monthly average hourly distribution of direct solar radiation

Estimates of monthly mean hourly direct solar radiation obtained using Collares-Perriera and Rabl, 1979 model
from sunshine hour data in Kampala were compared with clear days data measured using a Pyreheliometer through
calculation of MBE and RMSE. Results gave a MBE and RMSE of -0.112 and 0.22 kW/m2 respectively. Based on
the MBE results, the model underestimates the distribution of hourly direct solar irradiance on a clear day in
kampala. This is mainly because the model estimates hourly direct solar irradiance from the monthly mean daily
irradiance and it does not account for days with intermittent cloud cover or heavy cloud cover for part of the day.
The model results can therefore be treated as the minimum of direct solar radiation that can be expected from a
given area on a clear day when used in designing of concentrating solar energy systems.
The distributions of hourly direct solar irradiance at different locations are given in figures (3-7). These figures are
given in order of increasing latitudes. Direct solar irradiance of the order of 500 W/m2 can be expected as early as
0900 hours to as late as 1600 hours for locations in the eastern and northern region, from around October to March.
Direct intensity peaks of up to 700 W/m2 and 600 W/m2 are also observed in the eastern and northern regions
between October and March. This implies that, application of active solar energy devices in these regions would
require less backup energy sources during these months compared to other periods of the year. In general, eastern
and northern regions of Uganda receive more radiation than southern and south-western regions.
Kabale and Mbarara received relatively low intensities of direct solar radiation which both locations experiencing a
peak of about 400 W/m2 in February. However in Kabale, more direct hourly solar radiation is experienced between
July and September with a peak in August. Entebbe and Kasese received relatively more hourly solar radiation
compared to Mbarara and Kabale with mean monthly hourly solar peaks at about 500 W/m2. Tororo and Soroti
received more hourly direct solar radiation compared to other stations with maximum peaks slightly above 700
W/m2. This is typical of the north eastern part of Uganda which mainly dry with an annual rainfall as low 500 mm as
reported by NEMA, 2000.
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Figure 3: Monthly mean hourly distribution of direct solar irradiance in Kabale and Mbarara
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Figure 4: Monthly mean hourly distribution of direct solar irradiance in Entebbe and Kasese
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Figure 5: Monthly mean hourly distribution of direct solar irradiance in Kampala and Jinja
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Figure 6: Monthly mean hourly distribution of direct solar irradiance in Tororo and Masindi
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Figure 7: Monthly mean hourly distribution of direct solar irradiance in Soroti and Lira

4. Conclusion
We have developed hourly direct solar radiation charts for an African Equatorial location (Uganda). Values of
monthly hourly direct irradiance estimated from this method and those obtained from measurement has a mean bias
error of -0.112 kW/m2 and a root mean square difference of 0.22 kW/m2. Hourly direct solar irradiance estimated
obtained from this method under estimate the radiation that is received on a clear day. Therefore estimates of hourly
direct solar irradiance can be used as the minimum solar radiation that can be obtained on a clear day.
Location very closed to the equator received relatively lower intensity of direct hourly solar irradiance. The intensity
of hourly direct solar radiation increases with latitude. More direct solar radiation intensities occurs between 1000
hours to 1600 hours implying that, concentrating solar energy devices should be designed to work effectively within
this time range. More direct solar radiation is received from December to March in Uganda across most stations in
Uganda.
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1. Introduction
Monthly data of Aerosol Optical Depth (AOD) or Linke turbidity are used in the satellite-based solar
radiation models until recently, which is given by the limited availability of the atmospheric information.
The European consortium working within the project MACC (Monitoring Atmospheric Composition &
Climate) and lead by ECMWF (European Centre for Medium Range Weather Forecast) introduced a new
version of the aerosol database, which replaces the prototype called GEMS (Morcrette et al. 2009).
The MACC database, operationally calculated within the Integrated Forecast System by ECMWF, provides
several atmospheric parameters with a spatial resolution of 1.15 arc-degree (≈125 km at the equator) and a
time step of 6 hours. It represents the period from year 2003 to the present time. The time step of 6 hours
shows high fluctuation of AOD, and given the uncertainty and low spatial resolution we found it as a good
compromise to use the daily averages for adequate representation of the spatial and time dynamics of
aerosols in solar modelling.
AOD is a parameter with highest uncertainty in the solar radiation computational chain (Cebecauer et al.,
2011), and the MACC AOD data have capacity to substantially improve calculation of solar radiation, the
first results being presented by Cebecauer and Suri (2010). The development is ongoing, and reduction of the
uncertainty can be further achieved by improving the chemical transportation models governing the
interaction of aerosols in the atmosphere, calculation of AOD at several wavelengths and increasing the
spatial resolution.
In this paper we further analyze benefits of MACC AOD operational calculations on an example of SUNY
and SolarGIS solar radiation models, which process Meteosat and GOES satellite data. Both models use the
same clear-sky model - simplified SOLIS (Ineichen, 2008) and they apply multispectral satellite data for
cloud index calculation (Cebecauer et al. 2010, Perez et al. 2010). The effects of daily and monthly averaged
AOD values are shown on the calculation of GHI (Global Horizontal Irradiance) and DNI (Direct Normal
Irradiance). The selected sites provide a good representation of different climate zones (Tab. 1). Difficult
sites were intentionally chosen, with complex geography and in high turbidity regions, to demonstrate the
advantages and limits of analyzed AOD data.
Tab. 1: Validation stations. At sites marked by an asterisk (*) winter data are excluded from the analysis

Site name
Bondville*
Boulder
Desert Rock
Fort Peck*
Goodwin Creek
Penn State*
Sioux falls*
Carpentras
Sede Boqer
Solar Village
Tamanrasset
Ilorin
Upington

Country

Network

Model

Latit.

Longit.

USA, IL
USA, CO
USA, NV
USA, MT
USA, MS
USA, PA
USA, SD
France
Israel
Saudi Arabia
Algeria
Nigeria
South Africa

BSRN/SURFRAD
BSRN/SURFRAD
BSRN/SURFRAD
BSRN/SURFRAD
BSRN/SURFRAD
SURFRAD
BSRN/SURFRAD
BSRN
BSRN
BSRN
BSRN
BSRN
ESKOM

SUNY
SUNY
SUNY
SUNY
SUNY
SUNY
SUNY
SolarGIS
SolarGIS
SolarGIS
SolarGIS
SolarGIS
SolarGIS

40.07
40.13
36.63
48.32
34.25
40.72
43.73
44.08
30.91
24.91
22.78
8.53
-28.45

-88.37
-105.24
-116.02
-105.10
-89.87
-77.93
-96.62
5.06
34.78
46.41
5.51
4.57
21.24

Year
2010
2010
2010
2010
2010
2010
2010
2004/03-2009/11
2004/03-2006/06
2000/01-2001/12
2004/03-2006/12
2004/03-2005/07
2007/07-2009/12
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All stations belong to the BSRN/SURFRAD radiometric network with high standards for measurements;
meteo station in Upington is operated by Eskom, South Africa. To eliminate possible interference of snow on
the accuracy of solar irradiance modeling for the sites in US, the winter data were not assumed. In the data
quality checking, it has been identified that data for Ilorin do not have the expected quality.
2. Monthly and daily aerosol data
Aerosols are, after clouds, the second most important factor determining DNI, and to a lesser extent, GHI.
Under clear skies, aerosols are the main source of attenuation for DNI. The Aerosol Optical Depth (AOD)
parameter is used to characterize the overall radiative effect of aerosols. Aerosols have a high spatial and
temporal variability in both composition and quantity. Up to very recently, only monthly-average AOD data
were used in solar radiation modeling. This simplification artificially removes the high frequency aerosol
fluctuations, thus resulting in skewed frequency distribution of DNI (and GHI) and in failure to represent
extreme events (Fig. 1).

Fig. 1: Distribution of hourly DNI values for the Tamanrasset – red: modeled data, blue: ground observations.
Left: data calculated using long-term monthly AOD averages, right: data calculated in operational SolarGIS using daily
values. The left graph demonstrates the skewed representation of values in the range from 750 to 950 W/m2.

Use of monthly averages of AOD in the satellite model results in a uniform monthly clear-sky radiation
values omitting any information about day-by-day variation. The effect of such clear-sky model
parameterization is a distorted distribution of the DNI values with erroneous representation of extreme events
such as very high or very low aerosol loads (Fig. 2).

Fig. 2: 15-minute DNI profiles for 18 days, at the Upington site. Blue: DNI calculated using long-term monthly averages; red:
DNI calculated in operational SolarGIS using daily values. The red profiles demonstrate how daily variability of aerosols
(AOD) strongly affects the accuracy of the estimates.

The operational version of SolarGIS (http://solargis.info) uses daily AOD values. At present, the daily
MACC AOD data exist only since 2003. For the older period, SolarGIS still uses only monthly long-term
averages (Fig. 3).
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Fig. 3: MACC AOD data for the Upington site. Daily values are available only for the era from 2003 onwards.
For the older period, long-term monthly average values are used in SolarGIS

The current MACC data correctly represent the magnitude of the aerosol variability over both time and space
(Cebecauer, 2011), however some bias has been identified in regions with high aerosol loads known also by
an extreme daily and seasonal dynamics (see an example of Nigeria and Saudi Arabia (Fig. 4). The reported
issues will be dealt with in the next version (MACC II) of the aerosol chemical-transport model.
Ilorin, Nigeria

Solar Village,
Saudi Arabia

Fig. 4: Comparison of AERONET ground measurements with AOD data as calculated by MACC, showing the performance of
the current MACC model in “difficult” regions known by extreme dynamics of aerosols. The data profile from the older
prototype GEMS are also shown for comparison. Daily MACC values are operationally used in SolarGIS

3. Method
Three options are compared, while approaches for SUNY and SolarGIS models differ:
1.

Monthly AOD: In the SUNY model, ASRC monthly AOD values are used as they are currently
implemented in the operational model. For SolarGIS, long-term monthly AOD values are calculated
by averaging of daily data. Therefore the approach differs for SUNY and SolarGIS;

2.

MACC daily AOD: the original MACC daily-averaged AOD data are used in the calculations;

3.

Calibrated MACC daily AOD: Due to bias identified for some sites, the daily AOD data are
calibrated as follows:
a.

In SUNY model, the daily data are calibrated so as to match ASRC monthly AOD
averages, developed previously, and operationally used for North America in
SolarAnywhere (http://www.solaranywhere.com);

b.

In SolarGIS, the daily MACC data are calibrated using AERONET aerosol measurements.
Details of this calibration is explained in the following paragraphs.
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The calibration of MACC data for the SolarGIS region (Europe, Africa and Asia) is based on the point AOD
measurements from the AERONET network. The quality level 2 AERONET measurements
(http://aeronet.gsfc.nasa.gov/) were integrated on the daily basis and compared to the MACC daily AOD
values. The difference was analyzed for each month individually and the calibration was applied only for
months where number of valid AERONET-MACC values exceeded the limit of 30 pairs. For Europe, Africa
and Asia a total of 76 stations with sufficient number of valid data pairs were selected.
As the influence of the AOD on the modeled DNI and GHI is non-linear, the calibration of AOD must
resemble the distribution of the AEORONET values. This is important especially for very low AOD values
where even slight change of AOD results in significant change of DNI. For this reason the AERONETMACC difference was analyzed for 5th and 50th percentiles separately. Subsequently these differences were
used for piecewise calibration of MACC AOD database.
The specific issue is extrapolation of the calibration factor identified for individual data points to the
surrounding area. The spatial distribution of aerosols is controlled by specific geographical conditions,
therefore several criteria were used to define region of influence: distance from the points, geographical
barriers, similarity of AOD in region to point AOD (given by the monthly average and variability values). By
combination of these criteria, regions of correction influence and weights were defined for each AERONET
site.
It is to be stressed that SolarGIS approach does not aim at full matching of MACC data with AERONET
values, rather the objective is to identify significant geographical patterns for potential temporary correction
of the existing MACC data until the release of the MACC II version.
An example of spatial distribution of the calibration coefficients for the SolarGIS model is shown in Fig. 5.

Fig. 5: Example of difference of 5th percentile between GEMS/MACC data and AERONET in January for AOD
sites in Southern Europa, Middle East and Africa for valid AERONET sites. Information in the background: monthly
AOD average calculated from the MACC daily data.

4. Results
In general, the use of daily aerosols shows improvements in ability of both models to represent hourly values
of DNI and GHI as an effect of aerosol dynamics. From the viewpoint of running the operational model, the
new atmospheric dataset better captures daily variability, especially events with extreme atmospheric load of
aerosols. Thus it reduces uncertainty of instantaneous DNI and GHI estimates (Figs 6 to 9).
The main accuracy improvements are achieved in reduction of Root Mean Square Deviation (RMSD) and
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improved distribution function of especially DNI. The bias for daily values indicates a need for systematic
correction of the MACC calculation scheme in some regions, especially in those with high concentration and
dynamics of aerosols.

Fig. 6: Mean Bias Deviation for hourly DNI values related to SUNY model

Fig. 7: Root Mean Square Deviation for hourly DNI values related to SUNY model

Use of monthly AOD data in satellite-based solar radiation models does not allow for representing high
irradiance values (Figs. 9a, 10a). The use of daily data improves representation of hourly values (Figs. 9b,
10b), however due to bias in AOD, correction is needed in some regions. Calibration is based on the regional
analysis of ASRC monthly values (for SUNY model) and on AERONET measurements (for SolarGIS
model), see Figs. 9c, 10c.
Results for GHI and DNI are shown also in Tabs. 2 and 3. It has been found that GHI data for Ilorin site have
suspicious quality, therefore represented in Tab. 2 in Italics.
For the CSP and CPV projects, typically measured and satellite-based DNI data are correlated to reduce
systematic deviation in the satellite data set, thus adapting them for local geographic conditions. In site
adaptation the calibration procedure (as referred to in this paper) is performed.
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Fig. 8: Mean Bias Deviation for hourly DNI values related to SolarGIS model

Fig. 9: Root Mean Square Deviation for hourly DNI values related to SolarGIS model

Fig. 10 Ground vs. modeled hourly values for Carpentras - Left: Monthly averaged AOD; Center: Daily AOD used
in the operational SolarGIS; Right: daily calibrated
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Fig. 11 Clearness DNI index versus sun elevation (hourly values) for Carpentras - Left: Monthly averaged AOD;
Center: Daily AOD used in the operational SolarGIS; Right: daily calibrated
Tab. 2: Results for GHI values. The data for Ilorin are of suspicious quality, therefore shown in Italics.

ASRC
Monthly

GHI [W/m2]
Bondville*
Boulder
Desert Rock
Fort Peck*
Goodwin Creek
Penn State*
Sioux Falls*

Mean
366
392
456
379
410
382
398

GHI [W/m2]
Sede Boqer
Tamanrasset
Carpentras
Upington
Ilorin
Solar Vilage

-6
-9
7
-1
-4
-1
-3

Monthly
Mean
543
614
365

3
-17
5

422
535

64
-9

Daily
MBD
0
-6
0
0
2
0
0

Daily
MBD
-1
-2
3
58

Daily
calibr.

ASRC
Monthly

0
-4
3
0
2
0
0

87
111
76
94
89
99
77

Daily
calibr.

Monthly

5
1
7

56
58
48

55
0

114
51

Daily
RMSD
84
113
76
93
89
98
76

Daily
RMSD
55
51
48
108

Daily
calibr.
85
111
75
94
89
98
76
Daily
calibr.
55
52
48
106
51

Tab. 3: Results for DNI values

ASRC
Monthly

DNI [W/m2]
Bondville*
Boulder
Desert Rock
Fort Peck*
Goodwin Creek
Penn State*
Sioux Falls*

Mean
377
465
605
421
432
358
432

DNI [W/m2]
Sede Boqer
Tamanrasset
Carpentras
Upington
Ilorin
Solar Vilage

-23
11
51
-1
-4
24
-14

Monthly
Mean
621
629
496
651

-91
-71
-37
7

550

-70

Daily
MBD
-7
-76
-103
-59
-8
-2
-31

Daily
MBD
-100
4
-36
6

Daily
calibr.

ASRC
Monthly

2
-9
0
-11
2
9
-21

179
237
190
191
164
176
170

Daily
calibr.

Monthly

-66
21
-10
6

184
183
133
152

-27

157

Daily
RMSD
157
239
211
187
162
159
159

Daily
RMSD
175
136
126
145

Daily
calibr.
158
229
175
184
162
161
158
Daily
calibr.
156
136
120
145
140
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5. Conclusion
The new AOD data set from the MACC project and run by ECMWF gives the solar industry higher
confidence in satellite-derived solar data products and their ability to represent different climates of the
world.
The MACC project brings to the solar modeling community high resolution and high frequency data set
available globally for the period of last nine years. The daily variability follows very well the magnitude and
daily dynamics of aerosols, even in areas with extreme geographic and climate complexity, such as West
Africa, Middle East and North India.
The availability of AOD daily values make it possible to identify unresolved issues in modeling the
extremely complex chemical interactions of aerosols in the atmosphere, thus enabling for the first time to
quantify the resulting uncertainty. Thus the uncertainty estimation is possible not only for a limited number
of sites with high quality ground DNI or with aerosol measurements (as used to be a practice until very
recently) but also in a wider spatial context - based on the understanding of the geography and seasonal
changes of the climate.
This is for the first time when high frequency global AOD data have been analyzed in a large geographical
context. It has been demonstrated that the implementation of daily AOD data from MACC project reduces
RMSD and dramatically improves distribution of high frequency (e.g. hourly) DNI values. Some bias issues
have been identified, especially in high turbidity areas and this knowledge helps at identifying the pathways
of further development for aerosol modeling community to adapt the operational data products for the needs
of solar energy.
Improvements in operational atmospheric calculations are ongoing and the reported deviations will be
considered. The continuity of the calculation is secured by the new project MACC II, where substantial
improvements of AOD database are planned.
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Abstract
In this study the photocatalytic degradation of industrial wastewater was investigated by using TiO2 and ZnO
photocatalysts. Heterogeneous photocatalytic processes applied under natural weathering conditions, in the
presence of solar radiation show a promising degradation capability. The complete removal of color could be
achieved in a relatively short time of about 20 minutes, when ZnO was used and about 100 minutes when
TiO2 was used under solar irradiation. However, in the presence of artificial UV-light, complete
decolorization of textile industrial wastewater was obtained after less than one hour of irradiation when ZnO
was used and in less than two hours, when TiO2 was used at the same temperature.
The results indicate that the degree of photocatalytic degradation of textile industrial wastewater was
obviously affected by different parameters. These parameters include catalyst mass, type of catalyst, type of
reactor, type of dye, dye concentration, and temperature.
The procedure used in this research can be used as an efficient technology for solar photocatalytic
degradation of the colored wastewater discharged from the textile industry under the climatic conditions of
most countries.
1. Introduction
Treatments of industrial wastewater, especially textile wastewater will provide huge amount of water to face
water scarcity around the World. Moreover the reliable treatments of wastewater will reduce contamination
of soils, surface and ground water, and as a result public health will be protected. Textile wastewaters are
strongly colored and contain high amounts of organic matter depending on forms of dyes and auxiliary
chemicals (Meric et al, 2004; Muruganandham and Swaminathan, 2004).
Titanium dioxide and zinc oxide are widely and economically available. These semiconductors can be
excited with light of a wavelength in the range of the solar spectrum (λ > 310 nm). Using of solar irradiation
is very attractive technology from the economical point of view.
We have investigated previously, prolifically, the decolorization, photodegradation, and phytoremediation of
many water soluble toxic compounds in real and simulated industrial wastewater. The treated wastewaters
could be recycled in the same industry or reused in another industry or for agricultural fields. The efficiency
of these methods of treatments are between 70-95 % (Alkhateeb et al. 2005, 2007; Hussein et al 2008; AlZahra et al. 2007; Attia et al. 2008; Hussein and Al-Khateeb 2007; Hussein and Abid-Abass, 2010a, 2010b,
Hussein et al. 2010a, 2010b, 2010c).

The aim of the present paper is to investigate photocatalytic decolorization of real and simulated textile
wastewater using TiO2, and ZnO as photocatalysts with irradiation with solar and artificial radiation at
different conditions.
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2. Experimental
Experiments were carried out during December, 2008 till July 2009. Solar irradiation experiments have been
performed at the floor of chemistry department building in college of science, Babylon University, in an
open atmosphere between 11.00 a.m.-1.00 p.m. Sunlight illuminations was accomplished in a 300 cm3 glass
container containing 100 cm3 of the industrial wastewater solution. The sunlight radiation was collected
using converging lens with a focal length of 14 cm. Artificial irradiation experiments are performed in a
homemade reactor. The reactor consists of graduated 400 cm3 Pyrex glass beaker and a magnetic stirring
setup. The radiation source was a Philips 125w/542 high pressure mercury lamp (Holland) .The lamp was
positioned perpendicularly above the beaker. The mercury lamp was allowed to warm up for 3 minutes to
ensure a stable light intensity before commencing a reaction.
TiO2 P-25 anatase purchased from Degussa, TiO2 rutile was obtained from Fluka and Zinc oxide with 99.5%
purity, supplied by Carlo ERBA.
In all experiments, the required amount of the catalyst, titanium dioxide (anatase or rutile) or zinc oxide was
suspended in 100cm3 of industrial wastewater using a magnetic stirrer. At predetermined times; 1.5cm3 of
reaction mixture was collected and centrifuged (4,000 rpm, 15 minutes) in an 800B centrifuge. The
supernatant was carefully removed by a syringe with a long pliable needle and centrifuged again at same
speed and for the same period of time. This second centrifugation was found necessary to remove fine
particles of ZnO or TiO2. After the second centrifugation the absorbance at certain wavelengths of the
supernatants was determined using ultraviolet-visible spectrophotometer, type UV-1650pc, Shimadza and
visible spectrophotometer type v-1000, T-ChromoTech.
The photodegradation percentage of the dye was followed, spectrophotometrically, by a comparison of the
absorbance, at specified interval times, with a calibration curve accomplished by measuring the absorbance,
at known wavelengths, with different concentrations of the dye solution.
3. Results and Discussions
3.1. Photocatalytic decolorization of real textile industrial wastewater at different conditions
Figure 1 shows the change in photocatalytic decolorization efficiency (P.D.E) of real textile industrial
wastewater in the present and absent of catalyst and in the present and absent of solar or artificial irradiation.
Anatase only

100
90

Rutile only

80

ZnO only
Solar only

P.D.E.

70

Artificial only

60

Rutile + Artificial

50
Anatase + Artificial

40
ZnO + Artificial

30

Rutile + Solar

20

Anatase + Solar

10

ZnO + Solar

0
0

10

20

30

40

50

60

T ime/ min

Fig. 1: Effect of types of catalyst and irradiation on photocatalytic decolorization of real industrial wastewater

The results indicate that the activity of different catalysts fell in the sequence:
ZnO (solar) > ZnO (artificial) > Anatase (solar) > Rutile (solar) > Anatase (artificial) > Rutile (artificial) >>
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No catalyst= No solar or artificial irradiation = 0
These results also indicate that there was no dark reaction. Incubations of colored industrial wastewater
without solar or artificial radiation and/or without catalyst was performed to demonstrate that decolorization
of the dye was dependent on the presence of both; light and catalyst.
Results indicate that ZnO in the existence of solar irradiation is most active. Sakthivel et al (2003) explained
the higher activity of ZnO due to absorption of large fraction of the solar spectrum and absorption of more
light quanta by ZnO than TiO2.
All types of catalysts used in this research showed higher photocatalytic activity under sunlight irradiation.

This may be due to high light intensity of solar radiation in IRAQ. Neppolian et al (2002) reported that solar
energy may emerge as a viable method for textile wastewater treatment because of its eco-friendliness and
cost effective where 96% of textile industrial wastewater was photodegradated during April–June; peak
summer period of the year in Chennai, India. However, Akbal (2005) concluded that the photocatalytic
decolorization rate of methylene blue and methyl orange with UV light irradiation was higher than that with
solar light irradiation.
3.2. Effect of catalyst mass
Figure 1 shows that 175mg of anatase is sufficient for maximum rate of decolorization when mercury lamp
was used for irradiation. Moreover the same mass was found also sufficient when the reaction vessel was
illuminated with solar irradiation. These observations proved that the optimum mass to achieve maximum
decolorization percentage is independent on type of irradiation source and solar irradiation in this system is
more efficient than 125w/542 high pressure mercury lamp.

100
90
80
70

P.D.E.

60
50
40
30
20
10

A r t if ic ia l
S o la r

0
0

50

100
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200

250

300

350

400

M a s s o f a n a ta s e / m g

Fig. 2: Mass effect of TiO2 (anatase) on photocatalytic decolorization efficiency of real textile industrial wastewater for
different times of irradiation under solar and artificial radiation

The same observations were noted when ZnO was used as photocatalyst. However the optimum mass to
achieve maximum P.D.E is 350mg. These results are shown in figure 2.
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Fig. 3: Mass effect of ZnO on photocatalytic decolorization efficiency of real textile industrial wastewater for different times of
irradiation under solar irradiation (A) and artificial radiation (B)

Mass of catalyst is regarded as the major parameter affecting the photocatalytic degradation efficiency (Dong
et al. 2010). The results plotted in figures 2 and 3 shows that the photocatalytic degradation efficiency of real
industrial wastewater increases linearly with the increasing in catalysts mass at the first stages. This behavior
may be due to an increase in the amount of active site on surface of photocatalyst particles and as a result, the
number of dye molecule that adsorbed on the surface of photocatalyst will be increased and that will lead to
an increase in the density of particles in the area of illumination (Kim and Lee, 2010). However, after
reaching maximum photocatalytic degradation rate, addition of excess amount of catalysts has no effect on
photocatalytic rate, so a plateau region was observed. After the plateau region is achieved, the activity of
photocatalytic decolorization decrease with increase of catalyst concentration for titanium dioxide and zinc
oxide. This behavior is more likely due to Light scattering by catalyst particles at higher concentration which
leads to decrease in the passage of irradiation through the sample leading to poor light utilization (Gaya et
al., 2010; Kavitha and Palanisamy, 2011). Deactivation of activated photocatalyst molecules colliding
ground state molecules with increasing the load of photocatalyst may be also cause reduction in
photocatalyst activity (Kim and Lee, 2010). High concentration of loading catalyst also decreases the number
of surface active sites (Thakur et al., 2010).
3.3. Effect of Temperature
Reaction was followed at four different temperatures in the range 293.15- 315.15 K using 175 mg of anatase
under solar radiation. The results in table 1 indicate that the P.D.E of real textile industrial wastewater
increases with increasing of temperature.
Table 1: Effect of temperature on photocatalytic decolorization efficiency of real textile industrial wastewater on TiO2 and
solar radiation

293.15

298.15

304.15

310.15

0

0

0

0

10

9.11

11.23

12.43

14.22

20

18.23

20.88

23.54

26.44

30

26.66

30.43

34.05

39.76

40

36.55

40.22

46.12

55.45

50

45.65

51.65

58.54

70.34

60

55.24

58.34

65.45

78.85

Temperature /
K
Time/ min
0
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Reaction was also followed at four different temperatures in the range 290.15- 319.15 K using mercury lamp
and 350mg of zinc oxide. The results are listed in table 2. The results indicate that P.D.E of real textile
industrial wastewater increases with increasing of temperature. However it is clear that temperature is the
less active parameter in the photocatalytic decolorization of real textile industrial wastewater.

Table 2: Effect of temperature on photocatalytic decolorization efficiency of real textile industrial wastewater on ZnO and
artificial radiation

Temperature / K

290.15

298.15

313.15

319.15

Time/ min
0

0

0

0

0

10

10.22

12

17.25

18.22

20

21.4

14.12

35.25

38.04

30

32.8

36.22

52.33

56.22

40

42.44

48.35

68.88

77.25

50

52.3

62.55

85.25

100

60

63.55

72.85

97.88

100

It is well known that the most desirable system for complete mineralization of a wide range of organic
substrates that which operates under natural weathering conditions without producing of harmful byproducts
(Kansal et al. 2007). Photocatalytic treatments and especially with solar irradiation offer that because they
are mostly proceeds under natural weathering conditions. Adsorption of reactants on the surface of catalysts
is a spontaneous exothermic phenomenon so it is enhanced by reduction of temperature ( Malato et al 2003).
3.4. Effect of Initial Dye Concentration:
The results in figure 4 show the changing of rate of decolorization of real textile industrial wastewater on
175mg of anatase by using solar and artificial irradiation at 298.15K with the initial direct dye concentrations
(25%-100%) at different times. The results indicate that decreasing of dye concentration decreases the time
of decolorization.
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Fig. 4: Effect of initial dye on photocatalytic decolorization of real textile industrial wastewater on TiO2 (anatase) and solar
radiation
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This behavior related to decreasing of the path length of photons entering the solution as the initial
concentration of dye increases and as a result the number of photon absorbed by the catalyst decreases.
This behavior related to decreasing of the path length of photons entering the solution as the initial
concentration of dye increases and as a result the number of photon reached to the catalyst surface decreases
(Davis et al. 1994, Rideh et al. 1997 Murugesan and Sakthivel 2002 and Nam et al. 2002).

4. Conclusions
1- The existence of catalyst and lights are essential for photocatalytic degradation of colored dyes.
2- Solar photocatalytic treatment is an efficient technique for decolorization of industrial wastewater through
a photocatalytic process and the transformation is practically complete in a reasonable irradiation time.
3- Visible light / ZnO and visible light/TiO2 systems could be efficiently used for photodegradation of textile
industrial wastewater. The results indicate that the degree of photodegradation of textile industrial
wastewater was obviously affected by different parameters. The complete removal of color could be
achieved in a relatively short time of about 20 minutes, when ZnO was used under solar irradiation.
4- The procedure used in this research can be used as an efficient technology for solar photocatalytic
degradation of the colored wastewater discharged from the textile industry under natural weathering
conditions.
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A study was undertaken to determine the correlation between global solar radiation, ambient air temperature and
sunshine hours for Makurdi, Nigeria (latitude 7°7' N and longitude 8°6' E). The global solar radiation (H), maximum
and minimum ambient air temperature, hours of bright sunshine (n) and cloudiness were measured hourly from 0600
H to 1800 H daily for 18 months. The correlation and plots of clearness index (H/Ho) versus fraction of sunshine
hour (n/N), H/Ho versus maximum ambient air temperature (Tmax), H/Ho versus the difference between maximum
and minimum ambient air temperature (Td) and H/Ho versus the ratio of maximum and minimum ambient air
temperature (Tr) were undertaken to determine the correlation coefficient (R) and the linear equations. The
corresponding R-values obtained were 0.8, 0.5, 0.2 and 0.1 respectively. The analysis showed that the model based
on H/Ho versus n/N is best for predicting the global solar radiation for the location. Therefore, the Angstrong-Page
equation, which is based on n/N best predict the global solar radiation for the location.
1. Introduction
The global solar radiation on any surface is influenced by the hours of sunshine, ambient air temperature and relative
humidity of the location (Montero et al., 2009: Polo et al., 2009). Many models have been developed to estimate the
global solar radiation using these factors. The Angstrong-Page equation used the hours of bright sunshine (Yohanna
et al., 2011) while the Hargreaves model uses the difference between the maximum and minimum ambient
temperature (Taiwo, 2010). Other models use the maximum ambient temperature (Sanusi and Aliyu, 2005). The
Angstrong-Prescot-Page model uses the hours of bright sunshine and relative humidity (Aliyu and Sambo, 1991;
Husaaini et al, 2005). Agbo et al (2006) used relative humidity models. The correctness of these models in
estimating the global solar radiation depends largely on the correlation between the global solar radiation and these
parameters. A low correlation usually indicates the poor predictability of the resulting model.
The use of solar energy is becoming increasingly popular and attractive, particularly in tropical locations where the
sun is vertically overhead twice in a year in the months of March and September. There is thus abundance of solar
energy in these locations. Importantly, the use of solar devices for such applications as drying and water heating
requires estimating the available solar radiation incident upon the collector of the device. These predictive models
estimate the amount of solar radiation in the design of these devices without the need for direct measurement.
It is important to determine the meteorological parameters that best correlate with the global solar radiation in order
to know the best model to use for the location. This will eliminate the faulty design of solar devices, which has been
the bane of solar technologies in developing countries. This is discouraging governments, policy makers and endusers from patronizing solar energy devices. Makurdi, Nigeria (latitude 7°7' N and longitude 8°6' E) is located in the
tropics and has a huge potential for the use of solar energy in providing its energy needs. Although, some models
have been developed and verified for use in this location, some of them performed poorly and therefore have no
practical significance (Yohanna et al, 2011).
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The objective of this study is to correlate the global solar radiation with some commonly used meteorological
parameters (n/N, Tmax, Td and Tr) so as to determine the parameters that has the best correlation with the global solar
radiation. This will enable the recommendation of the type of model that should be used in this location.
2. Materials and methods
Makurdi, Nigeria is located on latitude 7°7' N and is 111 m above sea level. The global solar radiation (W/m2),
maximum and minimum ambient temperature, hours of bright sunshine and cloudiness were measured hourly from
0600 H to 1800 H daily for 18 months. The solar radiation was measured from a Daystar DS-05 sun meter at the
College of Engineering, University of Agriculture, Makurdi, Nigeria. The hours of solar radiation of less than 120
W/m2 was considered cloudy and was not considered in determining the hours of bright sunshine (Coulson, 1975).
The monthly average daily extraterrestrial radiation (Ho), hour angle (ω) and the hours of possible sunshine, daylight
between sunrise and sunset (N) were determined from equations 1, 2 and 3 respectively. The angle of declination (δ)
was obtained from Itodo et al (2004). The maximum and minimum ambient temperatures were measured from a
maximum and minimum thermometer. The correlation between H/Ho and n/N, H/Ho and Tmax, H/Ho and Td, and
H/Ho and Tr were determined using Microsoft Office Exel 2007 and were plotted to obtain the straight line
equations. The H/Ho was plotted on the y-axis while the meteorological parameters were plotted on the x-axis.
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Where:
sc – Solar constant
Ø – Latitude of the location, degree
ω- Hour angle for the typical day n of each month
nd – Day of each month
3. Results and discussion
The extraterrestrial radiation (Ho), which is the maximum amount of radiation to the earth, is attenuated as it passes
through the atmosphere to the ground surface as global solar radiation (H). The attenuation is caused by cloud, air
molecules, aerosols, water vapour and ozone. The global solar radiation is therefore a fraction of the extraterrestrial
radiation. The ratio H/Ho, which is referred to as the clearness index of the atmosphere is a measure of the
transparency of the atmosphere to solar radiation and is used to define the coefficient of transmission or the
transmittance of the atmosphere (Babatunde, 1995). A high H/Ho means clearer atmosphere indicating that the
radiation has a shorter path to the earth’s surface and a greater transmission. The attenuation of extraterrestrial
radiation causes a variation in the number of hours of sunshine and its intensity on the earth’s surface from latitude
to latitude. The ratio n/N, which is known as fraction of sunshine hours is the actual number of hours of sunshine
received at a location to the number of hours of possible in the day (length of the day).
The variation of n/N is largely influenced by atmospheric conditions like clearness and turbidity rather than the
movement of the sun around the earth (Babatunde, 1995). Table 1 showed that n/N increased with increasing H/Ho
indicating that the fraction of sunshine hours increased with increased availability of the global solar radiation due to
a clearer atmosphere. The n/N values were lowest during the months of rainfall (May to October) because of the
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corresponding low values of H/Ho due to periodic cloudiness of the atmosphere. The lowest n/N of 0.39 occurred in
the month of August, which is the period of peak rainfall and high cloud cover for this location. The corresponding
H/Ho for this month is also 0.39. The higher n/N with the corresponding H/Ho occurred in the dry season (November
to April). The low H/Ho of 0.48 in November may have been due to harmattan haze in the atmosphere at this
location. The high proportionality between H/Ho and n/N may have accounted for high correlation (R = 0.8) between
them (Fig. 1). This agrees with the findings of Hussaini et al (2005) that n/N remains the most important single
parameter for characterizing solar radiation in Nigeria locations.
Tab. 1: Summary of measured meteorological parameters

Month
January
February
March
April
May
June
July
August
September
October
November
December
Mean

H/Ho
0.59
0.63
0.61
0.55
0.56
0.53
0.47
0.39
0.51
0.51
0.48
0.67
0.54

n/N
0.59
0.63
0.64
0.61
0.56
0.50
0.40
0.39
0.49
0.58
0.63
0.64
0.54

Tmax
31
34
35
33
32
32
30
31
32
32
31
31
32

Td = Tmax - Tmin
3
4
4
2
1
4
2
3
2
2
2
2
2.6

Tr = Tmax/Tmin
1.11
1.13
1.13
1.06
1.03
1.14
1.07
1.11
1.07
1.07
1.07
1.07
1.19

The correlation between H/Ho and Tmax seems to have been influenced by both the movement of the earth around the
sun and the clearness of the atmosphere for this location. The yearly movement of the earth around the sun showed
that the sun is vertically overhead on this location in March and September. This may be why the highest maximum
ambient temperature of 35°C occurred in March in a clear atmosphere (H/Ho = 0.61) in the dry season. The lower
maximum ambient temperatures of 30-32°C with corresponding lower H/Ho (0.39 – 0.56) may have been due to
cloudiness in the raining season (May – October) at this location (Sanusi et al., 2005). The lowest maximum ambient
temperature of 30°C occurred in this period in July. Table 2 shows a fair proportionality between H/Ho and Tmax,
which may have accounted for the fair correlation (R = 0.5) between these parameters (Fig. 2). This result supports
the recommendation of Hussaini et al (2005) that models based on Tmax can be used to predict the global solar
radiation in some northern locations of Nigeria. The low proportionality between H/Ho and Td, and H/Ho and Tr may
have accounted for the corresponding low R-values of 0.2 (Fig. 3) and 0.1 (Fig. 4) respectively.
Tab. 2: Summary of correlation values and equations for the various H/Ho versus meteorological parameters

H/Ho vs parameter
H/Ho vs n/N
H/Ho vs Tmax
H/Ho vs Td
H/Ho vs Tr

Equation
H/Ho = 0.17 + 0.66 (n/N)
H/Ho = -0.41 + 0.03 Tmax
H/Ho = 0.50 +0.02 Td
H/Ho = 0.24 + 0.28 Tr

R
0.8
0.5
0.2
0.1

R2
0.6
0.3
0.04
0.02

The Angstrom-Page model for predicting global solar radiation uses the n/N parameter. The high correlation
between H/Ho and n/N indicated that this model will be most applicable for this location.
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Fig. 2: Correlation and plot of H/Ho versus Tmax

Fig. 1: Correlation and plot of H/Ho versus n/N
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Fig. 3: Correlation and plot of H/Ho versus Td
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Fig. 4: Correlation and plot of H/Ho versus Tr

4. Conclusion
It is concluded that:
1.
2.

H/Ho versus n/N had the best correlation (R = 0.8) of the meteorological parameters investigated.
Models based on hours of bright sunshine (n/N) will best predict the global solar radiation than those based
on ambient temperature for the location.
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GLOBAL IRRADIANCE: TYPICAL YEAR AND
YEAR TO YEAR ANNUAL VARIABILITY
Pierre Ineichen
University of Geneva, Institute for Environmental Science, Geneva (Switzerland)

1. Introduction
Models converting satellite images into the different radiation components become increasingly performing
and give often better estimation of the solar irradiation availability than ground measurements if the station is
not situated in the near vicinity of the application.
Two different kinds of models are used to circumvent the lack of ground measurements: «average» models
based on 10 to 20 years of ground measurements and interpolation between stations, and satellite based
models that give «real» time series for specific years.
The present study analyzes the interannual variability (variation from one year to the other) of the solar
irradiation and compares it to the corresponding annual irradiation obtained from different evaluation
models.
2. Ground measurements
Data from 21 European and African, and 6 American ground stations were collected to conduct the study.
The geographic locations of the stations cover latitudes from 8°N to 58°N, altitudes from sea level to 3000 m
and a great variety of climates. For stations part of the SurfRad, BSRN (http://www.gewex.org/bsrn.html)
and CIE (CIE 1994) networks, high precision instruments (WMO 2008) such as Kipp and Zonen CM10 and
Eppley PSP pyranometers, are used to acquire the data. For the other stations, it was not possible to
determine the exact type of instruments. A stringent calibration, characterization and quality control was
applied on all the data by the person in charge of the measurements (following IDMP recommendations,
CIE 1994), the coherence of the data was verified by the author. The list of the stations is given on Table I.
Meteosat sites
Berlin Dahlem (D)
Bratislava (SK)
Carpentras (F)
Davos Dorf (CH)
El Saler (Spain)
Geneva (CH)
Ilorin (Nigeria)
Lindenberg (D)
Locarno Monti (CH)
Murcia San-Javier (Spain)
Nantes (F)
Payerne (CH)
Sion (CH)
Sonnblick (A)
Tamanrasset (Algeria)
Thessaloniki (GR)
Toravere (Estonia)
Valentia (Ireland)
Vaulx-en-Velin (F)
Wien / Hohe Warte (A)
Zürich Kloten (CH)
Bondville (IL)
Desert Rock (NV)
Fort Peck (MO)
Goodwin Creek (MI)
Penn State (PY)
Table Mountain (CO)

climate

mediterranean
semi-continental alpin
semi arid
semi-continental
equatorial desert
moderate maritime
semi arid
oceanic
moderate maritime/continental
dry alpine
temperate alpine
hot, dry desert
mediterranean temperate
cold humid
temperate maritime
semi-continental
continental
temperate atlantic

desert

semi-arid

period

latitude °

longitude °

altitude m

1980-2009
1994-2007
1990-2010
1981-2010
1999-2006
1980-2010
1993-2005
1995-2004
1981-2010
1985-2008
1995-2007
1981-2010
1981-2010
1994-2009
1995-2010
1993-2006
1999-2010
1996-2009
1994-2010
1994-2009
1981-2010

52.46
48.17
44.08
46.81
39.35
46.20
8.53
52.22
46.17
37.78
47.15
46.82
46.22
47.05
22.78
40.63
58.27
51.93
45.78
48.25
47.38

13.3
17.08
5.06
9.84
-0.32
6.13
4.57
14.12
8.78
-0.82
-1.33
6.95
7.33
12.95
5.52
22.97
26.47
-10.25
4.93
16.35
8.57

58
195
100
1610
10
420
350
125
367
3
30
490
489
3105
1400
60
70
14
170
203
558

1995-2008
1999-2008
1995-2008
1995-2008
1999-2008
1996-2008

40.05
36.62
48.31
34.25
40.72
40.13

-88.37
-116.02
-105.10
-89.87
-77.93
-105.24

213
1007
634
98
376
1689

operated by
CIE
BSRN
WRDC
FluxNet
CIE
BSRN
BSRN
ANETZ

- ICA
- Météo France
- Met Office

CIE
BSRN
ANETZ
WRDC
BSRN
WRDC
BSRN
WRDC
CIE
WRDC
ANETZ

- CSTB
- Météo Suisse
- Météo Suisse
- ZAMG
- Met Office
- Met Office
- EMHI
- Met Office
- ENTPE
- ZAMG
- Météo Suisse

SurfRad
SurfRad
SurfRad
SurfRad
SurfRad
SurfRad

- UNIGE
- DWD
- Météo Suisse

- NREL
- NREL
- NREL
- NREL
- NREL
- NREL

ANETZ

Automatisches meteorologisches Mess-und Beobachtungsnetz

ENTPE

Ecole Nationale des Mines de Paris

BSRN

Baseline Surface Radiation Network

UNIGE

University of Geneva

CIE

Commission Internationale pour l'Eclairage

WRDC

World Radiation Data Center

CSTB

Centre Scientifique et Technique du Bâtiment

ZAMG

Zentralanstalt für Meteorologie und Geophysik

DWD

Deutscher Wetterdienst

EMHI

The Estonian Meteorological and Hydrological Institute

NREL

National Renewable Energy Laboratory

ICA

Institute of Construction and Architecture, Slovak Academy of Sciences

SurfRad

Surface Radiation Network

Table 1: Ground sites list
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3. Ground data accuracy
Sensor calibration is the key point for precise acquisition in the field of solar radiation. The radiation sensors
should be calibrated by comparison against a sub-standard before the beginning of the acquisition period, and
then every year. Due to the possible errors and inaccuracies, a post-calibration is difficult to conduct.
The quality control is the first step in the process of using ground data. It detects significant instrumental
errors like calibration, orientation, leveling, coherence, etc. An automatic quality control cannot detect all the
acquisition inaccuracies, one of the remaining points to be assessed is the sensors’ calibration coefficient
used to convert the acquired data into physical values. This can only be done by comparison of redundant or
complementary data.
The sensors’ calibration coefficient can be verified for clear sky conditions by comparison. Day by day, the
highest hourly value is selected from the measurements and plotted against the day of the year as illustrated
on Figure 1. These points are representative of the clearest conditions within the considered day. As the
highest value for each day is selected, the upper limit represents the clear sky conditions. On Figure 2, the
clearness index Kt (global irradiance G normalized by the corresponding extra-atmospheric irradiance Io) is
plotted against the solar elevation angle in hourly values. Here again, two different data sets are represented;
the upper limits of the two data sets should lie together if the calibration is coherent. On such graphs, data
from different sites or different year for the same site can be compared.
Highest daily global irradiance value [W/m2]

Global clearness index K t

Modified clearness index Kt'

Year 2002

1200

Payerne ISM 2009

Payerne ISM 1997

1

1000

2

0.8
800

600

1.5

0.6

Payerne BSRN irradiance
400

Payerne ISM irradiance

0.4

Payerne BSRN clearness index
Payerne ISM clearness index

200

1

0.2
0

-200
0

30

61
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304

0.5
334
365
Day of the year

0
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Figure 1 (left): highest daily global irradiance value versus the day of the year for two different data sets.
Figure 2 (right): clearness index versus the solar elevation angle for the same site and two different years.

When the atmospheric aerosol optical depth (aod) and the water vapor column (w) for the site are known,
from an independent network such as aeronet, the sensors’ calibration can be assessed by comparison with
the help of a clear sky model. On such networks, the aerosol optical depth is acquired as soon as direct sun is
present; the values are then averaged to give a daily value. The water vapor w is evaluated from the ground
temperature (Ta) and relative humidity (HR) by the use of a model such as Atwater model (Atwater 1976).
When the temperature and humidity measurements are missing, the data from a neighboring station (if
applicable) can be used; the water vapor can also be retrieved from the aeronet network. These aod and w
values are then used with the Solis clear sky model (Muller 2004, Ineichen 2008a) to evaluate clear sky
hourly G and Gb values and plotted on same graphs than above.
If none of the above method can be applied, the results issued from the use of such data bank should be taken
with caution.
4. Derived data
Two different derived data sets are analyzed in this study: average and typical years derived from long-term
measurements, and specific years derived hour by hour from satellite images. These two categories of
products will be compared separately against the corresponding ground data sets.

3.1.

Average and typical years

These sets of data are obtained from 10 to 20 years of measurements, and partially interpolated between
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stations. Some of them are corrected with the help of satellite images. For Switzerland and the United States,
Design Reference Year (DRY from EMPA, CH) and Typical Meteorological Year (TMY from NREL, USA)
are also part of the comparison.
These data are derived within the following networks, programs or softwares:
�

PVGIS: Photovoltaic Geographical Information System provides a map-based inventory of solar
energy resource and assessment of the electricity generation from photovoltaic systems in Europe,
Africa, and South-West Asia (available from http://re.jrc.ec.europa.eu/pvgis/ ). For Europe, a new
data set is available in version 4, evaluated by Eumetsat climate satellite facilities (CMSAF, DWD).

�

WRDC: the World Radiation Data Centre Online Archive contains international solar radiation data
stored at the WRDC, which is a central depository for data collected over one thousand
measurement sites throughout the world (available from http://wrdc-mgo.nrel.gov/).

�

RetScreen: the RETScreen Clean Energy Project Analysis Software is a unique decision support
tool developed with the contribution of numerous experts from government, industry, and academia.
The software, provided free-of-charge, can be used worldwide to evaluate the energy production
and savings, costs, emission reductions, financial viability and risk for various types of Renewableenergy and Energy-efficient Technologies (RETs, available from http://www.retscreen.net ).

�

NASA SSE is a renewable energy resource web site of global meteorology and surface solar energy
climatology from NASA satellite data on 1 by 1 degree resolution (available from
http://eosweb.larc.nasa.gov/sse/).

�

EMPClimate: this database contains monthly means of solar irradiation (downwelling shortwave
irradiation), minima, maxima and mean values of air temperature at 2 m, minima, maxima and
mean values of relative humidity at 2 m and covers the whole world. It has been created by data
fusion techniques applied to satellite data, meteorological re-analyses from the National Centers for
Environmental Prediction and the National Center for Atmospheric Research (NCEP /NCAR USA)
and orography for the period 1990-2004 by Mines ParisTech (available from the MeSor1 portal at
http://www.mesor.org).

�

Meteonorm is a comprehensive meteorological reference software, incorporating a catalogue of
meteorological data and calculation procedures for solar applications and system design at any
desired location in the world. It is based on over 23 years of experience in the development of
meteorological databases for energy applications (see http://www.meteonorm.com ).

�

EMPA DRY and NASA TMY: Design Reference Year and Typical Reference Year contain hourly
climate data for a specific location, arranged as hourly sets of simultaneous climate parameters. The
basic requirements for a DRY or a TRY are that it correspond to an average year, both regarding
monthly or seasonal mean values, occurrence and persistence of warm, cold, sunny or overcast
periods.

�

ESRA: the European Solar Radiation Atlas is oriented towards the needs of the users like solar
architects and engineers, respecting the state of the art of their working field and their need of
precise input data. From best available measured solar data complemented with other
meteorological data necessary for solar engineering, digital maps for the European continents are
produced. Satellite-derived maps help in improving accuracy in spatial interpolation (see
http://www.helioclim.com).

�

Satel-Light is a Meteosat image based data server developed within a Joule XII European project
that provides 5 years of half hourly data of solar irradiance and daylight components with a spatial

1

MeSor: Management and Exploitation of Solar Resource Knowledge. The MeSor project is a European funded Coordination Action
which aims at removing the uncertainty and improving the management of the solar energy resource knowledge. The project includes
activities in user guidance (benchmarking of models and data sets; development of a handbook on best practices on how to use solar
resource data), unification of access to information (use of advanced information technologies; offering one-stop-access to several
databases), connecting to other initiatives (INSPIRE of the EU, POWER of the NASA, SHC and PVPS of the IEA, GMES/GEO) and to
related scientific communities (energy, meteorology, geography, medicine, ecology), and dissemination (stakeholders involvement,
future R&D, communication).
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resolution of 10 km by 10 km. It covers all Europe and part of North Africa (available from
http://www.satel-light.com). The average over the years 1996 to 2000 is used here.
�

SolarGis from GeoModel: a modified Heliosat-2 algorithm is used to calculate irradiance from 15minute MSG data, adapted for multispectral MSG data, with improvements of snow classification
and cloud index determination and a terrain disaggregation (see http://www.geomodel.eu and
below)

3.2. Specific satellite derived years
The second set of data is obtained from satellite images, and is representative of data for specific years:
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�

The Helioclim-3 data bank (http://www.soda-is.com) is produced with the Heliosat-2 method that
converts observations made by geostationary meteorological satellites into estimates of the global
irradiation at ground level. This version integrates the knowledge gained by various exploitations of
the original Heliosat method and its varieties in a coherent and thorough way.
It is based upon the same physical principles, but the inputs to the method are calibrated radiances,
instead of the digital counts output from the sensor. This change opens the possibilities of using
known models of the physical processes in atmospheric optics, thus removing the need for
empirically defined parameters and of pyranometric measurements to tune them. The ESRA models
(ESRA 2000, Rigollier 2000 and 2004) are used for modeling the clear-sky irradiation. The
assessment of the ground albedo and the cloud albedo is based upon explicit formulations of the
path radiance and the transmittance of the atmosphere. The turbidity is based on climatic monthly
Linke Turbidity coefficients data banks.

�

SolarGis (http://www.geomodel.eu): the irradiance components are the results of a five steps
process: a multi-spectral analysis classifies the pixels (normalized difference snow index (Ruyter
2007), cloud index (Derrien 2005), and temporal variability index), the lower boundary (LB)
evaluation is done for each time slot (based on the original approach by Perez (2002)), a spatial
variability is introduced for the upper boundary (UP) and the cloud index definition, the Solis clear
sky model is used as normalization [simplified version (Ineichen 2008a), as inputs, the climatology
values from the NVAP water vapor database (Randl 1996) and Atmospheric Optical Depth data by
(Remund 2008) assimilated with Aeronet and Aerocom datasets are used], and a terrain
disaggregation is finally applied [based on the approach by Ruiz-Arias (2010), with a spatial
resolution of 100 m].

�

Satel-Light (http://www.satel-light.com): the only parameter directly computed from the satellite
image is the global horizontal irradiance. All other parameters are computed from it. The global
horizontal irradiance is estimated from the pixel value of the satellite image using the concept of the
Heliosat method, proposed by Cano (Cano, 1986). This method was modified by Beyer (Beyer,
1996) and further improvements have been made to it for Satel-Light. The Heliosat method is based
on the assumption that the albedo of a cloudy atmosphere will usually be larger than the albedo of
the ocean or the earth surface (this is not true if the ground is covered with snow). Thus, the
increase of the albedo gives a measure of the cloud cover. Then, the albedo is used to compute the
cloud index, which is representative of the cloud cover.
The presence of snow increases significantly the albedo, making the detection of cloudless
situations almost impossible when using only the satellite visible channel. Unfortunately, the
generation of Meteosat satellites used at the time of the project did not offer channels which could
be used to make the distinction between snow cover and cloud cover. This means that a pixel
overlooking an area covered with snow during part of the month is considered as a pixel
overlooking an area covered with clouds during that same period of time. The solar radiation for
this pixel will then be underestimated (Ineichen 1999).

�

Suny model (State University of New York at Albany): the semi-empirical model producing global
Irradiance (G) and direct irradiance (Gb) from geostationary satellite images (visible channel) has
been described in detail in two previous articles (Perez 2002, Perez 2003).
The cloud index determination is individualized for each ground (pixel) location. It is determined

from the location-specific relative normalized pixel brightness -- i.e., the brightness of a pixel in
relation to its maximum and minimum possible value, the latter representing clear conditions
(brightness of ground) and the former representing cloudy conditions (brightness of thick cloud
top). Because it is individualized for each pixel, this process accounts for ground reflectivity
differences over space and time and does not require an absolute knowledge of satellite sensors
calibration. The model also accounts for site-specific ground bi-directional (specular) reflectance
characteristics and for snow cover when present (Perez 2002, Perez 2003).
The clear sky envelopes (Bird model adapted by Maxwell 1998) represent the upper limit of
irradiances generated by the model. These envelopes are functions of ground elevation and
atmospheric turbidity as quantified by atmospheric precipitable water w and by atmospheric optical
depth (aod). In its operational version, the model uses monthly site/specific climatological estimates
of w and broad-band aod traceable to (Randal 1996, Mischenko 1999, Yu 2003).
The model enhances its performance in complex terrains, via a systematic internal calibration of its
output to modeled clear sky profiles (Perez 2003).
5. Evaluation method
A reference period covering the years 1999 to 2006 will guide the evaluation of the products. The average
yearly total H is determined by the mean value over the reference period and is used as normalization for the
yearly totals. This normalized average (=100%) is represented on the Figure 3 by the first blue bar from the
left and labeled 1999-2006 average. The corresponding 100% dashed line is surrounded by ± one standard
deviation (estimated over the 8 years of the reference period) in light orange on the graph. The following
values are given on the Figure 3:
(1) first left blue bar: average annual irradiation on the reference period (1999-2006 => 100%),
(2) blue bars: relative annual ground measurements,
(3) yellow bars: average data banks, satellite based or average ground measurements,
(4) orange bars: year by year SolarGis irradiation (European sites),
(5) green bars: year by year Helioclim 3 irradiation (European sites),
(6) light blue bars: year by year Satel-Light data for the 1996 to 2000 period (European sites),
(7) grey bars: year by year Suny irradiation (for United States sites),
(8) red bars: average data banks annual deviation from the 1999-2006 reference average,
(9) brown bars: ground measurements annual deviation from the 1999-2006 reference average.

Figure 3: Relative total annual irradiation normalized to the average annual value over the reference period (1999-2006) for
the site of Geneva airport. The mean bias deviation is also given.
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Table II: Variability of the annual total global irradiance, and deviation from the reference average.
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6. Results
5.1. Interannual variability
The interannual variability of the global irradiation H for the European stations is given on Table II. The
reference period average, mean bias difference and fluctuation (root mean square difference) values are
given in the most left column, while the values over the whole measurements period are given in the most
right column.
The first established fact is that even if the standard deviations don’t exceed some percents, specific years
can be more that 10% away from the average.
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The European sites can be separated in 2 groups. For some stations, there is a tendency to have higher yearly
total global irradiation in the last years, while a diminution can be seen for other sites. This is illustrated on
figure 4 where a 14 year reference sequence (1996-2009) is used for normalization. The opposite tendency
can clearly be seen on data from Geneva and Berlin, and from Vaulx-en-Velin for example. For Geneva and
Vaulx-en-Velin, with relatively similar climates and situated at only 100 km one from the other, this cannot
be attributed to a regional effect, but can come from a turbidity change that could not be investigated due to a
lack of aerosol optical depth knowledge.
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Figure 4: Yearly total global irradiation deviation from the 1996 to 2009 average for two groups of sites.

For two sites, Payerne and Geneva, two specific data sets are acquired and can be compared. In Geneva, the
ISM (MeteoSwiss) site is situated at the Geneva airport, while the CIE station is situated in the center of the
city, i.e. at five kilometers from the airport. In Payerne, the two stations are on the same site and operated by
MeteoSwiss. Looking at Figure 5 where the annual total global irradiation H is plotted versus the year,

3925

important differences can be seen between the two Geneva and the two Payerne data sets. If the general
tendency is the same for all the curves, there are significant differences, not always of the same sign. This
has to be underlined, particularly for the site of Payerne where the acquisition is done side by side; the
difference can be attributed to the sensors’ calibration. These two data sets are analyzed and corrected
following section 3.
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Figure 5: Total annual global irradiation for the two data sets of Geneva and Payerne before and after correction.

5.2. Average and typical years
EMP Climate obtained from the MeSor portal is a prototype; the results are highly variable, and, even if
given on the graphs and in the Tables, the values should not be used.
For Meteonorm, three different possibilities are investigated: monthly values obtained from the MeSor portal
(http://www.mesor.org), product based on average ground measurements acquired from 1983 to 1992, and
over a longer period, i.e. from 1981 to 2000. The results are very similar for all the Meteonorm products.
It can be seen on Figure 3 for the site of Geneva that except for EMPClimate (see above remark), the
different products give values near or within ± one standard deviation around the considered reference
period. The evaluated products can therefore be used with a good precision for photovoltaic power plant
sizing (only the annual total is relevant in that case).
On Figure 6, the seasonal evolution of the monthly global irradiation obtained from the different products is
represented for the site of Payerne, data from the BSRN network. In most of the cases, when a model overor underestimates the irradiation, it does it over the whole year, i.e. the bias is not linked to a seasonal effect
as for example the albedo variation.
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Figure 6: Seasonal evolution of the monthly global irradiation for the site of Payerne.

The results for the European sites and the average products are given in Table III, where the deviation from
the average over the reference period is given in absolute and relative values. In the first column, the19992006 average is given with its the standard deviation over the. The results for the products that are within
± one standard deviation over the reference period are given in blue in the Table. The corresponding Table
for the stations situated in the United States can be found in the Annex on http://www.cuepe.ch.
5.3. Specific satellite derived years
Over Europe, Satel-Light data are evaluated from 1996 to 2000, Helioclim 3 and SolarGis products are
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Table III: Products comparison and annual variability for the European stations.
In the average column, the standard deviation calculated on the reference period is given in absolute and relative values.
The results for products situated within ± one standard deviation are given in blue.
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available since the year 2004. For the six American sites, data for 10 to 14 years sequences are available,
including satellite product derived by Suny. The comparison is done year by year as described on Figure 3
for the site of Geneva. The yearly total global irradiation is normalized to the 1999-2006 reference period
average.
The results for the United States stations are illustrated with data from Table Mountain (CO) on Figure 7.
The color codes are the same than on Figure 1.
From all the graphs given in the Annex (see http://www.cuepe.ch), the following conclusions can be drawn:
�

even if the satellite derived data present some bias, the derived data interannual variation follows
satisfactorily the ground measurements variation,

�

the sites with potential snow cover (Davos, Sonnblick and Sion) show an important overestimation
by Helioclim data, and an underestimation by SolarGis data,

�

In Locarno, the year by year higher bias can be induced by the nearby mountains and lake,

�

in Ilorin, the bias is probably due to a too low turbidity value used in the models. The turbidity
measurements are not dense enough on the African continent.

For the American sites, the 1995 to 1998 period has to be considered separately, the deriving algorithm has
changed in 1998. This can be seen on Figure 8 for the site of Table Mountain, where the 12 monthly
averages are plotted separately for each year, derived data against ground measurements. Two linear best fits
are also represented for the data before and after 1998. A higher dispersion and a different bias can clearly be
seen on the figure for the beginning period.
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Figure 7: Relative total annual irradiation normalized to the average annual value over the reference period (1999-2006) for
the site of Table Mountain (CO). The mean bias deviation is also given.
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Figure 8: Derived monthly global irradiation versus the corresponding measurements, year by year for the station of Goodwin
Creek and Table Mountain. A best fit is represented for two separate periods: before and after 1998.

In conclusion, except for some sites with specific ground or snow cover, an annual bias can be present,
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depending on the site and the product. This could mainly be an aerosol optical depth and/or surface albedo
effect. All the 4 tested products follow in a satisfactorily manner the year to year variability.
7. Conclusions
10 to 30 years of ground data acquired at 27 different sites are used to analyze the interannual variability of
the solar irradiation and to compare it to average and/or interpolated data, software generated typical years
and satellite derived data.
The main results are that the majority of the tested state of the art products give yearly values within the
natural interannual variability of the solar irradiation. When dealing with specific year and «real» satellite
derived data, their interannual variability follows in a satisfactorily manner the ground measurements,
especially with the newest algorithms.
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1. Introduction
The estimation and characterization of incident solar energy typically involves decades of careful
measurements and modeling. In Uruguay, a country with no conventional energy resources (such as
coal, oil, natural gas or potentially fissible materials), this process has been initiated only recently. The
first systematic efforts on a nation-wide scale resulted in 2009 in the first Solar Map, based on preexisting long-term daily irradiation data from just three sites, two of which equipped with fotovoltaic
sensors Abal et al. (2010). These irradiation measurements were correlated with long-term daily sunshine
duration records from the national meteorological service (DNM) network, using the well-established
Angström–Prescott methodology Angström (1924); Prescott (1940). This procedure allowed to estimate
monthly averages of daily global irradiation, at twelve sites distributed over the country. This information
was presented graphically, using standard interpolation techniques as twelve monthly mean irradiation
maps with a spatial resolution of about 200 km. The estimated uncertainties were evaluated between
14% and 19 % of the mean, depending on location and month of the year. This initial effort made
clear that new controlled quality measurements were urgently required to obtain reliable data on several
points of the target territory. A nation-wide program leading to the establishment of several automatic
measuring stations equipped with Kipp & Zonen CMP6 field pyranometers was launched from the national
University (UdelaR) and is now in operation Toscano and Cataldo (2011). The first years of controlled
global irradiance measurements are now available and a preliminary comparison with the estimates of the
Solar Map is being reported in D’Angelo et al. (2011).
In a relatively small country such as Uruguay, the spatial resolution with which the solar resource
is known is an important concern. The spatial and temporal resolution which can be obtained from
methodologies based on correlating global solar irradiation with other sparse ground-data, is very limited.
On the other hand, detailed cloud cover information is available from satellite images. This information
can be used with a suitable model to generate irradiation estimates over the whole target territory, with a
spatial resolution of few kilometers. This work reports an initial step taken in this direction. Starting with
a local implementation of Tarpley’s statistical model and GOES satellite imagery, global irradiation over
the whole target territory is estimated on an hourly, daily and monthly basis for the period 2010-2011.
These estimates are compared to new independent ground measurements from three sites which differ from
the sites used to adjust the model. We obtain root mean square deviations (rms) of 7% of the mean for
monthly averages and less than 12% for daily totals. These results represent a significant improvement
over previous irradiation estimates for the target territory and are very encouraging, considering that
several refinements to the model are still pending. In spite of its good balance between performance and
simplicity, Tarpley’s model, as most statistical solar irradiation models, requires local monitoring and
eventual recalibration. We consider this work as a step towards the ultimate goal: using satellite imagery
with a fine-tuned physical radiation–transfer model to provide a reliable real-time estimation of solar
irradiation valid for the southeren part of South America.
This work is organized as follows: Section 2 describes the new solar irradiation measurements used
for this work. These data are grouped into two disjoint sets, the training and the evaluation sets. Details
on the 10-year database of GOES satellite images, part of which were used for this work, are also provided in this section. Tarpley’s model is described in Section 3, including a brief discussion of previous
1 email:
2 email:

rodrigoa@fing.edu.uy (R. Alonso)
abal@fing.edu.uy (G. Abal)
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implementations and their reported performance. Our local implementation of Tarpley’s model is also
described in detail in this section. Finally, our irradiation estimates on an hourly, daily and monthly
basis are compared with new ground data in Section 4. A summary of our conclusions is presented in
Section 5.

2. Description of the data
Solar irradiation measurements were collected from six ground stations distributed over the whole
Uruguayan territory, during the years 2010 and 2011. The data from three of these stations were used
to train the model and derive its parameters. The rest of the stations were used to assess the model’s
performance. In the remainder of this section we provide detailed information on each of these data sets.
2.1 GOES images
We use a local image data bank for the GOES-East geostationary satellite operated by NOAA/NASA
at longitude 75◦ West. The actual physical device operating as GOES-East has changed over time, see
Table 1. An image from South America is produced approximately every 30 minutes. More than ten years
(2000 to date) of geo-referenced 16–bit NetCDF images (restricted to daylight periods) were downloaded
from NOAA’s CLASS website (http://www.class.noaa.gov). All bands (one visible and four infrared) were
acquired at the highest available resolution. The images in the GOES VIS channel can be thought of as
monochromatic photographs of the Earth and clouds as seen from outer space. Since the geographical
target for this work is the Uruguayan territory, the geographical window of the images is restricted to
latitudes between 29◦ S to 36◦ S and longitudes between 53◦ W and 59◦ W, as shown in Fig. 1. Within
this window, the spatial resolution of the VIS channel is approximately 2 km2 per pixel. As mentioned
before, our database for GOES-East includes images from three different physical radiometers mounted
on the GOES 8, GOES 12 and GOES 13 satellites. The number of images from each satellite is shown in
Table 1.
Table 1: Composition of the local GOES data bank, part of which was used for this work. There are also a few GOES 13
images in the period 12/2008 to 01/2009. The data bank continues to be updated today, but we have considered images
dated prior to 01/07/2011 for this work. For more details, see http://www.class.noaa.gov

Satellite
GOES 8
GOES 12
GOES 13
Total

Start date
01/01/2000
01/04/2003
14/04/2010
01/01/2000

End date
01/04/2003
14/04/2010
30/06/2011
31/07/2011

images
24770
50939
9586
85295

The radiometers in the GOES series have a resolution of 10 bits, so the images are arrays of dimensionless brightness counts which may be scaled to the [0, 1023] range. These images are uncalibrated and
they should be corrected using post-launch correction factors and other time-dependent factors which
compensate the gradual degradation of the radiometer over time. Since we have not yet calibrated our
images, all images used for this work are from the GOES 13 satellite. These images cover the relatively
short period since 4/2010 to present day, so we effectively ignore the sensor degradation that may take
place over this time period. The use of uncalibrated images from different radiometers (or from the same
radiometer, over several years) has been identified as an important source of error in solar irradiation
estimates obtained from Tarpley’s model.
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Figure 1: Left: political map of South America. Right: Zoom showing the target territory for this work and the location
of the measurement stations used as training (red) and evaluation (green) sets in our implementation of Tarpley’s model.
See Tables 2 and 3 for the precise location of the measurement stations.

2.2 Ground measurements
The map in Fig. 1 shows the geographical distribution of the measurement stations considered for this
work. Only the data collected in the time range where GOES 13 images were available were considered.
The three stations that were used to adjust Tarpley’s model are equipped with new Kipp and Zonen CM6
pyranometers, and are located at sites of the National Institute for Agronomical Research (INIA) and
maintained by our group. The three stations used to evaluate the model are equipped with new Li-Cor
LI200SZ fotovoltaic sensors and are owen and operated by UTE, the public electric utility company. More
details on the location and time period are presented in Tables 2 and 3. The map in Fig. 1 shows the
geographical distribution of the measuring stations considered in this work and the details of the data
series are provided in Tables 2 and 3.
Table 2: Details of the measuring stations used for the training data set. Each of them is equipped with a new Kipp &
Zonen CMP6 field pyranometer. Altitude is expressed as meters over mean sea level. The latitude is in decimal degrees
(South) and the longitude in decimal degrees (West).

training site
Las Brujas
Treinta y Tres
Salto

code
LB
TT
SA

latitude
-34.672
-33.275
-31.273

longitude
-56.340
-54.172
-57.891

alt. (m)
32
100
50

time
02/2010
05/2010
06/2010

period
:: 05/2011
:: 05/2011
:: 05/2011

Table 3: Details of the measuring stations used in the evaluation data set. They all use new Li-Cor LI200SZ fotovoltaic
sensors. The latitude is in decimal degrees (South) and the longitude in decimal degrees (West).

test site
Rincón del Bonete
Buena Unión
Piedras de Afilar

code
RB
BU
PA

latitude
-32.800
-31.058
-34.682

longitude
-56.416
-55.602
-55.575

time
04/2010
04/2010
01/2010

period
:: 04/2011
:: 04/2011
:: 04/2011

Hourly data were carefully inspected for consistency and a small number of hours were discarded.
Hourly data with zenith angle outside the allowed range or with clearness index greater than 0.8 was
filtered out. The training and the evaluation processes both require simultaneous hourly irradiation
records and valid satellite images for that hour and location. We discarded irradiation data corresponding
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to hours and locations were satellite images were not available. Daily totals were only generated for days
with complete hourly records, i.e. no interpolation scheme for missing hours was used. Monthly averages
were generated only for months with more than 15 valid daily records. After this filtering stage, our
training dataset is composed of 9831 hourly records, 555 daily records and 19 monthly records and the
evaluation set comprises 11317 hourly records, 578 daily records and 21 monthly records.

3. Tarpley’s model
The estimation of solar irradiation from satellite imagery has a rather long history. In the early
times, two kinds of models were distinguished: statistical and physical models. In the first case, a small
number of parameters are adjusted using ground data. In the second case, the radiative transfer process
of solar radiation in the atmosphere is described in a simplified form and input of some atmospheric or
meteorological data is usually required, such as precipitable water or ozone concentration. Physical models
also require conversion of the brightness counts from the satellite image into flux density of upward solar
radiation emerging from the atmosphere and this requires a careful calibration of the satellite radiometer.
Both approaches have their strengths and weaknesses, see M. Noia et al. (1993a,b) for a useful review and
discussion on the early models. Modern implementations are often of a hybrid nature and use a physical
model in which a few parameters are adjusted using ground measurements.
Tarpley’s model is a statistical model which, due to its simplicity, is suitable for a first step in using
satellite imagery to estimate solar irradiation. In fact, we shall conclude that it has an attractive balance
between simplicity and accuracy. It was first introduced by Tarpley as part of the Great Plains experiment
Tarpley (1979). It was observed that a bias effect in the model produced overestimates at low insolation
values and underestimates at high insolation, so a revised algorithm was proposed by Tarpley and coworkers Justus et al. (1986). In an hourly basis,


2
2
I = Isc (r0 /r) cos θz a + b cos θz + c cos2 θz + d Bm
− B02 ,
(1)
where I is the hourly global solar irradiation on a horizontal plane at ground level (in MJ/m2 ) and
Isc = 4.921 MJ/m2 is the hourly integral of the Solar Constant. The factor (r0 /r)2 , accounts for the
variation of the Sun-Earth distance (assumed constant within a day) and depends on the Julian day
number Duffie and Beckman (2006). The solar zenith angle, θz , is the angle formed by the Sun–observer
direction with the local vertical. It depends on the position (latitude, longitude) and on the day and
standard time of the observer. The hourly averages of cos θz and its powers, to be used in Eq. (1), were
evaluated from their exact expressions, although for the accuracy of the model the hourly mid-point values
could have been used equally well. The terms with the coefficients a, b and c represent the clear-day part
of the model and the last term in Eq. (1) provides the cloud cover information from satellite images. Bm
is proportional to the mean observed brightness at a given time and location and B0 is the corresponding
brightness (for the same time and location) in the absence of clouds, i.e. the clear day brightness. The
presence of clouds enhances reflexion and results in Bm > B0 so d is expected to be negative.
Tarpley and collaborators used a set of 7200 coincident satellite and pyranometer hourly observations
over the USA Great Plains area to determine the four coefficients in Eq. (1) by linear regression.
a = 0.4147,

b = 0.7165,

c = −0.3909,

2

d = −1.630 kJ/m .

(2)

They used GOES-East satellite images and this set of coefficients to generate irradiation estimates for 17
months (in 1982-1983) for the Central Plains of the United States, Mexico and part of South America
with 1◦ × 1◦ resolution in a spatial region that includes the whole Uruguayan territory.
The rms errors observed against their own training sites but for different time periods are low. On a
daily basis, for 1021 site-days with a mean of 14.6 MJ/m2 they report an absolute rms error of 1.6 MJ/m2
or 10.9% of the mean Justus et al. (1986).
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3.1 Model performance
The performance of a statistical model should ideally be obtained from a comparison against data sets
which are not part of the training set used to derive the coefficients. Tarpley and collaborators Justus
et al. (1986) (JTP) evaluated the performance of Eq. (1) on an hourly basis, with 7200 observations
for the period August–December 1980, and report an rms error of 16.2% of the observed mean. On a
daily basis, against a set of 282 ground-based pyranometer measurements from a single site at Atlanta,
Georgia (33.8 ◦ N, 84.4 ◦ W), they report a rms relative to the observed mean of 12.6 %. JTP quote other
independent comparisons with ground daily irradiation data for the U.S. for some days in 1983 which
yielded worst results. Some of the discrepancies have been traced to the difficulty in distinguishing
brightness from clouds from brightness resulting from snow cover when using images from the visible
channel only. Finally, JTP also quote results of a comparison made at four sites in Argentina by Espoz
and Brizuela, who reported a 13.6% rms relative to the observed daily mean. These early results are
summarized in Table 4.
Frulla and collaborators compared daily estimates from Tarpley’s model, using the coefficients from
Eq. (2), to measurements from several stations in Argentina Frulla et al. (1988) and the southern part
of Brazil Frulla et al. (1990) and they reported rather high rms deviations. In Argentina, 5322 daily
measurements from 13 stations for 1982-1983 were compared with daily estimates from Tarpley’s model
at each location. The absolute rms was 3.2 MJ/m2 and the observed mean 16.3 MJ/m2 implying an rms
of 19.6% relative to the mean Frulla et al. (1988). In Brazil, a similar study compared 4404 site-days
from 9 stations for 1982-1983 with Tarpley’s model estimates for each site. An rms error of 3.2 MJ/m2
was reported, for an observed mean of 15.8 MJ/m2 . This corresponds to a relative rms error of 20.3%.
These studies also show that the errors obtained from clear days are lower than for cloudy days. These
results, also summarized in Table 4, show that the rms errors are lower when the coefficients are locally
estimated, i.e. in the U.S. Central Plains area. This suggests that the coefficients in Eq. (1) should not
be regarded as universal, even for regions with similar climate and geographical characteristics.
An implementation in which Tarpley’s coefficients were calculated locally Righini and Barrera (2008)
was done using images from the GOES-8 satellite and data from 5 pyranometric stations in Argentina.
The images covered nine months within the 2000-2002 period. They use the methodology described in
detail in Justus et al. (1986) to determine a modified clear day brightness, B0 . Noting that the model
tends to estimate better solar irradiation for clear days, the authors chose to treat separately clear days,
partially cloudy days and cloudy days, discriminating them solely on the basis of the value of the daily
clearness index. The daily irradiation estimates obtained from the satellite images and ground data for a
total of 715 site-days were compared with the data in the training set. With this methodology, they report
a relative rms error of 17.3% on a daily basis (8.9% on a monthly basis). Inspection of Table 4 shows
that these preliminary results represent an improvement over previous estimates for the south american
region Frulla et al. (1988, 1990); Righini and Barrera (2008).
3.2 Local implementation
The previous discussion suggests that Eq. (1) performs significantly better when the set of coefficients
(a, b, c, d and the clear day brightness field, B0 ) are locally determined. In order to keep the model simple
and as general as possible, we do not treat clear day data separately. Thus, we shall use ground data to
obtain a single set of coefficients for Eq. (1), and they are assumed to be time-independent and valid for
the whole territory under consideration.
Effects such as cloud dynamics and small changes in satellite orientation are reduced by averaging
the brightness counts over a spatial neighborhood for every location of interest. We use neighborhoods
of 100 × 100 cells which correspond to a ground area of about 16 km ×19 km. We use use the same cell
sizes for adjusting the model and to generate irradiation estimates, so this is the spatial resolution of
these estimates. For each cell, centered at the latitude and longitude (φ, ψ) of a given location, the mean
brightness Bm is calculated as the simple average of all pixels in the cell using all the available images
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Table 4: Performance of Tarpley’s model for several locations.
basis

data
points

time
period

hourly

7200

08-12/1980

daily
daily
daily
daily
daily
daily
daily
daily†

1021
282
765
195
1240
5322
4404
715
18
30

monthly
monthly†

observed
mean
(MJ/m2 )

absolute
rms error
(MJ/m2 )

relative
rms error
(%)

08-12/1980
1982
1982
01-05/1983
03-09/1983
1982-1983
1982-1983
2000-2002

14.6
15.1
15.7

11.0
12.6
13.6

16.3
15.8

1.6
1.9
2.1
2.8
3.0
3.2
3.2

1982-1983
2000-2002

14.8

0.8

Sites

16.2

Reference
Justus et al. (1986)

19.6
20.3
17.3

1
5
2
7
13
9
5

Justus et al. (1986)
Justus et al. (1986)
Espoz and Brizuela (1983)
Riordan (1984)
Sullivan et al. (1984)
Frulla et al. (1988)
Frulla et al. (1990)
Righini and Barrera (2008)

5.4
8.9

1
5

Justus et al. (1986)
Righini and Barrera (2008)

(† ) comparison made against the same data used to adjust the model’s parameters.

within the hour. In this way, a Bm field is obtained for each hour (local time), for each date and location.
For instance, all images and ground data for the time interval 10:30 to 11:29 are assigned to the hour 10.
In order to determine the clear day brightness B0 for each cell, we follow the procedure outlined in
Tarpley (1979). The time dependence of the B0 field for a cell at (φ, ψ) is parametrized as
B0 (φ, ψ) = A(φ, ψ) + B(φ, ψ) cos θz + C(φ, ψ) sin θz cos γ + D(φ, ψ) sin θz cos2 γ

(3)

where γ is the azimuth angle between the Sun and satellite directions for the chosen observation point
(φ, ψ). According to Tarpley (1979), the second term in Eq. (3) accounts for the changing incident flux
with local time, day and location. The other two terms are an attempt to account for changes in target
brightness due to surface shadows and anisotropic scattering. Ideally, the coefficients in Eq. (3) should
be adjusted using images for clear days only.
The Bm data which corresponds to hours contaminated with clouds or to insufficient scene illumination
were filtered out using the following iterative procedure:
1. Cells with corrupted Bm values or with cos θz < 0.1 (corresponding to high air masses and possibly
long shadows) are filtered out.
2. As an initial guess for the B0 field we choose B ∗ = 2500 counts, with no time or cell dependence. This
value was chosen after visual inspection of several histograms of Bm values for different locations.
3. The tails of the distribution of Bm are filtered out: cells with Bm values such that |Bm − B ∗ | > σ/2
are excluded, where σ is the standard deviation of the current Bm set.
4. From the reduced set of Bm , a first set of coefficients (A0 , B0 , C0 , D0 ) is obtained for each cell,
by linear regression from Eq. (3) and the residuals 0 = |Bm − B0 | are computed. High residuals
are probably either from cloud contaminated or from poorly illuminated cells, so cells for which
0 > c0 σ0 are discarded.
5. An updated field of coefficients (Ak , Bk , Ck , Dk ) is obtained by regression, using the remaining set
of Bm , from the previous stage. The residuals are updated and cells with k > ck σk are discarded.
6. The previous step is iterated, for k = 1, 2, 3 . . ., until the fractional variation in the coefficients is
below a certain threshold.
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The choice c0 = 1.2 and ck = c0 + 0.1 × k causes the above procedure to terminate after a few iterations.
Notice that the bound on the absolute residuals k is being reduced. The whole process is repeated for
each location of interest and, finally, a field of coefficients (A, B, C, D) is obtained. Then, one can use
Eq. (3) to obtain B0 values at the required location, date and time.
Table 5: Coefficients for Eq. (1), obtained from the training set (Table 2).

this work
Justus et al. (1986)

a
0.3016
0.4147

b
0.8628
0.7165

c
-0.4101
-0.3909

d (kJ/m2 )
-0.760
-1.630

An actualization of the B0 field value was introduced in Justus et al. (1986). It involves the application
of a function B00 = F (B0 , Bm ), defined in terms of thresholds Bmax , Bmin , Bδ and weights w1 and w2 to
an initial guess for B0 . We have implemented this procedure with Bmax = 3200 counts, Bmin = 1400
counts and Bδ = 300 counts, w1 = 0.99 and w2 = 0.90. The application of this actualization rule did not
lead to a significant improvement in our model’s performance, so we do not use this procedure for the
results reported in this work.
Using hourly values of cos θz , Bm and B0 , together with ground measurements of hourly global irradiation from the training set (Table 2), the model described by Eq. (1) was fitted using a standard
least–squares technique. In order to avoid that the coefficients (a, b, c, d) have very different magnitudes,
we normalized brightness counts with a factor of 28 . The 9831 hourly data records from the training sites
(Table 2) were filtered for cos θz > 0.1 to eliminate hours with insufficient illumination. The remaining set
of 9149 hours was used to adjust the model coefficients listed in Table 5. Except for d, that depends on
the scaling used for the brightness values and on the units used for the solar irradiation data, these values
are similar to those obtained by Tarpley and co-workers for the Great Plains Justus et al. (1986). The
general geographical characteristics of our target territory (smooth grasslands with no snow cover, deserts
or significant heights) are similar to those of the U.S. Great Plains, so similar values for the coefficients
associated to the clear–sky part of the model were to be expected.
With these coefficients and the B0 field determined from Eq. (3) for a given location, one can use the
mean brightness, Bm , from satellite images in Eq. (1) and generate hourly estimates of irradiation for
that location.

4. Solar irradiation assessment
Hourly irradiation estimates were generated from Eq. (1) for the six locations in which we have ground
data. In Fig. 2 we compare the hourly irradiation estimates with the corresponding measurements for one
of the sites in our testing set (Rincón del Bonete–RB). Agreement is best for clear days as expected from
the structure of Eq. (1) which is essentially a clear-day model supplemented with a term that substracts
irradiation due to the presence of clouds.
The model performance is evaluated by calculating the average root mean square deviation, Erms ,
which for N pairs of model estimates and measured values (X̂i , Xi ) is defined in the usual way,
v
u
N 
2
u1 X
Erms ≡ t
Xi − X̂i .
(4)
N i=1
This quantity, evaluated on an hourly, daily or monthly basis, will be used as a figure of merit to asses the
model performance. We also report the relative (rms) error, rms = Erms /X̄, expressed as a percentage
of the mean value, X̄, of the measured irradiation on the corresponding basis. The model is expected to
perform significantly better against the training data set than against data from the testing stations. We
have included the comparison with the testing set in order to compare with other recent implementations
of Tarpley’s model which use this measure of performance. For instance, in Righini and Barrera (2008) a
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Figure 2: Measured irradiation and irradiation estimated from Eq. (1) for five consecutive days of November 2010. The
comparison is on an hourly basis and the data is from the RB site.

local implementation of Tarpley’s model with rms deviations of 17.3% (daily) and 8.9% (monthly) with
respect to the training set has been reported.
4.1 Hourly Comparison
In Table 6, we show a comparison of hourly irradiation estimates and measurements for 11317 sitehours from our testing set. A rms deviation of 0.29 MJ/m2 or 19.8% of the observed mean of 1.45 MJ/m2
was obtained. The relative rms reduces to 16.2% when compared with data from the training set. Fig. 3
shows the scatter plots for hourly irradiation for hours in each set. Inspection of this scatter plots show
that the model tends to over-estimate solar irradiation for cloudy days and under-estimate irradiation for
clear days.
Table 6: Comparison between the model estimates for hourly irradiation and recorded ground data. Sites in the training

(1) and testing (2) sets are considered separately and the mean I¯ is for the measured data. See Tables 2 and 3 or Fig. 1 for
station locations.

Site
Las Brujas
Treinta y Tres
Salto
All (training set)
Rincón del Bonete
Buena Unión
Piedras de Afilar
All (testing set)

Code
LB
TT
SA

Type
1
1
1

RB
BU
PA

2
2
2

N (hours)
3218
3390
3323
9931
3835
3889
3593
11317

I¯ (MJ/m2 )
1.50
1.54
1.55
1.53
1.53
1.41
1.39
1.45

Erms (MJ/m2 )
0.24
0.25
0.25
0.25
0.24
0.30
0.32
0.29

rms (%)
16.2
16.0
16.4
16.2
15.7
21.1
22.8
19.8

For a few hours in the training set, the model generated non-physical negative irradiation values.
We tried to avoid this issue by implementing a constrained regression technique Coleman and Li (1996);
Gill et al. (1981), so that the resulting irradiation estimates at the training sites would necessarily be
positive. This modification produced a reduced overall accuracy and negative irradiation estimates could
still be obtained at sites which are not in the training set. Thus, for the sake of simplicity, we used the
standard least–squares technique and set I = 0 whenever the original estimate is negative, as required
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for consistency with physical constrains for the problem.

Figure 3: Scatter plots for hourly ground data vs. hourly estimates from Eq. (1) for: (A) all valid hours in the training
set and (B) all valid hours in the evaluation set. A diagonal line has been drawn to guide the eye.

4.2 Daily Comparison
The comparison on a daily basis is summarized in Table 7. It was done for 578 days in our testing set
(days in which one or more hours of data where missing were discarded). A rms deviation of 2.2 MJ/m2
or 11.8% of the observed daily mean of 18.4 MJ/m2 was obtained. The relative rms reduces to 9.3%
when compared with data from the training set. Deviations for the RB station data are remarkably low
and comparable to those from the training set. One possible explanation for this good performance may
be that the RB site is located in the midpoint of the area defined by the three sites of the training set,
see Fig. 1. The corresponding scatter plots for comparison on a daily basis are shown in Fig. 4. The
over-estimation of solar irradiation for cloudy days and the under-estimation for clear-days can be seen
more clearly in the daily scatter plot.
Table 7: Comparison between the model estimates for total daily irradiation and the recorded ground data. Sites in the
training (1) and testing (2) sets are considered separately and the mean H̄ is for the measured data. See Tables 2 and 3 or
Fig. 1 for station locations.

Site
Las Brujas
Treinta y Tres
Salto
All (training)
Rincón del Bonete
Buena Unión
Piedras de Afilar
All (testing)

Code
LB
TT
SA

Type
1
1
1

RB
BU
PA

2
2
2

N (days)
175
194
186
555
202
224
152
578

H̄ (MJ/m2 )
18.50
19.54
19.74
19.28
19.40
18.24
17.08
18.36

Erms (MJ/m2 )
1.83
1.68
1.90
1.79
1.77
2.26
2.49
2.17

rms (%)
9.9
8.6
9.6
9.3
9.1
12.4
14.6
11.8
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Figure 4: Scatter plots for daily ground data vs. daily estimates from Eq. (1) for: (A) all valid days in the training set
and (B) all valid days in the evaluation set. A diagonal line has been drawn to guide the eye.

Table 8: Comparison between the model estimates for mean monthly irradiation and the recorded ground data. Sites in
the training (1) and testing (2) sets are considered separately and the mean H̄ is for the measured data. See Tables 2 and
3 or Fig. 1 for station locations.

Site
Las Brujas
Treinta y Tres
Salto
All (training)
Rincón del Bonete
Buena Unión
Piedras de Afilar
All (testing)

Code
LB
TT
SA

Type
1
1
1

RB
BU
PA

2
2
2

N (months)
6
7
6
19
7
8
6
21

H̄ (MJ/m2 )
18.75
21.42
20.56
20.31
20.32
19.05
21.03
20.04

Erms (MJ/m2 )
0.73
0.54
1.05
0.79
0.79
1.45
1.83
1.40

rms (%)
3.9
2.5
5.1
3.9
3.9
7.6
8.7
7.0

4.3 Monthly Comparison
The results of the comparison for monthly averages are summarized in Table 8. Due a problem which
affected the measuring stations, there were several days missing in many months. Thus, we adopted
the rather loose criteria of calculating a monthly average if there were at least 15 valid days of data for
that month. For 21 site-months in our testing set, the monthly rms deviation was 1.4 MJ/m2 or 7% of
the observed mean of 20 MJ/m2 . The corresponding scatter plot is shown in Fig. 5. The comparison of
monthly average daily irradiation for months from the training set and from the testing set is shown in
the same plot. The site for each point is identified in the legend.
This is a report on work in progress and we have not yet done a detailed analysis of our results.
However, the rms daily deviations of 11.8% are comparable to the ones obtained by Tarpley (12.6%, see
Table 4) with respect to the independent Georgia data Justus et al. (1986). Inspection of Table 4 shows
that the rms deviations obtained from this preliminary work are comparable to the best implementations
of Tarpley’s model so far.
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Figure 5: Scatter plot for monthly averages from ground data vs. monthly estimates based on Eq. (1). Both the training
set and evaluation set data points are shown. A diagonal line has been drawn to guide the eye.

5. Conclusions
A set of GOES-13 (2010-2011) images and simultaneous irradiation data from six stations in our
target territory were used to determine the four parameters in Tarpley’s model. The clear-day brightness
field B0 was determined from the set of images using an iterative filtering procedure designed to filter
out images with traces of clouds or with insufficient illumination. Hourly estimates of irradiation were
generated for the six sites where we have simultaneous recorded ground data. Estimated irradiation values
were compared on an hourly, daily and monthly basis with ground measurements. Data from three sites
equipped with new CMP6 field pyranometers was used as the training set and data from three other sites,
equipped with new Li-Cor sensors, was used as the testing set. The rms deviations between the estimate
and the observation were calculated for each of these data sets. The relative rms deviates obtained from
comparison with the testing set data are approximately 20%, 12% and 7% of the mean on an hourly, daily
and monthly basis respectively.
We find these results encouraging, but this is a report on work in progress and there is further room for
improvement and refinement. First, the proper calibration of GOES images should allow us to increase
the number of valid data records and the scope of the model. For instance, long term (10-year) estimates
of solar irradiation could be obtained and compared with existing long term measurements. Second, the
crucial process for determining the clear-day brightness field can be further refined using standard filtering
procedures based on robust estimation from the image processing area, such as RANSAC, Fischler and
Bolles (1981). Third, since the model performs better for clear days, a cloud-index dependence can be
taken into account when determining the set of coefficients, so that using data in each category, three
sets (clear day, partly cloudy and cloudy) of coefficients can be obtained. A similar approach, based on
the clearness index, was followed in Righini and Barrera (2008).
This work shows that Tarpley’s model has a good balance between simplicity and performance. As
with other statistical irradiation models, the quality of its output relies on the quality of the data that
is used to adjust and test it. We hope to refine these preliminary results as more controlled quality
ground-based measurements become available.
Aknowledgements: We thank Daniel Larrosa, Eliana Cornalino and Martı́n Draper Vanrell (UTE) for
kindly providing us with the ground data, partoof which was used as the testing set for this work.
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crop assesment in the pampa húmeda. Technical Report ARG 81/002, FAO.
Fischler, M. and Bolles, R. (1981). Random sample consensus: a paradigm for model fitting with applications to image analysis and automated cartography. Communications of the ACM, 24(6).
Frulla, L., Gagliardini, A., Grossi Gallegos, H., and Lopardo, R. (1988). Incident solar radiation on
argentina from teh gesotationary satellite GOES: comparison with ground measurements. Solar Energy,
41(1):61–69.
Frulla, L., Grossi Gallegos, H., Gagliardini, D., and Atienza, G. (1990). Analysis of satellite-measured
insolation in Brazil. Solar & wind technology, 7(5):501–509.
Gill, P. E., Murray, W., and Wright, M. (1981). Practical Optimization. Academic Press, London, UK.
Justus, C., Paris, M., and Tarpley, J. (1986). Satellite-measured insolation in the United States, Mexico,
and South America. Remote Sensing of Environment, 20(1):57–83.
M. Noia, M., Ratto, C., and Festa, R. (1993a). Solar irradiance estimation from geostationary satellite
data: 1. statistical models. Solar Energy, 51:449–456.
M. Noia, M., Ratto, C., and Festa, R. (1993b). Solar irradiance estimation from geostationary satellite
data: 2. physical models. Solar Energy, 51:457–465.
Prescott, J. (1940). Evaporation from a water surface in relation to solar radiation. Trans. R. Soc. Sci.
S. Austr, 64:114–118.
Righini, R. and Barrera, D. (2008). Empleo del modelo de tarpley para la estimación de la radiación
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1. Introduction
Most existing solar atlases cover a continent or a country with a spatial resolution coherent with such
visualization. These atlases generally depict yearly sum of Global Horizontal Irradiation (GHI). Thus they
give a good idea of the large scale solar trends, which are particularly suited for an application of
identification of wide areas of high solar potential. However, these large scale atlases of yearly GHI data are
not appropriate for the local estimation of solar systems, such as the precise estimation of the electrical
production from PV plants, Concentrated Photovoltaic CPV technologies and from Concentrated Solar
Power (CSP) systems.
Such applications require a finer spatial resolution, as well as the knowledge of the other solar components
(direct or Beam Normal Irradiation, BNI, and Diffuse Horizontal Irradiation, DHI) in conjunction with their
temporal evolution through the seasons of the year. This communication introduces the Solar Atlas over the
French region of Provence-Alpes-Côte d’Azur (PACA) which aims at fulfilling these requirements. The
PACA Solar Atlas was launched in January 2009 and has been finalized in December 2010. The purpose is to
create 250 m resolution solar maps for different plane orientations: horizontal, tilted and normal to sun rays.
The atlas will account for the temporal intra and inter-annual variations on a monthly basis of the different
components of the incident sun radiation.
It exploits the advantages of both the satellite-based solar radiation databases and the in situ ground station
measurements. Satellite-based datasets provide homogeneous information over a large area, but with a spatial
resolution limited to the one of the satellite image. Networks of ground stations generally offer very precise
information at the location of the stations but the geographical distribution of this information is scarce and
heterogeneous. The PACA Solar Atlas combines both sources of radiation by calibrating the satellite-based
solar radiation database HelioClim-3 using the available ground stations.
The enhancement of the spatial resolution from the approx. 5 km of HelioClim-3 to the announced 250
meters of the atlas has been achieved using the high resolution Digital Elevation Model (DEM) named
Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007). This orographic information is exploited to
modulate the intra-pixel radiation due to the shadowing effect of the horizon and to introduce the variation of
the atmospheric layer thickness above a given geographical location.
Mines ParisTech, located in Sophia Antipolis in the French Riviera, realized the Solar Atlas project thanks to
the support and funding of local and regional organizations and councils: ADEME PACA, the PACA region,
the council of the Department “Alpes Maritimes”, as well as CAPENERGIES, a competitive cluster for
Energy in PACA. One reason which motivated this investment is the weakness of the electrical network in
the French department of “Alpes Maritimes”. Indeed, only one double line provides the electricity from the
national electricity network to the whole department, due to the fact that the PACA region is located at the
end of one of the distribution lines. This drastic constraint led several times to a shortage of electricity during
a few hours, for instance like a freezing morning in winter 2009. Therefore, regional organizations and
councils are interested in promoting alternative electricity generation and associated tools.
This orientation in the energy policy of our region is coherent with the large increase in the number of PV
installations, and with the growing interest of the population and companies for the renewable energies. The
PACA Solar Atlas is designed for a wide audience by providing an access-free tool for all to discover or
exploit the solar potential of the region. With its online map and time series services, it is an interesting
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trade-off between an educative and a fully expert tool to access the solar radiation information. It is suitable
for sizing large and small individual solar systems (small PV system, solar water heating systems, etc).
Accurate and well-presented solar maps are concrete and instructive for everybody (e.g. education) to
promote solar energy.
2. Data and calibration
Since February 2004, the Heliosat-2 algorithm (Rigollier et al. 2004) applied to Meteosat Second Generation
(MSG) SEVIRI images has been used to update, every night, the solar resource database HelioClim-3 (HC3).
This database covers Europe, Africa, the Mediterranean Basin, the Atlantic Ocean and part of the Indian
Ocean with a spatial resolution of approximately 5 km (see Fig. 1) at a fifteen minutes temporal resolution.
The MSG data are received in real time from Eumetsat and processed overnight.

3 km
3,5 km
4 km
4,5 km
5 km
6 km
7 km
8 km
10 km
> 12 km

Fig. 1: Spatial coverage and resolution of HelioClim3 solar resource database

The ground stations used for the HC3 calibration over the PACA region are displayed on Fig. 2. They consist
in twenty-nine ground stations from Météo France (MF, blue markers) and three Rotating Shadowband
Pyranometers (RSP, red squares) dedicated to the project. The blue triangles identify the MF stations located
in mountainous areas, i.e. the MF stations affected by the shadowing effect of the horizon. To make the HC3
data and the ground station measurements comparable, mountainous ground station data have been
specifically processed to take into account the horizon effect in the calibration procedure.
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Fig. 2: Location in the PACA region of the twenty-nine meteorological stations from Météo France (blue circles and triangles)
and of the three RSP stations (in red). Blue triangles correspond to meteorological stations in mountainous areas.

The three RSP stations were expressly rent for the duration of the project, to the company CSP Service, a
spin-off of the German national centre for aeronautics and space (DLR). They provide global and diffuse
irradiation on the horizontal plane with a 10 minutes sampling, as well as the ambient temperature and the
relative humidity. The RSP systems return accurate values and are very robust with respect to dust and
misalignments (Geuder et al. 2003).
Most stations of the MF network only provide GHI. In the zone of interest, only the station of Carpentras,
which also belongs to the high quality ground station network Baseline Surface Radiation Network (BSRN,
www.bsrn.awi.de) network, also returns DHI and BNI values (Ohmura et al. 1998). The dedicated RSP
stations deliver complete GHI, DHI and BNI information; please note that this last is computed and not
directly measured like the other two components.
The calibration was performed on the data reduced to a daily basis. This avoids the need to take into account
the numerous missing hourly values in the MF data, as well as the potential time shift which we noticed in
the past. These imperfections are smoothed out with the daily time step. Only full day of data have been
considered in the evaluation and calibration protocols.
The data quality control described in Geiger et al. (2002) and Long and Shi (2006) has been applied to the
data from all the stations. Also an analysis of the distribution of missing data in the period from 2004 to 2010
has been done in order to exclude stations that do not have in this period a sufficient number of daily
observations for statistical studies. After these procedures, twenty MF stations were deemed of satisfying
quality, and were used for the project with the three RSP stations.
First of all, a method for the parametric correction of the HC3 data was determined. The parameters of the
calibration have been estimated at each exact location of the stations. Then, next step consisted in
propagating these limited number of discrete correction parameters to whole area of the PACA region
(Baillargeon 2005, Wahba et al. 1990). After several tests, the thin plate interpolation method (Xia et al.
2000) turned out to return the most appropriate maps of correction parameters to be directly applied on the
HC3 irradiation maps.
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3. Horizon
The spatial resolution enhancement is obtained exploiting two HC3 intra-pixel effects induced by the relief,
the optical depth variations of the atmosphere and the shadowing effect from the far horizon (Dozier and
Frew 1990, Pavlis et al. 2006.). The DEM used for this spatial resolution improvement is SRTM (Farr et al.
2007), with 100 m of spatial resolution and a localization accuracy better than 10 m.
Abdel Wahab et al. (2008) show that the irradiation values can be modulated by the optical depth variations
of the atmosphere. For instance, at the summit of a mountain, the atmospheric thickness is smaller than at the
bottom of a valley. As the atmosphere thins, more radiation reaches the ground. Consequently, the intra pixel
radiation value can be multiplied by a coefficient which is a function of the altitude.
But the main influence of orography on the different radiation components is the shadowing effect produced
by the horizon at a given geographical location. Fig. 3 depicts an example of the orographic horizon (black
area) and the different trajectories of the sun along the year (yellow lines) in clear sky conditions. In the first
and last hours of the days, the sun is occulted by the surrounding hills and mountains.

Fig. 3: Example of horizon (black area) computed from the DEM SRTM at the location (44.6805°N, 6.08°E). The daily
trajectories of the sun are represented in yellow (three trajectories per month along the year). The x axis is the azimuth
orientation, beginning from the North. The y axis is the elevation angle, in degrees.

To achieve this purpose, the different components of the intra-pixel radiation have been modulated using the
models proposed by Ruiz-Arias (2009). Beside an isotropic model for the DHI and the “on/off” behaviour of
the Beam Horizontal Irradiation (BHI) component when the sun is masked behind the horizon, this
publication has investigated the impact of the circumsolar ring of the sun during daytime into the diffuse
component.
4. Results
The methodology for the atlas creation can be summarized into the following steps:


Calibration of HC3 with the 20 MF ground stations which passed the quality check procedure and the
3 RSP stations,



Improvement of spatial resolution of HC3 by the use of the SRTM model,



Decomposition of this corrected GHI into BNI and DHI (based on the algorithms of ESRA 2000,
Ruiz-Arias et al. 2010, Perez et al. 1990 and 1992).

The results are maps of the annual and monthly values for the three solar irradiation components with a
spatial resolution of 250 m over the PACA region. These maps are available for horizontal incidence of the
solar components as well as for incidence on normal and tilted planes. Fig. 4 and 5 are two examples of
yearly sums of GHI and BNI respectively.
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Fig. 4: Map of yearly average sum of global horizontal irradiation (GHI, kWh/m2). The period for the average is from 2004 to
2010.

Fig 5: Map of yearly average sum of direct normal irradiation (BNI, kWh/m2). The period for the average is from 2004 to
2010.

5. Validation and estimation of the uncertainty of the solar atlas
The uncertainties of the monthly sums of GHI provided by the solar atlas have been assessed in two ways:
 The statistical analysis, before and after the calibration procedure, of the residual discrepancies of the
estimation of the monthly sums of GHI with respect to the twenty MF meteorological ground stations. In
addition, as all these stations have been used for the calibration, a statistical analysis based on the LeaveOne-Out Cross-Validation (LOOCV) approach (Arlot and Celisse, 2010) was also made.
 The statistical analysis, before and after the calibration procedure, of the residual discrepancies of the
estimation of the monthly sums of GHI with respect the three RSP stations considered as test stations
because they have not been used for the calibration.
The statistical measures of the discrepancy of a time series of irradiation with respect to a reference are the
mean bias error (MBE), the mean absolute error (MAE), the root mean square error (RMSE) and the
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correlation coefficient (CC). Apart from the last one, these measures are relative to the mean value of the
reference time series (MREF) and are expressed in percentage. NDATA corresponds to the number of data
that have been used for the comparison.
Fig. 6 represents graphically these statistical results before any calibration or orographic effect correction of
HC3 at all the ground stations locations over the PACA region.

Fig. 6: Graphical representation of the monthly GHI estimation errors between HC3 and the ground station measurements
before the calibration of HC3 and before the correction from orographic effects. When a couple of stations is too close to each
other for this representation of errors, they are connected by a line. This is the reason why one station of each couple is
represented outside the PACA region. The black crosses represent the MF stations not used for the atlas.

Table 1 gives the summarization of all the statistical results for the comparison between the ground stations
and HC3 before any calibration or correction from orographic effects.

Monthly sums of GHI
(Ref.: MF stations)

NDATA

MREF

MBE

MAE

RMSE

CC

1269 months

132.2 kWh/m2

5.3 %

7.5 %

10.1 %

0.992

Table 1: Results of the statistical analyses of the monthly GHI estimation error between HC3 and the ground station
measurements before the calibration of HC3 and the correction from the orographic effects.

Table 2 gives the results of these statistical analyses between the ground stations and HC3 after calibration
and correction from orographic effects. The statistical comparisons with the MF stations without and with the
LOOCV approach and with the RSP stations are corroborating each other. The MBE of the estimation of
monthly sums of GHI is less than 1 % and its RMSE is close to 5 % (i.e. ~ 7 kWh/m2). It is important to note
that these values are an average over the region. For mountainous areas, the RMSE is around 6 % (with
almost no bias) whereas for non mountainous areas, the value is around 3.5 %.
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NDATA

MREF

MBE

MAE

RMSE

CC

Monthly sums of GHI
(Ref.: MF stations)

1269 months

132 kWh/m2

-0.2 %

3.1 %

4.3 %

0.996

Monthly sums of GHI
(LOOCV - Ref.: MF stations)

1267 months

132 kWh/m2

-0.7 %

4.4 %

6.2 %

0.991

Monthly sums of GHI
(Test: 3 RSP stations)

38 months

126 kWh/m2

0.4 %

2.5 %

3.1 %

0.998

Table 2: Results of the statistical analyses for the uncertainty of the monthly sums of GHI provided by the solar atlas.

Fig. 7 represents graphically these statistical results after calibration and orographic effects correction of
HC3 at all the ground stations locations over the PACA region.

Fig. 7: Graphical representation of the monthly GHI estimation error between the calibrated and corrected (from orographic
effects) HC3 and the ground stations measurements. When a couple of stations are too close to each other for this
representation of errors, they are connected by a line. This is the reason why one station of each couple is represented outside
the PACA region. The black crosses represent the MF stations not used for the atlas.

We have also analyzed the quality of the monthly HC3 BNI values after the calibration and orography
corrections. For the estimation of monthly sums of BNI, the statistical analysis was based on the comparisons
with the only MF station providing BNI measurements (Carpentras) and the three RSP stations. Table 3
gives the results of this analysis. Although the mean bias error is still lower than 1 %, the RMSE for the BNI
estimation is around 8 % (i.e. ~12.5 kWh/m2) and is greater than for the GHI estimation.

Monthly sums of DNI
(1 MF stations and 3 RSP stations)

NDATA

MREF

MBE

MAE

RMSE

CC

112 months

156 kWh/m²

0.9 %

6.3 %

7.9 %

0.977

Table 3: Results of the statistical analyses for the uncertainty of the monthly sums of DNI provided by the solar atlas.
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6. Conclusion, dissemination and perspectives
A new solar atlas over the French region of Provence-Alpes-Côte d’Azur (PACA) has been presented. It is
based on the satellite-derived solar database Helioclim-3 (HC3) calibrated with ground stations. The spatial
resolution has been increased from 5 km to 250 m using the DEM SRTM (Farr et al., 2007). This
enhancement has been achieved taking into account the variation of the incident solar irradiation, inside of
each of the HC3 pixels, in two ways: considering the fraction of the sky hidden by the orographic horizon as
well as the effect of optical path length variation due to terrain elevation.
The solar atlas PACA is freely available at www.atlas-solaire.fr. It provides yearly averaged irradiation maps
for the GHI, DHI and BNI solar components, as well as their monthly variation for all the period of HC3
(2004-2010). The availability of this different irradiation information as well as the spatial and temporal
resolution of the atlas is suitable as a help in choosing the location, the calculation of profitability or the
sizing of photovoltaic or thermodynamic solar power systems.
The regional organizations and councils which funded the project believe that the local atlas represents an
efficient promotion tool for alternative electricity generation and for help in decision making. It enables a
better prediction to control the introduction of renewable energies in the local grid.
The uncertainty of the atlas has been established by a direct statistical analysis with a set of reference ground
stations as well as by cross-validation error estimation. The RMSE of monthly irradiation estimation is about
5 % (i.e. ~ 7 kWh/m2) for the global irradiation on horizontal plane, without significant bias error. The
RMSE of monthly direct normal irradiation is about 8 % (i.e. ~12.5 kWh/m2).
The developed web map service of the atlas is coherent with the Open Geospatial Consortium (OGC)
conventions, and is available at www.webservice-energy.org/mapserv/atlas_paca_v1.0_beta. A nonexhaustive list of clients for visualization and exploitation can be composed of Google Earth (WMS
implementation), Web GIS clients (GEO-portal and the GIS of the French department of ecology
CARMEN), GIS software (e.g. the freeware Quantum-GIS).
Further actions to disseminate and extend the basis of the current work have already started.
 In the European FP7 funded ENDORSE project (www.endorse-fp7.eu) the PACA Solar Atlas will be
improved and disseminated further as a downstream service, paving the way to extend this concept to
other regions in Europe. In particular, the atlas will be enriched with more information layers like the
minimum/maximum temperatures, the maximum of the monthly wind speed, the distances to the nearest
electricity grid line, …
 In the German Federal Ministry for Environment, Nature Conservation and Nuclear Safety under the
International Climate Initiative funded SolarMedAtlas project (www.solar-med-atlas.com), an atlas
covering the countries located on the south of the Mediterranean sea will be made available to facilitate
the development of solar energy projects in this region.
The lack of availability of ground station GHI data in some regions is currently an issue to extend this Solar
Atlas concept in all the zones with high solar potential. This issue is even more acute for the measure of BNI.
To overcome these limitations and lighten the need for ground station calibration, models to obtain
irradiation from satellite images need to be improved.
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1. Introduction
In the context of PV performance analysis and planning, as well as solar thermal or solar heating, the
knowledge of the air temperature at ground level (commonly measured at two meters height above ground T2m) plays an important role. For instance, high temperatures cause higher cooling loads and reduce
electricity yields of photovoltaic solar power plants. For many applications it is desirable to have T2m values
not just at high temporal, but also at high spatial resolutions, since local influences can be large in the case,
for instance, of rough topography.
T2m is not driven directly by the sun, but indirectly by the land surface temperature (LST), thus T2m can be
parameterized from the LST. Suitable remote sensing sensors are mostly aboard sun-synchronous polar
orbiting satellites (e.g. Moderate Resolution Imaging Spectroradiometer – MODIS). LST derived from these
data have good radiometric accuracy and high to medium spatial resolution (e.g. 1000 m for MODIS). The
problem of the polar orbit is that the data are retrieved seldom. This results in the best case scenario (i.e.
MODIS) in LST retrievals that are available only twice a day for a specific location, depending on cloud
cover and geographical latitude. This is not adequate for applications needing continuous T2m
measurements. A higher frequency of observation is necessary to monitor the diurnal development of LST.
This is possible by satellites in geostationary orbit (e.g. GOESS, MSG). SEVIRI aboard MSG for example
can retrieve the data even every 15 minutes. Hence, SEVIRI provides 96 images per day in comparison to
MODIS Terra and Aqua with 4 images per day. These data have, however, a poor spatial resolution; ground
sampling distance is in the case of SEVIRI is 3.1 km in nadir. The spatial resolution is even lower in the
areas away from nadir. For instance, in Europe an average pixel has dimensions of about 3 km in the E–W
direction and 5 km in the N–S direction. Some methods have been developed that make possible to estimate
LST from geostationary data at sub-pixel spatial resolution. These methods are usually known as
downscaling.
Recently, Zakšek and Schroedter-Homscheidt (2009) proposed a parameterization, based on remote sensing
data, to provide T2m field of high spatial (1000 m) and temporal (30 min) resolution with a root mean square
deviation (RMSD) of about 2 K. It was validated for the regions of France, Germany and Slovenia. The
above mentioned parameterization combines SEVIRI and MODIS data for LST downscaling based on
temperature-vegetation index (TVX) approach (Prihodko and Goward, 1997). The energy-balance approach
proposed by Meteotest (2003) is used to parameterize the lapse rate between downscaled LST and measured
T2m. The parameterization was developed to be applicable over large regions without having to take into
account differences in the land cover type’s surroundings the meteorological stations. A wide variety of land
cover types was employed in the test data set. However, to increase the accuracy of the T2m
parameterization, it might be further refined considering areas with land cover different from the actual
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validation areas. The purpose of this study is to extend the parameterization approach to the desert and predesert land cover. During the initial tests it was, however, discovered that the T2m is for the case study of
North Africa poorly correlated to all explanatory variables except LST. Thus we improved the LST
downscaling procedure and used the downscaled LST to parameterize the T2m.
2. The LST downscaling approach
In this section the highlights of the considered methodology are described. For a more detailed description of
the approach the interested reader can refer to the papers Zakšek and Schroedter-Homscheidt (2009) and
Zakšek and Oštir (2012).
The hypothesis behind the LST downscaling is that a linear correlation exists between a vegetation index
(e.g. the normalized differential vegetation index – NDVI) and the LST. If vegetation index data of a better
spatial resolution than the LST resolution are available (e.g. MODIS ones), the parameters of the regression
line can be derived from low resolution NDVI and LST. These are then applied to high resolution vegetation
index data to compute the corresponding LST (Fig. 1).

Fig. 1: Scheme of the LST downscaling procedure (adapted from Zakšek and Schroedter-Homscheidt, 2009)

In this study we extended the list of possible explanatory variables beyond NDVI. The downscaling consists
of four steps:


principal component analysis (PCA) of auxiliary data in the output spatial grid
resolution,



up-scaling (aggregation) of the highest ranked principal components,



estimation of regression equation (between SEVIRI LST and up-scaled auxiliary
data) with a moving window analysis,



estimation of LST in the output spatial grid resolution.

Using PCA is possible to convert a set of observations of possibly correlated variables into a set of
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uncorrelated principal components. The number of principal components is less than or equal to the number
of original variables. PCA is defined in such a way that the first principal component accounts for as much of
the data variability as possible. Each succeeding component has the highest variance possible under the
constraint that it is uncorrelated with the preceding components.
Before any further analysis the auxiliary data and LST are co-registered to the same grid. The input LST is
our case given for a SEVIRI pixel.
The result of the proposed downscaling procedure is a regression equation that explains LST as a linear
combination of the chosen principal components. The correlation between each principal component and
LST is locally dependent. In the case we want to downscale LST for a large area we thus cannot search for a
regression equation for the whole region of interest. It might even be that the first component is statistically
insignificant for the spatial distribution of LST for a certain part of the region of interest. Therefore the
optimal solution is to adapt the downscaling equation locally by moving window analysis; we set up the
regression equation for each pixel based on the principal components and LST values within the moving
window. In our study we decided for the moving window of 7 (columns) by 7 (rows). Once the regression
equation is known it can be applied to the principal components in 1’m spatial resolution. This gives us an
estimate of LST at the same resolution.
3. Input Parameters
3.1 Input for LST downscaling
The main input parameter, LST, is the radiative skin temperature over land. It is an operational LSA SAF
product derived every 15 minutes for cloud-free pixels. SEVIRI IR channels at 10.8 and 12.0 μm are used in
a generalized split-window algorithm (Wan and Dozier, 1996). The quality of the derived LST relies mainly
on cloud detection accuracy. A significant parameter for LST accuracy is land surface heterogeneity, which
can produce a significant variation in LST measurements as a function of view zenith angle.
From MODIS several auxiliary data are used the downscaling scheme. Both the NDVI and the enhanced
vegetation index (EVI) are used. Both indices are a standard NASA product (Huete et al., 2002) available for
Terra MODIS (product code MOD13) and Aqua MODIS (product code MYD13). The product is a 16-day
composite of normalized differential vegetation indexes at 250, 500 and 1000 m spatial resolution. Land
surface albedo quantifies the part of the energy that is absorbed and transformed into heat and latent fluxes
thus it is also correlated with LST. NASA provides 8-day albedo product MCD43 from combined Terra and
Aqua MODIS measurements (Schaaf et al., 2002). In this approach both black and white sky albedo in 500
m spatial resolution are considered. Another parameter correlated with LST is emissivity which is a relative
ability of a body’s surface to emit energy by radiation. NASA provides an average emissivity and an average
LST as 8-day products (Wan, 2008) both for Terra MODIS (product code MOD11) and Aqua MODIS
(product code MYD11). MODIS LST is not used since the goal is to downscale LST independently of any
other LST data. Only emissivity is considered used. These data are available in only 1000 m spatial
resolution. All the above mentioned data are first re-projected to the 1’ output grid.
LST is also influenced by topography (Hais & Kucera, 2009; Neteler, 2010). LST usually decreases with
elevation and increases with higher values of solar insolation. Steeper slopes are usually more exposed to the
winds and areas with larger sky-view factor are more exposed for long-wave surface cooling. Thus we used
SRTM digital elevation model data and derived elevation, slope (the first gradient of the terrain surface),
aspect (the direction of the steepest slope) and sky-view factor (portion of the visible sky). These datasets
were then up-scaled to the output grid spatial resolution. The aspect was used in the further analysis only to
estimate the solar incidence angle according to the Earth-Sun geometry.
3.2 Additional input for T2m parameterization
The above described data are used for the LST downscaling (Zakšek and Oštir, 2012). In our attempt to
parameterize T2m we used two additional LSA SAF products (used already in Zakšek and SchroedterHomscheidt, 2009): down-welling surface short-wave radiation flux (DSSF), and albedo (AL). DSSF refers
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to the radiative energy in the wavelength interval 0.3–4.0 µm reaching the Earth's surface per unit of time
and surface area as given in Wm-2. It depends on solar zenith angle, cloud coverage, atmospheric extinction
and surface albedo; it is derived every 30 minutes from SEVIRI bands at 0.6, 0.8, and 1.6 µm. Land surface
albedo (AL) quantifies the part of the energy that is absorbed and transformed into heat and latent fluxes. AL
product is generated once per day from three short-wave channels (0.6, 0.8 and 1.6 µm. Except LST, all
parameters listed in sections 3.1 and 3.2 showed poor correlation with the lapse rate between LST and T2m.
Thus we decided to fit T2m directly to LST: T2m = f(LST).
3.3 Ground data
Estimated T2m data are validated with T2m measurements obtained from JRC-MARS meteorological
database maintained by the JRC-MARS Unit. Five T2m values, measured at time horizons 6:00, 9:00, 12:00,
15:00 and 18:00 hours at Greenwich Mean Time (GMT), are recorded each day, In Figure 2 the geographic
distribution of the ground stations for the North Africa region is shown.

Fig. 2: Geographic distribution of the ground stations for the North Africa region. 34 stations are within the selected case study
area (red rectangle).

4. Results
4.1 Case study: Algeria, Libya, Tunis
As case study we considered the area in North Africa spanning 0–20°E, 28–34°15’N. This area corresponds
to MODIS level 3 tiles (h18v05, h18v06, h19v05 and h1906). The area covers parts of Algeria, Lybia and
Tunis (see Fig.3). The analyzed data-set covers the entire year 2009 (some albedo data for April May and
June were missing).

Fig. 3: Scheme of MODIS tiles for the region of central North Africa
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4.2 T2m parameterization setup and validation
T2m was in the end parameterized from LST on the basis of 2766 measurements. Only the measurements,
were all variables were available, were considered. From these values with down-welling surface short-wave
radiation flux (DSSF) less then 100 W/m2 (sun low on the horizon) and those with extreme albedo values
were not considered. Albedo values range mostly between 0.3 and 0.4; but sometimes below 0.2 and over
0.4. These latter are the considered thresholds.
None of the considered variables (except LST) explains the T2m, thus we decided to use following
parameterization:
T2m = 4.03 +0.865·LST + 0.00233·LST2 .

(eq.1)

Validation was based on 2922 measurements (Fig. 4). RMSD is 2.9 K with correlation coefficient r equal to
0.96, together with a minimum residual of -14.2 K and a maximum residual of 12.7 K. The resulting RMSD
of 2.9 K can be considered acceptable also considering the estimated error of the input LST (the input LST
has accuracy slightly better than 2 K).

Fig. 4: Parameterized vs. measured T2m values validation scatter plot.

For a comparison we tried to set up also a parameterization as proposed by Creswell et al. (1999). They
proposed to explain the difference between LST and T2m in southern Africa with solar zenith angle (z).
Following their study we developed the following parameterization:
T2m = 13.7 + 0.960·LST – 14.8·z + 5.10·z2 ,

(eq.2)

and the RMSD is 2.9 K with correlation coefficient r equal to 0.96, together with a minimum residual of 13.9 K and a maximum residual of 12.7 K. So following the method of Creswell et al. (1999) brings no
significant improvement.
5. Conclusions
The purpose of this study was to extend the T2m parameterization from SEVIRI and MODIS data to the
desert and pre-desert land cover regions.
The overall accuracy of the estimates T2m values is 2.9 K is not completely satisfactory mostly because
usual variables that have been used so far in the HRES-SEB parameterization (Zakšek and Schroedter-
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Homscheidt, 2009) failed to explain the T2m variability. Thus we parameterized T2m as a second order
polynomial of LST .A possible improvement may be achieved considering other possible factors that drive
the T2m in the desert are, e.g. Down-welling Surface Long-wave Radiation Flux (DSLF), geological maps,
etc.
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1. Introduction
Several studies indicates that the usage of renewable energy, especially solar, bring economic and social
benefits. These benefits are associated with development of remote areas, which are not assisted by Brazilian
interconnect energy system from conventional sources; with consequences to stability and planning of
Brazilian energy programs to the reduction of direct dependence of fossil fuels and to the direct emission of
greenhouse gases in the atmosphere. However, a significant barrier to solar resource expansion as source of
energy, to both electricity generation and water heating, is to provide reliable information required to
understand available resources and its variability.
To the assessment of the solar energy resource, Renewable Energy Group from CPTEC/INPE and
CCST/INPE uses the radiative transfer model BRASIL-SR to verify the availability and development of
sceneries to this renewable source. The model uses geostationary satellites images and climatological data as
input data to parameterize solar radiation interaction processes in atmosphere.
The SWERA project (Solar and Wind Energy Resource Assessment), financed by GEF/UNEP, was aimed to
provide a consistent and secure environmental database with high reliability and accessibility. The main
objective was to motivate the insertion of renewable energies on the electricity matrix of development
countries, like Brazil (Pereira et al., 2007). The BRASIL-SR model was used to provide the solar irradiation
estimates from 1995 to 2005, what resulted in the publication of Brazilian Solar Energy Atlas (Pereira et al.,
2007). The results were quite coherent, being validated by project SONDA stations data and automatic
meteorological stations operated in Brazil by CPTEC/INPE. However, when BRASIL-SR parameterize
atmospheric aerosols just basing in climatological values of horizontal visibility, the model does not consider
important conditions for quantify the amount of atmospheric aerosols in the atmosphere such as biomass
burning and pollution sources from megacities and industrial areas. These factors can increase significantly
the concentration of particles and greenhouse gases (Raes et al., 2000), specially during dry season.
Seasonal variability of meteorological conditions has a direct influence on suspension aerosol amount in the
atmosphere. With the beginning of dry station in Brazil Mid-West region, favorable conditions to biomass
burning are observed, which can be caused by natural ways or anthropic actions. Besides, the aerosol
atmospheric residence time is bigger during the dry season due to the smallest retreat of these aerosols by
mixing processes and precipitation (Andrade et al., 2004; Freitas, 2003).
Aires and Kirchoff (2001) affirm that the special distribution of biomass burning in Brazil is not uniform,
and there is a contrast between source and non-source areas of biomass burning aerosols; related to climatic
or regional factors. However, even in areas with less biomass burning, high concentrations of trace gases
generated by biomass burning can be found, due to atmospheric transport.
The complex influence of aerosols in radiative balance has been evaluated in several studies. It considered up
to 80% of biomass burning occurs in the tropics, producing a large amount of gases and particles (Crutzen
and Andreae, 1990), affecting the radiative balance (Kaufman and Tanré, 1998; Christopher et al., 2000) and
consequently the thermal balance of the atmosphere. Other studies also show indirect effects, through the
reduction of the evaporation and precipitation, besides the climatic effects (Ward et al., 1992; Botkin and
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Keller, 1995; Nobre et al., 1998). According to IPCC (2007), atmospheric aerosols has a global radiative
forcing up to -0.50 ± 0.40 W/m2, while the global indirect effect is about -0,70 W/m2 (ranging from -1.8 to 0.3 W/m2). Comparing to the radioactive forcing of CO2 of +1.55 W/m2, from +1.49 to +1.83 W/m2, their
contribution is quite significant.
Anderson et al. (1996) verify attenuation in the radiative forcing up to 25 W/m2 in the surface, due to the
increase of the optical thickness with the biomass burning. Procópio et al. (2003; 2004) also affirm that high
concentration of aerosol particles generate a significant radiation deficit in surface, with instantaneous picks
reaching up to -300 W/m2 and average values in Alta Floresta during biomass burning season of -28 W/m2.
Castanho (1999) find indications of breeze contamination that arrives in the city of São Paulo from industrial
area of Great ABC by resuspension of soil dust and photochemical formation of O3 for the emitted
precursors, besides the significant influence of the particulate matter emitted by vehicles.
2. Data and Methodology
2.1. BRASIL-SR radiative transfer model
BRASIL-SR is a physical model used to obtaining incident solar radiation estimates in the surface. It has
been developed by the Group of Study of Renewable Energies of National Institute of Space Research
(CCST/INPE) with the Federal University of Santa Catarina (UFSC), based in the German model IMGK
(Stuhlmann et al., 1990). It is based on the "Two-Flow" approach to solve the equation of radiative transfer
and uses air temperature, surface albedo, relative humidity, horizontal visibility climatological data and
elevation of the surface as input data. The model also needs information of cloud covering obtained from
satellite images. The model assumes that cloud covering is the main factor of modulation of the atmospheric
transmittance (Martins, 2001).
The effective cloud covering coefficient, Ceff, is determined by a linear relationship of clear sky and cloud
conditions. This coefficient states the contribution of the cloud optical thickness to solar attenuation in the
terrestrial atmosphere:

C eff =

L r − L clr
L cld − L clr

(eq. 1)

where L is the visible radiance measured by GOES channel 1 (0.52–0.75 µm), Lclr and Lcld are the measured
radiances in the same channel in clear sky and cloud conditions, respectively, produced by image statistical
analyses.
The identification process of clear sky and cloudy sky situations uses an algorithm that evaluates the
relationship of infrared (4-10.2-11.2 µm) and visible channels (1-0.52-0.75 µm) radiances measures for each
pixel (Martins et al., 2003). Martins and Pereira (2006) mention the reliability of Ceff is an important factor
of the solar estimates accuracy.
After the treatment of climatological and satellite data, the model solves the radiative transfer equation using
the "Two-Flux" approach. Solar radiation spectrum is divided in 135 intervals and the atmosphere in 30
layers. The radiative processes is considered as an interaction with clouds, Rayleigh scattering (due
atmospheric gases), absorption of atmospheric gases (O3, CO2 and water vapor), and Mie scattering (due
aerosols). Each constituent concentration, as well temperature and the thickness of each atmospheric layer,
are established based in the atmosphere type, selected by climatological value of surface air temperature. In
BRASIL-SR model, the solar radiation flux in the top of the atmosphere F0 is lineally distributed among the
two extreme atmospheric conditions, clear sky and cloudy sky. It also assumes the presence of linear
relationship between the global irradiance in the surface and the radiation flux reflected from the top of the
atmosphere, in the way of solar irradiation in the surface F↓ is obtained by equation 2, after obtaining the
transmittances:
(eq. 2)
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Colle e Pereira (1998) demonstrated, in study developed for the Brazilian territory, that the use of this
approach, quite simple, presents good results. The fluxgram in Figure 1 shows the execution sequence of the
model.

Fig. 1: BRASIL-SR model fluxgram. Source: Martins et al., 2001.

The reliability evaluation of solar radiation estimates supplied by BRAZIL-SR was accomplished in two
stages: firstly an intercomparison of radiative transfer models adopted by SWERA project to solar potential
assessment in participant countries, with HELIOSAT (Rigollier et al., 2004), SUNNY/ALBANY (Zelenka
and Perez, 1986; Perez et al., 1987a; Perez et al., 1987b) and DLR (Diekmann et al., 1988). The results of
this phase showed that BRASIL-SR was presented similar results of other models, without anyone present
statistically significant advantage by the others (Beyer et al., 2004).
In the following stage, the estimates supplied by BRASIL-SR model were compared with measured values in
surface stations belonging to SONDA and meteorological automatic stations operated by CPTEC. It was
verified that the model overestimates the radiation flow over all Brazilian territory, with larger values to
lower solar radiation flux (Pereira et al., 2007).
Studies showed that estimates of solar irradiation at the surface supplied by BRASIL-SR model present an
average deviation of 6% and a medium quadratic deviate in order of 12%, when compared with data
collected in surface stations away from the locals of biomass burning (Pereira et al., 2006). Other works
(Christopher et al.,1996; Eck et al. ,1998; Gambi et al., 1998, Procópio et al., 2003; Procópio et al., 2004)
found relationships between higher concentration of atmospheric aerosols and increase of the deviation in the
estimates models.
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2.1.1. BRASIL-SR aerosol parametrization
In BRASIL-SR model, aerosol concentration in atmospheric layers is determined by the climatological
continental profiles developed by McClatchey et al. (1972), modified in the lower 5 km following the
climatological values of horizontal visibility at sea surface level (Leckner, 1978; Selby and McClatchey,
1975).
Climatological horizontal visibility is set to vary monthly and spatially to latitudinal strips of 5 degree. These
values were obtained from data measured on surface stations with non-homogeneous distribution and with
reduced number in Southern Hemisphere (Stuhlmann, 2000). The empiric correction of the atmospheric
profile follows an exponential formulation as function of elevation. However, the climatological horizontal
visibility database overestimates the visibility condition observed in areas of biomass burning and pollutant
emissions in megacities. The Figure 2 presents the climatological horizontal visibility used by BRASIL-SR
model, to March, June, September and December.

(a)

(b)

(c)

(d)

Fig. 2: Climatological horizontal visibility (km) used by BRASIL-SR model, to March (a), June (b), September (c) and
December (d).

The transmittance to aerosol direct solar radiation is based in Angström (1964) formulation:

τ aλ = e (− βλ

−α

m

)

(eq. 3)

where β is Angström turbidity coefficient, α is the wavelength exponent, λ is the wavelength of solar
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radiation and m is the optical mass of the aerosols. This product is modeled in three altitude intervals: lower
than 2 km, between 2 and 10 km and higher than 10 km.
It is important to mention that previous studies indicated that the use of climatological values of horizontal
visibility resulted in satisfactory radiation estimates for clear sky conditions, in the case of low aerosol
emission from anthropic sources (Pereira et al., 2007). Martins and Pereira (2006) affirm that estimates
accomplished by BRASIL-SR model in megacities areas, or in biomass burning occurrence areas, that has
conditions out of the climatological horizontal visibility averages present high deviations, could reach values
of up to 60% in some days of the year.
2.2. Horizontal visibility database generation
Due to the incoherence found in the spatial variability of the climatological horizontal visibility database
used by BRASIL-SR model, it was chosen to use a new database that could be monthly updated in order to
represent more satisfactory both seasonal and spatial variability. This is an important factor that conditions
and areas with a high load of aerosols were well represented, what would bring more fidelity to the
atmospheric conditions parameterized by BRASIL-SR and directly related with results accuracy. At the same
time, it was concerned that meteorological events and extreme conditions had not contaminate this new
database of horizontal visibility somehow.
Bearing this in mind, daily averages of horizontal visibility and daily lowest, highest and average of relative
humidity from 77 airports of the whole South America were analyzed from 2007. Hourly date of horizontal
visibility, air temperature and dew point temperature from Meteorological database of CPTEC/INPE, added
other 28 airports in the Brazilian territory for the same year, combining a total number of 105 stations. The
spatial distribution of these stations is presented in Figure 3.

Fig. 3: Spatial distribution of data used to generation of database of horizontal visibility. In blue, daily stations data; in red,
hourly station data.

The data collected at these stations were pre-processed, where the exclusion of registers of very low
horizontal visibility values due to the presence of hidrometeors, normally caused by meteorological
phenomena as fog or strong rain, relating them with datapoints of relative humidity higher then 90%. In case
of hourly data, a similar criterion was applied, but the registers were excluded where the difference between
air temperature and dew point temperature stayed lower than 2.2 ºC.
To eliminate horizontal visibility outliers in the hourly dataset, present time information was used to select
and to confront to manually verification and exclusion ion case of incoherent data.
This method was suggested by Husar et al. (2000) and it minimizes the possibility to insert in the horizontal
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visibility database any condition of extreme events not associated with biomass burning or aerosol load by
the megacities. A third routine transformed data in monthly averages, and interpolations could be
accomplished. Kriging interpolation was used as the stations were irregularly spaced.
2.3. Solar irradiation data
Solar irradiation data by solarimetric stations from SONDA were used to validate BRASIL-SR model. The
objective of this sampling net was build a reliable meteorological database to help the development and
improvement of numerical models to assess solar and wind energy resources in Brazil. The data measured by
SONDA have quality control based on reliable WMO (World Meteorological Organization) criteria (Wounds
et al., 2006; BSRN, 2011; WEBMET, 2011). These stations are distributed over Brazilian territory, in way to
represent all the regions (Figure 4).

Fig. 4: SONDA stations localizations, in brazilian territory.

3. Results
3.1. Horizontal visibility database to year 2007
After primary processing and treatment of all horizontal visibility data from year 2007, was verified higher
visibility values in March, for all Brazilian regions, while lower values were observed in September, also for
all regions. Values were reducing gradually from March to September; and increasing back again to
maximum values in March.
Figure 5 shows the horizontal visibility variability in 2007 and the seasonal variability of the horizontal
visibility was observed. March has some nuclei with smaller amounts - about 9.7 km in the North, and the
highest values were observed in the South and Northeast. In June, the continent was virtually split in half,
with higher values verified in the North, with extremes values around 10.6 km in the North-Northeast of
Brazil; in the South, the lower values were around 8.7 km. September is characterized by a huge core in the
center-north of Brazil, with values reaching down to 6.7 km of horizontal visibility; by the way, the visibility
observed in the Brazilian Northeast is around 10 km. In December, the horizontal visibility reaches values
around 9.5 km across South America, with a small nucleus around 9.8 km in the Northeast Brazil.
3.2. BRASIL-SR model difference maps
Simulations with BRAZIL-SR model were accomplished, to March, June, September and December, 2007,
using these two horizontal visibility databases: the climatological database, with resulted already established
and validated in previous studies and the new database of horizontal visibility, developed in this work. From
these two results, maps of difference were generated between simulations with the climatological visibility
and simulations with the updated database, for comparison effects. They will be presented maps to March
and September, because their fact to represent the extreme atmospheric conditions in terms of horizontal
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visibility, that is this work focus. Figure 6 presents the maps of difference for the year of 2007.

(a)

(b)

(c)

(d)

Fig. 5: Horizontal visibility (km) to March (a), June (b), September (c) and December (d), 2007.

The year of 2007 has pronounced differences in maps, and this can be already observed in the global
radiation maps (Figures 6-a and 6-b). Positive trends is observed, however in a more evident way in
September, where the higher values are found in North, Mid-west and South of Brazil areas, with values up
to 0.36 kWh/m2. In March, is observed the higher values in Mid-West and South regions, around 0.13
kWh/m2. Direct radiation (Figures 6-c and 6-d) follows same pattern, with more pronounced differences in
September, where are observed difference values up to 1.1 kWh/m2. Differences up to 0.49 kWh/m2 were
observed in South Brazil in March. The differences observed in the diffuse radiation (Figures 6-and and 6-f)
are also more significant in September and observed in North, Mid-west and South of Brazil, with minimum
values up to -0.32 kWh/m2. March has minimum values up to -0.16 kWh/m2 in the South Brazil.
3.3. Measured data and simulated data intercomparisons
To evaluate results from the BRASIL-SR model using the climatological horizontal visibility and the
updated horizontal visibility databases, intercomparisons were accomplished with measured surface data by
SONDA stations that were closer to the areas where the largest horizontal visibility differences occured.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6 - Difference maps between simulations using climatological visibility database and simulations with updated
visibility database, in kWh/m2, for 2007. Differences are presented between global radiation modeled in March (a) and
September (b); direct radiation modeled in March (c) and September (d) and diffuse radiation modeled in March (e) and
September (f). Positive values (negative) indicate areas where the estimates with the updated horizontal visibility database
were lower (higher) that those ones with climatological horizontal visibility database.

Three of these stations are located in the Mid-west Brazil, where larger biomass burning are verified. Table 1
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shows the stations used in model integrations evaluation of BRASIL-SR model.
Tab. 1: SONDA Stations used in the evaluation of the results of BRASIL-SR model.

SITE

LATITUDE

LONGITUDE

ALTITUDE (m)

Brasília – DF, Brazil

15° 36' 03" S

47° 42' 47" W

1023

Campo Grande – MS, Brazil

20° 26' 18" S

54° 32' 18" W

677

Cuiabá – MT, Brazil

15° 33' 19" S

56° 04' 12" W

185

São Martinho da Serra – RS,
Brazil

29° 26' 34" S

53° 49' 23" W

489

Table 2 shows comparison for the two experiments of the root mean square and bias for BRASIL-SR results
in March and September for 2007 respectively.
Tab. 2: RMSE and BIAS (in%) of BRASIL-SR integrations results, using the climatological visibility and the updated
visibility, to March and September, 2007.

Brasília (-47.72 -15.60)

Direct (%)

Difuse (%)

Sep

Mar

Sep

Mar

Sep

RMSE Climatologic Model

23.32

17.57

34.19

20.81

26.79

21.50

RMSE Updated Model

24.40

18.60

34.30

21.06

27.59

20.09

BIAS Climatologic Model

16.58

11.43

20.29

15.21

5.23

-10.87

BIAS Updated Model

17.88

12.77

20.43

15.55

8.68

-7.79

Cuiabá (-56.06 -15.55)

Global (%)

Direct (%)

Difuse (%)

Mar

Sep

Mar

Sep

Mar

Sep

RMSE Climatologic Model

7.25

27.44

*

*

*

41.39

RMSE Updated Model

9.36

21.71

*

*

*

23.45

BIAS Climatologic Model

7.23

-26.20

*

*

*

41.39

BIAS Updated Model

9.34

-20.44

*

*

*

19.89

Campo Grande (-54.53 -20.40)
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Global (%)
Mar

Global (%)

Direct (%)

Difuse (%)

Mar

Sep

Mar

Sep

Mar

Sep

RMSE Climatologic Model

15.59

10.34

*

*

22.64

37.78

RMSE Updated Model

16.24

6.37

*

*

23.60

32.36

BIAS Climatologic Model

11.47

-5.32

*

*

0.51

27.65

BIAS Updated Model

11.64

-2.74

*

*

1.67

18.42

Global (%)

Direct (%)

Difuse (%)

São Martinho da Serra (-53.81 29.45)

Mar

Sep

Mar

Sep

Mar

Sep

RMSE Climatologic Model

12.66

17.62

33.64

51.48

28.80

43.71

RMSE Updated Model

12.51

15.45

26.83

44.87

28.91

40.27

BIAS Climatologic Model

1.89

-12.98

-19.69

-37.32

18.56

13.49

BIAS Updated Model

2.39

-8.84

-12.58

-31.23

19.13

9.59

4. Discussion and conclusions
The horizontal visibility data from airports has a subjectivity condition, but has a great importance in
inference of atmospheric particles amount; after all, it is supposed that when low values of horizontal
visibility are observed (except in adverse meteorological conditions), a dry-fog or smoke condition is
associated, and this can be biomass burning or pollution result. The main objective of this horizontal
visibility database update is bringing to the model this type of information, especially in the spacial and
seasonal variability of the atmospheric aerosols. In the case of horizontal visibility database proposed by
McClatchey et al. (1972) and presented in the Figure 2, it is especially important to eliminate the latitudinal
way as the climatological data are willing, distributing in a more discerning way and respecting the Brazilian
regions characteristics.
Analyzing data of 105 stations in the whole South America (Figure 4) for a year period, it was looked to
bring this reality to the model. However, is important to understand that punctual events, as biomass burning
which happens in a specific place, a specific day in the month, are treated in a softened way when monthly
averages of horizontal visibility are generated. Nevertheless, the horizontal visibility database shown in this
paper in Figure 5, is quite coherent with total monthly biomass burning occurrences, and was expected this
represent an average condition of aerosols amount in the atmosphere. In Brazil, the Division of
Environmental Satellites (DSA) of CPTEC/INPE accomplishes the identification of biomass burn
occurrences.
The year of 2007 had a larger amount of biomass burn focuses detected (202299 focuses). It was identified
2346 focuses in March; 4906 in June; 63200 in September and 5557 in December. The great amount of
biomass burning occurrences in September is represented in the Figure 5-c, with the smallest values of
horizontal visibility in the Center-north of the Brazilian territory. The updated horizontal visibility database
has shown coherent with biomass burning occurrences were observed in this same period. Important to
mention that in the three analyzed years, the stations Southeast Brazil presents a tendency of visibility
decrease, in spite of low visibility values softened by the interpolation process and by monthly averages.
That can have some relationship with industrial activities and gases and particules emission.
From BRASIL-SR model integrations results of March and September, 2007, maps of difference of Global,
Direct and Difuse radiation were generated. Those maps always shows the values obtained in the simulations
using the climatological base of visibility minus those ones obtained in the simulations using the base of
updated visibility. In all maps, latitudinal lines are showed, and it is a reflex of the climatological values of
horizontal visibility. Horizontal visibility values are the same ones inside these 5º latitude strips, the maps of
difference presents this same pattern. In general, great differences are observed where the values of
horizontal visibility are more contrasting. That happens in areas where large aerosol amounts were observed
and in the Center-South Brazil regions, where large differences of climatological values were observed.
This analyses, from a year with a large aerosol intraseasonal variability, present more defined nuclei in the
difference maps of September (Figures 9-b, 9-d and 9-f), that are compatible with the biomass burning
detected in this period. The comparisons with measured data in Campo Grande, Cuiabá (in Mid-West Brazil)
and São Martinho da Serra (in the South Brazil) stations presented improvements in RMSE and BIAS values
(table 3). However, the adjustments increased, although in a discreet way, RMSE and of BIAS of the global,
direct and difuse radiation on March.
The updated horizontal visibility database brought more interesting results for the areas where biomass
burning happens and where has large discrepancy of climatological values, but they were not effective where
the horizontal visibility is naturally higher, for all of the simulated months. An explanation for that comes
from an important modulation factor of atmospheric transmitance of BRASIL-SR model, that is the
identification of clear and covered sky conditions. When assuming the solar radiation flux in the top of the
atmosphere is lineally and distributed among these two extreme atmospheric conditions, the determination of
the incident solar irradiation in the surface is reduced to the calculation of the atmospheric transmitance in
these outline conditions. In the model, the clear sky component is parametrized in function of surface albedo,
solar zenital angle and atmospheric representatives optic thickness (including the aerosols); to covered sky
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component, it is function of the solar zenital angle and the optic thickness / altitude of the top of the clouds.
In other words, clouds induces no systematic mistakes, result of the simplified parametrizations and like this,
reducing the correlation between estimates and measured values. That happens because cloudiness and
atmospheric aerosols are first and second order parameters in the irradiation estimates in the surface. When
assuming that the cloudiness is the main modulation factor of the solar radiation, it discards the importance
of the aerosols in the remaining process, what can explain to the variability of the results of RMSE and BIAS
presented in the Table 2. These error variability would be directly associated with the cloudiness and the
precipitation of 2007.
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Abstract
Satellite-derived solar radiation products often have strong deviations from ground-measured solar irradiance
data. Common problems include a systematic over- or underestimation, which can be expressed by calculating
the mean bias. As in first order energy produced by a solar plant roughly depends on the total incoming
irradiation this simple number gives a first hint on potential error of energy production. Moreover, due to limited
usability of low and very high irradiance values and non-linear effects also the frequency distribution of solar
time-series data have a relatively strong influence on potential yields and its uncertainty. Thus, for detailed
engineering and financing of solar power plants it is advisable to not rely simply on site-specific satellite derived
solar resources products, but also to do measurements at the site and use those for validating and improving the
satellite-derived time-series. This paper presents a method, which embosses the features of frequency distribution
of ground-based measurements onto two different satellite-derived time-series. The method presented shows
good improvement of systematic over- or underestimation: in one example it is shown, that if at least 3 months of
parallel measurements are available at a site, even strong biases beyond 25 % can be reduced below 10 %. But
the quality of results applying only a quarter year of overlap for training is still quite variable. Applying half a
year of data usually already gives significantly better results – at least if all sun angles are covered, by a start of
measurements at summer or winter solstice. In most cases, a complete parallel year of measurements is sufficient
to reach very good improvements at sites. Inter-comparing the improvement effect on beam irradiance versus
global horizontal irradiance shows that direct normal values from satellite can be far better improved than on
global horizontal irradiance. However, the initial analysis shows that the need to correct global horizontal is also
much smaller.
KEYWORDS: Ground-measured, satellite-derived, DNI, GHI, solar irradiance, inter-comparison, method,
uncertainty, mean bias, fitting
1. Introduction
Financing of solar power plants requires highly accurate information about the solar conditions at a site. Today, it
is common to apply satellite-derived time-series of global horizontal irradiance (GHI) for photovoltaic (PV) and
direct normal irradiance (DNI) for performance simulation of concentrating solar power (CSP) plants. Satellite
data have the advantage that they are easily available for a long-term period contrary to ground-based
measurements. The inter-annual variability of solar irradiation can be very high depending on location of the
sites and hence stable and reliable long-term averages shall not be based on measurement from a few years only.
Today satellite-derived time-series covering more than 10 years can be made available for every site worldwide.
Such long-term time-series help reducing uncertainty of the long-term best estimate. However, as earlier studies and also this paper - show, differences between various satellite-derived and ground-measured data sets can be
high indicating a remarkable uncertainty associated with these techniques. Despite having more than a decade of
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satellite data, uncertainty of the long-term average often is in the range of 5 % to 15 %, especially for DNI. As
such high uncertainty can be a showstopper for solar energy projects or at least can cause severe difficulties in
financing, it is common practice in CSP industry to measure at least over one year at the site. However, limited
period of ground-based solar radiation measurements are available during project development, often due to
sharp deadlines for subsidy programs and late decision to install a station.
Ground-based solar radiation measurements may be used to correlate satellite-derived solar radiation data. Carow
(2008) presented methods for using ground-based measurements to improve the performance of satellite-derived
algorithms to determine solar irradiation from satellite images. Although three different methods are presented,
the influence of the length of overlapping data is not taken care of in Carow (2008). It is a common practice in
wind energy industry to use Measure-Correlate-Predict (MCP) methods such as regression, Weibull scale, Matrix
method etc. to determine wind resource at a site from short-term measurements. Hoyer et al. (2009) describes a
method to create a Typical Meteorological Year using one year of ground-based measurements and long-term
satellite-derived time series.
However, quantitative analysis relating the uncertainty and length of measurement period is still not known. In
addition in case of short-term measurements covering less than one year of overlap, information about the
duration and period of the year to be used for improvement of satellite-derived data is also missing. The
repercussion of these limits to the uncertainty of the resource estimate is not analyzed until now. This paper aims
to improve the quality of satellite-derived time-series data by using ground-based measurements with special
consideration of the length of the overlapping period between satellite and ground-based data sets. Thus, this
paper systematically determines the influence of the length of the measurement period – and the accuracies of
both satellite and ground measurements on the uncertainty of the long-term best estimate of solar radiation. For
one site with accurate measurements over at least 3 years, it is shown how taking only a subset of the
measurements affects the accuracy.
2. Methodology
The methodology followed in this study can be summarized by the flowchart given below.
Collection of meteorological data
Statistical characterization of data
Applying the method: training period
Applying the method: testing period
Analysis of results

2.1 Collection of meteorological data
To study the effect of improving satellite-derived solar irradiance data using ground-based measurements a site is
selected, for which long-term and precise ground-based solar radiation measurements are available. These multiyear measurements are taken as the reference. To guarantee high quality stations are selected, which fulfill the
requirements of the Baseline Surface Radiation Network (BSRN). Here the BSRN-station of Tamanrasset in
Algeria is taken, which in the following is indicated by the site code DZTAM. Tab. 1 lists the data sets used in
this study.
For all sites satellite-derived solar radiation data from German Aerospace Center (DLR-SOLEMI 2011) and
University of Oldenburg, Energy and Semiconductor Research Laboratory (EHF) are available over a long
overlapping period. DLR provided its Solemi data in version 1.1 in hourly time-resolution, which is derived from
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Meteosat First Generation (MFG), EHF provided its EnMetSOL data in version 3.2 based on Meteosat Second
Generation (MSG) data. The MFG data have the advantage of covering a longer time-span, while the MSGderived data generally should be of higher quality due to higher time resolution of 15 min and spatial resolution
together with better radiometric specifications.
Tab. 1: Overview of available measurement and satellite-derived solar radiation data. Coordinates and elevation are according to
WGS84.

site, country,
site code,
coordinates

data set

Tamanrasset, Algeria,
DZTAM
lat.: 22.78
lon.: 5.51
elev.: 1385 m

temporal
resolution

solar
radiation
parameters

start
time

end time

time
span

BSRN measurements

1 min

GHI, DNI, DHI

2001-01-01

2009-12-31

10.0 a

DLR-Solemi
V1.1 11.2007

60 min

GHI, DNI, DHI

1991-01-01

2006-06-30

16.5 a

EHF
Heliosat Version 3.2

15 min

GHI, DNI

2004-07-01

2009-10-31

6.3 a

To make results well comparable from both data sets 4 years of data have been taken. However due to cease of
service of MFG in 2006 and incompleteness of 2004 in MSG only the year 2005 is overlapping. Results therefore
are not fully comparable.
2.2 Statistical Characterization of data
To quantify the improvement of overlapping measurements, first the quality of un-corrected satellite data is
analyzed by the following measures: The Mean Bias MB (eq.1) describes the average systematic deviation of the
average of the satellite derived irradiance Gsat from the ground-measured irradiance Gground over the same
overlapping time period by:
MB =

∑G − ∑ G
∑G
sat

ground

(eq. 1)

ground

The Standard Deviation SDD of the differences of Gground - Gsat in each time-step describes the variability of the
deviations while the Root Mean Square Deviation RMSD gives a combined indication of MB and SD.
As the frequency distribution of solar radiation time-series has strong influence on the annual power production
of a CSP plant (Chhatbar and Meyer, 2011) the Kolmogorov-Smirnov Integral (KSI) acc. to Espinar, et al. (2008)
is also calculated for each uncorrected and corrected data set.
2.3 Description of method used
There are various methods to correct satellite-derived data with the common aim to reach a new data set showing
reduced error measures as compared to the measured data sets. Basic example for this is given by a simple linear
correction for bias removal. In contrast, Carow (2008) applied and discussed three different approaches finding
that the “feature transformation” is the method leading to best results. The feature transformation is based on the
adaption of the frequency distribution of the modeled set to the one of the ground data by using information of
the relative distortion of the distribution of the satellite data from parallel sets. For this process Carow (2008)
uses a presentation of the cumulative distribution functions by fitted polynomial curves. Carow (2008) could
prove that this procedure may lead to reduced KSI values for two of the three stations.
Beyer et al. (2010) developed a similar feature transformation procedure using look up tables. For the application
parallel sets of measured and satellite data are used to derive the difference of the respective distribution
functions, The functions of the differences is then applied to correct new sets of measured data, As Beyer et al.
(2010) explained, the method only works as long as differences of the cumulative frequency distributions show
sufficient similarly from year to year or from site to site when used for spatial extrapolation,
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In method applied in this paper the difference of the cumulative frequency distributions are presented by
polynomial functions. The correction step involves lookup tables for the presentation of the values of cumulative
distribution function of the set to be corrected, In the following, we applied this method to overlapping time
series of ground measurements and satellite derived data for 3, 6, 12 and 24 months.
For the evaluation of the cumulative distributions of satellite and ground data, the time series of ground and
satellite data is filtered by sorting out all values for elevation and azimuth less than or equal zero to keep only
day values and skip night values. The cumulative frequency distributions are calculated with a bin size of 1 W/m²
as functions for irradiance independent of cumulative frequency distribution. For the polynomial representation
polynomial fit of 4th degree is used. Carow (2008) and our tests showed that a fitting of 4th degree comes out with
the best and most stable results.
The quality of the original and resulting time series is given by the parameter mean, mean bias, root mean square
deviation and KSI. These parameters are always calculated for complete data sets, including night values. Fig. 1
shows schematic example for the described method. DNI data from satellite data and ground measurement is
used as input. The upper left image illustrates the determination of the difference of both cumulative frequency
distributions. The determined difference is applied to the test satellite data set and the corrected data set is
calculated (upper right image). The lower images show the mapping steps. Input is the irradiance data from
satellite data, which has a certain value of cumulative frequency distribution (lower left image). In the lower right
picture the corrected/adjusted irradiance value for the same cumulative frequency distribution is determined.
The horizontal arrow describes the difference of irradiance of both curves for the same frequency distribution
value. The difference between the curves is reduced. With the adjusted frequency distribution the corresponding
irradiance values can be determined.
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Fig. 1: Top left: cumulative frequency distribution for training time of overlapping ground and satellite time series, the arrow
illustrates the difference between both curves. Top right: corrected satellite cumulative frequency distribution for test period;
Bottom left: mapping of original satellite irradiance values to original cumulative frequency distribution; arrow and bottom right
image: first, mapping of original cumulative frequency distribution to corrected cumulative frequency distribution, second,
mapping of corrected cumulative frequency values to adjusted satellite values. Green: ground data from trainings set, magenta:
satellite data from trainings set, purple: satellite data from test set, yellow: corrected satellite data

Polynomial equation of the difference is calculated by subtracting the polynomial coefficients of the fitted
ground polynomial from the coefficients of the fitted satellite polynomial for training time series. Thus, the
difference polynomial (or deviation of cumulative frequency distribution curves) is obtained, which is applied to
the testing years by subtracting it from the satellite polynomial. The result is the corrected satellite polynomial.
The next step is to implement the lookup table method to find the adjusted satellite values for the corrected
satellite cumulative frequency distribution. For this all irradiance values in cumulative frequency distribution are
treated in 1 W/m² bins. The first step is to assign the original cumulative frequency distribution values to the time
series of satellite irradiance data. In the second step this time series of cumulative frequency distribution values is
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used to receive adjusted satellite irradiance values by evaluating it on the corrected values for cumulative
frequency distribution. As values are interpolated linearly within the data range given by the training year, values
outside this range, which may occur in the new data set have to be set to the maximum of original satellite
irradiance. Similarly night values have to be set to zero.
3. Results
The results presented in this chapter are divided into results for DNI and GHI to show the effects the method has
on both kinds of irradiance. The values of statistical parameters – mean bias, standard deviation of differences,
root mean square deviation and KSI – for both DLR and EHF time-series is shown in tables and figures below
for 3, 6, 12 and 24 month of overlapping training data. This training sets is applied to the whole overlapping time
of ground measurement and satellite-derived data for DLR and EHF for four years. To gain a reliable statistical
base, several permutations for the combinations of 3, 6, 12 and 24 month have been analyzed. The following
tables give the average results for all sets characterized by a given combination of season (3 month), half year (6
month), one year (12 month) and two years (24 month).
3.1 Results for DNI
Tab. 2 summarizes the uncorrected statistical parameters for DLR and EHF for the available overlapping time
period. The results for DLR and EHF respectively are given in Tab. 3 and Tab. 4.
Tab. 2: Values of statistical parameters for DNI at site DZTAM for overlapping time period of BSRN and DLR respectively EHF.
To calculate these parameters BSRN values are used as reference.

time

MB
[W/m2]

[a]

SDD

rSDD

RMSD

rRMSD

60min

60min

60min

60min

[W/m2]

[%]

[W/m2]

[%]

rMB
[%]

KSI
[%]

DLR

2002 – 2005

7

3

165

31

165

31

219

EHF

2005 – 2008

73

27

256

42

266

50

1005

Tab. 3: Overview of main results for site DZTAM for various time periods for DNI from DLR.

∆t

MB

rMB

SDD

rSDD

RMSD

rRMSD

60min

60min

60min

60min

KSI

[a]

[W/m2]

[%]

[W/m2]

[%]

[W/m2]

[%]

[%]

¼

-16.0

-6

184

33

186

35

408

½

-6.6

-2

172

33

173

33

208

1

-1.0

0

172

32

172

32

101

2

-1.9

-1

172

32

172

32

45

KSI

Tab. 4: Overview of main results for site DZTAM for various time periods for DNI from EHF.

∆t
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MB

rMB
2

SDD

rSDD

RMSD

rRMSD

60min

60min

60min

60min

2

2

[a]

[W/m ]

[%]

[W/m ]

[%]

[W/m ]

[%]

[%]

¼

-10

-3.6

234

44

235

45

377

½

-5

-2

233

44

233

44

243

1

-5

-2

236

44

236

45

159

2

-3

-1

236

45

236

45

80

Fig. 2 and Fig. 3 show the effect of increasing overlap time on the relative mean bias for satellite data from DLR
and EHF, respectively. Fig. 4 exemplary presents the effect of increasing overlap time for the relative standard
deviation of differences rSDD and Fig. 5 the KSI in both cases only for DLR data. In Tab. 5 and Tab. 6 the
effects for quarterly and half yearly, respectively, are given. In this case, the results are averaged over DLR and
EHF.
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Fig. 2: The effect of increasing overlap time on the relative mean bias of corrected DLR-Solemi in relation to the long-term average
derived from long-term precise ground-based measurements at Tamanrasset, Algeria
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Fig. 3: The effect of increasing overlap time on the relative mean bias of corrected EHF in relation to the long-term average derived
from long-term precise ground-based measurements at Tamanrasset, Algeria.
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Fig. 4: The effect of increasing overlap time on the relative standard deviation of differences between corrected DLR data sets and
the reference measurements in 60 min time resolution.
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Fig. 5: The effect of increasing overlap time on the KSI of corrected DLR data sets.
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18

21

24

Δt [months]

Tab. 5: The seasonal effect of improvement for DNI, if only 3 months of measurements are available averaged over all available
sites.

season

MB

rMB
2

units

SD60min

rSD60min

2

RMSD60min

rRMSD60min

2

KSI

[W/m ]

[%]

[W/m ]

[%]

[W/m ]

[%]

[%]

-31 ± 30

-11 ± 11

219 ± 20

40 ± 5

221 ± 29

42 ± 6

448 ± 379

16 ± 9

6±3

203 ± 8

38 ± 3

204 ± 32

38 ± 6

351 ± 92

fall

-28 ± 33

-11 ± 12

213 ± 25

39 ± 6

216 ± 39

41 ± 7

466 ± 367

winter

-9 ± 19

-3 ± 7

202 ± 12

38 ± 4

203 ± 17

38 ± 5

305 ± 163

spring
summer

Tab. 6: The seasonal effect of improvement for DNI, if only half a year of measurements are available averaged over all available
sites.

season

MB

rMB
2

units

SD60min

rSD60min

2

RMSD60min

rRMSD60min

KSI

2

[W/m ]

[%]

[W/m ]

[%]

[W/m ]

[%]

[%]

summer+fall

0 ± 10

0±4

204 ± 9

38 ± 1

204 ± 33

39 ± 6

203 ± 67

winter+spring

-12 ± 13

-4 ± 5

201 ± 11

38 ± 2

202 ± 32

38 ± 6

248 ± 74

3.2 Results for GHI
Tab. 7 summarizes the uncorrected statistical parameters for DLR and EHF for the available overlapping time
period. The results for DLR and EHF respectively are given in
Tab. 8 and Tab. 9. In Fig. 6 and Fig. 7 the effects of increasing overlap time for GHI are exemplary shown for the
relative mean bias of corrected data sets for DLR and EHF.
Tab. 7: Values of statistical parameters for GHI at site DZTAM for overlapping time period of BSRN and DLR respectively EHF.
To calculate these parameters BSRN values are used as reference.

time

MB

rMB

SDD

rSDD

RMSD

rRMSD

60min

60min

60min

60min

KSI

[a]

[W/m2]

[%]

[W/m2]

[%]

[W/m2]

[%]

[%]

DLR

2002 – 2005

-1

0

68

13

68

13

118

EHF

2005 – 2008

23

9

106

19

109

20

316

Tab. 8: Overview of main results for site DZTAM for various time periods for GHI from DLR.

∆t
[a]

MB

rMB
2

[W/m ]

[%]

SDD

rSDD

RMSD

rRMSD

60min

60min

60min

60min

2

[W/m ]

[%]

2

[W/m ]

[%]

KSI
[%]

¼

0

0

71

13

71

13

94

½

-4

-2

70

13

71

13

74

1

0

0

69

13

69

13

45

2

0

0

69

13

69

13

40
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Tab. 9: Overview of main results for site DZTAM for various time periods for GHI from EHF.

MB

∆t

rMB
2

SDD

rSDD

RMSD

rRMSD

60min

60min

60min

60min

2

2

KSI

[a]

[W/m ]

[%]

[W/m ]

[%]

[W/m ]

[%]

[%]

¼

0

0

101

17

101

18

115

½

-5

-2

101

19

101

19

83

1

0

0

100

19

100

19

60

2

0

0

100

19

100

19

47

8%
7%
6%
rMB [%]

5%
4%
3%
2%
1%
0%
-1%

0

3

6

9

12

15

18

-2%
-3%
-4%
-5%
-6%
-7%

24
¼a summer

¼a fall

¼a winter

¼a average

½a su+fa

½a wi+sp

½a average

1 year

2 years

uncorrected

upper bound

lower bound

∆t [months]

-8%

21
¼a spring

Fig. 6: The effect of increasing overlap time on the relative mean bias of corrected DLR in relation to the long-term average derived
from long-term precise ground-based measurements at Tamanrasset, Algeria.

rMB [%]

8%
6%
4%
2%
0%
-2% 0
-4%
-6%
-8%
-10%
-12%
-14%
-16%
-18%
-20%
-22%
-24%
-26%
-28%
-30%

3

6

9

12

15

18

21

24

¼a spring

¼a summer

¼a fall

¼a winter

¼a average

½a su+fa

½a wi+sp

½a average

1 year

2 years

uncorrected

upper bound

lower bound

∆t [months]

Fig. 7: The effect of increasing overlap time on the relative mean bias of corrected EHF in relation to the long-term average derived
from long-term precise ground-based measurements at Tamanrasset, Algeria.
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4. Discussion of results
rMB and KSI are improved for DLR and EHF. For EHF at this site the rMB of the original data is -28 %. For the
adjusted data sets it slightly fluctuates around 0 % for the different lengths of training periods. Only the average
of the spring season shows higher rMB of -5 %. The values for DLR show similar behavior. The uncorrected
rMB is 4 % and the corrected rMB approaches 0 %. Also the average of the spring season has a greater rMB with
-4 %. Differently to the EHF the average for six month of parallel measurement is with -2 % below the average
but still an improvement to the uncorrected data.
The values for rSDD do not show significant improvement for both DLR and EHF. It describes the average
deviation between two datasets. With the developed method we do not eliminate errors like phase distribution by
clouds.
It is shown that for both satellite data sets the adaption of the frequency distribution can work already well with a
short time period such as ¼ year. The KSI is greatly improved from 219 % to 186 % and from 1005 % to 377 %
for DNI for quarterly overlap for DLR-Solemi and EHF respectively. For the same overlap period the average
effect on GHI is from 118 % to 94 % and from 316 % to 115 %. For a full year of parallel data sets the KSI is
improved for GHI to 45 % and for DNI to 101 %.
Deviations in SDD and KSI occur, because the resulting cumulative frequency distributions differ slightly from
the measured cumulative frequency distributions. Both curves do not exactly match. The fit significantly
improves with increasing the overlap period. This observation is explained by the fact that few months cannot
map the full natural variability. Therefore, the recommendation is confirmed to use at least a full year of
measurements to incorporate the annual variability of the atmosphere. The full year of data also has the
advantage that the variation of sun elevation, which also can cause significant systematic errors of the satellite
procedure, can be well compensated.
Shorter time-periods than one year already improve the resulting corrected data set. To cover all sun angles it is
an advantage, if an overlapping half-year period starts at winter solstice and last until summer or covers the
second half of the solar cycle. If the measurement starts in spring and lasts until fall, the improvement usually is
also expected to be good, because the higher irradiance during that time of the year has a stronger overall effect.
Worst results are usually achieved, if the available half-year period covers mainly winter season. This might be
different in monsoon regions, where often a major amount on annual irradiation is gathered during winter.
The findings shown here for EHF results shall not be generalized. Meanwhile University of Oldenburg further
improved their method so that a better fit of original data can be expected.
For GHI it is concluded that for many satellite data products at many sites GHI could be used without sitespecific adaption. As the improvements for DNI are far greater than for GHI and deviations from measurements
usually far greater it is strongly recommended to do site-specific measurements and adapt satellite data during the
overlapping period. To reach sufficient overlap periods measurements shall be started early in project
development. However, it is obvious that only high quality measurements actually shall be used for the proposed
improvement process. If the quality of measurements is moderate or even poor, it is better to avoid spoiling good
satellite data.
5. Conclusions and Outlook
The hypothesis that the quality of potential improvements of satellite-derived irradiance data depends strongly on
the length of the overlap with measurements is confirmed. A single month of overlap is of no or very limited
help, because the characteristics of ground-based measurements are much more diverse, and hardly are covered
within a single month’ timespan. Using 3 continuous months for improvement of satellite data in some cases
largely improves the corrected data set, while in others it worsens the quality of the long-term satellite-derived
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time series. This is observed especially at site like Tamanrasset, where an uncorrected satellite-data-set like
DLR-Solemi already matches well the measurements in terms of the long-term best estimate. If an uncorrected
satellite-data-set like that of EHF in the case of the site Tamanrasset shows a strong bias, already few months of
overlapping precision data significantly help reducing this bias.
The study demonstrates that already few months of parallel measurements are of help. It shows, in which season
measurements help best to improve overall results. Results are given for DNI and GHI to indicate also which sort
of solar resource has which benefit from measurements in parallel to satellite data. Besides, regarding the
accuracy of the long-term averages, the quality of the representation of the distribution function of the data – of
special importance for non-linear reacting systems as CSP – is discussed.
In this paper the method is applied only to a single site and two sorts of satellite-derived data sets. The developed
procedure can be universally used to modify any satellite-derived time-series with ground-based data of the same
time-resolution. To verify the found phenomena it is recommended to extend the study by applying it to several
more sites and other satellite products. Similar to the site used in this study, additional sites shall have at least 4
years of high quality overlapping measurement data. To show that the behavior of the method is similar sites in
different climates shall be selected, but also other subtropical sites, to confirm the findings.
This study is using only hourly-integrated values, where satellite and ground-based time-series are given in the
same time resolution. For more sophisticated performance simulations of solar thermal systems, but also for PV
there is the need to have time-series in resolutions down to the 10 min scale or even finer. Today’s satellite
observation systems are not capable of such high time-resolutions. Therefore, it is proposed to extend the whole
methodology, so that the often much higher time resolution of measurements can be embossed to satellite data.
Corrections, which differ from season to season might lead to even better matches of satellite to ground data. A
seasonal dependent correction procedure would have the advantage that incomplete measurement years might be
of higher value. It is not shown, but expected by the authors that e.g. the method used in this paper leads to better
results, if a single but complete year is applied than applying e.g. 1.5 years of the same quality. A correctionmethod, which is taking into account different seasonal characteristics, might overcome the assumed shortcoming. However, such modified procedures then would be difficult to apply, if not at least one year of data is
completed.
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1. Introduction
In connection with planning and optimization of energy efficient buildings and solar energy systems it is
important to know the climatic data of the area where the buildings/systems are located. The weather data vary
year by year, so it is useful to have measurements of global and direct solar radiation, solar diffuse radiation,
ambient air temperature, wind speed, reflection, etc. for many years.
2. Climate Station
The climate station, figure 1, was placed on the roof of building 119 at Technical University of Denmark in
Lyngby. Data measurements have been carried out since 1989 and they are recorded every 2 minutes either
integrated over 2 minutes or instantaneous. From these 2 minutes data, half hourly and hourly values are
created. [1]

Fig. 1: View on the climate station on the roof of building 119 at Technical University of Denmark

3. Weather Data Evaluation
Data were collected for more over than 20 years in 2 minutes time-steps by computer and stored to the 3.5”
floppy disk for each single month. After the conversion data to „xls“ format, they were evaluated in the Excel
sheets. On the figure 2 is a Pyranometer measuring the solar radiation.
Data evaluated from years 1989 to 2010:
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¾

Ambient air temperature [°C]

¾

Diffuse radiation [W/m2]

¾

Global radiation [W/m2]

¾

Direct radiation [W/m2]

¾

Global mean radiation [W/m]

¾

Wind speed

[m/s]

Fig. 2: Pyranometer measuring the solar radiation

4. Results
Due to maintenance, human factor and/or measuring device problems during the longterm measurement there
are some missing data, e.g. from few minutes to whole day. In a table 1 there is a yearly average ambient air
temperature and the yearly global radiation.
Tab. 1: Yearly average solar global radiation and ambient air temperature

Year

Solar global radiation
2

2010
2009
2008
2007
2006
2005
2004
2003
2002
2001
2000
1999
1998
1997
1996
1995
1994
1993
1992
1991
1990

Ambient air temperature

(W/m )

(°C)

108.46
124.61
130.47
114.14
118.57
118.44
123.19
118.81
119.88
113.30
113.47
114.53
101.81
119.05
110.57
115.44
115.18
106.87
117.22
106.29
109.15

7.43
9.29
9.53
9.84
9.52
8.71
8.73
8.09
9.25
8.23
9.24
8.74
8.10
8.47
6.69
8.53
8.93
7.87
9.36
8.41
9.37
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Graph 1: Average yearly global radiation

Graph 2: Average yearly ambient air temperature

From graphs 1 to 6 and table 1 it can be seen the trend of average yearly global radiation, ambient air
temperature and also temperatures, diffuse, direct and global radiation year by year measured by the Climate
Station.
The results for the temperature and the solar radiation vary year by year but not ascending order by increasing
years. It seems that over the years, the weather is not changing vastly. The average global solar radiation were
increasing only in the years 2008 and 2009 more than the other years according to table 1 and graph 1.
From table 2 to 23 there is shown the monthly values of ambient air temperature, diffuse, global, direct and
global mean solar radiation and also wind speed.
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Graph 3: Ambient air temperature year by year

Graph 4: Global solar radiation year by year

Graph 5: Diffuse solar radiation year by year
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Graph 6: Direct solar radiation year by year
Tab. 2: Results for the year 2010

Year

Ambient air
temperature
[°C]

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]

Direct
radiation
[W/m2]

Wind
speed
[m/s]

Global mean
radiation
[W/m]

2010‐1

‐3.06

15.65

21.56

24.88

3.97

21.23

2010‐2

‐1.49

34.37

37.52

11.97

3.25

37.40

2010‐3

2.77

50.47

94.22

100.22

3.18

93.57

2010‐4

7.71

73.42

167.04

183.45

3.35

166.95

2010‐5

10.52

93.95

158.13

95.59

2.92

157.94

2010‐6

15.68

92.56

223.97

195.91

2.32

223.17

2010‐7

20.97

101.30

221.84

178.49

2.43

220.00

2010‐8

17.04

79.87

142.23

107.50

3.17

139.71

2010‐9

13.00

53.37

119.83

131.07

2.99

117.66

2010‐10

7.12

29.71

72.76

118.37

2.91

72.34

2010‐11

2.96

19.39

24.51

19.90

3.72

23.64

2010‐12

‐4.06

13.51

17.96

18.83

3.43

17.14

Direct
radiation
[W/m2]

Wind
speed
[m/s]

Global mean
radiation
[W/m]

Tab. 3: Results for the year 2009
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Year

Ambient air
temperature
[°C]

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]

2009‐1

0.62

14.44

17.59

27.12

4.19

15.61

2009‐2

0.29

29.72

45.67

43.98

3.63

44.37

2009‐3

3.56

45.83

84.92

84.53

3.63

84.59

2009‐4

10.53

66.53

218.58

275.59

3.28

217.28

2009‐5

12.81

89.89

231.20

228.51

2.94

231.02

2009‐6

15.34

94.76

265.60

261.58

2.95

265.09

2009‐7

19.24

145.65

217.46

175.87

2.62

216.77

2009‐8

18.68

87.33

192.27

183.91

2.75

191.93

2009‐9

14.43

52.11

126.81

152.04

2.67

126.32

2009‐10

7.78

32.35

64.72

84.23

3.01

64.52

2009‐11

7.12

13.86

16.66

9.35

4.18

16.10

2009‐12

1.07

11.93

13.89

11.66

3.82

13.30

Tab. 4: Results for the year 2008

2008‐1

Ambient air
temperature
[°C]
3.57

2008‐2

4.49

27.68

2008‐3

3.70

54.12

96.32

72.17

4.00

95.22

2008‐4

8.23

73.98

171.31

166.06

2.93

170.48

2008‐5

13.87

68.04

261.58

317.90

2.09

261.39

2008‐6

16.16

91.36

255.26

231.89

3.03

254.29

2008‐7

18.54

87.28

241.63

204.28

2.52

240.32

2008‐8

17.20

76.61

154.79

121.71

2.90

152.06

2008‐9

13.44

58.98

118.67

121.68

2.71

116.28

2008‐10

9.55

34.57

65.35

59.24

3.24

62.69

2.63

10.82

11.03

7.34

3.36

9.30

Direct
radiation
[W/m2]
25.36

Wind
speed
[m/s]
5.53

Global mean
radiation
[W/m]
18.49

Year

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]
12.61
15.67
43.51

Direct
radiation
[W/m2]
11.62

Wind
speed
[m/s]
5.16

Global mean
radiation
[W/m]
14.61

50.24

4.77

42.74

2008‐11
2008‐12

Tab. 5: Results for the year 2007

2007‐1

Ambient air
temperature
[°C]
4.55

2007‐2

1.60

24.79

31.69

26.70

4.89

30.90

2007‐3

6.45

44.80

114.32

146.64

4.15

113.82

2007‐4

9.62

64.58

199.13

243.58

3.81

197.75

2007‐5

13.24

86.07

209.48

174.44

2.60

208.05

2007‐6

17.45

99.79

209.41

140.69

2.27

209.05

2007‐7

16.29

93.59

181.65

132.55

2.94

180.07

2007‐8

17.53

80.25

170.74

147.17

2.58

169.10

2007‐9

13.11

56.82

116.49

118.04

3.01

114.82

2007‐10

8.66

36.75

70.06

94.90

2.22

69.33

2007‐11

6.06

20.79

36.11

62.68

3.84

34.56

2007‐12

3.48

9.68

11.26

9.96

3.71

10.27

Direct
radiation
[W/m2]
34.93

Wind
speed
[m/s]
3.84

Global mean
radiation
[W/m]
20.10

Year

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]
13.51
19.34

Tab. 6: Results for the year 2006

2006‐1

Ambient air
temperature
[°C]
‐1.23

2006‐2

‐0.04

25.92

41.46

57.69

3.44

41.09

2006‐3

‐0.34

53.31

99.34

104.66

3.28

98.44

2006‐4

6.51

78.54

141.97

105.30

3.27

140.88

2006‐5

11.91

88.68

212.30

199.61

3.37

211.09

2006‐6

17.08

92.66

245.50

227.99

2.57

244.61

2006‐7

21.44

77.48

263.37

299.07

2.27

262.88

2006‐8

17.46

82.18

162.55

129.69

2.23

162.55

2006‐9

16.16

54.96

139.12

168.42

2.82

137.36

2006‐10

11.90

36.42

56.13

45.65

3.16

55.15

2006‐11

7.00

16.58

25.93

24.34

3.63

24.87

2006‐12

6.35

10.90

14.11

11.54

4.66

12.93

Year

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]
15.27
21.03
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Tab. 7: Results for the year 2005

2005‐1

Ambient air
temperature
[°C]
2.91

2005‐2

‐0.10

29.61

44.42

55.46

1.87

44.11

2005‐3

1.07

42.85

115.94

172.91

1.80

115.49

2005‐4

7.69

73.24

189.32

212.08

1.76

187.47

2005‐5

12.12

96.09

206.84

173.21

1.51

205.89

2005‐6

13.53

97.61

209.08

171.92

1.58

208.72

2005‐7

18.54

95.86

211.44

178.48

2.60

211.90

2005‐8

15.70

73.29

172.90

171.28

2.82

171.49

2005‐9

14.52

52.43

123.48

143.05

2.78

122.27

2005‐10

10.60

31.17

78.00

126.38

3.15

76.32

2005‐11

5.92

16.30

28.43

33.17

3.46

27.37

2005‐12

1.97

11.52

16.16

31.09

3.80

14.89

Direct
radiation
[W/m2]
34.40

Wind
speed
[m/s]
2.47

Global mean
radiation
[W/m]
21.51

48.00

74.23

2.40

47.97

Year

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]
15.37
25.26

Direct
radiation
[W/m2]
50.36

Wind
speed
[m/s]
2.70

Global mean
radiation
[W/m]
24.53

Tab. 8: Results for the year 2004

2004‐1

Ambient air
temperature
[°C]
‐1.15

2004‐2

1.29

27.32

2004‐3

3.40

51.58

98.60

107.90

2.80

98.71

2004‐4

7.82

69.66

186.47

212.22

2.54

186.49

2004‐5

11.60

94.48

219.75

190.60

2.42

220.02

2004‐6

13.98

89.08

193.77

163.96

2.37

193.41

2004‐7

15.14

88.71

185.38

151.34

1.71

184.88

2004‐8

18.67

73.30

194.56

207.21

0.52

194.57

2004‐9

14.13

57.68

136.78

158.45

0.70

135.99

2004‐10

9.65

31.93

57.74

75.48

1.67

56.93

3.24

11.03

12.54

10.70

1.93

11.53

Direct
radiation
[W/m2]
24.82

Wind
speed
[m/s]
2.73

Global mean
radiation
[W/m]
20.00

Year

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]
16.28
21.48

2004‐11
2004‐12

Tab. 9: Results for the year 2003

2003‐1

Ambient air
temperature
[°C]
0.01

2003‐2

‐1.67

25.42

49.86

89.40

1.83

49.91

2003‐3

3.47

45.07

111.86

142.94

2.48

112.02

2003‐4

7.60

66.25

183.49

214.88

2.74

183.41

2003‐5

11.00

2003‐6

16.16

109.42

233.71

180.96

2.41

233.85

2003‐7

18.73

92.09

216.27

172.98

1.44

216.44

2003‐8

18.46

97.75

194.83

210.80

1.58

194.96

3.58

26.52

47.41

84.08

1.64

47.61

6.35

10.90

14.11

11.54

4.66

12.93

Year

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]
15.88
20.03

2003‐9
2003‐10
2003‐11
2006‐12
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Tab. 10: Results for the year 2002

2002‐1

Ambient air
temperature
[°C]
2.05

2002‐2

3.91

23.79

43.95

68.91

3.71

44.12

2002‐3

4.10

50.66

115.80

138.16

2.95

116.22

2002‐4

6.85

64.27

136.62

117.45

1.91

136.72

2002‐5

12.97

84.89

208.63

199.18

1.86

208.68

2002‐6

16.42

94.93

252.64

240.86

2.42

252.47

2002‐7

18.71

100.76

220.40

177.32

1.59

220.30

2002‐8

20.35

74.87

197.61

203.16

1.48

197.60

2002‐9

14.81

54.98

153.34

207.34

1.37

153.16

2002‐10

7.00

32.18

60.54

79.24

1.94

60.25

2002‐11

4.08

15.61

21.24

28.41

2.15

21.26

2002‐12

‐0.29

10.04

10.58

10.54

2.46

10.55

Direct
radiation
[W/m2]
13.81

Wind
speed
[m/s]
2.47

Global mean
radiation
[W/m]
15.35

Year

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]
12.80
17.15

Direct
radiation
[W/m2]
24.27

Wind
speed
[m/s]
3.11

Global mean
radiation
[W/m]
17.07

Tab. 11: Results for the year 2001

2001‐1

Ambient air
temperature
[°C]
1.71

2001‐2

0.44

28.06

54.41

90.09

2.76

54.57

2001‐3

1.22

50.64

95.78

104.76

2.53

95.96

2001‐4

5.85

77.84

131.82

92.21

2.30

132.34

2001‐5

12.58

81.44

230.04

248.13

2.03

230.40

2001‐6

13.84

102.31

235.32

202.88

1.73

235.47

2001‐7

19.09

87.30

246.93

249.47

1.55

246.55

2001‐8

17.10

79.59

168.08

144.70

1.93

168.03

2001‐9

12.18

62.31

96.58

62.07

1.65

96.44

2001‐10

11.46

37.30

50.80

32.27

2.44

50.66

2001‐11
2001‐12

3.06
0.21

14.85
11.28

21.97
12.63

36.95
14.59

2.10
2.16

21.96
12.62

Direct
radiation
[W/m2]
39.31

Wind
speed
[m/s]
3.56

Global mean
radiation
[W/m]
22.12

Year

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]
12.88
15.28

Tab. 12: Results for the year 2000

2000‐1

Ambient air
temperature
[°C]
2.07

2000‐2

3.04

25.96

44.43

58.02

3.53

44.35

2000‐3

3.31

47.19

108.78

103.87

2.66

108.41

2000‐4

8.68

81.59

168.15

146.94

2.19

167.21

2000‐5

13.98

74.55

242.96

275.82

2.73

242.27

2000‐6

14.63

94.03

216.24

179.89

2.24

215.70

2000‐7

15.58

102.17

181.39

112.54

1.45

181.09

2000‐8

15.43

83.70

168.88

134.35

1.75

168.59

2000‐9

12.76

50.12

118.05

130.40

2.24

118.11

2000‐10

10.54

37.33

54.62

43.71

2.54

54.57

2000‐11

7.09

18.22

23.15

16.42

2.32

23.11

Year

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]
13.92
22.00
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Tab. 13: Results for the year 1999

Year

Ambient air
temperature
[°C]

1999‐1
1999‐2
1999‐3
1999‐4
1999‐5
1999‐6
1999‐7
1999‐8
1999‐9
1999‐10
1999‐11
1999‐12

1.57
0.27
3.12
7.99
10.77
14.83
18.48
16.57
15.74
8.76
4.84
1.89

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]

13.02
29.77
45.85
69.14
77.33
102.69
89.29
72.92
54.53
33.82
15.91
10.07

Direct
radiation
[W/m2]

Wind
speed
[m/s]

Global mean
radiation
[W/m]

17.65
49.18
53.10
147.54
201.86
185.67
223.78
171.39
168.88
83.54
38.10
22.92

1.27
0.42
2.46
2.89
2.19
1.96
1.70
1.59
1.97
2.55
2.24
3.56

17.03
44.96
72.27
155.45
203.91
226.02
235.07
177.57
139.37
64.49
25.20
14.76

Direct
radiation
[W/m2]

Wind
speed
[m/s]

Global mean
radiation
[W/m]

50.12
19.71
122.12
66.61
208.45
141.71
112.03
109.58
66.18
48.08
23.46
23.49

1.98
3.50
2.27
2.06
1.85
1.82
1.18
1.56
1.22
3.33
1.81
1.37

24.74
34.30
104.71
118.56
224.80
194.25
177.70
160.32
94.80
49.70
22.50
14.34

Direct
radiation
[W/m2]

Wind
speed
[m/s]

Global mean
radiation
[W/m]

147.40
137.26
180.65
166.58
209.89
115.05
237.19
121.75
95.11
40.72

0.97
3.95
2.32
2.26
1.87
1.46
0.90
0.52
1.65
1.43
1.77

23.83
48.30
106.32
160.25
188.76
232.34
243.24
209.05
118.65
62.28
23.10

16.91
44.91
72.37
155.45
203.52
225.69
234.55
177.09
139.50
64.63
25.07
14.65

Tab. 14: Results for the year 1998

Year

Ambient air
temperature
[°C]

1998‐1
1998‐2
1998‐3
1998‐4
1998‐5
1998‐6
1998‐7
1998‐8
1998‐9
1998‐10
1998‐11
1998‐12

1.86
4.96
3.05
6.70
12.18
14.17
14.89
15.14
13.32
8.26
1.58
1.07

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]

13.81
26.21
48.55
76.00
90.10
100.08
100.37
90.40
58.38
31.61
17.42
9.94

24.76
34.60
105.13
118.86
225.65
193.90
177.53
159.37
94.94
50.00
22.58
14.36

Tab. 15: Results for the year 1997
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Year

Ambient air
temperature
[°C]

1997‐1
1997‐2
1997‐3
1997‐4
1997‐5
1997‐6
1997‐7
1997‐8
1997‐9
1997‐10
1997‐11

‐1.42
2.16
3.32
5.37
9.71
15.75
18.53
21.26
13.38
7.37
4.24

Global
Diffuse radiation
radiation
[W/m2]
[W/m2]

12.95
25.23
47.87
64.96
83.37
91.47
87.05
69.45
56.07
30.72
14.60

24.09
48.33
107.28
159.88
189.09
232.69
243.35
209.07
118.57
62.38
23.26

Tab. 16: Results for the year 1996

Year

Ambient air
temperature
[°C]

1996‐1
1996‐2
1996‐3
1996‐4
1996‐5
1996‐6
1996‐7
1996‐8
1996‐9
1996‐10
1996‐11
1996‐12

‐1.95
‐3.17
‐0.51
6.98
8.04
13.23
14.65
17.25
11.03
9.14
5.01
0.62

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]

10.41
26.58
44.12
72.30
84.80
101.97
96.48
74.34
49.87
36.44
13.39
8.02

Direct
radiation
[W/m2]

Wind
speed
[m/s]

Global mean
radiation
[W/m]

4.33
4.56
4.35
3.36
3.82
2.19
1.95
1.98
1.98
1.97
3.38
1.75

14.68
39.30
85.36
185.23
154.50
209.75
210.43
196.76
131.94
60.59
18.67
13.40

Wind
speed
[m/s]

Global mean
radiation
[W/m]

4.53
5.22
3.77
4.44
4.69
4.74
3.02
2.46
3.73
3.30
3.69
3.60

19.21
36.52
72.60
157.67
208.63
219.74
248.46
219.02
94.56
61.15
27.09
16.78

Direct
radiation
[W/m2]

Wind
speed
[m/s]

Global mean
radiation
[W/m]

14.77
36.52
54.82
‐3.02
188.07
172.41
271.96
157.23

3.54
3.02
3.82
2.59
2.30
2.65
2.56
4.03
4.41
4.24
4.78

14.90
35.40
87.26
158.46
215.19
218.84
279.71
180.00
92.49
59.62
23.10

14.95
39.58
86.68
185.52
155.87
210.61
211.13
197.03
131.98
61.06
18.84
13.59

Tab. 17: Results for the year 1995

Year

Ambient air
temperature
[°C]

1995‐1
1995‐2
1995‐3
1995‐4
1995‐5
1995‐6
1995‐7
1995‐8
1995‐9
1995‐10
1995‐11
1995‐12

0.31
3.54
3.20
6.77
10.29
14.65
18.20
19.18
13.08
11.38
3.37
‐1.55

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]

11.50
26.43
46.39
69.86
82.35
98.25
99.19
70.18
50.64
34.05
14.39
7.84

Direct
radiation
[W/m2]

19.39
36.72
73.79
157.39
208.97
219.99
249.04
219.14
95.24
61.35
27.20
17.09

Tab. 18: Results for the year 1994

Year

Ambient air
temperature
[°C]

1994‐1
1994‐2
1994‐3
1994‐4
1994‐5
1994‐6
1994‐7
1994‐8
1994‐9
1994‐10
1994‐11

2.46
‐1.21
3.34
8.13
11.14
13.56
20.67
17.61
12.98
7.90
6.40

Global
Diffuse radiation
radiation
[W/m2]
[W/m2]

12.28
23.59
50.93
80.74
79.63
105.79
79.70
78.20
57.99
34.53
16.76

15.16
35.30
87.60
159.92
214.91
218.95
280.14
181.22
92.76
60.76
23.23
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Tab. 19: Results for the year 1993

Year

Ambient air
temperature
[°C]

1993‐1
1993‐2
1993‐3
1993‐4
1993‐5
1993‐6
1993‐7
1993‐8
1993‐9
1993‐10
1993‐11
1993‐12

2.15
1.00
2.84
7.88
14.23
14.49
14.81
14.41
10.65
7.16
2.45
2.39

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]

14.68
27.36
57.46
75.49
93.79
106.74
93.80
87.62
50.21
31.91
13.99
8.36

Direct
radiation
[W/m2]

Wind
speed
[m/s]

Global mean
radiation
[W/m]

33.89
34.79
84.10
172.58
211.62
198.32
101.81
123.72
42.34
74.47
11.89
19.12

5.14
3.90
4.17
3.88
4.94
2.08
2.17
1.89
2.55
2.14
2.60
3.43

21.13
36.51
98.31
177.29
228.63
240.39
160.68
161.63
74.12
54.57
15.21
10.53

Direct
radiation
[W/m2]

Wind
speed
[m/s]

Global mean
radiation
[W/m]

31.92
25.08
62.29
63.84
235.89
268.13
202.47
98.60
109.67
55.41
26.40
17.37

3.34
3.22
2.96
2.79
2.71
‐6.71
‐1.62
3.39
3.43
3.54
4.13
3.71

19.48
34.70
81.00
125.27
249.05
284.70
247.78
149.47
118.44
55.69
22.23
12.73

Direct
radiation
[W/m2]

Wind
speed
[m/s]

Global mean
radiation
[W/m]

51.53
53.02
63.78
127.94
218.02
76.23
230.84
145.44
135.38
75.48
26.09

2.99
3.23
2.78
2.71
6.06
5.56
2.02
2.00
2.13
2.48
2.77

21.53
40.09
80.89
140.90
214.75
152.36
223.56
175.49
122.86
63.03
22.96

21.41
36.86
98.52
177.53
228.70
240.57
160.38
162.88
74.35
55.02
15.42
10.75

Tab. 20: Results for the year 1992

Year

Ambient air
temperature
[°C]

1992‐1
1992‐2
1992‐3
1992‐4
1992‐5
1992‐6
1992‐7
1992‐8
1992‐9
1992‐10
1992‐11
1992‐12

2.56
3.15
4.56
6.27
13.21
18.86
18.85
17.22
13.29
6.51
4.99
2.90

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]

13.84
28.91
52.50
84.92
92.97
105.08
110.24
84.81
62.65
36.28
17.63
10.79

19.75
35.08
81.50
125.73
249.35
285.88
249.35
149.53
118.94
55.97
22.48
13.06

Tab. 21: Results for the year 1991
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Year

Ambient air
temperature
[°C]

1991‐1
1991‐2
1991‐3
1991‐4
1991‐5
1991‐6
1991‐7
1991‐8
1991‐9
1991‐10
1991‐11

1.84
‐0.75
4.35
6.77
10.03
12.22
18.21
17.51
13.74
9.03
5.14

Global
Diffuse radiation
radiation
[W/m2]
[W/m2]

12.76
26.79
51.28
69.82
84.66
100.86
81.97
87.29
55.28
36.96
18.06

21.93
40.73
81.82
141.05
215.09
152.63
223.85
175.39
123.18
63.24
23.52

Tab. 22: Results for the year 1990

Year

1990‐1
1990‐2
1990‐3
1990‐4
1990‐5
1990‐6
1990‐7
1990‐8
1990‐9
1990‐10
1990‐11
1990‐12

Ambient air
temperature
[°C]

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]

Direct
radiation
[W/m2]

Wind
speed
[m/s]

Global mean
radiation
[W/m]

2.86
5.60
6.63
8.04
12.81
15.64
16.32
17.26

1.61
5.20
48.62
73.14
81.91
114.30
89.62
75.41

1.44
2.87
87.36
180.29
224.70
202.74
224.32
186.74

2.40
7.74
123.61
161.52
245.20
130.98
218.82
193.57

‐73.80
‐70.51
‐39.23
‐24.75
‐22.64
‐33.30
‐36.32
‐32.69

1.55
4.22
91.89
179.66
223.74
202.40
223.77
186.44

7.83
4.27
2.17

22.00
15.43
9.29

49.41
27.29
13.45

99.18
58.27
29.54

2.50
2.18
2.99

48.61
26.71
13.01

Direct
radiation
[W/m2]

Wind
speed
[m/s]

Global mean
radiation
[W/m]

‐74.16
‐71.32
‐51.61
‐49.64
‐41.86
‐26.56
‐36.03
‐37.62
‐18.64
‐49.16
‐34.66
‐48.55

67.78
41.56
‐51.20
15.29
26.34
26.07
22.86
17.38
12.34
6.04
3.07
1.59

Tab. 23: Results for the year 1989

Year

Ambient air
temperature
[°C]

1989‐1
1989‐2
1989‐3
1989‐4
1989‐5
1989‐6
1989‐7
1989‐8
1989‐9
1989‐10
1989‐11
1989‐12

4.61
4.17
5.72
6.64
11.77
15.59
16.31
15.85
13.68
10.18
4.52
2.28

Global
Diffuse radiation
radiation
2
[W/m ]
[W/m2]

108.95
3.68
8.92
17.15
26.84
27.33
24.41
18.85
14.39
6.49
3.52

40.65
68.86
7.49
8.35
9.46
119.03
8.31
6.30
3.52

16.81
27.95
27.21
38.65
18.67
76.10

5. Conclusion
From the results it can be seen that as was expected that over the years there will be a trend of increasing of
ambient air temperature as well as global solar radiation, the results didn’t show up this behavior. Results vary
year by year and as can be seen from graphs 1 and 2 the behavior of ambient air temperature and global
radiation is moreless sinusoid over the 20 years of measurement.
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Abstract: Information on the ultraviolet solar irradiation (UV) in Brazil and throughout the world is scarce mainly due to the
high costs of equipment and sensors, besides the operational costs in the implementation of a measurement station. The
knowledge of the UV irradiation levels for a given region is of great importance, once this radiation affects not only the
living beings but also the external usage material. This work aims to introduce a microcontrolled low cost ultraviolet
measurer , capable of storing information on the global radiation (G) in minute scale and by means of a statistical correlation
(UV/G), calculate the UV (A+B) radiation. Preliminary tests have shown good statistical performance when compared to
data collected from a second set of sensors coupled with commercial datalogger (CR1000). In minute scale, the UV (A+B)
estimate by the UV measurer, has shown RMSE% of 13.0%, and 6.90% in hourly scale.

KEYWORDS: UV, Relationship between global and UV solar irradiation, Estimative.

1. INTRODUÇÃO
The intensity of UV radiation on top of the Earth's atmosphere represents basically 7% of the solar spectrum. The spectrum
of this radiation is normally subdivided in three intervals: UVA(320-400 nm), UVB(280-320 nm) and UVC(100-280 nm).
Radiations UVA and UVB reach the Earth's surface, but UVC is totally absorbed in the stratosphere, where a great quantity
of ozone is concentrated. The effects produced by UV radiation are beneficial to human beings, since they stimulate the
production of vitamin D. However, the excessive exposure to this radiation can cause severe diseases such as skin cancers
and cataract. The Nacional Cancer Institute (INCA, 2009) has estimated a total of 114,000 cases of non-melanoma type
cancer and 5,930 cases of melanoma type cancer in Brazil in 2010. Besides the biological effects, UV radiation is responsible
for the degradation of materials for external usage (coatings, eletric insulators, wood, plastic). Thus, knowing the incidence
levels of this radiation is important for both population and industry. Extensive bibliographical researches have shown that
information regarding UV (UVA + UVB) solar radiation in Brazil and throughout the world is very scarce and it’s spatial and
temporal coverage are very reduced (BARBERO et. al., 2006; ESCOBEDO et. al., 2007; CAÑADA et. al., 2008). This fact is
due, among others, to the high costs of mediation equipment. Before such a fact, the FAE group in the Universidade Federal
de Pernambuco has developed a portable and low cost data collector to gather global radiation and to calculate UV (A+B)
radiation considering statistical models generated by the state of Pernambuco.

2. MATERIAL AND MÉTHODS
Measurement Station and Parameters
Table 1 shows the UV radiation and global solar radiation measurement station, their geographical coordinates, climatic
characteristics and measurement time.
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Stations
Pesqueira –PE

Geographical Coordinates
Lat.
Long.
Alt.(m)
-80 24’
-360 46’
639

Climate

Period

Tropical – semi-arid

September 08 / December 10

Table 1 – UV and Solar Global radiation Measurement Stations.

The solar UV (A + B) radiation was measured with a TUVR (The Total Ultraviolet Radiometer) pyranometer manufactured
by Eppley, and the global solar radiation was measured with a black and white pyranometer also from Eppley. The sensors
were connected to a Campbell’s data acquisition system CR-10X model. These instruments were programmed to carry out
instant readings at each second, amounting to 60 readings a minute. From the arithmetical average of these readings, we
come to 1440 daily values.
Ultraviolet solar fractions (FUV)
The relation between daily UV solar radiation and the daily global solar radiation for a certain region results in the FUV
ultraviolet solar fraction. The ultraviolet solar fraction enables us to estimate the UV radiation in places where there is no data
about it, although there is data on global solar radiation. In those cases, the UV radiation can be easily calculated through the
following expression:

I UV = FUV ⋅ I G

(1)

where, IUV and IG é are, respectively, the UV solar radiation and the global solar radiation.
It is important to highlight that this estimation method is restricted to the place where the measurements originate from and to
regions with very similar climatic characteristics.
UV measurer
The devised measurer is portable and has low cost. It is capable of collecting global radiation, calculating UV radiation based
initially on models generated for the state of Pernambuco and downloading the stored data through a serial PC output. For
this study, a model generated through information obtained by a measurement station at the IFPE in Pesqueira city, located in
the Agreste zone of the state, 214 km away from the capital, Recife, was used. Figure 1 shows the physical aspect of the
collector and of the sensor used in the data gathering. The LCD allows to visualize the date, hour, UV (A+B) and global
radiations. Figure 2.

Figure 1 – Front view the mesurer and pyranometer spectral Vista frontal do coletor de dados e o sensor para medição da
radiação global.
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DATE
UV A+B)

HOUR

GLOBAL

Figure 2 – Display shows date, time, UV (A+B) and global radiation.

Statistical comparasions
In order to determine and adopt a collector conversion factor, analysis in scales of minutes, hours and days were made. The
data collected in hourly and daily scale, between September 2008 and December 2010, were mixed randomly and divided in
two groups. The first period was used to model the estimate equation of the hourly and daily FUV fraction. The second period
for validation. The same approach was applied for the minute data, however, a day was chosen at random every month.
The validation of the equation was made from statistical indicators MBE% (mean bias error) and RMSE% (root mean square
error)

MBE = 100

UV − CALCULED −

∑ (H
n

∑H
n

∑ (H
n

∑
n

(2)

%

UV − MEASURED

UV − CALCULED

RMSE = 100
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HUV − MEASURED)

− HUV − MEASURED ) 2

n
HUV − MEASURED
n

%

(3)

3. RESULTS AND DISCUSSION
Statistical comparison between the UV mesurer and the CAMPBELL CR1000 data acquisition system
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The UV measurer was calibrated to work with an Eppley precision spectral pyranometer (PSP). In order to measure the
statistical performance of the collector, a second PSP sensor also from the Eppley manufacturer was attached to a
CAMPBELL CR1000 measurement system. The simultaneous measurements from both devices have resulted in the graphic
seen on Figure 3.

Hour
Figure 3 – Curves gerated by UV measurer and CR1000 (julian day 303 of 2010).

The collector has shown a good statistical performance when compared to the CR1000. The collected data in the minute scale
have displayed a MBE% = -0.298% and a RMSE% = 0.99%, which are quite acceptable values, considering the precision of
each sensor.
According to the UV and global radiation correlation in scales in minute, hour and day, it was possible to find a conversion
factor to be adopted by the UV measurer. The minute, hourly and daily scale models have shown, respectively, a MBE%
equal to 2.87%, 2.95%, 0.4% and a RMSE% of 16.10%, 9.99%, and 6.34%. Previously published papers for estimating the
hourly and daily UV (A+B) radiation, from the UV fraction, have displayed statistical similar performances and mean
fractions of the same order of magnitude (Martinez-Lozano et. Al., 1999; Canadã et. Al. 2003; Escobedo et. Al., 2007). It is
expected, thus, that the data calculated by the collector shows a statistical performance similar to that of the models.
Figure 4 (a) and (b) shows, respectively, the curves in the scale of minutes and hours generated by the collector (green) in the
city of Pesqueira in the time period from 8:50 hours to 15:20 hours in the Julian day 55 of 2011. In red, the curve generated
by a TUVR attached to a CR1000 data acquisition system is highlighted.
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Figure 4 – Curves in minute (a) and hourly (b) scale generated by a TURV+ commercial datalogger (red) and (green) UV measurer
from global solar radiation.

In minute scale, the UV (A+B) estimate by the UV measurer, has shown MBE% = 3.46% and RMSE% = 13.01%, when
compared to data colleted by TURV. The hourly mean values shows MBE% = 3.20% e um RMSE% = 6.90%. These results
are acceptable, given that the models shown previously indicated a RMSE% = 16.10% and 9.99%.

4. CONCLUSIONS
The measurements carried out in the city of Pesqueira have made it possible to determine the equation for estimating the FUV
fraction. From this equation, one can calculate the UV radiation by knowing the global radiation in the regions surrounding
the city. Benefiting from such a fact, the FAE group from the Universidade Federal de Pernambuco developed a portable and
low cost UV measurer to collect global radiation and calculate UV (A+B) radiation considering the UV fraction. The global
radiation data collected in minute scale and processed by the measurer have shown a MBE% = 3.46% and a RMSE% =
13.01% when compared to the data provided by a standard TUVR connected to a CR1000 collector. The results prove a good
statistical performance of the measurer, thus being another efficient and low cost tool for measuring and collecting UV
radiation.
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Abstract: The Ultraviolet Solar Radiation UV (A+B) incident in the state of Pernambuco is considered high
nearly almost all the year. This fact happens mainly due to its geographical localization nearing the Equator
line. In 2008, aiming to collect the global radiation and UV (A+ B), two measurement stations were
strategically set up, one in the municipality of Pesqueira, at 214 km of the capital of Recife, and the other, in
the municipality of Araripina located at 690 km from the capital. The two municipalities are located in the
countryside of the region, known as Agreste and Sertão, with two of the particular climates of the state of
Pernambuco. The measurements enabled the creation of statistical models as to calculate the UV (A+ B)
radiation in the neighboring regions, by means of the information of the global radiation. For the other
localities, including the capital Recife, located in the region known as Zona da Mata, which represents the
third particular climate in the state, the SPECTRAL2 computational parametric model was used from entry
data as aerosol optical depth, pressure amongst others. The aerosol optical depth (AOD) was calculated by
empirical equation relating this with Linke Turbidity Index, for air mass 2, TLm , broadband water vapors
optical depth and clean dry atmosphere. The method used for calculating TLm was the following: from a
very large given temporal series of daily solar irradiation (more than 5 years) for each month and year, the
highest daily solar irradiation was chosen. For each local and each month, a clear sky model was processed
for TLm, varying from 2 to 8 until the clear sky irradiation corresponded to one of maximum values
previously chosen. The process is then repeated for other maximum values and months and then 12 monthly
mean values of TLm are obtained for the Pernambuco state. Given all the facts, it was possible to generate
solar UV monthly maps ( maximum) for the state of Pernambuco. This map will be important as to alert
the population regarding blindness and skin cancer prevention.
Key words: Solar radiation UV; erythema action spectrum; aerosol optical depht; linke turbidity index
1. INTRODUTION
The geographical location close to the Equator Line makes the UV solar radiation levels high in nearly all of
the Pernambuco state. Knowing the levels of this radiation is of fundamental importance to alert the
population about the possible harms, due to overexposure. Freckles, cataracts, erythema and skin cancer are
biologic effects which result from this exposure. The effects of UV radiation in biological systems appear to
be strongly dependent on wavelength. For the study of the biological effects, weighting factors are used, to
which greater weight is attributed for wavelengths of greater biological interaction. The biological response
to the different wavelengths is described by an action spectrum. The action spectrum is determined through
medical experiments which signal the biological effects of different radiation wavelengths (Kircchoff et. al.,
2000). Figure 1 represents the erythematic action spectrum for human skin.

4000

Fig 1: Erythema action spectrum (Diffey, 1991).

Iλ spectral radiation weighted by the ελ action spectrum results in Sλ spectral erythemic irradiance, in
W / (m2 nm). By integrating the Sλ spectral erythemic irradiance for the wavelengths interval referent to UV
radiation, it is possible to obtain the biologically active irradiance S, which for human beings is also called
erythemic irradiance.
400

S=

∫ I ε dλ

(eq.1)

λ λ

280

The erythemic irradiance unit is given in MED (minimal erythemic dose), which corresponds to
approximately 210 J / m2. The UV index (IUV), related to the UV irradiation levels, which cause the
formation of erythemas on human skin, is determined from erythemic irradiation (WHO, 2002). Each IUV
unit corresponds to 25 mW / m2. Table 1 shows the classification of these indexes.
Tab 1: IUV Classifications and recommendations, according to the World Health Organization.

1

2
BAIXO
You can safely
out side

3

4
5
MODERADO

6

7
ALTO

8

9
10
MUITO ALTO

11
>11
EXTREMO

Avoid being outside during midday hours; shirt, sunscreen and hat are a must

Besides erythemic irradiance, UV (A+B) radiation is also an important study parameter, not only for living
creatures but also for materials of outdoor application, which suffer degradation according to their exposure
level. Before such facts, information referent to UV radiation is yet rare, not only in Pernambuco state, but
also in the rest of the country. With the goal of broadening the knowledge on UV radiation levels, in
Pernambuco state, in 2008, three measurement stations were strategically installed, being one of them in the
city of Pesqueira, 214 km away from the capital Recife, another in the city of Araripina, 690 km away,
aiming to collect simultaneously global radiation and UV (A+B) radiation. In Recife, a station to measure the
erythemic irradiation and thus determine the UV index for that site was installed. The cities of Pesqueira and
Araripina are located respectivelly on the Agreste and Sertão regions, typical climates of the Pernambuco
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state. The measurements enabled the creation of models for calculating UV (A+B) radiation in the
surrounding areas, knowing the global radiation. However, due to the great climatic diversity of the state, the
computational parametrical model SPECTRAL2 was used to calculate the maximal levels of UV (A+B)
radiation, besides the IUV for other six places, including the capital, Recife, located in the Zona da Mata,
which represents the third characteristic climate in the state. For calculating the UV (A+B) radiation and the
IUV, the model required input data such as the optical depth of aerosols (AOD), ozone, and others. For
calculating the aerosol optical depth, an empirical equation from the linke turbidity index for 2 air masses
(TLm), optical depth of water vapor and clean and dry atmosphere was used.

2. MATERIAL AND METODS

Table 2 shows the geographical coordinates and the measurement periods of the stations. The measurements
done on these periods refer to global radiation.
Tab 2- Description of the stations and data used to calculate TLm.

Station name
Araripina
Arcoverde
Caruaru
Floresta
Ouricuri
Petrolina
Recife
S Talhada

Latitude
-7.46
-8.43
-8.24
-8.60
-7.87
-9.15
-8.06
-7.92

Longitude
-40.42
-37.05
-35.91
-38.57
-40.09
-40.37
-34.92
-38.29

Elevation (m)
624
716
488
316
451
366
10
430

Period of measurement
2000-2007
2000-2007
1999-2007
2002-2007
2002-2007
1998-2002/2005-2007
1999-2005
2001-2004

The method used for calculating TLm was the following: from a very large given temporal series of daily
solar irradiation (more than 5 years) for each month and year, the highest daily solar irradiation was chosen.
For each local and each month, a clear sky model was processed for TLm, varying from 2 to 8 until the clear
sky irradiation corresponded to one of maximum values previously chosen. The process is then repeated for
other maximum values and months and then 12 monthly mean values of TLm are obtained for the
Pernambuco state (TIBA,and PIMENTEL, 2009).
Table 3 shows monthly calculated data, for the respective sites.
Tab 3- Linke turbidity index TLm for stations.

Station
Jan
Araripina 4.9
Arcoverde 3.6
Caruaru
4.2
Floresta
4.5
Ouricuri
4.8
Petrolina
4.4
Recife
4.6
S Talhada 4.7

4002

Feb
5.6
4.5
5.2
4.6
5.0
4.5
4.0
4.4

Mar
4.5
3.8
4.1
3.7
4.6
4.5
4.0
4.1

Apr
4.2
3.4
4.1
4.1
4.6
4.3
4.6
4.2

Mai
3.5
3.3
4
3.8
4.5
4.0
4.4
3.8

Jun
3.2
3.7
4.6
4.3
4.4
3.7
4.6
4.0

Jul
2.6
2.9
4.1
3.7
3.5
3.5
4.2
3.5

Aug
2.5
2.7
4.3
3.4
3.4
3.2
3.9
3.6

Sep
3.1
3.0
4.5
3.8
3.6
3.9
4.2
3.7

Oct
3.4
3.0
4.4
4.0
4.0
3.9
4.1
3.9

Nov
4.1
3.1
3.9
4.2
4.3
3.9
3.9
4.0

Dec
4.1
3.9
4.7
4.4
4.5
4.3
4.8
4.1

Ann
3.8
3.4
4.3
4.0
4.3
4.0
4.3
4.0

For calculating the optical depth the following expression was used (Molineaux, 1989):

TL 2 (∆ a ,W ) = (9.4 + 0.9 * M ) * (∆ cda + ∆W + ∆ a )

(eq.2)

where,
∆a is the aerosol optical depth.
∆cda is the panchromatic optical depth of a clean and dry atmosphere, being:

∆ cda = −0.101 + 0.235 * M −0.16

(eq.3)

M is the air mass (M = 2)
∆W is the panchromatic water vapour optical depth.

∆W = 0.12 * M −0.55 * W 0.34

(eq.4)

W is the precipitable water vapour content of the atmosphere (cm).

The optical depths calculated for the 8 places, from the linke turbidity indexes for 2 air masses (Table 3)
along with other data such as latitude, longitude, ozone, atmospheric pressure, among others, served as input
data for the computational parametrical SPECTRAL2 model, Figure 2. For calculating the maximal monthly
UV (A+B) radiation and IUV, the average Julian days of each month were considered and according to these
days the ozone indexes were determined through the TOM'S satellite data, considering the mean of the last
three years.

Fig 2: Workspace of SPECTRAL2
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The maximal UV (A+B) radiations were calculated for both localities and for each month. The maximal IUV
was determined according to the following expressions:
400 nm

∫ I λ Sλ dλ

IUV = K λ

(eq.5)

280 nm

where,
Kλ is a constant equal to 40 m2/W
Sλ is the action spectrum for erythema, given:

Sλ (λ ) = 1 → 250nm < λ < 298nm
Sλ (λ ) = 10

0.094 ( 298 − λ )

→ 298nm < λ < 328nm

Sλ (λ ) = 10

0.015 (139 − λ )

→ 328nm < λ < 400nm (eq.5)

(eq.6)
(eq.7)

The UV (A+B) radiation results, obtained through the SPECTRA2 were compared with the available
experimental data and with the model for estimating the UV (A+B) radiation, developed previously for the
city of Pesqueira (Leal et. al., 2009). This model was generated from multiple regressions of the < KTUV>
ultraviolet atmospheric transmittance index as a function of <mr> air masses and of the KT atmospheric
transmittance index.

K TUV = A.K TB .m −C

(eq.8)

where,

KT and KTUV are the daily global and UV radiation transmittance indexes, respectively:

KT =

HG
H0

K TUV =
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H UV
H UV 0

(eq.9)

(eq.10)

being,

HG the daily global solar radiation on the Earth's surface
HG is the daily global extraterrestrial solar radiation
KTUV is the daily UV transmittance index (KTUV = HUV/HUV0)
m is the air mass at solar midday

H 0UV =
where,

π


I SC (UV ) E 0 cos δ cos Φ cos ω S +
ω S senδsenΦ 
180
π



24

(eq.12)

ISC(uv) = 80,83 W m-2
E0 is the relative Sun-Earth distance
φ is the local latitude
δ is the declination
ωS is the sunrise or sunset angle

As a result of multiple regressions, using current data (2010), the following expression was obtained for the
city of Pesqueira and surroundings:

< K TUV >= 0.797K 0.801
m 0.374
T
r

(eq.13)

A comparison was also made between the IUV estimated by the SPECTRAL2 and the data measured by the
station in Recife with the usage of a 501 UV-B model biometer from the Solar Light manufacturer. The
statistical indicators were MBE% (mean bias error) and RMSE% (root mean square error):

MBE = 100

∑

n

( H UV , calculated − H UV − measured )

∑
RMSE = 100

∑

n

H UV , measured
n

%

(eq.14)

%

(eq.15)

(H UV ,calculated − H UV , measured ) 2

∑
n

n
H UV ,measured
n
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3.RESULS AND DISCUSSION

Table 4 shows the maximal monthly UV (A+B) radiation values calculated by SPECTRAL2 for the
Pernambuco state.
Tab 4 – Maximal monthly UV (A+B) radiation values

Station
Araripina
Arcoverde
Caruaru
Floresta
Ouricuri
Petrolina
Recife
S Talhada

Jan

Feb

Mar

Apr

Mai

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Ann

28.9
31.3
30.0
29.5

28.5
30.2
28.7
29.6

29.3
30.3
29.6
30.0

27.3
28.3
27.0
26.8

25.2
25.9
24.0
24.1

23.9
22.8
21.5
21.7

25.5
24.6
22.7
23.0

28.3
27.7
25.0
26.1

30.1
30.2
27.6
28.5

31.2
31.9
29.4
29.9

30.1
32.1
30.4
29.8

29.8
30.5
29.0
29.3

28.2
28.8
27.1
27.3

29.0
29.8
29.0

29.4
29.9
30.2

28.9
28.8
29.4

26.5
26.4
26.1

23.6
23.6
23.3

22.0
22.2
21.4

23.7
23.0
22.4

26.8
26.2
25.3

28.6
28.2
27.8

30.2
30.0
29.5

30.3
30.4
30.0

29.5
29.6
28.5

27.4
27.4
26.9

29.2

30.1

29.7

27.0

24.5

22.4

23.7

26.1

28.9

30.2

30.2

29.8

27.6

40
35
30
25

Experimental

20
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15
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0
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Daily ultraviolet solar radiation
(W/m2)

With the aim of comparing the estimated results by the SPECTRAL2 and confirming its good precision, the
data measured by the station in Pesqueira, located 45km away from the city of Arcoverde, were compared
with the UV (A+B) radiation values estimated by SPECTRAL2. The maximal UV (A+B) radiation values of
each month of 2009 were selected. This data was gathered in the station in Pesqueira through a TUVR (Total
Ultraviolet Radiometer) sensor. With the usage of the optical depth determined for the city of Arcoverde,
considering the geographical coordinates of Pesqueira and using the SPECTRAL2, it was possible to
estimate the maximal UV (A+B) radiation for Pesqueira. Figure 3 shows the resulting curves. The blue curve
is the resultant of the model generated for Pesqueira.

Mês
Fig 3 – Comparison between UV (A+B) radiation estimated by the SPECTRAL2 (red) and by experimental data (green) for the
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city of Pesqueira.

From the graphic it is possible to observe that the maximal monthly UV (A+B) radiation levels took place in
the Spring/Summer (September to February) and the minimal in Autumn/Winter (March to August),
displaying the typical behavior for the Northeast of Brazil. However, the annual average UV (A+B) radiation
was found high in all places and all year long. The values estimated by the SPECTRAL2 show a MBE% = 0.016% and a RMSE% = 2.7% and the model a MBE% = -1.98% and a RMSE% = 2.86%, confirming its
good prediction capacity, when compared with experimental data.
Table 5 shows maximal UV indexes estimated by SPECTRAL2 for several locations.
Tab 5 – Maximal daily IUV estimated by spectral2.

Station
Araripina
Arcoverde
Caruaru
Floresta
Ouricuri
Petrolina
Recife
S Talhada

Jan
12
13
13
12
12
12
12
12

Feb

Mar

Apr

Mai

Jun

13
14
12
13
13
13
14
14

13
13
13
13
13
13
14
13

12
12
12
12
12
12
12
12

11
11
10
10
10
10
10
10

10
9
8
9
9
9
9
9

Jul

Aug

Sep

Oct

Nov

Dec

Ann

12
12
10
11
12
11
11
11

14
14
12
13
13
13
13
13

14
15
13
14
14
13
14
13

13
14
13
13
13
13
13
13

13
12
12
12
12
12
12
12

12
12
11
12
12
12
12
12

10
10
9
9
10
9
9
9

A similar process was carried out for estimating the IUV (midday) for the months of maximal radiation UV
(A+B) in 2010 in Recife, Figure 4.
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0

Month
Fig 4 - Comparison between maximal monthly IUV estimated by the SPECTRAL2 and by experimental data for the city of
Recife.
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For the city of Recife the maximal monthly IUV values (midday) took place in the months of February to
March, during which slightly reduced ozone and aerosol optical depth levels were observed. The mean
annual values an extreme IUV for all localities. The estimated values and also compared with experimental
data showed a MBE% = -2.95 %, RMSE% = 4.10 %.
4.CONCLUSIONS

The monthly maximum solar UV (A+B) radiation levels were found high for all years in the state of
Pernambuco. Maximum values were observed during Spring/Summer and minimal in Autumn/Winter.
Between the analyzed cities, Arcoverde showed the highest radiation levels, when compared to other places
due to its higher altitude. The annual mean IUV (midday) was extreme for all localities.
SPECTRAL2 showed a good capacity for estimating IUV and UV (A+B) radiation. The estimated radiation
for the city of Pesqueira showed a MBE% = -0.016% and a RMSE% = 2.7%, when compared with
experimental data. For estimating the monthly IUV for Recife, a MBE% = -2.95 % and RMSE% = 4.10 %
were obtained. These results transmit good reliability and, therefore, the estimated IUV and UV (A+B)
radiation values can serve as reference for elaborating a maximal monthly UV irradiation map for the state of
Pernambuco.
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1. Abstract
To characterize the real solar radiation in sites where Concentrating Solar Power (CSP) plants are going to be
settled, local meteorological data have to be measured. Detailed studies demonstrate that even when the
measured data have passed most of the standard quality procedures, wrong values could still be labeled as
valid in the final data set.
In this paper, a new software for monitoring and validating measurements from meteorological stations is
presented. The software has been created in order to handle measurements of solar radiation and
meteorological data from several stations easily. All the data from the meteorological stations are
georeferenced, and can be accessed via a main window of the web interface.
The software, promoted by CENER, aims to provide control tests to ensure the quality of the measured solar
radiation data. These control tests are grouped into four main steps: 1- visual checking; 2- standard Baseline
Surface Radiation Network (BSRN) procedures; 3- comparison with the satellite-derived irradiance and 4comparison of data from several stations. A validation of the methodology for the estimation of global
irradiance from satellite images has been made in order to check the viability of the quality test based on it.
2. Introduction
To characterize the real solar radiation in sites where CSP plants are going to be settled, local meteorological
data have to be measured. Detailed studies demonstrate that even when the measured data have passed most
of the standard quality procedures, wrong values could still be labeled as valid in the final data set. In
concentrating solar power plants, these wrong data could be the responsible of a not appropriate design and
sizing of the solar field.
In this paper, a new software for monitoring and validating measurements from meteorological stations is
presented. The software has been created in order to handle measurements of solar radiation and
meteorological data from several stations easily. All the data from the meteorological stations are
georeferenced, and can be accessed via a main window of the web interface.
The software, promoted by CENER, aims to provide control tests to ensure the quality of the measured solar
radiation data. These control tests are grouped into four main steps:
•

Visual checking.

•

Standard Baseline Surface Radiation Network (BSRN) procedures (Long and Dutton, 2002).

•

Comparison with the satellite-derived irradiance.

•

Comparison of data from several stations.

The user web interface to the control software has been developed in collaboration with GeoModel.
3. Methodology and main characteristics
Following the new trends in solar radiation data analysis and to avoid a final data set with not homogeneous
zenithal angle distribution, only complete days without missing data are considered as valid or not valid data
in the new software.
The first step when monitoring solar data with the developed software is to do a visual check in order to
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assign the data as valid or not.
Once the daily data has been pre-assigned visually to valid data, in a second step the procedures 1 (physically
possible limits), 2 (extremely rare limits) and 3 (comparisons) of the BSRN are applied. The procedure 4 is
the comparison of the measurements with a model, and it will be implemented in the future.
The third step is a new quality control test procedure based on the estimation of solar global horizontal
irradiance (GHI) from satellite images. A combination of Heliosat-1 (Diabaté el al., 1988) and Heliosat-2
(Rigollier el al., 2004) methods has been implemented in the software for the estimation of solar global
horizontal irradiance from satellite images. Thus, a quality control test is done by comparing the estimated
solar global horizontal irradiance and the measured one. In some cases, data which are not measured properly
(e.g. because of a misalignment of the Sun tracker or shadowing) could pass all the BSRN quality control
tests. This can be detected by comparing the values of solar global horizontal irradiance both measured and
estimated from satellite images. The values of measured global horizontal irradiance which differ more than
a fixed quantity from the estimated one are labeled for a subsequent check. This fixed quantity can be
adjusted for each location.
Finally, comparisons of the solar radiation measurements with free solar radiation data are possible as an
additional quality control check.
The meteorological information is managed in a geo-referenced interface and it aims to provide free access
for most of the free solar radiation ground measurements. In addition, secure access for private measurement
stations is also possible.
Using the software, daily, monthly and annual reports of the solar and meteorological measurements of a
specific station can be obtained effortlessly.
4. Validation of the solar global irradiance estimated from satellite images
As it has been in the previous section, a combination of Heliosat-1 (Diabaté el al., 1988) and Heliosat-2
(Rigollier el al., 2004) methods is implemented in the software for the estimation of solar global horizontal
irradiance from satellite images, and comparing it with the measured one in a new quality test. A validation
of the methodology with measurements is necessary to check the viability of the new quality test.
For the validation of the methodology, the estimation of solar global horizontal irradiance from satellite
images has been made for the years 2009 and 2010 using data of the Meteosat Second Generation (MSG)
satellite. The frequency of this data is 15 minutes, and it has been used data of the high resolution visible
channel.
The measured data used in the validation correspond to three different locations. Two of them are locations
in the Southwest of Spain, which is an important place in the terms of CSP plants. The other location is the
CENER BSRN station in Sarriguren, which is located in the North of Spain. The measurements related to the
two locations in the Southwest of Spain are available in a minute frequency, but 15 minute means have been
calculated to match the estimated solar global horizontal irradiance from satellite images. The measurements
related to the CENER BSRN station in Sarriguren correspond to a second frequency, and 15 minute means
have also been calculated to match the estimated values. For this location measurements are available from
July of 2009, when the station started to store data.
After the synchronization of the measured solar global horizontal irradiance with the estimated one,
nocturnal data have been filtered excluding them of the validation.
The comparison parameters which have been calculated in the validation for each location are:
• RMD: Relative Mean Difference, which is the mean difference (absolute value of estimation minus
measurement), divided by the arithmetic mean of measurement.
•

BIAS: mean value of estimation minus measurement.

•

Correlation coefficient.

The results of the validation are shown in Table 1:
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Tab. 1: Comparison parameters of the methodology validation

RMD (%)

BIAS (W/m2)

Correlation

Southwest Spain nº1

13.4

-6.0

0.948

Southwest Spain nº2

12.7

4.5

0.946

CENER BSRN station

24.5

-31.4

0.897

As can be seen in Table 1, the results of the satellite derived global horizontal irradiance are better for the
locations in Southwest of Spain than for the CENER BSRN station. This could be caused because of the
meteorological conditions in the North of Spain where the CENER BSRN station is located, as they are very
different from the conditions in the South of Spain. As a result, it has to be noted that it is necessary to
analyze and validate the satellite derived estimations of solar irradiation for each location separately when
referring to energy production.
Figure 1, Figure 2 and Figure 3 show the comparison between the measured solar global horizontal
irradiance and the estimated from satellite images for the two locations in the Southwest of Spain and the
CENER BSRN station.

Fig. 1: GHI measured vs. GHI estimated for Southwest location nº1

Fig. 2: GHI measured vs. GHI estimated for Southwest location nº2
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Fig. 3: GHI measured vs. GHI estimated for CENER BSRN station

As can be seen in Figure 1, Figure 2 and Figure 3 the results for the CENER BSRN station seem to be more
dispersed than the results for the two locations in the Southwest of Spain. That is, the difference between
measured solar global horizontal irradiance and satellite estimated is bigger for the CENER BSRN station.
5. Screenshots
In Figure 4, the main window of the user web interface of the new software is presented. It is an interactive
map where the different stations can be selected. It provides information about the state of the stations
according to the results of the different quality tests.

Fig. 4: Main window of the new software for monitoring solar radiation

Figure 5 shows an example of the daily report for a specific station, providing a plot of the global horizontal
irradiance, diffuse horizontal irradiance and direct normal irradiance. It also provides the daily values of
global, diffuse and direct irradiation.
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Fig. 5: Daily report of the new tool for monitoring solar radiation

6. Conclusions
A new software for monitoring and validating measurements from meteorological stations has been
developed.
The software has been created in order to handle measurements of solar radiation and meteorological data
from several stations easily. All the data from the meteorological stations are georeferenced, and can be
accessed via a main window of the web interface.
The new developed software aims to provide control tests to ensure the quality of the measured solar
radiation data. These control tests include visual checking, standard Baseline Surface Radiation Network
procedures, comparison with satellite-derived irradiance and comparison of data from several stations.
A combination of Heliosat-1 and Heliosat-2 methods has been implemented in the software for the
estimation of solar global horizontal irradiance from satellite images. This methodology has been validated
using data of the years 2009 and 2010 from the Meteosat Second Generation satellite and measurements
from three locations, two of them in the Southwest of Spain and the CENER BSRN station in the North of
Spain.
The results of the satellite derived global horizontal irradiance are better for the locations in Southwest of
Spain than for the CENER BSRN station. This could be caused because of the meteorological conditions in
the North of Spain where the CENER BSRN station is located, as they are very different from the conditions
in the South of Spain.
It has to be noted that it is necessary to analyze and validate the satellite derived estimations of solar
irradiation for each location separately when referring to energy production.
Using the software, daily, monthly and annual reports of the solar and meteorological measurements of a
specific station can be obtained effortlessly.
7. References
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1. Abstract
The present paper deals with numerical corrections factors proposed as a function of the clearness index in order to
correct the diffuse solar irradiance measured with the Melo-Escobedo Shadowring Measuring Method (ME
shadowring). The global irradiance was measured by an Eppley - PSP pyranometer ; direct normal irradiance by an
Eppley-NIP pyrheliometer fitted to a ST-3 sun tracking device and the diffuse irradiance by an Eppley-PSP
pyranometer fitted to a ME shadowring. The validations were performed by the MBE and RMSE statistical indicators.
The results showed that the numerical correction factors were appropriate to correct the shadowring diffuse irradiance.
2. Introduction
Among the solar radiation components used in meteorological stations observed in the world, global radiation on
horizontal surface is the most extensively quantity measured. However, measurements of diffuse and direct radiations
are less common. A monitoring station typically measures only two of the insolation components and calculates the
other. The global and diffuse components are often measured. The direct irradiation is calculated through the Eq. (1)
(global IG radiation is the sum of the diffuse Id and direct Ib,h radiations) due to the expensive maintenance , associated
with solar tracking for the direct normal measurement.
I G = I d + Ib, h

(eq 1)

The shadowing method is adopted in the measurement of diffuse radiation. In this method, which presents low costs,
easy maintenance and optimal operation, the ring is oriented perpendicularly to the polar axis and at an angle equal to
the local latitude. It shades the bands center point from sunrise to sunset. An instrument is placed at this point and it
permits the measurement of diffuse radiation for extended periods of time.
Drummond (Drummond, 1956) and Robinson (Robinson and Stoch, 1964) (Fig. 1) are two well-known shading
setups. In Drummond´s setup, the pyranometer is fixed and the shadowring is translated parallelly to the polar axis
which acts to compensate the solar declination. This means that periodical mechanical adjustments are necessary. In
this setup, the shadowring, as seen from the pyranometer, varies its width and distance with the solar declination. In
Robinson´s setup, the pyranometer is fixed in the center of the shadowring and the shadowring is rotated around its
center to compensate the solar declination. The width and the distance do not change in this setup.
An alternative shadowring setup was proposed by Melo & Escobedo (1994) - ME shadowring (Fig. 1). In this setup ,
mechanical operation is inverse to Drummond's setup. In the ME setup, the shadowring is fixed and the pyranometer is
translated parallelly to the local horizon plan in a mobile base to compensate the solar declination.
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Fig 1 – Shadowring setups: Drummond, Robinson-Stoch and Melo-Escobedo.

A drawback of the shadowring method is the use of correction factors (FC) to compensate the diffuse
irradiance blocked by the shadowring (Drummond, 1956; Kasten et al, 1983; Dehne, 1984; Ineichen et al,
1984; Stanhill, 1985) given by the Eq. (2). The loss fraction (Fp) is based on the isotropy of the radiation,
which is considered a geometric function (the ring length and width) and geographical factors(latitude and
solar declination). Oliveira et al (2002) calculated the loss fraction for the ME shadowring (Eq. (3)).
FC =

1
1 − FP

 2b 
FP = 
.cos (δ
 πR 

(eq 2)

). cos (φ + δ )  . ∫ cos (Θ Z )dw
 cos (φ )  0
2 wS

(eq 3)

where b is the ring width, R the radius of the ring, δ the solar declination, φ the latitude, ω the hourly angle
and ΘZ the zenital angle.
The use of the isotropic correction doesn't take into account the atmospheric effects (turbidity, cloudiness,
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pollution, water vapor) that are responsible for the anisotropy of the diffuse radiation. Kasten et al. (1983)
and Pollard and Langevine (1988) introduced corrections based on anisotropic parameters such as clearness
index K T (ratio of global to extraterrestrial radiation), zenital angle and turbidity atmospheric to improve the
precision of the shadowring diffuse irradiance. Dehne (1984) observed that the anisotropic corrections are
local dependent, while Painter (1981) and Stanhill (1985) verified that the anisotropic seasonal corrections
are dependent due to the different sizes and levels of the aerosol concentration in the atmosphere. LeBaron
et al (1990) combined one isotropic (geographical) and three anisotropic parameters (zenital angle, clearness
index and brightness) to develop anisotropic corrections for the shadowring diffuse irradiance. They
concluded that the clearness index is the best representative parameter of the anisotropic conditions of the
sky. In that direction, Drummond (1956) recommends different anisotropic corrections as a function of the
clearness index: 3% for 0 < K T <0,30, 5% 0,30 < K T < 0,65 and 7% for 0,65 < K T < 1. Battles et al (1995) used
the same parameters of LeBaron. These authors developed two correction equations: the first is used for all
parameters in an unique equation, while the second is used on geometric, zenital angle and brightness
parameters as a function of four clearness index intervals. The present paper deals with numerical corrections
factors proposed as a function of the clearness index in order to correct the diffuse solar irradiance
measured with the Melo-Escobedo Shadowring Measuring Method (ME shadowring).
3. Methodology

3.1. Local and Climate
The present study is based upon measurements recorded by the Solar Radiometric Laboratory during the
years 1996 to 2005. To develop the numerical corrections, we used four-fifth of the data, while the one-fifth
remaining was used for validation purposes. The Solar Radiometric Laboratory is located on the Botucatu
Campus of the Sao Paulo State University (22 54'S, 48 27'W, 716 m). Botucatu (Fig. 2) is a semi-rural town
surrounded by sugar cane and eucalyptus crops with 127,328 inhabitants, few industries and the economy
based upon services.

Fig 2. Map of Brazil with divisions of states showing the sampling site (Botucatu in the State of São Paulo)

According to Köppen climate classification the local climate is classified as Cwa (humid subtropical climate
- mesothermal) with hot and humid summers and dry winter. Fig 3 shows monthly mean values for air
temperature, relative humidity, sunshine duration and precipitation for a 35 years database. The air
temperature and relative humid values follow the solar astronomical variations and the maximum and
minimum values are 23,12 °C (February) and 17,10 °C (July) for air temperature and 78,25% (February) and
63,97% (August) for relative humid, respectively.
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Fig 3. Annual variation of the monthly average daily values for a 35 years database. a) Air temperature and relative humidity.
b) Sunshine duration and precipitation.

The rainy season occurs in the summer and spring, when there are more than 80% of the total annual rainfalls
with maximum value in January (246,2 mm). In this period the rainfall is convective and caused by intense
evaporation of wet and heated surfaces. These rains occur mainly in the afternoons and early evenings, they
are located with great spatial variability, their intensity is moderate to strong, and the duration is short. In the
dry season (winter and autumn), the monthly-mean precipitation is less than 100 mm with minimum value in
August (36.10 mm). In this period the rainfall is frontal caused by the meeting of cold and dry masses from
the south with the warm and humid masses from the Amazon region. The warm mass being less dense than
the cold one starts to rise into the atmosphere, thus suffering adiabatic cooling. When air goes above the
point of dew formation and is no longer able to hold all its water within, it begins to condense and form
clouds that lead to precipitation. This rain falls over a wide area, the intensity is low to moderate and the
duration is long (hours or days) depending on the speed of the front. For sunshine duration values, despite an
increased photoperiod, summer months showed values less than 200 hours with a minimum in February
(175,1 hours) due to cloud cover characteristic of the period. As the summer months are hot and humid, the
cloud activity is intense, thus minimizing the hours of sunshine. For the winter months, the numbers of clear
days is greater consequently increasing the monthly hours of sunshine with a maximum in August (229
hours). June showed a local minimum due to the cold fronts from the south that increases the cloudiness.
With regard to aerosols emitted into the atmosphere, industries and motor vehicles are the main emitters of
particulate matter. However, the study area is surrounded by 70 cities that release large amounts of
particulate matter as a result of burning of sugar cane, especially in the winter. According to Codato et al
(2008), the highest aerosol concentration occurs in this period due to lack of rainy days, thus preventing the
deposition of particulate matter.
3.2. Instrumentation, Quality Control Procedure and Statistical Error Tests
The solar global irradiance IG was measured by an Eppley - PSP pyranometer (K = 7,45 Vm²/W); the solar
direct normal irradiance Ib by an Eppley-NIP pyrheliometer (K = 7,59 Vm²/W) fitted to a ST-3 sun tracking
device; and the solar diffuse irradiance IdM by an Eppley-PSP pyranometer (K = 7,47 V/Wm-2) fitted to a
ME shadowring (radius of 0,40m and width of 0,10m). Tab 1 shows the operating features of the measuring
devices.
Tab 1. Operating features of the global, beam and diffuse solar irradiances measuring devices.

Irradiance
Sensor-marca
Sensivity
Spectral Range
Response Time
Linearity
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Global
Eppley Precision
Spectral Pyranometer
±7,45 µV/Wm²
295 – 2800 nm
1s
±0,5% (from 0 to 2800
W/m²)

Direct
Eppley Normal
Incidence Pyrheliometer
7,59 µV/Wm²
295 – 2800 nm
1s
±0,5% (from 0 to 1400
W/m²)

Diffuse
Eppley Precision
Spectral Pyranometer
±7,47 µV/Wm²
295 – 2800 nm
1s
±0,5% (from 0 to 2800
W/m²)

±1% (0º<Z<70º)
±3% (70º≤Z<80º)
±1% (from -20ºC to
+40ºC)

Cosine
Temperature
Dependence

–
±1% (from -20ºC to
+40ºC)

±1% (0º<Z<70º)
±3% (70º≤Z<80º)
±1% (from -20ºC to
+40ºC)

Source: The Eppley Laboratory (http://www.eppleylab.com)

The diffuse irradiance data was isotropically corrected using the ME Shadowring correction factors proposed
by Oliveira et al (2002) given by (eq. 2) and (eq. 3):
The true diffuse irradiance henceforth called reference diffuse irradiance Id was calculated by the difference
between the global and horizontal direct irradiances given by (eq. 4):
I d = I G − I B cos(Z )

(eq. 4)

The numerical corrections was based on the clearness index Kt. The clearness index is the ratio of global to
extraterrestrial irradiance Io and express the total irradiance that reaches the surface from the total available
on the top of the atmosphere. The (eq. 5) and (eq. 6) shows the clearness index and the extraterrestrial
irradiance Io respectively.
IG
IO
I O = 1367.EO . cos( Z )
KT =

(eq. 5)
(eq. 6)

where Eo is the orbital eccentricity. The clearness index Kt has also been used to classify the sky coverage.
Tab 2 shows the Escobedo sky coverage classification (Escobedo et al, 2009) used in this work.
Tab 2. The clearness index Kt intervals and the sky coverage according to Escobedo sky coverage classification. (Escobedo et al,
2009).

Kt intervals
0 ≤ Kt < 0,35
0,35 ≤ Kt < 0,55
0,55 ≤ Kt < 0,65
0,65 ≤ Kt < 1

Sky Coverage
overcast sky
partially cloudy sky
partially clear sky
clear sky

A Campbell Scientific datalogger model Cr23X was used to monitor and to store the solar irradiance data.
The values were scanned at 5 s intervals and average values at 5 min intervals were calculated and stored.
Every morning values were transmitted to a computer via a storage module model SM-192.
From the 525592 data available in the ten years of measurements, 47725 of them (representing 9,09% of the
total) were removed due to the application of the filters shown in Tab 3 (Kudish and Evseev, 2008). The cut
values are due to misalignment, damaged wires, lack of electricity and shadowring internal reflections due to
low solar altitude.
Tab 3. Quality control filters and results (Kudish and Evseev, 2008).

Solar Irradiance Type
Global
Normal Incident Beam
Shadowring Diffuse
Reference Diffuse
All filters together

Filter
IG < IO
Ib ≤ ISC
0,1 IG ≤ IdM < IG
0 ≤ Id ≤ ISC
--

5 min data removed (%)
1577 (0,30%)
27384 (5,22%)
6307 (1,20%)
12457 (2,37%)
47725 (9,09%)

The evaluation of the numerical corrections was based on mean bias error MBE and root means square error
RMSE statistical indicators given by the (eq. 7) and (eq. 8) respectively.
 N

MBE =  ∑ ( yi − xi ) N 
 i

2
 N

RMSE =  ∑ ( yi − xi ) N 
 i




(eq. 7)
1

2

(eq. 8)
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where yi is the correct values, xi the measured values and N the number of observations. The MBE provide
information on the long-term performance of a model. A positive value means an overestimation whereas a
negative one means an underestimation. A drawback of this indicator is that overestimation of an individual
observation will cancel underestimation in a separate observation. The RMSE provide information on the
short-term performance of a model by allowing a term by term comparison of the actual difference between
the estimated value and the measured value. While a high value means a large scattering, a low one means
small scattering. A drawback of this indicator is that a few large errors in the sum can produce a significant
increase in RMSE.
4. Results and Discussion
4.1.All Sky Numerical Corrections
Fig 4a shows the correlation between reference diffuse irradiance and shadowring diffuse irradiance for 10
years under all sky covers. High scattering between both irradiances is due to a 5-minute mean partition.
Shorter partitions respond faster to atmospheric dynamics, thus justifying the high scattering (Suehrcke &
McCormick, 1988). Despite the linearity displayed, shadowring diffuse values, on average, were 4.6% lower
than reference values, i.e., shadowring vales require a further correction of 1.046. This correction represents
an average of 10 years of measurements and therefore considers different atmospheric situations. For a more
punctual characterization, the ratio between reference and shadowring diffuse was calculated annually and is
shown in Fig 4b.

b)

a)

Fig 4. Correlation between reference diffuse irradiance and shadowring diffuse irradiance for 10 years under all sky conditions.

We can see that ratio values between reference and shadowring diffuse were above 1 for all years, showing
that shadowring diffuse irradiance is smaller than reference diffuse irradiance, i.e., the shadowring method
underestimated the measure of diffuse irradiance in all years. The variation range from 1.013 to 1.092 of
these ratios is due to spatial and temporal variation of atmospheric constituents, such as clouds, water vapor,
aerosols, among others. Variable distribution and quantity of these constituents change the scattering and
absorption profile of solar radiation by the atmosphere and are not covered by the shadowring method, which
justifies the annual variation found between reference and shadowring diffuse irradiance values. Whereas the
underestimated diffuse irradiance value measured shows that the application of isotropic correction is not
sufficient to correct the portion of irradiance intercepted by the shadowring, suggesting the need for
additional numerical corrections dependent on atmospheric conditions.
4.2.Sky Cover Numerical Corrections
To better characterize atmospheric effects on the measurement of diffuse irradiance, according to Table 2,
sky coverage was divided into four discrete intervals considering the clearness index Kt. Kt values near zero
indicate a situation of low atmospheric transmissivity due to large cloud concentration. On the other hand, Kt
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values near 1 indicate high transmissivity due to clear sky conditions. Fig 5 shows the correlation between
reference and shadowring diffuse irradiance for overcast sky.

Fig 5. Correlation between reference and shadowring diffuse irradiance for overcast sky.

We can see that the linear regression is slightly below the ideal line (45º). The slope of 0.975, down 2.5%
regarding the slope of the ideal line, indicates that the shadowring diffuse irradiance is greater than the
reference value. Therefore, the use of the shadowring method was responsible for a 2.5% average increase in
diffuse irradiance values for overcast skies. This overestimation can be explained by the climatic
characteristics of Botucatu and the use of isotropic correction inherent to the shadowring method adopted.
Fig 6a shows the percentage of occurrence of cloudy skies for 10-year measurements while Fig 6b shows the
isotropic correction factors for Drummond’s and Melo-Escobedo’s shadowring devices.

b)
a)

Fig 6. a) Percentage of occurrence of cloudy skies for 10-year measurements. b) Isotropic correction factors for Drummond’s
and Melo-Escobedo’s shadowring devices.

.
Both Koppen’s classification and Figure 6a indicate a higher occurrence of overcast skies in the spring and in
the summer. During this period the largest isotropic corrections for ME shadowring are made, as shown in
Figure 6b, with a maximum value of 25% in February and November. However, for this coverage, isotropic
corrections should be less significant, as clouds themselves function as a shading device, like the ring, thus
eliminating its use. Therefore, the application of isotropic correction factors for this sky coverage causes an
average increase of 2.5% in shadowring diffuse irradiance measurements. Therefore, to correct this method’s
limitations in this coverage, we propose the correction of diffuse irradiance by 2.5%, multiplying it by the
average factor 0.975. Drummond (1956) suggests that the use of his shadowring causes an underestimation
of 3%, unlike the overestimation of 2.5% provided by the ME shadowring. This is probably due to smaller
isotropic correction factors used by Drummond’s shadowring.
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By way of comparison, Fig 7 shows reference and shadowring diffuse irradiances in the months of January
(summer) and July (winter), characterized by a greater and smaller overcast sky cover, respectively.

Fig 7. Reference and shadowring diffuse irradiances in the months of January (summer) and July (winter)

January had the highest overestimation of diffuse irradiance (a 3.1% increase), whereas the overestimation in
July was only 0.4%. Therefore, for overcast sky cover, the use of the shadowring method, on average,
overestimates the measure of diffuse irradiance and needs correcting owing to sky cover, especially in the
spring and summer.
Set in the range from 0.35 to 0.65 Kt, partially overcast sky cover is characterized as a transition phase
between overcast and clear cover, a fact that makes its characterization more difficult owing to atmospheric
dynamics. Since the frequency of measure acquisition was based on an average of 60 readings in a 5-minute
time span, it is likely that overcast and clear sky events were computed simultaneously, making relevant
coverage analysis more difficult. In this case, seeking to better characterize atmospheric effects, partially
overcast sky coverage was divided into two other sub-intervals owing to the intensity of diffuse and direct
irradiances: diffuse partly cloudy and direct partly cloudy covers. The first is set to range from 0.35 to 0.55
Kt, characterized by an average diffuse irradiance greater than direct irradiance. Whereas the second, set to
range from 0.55 to 0.65 Kt, is characterized by an average direct irradiance higher than diffuse irradiance.
The Kt = 0.55 point separates both coverage and means that, of the 55% radiation transmission by the
atmosphere, half is due to diffuse irradiance and the other half is due to direct irradiance. Fig 8a and 8b show
the correlations between reference and shadowring diffuse irradiance for diffuse partly cloudy and direct
partly cloudy sky coverage, respectively.
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a)

b)

Fig 8. a) Correlation between reference and shadowring diffuse irradiance for diffuse partly cloudy coverage. b) Correlation
between reference and shadowring diffuse irradiance for direct partly cloudy sky coverage.

Both in Fig 8a and in Fig 8b, the slope of the correlation between reference and shadowring diffuse
irradiance was greater than 1, showing that, on average, the reference diffuse irradiance is greater than the
shadowring diffuse value. Therefore, in these coverage, the use of the shadowring method caused an
underestimation in the measurement of diffuse irradiance, which increased proportionally as clearness index
Kt increased. For diffuse partly cloudy coverage the underestimation was 3.4%, while for direct partly
cloudy the underestimation was 8.3%. This underestimation depends on the interaction of radiation with the
atmospheric constituents owing to its variable concentrations, quantities and sizes.
Fig 9 shows the correlation between reference and shadowring diffuse irradiance for clear sky.

Fig 9. Correlation between reference and shadowring diffuse irradiance for clear sky.

The underestimation of diffuse radiation by use of the ring, which was already occurring to partially cloudy
cover, reaches its peak on the clear sky cover. The slope reaches the value 1.108, ie, the shadowring diffuse
irradiance is, on average, 10.8% less than the reference diffuse irradiance. As the sky becomes clear, larger
particles such as aerosols alter the distribution of scattering of radiation in the atmosphere. Larger particles
cause Mie scattering responsible for the effect of anisotropy, ie, the scattering of radiation by the particles
start to show directional characteristics, with greater flow directed towards to the surface. This behavior is
known as circunsolar radiation and it comes from a small annular area around the solar disk and increases the
amount of diffuse radiation incident on the ground (Vartiainen, 1999). Therefore, the circunsolar radiation
passes through the atmosphere encapsulated by the direct radiation beam.
Thus, the shadowring also blocks a portion of the circunsolar radiation and thus the diffuse irradiance is less.
Therefore, for the clear sky coverage, the ME shadowring method causes the greatest underestimate in the
measurement of diffuse irradiance. This justifies the increasing values of the numerical correction factors as
increasing the clearness index Kt. In this case we multiply the values of diffuse irradiance by the average
factor 1.108.
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However, the clear sky conditions may be different depending on the season. In the winter, despite the high
transmissivity, the atmosphere is more turbid due to the dry season, with higher concentrations of aerosols.
In the summer we have less aerosols due to frequent rains that leave the atmosphere cleaner. Fig 10 shows
the correlation between the reference and shadowring diffuse irradiance for January (summer) and July
(winter).

Fig 10. Correlation between the reference and shadowring diffuse irradiance for January (summer) and July (winter).

The numerical correction of 1.094 for January was lower than the correction of 1.155 for July, ie, the
shadowring diffuse irradiance for January is 9.4% lower than the reference diffuse irradiance while in July
the shadowring diffuse irradiance is 15.5% lower than the reference diffuse irradiance. This fact shows that
the effect of anisotropy is higher during winter, where the highest concentration of aerosols provides a
greater amount of circunsolar radiation blocked by the ring (Vartiainen, 1999).
4.3. Validation
The evaluation of the corrections was made by means of statistical indicators MBE and RMSE between the
reference and the shadowring diffuse irradiances. The first comparison was between the reference and the
uncorrected diffuse irradiances. The second comparison was between the reference and isotropic diffuse
irradiances (isotropic correction). The third comparison was between the reference and all sky diffuse
irradiances (isotropic correction + all sky numerical correction). And finally the fourth comparison was
between the reference and the sky cover diffuse irradiances (isotropic correction + sky cover numerical
correction). Tab. 4 shows the result of the comparison between the reference and the shadowring diffuse
irradiances.
Tab 4. Statistical indicators from the comparison between the reference and the shadowring diffuse irradiances.

Correction Methods MBE (W/m²) MBE (%) RMSE (W/m²) RMSE (%)
Uncorrected
31,60
24,89
47,12
37,12
Isotropic
5,98
3,93
18,52
12,16
All sky
-1,29
-0,81
16,49
10,35
Sky cover
-1,05
-0,66
14,37
9,00
The diffuse irradiance obtained by the shadowring method without applying any correction underestimates
the measurement in 24,89% with 37% of scattering. With the isotropic correction, the difference is around
4% with 12,16% of scattering.
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The best results were achieved by combining isotropic and numerical corrections. The use of the all sky
numerical correction overestimates the shadowring diffuse irradiance in 0,8% with 10,35% of scattering
while the use of the sky cover numerical correction overestimates in just 0.66% the diffuse irradiance with
9% of scattering. So, the use of the ME shadowring method to measure diffuse irradiance requires, besides
the isotropic correction, the application of numerical corrections to achieve better results. Fig 11 shows the
diffuse irradiance validations for the correction methods with their slopes. The best results occurred for the
numerical corrections which showed slopes closer to 1.

a)

b)

c)

d)

Figure 11.The diffuse irradiance validations for the correction methods. a) Uncorrected. b) Isotropic Correction. c) Isotropic +
all aky corrections. d) Isotropic + sky cover corrections

5. Conclusions
The ME shadowring anisotropic corrections proposed as a function of the sky covering (clearness index)
were efficient to correct the isotropic diffuse irradiance, approaching the measured and reference diffuse
irradiance less than 1%. The results showed that the numerical corrections improve the ME shadowring
method, allowing the generation of a reliable global, direct and diffuse radiation database without high
financial investments.
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1. Abstract
Ideally, the angle of inclination of non-tracking solar panels, whether of the photovoltaic variety or solar
thermal, should be determined in relation to the energy demand curve they are meant to satisfy. This is not
always the case since it is common practice to install solar panels at a particular angle, depending on the
geographical location of the site, irrespective of the demand curve. For example in Malta, installers have for
many years been fixing panels for solar water heating at an angle of inclination of 45 degrees to the
horizontal, since Malta is situated at a latitude of 36 degrees North.
The authors of this paper have looked at a number of different demand curve scenarios, namely for
maximum output, constant energy demand and constant hot water demand for the whole year and for winter
and summer months. A computer program was written to simulate the solar radiation received on planes set
at different angles of inclination and azimuth. A factor was introduced to correct for the effect of clouds,
water vapour and particles in the atmosphere. The factor for Malta was derived using data downloaded from
the website of the Joint Research Centre (JRC) of the European Commission. The program was then able to
calculate the optimal angle of inclination for the different scenarios considered. To calculate the optimal
angle for demand matching, two approaches were considered, one based on the best fit between demand and
insolation using the lowest standard deviation and the other based on minimum area of collector panels.

_______________________________________________________________________________
2. Introduction
Solar panels, whether photovoltaic or solar thermal, are either mounted on a fixed frame or made to track the
movement of the sun. The latter are more efficient but incur higher capital and maintenance costs. The
former are therefore more economical and simpler to operate and by far more resistant to extreme weather
conditions. The fixed panels are therefore very popular. Their lower efficiency can be compensated by
installing panels having a larger surface area.
However, since their inclination and orientation is fixed, the system designer or installer must at the outset
decide these two parameters, which once set will determine the energy output of the panels. The optimum
angle of inclination and the orientation (azimuth) of the panels will depend on the energy demand curve that
the panels are designed to satisfy. For example, a system that is expected to supply more energy in winter
will be set at a higher angle of inclination than one that is required to supply more energy in summer.
This paper discusses this issue by looking at a number of possible scenarios, i.e. different energy demand
curves, and using Malta as a case study, determines the optimum angle for each case, using an algorithm
written in MATLAB.
This is a different approach from that adopted by Boland and Zekanovic (2008) who developed a
methodology for determining the optimal orientation for photovoltaic cells to match a particular electricity
demand, using Adelaide as a case study, and using stochastic programming. It is interesting to note that Malta
and Adelaide have almost the same latitude, 35°50´ and 34°55´ respectively, albeit Malta is North and
Adelaide South of the equator. They concluded that the optimal orientation of PV panels in Adelaide is 33
degrees from the horizontal and rotated 6 degrees West of North when using deterministic inputs.
Considering summer only, the panels should be tilted at 16 degrees and oriented 24 degrees West of North.
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Using stochastic inputs, the optimal orientation for load matching is either 14.8 or 15.4 degrees to the
horizontal and 18 degrees West of North.
Yang and Lu (2007) developed a mathematical model for calculating the optimum tilt and azimuth angles for
building-integrated photovoltaic applications in Hong Kong (latitude 22°15´N) on a yearly, seasonal and
monthly basis. They based their model on a correlation between the hourly diffuse ratio and clearness index
for Hong Kong developed by Yik et al. (1995). They found that the optimum tilt angle for a south facing
azimuth is 20 degrees. In winter, this should be 41 degrees.
Kumar et al. (2011) calculated the solar radiation incident on a PV array in Khaktar Kalan in the Punjab
(latitude of 31.6°) using a computer model, and using a relation for the clearness index as a function of
latitude, altitude and maximum and minimum temperature of the site. The results of their calculations
showed that the optimal angle over a year was 30.61°, for the winter months (December, January and
February) 57.48°, for spring (March, April and May) 18.16°, for summer (June, July and August) 2.83°, for
autumn (September, October, November) 43.67°. They also calculated the collected solar energy of the array
if the tilt angle is adjusted periodically.
3. Computer Model
The computer model for the work described in this paper is written in MATLAB and can be said to be built
up of two parts. The first calculates the solar irradiation based on the equations listed below and the second
determines the optimal angle of inclination of the panels for different cases. The computer program can also
account for different azimuth angles, but in this paper, only south facing units are considered. The equations
for determining the irradiation are taken from Duffie and Beckman (2006), Kreith and Kreider (1978) and
Zekai (2008).
The total radiation (Gt) incident on a plane inclined at an angle β to the horizontal is given by:
Gt = G b + G d + G r

(eq. 1)

Gb is the beam radiation
Gd is the diffuse radiation
Gr is the reflected radiation
Let

θ be the angle of incidence of the beam radiation on the surface,
δ the declination of the sun, i.e. its angular position at solar noon,
φ the latitude of the site in question,
γ the surface azimuth angle and
ω the hour angle, i.e. the angular displacement of the sun east or west of the local meridian

Then
cosθ = sinδ sinφ cosβ – sinδ cosφ sinβ cosγ +cosδ cosφ cosβ cosω + cosδ sinφ sinβ cosγ cosω + cosδ sinβ sinγ
sinω (eq. 2)
δ = 0.006918 – 0.39912cosB + 0.07257sinB – 0.006758cos2b + 0.000907sinB –
0.002697cos3B + 0.00148sin3B
where

B = (N-1)360/365.242
th

(eq. 3)
(eq. 4)

st

N is the n day in the year with January 1 being given by N = 1.
ω = 15(solar time – 12)
The relationship between solar time and standard time is given by:
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(eq. 5)

Solar time = standard time + 4(Lst – Lloc) + E
where

(eq. 6)

Lst is the standard meridian for the local time zone
Lloc is the longitude of the location in question

and

E = 229.18(0.000075 + 0.001868cosB – 0.032077sinB – 0.014615cos2B – 0.04089sin2B)

The beam radiation (Gb) is given by:

Gb = Goτbcosθ

(eq. 7)
(eq. 8)

Go is the extra-terrestrial radiation i.e. the energy from the sun per unit time, incident on unit area normal to
the direction of the propagation of the radiation at a mean earth-sun distance, outside of the atmosphere, and
is dependent on the time of the year according to the relation:
Go = Gsc (1 + 0.33 cos (360N/365))
where

(eq. 9)

Gsc is the solar constant and is equal to 1367 W/m²

τb is the transmittance and is given by either of the following two equations:
1. Transmittance (τb) in clear sky (no clouds) without taking into account the effect of water vapour and
particulates in the air is given by:
τb = 0.56(e-0.56m + e-0.95m)

(eq. 10)

where

m = (1229 + (614sinα)²)0.5 – 614sinα

(eq. 11)

and

α = 90 – θz

(eq. 12)

and

θz is the zenith angle and is given by:
cosθz = cosφ cosδ cosω + sinφ sinδ

(eq. 13)

2. Transmittance (τb) in clear sky (no clouds), taking into consideration the effect of water vapour and
particulates in the air is given by:
τb = a.ra + b.rb(-c.rc.m)
where

and

(eq. 14)

a = 0.4237 – 0.008216 (6 – α)²

(eq.15)

b = 0.5055 + 0.00595 (6.5 – α)²

(eq. 16)

c = 0.2711 + 0.1858 (2.5 – α)²

(eq. 17)

ra= 0.95

rb = 0.98

rc = 1.02

The diffuse radiation (Gd) is given by:
where

Gd = Goτdcosθ

τd = 0.271 - 0.294 τb

(eq.18)
(eq. 19)

For the reflected radiation (Gr), the albedo factor was taken as 0.25, giving:
Gr = 0.25(Gbh + Gdh)(1- cosβ)/2

(eq. 20)

where Gbh and Gdh are the beam and diffuse radiation falling on a horizontal surface.

Using the above equations, it is possible to calculate the irradiation on a given surface for any angle of
inclination and orientation in any given location defined by its longitude and latitude, without taking into
account, however the effect of clouds. To include the effect of clouds, it is necessary to include actual data
for the particular location. In this work, it was decided to use, as actual true values, the data freely available
from the Photovoltaic Geographical Information System (PVGIS) of the Joint Research Centre (JRC) of the
European Commission, available on their website http://re.jrc.ec.europa.eu/pvgis/. Of the two databases
available, the more recent one was chosen, i.e. the one designated as Climate-SAF PVGIS.
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Fig 1: Daily Insolation for various angles of inclination β
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Fig. 2: Daily Insolation for various angles of inclination β
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The graphs, figures 1 and 2, show the results of calculating (1) the average daily insolation for a clear sky with
no water vapour, no particulates and no clouds, (2) the average daily insolation for a clear sky with no clouds
but with water vapour and particulate, and (3) average daily insolation from the Climate-SAF PVGIS database,
all for the location at 35.90321 degrees North and 14.48522 degrees East, which are the coordinates for the
University of Malta. In all cases, the orientation is due South. The average daily insolation (H) was calculated
by calculating Gt for every one minute of the day and then summing over the whole day. The graphs are plotted
for every 15 degrees of inclination (β) of the panels from 0° (horizontal) to 90° (vertical).
The values from the “PVGIS” are considered as actual true values. Comparing these values with those for the
“Clear Sky” condition (i.e. no clouds, no water vapour, no particulates), it can be seen that the program
overestimates the insolation. This is to be expected since clouds, water vapour and particulates reduce the
amount of radiation reaching the earth. Comparing the values from “PVGIS” with those for the “Sky with water
vapour and particulates” (but no clouds) shows that the program underestimates the insolation for the summer
months, but overestimates them in winter, since it does not allow for the effect of the clouds in winter.
A factor is therefore needed that allows for water vapour, particulates and clouds and that when applied to the
values of insolation calculated for the case of clear sky with no water vapour, particulates and clouds, produces
results that would be very close to the data from PVGIS. This factor can be obtained by dividing the data from
“PVGIS” by that for the “Clear Sky” condition. When this was done, it was found that this factor varies with
time of the year N and inclination β. The appropriate function in MATLAB was therefore used to obtain a
polynomial for this factor, (denoted as Fwpc) as a function of N and β. The value of N was taken to be the
average day of the month as per table 1 below, since the PVGIS data is only available per month. It was found
that a polynomial to N5 and β5 gave an adjusted R-square value of 0.9805, whereas a polynomial to N 4 and β
gave an adjusted R-square value of 0.9672. The latter was considered adequate for the purposes of this work and
since it reduces considerably the complexity of the polynomial, it was the one adopted. The polynomial, shown
in equation 21 below, was used in the program to adjust the results of the calculation by taking into account, in
one factor (Fwpc) the effects of clouds, water vapour and particulates.
Fwpc = 0.858 – 5.631*10-3N – 2.703*10-3β + 8.155*10-5N² + 4.662*10-5Nβ – 3.546*10-7N³ 1.861*10-7N²β + 4.726*10-10N4 + 1.664*10-10N³β

(eq. 21)

Tab. 1: Average Day of the month (Duffie and Beckman, 2006)

Month

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

N

17

47

75

105

135

162

198

228

258

288

318

344

Figure 3 below is a plot of equation 21, i.e. showing how the factor F wpc varies with day of the year N and
angle of inclination β.
Hence the insolation (Htot) falling on the panel is given by:
Htot = Fwpc x Ht

(eq. 22)

where Ht is based on the clear sky conditions using equation 10 for the transmittance through the sky without
water vapour, particulates and clouds, azimuth = 0° (South) and albedo = 25%. The results for Htot are shown
below in figure 4 and are also included in the graphs of figures 1 and 2 (as Polynomial), and show a good
agreement with the values from PVGIS. The data from PVGIS is only available for each month of the year,
which explains why the plot of this data in the graphs is not a smooth curve. The value for each month was
plotted for day N as per table 1 above.
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Fig. 3: The factor Fwpc plotted against day N of the year for different angles of inclination of the panels, β (equation 21).
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Fig. 4: The daily insolation Htot plotted against day N of the year for different angles of inclination, β
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The second part of the computer program calculates the optimal angle for a given demand load D, which can be
characterised in terms of N, i.e. for every Ni a demand Di can be specified for a period of time going from a
specified day Nx to another specified day in the year Ny. The computer model calculates the angle at which the
plane would receive the maximum amount of radiation as well as the amount of radiation for a given period, e.g.
a full year or four winter months. It can also calculate the optimal angle for any demand (specified in terms of
N) in two ways.
One is by calculating the standard deviation for the ratio between the radiation falling on the panel and the
demand load on a daily basis for the specified period. A standard deviation is thus calculated for every one
degree of inclination and the optimal angle is defined as the angle that gives the lowest standard deviation, this
being the condition where the insolation curve and demand curve are closest, i. of “best fit” between the two
curves.
A second method involves calculating the area of the panel required to satisfy the daily load at every angle of
inclination. The maximum area is then chosen for each angle of inclination in order that the demand is satisfied
on every day in the period under investigation. The optimal angle of inclination is then the one that requires the
smallest of these maximum areas.
In the next section, the results of applying the program to a number of selected cases are presented. Although the
program can also calculate the effect of the azimuth, for the purpose of this paper, this was in all cases taken as
south facing.
4. Different Scenarios
Although many scenarios are possible, the following were the cases that were considered. All were applied to
Malta (latitude 35°54’and longitude 14°29’), with the panels facing south. For another site, a new Fwpc factor
would have to be established since this factor is site specific.
The first scenario is the most straightforward and calculated the optimal angle for maximum insolation over a
period. In the second case, it was assumed that the amount of heat required on a daily basis remains constant
over the period in question. The third calculated the optimal angle for the case of a solar water heater which is
supplying the same amount of hot water on each day of the period in question. The amount of energy required
on a daily basis varies and this was calculated by considering that the solar panels have to heat the water from
the ambient temperature to 650 C, which is the recommended temperature to avoid Legionella. The quantity of
hot water required was assumed to remain constant during the period
Three periods were considered:
1.

A full year

2.

Winter taken as 1st December to 31st March

3.

Summer taken as 1st June to 30th September
5. Results

For the full year, the optimal angle for maximum insolation is 32° with a total insolation received by unit area of
panel of 2182 kWh/m2, i.e. a daily average of 5978Wh/m2/day. This angle compares well with current practice
in Malta of installing PV panels at 30°, and with the results from other locations at roughly the same latitude as
mentioned in the Introduction. Table 2 below gathers together these results.
Tab. 2: The optimal angle for maximum insolation over a year.

Location
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Latitude

Optimal Angle

Reference

Hong Kong

22° 15’ N

20°

Yang and Lu

Adelaide

34° 55’ S

33°

Boland and Zekanovic

Khaktar Kalan

31° 36’ N

30.61°

Malta

35° 54’ N

32°

Kumar et al.
This work

The optimal angle for maximum insolation received over the winter and summer months and the total insolation
received at this angle were also calculated. The results are shown in table 3 below.
Tab. 3: The optimal angle of inclination for maximum insolation for different periods.

Period

Optimal angle for
maximum insolation

Total insolation for
the period, kWh/m2

Daily average insolation
for the period, Wh/m2/day

32°

2182

5978

51°

619

5116

15°

901

7385

Full year
Winter (1st December to 31st March)
st

th

Summer (1 June to 30 September)

As expected the optimal angle for maximum insolation in winter is steeper than that for the whole year, whilst
that for summer is much closer to the horizontal. The results for the other cases are shown in table 4 below.

Tab. 4: The results of the calculations for different cases.

Case

Method

Optimal angle
in degrees

Constant energy demand all year

Constant energy demand winter
months
Constant energy demand summer
months
Constant hot water all year

Constant hot water winter months

Constant hot water summer
months

Total insolation
for the period
kWh/m2

Daily average
insolation
Wh/m2/day

Best fit

64

1880

5151

Minimum area

56

2008

5501

Best fit

90

488

4033

Minimum area

56

616

5091

Best fit

46

792

6492

Minimum area

41

824

6754

Best fit

73

1700

4658

Minimum area

56

2008

5501

Best fit

90

488

4033

Minimum area

56

616

5091

Best fit

45

799

6549

Minimum area

41

824

6754

First of all, one notes that the two methods of establishing the optimal angle in table 4, give different results.
This should not be surprising since the two methods are calculating two different angles. The minimum area
method calculates the angle that results in the minimum area as long as the demand is always satisfied. The best
fit method gives the angle at which the collected insolation curve follows most closely the demand curve.
However, in this case there will be days when the demand is not satisfied. As can be seen from table 4, the
minimum area method, in all cases, results in a lower angle of tilt and higher insolation than the best fit method.
It will also be noticed that the minimum area method always gives the same result of 56° for the cases of
constant energy demand all year round and in the winter months and constant hot water demand all year round
and in the winter months. This is because in all these cases, the minimum radiation will occur on the same
day(s). The same happens with the minimum area for the summer months for the constant energy demand and
the constant hot water demand.
There is very little difference between the result based on the best fit for the constant energy demand and the
constant hot water demand for the summer months. This is because the constant hot water demand is based on
the difference between 65° and ambient temperature which varies very little over the four months of summer.
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The difference between the results for the constant energy demand and the constant hot water demand, based on
the best fit, is more pronounced.
6. Conclusions
A computer model to calculate the irradiation falling on a plane at a given angle of inclination and azimuth was
developed successfully for Malta. A factor was introduced to allow for the effect of water vapour, particles and
clouds on the amount of radiation transmitted through the atmosphere. The computer program can also calculate
the optimal angle of inclination for a given demand curve which is defined by specifying the demand for each
day of the year or period in question. Two different methods for determining the optimal angle were developed.
In one, the optimal angle is defined as the angle for the minimum panel area that always satisfies the demand.
In the other, the optimal angle is the one which gives the best fit between the demand curve and the insolation
curve. In this second method, the insolation curve (insolation vs day) follows as closely as possible the demand
curve, and results in a lower panel area since there will be days when the insolation is not enough to meet the
demand.
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THE PERFORMANCES OF THE HELIOCLIM DATABASES IN MOZAMBIQUE
Lucien Wald, Philippe Blanc, Mireille Lefèvre and Benoît Gschwind
MINES ParisTech, Center for Energy and Processes, Sophia Antipolis (France)

1. Introduction
The solar radiation reaching the ground level on horizontal surfaces is of paramount importance in many
applications, from climate to health (ESRA, 2000), and of course for the production of energy: heat,
electricity. This communication deals with the amount of energy received during a day on a surface of 1 m²
located at ground surface and integrated over the whole spectrum of the solar radiation. This density of
energy is called daily solar irradiation.
Meteorological networks measure the daily solar irradiation, also called daily solar exposure, and expressed
in MJ/m² or J/cm². Accurate assessments of daily irradiation can now be drawn from images acquired by
meteorological satellites (Cano et al., 1986; Diabaté et al., 1988; Solar Radiation Atlas of Africa, 1991;
Zelenka et al., 1999). Stations measuring daily irradiation on the long-term are rare and satellites are an
accurate way to complement or supplement them. Several initiatives are producing daily irradiation from
satellite images. Among them, are the HelioClim databases presented hereafter. These databases have been
qualified by comparison with measurements collected by meteorological stations. It has been concluded that
they can be exploited in confidence for the prediction of daily solar irradiation. However, most of the
comparisons were made for sites located in Europe and Northern Africa. As the interest towards Central and
South Africa increases, the question of the merits of HelioClim databases in this area arises. This
communication is a first step towards bringing a definite answer. It focuses on the country of Mozambique
for a beginning. Owing to the World Radiation Data Center, data from several stations are available and of
good quality. By comparing these data to daily irradiation contained in the HelioClim databases, we will
assess the uncertainty of HelioClim for Mozambique.
2. The HelioClim databases
The HelioClim project is an initiative of MINES ParisTech / Armines launched in 1997, to increase
knowledge on solar irradiation at ground level and to offer irradiation data for any site, any instant within a
large geographical area and large period of time, to a wide audience (Blanc et al., 2011a; Rigollier, Wald,
1999). It covers Europe, Africa and the Atlantic Ocean. Three databases were created: HelioClim-1 to -3,
abbreviated in HC-1, HC-2, and HC-3. Actually, the database HC-2 was created as a prototype of HC-3 and
was removed in 2010. The construction of these databases HC-1 and HC-3 is made by exploiting the
Heliosat-2 method (Rigollier et al. 2004) to convert satellite images into irradiation. The details of the
construction are described by Lefèvre et al. (2007) and Blanc et al. (2011a).
HC-1 offers daily solar irradiation for the period 1985-2005, i.e., for 21 years. It has been created from
archives of images of the Meteosat First Generation (MFG), and more exactly from a set of images in
reduced spatial resolution, called ISCCP-B2 data. Blanc et al. (2011) consider that HC-1 has an effective
pixel of 30 km in size in a first approximation. The validation of HC-1 has been performed for sites mostly
located in Europe and Northern Africa (Abdel Wahab et al., 2009; Lefèvre et al., 2007). The root mean
square difference (RMSD) between ground-based measurements and HC-1 for Northern Africa is
approximately 130 J/cm²; (Abdel Wahab et al. 2009). As for European and African stations, including a few
in Mozambique but for a period limited to 1994-1997, Lefèvre et al. (2007) found that the RMSD is fairly
similar for all stations and is approximately 250 J/cm².
HC-3 began in 2004—1st February 2004—and is updated daily. It exploits the enhanced capabilities of the
series of satellites Meteosat Second Generation (MSG) to deliver values of SSI every 15 min with a spatial
resolution of 3 km at nadir. HC-3 database has gone through extensive validation of 15 min and hourly
values. No article has yet been published on this validation, though the results for 29 sites—26 in Europe,
one in the Middle East, one in North Africa, one in South Africa—are published on the SoDa Service
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(www.soda-is.com/eng/help/helioclim3_uncertainty_eng.html). From these results, one can obtain a first
approximation of the RMSD for daily values, which is better than for HC-1 for the same stations.
These databases are available on the SoDa Service (www.soda-is.com) where data can be downloaded easily
(Gschwind et al., 2006). The whole database HC-1 is available for free on the SoDa Service. As for HC-3, its
access is restricted to paying customers, except for the year 2005 which is freely available.
3. Ground-based measurements
National meteorological services (NMS) usually measure solar radiation at a few sites. Data are sent to the
World Radiation Data Center (WRDC), located in Saint-Petersburg, in Russia, under the control of the
World Meteorological Organization (WMO). There the data are archived and published. For data prior to
1994, a joint effort by WRDC and the National Renewable Energy Laboratory (NREL) of the USA resulted
in an automatic delivery system of data based on Internet. Blanc et al. (2011b) discuss access to data for
Africa. We used this very convenient system to download the daily values.
There is a fairly limited amount of African stations offering long time-series of daily solar irradiation of
moderate to good quality available in WRDC. In the tropical and equatorial Africa, Mozambique is one
exception. Thirteen stations have reported radiation data to WRDC between 1985 and 1998. However, after
1998, only 3 stations reported radiation data with many gaps in data. At the time of writing, only 1 station
(Maputo) measures radiation data, the others have stopped or report sunshine duration only.
Quality of measurement is difficult to assess from the WRDC archives. All data are scrutinized at WRDC
and quality-flagged before entering archives. However, no information on quality is provided with the
radiation data. Thus, we have to consider that these data meet the requirements set by WMO (2008) for
international exchange: relative uncertainty is 5% to 10% for good to moderate quality.
Table 1 provides the location of the three stations selected in Mozambique. The selection was made on the
duration of the series of daily irradiation. The sites are in flat areas, separated by hundreds of km, and
therefore for a given day, the three sites experience different weather situations. The number of days having
valid values for both HC-1 and WRDC is of order of thousands for each site. Thus, the validation of HC-1 is
statistically representative. As for HC-3, only Maputo has data after 2003 and can be used for comparison.
Tab. 1: Location of the three selected sites in Mozambique and the period of measurements

Station name and WMO identifier)

Latitude (°)

Longitude (°)

Elevation
(m, a.s.l.)

Period

Beira (672970)

-19.58

34.54

10

1985-01-01 to
1997-02-28

Maputo (673411)

-25.58

32.36

70

1985-01-01 to
2009-12-31

Tete (672610)

-16.11

33.35

123

1985-01-01 to
998-12-31

4. Method for comparison
The quality of the ground data measurements of the global irradiation was controlled by the means of a Web
tool in order to remove suspicious data (see at www.helioclim.net, Geiger et al., 2002). We follow the ISO
standard (1995) to assess the quality of HC-1, or HC-3, versus ground-based measurements. We compute the
difference: estimated-measured for each day, and summarize these differences by the bias, the standarddeviation, the root mean square difference (RMSD), the percentiles 5%, 10%, 50%, 90% and 95% of the
difference. Values are also expressed in relative values with respect to the mean daily irradiation observed in
ground-based measurements. In addition, we compute the correlation coefficient as well as the parameters of
the regression line obtained by least-square fit. We performed this operation for all data merged together, and
for each year separately.
The clearness index is the ratio of the daily solar irradiation at surface to that at the top of atmosphere. The
clearness index quantifies the global transmittance of the atmosphere; it is very low when the sky is overcast
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and large, say 0.8, when the sky is very clear. In a comparison over one or several years, using clearness
index has the advantage of removing the seasonal effects due to changes in the geometry of the sun relative
to the earth. These changes are well reproduced in the HelioClim databases. Using clearness index shows
how much the HelioClim databases reproduce the cloud cover and the optical state of the atmosphere as a
whole. Therefore, we perform the comparison in daily irradiation and daily clearness index.
A limitation to the comparison between ground-based measurements and satellite-derived data is due to the
large differences in principles of measurements. Single point and temporally integrated data (ground-based
measurements) are compared to spatially integrated and instantaneous data (satellite estimates). An
assumption of ergodicity (e.g. here equivalence between the temporal and spatial averages) is usually made.
This assumption is correct only if the field is spatially homogeneous over an area much larger than a pixel.
This is generally false when a significant physiographic feature is present. Nevertheless, a discrepancy is
expected because of the natural variability of the irradiation in space; from the work of Zelenka et al. (1999)
on the natural variability of the hourly irradiation in space, Blanc et al. (2011a) wrote that a discrepancy of a
few percent relative to the mean daily irradiation should be expected in such comparisons. Other local effects
such as reflections on the surrounding slopes or the shadows of clouds may add to the difficulty in
comparison.
Another type of comparison is performed: HC-3 versus HC-1, as there is an overlap of 23 months in these
databases: from Feb 2004 to Dec 2005. Blanc et al. (2011a) discuss this issue. They underlined that the two
data sets have different spatial properties and that one should expect a discrepancy that is due to the change
in spatial resolution. In addition, the limited number of instantaneous satellite observations within a day used
to create daily irradiation has an effect which cannot be predicted easily as demonstrated by these authors.
Finally, using the previous comparison and the linear relationship that can be drawn between HC-3 and HC1, we have computed a new data set, called HC-3adjusted. In this context ―adjusted‖ means that this data set
results from an alignment of HC-3 onto HC-1, and is consistent with HC-1 data. A comparison is performed
between the ground-based measurements and HC-3, respectively HC-3adjusted. This is done only for the
station of Maputo since it is the only one having data after 2003.
5. Results
Figure 1 displays the correlogram between ground-based measurements (horizontal axis) and HC-1 (vertical
axis) for respectively, Beira, Maputo, and Tete. The identity line is also reported as well as the linear
regression line. The three stations offer similar results.
The correlation between series of data is strong. The scattering of measurements is fairly low: points lie
along the fitted line, whose slope is close to 0.9. There is an underestimation of the irradiation by HC-1. This
is particularly noticed for the largest irradiations. Outliers can be observed but there are only very few. The
correlogram for daily clearness index for Maputo is also displayed in Figure 1. The correlation is strong, too.
The features are similar to those observed in correlograms for irradiation. One may conclude that HC-1
reproduces well the day-to-day variations of the actual daily irradiation and of the daily clearness index.
The quality parameters for each station are presented in Table 2 for daily irradiation. As shown by the
graphs, the three stations exhibit similar results. The bias is negative: HC-1 underestimates the daily
irradiation. The bias is approximately -100 J/cm², and is approximately -5% of the mean daily irradiation
obtained from ground-based measurements. The scattering of the differences is limited: the RMSD ranges
between 270 J/cm² and 380 J/cm², i.e., 13% to 15% of the mean value. The correlation coefficient is large
and greater than 0.85. The slope of the regression line is fairly close to 1: it ranges between 0.83 and 0.87.
The results vary from one year to another. The bias can change by a factor 2. However, there are fairly small
relative changes in RMSD and correlation coefficient. Changes can be explained by i) the limited quality of
the ground-based measurements, ii) the limitations discussed above whose influences are a function of the
weather and cloud cover, and iii) by the known uncertainties of the outcomes of the Heliosat-2 method as a
function of these same quantities and others, such as the ground albedo that vary during time (Espinar et al.,
2009).
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Figure 1. Correlogram between ground-based measurements (WRDC) and HC-1 for the station Beira (upper left), Maputo
(upper right), and Tete (lower left). On lower right, correlogram between WRDC and HC-1 for Maputo for daily clearness
index.

Table 2. Comparison between HC-1 and WRDC for daily irradiation. Percentages are relative to the mean daily irradiation
observed in ground-based measurements.

Beira

Maputo

Tete

Mean value (J/cm²)

2018

1917

2061

Number of days

3403

7265

3716

Bias (J/cm²)

-111 (-5%)

-101 (-5%)

-90 (-4%)

Standard-deviation (J/cm²)

259 (13%)

251 (14%)

297 (15%)

RMSD (J/cm²)

282 (13%)

270 (14%)

310 (15%)

Correlation coefficient

0.900

0.932

0.849

Least-square fit. Slope

0.867

0.889

0.834

Least-square fit. Intercept (J/cm²)

156

112

253

Similarly to Table 2, Table 3 displays the quality parameters for each station but for daily clearness index.
Expectedly, the three stations exhibit similar results. The bias is negative: -0.03; the RMSD has a limited
range: 0.08 – 0.09, i.e., 13% of the mean value of the daily clearness index. Expectedly, the correlation
coefficient is smaller than that for the daily irradiation. However, it is still large and greater than 0.82. The
slope of the regression line is fairly close to 1: it ranges between 0.87 and 0.89.
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Table 3. Comparison between HC-1 and WRDC for daily clearness index. Percentages are relative to the mean daily clearness
index observed in ground-based measurements.

Beira

Maputo

Tete

Mean value

0.59

0.59

0.60

Number of days

3403

7265

3716

Bias

-0.03 (-5%)

-0.03 (-4%)

-0.02 (-3%)

Standard-deviation

0.07 (12%)

0.07 (12%)

0.08 (13%)

RMSD

0.08 (13%)

0.08 (13%)

0.09 (14%)

Correlation coefficient

0.872

0.904

0.817

Least-square fit. Slope

0.877

0.894

0.870

Least-square fit. Intercept

0.042

0.034

0.054

We have further proceeded with the comparison between HC-3 and HC-1 for the overlapping periods: 20042005, and the three stations. Figure 2 displays the correlogram for the Maputo site. HC-3 provides larger
values than HC-1 as a whole. HC-3 and HC-1 are very close for large values around 3000 J/cm². Similar
observations are made for the three stations. The scattering of the points is very limited; the standarddeviation is approximately 250 J/cm². The correlation is large: greater than 0.88 for irradiation, and 0.89 for
clearness index.

Figure 2. Correlogram between HC-1 and HC-3 for the Maputo station. Period: 2004-2005.

The points lie quite well along a straight line. Taking the mean value for the three stations of the parameters
of the straight line, we can write:
HC3adjusted = 0.977 HC3 -179, in J/cm²
where HC3adjusted is a new version of HC-3 that is fully consistent with HC-1. Figure 3 displays the
correlogram between HC-3adjusted and ground-based measurements for all available days in the period
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2004-2009. Only Maputo is dealt with as it is the only station having data after 2004. HC-3adjusted
underestimates the daily irradiation measured at the Maputo station as a whole. Expectedly, the agreement
between ground-based measurements and HC-3adjusted is very good.

Figure 3. Correlogram between ground-based measurements (WRDC) and HC-3adjusted for the Maputo station. Period:
2004-2009.

Table 4 reports figures of merit for HC-3 compared to ground-based measurements (WRDC) in Maputo, as
well as for HC-3adjusted. Only days in the period 2004-2005 that are valid for both HC-3 and HC-1 are
used, so that a comparison can be made with HC-1. This comparison is reported in Table 4.
Table 4. Maputo. Comparison between HC-3 and WRDC, and between HC-3adjusted and WRDC, for the coincident days in
2004 and 2005.

HC-1

HC-3

HC-3adjusted

Mean value (J/cm²)

1821

1821

1821

Number of days

683

683

683

Bias (J/cm²)

-63 (-3%)

140 (7%)

-84 (-4%)

Standard-deviation (J/cm²)

235 (12%)

203 (11%)

202 (11%)

RMSD (J/cm²)

243 (13%)

247 (13%)

219 (12%)

Correlation coefficient

0.936

0.949

0.949

Least-square fit. Slope

0.969

0.926

0.905

Least-square fit. Intercept (J/cm²)

-7

275

90

As expected from Figures 1 and 2, HC-3 overestimates (positive bias) the observed irradiation, while HC-1
and therefore HC-3adjusted provide an underestimation. As discussed in section 4, a difference is expected
between the various data sets. The differences between figures of merit for HC-3adjusted, HC-3 and HC-1
are very similar, except for the bias, and the intercept of the least-square-fit.
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6. Conclusions
Overall, we have found that the HelioClim databases reproduce well the daily solar irradiation at ground
level observed in Mozambique as well as its day-to-day variations.
The three studied sites show no difference in performance. These performances are similar to those obtained
by Lefèvre et al. (2007) in a similar study but limited to the years 1994 to 1997. This supports our present
conclusions.
The RMSD found for European and African stations in Lefèvre et al. (2007) is fairly similar for all stations
and is approximately 250 J/cm². This value is very close to the value found here. In Northern Africa, the
RMSD is much smaller and is approximately 130 J/cm²; the performances of HC-1 are much better in this
region likely because of the very frequent clear sky conditions. The previous studies (Abdel Wahab et al.,
2009; Lefèvre et al., 2007) have reported that the quality of HC-1 is comparable to that of similar databases
among the best ones.
This study contributes to the great effort made to assess the merits of the HelioClim databases. We found that
the HelioClim databases offer similar performances in Mozambique than in the northern hemisphere. This
extends the area where the daily irradiation values extracted from the HelioClim databases have a proven
quality.
HC-1 contains consistent time-series of daily solar irradiation for a 21-year period. Even if uncertainty is
currently too great for accurate analyses of climate change, the availability of these time-series for virtually
any location in Mozambique should help any community interested in climate applications to perform steps
towards a better knowledge of the daily solar exposure and its variation over recent years. This period is long
compared to what is usually available in WRDC for recent decades. HC-1 can be combined with time-series
of ground-based measurements available for previous periods, such as made in Egypt to form much longer
time-series (Abdel Wahab et al., 2009).
HC-1 is now an element of the precursor radiation service of the GMES atmosphere service. GMES (global
monitoring for environment and security) is the European programme for the establishment of a European
capacity for Earth observation. It consists in a complex set of systems which collects data from multiple
sources, process them and provide users through services in six domains: land, atmosphere, emergency,
security and climate change (www.gmes.info). HC-1 is available for free on the SoDa Service (www.sodais.com). Data can be downloaded easily. This availability aims at facilitating the use of the HC-1 database.
The HC-3 database began in 2004 and is updated daily. Eight years are now available. Its performances in
Mozambique are similar to those of HC-1 though only one station is available for the comparison. HC-3 is
also available in the SoDa Service, though it is for-pay, except the year 2005 which is for-free. HC-3 is also
part of the GMES atmospheric service.
We have shown that HC-3 can be adjusted onto HC-1 in order to create a consistent data set spanning from
1985 up to today, thus enabling long-term studies of daily solar irradiation at ground level and its changes in
space and time.
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THE REPERCUSSION OF THE SIMILARITY OF DISTRIBUTION PARAMETERS
OF MODELLED AND MEASURED IRRADIANCE DATA SETS ON THE
ACCURACY OF PERFORMANCE ESTIMATES FOR SOLAR ENERGY
SYSTEMS
Hans Georg Beyer
University of Agder, NO-4898 Grimstad, Norway

1. Introduction
Within the framework of the IEA-SHC Task36 (see e.g. Renné 2009) a comprehensive scheme for the
assessment of the quality of solar radiation products had been developed (see Espinar et al. 2009) . Besides
the conventional measures for model quality as mean bias error MBE and root mean square error RMSE,
second order measures motivated by the Kolmogorov-Smirnov test for the similarity of distribution functions
are taken into account.
Applications of this scheme have been used for a scanning of different modeling procedures for global and
direct irradiances. Both had been performed within the IEA Task 36 and e.g. the EU-project MESoR (see
Hoyer-Klick et al 2010) and the German project SESK (see e.g. Meyer et al. 2009). They have revealed that
today’s procedures for the assessment of irradiance from satellite information are basically capable to
produce bias free modelled sets. This holds for both, information on global and direct irradiance. Taking a
look at the similarity of the distribution functions however, it has to be stated, that there is still a lack in
representing the respective characteristics by the modelled data (Schumann et al. 2011 show work on
reducing this discrepancies). Using the error measures as proposed by Espinar et al 2009, this shortcoming is
e.g. reflected by elevated values of the parameter KSI (Kolmogorov-Smirnov integral, see below for a
definition).
To judge profoundly about the consequences for the applicability of modelled data sets for the analysis of
solar energy systems on the basis of these quality measures, information on the sensitivity of the system
performance to the respective statistic properties of the input data is needed.
This is demonstrated here for systems, showing the basic response features of small scale solar thermal
systems (nonlinear response to global irradiance) or large concentrating solar power (CSP) systems
(nonlinear response to direct normal irradiance)..
2. Error measures for the quality of radiation products
In this paper, the error measures ‘mean bias error’ MBE, ‘root mean square error’ RMSE and ‘KolmogorovSmirnov Integral’ (KSI) are used for model characterization. MBE and RMSE are defined as follows:

1 n
∑ (Ge (i) − Gm (i))
n i =1
n : number of data pairs
Ge (i ) = modelled (estimated) value
MBE =

(eqn. 1)

Gm (i ) = measured value
RMSE =

1 n
∑ ( Ge (i) − Gm (i) ) 2 (eqn. 2)
n i =1

The KSI is defined on the basis of the cumulative distribution functions of measured and modelled data,
Fig.1a gives an example for cumulative distribution functions (daytime data only) of ground measured and
satellite derived direct normal irradiance DNI. The absolute deviations between these distributions are given
in Fig. 1b.
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Fig. 1a: Cumulative distributions for ground measured
and satellite derive data sets of direct normal irradiance
(DNI). The data refer to one year of data (daytime only).
Location is in Spain. The MBE amounts to 7% of the
ground measured mean.

Fig. 1b: Absolute difference of the cumulative
distributions as given in Fig. 1a. Data are analyzed for
irradiance classes of width 10W/m². These data refer to a
KSI of 43 W/m².

KSI gives an integral measure of the similarity of the distributions. In a discreet formulation, using irradiance
classes of width ∆G, this is given by:

Dn = F (Gn ) − R (Gn )
F (Gn ) : cummulative distributi on of measured data
R (Gn ) :: cummulative distributi on of modeled data

(eqn. 3)

KSI = ∑ Dn ∆G
i

∆G = class width
For the example given, the KSI value is determined to be 43 W/m².

To give more impressions of the range of KSI values attainable by state of the art modelled data sets together
with the appearance of the disagreements of the distribution curves, in Fig.’s 2-4 another example for DNIsets and two examples analyzing global irradiance data sets are given. For these examples, there is no bias.

Fig. 2: Same presentation as Fig. 1a, but for other location and model used to derive DNI-values from satellite data. For this
example there is no bias (MBE = 0). The KSI amounts to 51 W/m². Set is labeled C.
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Fig. 3: Same presentation as Fig. 1a but for sets of global
irradiance, location Switzerland. In this case, the modelled
data are generated with a tool to derive the time series
from given monthly means (WetSyn [Maier et al 2002]).
This results in a modelled set with MBE = 0. The KSI
amounts to 17 W/m². Set is labeled A.

Fig. 4: Same presentation as Fig 1a but for sets of global
irradiance, location UK. Model data are derived from
satellite information. Bias of the deviations is 0, KSI
amounts to 6 W/m². Set is labeled B.

3. System reaction
To analyze the influence of the characteristics of the difference data sets on system performance, simple
generic models for the system reaction are applied here. Systems are assumed to have instantaneous reaction
only, i.e. the sequential characteristic of the time series are not analyzed here.
Two types of (nonlinear) system reaction are discussed here. The first – motivated by the basic response
characteristics of solar thermal collectors – shows a linear response to the difference of the irradiance to a
threshold value. This characteristic is depicted in Fig. 5, indicated by ‘lower limit’ The second response
characteristic – motivated by the typical response of concentrated solar power systems (CSP) – introduces an
additional ‘upper limit’ (corresponding to the rated conditions of the system). For irradiance above the
threshold value, the power output remains at the rated power (see curve ‘lower/upper limit’ in Fig. 5.

Fig. 5: Generic response characteristics of systems to irradiance. ‘Lower limit’ mimics the response of solar thermal collectors,
‘lower/upper Limit’ those of solar thermal power stations. The ‘linear’ response is given for comparison.

4. System performance under different irradiance distributions
Using the system characteristics given above, the mean power output of systems for irradiance conditions as
given by different distribution characteristics can be evaluated.
For the purely linear response, the mean power output, or the energy gain, is proportional to the mean value
of the irradiance. The mean bias deviation of irradiance is directly transferred to the deviation in energy gain
without respect to details of the irradiance distribution. Using the nonlinear response characteristics, system
response to sets with identical mean may split off according to different distribution characteristics.
This is first demonstrated for systems with the ‘lower limit’ response, reacting to the sets measured and
modelled global irradiance given by A and B described above. Systems characterized by different values of
the ‘start up-irradiance’ giving the lower limit are analyzed. It should be noted, that this type of calculation
dates back to the utilizability concept developed in the mid of last century (see e.g. Whillier 1953)
Fig. 6 gives the relative differences in energy gain - labeled ∆E – from application of measured and modelled
irradiance distributions. Data is given in dependence of the lower limit value.
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Fig. 6: Relative differences of energy gain ∆E as determined using the measured and modelled irradiance distributions from set
A (ex.1) and B (ex.2). Energy gain is determined for systems with ‘lower limit’ response, using different values of the irradiance
value for the lower limit.

These results prove that apparently small deviations of the cumulative distributions may cause significant
differences in the system response. For higher values of the lower limit, the magnitudes of the deviations are
well correlated to the KSI value (17 W/m² for set A, 8 W/m² for set B).
The estimation of the reaction of systems with the ‘lower/upper limit’ response to variations of the
distribution characteristics is performed based on DNI data sets given ground measured and modelled by
example C. For a more systematic evaluation of the influences of distribution variability, a scheme for an
artificial distortion of the model distribution is used. The distortion is designed to keep the mean of the data
set constant, but allowing for the creation of distributions showing different values of the KSI when
compared to the measured data. Fig. 7 gives an example for a distortion function to be added to the basic
cumulated distribution. Total area under the distortion function is 0 to assure the preservation of the mean.
Fig. 8 gives the distribution of measured and the modelled sets and the artificially distorted distribution. By
variation of the amplitude, the KSI values for the distorted distributions may be gained.

Fig. 6: Distortion function to create
distribution functions with varying values of
KSI form given distributions. The ∆Dn values
given here have to be added to the distribution
to be manipulated. Function is designed to
keep the mean of the distribution constant.

Fig.7: Same presentation as Fig. 2 (Set C) but with an artificially
distorted distribution (var) added. In this case, the KSI is augment to
72W/m2.

Using this scheme, a set of 5 artificial distributions is created with KSI values ranging from 34 – 97 W/m²
relative to the measured set. This ensemble is given in Fig. 8. This range of KSI values is choosen according
to the values as gained by the data analysis in the MESOR and SESK Projects.
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model KSI = 51 W/m²
var1 KSI = 34 W/m²
var2 KSI = 34 W/m²
var3 KSI = 72 W/m²
var4 KSI = 85 W/m²
var5 KSI = 97 W/m²
ground

Fig. 8: Ensemble of different distribution functions giving the mean bias of 0 as compared to the distribution of the ground
measured set (green curve). The respective KSI values are indicated.

The system response to these distributions is analyzed here for systems with a fixed lower limit (start up
irradiance) of 200 W/m² and an upper limit varying from 900 - 700 W/m². The resulting relative errors are
given in Fig. 9 as function of the KSI values of the modelled/modified sets,

Fig. 9: Relative differences in energy gain when various modelled/modified DNI distribution functions as compared to the
application of the distribution function of the measured data, given as function of the KSI values of the sets. The system
response used is the ‘lower/upper limit’ model (see Fig. 5). For the lower limit, a fixed value of 200 W/m² is used, the upper limit
varies from 1000 – 700 W/m².

It can be remarked that for given value of the upper limit, the errors are well correlated to the KSI data. For
the interpretation of the differences in the resulting error for systems with various values of the upper limit,
the relative position of the threshold values on the distribution curves – which also effects efficiency curve of
the system, the location and the initial sign of the dominant contributions to the KSI - have to be taken into
account. Thus, a precise determination of the performance errors, caused by deviations in the distribution
characteristics has to rely on a system specific calculation.
5. Conclusions
The nonlinear response of most solar energy systems to the irradiance causes sensitivity to irradiance
distribution beyond the obvious influence of the data mean. Thus, schemes for modelling irradiance data
have to be checked for both, ability to represent correct means and sufficiently similar distribution
characteristics. Non-perfect matching of the modelled distributions my cause errors in estimated performance
figures a compared to the figures derived from measured data. Examples for these deviations in a simple

4049

performance figure - the energy gain of solar thermal systems as calculated by a static nonlinear response have been given here. Differences in energy gain in the range of up to 10-20% may be caused by the
deviations in the distribution function as given by state of the art data modelling tools. The differences in
performance of systems with given configuration and system parameters in general show – for modelled data
sets giving the correct mean – clear correlations to the error measure KSI, which tests the similarity of the
cumulative distribution function of measured and modelled data. As however, the deviations in performance
are to a high degree influenced by details of the system response, as demonstrated here for the influence of
threshold values, a unique simple link of KSI and performance error cannot be given. As a consequence,
working with modelled data showing elevated values of KSI for analyzing systems with complex response,
requires special attention to the respective error propagation.
6.
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Abstract
In this paper features of radiation are studied, which may be used selecting its alternating fragments. Among
studied features are deviation and standard deviation from the moving average value of irradiance, sum of
increments and difference between envelopes of the recorded dataset. The analysis has been made using
EXCEL worksheets and its standard functions. Preferred feature for the selecting is deviation, which exceeds
the conceded value. This approach minimizes the computation and allows selecting previously recorded
datasets. Method of data selecting has been used for analysis of alternating radiation in Estonian summer in
seasons 1999 –2002, which has a high share – 50% of the daytime.
Key words: solar irradiance, alternating fragments, EXCEL worksheet.
1. Introduction
Studying (fast) dynamical properties of solar radiation stable (or slowly changing) radiation is out of
importance and its recording is redundant. In (Tomson, 2010) the problem has been solved by a specialized
hardware. Recording is switched ‘on’ only then while during a 10 minutes interval increment of the radiation
has twice (four times, switch able) surpassed a threshold value in regard of its moving average, assessed by a
low-pass filter. This method is valid for new measurements and the hardware has to be designed. While we
have no specialized hardware or have to analyze an old continuously recorded dataset, another approach has
to be used. In this paper we study feature of the changing solar radiation, which can be used to select fast
changing fragments of the formerly recorded datasets – for the analysis or saving in the memory. We expect
that dataset has been recorded digitally. We will use the EXCEL worksheets and its standard functions as
much possible. Writing a specialized program for the data selection is enabled only then while these features
are assessed and rationalized. Selected features will be used to analyze dynamical properties of solar
radiation in the Estonian summer season.
2. Concepts being used
Input dataset G(t) of the global irradiance on the horizontal (or tilted, no sense) plane will be processed
where t∈{...ti-1, ti, ti+1...} are sampling instants with the sequence numbers i∈{1, 2...n}. We will use a
sequence number only then, while a certain time instant has to be indicated. The global radiation, which is
transformed to energy yield, is preferred. Also, it is most simple to measure.
Sampling interval (period) ∆t = ti+1 – ti is a time interval between two sampling instants in sequence. Most of
authors studying fast processes of solar radiation are using 1 minute sampling period (Gansler et al., 1995;
Soubdhan and Feuillard, 2005; Tomson and Tamm, 2006; Tovar et al., 1998). BSRN methodology
(McArthur, 2005) calculates one-minute data as average values of six measurements during the said minute.
(Tomson and Hansen, 2010) shows that such methodology isn’t the best considering dynamics of radiation,
but it is common praxis and cannot be ignored. (Paulescu and Badescu 2010) uses ∆t=15 sec long sampling
interval and (Tomson, 2010) ∆t=1 s sampling interval. Hardly shorter sampling intervals are required to
study the dynamic processes of solar radiation.
Processing interval T is a time interval to calculate a generalized value of the process under study. A single
value G(ti) may be a random number and can not considered as characteristic parameter. Therefore is suitable
to operate with generalized during T values, with average value G(T) = Σ(G{t})/n where n is number of
instants inside the T, (simple) deviation δG(t)=G(t) – G(T), standard deviation σ G(T) and so on. Is expedient
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to choose T>>∆t, but this choice is not critical. Standard deviation is defined as usual (Bendat and Piersol,
2000)

σ G (t ) =

n ⋅ Σ(δ G (t ) 2 − (Σ(δ G (t )) 2
.
n ⋅ (n − 1)

Radiation interval Tr is duration of sunshine between shadows of fast moving clouds Cumulus humilis or
Cumulus fractus, which exists mainly in conditions of single-layer clouds. Irradiance in these intervals is
assessed mainly due beam radiation Gb(t).
Shade interval Ts is duration of shadows in the same conditions. Irradiance in these intervals is assessed due
diffuse radiation Gd(t).
Period of clouds Tc is sum of both in sequence Tc = Tr + Ts and a random variable. Severely we should use
“period” but we will omit the quotation marks to simplify the text.
Exposition interval Te is a time interval during which the selected data will uploaded (saved in the memory)
or plotted as diagram.
3. Analysis of data in the seconds range
The analysis is based on recorded data of ten days with alternating radiation in summer 2008 at Tallinn
University of Technology. We will study dynamical properties of radiation in three zones: in (longer) sunny
windows, under (longer) clouds and in the time intervals with intensive large-scale fluctuations between
these both. Results are presented in Table 1 and Fig. 1. Processing interval T differs because stable intervals
of the radiation are short compared to fluctuating intervals.
Tab. 1.

Regime

G(T),

δ G(t),

−2

−2

Wm

Wm

σ G(T),
−2

Wm

∆G(t),

Duration, s

−2 −1

Wm s

Sunny window

T =10 s

788.7

2

1.6

2

maxTr = 83

Alternations

T =35 s

542.3

55.5

38.1

15.7

–

Shade

T =10 s

203.2

1.1

0.8

1.1

maxTs = 241

G(T), δ G(t) and σ G(T) were defined above, ∆G(t) = G(ti+1) – G(ti) is increment of irradiance.
In Fig. 1 We can see, that most of time intervals in conditions of highlighted type of clouds stay less than
30 s. Probable maximal durations of shadows and sunny windows are of importance too as it is suitable to
avoid interruptions in datasets, while general situation shows alternating radiation. Therefore is expedient to
chose Tc >T. How much, is not critical.

Fig. 1: Frequency distribution function of the duration of characteristic time intervals T∈
∈{Tr, Ts, Tc}
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Fig. 2: Dependence of dynamic parameters of alternating radiation on relative duration of the processing interval

It is essential that all dynamical parameters δ G(t), σ G(T) and ∆G(t) in fluctuations are dependent on the
processing interval

σ σ 10 s → = δ δ 10 s = (T T10 s )0.57 (eq. 1)
what is shown in Fig. 2 where σ10s=σ @10s. This dependence is weak and even recalculated values of
dynamic parameters in the zone of large-scale fluctuations stay significantly larger than in zones of stable
radiations. All these dynamical parameters can be used for the selection purposes.
4. Procedure statement
Flow diagram of following procedures is shown in Fig. 3.
Step

Operation

Comments

1. Input data
2. Moving average

T∈{10 s, 30 s, 60 s…}

3. (Centered) deviation
4. Standard deviation
Te =180 s (example)
5. Assessing exposition interval

σ Glim=20 Wm–2 (example)
δ Glim=20 Wm–2 (example)
User defined function

6. Selection of output data

(look the text)
Fig. 3: Flow diagram of procedures for data selection

Using EXCEL standard function “AVERAGE(…)” the moving average G(T) is calculated using T∈{30 s,
60 s …}. This is a new column.
The centered deviation is calculated δ G(t) = G(t) – G(T). This is a new column.
Using EXCEL standard function “STDEV(...)” the standard deviation is calculated for the centered deviation
δ G (t) (if this criterion will be used; otherwise this procedure is omitted). This is a new column.
Using EXCEL standard function “MAX(...)” the local moving maximum maxσ G(Te) is calculated with the
window Te>T. This is a new column. Te∈{90 s, 120 s …}.
Using a users defined function “repeat(adr,lim,val)“ the selection will made. The said function is described
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below. Here “adr” is the column of input data G(t), “lim” is a conceded value of the dynamic parameter
σ Glim (or δ Glim). This is conceded significantly larger than typical value in intervals with stable radiation (for
instance σGlim = 20...50 Wm–2). „val“ is input data to be selected G(t)  Go(t). This is the last column, the
result of selecting.
The said users defined function “repeat(adr,lim,val)“ in the Visual Basic worksheets is following: Function
repeat(adr, lim, val)
If adr > lim Then
repeat = val
Else
repeat = 0
End if
End Function
Resulting dataset Go(t) Fig. 4 and Fig. 5 consists alternating values of G(t) and zero values in the intervals
with stable values of G(t) an can be made denser by the “SORT” function.

Fig. 4: Selected (1s) dataset Go(t) on the basis of standard deviation (T=30 s; Te=180 s, σGlim=20 Wm–2)

Fig. 5: Selected (1s) dataset Go(t) on the basis of deviation (T=30 s; Te=180 s, δGlim=20 Wm–2)

Analogous procedures have been used, while we will make the selection using other parameters.
5. Other possible features
Alternating and non-alternating fragments of the dataset can be selected also by other features.
1. For instance due sum of (absolute values) of increments during the processing interval, which have to be
larger than a conceded control value Σ|∆G(T)| > ∆Glim. Fig. 6 shows the result of the selection. In this case
steps 2, 3 and 4 are omitted and exchanged
With calculation of increment ∆G(t) and sum of its absolute values Σ|∆G(t)|>∆Glim.
2. For instance due difference of envelopes
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∆G(T) = maxG(t,T) – minG(t,T)<∆Glim,
where maxG(t,T) is the maximal value of G(t) inside the mowing processing interval. Correspondingly
minG(t,T) is the minimal value of that. The result is shown in Fig. 7.Here Te=T to demonstrate the necessity
of Te>T: output dataset Go(t) has frequent interruptions.

Fig. 6: Selected (1s) dataset Go(t) on the basis of the sum of increments (T=30 s; Te=180 s, ∆Glim =1000 Wm–2)

Fig. 7: Selected (1s) dataset Go(t) on the basis of the difference of envelopes (T=30 s; Te=30 s, ∆Glim =200 Wm–2)

Interruptions should be suppressed using long T = Te ≈1…3 min.
Comparison of diagrams Fig. 4 – Fig. 7 shows that all explained procedures results nearly the same.
Therefore the selection on the basis of deviations δ G(t) is most rational as it requires minimum of
computation.
6. Analysis of the minutes range
Considerable amount of radiative information is recorded by the BSRN methodology (McArthur, 2005) as
average values over 1 minute sampling interval (six averaged values). Although this methodology isn’t the
best considering dynamic processes (Tomson and Hansen, 2010), it is common and unified. Therefore we
will analyze recorded at Tartu-Tõravere Meteorological Station (= Tartu Observatory, TO1) datasets in
summer seasons 1999 – 2002 using designed selection tool. On the basis of five selected day (with partly
stable and partly alternating radiation) generalized features Table 2 of dynamic parameters were assessed.
Tab. 2.

Regime

G(T),

δ G(t),

−2

−2

Wm

Wm

σ G(T),
Wm−2

Duration, min

Sunny window

T =10 min

752.9

2..5

2.1

max Tr =34

Alternation

T =30 min

585.5

143.9

93.2

–

Shade

T =10 min

189

12.6

9

max Ts= 41

1

Detail description of TO is published in Russak,V and Kallis, A. Handbook of Estonian solar radiation climate.(2003). Ed. by
Tooming, H, EMHI, Tallinn. In Estonian, but illustrations, diagrams and data tables in English.
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“Duration” is defined for a window or shadow inside an interval of generally alternating radiation. Outside of
such sunny interval (or shadow) may last several hours. Considering Table 2 the exposition interval is
conceded Te =3T = 90 min (1.5 h). An example is shown Fig. 8.

Fig. 8: Selected data Go(t) on the basis of deviation (T=30 min; Te=90 min, δGlim=100 Wm–2)

7. Analysis of the solar radiation in estonian summer season
Using the designed selection tool quality of solar radiation, affected by alternating clouds was investigated in
the summer seasons 1999 – 2002 during May, June, July and August which are the most productive (solar
energy in mind). Generalized results are presented in Table 3.
Tab. 3.

–2

G, Wm
kA

–2

E(d), kWhm

–2

QG, kWhm

1999

2000

2001

2002

average

σG %

396.9

326.5

369.9

402.3

373.9

9.3

0.49

0.49

0.54

0.456

0.50

7.2

5.563

4.572

5.090

5.640

5.22

9.5

3.888

3.122

3.389

4.095

3.62

12.3

In the table 3 G is average irradiance during season, kA is relative duration of alternating radiation between
5:00 – 19:00 local time (EET – Eastern European Time) and E(d) – average energy per day. The last row QG
is a formal parameter trying to evaluate the quality of radiation:

QG = E (d ) (1 + k A )
(eq. 2)
Evident, that higher daily energy production increases the quality of the radiation and its alternation reduces
it. In clear days QG = E(d), which is the maximum. There are few clear days Tab. 4, but absolutely overcast
days (kA = 0) are even less.
Tab. 4.

Clear days, kA = 0

Overcast days, kA = 0

1999

10

1

2000

6

6

2001

6

2

2002

15

0

Relative duration of the alternating radiation kA = 0 characterizes both sunny and overcast days. Last column
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of the table 3 shows standard deviation of each variable from year-to-year. Ironically alternating radiation
(alternating clouds) is the most stable quality of the radiation climate here. There exists a negative correlation
between duration of cloudiness and daily energy yield Fig. 9, what is normal.
Some unexplained anomaly can be found for the years 1999 and 2000 – at the equal kA their daily energies
are different. In these years cloudiness does not differ considering daily or monthly distribution. Although in
1999 was realized 81% of potential energy at the kA = 0.492 and in 2000 realized 66% at kA = 0.495. Reason
of that anomaly is not clear.

Fig. 9: Daily produced energy E(d) has negative correlation with amount of clouds

Daily distribution of alternating radiation (cloudiness) FA should be of interest Fig. 10.

Fig. 10: Daily distribution of the frequency FA of alternating radiation

This distribution is not symmetrical considering noon: FA(AM) = 47.6% and FA(PM) = 52.4.6%. Early in the
morning and late in the evening no alternating radiation is available, but it results from the low altitude of the
sun and low value of the global radiation on the horizontal plane. To control this hypothesis summer season
2002 was analyzed in parallel concerning global radiation G(02) and its beam component Gb(02) Fig 11.

Fig. 11: Frequency of (fast)alternating clouds assessed by global radiation G(02) and its beam fraction Gb(02)

Analyzing beam radiation clouds are distributed much uniform during the day. This analysis did turn the
attenuation on the fact that changes of the radiation are more deep and crucial when using beam radiation.
This property is shown in Fig. 12, where a two hour long of recording is shown for the global radiation G(t)
and its beam component Gb(t). Bold lines MG(t) and MGb(t) are the magnitudes of springs between upper
envelope maxG(t) and lower envelope minG(t). Correspondingly between maxGb(t) and minGb(t).
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For the global radiation the magnitudes are assessed as differences between maximum and the diffuse
radiation level, for the beam component between maximum and zero level. In the example
MGb(t)/MG(t) = 1.32, which is a considerable value. Usage of concentrating and tracked collectors in the
conditions of alternating radiation (clouds) may involve additional problems due dynamics of PV-electricity
generation.

Fig. 12: Behavior of irradiance at alternating radiation: G(t) is the global radiation and Gb(t) its beam component

8. Conclusions
Preferred feature for the selecting of alternating fragments of recordings is deviation, which exceeds the
conceded value. This approach minimizes the computation and allows selecting previously recorded datasets.
Summer seasons in Estonia have high share of (fast) alternating radiation. Usage of concentrating and
tracked collectors in the conditions of alternating radiation (clouds) cannot be recommended.
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SWC – SOLAR ACCESS VARIATIONS IN MIXED URBAN FABRICS_LEVENT
CASE
Esra Sakinc
Yildiz Technical University, Istanbul (Turkey)

1. Introduction
With the growing interest in sustainability, the use of sunlight has begun to play a major role in building
design as solar access properties of a building has vital importance on its energy efficiency. Solar access and
its continuity is also vital for systems reliant on solar energy and for the development of solar technologies.
Beyond its rationalist benefits sun, provides significant value in a built environment, for the people who use
its spaces. The solar rays that reach indoors increase the property value by enriching the quality of space.
Similarly, the access of sunlight in outdoor areas is necessary and valuable for the growth of vegetation,
quality of public space, and the encouragement of social activities. (DOE, 1993)
Energy efficient buildings are designed according to the promise that they will have the same solar exposure
for the life of the building. But this is not a permanent fact of developing cities; especially for those that have
a rapid vertical growth because tall buildings overshadow their environment and change the solar access
properties of the surrounding buildings. The extent of solar access changes can cause to serious reduction in
energy and effect life quality in a space. Further more this fact is rarely percived by the property owners or
users because of the dynamic shadow regime and climatic, atmospheric conditions. So anyone may never
know what he or she has lost until facing problems related to this fact.
Although there are legal regulations about solar rights in some countries, most of them focus on solar energy
systems(Anders S., et al., 2007) and there is still the danger of ignoring sun at the development of cities in
many countries. Today there are lots of formations that high rise and low rise urban fabrics are adjacent to
each other in many cities. And it is a known fact that there are serious solar energy reductions at low rise
buildings especially ones that are close to tall buildings. But it is also a fact that there is not a social
consciousness about this issue and the loss of sun rarely becomes subject of a social discussion.
For an understanding of the issue with all aspects, quantitative and visual studies on the actual examples have
great importance. Therefore this study deals with the answer of “what is the extents of solar access variations
in mixed urban fabrics?” and “if using sun light -as a natural source- is a right of property ownership; then do
the solar access variations that occurs because of the changing of urban fabric causes to any injustice?”. As
an open-ended study, the main objective of this paper is to point a problem rather then to find a solution, in
other words the aim of this paper is to contribute to solar rights discussion by showing the extents of solar
access variations that occur because of the urban fabric differentiations by a case study. These kinds of
studies are useful for understanding solar admittance on urban fabrics as a guide to assess the potential of
renewable energy utilization and I also believe that visualizing the solar access differences and showing
extends of the energy variations, may produce strong instruments to create community awareness and make
pressure on authorities.
2. Mixed Urban Fabrics and Solar Access
According to its general description urban fabric, is the physical form of towns and cities that emphasizes
building types, thoroughfares, open space, frontages and streetscapes [1,2]. But from a board perspective, as
Bozkurt (2004) indicates; the notion of urban fabric is a composed of intersection between social cultural
economical factors in physical structures of city. As an artificially created environment, urban form is
considered inclusive, non-linear, multidimensional entities which express human concerns and
environmental factors through its physical presence. (Bozkurt, 2004). As urban fabrics are combination of
many physical and abstract features, they are not static. According to Hassler et al. (2004) “Ecosystems
thinking emphasizes the city as a complex system characterized by continuous processes of change and
development.”
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Facts like, socio-cultural and economical changes, emigration, population growth and market necessities,
force cities to change rapidly. Especially in metropolises, the developments have great effect on suburban.
Transformations of many settlements realized very dramatically as the change and having a new identity has
taken only decades. Levy (1999) defines this transformation as “…..ring roads, urban motorways, bypasses,
detours, interchanges and traffic circles replace avenues, boulevards, street crossroads and corners, while
elevated walkways, platforms and shopping centers become the new public squares; supermarkets and malls
replace department stores, market streets and covered markets lawns and playing fields replace parks and
gardens; towers and linear buildings replace individual units and blocks and the new private housing estate
supersedes the garden city”.
When a settlement with low rise buildings begins to transform, new necessities usually force it to grow
upward. Tall buildings begin to appear one by one through low rise buildings and they generate a new fabric
over years inside or next to the existent fabric. It is possible to see these kinds of mixed urban fabrics almost
in every mega cities of the world. (Figure 1a, b)

a) San Francisco [3]

b) Mandaluyong City, Philippines[4]
Figure 1. Mixed urban fabric examples

In this kind of mixed urban fabrics, tall building group block the sun of the environment like a huge wall.
The overshadow of this wall effects a large area and mostly reduce the solar access of its neighbors. Of
course the extents of solar access reductions differ according to specific features of the case like; topography,
relative height of tall buildings, location relation, distance, and the mass of tall buildings. But the ‘wall
effect’ of tall buildings always create a new solar access regime for surrounding buildings which is totally
different from the previous, for especially the ones that are close to tall buildings.
Solar access is the amount of solar radiation that reaches a building (Bronin S., 2009) or the amount of direct
solar energy on a building; it is measured by the means of annual solar radiation and the amount of sun light
hour. (Anonym 2005). But the duration of sunlight or the amount of solar radiation on a surface may vary at
large extent according to the surrounding shadowing. Overshadowing is always decisive on solar access of
buildings in mixed urban fabrics and the answers of “when, what time and how long is the access of sun?”,
“what is the amount of energy on a surface” are sticky related with overshadowing properties of the tall
buildings apart from design decisions of a building.
As designation of the solar access of a building is vital for the optimization of the building’s energy
efficiency and the integration of solar active systems, acquired knowledge by simulation studies about solar
access properties in mixed urban fabrics is essential for having a foresight on the future of renewable energy
use and make more qualified decisions on the future of urban growth.
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3. Levent / Istanbul Case Study
The Levent district of Istanbul, located far from the crowded city centre of Istanbul, was a quiet and peaceful
settlement, plush with greenery until the 1980s. However, in sync with the development of Istanbul itself, the
Levent region, grew in the last 30 years into one characterized by masses of tall buildings crowded along the
main traffic artery on its western border. (Figure 2a)
Today Levent comprised of both tall and low-rise buildings those are in great conflict both visually and
functionally. (Figure 2b )

b) Tall buildings in low rise fabric [5]

a) Arial view of Levent (google earth)

Figure 2. Levent region

In this study, a limited area is taken into consideration; 4 tall buildings’ (Isbank towers, A 181m, B and C
117m, and Yapi Kredi Head Office, D 110m as seen figure 3a, [6]) overshadow effect on solar access
properties of 14 low rise building that are located on the east side of tall buildings has been studied.

A

C

B

D

a) 4 tall building (A, B, C,D)

b) 14 Low rise building
Figure 3. The study area

3.1 The Simulation Study
As shadows always pass by through a day and sun is usually unwanted during summers, it is mostly hard for
people to notice how much sun they loose during a whole year. But with simulation tools, it is easy to see the
extents of overshadowing on surrounding, from different perspectives.
In this study, the roofs of 14 houses that are in the closest block to tall buildings are analyzed in means of
shadowing duration and direct solar radiation by solar simulation tool (Ecotect). The study zone has been
modeled according to municipality’s digital drawings as it is seen in Figure 4.
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Figure 4. Simulation of the study area

In this study the method of analyzes are based on 2 concept; solar duration in means of shading properties
and solar energy changes in means of reduction at direct solar radiation and solar energy distribution on
roof surfaces. As orientations and forms of the 14 buildings are different from each other, only the roofs are
taken into consideration as is if they are flat.
But firstly to see the dimensions of shaded area, shadow range diagrams between 8:00 and 17:00 for
December, January, February, March, April and June are generated in order to visualize the effective shadow
areas through a year. As it is seen in Figure 5, tall buildings’ shadows are sweeping a large area in winters
and also effective on the near area in summers.
December

January

February

March

April

June

Figure 5. Shadow range diagrams of study zone

Then to understand extents of the solar access variations between 14 roof surfaces; shading properties
(shading masks), the amount of energy reduction (%) and solar energy distributions (solar energy map)
analyzes are realized.
To find the amount of reduction at solar energy; total direct radiation on each roof have been calculated –
before tall buildings and after tall buildings- for whole year between 8:00 and 18:00 according to Istanbul’s
climatic and location properties. After determination of energy reduction on roofs, then solar energy maps
for each roof is generated for the same period by analyze grids to find out the energy distribution variations.
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For an integrated way of looking to the findings; shading masks, total direct solar radiation (wh/m2) before
and after tall buildings, percentage of reduction % and solar energy distribution maps(Wh) are put together at
table 1.
Table 1. Solar access properties of 14 roof surfaces (shading mask, total direct radiation before tall buildings Wh/m2, total direct
radiation after tall buildings Wh/m2, percentage of energy reduction%, solar energy distribution Wh)

B1

B2

B3

B4

B5

607118 wh/m2
524955 wh/m2

607809 wh/m2
524955 wh/m2

607117 wh/m2
535638 wh/m2

608038 wh/m2
527852 wh/m2

608045 wh/m2
480674 wh/m2

14 %

14 %

12%

13%

21%

B6

B7

B8

B9

B10

607254 wh/m2
501281 wh/m2

607117 wh/m2
502055 wh/m2

607108 wh/m2
487933 wh/m2

607117 wh/m2
529089 wh/m2

607116 wh/m2
513734 wh/m2

17%

17%

20%

13%

15%

B11

B12

B13

B14

607296 wh/m2
545609 wh/m2

605578 wh/m2
549083 wh/m2

607117 wh/m2
561074 wh/m2

607560 wh/m2
524955 wh/m2

10%

9%

8%

14%
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3.2. Results
According to simulation analyzes, each of 14 surface has significant shading during whole year at afternoons
even though there are differences between dates, times and durations. It is clearly seen that every low rise
building in the study area has its specific solar access properties that overshadowing of tall buildings had
identified.
The solar access variations on the roofs of 14 buildings, which occur because of overshadowing, can be
summarized as;
• B1, B2, B3, B4, B5 and B14 are shading at a large scale in winter while B6, B7, B8, B9, B10, B11,
B12, B13 are shading during summer at afternoons.
• Energy reductions at the roofs change between 8-21 %. The energy reductions; at B11, B12, B13 are
between 8-10%, at B1, B2, B3, B4, B14 are between 12-15 and the most effected ones are B5, B6, B7, B8
they have solar energy reduction between 17-21%.
• None of the roofs have a homogenous solar radiation distribution they all have their specific solar
energy distribution maps.
Of course these results are distinctive to this case but findings clearly show that overshadowing of tall
buildings is an important factor on solar access properties of low rise buildings. It is also clear that, solar
access variation between buildings is significant and this situation causes to injustice as some buildings have
less energy -especially during winter - then the others. Specific for this case, some of the roofs has shading
during summer while others during winter, which means, overshadowing brings an advantage to some while
disadvantage to others in terms of climatic design.
As findings also clearly shows that all surfaces have utterly different direct solar radiation distributions.
Which means the design of any solar technology in such areas must be done with great care and up to
detailed analyzes to achieve maximum efficiency.
In the scope of this study, the solar variations in mixed urban fabrics is put forth and visualized at a general
perspective but for a comprehensive understanding on the effects of overshadowing it is also necessary to
investigate how the local people evaluate this situation.
4. Conclusion
Cities are always in a constant change and the notion of “urban fabric” is well suited to describe a continuity
which has physical, spatial and cultural significance. (Hassler et al. 2004) As a total protection of an urban
fabric is impossible, then it is important to protect a healthy and equitable development for all members of
the city. As the results of this study clearly show that tall building overshadows significantly reduce the solar
access of adjacent buildings, then it can be claimed that there is no equal utilization of solar energy between
neighbors and the principle of “access to natural resources” is being transgressed in mixed urban fabrics. For
a fair growth of cities in terms of solar utilization, an equal interaction should be provided between vertical
growth demand of city and solar need of all city members.
After the energy crises at ’70 many methods like solar envelope have been developed to grantee access of
sun in cities. But unfortunately only limited number of cities are utilizing from these methods at the urban
planning process and most of the societies unaware of “solar rights”. Furthermore there are no “solar rights”
legislations at many countries, despite their high solar radiation values. An important reason of this is the
lack of conciseness about solar utilization, solar rights and future of solar energy technologies. So to create
public awareness about this subject, different studies must be done with the cooperation of different
disciplines.
City members should have the ability to control access of sun to their buildings and to make their own design
decisions. But it is obvious that in mixed urban fabrics, beside design quality, controlling environmental
shadowing is a key concern for preserving solar access. So solar right notion have to be in the forefront of
urban planning discussions and solar access studies must be regular tools of city designs.
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1. Background
The Australian Solar Radiation Data Handbook (ASRDH) was first published in 1988 (Frick et al, 1988)
following the pioneering work of Paltridge and Proctor (1976) and its preparation for wider use by Roy and
Miller (1980).
Although it also calculates the irradiation of a range of engineering and architectural surfaces, each edition of
this Handbook is different from their simpler predecessors - the so-called “Spencer Tables” (Spencer, 1974
and later) - that use completely clear skies to calculate irradiation levels. The “Spencer Tables” provide
equivalent information for architectural surfaces for the specific case of a cloudless sky. By contrast, the
data used for this Handbook are all statistical values (means and frequencies of occurrence) that account for
the reduction, particularly in beam radiation, caused by actual cloud conditions. Similarly, in the early years,
solar position and shading design were tackled with no explicit detail on the irradiation energy involved, as
in Spencer and Philips (1983).
Alas, that first edition 1988 of the ASRDH incorporated a gross error in the algorithm for solar position that
made it highly inaccurate for high tilt surfaces. The error was first revealed by Lee (1991) in “Solar
Progress”, the quarterly journal of the Australian and New Zealand Solar Energy Society (ANZSES, the
forerunner of AuSES) and subsequently explained (Frick and Leadbeater, 1992). The error was corrected
later in 1992 with an interim 5¼ inch floppy disk ASRDH 2 nd edition and a fully revised third edition
subsequently published by the Energy Research and Development Corporation (ERDC), Canberra, (Lee et al,
1995). That edition incorporated the best available anisotropic sky algorithms for interpreting global, diffuse
and direct solar measurements into the required architectural and design tables for a wide range of fixed and
sun tracking surfaces.
That third edition of the ASRDH also built on the pioneering work of the Bureau of Meteorology (the Bureau
or BOM) in its incorporation of isorad (contour) maps of capital city hinterlands prepared from satellite
measurements of reflected radiation used to infer how much was reaching the ground anywhere over the
Australian land mass (Nunez, 1990).
The ownership of the ASRDH edition 3 was passed to ANZSES upon the demise of the ERDC and, shortly
after, ANZSES produced its software companion AUSOLRAD in 1997. However, that 3 rd edition was
forced to re-use the pre 1986 data from within the old Australian Climate Data Bank (ACDB) (Delsante,
1989) by the then priorities of the BOM - in process of changing all its data systems across to a new and
better mainframe computer it had just acquired.
Industry and ANZSES pressure eventually convinced the Australian Government that this was unsatisfactory
- especially for Adelaide, Brisbane, Canberra and Sydney which each had only three years worth of solar
records in 1986. Subsequently, substantial inroads were made into the enhancement of the accuracy of solar
measurement at the BOM despite constrained funding support (Forgan, 1996 and 1999).
A major enhancement project for the ASRDH commenced in July 2002 under a grant from the Australian
Greenhouse Office’s Renewable Energy Industry Development program and was completed by the end of
2005 (Lee, Snow and Stokes, 2005). The resultant publications were completed in the early months of 2006
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at which point the current (4th) edition of the ASRDH and 2nd edition of AUSOLRAD became commercially
available in hard copy and CD-ROM.
2. Geographic Scope
The current edition has data for only 28 sites1 – six of which had no ground-based irradiation data but were
inferred from a combination of historical records for cloud cover, sunshine hours and latterly satellite
estimation. These were included for spatial completeness in addition to the 22 sites in the first two editions.
A list of those 28 sites and their data qualities is included in Tab. 1 and shown in Fig. 1.
By contrast, the 80 Australian sites (Fig. 2, after Lee and Snow, 2008 and Energy Partners, 2008) and 16
New Zealand sites (Fig. 3, after NIWA, Liley et al, 2007) represent a huge potential improvement in the
spatial accuracy of the solar data. To gain some appreciation of this, see Fig. 6 which shows a set of four
seasonal snapshots of the variation around Australia’s southernmost city, Hobart, Tasmania, as an example.
See also DEWHA (2008) for the spatial distribution of that climate data and Energy Partners (2006) for
details of the preparation and QA of the data itself.
As each site includes a comprehensive set of data tables, greater accuracy can be ascertained for regions
nearby to those in the original set of 28 sites.
Recently, the BOM has begun to publish hourly data for virtually the whole of Australia (280,000 pixels of 5
x 5 km each) so that another 20 or so sites of special interest to the solar industry can be readily added.
3. Portrayal of Typical Years
The currently available graphical portrayal of 28 solar energy climates (as in Error! Reference source not
found.) can now be applied to almost 100 sites across Australasia and can include hourly data (as in
Morrison and Litvak, 1999) as well as the monthly means of those data. Additionally, this can be done with
some improved accuracy for sites lacking separate terrestrial measurement of global, diffuse and direct
irradiation (Boland, Brown and Ridley, 2008).
Currently available Reference Meteorological Years (RMYs) are based on the period 1967 to 2004 inclusive
(i.e. the 39 years centred on 1987). Commercial building simulation is still commonly using data spanning
1967 to 1988 (ACADS-BSG, 2004) and this data is still mandated in the protocols for NABERS Energy
ratings which are now required for disclosure to potential buyers or lessees of office buildings, BCA Class 5,
over 2,000 m² NLA (NABERS, 2008 and CBD, 2010).
4. Analysis of Atypical Years
Tapping both the Australian and the New Zealand CDBs allows also the analysis of atypical years such as an
indicative El Nino year or even the sunniest year ever (in up to 43 years) to cite just two examples. The
scope of such analysis has been dealt with elsewhere (Lee and Stokes, 2006), (Ferrari and Lee, 2008) and
(Lee and Snow, 2008). In essence, any targeted selection of data that is possible for the full climate data sets
is capable of generating equivalent solar data tabulation.
5. Ersatz Future Climates
As large-scale systems typically operate for a lifecycle of 20 years, any renewable energy system is likely to
experience a change over its effective functional lifetime. Lee and Ferrari (2008) described a method for
producing RMY data sets for future climate scenarios by combining CSIRO climate projections with

1

Coincidentally, the Nationwide House Energy Rating Software (NatHERS) of the time had weather data for
28 sites, too, but only 18 of those coincided with the ASRDH sites.
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baseline data representative of “current” climate. In this work, the CSIRO defines “current” as the period
1975 – 2004 (i.e. 30 years centred on 1990). As applied in BRANZ (2007), these Ersatz Future
Meteorological Year files (EFMY) are created to ensure that plant systems are designed and financed with a
consideration of a changing climate, by predicting the range of likely and foreseeable future system
responses (as in Lee and Ferrari, 2008).
Given rates of climate change over a 1990 baseline and using up to 20 global climate change models, the
CSIRO has provided coincident Projected Change Values (PCVs) that include maximum, minimum and
mean, temperatures, relative humidity, wind speed and solar radiation (CSIRO, 2010). These PCVs can be
interpolated on an hourly basis, whereby EFMYs can be created from the baseline.
In constructing these EFMYs two potential processes can be identified:
“synthetic” EFMYs which adjust hourly values in a selected TMY in line with the CSIRO PCVs;
and
“realistic” EFMYs which take real historic months selected to target values that would align with
CSIRO PCVs.
When choosing which production process, fully synthetic adjusted RMYs may be required because realistic
EFMYs, which concatenate months that have actually occurred (and hence are intuitively more credible)
may not actually exist due to historic correlations between the weather elements being incompatible with the
projected future climate.
These resulting future climates can be used to simulate the effects of the change in energy output (or
consumption). By simulating with these EFMY files against current weather files the costs and benefits that
projected changes present can be ascertained and compared.
This work can now be adapted and focused to produce Ersatz Future Irradiation data based on these same
forecasts. In doing so, these predictive climate data sets permit designers to better evaluate output in future
years. As a project can take many years to complete, designers can use Ersatz Future Irradiation data to
compare the estimated return on investment and hence viability of the project, between an initial set of
“current” solar radiation data files and these Ersatz Future Irradiation data files. It may be observed that a
plant site exposed to a future climate subject to either reduced or increased irradiance can be accounted for
and optimised accordingly. Ersatz Future Irradiation could assist in identifying sites that were initially
thought to be economically unviable but are projected to be feasible in the future.
Example of Building Space Conditioning
A simulation of a 3-storey office model in Adelaide was conducted to determine any performance
differences between two predicted ersatz weather files and reference weather files. Both predicted weather
files modelled warmest-case scenarios.
The annual energy consumption between the three simulations shows that heating load decreases by 13%in
the year 2030 and by 34% in 2050. Theoretically, the assumption would be made that as temperatures are
likely to increase, heating loads should generally decrease. Peak loads alternatively, show that cooling
increases by 1.9% in 2030 and 5.8% in 2050. These results are in line with intuitive predictions.
Example of Solar Thermal Electric System
The US Government freeware simulator System Advisor Model (SAM) was used to analyse the energy
output from a parabolic trough solar thermal electric system installed in the Adelaide climate zone. The Solar
Collector Assembly (SCA) input unit used in this analysis is the SAM example Solargenix SGX-1. Each
SCA is 100m long, 5m aperture and the aperture area is 470.3 m². There are a total of 1,889 SCAs which
together have a peak capacity of 216,000 kW electrical and a solar field area of 2,665,190 m². Solar Salt is used
as the Thermal Energy Storage Fluid. The annual gross electric output is 1,200,000,000 kWh.
Fig 7 and Fig 8 shows the monthly and annual Solargenix energy outputs in three climate scenarios.
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6. Real-time Data
Real-time data can be applied to create real-year-to-date and other actual-year data sets that can be applied
to:
Model calibration using real time weather data coincident with other empirical measures like solar
system output or building energy consumption or temperature (especially if unconditioned);
Building or system monitoring for underperformance to indicate early restorative action; or
Adjustment of actual output or consumption in a real year to allow direct comparison with
performance in routine weather (the long term mean, or RMY).
Real Time Meteorological Year (RTMY) climate data files are created in the same format as RMYs. Once
the solar investment has been committed, it is expected that the proponents would arrange their own site
specific data collection using these techniques. However there would still be a demand for public or
commercial access RTMYs for use in refining the performance of large scale buildings as in the “Energy
Guidelines” (PCA, 2001). The benefits of these RTMYs can be extended to the simulation of commercial
and residential buildings to assess the measured consumption in an actual month or year. In doing so,
buildings can be monitored more accurately for deficiencies in performance to allow prompt restorative
action.
7. Exemplary Australian Solar Energy Atlas
Currently a work in progress, a complete overhaul of the ASRDH (Edition 4) is expected to take the form of
a completely electronic and graphical climate data delivery system. In contrast to the original 28 sites in the
ASRDH, the tentatively named Exemplary Australian Solar Energy Atlas (ASEA) is expected to contain
solar radiation data for 10,000 times more sites than its predecessor.
Each site is represented as a square pixel on a map of Australia. When Australia is subject to complete
daylight there are approximately 280,000 pixels (see Fig. 1). The user can select points on the map that
produces a value for irradiance, in W/m², at a location for a particular hour, day and month. The observable
benefit of 278,000 sites allows solar plant designers to better compare the merits of nearby locations for a
given region. In doing so, architects, engineers and designers will also be able to confidently estimate PV
and other renewable energy system designs in more remote locations.
The data in the Exemplary ASEA originates from the Bureau of Meteorology (BOM) and is recorded on an
hourly basis with separate values for Global Horizontal and Direct Normal Irradiance (GHI and DNI
respectively). This data is currently being interpreted by Energy Partners. The project aims include
facilitating a graphical interface between the data and end user for the myriad individual sites.
The Exemplary ASEA is a software package that incorporates the BOM data as well as many features of its
predecessor, the ASRDH and AUSOLRAD. The Exemplary ASEA can take advantage of some of the
features in the ASRDH in particular comprehensive data for the 28 previous sites. As a map, this would be
overlaid above the original map. The database for the program is the hourly data derived from images
scanned now by the GOES-9 and MTSAT-1R satellites and previously by the GMS-5 satellite as described
in (BOM, 2010)2. This results in more ASRDH sites that can contribute to a reduction in the approximation
currently required by geographic usually linear interpolation.
The Exemplary ASEA will allow the user to select a time zone, time and date and display a range of isorads
(colour bands representative of an approximate irradiance interval, see Fig 4). Each of the estimated 278,000
pixel locations displays an irradiance value in a map of daytime Australia, represented as a 5km x 5km

2

Solar radiation data derived from satellite imagery processed by the Bureau from the GMS and MTSAT
series operated by Japan Meteorological Agency and from GOES-9 operated by the National Oceanographic
& Atmospheric Administration (NOAA) for the Japan Meteorological Agency.
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square grid. Short time-lapse “movies” will also be possible. The data can be integrated over time to
represent annual, seasonal and monthly means to visualize the national climate, a locale or to hone in on the
climate of a particular site.
9. Conclusions
The 2008 update to the Australian Climate Data Bank (ACDB) and the 2007 creation of the New Zealand
Climate Data Bank (NZCDB) presents an unprecedented opportunity for enhancing the accuracy and
pertinence of solar radiation data available to researchers, educators and practitioners. Despite this, many
alternative pathways can be seen to serve as an upgrade to the current solar radiation resource stream, each
with the purpose of reducing the uncertainty in plant peak and average output estimation and benchmarking.
The majority of these revisions aim to reduce this uncertainty by increasing the number of sites. In addition
to this, ersatz future and real time data can provide the end user with a better estimation of project viability,
by reducing its uncertainty over its life.
As such, it represents a key underpinning of the expansion of solar and other renewable energy infrastructure
investments now being planned with the financial and legislative backing of the Australian Government
through its recently passed Renewable Energy Target (RET) legislation and the establishment of the recently
committed A$3.2 billion Australian Renewable Energy Agency (ARENA) to consolidate support for
renewable energy technology development as part of its package of measures for Australia’s clean energy
future.

Figures & Tables

Fig. 1: Geographic Spread of the 28 Sites of the ASRDH Edition 4 (overlayed on a sample single-hour image from the
Exemplary ASEA comprising nearly 280,000 pixels with individual values estimated from satellite observations)
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Fig. 2: Geographic Spread of the 80 Sites of the ACDB 2008 (showing the extents of the 8 BCA climate zones before
harmonisation with state and local government boundaries) See maps below for the working versions of this zoning:
National Map - http://www.abcb.gov.au/index.cfm?objectid=1DA57D93-6C4D-11DE-A2C2001B2FB900AA
Single State Map - http://www.abcb.gov.au/index.cfm?objectid=8EA6965A-6C4C-11DE-A2C2001B2FB900AA

Fig. 3: Geographic Spread of the 16 Sites of the NZCDB 2007 (larger scale)
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Fig 4: EASEA screenshot on 3rd September at 4PM Adelaide Time

Fig 5: Sample Graphical Summary from ASRDH Edition 4
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Tab. 1

State
Terr

NSW
ACT

QLD

SA
NT

VIC
TAS

WA

Data collection sites used in 2006 Handbook with various details

Location

Elevation

Data
type

Data start
date to May
2004

No. of days

% of days
estimated
data only

Canberra City
Sydney RO
Wagga Wagga AMO
Williamtown AMO
Brisbane AMO
Cairns AMO
Longreach
Rockhampton AMO
Townsville
Adelaide AMO
Alice Springs AMO
Darwin AMO
Mt Gambier AMO
Oodnadatta AMO
Tennant Creek
East Sale AMO
Hobart RO
Launceston AMO
Laverton AMO
Melbourne HO
Mildura AMO
Albany AMO
Forrest AMO
Geraldton AMO
Halls Creek AMO
Kalgoorlie
Perth RO
Port Hedland

571 m
4m
224 m
12 m
6m
3m
195 m
8m
4m
11 m
547 m
35 m
63 m
113 m
375 m
14 m
8m
171 m
14 m
123 m
53 m
71 m
157 m
35 m
423 m
360 m
11 m
8m

G&D
G&D
G&D
G
G&D
EST
G
G&D
EST
G&D
G&D
G
G&D
G
EST
EST
G&D
EST
G&D
G&D
G&D
G&D
G
G&D
G
EST
G&D
G&D

Mar 1976
Aug 1983
July 1968
Dec 1968
Jan 1983
Oct 1990
July 1968
Feb 1973
Mar 1971
Jan 1983
July 1968
Oct 1968
July 1968
May 1969
Oct 1990
Oct 1990
Oct 1967
Oct 1990
Feb 1968
Jan 1967
Jan 1969
June 1968
Nov 1969
June 1968
May 1969
Feb 1979
Feb 1973
Sep 1968

10,301
7,604
13,111
12,960
7,805
4,962
13,093
11,437
12,128
7,816
13,112
13,021
13,108
12,798
4,962
4,962
13,367
4,962
13,258
13,660
12,929
13,143
12,623
13,124
12,809
9,240
11,437
13,048

24.2%
29.4%
13.1%
28.8%
22.2%
28.9%
23.9%
11.6%
21.7%
16.2%
4.1%
9.8%
5.2%
42.5%
6.1%
51.8%
18.3%
51.9%
17.1%
25.6%
3.0%
27.0%
29.6%
6.5%
22.0%
4.9%
17.5%
22.8%

Legend for Data Sources (listed in descending order of accuracy):
Acronyms in Location Names
AMO

indicates that the station is an Airport Meteorological Office

HO

indicates that the station is Head Office of the Bureau of Meteorology, 150 Lonsdale Street,
Melbourne

RO

indicates that the station is Regional Office

Acronyms in Data Type
G&D

Locations using both global and diffuse measurements

G

Locations using global radiation measurements only, with the diffuse radiation estimated.

EST

Locations using only estimated data from cloud cover records supplemented by satellite based daily
global estimates from Oct 1990
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Fig. 6: Hobart as a Sample of the Spatial Variation Mapped for Capital Cities
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Fig 7: Renewable Energy Output for Parabolic System in the Adelaide climate

Fig 8: Annual forms of energy flow from Trough System in Adelaide over different climates .
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Abstract
Southern and eastern Mediterranean regions are prone to production of electricity by solar systems. The
solar resource is the "fuel" of such systems and its availability is a key economic parameter in system design.
Even though the southern and eastern Mediterranean region is served by several commercial data providers,
in a public domain, so far only coarse resolution (100 km) data or data with limited temporal coverage is
available. For more rapid development of policies and to attract the industrial interest in this region a more
enhanced and easy to access free information is needed.
The project will bring high resolution (1 km), long term coverage of at least 15 years data on the available
solar resources for the region covering the countries Syria, Jordan, Israel, Lebanon, Egypt, Libya, Tunisia,
Algeria, Morocco, Palestine National Authority, Mauretania and Turkey. The resource data will be derived
from Earth Observation satellite data, based on published and transparent methodologies and the data will be
validated with existing ground measurements in the region. The database will be provided by SOLEMI and
Helioclim-3 (SoDa) sources - Global Horizontal Irradiation (GHI) and Direct Normal Irradiation (DNI). The
data will be made available via a distributed information system which will ensure the ease of access to the
data. The free access to the data will include historical, annual and monthly averages, and more detailed data
products and services will remain the domain of commercial data providers.
This paper will show the first prototype of the user interface for an easy web access to the solar radiation as
well as ancillary geographical data. With the presentation of this paper we aim to encourage potential users to
give us feedback on the further development.
Keywords: solar radiation, direct normal radiation, atlas, solar energy potentials.
1. Introduction
Solar energy has a large potential for renewable energy generation. Solar energy is highly variable in space
and time. High resolution mapping is therefore essential for successful policy and project development.
Precise knowledge of the available solar resource in high spatial resolution and over a long period of time is
needed for the evaluation of spatial and temporal variability, especially for site qualification and design of
power plants.

4078

Figure 1: Analyzed Countries for Solar Atlas for the Mediterranean.
Besides commercial databases as SolarGIS[15], Helioclim-3[16] and 3 TIER, no free database exits which is
based on long term data and high resolution. Global long term databases (as e.g. NASA SSE) have only
coarse resolution (NASA SSE 100 km, Helioclim-1, 30 km, but no direct normal irradiation) or high
resolution data has been processed only for limited regions or only short periods of time (e.g. the DLR MEDCSP containing only data of 2002). The set up of a 1x1 km long term map will be a significant step forward
in solar resource assessments in the Mediterranean compared to the present situation lowering the risks in
solar energy investments. Table 1 shows the available data sets which cover more than one country in the
region. There are some additional maps on a country by country base, but these mostly are done by
interpolation of ground measurements and only cover global horizontal data with an annual average mean.
Data set

NASA SSE

Reanalysis

NREL CSR

Helioclim1

Parameters

Global
radiation,
Wind Speed
1°x1°

Direct normal
irradiance, Wind
Speed
1.125°x1.125°

Direct normal
irradiance

Global

40 km

30 km

Global

Global

Global

July 1983 –
June 1993

1979 – 1993

Europe, Africa,
Western Asia
1985- 2005

Spatial
resolution
Spatial coverage
Temporal
coverage

MED-CSP /
SOLEMI
Direct normal
irradiance
0.5 arcmin ~ 1
km
Europe, Africa,
Most of Asia
2002
(1991 – 2005
possible)

Table 1: Comparison of the properties of the different non-commercial resource data sets.
High quality ground measurements of direct normal radiation are very scarce. The only data sets which cover
at least hourly global horizontal and direct normal radiation available to the public in the south Mediterranean
are the BSRN (Baseline Surface Radiation Network of the World Meteorological Organization – WMO)
stations in Tamanrasset (Algeria) and SedeBoqer (Israel). Therefore only satellite based assessments can be
used to derive the available solar resource in the Mediterranean on a long term basis. Most measurements in
the region are currently done by commercial project developers which usually do not give access to their
measured data.
Stakeholders from the South and East Mediterranean have clearly expressed the need for high quality
resource assessments within the recently finished EC project REMAP[1][2][3]. The project REMAP
collected available resource data which proved to be insufficient in spatial resolution and temporal coverage.
The need for resource data was additionally expressed in a recent stakeholder workshop with organizations
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working in Morocco, Algeria and Egypt within the project enerMENA [4].
Besides the data itself, easy access to the data over the internet is very important. The best data set is worth
nearly anything if it cannot be used by the people who want to support or invest into solar energy. PVGIS [5]
is a good example of such a service. The solar radiation data can be accessed via a Web portal and small
applications help in the first analysis steps in exploiting the available data. Within the Solar Atlas for the
Mediterranean we want to build up a platform which delivers easy access to monthly solar radiation data
covering the time period 1991-2010 and a number of tools with help the users to efficiently exploit the data
which is available on the portal. The data can be downloaded as monthly values for specific sites, but also
maps can be extracted for further analysis e.g. within geographic information systems (GIS).
The Mediterranean Solar Atlas is targeting a broad range of users, from installers or planner of small systems
(rooftop PV and solar water heating) over project development companies for larger projects which need a
first estimation to start the development of the projects, to governmental and public organizations which need
information on solar energy potentials to develop successful policies to support the introduction of solar
energy into the local/national energy system.
The project of the Mediterranean Solar Atlas aims to serve free basic solar resource information with
enhanced detail in order to increase the awareness and to lower the risk in the preliminary decisions of policy
makers and investors. Thus it aims to be a part of a successful business environment contributing to more
rapid development of solar energy in the target region. The Atlas offers only basic information while letting
other companies and service providers to focus on customized and value-added services based on specialized
commercial data products and consultancy services.
The project runs until September 2012 and currently the user interface is being developed. To improve the
usability of the interface the feedback by its future users is very important. It is the intention of the project’s
partners to provide a useful portal to the users in the southern Mediterranean. The feedback by the users will
help to improve the portal and make it more useful to the users. The current prototype can be accessed at
http://www.solar-med-atlas.com and a feedback questionnaire is available on the website.
2. Data
The first information available is the amount of global horizontal and direct normal radiation on a 30 arc
second grid. The available solar radiation is mapped from geostationary satellite images. State of the art
methods will be used to derive hourly solar radiation for each grid point of area. The methodology is
described in detail for direct normal irradiance in [6] and for global irradiance in [7] and [8]. The data
covering the time period 1991-2005 will be from the SOLEMI [9] archive of DLR, the data 2006 to 2010
from the Helioclim archive of Mines ParisTech [10]. The methods will be enhanced by the use of a new
aerosol data set based on the MATCH model [11], which will provide daily aerosol information on a 1.9°
grid to achieve an improved DNI modeling, as aerosols are one of the most important factors influencing
DNI in the southern and eastern Mediterranean.
The second addition to the methods is the use of a horizon data base. In complex terrain with higher
mountains in the near surroundings their shading can significantly reduce the availability of solar radiation. A
horizon data base has been created on the base of a high resolution digital elevation model from the Shuttle
Radar Topography Mission which has a spatial resolution of 90m and 6m in height. A 360° horizon line is
determined for each grid point of the data set.
Solar radiation is not the only information necessary for the assessment of solar energy potentials and
projects. The atlas will deliver also additional geographical information as land use, land cover, water bodies,
protected areas and infrastructure data. Suitable land areas and access to infrastructure (e.g. power lines,
streets), access to cooling water can be important factors for successful project development. Web-GIS
applications will help to narrow down promising sites for project development.
Investors into smaller systems can directly use the provided monthly data into their simulation tools to
optimize their system layout and design. Simple tools will help them to estimate the yield of a PV system or
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to calculate the incoming radiation to an arbitrary oriented plane.
This information can also be used to narrow down potentials by using only suitable land areas e.g. with a
certain maximum distance to infrastructure as streets or power lines. This helps in the assessment of potential
markets (for manufactures, investors, politics) and the development of well suited policies to introduce solar
energy into the overall energy system. These assessments profit from information about socio-economic
framework conditions. Data on the energy system, support conditions can be queried from various data bases
such as REN21[12], REEGLE[13] and the World Bank[14].
The data will be provided on an open architecture which is based on the recommendations on the GEOSSADC (Global Earth Observation System of Systems –Architecture and Data Committee) and OGC (Open
Geospatial Consortium). The data will be available as Web services which use these standards. The tools will
be implemented in order to allow access to data via Web Processing Services (WPS). Due to the open and
distributed architecture these services could also be incorporated into other portals and software tools.

3. User Interface
Creating high quality resource data is the first task in creating a database for the successful deployment of
solar energy. Making it available to the users is the second task.
The user interface which is currently being designed uses the Google maps API and builds on the experience
from the SolarGIS commercial system [15]. This brings all the features users know from Google Maps and
the data available within Google Maps into the Solar Mediterranean Atlas

Figure 2: Main map windows of the Atlas
The main window consists of the solar radiation map, which can be scrolled and zoomed. The search field
can be used to find a site. Everything known from Google Maps can be entered, city names, coordinates,
complete addresses. The small map on the left shows the surrounding area of the selected site. The box below
shows some aggregated information on socio-economics and policies, e.g. the available supporting policies.
The main window has several taps. The Socio-Economic and Policy window does an analysis of the
connected data bases and brings more detailed data and links to documents describing the socio-economic
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and policy information.
The map tap gives access to the solar radiation and other maps. It shows the direct normal and global
horizontal radiation, by clicking into the site marker the site specific annual average global and direct normal
radiation can be read. Other maps show terrain (elevation), population density and landscape. The map and
satellite taps correspond to the standard Google Maps view.

Figure 3: Example of the presentation of the solar radiation data.
The solar data tap shows the average monthly distribution of the solar radiation at the selected site. On the
left-hand side there is a plot of the sun path and the local horizon. The data can be downloaded here in pdf
and CSV format. The tab can also show the inter-annual variability of the solar radiation.
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Figure 4: Example of a simple PV-Simulation
The PV system tab is a sample of a simple tool which can be used to estimate the yield of a simple PV
system. A few parameters can be adjusted on the top left box as the installed power the module type, losses,
the mount type the orientation of the system.
The hot water tap does the same for a small solar water heating system. The performance data can also be
downloaded for further analysis or presentation.
4. Conclusion
The Solar Atlas for the Mediterranean will bring for the first time a long-term historical solar database in a
public domain covering 20 years at 1 km spatial resolution for the whole region – serving GHI and DNI
monthly and annual averages. It will provide an easy to use multilingual user interface with intuitive
navigation and innovative features for data provision through a distributed architecture compliant to the
GEOSS architecture.
It is believed that with the help of more detailed and up to date solar resource information the Atlas will
facilitate development of solar energy projects with an overall aim to save conventional fuel resource, reduce
greenhouse gas emissions and create jobs in solar energy business in the region.
To set up a system which is most useful to the users, the project currently needs feedback on the prototype by
its potential users in order to tailor the system to the needs of the users. We strongly encourage you to
evaluate the prototype at www.solar-med-atlas.com and fill in the user questionnaire.
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Abstract
The high cost of power from solar photovoltaic (PV) panels has been a major deterrent to the technology’s
market penetration. Moderate solar irradiation levels in the UK have also contributed to the reduced number
of solar installations. The built environment accounts for more than 40% of total energy consumption, with
over 60% of this in the domestic sector in the UK. Considering that an estimated 90% of its population at
2008 is based in urban areas, with an annual rate of urbanization at 0.5%, it is clear that most of the energy
consumption in the UK is domestic urban based. With Energy prices escalating and CO2 emissions
reductions high in the agenda adopting solar energy in urban zones appears as an essential and practicable
strategy to foster sustainable development. This paper, explores the basics of Photovoltaic (PV) technology,
reviews the latest scientific approaches to evaluating solar irradiation in the urban environment, and assesses
the potential for PV applications in the urban environment – with a case study of the Broadwater Farms
Estate London. False color images of annual cumulative irradiation on the site serve the basis to a subsequent
proposal for a hypothetical grid connected PV system. Finally, a cost analysis assuming a feed-in tariff is
undertaken to evaluate the economic viability and payback time for the proposed system (Iweala, 2009;
Iweala and Brotas 2010).
1. Introduction
Of all forms of renewable energy known to man, solar energy offers the greatest potential with theoretical
estimates of 3.9 million EJ/yr. For comparison, the global primary energy use was 418 EJ/yr in 2001 (UNDP,
2004). There is no shortage of solar derived energy on earth; indeed, the storages and flows of energy on the
planet are very large relative to human needs. However, a criticism to some renewable sources is their
variable nature. This variability is often referred to as ―intermittency in energy source‖. Energy source
intermittency inherently affects solar energy to certain extents. Solar radiation varies throughout the day and
seasons, and is affected by cloud cover. Although current technologies allow for quite accurate predictions of
the sun’s availability, the production of electricity from solar radiation is also strongly dependent on local
conditions, namely the obstructions, the albedo of materials and the orientation of the solar collectors.
Solar power, in particular photovoltaics, has been relatively commercially unattractive due to the moderate
level of insolation in the UK, cheap grid electricity, and low financial incentives from the government. In
2006, the United Kingdom had installed 12.5 MWp of photovoltaic capacity representing just 0.3% of the
European total of 3.4GWp. In this context, the European Union agreed to source 20% of the energy needs
from renewable by 2020 (EU, 2007, 2009). A new scheme to encourage homeowners to generate their own
electricity, which includes a feed-in tariff, was announced in the UK, in June 2008. Moreover, the country’s
increasing reliance on gas imports, threatens UK energy security. With the built environment accounting for
an estimated 40% of total energy consumption, while arguably more than 50% of all UK carbon emissions
can be attributed to energy use in buildings it is imperative to adopt non-pollutant sources of energy and
contribute towards a sustainable world (DECC, 2009a).
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Fig. 1: Location of Broadwater farms estate shown within Greater London.

Fig. 2: Axonometric view of the site and key buildings.

2. Background Information on Study Area
The selected study area - Broadwater Farm Estate is situated in the valley of the Moselle, approximately 10
km north of the City of London, see Fig. 1. It is situated in a deep depression immediately south of Lordship
Lane, between the twin junctions of Lordship Lane and The Roundway. It is immediately adjacent to Bruce
Castle, approximately 500 m from the centre of Tottenham, and 2 km from Wood Green. The construction of
the Broadwater Farm Estate began in 1967; the estate contains 1,063 flats, providing homes for 3,000–4,000
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people. The design of the estate was inspired by Le Corbusier, and characterized by large concrete blocks
and tall towers, see Fig. 2 and Fig. 3. Conspicuous buildings within the estate are the very tall Northolt and
Kenley towers, and the large ziggurat shaped Tangmere block. Broadwater Farms Estate underwent a £33
million regeneration. The study area covers approximately 1 Sq Km, and would include all buildings within
the Broadwater Farms Estate.

Fig. 3: Digimap survey map of study area.

In creating a digital study model of the buildings, small-scale construction details are omitted since the main
objective of the method is to assess the potential for solar energy application in an urban neighborhood
where the influence of volumetric and relative building layout largely overweigh the importance or relevance
of aesthetic details on building’s envelope. The completed digital study model was exported to RADIANCE,
where materials reflectance were corrected or added if missing. Amongst corrected parameters are roofs,
building façades reflectance and glazing ratios that may significantly affect solar radiation penetration and
reflection in the urban context. However, these parameters do not directly depend on the urban form but on
their on-site characteristics. Due to time constraints, a conservative reflectance value (ρ = 0.2) was assumed,
but was adjusted for various urban elements such as roads and vegetation, where corresponding data was
available. This low reflectance value is an estimated average between the facades reflectance. Although light
colored buildings may have values up to 0.8, measurements of reflectance on old painted surfaces and
concrete finishes in exterior surfaces have shown much reduced values around 0.3. Moreover, a previous
study has shown that reflectance of materials in urban areas tend to be overestimated. High levels of
pollution, reduced maintenance and window reveals and setbacks casting shadows make a conservative value
of 0.2 more realistic (Brotas, 2004).
3. Assessing solar Potential in an Urban Built Environment
To assess the solar potential of any object, it is necessary to quantify the amount of insolation received by the
object. Insolation is a measure of solar radiation received on a given surface area in a given time. It is
commonly expressed as average irradiance in watts per square meter (W/m2) or kilowatt-hours per square
meter per day (kWh/(m2day)). In the case of photovoltaics it is commonly measured as kilowatt-hours per
year per kilowatt peak rating (kWh/(kW py) (BSI, 1995). Some of the solar radiation received by an object
will be absorbed and the remainder will be reflected. The proportion of radiation reflected or absorbed
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depends on the object's albedo.
Atmospheric attenuation, the rotation and revolution of the earth, as well as shadowing effects from terrain
features modify the total radiation reaching the surface within the site area. In the urban microclimate, in
which the site is located, shadowing effects can be attributed to buildings and other urban structures, whilst
atmospheric attenuation can be caused by polluted urban air. These groups of factors determining the level of
shading can be modeled at reasonable levels of accuracy. The subsequent effects of afore mentioned factors
on the quality of radiation reaching the surfaces on site is the break up of solar irradiation into direct and
diffused components.
By definition, the urban built environment is not just a collection of buildings in large cities; it is also the
physical result of various economic, social and environmental processes, which are strongly related to the
standards and needs of society (Gaiddon et al. 2009). Today it is well accepted that urbanization leads to a
high increase of energy use. Recent investigation showed that a 1% increase in the per capita GNP leads to
an almost equal (1.03%) increase in energy consumption. Conversely, an increase of the urban population by
1% has been reported to increase energy consumption by 2.2%, i.e. the rate of change in energy use is twice
the rate of change in urbanization [8]. Any future extensive PV application in urban areas will require an indepth analysis of spatial and temporal distribution of solar resources; this is because spatial and temporal
variations in solar radiation patterns are key amongst the problems affecting the wider use of solar energy.
For example, the basic patterns of seasonal and daily variations given by astronomic factors are strongly
modified by atmospheric conditions (e.g. clouds, water vapour, ozone e.t.c.). At localized scales, the patterns
are further affected by local conditions (e.g. sky-view obstructions, temperature e.t.c.). Horierka and Kanuki
(2009) argue that the assessment of solar energy resources in urban areas at local scale requires a
combination of general/regional solar resources and the analyses of local conditions that affect solar
availability. The current irradiation mapping for complex urban environments (ICUE) method for assessing
the solar potential of an area takes into account:
 An accurate prediction of the incident irradiation on building facades based on hourly (or sub-hourly)
basic data, e.g. test reference year (TRY);


No practical limits placed on the scene complexity;



Shading of and inter-reflection between buildings;



Realistic sky radiance patterns to model non-overcast sky conditions;



Results presented as irradiation images;



The possibility of automating the quantification process (Mardaljevic and Rylatt, 2003).

A similar method has been adopted based on RADMAP [v.01c/2004-05-14] – a RADIANCE based software
tool that is able to produce one or several irradiation maps, using a "cumulative sky" algorithm developed by
Francesco Anselmo in 2004. Generated High Dynamic Range (HDR) pictures of the sky for each time step,
according to the specified weather data file are then cumulated, added the sun descriptions and rendered as a
final irradiation map for each view specified (Anselmo and Lauritano, 2003). Global solar irradiation maps
were determined for south, south-east and south-west oriented facades. For the Broadwater Farms Estate
study, the Gatwick weather file from the Energy Plus software was used.
The final energy is a combination of the solar resource available on the building envelope and the technical
characteristics of the solar collectors. (Compagnon, 2001; Kaemfp, 2004) However, this research focuses on
the effects of building geometry, layouts and orientation, on the potential for solar energy utilization in an
urban area. The major interactions that occur between the incident irradiation (direct and diffuse), the
reflected from the built environment (ground, buildings and obstructions), including shadowing and interreflections have been calculated. Further details of the research methodology to carry out an assessment of
the global solar irradiation reaching the facades of buildings in an urban area are presented elsewhere
(Iweala, 2009; Iwaela and Brotas 2010). Parameters associated with the characteristics and installation of PV
collectors can be consulted in Weller et al. (2010).
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4. Results
Within the study area, there is a higher diffused component of 60% solar irradiation falling on a unit area
over a period of time (Iweala, 2009). Yet the results from the study allude to a reasonable potential for solar
urban planning; meaning the integration of energy efficient and solar energy in urban planning via; urban
renewal.

Fig. 4: Annual cumulative irradiation on the site as seen
from top view.

Fig. 5: Annual cumulative irradiation on the site as seen from
an aerial south view.

Fig. 6: Annual cumulative irradiation on the site as seen
from an aerial west view.

Fig. 7: Annual cumulative irradiation on the site as seen
from an aerial east view.

Figures 4 to 7 present annual cumulative false colour irradiation maps produced by RADMAP. The site
shows good potential for solar capture in particular on unobstructed roofs. SE and SW façades have lower
solar irradiance than south ones but still have potential to receive vertical PV panels.

Fig. 8: Annual and monthly solar irradiance on roofs and south façades.
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Fig. 8 presents solar irradiation values on a monthly basis for vertical surfaces and roofs. The latter receive
higher amounts from April till September. During the summer period the frequency of sunny days is higher,
daylight hours are extended and the sun reaches high altitudes. As a result, horizontal surfaces are more
exposed. Conversely, in winter months vertical surfaces benefit from low altitude solar angles, if not
obstructed, but the sun’s intensity is weaker and for reduced hours. This results in much lower monthly
irradiance values but favouring vertical façades. Overall, the annual irradiance is significantly higher for
roofs, 985 KWh/m2, than for the vertical facades, 768 kWh/m2.
5. Photovoltaics design
In reality, typical PVs peak electricity demand seldom coincides with peak production, warranting the need
for storage or sale to the main grid. The amount of PV electricity usable on site is related to the size of the
array and the magnitude and pattern of demand (Randall, 2006). In this study dwellings are occupied
everyday in the weekday and night, warranting a steady demand for energy.
Assumptions of typical annual electricity consumption for residential households in the UK were adopted
from research studies conducted by the University of Strathclyde for average electricity consumptions of
different residential types in Scotland.
The electricity consumption is assumed as:


Working couples - 4,117 kWh;



Single person - 3,084 kWh;



Family with two children - 5,480 kWh (parents working, children at school).

Electricity consumption figures were measured over the winter months, November to March. This means that
these figures are slightly higher than normal as during winter more electricity is used, as lights may be on for
longer, more time is spend inside, generally using more appliances. An annual figure taking into account a
lower summer electricity use can consider 95% of the initial value.
The study area is a mixture of all above dwelling’s types, therefore an annual average electricity
consumption of 4,300 kWh/yr for each household is assumed. This implies that the electricity consumption is
approximately 358 kWh/month and 12 kWh/day. The area in study includes 1,063 dwellings. The estimated
total annual electricity consumption for all residential housing is 4,570,900 kWh/yr, 382,696 kWh/month and
12,522 kWh/day.
A 15% efficacy monocrystalline silicon module and a 0.8 balance system loss to account for cable, PCU,
inverter, metering and interface losses were assumed in the calculations. The annual solar irradiance on a
vertical south façade and roof is taken as 768 and 985 kWh/m2, respectively, see Fig. 8. The annual energy
production for 1 m2 of the PV system is 92 and 118 kWh/m2/yr, accordingly. The basic systems of integrating
PVs into buildings are: roof-based systems and façade based systems. For the proposed system, either a roofbased or façade based system is explored.
In order to have a functioning PV system in a location, the product of the system loses, solar irradiation
received by the arrays at the location and the system power rating should equate to the system load (energy
required), i.e.:

𝑇𝑜𝑡𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚 𝑙𝑜𝑎𝑑 = 𝑆𝑦𝑠𝑡𝑒𝑚 𝑙𝑜𝑠𝑒𝑠 × 𝐺𝑙𝑜𝑏𝑎𝑙 𝑠𝑜𝑙𝑎𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 × 𝑆𝑦𝑠𝑡𝑒𝑚 𝑝𝑜𝑤𝑒𝑟 𝑟𝑎𝑡𝑖𝑛𝑔
(eq.1)
To get the value for the systems’ power rating, the system load is divided by the product of the system loses
and global solar radiation at location i.e.:
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𝑆𝑦𝑠𝑡𝑒𝑚 𝑝𝑜𝑤𝑒𝑟 𝑟𝑎𝑡𝑖𝑛𝑔 =

𝑇𝑜𝑡𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚 𝑙𝑜𝑎𝑑
𝑠𝑦𝑠𝑡𝑒𝑚 𝑙𝑜𝑠𝑒𝑠 ×𝑔𝑙𝑜𝑏𝑎𝑙 𝑠𝑜𝑙𝑎𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜 𝑛

(eq. 2)
For a facade based PV system, the required power rating for the system will be:

4,570 ,900
0.8×768

= 7,440 𝑘𝑊𝑝
(eq. 3)

For a roof based PV system, the required power rating for the system will be:

4,570 ,900
0.8×985

= 5,801 𝑘𝑊𝑝
(eq. 4)

Broadwater Farms needs a 7,440 kWp (7.4 MWp) facade based PV system or a 5,801 KWp (5.8 MWp) roof
based PV system in order to produce on average, 12,522 kWh per day (382,696 kWh per month) of
PV electricity to offset 100% of the yearly electricity demand from all 1063 dewllings.
To calculate the PV area needed to provide the required electricity to offset all electricity in all dwellings in
Broadwater Farms, the yearly electricity demand is divided by the approximate power produced by the PV
array.
For a roof based PV system, the required area for the system will be:

4,570 ,900
118

= 38,736 𝑚2 of PV array
(eq. 5)

For a facade based PV system, the required area for the system will be:

4,570 ,900
92

= 49,684 𝑚2 of PV array
(eq. 6)

The PV array area required to produce enough electricity to cover the annual demand for each dwelling has
been calculated as being 47 m2 of façade or 37 m2 of roof. Based on the architecture of the buildings in the
study, most roofs are flat and façades are simple glazed and un-shaded. This provides an opportunity to
incorporate free-standing PV arrays on the roof and PV solar shades on the windows. The following areas
were obtained from the 3D model:


Total area of roofs: 273,270 m2



Total south façade area: 248,896 m2

Façade and roof areas available are almost five and seven times the areas required to mount PV arrays to
produce 100% of the electricity demand of all 1063 dwellings.
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Fig 9: South West Ariel veiw of study model area

Fig 10 &11: Possiblilities for BIPV on housing block

Fig. 9: Possibilities of PIBV on a housing block. South west aerial view

6. Cost Implications and Feed-in Tariffs
The installation cost of a PV system is between £4,500-£6,000 per kWp installed. The UK Government has
introduced a feed-in-tariff (FITs) to incentivise small scale, low carbon electricity generation to homeowners
with a premium for electricity generated from a solar PV system on their property. The incentive became
available in Great Britain from 1st April 2010 (DECC, 2009b).
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Tab. 1: FIT for Photovoltaic Systems with an installed capacity not exceeding 50 kW (DECC,2011)
FIT Year in Which the Eligibility Date of an Eligible Installation falls
Description

FIT

FIT

FIT

FIT

FIT

FIT

FIT

FIT

FIT

FIT

Year 2

Year 3

Year 4

Year 5

Year 6

Year 7

Year 8

Year 9

Year 10

Year 11

2011/12

2012/13

2013/14

2014/15

2015/16

2016/17

2017/18

2018/19

2019/20

2020/21

Solar
photovoltaic with
total installed
capacity of 4kW
or less, where
attached to or
wired to provide
electricity to a
new building
before first
occupation

37.8

34.6

31.6

29.0

26.4

24.0

21.8

19.9

18.1

16.4

Solar
photovoltaic with
total installed
capacity of 4kW
or less, where
attached to or
wired to provide
electricity to a
building which is
already occupied

43.3

39.6

36.3

33.2

30.2

27.5

25.0

22.7

20.7

18.8

Solar
photovoltaic
(other than sandalone) with total
installed capacity
greater than
4kW but not
exceeding 10kW

37.8

34.6

31.6

29.0

26.4

24.0

21.8

19.9

18.1

16.4

Solar
photovoltaic
(other than sandalone) with total
installed capacity
greater than
10kW but not
exceeding 50kW

32.9

30.1

27.5

25.2

22.9

20.9

19.0

17.3

15.7

14.3

Export Tariff

3.1

3.1

3.1

3.1

3.1

3.1

3.1

3.1

3.1

3.1

The scheme introduces a payment for all the electricity generated in the system (generation tariff), which can
be complemented with an export tariff, for the electricity fed into the national grid. The power companies are
obliged, by government legislation, to buy the renewable electricity from an eligible installation at a
corresponding rate specified in Tab. 1 (DECC, 2011). The additional costs are passed onto the consumers.
For electricity generated from PVs the scheme guarantees a payment for 20 years. Homeowners can also
benefit from using the energy generated in-situ saving on the fuel bill.
The Broadwater Farms State London study assumed that each dwelling was generating its demand of
electricity, therefore mainly benefiting from the generation tariff of 37.8 p/kWh and saving on import price
of 11.46p/kWh, a conservative value of unit price from SAP (2009). Some marginal surplus energy is sold to
the grid (export tariff at 3.1p/kWh). See Tab. 1. Higher tariffs are applicable for lower power capacities
installed in refurbishments (DECC 2011).
The PV façade system generates 4,547 kWh/yr of clean energy for an individual dwelling and
4,833,461 kWh/yr for all dwellings. An overall reduction of carbon dioxide emissions of 2,498,899 Kg CO2,
with a payback time of 16 years was estimated. An emission factor 0.517 Kg CO2 per kWh of standard tariff
electricity was adopted from SAP (2009). A roof based PV system generates 4,570 kWh/yr for one dwelling
and 4,857,910 kWh/yr for 1063 dwellings. This is reducing CO2 emissions by 2,511,539 Kg CO2. These
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installations have a payback time of 13 years. See Tab. 2 for a summary of the results obtained.

Tab. 2: Cost analysis of facade or roof based PVs systems per dwelling assuming an FIT Year 2 2011/12
Per Dwelling

Façade based
PV system

Roof based
PV system

Installation cost of PV
system (£/kWp)

5000

5000

Power rating of PV array
(kWp)

7.4

5.8

Installation cost of PV
system (£)

37,000

29,000

Area of PV (m2)

50

39

PV electricity produced
(kWh/yr)

4,547

4,570

Annual electricity demand
(kWh/yr)

4,300

4,300

PV generation tariff

0.378

0.378

>4-10kW (£/kWh)
Export tariff (£/kWh)

0.031

0.031

Standard mains electricity
tariff (£/kWh)

0.12

0.12

Annual income from PV
generation tariff (£)

1,719

1,727

Annual savings from using
electricity produced (£)

516

516

Annual income from
export tariff (£)

8

8

Annual savings (£)

2,243

2,251

Estimated PV system
payback time (Years)

16

13

7. Conclusions
Presently, it may be argued that PV electricity is unlikely to be a good investment, given UK sunlight levels,
current electricity prices and the capital cost of the equipment. The introduction of appealing feed-in-tariffs
(clean energy cash back) may result in a payback time of 13 years for a roof or 16 years for a façade mounted
systems in London, making PV installations a potentially good investment for homeowners. Furthermore,
large variations and current unpredictable costs of conventional electrical power, based on the type of fuel
used, its production and distribution, create situations in which the use of renewable energy may not only be
more economically sound but a requirement to a sustainable society.
The use of renewable energy generated in-situ should be complemented with energy efficient measures. The
energy consumed would be lower, and more energy would be sold to the grid.
A study of the Broadwater Farms State in London was presented as a good example of urban PV-generated
electricity.
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1. Introduction
The solar radiation database meteonorm is widely used for solar thermal, PV and building simulation in form
of stand alone software or included in the most common simulation software (like PVSyst or Polysun).
Version 7 appears in November 2011 (www.meteonorm.com). This article shows the news concerning the
solar radiation database as well as the uncertainty and trend information. Uncertainty of the yearly values of
global and direct radiation as well as beam radiation will be given. Uncertainty is an important information
for planners. Up to now this information hasn’t been included in common solar radiation databases. The
variation of uncertainty throughout the world is quite big.
2. Solar radiation data
The solar radiation database includes the new main time period of 1986 – 2005 (totally 1942 stations). Like
this the recent global brightening trend (mostly visible in Europe) is included in the data. The most important
source of radiation data is the Global Energy Balance Archive (GEBA, https://protos.ethz.ch/geba/). This
database is also used to extract uncertainty, variability and trend information (770 stations are used for this).
Additionally the global radiation values of the stations of NREL's TMY3 database
(http://rredc.nrel.gov/solar/old_data/nsrdb/1991-2005/tmy3/) with the highest quality level (NSRDB class I)
have been included in the meteonorm database.
Interpolation of global radiation data is based on a mixture of ground measurements and satellite data. The
satellite based information has been updated as well. For Europe and Northern Africa new high quality and
high resolution satellite data (2 km) is available for the period 2004 – 2010 (based on Meteosat satellite
images and prepared by MeteoSwiss). This database has been specially adopted for regions with relatively
frequent snow coverage and levels of high albedo (mountains, northern regions as well as salt lakes in
deserts) taking also infrared channels into account.
Additionally three IPCC (Meehl et al., 2007) scenarios enable the calculation of typical years also for future
periods (until 2100).
3. Method
The calculation of the uncertainty values of global radiation are based on the following three points:


Uncertainty of ground measurements (measurement itself and long term variability of local climate)

 Uncertainty of interpolation (interpolation of ground measurements and uncertainty of satellite based
data)


Uncertainty of the splitting into diffuse and direct radiation and inclined planes

The uncertainty of the ground measurements (Uq) is based on the values of 4 parameters, which have been
classified (Table 1).
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Table 1: Uncertainty parameters of the ground measurements.

1

Low quality

Mid quality

High quality

Value

1

2

3

Duration

< 10 years

10 – 19 years

2

2

>= 20 years

2

Std. deviation

> 7 W/m

4 - 7 W/m

< 4 W/m2

3

Trend

> 6 W/m2 decade

3 - 6 W/m2 decade

< 3 W/m2 decade

4

Up-to-dateness

End < 1980

End 1981 - 2000

End > 2000

The values (1 – 3) of the quality levels of the four parameters are summed up, weighted and added to the
standard deviation (Sdm) of the long term means (10 or 20 years) to get the uncertainty of the ground
measurements (Um) with equation 1:

U m  Sd m 

12   U q 
3

(eq. 1)

The uncertainty of the interpolation (Ui,g) of ground stations is modelled with help of the distance to the
nearest station. An area wide calculation of the uncertainty couldn’t be done as there are too few stations in
some regions.
The uncertainty of the interpolation of satellite data (Usat) is modelled in dependence on the latitude and the
albedo. The higher the latitude and the higher the albedo (e.g. salt lakes in deserts or snow rich mountains)
the bigger the uncertainty. Additionally the spatial resolution and the quality of the used satellite source are
considered.
If both satellite and ground data are used then the weight a is used, which depends on the distance from the
nearest ground site (equation 2):

U i  a  U sat  1  a   U i , g
if distance  d 1 km
a0
if distance  d 1 and distance  d 2 km
distance  d 1
d 2  d1
if distance  d 2 km
a

a 1

(eq. 2)

For Europe with higher accuracy of satellite data d1 is set to 10 and d2 to 50 km. For areas outside Europe d1
is set to 30 km and d2 to 200 km.
The calculation of the combined uncertainty (Ut) is depending on the situation (equation 3 or 4). The
interpolation and ground measurement uncertainty is assumed independent.


No interpolation:

Ut Um


(eq. 3)

With interpolation

U t  U m2  U i2

(eq. 4)

The uncertainty of the beam and the radiation on inclined planes is depending on the uncertainty of the
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global radiation. With help of 13 sites with high quality and long term global and direct measurements
(mainly BSRN sites) a model based on uncertainty of global radiation has been made. To define the
uncertainty model for DNI for sites, where the global radiation is not measured, the global radiation data has
been stochastically altered.
4. Results
4.1. Uncertainty, variability and trend of measurements
The uncertainty of the ground measurements (examined at 770 long term measurement stations of GEBA)
ranges between 1 and 10%. In Europe most stations are lying between 2 and 4%. The stations with lowest
uncertainty found are Malin Head (Ireland), Innsbruck (Austria) and Lichinga (Mozambique) with 1% of
uncertainty. The stations with highest uncertainty are Mocamedes (Angola, 7.1%), Pleven (Bulgaria, 7.6%)
and Hirado (Japan, 10.1%). Those uncertainties are based on quality (technique, duration) as well as on
climatological reasons.
Additionally yearly standard deviation of global radiation and trend of the last 20 or 30 years have been
investigated. The values of standard deviation range between 1.2 and 15.7%. The stations with lowest
variability (1.2 - 1.4%) are Desert Rock (NV, USA), Geraldton Airp. (Australia) and Bermuda (Bermuda).
The stations with the highest values are Takayama (Japan), Hirado (Japan) and Zhongshan (China).
The trends (after 1980) range between -30 and +20 W/m2 and decade. Most negative trends are seen in
China, most positive trend also in China and Malaysia. At approximately 50% of the 770 investigated
stations no significant trend could be found. Many stations in Europe show a positive trend of approx. 2 - 4
W/m2 and decade (Table 2).
4.2. Uncertainty of interpolation
For ground interpolation at a distance of 2 km the uncertainty is at 1% and at 100 km the uncertainty is
generally at 6% (Fig. 1). For distances bigger than 2000 km the uncertainty is set constant at 8%.
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Figure 1: Uncertainty of interpolation of ground measurements vs distance.

The value of the uncertainty for satellite data is ranging between 3 and 6% for Europe and Northern Africa
(Meteosat high resolution area) and 4 and 8% for all other satellites (Fig. 2).
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Figure 2: Uncertainty of satellite data in dependence of latitude and source of satellite. MSG= Meteosat Second Generation, hr
= high resolution area (Europe).

For areas with high albedo values (yearly means of  > 0.2) the uncertainty is enhanced based on equation
(5):

U sat,alb    0.2

0.14
0.6 (eq. 5)

This addition is lowered for Europe due to the fact, that in this region high albedo is considered in the new
satellite model from MeteoSwiss.
4.3. Uncertainty of direct radiation and radiation on inclined planes
Typically the uncertainty of the beam (Udir) is twice as high as the global radiation (6):

U dir  3.5  2  U t  2 (eq. 6)
The uncertainty of the radiation on inclined planes is dependent on the uncertainty of the horizontal radiation
and the plane inclination () and is defined by the following equation (7):

Ut  2
U incl  U t  sin  
Ut  2
U incl  U t  0.6  U t  1  sin  

(eq. 7)

4.3. Overview and examples of uncertainties
To conclude the findings the overall uncertainties of meteonorm values have the following ranges:


Global radiation: 2 – 10%



Direct normal radiation: 3.5 - 20%

Typical values for 6 example sites are shown in Table 2:
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Tab. 2: Uncertainty, variability and trend of radiation parameters of 6 example sites.

Station

Type

Yearly std.
deviation
global rad.
[%]

Trend

Uncertainty

Uncertainty

global rad.
[%/decade]

global rad.
[%]

DNI
[%]

Uncertainty
global
incl. (40°S)
[%]

Hamburg,
Gemany

Meteo
station

6.6

6.3

2

4

3

Füssen,
Gemany

Interpolated

4.8

1.0

5

10

7

Madrid,
Spain

Meteo
station

4.5

0.0

2

4

3

Fes,
Morocco

Interpolated

3.4

3.6

7

13

9

Sofia,
Bulgaria

Meteo
station

7.2

4.6

2

4

3

Burgas,
Bulgaria

Interpolated

3.7

-

5

10

7

We have to bear in mind, that also the uncertainty modeling has uncertainties (which haven’t been estimated
yet).
5. Conclusions
The variation of the uncertainties of global, direct normal and inclined radiation throughout the world is quite
big. The biggest influences on the uncertainty have the quality and climatological variability of the ground
stations and the distance to the nearest sites. Generally the uncertainties are lower for areas with dense
networks at mid-latitudes. But it can be also quite low in areas with high levels of radiation if good
measurements are in the surrounding.
For areas with high global radiation levels the uncertainty of meteonorm ranges typically between 2 and 8%.
2% are reached, if a long term high quality measurement of global radiation is available (e.g. a BSRN
station). 8% are reached for sites with no ground measurements in the surrounding and with relatively high
uncertainties for the satellite based information.
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1. Introduction
In 2009 the Faculty of Engineering (FIng) of the University of the Republic of Uruguay has signed an
agreement with the National Energy Board for the investigation of the solar resource in Uruguay. It was
decided on this basis the implementation of a network based on autonomous measuring stations, consisting
of data loggers and pyranometer sensors.
It was considered from the beginning as a design target, the development of a self-powered measuring
station, so independence from the mains is guaranteed.
2. Measuring station localization
To establish the locations of the stations, similar work from other countries has been studied, to have some
idea of the density of measuring points required. Since there was not enough reliable long term series of
irradiation in Uruguay, we began developing a solar resource map based on the Angstrom-Prescott
correlation, which establishes a linear relationship between the average sunshine hours and normalized
average irradiation. Since there are several long-term series of sunshine hours in the country, it was decided
to establish the correlation at a few points with pyranometer equipped measuring stations and then
extrapolate
to
points
where
only
sunshine
hours
measure
are
available.
The Angstrom-Prescott correlation considers two parameters (a and b) for the linear relationship, which have
a geographic variation, and therefore it is required to know the measuring point density necessary to take
these variations into account.
Studying the solar resource surveys conducted in Argentina, the variation of the parameters a and b in
regions near the border with Uruguay and similar geography was analyzed. As a result of this analysis it was
established that a network of three points distributed in the Uruguayan territory, turns out to be sufficient to
consider the variability of the parameters a and b of the Angstrom-Prescott correlation.
It was decided to install the measuring stations at the meteorological stations of the National Institute for
Agricultural Research (INIA) because of their geographical distribution, and in particular, there were
sunshine hours records available at the same points. The coordinates of each measurement station are shown
in Table 1.

Tab. 1: Coordinates of measurement points.

Measurement station

Coordinates

INIA - Las Brujas

34°40'19" S, 56°20'24" W

INIA - Salto

31°16'22" S, 57°53'27" W

INIA - Treinta y Tres

33°16'31" S, 54°10'20" W

The location of measurement points is shown in Fig. 1.
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Fig. 1: Location of measurement points.

3. Brief description of the measurement system
The measuring station consists of a ADQ-VX datalogger with remote communication using the GPRS
network and text messages (SMS). It is designed to operate completely autonomously, it is not necessary
even an operator to collect data. The control and data download can be done remotely. The sensor is a
pyranometer Kipp & Zonen CMP6, which produces an output voltage at full irradiance of the order of mV.
To adapt the output of the pyranometer to datalogger's analog input range, an amplifier was implemented
(with a gain of nearly 130), this leaves the dynamic range of the voltage measured by the datalogger in the
order
of
V,
making
better
use
of
the
input
range
(0-5V).
Both the datalogger and the amplifier are fed through a set of battery and 12Wp PV panel, controlled by a
solar charge regulator. The battery is sealed type, 12V, 40Ah.
The measuring stations were to be installed in meteorological stations controlled by operators, so, although
the installation was designed to be completely autonomous, a datalogger "reset" switch was installed,
accessible from the outside (there is already a reset switch but inside the datalogger, making its operation
unfeasible by untrained operators). The switch is located next to the battery in the bottom of the station,
protected from direct rain water through the exterior cover, but still is implemented with a rugged moistureproof design.
The datalogger, battery, solar charge regulator and reset switch are protected from the elements by a two
piece metal cover, designed to ensure adequate ventilation and to avoid excessive heat inside the battery, that
shortens its life expectancy. The complete station layout before placing the cover, is shown in Fig. 2. Figure
3 shows the final assembly of the station.

Fig. 2: Measuring station before placing exterior cover.
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Fig. 3: Final assembly of the measuring station.

3.1. ADQ-VX datalogger
The ADQ-VX datalogger is the result of a final degree project developed by electrical engineering students at
FIng, in 2008. This project was funded by the Institute of Fluid Mechanics and Environmental Engineering
(IMFIA) of FIng, given the interest of this institute for having a data recording technology available to avoid
time losses resulting from sending out equipment for repair (up to several months). It aims to have a local
know-how for maintenance.
As a result of this project, a prototype of the ADQ-VX was built, with the following characteristics:

•

Supply voltage between 6V and 18V.

•

Stand-by consumption: 32 mA @ 12V. Continuous logging consumption: 110 mA @
12V.

•

GSM/GPRS modem.

•

5 analog inputs (12 bits, 0-5V).

•

8 digital inputs (0-5V).

•

4 digital outputs (0-3.3V).

•

i2c bus .

•

1 AC/DC 60V 300mA relay output.

•

5V output for sensor powering.

•

2 RS-232 ports.

•

1 USB host port.

•

Surge, short circuit and over current protection.

The datalogger consists of two separate circuit boards, one of them is the datalogger itself (ADC, computeron-module, modem) and the other board implements surge, over current and short circuit protection.
Measured signals and power supply pass through the protection circuit board, serving as a barrier to shocks
that could damage the measurement system.
All application control is made by the Gumstix embedded computer Verdex (400 MHz, 64MB RAM, 16MB
FLASH). Communications are implemented via a GSM / GPRS Telit GM862 (850/900/1800/1900MHz).
The ADQ-VX enables continuous measurements at a configurable sampling rate, storing them on a flash
drive, and sending the data generated to an external FTP server for remote download. Datalogger also
includes local configuration through a serial connection and remotely using the SSH protocol.
3.2. Kipp & Zonen pyranometer CMP6
This pyranometer is a classified as a "First Class Standard" (ISO 9060 / WMO). It has a spectral range from
285 to 2800 nm and a sensitivity 5 to 20μV/W m-2, which causes its output must be amplified to be measured
by the ADQ-VX. The directional error (up to 80 ° @ 1000 W m-2) is less than 20 W m-2.
4. Construction of measuring stations and field installation
The ADQ-VX dataloggers were assembled and programmed locally, based on the design documented in the
prototype construction. Electronic components and circuits boards were imported from USA. The final
assembly was done in Uruguay. Finally, software was installed as in the initial prototype.
Parallel to datalogger construction, other tasks required for assembly of the network: pyranometer
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importation and metal stand building.
The installation of the three measuring stations was carried out gradually, starting with the nearest to have it
as a test installation during the first months.
The field deployment of the stations was performed in the sequence indicated in Table 2.
Tab. 2: Dates of measurement station installation.

Measurement station

Initial operation date

INIA - Las Brujas

29/12/09
28/05/10
02/06/10

INIA - Treinta y Tres
INIA - Salto

5. Network operation
The first months of operation of the first measuring station at INIA-Las Brujas were useful to detect some
faults that had the datalogger software, because it was not a fully tested commercially produced equipment.
Working with a datalogger that was taking its first field test implied a risk of data loss, a situation that
occurred in some periods of time.
Since the datalogger has remote communication, this gives the advantage of having real-time control of the
operation. If something unforeseen happens, a quick response can be performed, preventing a massive data
loss. This is an advantage compared to other dataloggers, simpler, but without communication features.
The data series had several "holes" as a result of these periods of failure, which were gradually decreasing.
Table 3 summarizes the performance of the three stations from the time of installation to date (August 2011).
Tab. 3: Availability of data at the three measurement stations.

Measurement station

Days since installation

Days with available data

Data availability

INIA - Las Brujas

549

467

INIA - Treinta y Tres

439

397

INIA - Salto

434

382

85.06%
90.43%
88.02%

From what is observed in the above table is noticed that, despite the failure periods, over 85% of data
availability was achieved in the first year of operation, which is good considering that prototype datalogger
were used.
6. Measured data
Daily, the datalogger connects to the internet through the GPRS modem and uploads the data generated the
previous day to an FTP server from which data is downloaded and processed.
The raw data is a plain text file which generates a line for each measure (at a rate of one per minute, as
configured). From the raw data, hourly irradiation averages are generated for each measurement station.
By mid 2010 was launched the first version of the Solar Map of Uruguay (MSU), based on sunshine hour
records and some existing irradiation series. The data collected by the network that is described in this article
were not used because the records were too short at that moment. In future versions of MSU, it is desirable to
have longer measurements to use as input for these improvements in the survey of the resource.
Table 4 shows a comparison between the monthly average irradiation in different measuring stations and the
correspondent estimation of MSU. This comparison is done for illustrative purposes only, as values of
monthly average irradiation of MSU are compared to specific measures, which do not yet have statistical
values.
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It is clearly shown that INIA-Las Brujas and INIA-Treinta y Tres measurements are far above the estimate of
MSU, while INIA-Salto is in reasonable agreement within the precision level of MSU and measurement.
It is suspected that a series of data for southern Uruguay that was used in developing the first version of
MSU, is responsible for the underestimation of the irradiation in the south, probably due to an uncalibrated
pyranometer.
Tab. 4: MSU-measured irradiation monthly averages comparison.

Average monthly irradiation values (MJ m-2) measured and estimated by MSU
Measuring station

INIA - Las Brujas

INIA - Treinta y Tres

Year

2010

Month

4

5

6

7

8

9

10

11

12

1

2

3

4

5

6

7

8.6

6.8

7.9

MSU

15.8 11.9

8.6

6.8

7.9

9.7

13.3 17.3 21.6 22.7 23.0 20.2 15.8 11.9

Measured

19,0 13,5

8,7

n/a

n/a

n/a

13,9 21,0 25,4 28,4

n/a

n/a

19,7 14,4 10,3

7,4

8,9

Diff. (%)

20.3 13.4

1.1

n/a

n/a

n/a

4.5

n/a

n/a

24.7 21.0 19.8

8.8

12.7

MSU

15.8 12.6

9.0

7.6

8.3

10.4 13.7 17.6 21.6 23.0 23.0 20.2 15.8 12.6

9.0

7.6

8.3

8,4

8,1

12.9 26.6 10.3 13.3 10.5

-2.4

21.4 17.6 25.1

Measured

n/a

n/a

n/a

8,1

n/a

n/a

14,3 21,9 24,4 27,4 24,7 22,8 20,0 13,9 10,2

Diff. (%)

n/a

n/a

n/a

6.6

n/a

n/a

4.4

18.0 13.7 10.4

7.9

9.7

12.6 15.8 18.4 23.8 24.8 24.8 22.0 18.0 13.7 10.4

7.9

9.7

Measured

n/a

n/a

n/a

7,6

9,7

n/a

n/a

n/a

26,9 27,7 25,1 21,4 20,4 15,3 11,3

7,8

9,9

Diff. (%)

n/a

n/a

n/a

-3.8

0.0

n/a

n/a

n/a

13.0 11.7

-1.3

2.1

MSU

INIA - Salto

3

2011

24.4 12.0 19.1

7.4

1.2

-2.7

13.3 11.7

8.7

7. Network expansion
From late 2010 began the expansion of the network to more points, including two inside the country and the
third in the FIng building in Montevideo. The choice of new locations was made taking into account the
positions of existing stations: a new measuring point at the Atlantic coast in the southeast of the country
(Rocha city, in June 2011) since it is convenient to measure in this type of sea environment because it is
different from the rest of the country and the most populated areas are located along the coast.
The other measuring station is not yet installed and would be located in the north of the country (Cities of
Artigas or Rivera) to cover the northeastern area of Uruguay. Figure 4 shows the complete network once the
new points are installed.

Fig. 4: Location of measurement points (original and new ones).

The two new measuring points inside the country are implemented with CMP6 pyranometers (to maintain
uniformity of the network and keep pyranometers interchangeable between different points) and
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Kipp & Zonen Logbox dataloggers which are aimed at a very low power consumption, but with the
counterpart of not having communication module.
Finally, we implemented in late 2010 on the roof of FIng building, a tower where a Delta-T SPN1
pyranometer (to measure global and diffuse irradiance) has been installed.
This equipment was installed permanently at this tower in order to have a long term reliable series to test
correlations between global and diffuse more accurately. For measurements of diffuse component it is also
available a Kipp & Zonen shadow ring of acquired in 2009 along with CMP6 pyranometers.
There are also installed in the tower two Davis 6450 photo-voltaic pyranometers, one horizontal and the
other tilted, in order to have a correlation between these two measures.
The FIng measuring point is equipped with a DataQ DI-710 16 channel datalogger. Figure 5 shows the tower
installed at FIng roof, at that time were installed two new CMP6 pyranometers to be tested prior to
installation inside the country, besides the two Davis 6450 and the Delta-T SPN1 in the central part.

Fig. 5: Measurement tower at FIng (Montevideo).

8. Future prospect
The first objective to meet is the installation of the sixth measuring point. Besides the six fixed points of
measurement, it is planned to have a measuring point in the form of a rapid deployment kit, so measurement
can be made at a given place for short periods of time. These measures allow comparison with already
installed pyranometer of which little is known about the validity of their measures, but if are checked and
validated, will serve as important data because in some cases extensive measurement records are available.
Along with expanding the measurement network, there is a second objective essential to maintain reliable
long-term measures: calibration of the pyranometer.
Currently (August 2011) is close to meeting the first two years of using the first CMP6 acquired in 2009,
which is taken as a reasonable time range for calibration thereof. In this sense, it is intended to implement
locally the pyranometer calibration against a reference standard pyranometer Kipp&Zonen CMP22,
following the procedure of ISO 9847: Solar Energy - Calibration of field pyranometers by comparison to a
reference pyranometer. The reference pyranometer will be transferred to a regional center to be calibrated
periodically against a standard of greater stability. This calibration will be developed in the recently installed
tower at FIng, and done with natural sunlight .
9. Conclusions
The installation of this solar irradiation measurement network is the first attempt at a nationwide network
with reliable measurements and calibrated equipment. During the construction of this network, the first
version of the MSU was launched, carried out based on a few national data series and some border points. In
the development stage of the map, investigators had to discard several series because there was not enough
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information about the maintenance of the equipment used and calibration of them.
In this sense, the aim is to have a network designed so that in the medium term, reliable series of irradiation
will be available at various points of Uruguay.
The choice of the ADQ-VX datalogger for the first three measurement stations was a challenge that involved
the risk of operational problems and data loss, but also had the secondary goal of generating knowledge and
independence by creating local know-how, an objective that has been achieved. Despite using a prototype
datalogger, good rates of availability of data were achieved and gradually converged towards an improved
design.
Nowadays, a local pyranometer calibration program is in design stage, which once developed will mean
significant progress, taking into account that in prior attempts, pyranometers have never been calibrated. This
lead to earlier solar irradiation measurement efforts often to failure in the weakest point of measurement:
calibration of the pyranometer.
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duction
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Fig. 1: Ten seecond irradiance at one location
n in Napa, CA on
n November 21, 2010

wing earlier work
w
to modell high frequen
ncy irradiances (e.g., see Skkartveit & Olsseth, 1992) to characterize
Follow
the im
mpact of variabble conditionss on the perforrmance of traansposition mo
odels (e.g., Viignola, 2001),, the issue of
short--term variabiliity has recenttly emerged as
a a top conceern for utility grid operatorrs faced with prospects of
large solar penetrattion. This conncern has prom
mpted a wealtth of new reseearch to betterr understand, pparameterize
and model
m
its effeccts ( e.g., see Sengupta et al.,
a 2011, Lavve et al., 2011, Frank et al.,, 2011, Kankiiewicz et al.,
2011, Hinkelman et al., 2011, Stein et al., 2011).
nt to the preseent investigatio
on reported too this date by the
t authors annd others incluude:
Key rresults relevan
• Shhort-term variaability includees two components: a prediictable compoonent caused by
b solar geometry (time of
daay / time of year) and a stochastic components
c
c
caused
by cloouds and weather. The laatter can be
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uantified by thhe time series of changes inn clear sky ind
dices (ratio bettween irradiannce and clear
skky irradiance). Most investiggations have focused
f
on thee GHI clear skky index, Kt*, of relevancee to flat plate
solar technologiies.
• Noon-predictablee short-term variability
v
is mitigated whhen considerinng the combined output of distributed
solar generatorss relative to a single one -- e.g., see emppirical observaations by Wiem
mken et al., 2001,
2
Murata
et al., 2009, Perrez et al., 20009. This empiirical evidencee can be expllained from prrobability theory’s law of
larrge numbers: the relative variability
v
of a fleet of idenntical solar poower plants decreases
d
as thhe inverse of
thee square roott of the num
mber of plantts when the individual pllants’ outputss are uncorreelated at the
coonsidered timee scale (Hofff and Perez, 2010). The correlation
c
that exists betw
ween individuual plants is
theerefore a key parameter thaat determines the degree to which individual plants’ fluctuations
f
w add up or
will
canncel out.
• Thhe correlation
n between twoo individual locations
l
depends upon thhe considered time scale and
a distance.
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Mills & Wiser (2010) inferred such a trend by looking at one-minute measured data from the low density
ARM network (Stokes & Schwartz, 1994). Perez et al. (2011) analyzed the same measured ARM network
data but augmented the network’s density by building one-dimensional high density virtual networks around
each station. They derived a well-defined time-scale-distance relationships for 20 seconds to 15 minute
fluctuations. Hoff & Perez (2011), looked at longer time scales (1-4 hours) for extended geographic areas
using satellite derived data, confirming the solid trends but noting regional differences likely traceable to
local cloud transit speed. They posited that a correlation function linking distance, time scale and cloud
speed would likely be applicable down to scales of seconds.
In this paper, we take advantage of a new modeling technique capable of generating high resolution (1 km) high
frequency (one-minute) irradiance data from geostationary satellites to complement and unify the above
findings. The results show that a strong, predictable and site-independent site-pair correlation relationship exists
between distance, considered fluctuation time scale, and local mean cloud transfer speed.
2. Variability Metrics
The non-deterministic component of solar resource variability is the results of short-term weather effects:
passing and evolving cloud fields. The clear sky index Kt* defined as the ratio between global horizontal
irradiance GHI and clear sky global irradiance GHIclear is largely independent of solar geometry and is used to
quantify this non-deterministic variability.
Hoff and Perez (2010) have previously quantified variability as the standard deviation of the time series of
changes in Kt* from one time interval Δt to the next: σ(Δkt*Δt). This metric is retained for the present
investigation.
3. Satellite-Derived One-Minute Irradiance Data
3.1. Methodology
The GOES geostationary satellites produce data on a half-hour basis with a ground resolution of 1 km at nadir
for the visible channel. This channel is the main input to irradiance models such as the model of Perez et al.
(2002) used in SolarAnywhere (2011).
The one-minute data are generated from the half-hour satellite-modeled irradiances by applying a methodology
developed for cloud motion forecasts (Heinemann, et al., 2006, Perez et al., 2010) to points of time between
satellite frames. Cloud motion is determined from two consecutive images; the motion assigned to each image
pixel is the one that minimizes the local cloud pattern difference between the two images. Because they are
initiated from known cloud field structures, cloud motion-based forecasts have been found to perform better
than numerical weather prediction forecast models up to 4-5 hours ahead (Perez et al., 2010). Beyond this time
horizon, performance degrades because cloud speeds evolve over time and space, and because the method does
not account for cloud formation or cloud dissipation.
The cloud motion forecast methodology is applied here to simulate evolving cloud patterns at any time between
two consecutive satellite images at time t0 and t1, respectively. Forward forecast is applied to the t0 image, while
backward forecast is applied to the t1 image by reversing motion vectors. The resulting cloud field at time ti
(with t0 < ti <t1) is a weighted average between the forward and backward forecasts. The achievable time
resolution Δtlimit is a function of the image’s spatial resolution, Δx, which defines the size of the cloud structures
that can be captured to determine variability at a given time scale, and of the cloud speed CS:
Δtlimit = Δx / CS

(eq. 1)

For this study we use the native visible channel spatial resolution of ~ 1 km, allowing us to push the temporal
resolution down to near one-minute for cloud speeds approaching 60 km/h. For lower speeds at that frequency,
the one-minute generator should underestimate variability and overestimate site pair correlation -- however
both variability and correlation observed at these low speeds can be corrected as discussed below.
Figure 2 illustrates 31 satellite-derived clear sky index frames over a ~ 200 km x 150 km region in northern
California. The first and last frames are derived from actual satellite images while all the intermediate frames
are produced using the methodology outlined above.
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Fig. 22: One-minute sa
atellite-derived Kt*
K in a 4x4 deggree region in northern Californiia. The first and
d last frames (16::00 and 16:30
GMT
T) are derived fro
om actual satelliite images. All th
he intermediate frames
f
are derivved from applyin
ng pixel-specific cloud motion
vectorss to the first and last frames3.2. E
Evaluation of th
he Methodology

The ability
a
of the one-minute satellite
s
deriv
ved irradiancees to recreate variability co
onditions observed at the
grounnd was gaugeed against onne-minute meeasured GHI data from thhe ARM netw
work’s centraal facility in
Oklahhoma (Stokess & Schwartzz, 1994) and against receent field meaasurements froom a high density,
d
high
frequeency mobile network
n
that operated
o
for a few days at Cordelia
C
Juncttion near San Francisco, CA
A (Hoff and
Norriss, 2010). Thiss network com
mprises 25 stattions within a 400x400 meteer footprint.
ARM
M Data: In Figuure 3, we com
mpare satellitee derived onee-minute Δkt* to measured Δkt* at the ARM
A
central
facilitty for the monnth of Octoberr, 2010. The top
t portion off the figure repports the grou
und and satelliite Δkt* time
seriess. The bottom part of figure 3 plots the sorted absoluute values of ΔKt*
Δ
for the 1,000 highestt one-minute
ramp rates observedd during the 31
3 day period.
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Fig. 3: com
mparing satellitee derived and groound measured time
t
series of Δk
kt*
an
nd sorted absolu
ute ramp rates att the ARM Central facility

Satelllite-derived onne-minute varriability is lesss than observved and appeaars to fall shorrt of expectatiions. Indeed,
the saatellite derivedd variability quuantified by Δkt*over
Δ
that period
p
is 40%
% of measured variability. There
T
are two
reasonns for this low
wer satellite-dderived variabbility: (1) the effective clou
ud speed for th
he month durring the high
variabbility days aveeraged 28 km
m/h, putting onne-minute tim
me step below the optimal Δt
Δ limit, and (2) the satellite
pixel does not repreesent one singgle station butt an extended area. Per Hofff & Perez, 20
010 such an exxtended area
shouldd exhibit less variability thhan a single loocation becausse its dispersion factor is laarger than uniity. Perez et
al. (20011) derived an
a estimate off station pair variability
v
corrrelation as a function
fu
of theeir distance forr one minute
data ((see their fig. 4);
4 applying thhis correlationn function to a large numbeer of single staations equally spaced over
a 1x1 km foot prinnt representinng a satellite pixel
p
and solvving the correelation matrixx (Hoff and Perez.,
P
2011)
indicaates that the variability of thhe satellite exxtended pixel should
s
be 60-770% of a singgle point’s varriability. The
combined impact of
o both factors accounts for the scale of thhe difference shown
s
in figurre 3.
D
This nettwork operated for a few daays in Novem
mber 2010 in a 400x400m coonfiguration.
Cordeelia Junction Data:
For thhis evaluation
n, we selectedd the highest variability
v
dayy, November 10, and comppared the sateellite-derived
variabbility to (1) thhe variability of
o one single station
s
in and (2) the variab
bility of the enntire 25-statioon network -the efffective cloud speed for thaat day was ~ 35
3 km/h. In figgure 4 we plootted the sorteed 100 highestt one-minute
ramp rates’ absolutte values recoorded for that day. The figuure shows thatt the one-minu
ute variabilityy detected by
v
of any
a single meaasuring station
n in the netwoork, but also shows
s
that it
the saatellite is smalller than the variability
is neaarly identical to
t the variabiliity integrated over the netw
work.
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Fig. 4: Compaaring satellite-deerived and measu
ured sorted absoolute ramp ratess at the Cordelia Junction network site

4. Res
sults
One-minute on
ne-kilometer satellite-derive
s
ed irradiancess were producced for a fourr-month period in each of
All O
the fivve regions shoown in figure 5. Four of thhe regions are 3 x 3 degreess in size – i.e.,, representing 90,000 high
resoluution satellitess data points. They cover respectively
r
ceentral Califorrnia, Nevada, the southern Great Plains
and Hawaii.
H
In adddition, we alsoo considered a 2 x 2 degrees subset of the
t Hawaii reggion focusingg on the land
area oof the big islan
nd.

Fig. 5: Seleccted regions of satellite high-resoolution one minu
ute data producttion
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4.1 Correlation of Δkt* as a Function of Distance
Thirty six uniformly distributed high resolution data points were selected within the central area of each region
– each central area represents 2x2 degrees for the five large regions and 1x1 degrees for the small Hawaii
region.
The correlation of the Δkt*time series between each of the 36 selected points and a random sample of all its
possible neighbors within a 50 km radius was individually calculated for each month and each region -- the
random sampling of neighbors reduced the number station pairs analyzed per region from 280,000 possible
pairs down to a manageable 28,000. The random selection process was adjusted so as to keep the number of
pairs analyzed within any particular distance range nearly constant.
Figure 6 illustrates observed site pair correlations as a function of distance and Δt for one sample month in each
region analyzed. The considered Δt intervals range from one minute to one hour. The familiar trends previously
noted by Hoff & Perez (2011), Perez et al. (2011), and Mills & Wiser (2010) based upon different empirical
evidence (respectively hourly satellite data, virtual networks and low resolution networks) are qualitatively
reproduced in the present analysis. In addition, it is clearly apparent that the rate of correlation decrease as a
function of distance depends upon the prevailing regional cloud speed as had been inferred by Hoff and Perez’s
analysis of hourly satellite data (2011). The influence of cloud speed becomes more noticeable as Δt increases –
which may explain why this effect was noted in Hoff & Perez analysis as they considered Δt’s ranging from
one hour to 4 hours and not in the virtual network analysis that considered Δt’s ranging from 20 seconds to 15
minutes
The slight negative correlation noted by Perez et al. in the virtual network analysis (2011), and partially visible
in high resolution network data (Hoff & Perez, 2011) is not reproduced through this analysis. The main causes
of the observed negative correlation minimum were likely the one-dimensional nature of the virtual network
and the assumed conservation of cloud structures.
We made no attempts at observing the influence of cloud speed direction vs. the considered distance on the
observed correlation trends -- a slight, but noticeable variation to this effect has been noted by Hinkelman et al.
(2011) which may be materialized here as the scatter around the observed trends in Fig. 6.
All the trends observed at all time scales and sites converge towards zero asymptotically with a convergence
distance increasing with both Δt and cloud speed. Because the correlation zero cross-over noted in the virtual
network analysis does not occur here, let’s consider the 20% crossover threshold as an effective quantifier of
the distance where the Δkt* time series at two locations are effectively uncorrelated. Figure 7 reports this
effective decorrelation distance, xedd, as a function of mean monthly cloud speed and Δt for each of the 20 sitemonths analyzed.
As conjectured above, the points reported in Figure 7 where Δt is below Δtlimit should overestimate the
crossover distance. This effect is clearly apparent in Figure 8; according to Hoff and Perez’s definition of the
dispersion factor (2010), the station distance at any given correlation level divided by Δt and by the cloud speed
should be a constant. The points where Δt << Δtlimit are above the other data points, increasingly so as Δtlimit /Δt
increases. However, it is possible to use this observation and Hoff & Perez’s dispersion factor definition to
correct the concerned data points by bringing them to the level of the mean of all other points where Δt > Δtlimit.
Doing so allows us to derive Figure9 identifying the effective 20% decorrelation distance as a function of
prevailing cloud speed and Δt, and to propose the following equation for this effective distance:
xedd = 1.5 Δt CS

(eq. 2)

Figure 10 compares the application of equation (2) to the preliminary relationship identified in the virtual
network analysis (Perez et al., 2011)
Further, recalling that xedd correspond to 20% correlation threshold, and assuming, based on the present
empirical evidence, that correlation decreases exponentially with distance, it is possible to use equation (2) to
estimate any station pair correlations, Cpair, as a function of their distance, x, the fluctuation time scale Δt and
the cloud speed CS per equation (3):
Cpair = exp ( x ln2 / 1.5 Δt CS )

(eq. 3)
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Fig. 6: Exam
mples of site pair correlation as a function of disttance for each reegion
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5. Conclusions

In this article we have presented experimental evidence showing that the short-term variability correlation
observed between two locations is a predictable function of their distance, the considered fluctuation time scale
and the local cloud speed. This experimental evidence was used to propose a simple model relating correlation
to all three parameters.
As explained by Hoff and Perez, 2011, this relationship can be used, in conjunction with satellite-derived cloud
motion vectors (see Perez et al., 2010) to build a correlation matrix for any arbitrarily deployed fleet of PV
installations, and therefore to estimate their combined variability at any time scales.
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Abstract
The use of satellite measurements for the estimation of solar irradiation at the Earth surface is rapidly increased
in the 21st century. The accuracy of such estimations yet should be modified to attain more reliable input values
for the use of all types of solar energy systems. This paper presents a new alternative approach aiming to increase
the estimation accuracy of daily solar irradiation by coupling the satellite images with surface bright sunshine
hour measurements. This approach is described for the estimation of global solar irradiation on daily base by
using bright sunshine hour data for two regions, one in Turkey and one in Germany, respectively. Using one-year
data, daily solar irradiation values for these two different stations have been calculated and standard error
analyses are carried out to analyze the performance of the correlations. The results are compared with the
estimation of a commonly used satellite model (HELIOSAT) and the Angstrom model using measurements of
daily global solar irradiation.
1. Introduction
Solar energy, meteorology, and many climatic applications are directly related to the correct knowledge of solar
radiation at the Earth’s surface. Pyranometer measurements is the most accurate way of characterizing the solar
resource of a given site (Dagestad, 2005). However, measurement network is not adequate and the data taken are
not quite reliable in most stations. Satellite image based estimation methods are quite promising but they are
indirect methods and not better than the models that use nearby surface measurements (Zelenka et al., 1999). Yet,
these methods are still developing and the relevant satellite technology has been profoundly improving in recent
years. An advantage of the images taken from geostationary satellites is their large area coverage with high
spatial resolution (up to 1 km) and with sufficient temporal resolution (up to 15 minutes) especially for the
second-generation Meteosat satellites (Beyer et al., 1996; Hammer et al., 2003; www.eumetsat.int, 2010).
Information of these satellite images were used to develop models for the derivation of solar irradiance data by
many researchers such as Cano et al. (1986); Beyer et al. (1996); Hammer et al. (2003). In the present study, we
used a modified version of HELIOSAT method (Zelenka et al., 1999; Hammer et al., 2003; Girodo et al., 2006)
for our analysis.
On the other hand, there are many methodologies for the estimation of solar irradiation on the Earth's surface
using different surface measured climatic variables (Akinoglu and Ecevit, 1990a, 1990b). Among these
methodologies, the methods using measurements of bright sunshine hours together with Angstrom type
correlations are most commonly used. Recent evaluations on these types of correlations can be found in
Akinoglu (2008). Here, we used linear Angstrom type monthly correlations to modify the HELIOSAT formalism
to include a surface measured quantity in such a satellite-based application.

2. Methods
There are several models, which estimate surface solar irradiance based on geostationary satellite data (Beyer et
al., 1996; Hammer et al., 2003; Dagestad, 2005; Hammer et al., 2001). One of them is the HELIOSAT method
that is an estimation technique to infer the shortwave surface irradiance from satellite images by using a
statistical procedure (Beyer et al., 1996; Hammer et al., 2003).
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2.1 HELIOSAT Method
The HELIOSAT method has been developed to estimate hourly global horizontal irradiance at ground level using
images taken in the visible range by the European meteorological satellite series, namely Meteosat (Hammer et
al., 2003; Hammer et al., 2001; Dagestad, 2005). The HELIOSAT method was initially used by Cano et al.
(1986) as an estimation technique for short wave surface irradiance from satellite images. Because of its
relatively easy formalism, the HELIOSAT method is a popular algorithm widely used in operational schemes
around the world. Over the years, it has been modified and improved several times by some researcher (Beyer et
al., 1996; Hammer et al., 2003; Hammer et al., 2001).
The general idea of HELIOSAT is to use atmospheric and cloud extinctions separately. A measure of cloud cover
is determined by Meteosat satellites visible channel counts. In the first step, the time series of clear sky irradiance
is computed for the chosen stations. In the second step, a cloud index is derived from Meteosat images to take
into account relative reflectivity calculation. Detailed explanations of the HELIOSAT method is documented in
the following references: Beyer et al. (1996), Hammer et al. (1999, 2003). Here we only give a short description
of the modified form that we utilized for the present work.
In HELIOSAT, the relative reflectivity (ρ) is calculated as:

ρ=

C − Co
Gext

(eq. 1)

where Gext is the hourly extraterrestrial irradiance outside of the atmosphere. Here, C is the pixel counts over the
location of interest extracted from the Meteosat images, and Co represents an offset and it is subtracted from the
satellite counts measurements (Beyer et al., 1996).
Most important step was the definition of the cloud index n, calculated for each pixel (or a small matrix of pixels
over the region) as:

ρ− ρclear

n=

ρ cloud− ρ clear

.
(eq. 2)

Here ρclear and ρcloud are the maximum and minimum values of the relative reflectivity assuming that they
correspond to clear and overcast conditions, respectively (Beyer et al., 1996). To estimate the solar irradiation, an
empirical form is needed between the clearness index k and cloud index n as defined above. That is, in the linear
approximation, hourly clearness index k can be written as:

k=

G
= αn + β
Gext
(eq. 3)

where G is the hourly global irradiance values for the site of interest, α and β are empirical parameters to be
determined using regression analysis with the ground data. As one can guess these parameters, would be site
dependent and might be affected from the temporal variations of the atmospheric conditions (Dagestad, 2005).
In the modified version, instead of clearness index k, a clear sky index k* was used (Beyer et al., 1996). It was
defined as:

k* =

G
Gclearsky (eq. 4)

where Gclearsky was a calculated hourly clear sky irradiance value of the site using a clear sky model. In their
method, Hammer et al (2003) calculated Gclearsky as follows:

G clearsky = G dn;clear cos θ z +G dif;clear
(eq. 5)
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where Өz is the zenith angle, Gdn;clear is the clear sky direct model of Page (1996) and Gdif;clear is the clear sky
diffuse irradiance model of Dumortier (1995). These models use the monthly Linke Turbidity factor from a
database produced by Dumortier (1998). The daily totals of clear sky irradiation can be obtained from the hourly
values, Gclearsky by simply summing over the day.
As described above cloud transmission can be defined by the clear sky index k* which is the ratio of the actual
surface irradiance G and the clear sky irradiance Gclearsky from Eqn. (4), and it is correlated with the cloud index n
(Hammer et al., 2003). Eqns. (4) and (5) are then used to obtain the hourly surface irradiance Gg:

G g = k* .G clearsky

.
(eq. 6)

Hammer et al. (2003) using the data of 23 locations from Europe correlated the hourly values k* with n and they
obtain the empirical relations:

1.2
1 − n

k* = 
2
2.0667 − 3.6667n + 1.6667n
0.05

n < −0.2
n ∈ [− 0.2,0.8]
n ∈ [0.8,1.1]
n > 1.1
(eq. 7)

The calculation procedure is explained in details in reference: Hammer et al. (2003).

2.2 Angstrom Method
In most of the applications, Angstrom type equations are used to estimate the daily or monthly average daily
global solar radiation (Akinoglu, 2008). In this form, regression coefficients ai and bi are calculated by using the
linear correlation:

H
s
=ai +b i
Ho
S

(eq. 8)

called Angstrom-Prescott relation (Angstrom, 1924; Akinoglu and Ecevit, 1990a, 1990b; Akinoglu, 2008). The
empirical values ai and bi are site dependent Angstrom coefficients for each month H is the daily global solar
irradiation and Ho is the daily extraterrestrial solar irradiation on a horizontal surface. The quantities s and S are
daily bright sunshine hours and day length, respectively. Angstrom coefficients have been derived for many
locations all over the world and are frequently used. Different types appeared in the literature and reviews and
detailed information are presented in references (Akinoglu, 2008; Martinez-Lozano, 1984; Akinoglu, 1991). The
calculation procedures of Ho and S can be found in reference Duffie and Beckman (1991).
Values of s were measured by using Campbell-Stokes heliographs, and H was measured by using pyranometer.
The sunshine recorders do not work efficiently during the low altitude of the sun. Therefore, we used the
modified day length So (day length for zenith angle ≤85o) instead of the daylength S, to consider the fraction of
the day during which the solar zenith angle is greater than 85 degree. This calculation procedure is given by Hay
(1979):

S o=

arccos [(cos 85− sin φ sin δ )/cos φ cos δ ]
.
7.5
(eq. 9)
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3. Data and Models
3.1 Database
Ground level global solar radiation H and sunshine duration s observation data were obtained from Turkish State
Meteorological Service (TSMS) for the stations in Turkey and the German Meteorological Service (DWD) for
the stations in Germany.
The satellite images were obtained from Meteosat Second Generation (MSG) satellite and all calculation
procedures for the cloud index applied to these images were carried out in Institute of Physics ,University of
Oldenburg. The values for cloud index n, clear sky irradiance Gclearsky, and surface irradiance Gglobal, , are
calculated as a time series of hourly values. In all calculations, these hourly values of Gclearsky and Gglobal were
used to calculate the daily totals directly by summing. The daily clear sky index K* is defined as the ratio of the
daily totals of actual surface irradiance (ΣG) and the daily totals of clear sky irradiance (ΣGclearsky). In addition,
the daily averages of the cloud index, navg values were calculated for the basis locations of Turkey to use for
direct daily estimations. Longitude, latitude and altitude information of all basis stations and the neighbor
stations are given in Table 1. The basis stations are used for the derivation of model parameters. These models
are then tested on the neighbor stations in a distance of 150 km to 350 km.

Tab. 1: Locations geographical information

Latitude

Longitude

Altitude (m)

Ankara/Turkey

39.97 S

32.86 E

891

Bremen/Germany

53.05S

8.80E

24

Afyon/Turkey

38.74 S

30.56 E

1034

Braunschweig/Germany

52.30S

10.45E

83

Wittenberg/Germany

51.88S

12.65E

105

Basis Stations

Neighbor Stations

3.2 Models and Calculations
We analyzed and compared the measured and estimated daily global solar irradiation values for all the data sets.
Different procedures were adopted to link the surface bright sunshine measurements to satellite based
procedures. Here, we present a new approach referred to as Hmodel that have the best performance.
3.2.1 Hmodel
The Angstrom-Prescott relation was used to calculate the daily clear sky radiation on the horizontal surface. In
Eqn. (8), we have chosen modified day length So. If we take s/So = 1, the result is the daily clear sky radiation on
horizontal surface; that is:

H clear = H o (ai + b i )

(eq. 10)

.

These values of Hclear can either be calculated using one yearly pair of a and b or by using 12 pairs ai and bi for
12 months. The regression analysis of the calculated values of Hclear and the daily summation of Gclearsky
(ΣGclearsky from Eqn. (5)) for the period of one year for one location Ankara of Turkey are given in Fig. 1.
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Fig. 1: Relation between Hclear and ΣGclearsky used in the regression analysis for Ankara.

Furthermore, it is possible to take the daily average values of the hourly cloud index in Eqn. (2) (navg) to find the
daily global solar radiation. In writing this expression, we made use of hourly Eqn. (7) by assuming that the
correlations for the daily averages follow a similar trend, which is (1-navg). In order to clarify this assumption,
linear correlations between daily clear sky index K* and daily average cloud index navg was investigated. Some
differences were observed when we compared the results of hourly and daily data sets. In hourly considerations,
the simple form (1- n) is good for k* between the ranges -0.2 and 0.8.
Likewise, we also obtained new correlations for each station using the daily-based data sets. The results showed
that there were slightly different relations between K* and navg. The regression relation results were 0.99-0.93navg
for Ankara and 1.00-1.02 navg for Bremen. They seemed better in the calculations of K*, in the widest range
mentioned above, for Ankara and for Bremen. The regression results will be presented in the followings.
To determine a simple and accurate way to calculate daily solar irradiation from satellite images, Hclear was tested
instead of ΣGclearsky in Eqn. (6). The motivation was the very similar results shown in Fig.1 as these two values
have high correlation. In fact, the values of the correlation coefficients R2 are larger than 0.98 for all the stations
for ΣGclearsky and Hclear. In summary, to follow a similar procedure as in the hourly calculations, Hclear and the
daily clear sky index K* can be written in open form, using Eqn.(10) as a new approach for daily calculations can
be written as:

H mod el= (1− n avg ). (a i+ b i )H 0

(eq.11)

.

Using the daily base regression analysis between K* and navg , the ranges of -0.2 and 0.8, Eqn. (11) are rewritten
in the form of Eqn.(12) for Ankara (Turkey) and Eqn.(13) for Bremen (Germany) as:

H Ankara = (0. 99− 0, 93 navg ). (ai + bi )H o
fit

H Bremen = (1, 00− 1,02 n avg ). (a i+ b i )H o
fit

(eq.12)
(eq. 13)

,
.

Note that ai’s and bi’s are monthly-based Angstrom coefficients of the stations under consideration derived from
surface s measurements.
To verify this simple methodology, we used coefficients of the selected basis stations to estimate the values of H
for other nearby stations. We used these two results of Ankara and Bremen to estimate daily solar irradiation for
Afyon, a neighbor station in Turkey and two neighbor stations Braunschweig and Wittenberg in Germany,
respectively. The values of the regression coefficients and their linear correlation coefficient R2 are listed in
Table 2.
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4. Methodology and Research Results
To analyze the performance of the correlations, we used the one-year data for five stations from Turkey and
Germany (Table 1). Table 2 gives the regression analysis results between calculated and measured solar
irradiation for the two basis stations of interest. These approaches are denoted as H, Hsat, Hmodel, and Hfit, which
are explained below;
I.

H is the calculated daily global solar irradiation on horizontal surface from Eqn. (8) (ai and bi
are monthly varying values),
II. Hsat is the daily global solar irradiation on horizontal surface from satellite calculation,
III. Hmodel is the calculated daily global solar irradiation on horizontal surface from Eqn. (11),
IV. Hfit is the calculated daily global solar irradiation on horizontal surface from fitting process
Eqn. (12-13).
The unit is identical in all calculations and it has been taken as MJ m-2 day-1. The regression results together with
regression coefficient R2 are tabulated in Table 2. As it has been mentioned before, in the satellite derived
estimations, use of the surface measurements may lead to obtain better results. It seems that introducing surface
data through ai and bi to a simple satellite derived model (with 1-navg in the widest range column seven may lead
quite similar results compared with Hsat) does not result considerable improvement in the estimations of the daily
values. However, use of ai and bi obtained from surface data instead of ΣGclearsky, with satellite image derived
cloud index navg, is an easier way (because there is no need to use hourly Gclearsky values) and gives quite
satisfactory results for daily estimations.
As explained earlier, we also tried the regression relations Eqn. (12-13) instead of the relation of Eqn. (11). To
verify the use of these relations, equation of Ankara, Eqn. (12) is used for the neighboring province of Afyon. In
the same manner, the result of Bremen Eqn. (14) is used for the Braunschweig and Wittenberg to estimate daily
solar irradiation. The results showed that it is possible and satisfactory to use the correlations like Eqn.(12) and
Eqn.(13) for nearby regions for daily calculations. R2 values of the regressions between the measured and
calculated H values of Afyon, Braunschweig, and Wittenberg with the correlations obtained from neighbors
(Ankara and Bremen) were high and same as the R2 values of the neighbors themselves. That is, R2 values are
0.95 for Afyon and 0.96 for Braunschweig and Wittenberg.

Tab. 2: Comparison of the calculated daily results of the models with measurements H (MJ/m2).

H =(ai +b i .s/S) . H o

H model = (1-n avg ) . H clear

Hsat

H fit

Stations

f(x)

R2

f(x)

R2

f(x)

R2

f(x)

R2

Ankara

0.98x+0.36

0.98

0.94x+1.44

0.98

0.94x+0.46

0.97

0.92x+0.97

0.97

Bremen

0.98x+0.15

0.98

1.01x+0.21

0.98

0.97x+0.80

0.97

0.97x+0.67

0.97

To identify the performance of models, standard error analyses are also carried out. Mean bias error (MBE) and
root mean square error (RMSE) values were calculated on a yearly base for the selected stations. The results
were good and we give the results for relative MBE and RMSE. For the whole period of the study, RMSE and
MBE values are found to be small for H, which means that the estimations of these models are good. In addition,
relative MBE and RMSE values of the other models are almost in the same range as can be observed from Fig.3.
Estimations for the nearby stations (Afyon, Braunschweig, and Wittenberg) are also satisfactory as shown in Fig.
3.
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Figure 3. (a) Yearly relative MBE and (b) yearly relative RMSE among calculated models and ground measurement of daily global
solar radiation data for the selected stations for one year. Relative values were calculated by dividing MBE and RMSE to the average
of annual ground data.

5. Conclusion and Comments
In this report, the results from the empirical study of the estimations of daily global solar irradiation with satellite
based and ground measurement based calculations were summarized. Furthermore, the new approach of coupling
surface data with satellite images about estimations of daily global solar irradiation was presented.
The overall conclusions are as follows:
1) The results are examined and it is found that the error values of daily irradiation estimations of the
new approach are found to be comparable with the daily estimations obtained from hourly satellite
model. Use of ΣGclearsky for daily calculations is not necessary. Instead, Hclear= (ai+bi)Ho can be
used.
2) Instead of 1-navg (derived for hourly based calculations), new regressions for nearby stations may
result in improvement in the estimations.
3) Direct use of present approach (surface measured bright sunshine hours s) for the daily estimations
seems easier to apply instead of hourly-base calculations, because there is no need to use Linke
turbidity, direct and diffuse irradiance, etc. However, it should be noted that this approach of
coupling surface measurement to satellite values needs further verifications and modifications.
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Consequently, present results showed that it is possible to recommend hybrid approaches in the satellite based
daily solar irradiation estimation models. The results are encouraging for the future works to use long and shortterm satellite image data together with the surface measured data to estimate the solar irradiation values in a
simpler way within an acceptable accuracy.
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5.2 Resource Forecasting and Technical Potential
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1. Introduction
Photovoltaic systems power output are highly sensitive to variations of insolation. A sudden change in the
weather or a displacement of clouds in the sky can cause a meaningful decrease in the power output of such
systems. If photovoltaic systems are installed in large scale, such power output oscillations can result in
control and operation issues. With a proper forecast of insolation, however, variations in the power output of
photovoltaic system can be known before hand allowing for power companies to keep the supply of power
stable, balancing the use of photovoltaics with the use of other energy systems for example.
To forecast insolation, artificial neural networks have been widely used in a variety of configurations (Mellit
& Pavan 2010, S. Cao & J. Cao 2005, Dorvlo et al. 2002, Mohandes et al. 1998). The advantages of using
artificial neural networks are related with their ability to recognize patterns, easiness of implementation and
generalization capacity. Nevertheless, a method able to forecast accurately insolation in places with unstable
weather, or with a high number of partially cloudy days, is still not available. In this regard, the use of
support vector regression may bring some benefits, as it is an artificial intelligence technique based on the
latest advances in statistical learning (Cristianini & Shawe-Taylor 2000). To verify if there is any merit in the
use of support vector regression to forecast insolation, a comparison using the results obtained with an
artificial neural network as reference would be interesting.
Considering that, the objective of this study is to determine if the use of support vector regression can
effectively provide gains in the accuracy of insolation forecasts when compared with the forecasts done with
an artificial neural network. The  support vector regression and a multilayer perceptron artificial neural
network with the backpropagation algorithm were used separately to forecast insolation. Both forecast
techniques were applied with the same input data. The input data comprised numerically predicted and
calculated weather related variables. The numerically predicted weather variables were provided by the
GPV-MSM system developed by the Japan Meteorological Agency. The GPV-MSM system provides data
for locations in a mesh with points equally spaced (5 km) covering Japan and surrounding areas.
In this study one-day-ahead forecasts were done using input data predicted at 18h of every day before the day
of the insolation forecasts. Furthermore, 60 days previous to each forecast day were used in the training of
each method. Forecasts of insolation were done from January 1 st to December 31st of 2008. A day of
forecasts was regarded as hourly forecasts from 5h to 19h. Both forecast techniques were configured after
extensive training procedures to find the configuration that yield the best possible forecasts. In total, oneday-ahead forecasts for 25 locations in Japan, covering places as far from each other as Hokkaido and
Okinawa, were done. The accuracies of both forecast techniques were compared using two kinds of errors as
evaluation parameters; the hourly mean absolute error and the hourly root mean square error.
2. Forecast Techniques
2.1. Artificial Neural Networks
An artificial neural network, ANN, is a model that attempts to simulate some of the information process of
the brain (Samarasinghe 2007). There are several kinds of ANN that can be used to address the insolation
forecast problem. In the present study, the ANN used was of the feed-forward multilayer type with backpropagation learning with a recurrence mechanism. The recurrence mechanism consists of the use of the
previous outputs of the ANN on its input layer.
The structure and information flow of the ANN are illustrated in Fig. 1. The ANN has 3 layers and
the information flows from the input layer to the output layer through connections between neurons of the
different layers. In each neuron connection there is a weight, which linearly modifies the data flowing
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between the neurons it connects. Inside every neuron that does not belong to the input layer there is an
activation function, eq. 1. Such activation function is based on the hyperbolic tangent, and it operates over
the sum of all the linearly modified inputs arriving on a neuron in a given time step t. The result of this
operation is the output of each neuron outside the input layer. Such output is then sent to the neurons of the
next layer where the process is then repeated. The process stops with the calculation of the outputs of the
neurons located in the output layer (in this study the ANN had only one output neuron). These outputs are
regarded as the result provided by the ANN in a given time step t. Each time step was regarded as one hour,
thus the ANN provided hourly insolation forecasts. The recurrence mechanism woks directing the output
neuron of the ANN, Ot, to a context layer. The information in the context layer was then used as input of the
ANN with the other n inputs x, to calculate the insolation forecast in the next time step. For the forecasts of
insolation of a given time step t, the insolation forecast of the previous 3 time steps, xr(t-1), xr(t-2), xr(t-3), were
used.

Fig. 1: Structure of the ANN used to make the insolation forecasts.

fn x = 0.52 × tanh x − 0.51

(eq. 1)

The ANN was trained using a set of known input-output data. For each input set an output value and its error
was calculated. The error was determined using the expected output value as reference. The expected output
value was the measured insolation at the same time in the same location of the forecast value. Once the error
was known, it was propagated back to the weights of the ANN. The weights were updated with partial batch
learning after a day of training patterns. The application of this procedure for all the sets of input-output data
selected for the training was regarded as an epoch. The training of the ANN was stopped after repeating it for
a predefined number of epochs. After the training stage finished, the ANN was then used to forecast
insolation using data not included in the training set. The values for the main configuration parameters of the
ANN are in Table 1.
Tab. 1: Values of the configuration parameters of the ANN.

Learning Rate

Momentum Term

Layers

Training Duration

Training Period

0.004

0.4

3

1000 epochs

60 days

2.2. Support Vector Regression
Support vector regression, SVR, is a kind of support vector machine, a learning algorithm developed by
(Vapnik 1999) to deal with classification and regression problems. The SVR works using mapping functions
to express the input parameters in a hyper dimensional space, where the original problem is expressed in
terms of a lagrangian function and then learning is done using an optimization procedure. The SVR used in
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this study is known as  support vector regression and it was developed by (Schölkopf et al. 1998). In the 
support vector regression the -insensitive loss function used in the optimal robust estimation procedure is
automatically minimized yielding estimates as accurate as possible. In Fig. 2 the architecture of a support
vector machine is presented.

Fig. 2: Structure of a support vector machine.

As showed in Fig.2 the mapping of the input to the higher dimension space is done using a kernel function.
The kernel function used in this study is the radial basis function showed in eq. 2.
𝑘(𝑥𝑖 , 𝑥𝑗 )𝑒 −𝛾∣𝑥 𝑖 −𝑥 𝑗

2∣

(eq. 2)

In order to use the  support vector regression to forecast insolation, several configuration parameters, such
as the parameter  in eq. 2 for instance, have to be chosen beforehand. To find suitable values for the
configuration parameters a validation data set, different of the data set used in the forecasts, was used.
Several values for the configuration parameters were tested and the ones that yielded the best results for the
validation data were chosen. All the forecasts of insolation with SVR were done using the Matlab port of the
LibSVM library (Chang & Lin 2001).
3. Problem Description
3.1. Input Data
To forecast insolation the extraterrestrial insolation, predicted temperature normalized, predicted humidity,
and predicted cloudiness in 3 levels of altitude were used as input of the ANN and the SVR. The use of
numerically predicted cloudiness is justified by the effect it has improving the quality of the forecasts of
insolation (Kataoka et al. 2009, Fonseca Jr. et al. 2010). The values of the variables used as input data
corresponds to the values for the hour which insolation is being forecast and for 1 hour before that. The
extraterrestrial insolation was calculated using the methodology available in (Iqbal 1984) and the simplified
equation developed by (Watt Engineering Ltd 1978). The predicted input data was provided by the GPVMSM system of the Japan Meteorology Agency. This system provides forecast for next 15 or 33 hours
according to the forecast time.
To make one-day-ahead forecasts the data used as input was predicted at 18h of every day before the forecast
day. The forecasts of insolation were done in an hourly fashion from 5h to 19h. As every day of insolation
was forecast from 5h to 19h, the forecast horizon varied from 11 to 25 hours ahead. Furthermore all forecasts
were done after a training procedure, for the SVR and for the artificial neural network, in which the 60 days
of data preceding the day of forecast were used.

3.2. Forecast Locations
In total 1 year, 2008, of insolation forecast for 25 cities in Japan were done. The locations for which forecasts
were done are in Table 2. The locations latitude is expressed in degrees and minutes in the north direction.
The longitude is expressed in degrees and minutes in the east direction. The variety of locations studied
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ensured forecasts for a variety of weather patterns.
Tab. 2: Name of the cities for which insolation was forecast, and their latitudes and longitudes.

Location

Latitude

Longitude

o

o

Location

Latitude
o

Longitude

1

Abashiri

44 01’N

144 17’E

14

Maizuru

35 26’N

135o19’E

2

Nemuro

43o19’N

145o35’E

15

Nagoya

35o09’N

136o58’E

3

Sapporo

43o03’N

141o19’E

16

Shizuoka

34o58’N

138o24’E

4

Obihiro

42o55’N

143o12’E

17

Osaka

34o40’N

135o31’E

5

Hakodate

41o48’N

140o45’E

18

Hiroshima

34o23’N

132o27’E

6

Aomori

40o49’N

140o46’E

19

Matsuyama

33o50’N

132o46’E

7

Akita

39o42’N

140o06’E

20

Kochi

33o33’N

133o33’E

8

Sendai

38o15’N

140o54’E

21

Kumamoto

32o48’N

130o42’E

9

Yamagata

38o15’N

140o20’E

22

Nagasaki

32o43’N

129o52’E

10

Maebashi

36o24’N

139o03’E

23

Kagoshima

31o33’N

130o33’E

11

Tateno

36o03’N

140o78’E

24

Naze

28o22’N

129o29’E

12

Fukui

36o03’N

136o13’E

25

Naha

26o12’N

127o41’E

13

Tokyo

35o41’N

139o45’E

The insolation forecasts for every day in any given city were done after training the forecasts algorithms with
60 days of data of that city. Nevertheless, to also assess the generalization ability of each algorithm, their
configuration parameters were set only once using data of Tokyo.

3.2. Comparison Parameters
To compare the accuracy of the forecasts done with SVR and the ones done with ANN, two errors were
calculated, the root mean square error, RMSE, and the mean absolute error, MAE. The RMSE is calculated
according to eq. 3 and the MAE according to eq. 4.

𝑅𝑀𝑆𝐸 =

𝑀𝐴𝐸 =

1 𝑁
∑ (𝐼
− 𝐼𝑚𝑠𝑑 ,𝑖 )2
𝑁 𝑖=1 𝑓𝑐𝑠 ,𝑖

1 𝑁
∑ ∣∣𝐼
− 𝐼𝑚𝑠𝑑 ,𝑖 ∣∣
𝑁 𝑖=1 𝑓𝑐𝑠 ,𝑖

(eq. 3)

(eq. 4)

Ifcs,i in eq. 3 eq. 4 is the insolation forecasted at hour i expressed in kWh/m2. Imsd,i is the insolation measured,
in kWh/m2, at hour i. The RMSE and MAE were calculated, in kWh/m2, over all the N hours of insolation
forecasts done.
4. Results
4.1. All Cities
The results in Fig. 3 and Fig. 4 show the hourly RMSE and the hourly MAE for 1 year of forecasts done with
the ANN and with the SVR. All the cities studied are in Fig. 3 and Fig.4 ordered from the northernmost city
to the southernmost city, according to the order showed in Table 2.
Analyzing the results in Fig. 3, it is clear that from the point of view of the RMSE the difference between the
forecasts done with the ANN and with the SVR was not meaningful. In 19 cities the support vector
regression forecasts had slightly lower RMSE values, 1.7% lower in the best case, than the forecasts done
with the ANN. In 7 cities the ANN forecasts had lower RMSE, 1.8% in the best case.
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Fig. 3: Root mean square error of insolation forecasts for 25 cities.

Fig. 4: Mean absolute error of insolation forecasts for 25 cities.

In terms of absolute errors, Fig. 4 shows that the forecasts done with SVR were better than the forecasts done
with ANN in all cities studied. In average, considering the 25 cities studied, the forecasts done with SVR had
a MAE 5% lower than the forecasts done with ANN.
Analyzing the error variation between cities, Fig. 3 and Fig. 4 show a clear trend between the errors and the
latitude from Tokyo southwards. From cities as Sapporo, in Hokkaido, to Tokyo, in Honshu, the RMSE and
MAE varied without definite trend. For the RMSE the values varied between 0.105 kWh/m2 to 0.115
kWh/m2. For the MAE the corresponding variation was between 0.06 kWh/m2 and 0.075 kWh/m2.
From Tokyo southwards, both errors increased gradually with the latitude until Kagoshima, located in
Kyushu. From Kyushu to Naha in Okinawa, the difference increased substantially. As both errors calculated
are absolute, such trend indicates a behavior coherent with the expected increase in the average insolation
with the decrease of latitude. Nevertheless, it is interesting to note that such behavior happened only from
latitudes lower than 35 degrees north.

4.2. Differences between Insolation Forecasts of 3 Cities
In order to verify where the forecast errors differ according to the city and with the forecast technique, 3
cities where selected, and their MAE and RMSE where calculated monthly. The cities selected were Sapporo,
Maebashi and Naha. These cities were chosen by their location (north, east and south of Japan) and by their
forecast errors.
In Fig.5a, 5b and 5c are the RMSE calculated for every month of 2008 for the 3 cities with RMSE percent
variation of the forecasts found with SVR compared with ANN respective values. The pattern of the RMSE
of the forecasts during the year clear change according to the location. For Sapporo, the effect of the seasons
is important and in summer, where the insolation reached its highest values, is also where the RMSE reached
its peak values. In Naha, insolation values are high are fairly uniform throughout the year. Therefore, for
Naha, the RMSE of the corresponding forecasts were higher and without a clear monthly peak.
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a

b

c

Fig. 5: RMSE variation from January to December of 2008 according to the forecast technique for 3 cities in Japan.

Comparing the results, in Fig. 5, of both forecast techniques, there was no clear trend for Sapporo or
Maebashi. In the former location, the SVR provided better forecasts than the ANN in 7 months, out of 12.
Nevertheless, the difference, for better or worse, was never higher than 4%. In Maebashi, a similar trend
happened with the forecasts done with SVR being slightly better than the ones done with ANN in 6 months.
For Naha, a different behavior is observed. In 10 months of 2008 the forecasts done with ANN had better
RMSE than the forecasts done with SVR. The difference between the forecasts RMSE was also higher than
the difference observed in Sapporo and Maebashi, reaching, in its highest value, 13%, in November.
What happened in Naha is related with the insolation forecasts patterns provided by the 2 techniques and the
measured insolation patterns. The insolation pattern in Naha has higher average insolation than other
locations in Japan due to its latitude. Therefore, sudden changes in the weather will result in stronger drops
of insolation. In those cases the technique that has lower values of insolation forecasts will have the lowest
RMSE. As the insolation forecasts done with SVR, in average, presented higher values than the forecasts
done with ANN, when unexpected drops of insolation happened, it presented higher RMSE than the
forecasts done with the ANN. This behavior is illustrated in Fig. 6, by 4 of the 7 consecutive days of
November, the month with the highest difference between the RMSE of both forecast techniques.

Fig. 6: Seven consecutive days of measured and forecasted insolation in Naha during November of 2008.

This behavior can be related with the different functions used as activation function in the ANN, eq. 1, and as
kernel function in the SVR, eq. 2. As Fig. 6 shows, the activation function in the ANN is generating in most
of the cases lower forecast values than the kernel function in the SVR. In a location with strong drops in the
insolation, as observed in Naha, the lowest forecast of insolation will have the lowest RMSE. A similar
behavior was found by (Yona et al. 2008) when comparing radial basis function and backpropagation ANNs
in Naha.
Finally, it should be noted that, from the 25 cities studied, such bias was only detected in Naha. From the
point of view of the RMSE, the general behavior was forecasts done with SVR, were at least as good as or
even slightly better than the forecasts done with ANN.
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To show the difference between insolation forecasts for different cities and forecast techniques from the
point of view of the MAE, a measure of error that given an equal weight to all error values, Fig. 7a, 7b and
7c are presented.

a

b

c

Fig. 7: MAE variation from January to December of 2008 according to the forecast technique for 3 cities in Japan.

From the point of view of the MAE the insolation forecasts done with SVR were significantly better than the
forecasts done with the ANN. In Sapporo the difference reached 11% in April; in Maebashi the highest
difference was 14.5% in December. Even for Naha, the insolation forecasts done with SVR had lower MAE
in most of the months of 2008.
The fact the both techniques provided forecasts with the similar RMSE and different MAE indicates a trend
regarding the magnitude of the error between insolation measured and forecasted. When there are large
deviations between the insolation measured and forecasted, caused by a high level of noise in the input data
for instance, the use of SVR did not offer meaningful improvement comparing with the use of ANN.
Nevertheless, for conditions where large deviations are not expected and both techniques provide forecasts
with a good level of agreement with measured values, the SVR was better than the ANN tested.
5. Conclusion
The objective of this study was to determine if the use of SVR can effectively provide gains in the accuracy
of insolation forecasts when compared with the forecasts done with an ANN. To verify the difference
between the accuracy of the results provided by both techniques, 25 cities in Japan had their insolation
forecast. The results obtained indicate that for large errors insolation forecast done SVR were, in most of the
times, at least as accurate as the forecasts done with the ANN tested. This conclusion is based on the RMSE
variation, which was small for a whole year of forecasts and comparing with the values provide by both
techniques.
In spite of the small difference found in the case of large deviation between insolation forecast and measured,
for low to average deviations between insolation forecast and measured, the use of SVR was able to provide
meaningful improvements in the accuracy of the results. This can be inferred from the MAE calculated. For
all the cities studied, the MAE of the forecasts done with SVR where better than the MAE of the forecasts
done with the ANN, when calculated over a year of results. From the point of view of the MAE, and
comparing with the results provided by the ANN, the use of SVR caused improvements in the forecasts of
insolation in the order of 5% for a year of results.
In this way, it can be concluded that the use of SVR to forecast insolation is an alternative at least as
effective as a multilayer ANN with backpropagation learning, providing even improved results under certain
conditions. Nonetheless, the results obtained indicate that further improvements are required in order to have
a method able to provide forecasts with a high level of accuracy.
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1. Introduction
Thermal energy storage (TES) is currently presented as one of the most suitable solutions in achieving
energy savings and preventing damages to the environment. TES potential applications have led to R&D
activities and to the development of various technology types according to each situation and many of the
applications and/or related technologies involve either direct or indirect use of solar energy. Despite all this,
no available data quantifying the benefits of TES is found in literature so far, neither for specific cases nor
even on a national scale in countries such as Spain (with a large solar potential), and furthermore on a
continental level in Europe. This is why, in order to corroborate the derived energetic and environmental
benefits from TES this work intends to provide the first assessment of European TES potential, with a closer
outlook for Spain and Germany. Potential and/or current TES applications are classified and their main
variables defined. A 10-year scenario with assumed but realistic implementation rates is proposed to provide
an idea of the benefits in the immediate future. Load reductions, energy savings, and CO2 emissions
reductions are tackled. Results show that in the case of Europe yearly CO2 emissions may get to be cut down
up to around 6% in reference to 1990 emission levels.
2. Methodology
2.1. Description
Two main large sectors had been distinguished: buildings and industry, with different calculation variables
for each case. The cases considered for the buildings sector were seasonal solar thermal storage,
district/central heating storage, solar short term storage, and passive cold storage. As for the industrial sector
the considered cases were cogeneration, industry waste heat storage, concentrated solar power storage, and
industrial waste cold storage at LNG regasification terminals.
To determine the TES potential, the derived thermal load reduction, the thermal/electrical energy savings,
and the CO2 emissions reduction are determined. The thermal load reduction refers to the reduction of
capacity from one that would have been consumed under the same working conditions without employing
any type of energy storage. The energy savings refer to the heat or cold that is stored and may be realized,
not needing to be generated by the application. The CO2 emissions reduction is the one achieved as a result
of reusing stored energy, therefore not consuming fossil fuels or other greenhouse gas emitting energy source
during the energy generation, preventing emissions from going to the atmosphere.
2.2. Calculation procedure
Building sector – seasonal solar thermal systems. A seasonal solar thermal storage system is designed to
retain heat deposited during the hot summer months for use during colder winter weather. The heat is
typically captured using solar collectors, although other energy sources are sometimes used separately or in
parallel. The three required parameters to calculate the potential in this type of systems are given by the
following equations:

L=
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Ir ⋅ t ⋅ (r + n )
⋅ I stge
1000

(eq. 1)

E=

L⋅ y
1000

RCO 2 = f ⋅ E

(eq. 2)
(eq. 3)

Energy consumption in households is shaped by the characteristics of energy using equipment as well as the
thermal integrity characteristics of houses. Renovation of houses for energy purposes, often as part of other
modernisation work, also impacts on energy consumption (Capros et al., 2008), as seen in Eq. (1).
The population influences indirectly the energy consumption in buildings, as while population grows very
slowly in the EU, the number of households increases faster because the number of persons per household
decreases steadily (Capros et al., 2008). Indeed, though the population does not appear explicitly in the
proposed equations, based on the previous facts it goes implicit within the building stock variable
(B).
The three equations are equally valid for all cases in the building sector, however, some of the parameters are
different for specific systems and the respective variations are presented when it corresponds. In Eq. (1), the
term (r + n)·B represents the expected/estimated load reduction by any means possible for both renovated
and new buildings during a certain number of years (t); the reduction is then multiplied by the storage
implementation (Istge) so it may be known how much of that reduction is due to thermal storage. In Eq. (2),
this load reduction is simply multiplied by the yearly operating hours (y) in order to obtain the correspondent
saved energy. The CO2 emissions reduction is calculated by multiplying the saved energy (E) by the
correspondent conversion factor (f).
Building sector – district and central heating systems. District heating is a system for distributing heat
generated in a centralized location for residential and commercial heating requirements such as space heating
and water heating. The heat is often obtained from a CHP plant burning fossil fuels but increasingly
employing biomass, although heat-only boiler stations, geothermal heating and central solar heating are also
used, as well as nuclear power.
A central heating system provides warmth to the whole interior of a building (or portion of a building) from
one point to multiple rooms. The heat generation occurs in one place, such as a furnace room in a house or a
mechanical room in a large building. The most common method of heat generation involves the combustion
of fossil fuel in a furnace or boiler. The resultant heat then gets distributed: typically by forced-air through
ductwork, by water circulating through pipes, or by steam fed through pipes. Increasingly, buildings utilize
solar-powered heat sources, in which case the distribution system normally uses water circulation.
In this case, the only parameter whose calculation is different is the load reduction, which is obtained
through the following equation:

L=

H ⋅t
⋅ % Ir
1000

(eq. 4)

In this case the load reduction is obtained by multiplying the average heating load of the described systems
(H) by the expected/estimated load reduction percentage by means of thermal storage (%lr) during the
considered period (t).
Building sector – solar short term systems. A solar short term system consists generically of the following
parts: solar collector, solar collector loop, storage subsystem, control subsystem, auxiliary subsystem, and a
heat distribution subsystem (Sorensen et al., 2008). From sunrise to sunset, the solar collectors absorb the
solar energy and raise the temperature of a heat transfer fluid running through an insulated piping system or
collector loop that connects the array of collectors. The heated fluid travels along the piping system until it
arrives at a heat exchanger which transfers heat to the water stored in a short-term storage tank or to a central
or district heating system. The heat transfer fluid carries on through its loop back to the solar collector
system (Pitz-Paal, 2008).
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The potential energy savings for these systems are calculated with:

L=

t ⋅ a ⋅ s ⋅ (r + n ) ⋅ B
⋅ I stge
10 6

(eq. 5)

Eq. 5 shows the saved energy captured by means of employing an area of solar collectors (a) (also related to
the collector type), which is to be multiplied by their specific solar gains (s) (which depend on the solar
irradiation, that changes with the geographical position) in both new and renovated buildings ((r + n)·B)
during the considered time (t). In multiplying this by the storage implementation (Istge), the fraction of the
energy savings by using thermal storage is known.
Building sector – passive cold systems. A passive house is a building in which a comfortable interior climate
can be maintained without active heating or cooling systems. It is possible to achieve acceptable levels of
summertime thermal comfort under the projected warmer future climates using passive cooling measures
with modern building materials and modern design methods. Aside from conventional strategies, phase
change materials (PCM) present themselves as a viable option in passive buildings (Roberts, 2008). Indeed,
though the use of PCM has been studied for other types of energy storage applications, such as in packed bed
systems (Rady, 2009), or in single basin solar stills (El-Sebaii et al., 2009), and despite its thermal
degradation after long cycling (Mawire et al., 2009), perhaps one of their greatest fields of usage is buildings.
The use of PCM in buildings, as part of the active or passive systems that may optimize the use of energy for
heating and cooling purposes, may be particularly determinant (Capros et al., 2008). An example of this was
given by Castell et al., 2010, who performed experiments in cubicles holding PCM within a Mediterranean
environment (Spain) in order to study the effects of PCM when used for free-cooling purposes; they
concluded that the electrical energy consumption was reduced in about 15%, which resulted in a reduction of
the CO2 emissions of about 1–1.5 kg/year m2. Another experimental study is that of Xiao et al., 2009, who
obtained simplified theoretical equations to model the behavior of PCM for energy storage in a lightweight
passive solar room, and validated the model with experimental results measured under the climatic
conditions of Beijing, concluding that he optimal phase change temperature depends on the average indoor
air temperature and the radiation absorbed by the PCM panels; that the interior PCM has little effect on
average indoor air temperature; and that the amplitude of the indoor air temperature fluctuation depends on
the product of surface heat transfer coefficient and the area of the PCM panels. Despite these studies, more
experimental work, such as that performed by Wang et al., 2009, or Sari et al., 2010, on the preparation,
characterization, and properties determination of materials for use as PCM for energy storage (whether for
application in buildings or other), is required.
PCM application in passive buildings is the case it is dealt with here. Equations governing these storage
systems are the same ones employed for seasonal solar thermal systems, adding the achieved electrical
energy savings (Eq. 6) as a result of not using electrical air-conditioned equipment at the building:

Ee =

E
COP

(eq. 6)

The electrical energy savings in Eq. 6 are obtained based on the definition of the coefficient of performance
(COP); as in this case the output energy would be the saved electricity (Ee), in dividing the saved thermal
energy by the COP, the savings are calculated.
Industrial sector – cogeneration. Cogeneration or Combined Heat and Power (CHP), is the use of a heat
engine or a power station to simultaneously generate both electricity and useful heat. It is one of the most
common forms of energy recycling. While a conventional power plant emits the heat created as a by-product
of electricity generation into the natural environment through cooling towers, flue gas, or by other means,
CHP captures the by-product heat for domestic or industrial heating purposes, either very close to the plant,
or especially as hot water for district heating with temperatures ranging from approximately 80 to 130 ºC
(DEKB, 2010). Equations governing this application are:
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LCHP = [(1 + n ⋅ t ) ⋅ B ]⋅ I CHP ⋅ PCHP
ECHP =

LCHP ⋅ y
⋅ I stge
1000

(eq. 7)

(eq. 8)

The potential CO2 emissions reduction is calculated by using the obtained replaced energy in Eq. 3. In Eq. 7,
the current building stock is added to the new one during the number of years to be considered ((1 + n·t)·B).
This term is multiplied by the cogeneration implementation (ICHP), so the number of buildings including
cogeneration is known. As this type of application already involves energy recycling, in this case the load
reduction is given directly by multiplying the obtained term by the installed power per building (PCHP).
The energy savings only by means of cogeneration itself is calculated by multiplying the load reduction by
the yearly operating hours (y), as shown in Eq. 8, and if TES is applied these savings are multiplied by the
storage implementation (Istge), so the fraction of savings by means of TES is known.
Industrial sector – industrial heating systems. This category covers three groups of applications: power
stations, industry (generically speaking), and transport.
A power station is an industrial facility for the generation of electric power. At the center of nearly all power
stations is a generator, a rotating machine that converts mechanical energy into electrical energy by creating
relative motion between a magnetic field and a conductor. The energy source harnessed to turn the generator
varies widely. It depends chiefly on which fuels are easily available and on the types of technology that the
power company has access to. The power sector is the main source of CO2 emissions in the EU-25, mainly
because of the high share of coal consumed in this sector, and represents the main potential for emission at
the same time (Matthes et al., 2006).
Industry refers to the production of an economic good (either material or a service) within an economy.
European industry spans several industrial sectors, the stronger ones are: automotive, defense, chemicals,
biotechnology, and food (Economy watch, 2010). The remaining sectors cover consumer goods, forest
products, plastics, agriculture, domestic appliances, furniture, automation and tooling, electronics,
metallurgy, textiles, paper and printing, and marine dredging (Industry Europe, 2010).
The transport sector in the EU covers both passengers and freight transport by road, plane or railway and
when the sector energetic aspects are addressed, the sector infrastructure is included as well. At this point it
is remarkable to mention that as global vehicle production continues to increase, motor vehicles have become
important high temperature systems and, furthermore, carbon dioxide emissions due to vehicle usage have a
large impact on climate change (Kato et al., 2009). Based on this, TES is considered to have potential to be
applied on vehicles mainly due to the utilization of excess heat emitted as an exhaust gas from a muffler and
an effluent gas from a radiator, increase of the efficiency of cold production for cabin and container cooling,
and providing a heat source of cabin and for managing container heat for electric an fuel cell vehicles (Kato,
2009). It is thought that the potentially stored thermal energy could also be reutilized at the very sector
infrastructures.
The potential load reduction (L) for the industrial sector is calculated using Eq. 4 and the energy savings are
obtained through the following relation:

 L⋅ y

E =
+ E l ⋅ t  ⋅ I stge
 1000


(eq. 9)

It may be observed that Eq. 9 is very similar to Eq. 8, only that now, the energy conversion losses from
power stations during the considered number of years (t) are added to those energy savings coming from
industry and transport only.
Industrial sector – industrial cooling systems. One type of industrial application where TES might be
employed is a regasification terminal. A regasification terminal is an industrial installation that lies between
that of liquefied natural gas and the natural gas distribution net. In it the process of converting liquefied
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natural gas into natural gas takes place. In such terminals, the gas load from the methane ships is
reintroduced into cryogenic tanks, where the gas initial temperature (-160 ºC) is maintained.
During the regasification, the gas is transported towards the vaporization systems, where temperature is risen
by using sea water, thus turning liquid into gas (Wikipedia, 2009). It is the amount of cold the gas gives off
during this process the one which is wasted, since the sea water is directly returned to the sea after
completion of the process. Currently, six countries in Europe feature this type of terminals, totalizing a
number of 15 plants: Spain (Barcelona, Cartagena, Huelva, Sagunto, Mugardos, and Bilbao), Belgium
(Zeebrugge), France (Fos-sur-Mer, Montoir), Italy (Panigaglia, Porto Viro), Greece (Revithoussa), and the
UK (South Hook, Dragon, both in South Wales, and Grain) (King and spalding, 2011).
The proposed equation for this case is:

E=

F ⋅ ρ ⋅ c p ⋅ ∆T ⋅ y ⋅ t
10 6

⋅ I stge

(eq. 10)

Input data for Eq. 10 are those referred to the sea water employed during the regasification process, while the
density and specific heat are determined by the fluid itself, the volume flow and temperature increase are
terminal generic design parameters.
The heat absorbed by the water is simply obtained by multiplying the mass flux (F·q) by its specific heat (cp)
and the temperature increase (∆T). When this heat is multiplied by the yearly operating hours (y) and the
considered number of years (t), the absorbed energy during the considered period is obtained. If TES is
applied, a fraction of this energy would be saved, so if the energy is multiplied by the storage implementation
(Istge), this fraction may be known.
Industrial sector – concentrated solar power plants. Concentrated solar power plants produce renewable heat
or electricity (generally, in the latter case, through steam) by using lenses or mirrors and tracking systems to
focus a large area of sunlight onto a small area. The concentrated light is then used as heat or as a heat source
for electricity generation. A wide range of concentrating technologies exist, and each concentration method
is capable of producing high temperatures and correspondingly high thermodynamic efficiencies, but they
vary in the way that they track the Sun and focus light (Luzzi and Lovengrove, 2004). If TES systems are
part of the plant, solar heat collected during the daytime can be stored in systems based on concrete, steam,
molten salt, ceramics, or PCM. At night, it can be extracted from the storage to run the power block
continuously (Viebahn et al., 2008).
The main benefit from employing TES in CSP plants is the electrical energy which does not have to be
generated by the plant during its regular operation but thanks to the storage system. Even just a few hours of
thermal storage are sufficient to allow CSP plants to serve up to around 70% of the intermediate and peak
load, however, thermal storage cannot fulfill the role of supplying backup power for days in which direct
irradiance is not sufficient to operate the CSP solar field (Zhang et al., 2010). As it is an energetic parameter,
the electrical energy savings are simply given by:

Ee =

PN ,stge ⋅ y stge ⋅ t
1000

(eq. 11)

Eq. 11 shows that the savings are calculated by simply multiplying the nominal power (PN,stge) by the TES
system yearly operating hours (ystge) and by the considered number of years (t). As seen, only parameters
related to plants holding TES are involved and not those from other operating plants, though as it will be
explained latter, data from plants without TES are used to calculate the operating hours of plants with TES.
The CO2 emissions reduction is obtained by using Eq. 3.
2.3. General assumptions
The assumed baseline scenario quantifies the TES energy savings over the period to 2020 for the EU
(employing EU-25 data mainly), arising from a continuation of the previously described background and
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taking those current trends in terms of energy, transport and CO2 emissions will continue along the
considered period, which has led to some specific assumptions:
•

The energy mix is taken as constant.

•

Within the building sector, energy consumption and space heating needs are expected to experience
a very slow increase in the medium term (Capros et al., 2008), which is why these needs are taken
as constant.

•

Input data within the industrial sector is also taken as constant as they are also expected to go
through very slow variations in the medium term.

2.4. Input data obtaining and specific assumptions
CO2 emissions factor. The variable f is required to obtain the potential CO2 emissions reduction. This is done
based on the German, Spanish and European energy mixes respectively, weighing the individual factors
respect from the energy source usage percentage. As example, input data and obtained factors for Spain
(Ministerio de Industria, Turismo y Comercio, 2008; Asociación de Investigaciones y Cooperación Industrial
de Andalucia, 2009) and Europe (US Energy Information Administration, 2010; European Commision,
2009) are shown in Table 1. As for the electrical CO2 emissions reduction factor, it is given directly by data
sources. The factors are: 649 g CO2/kW he for Spain [24] and 476 g CO2/kW he for Europe (European
Commission, 2009).
Tab. 1: Determination of the weighted CO2 emissions factor for Spain and Europe.

Energy source

Consumption percentage

Conversion factor (g CO2/kWhth)

Spain

Europe

Spain

Europe

Natural gas

22%

24%

204

202

Fuel oil

48%

39%

244

279

Coal

14%

17%

347

351

251

271

Weighted factor

Building sector input data. The data initially required is the building stock, the rate of renovation, and the
rate of completion of buildings. This type of data is available in national statistical sources of information.
However, if the renovation and new buildings percentages are not directly found, they may be calculated by
using data from past years, an example employing EU-25 data (mainly provided by Eurostat, 2009) is shown
in Table 2.
Tab. 2: Example of calculation of the housing new buildings completion percentage in the EU-25.

Period

Building stock (B)
(thousands of buildings)

New buildings
(thousands of buildings)

Buildings rate of
completion (n)

2003

188,313

---

---

2004

189,557

1,244

0.66%

2005

192,996

3,439

1.81%

2006

195,593

2,597

1.35%

n mean value

1.27%

Both for Spain and Europe the percentages have been assumed to be equal for housing and non-housing
buildings when necessary.
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Other necessary data are the load reduction, the storage implementation percentage, the yearly operating
hours and the scenario covered period of time. A short scenario period is desired, so this last variable has
been set to 10 years both for Spain and the EU. The storage implementation percentage is to be assumed in
all cases, though if existing data is on hand it may be used as well. The load reduction must be estimated.
This may be done through the heating and cooling demands or through the actual heating and cooling
consumptions if more suitable, the average building area, and the yearly operating hours for each system.
When dealing with passive cold systems the COP is required, this variable value is that of commercial airconditioning equipment and again an average value may be assumed. Regarding solar short term systems, the
solar collector area per building (average values may be used or assumptions taken as the case) and solar
collector utilized solar gains are required too. The solar gains are given indirectly by the yearly irradiation at
the considered region and the solar collectors features. Correspondent data sources are to be consulted to the
fore. In reference to district/central heating systems, the heating load and load reduction percentage are
required. While this last one may be assumed, the heating load may be obtained directly when available or
calculated based on the heating demand.
Industrial sector input data. As stated in Eq. 11, a necessary parameter is the yearly operating hours during
which the TES system is operational; so this value was estimated based on the energy generated by those
plants with TES systems and the energy generated by an equivalent plant without TES systems.
First, the energy generated during storage hours must be obtained for each plant holding a storage system:

E stge = E p ,stge −

PN ,stge
PN ,nostge ref

⋅ E nostge ref

(eq. 12)

The goal is to determine which fraction of the predicted energy generation in CSP plants is generated thanks
to TES systems. For this, a plant not featuring TES is selected as a reference and each CSP plant nominal
power is compared to that of the reference, using the result as a weighing factor. This process is to be
followed and done for each plant. At the present case the chosen reference has been the Alvarado I plant in
Spain. Then, the average storage operating hours are obtained by dividing the calculated energy generation
amounts by the sum of each plant nominal power:
n

y stge =

∑E
i =0
n

stge ,i

(eq. 13)

∑P
i =0

N , stge ,i

Obtained results for EU-25 are shown in Table 3, which gathers data about the found plants at the time of
elaborating this document.
3. Results
Global TES potential results are shown in Table 4. The breakdown of the obtained values by sector and
system is shown in Table 5. Load potential reductions obtained for Germany and Spain are 8% and 9%,
respectively, from the European reduction value. Should this potential values become a reality, thermal and
electric capacities of the energy equipment to be installed in the near future at the considered sectors would
be lower than those projected, with parallel benefits aside from those derived from TES itself. The potential
savings account for 8% and 7% at the EU-15 and EU-27, respectively, giving an approximate average value
of 7.5% energy savings as a result of TES application.
It may be appreciated that Spanish share of potential electrical savings gets to 20% of the potential whole for
the EU-25, highlighting that, as seen in Table 3, Spain is the country where most CSP plants are operative
and where a large number of buildings may be found, aside from the regasification terminals it holds (whose
main contribution to the TES potential is the saving of electricity), and therefore establishing it as the nation
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which features more potential when it comes to saving electrical energy. Savings account modestly for 0.1%
both at the EU-15 and EU-27, mainly because of the still low implementation of the applications which may
hold TES and provide electricity savings simultaneously (passive houses, CSP plants, and regasification
terminals), rather than the storage implementation itself. As there are many CSP plants under project or
during the last stage of design, particularly in Spain (NREL, 2011), it is expected that TES is taken under
consideration. Likewise, both if the passive house application and the regasification terminals would spread
out more, this contribution to energy savings would be expected to grow perhaps considerably more.

Tab. 3: Concentrated solar power plants data and estimated results.

Country

Plant

Nominal
installed
power (MWe)

Includes
thermal
energy
storage

Predicte
d yearly
energy
generati
on
(GWhe)

Estimated
yearly energy
generation
during storage
operating hours
(GWhe)

Storage yearly
operating
hours (h)

Spain

PS10

11

X

26

4

324

PS20

20

Andasol 1

50

X

170

68

1360

Solar 3

15

X

105

74

4960

Puertollano

50

114.2

Alvarado I

50

102

Puerto
Errado I

1.4

X

2.8

0.5

330

Italy

Archimedes

4.72

X

9.2

France

Solenha

12

X

60

Germany

Jülich

1.5

X

1

12.5

2640

48

3960

0.5

330

50.6

ystge
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Tab. 4: TES potential benefits for Spain, Germany, and the EU-25.

Parameter

Spain

Germany

EU-25

Load redction - L (MW)

541,266

480,844

5,854,139

Replaced thermal energy
- E (GWh)

826,263

662,291

9,527,227

Replaced electrical
energy - Ee (GWhe)

3,431

Not available

17,526

CO2 emissions reduction
- RCO2 (T)

207,670,938

165,572,663

2,579,088,559
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Tab. 5: TES potential results breakdown by sector and system for Spain, Germany, and the EU-25.

System

Parameter

Spain

Germany

EU-25

Buildings –
Seasonal solar
thermal

L (MW)

2,294

1,001

25,287

E (GWh)

4,186

1,801

46,150

RCO2 (T)

1,049,089

450,322

12,517,676

L (MW)

19,642

57,000

1,453,863

E (GWh)

35,846

87,384

2,326,182

RCO2 (T)

8,983,685

21,845,972

630,957,558

L (MW)

135,093

16,011

416,180

E (GWh)

140,883

2,664

319,269

RCO2 (T)

35,307,388

666,008

86,599,153

L (MW)

699

Not available

9,944

E (GWh)

1,275

Not available

18,148

Ee (GWhe)

472

Not available

6,481

RCO2 (T)

306,519

Not available

3,085,135

L (MW)

9,354

5,888

187,790,

E (GWh)

6,314

5,299

126,758

RCO2 (T)

1,582,403

1,324,732

34,382,153

L (MW)

374,185

400,944

3,761,074

E (GWh)

632,528

565,143

6,659,335

RCO2 (T)

158,521,473

141,285,629

1,806,289,626

E (GWh)

5,231

Not available

31,386

Ee (GWhe)

1,495

Not available

8,967

RCO2 (T)

969,980

Not available

4,268,512

Ee (GWhe)

1.464

Not available

2,077

RCO2 (T)

950,401

Not available

988,747

Buildings –
District/central
heating

Buildings – Solar
short term

Buildings – Passive
cold

Industrial sector –
CHP

Industrial sector Heating

Industrial Sector –
Cooling

Industrial sector
CSP

Contributions from Germany and Spain to potential CO2 emissions reductions at the EU maintain
proportions as observed with the previously evaluated parameters. Aside from the 2005 reference year, 1990
is also considered as from that year on, greenhouse gas emissions began to be measured as stated at the
Kyoto Protocol (Dell and Rand, 2001). The potential reductions account approximately a 6% and 5% both
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for 1990 and 2005 at the EU-15 and the EU-27; therefore, an average CO2 reduction of 5.5% within the EU
might be expected.
4. Conclusions
A linear model to estimate the potential TES impact in terms of load, energy, and CO2 emissions reductions,
has been developed. The potential for Germany, Spain and the European Union, considering a 10-year
scenario has been calculated, so current circumstances within the addressed sectors could be still valid and
assuming low but realistic storage implementation rates.
It has been determined that the potential load reduction at the EU may be of 1160,695 MWth during the next
10 years, which may exert a strong influence over power capacities to be installed over that period. Germany
and Spain parts in this reduction are of 8% and 9%, respectively. Yearly potential energy savings at the EU is
estimated to be 7.5%. Regarding electrical energy savings, Spain has got a contribution of 20% of the overall
savings at the EU, which account for a 0.1% of the electrical energy consumption. Finally, the estimated
potential CO2 emissions reduction in the EU is an average of 5.5% (based on 1990 and 2005 levels).
5. Nomenclature
I
N
r
a
B
c
COP
E
F
f
H
L
lr
j
P
R
s
t
T
y
Greek letters
∆
ρ
Subscripts
th
e
eq
CO2
CHP
i
av
l

implementation percentage
new buildings yearly construction completion percentage
buildings yearly renovation percentage
solar collector area per building (m2/building)
building stock
specific heat (kJ/kg ºC)
coefficient of performance (–)
replaced energy (GWhth)
water volume flow rate (m3/s)
weighted CO2 emissions conversion factor (g CO2/kWhth)
average heating load (GWth)
potential load reduction (MWth)
expected/estimated load reduction per building (kWth/building)
expected/estimated load reduction percentage per building
installed power per building or installation (MWth)
greenhouse gas emissions reduction (T)
solar collector utilized solar gains (kWhth/m2)
number of years of the considered scenario (–)
temperature (ºC)
yearly operating hours (h)
increase
water density (kg/m3)
thermal value
electricity associated value
equivalent value
CO2 associated value
combined heat and power (cogeneration) associated value
assigned order to data within summation calculations
average value
losses associated value
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p
N
stge
p,stge
N,stge
N,nostge/ref
nostge/ref

constant pressure associated value
nominal value
storage associated value
predicted value associated to storage
nominal value associated to storage
reference nominal value not associated to storage
reference value not associated to storage
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Abstract
Due to its latitude and climate, Mexico does not have dense forests comparable to those in countries further
north. However, there are two large mountain ranges running nearly parallel to the Pacific Ocean and the Gulf of
Mexico. These mountains contain significant woodland which provides forest resources for the rest of the
country. This industry also produces significant waste, in the form of sawdust, bark, scrap wood, and foliage,
which in most cases can't be used. This residue is usually merely discarded near the sawmills that produce it,
generating a pollution problem and a fire hazard. Mexico is considered an oil-producing country, and only lately
has production diminished and existing oil supplies become scarce. Thus, only lately has there been an effort to
characterize and quantify the country's other available energy resources, such as forest and agricultural waste. No
local industry has yet tried to develop the technology to turn this waste into a more compact, homogenous, and
manageable product, such as wood pellets. The wood pellet industry is highly developed in many countries, but
does not yet exist in Mexico even though 72% of the total area of the country is dedicated to forestry. There are
no local manufacturers of the devices and systems needed for the collection, storage, packaging, transport, and
final use of the wood pellets as fuel for heating or industrial processes. As an initial step towards solving this
national problem, we present an estimate of the potential for generating solid biofuels from forest waste in
northern Mexico. We specifically analyze the waste generated by milling the most common tree species in this
area, which include the Mexican weeping pine (Pinus patula) and the northern red oak (Quercus rubra). In order
to characterize the product, we built a prototype manual pelletizer and used it to create three different pellet
varieties (pine, oak, and a 50/50 mixture of both) that were subjected to calorimetric analyses. Our results show
that Mexican wood pellets can easily replace fossil fuels in any kind of furnace. We performed a field study in
order to quantify the available volume of forest waste, sampling the forest exploitation facilities in Ciudad
Madera, Chihuahua. This city is located in northern Mexico, near one of the country's largest mountain ranges
(the Sierra Madre Occidental), and is representative of other woodlands in the country. The results of our work
show that it is technically feasible to turn Mexican forest waste to wood pellets, and it is thus justified to develop
the industry necessary to do so.

1. Introduction
Due to its latitude and climate, Mexico does not have dense forests which can be compared to the ones that exist
further north in countries situated in the Northern Hemisphere. However, Mexico has two large ridges, one that
runs almost parallel to the Pacific Ocean and another one parallel to the Gulf of Mexico, which have considerable
forest resources and supply the timber products required by the country. The by-products of Mexican forestry
include significant quantities of waste in the form of sawdust, bark, pieces and foliage. In most cases, proper use
is not given to the waste and it frequently ends up as garbage in the vicinity of sawmills. This waste creates an
environmental pollution problem and, under certain conditions, a serious fire hazard.
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Mexico was once regarded as an oil-producing country but, recently, there has been a steep decline in its
production and the scarcity of oil reserves has begun. There haven’t been almost any efforts in Mexico to
characterize and quantify other available energy resources such as forestry and agricultural residues. Due to these
reasons, Mexico needs a local industry able to develop the technology required to transform waste into a more
compact, uniform and manageable product such as Pellets. The pellet industry is developed practically all over
the world and, even though 72% of the total territorial extension of Mexico is destined for various forestry
activities, there is currently a nonexistent pellet industry in Mexico. Consequently, there are no local
manufacturers of devices and systems required for the collection, storage, packing, transport and usage of Pellets
as fuel for heating or industrial processes.
As an initial step towards solving the described problem, this work presents an estimation of the potential
generation of solid bio-fuels in the form of pellets from forestry wood-waste produced by sawmills.
To quantify the volume of the available wood-waste, a field study was performed where forestry facilities located
in Ciudad Madera, Chihuahua, were taken as sample. The northern region of Mexico is located in the vicinity of
the Sierra Madre Occidental and it is representative of other forest areas in the country. The forestry wood-waste
generated in Chihuahua is comprised by some of the most common wood species in Northern Mexico, such as
the patula pine (Pinus patula) and the oak (Quercus rubra).
To carry out the characterization of the product, a manual pelletizer prototype was built and three different types
of pellets (patula pine, oak and a 50% combination) were produced. A calorimetric analysis was conducted in the
three types of pellets in order to obtain their heating value. The results show that Mexican solid bio-fuel (pellets)
can perfectly replace fossil fuel in any type of boiler designed for pellet use.
The results presented in this work show that it is technically possible to transform forestry residues into Pellets,
which justifies the development of the necessary industry.
1.1. Development of the Pellet industry worldwide
The search of alternative sources to fossil energy is part of a worldwide research effort, and the production of
pellets from wood-waste is one viable approach. Nowadays, the pellet industry is developed in some parts of
South America and Europe, USA, and Canada.
Vinterback (2004) drew up an article summarizing the first Pellet World Conference which was held in
Stockholm in 2002. The summary concluded that the pellet industry expansion is significant, with a European
estimate of 4-5 million tons of pellets for the next 5 years. Despite the crisis, the demand and investment in pellet
plants throughout Europe is still on the rise. Sweden is the world’s main consumer of pellets with 20% of global
production and, in order to satisfy its consumption, it produced 1.6 million tons and imported 300 million in 2008
(Buehlmann, 2009). The global demand for energy pellets has a steady increment of 8 to 10%. There are
currently 450 pellet production plants and several other projects under construction in Europe. The countries with
the greatest expected increments will be the United Kingdom, Denmark, Sweden and Germany. The price of
pellets has increased during the last 7 years and, even with the global economic crisis, there are no signs of the
contrary. (Reali, 2011).
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1.2. Sources of raw material for the fabrication of pellets
In pellet manufacturing, one can use virtually any kind of waste-wood provided that it hasn’t been previously
impregnated or treated with any chemical that is harmful for the health or the environment (oils, fungicides,
insecticides, water repellents, pigments etc.). Pellet sources so far come from:
•

Waste from sawmills

•

Industrial waste

•

Urban waste

1.2.1. Waste from sawmills
The sawdust from conifers is the biomaterial most commonly used in the production of pellets. Experience
indicates that the specific properties of different biomaterials influence the final quality of the pellets. A
systematic study was conducted by Samuelsson et al. (2009), where 5 factors were mixed for 2 designated levels.
The factors were: species of trees (Scots pine and Norway spruce); place of origin (latitudes 57 and 64 degrees
North); storage of the sawdust (0 to 140 days); moisture content (9 and 12%); and treatment of steam (2 to 6
kg/h). The authors concluded that the moisture content was the factor that more significantly affected the density
of the sawdust pellet from conifer bark and that the storage time was a factor that influenced the mechanical
durability in a significant manner.
Granada et al. (2006) suggested through experimentation that the pine bark is the most sustainable product that
can be used in the manufacturing of pellets; however, it needs a specific burner due to the different combustion
behavior of the mixtures.
1.2.2. Industrial waste
In John Deere Company, the pallets of wood-waste are crushed and used in the manufacturing of pellets, which
are then used as fuel for their boilers (López, 2010). It has been proven that wood-waste pallets (along with
sawdust and all types of forest and agricultural residues with a certain heating value) can be used as raw
materials for pellet manufacturing.
In Sweden, large quantities of wood-waste recovered from the construction industry and from industrial activities
are annually generated and then imported as an energy source to be used in bio-fuels for boilers. (Krook, 2004).
1.2.3. Urban waste
In order to examine the potential of forestry residues, a regional study, which combined data and analysis from
many other studies, was performed in an area of 13 counties of Michigan, USA. The study suggests that woodwaste and urban trees offer a modest amount of biomass which could contribute significantly to the current
regional and national bio-economies. An efficient usage of biomass derived from wood-waste and urban trees
could provide new sources for bio-fuels destined for heat generation; action which reduces fossil fuel
consumption and waste disposal costs and thus relieves pressure from forests. (Mc Farlane, 2009).
Taylora et al. (2009) developed a survey in Australia to identify if there is a difference between the wood that is
separated for recycling and the wood which is disposed of in landfills. The results suggest that the availability of
recycling does not depend on the amount of wood in the landfill.
1.3. Environmental impact
Forest residues obtained in the production of wood can be classified in two types: by-products of forestry
activities and residues from wood processing, the latter, due to its area-specific concentration, is more feasible.
Wood processing includes sawing, unbarking and pulp extraction, which produce waste in the form of sawdust
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and small wood pieces (splinters and shavings). All these wood residues occupy significant space in sawmills,
pose a fire hazard during the summer season, and also cause respiratory allergies and illnesses in the population.
Additional environmental issues are caused by the residues of old pallets, old furniture, and residues from
pruning urban trees, all of which end up in the landfill. This study offers an alternative destination for all the
aforementioned residuals as raw materials in the manufacturing of wooden pellets for boiler fuel.
1.3.1. Environmental impact of wood
Wood pallets have a short life and consume vast amounts of resources. Wood pallets are also responsible for 23% of the total waste in landfills in the United States; this happens despite the existence of technologies destined
to re-use, recycle, and convert the pallets into other products like boiler fuel. (Buehlmann et al., 2009). In
Australia, waste from wood flooring in the commercial and industrial sector represents 80% of the total of solids
present in landfills (Taylora et al., 2009). In Sweden, the RWW (recovered wood waste) contains high
concentrations of arsenic, chromium, zinc, nickel and copper, while the imported RWW contains high
concentrations of mercury and cadmium, making them impossible to recycle. Consequently, the raw materials
are used and the waste is dumped in landfills (Krook, 2004).
No specific data on the amount of wood-waste in Mexico was found.
1.3.2. Environmental impact of emissions
The daily impact that different emissions cause is a matter of worldwide research. Regarding the emissions
generated by combustion of pellets, Fiedler (2008) developed five combinations of systems representing the
range of typical solutions. Through modeling and simulation, a halving of the emissions was obtained if the
pellet-fueled boiler is combined with solar heating systems.
Emissions (CO, NOx, SOx) and the efficiency of a pellet boiler (40 kW) was compared using six different types
of biomass: Canary Reed, citrus shell residues, sunflower shells, peat, wheat straw, and wood pellets. Emissions
vary according to the operating loads required for each type of pellet. The wood pellets reported lower emissions
in all parameters; however, the specific optimization for each type of pellet is essential for the efficient use of
agro-pellets in this type of boiler. (Verma, 2011).
1.3.3. Alternatives to mitigate the environmental impact
To mitigate the environmental impact generated by wood-waste, it can be recycled in several ways:
•

Manufacturing of pressed sawdust sheets for the production of furniture.

•

Usage of wood-waste in the production of compost.

•

Usage of wood-waste to produce pellets.

Increasing the use of recycled wood biomass is a strategy used to reduce environmental impacts and the gas
emissions from green wood, (Krook, 2004).
Many scientific papers explore the use of wood-waste, the production of compost for organic fertilization, and
the improvement of soils in different countries. Compost is the product of mixing all vegetable and animal waste
with the aim of wood suffering from microbial decomposition through fermentation, transforming the waste into
what is known as mulch or humus (Alvarez, 2009). Furniture made with sheets of pressed sawdust will also
become waste one day. In the production of compost, sawdust is only a part of a process. On the other hand, in
the production of pellets, wood residues are the raw material; additionally, pellet combustion only generates a bit
of ashes and, by attempting to have a complete combustion, the emissions are minimal.
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1.4. Uses of pellets
Pellets can be used as boiler fuel, for electricity generation, and for water and air heating aimed towards domestic
and industrial applications.
The usage feasibility of forest residues for electricity generation depends on the volume and types of wood
available (Lesme, 2010).
Moran et al. (2003) developed a small domestic stove to produce heat and hot water which optimizes its
efficiency when using lignocellulose pellets. Also, González (2004) developed an 11.6 kW boiler for domestic
heating that used pellets as fuel.
The energy-need in residential buildings has led to the development of a complete model of micro-cogeneration
where wood (as fuel pellets) is used for simultaneous heating and hot water generation. (Thiers, 2010).

2. Methodology
2.1. Quantification of the sawdust-waste volume in Ciudad Madera and determination of the potential
raw material available for pellet manufacturing.
The quantification of residues was carried out during a visit to Ciudad Madera. The 10 major sawmills in the
region were surveyed in order to know the constantly generated volumes of sawdust, as well as the characteristics
of the waste and the expectations of mill owners.
2.2. Characterization of sawdust.
In Ciudad Madera, sawdust moisture content and its characterization was determined by taking small samples in
each one of the sawmills. The wood is virtually the same for all the sawmills because they get their raw materials
from the same forest. A mixture of the samples was made in order to obtain a single representative sample, which
is what actually happens in the pelletization process when the sawdust is mixed in the hopper at the entrance of
the pelletizer machine.
To determine the moisture content, a sample was weighed and then dried in the oven at 100°C. After 24 hours,
the sample was taken out of the oven and weighed again. The sawdust was characterized in the elemental
analyzer (EA 1110 CHNS-O) to know the percentage of carbon, hydrogen, oxygen and nitrogen in the sample.
The sulfur content was determined via emission spectrometry by inductively coupled plasma (ICP-OES).
2.3. Construction of a manual pelletizer prototype and determination of the calorific power of the
prepared pellets.
A manual pelletizer prototype was designed, based in the physical parameters required by European standards for
high quality pellets, and it consists of the following three parts:
•

A 10 mm diameter and 60 mm in length cylindrical mold with a hole in the center.

•

A cylindrical mold covers that fits in the 9 mm diameter central hole.

•

A solid bar of 8 mm in diameter and 34 mm in length.

The pelletizer is a steel prototype that was built using a lathe and, once it was finished, it was used to
manufacture the pellets with the sawdust from Ciudad Madera (patula pine and oak, 50% each mixture). In order
to obtain the heating value of the sawdust, a calorimetric analysis was performed in the University of Morelia,
Michoacán, by means of a calorimetric bomb (model mark Parr 6772 calorimetric thermometer).
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3. Results
3.1. Quantification of sawdust generated in Ciudad Madera
Ciudad Madera, Chihuahua, was visited to obtain information from the sawmills established in the region. The
main interest was to obtain a frame of reference with respect to the handled volume of forest waste (chips,
sawdust, shavings). It was found that 955 m3 of sawdust per week are being produced in the 10 visited sawmills
alone. According to the survey, all sawmills in the region obtained their raw material (red pine (pinus patula))
from the same timberland. Wood from oak trees also exists in the region, but its amount is negligible when
compared to the red pine. In general, sawmills work throughout the entire year, except during extreme snowfall
or when there is failure to reach economic agreements with the timberland owners who provide the raw material.
The sawmill owners believe that the timber industry is part of a cycle that will never end, as long as care is taken
with reforestation and forest fires. Table 1 presents the quantification of sawdust waste generated in the area.
Table1. Visited sites in Ciudad Madera

Name of the mill
Los Pinos
Productos Forestales del Norte
Productos Forestales Cota B
El Durangueño
El Manantial
Ejido Madera
Transportes y Materiales del Norte
Productos Silvícolas Aztlán
Maderas J.R.
Ejido El Largo
Total

Production of sawdust (red pine)
m3 / week
200
150
150
20
20
40
75
100
100
100
955

3.2. Characterization of sawdust of red pine generated in Ciudad Madera.
The sawdust moisture content is an important parameter because, if the moisture content is not around 10%, it’s
impossible to manufacture the pellets (Table2). The red pine sawdust presented a moisture content of 54.45%.
For the sawdust characterization, the sample was analyzed using an elemental analyzer EA 1110 CHNS-O. The
results were:
•

Carbon 53.323 %

•

Hydrogen 6.747 %

•

Nitrogen 0.040 %

•

Oxygen 0.515 %

The sulfur content in the sawdust sample was 0.002% and it was determined using emission spectrometry by
inductively coupled plasma (ICP-OES).
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3.3. Construction of a manual pelletizer prototype and determination of the calorific power of the
prepared pellets.
Once the characterization of the sawdust was done, a manual pelletizer was designed and built in order to
pelletize the sawdust sample. In the design, the physical parameters required by the German DIN Plus standard
for high quality pellets were taken as a reference (Table 2).
Table 2. German DIN plus for high quality pellets

Feature
Diameter
Length
Density
Water content
Ash
Calorific power
Sulfur
Nitrogen content
Chlorine
Wear

Units
mm
mm
kg/cm3
%
%
MJ/kg
%
%
%
%

Requirement
4 ≤ D ≤ 10
≤D
≥ 1.2
≤ 10
≤ 0.5
≥ 18
≤ 0.04
≤ 0.3
≤ 0.02
≤ 2.3

A manual pelletizer prototype was constructed and it consisted of three parts: the pellet mold cylinder, the lid,
and the compactor screw.
The sawdust sample was sundried, until its moisture content was around 10%. One cannot make pellets with wet
sawdust because they fall apart once they exit the pelletizer. To produce the pellets, the mold was filled with
approximately 2 g of sawdust and it was placed in a vice, pressure was applied until the sawdust was well
compacted. Afterwards, the sample was immediately depressurized and the resulting pellet was taken out of the
mold.
The manufactured pellets with sawdust from Ciudad Madera were sent to the University of Morelia in
Michoacán Mexico for the determination of their heating value. The equipment used for the heat measurements
was a calorimetric bomb (Parr model 6772 calorimetric thermometer). The results are shown in table 3.
Table3. Results of heating values

Pellets
Oak
Patula pine
Combined 50 %

Heating Value MJ/kg
18.98
22.13
19.19

According to literature, the expected heating value of pine wood varies between 11 and 16 MJ/kg. The obtained
heating value of 22.13 MJ/kg is uncommonly high, but it coincides with results reported in the article "wood as a
fuel" (Camacho, 2011), where it is explained how a carbon content of 50% can yield a calorific potential of 20.9
MJ/kg. The Ciudad Madera sawdust has a carbon content of 53.3%.
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4. Conclusions
The amount of sawdust generated by the ten surveyed sawmills alone is enough to make the pelletization
business affordable in Ciudad Madera. It may be concluded that it is feasible to produce at least 2.5 ton/h of
sawdust pellets.
When the sawdust generated by sawmills in Ciudad Madera, Chihuahua, was analyzed, it was found that it had a
heating value of 22.13 MJ/kg. This is not a common result because, according to scientific bibliography, the
maximum heating value expected for pine wood is 16 MJ/kg. However, the characterization of the sawdust
resulted in a 53.323% carbon content, which explains the high heating value found in the red pine sawdust of
Ciudad Madera. The heating value is the most important parameter for pellets because combinations with other
high heating valued wood-waste would be needed in order to meet the optimum pellet standards; this would
represent more time and money costs. The percentages of hydrogen, oxygen, nitrogen and sulfur also meet the
specified standards. It can be concluded that the sawdust generated in Ciudad Madera has the optimum
characteristics in accordance to the DIN Plus norm for high quality pellets.
The use of pellets as boiler fuel is a common practice in Europe, USA, Canada and some parts of Asia. In
countries like Sweden, Austria, and Germany, the use of wood pellets is so widespread that their production is
not sufficient to meet their demand. The pellet demand is satisfied by countries like Argentina and Chile, which
already have a well-established pellet industry. In Mexico, specifically in the state of Chihuahua, there exists the
optimum raw material to manufacture high quality pellets. However, there is currently no developed pellet
market in Mexico or even a culture that promotes the use of alternative fuels, which are currently more expensive
than fossil fuels. Nevertheless, it is a well-documented opinion that the pellet market will grow exponentially in
the future. It is therefore good business to produce pellets and obtain a position in the international market.
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1. Introduction
Solar energy is gaining a huge significance due to the unsustainable current energetic model. In the certain
case of solar energy technology to produce electricity, the integration of all these power to the electricity grid
challenges new horizons, such as the estimation of short range electricity generation to optimize its
management, avoid situations of load reduction and anticipate supplying problems.
This paper presents a methodology to forecast hourly global horizontal solar irradiance (GHI) and direct
normal irradiance (DNI) using global forecast system (GFS) model from NOAA and neural networks
models. Forecasting horizon of the predictions is 72 hours. Predictions are done operationally with a model
which runs 24 hours a day. The predictions are generated 4 times a day at 05:10 UTC, 10:10 UTC, 17:10
UTC, 23:10 UTC, after availability of the predictions from GFS model which begin its run at 00:00UTC,
06:00UTC, 12:00UTC and 18:00UTC.
2. Experimental Solar Radiation Dataset
The dataset used in this study is based on hourly global solar irradiance ground measurements from stations
of Meteorological and Climatological Service of Navarra (http://meteo.navarra.es) Weather Underground
(http://www.wunderground.com), which is an amateur meteorological network and solar radiation estimated
from Meteosat Satellite images. Table 1 summarizes the main geographic characteristics of the stations as
well as the initial date of availability of the ground measurements. The temporal acquisition of the
measurements and the quality of radiometric data available are two crucial factors related to adjustment of
the models proposed. Manufacturer of the pyranometer used in the stations of the Meteorological and
Climatological Service of Navarra (Cadreita and Sartaguda stations) is the Dutch firm Kipp&Zonen and
belong to CM11 series. In the rest of the meteorological stations, which belong to Weather Underground
network, the instrument used to measure solar radiation is a photocell incorporated in a meteorological
station which manufacturer are mainly Davis Vantage Pro2 and Oregon Scientific.
The measurements are registered with a temporal resolution of 10 minutes. A historic database of hourly
ground measurements has been created to train the neural networks models. Every day at 01:00 AM, the
system connects to the web page of each station and interprets the HTML code to store the measured data in
the data base.

1. Methodology
The first model developed makes use of the 3-hourly predictions from GFS model to obtain hourly values
using an interpolation and a clear sky model. The other models implemented are based on neural networks
and make use of the predictions from GFS and solar irradiance measurements to make non-linear correlations
between synoptic/global and local radiometric conditions for the locations where we want to obtain the
predictions.

4157

Tab. 1: Geographic coordinates and measurement data time period of the ground station.

Station

Latitude

Longitude

Altitude

Initial Date

Cadreita

42.20º

-1.69º

267m

04/1999

Sartaguda

42.36º

-2.00º

307m

04/1999

Calpe

38.65º

0.04º

91m

05/2008

Elche

38.25º

-0.70º

82m

01/2008

Albox

37.40º

-2.15º

480m

12/2009

Frigiliana

36.78º

-3.89º

194m

01/2008

Mijas

36.50º

-4.72º

185m

10/2008

Badajoz

38.80º

-6.95º

185m

01/2008

Cabrera

41.51º

2.40º

11m

01/2008

Castellar

41.62º

2.09º

342m

05/2008

Fals

41.74º

1.71º

400m

01/2008

Fernando

36.47º

-6.19º

8m

02/2009

Santander

43.47º

-3.78º

9m

10/2008

Benavente

42.01º

-5.67º

750m

01/2008

León

42.59º

-5.53º

944m

08/2008

Murcia

38.00º

-1.08º

37m

01/2008

Yecla

38.63º

-1.15º

610m

10/2008

Gijón

43.54º

-5.625º

27m

01/2009

3.1 Global Forecast System (GFS)
The Global Forecast System (GFS) is a global numerical weather prediction model run by NOAA. This
mathematical model is run four times a day and produces forecasts up to 16 days in advance. The model is
run in two parts: the first part has a higher resolution and goes out to 180 hours (7 days) in the future; the
second part runs from 180 to 384 hours (16 days) at a lower resolution. The resolution of the model is
0.5ºx0.5º horizontally. The predictions are made using directly the output variable DSWRF at surface level
from GFS model. The nearest grid output point of GFS model to each station is used as the basic predictions.
Afterwards, 3-hourly values are interpolated to one hourly value using an interpolation and a correction with
a clear sky model is applied. The bias for the last 30 days of the GFS model is done independently for each
forecasting temporal horizon.

3.2 Statistical Downscaling using Neural Networks (NN)
Neural network models are an abstract simulation of neural biological systems which tries to synthetic its
abilities (Haykin, 1998). Due to non-stationary behavior of hourly global solar irradiance time series, a
transformation to measured and predicted global solar irradiance time series has been done to obtain a new
variable, clearness index (Kt), which will be used as input to the NN models. Clearness index is defined as
the ratio between ground measured global solar irradiance and extraterrestrial solar irradiance. Input to the
neural network models consist of the 72 hours Kt predicted values from GFS and previous 24 hourly values
of Kt measured. The output of each neural network configuration is the next 72 hours values of Kt which are
transformed to predictions of hourly global solar irradiance. The different neural network configurations used
to forecast hourly solar irradiance are presented in Table 2.

4158

Tab. 2: Statistical Downscaling based on neural network models tested.

NN Model

Number of Layers

Neurons in each Layer

Model NN1

1

1

Model NN2

2

3-1

Model NN3

3

5-3-1

Model NN4

4

7-5-3-1

Model NN5

5

9-7-5-3-1

Model NN_pred

3

5-3-1

3.2 DNI prediction using kb-kt models
Once GHI predictions are obtained, DNI predictions are estimated using the model of Louche. This model is
based on a simple correlation between beam transmittance and clearness index (Louche et al., 1991):

kb  0.002  0.059kt  0.994kt2  5.205kt3  15.307kt4  10.627kt5

(eq. 1)

Fig 1. shows the schema of the methodology used to obtain hourly predictions of DNI from predictions GHI
using the model (GFS or NN) for each station. Also, an algorithm to detect clear sky days has been
implemented (Polo et al., 2008), in such a case the prediction for the next day for GHI and DNI components
is done using the ESRA clear sky model (Beyer et al., 1996).

2. Main Results
The indexes to measure the errors of the models are the relative mean bias deviation (rMBD) and the relative
root mean squared deviation (rRMSD) which are measured using the following expressions:

rMBD 

rRMSD 

1 N
  xˆi  xi 
N i 1



n
i 1

( xi  xˆi )2 / n

where N is the population size, x is the observed value,
predicted value.

x

(eq. 2)

(eq. 3)

x is the mean of observed values and x̂ is the

The dataset of each station is divided sequentially into two independent groups: the training and validation
datasets. For each radiometric station, the assessment of the models proposed is performed with data from the
period 1th of June 2010 until 10th of March 2011. The rest of the previous data is used to train neural
networks models. In the validation, only values of measured or predicted global solar radiation higher than
100W/m2 are considered.
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Fig. 1. Schema of the methodology used to obtain hourly predictions of DNI.

The errors in term of RMSD vary between 18% and 35% for hourly predictions of solar radiation.

3. Conclusion
The results show that GFS model have lower uncertainty in terms of rRMSD for most of the stations. For
some stations like Benavente and Leon and a certain NN configuration, a huge improvement has been
achieved compared to GFS model. The results are consistent with other preliminary works (Perez et al.,
2007).
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1. Abstract
PV and wind power are the major renewable power technologies in most regions on earth. Depending on the
interaction of solar and wind resources, PV and wind power industry become competitors or allies. Time
resolved geospatial data of global horizontal irradiation (GHI) and wind speeds are used to simulate the
power feed-in of PV and wind power plants on every region of a 1°x1° mesh of latitude and longitude
between 65°N and 65°S. An overlap of PV and wind power full load hours has been defined and identified as
ranging between 5% and 25% of total PV and wind power feed-in. Critical full load hours have been defined
and discussed. Energy losses that would appear if the grid was dimensioned only for one power plant of PV
or wind, do not exceed 9% of total feed-in but are mainly around 3%-4%. Thus the two major renewable
power technologies are characterized by complementing each other.
2. Introduction
Sun and wind are among those energy resources which will hardly ever cease and which are available both in
abundant amounts and for free all over the world. The markets of photovoltaic (PV) and wind energy are
continuously growing at a fast pace, however most of the renewable potential still remains untapped with
regards to a possible use in respective power plants and systems. For that reason and considering limited grid
capacities, the degree of competition between these two energy technologies is yet not conceivable. In order
to assess if PV and wind power technology and respective industries are competitors at all, an analysis of the
extent to which wind and PV power plants feed-in simultaneously has to be conducted. PV and wind power
are both fluctuating energy conversion technologies, however low competition in time resolved feed-in
would indicate a tendency for mutual balancing effects since energy harvest would be anti-correlated. As a
consequence this would reduce residual load energy requirements. The purpose of this work is to understand
the competitive or complementary characteristics of the two major renewable power technologies. This work
is part of a more comprehensive view on the economics of hybrid PV power plants (Breyer, 2011).
3. Solar and Wind Resource Availability
The global energy supply potential of PV and wind power exceeds by far the energy demand of human
mankind. Total primary energy demand has been about 151,200 TWh th in the year 2008, i.e. about 17 TW of
continuous energy flow (IEA, 2010). However, substantial amount of this primary energy demand is wasted
in inefficient energy use based on burning fuels, i.e. direct use of valuable electricity would reduce the
aforementioned energy flow to about 11.5 TW provided for instance by solar PV or wind power (Jacobson
and Delucchi, 2009). The technical energy potential of solar PV and wind is assessed differently by various
authors but always by factors or orders higher than total global energy demand. In 1978 Weingart estimated
the solar PV potential energy flow usable for mankind being higher than 100 TW. In 2003, the German
Advisory Council on Global Change (WBGU) derived a harvestable energy flow potential for wind power of
about 90 TW and a practically unlimited potential for PV. However, these numbers have been adjusted in
2011 to a technical potential of about 54 TW for wind power and about 8,900 TW for solar energy hence
also for PV (WBGU, 2011). In the 2008 ‘energy [r]evolution’ study of Greenpeace the utilizable energy flow
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has been estimated to about 35 TW for wind power and 150 TW for PV (Teske et al., 2008). Also in 2008,
Sawin and Moomaw estimated the energy flow potential to about 145 TW for PV and about 55 TW for wind
power. In 2009, Lu et al. estimated the energy flow for wind power to about 80 – 150 TW. Jacobson and
Delucchi (2009) derived an energy flow of 40 – 85 TW for wind and 580 TW for PV. In 2011 the IPCC
derived a theoretically utilizable energy flow of about 190 TW for wind power and about 120,000 TW for
PV. Other authors clearly pointed out that wind and solar energy will become the backbone of the global
energy supply and that this could happen already before 2030 (Kohn, 2010). The insight of the necessity to
establish a solar powered society dates back many decades and was emphasized for instance by Hubbert
already in 1949.
4. Methodology
In this work, the global potentials of wind speed and global horizontal irradiation (GHI) are illustrated. Time
resolved global geospatial data covering a period of 22 years (1984 through 2005) are provided by NASA
(Stackhouse and Whitlock, 2008) composed of GHI data (Surface Meteorology and Solar Energy SSE
Release 6.0 – underlying data obtained from the Surface Radiation Budget 3.0 portion of NASA’s Global
Energy and Water Cycle Experiment GEWEX) and wind speed data (Modern Era Retrospective-analysis for
Research and Applications MERRA). These data have been prepared for energy related analyses by the
German Aerospace Center. Hourly time steps for GHI are obtained using a clear sky index approach, taking
into account hourly clear sky irradiance data provided by DLR.
Based on the pre-processed resource possible hourly power generation of PV and wind power plants has
been derived, averaged for a global 1°x1° grid of latitude and longitude (within 65°S and 65°N). Ambient
conditions that are relevant for the simulation of power plants are the roughness length (z 0), air density, and
temperatures. Roughness lengths are dependent on the orography of the landscape and obstacles on its
surface such as trees or buildings. The rougher the landscape, the higher z0 is and the bigger is the difference
between wind speeds near ground to those at a higher altitude. Data of roughness lengths are based on the
NASA source and like GHI and wind speed prepared and provided by DLR. The air density has been
calculated from monthly global average air pressure, provided by NASA. Data for monthly global average
temperatures also have been taken from NASA. Since there are temperature differences between day and
night and PV feed-in is only affected by day temperatures, the average data has been recalculated to get more
realistic values for daytimes. Based on conclusions of AlBusairi and Möller (2010) and of Montes et al.
(2010) the assumption is made, that differences of day temperature to average temperature are between 4 and
10 K, dependent on the location and its proximity to water. Coasts are assumed to have lower temperature
differences because of the water storing temperatures longer than earth and leading to a steadier climate.
Key assumptions for PV power plants are: crystalline silicon modules, leading state-of-the-art inverter
technology and typical conditions for shading, dust and overall power plant configuration. Key assumptions
for wind power plants are: leading state-of-the-art gearless wind turbines and very good power plant
availability.
Power generation of PV and wind power plants is normalized to full load hours (FLh) and aggregated for
periods of months and years. For this, hourly power feed-in has been added up for a year and divided by the
rated power. Such data enables the extraction of overlap FLh of PV and wind power plants in order to
eventually derive the critical extent of these overlap FLh. Problematic FLh are defined by the dimension of
the grid. The assumption of this work is that the grid has to be designed for the capacity of at least one of the
two power technologies within a region of 1°x1° of latitude and longitude. This is why problematic FLh have
been identified for the amount of feed-in power exceeding the rated power of either PV or wind power plants
installed within a region of 1°x1° of latitude and longitude. Overlap and critical overlap have been calculated
for every hour and added up to FLh, too. Calculations have been done for all years between 1984 and 2005
and are represented here by results of the exemplarily year 2005.
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5. Results
5.1. Availability of resources
The global energy supply potentials of PV and wind power exceed by far the energy demand of human
mankind. Long-term annual averages can be derived to indicate the resources availability on a global scale.
Fig. 1 shows this for GHI. Due to the irradiation conditions, the total amounts increase from the polar caps
towards the equator. Another influencing factor for the occurrence of GHI at the ground is the elevation
above sea level. The higher the location, the less atmosphere has to be passed. Caused by tropical climate
which leads to higher evaporation from oceans and thus to clouding and rain, irradiation at the equator is
lower than at regions north and south of it.

Fig. 1: Annual long-term average for global horizontal irradiance (GHI; in kWh per year).

Fig. 2 shows the resource availability for wind. Apart from global wind systems, the major reason which
influences the wind speed above ground is the surface roughness length. Therefore, high wind speeds are
observed above areas such as oceans and deserts. On the other hand, in the equatorial regions high roughness
lengths and consequently low wind speeds are observed.

Fig. 2: Annual long-term average for wind speeds (in m per s).

5.2 Power feed-in
By using simulations of PV and wind power plants it is possible to get hourly feed-in of prospective power
plants (Fig. 3). For analyzing purposes the respective rated power capacities of PV and wind power plants
are set to 1 GW per 1°x1° grid box. Simulating a fixed optimally tilted PV power plant and a wind power
plant of 150 m hub height, of 1 GW respectively, generates the hourly feed-in power potential for all hours
within the 22 years data series.
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Fig. 3: Feed-in power potential of 1 GW installed PV (top) and wind power (bottom) capacity according to historic data. These
illustrations show feed-in of a certain hour which is between 12 and 13 UTC, 21 st of June 2005.

Fig. 3 shows conditions at one of these hours which is between 12 and 13 UTC, 21st of June 2005. At this
time the sun passes the Greenwich meridian and the other hemisphere of the earth is dark reflected by no
feed-in. At the same time, wind power is high in parts of Australia and north-east Canada. Further there are
some regions in Somalia, Saudi Arabia and Eastern Europe that show high wind feed-in. It is conspicuous
that these areas show less PV feed-in.
5.3 Full load hours
The feed-in data lead to annual aggregated full load hours for both energy technologies. These are presented
in Fig. 4.
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Fig. 4: Full load hours of fixed optimally tilted PV power plants (top, left), of wind power plants of 150 m hub height (top,
right) and of hybrid PV and wind power plants (bottom). Calculations are performed for all hours of the year 2005 and all
coordinates of a 1°x1° mesh of latitude and longitude within 65° N/S.

Due to the occurrence of GHI, amounts of PV full load hours increase from the polar caps towards the
equator but decrease at the equator itself. Full load hours of wind power are low at the equator and increase
towards the polar caps. This is the opposite behavior of PV FLh and shows the complementary nature of the
energy sources.
The overlap of PV and wind power is shown in Fig. 5.

Fig. 5: Ratio of overlap full load hours of fixed optimally tilted PV power plants and wind power plants of 150 m hub height to
the sum of PV and wind full load hours. Calculations are based on results depicted in Fig. 4 and are performed for all hours of
the year 2005 and all coordinates of a 1°x1° mesh of latitude and longitude within 65° N/S.

Global average of the ratio of overlap FLh to the sum of PV and wind power FLh is about 15% ranging
between 5% - 25%.
Finally the amount of critical FLh is counted and displayed in Fig. 6.
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Fig. 6: Ratio of critical overlap full load hours of fixed optimally tilted PV power plants and wind power plants of 150 m hub
height to the sum of PV and wind full load hours. Calculations are based on results depicted in Fig. 4 and are performed for all
hours of the year 2005 and all coordinates of a 1°x1° mesh of latitude and longitude within 65° N/S.

Critical FLh are defined for that amount of feed-in power exceeding the rated power of either PV or wind
power plants installed within a region of 1°x1° of latitude and longitude. This is the power for that the grid
has to be dimensioned, at least. The figure shows that energy losses worldwide would amount to less than
9%. However there are only few regions with high critical overlap since at most places critical overlap does
not exceed 3% - 4%.
6. Conclusion
According to this work’s approach, it can be stated that PV and wind power are energy technologies which
complement one another. For places where both resources are available to build power plants, it is strongly
recommendable for plant operators, manufacturers and respective associations to work together for fast
growing PV and wind power capacity. Due to nearly no competition in time resolved power feed-in of PV
and wind power plants, a perfect basis is given for a comprehensive cooperation. Using both energy
technologies will offer complementary power feed-in and further reduces the need for balancing power.
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Introduction

This paper investigates the proposition that wind and solar energy can run the entire continental US
electricity system without blackouts. The aim of this paper is to employ hour by hour datasets for the entire
year to establish the amount of wind power, solar concentrating solar power and electricity storage that
would be required to reliably meet the entire 2006 electricity load of the continental United States. The
United States was selected for the modelling study because it is a large-sized system with many generation
sites for good statistics, has a large range of weather regions, has very good load data from past years, and is
a major emitter of greenhouse gases. This paper is an individual effort of the authors and has no connection
to former or current employers.
The need for the paper developed from an examination of solar energy powering California and the full
United States (Mills and Morgan, 2007, Mills and Morgan, 2008). This paper showed that more than 90% of
the electricity sector could be powered by solar power with sufficient thermal storage, but the coverage left
extensive times when blackouts might occur unless large auxiliary, probably polluting, generating systems
were present. Even if the electricity were unavailable only 5% of the time, that would amount to 18 days a
year of potential balckout. Mills and Morgan (2008) suggested that there might be synergy between wind and
solar power allowing improved coverage of diurnal and seasonal energy loads in the United States. However,
the load coverage of their papers did not extend beyond the existing electricity sector, leaving large sectors of
the energy economy with a fossil fuel basis.
The electricity supply was calculated on an hour-by-hour basis for the example year 2006, using US
Government energy load data and NREL solar and wind weather data for load match modelling. The basic
technologies assumed for the modelled systems are already available, and large technical advances are not
required to produce a functioning national energy system without blackouts, but the solar system design is
adapted to peaking. The system uses no baseload, but may use less than 2% backup using gas-powered
combustion turbines to reduce capital investment, although fully 100% solar + wind solutions were found.

2.

Study Assumptions

We confined our analysis into a scenario that only includes thermal energy storage for concentrating solar
thermal plants. Low cost electrical storage technology might someday allow wind or PV technologies to
have a more dominant role in system load matching, but its development cannot be assumed. Instead of an
average year or solar Typical Meteorological Year (TMY), we used combined solar and wind weather data
from a real year to reflect solar/wind weather relationships that might be lost in a TMY model. We chose the
year 2006 because detailed load and weather data for hourly resource analysis were available. As an
important input for this report, we chose solar and wind production sites within the U.S. that are
representative of likely production areas, and have acquired National Renewable Energy Laboratory (NREL)
and National Aeronautics and Space Administration (NASA) sourced hourly resource data that enabled us to
create models of hourly solar and wind generation for 2006. We created a separate model to correlate solar
and wind availability with a hourly national electricity load calculated from primary Federal Energy
Regulatory Commission (FERC) data. It is important that the load can be served by any generator on the
grid that is available.

3.

Wind Resource Database

Two NREL 2006 wind datasets called the Eastern Wind Integration and Transmission Study (EWITS, 2011)
and a corresponding Western Wind Integration and Solar Transmission (WWSIS, 2011) study for the west
were acquired by the authors and combined into a national hour-by-hour national database for that year. The
authors synthesised a full database for 2006, and it was found that around half the accessible resource comes
from the 8 states of Wyoming, New Mexico, Colorado, Minnesota, Nebraska, Montana, Texas, and
California and only about 6% from offshore sites. In Fig. 1, a graph of modeled wind output for the
continental USA using 2006 wind data shows a large degree of seasonal fluctuation with a strong bias toward
winter generation and a winter peak of 1.02 TW(e) of coincident generator output. In summer the entire wind
fleet can drop as low as 67 GW(e). As we had hoped, the relationship between solar and wind is symbiotic
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and higher wind speeds in winter and at night are supported by higher summer and daytime solar availability.
The average wind capacity factor (CF) is 35.7%.
Fig. 1. Wind generation output for the USA in 2006. It can be seen that there are extremes of output between summer and
winter. The wind output is prone to fluctuations between 0.067 and 1.02 TW(e).
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4.

Solar Generation Technology and Modelling

The term “CSP” (Concentrating Solar Power) is often used for technologies using optical concentration, but
this term includes both CPV (Concentrating photovoltaic) and CST (Concentrating Solar Thermal), and these
need to be clearly distinguished in this paper because CPV is not available as a technology with low cost
storage. Consequently, this study only analyses CST.
CST systems use concentrating mirrors or lenses to create high temperatures for generation, and most use
glass mirror for its low cost, structural utility, durability, excellent surface smoothness, and high reflectivity.
Current line-focus systems deliver between 270° and 400°C and two-axis tracking systems between about
450°C and 1000°C. The industry is developing line-focus systems and tower systems at 550°C and
contemplating supercritical central tower systems at 700°C. Parabolic line-focus troughs have been the
primary CST technology used commercially so far, and operate close to 400°C in the collector loop.
However, it is not clear which technology will prevail in the future, and mixtures of these technologies - for
example a line-focus system with a tower superheater - may also be also possible.
Unlike current utility grade PV technology, CST has the unique ability to use any of direct solar, storage or
backup fuel to power the same turbine depending on load and solar availability.solar unavailability. The
backup fuel can be a fossil fuel like natural gas, or a renewable fuel like solar-produced hydrogen. If lowcost, high round trip efficiency electrical storage were ever developed for PV, it would offer similar grid and
national generation matching benefits as the CST storage systems, but not the use of backup fuel. If there is
an oversupply of energy and the storage is full, then dumping would take place. ’Dumping’ simply means
turning solar mirrors off focus or shutting down wind generators.
The highest solar radiation sites for CST generation are concentrated around the south and south-west of the
USA. This study uses generation locations in Daggett and Ivanpah California; Las Vegas, Nevada; Palo
Verde, Arizona; El Paso Texas; the Colorado San Luis Valley where solar peaks strongly in summer; and los
Lunas, New Mexico. The direct normal incidence (DNI) solar radiation data for these locations were
provided by Clean Power Research (Solaranywhere, 2011) and were based on NASA and NREL satellite
data from 2006 assisted by correlations with ground-based measurements formulated by Cebecauer et al
(2010). These seven sites would represent the variations in seasonal solar output likely in good locations at
different latitudes and the output was divided equally between them; it would be possible, but perhaps
politically impractical, to allocate solar arrays in such a way to improve the overall match to annual loads.

5.

Electricity Load Database

National hourly electric load data for the reference year 2006 was downloaded from the Federal Regulatory
Commission’s online database (FERC, 2009), which includes all electric transmitting utilities operating
balancing authority areas and planning areas with annual peak demand over 200 MW. The output of each of
the 127 regions is referenced to a time zone and were matched in the UTC time zone. The FERC databases
were examined in detail and compared to overall national output figures provided by the EIA (2010). It was
discovered that all of the FERC 714 loads total up to 4825 TWh, while the EIA data for domestic generation
+ imports for 2006 is 4107 TWh, for a discrepancy of 17.5%. The principle reason for the discrepancy
between the FERC and EIA data is load overlap, and thus double-counting, between the entities that submit
FERC 714 data. An effort to remove this double-counting was accomplished by examining the submissions
in more detail and a revised dataset was formed with total usage of 4227 TWh, reducing the discrepancy to a
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more reasonable 2.9% difference. There was not enough detailed information provided to go further, but is
possible that there were additional double-counts in the original data, so the authors opted to use the 2006
EIA figure of 4107 TWh as the accepted figure, and scaled it to match the hourly profile obtained in the
recalculated 4227 TWh database. This means there is a potential underestimate of between zero and 2.9% in
the 2006 electricity usage data. If that exists, it would not significantly affect the realisation of a 100%
match, since additional wind and solar resources could be deployed to cover it. It was more important that
the seasonal variation be correct when matching the load with wind and solar. A small amount of Jan 1st
2006 data missing in the FERC files and was replaced with plausible numbers.
Fig. 2 shows the calculated variations in the 2006 national electricity load with the lower bound of the curve
composed of the night-time minima and the upper bound as the day-time maxima. Weekly “sawtooth”
patterns are visible due to reduced usage on weekends. The electric load peaks in the summer, like the

Fig. 2. Calculated continental US electricity load for 2006 in terms of TW(e) vs hour of the year. The underside of the
characteristic shows minimum values which lie mostly above 3.1 TW(e).

seasonal solar peak, and the variation between day and night increases in summer due to the daytime air
conditioning load. The annual consumption showed a peak of 774 GW and a minimum at 289 GW. For an
annual electrical load of 4107 TWh, the grid capacity factor (CF) is 60.6% referenced to the peak load.
Referenced to the nameplate peak generating capacity of 1075 GW, the generation CF drops to 43.6%.

6. Modelling Results for a Wind/Solar Supply System for the US 2006 Electricity Load
In this paper, load matching is calculated using a model developed as a simple generic load-matching
algorithm that would approximate the behaviour of many individual generators. The solar fleet was assumed
to be freely dispatchable to the extent permitted by the thermal storage in the system. The wind component
was assumed to be uncontrolled except for shut-down. The algorithm will be able to be accessed a full
published paper in preparation.
Table 1 shows the results of load matching with wind and solar fleets are designed with a total available
annual electricity output of 125% of the annual load. Energy redundancy is defined here as the excess
potential annual energy delivery potential of the systems as a percentage of the annual load. Thus, the
combined wind and solar system has 25% redundancy. Without storage, a predominance of wind gives the
best result because of the lack of solar input at night, but with storage, a predominance of solar capacity
achieves 99.99% load coverage with 18 hours or greater of solar thermal storage. With no storage, such nearcomplete coverage cannot be attained without an additional alternative backup system or vastly increased
redundancy. This would also be true of PV systems without storage.
For the case of 99.99% coverage, one would expect blackouts for 0.01% of 8760 hours per year, or 53
minutes per year. This is about 25% of the accepted dropout rate for the current grid system of 214 minutes
or 3.57 hours (Apt, 2006), but the latter also includes grid faults. The solar/wind system assumptions look
only at matching the load to output from 100% functioning plants. However, high modularity in wind and
solar plants means that unanticipated failures of individual wind turbines and solar mirrors, two of the most
costly items, should not have a significant dropout effect. The availability of the two-decade-old Californian
SEGS CST plants has been typically around 99.5% in recent years (Cable, 2001) with major scheduled
maintenance done in mid-winter when seasonal output is low. Modern individual wind generators have an
availability of more than 98% (AWEA, 2011). In addition, although 25% redundancy is present to offset joint
solar and wind resource lows, it will also greatly help with system availability because extra plant would
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almost always be available; any fault-based or scheduled maintenance unavailability would have to coincide
with infrequent resource lows when capacity is fully used to have a blackout effect. A similar blackout
frequency, however, would be still attributable to transmission breakdown. Although the generator reliability
of this modular, redundant system should be comparable to or better to the current system, backup options
offering greater security will be discussed later in the paper.
Tab. 1: Percentage of 2006 FERC load coverage from combined wind and solar of 25% redundancy according to relative
fraction of wind and solar potential, and hours of solar thermal storage. The case with 78.8% solar and 46.3% wind shows the
best match of 99.99% for a given storage capacity with 18 hours of storage in the solar fleet.

For the best case in Table 1, the wind fleet must be capable of producing 0.463*4107 TWh(e) = 1902
TWh(e) per year, about 40% of the potential annual USA wind generation of 4756 TWh(e) calculated from
NREL data. The total installed peak wind fleet size is 608 TWp(e), and the wind capacity factor is 36.0%. If
we assume we use all of the wind 1902 TWh(e) available without dumping, this leaves 2205 TWh(e) to be
supplied by solar. The solar capacity is 1973 GWp(e), so the minimum solar capacity factor is 10.2%.
However, this is not the only scenario, for solar could be used to replace wind in periods of energy
abundance, when storage systems were full. However, if, as one example, the dumped energy were shared
equally wind and solar, then the capacity factor (CF) of solar would be 15.8% and that of wind 26.1%. The
matching models used make no decision as to whether available wind or solar electricity is dumped.
Conventional generation also incorporates significant redundancy. The total peak capacity redundancy
required to cover failures and maintenance of the conventional generation system was 39% in 2006.
Although the 99.99% result is excellent, is 100% load coverage possible? One obvious way is to increase the
redundancy of available generation plant. Table 2 shows the effect of enlarging the wind and solar fleet to
35% redundancy. This successfully achieves 100% annual coverage using 10 hours of thermal storage, and
zero fossil fuel usage. The available output before dumping from solar is equal to 83.8% of load, and that
from wind equal to 51.2% of load. Load coverage for all 8760 hours is an important result that many would
be surprised to see emerge from two highly variable output generation resources.
Tab. 2: Percentage of 2006 FERC load coverage from combined wind and solar of 35% redundancy according to relative
fraction of wind and solar potential, and hours of solar thermal storage. The case with 83.8% solar and 51.2% wind achieves
100% for the lowest storage capacity with 10 hours of storage in the solar fleet.

In Table 2, the capital cost of the solar and wind fleets (excepting storage) has been raised by 8% from the
25% redundancy case in Table 1, but required storage size has been reduced from 18 to 10 hours. The best
coverage with lowest storage in Table 2 uses a solar component of 2098 GW and has a maximum solar CF of
18.7% before any dumping. This is lower than current parabolic trough non-storage plants of about 25% CF,
and much lower than trough storage plants like Solana, a 250 MW parabolic trough plant with molten salt
storage being built in Arizona with a 41% CF (Greentech, 2010).
The low CF optimized ‘solar peaker’ fields in Table 1 and 2 are quite unlike current systems, yet they emerge
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naturally from the optimization. While wind generators are standard in our simulation, the solar plant design
is greatly influenced by the presence of wind as the only generation partner. The turbine is made larger
relative to the field than a normal daytime non-storage plant and can handle large variations in wind output.
To construct a ‘solar peaking plant’ in Table 4, we retain the conventional power block but reduce the relative
field size and cost to 18.7/25 (about 75%) of the daytime trough non-storage plant value, and add several
hours of storage. The total peak capacity of wind and solar is 2099+672=2771 GW compared to the 1075
GW of conventional plant in 2006. Since there is little or no fuel in the solar/wind mix, any cost comparisons
must be carried out with fuel and O&M included, and a second paper involving cost comparisons and
additional detail is being prepared for publication.

7.

Backup options allowing minimal solar-wind fleet size and cost.

CST systems below 100% would require a backup system added to the cost. Steam turbines installed in the
CST plants are under-utilised at periods of low solar availability. When there is a load-matching deficit, these
would need only fuel and a combustor/boiler to provide the required thermal energy to the existing turbines
to match the load. This has been used for supplementary energy with CST plants in California since the
1980s, when the SEGS plants used about 25% natural gas, a much higher backup figure than proposed in this
paper. In the following, the different fuel options are discussed.
7.1 Backup using natural gas fired boiler with a solar plant
Gas-fired boilers with steam turbines can reach efficiencies of about 34% (Natural Gas Supply Association,
2011). Using such boilers with existing solar turbines would not incur a significant backup fuel cost or
pollution load because the electricity deficit is so small. For example, by reducing the thermal storage to 6
hours in Table 2, the coverage is reduced to 98.3%. The 1.7% of electricity required to meet the intended
deficit would need demand thermal energy of 0.017/.34 x 4107 TWh(e) = 209 TWh(th), about 3.4% of the
natural gas used in generation in 2006 in the USA. Use of a 25% redundancy solar plant with 6 hours of
storage rather than a 35% redundancy plant with 10 hours of storage reduces wind/solar plant cost by 7.4%,
along with an additional 40% savings in storage tanks and media.
7.2 Separately located natural gas combustion turbines
Modern gas turbines have capital costs of $675-$1575 per kWp(e)(Parsons Brinckerhoff, 2008). This is a
much greater additional capital cost than for auxiliary combustor/boilers for the solar plants, although gas
usage would be smaller because the efficiency of gas turbines is above 37%. It makes much more sense to
use the already capitalised solar turbines.
7.3 Biofuel or liquid fuel backup
This is similar to option 7.1 except using biomass for firing. Unless there is a pipeline or relatively high
frequency tanker truck supply available, a large storage tank may also be needed. This could thus present a
less attractive option than NG, which could use pipeline natural gas. The biomass option has very low cycle
emissions compared to gas if properly managed.
7.4 Backup using combusted hydrogen created from dumped electricity
The authors considered taking otherwise dumped electrical energy in low demand periods, dissociating
hydrogen from water at about 78% efficiency, and combusting it option 7.1 but without CO2 impact. The H2
gas is compressed and stored under high pressure in thick-walled tanks. The turnaround efficiency is only
0.78 x 0.34 = 27%, but the electricity supply is essentially free. The cost of backup supply is therefore based
largely on capital costs for tanks (very high), dissociators, and the combustor/boiler itself. This will be
discussed further at the end of the paper.

8.

Powering the Full US Economy

The electricity sector is only one of the energy sectors that contribute to global pollution. In the USA, many
energy sectors such as transportation, industrial heat, and building heating were not majority-supplied by
electricity in 2006, but rather by carbon-emitting fossil fuels such as natural gas and petroleum. Zeroing
emissions must include a means of decreasing carbon emissions from these markets also. The electricity grid
is likely to be the most comprehensive way to distribute sun and wind energy. In the following, we examine
whether the same solar and wind approach can carry the whole energy load as it existed in the USA in 2006.
Thermal and transportation load electrification is not only possible, but in many cases already underway for
reasons of cost or practicality. The connection of vehicular or thermal loads to the electricity grid can be
accomplished through mostly well-understood technical changes to vehicles and heating equipment. Often,
the cost of expensive electricity is at least partly compensated by reductions in total energy usage. For
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example, electric cars and heat pumps require only a modest fraction of the kilowatt-hours of their gasoline
and natural gas equivalents for the same tasks, and the running costs and pollution of these systems are often
lower. In the following, the additional energy use sectors are discussed and modelled as if they were
electrically powered.

9.

Electrified Thermal Loads

9.1 Residential Electrification
Total non-electrical annual energy consumption for each fuel was obtained for the year 2006 from the U.S.
Energy Information Administration (EIA, 2007) by sector. Table 3 shows residential sector estimates of TWh
of non-electricity load for various fuels used in the residential sector in 2006, plus an estimate of current
usage efficiency, and an estimate of the efficiency
if the load were electrified using up-to-date
Tab. 3: Calculation of annual TWh(th) required for the
electrified residential sector. 1 Quad equals 293.07 TWh of appliances. This comprises 91% space heating and
water heating before electrification and 80% after
energy11.
electrification, so load behaviour remains
2006 Residential
Quads Efficiency before COP or efficiency
dominated by these two loads. Building heating
Sector Data
Thermal
electrification after electrification
and water heating are low temperature
Natural Gas
Space Heating
3.1536
0.80
Variable
applications that can utilise already commercial
Water Heating
1.126
0.62
Variable
air source (DOE, 2011) or geothermal (DOE,
Cooking
0.22
0.40
0.90
2011) heat pump technology to use electricity
Clothes Dryers
0.07
0.90
0.50
efficiently. They are increasingly popular due to
Other Uses
0.04
0.80
2.00
low running costs, and reverse cycle types also
Distillate Oil
Space Heating
0.8
0.80
Variable
provide air conditioning in the summer.
Water Heating
Liquefied Petroleum
Gases
Space Heating
Water Heating
Cooking
Other Uses
Wood Fuel Stoves
Kerosene and Coal
Total Residential

0.11

0.62

Variable

The efficiency of current gas furnaces is about
80% using natural gas (Energy Star, 2009a) and
this is assumed for other current fuels LPG and
distillate oil. Using heat pumps, most water and
air heating would be done in the winter when
their efficiency is lowest, but much higher than
direct heating, with a COP can be assumed to be 2
Total Quads
6.56
in mid-winter and 4 in peak summer. Space
heating load drops to near zero in summer and
Total TWh(th)
1922
peaks strongly in winter; it is assumed to be
constant in Jan/Feb/Mar and then decline to zero
in August, rising again to the January peak value. Diurnally, it is assumed in a simple model to be at 50%
peak value between 9AM and 5PM, and 100% of peak value at other times.
0.28
0.05
0.03
0.17
0.4
0.11
6.55

0.80
0.62
0.40
0.80
0.8
0.8

Variable
Variable
0.90
2.00
Variable
Variable

Water heating efficiency would increase from 62% for natural gas systems (Energy Star, 2009b) to a
coefficient of performance of 2-4 using a heat pump water heater (EIA,2009). The water heating load can
vary, peaking in winter when inlet water temperature is lower coming from pipes in the chilled ground. UK
data for the seasonal temperature pattern for the soil suggests that for northern hemisphere regions, August is
the peak air temperature month and the soil is coldest from January to March (EEBPH,2004). The water
heating load is the highest in these months and starts to drop in April. Water heating energy is used while
people are awake between 6AM and 11PM, so the load is assumed to be at 100% of peak daily value
between those hours and zero at other times.
Cooking is assumed supplied by electricity using relatively new induction heating technology. Induction
cooking is about 90% efficient compared to about 40% efficiency using direct natural gas cooking (LBL,
1993). Cooking and clothes drying, the largest loads of ‘other loads’, would also be in the same time frame
as water heating (waking hours) and in the absence of time data, the sector is assumed to be constant during
these hours. Other minor uses include swimming pool heaters, outdoor grills, and outdoor lighting (natural
gas). Swimming pool heaters can be replaced by efficient heat pumps, and gas lighting by much more
efficient LED lamps; because this electrified load is small, uncertainties in our assumptions will have little
overall effect. The method used to obtain the electrified loads shown in Table 4 was complex and will be
discussed fully in a full paper in preparation. The result is an annual electrified residential load of 668
TWh(e). This does not include loads already included in the 2006 EIA electricity load sector.
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Tab. 4: Residential monthly calculated loads for 2006.
1

2

3

4

Cu. ft
Gas
Million cu. COP Nat
Non-SH
ft of Gas
WH
Equiv.

1 713,698
2 702,280
3 625,925
4 355,496
5 203,512
6 141,157
7 115,586
8 108,439
9 124,922
10 240,448
11 413,409
12 623,595
Total 4,368,467
2006

2
2
3
3
4
4
4
4
3
3
2
2

26,161
26,161
26,161
26,161
26,161
26,161
26,161
26,161
26,161
26,161
26,161
26,161

5

6

7

8

Month

Natural
Gas WH
model

Natural
Gas SH
Model

687,537
676,119
599,764
329,335
177,351
114,996
89,425
82,278
98,761
214,287
387,248
597,434

95,524
95,524
92,212
88,901
85,590
82,278
82,278
82,278
85,590
88,901
92,212
95,524

592,013
580,595
507,552
240,434
91,762
32,718
7,147
0
13,172
125,386
295,036
501,910

313,930

9

10

11

12

13

14

15

16

Total
Total
Total
Total
Total
Total
Cooking Clothes
Other
thermal Thermal
electrical electrical
Dryers
other Residentia
Energy
Power
TWh
TWh
energy provided
Power
TWh
TWh
l
TWh
Needed electrical electrical electrical electrical electrical
provided
Needed
(TWh)
needed
needed
(TWh) SH (TWh)
(TWh)
SH
needed
needed
needed
WH
WH

220.1
215.8
188.7
89.4
34.1
12.2
2.7
0.0
4.9
46.6
109.7
186.6

20.9
20.9
20.2
19.5
18.7
18.0
18.0
18.0
18.7
19.5
20.2
20.9

110
107.9
62.9
29.8
8.5
3.0
0.7
0.0
1.6
15.5
54.8
93.3

10.5
10.5
6.7
6.5
4.7
4.5
4.5
4.5
6.2
6.5
10.1
10.5

2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7

3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1

2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.1

7.9
7.9
7.9
7.9
7.9
7.9
7.9
7.9
7.9
7.9
7.9
7.9

128.4
126.2
77.5
44.2
21.1
15.4
13.0
12.4
15.7
29.9
72.8
111.6

1,066,8112,987,7251110.6

233.6

488.2

85.6

32.0

37.1

25.4

94.5

668.2

9.2 Commercial Electrification
Tab. 5: Annual calculated TWh(th) required for the electrified commercial sector.
Natural Gas
Space Heating
Space Cooling
Water Heating
Cooking
Other Uses
Delivered Energy
Distillate Fuel Oil
Space Heating
Water Heating
Other Uses
Delivered Energy
Marketed Biomass
Other
Total Quads
Total TWh(th)

2006 Quads

Fossil Fuel Efficiency

Assumed COP

1.26
0.02
0.55
0.23
0.94
3.01

0.8
0.8
0.62
0.4
0.5

Variable
2
Variable
0.9
1

0.18
0.07
0.22
0.46
0.12
0.38
7.44
2180

0.8
0.62
0.5

Variable
Variable
1

0.8
0.8

Table 5 shows estimates of
TWh of non-electricity
commercial thermal load for
various fuels used in the
commercial sector, plus an
estimate of best current usage
efficiency of usage. Non-water
heating and non-space heating
loads include miscellaneous
uses, such as cooking, pumps,
emergency generators, and
combined heat and power in
commercial buildings.

Table 6 shows a electrical load
derivation for the commercial
sector similar to Table 4 for the Residential sector. Diurnally all commercial sectors are taken to be is taken
to be at half maximum value between 6AM and 9AM, full value between 9AM and 6PM, half value between
6 PM and 9PM and zero otherwise. The final annual figure arrived at was 442 TWh(e) and the monthly
distribution is given in Column 17 of Fig. 6. Like residential heating, this shows a strong winter bias.
Tab. 6. Calculated monthly commercial loads for 2006.
1
2
3
4
5
6
7
Month

1
2
3
4
5
6
7
8
9
10
11
12

2006 Monthly Assum WH Usage
ed
Use MCF
MCF
COP

396,993
390,067
352,874
225,687
160,316
134,267
121,913
126,396
133,020
187,618
256,210
346,668
2,832,029

2
2
3
3
4
4
4
4
3
3
2
2

SH Usage
MCF

46,480 234750
46,480 230223
44,868 201259
43,257 95339
41,646 36386
40,035 12974
40,035 2834
40,035
0
41,646 5223
43,257 49719
44,868 116990
46,480 199022
519,084 1184719

Non SH WH
Usage MCF

Cooking MCF
Use

115763 18058
113365 18058
106747 18058
87091
18058
82284
18058
81259
18058
79045
18058
86362
18058
86151
18058
94642
18058
94352
18058
101167 18058
1128226 216,692

8

9

10

11

12

13

Space
Cooling
MCF Use

Other Use
MCF

CSH
CWH
CSH
CWH
(TWh)
(TWh)
(TWh)
(TWh)
Thermal Thermal Electrical Electrical
Delivered Delivered Needed
Needed

0
0
0
1422
2843
4265
5686
4265
2843
1422
0
0
22745

97706
95307
88689
67612
61383
58937
55301
64039
65251
75163
76294
83109
888789

90.1 10.0 45.1 5.0
88.4 10.0 44.2 5.0
77.3
9.7
25.8 3.2
36.6
9.3
12.2 3.1
14.0
9.0
3.5
2.2
5.0
8.6
1.2
2.2
1.1
8.6
0.3
2.2
0.0
8.6
0.0
2.2
2.0
9.0
0.7
3.0
19.1
9.3
6.4
3.1
44.9
9.7
22.5 4.8
76.4 10.0 38.2 5.0
454.7 112.1 199.9 41.1

14
Cooking
(TWh)
Electrical
Needed

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
30.0

15

16

17

Space
Other
Total
Cooling
(TWh)
(TWh)
(TWh) Electrical Electrical
Electrical Needed Needed
Needed

0.0
0.0
0.0
0.1
0.1
0.2
0.3
0.2
0.1
0.1
0.0
0.0
2.8

18.7
18.2
17.0
12.9
11.7
11.3
10.6
12.3
12.5
14.4
14.6
15.9
170.0

71.3
69.9
48.4
30.8
20.1
17.4
15.8
17.1
18.8
26.4
44.4
61.6
442.0

9.3 Industrial Sector Electrification
Electricity is already used to supply process heat for industry; electric arc furnaces are one example. It
should be cheaper to supply high temperature solar heat at a peak of 60-70% efficiency at the point of use
than to run a turbogenerator to produce solar electricity at 10-40% efficiency and then turn the electricity into

4174

high temperature heat, but for the purposes of this study, we have assumed that thermal energy is supplied as
grid electricity which is used as efficiently as possible. In 2006, 10.24 Quads of energy was supplied to
industry as shown in Table 7. Electrical and renewable supplies to industry are assumed already included in
the previous electrical grid load figure. It is assumed that 30% of industrial heat is below 100°C (Werner,
2007) and can be replaced by heat pumps using electricity at a COP of 3.
Tab. 7. Industrial Sector Energy

Quads Efficiency before
Thermal Electrification
LPG
Motor Gasoline
Distillate Fuel Oil
Distillate Self Generation
Residual Fuel Oil/Petroleum Coke
Natural Gas Boiler fuel
Natural Gas Self Generation
Natural Gas Direct Heat*
Metallurgical Coal, Coke**

0.12
0.32
1.30
0.06
0.55
2.14
0.72
2.44
0.72

Coal for Boilers*
Coal Self Generation
Total Industrial

0.77
1.22
10.24

Efficiency or COP after
Electrification

0.20
0.20
0.25
0.40
0.83
0.83
0.40
0.70

0.90
0.90
0.90
1.00
1.00
0.90
1.00
1.60

Biomass fueled virgin iron
stage presumed

Electric arc furnace

0.83
0.30

0.90
1.00

Net Quads TWh electric
Electric
needed
0.03
0.07
0.36
0.02
0.46
1.97
0.29
1.07
0.21

7.8
20.8
105.8
9.8
133.8
578.4
133.6
312.9
61.4

0.71
0.37
5.55

207.2
162.3
1726.0

* 30% of process heat demand is <100°C and uses Heat Pumps thus 2/3 of heat at 0.9 efficiency and 1/3 at COP 3

Metallurgical coal contains carbon that reduces iron ore into virgin iron as well as being combusted to keep
the process at high temperature. It is assumed that can be supplied from biomass charcoal, and, indeed, wood
was used in former times for this purpose. Development of a hydrogen gas iron ore reduction process might
allow solar and wind to replace charcoal and provide the fuel for iron-making with much less land impact
(Carmo de Lima et al, 2004; ITP, 2007) but this is not yet established technology. Zero carbon methods using
electrolysis are also being investigated as part of a EU program called ULCOS. (ULCOS, 2011).
Table 7 shows our accumulated data from the foregoing discussion of the industrial sector, which results in a
total of 1726 TWh(e), excluding metallurgical fuel. Natural gas usage in the industrial sector (Table 8) is
used to suggest a model of monthly usage variations. These are modest with a mild bias toward increased
winter usage. Diurnally, the industrial energy used in this model is assumed to be constant over 24 hours.
9.4 Transport Sector Electrification
a) Surface transport
Electric cars are beginning to enter the market in
commercial quantities and electric trucks, buses
and vans are in development or operation.
Information on such vehicles has been announced
by some manufacturers or web sites. The 2010 5seater 1.521 tonne (Nissan Leaf, 2011) Nissan
Leaf EV is stated to offer a range of 175 km on
the new European Driving Cycle on a 24 kWh Liion battery or 0.22 kWh/mile. The 2012 5-7 seat
1.739 tonne Tesla S sedan with a Li-ion battery
realises a 483 km range (Tesla S, 2011) with a 85
kWh battery (Tesla S battery, 2011), for 0.26
kWh/mile. The latter has a range and passenger
capacity similar to many US fossil-fuelled cars,
and a luggage capacity similar to SUVs, so a 0.25
kWh/mile figure between the Leak and the Tesla
is adopted as reflecting a likely standard vehicle
performance.

Tab. 8: Calculation of the load for the electrified transport
sector. As a first guess, we can assume that all electrified vehicle
sectors will have electricity consumption in proportion to their
current petroleum usage. Cars, trucks and buses constitute
about 93% of current energy consumption and should be more
or less consistent in this regard.

Vehicle Type
Cars/Light Trucks
Commercial Light Trucks
Bus Transportation
Freight Trucks
Rail, Passenger
Rail, Freight
Shipping, Domestic
Shipping, International
Recreational Boats
Total

Quads
(th)
16.55
0.6
0.26
4.9
0.04
0.56
0.25
0.7
0.18
24.04

Relative
Energy
Use
0.688
0.025
0.011
0.204
0.002
0.023
0.010
0.029
0.007
1.000

Annual
TWh(e)
663
24
10
196
2
22
10
28
7
962

The U.S. national vehicle fleet-miles travelled by cars and light trucks were 2.65 x 1012 in 2006 (EIA, 2007).
Categories of non-aircraft transport usage obtained from the EIA (2007) are shown in Table 8. Using the
usage in other sectors is held in the same ratio to personal vehicles, the electricity used in the transport sector
at this consumption would be 962 TWh(e) per year. Vehicle transport in the United States is very uniform in
total miles travelled per month, varying from roughly 5% below average in winter to 5% above average in
summer(EIA, 2011). For the purposes of this study we assume a simple linear variation by month between
these extremes, with the lowest on February 1st and the highest on August 1. A simple assumption of
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charging at twice the rate at night between 6PM and 6AM as in the hours between 6AM and 6PM is made,
but the reality may be better. Battery capacity as large as an electric car fleet should be able to provide
additional flexibility in the system for better grid load allocation. Fluctuations in load could be offset by
charging parts of the national car fleet at particular times, using price signals, but this is not assumed.

b) Air transport
While small electric aircraft have begun to be developed, long range heavier-than-air passenger aircraft seem
unlikely (although not impossible to rule out). These are, therefore, not included in the transport electricity
load. High speed trains have the potential to largely eliminate short-distance air travel, but according to the
IPCC (1999), flight stages of 800 km or less are estimated to represent only about 15-20% of all scheduled
passenger operations (expressed in terms of available seat-km). For long-distance high speed travel over
land, partial vacuum or pneumatic tube trains are possible, but have not yet been developed. For transoceanic
travel, the continued usage of aircraft seems necessary. Fast blimp or dirigible approaches might be more
energy efficient for freight, but would downgrade passenger ocean-crossing times to those of the 1930‘s.
The best near-term option is the substitution of a low emissions biofuel for petroleum-based aircraft fuel.
Biomass-fuelled jet aircraft have already flown (Schwarz, 2009). The aviation energy sector is much smaller
than for land vehicles at 2.91 Quads in 2006, about 10.3% of all US transport energy. We calculate that to
power US aircraft alone would require the increase in 2009 global ethanol (or equivalent) production by
almost 250%. It is feasible, but easier if competition from biomass land transport is absent. A redirection of
the biomass market away from land vehicle supply, which is clearly beyond reach globally, to aircraft supply
is completely consistent with the vehicular move toward grid electricity advocated in this paper. In the longer
term, there would seem to be a strong land-use case for development of solar/wind hydrogen-fueled aircraft
before mid-century; there is little doubt that such aircraft could be developed. The sooner this is done, the
less impact the biomass energy sector will have on food production.
9.5 Total Electrified Market
The derived sectoral load data was accumulated
and adapted to the UTC time zone. Table 9 shows
the annual derived electricity load by sector. The
annual figures are separated into monthly figures
using the previously described methods. The total
load is 7115 TWh(e), 73% higher than the
electricity-only load derived earlier from FERC
data. Fig. 3 shows the annual output pattern,
which now has a strong winter peak due to
seasonal heating loads.

Tab. 9: The total electrified load excluding metallurgical steel
and aircraft usage.

Sector
Stationary Electricity
Residential
Commercial
Industrial
Transport
Total

Twh(e)
3317
668
442
1726
962
7115

Percent
46.6%
9.4%
6.2%
24.3%
13.5%
100.0%

Fig. 3: Full electric load synthesized for 2006. The derived system load peak is 1419GW(e), almost double the actual 2006
electrical peak load, and the annual load minimum is 675 GW(e). The step functions are artifacts of the monthly seasonal
change assumptions, but smoothing the data did not improve the load matches later calculated.
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10.

Results of Total Load Matching

Using the data for electrified transport and heating sectors provided in the previous section, the load match
was calculated using the methods described in the companion paper and an enlarged national array of wind
generators and CST storage plants. Table 10 shows the calculated load match results for 25% and 35%
redundancy cases. Comparing these with the results for the electricity-only system in the companion paper,
the electricity-only system peak load rose from 774 GW to 1419 GW, a rise of 83%, but the peak system
requirement rose only from 1282 GW of Solar and 1100 GW of wind to 2610 and 1596 GW of wind, an
overall rise of 77%. This suggests that the solar/wind system is better matched to the total energy supply than
the electricity supply.
The 35% case with 67.7% solar and 67.3% wind shows the best match of 100% for a given storage capacity
with 16 hours of storage in the solar fleet. However, if up to 2% of backup fuel is allowed to complete the
load match, the case of 25% redundancy and 4 hours of storage is likely to be close to the economic choice,
with 8% less generation capital cost and 6 fewer hours of solar storage. Even two hours of storage makes a
big improvement in coverage over the zero storage case.
Table 10: Percentage of 2006 total electrified load coverage from combined wind and solar of 25% and 35% redundancy
according to relative fraction of wind and solar potential, and hours of solar thermal storage.
25 %
redundancy

Hours of Storage
Solar
Wind
Installed Installed
(GW)
(GW)

Solar = 57.7%,
Wind = 67.3%
Solar = 62.5%,
Wind = 62.5%
Solar = 78.8%,
Wind = 46.3%
Solar = 95.%,
Wind = 30.%

0

2

4

6

12

14

16

18

20

1596.00

82.79%

97.05% 98.95% 99.37% 99.48% 99.55% 99.62% 99.69% 99.76% 99.83% 99.90%

2826.78

1482.17

80.39%

97.01% 99.01% 99.31% 99.39% 99.46% 99.54% 99.61% 99.69% 99.77% 99.84%

3564.00

1097.99

70.47%

96.23% 98.09% 98.43% 98.52% 98.62% 98.71% 98.81% 98.90% 99.00% 99.09%

4296.70

711.44

59.47%

93.88% 95.92% 96.37% 96.71% 96.94% 97.17% 97.40% 97.60% 97.72% 97.83%

>70%

35 %
redundancy

>80%

>95%

>98%

>99%

100%

14

16

Hours of Storage
Solar
Wind
Installed Installed
(GW)
(GW)

11.

10

2609.68

Load
<70%
Coverage

Solar = 67.7%,
Wind = 67.3%
Solar = 83.8%,
Wind = 51.2%
Solar = 100.%,
Wind = 35.%

8

0

2

4

6

8

10

12

18

20

3062

1596

82.79%

98.26% 99.45% 99.59% 99.67% 99.76% 99.84% 99.92% 100.00% 100.00% 100.00%

3790

1214

73.57%

97.93% 99.04% 99.14% 99.24% 99.35% 99.45% 99.55% 99.65% 99.76% 99.86%

4523

830

62.51%

96.55% 97.86% 98.08% 98.21% 98.33% 98.45% 98.57% 98.69% 98.82% 98.94%

Discussion

This paper has explored how the USA could have been entirely powered by wind and solar alone in 2006 had
we used current wind and solar storage technology together with the appropriate demand-side electric
vehicles, heat pumps and other end use technology. This could be done using entirely local energy resources,
without oil and gas imports, and without significant operational carbon pollution. Several
The wind generators modelled are very similar to those being built today and have no storage. However, the
optimized solar plant layouts were - to our surprise - unlike today’s field layouts because they take the role of
peaking plants inside an integrated continental system that includes a large but inflexible wind input. The
same components would be used as now, but the plants would have relatively large steam turbines for their
field size, and would be operated at a lower CF than current plants. Storage would be 10 hours to achieve
100% coverage with 35% plant redundancy. If up to 2% fuel backup is allowed, this would drop to 4-6 hours
and 25% redundancy, a 7.5% reduction in wind and solar plant installation cost. Three hours of storage may
be possible if combustable backup is enlarged slightly.
The wind/solar system is over-designed by 25-35% of available annual generation to ensure load coverage
when solar and wind are both scarce. However, this the extra electricity output can be utilized by production
of hydrogen. One application is to use the dumped electricity to produce the combustable hydrogen backup
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fuel but this otherwise neat solution requires very expensive containment vessels. However, there is another,
more comprehensive possibility. If produced from otherwise dumped electricity at 78% dissociation
efficiency, in 2006 the USA would have needed 2.91 Quads of thermal energy = 853/0.78 TWh(e) = 1094
TWh(e) for aircraft propulsion and 0.51 Quads = 149.5 TW(th)/0.78 = 192 TWh(e) of hydrogen for iron ore
reduction. This represents an additional 1286 TWh(e), an apparent increase of 18% in the total electricity
generation requirement. In addition, to supply a 2% load deficit at a round-trip efficiency of 29% would
require a 7% increase in TWh(e) used. The total, 25%, is within the 25% to 35% of the electricity that would
otherwise have been dumped. This has several advantages; (1) fuel and process heat production is shifted
away from biomass and its land use issues; (2) the solar or wind plants have an increased income selling
excess (off-peak?) electricity to industries who need the hydrogen fuel and could generate what they need on
their premises (4) no significant new generation infrastructure is needed and (5) there would be a possibility
of “re-buying” the hydrogen from the industries via pipelines instead of natural gas, especially if major
industries could be near the solar plants. This scenario is not an approach for today, but illustrates how
research into hydrogen aircraft and hydrogen ore reduction could result in a highly efficient and emissions
free energy sector where little solar and wind energy would be wasted.
This paper did not address one important technical possibility, that low cost electrical storage might become
available for wind and solar. The advent of any low cost electrical storage would probably significantly
change the mix of technologies used, for PV and wind could compete with CST for the dispatchable
electricity market. Because any such battery storage would be short-term, the load-matching advantages of
seasonal and diurnal mixing of solar and wind outputs would remain, although a widely distributed PV
network not solely in the South-West USA might end up with a different load match fraction. The need need
to exploit limited wind resources preferentially would remain as a means of allaying the high winter energy
loads, and dropping cost. As with the CST systems modelled, there would be no baseload or peaking in the
system, merely a multitude of individual load-following plants each plant buying and selling to the the grid
in a spot market regulate load coverage. It could be difficult to justify the complexity of CST if such PV/
Wind/battery technology were to arise. In the meantime, however, CST/ Wind offers a unique technical
solution - low emissions and a sufficiently large global resource base - that otherwise does not exist.
The authors believe that CST/Wind as a viable zero or near zero emissions strategy deserves much more
confirmation and elaboration. It would use the largest and most fully sustainable resources. It is a plausible
and mostly proven technical pathway. It would eliminate imported fuel for large emitters like the USA, India
and China which have large desert areas, regions of high winds, and large populations.

12.
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1. Introduction
West Africa has some of the lowest modern energy consumption rates in the world with average electricity
consumption of 88 kWh/capita compared to the continental and global averages of 563 and 2596 kWh/capita
respectively. Direct Normal Irradiation (DNI) which is the ‘fuel’ for Concentrating Solar Power (CSP) is
relatively high in some part of region. Hence CSP presents better opportunities for increasing access to
electricity and for diversifying sources of energy in West Africa; however, to date no CSP plant has been
installed in the region and none is under construction. Moreover, except for Burkina Faso, no site evaluation
in West Africa has ever been performed for CSP. This study aims at filling that gap by evaluating and
ranking suitable sites for large-scale CSP projects. It further computes the potential nominal power for
different technologies with many scenarios.
2. Literature review
Selecting an appropriate site for concentrating power plant has been the subject of many studies. Azoumah et
al., (2010) provided technical guidelines for selecting a suitable site for CSP projects in the Sahel. The
guidelines were applied in selecting a candidate site in Burkina Faso. Broesamle et al., (2001) made use of
satellite data and Geographic Information System (GIS) to rank potential sites for CSP in North Africa.
Bravo et al., (2007) in considering parabolic trough plants with 6 hours thermal storage, used GIS and found
a generation ceiling of 9,897 TWh/y for Spain; After taking just 1% of the whole wasteland in China as
potential site for solar thermal power plant and assuming a land area requirement of 20,234 m²/MW of
installed capacity for power tower technology, Hang et al., (2008) showed that 1,300 GW of electricity
generation capacity could be installed. Fluri, (2009) also used GIS to identify potential areas for the
implementation of large scale CSP plant in South Africa; assuming parabolic trough technology with an
average capacity factor of 38.8 %, he found that the identified areas could yield a total nominal capacity of
547.6 GW corresponding to a net annual energy generation of 1,861 TWh. Charabi and Gastli, (2010) used
GIS tools to first evaluate the solar resource and to select a candidate site for large CSP plants for Duqum in
the Sultanate of Oman; they also calculated the electricity generation potential for different CSP technologies
and for concentrated PV (CPV). The same methodology was used by Clifton and Boruff, (2010) in order to
classify potential CSP sites in the Wheatbelt region of Western Australia.
Criteria used in these studies include sufficient DNI, suitable land use profile, availability of water, closeness
to transmission lines, proximity to pipelines, low slope value, access to highways for maintenance and repair,
population density etc.
3. Methodology
Overlaying is the method used in this study. It is an important procedure in GIS analysis. It involves
superimposing two or more map layers to produce a new map layer by combining diverse data sets; Overlay
analysis is used to investigate geographic patterns and to determine locations that meet specific criteria.
Criteria used in this study are sufficient DNI, proximity to transmission lines, low slope value. This approach
was previously used by Charabi and Gastli, (2010), Fluri, (2009) and Hang et al., (2008). Three maps of
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West Africa were developed; they illustrate spatial distribution of solar radiation resources (DNI), land slope
and transmissions lines respectively; the maps were subsequently laid over each other with restricted criteria.
The intersected area is assumed to be suitable area for CSP implementation. Based on the obtained land
surface and using performance characteristics of commercially matured plants such as SEGS IX, PS 10 and
PE I, the nominal capacities were then estimated.

4. Results and discussion
Figure 1 illustrates suitable areas for large-scale concentrating solar power plants in West Africa; Criteria
used in this map were DNI greater than 4.5, land slope less than 3% and distance to transmission lines less
than 20 km.

Fig. 1: Suitable areas for large-scale concentrating solar power plants in West Africa

Land use pattern and availability of water were not taken into account in this map; however they can be
extrapolated from the results of the study conducted by Azoumah et al., (2010) in Burkina Faso since there is
a strong climate similarity between the designated area and Burkina Faso. From the study, only 36 % of the
land in the Sahel is occupied by housing, forest, rivers and agricultural farms with housing accounting for
0.04 %. There is no competition in land use in the region as shown in the previous study in Burkina Faso.
Water resources were assumed to be scarce from the same study conducted in Burkina Faso.
While Figure 1 represents only one scenario, Table 1 computes the potential land area and the associated
nominal capacity yield for the three main large CSP technologies in West Africa in many scenarios; the
technologies are Parabolic Trough (PT), Central receiver (CR) and Linear Fresnel (LF). Computations were
inspired by performance characteristics of SEGS IX in California, PS10 and PE1 in Spain.
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Tab. 1: Scenarios for potential CSP nominal power in West Africa

DNI
kWh/m2.day

Land
slope %

≤1

≥5

≤3

≤5

Distance to
transmission
lines

Suitable
land area
km²

DNI on
Suitable
land area
kWh/m2.day

Nominal
Capacity
for PT
GW

Nominal
Capacity
for CR
GW

Nominal
Capacity
for LF
GW

≤20

1149

5.514

40.14

22.99

27.21

≤60

10840

5.554

381.44

218.44

258.53

≤100

20068

5.603

712.38

407.96

482.83

≤20

8914

5.393

304.57

174.42

206.43

≤60

29143

5.616

1036.93

593.82

702.81

≤100

55155

5.772

2016.97

1155.06

1367.05

≤20

9595

5.421

329.54

188.72

223.36

≤60

32115

5.527

1124.57

644.01

762.20

≤100

61483

5.69

2216.43

1269.29

1502.25

PT: Parabolic trough; CR: Central receiver; LF: Linear Fresnel

The potential nominal capacity for large-scale concentrating solar power is huge in West Africa. To illustrate
this, let’s consider only 1 % of the suitable land area with daily DNI greater or equal to 5 kWh/m2.day, land
slope less or equal to 3 % and distance to transmission line not more than 100 km, Table 1 shows that West
Africa has a potential nominal capacity of 20.16 GW for Parabolic trough technology.

5. Conclusion
Solar Thermal Power (STP) Plants appear to be good candidate for increasing access to electricity in Africa;
however, with the exception of Northern Africa where extensive work is being conducted, potential
assessment of Solar Thermal Power Plant in West Africa is yet to be done. This paper presented results of the
potential assessment of STP for electricity generation in West Africa. The study considered only 1 % of the
suitable land area which meet certain criteria and found that West Africa has a potential nominal capacity of
20.16 GW for Parabolic trough technology. Further studies need to be conducted to ascertain the economic
viability of such plants in the region.
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1. Introduction
Water pumping in isolated communities in the Brazilian Amazon Region can be a big problem due to the lack
of an electricity grid. Grid extension for those remote places can be very expensive, due to the distances and
types of landscapes involved, and thus not economically feasible. Therefore, the use of diesel pumps or
generators is the most commonly used solution, although the operation of diesel systems is not as simple
because of the fuel cost and its local availability, transportation, handling and storage, generator maintenance,
besides the environmental concern. Wind turbines can produce alternate current which can be directly
connected to an ac motor for pumping water, centrifugal pumps being the most commonly used for these
purposes, and a frequency inverter is used to control the pump rotation, making the process more efficient, and
price competitive when compared to usual photovoltaic pumping systems, diesel or mechanical wind pumping.
This work presents a study of one system which is being developed to be used under the conditions mentioned
above.
With the electrical connection between the wind turbine and the centrifugal pump, there is a possibility that the
turbine is placed in a location with better wind conditions, even far from the water source. This configuration
eliminates the limitation of mobility imposed by pumping with mechanical systems.
Due to the simplicity and high reliability of the components used in wind pumping systems that use electricity,
there is a need for less maintenance than in conventional systems. The electrical connection between the wind
generator and the pump motor by means of an inverter also has the additional advantage of flexibility, and the
energy generated can also be used for other purposes.
2. Wind Power
The installation of a system for the exploitation of the wind power resource at a given location must be
preceded by comments on several factors. The process should start with the knowledge of the local energy
demand and the purpose of application of the system. For water pumping using an electric motor, the
installation may be done in an area with better wind conditions; even if this area is far from the water well. it is
still economically feasible, because the energy will be transmitted to where it is needed using electric cables.
Thus, there is the possibility to predict the type of equipment most suitable to be used.
With the objective already set, analyses of wind conditions in the region (speed, direction); orography (study of
the topography of a region); obstacles (vegetation, buildings, etc.); land use (plantations, pasture, etc.); natural
indicators (plants, dunes) must be carried out. This analysis makes it possible to define whether the sistem is
viable or not.
The availability of wind power is related to various physical and geographical factors, depending on the time of
day, season and other climate aspects. The power available in the wind can be calculated by eq. 1.

Pv =

1
ρ a Av 3
2
(eq. 1)

where Pv is the power available in the wind (W), ρa is the specific mass of the local air (kg.m-3), A is the area
sweptby the rotor blades (m2), and v is the wind speed (m.s-1).
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3. System Components
The components of the wind pumping system in analysis are:
3.1. Wind Turbine
The conversion of wind energy into electrical energy is performed by a machine called a wind turbine, which
captures the kinetic energy of the wind through the rotor, transmits the mechanical energy by means of gears (if
any) to the shaft that is coupled to the generator and, finally, the latter generates electrical energy.
The value of the nominal power of a wind turbine can set its classification as to size, presented in Table 1
(Pinho et al.,2008).
Tab. 1: Classification of wind turbines.

Classification

Nominal Power (kW)

Small wind turbine

< 100

Medium wind turbine

< 1,000

Large wind turbine

≥ 1,000

This work uses wind turbines with powers below 100 kW, which characterizes the small wind turbines, which
are used in a large scale in isolated communities.
3.2. Centrifugal Pump
The pumps are machines that provide energy to the liquid through the action of centrifugal force in order to
promote its elevation. They transform the mechanical work from external sources into kinetic energy and
pressure, which are transferred to the liquid (Lima, 2003).
Due to the rotation of the rotor, driven by an external source of energy, which is usually an electric motor, the
liquid that lies between the vanes inside the pump rotor is dragged from its center to the periphery by the effect
of centrifugal force. The liquid exits the rotor through its periphery, at high speed, and is forced through the
elevation pipe to the water container.
The hydraulic pumping power can be calculated by eq. 2.

Ph = ρ w QgH

(eq. 2)

where Ph is the hydraulic pumping power (W), ρw is the specific mass of water (kg.m-3), Q is the flow rate
(m3.s-1), g is the gravity acceleration (m.s-2), and H the height of a static column of liquid (m).
Since the pump is driven by an electric motor, the electric power extracted from the grid is given by eq. 3.

Pel =

ρ w QgH
ηp

(eq. 3)

where Pel is the electric power supplied by the grid (W) and ηp the efficiency of the centrifugal pump (%).The
value of the efficiency of the centrifugal pump can be obtained with the aid of the pump curves supplied by the
manufacturer.
3.3. Frequency Inverter
The frequency inverter is an electric device capable of producing a variation of frequency values in the electric
motor, producing a variation of its rotation (Capelli, 2002). They are designed to work with ac motors and, as
can be seen in eq. 4, when the frequency varies, the rotation speed varies accordingly, since the number of poles
(p) is fixed.

N = 120

f
p

(eq. 4)

where N is the rotation (rpm) and f is the frequency (Hz).
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4. Methodology and Results
This paper presents an example of a process of estimating water pumping using a small wind turbine, which
starts with the analysis of wind speeds at the location where the system will be installed. For the simulation,
wind data at 30 m height is considered for a particular locality, for which the percentage of occurrence of each
speed for the period of one year is shown in the histogram of Fig. 1.

Fig. 1: Wind speed histogram for the selected location.

The average wind speed value for the considered period is 6.65 m.s-1, which allows the installation of a small
wind turbine for the purpose of water pumping.
The wind turbine chosen for the simulation has a nominal power of 1 kW. Fig. 2 shows the wind turbine power
curve given by the manufacturer.

Fig. 2: Power curve of the wind turbine.

The monthly electric energy generated by the wind generator for the wind speed behavior of Fig. 1 is shown in
Fig. 3.
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Fig. 3. Monthly electric energy generated by the wind turbine.

With the wind turbine connected to the inverter with efficiency ηinv, the power to be delivered to the pump can
now be calculated by eq. 5.

Pel =

ρ w QgH
η pη inv

(eq. 5)

The equation for the pumping flow rate (m3.h-1) can be obtained by rewriting eq. 5 as eq. 6.

Q = 3600η pη inv

Pel
ρ w gH

(eq. 6)

For the simulation, the instantaneous capacity curves of a 0.5 cv pump coupled to the frequency inverter were
used, where the data of flow rate versus power were obtained in a test bench for three different heads, as shown
in Fig. 4.

Fig. 4. Instantaneous capacity curves of the pump coupled to the inverter.

For the calculation of the average monthly flow rate of the pumping system, the values of wind speeds with the
wind turbine power curve were used, and the results applied to the instantaneous capacity curves of the pump.
Fig. 5 shows the result of the simulation.
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Fig. 5: Average monthly flow rate estimated for the location.

The average daily volume of water pumped for every head is shown in Fig. 6.

Fig. 6: Daily pumping volume estimated for the location.

As recommended by the World Health Organization (WHO), the optimal amount of water to meet the daily
needs (food preparation, hydration and hygiene) of one person should be 100 liters (WHO, 2003). Considering
a family with an average of 5 people, Fig. 7 shows the number of families that the system can supply.

Fig. 7: Estimated number of families that can be supplied by the system.

It is noteworthy that a water storage system must be provided, to guarantee the water supply during the periods
of low wind speeds or no wind at all.
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5. Conclusions
As shown in the simulations, a water pumping system using wind power is perfectly able to meet the demand of
an isolated community, even with low wind speeds. For this purpose, accessing the local wind data is the main
factor to be considered, as well as other conditions such as water potential, location for the installation, and
access to the site.
Some advantages of this system compared to using a diesel generator are related to the lifetime of the wind
turbine, which is an average of 20 years, making it economically more attractive, because its higher initial cost
is paid over the lifetime, also considering its low maintenance costs, and its non-polluting character.
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ABSTRACT
This paper attempts to identify the regions in India that are suitable for Concentrated PV (CPV) applications.
Technical advantage of a CPV system is compared against its competitor, non-concentrating tracked PV and
fixed tilt angle PV systems. Satellite based databases are used for obtaining solar radiation data at 106
locations in India. Hourly radiation values were used for calculating annual output from these technologies.
Ambient temperature effects on PV performance were also considered in the evaluation. DNI radiation ratio
and diffuse radiation ratio parameters were used to identify regions suitable for CPV and PV. Based on the
existing nominal system level conversion efficiency values, CPV systems provided higher output for all
regions in India compared to a tracked PV system and a fixed angle tilted PV system. A cut off value of
radiation ratio has been defined beyond which benefit of a CPV system vanishes irrespective of its higher
conversion efficiency. Cut off diffuse radiation ratio was found to be 0.6 and DNI ratio was found to be
0.55. This could be used a first cut criteria for deciding a region for its suitability for installing a CPV
system. Due to the uncertainty in solar radiation values, a sensitivity analysis of output also has been carried
out for these locations.
Keywords: Solar potential; India; CPV; Tracked PV; solar radiation database; DNI; GHI; diffuse radiation ratio;

1. INTRODUCTION
Commercial scale power generation using solar photovoltaics (PV) has been carried out successfully for the
past few decades. Single junction polysilicon PV modules still dominate the market share providing solar to
electrical conversion efficiency in the range of 13 – 17% [1] . Concentrated Photo Voltaics (CPV) is seen as a
promising advancement of solar to electrical energy conversion due to their potential to reach higher
conversion efficiencies and promise of lower system cost. CPV uses optical concentrators to focus incident
radiation onto multijunction solar cells. Multijunction solar cells have higher theoretical limit of conversion
efficiency compared to single junction cells [2]. Conversion efficiencies of more than 40% in concentrated
light in lab conditions have been demonstrated. Although these cells are much expensive than single junction
cells, optical concentration leads to reduced cell area that results in overall reduction in the cost of the system
to provide same amount of electrical energy.
Solar flux density (G) reaching a horizontal surface in earth consists of a direct component that reaches the
surface directly from Sun (Gbn) and a diffuse component (Gd ) that is mostly due to scattering in the
atmosphere. The relationship between beam horizontal irradiance (Gb) and other components is given by :
Gb

G Gd

(eq.1)

Commonly available radiation data can be classified as: global horizontal irradiation (H), diffuse horizontal
irradiation (Hd), beam horizontal irradiation (Hb) and beam normal irradiation (Hbn). Global horizontal
irradiation and the beam (direct) normal irradiation often are referred to as GHI and DNI, respectively. Solar
PV technologies target conversion of GHI into electricity whereas concentrating thermal and concentrating
PV technologies utilize DNI. To utilize the DNI on a continuous basis, concentrated solar systems are
tracked to follow the motion of Sun and it is expected that their benefits will be greater when installed in
regions that have high DNI and low cloud cover. During pre feasibility study of solar power generation
project evaluation, given site is assessed for potential energy yields based on technology choices. For this
analysis, the parameters that influence the performance of the system namely GHI, DNI, diffuse radiation
and meteorological parameters such as ambient temperature and wind velocity are required.

4190

It is a normal practice to identify regions that have greater than 2000 kWh/m2/year (or 5.5 kWh/m2/day)
beam radiation as suitable for concentrating solar technologies [4-6]. Analysis of global potential of
concentrating solar technologies indicates that the Middle East & North Africa (MENA) region, southwest
USA, southern Europe, parts of South America and many parts of Asia including regions in India and China
have high solar potential. Satellite based DNI map of India from SWERA [7] reveals that north western state
of Rajasthan and Himalayan region of Ladak have high DNI values that are beneficial for CPV systems. A
recent study on Concentrated Solar thermal Power (CSP) potential for India [8] indicates locations in
Rajasthan, Gujarat, Madhya Pradesh and Leh region in Kashmir have opportunity for large implementation
of CSP systems. However, it is not clear what the potential is for CPV in India. It is necessary to understand,
if there is a performance advantage of installing CPV in parts of India that have moderate DNI. In this paper,
technical suitability of CPV for regions in India is evaluated. Benefit of CPV for a given location can be
accessed only by comparing its competitor, non-concentrated PV technology. PV based power plants
normally have panels positioned at a fixed tilt angle. It is possible to increase the incident radiation on these
panels by tracking the Sun. Suitability of a given region for CPV and tracked PV have been accessed in this
paper considering radiation data and weather parameters. Due to the low market penetration and operational
experience with CPV systems, it is not possible to comment on the prices of these systems to carry out an
economic evaluation. Hence any comment on economics of power generation for a given site using these
technologies has been avoided.
2. METHODOLOGY
2.1 Solar radiation data
Solar radiation data can be obtained by ground measurements, analysis of satellite based data or using
models that are derived using other meteorological parameters.
Ground measurements: Solar radiation measurement stations are the primary source of solar radiation data.
These measurement stations provide continuous data on a long term basis that are normally used to validate
satellite based data. Localized nature of these measurements necessitates installation of this equipment at
various places to obtain high spatial resolution. However, it is noticed that many countries do not have high
spatial resolution of ground measurements due to the high cost of equipment and the maintenance needed to
obtain accurate data. For example, in India, the Indian Meteorological Department (IMD) measures GHI data
at 45 stations whereas DNI is measured at very few locations [9]. Hence in places where there are no
measurements done, solar radiation can be obtained either by satellite data and using solar radiation models.
Satellite based databases: Weather satellites put into Earth’s orbit provide extraterrestrial radiation data and
climatic parameters on Earth’s surface such as temperature, cloud cover, water vapor, aerosol distribution in
the form of maps. The radiation data on Earth’s surface is estimated using the extraterrestrial data and other
model based calculations using the climatic parameters. The solar radiation data obtained from satellites and
estimated using climatic models is maintained as database. In this paper, satellite based data from SWERA
database has been used. A brief description of this database is provided here.
The SWERA database is managed by the United Nations Environment Program’s (UNEP). The database
consists of data for GHI, DNI, latitude tilted irradiation and weather data namely wind, air temperature.
SWERA database is a collection of data with different resolutions from different sources such as NASA,
NREL, DLR, and SUNY. NASA provides a low resolution pertaining to 10 resolution of latitude and
longitude, NREL database has moderate resolution data valid for 40km range. SUNY and DLR provide high
resolution data from satellite data and derived models with a resolution of 10 km. Details about the
methodology used for estimation of data can be obtained from the SWERA website [7].
A combination of satellite based estimates and ground measurements are normally used to get best estimates
of solar radiation for a given site.
Model based calculations: Estimation of solar radiation data using meteorological parameters is another
approach to obtain solar radiation information for a given location. Models based on parameters such as
sunshine hours, clearness index provide information about direct radiation and diffuse radiation with
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reasonable accuracy under clear sky conditions.
Time resolution of radiation data: Solar radiation data obtained through above methods may be available at
high time resolutions (minutes interval) or integrated over different time periods to hourly, daily, monthly or
annual values.
2.2 Solar radiation data sources for India
Location of India is to the North of the equator and the tropic of cancer passes through the county. The
latitude range is between 8°4' N and 37°6' N and longitude range from 68°7'E and 97°25'E. Recently the
Ministry of New and Renewable Energy (MNRE) of Indian Government published global and diffuse data
for 16 locations in India from 1986-2000 in the Solar Radiation Handbook [10]. Solar radiation data taken
from tools such as Meteonorm is published by I.Purohit and P.Purohit [8] for close to 60 India locations.
Thus it is clear that one has to depend on satellite based information to obtain radiation data that is
representative of entire country.
106 locations across India were chosen covering entire latitude and longitude range that incorporates all
climatic zones. Figure 1 gives a pictorial representation plot of the selected locations in India for this
analysis. A comparison of network of these grid points with map of India (obtained from Survey of India,
Government of India) shows that chosen points very well represent Indian geography.
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Fig. 1: Selected locations in India (left) and map of India (right)

SWERA database contains low resolution NASA and moderate resolution NREL datasets for all locations in
India whereas high resolution SUNY and DLR data is available for only select locations. All radiation
databases available for a given location was averaged and used for subsequent analysis. The SWERA
database does not provide diffuse radiation data for any locations. Hence it is necessary to compute diffuse
radiation. Provided DNI and GHI for a location is known, it is possible to compute daily values of diffuse
radiation using equation 1. Instantaneous values of zenith angle at any location is given by

cos

z

cos cos cos

sin sin

(eq.2)

Assuming constant declination for a given day, daily average value of zenith angle is obtained by integrating
the hour angle from sunrise to sunset as,
ss

1
z , day
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2

cos 1 (cos cos cos
s

sr

sin sin ) d

(eq.3)

It was also noted that SWERA database provides mean daily values of radiation data. In order to consider the
effect of hourly variation of incident solar radiation on the panels, monthly average of daily values were
converted into hourly values using known correlations in literature. Hourly values of GHI was estimated
using well known models Collares – Pereira and Rabl model and hourly diffuse values were computed using
Liu and Jordan model [3].
2.3 PV & CPV performance
In order to estimate the performance advantage of PV and CPV technology at a particular location, the output
energy per square meter of area from both the systems are calculated and compared. CPV technology uses
the direct radiation and needs to be continuously tracked whereas PV systems can have fixed tilt or single
axis tracking. It is a common practice to mount fixed tilt angle panels at latitude angle. For panels mounted
in Bangalore, it is seen that east west single axis tracking provides higher benefits compared to fixed tilt
angle[11]. Incident radiation on single axis tracked panels was calculated using the HDKR model for
anisotropic sky. More details about this calculation procedure can be found elsewhere [11].
The performance of PV panels depends not only on the incident radiation but also on local weather
conditions such as ambient temperature and wind velocity. It is known that increased module temperature
causes drop in output voltage and current leading to reduced output at elevated temperatures. Module
manufacturers always provide temperature coefficient data for their modules to account for this performance
drop. The temperature coefficients of power output for multicrystalline modules vary from -0.4%/K to 0.6%/K for every 1 0 change in temperature from STC conditions (250C). In this paper, a power temperature
coefficient of -0.5%/K is taken for the analysis. There are correlations for calculating module temperature
from ambient parameters. Due to the forced convective cooling effect provided by wind velocity, a
correlation for module temperature that incorporates ambient temperature, irradiance and wind velocity
effect would have a realistic estimate of module temperature. Due to lack of such correlations for Indian
conditions, correlation proposed by TamizhMani et al [13] as shown below has been used in the analysis.
Tmod (0C )

0.943 Tamb 0C

0. 028 Irradaince

1. 528 windspeed

4 .3

(eq.4)

Here irradiance is in W/m2; wind speed is in m/s. Wind velocity and ambient temperature data were taken
from SWERA database. Lack of enough operational data for CPV modules forbids one from incorporating
any temperature effect on performance of these modules.
System level solar to electric conversion efficiency of 23% for CPV and 13% for PV [1] have been used for
evaluating output energy generation from these modules of one square meter size.
3. RESULTS AND DISCUSSIONS
The latitude wise variation of GHI and DNI values for 106 locations in India is shown in Fig. 2. It is seen
that annual values of GHI range from 1700 – 2000 kWh/m2 and DNI varies from 1200 to 2500 kWh/m2.
Northern regions of India show more DNI than southern regions. Variation of DNI and Diffuse radiation data
for India with GHI is shown in Fig. 3. The DNI values show an increasing trend with the GHI values
whereas the diffuse values are nearly constant for all the regions of GHI. It can be seen that there are places
in India where the DNI values are higher than the GHI.
Ratio of radiation quantities is of interest due to the direct dependence of CPV on DNI. If the DNI ratio (i.e.
DNI/GHI) is greater than one, it could be a potential region for installation of CPV. This also indicates if the
contribution of diffuse radiation to GHI is higher (i.e. higher diffuse ratio), more benefit can be obtained by
installing PV systems than CPV systems. Figure 4 shows the relation between the DNI ratio and diffuse ratio
for locations in India. The plot shows an exponential behavior and it can be seen that the DNI ratio becomes
more than 1 if the diffuse ratio is less than 0.45. It can be also noted that there are many locations in India
(more than 75% of chosen locations) that have DNI ratio of less than one indicating CPV may not be the
automatic choice for these regions.
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Electrical output from PV and CPV systems are plotted in figures 5, 6 with chosen efficiency values. Figure
5 compares the output of CPV with a fixed tilt angle PV and an east-west tracked PV system. It may be
recalled that fixed tilt angle values were chosen to be equivalent to the latitude angle. As expected, single
axis tracked PV systems show higher output than fixed tilt angle systems that can be as high as 25% for some
locations.
Though Fig. 4 indicates that there are only 25% of regions that have higher DNI (i.e. DNI ratio greater than
one), it can be seen from Fig. 5 that CPV systems always produced higher output across all diffuse ratio
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regions. This is attributed to their superior conversion efficiency values. Figure 5 also shows linear
dependence of CPV output with diffuse radiation ratio and nearly exponential dependence for PV systems.
Extrapolating these trend lines leads to identification of regions in India that can provide output for a PV
system that is equivalent to a CPV system irrespective of its superior efficiency values. For the chosen
efficiency values of PV and CPV, it can be seen that tracked PV can provide output of a CPV if the diffuse
ratio is more than 0.6. This “cut off” value of diffuse ratio can be used as a quick check to evaluate any
region in India for their potential for CPV. However it can be also noted from figure 5 that there was no
location among the chosen grid points in India that represented this case. Hence it is safe to mention that all
regions in India can be beneficial to CPV, provided they have 75% higher conversion efficiencies than their
PV counterparts. Fig. 6 shows the same result in terms of DNI ratio. This shows the cut-off value of DNI
ratio for tracked PV to be competitive with CPV is 0.55. Figure 7 shows the negative effect of module
temperature on tracked PV. This shifts the cutoff diffuse ratio to 0.64 instead of 0.6. Temperature effects also
cause more scatter in the relation between output and diffuse ratio.
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Fig. 8: Sensitivity of output values on cut off diffuse ratio

As the input solar radiation data is estimated based on satellite data and models, there are chances that it may
vary from the actual radiation available at a location. Due to non availability of uncertainty in radiation
values for a given location, it was decided to do a quick sensitivity analysis in terms of output. Assuming an
uncertainty of 15% in the output due to variations in the solar radiation data, a worst case scenario for CPV
(i.e. CPV having 15% lesser output and PV having 15% more output) has been plotted in Fig. 8. Error bars of
15% for PV ( ) and CPV ( ) are added. For a single axis tracked PV (left side plot of Fig.8), it can be seen
that the cut off value of diffuse radiation ratio is about 0.43 instead of 0.6. In this case, there are less than 5%
of points that still show greater benefit for CPV. A quick check of these low diffuse ratio regions indicate
that, not surprisingly, these 5% of regions are located in the north western part of India. These results can
also be interpreted as the effect of variation in system efficiencies. For example, a recent analysis by Virar et
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al. (2010) on effect of soiling on CPV systems in field indicates that CPV systems show 14% drop in
performance compared to 4% for flat plate PV systems. Such situations can cause output from CPV to be
comparable to that of tracked PV in many locations in India.
On the other hand, ongoing research efforts to improve multijunction cell efficiencies can result in widening
of the gap between CPV and PV making CPV suitable for all locations in India. It can be also noted that the
sensitivity analysis carried out for a fixed tilt angle PV (right side plot of Fig 8) shows that there are about
37% locations (among the chosen 106 locations) in India that still show higher output from CPV despite 15%
drop in efficiencies.
4. CONCLUSIONS
In this paper an analysis of suitability of CPV for India has been carried out using the data obtained from
satellite based databases. 106 locations in India have been chosen to study the benefit of CPV with a single
axis tracked PV system and latitude tilted fixed PV system. Analysis of solar radiation data for these
locations showed an exponential behavior between DNI ratio and diffuse radiation ratio. Based on the chosen
system level conversion efficiency values, CPV systems provided higher output for all regions in India
compared to a tracked PV system and a fixed angle tilted PV system. Cut off diffuse radiation ratio was
found to be 0.6 and DNI ratio was found to be 0.55. This could be used a first cut criteria for deciding a
region for its suitability for installing a CPV system. However, there was no location in India among the
chosen 106 points that met this criteria. Due to the uncertainty in radiation data values, output variations
could be as high as 15%. A decrease of 15% output in CPV and an increase of 15% output from tracked PV
shifts the cutoff diffuse ratio to 0.43 bringing many locations in the analysis that show no additional benefit
due to CPV. Compared to a fixed tilt angle PV system, CPV systems provided higher output at about 37% of
chosen locations even under worst case conditions.
NOMENCLATURE
Symbol

z

G
H

Name
Latitude
Longitude
Declination

Unit
°
°
°

Hour angle

°

Zenith angle

°

Irradiance

W/m2

irradiation

Comment
Angular location north (+) or south (-) of the equator
Angular location east (+) or west (-) of the Greenwich meridian
Angular position of the sun at solar noon with respect to the equatorial
plane
Angular displacement of the sun, east or west of the local meridian due to
rotation of the earth on its axis at 15° per hour, morning (-), evening (+)
Angle between the vertical and the line to the sun
Instantaneous values of irradiation
2

kWh/m

Irradiation values normally expressed as daily or annual average

Subscripts
B

Beam

D

Diffuse

N

Normal

ss,sr

Sun rise, sun
set
The absence of subscript b or d means global (total) radiation.
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1. Abstract
For the prediction of the power supplied by a concentrating solar power (CSP) plant, in addition to the plant
information, direct normal irradiation (DNI) predictions are needed.
The only way of forecasting meteorological information for the next one or two days ahead is the use of
numerical weather prediction models (NWPM). Nevertheless, DNI information is not derived from the
NWPM, and intermediate calculations have to be made for DNI estimations.
In this paper we present the prediction system developed by CENER. The goal of the system is to generate
DNI forecasts being useful to CSP management and greed integration. The CENER’s BSRN station has been
used to check the model results.
2. Introduction
DNI forecast are needed by concentrating solar power plants to achieve an optimal management of the
production, optimal greed integration and to allow the electrical market access. These goals force to generate
predictions with a horizon of, at least, one day ahead. Nowadays, only the NWPM generate meteorological
predictions with this horizon but the DNI variable is not directly predicted by this kind of models. So, it
appears the need of different models that allow us to obtain DNI predictions.
Joint to the NWPM there are a set of source information related to the DNI as meteorological ground
measurements, satellite images or aerosol data. CENER`s model combine all this information to obtain DNI
forecasts with a horizon of a day.
3. Related information and system scheme

As we say before, there is a set of different source information related to the DNI in a site. As first way, to
generate DNI forecasts we use a NWPM, concretely the Skiron model. It is running at CENER using GFS
data as input and with a spatial resolution of 0.1º, hourly frequency and up to six days ahead.
So, to obtain the final DNI predictions our system uses two kind of historical data. First, the satellite images
are used to fit a right cloudy model from the Skiron outputs; On the other hand, different ground
measurements as DNI, temperature, humidity or pressure are used to implement a DNI model join to Skiron
information.
Skiron generates three levels of cloud cover information. We combine these three forecasts to obtain the total
cloud cover information with a similar aspect of the satellite images. By mean of a historical of satellite
images we fit a model based on kernel functions that obtains the final cloud forecast. Figures 1, 2 and 3 are
ax example of the original levels of cloud cover predictions. Figures 4 and 5 show the final cloudy cover
forecasts and the corresponding satellite image.
The CENER’s prediction model contains two steps to generate the final DNI forecast. In the first one it
determines the kind of hour: a clear sky hour or a cloudy one. To do that, we have implemented a
classification model based on Support Vector Machines and that uses as inputs the historical of DNI records
and the cloudy cover predictions of Skiron. The second phase of the prediction system contains the final
determination of the DNI, if the previous classification model predicts a clear sky hour; we apply a clear sky
model to generate the DNI data. This clear sky model is based on the close ground measurements. Other
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case, when cloudy hour was predicted we implement a nonlinear regression model based on Support Vector
Machines and some classification techniques to generates the DNI prediction.

Fig. 1: High cloud cover forecast

Fig. 2: Medium cloud cover forecast
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Fig. 3: Low cloud cover forecast

Fig. 4: Final cloud cover forecast
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Fig. 5: Related satellite image

4. Validation of the DNI prediction model
To validate the behavior of the DNI prediction system we use the real data from the CENER BSRN station
sited in Sarriguren (North of Spain). A simulation exercise covering since June 2010 to April 2011 was
made. The relative MAE was used as error criteria.
Thinking in the operatively of the CSP we also calculate the error level taking into account only those data
which make the plant operatively, that is the hourly higher that 400 W/m2. Table 1 contains the error level
obtained in the complete period discretizing by DNI levels. We observe how the error decreases with the
DNI.

Tab. 1: Error level by bins of DNI

Level

rMAE

>0

0.5

>100

0.3

>200

0.24

>300

0.2

>400

0.17

>500

0.15

>600

0.14
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Monthly studies show how the summer months offers the lowest error levels, less than 15% of error in front
of the winter months when the error overcome the 20%. These results are collected in table 2.
Tab. 2: Monthly Error levels

Month

rMAE

201006

0.11

201007

0.15

201008

0.14

201009

0.18

201010

0.22

201011

0.29

201012

0.22

201101

0.20

201102

0.19

201103

0.20

201104

0.16

To finish it is important to sign that a 85% of the hourly data have been correctly predicted in the sense that
they were operatively data or not. That is, it is very important to the plant management that, if the real data
will be greater than 400 W/m2 the prediction were also greater than this level and, also if the real data will be
lower than this reference level, the DNI forecast must detect this case.
5. Conclusions
We present a prediction system whose principal goal is to allow the correct management of the CSP plants.
In this sense, the objective of the system depends of the needs of the plants, for example the accuracy is
important in cases of relatively high radiation levels (> 400 W/m2 ). In the case of study we predict correctly
the DNI level in an 85% of the hours.
Respecting to the error level a lowest error of 11% (rMAE) has been obtained in some summer months,
meanwhile in winter months the error level overcomes the 20%.
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6. Renewable Energies and Society

6.1 Strategies and Policies
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1. The Serbian Energetic − Status and Problems
As a country undergoing reforms, Serbia has gone through a period of great challenges related to market
disintegration of socialist Yugoslavia in 1991. This includes not only the bloody war resolution, but international
sanctions, hyperinflation, and the NATO bombing of the 1999th. After entering the period of peaceful
transformation to a market economy, rule of law and political democracy, Serbian society is still suffering from
the problem of late transition, poorly designed and implemented privatization, corruption, lack of power of the
new institutions, as well as the serious consequences of the recent global economic crisis. All these effects are
visible in the energy sector (Djukic, 2011). However, this situation should soon be changing for the better in
terms of open market economy, international competition, and strategic planning of sustainable economic and
social future in a spirit of preparation of Serbia’s candidacy for EU membership.
1.1. The Losses − Legacy and Changes
The main requirements placed on the country where reform is being implemented are economic efficiency and
sustainability of economic sectors. It is known that the former socialist countries were the real energy
spendthrifts. Thus, for example, the loss of electricity “on network” (in transmission and distribution) in Serbia in
2001 was among the highest in Europe. It amounted to 19 percent. At that time, Romania and Bulgaria had losses
of 12 to 13 percent. Almost ten years later, Serbia is no longer “first” country in Europe by losses. On the map of
energy losses have emerged, with something worse indicators: Albania, Montenegro and Former Yugoslav
Republic of Macedonia (Fig.1). However, in relative terms, situation is even worse for Serbia. It shows the
relative relation between Serbia and advanced nations in the reduction of energy losses. Serbian losses “on
network” are, in fact, reduced only by 1 percent (Djukic, 2011, a).
Following all the programs of modernization, reorganization, restructuring, etc., domestic electric power
company EPS (Electric Power Industry of Serbia) was split into two companies, and one organizational segment
(Public Company for Underground Coal Mining) was extracted from the system in 2004. Regardless of these
changes, losses on the network were reduced only by 1%, and losses in the business of EPS are measured in
billions of dollars (57 billion dinars or more than 500 million Euros only in 2010). Furthermore, in early 2011, an
investigation for abuse of office and misappropriation in some companies was opened1, worth tens of millions of
Euros.
A comparative analyses shows that losses of the electric power industry of Croatia, which is by the heritage and
technology similar to Serbian, have been halved during the transition period, and they amount to almost half of
Serbian losses. Slovakia, for example, managed to reduce its own losses from 8.8 percent to just 3.5 percent,
which, along with Finland, is a record for the EU 27 (Fig 1).

1

There is evidence that the usurpation of public funds occurred because of the involvement of the private companies to
operate in Kolubara Company that is part of the EPS. Related news, which unfortunately remained at the level of scandal or
unconfirmed investigation (due to lack of evidence), were coming in 2005 and 2006 as a result of purchasing electricity from
the exclusive suppliers at the international market.
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Fig 1. Comparative losses of electricity in distribution and transmission – Serbia, neighbouring countries
and some European countries (Source: Eurostat)

1.2. Energy Efficiency
According to some measures and comparisons that were made after 2000, it turned out that Serbia has a huge
disadvantage from energy efficiency, not only for EU countries, but for the majority of those in the region. As for
the OECD countries, in 2005 Serbia was four times lower energy efficient than they. However, Serbian gross
domestic product (GDP) per capita expressed in foreign currency has grown slightly faster since 2000, not only
in real terms, but also due to appreciation of the Serbian dinar exchange rate. This is why the dollar GDP has
been growing faster than the real one, expressed in dinars, i.e. measured by the internal purchasing power of
dinar.
So there has been rapid growth of income expressed in Euro or dollar. In this way, Serbia is artificially made
closer to previously mentioned countries. Energy efficiency is still increased, as previously increased in countries
in transition, which not so long ago became part of the European Union. However, it appears that a key reason
for increasing their energy efficiency was the price of energy, especially electricity.
Electricity price in Serbia even today is among the lowest in the region. Here is one illustration. If the Serbian
GDP is shown based on the present exchange rate relations (for example, official market dinar-Euro relation), it
could be noticed that the GDP declined in 2009 and 2010 (slightly more than in real terms). The total GDP is just
under 29 billion Euros, and measured per capita it is just over 4,000 Euros. Given the volume of economic
activity, if the energy consumed per unit of product is measured (for example, 100 Euros per unit of product in
Serbia and the EU), it leads to data that the energy intensity of Serbia, measured by primary energy consumption
per unit of product, is 3.1 times higher compared to the average of EU countries.
However, one should bear in mind that purchasing power of gross domestic product unit indicator (100 Euros) is
not the same in Serbia and the EU. Namely, if the Serbian GDP is expressed by purchasing power parity (PPP), it
seems that, when compared in such a way, the energy efficiency in Serbia is slightly less than three times lower
than the one in the EU (more precise, in 2008, the Serbian GDP would be 37 percent of the one in the EU). In
this case, the comparison of the energy efficiency shows that the primary energy consumption per capita in
Serbia is 1.6 times higher than in the European Union.
That is, naturally, followed by the problem of unfavourable structure of consumption, particularly of electricity.
Serbia currently consumes the most electricity for heating. It is still highly unsustainable “solution”, giving the
dominant way and costs of obtaining this final form of energy. Electricity production in Serbia is highly carbon
intensive, since more than two-thirds of electricity comes from combustion of lignite of poor quality, with
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outdated technology and inefficient purification systems. The fact that Serbia is not an urgent issue with CO2
emissions per capita, is only because of the fact that its industry, due to the collapse that has happened over the
last two decades, is still at a level that does not exceed half the volume of 1989. However, energy consumption
per capita is growing faster than per unit of production, so that the problem of limited carbon dioxide emissions,
in light of the EU practises, will already occur over the next 5 to10 years.
2. Main Economic-Environmental Problems
During the winter time, two thirds of the Serbian towns (where natural gas has not been implemented yet), look
like “smokehouses”, due to excessive usage of local lignite and high concentrations of soot and dust. For
example, along the corridor Kolubara−Obrenovac (area located 40 km south-west of Belgrade) power plants are
operating on lignite, as well as their ash and lignite mines. In the area of 26 miles as the corridor extends,
pollution affects the quality of air seriously, which results in a high incidence of respiratory diseases and
respiratory tract in the region (Markovic, Pavlovic, 2006). In the mentioned article, it is also stated that the
lignite-fired power plants in Serbia are not equipped for continuous monitoring of emissions of waste into the
atmosphere, making it difficult to assess environmental risks.
The problem of ecological sustainability of Serbian energetic, as elsewhere in the world, can not be solved
outside the economic context, i.e. energy market issues, and economic energy prices. In this sense, energy prices
policy is an important segment of the strategic orientation towards sustainable energy.
However, the market price of electricity in Serbia ranges from 5 to 14 eurocents per kilowatt hour (depending on
the monthly consumption, and the dinar-Euro relation), which is well bellow the European average. In contrast to
electricity, natural gas for households, together with the value added tax, costs about 40 eurocents per cubic
meter! It is already very close to the European average. The highest relative energy prices are those of quality oil
products, which currently exceed the final price of 1.3 Euros per litre! This means that energy costs for citizens
of Serbia, whose average monthly salary during the first half of 2011 is about 350 Euros net, are a relatively high
family budget item, so they simply resort to reduce the consumption. However, it does not contribute
significantly to raising energy efficiency, primarily due to high losses in manufacturing and transportation, lack
of transparent pricing, and poor organization and corruption in still monopolized energy sector.
Systematic resolution of these difficulties is only possible by long-term strategies measures aimed at meeting the
energy needs of the economy and citizens, in a way that improves the quality of environment and, with a
necessary social balance, contributing to overall economic and social development. This commitment was
adopted in the Sustainable Development Strategy (2008), with the relative delay, after many crucial changes in
the economic system and economic structure, such as inefficient privatization, shutting down numerous
companies, lack of successful restructuring, etc. One of the promising measures could be implementing on
environmental taxes. For example, in the EU, every 10 Euros of fee per tonne of CO2 emission leads to an
increase in production costs in the lignite-fired power plants for about 1 eurocent per kWh. At the same time, one
percent increase in production from renewable sources, means increasing price by nearly 1 percent.
The European Union has committed to increase the share of renewable energy sources from 8 percent in 2005 to
even 20 percent in 2020. Serbia, officially, has a somewhat larger share of renewable sources in total energy
consumption, but it’s only due to the high share of hydropower in electricity production (26 to 29 percent
average per annum, depending on the hydrological situation). In 2008, for example, that share in the total energy
consumed in Serbia, according to the Ministry of Energy and Mining, was 13 percent. However, renewable
sources, according to EU standards, do not include large hydropower plants, but only those up to 10 MW.
Considering that in hydro energetic of Serbia dominate large hydropower plants, inherited from the socialist
period, according to the EU methodology, the share of renewable sources in the total energy consumed in Serbia
is less than 2 percent.
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Despite this unfavourable structure of energy production, Serbia still has significant untapped hydro potential,
especially suitable for small (mini and micro) hydropower plants.
In any case, Serbia has committed to, firstly, the environmental upgrading of existing energy capacity
(modernization of the oil refinery, desulphurization and denitrification of output coal-fired power plants);
secondly, increasing natural gas imports from Russia (investment in new pipeline construction) and, thirdly,
increased use of renewable energy sources (Djelic et al. 2009).
3. The Challenges of Fossil Energetic
Serbian Oil Industry (NIS) is privatized on January 2008, when the Russian company “Gazprom Neft” bought 51
percent shares of NIS. A year later, representatives of Russia and Serbia signed a contract to build a new gas
pipeline by the name “South Stream” (from Russia to Austria and Italy) which will partially pass over the
Serbian territory. Once this new gas pipeline is completed (scheduled for the year 2015), it will be annually
exported via its route from Russia 43 billion cubic meters (Bm3) of gas to Serbia, Northern Italy and Austria, and
10 Bm3 to Greece and Southern Italy [Energy View of BSEC Countries, 2008]. In this way, the Balkan and
Apennine peninsula will be fully supplied with gas from Russia and secured from the consequences of the
current political turmoil in the countries of North Africa.
In mid-2010, the project of revitalization of the Pancevo oil refinery (the city located 15 km east of Belgrade),
worth 470 million Euros, was initiated. Upon completion of the works, scheduled for 2012, about 4.5 million
tons a year of “Euro 5” quality fuel, with minimum sulphur content, will be getting out of the refurbished
refinery, what is totally in accordance with the EU requirements (http://www.mre.gov.rs).
As for revitalization of Serbian coal-fired power plants, the initial steps were made in 2004, when the German
companies had revitalized the old Thermal Power Plant (TPP) “Kolubara”. Regarding this, in early 2011, Serbia
was visited by delegation of several Japanese companies. Local officials have been negotiating a project of gas
desulphurization of the major TPP “Nikola Tesla“ in Obrenovac of more than 3.000 MW power. The two
technologies for removing SO2 from the gas emission were compared: technology with the use of limestone (the
final product obtained is gypsum) and technology with the use of ammonia (the final product is ammonium
sulphate − one-component nitrogen fertilizer). Although limestone-gypsum technology is widely applied in the
world, we believe that ammonia−ammonium sulphate solution is better one for the Serbian thermal power plants.
This technology eliminates the problem of creating gypsum landfill and reduces the amount of waste water.
Anyway, the town of Obrenovac, which is located 30 km west of Belgrade, is the leading city in Serbia in
implementation of solar energy. Only in 2010, in this town three large solar collector systems were installed, and
a public mobile phone charger, whose batteries are charging power from solar cells.
4. Renewable Energy Sources
The transition to a sustainable energy system, based on renewable energy sources, is of high importance for
many reasons. Firstly, reducing consumption of fossil fuels has serious environmental and health benefits.
Secondly, it reduces energy dependency and conflicts related to energy resources on a global level. And thirdly,
market development of renewable energy sources and creation of new industries create promising opportunities
for economic development (Luethi, 2010), particularly in rural and remote areas.
Technically exploitable potential of renewable energy sources in the Republic of Serbia is substantial, and
estimated at 4.3 million tonnes of oil equivalent (toe) per year. Out of that, 63 percent is biomass, 14 percent −
untapped hydropower potential, 14 percent − solar energy, 5 percent − wind energy, and 4 percent − so far
discovered geothermal energy resources.
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4.1. Biomass
The total energy potential of biomass in the Republic of Serbia is estimated at 2.7 million tonnes of oil equivalent
per year. It consists of about 1 million toe of the residues in forestry and wood processing industry (Glavonjic et
al. 2009), and about 1.7 million toe of residues in crop production, livestock breeding, wine production, and
primary processing of fruits. Biomass energy potential in livestock production, which is suitable for biogas
production, has been estimated at 42,000 toe. In recent years, the production of biodiesel from rapeseed, soybean
and sunflower has started. In Serbia, for the biodiesel production is installed equipment capacity of 145 000 t/yr.
However, production of biodiesel is practically stopped. Procedure regulation for mixture of biofuels and mineral
oil are needed (Gligorijevic et al. 2009).
In mid-2010, the Government of Serbia adopted a so-called Biomass Action Plan (BAP). The plan is drafted in
co-operation with the Dutch government and Dutch projects of biomass and bio fuels implementation. The aim
of the Action Plan is to define strategy for the use of biomass. Accordingly, the main objectives of the Action
Plan are revision of current policies and the creation of sustainable modes of production and consumption of
biomass energy in Serbia. At the same time, one of the main challenges of BAP is to identify issues in the
implementation of biomass energy, and to define actions to overcome them (Van Erp, 2009). Although primarily
focused on short-term actions (by the end of 2012), BAP includes recommendations concerning the long term.
4.2. Hydro Energy
The energy potential of small water streams in Serbia, suitable for construction of small hydro power plants
(SHPP), amounts about 0.4 million toe per year, or about 10 percent of overall renewable energy sources
potential.
Investment opportunities for small hydropower plants are as follows:
• Revitalization of old and out of operation SHPP (30 locations),
• Building up new SHPP:
· 900 locations (5 to 10 MW each)
· 39 locations (2 to 5 MW each).
According to the Agreement between the Energy Ministries of Serbia and Italy, signed in March 2010, it was
planned to build 14 small hydropower plants on the Serbian rivers Drina, Ibar and Sava, a total capacity of about
590 MW. Electricity produced from these hydropower plants would be exported to Italy, where the electricity
price is four times higher than in Serbia. As regards Serbian rivers, the largest hydro energy potential has Drina
River (Sandic, et al. 2009). There is a plan for eight new hydropower plants, a total power of 830 MW, to be
build up through the Join Venture project (http://www.eps.rs).
4.3. Wind Energy
Wind energy potential in Serbia is estimated at about 1,360 megawatts, based on available analyses and studies.
It is concluded that the best chance of setting a wind farm has an area of Eastern Serbia. Along the valley of the
Danube River, downstream from Belgrade, during the cold period of the year, blows very strong east wind,
called the “koshava”. Koshava strikes may be stronger than 20 meters per second. According to the feasibility
studies done so far, modern windmills of individual power of 3MW, in “koshava area” of Serbia, could produce
electricity at a cost of 0.05 Euros per kilowatt hour. If it would be invested 62 million Euros in a wind farm of 45
MW power, with the electricity price of 11 Eurocents per kilowatt hour, it would result in internal rate of return
of 14.7 percent and 7-years payback time (Kragic, et. al., 2009). For this reason, by mid 2010, nine permits for
the construction of nine wind farms were issued, a total capacity of 1,390 MW. Still, there is none modern
windmill in Serbia yet. Integration of wind power in the transmission system is currently the most important
technical issue. The main problem to be solved is to determine maximum power of wind generator installation at
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the regional level and at the level of the system as a whole, and to thus preserve the safety of the transmission
system (Subotic, et al. 2011).
4.4. Solar Energy
On an annual basis, the average value of solar radiation on the territory of the Republic of Serbia ranges from
1,200 kilowatt hours per square meter in the northwest, up to 1,550 kilowatt hours per square meter in the
southeast. Consequently, solar power in Serbia has the energy potential of 0.7 millions toe per year on average.
It is used most for heating water in households, hotels and sports centres. Solar energy is also widely used in
passive sun houses. The number of passive sun houses, built during the last 20 years, in the former Yugoslavia is
about 1,300 (Lovric, 2011). By glazing of the south side, improving thermal insulation and construction of
thermal storage in buildings, can be saved 1/3 up to 9/10 the necessary heat. This has been achieved in a sun
house in the village Boljevci (Posavina region). The current consumption of 15 kWh of electricity per square
meter per year of this house is far lower than 40 kWh which is the world average for the energy-efficient house
(http://www.altenergija.org/en/stories/sun-house).
In recent years, the use of silicon solar cells is rapidly increasing in Serbia, mostly for traffic signalization, but
also for the lighting of some strategic facilities (Djukanovic, 2004). One of these buildings is a monastery of the
Serbian Orthodox Church by the name of Hilandar, located on Holy Mount in northern Greece. Lately, the
energy needs of the Monastery have increased due to the increased number of pilgrims and electrical appliances.
Because of that, new solutions are currently considered, for the current diesel generator system to be
supplemented with 40 kW solar cells system (Nikolic, et al. 2011).
Creating the conditions for market development of solar cells is of great importance for the economy and
environment. One smart way is installing the photovoltaic (PV) systems on schools. Accordingly, in June 2009,
the Energy Efficiency Agency of Serbia has selected three representative secondary schools: the Secondary
Technical School “Mihajlo Pupin” from the town of Kula, the Secondary School of Technical Engineering “Rade
Koncar” from Belgrade, and the High School from the town of Varvarin, to be the partners in the project of
photovoltaic system, funded by the Government of Spain. Total project costs amount to 120,000 Euros, not
including the value of solar cells of peak power of 16 kW. The consultant of the project, the company NIPSA
from Madrid (Spain), will provide all the additional equipment, which will allow direct access to the transmission
network of Electric Power Industry of Serbia (EPS). Over the next 12 years, according to the Decree of the
Serbian Government, EPS will buy up electricity produced by the solar cells systems, at a price of 23 Eurocents
per kilowatt hour (http://www.altenergija.org/eng).
In the period to come, it is necessary to increase activities in order to further promote the implementation of solar
cells. An excellent example is the public solar charger of mobile equipment, called “Strawberry Tree”. It is the
invention of a group of students of technical faculties of the University of Belgrade. “Strawberry Tree”
experienced the world promotion in October 2010, when it was installed at the City Square in the town of
Obrenovac. In addition to its main function, public solar charger of mobile phones will have an important
educative role amongst young, to understand the importance of the implementation of renewable energy sources.
The latest news is a project of the first photovoltaic power plant, of which cornerstone was laid in late June 2011,
on Mount Zlatibor (Western Serbia). According to the investors, the Electric Power Industry of Serbia and Dunav
Insurance Company, a solar power plant of 5 MW power, worth 15 million Euros, should reach full capacity
before the end of 2012 (http://www.dunav.com).
4.5. Geothermal Energy
Geothermal energy can be used in a value of about 0.5 million toe per year. More than 60 Serbian municipalities
have natural hot water sources in their territory. Water temperature often reaches 40 degrees Celsius. Only six
local municipalities have geothermal sources warmer than 60 degrees Celsius. That potential allows the use of
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geothermal water for the treatment of diseases, heating houses and work space, heating greenhouses in
agriculture, and in fishery. In spite of that, geothermal power in Serbia is now used mainly for spa-therapeutic
purposes, and very little for space heating.
Economically, the use of geothermal energy in Serbia, in addition to space heating, is most suitable for
agriculture, drying grain, and vegetable crops. In this regard, significant geothermal sites are located in northern
Serbia (Vojvodina), as well as in the valley of the Sava River, west of Belgrade (Macva region). Based on local
geological, hydro geological and hydro thermal features, thermal power of the Macva region is calculated at
about 360 MW. This makes it one of the most attractive hydro-geothermal sites in Europe (Milivojevic, et al.,
1996).
As for the production of electricity from geothermal sources, currently the best prospects has Vranje spa
(southern Serbia). In this area, hot water temperature in the existing wells, at a depth of 1,600 meters, amounts
120 ºC. According to estimates based on a new research made by Canadian companies, a geothermal power plant
could be built at that spot. That power plant would have an output of 25 to 50 MW and would function on the
principle of binary cycle (Geothermal Power Plant in Vranje, http://www.altenergija.org)
5. Instead of Conclusion: To Sustainability − Between the Market and Renewability
Serbia today is definitely adjusting to organize economic life in accordance with standards of the European
Union. It is not only the official institutional approach, but also demand resulting from the association process,
just before candidacy for European community of nations. In this context, significant economic changes that
have been made at the level of the economy as a whole, require a far more determined and consistent approach to
energy reform in Serbia. This reform requires changes as follows:
• On the one hand, market reforms, integration into the European market, as well as the internalization
of externalities in the pricing policy. Serbian energy sector has much more to act in accordance with market
requirements which are arising from regional and international competition, and the need to rationalize and
reduce production costs.
• On the other hand, “ecologisation” of energy, switch to cleaner forms of energy, raising energy
efficiency, and shift, as much as possible, to renewable sources and greater use of “green kilowatts”.
The year 2010 can be considered a turning point for Serbia when it comes to implementation of the renewable
energy sources. Namely, on January 1st, 2010, entered into force the long-awaited Decree on Measures of
Incentives for the Production of Electricity Using Renewable Energy and Combined Production of Electrical and
Thermal Energy (hereinafter: Decree). By the adoption of this Decree, official bodies of Serbia gave “the green
light” to private investments in renewable energy sources, after decades of “yellow light”, i.e. verbally supported,
but in fact banned.
This Decree stipulates in detail the incentives for the production of electricity using renewable energy sources, as
well as for the purchase of energy produced in such a way − Feed-in Tariff (FIT) (Table 1). Energy facilities that
produce electricity from renewable sources are also defined, as well as the contents of the contract for the
purchase of energy, and amount of reimbursement to the buyer of that energy.
The Decree will be applied in the period January 1st, 2010 – December 31st, 2012. The rights and obligations of
the buyers and the privileged producers of electricity from renewable sources will be specified in a written
contract for the next 12 years, according to the Serbian Law on Energy. The main goal of the Decree is to reduce
consumption of fossil fuels. Other goals include: reducing greenhouse gas emission, reduction of fossil fuel
import, the development of local industry and job creation. The planned capacity for the construction by the end
of 2012 amounted to at least 45 MW from small hydro power plants, 45 MW from wind plants, 5 MW from
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photovoltaic plants, 2 MW from biomass plants and 5 MW from biogas plants, a total investment of about 200
million Euros.

Table 1. Feed-in tariffs in Serbia

Type of power plant

Installed capacity (MW)

Feed-in tariff (€c/kWh)

Hydro power plant

0,5 to 10

10,3 – 5,9

Biomass power plant

0,5 to 10

13,8 – 11,4

Biogas power plant

0,2 to > 2

16,0 – 12,0

Landfill and sewage gas power plant

6,7

Wind power plant

9,5

Solar power plant

23

Geothermal power plant

7,5

Fossil fuel-fired CHP plant
Waste-fired power plant

0,2 to 10

10,4 – 7,6

1 to 10

9,2 – 8,5

Source: Decree on Measures of Incentives for the Production of Electricity Using Renewable Energy
and Combined Production of Electrical and Thermal Energy (www.mre.gov.rs)

However, for acceptable solutions of energy future, it is necessary to review all possible scenarios concerning
sustainability. Sustainable energy in Serbia would have to be far cleaner, more efficient, and increasingly
renewable and perspective. This is not an easy task, given the situation of quite old thermo power plants and
limited financial capacity to fund new facilities of cleaner and more efficient energy. This task becomes more
urgent, not only in the light of environmental sustainability and requirements related to the lower emission of
carbon dioxide and other greenhouse gases, but especially when it comes to the structure of production and
consumption of energy.
Given the current direct parameters, parity prices are not very favourable for alternative such as renewable
energy. Therefore, it can be felt some kind of “tiredness” in some EU countries which promote renewable
energy, mainly with taxpayers’ money. How long and at what cost will taxpayers tolerate such a spending? On
the other hand, there is an irrefutable fact of the necessity of more pressing energy transformation to renewable,
cleaner and abundant sources.
These issues, unfortunately, are not on the top of the Serbian government agenda during the crises. More than
anything, there is concern about the unstable, expensive, “dirty” and technologically obsolete “classic” energetic.
However, strategic issues of sustainable energy future for Serbia should not be overshadowed by the everyday
problems of the economy and energy. In any case, Serbia will have to make far more effort in both directions of
economic and political activities: on the one hand, in more efficient, more cost-efficient, safer and more
consistent market-oriented energy, and on the other hand, in a cleaner and more renewable energy. For all of that,
Serbia will need capital, human resources, technological and other kind of knowledge in the decade to come.
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1. Introduction
Energy and environment are the two major problems that the mankind together face (Gratia 2003; Lam 2006).
The World Climate Conference was held in Copenhagen，the capital of Denmark, on December 7-18,2009.
Environment ministers from 192 countries and heads of states or governments from 85 countries attended the
summit to discuss how to deal with climate warming. Building "low-carbon society" is a significant measure
to retard the Earth's environmental degradation, climate warming in the world, and many countries are
making unremitting endeavors in various ways (Brohus 2006; Liu 2009). As the world's one of largest
consuming countries, China has got some electricity and natural gas supply problem in recent years, due to
world energy shortages, power peak and valley difference increases, gas price hike, air conditioning and
heating energy consumption increased (Liu 2009; Xu 2010), which the situation is not optimistic. So it is
necessary to carry out a survey on the family life of residents with energy and environmental awareness.
There were 2 city schools and 1 rural school, a total of 1200 students families received a questionnaire
survey on "the survey of household energy use and eco-awareness in Dalian". The first-hand data was
obtained, which provided a frame of reference to further understand effects of urban and rural residents’
living behaviors and the building design on energy use and to develop reasonable energy-saving measures
and policies.
2. Investigation background
2.1 Investigation method and content
The survey analysed the family's lifestyle, consumer behavior ，environmental awareness and environmental
action by the actual investigations with regard to the ordinary family behaviors，energy-saving measures
and low-carbon action based on city's climate, population, characteristics of economy and industry, social
cultural etc(Chen,2007). The questionnaire of family life with energy and environmental awareness of Dalian
urban residents was carried out in Dalian, Liaoning Province, 2009.Tthe questionnaires had been divided into
city chapter and township chapter, and were designed for students and parents (grandparents) in several
forms of the questionnaires(Fig.1). The effective respondents are 3182 from cities and 1650 from rural
areas.The culture structure of respomdents is shown in Fig 2.
The contents of questionnaire focus mainly on follow issues: 1.Considering different life style and living
conduct in urban and rural area.2. Study factors toward energy saving life style, including purchase of house
appliances, automobile use, cooking, house heating, waste treatment, and other energy consumption
activities.3. Demonstrate incentives and practices to change lifestyle.
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Fig. 1: Repossessed questionnaire statistics

Fig. 2: Culture structure of respomdents

3. Survey results and analysis
3.1 On changes of energy use in daily life.
From the survey on the energy use(in Fig.3), the coal still is
the main type, especially in cities. From Fig 4 the Heating
styles,100% of city family and 6% of town family use coal
for heating at present. 100% of rural family and 9% of town
family use 50% of electricity and coal and 50% of bioenergy for heating. More or less quarter of families still use
Kang, a traditional heating. However, the tradition heating
styles such as fire wall, Kang ang burning cave have a
remarkably decreace and solar house and district heating
have a evident increase in Da lian.

Fig 3: Energy use types

Fig 4: Heating styles

Through the contrast between the former and present types of home cooking energy use and the types of bath
water heater to understand the energy use situation in daily life. According to the comparation, the change of
China's energy use types as followed (Fig. 5).
From Fig.5，the proportion of electricity consumption in cooking is increasing significantly now than ever
before, and the proportion of coal and firewood consumption is less, which can be connected with energy use
structure. Fig. 6 shows that more and more people are using solar shower and the water heater now, with the
improvement of living standard and people's comfort request. Solar energy use can reduce the increase in the
use of other disposable energy (as coal, natural gas, etc.), which can make energy conservation improvement.
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3.2 On reducing private car
Reducing private cars use can make environmental improvement. Residents selected the effects of reducing
the frequency of private cars use by the understanding on some conditions, taking the urban parents for
example (Fig.7).

A significant reduction in utilization
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Fig.7: Effects of reducing private car
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Fig.7 shows that more than 40% of the residents think that the "companies provide regular buses" condition
can greatly reduce the use of private cars, and the conditions " increasing fuel cost," "limit on entering the
city" "car pooling" respectively are 40.9%, 42.9% and 38.3%.More than 50% of the residents think that
private car use frequency will "significant decreases" or "decreases" by various effective policies and
methods, even some conditions are up to 60%, indicating that residents think reducing private car use has a
relationship with improving the environment, we should promote and put the above conditions into effect to
control the number of private cars to improve the environment. The government can reduce the prices and
fuel costs of the good environmental performance cars to extend the use of environment-friendly cars.

Fig.8 Survey on influence of government subsidies on purchase of energy-saving car

Fig 8 is on the problem of government subsidies for purchasing energy-saving and environmental protection
cars. The farmer's consciousness is better than that of in the city residents.the farmer's consciousness is better
than that of in the city residents. The city residents in 53% did not know the government encourage them to
purchase environmental protection car, much higher than the rural villager of 39.10%. on this issue, the
propaganda of villagers committee played a great role. In the future, to strengthen propaganda for
government subsidies on purchase of energy-saving car to city residents, a strong purchasing power.
3.3 On air-conditioning

Fig.9 Differences of important factors on purchase of air-conditioning

From Fig 9, the most important factor for the pubilc in the purchase of air-conditioning is the performance of
the air conditioner. City survey indicated that the important factors in the top three were the
performance(23.70%), brand (22.10%), energy saving grade (20.69%); while the rural survey, important
factors in the top three were performance( 25.70%), price (21.80%) and energy saving grade (16.69%).
Whether citizens or farmers showed indifferent on the appearance of product design. City residents pay more
attention to brand effect, while the relatively low income farmers on the price of the product.
3.4 Waste disposal
Waste disposal is closely related to energy conservation, "turning waste into wealth": how to make reuse of
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waste has become a hot issue. Recycling of renewable resources should help to prevent environmental
pollution, improve the urban environment, maintain public security and improve the comprehensive
utilization of resources. The investigation can well reflect the awareness of energy conservation and waste
handling of the residents. The following are some questionnaire examples about the urban and rural
residents’ behavior in waste disposal. About the question of garbage classification, the proportions of urban
parents and students, rural parents and students selecting the "Very good" option were respectively 88.9%,
70.4%, 83.8% and 79.0%. It is obvous conclusion that the residents got fairly good understanding on the
improvement due to garbage classification.

Figure 10 Choice of the pubilc on commission department of garbage collection and reuse

Howerever, "in order to recover and reuse waste, which department can be commissioned ?" Diference
groups have diference answers.(Fig 10). It can be seen from the figure that the proportions of the parents,
whether urban or rural, choosing the option 'Municipal government', 'neighborhood committee ' or 'property
management' are almost the same, which means that the parents had no clear answers about which
department can be commissioned to make recycling possible. While nearly 40% of the urban students chose
'Municipal government', more than 50% of the rural students chose 'rag-and-bone man', there were relatively
deep differences between the two groups.
Through the analysis and investigation of the two issues above, it indicates that the residents have some
knowledge of garbage classification but not deep enough. The government departments should pay more
attention to the recovery of garbage classification, strengthening the power of propaganda on the important
role that garbage classification has played in improving the environment, eventually truly making recycling
possible.
4. Conclusions
The following conclusions can be drawn through the investigation and analysis above, reflecting the
environmental protection awareness of the urban and rural residents in Dalian.
1.The energy dependence of the developed regions and less developed regions is different. Developed
regions’ dependence on energy is higher than the less developed regions. Therefore, the Government should
implement the corresponding energy-saving and environmental protection policies in different regions to
achieve the objective of national energy saving.
2.The landscaping awareness of the residents is good, but the relevant departments developed few activities
on landscaping. Many residents would like to participate in environmental activities, so it is necessary for the
relevant departments to strengthen the propaganda about the landscaping and hold more environmental
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activities.
3.With regard to selection of appliance ， the performance and energy-saving grade sign of electrical
appliances are main decisive factors on urban and rural residents. Only difference is that city dwellers pay
attention to the brand effect, while the relatively low income farmers have a much greater attention on price
of the product.
4. Many of the questions reflect that the urban residents have better energy-saving and environmental
awareness than rural residents, relevant departments should pay more attention to the rural residents’
understanding on environmental awareness and strengthen the implementation of relevant policies, so that
people can consciously save energy, reducing unnecessary waste of energy.
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Abstract
This paper analyzes the economic competitiveness of grid-connected distributed solar PV generation through
small scale roof top installations in five Brazilian state capitals. The chosen locations represent a
comprehensive set of the two essential parameters for the economic viability of solar PV – irradiation and
local electricity tariffs. For the assessment, levelized electricity costs (LEC) for solar PV generation and net
present values (NPV) for a specific PV system are presented. The analysis comprises three different interest
rate scenarios reflecting different conditions for capital acquisition to finance the considered installation;
subsidized, mature market and country specific risk-adjusted interest. In the NPV analysis, revenue flow is
modeled by the sale of generated electricity at current residential tariffs assuming net metering legislation.
Using subsidized interest rates, the analysis performed shows that solar PV electricity is already competitive
in Brazil as of today, while in the country specific risk-adjusted scenario, high capital costs make it
economically unfeasible. At a mature market interest rate, PV competitiveness is largely dependent on the
residential tariff for electricity. Economic competitiveness in this scenario is given for locations with high
residential tariffs. The results obtained demonstrate the high potential of distributed electricity generation
with photovoltaic installations in Brazil and show that under given conditions, grid-connected PV can be
economically competitive in a developing country.

1. Introduction

A secure and sustainable energy supply is one of the big challenges that our society is facing at the beginning
of the 21st century. Population growth and rising living standards put pressure on existing energy
infrastructures and provision concepts. At the same time, fossil fuel reserves are running short and carbonintensive energy sources contribute to climate change with unforeseeable consequences. The International
Energy Agency (IEA) (IEA, 2010) predicts global demand of energy to grow at a rate of 1.5 % per year from
2010 until 2030, leading to increased consumption of oil by 22 %, natural gas by 42 % and coal by 53 %
within this time frame of 20 years.
As fossil fuel resources are scarce and environmental impacts involved in today’s predominant energy
generation concepts create manifold problems like toxic waste, pollution and global warming, renewable
energy sources can offer a secure, reliable and sustainable energy supply in the future. Electricity sectors with
their particular characteristics and supply policies have been in the center of attention due to electricity’s
significant share of overall energy consumption and its decisive role to enable an adequate standard of living.
In Brazil, the current electricity generation matrix relies heavily on hydroelectric power plants often located
in remote regions far from consumption centers on the Brazilian coast. Thermoelectric plants are used to
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generate electricity when hydro generation is insufficient due to low water levels. In 2010, the share of
generation capacity accounted for by hydroelectric facilities was 73.36 %. During the humid months from
January until June 2010, hydroelectric power generation was 92.3 % of total electricity production (MME,
2010a, 2010b). The distribution of total generation capacity in Brazil’s electricity sector is shown in Table 1.
On the one hand, the large amount of hydro generated electricity entails benefits like low costs of generation
and marginal emission of greenhouse gases. On the other hand, supply security is reduced and social and
environmental problems arise. Brazil experienced a severe electricity supply crisis in 2001 due to a period of
extended drought when water storage in hydro plant reservoirs was insufficient to satisfy demand. In the
wake of this event, several reforms have changed the electricity sector regulation to provide increased
security of supply. Consequently, electricity tariffs have been rising and in 2010 averaged 0.17 € (Mitscher,
2010) (reaching as high as 0.27 € in Belo Horizonte), compared to 0.15 € in the European Union (EEP, 2010)
and approximately 0.08 € in the United States (EIA, 2010). The main reasons for these exceptionally high
tariffs include the inefficient regulation process and limited competition in the distribution sector, thermal
generation units running with low capacity factors and considerable losses of the extensive and thus costly
transmission infrastructure. Tributary charges to subsidize welfare tariffs for low income customers also
significantly increase the average regular electricity price.
Table 1: Generation matrix by energy source in the Brazilian electricity sector 2010 (Source: ANEEL)

Energy source

Number of plants

Installed capacity (kW)

% of generation

Hydro

851

79,170,386

73 %

Natural gas

127

12,331,101

11 %

Oil

837

6,265,714

6%

Biomass

364

6,582,660

6%

Wind

44

765,534

1%

Coal

9

1,530,304

1%

Nuclear

2

2,007,000

2%

Solar

1

20

0%

Total

2,235

108,652,719

100 %

Economic and population growth will make substantial expansion in the generation sector unavoidable.
Current government plans focus on covering the bulk of needed additional capacity by harnessing Brazil’s
remaining potential of hydroelectric power. The ever more distant locations and increased costs for
environmental licensing and impact mitigation will aggravate the mentioned drawbacks of strong
hydroelectric dominance in the generation matrix. This paper analyzes the potential of grid-connected
photovoltaic roof top systems of small size to diversify Brazil’s present generation structure and improve
energy security and sustainability.
Grid-connected photovoltaic systems of small size offer clean, carbon-free and ecologically sustainable
electricity generation. Their distributed nature can reduce transmission losses and seasonal electricity supply
shortages because of the complementary nature of PV and hydro generation peaks (sunshine vs. rain) besides
protecting owners from continuing tariff increases. However, PV electricity as an alternative generation
source to alleviate such problems is usually viewed as inappropriate in non-industrialized countries due to the
elevated costs associated with the technology.
While this argument is true for most developing countries, in the case of Brazil the combination of high
residential tariffs with superior solar radiation availability suggests that PV electricity might reach economic
feasibility for grid-connected installations within the near future. The moment when PV electricity costs are
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equal to retail electricity prices is called grid parity and is often portrayed as the decisive milestone making
the solar industry independent from subsidy policies and securing PV a significant share in generation
portfolios. Grid parity for PV electricity shows a strong correlation to the local conditions insolation and
electricity tariff. Due to Brazil’s very favorable characteristics, grid parity will likely be reached there earlier
than in most industrialized economies.
Besides the local conditions, the magnitude of future cost reductions will have significant influence on PV
cost competitiveness. A common way to assess the potential of cost reductions in an industry is the
application of learning curves, which for the solar sector predict a decline in cost of 20% for each doubling of
cumulative capacity (van der Zwaan B, 2004; Parente et al.; 2002; McDonald and Schrattenholzer, 2001).
Grid parity conditions would enable private house owners to install small scale PV systems on their roof and
produce electricity they can consume or sell back to the utility at no additional cost. To evaluate the
economics of such an investment, it is necessary to define the cost of PV generated electricity and the overall
financial performance of the project considering both expense and revenue cash flows. This work analyzed
these indicators using levelized electricity cost and net present values and gives an impression of present
economics and future potential of small photovoltaic roof top systems in the Brazilian context.
The potential of solar energy in Brazil has been evaluated by Martins et al. (2008) who distinguished between
the potential of rural and grid-connected systems. They determined opportunities especially in the Amazon
region without access to the National Interconnected System and for grid-connected PV installed in a
distributed manner in urban areas with a mix of commercial and residential buildings. Jardim et al. (2008)
studied the benefits of distributed PV generation in Brazil pointing out the peak shaving potential and its
impact on firm capacity needs. They outlined the good correlation of PV generation with daytime peaking
feeder loads in residential/commercial areas with load peaks caused by air conditioning. It was further
determined that PV penetration of 20 % is possible with acceptable effective contribution to installed
capacity of the considered feeder. Economics of PV in Brazil have been analyzed by Salamoni and Rüther
(2007) who found grid parity to be achievable in selected Brazilian states by 2015 if certain conditions are
met. Bhandari and Stadler (2009) evaluated the financial performance of PV systems for the city of Cologne
in Germany using the net present value methodology and learning curves. In his work, we further determine a
date for grid parity using an approach that values PV-generated electricity with a weighted average of
wholesale and retail electricity prices. Singh and Singh (2010) developed a calculation method for levelized
electricity cost and net present values that accounts for the variability of electricity prices by using a specific
loan repayment scheme.
Cost reductions and learning curves in the PV and energy sector were studied by different authors like Neij
(1997), Sagar and Zwaan (2006), Nemet (2006), Neij et. al. (2003), and many others. While Nemet (2006)
highlights the importance of factors like economies of scale and module efficiency improvements for cost
reductions, Neij et al. (2003) examine the suitability of learning curves to assess energy policy measures. A
learning rate of 20 % per doubling of installed capacity has been derived for the solar industry and is a
generally accepted value. Grid parity as a measure of solar competitiveness has been evaluated e.g. by Sinke
(2009) and Yang (2009).
2. Methodology

To determine the economics of distributed photovoltaic electricity generation, this analysis presents net
present values and levelized electricity cost for a 2 kWp crystalline roof top system owned by a private
consumer. The system is completely debt financed. In Brazil until today no legislative framework for feeding
of solar electricity has been established, and a net metering policy is assumed for the calculations. Conditions
for capital acquisition in Brazil are tight with interest rates being among the highest in the world. Financing
terms are of crucial importance for the determination of economic feasibility for investment in a PV system.
We hence derived a set of interest rates that represent different possible scenarios of midterm development on
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the Brazilian capital market. Tables 2 and 3 show the most important system characteristics and assumptions
underlying the conducted calculations:
Levelized electricity cost – LEC, and net present values – NPV of the project were calculated for five distinct
locations that cover a range of solar radiation intensities and residential tariffs. The examined cities Rio de
Janeiro, Sao Paulo, Brasília, Belo Horizonte and Florianópolis are state capitals that through their size and
infrastructure are able to generate sufficient demand for an independent market if cost competitiveness is
reached. In Table 4 the solar irradiation incidence and the residential tariff in 2010 is shown for each of the
chosen locations:
Total costs for the PV installation under examination is 7,600 € (3,711.89€/kWp) which is financed to 100 %
through a private loan paid back over the assumed system lifetime of 25 years. The size of the loan and the
PV installation were chosen to guarantee that neither financial burden nor required roof area are prohibitively
large for a majority of potential customers.
The levelized cost of electricity is the total lifetime costs of generation by a specific system divided by its
total electricity production. Both cash and power flows have to be discounted to their present value to
account for the lower worth of future consumption. LECs are derived by the following equation 1 below:

(eq. 1)

The concept of LECs allows a comparison of generation costs over the life cycle of generation projects
differing in size, lifetime or investment size. It has the advantage to convert very distinct expense and
generation profiles for individual projects into a single metric easy to compare: €/kWh. Levelized electricity
cost however only considers cost of generation, while revenues are not taken into account. It can therefore
give an impression of the efficiency of electricity generation, but will not be able to give information on the
economic performance of a generation project.
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Table 2: Basic characteristics and cost composition of the considered PV roof top system

System characteristics
Power [kWp]

2.05

Number of modules

10

Area [sqm]

13

Efficiency [%]

16.06

Cost components

€/kWp

€/system

Module cost

1622.00

3325.10

Inverter Cost

396.00

811.80

Taxes and customs

611.22

1253.00

Freight

27.00

55.35

Metallic structure cost

387.00

793.35

Rest of BOS

115.00

235.75

Installation cost

106.80

218.94

Inverter replacement cost

104.16

213.52

Interconnection fee

24.39

50.00

Vendor's margin

318.32

652.56

TOTAL cost /kWp

3711.89

7609.38

Financial performance of the PV system in this analysis is assessed with discounted cash flow methodology.
Net present values are determined for the considered PV system in each interest rate scenario and for each
location. The net present value of an investment is the sum of the present worth of annual net cash flows
(revenues – expenses) generated by the project. NPVs are generally used for the financial appraisal of longterm projects and account for the so called “time value of money” by transforming cash flows into their
values at a specified point of time (generally the present year). This present worth is calculated by
discounting the actual cash flows over the system’s lifetime with a discount rate using the following equation
2 below:

(eq. 2)
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Table 3: System and operating parameters assumed for the PV system efficiency and interest rate scenarios considered. All values are
presented inflation-adjusted

Parameters for the conducted calculation
Performance ratio [%]

80

Annual system efficiency loss [%]

1

Discount rate [%]

6.5

Annual electricity price increase (year 0-10) [%]

3

Annual electricity price increase (year 10-15) [%]

2

System lifetime

25

Operating & maintenance cost [% of initial investment]

0.5

Interest rates
"Subsidized" [%]

3.50

"Mature market" [%]

10.50

"Country specific risk adjusted" [%]

18.75

Table 4: Insolation and residential tariffs for the five Brazilian state capitals studied

City

Insolation (kW/y*sqm]

Tariff [€]

Florianópolis

1624

0.18

Brasília

2124

0.15

Rio de Janeiro

2008

0.19

São Paulo

1807

0.17

Belo Horizonte

2051

0.27

The NPV methodology factors in both annual expense and revenue cash flows and determines the overall
economic profitability of the investment. If a net present value is positive, the project is profitable for the
investor.
From the equation it is easily understood that the discount rate has strong influence on the result of the
equation. This strong volatility to a subjectively set parameter has caused criticism towards NPV analyses
and should be kept in mind when interpreting its results. Another point of criticism is the implicit assumption
that earned revenues can be reinvested yielding a return equal to the assumed cost of capital acquisition. NPV
analysis further assumes a perfect market for capital goods.
The cash flow structure generated by the examined PV system can be described as follows: a stable debt
installment payment, annually declining interest payment (interest rate x remaining debt) and a stable annual
payment for operation & maintenance constitute the expense cash flows. Revenue cash flows originate from
electricity sold and priced with the current utility tariff. Generation declines at a rate of 1 % per year while
the electricity tariff is assumed to increase at a variable rate of 2 to 3 % per year. Total revenue flows hence
are increasing annually. The discounted net cash flow is the yearly sum of all expenses and revenues. In this
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work we have analyzed the economics of grid-connected PV under three interest rate scenarios: subsidized
capital, with an interest rate of 3.50 %; mature market, with an interest rate of 10.50 %; and a countryspecific, risk adjusted scenario with an interest rate of 18.75 %.

3. Results and Discussions

As shown in Tab. 5, in the subsidized capital scenario, (interest rate = 3.50%), PV-generated electricity costs
range from 0.16 € in Brasília to 0.21 € in Florianópolis. Procurement of foreign capital on a mature market
(interest rate = 10.50%), leads to electricity generation costs between 0.27 € and 0.35 €. If all country specific
risks are factored in and money has to be obtained at the respective higher interest rate (18.75%), costs
between 0.40 € and 0.52 € per kWh arise for electricity generation with a PV installation. For each scenario,
levelized costs vary according to the different radiation profiles, resulting in the lowest overall cost in
Brasília and the highest in South Brazil’s Florianópolis. The range of difference in costs is considerable
between each of the examined cities and amounts to roughly one third of the lowest costs that are calculated
for Brasilia’s solar irradiation profile. The range of cost difference increases with higher interest rates as
higher total costs have to be divided by a steady amount of generated electricity. While in the subsidized
scenario, the distance from lowest to highest tariff is 0.05 €, it increases to 0.08 € and 0.12 € in the other
scenarios respectively.

Table 5: Levelized electricity cost of solar generation with a 2kWp roof top PV installation for different interest rate scenarios in five
different Brazilian state capitals

Levelized PV Electricity Cost (€)

Scenario

Location
Belo
Horizonte

Brasília

Rio de
Janeiro

São
Paulo

"Subsidized"

0.17

0.16

0.21

0.17

0.19

"Mature market"

0.28

0.27

0.35

0.28

0.32

"Country-specific risk adjusted"

0.41

0.40

0.52

0.42

0.47

Florianópolis

Variation in LECs is significant for a given location when switching from one interest rate scenario to
another. If the mature market scenario (interest rate = 10.50%) is considered a base case, switching to a
subsidized interest rate (interest rate = 3.50%) on average reduced LECs by 40 % of the original costs.
Examining the same figure for the country-specific risk adjusted rate (interest rate = 18.75%), a cost increase
of 47 % on average could be observed. These values illustrate the essential importance of access to low cost
financing for the economic viability of PV systems. In the case investigated, increasing the interest rate by
one percentage point raised levelized electricity cost by 6 %. Obviously, the country-specific interest rate
results in economically prohibitive generation costs for PV installations while at subsidized capital costs
LECs are today already in the range of residential tariffs in all considered locations.
To facilitate the interpretation of these numbers, LECs for small solar systems from recent literature (as well
as auction prices for other electricity sources as a good estimation of LECs) are presented in Fig. 1. Due to
the volatility of LECs for PV electricity with respect to financing assumptions and radiation, the values differ
over a considerable range. It can be stated that LECs for solar electricity in Brazil show competitive or
superior levels to published values for LECs depending on the underlying interest rate scenario. It should be
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noted, however, that PV costs should always be compared with residential tariffs (far right bar in Fig. 1), and
not with centralized generation busbar costs.
Overall economic performance of the considered system in the five state capitals is presented in Table 6.
Positive net present values are realized for all locations under the low interest rate scenario, meaning that if
low capital costs can be realized, PV electricity is economically competitive in year 2010 even in low
radiation sites like Florianópolis. Economic feasibility in the developed PV financing market scenario is only
given for system owners in Belo Horizonte where high residential tariffs boost revenue flow from solargenerated electricity. Highly negative present value figures are obtained in the country-specific risk adjusted
scenario, which underpins the already mentioned prominence of interest rates in the determination of
economic viability. Again, it has to be kept in mind that LECs for photovoltaic electricity are always
compared to retail electricity tariffs due to the distributed nature of the assumed generation concept.
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Fig. 1: Comparison of levelized electricity costs in Brazil for three interest rate scenarios with common PV LEC estimations and
conventional generation costs in the Brazilian electricity sector and current (2011) residential tariffs range for the five Brazilian capital
cities analyzed. The PDE reference refers to the average cost of newly installed capacity from the Brazilian government’s Plano Decanal
de Energia” (PDE).

Table 6: Net present values of an investment in a 2 kWp roof top PV installation for different interest rate scenarios in five different
Brazilian state capitals

Net Present Value (€)

Scenario

Location
Belo
Horizonte

Brasília

Florianópolis

Rio de
Janeiro

São
Paulo

"Subsidized"

6,544

1,332

668

2,634

863

"Mature market"
"Country-specific risk
adjusted"

2,604

-2,609

-3,273

-1,306

-3,077

-2,040

-7,253

-7,916

-5,950

-7,721

From the data presented, a direct conclusion can be drawn to the financial attractiveness of investing in the
PV system put forward in this work. Not considering the additional value added through the benefits of
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distributed, emission-free and silent generation, it would still be advisable for private persons or commercial
entities in year 2010 to install PV systems on their roof if they have access to capital at an interest rate of 3.5
%, e.g. from the Brazilian development bank BNDES. Residents in Belo Horizonte will benefit financially
even if the developed PV financing market rate of 10.50% is applied. However, investment in PV technology
has no case in Brazil at current turn-key system prices, if all country specific risks are accounted for in the
determination of risk premiums for loans to obtain PV installations.
To classify each of the chosen locations and their implicit conditions with respect to grid parity, PVgenerated LECs and residential tariffs have to be compared. In Table 7, the gap between PV-generated LECs
and residential prices are shown. Our calculations show that in the first scenario, PV-generated LECs are
almost competitive in all observed state capitals and significantly inferior to the residential tariff in Belo
Horizonte. Table 7 also descriptively highlights the importance of interest rate and utility tariff as the two
most relevant figures determining grid parity conditions in the case of Brazil. On the one hand, for the case of
exceptionally high residential tariffs as in Belo Horizonte, PV-generated LECs of solar electricity can
undercut the utility price by 0.10 € and even beat the distributor’s price in the developed market scenario,
while for the other locations the cost premium for solar generation at this interest rate ranges from 0.10 € to
0.17 €. On the other hand, even extraordinarily high utility tariffs will not compensate the impact of interest
rates in exceeding the 10 % threshold like the values assumed in the developed market and country-specific
scenarios. Another mentionable result that can be derived from Tables 6 and 7 is that LECs meeting or
undercutting grid parity are not a necessary condition for a PV system to be economically rewarding. Net
present values for Brasília, São Paulo and Florianópolis are positive despite levelized electricity costs that are
above the residential rates.

Table 7: Difference between levelized electricity cost 2 kWp roof top PV installation and residential tariffs (2010) for different interest
rate scenarios in five different Brazilian state capitals

Tariff difference (€)

Location
Belo
Horizonte

Scenario

Brasília

Florianópolis

Rio de
Janeiro

São
Paulo

"Subsidized"

- 0.10

- 0.01

0.02

- 0.01

0.04

"Mature market"
"Country-specific risk
adjusted"

0.01

0.10

0.16

0.10

0.17

0.14

0.23

0.33

0.24

0.32

4. Conclusions

We have shown that debt financed grid-connected solar systems on Brazilian roof tops at low interest rates
and current PV system turn-key prices can be economically feasible already in 2010at this stage of solar
industry development. It was further shown that the cost of capital in the case of Brazil is the decisive
parameter in the determination of PV competitiveness with conventional generation sources. For that reason,
the provision of financial market conditions that enable low cost long term financing is an essential
requirement for PV to become an economically justifiable generation alternative. If Brazil’s optimal
irradiation conditions could be combined with low interest rates, grid parity and economic viability of
distributed generation units are conceivable in the short term in several Brazilian cities with current PV
system prices. With the declining costs of PV, this scenario will lead to even more favorable conditions. PV
electricity installed at considerable capacity in those regions with best insolation/tariff profile could also
alleviate the aforementioned problems of electricity security, environmental and social impacts and
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transmission and distribution costs. However, at current lending costs, PV roof top systems still have a
financial performance which is by far inferior to regular electricity purchase from the local utility. It should
be mentioned here that a suitable legislative framework is imperative for the successful introduction of PV
technology in Brazil and steps by the government will have to be taken before the present conclusions can be
transformed into actual projects. The final and most important conclusion derived from the data presented
here is that the Brazilian market holds huge potential for distributed PV systems of small size. The solar
industry can take advantage of the exceptionally favorable conditions in certain Brazilian cities with
insolation and residential tariffs like those of Belo Horizonte and start to stepwise develop Brazil as a market
where no governmental financial aid or premium prices are needed for economic justification of solar
installations. The Brazilian government should evaluate whether providing subsidized funding to PV
installations, similar to what is currently available for large hydro projects, could contribute to improve the
actual electricity provision infrastructure. Four factors will be crucial for the progress of PV competitiveness
in Brazil: the interest rate development, the development of electricity prices, the creation of a
comprehensive set of laws and regulations providing the basis for PV systems feeding into the public grid
and the continually falling of PV system prices. If government and industry can achieve to improve these
fundamental factors, Brazil might soon become a booming market for PV technology with no need of
subsidies.
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1. Abstract
The UK is encouraging the adoption of distributed renewable energy technologies (RETs) in order to achieve
carbon reduction targets and deliver on other energy policy objectives such as energy security. Latterly,
through the adoption of a Feed-in Tariff (FiT) mechanism, RETs are now diffusing rapidly into local
communities. There is therefore an urgent need to understand the rate and patterns of adoption of these
technologies, and evaluate their impacts in specific community contexts.
A model for this diffusion of FiT-supported RETs into communities is presented together with a framework
for measuring the potential impacts of community energy initiatives over a broad range of recent energy
policy indicators.
The national register of FiT installations has been analysed alongside small-area socio-economic data such as
indices of deprivation in order to explore variations in technology diffusion based upon type of RET,
community affluence, built environment density, and geographical location. Particular pathways for the
diffusion of RETs in UK communities have been discerned and localities identified and a concurrence with
emerging literature on community innovations is discussed.
It is shown that photovoltaic technologies (PV) are penetrating more affluent communities in a highly
dispersed and isolated nature, but some more specific community activity is also evident targeted at more
deprived communities.
2. Introduction
Energy policy in the UK has evolved as market liberalisation which had its roots in the deregulatory utility
Acts of the 1980s (Helm, 2002). Numerous Acts of Parliament and Government White Papers have, since
this time, featured five major policy objectives: carbon emission reduction, economic competitiveness,
energy conservation, social equity and energy security.
Carbon emission reduction has increasingly moved centre stage during this period, culminating in the
Climate Change Act 2008, which sets a target of 80% reduction in carbon emissions by 2050 (UK, 2008). A
low carbon economy with a significant renewables component is now firmly on the UK Government‘s
agenda (Department of Energy and Climate Change, 2011a). The UK has a target of 15% of all energy from
renewable resources by 2020 (EU, 2009) from a 2010 baseline of 3.3% (Department of Energy and Climate
Change, 2011b). In order to attain these targets, the UK Government‘s response in a deregulated energy
market has been to introduce a succession of market instruments in order to try and correct market failures
and to help renewables to break through into an energy regime characterised by historical ‗lock-in‘ to fossil
fuels (Unruh, 2002). The main instrument, introduced in 2002, was the Renewables Obligation scheme
which introduced tradable Renewable Obligation Certificates (ROC) (Mitchell and Connor, 2004). This had
success in driving investment in large-scale renewables, but failed to enable smaller distributed energy
generation technologies to make a breakthrough in the UK market, despite a number of capital grant
programmes (Element Energy Limited, 2008). Following less than favourable comparisons between the ROC
scheme and Feed-in Tariff mechanisms adopted elsewhere in Europe (Mitchell et al., 2006; Mendonça,
2007), the UK introduced its own FiT scheme in April 2010, aimed at reviving the stalled implementation of
small scale (up to 5MW) distributed renewables supported by an industry-government strategy to facilitate
and encourage adoption by consumers (Department of Energy and Climate Change, 2011c).
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As well as contributing to carbon emission reduction, the burgeoning UK renewables sector has the potential
to help deliver on the other policy objectives cited above. Experience in other countries indicates that
economic benefits may be realised through industrial development and employment opportunities (Lipp,
2007). Citizens, encouraged by participation in energy generation, may also develop positive attitudes
towards carbon emission reduction and individual and community behaviour towards energy conservation
(Department of Energy and Climate Change, 2010). This has been described as the development of an
energy citizenship where consumers have a greater understanding of energy usage through a direct
relationship with its generation (Musall and Kuik, 2011).
A distributed energy system can have a major impact on social equity. Community projects are strongly
encouraged to distribute benefits to local communities so as not to create resentment toward local RETs
(Walker and Devine-Wright, 2008). At a domestic scale, RETs are expected to bring down energy costs and
have a potential positive impact on energy (fuel) poverty (Walker, 2008). A household which spends, or
would need to spend, more than 10% of its income to maintain adequate comfort - deemed to be 21°C in
living quarters and 18°C elsewhere - is said to be in fuel poverty (Boardman, 2010). It is a combined
function of the cost of fuel, income, and fuel consumption, the latter determined by lifestyle and building
energy performance. Low income households in poor housing are particularly vulnerable and the impact is
exacerbated by resultant ill-health and excess winter deaths of which there were an estimated 35,000 in
2008/9 (Marmot Review Team, 2011). A statutory legal requirement to eradicate the problem by 2010 for the
most vulnerable households, and for all affected households by 2016, has been in place since 2001. Despite
this, the incidence of fuel poverty had risen to 4 million households by 2009 (Department of Energy and
Climate Change, 2011d), due largely to rising fuel prices. The problem has been termed ‗a peculiarly British
public health scandal and an affront to human rights‘ (Press, 2003, p. 5 cited in Walker, 2008).
FiTs – a case study
This paper examines the FiTs in England as a national case study to explore the potential of distributed
renewable energy technologies (RETs) to have an impact on the UK energy policy objectives discussed
above. Specific objectives of this work include:





To develop and quantify a model for the diffusion of distributed RETs.
To propose a framework, which can be used alongside this model, for the development of a
methodology for the evaluation of the impacts of RETS on policy objectives following adoption by
domestic and community actors.
To derive lessons going forward from selected aspects of this framework in particular to highlight
insights into activities to target RETs to address equity issues such as fuel poverty.
3. Model for the Diffusion of Renewable Energy Technology

Figure 1 provides a model showing the relationship between the three main actors involved in the diffusion
of RETs. Government is responsible for the market instruments, in this case the FiTs scheme, to help
consumers overcome the financial barriers to the adoption of RETs. It also sets the regulatory framework
which establishes and governs the industry.
The industry actor can be regarded as a sectoral system of innovation (Malerba, 2004). This involves a range
of stakeholders such as manufacturers, suppliers, marketers, installers and training organisations for example.
The industry led Microgeneration strategy, and the process to develop it, is an attempt to establish a sectoral
system of innovation for microgeneration designed to overcome non-financial barriers to and maintain
consumer confidence adoption (Department of Energy and Climate Change, 2011c).
Consumers who adopt a RET are shown on the FiTs register as one of four types: community, domestic,
commercial and industrial. In this work on community renewable energy, the focus is on domestic and
community adopters, so the model emphasises community and domestic consumers. A domestic consumer
is an individual or household which is the sole beneficiary. A community consumer is a collective or civil
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society group such as local authority or 3 rd sector organisation whose activities benefit a wider community of
stakeholders.

Figure 1 Actors involved in the diffusion of renewable energy technologies
It is important to note that on the FiTs register, the community category indicates that the registered
consumer is a community building such as a village hall, synagogue or school, and is not necessarily
indicative of a community initiative which has a number of households as beneficiaries. Thus domestic
customers may have been influenced by or have participated in a community initiative, a fact which is not
captured by the FiTs registration process. An objective of this work is to verify and quantify this model by
discerning the two consumer types in the FiTs register and quantify the relative importance of the two
consumer categories.
4. Methodology
In order to research the adoption of RETs by domestic and community consumers a composite dataset
derived from the UK FiTs Register of installations, made available by the UK energy regulator, OFGEM, in
May 2011, and other nationally available socio-economic datasets from the Office of National Statistics
(ONS), downloaded in June 2011, has been constructed.
Each dataset contains a column for the Lower Layer Super Output Area (LSOA) codes. These are published
by the Office of National Statistics and provide non-disclosive small area statistical data from the UK 2001
Census and other socio-economic statistical datasets. LSOAs are derived automatically using algorithms to
yield as far as possible socially homogeneous areas constrained to be a minimum size of 1000 residents and
400 households (Martin et al., 2001). In the UK there are 34,378 LSOAs which have an average of 1500
residents. Every FiTs register entry has been allocated to the correct LSOA by OFGEM. This allows
relational outer joins to be made between the datasets facilitating the direct linkage between FiT installations
and the socio-economic data of its location.
The ONS datasets used provide the analysis with the index of multiple deprivation (IMD) and a rurality
index. Because the latter data are not comparable across the UK nations, or are not readily available for
Scotland and Wales, this study focuses on England. The use of the IMD dataset allows the accurate
determination of the relative level of deprivation of each LSOA in which each RET is sited. The data has
been analysed using standard spreadsheet pivot and other numerical functions e.g. for calculating deciles and
frequency distributions.
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5. Results
The total number of installations supported by FiTs in England by May 2011 was over 32,000, distributed
over four main supported technologies and consumer types of Community, Domestic, Commercial and
Industrial (Table 1).
Under the FiTs photovoltaic technology (PV) is benefiting the most with over 31,000 installations and a
generating capacity of 85.7 MW. 98% of PV installations are designated as domestic and 1% community. In
terms of generating capacity, this is 95% domestic and 2% community.
Wind has a total of 782 installations with a generating capacity of 6.3 MW. 79% of these are designated
domestic installations, with 6% community. 10% of the generating capacity of wind is due to community
installations and 64% domestic, with the rest due to commercial and industrial installations.
Hydro has a generating capacity of 1.2 MW from 1177 installations; of these 8% are community
installations, 74% domestic and 18% commercial and industrial. In terms of generating capacity, 8% is due
to community installations, 54% domestic and 38% commercial and industrial.
Anaerobic digestion (AD) has suffered a poor start with only 1 installation in England. The UK Government
have acted in June 2011 to increase the tariff in order to incentivise the uptake of farm-scale AD by
increasing the return on capital investment (Department of Energy and Climate Change, 2011e).
Table 1 Number of FiT installations by technology and consumer type, total generating capacity, and number
installed under previous grant schemes.
Technology

Number of FiT Installations
Community

Domestic

AD
Hydro
PV
Wind
Total

Commercial

Industrial

1
7
277
49
333

64
30791
618
31583

14
244
111
370

Total
1

2
31
4
37

87
31343
782
32323

Total
Capacity
(MW)
1.1
1.2
85.7
6.3
94.4

Grant
Schemes
(Number)
16
2511
784
3311

Diffusion in to England
The total number of installations of the key technologies delivered under earlier capital grant schemes is
shown for comparison in Table 1 (Element Energy Limited, 2008). This suggests that the FiTs regime has, in
one year, contributed to a 10-fold increase in the number of microgeneration installations compared to earlier
capital grant schemes such as the Major PV demonstration programme, Clear Skies and the Low Carbon
Building Programmes over the previous 10 years. This is commensurate with an order of a 100-fold increase
in the rate of technology diffusion.
The profile of the accumulative increase in the generating capacity of microgeneration since 2005 is shown
in Figure 2 is possibly characteristic of the beginning of the classic S-shaped temporal curve for the diffusion
of innovations (Rogers, 1995). Rogers categorised adopters as innovators, early adopters, early majority, late
majority and laggards. If current adopters are innovators, which Rogers assumes to be 2.5% of all potential
adopters, then this yields about 1.5M potential adopters. Innovators and early adopters put more weight on
personal motivations, whilst majority adopters are motivated by more social rather than individual
aspirations. This has implications on the marketing of technologies if the Government‘s aim, over the
lifetime of the FiTs regime to support over 750,000 small-scale RETs by 2020 is to be achieved (Department
of Energy and Climate Change, 2010). This suggests an average annual installation rate of over 80,000
microgeneration units per year; just under half of this has been achieved in the first year.
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Figure 2 Accumulative increase in installations for Wind, Hydro and PV 2005-2011
Diffusion into differing settlement densities
The relative diffusion of technologies into urban and rural communities can be investigated using a
rural/urban classification developed for the UK Government which allocates an LSOA to a number of
rurality types (Bibby and Shepherd, 2004). For our exploratory purposes a simple three-way classification:
Urban, ‗Town and Fringe‘ and ‗Village, Hamlet and Isolated Dwellings‘, was applied. Urban refers to
LSOAs which are part of, or border, areas with a population of 10,000 or more.
In numerical terms, the apparent relative adoption of PV in urban communities is much higher compared to
town and fringe, and village areas, but taking into account the number of potential adopter households - 80%
of the population lives in urban areas - the difference all but disappears (Figure 3). It can be concluded that
the rate of adoption is insensitive to the degree of urbanisation.

Figure 3 Number of PV installations in urban and
rural areas; actual and normalised to 10M
households.

Figure 4 Wind installations in urban and rural areas;
actual and normalised to 5M households.

The picture is quite different for wind (Figure 4), which shows an expected higher adoption rate in rural
areas compared to higher housing density areas. Wind technology is more suited to low density settlements
since wind speed and turbulence are adversely impacted by the built environment (Heath et al., 2007). Wind
installations are also subject to planning regulations. Thus it is expected that Wind installation rates are
sensitive to the degree of urbanisation.
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Significantly, 618 turbines are classified as domestic and only 49 as community. There is much scope for
exploring to what extent turbines are facing local objections and the degree to which community benefits or
ownership models are facilitating the rate of adoption of this technology and the extent and type of barriers
still in place which is creating this differential. PV is more planning neutral, though anecdotally there are
wide variations in the interpretation of planning guidance aimed to ease installation of unobtrusive
technology. This suggests that there is not a significantly different agency in urban, compared to more rural,
areas. Some large-scale urban initiatives, such as the Birmingham Energy Savers Programme, which aims to
install solar PV systems on 10,000 social housing dwellings with FiTs being used to pay back the costs, are
in development but do not yet show in the available data. This may shift the trend towards urban areas unless
rural areas create similar schemes.
Diffusion into Communities - Principal Local Authority Areas
An analysis focussed on principal local authorities (PLAs), the UK‘s primary administrative unit of local
government, yields a significant variation in the diffusion of microgeneration. Figure 5 shows the number of
PLAs with the given ranges of RETs installed under the FiT scheme.

Figure 5 Number of Principle Local Authorities with the given range of installations under the FiTs
Only 18 PLAs exhibit diffusion rates above 250 units, and an inspection of the authorities featuring in the
500-1000 band reveals a regional Yorkshire cluster (Table 2). This analysis is pertinent with respect to
theory on the diffusion of innovations and the role of socio-technical niches and the multi-layer perspective
(Geels, 2002); this is discussed further below.
Table 2 English Authorities with the highest number of installations
Local Authority
Cornwall
Wiltshire
Sheffield
Kirklees

Population
531100
456100
547000
406800

Number of installations
887
590
584
547

Region
South West
South West
Yorkshire
Yorkshire

Barnsley
Isle of Wight
Doncaster

226300
140200
290100

539
527
505

Yorkshire
South East
Yorkshire

Wealth Analysis
PLAs differ significantly in terms of their relative prosperity, and within them they are socio-economically
heterogeneous. The UK‘s Index of Multiple Deprivation (IMD) has been developed as a composite index of
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indices of deprivation and a value for each LSOA has been published by the Office for National Statistics.
IMD is not an absolute indicator but can be used for comparative statistical studies. This enables small-area
geographical analysis of the diffusion of microgeneration technology based on relative affluence or
deprivation. A comparison of the rate of diffusion of PV and wind installations in LSOAs based on their
IMD is shown in Figure 6.
This confirms that PV technology is penetrating less affluent LSOAs more slowly than affluent areas,
indicative of a market-orientated financial mechanism, requiring a significant capital outlay or financial
acumen, operating as the driver of diffusion. Wind, on the other hand, presents a different picture, with the
apparent presence of greater barriers to adoption in both the most and least affluent areas.

Figure 6 Number of Installations in each decile of IMD (1 is most affluent, 10 is most deprived)

Above (Table 2) it was shown that a number of PLAs exhibit a higher than typical number of FiT
installations. Using the much smaller LSOAs, there is an opportunity to explore the evidence for more
localised energy initiatives. Figure 7 shows all the number of English LSOAs with the given range of FiTs
installations.

Figure 7 Number of LSOAs with the given range of installations

4239

This shows that the overwhelming majority of installations are in very small clusters of mainly one, or two to
four, installations within a single LSOA. This suggests that diffusion is not yet proceeding to any great
degree by a nudge, or peer-pressure, behavioural change dynamic between near neighbours, though it may be
too early to observe this effect (Dobson, 2010). It reinforces the idea of evenly dispersed individualistic
adopters but concentrated in more affluent localities. There is little sign of a significant deployment of
microgeneration on a whole-street or neighbourhood scale except in, perhaps, the minority 33 LSOAs with
20 or more installations. The ten LSOAs with the highest number of FiT installations are shown in Table 3
alongside their respective local authorities. These stand out as areas of potential community energy
initiatives which are operating under a different dynamic than those LSOAs containing just 1 or several
installations. Of these, three are in the most deprived IMD deciles (Kirklees, Stoke-on-Trent and St Helens).
This is noteworthy, in terms of identifying community initiatives which are targeting low income
households.
Table 3 Location of LSOAs with high installation rates and high IMD
LSOA PLA
Kirklees
Stoke-on-Trent
Isle of Wight
St. Helens
Isle of Wight
Welwyn Hatfield
Sheffield
Isle of Wight
South Hams
Stratford-on-Avon

Number of FiTs
Installations
87
57
56
49
46
46
45
45
44
38

IMD Decile
10
10
6
10
8
4
3
7
4
3

6. Discussion
This analysis of the composite FiTs datasets shows clusters of domestic PV installations in specific PLAs
and LSOAs. This suggests the possibility of an organised community initiative rather than individual
domestic consumers responding to market signals, particularly those in the most deprived LSOAs. Figure 7
suggests that a very small fraction of PV systems result from geographically localised community activities.
For example only 11% of FiTs installations are located in LSOAs - areas with a minimum of 400 dwellings with 10 or more other installations in the same LSOA. The remaining PV installations are highly dispersed
domestic installations.
This reinforces and quantifies two actor types, domestic and community, but which do not necessarily
correspond to the category in the FiTs register. The methodology outlined here enables their identification as
follows:
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Domestic actors: able to overcome economic barriers, evidenced by highly dispersed activity in more
affluent localities. This suggests a diffusion of innovation driven by the sectoral system of innovation
influencing largely ‗able to pay‘ actors exhibiting pro-environment citizenship behaviour or simply
realising a good personal financial investment (Dobson, 2010).
Community actors: evidenced by highly localised activity in, for example, Kirklees and Cornwall,
discernable as higher than typical density PV installations in affluent and deprived communities, 49
wind projects identified as owned by ‗community‘ stakeholders and some specific community PV
projects.

The situation is further complicated by domestic actors who may be influenced by not just the sectoral
system of innovation, but additionally by community actors. These may not show up as geographic clusters
but may also be widely dispersed. They may each be influenced by one of the many civil society groups with
the aim of encouraging low carbon transition (Adams and Berry, 2008). One can also envisage domestic
actors influencing or even evolving into community actors such as, for example, technology owners clubs.
Going forward, the diffusion of RETs can proceed by a domestic actor pathway or community actor pathway
or both. The critical questions, when exploring the impact of RETs on the attainment of policy objectives, are
i) which pathway best achieves a high rate of adoption, ii) which best delivers on the five policy targets and
iii) what are the best indicators by which to benchmark the attainment of policy objectives. A supplementary
question may be, is there an optimal combined pathway, given the interaction between the two?
By way of explication, Table 4 shows a proposed framework to aid the development of a methodology to
evaluate the impacts of the deployment of small scale renewables by domestic and community actors. A
rationale for this framework is discussed below.
Table 4 Framework for evaluating the impact of community energy initiatives
Policy
Objective
Carbon
emission
reduction
Economic
Competiveness
Energy
conservation
Social equity

Domestic Pathway

Combined
Pathway

Community Pathway

Diffusion rate determined
by number of domestic
adopters
overcoming
financial and non-financial
barriers to the individual.

Diffusion rate determined
by interaction between
domestic and community
initiatives.

Diffusion rate determined
by actor agency (‗power to
act‘) and influence as well
as financial barriers to the
community.

Impacts
on
policy
objectives are by a more
individualistic
domestic
consumer.

Impacts
on
policy
objectives are by a
combination
of
individualistic
and
mutualistic consumers.

Impacts
on
policy
objectives are by a more
mutualistic or civil society
orientated
community
consumers.

Energy security

Domestic Pathway
Using Rogers model (Rogers, 1995) the rate of diffusion will be determined by the efficacy of the sectoral
system of innovation for RETs at creating domestic adopters. Two determinants are consumer confidence,
largely maintained by the effectiveness of regulatory frameworks in preventing poor installations, and the
preparedness of the sector to reach beyond innovators and early adopters to those who are more
technophobic and risk averse.
A key factor in attaining carbon reduction is the performance distribution function with regard to a sociotechnical system arising from a spectrum of interacting behavioural and technical performance distributions.
In one study of installed PV systems, only 8% showed large energy savings after installation (Keirstead,
2007). Post-adoption effects arising from behaviour and attitudes may reduce savings due to factors such as
the rebound effect (Bergman and Eyre, 2011).
The economic impacts of increasing adoption of RETS may be adverse (worsening balance of trade, higher
fuel bills for non-adopters) or beneficial (employment and business opportunities). The return on investment
can also be very sensitive to energy usage profiles (Wood and Rowley, 2011). Social equity, exemplified by
the effects of RETs on fuel poverty are also impacted by behavioural and performance profiles. FiTs is more
economically beneficial if electricity is used in-house than if exported since the export tariff is set much
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lower than the cost of grid electricity. Therefore a higher day-time electricity usage may influence whether a
particular user benefits enough from a PV installation to be lifted out of fuel poverty.
Due diligence activities (Wilson et al., 2011), and an investigation in to the probabilistic distribution of
performance, economic and behavioural parameters (Walters and Walsh, 2011) for RETS is required if the
risk associated with the realisation of financial and carbon mitigation benefits is to be quantified.
Security of supply is the most difficult to quantify. In terms of social models, the domestic pathway is the
most individualistic and may have a negative long-term impact on the predisposition of individuals to adopt
more sustainable behaviours and mutualistic social structures which increase community resilience and
therefore make communities less susceptible to energy security.
Community Pathway
The sectoral system of innovation has a similar task in creating community adopters as with domestic
consumers. Actor agency and power to influence are key determinants of the rate of diffusion since a single
community actor may result in numerous implementations of RETs. The community pathway may overcome
adopter reluctance and provide a lower-effort pathway to adoption or participation by the beneficiaries of the
community initiative. As evidenced by the FiTs dataset analysed here, it is hypothesised that civil society
actors can create beneficiary adopters from a wider spectrum of income groups. If financial benefits are
realised this increases income equality which, it has been argued, can have a positive net effect on the
wellbeing of the nation (Wilkinson & Pickett, 2010).
A key concept in the Community pathway is the idea of the niche in the multi-level perspective (MLP)
model of innovation theory, the use of which here follows the ‗Thousand Flowers Blooming‘ transition
pathway (Foxon et al., 2010). According to Foxon et al, this ―envisions a greater focus on more local,
bottom-up diversity of solutions . . . driven by innovative local authorities and citizens groups, such as the
Transition Towns movement‖. From our data analysis and initial case study work this pathway is
exemplified by the Kirklees LSOA cluster identified in Table 3, Cornwall in Table 2 and the 49 community
wind projects. Of the latter, we have identified a third sector led village wind turbine project which has just
paid is first dividend of 5% to (mainly) local investors and plans to allocate a further portion of the profits to
village projects.
Geels (2002) articulated the niche as the lowest level in the 3-level Multi-Level Perspective (MLP), where
the seeds of socio-technical change are sown. The higher levels are the existing socio-technical regime,
which represents the extant system, and the landscape which is the top-level system represented by cultural
values and, for example, the global economic system. In the model, this level is only subject to very slow
change indeed. MLP transition theory predicts that clusters of socio-technical niches can coalesce and
interact with the regime to create a new socio-technical regime (Smith, 2003). However the community
pathway faces significant challenges to overcome, particularly in developing networks of niche actors which
can push for reforms of the existing regime (Hielscher et al., 2011). The data analysed here shows evidence
of such networking in the Yorkshire region, Table 2.
Seyfang and Smith (2007) propose a new research and policy agenda for the study of grassroots innovations
which, ‗differ from the mainstream and practise quite a different sustainable development’. A bridge
between policy strands promoting ‗ecological modernisation and technological innovation‘ and ‗community
action and social economy‘ is advocated which will offer an original theoretical approach to the analysis of
community-level action for sustainability. These two strands are apparent in the identification in this work of
the domestic and community pathways.
Bergman and Eyre (2011) argue that the challenge to the existing regime has high stakes, and the existing
landscape will not readily hand over power to decentralised grassroots innovators without a struggle.
Hargreaves et al argue that MLP offers a too narrow perspective and does not account for community
initiatives which cut across existing regimes and systems (Hargreaves et al., 2011). This concurs with the
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notion here of a combinatorial impact assessment of domestic and community pathways. An example of this
is Energise Barnet, which is a community group driving the domestic pathway by the provision of
information, advice, community capacity building, and bulk purchasing price reduction schemes.
7. Conclusions and Further Work
An initial analysis of the FiTs register using the theoretical lenses of innovation diffusion and transition
theory has given insights into the distribution of microgeneration in England and the UK. Domestic and
community consumer types are not identified within the FiTs register data, but can be categorised and
grouped using geographical and socio-economic data.
It has been shown that PV is following a diffusion pattern leading to a highly dispersed geographic
distribution of installations. This indicates a response to market signals, mainly by domestic consumers in
more affluent neighbourhoods. Those in more deprived areas appear to be not benefitting to the same degree,
though there are several noteworthy apparent community initiatives targeting low income areas, such as
Kirklees and Stoke-on-Trent. Wind has a significant number of both domestic and community adopters and
these appear to be mainly in rural areas of medium affluence.
There is a large body of literature focussed on the scenario approach to mapping the transition pathways to a
low carbon society (Beddington et al., 2010; Skea et al., 2011). Some of these utilise quite creative scenarios
with radically changed political power structures. In the analysis of the FiTs data here, the domestic and
community pathways within the extant political structure are discerned. Using the method outlined here,
purposeful sampling of community energy initiatives can be achieved in order to produce a wide variety of
case studies. Any meaningful evaluation will need to measure the impact on policy objectives by both
domestic and community pathways. This will allow a more realistic scenario approach based on the relative
rates of adoption by domestic and community pathways and the synergy between them.
In ongoing work, a number of indicators or benchmarks for each policy objective will be defined and
quantified. Surrogate models for sample sub-systems of the socio-technical system of systems will also be
developed to help better understand the impacts of distributed RETs.
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1. Introduction
A thermally activated building system is a radiant system that uses a concrete structure as a storage system.
Unlike a regular storage system, a thermally activated building system uses the concrete structure as a storage
system and it does not require any space. Utilization of the thermally activated building system increased in
office buildings because it uses a mechanism of a radiant heat transfer that saves a building energy and provides
better thermal comfort compared to an air system. Because the structures have a high heat capacity, the
thermally activated building system was used to remove a large amount of constant internal loads and reduce
the peak load with time-lag effect in office buildings.
Typical residential buildings experience irregular energy consumption due to differences in the behaviors by
residents. Therefore the applicability of thermally activated building system in residential buildings should be
approved by analyzing the loads of typical residential buildings and investigating the performance of the
thermally activated building system. Fig.1 demonstrates the cooling load with and without solar radiation. Most
of the load was the solar load and the thermally activated building system focused on removing the solar load.
For The packaged terminal air conditioner is commonly used to handle the cooling loads in residential buildings.
As the residents of residential buildings demand better quality of their room conditions, the packaged terminal
air conditioner consumes in increasingly large amount of energy and increases the peak load. For proper
verification of the performance of the thermally activated building system, a packaged terminal air conditioner
was integrated with the thermally activated building system. The packaged terminal air conditioner was used as
a primary cooling system and the thermally activated building system was operated as a secondary system.
Because the thermally activated building system could be operated by providing the high supply water
temperature for cooling, the geothermal energy may be used.
In order to apply thermally activated building system in residential buildings, parameters of thermally activated
building system should be analyzed. The main factors of the thermally activated building system are the design
and control parameters. The design and control parameters are the layer configuration, the operation period, the
starting time of operation, and the supply water temperature. Among the parameters of thermally activated
building system, the most influential factor is supply water temperature. Supply water temperature was adjusted
to achieve the proper temperature without any condensation and under-cooling problems.
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Fig.1: Comparison of Cooling Load with and without Solar Radiation
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Fig.2: Layer Configuration of Thermally Activated Building System

Method
The thermally activated building system stores the coolness ahead of time in the structures of the building and
releases it when residential building consumes a high level of energy. However, condensation on the surface of
the structure and an under-cooled state of the building can be problems related to utilization in a thermally
activated building system. Condensation on the surface of the structure may lead to the formation of mold on
the surface, which can damage the finish. An under-cooled state of the building will make the occupants feel
discomfort and consume unnecessary energy.
In order to properly verify the performance of the thermally activated building system, typical cooling system
of residential building, the packaged terminal air conditioner, was integrated with thermally activated building
system. Packaged terminal air conditioner was used as a primary cooling system and the system was simulated
with EnergyPlus.
A thermally activated building system has design and control parameters. One design parameter is the layer
configuration of the system. Control parameters are the operation period and the operation starting time. The
mutual element in both the design and the control parameters is the supply water temperature of the thermally
activated building system. Fixed elements were layer configuration, operation period, and starting time of
operation and variable element was supply water temperature. This paper proposes that the supply water
temperature determines the maximum load ratio, which is the ratio of the peak load to amount of load handled
by the thermally activated building system.
2.1 Design Parameters of Thermally Activated Building System
The layer configuration of the thermally activated building system includes the concrete, finishes, piping, and
the depth of the piping, as investigated in previous research. Based on the significance of the elements that was
approved by the previous research, the layers configuration of the thermally activated building system was
developed. The structure of the thermally activated building system is in the order of finish (9mm), cement
mortar (45mm), lightweight concrete (45mm), insulation (20mm) and concrete slab (200mm). The pipes of the
thermally activated building system are located in center of concrete slab. Fig.2 demonstrates the layer
configuration of the thermally activated building system.
2.2 Control Parameters of Thermally Activated Building System
The operation period and operation starting time are two control parameters of the thermally activated building
system. Because the heating load and cooling load of an office building occur mostly during the day, office
buildings in Europe use a thermally activated building system to store heat at night for 12 hours. Considering
the schedule of residential buildings, the thermally activated building system was operated during the day for
12 hours to handle the large amount of the solar load. The boundary conditions for the EnergyPlus simulation
are given in Tab.1.
After determining the boundary conditions for the design and control parameters, the mutual element in the
design and control parameters, the supply temperature, should be determined considering the load profile,
condensation and under-cooled period.
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Tab.1: Boundary Conditions of Typical Residential Buildings

Conditions

Content

Building Orientation

Southeast

District

Seoul, Korea (weather data used)

Area

29m2 (6.6m x 4.4m)

Window

South 75% (typical residential building)

Internal Heat Gain

2 people, 100W lighting, 150W equipment

Setpoint Temperature

Typical summer setpoint temperature 26℃

Blind

0.2 Reflectivity

Thermally Activated Building System
Operation Period

12 Hours of operation

Thermally Activated Building System
Starting Time of Operation

10:00~22:00

Packaged Terminal Air Conditioner

24 Hours of operation

Thermally Activated Building System
Placement

Ceiling

Ventilation System

Heat Exchanger

2.3 Mutual Element of Design and Control Parameters of Thermally Activated Building System
The amount of heat output of the thermally activated building system should be considered to determine the
supply water temperature. The heat output of the system was calculated with EN1264 and determined according
to the maximum load ratio. The maximum load ratio of a thermally activated building system can be controlled
by the supply water temperature. When the supply water temperature is low, the thermally activated building
system handles a large amount of cooling load and the maximum load ratio is high. However, the risk of
condensation and under-cooling increases and the operation time should be controlled. When the supply water
temperature is high, the thermally activated building system handles a low cooling load and the maximum load
ratio is low. However, the thermally activated building system can be operated with constant supply water
without any control strategy. Fig.3 explains how the load could be handled by the thermally activated building
system.
In this study, a simulation was performed to determine the appropriate maximum load ratio and the lowest
supply water temperature of the thermally activated building system. The supply water temperature of the
thermally activated building system was determined by analyzing the load profile, condensation on the surface,
and under-cooled condition of a residential building.

(a) Low Load Handled – Simple Control

(b) High Load Handled – Complex Control

Fig.3: Cooling Load Handled by Thermally Activated Building System
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Fig.4: Cooling Load on Peak Day

Fig.5: Load Frequency of the Residential Building

2.3.1 Load Profile
A typical residential building was simulated by EnergyPlus to analyze the cooling load profile. The simulation
was performed in July and August. Fig.4 demonstrates the cooling load on the peak day. Most of the load
patterns were similar to the graph, and the peak load of 96 W/㎡ occurred on August 21st.
The cooling load occurs during the day, as residential buildings have large windows and because the largest
cooling load was caused by sunlight entering the room from 8am to 6pm. With the peak load, the cooling load
frequency is described in Fig.5.
The load percentage is the cooling load divided by the peak load. The bar graph of the load profile shows that
most of the cooling loads are lower than 20% of the maximum cooling load. The thermally activated building
system should handle most of the cooling load.
2.3.2 Supply Water Temperature Considering Condensation and Under-cooling Period
With the EnergyPlus simulation, each case was simulated with a different supply water temperature. The supply
water temperature was calculated with the EN1264 standard and the maximum load ratio. The maximum load
ratio was applied in increments of 10. When the maximum load ratio was 70% almost the entire cooling load
was handled by the thermally activated building system.
Depending on the maximum load ratio and supply water temperature of the thermally activated building system,
the heat output of the thermally activated building system, volume flow rate, packaged terminal air conditioner
energy consumption, percentage of time in which condensation occurred, percentage of time in which undercooling occurred, and the handled load percentage. The heat output, supply water temperature and volume flow
rate were calculated with EN1264 before the simulation. The heat output of the thermally activated building
system changed according to the maximum load ratio. After the heat output was determined, the supply water
temperature was calculated for each heat output value. The volume flow rate changed according to the supply
water temperature.
2. Results and Discussions
3.1 Result analysis and consideration for application of thermally activated building system
The application of the thermally activated building system should be determined during the design process
because the system should be incorporated into the structure of the building. The correct capacity of the system
can provide the proper supply water temperature and the maximum load ratio.
This study provides a method to apply the thermally activated building system appropriately. If the thermally
activated building system is applied in a different country with lower humidity, the supply water temperature
can be lower and the system may be more effective. In this case, the weather was simulated in Seoul, where the
humidity is higher than many other cities and countries.
In the simulation, typical residential building model used 702 kWh with the packaged terminal air conditioner.
However, the packaged terminal air conditioner integrated with the thermally activated building system used
454 kWh.
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Tab.2: Comparison of Factors of Different Maximum Load Ratio

Maximum Heat Supply Water
Output Temperature
Load
Ratio [%] [W/㎡]
[℃]

Volume
Flow
rate
[LPM]

PTAC
Energy
Consumption
[kWh]

Condensation
Ratio [%]

Undercooling
Ratio
[%]

Load
Handled
Percentage
[%]

0

-

-

-

703

-

-

-

10

10

23

1.3

586

-

-

22

20

19

20

2.7

455

-

-

44

30

29

17

4.0

339

1

10

62

40

39

14

5.3

240

5

32

76

50

48

12

6.7

163

16

61

85

60

58

9

8.0

102

30

77

91

70

67

7

9.3

56

44

6

96

3.2 Reduction of Peak Load by Thermally Activated Building System
The result provides a comparison of the energy consumption of the two cooling systems. The first cooling
system was the packaged terminal air conditioner and the second cooling system was the packaged terminal air
conditioner integrated with the thermally activated building system.
The thermally activated building system is feasible to used geothermal energy with a heat exchanger, because
the thermally activated building system is operated with the high supply water temperature for cooling. In
simulation, the geothermal energy was applied and the result of simulation is demonstrated in Tab.2.
Because condensation and under-cooling are a critical factor in a radiant system, the appropriate maximum load
ratio was 20% with a heat output of 19 W/㎡ and a supply water temperature of 20℃. The energy consumption
of the packaged terminal air conditioner was reduced by 35% and the time the packaged terminal air
conditioner was used was decreased by 27%. The thermally activated building system handled 44% of the total
cooling load for July and August.
Fig.6 describes the patterns of the load handled by the packaged terminal air conditioner and the thermally
activated building system for different maximum load ratios on the peak load day. As the maximum load ratio
increases, packaged terminal air conditioner uses less energy and the thermally activated building system uses
more energy.

(a) Packaged Terminal Air Conditioner

(b) Thermally Activated Building System

Fig.6: Cooling Load Handled for Different Maximum Load Ratio
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3. Conclusion
The study provides the result of a performance check of a thermally activated building system and a correct
method to apply a thermally activated building system to a typical residential building. The load profile,
condensation and under-cooling of the residential building was analyzed and selected the correct maximum
load ratio. The findings are summarized below.
1. Significant factors of the thermally activated building system were the design parameters and the
control parameters. The elements of the design and control parameters are the layer configuration, the
operation period, the starting time of operation and the supply water temperature.
2. As the supply water temperature becomes lower, the maximum load ratio and the load handled
percentage of the thermally activated building system increased. Previous researches proposed 15℃
and 17.5℃ without considering the under-cooling. However, this study concluded that 20℃ of the
supply water temperature was the most appropriate temperature.
3. The method to apply the thermally activated building system in residential building is proposed by
analyzing the load profile and considering the condensation and the under-cooling. The thermally
activated building system was applicable to residential building because the system handled most of
the solar load. The system reduced 10% of the peak load and 35% of the total cooling load with
geothermal energy.These results introduce a feasible method with which to design and operate a
thermally activated building system. In a future study, a thermally activated building system may
apply different solutions for the control parameters to increase the load handling percentage.
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Abstract
We evaluate the impact of system installation types, cell material and tracking strategies on the evaluation
metrics of PV systems such as energy payback time (EPBT), return factor (ERF) and CO2 emissions offset. As
candidate power producing systems we consider a range of PV cell materials, different tracking strategies, as
well as concentrating photovoltaic. We conclude that utilizing existing structures significantly reduces the
energy payback time of flat-plate PV. High-efficiency concentrating PV installations yielded the shortest
EPBT, the highest ERF and the largest life-cycle CO2 offsets. Considering the use of land, we find that a greater
life-cycle energy return and carbon offset per unit land area is yielded by locally-integrated non-concentrating
systems.
1. Introduction
PV systems are inherently scalable and can be deployed in a wide range of settings, from small systems
installed on individual building roofs to commercial-scale generating plants (Alsema, 1997). The process of PV
manufacturing and installation consumes energy and generates pollutants (Frankl et al., 1998). Studies over the
past decade (Boyd and Dornfeld, 2005; Pacca and Horvath, 2002) have shown that while the carbon emissions
resulting from PV power generation are an order of magnitude lower than for coal-fired plants, they are still
significantly higher than for hydroelectric and wind generation. The overall energy efficiency of PV systems
may therefore be improved not only by increasing their electrical output, but by reducing their embodied energy
– which is consumed not only in the production of PV modules (including the specific solar cell), but in the
other balance-of-system (BOS) components such as supporting structures. The deployment of the PV system –
be it building-integrated, requiring little or no additional support, or constructed in the open field – may thus
have considerable importance for its net energy yield. In addition to the potential savings offered by buildingmounted PV through the avoidance of new support structures, access roads, fencing, and cabling, which can
represent substantial costs (both monetary and energetic) at remote sites, other advantages over centralized
ground-based PV have been cited (Oliver and Jackson, 2001). PV systems on buildings may produce electricity
at or near the point of use, avoiding transmission and distribution of electricity and the costs and losses
associated with this.
In this study, we evaluate these impacts via a case study of PV-supplied electricity for a specific region while
considering different possibilities of system deployment as well as different PV systems ranging from
stationary flat plate collectors of different cell materials to various tracking strategies and to concentrator
photovoltaic systems requiring two-axis tracking. The study analyses the case of the Arava region (population
ca. 4000), a part of the Negev desert of southern Israel (Figure 1), which includes the valley stretching from the
Dead Sea to the Gulf of Aqaba (Eilat) and is considered a prime location for large-scale solar generation, with
2

its average annual insolation equaling 2150 kWh/m (Faiman et al., 2006). We perform a comparative life-cycle
energy analysis of a variety of PV electricity generating systems at three different scales, from the most
localized (integration with individual buildings) to the most centralized (a commercial-scale field array). An
intermediate scale scenario of "urban-integrated" PV is also considered, in which available buildings, allied
support structures (such as shading structures for parking and other open spaces), and open land within a given
settlement are all utilized for PV installation.
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50km

Fig. 1. Left: the Arava region of southern Israel. Right: Kibbutz Ketura, a typical community of the region, the plan indicates
potential areas for PV deployment.

Fig. 2. Each PV system is evaluated following this flow chart.
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2. Methodology
The relative weight of embodied energy for the different components within a PV system's lifetime and net
energy yield may be quantified using Life-Cycle Energy Analysis (LCEA). The methods for performing such
life-cycle analyses, including standardization in the definition of system boundaries and accounting procedures,
have been refined over the last two decades (Alsema, 1997; Fthenakis and Alsema, 2006). The ratio of the total
primary energy input to the yearly primary energy-equivalent generated by the system represents the energy
pay-back time (EPBT) of the PV system, the EPBT being a key measure of a PV system's appropriateness as an
alternative to fossil fuel-based generation. A second metric is the Energy Return Factor (ERF) of the system
which represents the ratio between the total energy generated by the PV system to the total energy consumed
over its entire life cycle. Similar analyses can be made for greenhouse gases emissions, by evaluating the
quantities of CO2, SF6, CF4 and other greenhouse gases emitted in the PV system life-cycle and comparing
these values to emissions from fossil fuel-based electricity generation options (Alsema, 1997).
Three distinctive scales and a number of PV technologies create a matrix of system possibilities, each of which
requires the analysis of energy input (embodied energy) and output, from which in turn the other metrics can be
derived. Figure 2 schematically describes the process for determining the metrics for each combination of
technology and type of deployment.
Energy output
Eight different PV systems were chosen for the case study based on their commercial availability as well as the
accessibility of their embodied energy data. Table 1 lists these PV systems with their key performance data and
essential characteristics (such as temperature coefficient, positioning, and tracking strategy). The determination
of the energy output of each technology is performed by simulation (Halassah, 2010) using hourly
meteorological data from a weather station located in the area with the appropriate equations accounting for
solar geometry. It was assumed that flat plate systems suffer a total of 15% losses due to mutual shading over
the year, assuming a 50% ground cover ratio (40% for polar axis tracking systems). No shading was assumed
for fixed horizontal (tilt=0) collectors. The losses for concentrating collectors due to shading were taken to be
2.6% (Hakenjos et al. 2008) due to their low ground cover ratios (GCR). The simulation results were verified
against experimental output data from stationary flat plate PV panels measured over a one-year period at
Keturah (Halasah, 2010).

Table 1: PV technologies and types of installations included in the case study, with key performance parameters.
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Embodied Energy
The embodied energy calculation relies on published data or on data provided by the manufacturer and takes
into account the support structure of the system, which in turn depends on the type of installation, such as
building integrated or free-standing. Based on the initial embodied energy and yearly energy output, the lifecycle metrics – energy pay-back time (EBPT), energy return factor (ERF) and CO2 offset – are calculated for
each system configuration, accounting for a 1% nominal yearly system degradation.
Embodied energy data were collected from published studies on the relevant manufacturing processes involved
2

in PV system production as well as from manufacturers' data sheets. All electrical energy inputs (in kWh/m of
1

panel surface) were converted to primary energy units based on the UCPTE average electricity generation
efficiency of 32% (Raugei et al, 2007). The system boundaries were defined in terms of the International
Federation of Institutes for Advanced Study (IFIAS) scheme of orders as adopted by ISO 14040 (Wilting,
1996). This study included processes included in Level 2, which incorporates direct energy for processes,
material manufacturing, and transportation, and which together are estimated to cover up to 90% of direct
energy inputs (Huberman and Pearlmutter, 2008). Several studies provided data for crystalline and Ribbon-Si
cells (Nawaz and Tiwari, 2006; Jungbluth et. al, 2008; de Wild-Scholten and Alsema, 2006) that were based on
the ‘Ecoinvent‘ data base published by the Swiss Center for Life Cycle Inventories (Dübendorf, Switzerland,
2008: http://www.ecoinvent.org). The processes involved in the different stages of silicon cell material
preparation were adopted from Jungbluth et.al. (2008), and it was assumed that solar-grade silicon, produced by
a modified Siemens process for metallurgical grade silicon, was used for the cells considered. For crystalline Si
2

2

cells, this study assumes a cell area of 156 cm , or about 60 cells per m of module area, with 6% of the wafer
area being lost due to sawing. Embodied energy data for thin film modules were taken from a number of
published studies (Raugei, et. al, 2007; Hynes, et al. 1994; Knapp and
Jester, 2001a; and Knapp et. al. 2000).
The embodied energy for the cell material of concentrator systems is relatively minor, as the concentration ratio
is on the order of 500. Data for these systems were taken from Peharz and Dimroth (2005) and Der Minassians
(2006). Aluminum used for the PV module frame was assumed to contain 15-25% recycled content (Pacca et.
al., 2006). The balance-of-system (BOS) was assumed to contribute a fixed amount of embodied energy to each
type of module to account for the operation and maintenance of the system, and the inverter was assumed to
require two replacements during the system‘s life time. The BOS also includes embodied energy for the support
structures, whose value varies with the type of installation. An input of 200kWh/m2 was estimated for the
rooftop installation, and 500 kWh/m2 for installations in the open field (Nawaz and Tiwari, 2006) due to the
embodied energy of concrete foundations. The additional energy required for tracking systems is negligible
(Perpiñan et. al., 2009), and is estimated at 2 kWh/m2. For simplicity, it was assumed that all systems would be
shipped from the same port in Europe (Hamburg, GE) to an Israeli port (Ashdod) by cargo vessels with average
fuel consumption of 6.7 grams of oil per ton-km. An energy expense for the 268km distance from the port to
the final destination in the Arava by truck was added and converted into kWh.
Life-cycle energy metrics
The energy payback time (EPBT) is calculated in years by (Alsema, 1997):
(eq. 1)
where Einput is the embodied energy and Egen is the yearly primary energy savings due to the electricity
generated by the PV system. Egen is converted into primary energy (i.e. avoided generation by conventional
1

means) via the UCPTE average generation efficiency of 32% (Raugei et. al., 2007). The energy return factor
(ERF) gives the energy balance of the system, in terms of the ratio between its total lifetime output (Egen,L ) and
its initial embodied energy (Alsema, 1997):
(eq. 2)
________________________________________
1
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UCPTE European Union for the co-ordination of production and transmission of Electricity.

For calculating the lifetime output, an operational lifespan of 20 years was assumed for thin-film technologies,
and for all other systems a period of 30 years was assumed. All calculations included a 1% yearly output
degradation. The CO2 emissions offset was calculated from the net energy abatement (Egen,L Einput) based on an electrical generation mix of 75% coal, 11% natural gas and 14% heavy fuel and gasoil (Mor
and Seroussi, 2007), yielding an average CO2 emissions intensity of 0.904 kg/kWh of generated electric power.
3. Results
Energy output
The energy output for the eight PV systems is shown in Figure 3. The dual-axis concentrating PV systems have
the highest output per module area due to their highly efficient solar cells, which also have a relatively low
temperature coefficient. This is despite the fact that their collectible energy is limited to direct radiation only,
whereas flat plate systems exploit diffuse radiation as well. For flat plate systems, the yearly collectible energy
is highest for polar axis tracking, followed by North-South axis and East-West axis tracking. Dual axis tracking
for flat plate collectors is excluded due to the low increase in collectable energy compared to polar axis tracking
(Rabl 1985) and the added complication of dual axis tracking. In terms of cell type, the single crystalline silicon
technology (Single-Si) yields the highest output, and amorphous silicon (a-Si) the lowest.

Figure 4: Total initial embodied energy for different
Photovoltaic modules. For flat-plate systems, values are
broken down for PV module, BOS for rooftop installation,
and additional BOS for field installation, while for CPV
(FLATCON and SolFocus) systems the values are inclusive.
Sources: de Wild-Scholten and Alsema, 2006 (single-Si, multiSi and ribbon); Lewis et al., 1997 (a-Si); Kato et al.,
2001(CdTe); Knapp and Jester, 2001b(CIS); Peharz and
Dimroth, 2005(FLATCON); and Der Minassians et al., 2006
(SolFocus).

Fig. 3. Total yearly energy output for different Photovoltaic modules.

Embodied Energy
The embodied energy for the different PV technologies considered in this study is shown in Figure 4. In the
case of flat panels, cumulative values are shown for (a) the embodied energy required for the production of the
PV modules, (b) the balance of system (inverter, tracking system, support structure) when PV panels are
installed on existing roof structures, and (c) additional BOS (primarily foundations) when panels are installed in
the open field. Values for the CPV technologies include the embodied energy for the whole system, per square
meter of aperture area. By this comparison the CPV technology systems have a lower embodied energy than all
of the flat plate systems when the latter are installed in the field, and lower than some of the flat-plate
technologies with rooftop installations.
Evaluation
Figure 5 (left) shows that the energy payback time (EPBT) for flat-plate systems ranges from 1.1 to 5.0 years,
with rooftop installations having a payback time which is consistently, and in some cases significantly, shorter
than those in the open field. This is due to the additional balance-of-system energy that is embodied in field
arrays, primarily for concrete foundations. In terms of PV cell technologies, the two non-silicon thin-film
options (CIS and CdTe) have the shortest payback periods due to their low embodied energy (see Fig. 4) while
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the amorphous silicon (a-Si) thin-film has by far the highest EPBT due to its low output. While the EPBT of
most flat plate panels fall in the range of 1.5 to 2.5 years, the concentrator systems have a much shorter EPBT –
of 0.6 and 0.8 years for the Flatcon and SolFocus systems, respectively.

Fig. 5. Left: Energy Payback Time (EPBT) for flat-plate PV systems by type of cell and installation, on building rooftops and in
open field, and concentrating PV systems with 2-axis tracking (field installation only). Right: Energy Return Factor (ERF) for flatplate PV systems by type of cell and installation, on building rooftops and in open field, and concentrating PV systems with 2-axis
tracking (field installation only).

The energy return factor (ERF) expresses the energy balance of the PV system over its full life time (Fig. 5
right). Both for roof-top and field installations, a life time of 20 years was assumed for thin-film systems (CIS,
CdTe and a-Si), while 30 years was taken for all the other silicon-based systems (a degradation of 1% per year
was assumed for all systems). For flat plate technologies the ERF ranges between approximately 4 (stationary
a-Si, field installation) and 20 (polar tracking Ribbon-Si, roof installation), while the concentrator systems
showed values of 54 for Flatcon and 38 for SolFocus, thanks to their higher output efficiency. The relative
performance shown by the ERF results differ from those for the EPBT mainly because of the different life
spans of the systems: in the case of ERF, the thin-film technologies are disadvantaged due to their shorter life
span, and thus the highest return factors for flat-plate systems are found for the silicon-based cells.
Figure 6 (left) shows the lifetime carbon offset of each PV system, per unit aperture area. The comparative
results are similar to those for ERF, with the main difference stemming from the fact that the CO2 offset
expresses a difference, rather than a ratio, between embodied and operational energy. Thus the quantitative
advantage of the systems with the most efficient output is less pronounced for CO2 offset than it is for ERF.
Figure 6 (right) shows the lifetime carbon offset per unit area of land, whose availability in many cases is
2

limited. Varying from a high of 6.1 tCO2/m for a single crystalline Si panel with no tilt angle (and a ground
2

cover ratio of unity, since overshadowing is eliminated) to only 0.3-0.7 tCO2/m for a-Si panels, the spread is
indeed large. The concentrator systems require significant land use, because of the large spacing between the
individual modules to prevent mutual shading (though in such field installations the available land between the
modules may also serve additional functions).
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Figure 6. Left: CO2 emissions offset by aperture area for flat-plate PV modules by type of cell and installation, on building rooftops
and in open field, and concentrating PV systems with 2-axis tracking (field installation only). Right: CO2 emissions offset by land
area for flat-plate PV systems by type of cell and installation, on building rooftops and in open field, and concentrating PV systems
with 2-axis tracking (field installation only).

4. System Scale Comparison
In order to evaluate the life-cycle energy efficiency of PV systems at different scales of deployment, from the
most highly distributed to the most highly centralized, this study establishes three different scenarios: 1)
Building-integrated PV, utilizing individual existing rooftops in the built-up area of a representative settlement;
2) Locally-integrated PV, using both rooftops and other available infrastructure within the same settlement; and
3) Regionally-integrated PV, in the form of a large-scale field installation serving all settlements in the area. It
is assumed that all systems are grid-connected, such that there is no need for storage of energy. The first two
scenarios, which represent different levels of distributed power generation at the local scale, are based on the
above-mentioned case study the kibbutz, which is typical of the development in the Arava Valley. Kibbutz
Ketura, a settlement with a population of approximately 300 residents, was selected for the purpose of
quantifying the available area for potential PV installation, since its population size and electricity consumption
are representative of the region (Cohen, et al. 2009). As shown in Figure 1, these areas include the rooftops of
2

existing buildings (with typical multi-unit residential structures having a useful rooftop area of 144 m ), and,
for the "locally-integrated" scenario, also public areas which are assumed to have structures for shading and
open areas that may be adapted for the deployment of PV panels.
The third scale is the centralized regional power plant, which is sized to generate 12.5 MWp in order to match
the total annual electricity demand of the kibbutz communities in the Arava region (equal to approximately 25
GWh/yr or an installed capacity of 12.5 MWp). It is assumed here that land availability in the Arava is not the
limiting factor in determining system size. Implementation at this scale allows for centralized maintenance, but
it introduces transmission losses as a function of the average distance to the point of end use (estimated as
0.02%/km). Transmission losses were found to be negligible for transmission within the region itself (Sørensen
2007), and only the reduction in the high voltage line losses were considered as an additional benefit for
regional production of electricity. Given that the next major power station is distanced from the region by about
200 km, and the transmission lines are at a high standard, the saving due to avoided transmission losses were
estimated at 4% (Halasah, 2010) and are the same regardless of technology or type of deployment.
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The comparison between these scales of deployment is made using two models. The first employs a single PV
technology, which is judged to be adaptable to each of the different scales, and the second employs multiple PV
technologies by identifying the most suitable option for each of the different scales. In both models, the selected
technology is chosen based on criteria of applicability, market availability and total output per unit area.
Single-technology comparison
By using the different metrics discussed previously, the Single-crystalline silicon flat plate technology was
chosen as the most suitable single technology for implementation at all scales (the CPV options were
eliminated in this case as unsuitable for rooftop installation). Per unit aperture area, Single-Si has the highest
electrical output of all flat-plate options (Fig. 3), and the highest CO2 offset (Fig. 6). Despite this material's
relatively high embodied energy, only CIS has a significantly shorter EPBT (Fig. 5), Single-Si has the second
highest ERF after Ribbon silicon (Fig. 5). Due to the relative complexity of the single-axis tracking systems,
stationary panels were considered as the most practical installation option for all cases, including rooftops and
shading structures, and a slope of tilt=latitude was chosen because of its significantly higher output (relative to
2

tilt=0) per unit module area. The output per unit area of the system is just over 350 kWh/m and it‘s space
2

requirement is 5.6 m /MWh/yr. Installations on shading structures have the same energy pay-back times as that
of building integrated PV, since the shading devices are considered to be pre-existing. However, by utilizing
available areas within the kibbutz other than residential rooftops, the PV system may be sized to produce as
much electricity as the entire kibbutz consumes.
The energy pay-back time for rooftop installations will be 1.9 years with an ERF of 16, and the open field
installations have an EPBT of 2.2 years and an ERF of 13. Given the available areas in Kibbutz Ketura (Fig. 1),
the following results were obtained:
a.

2

Building-integrated PV: Based on a useable roof top area of approximately 11,000 m and a 50%
coverage ratio, the stationary panels (tilt = latitude) yield just under 2,000 MWh yr-1 of electricity.
After taking into consideration 15% losses due to mutual shading, this total annual output offsets about
50% of Kibbutz Ketura‘s electrical demand, and approximately 37,000 tons of CO2.

b.

c.

2

Locally-integrated PV: A total area of 25,000 m was identified on public building rooftops and as
shade for parking lots, sidewalks and open spaces, again with a 50% coverage ratio defined as usable
PV area. The actual output after accounting for mutual shading is 3,250 MWh/yr, which covers 100%
of the kibbutz demand and offsets 85,500 tons of CO2.
Regionally-integrated PV: The designated capacity of 12,500 MWp using fixed panels (tilt-latitude)
2

requires a land area of 140,000 m . The energy pay-back time in this case will be 2.2 years, and the
power plant will offset 480,500 tons of CO2 per year.
Table 2 shows a summary of the results of comparing the same technology for different scales.
Table 2. Life-cycle energy results when comparing the same technology (single-Si modules) at different scales.

Multiple-technology comparison
Considering the most suitable option for each of the different scales the following results are obtained:
a. Building integrated PV: The single-crystalline silicon PV with north-south axis tracking was
determined to be the preferred system for this scale, since it is the least expensive of all tracking
systems. Based on the area of residential rooftops, this option potentially gives 2,275 MWh/yr of
electricity, which – considering shading losses of 15% - amounts to nearly 2,000 MWh/yr (this
configuration covers 60% of the kibbutz electricity demand). The energy pay-back time in this case
will be 1.7 years, and the system will offset 44,000 tones of CO2 with a value of ERF equal to 18.
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b.

Locally-integrated PV: For this scale, a combination of two different installation types was selected,
one for the rooftops and one for shading structures covering public areas, with the requirement that the
total output should sum up to 3,250 MWh/yr to meet the annual electricity demand of Kibbutz Ketura.
For rooftops, the north-south horizontal axis tracking is used, and zero tilt, single crystalline silicon
panels were chosen for shading of public spaces. In total, the kibbutz-integrated PV system will offset
about 61,000 tons of CO2. By repeating the kibbutz-integrated PV scenario in different kibbutzim in
the Arava, the annual demand of the region can be met easily. Such an option would use minimal land
area, making efficient use of rooftops and public shaded areas. This would also reduce the
transmission losses because of the point-of-use generation.

c.

Regionally-integrated PV: For this scale the selected system is the SolFocus CPV, requiring 12
2
m /MWh/yr of land area. The energy pay-back time of a power plant based on this technology will be
2
0.8 years, with an ERF of 38. It would require 300,000 m of land and offset 510,000 tons of CO2 per
year. Table 3 shows the results for the best technology for each scale.

Table 3. Results for the comparison of the “best” technology for each scale.

5. Conclusions
In examining the energy performance of different PV systems, this study demonstrates clearly that a wide range
of variables may in fact be significant to the final comparison. Cell technology, installation type, system life
span, and ground cover ratio are all factors which can substantially alter at least one of the evaluation metrics.
This makes the selection of technology and installation type very sensitive to the different circumstances of the
case under investigation. It was found that utilizing existing infrastructure, such as existing building roofs and
shade structures, does significantly reduce the embodied energy requirements (by 20-40%) and in turn the
energy payback time of PV systems due to the avoidance of energy-intensive BOS components like
foundations. Considering different system scales, the study indicates that the building integrated PV and the
locally integrated PV scenarios are acceptable alternatives to a centralized, large scale regional PV power plant.
High-efficiency CPV systems were found to yield the shortest EPBT, the highest ERF and offset the most CO2
– if land is not a limitation. Because the studied CPV systems have a very low ground cover ratio, they require
large field installations which are not appropriate for local integration. On the other hand, the locally integrated
model offers an alternative by which non-concentrating systems may be used locally, and while their efficiency
per unit module area is lower, their life-cycle energy and carbon offset potential per unit land area is greater.
The life-cycle energy analysis does not provide a direct assessment of the economics of PV, but does provide
relevant indicators of the relative economic benefits of different systems. In particular, as energy costs rise, and
a high price is put on CO2 emissions, these metrics will become more directly relevant economically.
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1. Introduction
To maintain room the temperature comfortably, Packaged Terminal Air Conditioning (PTAC) Systems are
applied in residential buildings. The areas of the application of PTAC are expanding very quickly. The wide
use of PTAC systems, however, affects the total energy consumption and the peak electric energy
consumption during cooling sessions. When the peak electric consumption occurs all at once, it causes
problems with the power supply.
Compare to the PTAC system, the Radiant Cooling System has the advantages of energy savings and thermal
comfort. To obtain these advantages, it is important to supply the proper temperature of cooling water from
the heat source. Thermally Activated Building System (TABS), a type of radiant cooling systems uses the
building structure as a type of thermal storage. This makes it possible to supply a higher water temperature
for cooling due to the thermal storage effect reduces peak cooling load. Thus, TABS is a useful system which
enables a heat source to supply a higher water temperature for cooling.
When designing TABS, it is important to consider the elements which affect the thermal performance of
TABS. There are elements for design and operation. TABS could be used with PTAC to avoid condensation
and to satisfy exact set temperature. Therefore, the operation time and pattern of PTAC should be considered.
Sensible cooling loads are compatible with TABS, in which pipes are embedded in concrete slabs. Because
TABS uses the building mass for cooling, there might be thermal storage effect or time-lag. Therefore,
control concept that should be used is predetermined. Especially in the case of a residential building, the
internal heat gain is uncertain compared to an office building. Thus, the operation mode should be defined
more carefully considering the PTAC operation mode and the cooling load pattern.
In this study, the correlations between various operation modes and thermal performance of TABS are
estimated. Also, thermal performance according to the operation starting time and the operation duration
time are presented by using dynamic computational simulation method. The objective of this study is to
analyze the thermal performance of TABS according to various operation modes for residential buildings.
2. Method
To estimate the effect of the operation mode on thermal performance of TABS, the one zone model is
simulated using a computational simulation program. The simulation cases consist of the operation starting
time and the operation duration time of TABS.

2.1. Zone Model and Simulation Boundary Condition
The EnergyPlus (Ver.6.0.0) simulation program is used to analyze the thermal performance and to estimate
the energy consumption of TABS under various operation modes. The Tab. 1 shows the boundary condition.
The simulation assumes a standard one zone room 6.6m (Length) * 4.4m (Width) * 2.7m (Height) in size
facing the southeast direction in Seoul, Korea. Because the purpose of this study is to estimate the thermal
performance of the cooling period, the simulation is run for the period of July 1 to August 31. The room has
a window ratio 75% and a typical blind. This represents the standard room in Korean residential building.
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Tab. 1: Characteristics of the building component

Subject

Contents

Simulation program

EnergyPlus V.6.0.0

Orientation

East-South

Location

Seoul

Zone

Single room

Area

4.4m (Width) * 6.6m (Length) * 2.7m (Height)

Peak Cooling Load

45 W/m2 (Sensible)
Packaged Terminal Air-Conditioning System

System

Thermally Activated Building System
Heat Exchanger
6
m

6
m

6
m

6
m

6
m

6
m

6
m

6
m

6
m

6
m

6
m

6
m

6
m

6
m

Thermally Activated Building System

Room Model
PTAC System

Radiative Cooling by TABS

Used for
the Computer
Simulation

6.6m (Length) * 4.4m (Width) * 2.7m (Height)
Single Room of Residential Building
Convective Cooling by PTAC

of a TABS
6
m

6
m

6
m

6
m

6
m

6
m

6
m

6
m

6
m

6
m

6
m

6
m

6
m

The peak sensible cooling load of this room is 45W/m2 during simulation period. In this room, three different
systems are applied. The heat exchanger is applied because the Korean Building Code forces the apartment
buildings to install the heat exchanger since Jan 2006. Also, TABS and PTAC are applied. TABS once
remove the cooling load as operation mode, and then PTAC is operated to remove rest of the cooling load to
satisfy the room set point temperature.

2.2. System Design and Operation Mode Concept
The elements which affect on thermal performance of TABS could be classified into the two categories. The
first is element for designing TABS associated with steady-state. This element is for designing TABS in a
steady-state condition. The EN15377 introduces this element by defining the thermal resistance method
equation to obtain heat output of TABS. This element includes Surface covering, Pipe, Concrete and Piping.
The second element is for operating TABS associated with an unsteady-state. The thermal storage and
thermal capacity term belong to this second element. Olesen (2007) performed previous study about this
element. The previous study considers a thermal storage effect occurred by the pump operation. This element
includes time of operation. In TABS, pipes embedded in the concrete slab would result in a system with a
high thermal mass. In this case, the existing control method would not proper because of time delay effect.
Previous study and Standards reveals that time related term is obviously affect on the thermal performance of
thermal storage system.
This is the reason why the operation starting time and the operation duration time of TABS are estimated in
this study. As TABS could only eliminate the sensible load, co-operation with PTAC should be considered to
handle the latent load and to prevent condensation. The aim of the TABS operation mode control is lower the
PTAC use and energy consumption.
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Fig. 1: Sectional design of thermally activated building system

2.3. TABS and PTAC System Configuration
TABS is a system which use a concrete slab as a heating and cooling surface and for thermal storage.
Because it uses a structural slab for heating and cooling, it requires some critical design element. For
example, the pipe spacing and piping depth according to the structural reinforcement should be considered.
Kim (2010) and Park (2010) designed TABS considering these elements. In this study, a TABS section is
designed considering the findings in previous research.
The TABS design is similar to the traditional radiant heating and cooling system, known as on-dol. However,
it is designed by considering the critical design elements mentioned above. An influence analysis is done to
determine the important elements that strongly influence the thermal output. The TABS is designed
reflecting the priority of the design elements.
The elements outlined below were determined. These are listed in Tab. 2. The design elements were
classified into the two categories of fixed or variable. The fixed design elements cannot change. Their values
are determined through structural or constructional considerations that cannot change easily. These elements
include the surface covering, pipe outside diameter, pipe thickness, pipe conductivity, concrete thickness and
concrete conductivity.
On the other hand, the values of variable design elements are easy to change in the design of the thermal
performance changes. These elements include the piping (the laying depth and spacing). In an earlier study,
the laying depth was confirmed to be 100mm and the spacing was confirmed to be 200mm. A laying depth of
100mm would avoid interference with the upper and lower structural reinforcing rods. A spacing of 200mm
offers a steady surface temperature distribution similar to that of a common radiant floor heating system.
In many cases, PTAC system is installed in Korean residential building. In cooling season, a resident use this
system to control the set point room temperature satisfying ones thermal comfort. Regarding this situation,
the regular capacity PTAC system is applied. PTAC system covers additional cooling load, when TABS
dissatisfying the set point room temperature.

Tab. 2: Properties of thermally activated building system design element

Fixed
Surface
covering
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Variable

Pipe

Concrete

Piping

Thermal
resistance

Outside
diameter

Thickness

Conductivity

Thickness

Conductivity

Laying
depth

Spacing

[m2℃/W]

[m]

[m]

[W/m℃]

[m]

[W/m℃]

[m]

[m]

0.00

0.016

0.0015

0.35

0.20

1.90

0.10

0.20

What time does the PTAC
system operation starts?

00

What time does the TABS
operation starts?

12

a) Concept of PTAC Operation Mode

23
Time [hour]

00

How long does the TABS
operates ?

12

b) Concept of TABS Operation Mode

23
Time [hour]

Fig. 2: Concept of PTAC and TABS operation mode

2.4. Description of System Operation Mode Concept
To applying TABS in a residential building, the correlation between the PTAC and TABS operation should
be considered. In residential buildings, the cooling load profile is not constant. In the afternoon, the solar
energy transmitted inside through windows and causes a change in the cooling load. In the evening the
internal heat gain increases as the family members get back from work. To remove cooling load effectively,
two factors are important in determining the operation mode of PTAC and TABS –the operation starting time
and the operation duration time. Fig. 2 shows the control concept of PTAC and TABS. The red dotted line
describes the PTAC operation mode. The operation mode of PTAC considers the PTAC use pattern in a
residential building under cooling. The blue line describes the TABS operating mode. The solid blue line
refers to the TABS operation duration time – a short operating time or long operating time. The blue dotted
line refers to the TABS operation starting time – an early start or a late start.
2.5. Operation Mode
As mentioned above, the two main factors, the operation staring time and the operation duration time are
closely considered when designing the TABS. Because the operation of TABS closely related to the
operation of PTAC, the operation modes of PTAC and TABS should be determined. First, the operation
mode of PTAC could be determined from the result of the PTAC Usage Time Study by the Korea Energy
Management Corporation. Fig. 3 shows the pattern of the PTAC operating time in cooling session. From
10:00 to 15:00, PTAC operates as the solar heat gain increases. The peak cooling load occurs at 13:00.
PTAC operation is also increased from 17:00 to 22:00 as the family members come from work increases.
PTAC use profile

Cooling Load Profile of August 21
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35
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5
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Sunday

0

0
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Fig. 3: PTAC use profile of residential building

Time [hour]

Fig. 4: Cooling load Profile and peak cooling load (Sensible)

Tab. 3: TABS operation mode according to operation starting time and operation duration time

Mode System 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Mode1
Mode2
Mode3 TABS
Mode4
Mode5
-

PTAC
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Second, the operation mode of TABS could be determined from the cooling load profile of the peak cooling
load day (21st of August). Fig. 4 shows the pattern of the cooling load profile at 21st of August. The peak
cooling load is 44.8 W/m2. Due to the high solar heat gain through the windows, the peak load appears at
13:00. The operation mode of TABS is determined to estimate this cooling load efficiently as Tab. 3.


PTAC operation mode

If PTAC is operated always, the set temperature would be easily satisfied. However, in this case, frequent
PTAC operation may damage the PTAC compressor. It also requires a considerable amount of electricity for
cooling for the long term use of PTAC. Therefore, the PTAC operation time should be set as close to the
actual time as possible in keeping with the PTAC operating pattern. Considering this trend in PTAC use, the
PTAC operation start time is set as 10:00 and 19:00. PTAC operation duration time is set as 5 hours from
10:00 and as 3 hours starting at 19:00.


TABS operation mode

If TABS operates very briefly, this condition is not sufficient to remove the cooling load. In contrast, if
TABS cools down the concrete structure for too long a time, the room would be under cooled and
condensation will be occurred. Considering these conditions, the TABS operation duration time is to set 8
hours, 12 hours and 24 hours depending on the cooling load profile. The TABS operation starting time is also
determined depending on when the peak cooling load occurs. The TABS operation start time is set as 10:00,
06:00 and 02:00 (earlier).
3. Result and Discussion
The simulation was done for both the operation starting time and the operation duration time. The results of
the simulation are listed in Tab. 4. This table shows the simulation result according to the TABS operation
starting time and the operation duration time. The results for the cooling period July 1 to August 31 are
shown. The total number of hours in this period is 1,464. The simulation results are sorted according to the
thermal comfort (room temperature, operative temperature, condensation on the surface) and the energy level
(running hours, energy consumption of each system). The standard of comfortable room temperature is 24℃
to 26℃ based on the ASHRAE standard 55 and on the ISO 7730. The standards of the calculated operative
temperatures are compared to the comfort range of 24℃ to 27℃ recommended for the cooling period in the
ASHRAE standard 55 and in the ISO 7730.
Comparing operation starting time and operation duration time is estimated both total simulation period and
detailed period. During detailed period of August 20 to August 22, the peak load is appeared as Fig. 5.
From simulation result, all modes are seen that the ceiling surface temperature never exceeds 26.0℃ and also
below 17.0℃. It meets the acceptable surface temperature range for ceiling. The room temperature range is
shown about 23.0 to 30.0℃. The maximum room temperature of 30.0℃ has some concerns because it could
exceed thermal comfort range of the ASHRAE. Operative temperature also looks similar with room
temperature. At all operation modes, TABS is operated first to eliminate the base load and next PTAC is
operated to eliminate additional load.

Outdoor Temperature and Cooling Load during Simulation Period July to August
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Fig. 5: Outdoor temperature and cooling load pattern during simulation period
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Cooling Load [W/m2 ]

Outdoor Dry Bulb Temperature [℃]

40

Tab. 4: Room temperature, operative temperature, running hour of TABS and PTAC, energy consumption of TABS and
PTAC, condensation occurring hour, and total energy consumption (Comparing Operation Starting Time)

July 1 to August 31
Subject

Mode1

Mode2

Mode3

Start at 10:00

Start at 06:00

Start at 02:00

< 24

0

3

0

1,123

1,087

1,091

26 <

365

398

397

< 24

0

0

0

1,127

1,084

1,083

361

404

405

744

744

741

339,358

340,287

339,995

391

368

369

140,369

142,810

142,014

Condensation occurring hour [hours]

0.0

0.0

6.0

Condensation ratio [% of time]

0.0

0.0

0.4

479,727

483,097

482,008

Room
temperature
[℃]

24 - 26

Operative
temperature
[℃]

24 - 26
26 <

TABS operating hour [hours]
TABS energy consumption [Wh]
PTAC operating hour [hours]
PTAC energy consumption [Wh]

Total energy consumption [Wh]

Tab. 5: Room temperature, operative temperature, running hour of TABS and PTAC, energy consumption of TABS and
PTAC, condensation occurring hour, and total energy consumption (Comparing Operation Duration Time)

July 1 to August 31
Subject

Mode4

Mode5

Operated 12 hours

Operated 8 hours

Operated 24 hours

0

0

31

1,123

961

1,297

26<

365

527

160

<24

0

0

32

1,127

832

1,339

361

656

117

744

496

1,448

339,358

274,115

441,069

391

413

311

140,369

171,847

96,459

Condensation occurring hour [hours]

0.0

0.0

67.0

Condensation ratio [% of time]

0.0

0.0

4.5

479,727

445,962

537,528

Room
temperature
[℃]
Operative
temperature
[℃]

<24

Mode1

24-26

24-26
26<

TABS operating hour [hours]
TABS energy consumption [Wh]
PTAC operating hour [hours]
PTAC energy consumption [Wh]

Total energy consumption [Wh]
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3.1. Comparing Operation Starting Time
The mode1, mode2 and mode3 all have the same operation duration time of 8 hours. The difference is the
operation start times of 10:00, 06:00 and 02:00, respectively. The reference case is mode1, where the
operation start time is 10:00. Under the same operation duration time, mode2 and mode3 both move up the
operation starting time by 4 hours. (Mode1) Mode1 operates 2 hours before the maximum cooling load
appears. Because mode1 cools the room while the cooling load appears in the afternoon, it can very easily
handle the cooling load. Only small percentage of overheating and no under-cooling occurs. TABS eliminate
the cooling load of the day and the evening with the PTAC. Tab. 6 shows that operation mode1 is superior in
cooling load pattern of the residential building. (Mode2) Generally, mode2 shows a temperature distribution
and energy consumption pattern similar to mode3. The mode2 could decrease under-cooling early in the
morning but has difficulty to handle the cooling load during the evening. The comfort temperature
percentage is low compare to mode1. (Mode3) Mode3 runs TABS earlier at 02:00. Mode3 is superior when
the peak cooling load occurs at night. However, when the cooling capacity is too high or the cooling load is
too small, under-cooling can occur. The simulation result shows that TABS cools the room too much at night,
implying that the occupants may feel thermal discomfort at this time. Because cooling starts very early, the
cooling load which arises in the evening could not be eliminated. From Tab. 6, mode3 in this operation case
is not appropriate to handle the cooling load at night, with a cooling load of 17:00 to 22:00. From Tab. 6 we
can find the mode3 has the high surface and the high room temperature when TABS does not operate.
Tab. 6: Temperature and energy consumption according to the operation starting time

Temperature and Energy Consumption

Operation
Mode

For Operation Starting Time (10:00, 06:00, 02:00)
1400

800

26
600
400

24

200
22

0

1

7

13

19

25

31
37
43
Time [hour] August 20 to 22

49

55

61

67

30

1400

Mode2
(Star at
06:00)

Temperature [℃]

1200
28

1000
800

26
600
400

24

200
22

0

1

7

13

19

25

31
37
43
Time [hour] August 20 to 22

49

55

61

67

30

1400

Mode3

Temperature [℃]

1200

(Start at
02:00)

28

1000
800

26
600
400

24

200
22

0

1

Legend
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Energy Consumption [Wh]

(Start at
10:00)

1000

Energy Consumption [Wh]

Mode1

Temperature [℃]

1200
28

Energy Consumption [Wh]

30

7

13

19

25

31
37
43
Time [hour] August 20 to 22

49

TABS energy consumption [Wh]

PTAC energy consumption [Wh]

Room Temperature [℃]

Operative Temperature [℃]

55

61

67

Ceiling Temperature [℃]

3.2. Comparing Operation Duration Time
The results of the simulation are shown in Tab. 7. Tab. 7 shows the outside temperature, room temperature
and operative temperature distribution. (Mode4) TABS under operation mode4 (reduced operation time) is
operated only 8 hours compared to mode5 at 24 hours for a reduced operation time. This cannot remove the
cooling load as shown in Tab. 7. The operative temperature increases over the thermal comfort range during
the day when the amount of the solar heat gain is great. Although the total running time of TABS is short and
the amount of energy consumption is small, the occupants would feel thermal discomfort. In this case, more
cooling energy is required. The energy consumption of PTAC is also high because TABS could not radiate
sufficient heat output. As seen in Tab. 7 the temperature distribution is generally high. (Mode5) On the other
hand, mode5 shows an operation mode of 24 hours of TABS running time. It shows a high percentage of
time in the operative temperature comfort range due to the long time cooling operation. It is considerable that
this result shows the TABS could handle a large percentage of cooling loads. However, the 24-hour
operation incurs too much cooling output, as 31 hours of under-cooling occurs early in the morning. As seen
in the Tab. 7 the ceiling surface temperature is low compared to other operation modes, although the graph is
the result of the peak cooling load occurring day. The continuous operation leads to condensation due to the
low ceiling surface temperature. Only during operation in mode5 was it noted that condensation occurs. 24
hours of operation results in significantly greater energy consumption of 441 kWh during the cooling period.
In this simulation, the supply water temperature is set same in all operation modes. The all-time operation
mode could be improved by adjusting supply water temperature. It means the percentage of cooling load for
TABS could be lowered. (Mode1) The mode1 operates TABS neither short nor long, at about 744 hours
while PTAC runs for 370 hours. In this operation mode, the total heat output and cooling load are balanced
indicating that more than 75% of the occupants feel comfortable. The PTAC energy consumption and the
total energy consumption in mode1 are low owing to the operation of TABS. Although some overheating
occurs in the afternoon, this mode eliminates the cooling load effectively in conjunction with PTAC When
cooling load pattern is not constant, it is proper that operating TABS before some hours before peak cooling
load occurs.
Tab. 7: Temperature and energy consumption according to the operation duration time

Temperature and Energy Consumption

Operation
Mode

For Operation Starting Time (10:00, 06:00, 02:00)
1400

(Operating
8 hours)

1000
800

26
600
400

24

200
22

0

1

7

13

19

25

31
37
43
Time [hour] August 20 to 22

49

55

61

67

30

1200

Mode5
(Operating
24 hours)

Temperature [℃]

1000
28
800

26

600
400

24
200
22

Energy Consumption [Wh]

Mode4

Temperature [℃]

1200
28

Energy Consumption [Wh]

30

0

1

7

13

19

25

31
37
43
Time [hour] August 20 to 22

49

TABS energy consumption [Wh]

PTAC energy consumption [Wh]

Room Temperature [℃]

Operative Temperature [℃]

55

61

67

Legend
Ceiling Temperature [℃]
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4. Conclusion
In this study, the thermal performance of TABS for residential building is simulated. The PTAC system use
pattern and the cooling load pattern could determine the operation mode of TABS. The various operation
modes are estimated in this study. For the various operation modes, the operative temperature, run time of
the TABS and the PTAC, energy consumption of the TABS and the PTAC, condensation occurring hour,
and total energy consumption are estimated by computational simulation. The best thermal performance
under similar thermal comfort temperature range could be achieved with the proper operation starting and the
duration time.
If TABS is operated too early before the solar heat gain is not sufficient, the condensation would occur in
mode3. When the operation starts early, it is important to prevent surface condensation and the under-cooling
in the night or morning. Because TABS uses concrete slab as a thermal storage and a radiation surface, there
only exist short hours of time delay. Therefore, setting the operation starting time properly before peak
cooling load appears is very important. In well-insulated typical concrete structure residential building, the
optimum operation starting time is about 2 hours before the peak cooling load appears.
The operation duration time is also considerable factor. If low temperature cooling water is supplied for a
long duration time, the under-cooling and condensation could occur. In contrast, if the operation duration
time is too short, the cooling load could not be handled. It is because the load profile of residential building is
not constant. To maintain room temperature range comfortably, the operation duration time should be
determined considering cooling load profile.
Although the operation mode is estimated by unsteady-state simulation, these results of the operation assume
that the cooling load profile of peak day in cooling session. If cooling load pattern changed, there might be
some other control strategies. The future study is about supply water temperature and pump operation control
which could respond to various cooling load pattern.
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1. United States Patterns of Renewable Energy and Efficiency
The United States of America is heavily dependent on fossil fuels. The country has vast reserves of coal, and
most of our natural gas comes from reserves within our borders. Although our oil reserves are still
producing, they are dwindling and most of our oil is now imported. In contrast, our use of renewable energy
is quite small, as shown in Fig. 1. However, this very small contribution of solar energy illustrates only our
metered use; thus, solar water heating, off-grid photovoltaics (PV), passive solar heating, daylight,
clotheslines and all other direct (non-electrical) uses of solar energy are excluded. Similarly, direct use of
wood for heating and cooking is excluded.

Fig.1. Metered Energy Use in the United States of America, 2009. Courtesy Lawrence Livermore National
Laboratory.
The United States of America has not established national energy standards, either for energy efficiency (EE)
or for renewable energy (RE). In the absence of such guidelines, many individual states have proceeded to
establish standards, and national non-governmental organizations (NGO) have established ranking systems in
efforts to reward the more successful states, and to challenge those states that lag behind.
Figure 2 shows national patterns for energy efficiency in 2010, as ranked by the American Council for an
Energy Efficient Economy (ACEEE). A remarkable pattern of EE success emerges along the U.S. Pacific
coast and Southwest, the Northeast and mid-Atlantic, and the upper Midwest. A lack of enthusiasm is
evident through the central Plains states, and the Southeast. In general, states with more Democrats have
relatively more EE development, those with more Republicans have less. Further, Democrats largely accept
climate change as being influenced by fossil fuel consumption, while Republicans largely deny this link.
Thus, alternatives to fossil fuels, such as EE and RE, are more attractive to Democrats. This becomes evident
in Figure 3.
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Fig. 2. Energy Efficiency State Rankings, 2010. Courtesy of the American Council for an Energy Efficient
Economy.

Fig. 3. Voting by County in the United States Presidential Election of 2008. Red indicates support for George
W. Bush, blue for Barack Obama. Courtesy of Robert J. Vanderbei, Princeton University.
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In Figure 3, the 2008 presidential election pattern of Republican [red] and Democrat [blue] voting reveals
similar regional differences. The issues of the 2008 Presidential Election are far more complex than attitudes
about energy; there are strong ethnic voting patterns for Obama in the otherwise Republican south (the Black
vote) and in areas of Texas and New Mexico (the Hispanic vote). Although the map may appear to be largely
“red,” the rural counties of the US tend to vote Republican, and are far larger in area than the urban areas.
Most urban areas tend to vote Democratic.
In Figure 4, the states are ranked by their success in renewable energy development. This is the result of
ranking such indicators as successful technology, policy, and capital investment. Again, the patterns of
strength in the U.S. Pacific coast and Southwest, the Northeast and mid-Atlantic, and the upper Midwest are
apparent. “Clean energy” includes renewable energy sources such as solar photovoltaic, solar concentrating,
wind, and biomass generation of electricity.

Fig. 4. The U.S. Clean Energy Leadership Index. Courtesy of Clean Edge, Inc.
2. Oregon’s Energy Trust
2.1 Oregon’s Energy Attitudes
Oregon, on the Pacific coast in the US Pacific Northwest, has a rather small population, slightly more than 1
percent of the US total. In area, Oregon has almost 3 percent of the US total; it is the 9th largest state in area.
The maps in Figures 2 and 4 show that Oregon ranks highly in both energy efficiency and renewable energy
programs. This seems very surprising in that Oregon is famous among states for its cloudy and cool winter,
and for very low electricity rates. Neither clouds nor cheap power would reinforce a culture of energy
efficiency or investments in solar energy. The low electricity rates are due to the regional Bonneville Power
Administration that distributes hydropower from large dams in the Columbia River basin. Oregon also has
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considerable geographic diversity, from seacoast through rain forest, inland valleys, Cascade Mountains and
high-elevation desert. The result is an array of renewable energy opportunities: wind, wave, hydro, biomass
(lumber and agriculture), geothermal, and solar (especially in the high but sparsely populated desert regions).
Two of the strongest influences on EE and RE have been the Oregon Department of Energy and the Energy
Trust of Oregon. The Department of Energy administers both a Business Energy Tax Credit and a
Residential Energy Tax Credit. There are also incentive funds for industry to locate in Oregon, and Solar
World took advantage of Oregon’s incentives and credits to build what was at the time the world’s largest
PV manufacturing plant near Portland. Oregon produced almost one-quarter of the PV modules made in the
U.S. in 2010. Oregon recently instituted a very limited Volumetric Incentive Rate (feed-in tariff), as an
experimental program also administered by the Oregon Department of Energy.
2.2 Energy Trust of Oregon History
The Energy Trust of Oregon (ETO) began its programs in 2002, but with resistance from Republicans in the
state legislature. The ETO is a non-profit organization, supervised by the Oregon Public Utility Commission.
The funds come largely from a surcharge on the electric bills of the two major investor-owned electric
utilities, PacifiCorp and Portland General Electric. These two serve about two-thirds of Oregon’s population.
This surcharge is 2.46 percent of their total billings. Initially this amounted to some $45 million annually. Of
that amount, 77 percent was spent on energy efficiency projects and the remaining 23 percent went toward
generation of electricity from renewable sources. ETO was given 10 years of life, and set ambitious goals: by
“sunset” in 2012, achieve energy efficiency equivalent to 300 megawatts; and help Oregon to install 450
MW of renewable energy sources.
Impressed by the electricity savings, in 2003 Oregon’s largest natural gas utility, Northwest Natural, asked
the Oregon Public Utilities Commission to decouple their rates from profits, while giving ETO 1.5 percent of
their residential and commercial billings for energy efficiency investments. This ringing endorsement of
ETO’s work, barely a year into operations, enabled ETO to be fuel-neutral in the efficiency programs.
After the 2006 elections Democrats controlled both houses of the Oregon legislature, and they enacted an
ambitious renewable portfolio standard (RPS) of 25 percent of Oregon’s electricity by 2025. The Legislature
also extended ETO’s life to 2025, and mandated additional funds for energy efficiency. The RPS required
utilities to fund wind farms and certain other renewables without ETO help. ETO renewable funds,
undiminished, are now capped at 20 MW per installation.
Today, 90 percent of ETO funds are dedicated to EE projects, and about 10% to RE projects. The ETO
budget for 2011 is US$ 130,900,000 for EE, and US$ 15,300,000 for RE. The goals have been revised for
2014 targets for EE of 479 aMW electricity and 34.7 MTherms (3.66 TJoule) natural gas; and for RE, 124
aMW. At the close of 2010, 57% of the EE electric, 51% of the EE gas, and 82% of the RE goal had been
met.
The U.S. Energy Information Agency lists the U.S. average rate for electricity in February 2011 as 11.2
US¢/KWh residential, 10.11 US¢/KWh commercial. In contrast, Oregon’s February 2011 average rate was
9.39 US¢/KWh residential, 8.34 US¢/KWh commercial. Despite these relatively low rates, Oregon scores as
third best of the 50 states and District of Columbia, as rated by the ACEEE in 2010 (Fig. 2).
2.3 Energy Trust RE Programs
Two basic types of RE are the continuous (24 hour/7 days) and the intermittent. Continuous sources with
ETO investment include hydropower, biopower, and geothermal energy. Intermittent sources include wind
and solar. Because of its constant supply, 24/7 sources are favored by utilities. But when intermittent sources
provide the most power during periods of peak demand, such as solar on very hot days, they also draw favor
from utilities.
Due largely to a national emphasis on wind power, and aided by its relatively low cost, utility-scale wind has
dominated the ETO investments in RE, as shown in Figure 5. The details of ETO installations in intermittent
sources (wind and solar) are shown in Table1, and in 24/7 sources in Table 2. Table 1 includes solar hot
water, funded separately from solar electric programs. Utility-scale wind, at 91.1 aMW, has been installed
mostly in the Columbia River gorge. Because ETO can no longer invest in utility-scale wind, a different
pattern of RE is now evident in Figure 6. For the definition of aMW, see equation 1.
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aMW =

MWh annual
8760h
(eq.1)

€

Wind	
  
Bio	
  
PV	
  
Hydro	
  

	
  

Figure 5. RE Installed aMW, through 2010. This is a total of 103 aMW, and does not include solar hot water.
Tab. 1 Intermittent Renewable Energy Investments

Year

PV aMW

02
03
04
05
06
07
08
09
10
Total

0.002
0.043
0.079
0.049
0.089
0.153
0.508
0.764
1.291
2.987

Solar HW
aMW

Solar HW KTherm
(GJoule)

0.008
0.019
0.028
0.050
0.048
0.046
0.029
0.229

10.27 (1,083)
19.13 (2,018)
30.96 (3,266)
35.51 (3,746)
27.69 (2,921)
35.36 (3,730)
23.87 (2,518)
183.093 (19,316)

Wind Utility aMW

Wind Small
aMW

14.25
0.005
0.001
0.001
46.774
30.1

91.124

0.004
0.018
0.021
0.049

Investments in continuous renewable energy are shown in Table 2. The ETO has supported more than 6
aMW of hydro on high desert irrigation district pipelines, more than 2 aMW of biopower on wastewater
treatment plants, lumber mills and agriculture, and a small 0.086 aMW geothermal installation. ETO must
await the advent of commercial operations for wave energy, as ETO is not funded for research and
development, except for market transformation funding.
Tab. 2. Continuous (24 hr/7 day) Renewable Energy Investments, aMW

Year
02-04
05
06
07
08
09
10
Total
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Hydro (Irrigation Districts)

Biopower (Wood, Farm, Waste Water)

Geothermal

0.406
1.908
0.003
0.468
1.893
2.364

2.688
1.388
6.39

0.086
0.086

Small Wind
<1%
Solar PV
25%
Hydro
20%

Biopower
54%

Geothermal
1%
Figure 6. ETO Projects of less than 20 MW each, through 2010.
Figure 6 summarizes the ETO’s small-scale (each <20 MW) projects installed, through 2010. Oregon is
relatively rich in agriculture and forest sources of biomass, and relatively high annual rainfall supports
hydropower. But that rainfall diminishes insolation, and many are surprised by Oregon’s solar PV and hot
water investments.
Oregon’s “cloudy” reputation probably amuses Northern Europeans, as one of our least-insolated locations
on Oregon’s Pacific coast has about the same yearly average insolation as does Germany. As cloudy as
Oregon is by reputation, and as cheap its electricity, the ETO has now supported installation of more than 20
MW of PV, in more than 2700 projects during the first 9 years of operations. This 20 MW capacity
represents 3 aMW in Oregon’s climate.
Our PV program consists mostly of incentives based on the kW capacity of the system installed. For our
other RE programs, we offer early stage technical assistance for feasibility studies, grant writing, permitting,
interconnection, and financing, in addition to incentives.
2.4 Future RE Investments
The recent downturn in the US economy has affected Oregon as well. The legislature has already sharply
curtailed the Business Energy Tax Credits, and Residential Energy Tax Credits will be limited beginning in
2012. Because the ETO depends upon these tax credits to supplement its investments, future RE installations
are expected to be much more limited.
The ETO could choose to continue to support all the current RE programs, each at a reduced level. Or it
could choose to concentrate on one or two programs, to maximize installed MW capacity and/or aMW
production. The latter is not my personal choice, because of the diversity of Oregon’s RE sources. For
example, the ETO has not even begun to invest in wave energy. Oregon and Washington State have the
strongest waves of the US Pacific coast. With a market already established for our RE industries, the ETO
will be reluctant to abandon any of them for the sake of a few.
For the United States, the immediate energy future is clouded. We continue to see Democrats favoring RE
and EE, while Republicans favor drilling for gas and oil, mining coal, and supporting nuclear energy. The
Republicans have denigrated the issue of climate change, and no legislation limiting carbon emissions is
currently under discussion. This situation is likely to continue until we have decided the 2012 Presidential
and Congressional elections.
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1. Introduction
The objective of this paper is to provide the current information about the documents that have been
published by the International Electrotechnical Commission (IEC) Technical Committee (TC82) on
Photovoltaic related to grid-connected PV inverters. In addition, documents that have been approved for
publication, or are in the review process will be described too. All of them are related with the design
qualification of modules, on-site systems measurements, and procedures for various environmental tests,
updated to July 2011.
2. International Photovoltaic Standards
Worldwide, grid-connected photovoltaic (PV) power systems are expanding rapidly (IEA PVPS Annual
Report). Besides, numerous large-scale projects are currently being commissioned. And prices of both, PV
and balance of system components (BOS), are decreasing.
Nowadays there are various PV standards organizations, such as: ANSI, NIST (National Institute of
Standards and Technology), ASTM, IEEE, UL, NIST, IEEE, UL, SEMI, SAC, CENELEC and IEC, but the
IEC is the most important international body regarding photovoltaic related standardization.
IEC has considerably increased its activity in standards in the renewable systems area through its Technical
Committee 82 (TC82). TC82 is responsible for Photovoltaics and also Systems components and Complete
Systems. IEC has also formed a joint working group between TC88 (Wind), TC21 (Batteries) and TC82
(Photovoltaics).
The IEC Technical Committee on Photovoltaics (TC82) has been active in the development of international
standards for terrestrial photovoltaics since 1982. Currently, it has six working groups: WG1: Glossary
Task: To prepare a glossary. WG2: Modules, non-concentrating Task: To develop international standards for
non-concentrating, terrestrial photovoltaic modules--crystalline & thin-film. WG3: Systems Task: To give
general instructions for the photovoltaic system design, and maintenance. WG6: Balance-of-system
components Task: To develop international standards for balance-of-system components for PV systems.
WG7: Concentrator modules Task: To develop international standards for photovoltaic concentrators and
receivers. JCW 21/TC 82 Batteries Task: To draw up standard requirements for battery storage systems
intended for use in photovoltaic systems. JCWG TC 82/TC 88/TC21/SC21A Task: To prepare guidelines for
Decentralized Rural Electrification (DRE) projects which are now being implemented in developing
countries.
From them, the working groups related to grid-connected PV systems are the WG1, WG2, WG3 and WG6.
Then, in this article the most important topics and standards related to grid-connected PV inverters will be
taken into consideration. These are related to the type of harmonic emission, immunity of electromagnetic
compatibility, standards of security, isolation and control of network.
However, as it can be seen, until now there are some topics that should be treated in the upcoming rules. The
topics might be: evaluation of start-up and shut down losses; power factor, performance outside normal
operating conditions, DC current injection, MPPT performance under real conditions, overall performance
measure (energy rating). In addition, topics related to Electromagnetic Compatibility (EMC) should be taken
into account.
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3. IEC Standards related to PV grid-connected inverters
The IEC PV standards related to grid-connected inverters are integrated by the WG6, Balance of Systems.
Until now, the following IEC standards has been published:
IEC 61683: 1999 Ed 2, PV systems –Power conditioners –Procedure for measuring efficiency. This standard
describes guidelines for measuring the efficiency of power conditioners used in stand-alone and utilityinteractive photovoltaic systems, where the output of the power conditioner is a stable a.c. voltage of
constant frequency or a stable d.c. voltage. The efficiency is calculated from a direct measurement of input
and output power in the factory. An isolation stand-alone and utility-interactive photovoltaic systems, where
the output of the power conditioner is a stable a.c. voltage of constant frequency or a stable d.c. voltage. The
efficiency is calculated from a direct measurement of input and output power in the factory. An isolation
transformer is included where it is applicable.
IEC 62093: 2005 Ed 1, Balance-of-system components for photovoltaic systems -Design qualification
natural environments
This International Standard establishes requirements for the design qualification of balance of- system (BOS)
components used in terrestrial photovoltaic (PV) systems. This standard is suitable for operation in indoor,
conditioned or unconditioned; or outdoor in general open-air climates as defined in IEC 60721-2-1, protected
or unprotected. It is written for dedicated solar components such as batteries, inverters, charge controllers,
system diode packages, heat sinks, surge protectors, system junction boxes, maximum power point tracking
devices and switch gear, but may be applicable to other BOS system components.
IEC 62109-1 Ed. 1.0 Safety of power converters for use in photovoltaic power systems --Part 1. General
requirements.
This part of IEC 62109 applies to the power conversion equipment (PCE) for use in Photovoltaic (PV)
systems where a uniform technical level with respect to safety is necessary.
This standard defines the minimum requirements for the design and manufacture of PCE for protection
against electric shock, energy, fire, mechanical and other hazards.
This standard provides general requirements applicable to all types of PV PCE. There are additional parts of
this standard that provide specific requirements for the different types of power converters, such as Part 2 inverters. Additional parts may be published as new products and technologies are commercialised.
IEC 62109-2 Ed. 1.0 Safety of power converters for use in photovoltaic power systems --Part 2. Particular
requirements for inverters. It covers the particular safety requirements relevant to d.c. to a.c. inverter
products as well as products that have or perform inverter functions in addition to other functions, where the
inverter is intended for use in photovoltaic power systems. Inverters covered by this standard may be gridinteractive, stand-alone, or multiple mode inverters, may be supplied by single or multiple photovoltaic
modules grouped in various array configurations, and may be intended for use in conjunction with batteries
or other forms of energy storage. This standard must be used jointly with IEC 62109-1
IEC 62116: 2008 Ed 1. Test procedure of islanding prevention measures for utility-interconnected
photovoltaic inverters. It describes a guideline for testing the performance of automatic islanding prevention
measures installed in or with single or multi-phase utility interactive PV inverters connected to the utility
grid. The test procedure and criteria described are minimum requirements that will allow repeatability.
Additional requirements or more stringent criteria may be specified if demonstrable risk can be shown.
Inverters and other devices meeting the requirements of this standard are considered non-islanding as defined
in IEC 61727.
IEC 62446: 2009. It defines the minimal information and documentation required to be handed over to a
customer following the installation of a grid connected PV system. Also describes the minimum
commissioning tests, inspection criteria and documentation expected to verify the safe installation and
correct operation of the system. Is written for grid connected PV systems only.
In addition, there are new projects that are being managed by that committee.
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IEC 62109-3 Ed. 1.0 Safety of power converters for use in photovoltaic power systems --Part 3. Controllers.
IEC 62109-4 Ed. 1.0 Safety of power converters for use in photovoltaic power systems - Part 4: Particular
requirements for combiner box
IEC/TS 62738 Ed. 1.0 Design guidelines and recommendations for photovoltaic power plants
IEC 62109-3 Ed. 1.0 Safety of power converters for use in photovoltaic power systems - Part 3: Controllers
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1. Abstract
Transparent and conductive aluminium-doped zinc oxide (AZO) thin films were deposited on a
polyethylene terephthalate (PET) substrate at a low temperature by radio-frequency sputtering using an
AZO target composed of ZnO:Al2O3 (2 wt.%). We report a method to deposit in high power radio
frequency of ZnO:Al (AZO) films on PET substrate without any crack and low resistivity. The sputtering
was carried out in an Ar gas (99.99%) atmosphere with varying RF power ranging from 100 to 300 W.
The effects of RF power on morphology, structural, resistivity and optical properties in low and high RF
power were investigated. The structural properties of as-deposited films were analysed by X-ray
diffraction managements (XRD) confirmed that films have hexagonal wurtzits structure and a strong
-3
preferred c-axis orientation (002). Resistivity as low as 1.1*10 Ωcm was achieved for the film deposited
at 250 W and 0.2 Pa. High optical transmittance (95%) was exhibited when films were deposited at RF
powers below 150W. Band gap energies ranged from 3.36 to 3.39 eV.
2. Introduction
Transparent conducting films on flexible substrates have been investigated extensively because their
interesting electrical and optical properties make them suitable for many applications [1–3].They are used
in flexible elcotro-optical devices, plastic liquid crystal display devices, heat reflecting mirrors and
heterojunction solar cells. Al-doped ZnO (AZO) films have attractive much attention because of their
comparable high optical transmittance and low electrical resistivity with respect to other TCOs widely
used such as Tin-doped Indium Oxide (ITO) films. Although ITO films use as a most successful TCO
because of its optical and electronic properties but it need to replaced due to high production cost, noncompatibility to all flexible substrates, its toxicity and brittle behaviour. For this reason AZO can be
considered as a very promising candidate because of its low cost, high electrical conductivity,
piezoelectricity, easy fabrication, non-toxicity and many application advantages[4].
There are several deposition method to grow AZO films such as chemical vapor deposition, spray
pyrolysis[5,6], pulsed laser deposition [7], sputtering method[8,9] and sol gel [10]. AZO films showed low
values of resistivity at low temperature deposition because of radio-frequency sputtering is considered as
a favourable deposition technique. This techniques effective method of depositing TCO films due to large
area uniformity , low temperature deposition and the films show good adhesion on substrates.
In this work, we report on the successful deposition of AZO layer on PET polyester foil of 125 µm in high
power RF without any crack. attempt was to improve the electrical properties of AZO thin films deposited
on flexible substrate. The dependence of the electrical, structure and optical properties on AZO films on
the power was investigated. The choice of the substrate, polyethylene terephthalate (PET), was based on
the fact that this is a unique polyester that maintain sits physical, mechanical, electrical and chemical
properties for working temperatures up to150 ˚C.
3. Experimental procedure
AZO films were deposited on commercial PET substrates at room temperature by using radio-frequency
sputtering with an oxide ceramic target (ZnO:Al2O3, 98%:2%wt)) with a diameter of 75 mm. Before
depositing the ZnO:Al thin films, the substrates were cleaned with two method, sample A were cleaned
with first method, in this method use Dichloromethane solution followed by a rinse with DI water and
dried in nitrogen, and sample B was cleaned with second method that substrates after doing the upper
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process before loading in vacuum system the substrates were cleaned in an ultrasonic cleaner with DI
Water at 50˚C and deride in nitrogen then followed by baking to the chosen temperature (70 °C) during 1
h prior to introduction into the deposition system. The target to substrate distance was kept at 50 mm and
the base pressure was 8×10−6 Torr. The flow rate of the Argon was controlled by mass flow controller
-2
(MFC) from10, which corresponds to a working pressure 2.4*10 Torr, and the sputtering RF power was
ranged from 100 W to 300 W. The substrate was rotated with speed 1 round per min so that was
deposited at low temperature in high power deposition.
The film thickness was measured by a conventional Dektak surface profiler. The film thickness is 100 nm
and all samples kept the same thickness in this work. Crystallinity of the films was characterized with an
x-ray diffraction system with C (Kα) radiation (λ=0.15408 nm) source under an applied voltage of 40 kv
and a current of 40 mA. The thickness of the films was determined by a Dektak (Dektak 3) surface
profiler. Microstructure and surface morphology of film were observed with a field emission scanning
electron microscope. The spectral transmittance of the films was recorded as a function of the wavelength
between 100 nm using Cary 500 UV-VIS-NIR spectrophotometer, while the optical parameters of the films
such as band gap energy were determined from spectra by a computer program [13,14]. Electrical sheet
resistance Rs was determined from the four-point probe method, being the resistivity ρs obtained using
ρs=Rst, where t is the film thickness estimated from optical characterization.

4. Results and discussion
The crystalline structure of aluminium-doped AZO (AZO:Al) films deposited on PET substrate was
examined by XRD measurement. Fig. 1 shows the effect of RF power on the crystal structures of AZO:Al
films sputtered at room temperature. The diffraction peak around 34ْ was observed corresponding to the
(002) orientation for all the samples. This phase was confirmed as AZO polycrystalline with wurtzite
structure and no other crystal phases were found.
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Fig.1: XRD pattern of AZO film deposited at room
Fig. 2 shows the SEM surface microstructure of AZO films deposited at 2.5mTorr with various RF power.
In the case of 100 W, pebble-like grains and less dense structure with average grain size of 200 nm were
observed. This is due to few energetic particles hit the substrate. Therefore, the mobility of atoms
deposited on the substrate is small. As a result, small grains and many grain boundaries are formed. A
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densified structure with much larger grains was started to develop as the sputtering power increased to
150 W. As RF power is further increased to 200 W, distinct and independent grain morphology was
formed with some ridges along the pyramids. The film exhibits a surface pyramidal morphology. This
surface texturing is a consequence of the nucleation of oriented c-axis grains that grow geometrically and
impinge laterally. Typically, obvious grain boundary characteristics were not observed, although the size
of pyramid-like grains has a dimension of 120 nm long and 80 nm width for RF power 250 W. At 300 W
RF power, a less dense microstructure and the formation of island-like grains was the result of the
columnar growth.

Fig.2: FESEM images of AZO films deposited at (a) 100W, (b) 150W (c) 200W(d) 0.4, (e) 250W (f) 300W
Fig.3 shows the total transmission properties of the AZO films deposited at different RF power ranging
from 100 to 300 W at room temperature. All these films demonstrate good optical transmittance (over
80%) in the visible and near infrared spectrum. It is observed from the spectrum that the transmittance of
the film reaches its maximum when RF power is at 200W indicating that it is the optimal RF power to
prepare the transparent AZO films.
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Fig3: Optical spectra for AZO films deposited at different RF power deposited.
Fig.4 shows the effect of sputtering RF power on the electrical resistivity of the AZO films deposited on
PET for 30 min. It is found that the electrical resistivity of the films started to decrease and obtained to a
−3
minimum value of 1.1×10 Ω-cm as sputtering RF power increasing to 250W.

Fig.4: The resistivity of AZO thin film deposited on PET substrate.

5. Conclusion

We prepared highly transparent conductive AZO thin films on PET substrate at room temperature
by rotation substrate above the target with specified speed at high RF power. The deposition
rate increased with the increase of the RF power in both substrates. The Diffraction peak of
(002) plane was observed in all the AZO thin films except in AZO thin film deposited on PET
substrate at RF power of 250W . AZO thin films deposited on PET substrate at various RF power
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have an average transmittance of 80% in the visible range (400–800nm). The resistivity was
1.2×10−2 Ω-cm at input power of 250W. By employing this method at room temperature, we
could obtain the AZO thin film with low resistivity on PET substrate before anneailing, which is a
potential use for the flexible display applications.
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ABSTRACT
The photovoltaic (PV) energy technology has the potential to contribute to the global energy supply on a large scale.
This potential can only be realised if sustainable and highly competitive PV economics are achieved. An integrated
economic PV market potential assessment is presented being based on grid-parity and fuel-parity analyses for the ongrid markets and an amortization analysis for rural off-grid PV markets. These analyses are mainly driven by cost
projections based on the experience curve approach and growth rates for PV systems and electricity and fossil fuel
prices for the currently used power supply. The total economic PV market potential is derived to about 2,800 GW to
4,300 GW by the year 2020. The cumulated installed PV capacity in the year 2020 is estimated to be between 600
GW up to 1,600 GW, depending on scenario assumptions. Even the low range of the expected total installed PV
capacity is found to be more than three to five times higher than scenario assumptions of some leading organizations
like e.g. IEA. In conclusion, PV is on the pathway to become a highly competitive energy technology being
complementary to wind power and both technologies might become the backbone of the global energy supply in the
coming few decades.
Keywords
Grid-Parity, Fuel-Parity, off-grid PV, Hybrid Power Plant, Economic Analysis, Energy Options, PV Markets

1

Introduction

Installations of Photovoltaic (PV) power plants have
shown high growth rates around the world.[1] As a
consequence of this growth PV electricity generation cost
continuously decreases. The contrary trend is shown by
power generation cost due to increasing fossil fuel prices
and by electricity prices for end-users. The intersection of
these two trends is defined as fuel-parity indicating cost
neutral PV power plant investments and grid-parity
marking cost neutral residential and commercial PV
installations. Moreover, small PV applications are very
competitive for the large majority of the 1.4 billion
people without access to electricity and are
complemented by renewables-based mini-grids in rural
regions of higher income.
The purpose of the presented study is a comprehensive
analysis of the total economic PV market potential in the
decade of the 2010s. This work is the first of its kind
since only the economic PV market potential is taken into
account but for all major global PV market segments in
an integrated manner. The role of PV has to be critically
discussed based on the highly probable reality ahead in
comparison to the typical small PV contribution assumed
in nearly all relevant energy scenarios.
This paper presents an overview on PV scenarios
expected by various leading institutions (section 2) and a
subsequent detailed economic analysis mainly based on
the levelized cost of electricity (LCOE) concept coupled
to the experience curve approach (section 3). The
methodology of deriving an economic PV market
potential is based on the grid-parity (section 4), fuelparity (section 5) and off-grid cost amortization approach
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(section 6). The results for the major PV market segments
are summarized (section 7), discussed in comparison to
the currently available energy scenarios (section 8) and
summarized by the conclusion (section 9).
This conference contribution presents results of Q-Cells
research. Initially the research focus was led on gridparity event dynamics [2], however the grid-parity
concept is no help in case of highly subsidized electricity
markets being prevalent in several regions in the world
[3]. Nevertheless, the true power generation costs are
typically significant in those countries, hence the gridparity concept had to be complemented by the fuel-parity
concept for covering the full economic market potential
of PV power plants. First fuel-parity insights have
already been published [4-6] but the first comprehensive
PV hybridization analysis for all major fossil fuel fired
power technologies on a global scale is also published at
this conference [7]. These major PV markets are
complemented by highly profitable but comparably small
PV off-grid markets being already covered on a
fragmented view [5,8] but again in a more comprehensive
and integrated manner in a separate publication [9,10].
All these mentioned topics are the major part of a more
comprehensive work on the economics of hybrid PV
power plants.[11]

2

Overview on PV Scenarios

Energy scenarios are a very helpful tool for guiding
different stakeholder groups what might happen in future
in dependence of various policy options. Such scenarios
show long-term consequences of potential policy
decisions and enable an assessment whether respective
developments would be acceptable in reference to

relevant constraints, e.g. diminishing fuel resources,
greenhouse gas emissions or social cost of energy supply.
Gredler compared the recent development of PV
production to forecasts of various institutions
(Figure 1).[12,13]

Figure 1: Forecasts of PV development and real
cumulated installed PV capacity for the status of the year
2008. It needs to be mentioned that the production
numbers for PV are depicted and the cumulated installed
PV capacity as of end of year would be 7.0 GW (2006),
9.5 GW (2007) and 15.7 GW (2008) according to
EPIA.[1] The references for mentioned studies are:
‘Photon 2008’ [14], ‘Photon 2007’ [15], ‘CLSA 2004’
[16], ‘WBGU 2003’ [17] and ‘IEA 2008’ [18].
Results indicate, that projections of the International
Energy Agency structurally underestimate the growth rate
of PV and even the German Advisory Council on Global
Change remains significantly below the real
development. Market research performed with deep
insights and a broad coverage of the PV industry, i.e.
studies performed under the lead of Michael Rogol, show
the necessity for upwards adaption, as well, but implying
substantial higher growth rates.
This paper is focussed on the progress of PV in the
decade of the 2010s, thus PV market projections of
various sources are visualised in an integrated view for
displaying the substantial variance in market expectation
(Figure 2). The numbers of the studies are depicted for
the cumulated installed PV capacity and the annual
installations. For being included in this integrated view,
the studies need to cover at least the time span from the
year 2010 to 2020, therefore all short-term reports have
to be excluded, i.e. PV industry research companies like
Photon Consulting, EuPD Research and IHS Research
but also the reports of all financial analysts.

Figure 2: Projections of cumulated (top) and annual
(bottom) installed PV capacity of various institutions.
Numbers of EPIA are only provided for Europe and have
been extended on a global basis according to total
installed power plant capacity [19], since this is the only
study representing the market potential of PV being in
line with the outcome of this paper. Data are taken from
EPIA [20], Greenpeace [21,22], BSW [23], IEA [24,25],
WWF [27] and EWG [28].
The most obvious result of the integrated view on the
relevant studies covering the PV market development in
the 2010s is the enormous range of market projections.
There are roughly three fundamental different
projections: Firstly, PV will become a major source of
global energy supply (EPIA and partly Greenpeace).
Secondly, PV will grow but growth rate will decline on a
fraction of the mean of the past 15 years (BSW and partly
Greenpeace). Thirdly, growth rates of annual PV
installations will become negative, i.e. decline in further
market development is expected (IEA, WWF and EWG).
The projected annual PV market growth rates are for
these three major groups roughly 25% to 45% (EPIA and
partly Greenpeace), 10% to 12% (BSW and partly
Greenpeace) and 0% to -17% (IEA, WWF and EWG).
The IEA assumes a cumulated installed PV capacity of
110 GW in the year 2020 in its most progressive ‘New
Policies’ scenario in the latest World Energy
Outlook.[25] This is in vast contrast to the average
annual growth rate of PV for all major diffusion phases
which has been never below 30% and for the last 15
years was about 45% (Figure 3).
The annual installations at the end of the 2010s show
again three fundamental different expectations, as the
very conservative group projects average installations at
the end of the 2010s below the numbers of 2010, the
moderate group expects annual installations between 40
GW and 70 GW and the progressive group takes into
account that annual installations might be 140 GW and
higher. These numbers can be compared to overall power
plant installations having been doubled from about 80
GW in the 1990s to about 160 GW in the 2000s [7].
Moreover, in average the power plants in the world are
operated at about 4,300 annual full load hours, whereas
PV power plants will range between 1,000 and 2,500 full
load hours. Either PV complements the other sources of
electricity or PV plus storage solutions fulfil all
requirements for full power supply, but in any case new
PV installations in the order of newly installed
conventional power plant capacity are not technically
limited at all.
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Comparing the market projections to the realised growth
in the past, the only reasonable expectation might be the
progressive assessment by EPIA and some Greenpeace
scenarios. It remains unclear why the other institutions
assume such a decline in market growth or even a decline
in annual installations, i.e. negative growth rates, strongly
violating the long-term growth trend of PV (Figure 3).
No arguments have been found in the studies explaining
such an enormous deviation from the trend being fully
intact for more than five decades. This is very surprising,
as nearly all of these institutions draw a drastic view on
the business-as-usual scenario and some of them claim a
reduction in greenhouse gas emissions as soon as
possible, e.g. WWF and EWG.

3

Major PV Diffusion Phases - Consequence of High
Growth Rates and Learning Rates

Average annual growth rates of global PV production
increased from about 33% in space age and during offgrid diffusion to 45% for the last 15 years during on-grid
diffusion (Figure 3).[29] In history of PV three major
inventions led to new and sustainable markets for PV
systems. In the 1950s the introduction of PV power
supply in space as least cost option started the first PV
market diffusion phase. The second PV diffusion phase
was driven by off-grid PV applications and started a fast
growth in PV production in the 1970s. The third PV
market diffusion phase has been enabled by the political
invention of roof-top programmes and feed-in tariff laws
in the 1990s [2,7]. The fourth diffusion phase comprises
commercial utility-scale PV power plants and is starting
right now.

Figure 3: Historic PV production in dependence of
major inventions and market segments.[29]
By end of 2010 about 40 GWp of cumulated PV power
capacity has been globally installed and most
interestingly PV products found their markets in all
countries in the world (Figure 4).[10] The enormous PV
market potential and growth ahead is indicated by the
ratio of already installed PV capacity to total installed
power plant capacities per country (Figure 4). A first
threshold of market saturation would be for a ratio of
about 50% PV to total installed capacity however still
without significant storage capacities. Including storage
this level would be substantial higher. Such high PV
penetration ratios are possible due to relatively low full
load hours of PV systems and the good match of PV
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power feed-in to the load curve as a consequence of daily
sunshine characteristics.

Figure 4: Total installed PV capacity (top) and ratio of
PV installations to total power plant capacity per country
by end of 2009.[10] Some countries have already broken
the 1% threshold. Data for total power plant capacity
have been taken from Platts [19].
The sustainable PV market growth over more than five
decades has been possible due to the favourable
fundamental economics of PV technology. The basis for
this development is the modular and scalable nature of
PV applications and production. Modular PV products
can be found in the market from the sub-watt class (e.g.
solar calculators), in the watt range (e.g. pico systems and
solar home systems) [9], in the kilowatt size (e.g.
residential roof-top systems) [2] up to the multi megawatt
dimension (utility-scale power plants) [5-7]. The
industrial value chain of PV is highly scalable and
characterized by nearly continuous production flows for
all production steps from metallurgical silicon (Si), to Si
refinery, ingoting, wafering, cell and module
manufacturing (or integrated PV thin film module
production), inverter production and even system
assembly, in particular of large scale power plants. Most
industries based on modular and continuous production
flows are characterized by an enormous cost reduction as
a consequence of historic industrial production.[30]
Accordingly, PV technology shows a stable long trend of
reducing PV module cost per doubling of cumulated
production of about 20% for the entire period from mid
1970s until 2010 (Figure 5). Stable learning rates can be
expected in the years to come due to fast increasing
corporate PV R&D investments.[29] A broader
discussion of the PV learning curve can be found
elsewhere [29,31].
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Figure 5: Learning curve for PV modules for the mid
1970s - 2010. Best approximation for the cost is the price
curve as information rated in Wp. Oscillations around
this trend are mainly caused by varying PV industry
market dynamics and therefore profit margins,
documented by applying different learning rates of 22.8%
and 19.3% for the periods 1976 – 2003 and 1976 – 2010,
respectively.[29]

4

Grid-Parity of PV Systems

Grid-parity for end-users is defined by the parity of PV
electricity generation cost and cost of electricity
supply.[2] The most appropriate method for cost
calculation is the levelized cost of electricity (LCOE)
approach [32] summarized and adapted to PV in
Equation 1:
 WACC  1  WACC  N

Capex
LCOE 

 k 
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WACC 

E
D
 kE 
 kD
ED
ED
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Equation 1: Levelized cost of electricity (LCOE) for PV
systems.[2] Abbreviations stand for: capital expenditures
(Capex), reference yield for specific PV system at
specific site (Yref), performance ratio (PerfR), weighted
average cost of capital (WACC), lifetime of PV system
(N), annual operation and maintenance expenditures
(Opex), annual cost of Opex in percent of Capex (k),
equity (E), debt (D), return on equity (kE), cost of debt
(kD), annual insurance cost in percent of Capex (kins) and
annual Opex in percent of Capex (kO&M).
For analysing the grid-parity dynamics in time the critical
input parameters are the progress ratio of PV, the growth
rate of the global PV industry, both key drivers of the
experience curve, and the electricity price trends.
The experience curve approach is an empirical law of
cost reduction in industries. It was observed that per each
doubling of cumulated output the specific cost decrease
by a nearly stable percentage (Equation 2). This stable
cost reduction is defined as learning or experience rate.
For use in calculations, the progress ratio is introduced,
which is defined as unity minus learning rate.

Equation 2: Empirical law of experience curves.[2GlobalGP] Abbreviations stand for: cost at historically
cumulated output level of Px (cx), cost at initial output
level P0 (c0), historically cumulated output level (Px),
initial output level (P0), unity minus learning rate defined
as (progress ratio), annual production of a specific year
(Pt), and growth rate of a specific year (GRt). Eq. 2b and
2d are equivalent. In this work the variables Capex and cx
are identical and describe the specific investment cost in
a PV system in cost/Wp. Combination of Eqs. 2a and 2d
effectively transforms the cost function from production
volume dependence to time dependence, which is often
more convenient for scenario analyses.
The empirical law of experience curves (Eq. 2a) drives
the levelized cost of electricity of PV systems (Eq. 1a)
which has to compete against local electricity prices in
respective markets.
The dynamics of grid-parity have been analysed for the
residential and industrial market segment for more than
150 countries representing more than 98% of world
population and more than 99% of global gross domestic
product (Figure 6).[2]
The key parameters for the model are set to Capex for
residential and industrial systems in 2010 of 2.70 €/Wp
and 2.40 €/Wp, PV system learning rate of 20%, PV
installation growth rate of 30%, WACC of 6.4% and
Opex including insurance of 1.5% of Capex. The lifetime
is assumed to steadily increase from 25 years in 2010 to
30 years in 2015 and stay constant afterwards. Solar
irradiation on modules at optimal fixed-tilted angle for
each location [33] is averaged by population distribution
for respective countries and aggregated regions.[34] The
PV system performance ratio is assumed to constantly
increase for residential and industrial systems from 75%
and 78% in 2010 to 80% and 82% in 2015, respectively,
and remain constant afterwards. Electricity prices are
assumed to increase in the same manner as in the last
years by 5%, 3% and 1% per year for electricity price
levels of 0 – 0.15 €kWh, 0.15 – 0.30 €/kWh and more
than 0.30 €/kWh, respectively. Data and method is
described in more detail elsewhere [2].
Based on this model, the first residential grid-parity
events occur today in all regions in the world and
continue throughout the entire decade. Cyprus, Italy, the
Caribbean and West Africa are markets were grid-parity
is reached first. At the end of this decade more than 80%
of market segments in Europe, the Americas and Asia are
beyond residential grid-parity. Due to energy subsidies in
South Africa and Egypt, which represent more than 60%
of African electricity generation, exception is given for
Africa. Residential grid-parity is complemented by highly
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economic off-grid PV in rural regions of developing
countries (section 6). This is the case for about 1.4 billion
people in the world, mostly living in Africa and South
Asia. PV systems are in operation in all countries in the
world.[10] Therefore sustainable markets might grow
very fast after grid-parity, in particular in case of low
technical and legal obstacles.

industrial grid-parity events throughout the entire decade.
At the end of the decade more than 75% of market
segments in Europe, the Americas and Asia are beyond
industrial grid-parity. Exception is given for Africa, due
to energy subsidies in South Africa and Egypt. Further
exception are mainly oil producing countries used to
substantially subsidizing their energy markets, e.g.
Russia, Saudi Arabia, Libya, Venezuela, Iran, Iraq,
Kuwait, Qatar, Oman and Angola. However, most of
these countries can generate significant benefits by
applying PV systems on the power plant level [7]
analysed in section 5.
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First industrial grid-parity events occur today in all
regions in the world and often on islands. They continue
throughout the entire decade (Figure 6). Very early
market segments are Cyprus, West Africa, Seychelles,
Caribbean, Cambodia and Fiji. Europe, the Americas and
Asia-Pacific show quite similar characteristics of
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Figure 6: Grid-Parity market volume for residential (left) and industrial (right) segments in absolute (top) and relative
(bottom) numbers for all regions in the world in the years 2010 to 2020.[2] Numbers for the market volume include a 1% 4% growth rate in electricity depending on the market maturity.

By conducting a global grid-parity analysis the market
potential for on-grid end-user PV electricity can be
estimated. On basis of the 2010 electricity consumption
the grid-parity market volume of the entire power market
by end of the 2010s is in total about 13,000 TWh
composed by about 3,900 TWh (residential), about 3,600
TWh (small medium enterprises) and about 5,500 TWh
(industrial). This market volume can be translated into a
cumulated installed PV capacity potential by assuming a
population weighted average annual irradiation on fixed
optimally tilted PV systems on a per country level [34], a
global performance ratio of 80% (residential) and 82%
(industrial), a global maximum PV supply contribution
between 10% (without storage) and 80% (including
storage) and a global market penetration of this supply
contribution of not more than 50%, i.e. maximum PV
share is assumed to not exceed 40% of total power
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supply. The 10% PV supply contribution threshold
requires a flexible power plant portfolio but enables the
full utilization of the PV capacity even without storage.
As a consequence of the aforementioned assumptions, it
can be estimated an upper and a lower limit of the
sustainable economic market potential for PV systems for
the year 2020. The upper limit for the grid-parity
economic market potential would be the net metering
grid-parity, i.e. parity of PV LCOE and the electricity
price for the end-users. A more appropriate upper limit
would be the cost of PV plus storage solutions compared
to the electricity price. First work in progress insights
indicate roughly a PV plus storage grid-parity about four
years after the net metering grid-parity [35]. The lowest
limit for the economic grid-parity market potential
assumes the case of no storage availability, thus an

effective 10% energy contribution based on the maximal
fully utilizable PV power in the grid.
These assumptions lead to a total fully economically
sustainable installed end-user PV capacity potential of
about 980 GW without any storage solutions and up to
3,930 GW including storage in case of the financial net
metering approach. However, the appropriate economic
PV plus storage grid-parity comprises the storage cost
resulting in 2,070 GW full economic market potential by
2020, if an advanced economic storage system for PV
electricity is available.

5

Fuel-Parity of PV Power Plants

As a consequence of fast decreasing PV LCOE, PV
power plants become more cost competitive than fossil
fuel fired power plants. Beyond fuel-parity further cost
reduction in power generation can be realized by
combining PV and fossil power plants to hybrid PVFossil power plants, i.e. for the periods of sunshine the
conventional power plant can be reduced in power output
or completely shut down.
The most appropriate method for cost calculation is the
LCOE approach (Equation 1) summarized and adapted to
fossil fuel fired power plants in Equation 3:
LCOEi 

Capex i  crf  Opexi , fix
FLhi ,el
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Equation 3: Levelized cost of electricity (LCOE) for PV
and fossil fuel fired power plants.[7] Abbreviations stand
for: capital expenditures (Capex), annuity factor (crf),
annual operation and maintenance expenditures (Opex),
oil/ natural gas and coal fossil plants as index (i), annual
fixed Opex of fossil plants (Opexi,fix), variable Opex of
fossil plants (Opexi,var), annual full load hours of fossil
plants (FLhi,el), fuel cost for fossil plants (fueli), thermal
energy conversion factor of fossil plants (PEth,i), primary
to electric energy conversion efficiency of fossil plants
(ηi,el), carbon emission cost (carbon), carbon emission
intensity per thermal energy of fossil plants (GHGi),
weighted average cost of capital (WACC) defined in Eq.
1b, lifetime of plants (N), fuel cost (fueli), fuel cost of
crude oil (fuelcrude oil), ratio of fossil fuel to crude oil as
coupling factor (cfi), fuel cost of crude oil in the year
2010 (fuelcrude oil,2010), annual escalation rate of crude oil
price (rcrude oil) and year (y).
From an end-user perspective grid-parity is a good
definition for sustainable PV economics. This must be
regarded differently from utility point of view. Large
power generation companies are mainly used to operate
large power plants, which is also possible by operating
several large scale multi 10-100 MW PV power plants.
PV power plants can be built in the 10 MW scale but also

for a power capacity of more than 1 GW.[26] Large scale
PV power plants become attractive for utilities in case of
favourable economics. Consequently, PV power plants
are competing with fossil fuel fired power plants, in
particular oil, natural gas and coal fired power plants.
Competitiveness is best measured by calculating and
comparing LCOE for all power plants at all relevant
locations. Fuel-parity is therefore defined by the parity of
PV LCOE to the LCOE of respective fossil fuel fired
power plants plus the cost of reduced full load hours
(FLh) of fossil power plants. Moreover, being beyond
fuel-parity automatically implies economic benefits of
CO2 reduction, as fossil fuel fired power plants emit large
quantities of greenhouse gases (GHG) in contrast to PV
power plants contributing only 2% to 5% of specific
GHG per kWh compared to fossil power plants on basis
of total life cycle analysis.[36]
The first fuel-parity events have already started in very
sunny regions supplied by oil fired power plants, like on
the Arabian Peninsula.[5-7]
The total global installed fossil fuel power plant capacity
is about 3,180 GW, being about 67% of total global
installed power plant capacity, by end of 2008 composed
by about 440 GW (oil), 1,230 GW (gas) and 1,510 GW
(coal). These fossil power plants generated 13,683 TWh,
being about 68% of total global power generation in
2008. The contribution by fuel was 1,104 TWh (oil),
4,303 TWh (gas) and 8,273 TWh (coal). Comparing the
installed capacicity and the generated electricity makes it
possible to characterize the power technologies by their
FLh, being 2,520 FLh (oil), 3,500 FLh (gas) and 5,460
FLh (coal).[3]
Several requirements need to be fulfilled for a successful
hybridization of PV and fossil fuel fired power plants, in
particular applicability of the hybridization concept,
flexible fossil power plant operation modes and
sophisticated energy meteorology. These prerequisites are
fulfilled for hybrid PV-Fossil power plants and discussed
in more detail elsewhere [7].
Necessary input for the evaluation of the global market
potential of hybrid PV-Fossil power plants are globally
distributed and georeferenced solar resource data for
fixed optimally tilted PV systems [33] and the
coordinates of all fossil fuel fired power plants in the
world [19]. The georeferenced power plants are sorted by
the respective local solar irradiation of fixed optimally
tilted PV modules.
There are thousands of oil, gas and coal fired power
plants located in very sunny regions of more than 2,000
kWh/m²/y. Total fossil fuel fired power plant capacity in
the world being located at very sunny sites of more than
2,000 kWh/m²/y is about 150 GW (oil), 250 GW (gas)
and 290 GW (coal).[7] Both, oil and gas fired power
plants are able to adjust their power generation on a
minute scale, i.e. by using state-of-the-art energy
meteorology being able to forecast 24 hours ahead. Thus
there is no fundamental problem in combining PV power
plants with oil and gas power plants to hybrid power
plants. In the case of coal power plants excellent energy
meteorology has to be applied, because otherwise new to
be built plants will have to be realised as integrated
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gasification combined cycle (IGCC) coal plants, since
they are as flexible as oil and gas fired power plants.
For practical reasons only power plants are considered in
the following in case of at least 2,000 FLh of all power
plants in one country per fuel type. This limit reflects a
high probability that the respective power plants are also
in operation during daytime when the PV power plants
feed-in their power.[7]
For a simplified economic description a price coupling of
natural gas and coal to the crude oil price is used in the
following. Fossil fuel prices for crude oil, natural gas and
steam coal considerably deviate in different markets in
the world, but the overall price trend is similar and
relative price differences have decreased in the last
decade.[7] Long-term price escalation as a consequence
of increase in demand and degrading and diminishing
resources is reflected in fossil fuel prices. Dependence of
natural gas and coal price on crude oil price can be found
within market fluctuations over the last decades. The
fossil fuel prices can be compared on basis of harmonized
thermal energy units, like USD per barrel (of oil
equivalent), showing a long-term price ratio of natural
gas to crude oil of about 0.7 – 0.9, whereas the ratio of
coal to crude oil is about 0.2 – 0.4. The coupling of
natural gas and coal to crude oil is sensible because both
are used for their thermal energy content but factors such
as relative availability, local energy logistics and
respective power plant efficiencies create price offsets.
Long-term price coupling of natural gas on crude oil is
expected by the International Energy Agency to be about
0.9 for the US and 0.8 for Europe and Japan [37].
The applied economic scenario for fossil fuel power
plants is defined as follows: Capex of 800 €/kW (oil)/
750 €/kW (gas) and 1,500 €/kW (coal), annual fixed
Opex of 17 €/kW (oil)/ 15 €/kW (gas) and 20 €/kW
(coal), annual variable Opex of 1 €/MWhel for all fossil
power plants, power plant lifetime of 30 years (oil and
gas) and 40 years (coal), average power plant efficiency
in the year 2010 of 40% (oil)/ 50% (gas) and 35% (coal),
annual increase of the absolute average power plant
efficiency of 1% (oil and coal) and 0.5% (gas), coupling
factor of 0.8 (gas) and 0.3 (coal), WACC of 6.8%,
exchange rate USD/€ of 1.40, crude oil fuel price of 80
USD/barrel in 2010, annual crude oil price escalation rate
of 3% in real terms, no cost for existing CO2 emissions of
the entire scenario period and a thermal energy
conversion of 1.6806 MWhth/barrel. In general the
scenario covers a business-as-usual approach and reflects
a realistic estimate of all major economic drivers, except
the price for fossil fuels being very likely too
conservative. The range of the most fundamental price,
crude oil, is between 80 to 107 USD/barrel from 2010 to
2020. If the depletion and degradation rate of fossil fuels
stays the rate of the 2000s, the real price could be twice
as high at the end of 2010s as assumed in the applied
scenario. Numbers mentioned are for fossil fuel power
plants of multi-100 MW. Data are taken from various
sources described elsewhere [7,11].
The PV scenario assumptions are: PV power plant Capex
of 1.80 to 2.00 €/Wp (depending on local least cost
conditions), Opex of 1.5% of Capex, performance ratio
of 80%, local irradiation of fixed optimally tilted systems
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[33], weighted average cost of capital of 6.8%, plant
lifetime of 25 years, annual power degradation of 0.4%,
learning rate for modules and inverters of 20% (2010 to
2012) and 15% (2013 to 2020) and for remaining BOS
components no further learning to be conservative, global
PV growth rate of 40% (2010 to 2012) and 30% (2013 to
2020).
The PV scenario setting can be considered as realistic,
maybe slightly too conservative. The PV growth rates
have been higher for the last 15 years (Figure 3), hence
the cost reduction in time might be faster. The most
competitive utility-scale market segments in the world are
China and Germany, which show average fully-loaded
PV system Capex of about 1.9 – 2.1 €/Wp in the year
2010 [38] being in line with the realistic scenario
assumptions. Most competitive PV industry leaders
achieve an even better cost level. True cost of PV power
plants in Germany equipped with CdTe modules from
First Solar are found to be slightly below 1.6 €/Wp. The
two c-Si module cost leaders achieve fully-loaded
module cost in average of about 1.02 €/Wp. The fullyloaded average non-module cost in China and Germany
for c-Si PV power plants are 0.67 and 0.72 €/Wp,
respectively. As a consequence the fully-loaded system
cost for very competitive c-Si PV power plants have been
about 1.7 €/Wp, composed by c-Si module cost leaders
and the two most cost efficient PV markets. In total
leading PV industry players have been able to offer PV
power plants for 1.6 – 1.7 €/Wp for the conditions of cost
efficient PV markets.[38]
Comprehensive hybridization economics of PV and fossil
fuel power plants can be derived on basis of the scenario
assumptions for PV power plants and fossil fuel power
plants, the LCOE modelling (Equations 1 and 3), the
experience curve approach (Equation 2 and Figure 5) and
the georeferenced dataset of all fossil fuel power plants.
Key assumption is the close physical location of PV and
fossil power plants. Therefore no additional storage is
needed, no substantial grid constraints have to be feared
and electricity supply security is provided.
Upgrading existing fossil fuel power plants by PV power
plants to hybrid PV-Oil, PV-Gas or PV-Coal power
plants is economically favourable for PV LCOE lower
than respective oil, gas or coal LCOE. The precise
calculation need to include slightly higher capital cost of
fossil power plants by reducing their FLh in order of the
PV FLh. This effect can be calculated by Equation 3a and
has to be generated additionally by the PV component,
i.e. lower PV LCOE, of the hybrid PV-Fossil power
plant. All breakeven, i.e. fuel-parity, analyses in this
paper take this effect into account. The fair comparison
of PV and fossil fuel power plants would be on a total
plant LCOE basis, i.e. including all cost components.
However, for estimating the competitiveness of the PV
hybridization approach a fuel-only LCOE calculation is
helpful, since only the marginal costs of the fossil fuel of
the power plants are taken into account, i.e. in case of
lower PV LCOE than fuel LCOE a non-hybridization
strategy of respective power plant owners would
definitely cause higher power generation costs and lead
to higher prices for the end-users, thus loosing
competitiveness either to competitors or to other regions
on a macro-economic level.

When applying LCOE data for fossil fuel fired power
plants and PV power plants for all coordinates in the
world, a detailed world map of local fuel-parity events
dynamics can be derived [7] and based thereupon a
global demand curve for hybrid PV-Fossil power plants.
Since all fossil fuel power plants are georeferenced, the
year of financially beneficial hybridization for the
different fuel types for all existing fossil fuel power
plants can be derived and plotted in an integrated
manner. The global hybrid PV-Fossil power plant
demand curve based on fuel-parity is depicted in Figure 7
for the case of total plant and fuel-only LCOE parity for
fossil power plants operated in countries of an average of
at least 2,000 FLh and for plants firing coal of at least
bituminous coal quality.

fossil power plant capacity is about 3,130 GW by early
2009. About 460 GW of that capacity is identified as
being operated less than 2,000 FLh and therefore
excluded from the analysis. Further about 310 GW coal
power capacity is excluded due to the use of low quality
coal not tradable on the world market. The remaining
about 2,370 GW fossil fuel power plant capacity can be
economically upgraded by PV power plants by 2020 to
approximately 63% and 38% for total plant and fuel-only
LCOE parity, respectively.
In the year 2020, fuel-parity of PV power plants and
conventional fossil fuel fired power plants might be in
the order of 1,500 GW, whereas a capacity of
approximately 900 GW fulfils the most aggressive
criteria of PV LCOE parity to fuel-only LCOE of fossil
power plants.

6

Rural Off-Grid Market Potential of PV Systems

In the world 1.4 billion people have no access to
electricity.[3] Small PV applications, like solar home
systems (SHS) and PV pico systems (PS) [39],
enormously improve local standards of living. More than
80% of people without access to electricity live in rural
areas of developing countries [3] typically showing high
solar irradiation.[9] Thus attractive priced SHS and PS
enable a fast financial amortization compared to
conventional energy costs. Increasing demand for small
PV applications and constant reduction of financial
amortization create large market potentials in countries
with low electrification rates. The off-grid economic
market potential of PV cannot be estimated by the gridparity or fuel-parity approach, but by an amortization
calculation discussed in this section.

Figure 7: Global hybrid PV-Fossil power plant demand
curve in the 2010s on total plant (top) and fuel-only
(bottom) LCOE parity for fixed optimally tilted PV
power plants in the 2010s.[7] Fossil power plant
capacity, i.e. oil, natural gas and coal, is counted only in
case of PV LCOE (plus higher fossil capital cost due to
reduced FLh) lower than total and fuel-only fossil LCOE.
All coordinates are aggregated to the fuel categories.
Power plant scenario assumptions are applied as defined
in this section. Countries operating respective fossil fuel
power plants in average of at least 2,000 FLh and coal
plants firing coal of at least bituminous coal are included
in the analysis.
The global hybrid PV-Fossil power plant market
potential is structured as following: Total plant LCOE
parity is already given for about 350 GW (oil and gas) in
2010, rising to 750 GW (oil, gas and begin of coal) in the
middle of the 2010s and reaching about 1,500 GW (oil,
gas and coal) by the end of the 2010s. Fuel-only LCOE
parity is already given for about 60 GW (oil) in 2010,
rising to about 380 GW (oil, gas and begin of coal) in the
middle of the 2010s and reaching about 900 GW (oil, gas
and very little coal) by the end of the 2010s. Global total

People without access to electricity mainly live in subSaharan Africa, South Asia and in some countries of the
Pacific Rim. A large majority of them lives in India,
Bangladesh,
Indonesia,
Nigeria,
Pakistan
and
Ethiopia.[9] Georeferenced analysis of solar irradiation
of those regions where the 1.4 billion people without
access to electricity live confirms that a majority of them
has access to very good up to excellent solar resources of
about 1,800 – 2,200 kWh/m²/y irradiation on module
surfaces of fixed optimally tilted PV systems. Most
people without access to electricity live in developing
countries of gross domestic product (GDP) per capita of
less than 2,500 USD. Only few of those countries show
PV installations on a promising level (Figure 4).[9]
People without access to electricity spend money on
kerosene for lamps, dry cell batteries for radios and tape
recorders and charging mobile phones. All those basic
energy needs are able to be substituted by SHS and PS.
The conventional energy costs are paid week by week, or
month by month, whereas PV systems have to be bought
in total but can be used for years. Attractiveness of PV
applications is distinguished by their financial
amortization period. For calculating the financial
amortization of SHS and PS their specific cost including
replacement cost of key components need to be taken into
account and compared to the substituted energy cost,
mainly driven by expenditures for kerosene and dry cell
batteries. Details on the assumptions for the amortization
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calculation are given elsewhere [9].
Amortization of complete PV systems ranges between 6 18 months (PS) and 12 – 36 months (SHS) but strongly
depending on energy consumption patterns (Figure 8).
Thus, small PV applications are the least energy cost
option for people without access to electricity in rural
areas. Analysis shows that upfront investment seems to
be less of a financial burden than anticipated. The
capitalized value of the various small PV systems range
between 10 – 45 (PS) and 5 – 20 (SHS) times the original
capital expenditures in most countries.[9]

market potential for less poor rural regions might
represent about 6 GWp. The market potential for
residential electricity in rural PV based mini-grids might
be in the order of 16 GW.[9] PV based mini-grids are
higher in LCOE than on-grid power solutions, but lower
in LCOE than comparable diesel powered mini-grids as a
result of fast decreasing PV LCOE.[5,8,11]
However, advanced commercial applications and public
services lead to an even higher market potential. Most
well emerging and developed countries in the world show
a residential fraction of total final electricity consumption
of roughly one third [9], i.e. commercial, industrial and
public consumption is two times higher than the
residential one. Therefore, the commercial and public
(schools, health centres, lanterns, water pumping,
telecommunication, etc.) small PV off-grid market might
be two times higher than the residential one.
The total addressable economic market potential for rural
off-grid PV systems can be estimated to roughly 70 GW
being composed by about 24 GW residential and about
46 GW commercial and public demand or about 24 GW
PS and SHS (residential, commercial and public) and
about 46 GW mini-grids. Roughly two third of the offgrid PV market potential is due to mini-grid applications,
however two third of the not electrified people will get
access to electricity by small PV solutions like PV pico
systems or solar home systems.

7
Figure 8: Amortization period for 2 Wp PS (top) and 50
Wp SHS (bottom).[9] Coloured countries show
electrification rates of less than 80%. Economics are
based on the assumptions: system cost between 8 €/Wp
(SHS) and 23 €/Wp (PS), monthly kerosene consumption
between 5 l (PS) and 20 l (SHS), monthly cost of
batteries of 5.2 € (SHS), local diesel prices, inflation of
10% plus a real interest rate of 3%.[9]
Attractive prices for PS and SHS lead to short financial
amortization periods and enable people without access to
electricity to cover their energy needs in a sustainable
manner. Moreover, small PV applications are the least
cost energy option and fast growing global on-grid PV
markets and scaling effects in local distribution channels
will further reduce system cost. Excellent economics of
small PV applications might significantly accelerate the
growth rate of off-grid PV markets in the years to come.
A local market evaluation for Ethiopia, one of the poorest
countries in the world, has led to a total market potential
of about 280 MWp for roughly 70 mio people without
electricity access.[8] These numbers correspond to about
30 Wp per small PV system. The market for the 1.4
billion people without access to electricity might be
evenly addressed by small PV systems of the average size
of 30 Wp for very poor regions, larger scale small PV
systems of an average size of about 100 Wp for less poor
regions and mini-grid applications providing annually
about 300 kWh/user. The such derived global market
potential for PS and SHS in very poor rural regions for
residential purposes might be about 2 GWp, whereas the
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Total Sustainable Economic PV Market Potential

As presented in sections 4 to 6 there are three major
classes of PV markets and hence two different parity
concepts for deriving the sustainable on-grid economic
market potential and an additional amortization approach
for the off-grid segment. Some countries reach first gridparity, e.g. Spain, Germany and Japan, and others
initially achieve fuel-parity, e.g. Saudi Arabia, UAE,
India and Mexico [2,6]. In the mid- to long-term all
countries reach grid-parity and fuel-parity, therefore the
overlap capacity of the two approaches need to be
quantified on a per country basis for avoiding double
counting. The highly profitable PV off-grid markets
(section 6) are characterized by no overlap with the gridparity and fuel-parity approach, thus they are not
included in the following overlap considerations.
On basis of the grid-parity and fuel-parity concept, it can
be estimated an upper and a lower limit of the sustainable
economic market potential for PV systems. The upper
limit for the grid-parity would be the net metering gridparity, i.e. parity of PV LCOE and the electricity price for
the end-users. The lower and more appropriate limit
would be the cost of PV plus storage solutions compared
to the electricity price. The upper limit for the fuel-parity
would be the comparison to the total plant LCOE of
fossil fuel fired power plants reduced by increasing
capital cost due to lower FLh as a consequence of
hybridization with PV systems. The lower limit for the
fuel-parity refers to the marginal cost of fossil fuel fired
power plants, i.e. the fuel-only LCOE. The global
economic market potential for PV systems analyzed in
this work is based on a global grid-parity analysis for
more than 99% of global electricity consumption (section

4) and a comparable global fuel-parity analysis for all
fossil fuel fired power plants in the world on a per power
plant basis (section 5). The outcome is depicted in Figure
9 for the first integrated sustainable economic market
potential estimate for PV systems on basis of a learning
rate of 20% for modules and inverter and 15% for the
other balance of system (BOS) components. The total
economic market potential can be estimated to about
2,700 GW to 4,200 GW for the year 2020.
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The economic market potential for total installed on-grid
PV capacity in year 2020 can be estimated to about 2,700
GW to 4,200 GW based on grid-parity and fuel-parity
analyses. The market potential for rural off-grid PV
applications is estimated to about 70 GW (section 6),
however, this comparable low installed capacity would
be equivalent to a quantum jump for the 1.4 billion
people without access to electricity. The total overall
economic PV market potential can be estimated to
roughly 2,800 GW to 4,300 GW based on grid-parity,
fuel-parity and off-grid amortization analyses.
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Figure 9: Total economic market potential for PV
systems in the 2010s in the upper (top) and lower limit
(bottom). The key assumptions are: grid-parity and fuelparity approach, learning rate of 20% for modules and
inverter and 15% for other BOS components, growth rate
of 30% in 2010s, substitution of 80% of the single endusers power demand and 50% maximal addressable
market potential in case of grid-parity and hybrid PVFossil power plants without any storage capacities in case
of fuel-parity.
The economic market potential for PV systems is
comparably low in the very early 2010s but fast growing
during the entire decade even for the lower limit of PV
plus storage grid-parity and marginal cost fuel-parity. In
the beginning the majority of the economic market
potential is driven by fuel-parity (typically PV power
plants) and later by grid-parity (typically decentralized
roof-top applications).
A lower learning rate reduces the market growth but
would be no show stopper at all. PV cost projections on
basis of experience curve approach enable feasible
estimates of a very high sustainable global PV market
potential in this decade. Significantly lower learning rates
would reduce this potential accessible in the 2010s, but
PV market diffusion would be delayed only by a few
years, typically below four years. A more detailed
sensitivity analysis on the impact of learning rates on the
economic PV market potential is discussed elsewhere
[7,31].

Discussion of the Economic PV Market Potential
and Expectations by PV Scenarios

The fully economic market potential for installed PV
capacity in year 2020 based on grid-parity, fuel-parity
and rural off-grid economic analyses can be estimated to
about 2,800 GWp to 4,300 GWp on a global scale
(section 7).
However, only a fraction of this economic market
potential will be realised in time, i.e. 20% (pessimistic),
35% (realistic) and 50% (optimistic) might be assumed.
When applying these scenario assumptions one can
expect a cumulated installed PV capacity in the year
2020 for a pessimistic case of about 560 – 860 GW, for a
realistic case about 980 – 1,500 GW and for an optimistic
case about 1,400 – 2,150 GW. To be more on the save
side the final expectation is about 600 GW (pessimistic),
1,000 GW (realistic) and about 1,600 GW (optimistic).
These three cases are roughly equivalent to average
annual growth rates of new installations of 20%, 30%
and 40%, i.e. fully in line to the long-term growth of
global PV installations (Figure 3). Technological
restrictions for these installation numbers need not to be
feared, since the fuel-parity approach requires only grid
access of PV power plants nearby to existing power
plants, many grid-parity market segments become
profitable even including local storage options and small
PV applications are already highly profitable including
storage.
These PV market expectations are in drastic contrast to
market projections of major institutions in the field of PV
scenarios, since only the progressive group (section 2)
fulfils the pessimistic case derived in this section, i.e.
only EPIA and partly Greenpeace can really imagine that
PV can show such a fast progress towards the long-term
target of becoming a major source of energy supply. The
‘SET FOR 2020’ study from EPIA [20] is the only
publication expecting a cumulated installed PV capacity
in the order of the realistic case derived in this work.
It is not surprising that the two global leading
organizations in the fields of PV association (EPIA) and
the campaigning for protecting and conserving the
environment (Greenpeace) have available the know-how
and visionary leadership for realistic energy scenarios in
the field of PV.[20-22]
On the contrary is has to be rated very disappointing that
the global leading organizations in the fields of energy
(IEA) and conservation of the environment (WWF) fail
in assessing the true potential of PV as a near term game
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changer in the global energy business.[24-27] Even an
organization like the EWG fails in assessing PV despite
of being focussed on the short-term shortage in
conventional energy fuels and strategies for a long-term
secure energy supply based on cost competitive
renewable energy sources.[28] The three organizations
expect a cumulated installed PV capacity in the year
2020 of 110 GW (IEA in its most progressive ‘New
Policies’ scenario), 111 GW (EWG in the ‘High’
scenario) and 194 GW (WWF in the ‘100% RE by 2050’
scenario). Even the result of 600 GW cumulated installed
capacity for the pessimistic case assumptions derived in
this work are more than three (WWF) and five (IEA and
EWG) times higher than the most progressive
assumptions of these organizations, despite of taking into
account in this work only the fully economic sustainable
PV market potential in the decade of the 2010s.
One of the most prominent characteristics of PV is the
faster than expected progress mainly based on the longterm stable high learning rate and growth rate. The
learning rate is driven by modular, highly scalable but not
very complex production processes and still retaining
enormous room for further progress. The growth rate is
driven by the highly modular character of the PV
technology ranging from 2 Wp PV pico systems to 1 GW
very large scale PV power plants generating sustainable
economic benefits in outer space and on earth, off-grid
and on-grid, in residential and power plant applications.
Additionally, the PV power technology is the only
established energy technology based on the fundamental
cost structure of semiconductor based electronics without
any moving parts and the potential for a further
substantial increase in lifetime, decrease in energy pay
back time and hence increase in energy return on energy
invested.[40] In every market segment captured by PV
during the major diffusion phases in the past decades, the
PV applications set standards in establishing a least cost
energy option: firstly in powering space applications,
secondly in the off-grid field and currently in parallel for
on-grid decentralised residential roof-top and on-grid
more centralised power plants.
It has to be evaluated as highly probable that the
technological basis of PV coupled to the economic
characteristics drive sustainable and high PV market
growth rates in the decade of the 2010s which will result
in a structural change of the global energy system in the
following one to two decades due to a historically very
fast increase in market share.
The three major power technologies in relation to
minimised fully loaded social cost are solar PV, wind
power and hydro power. But only solar PV and wind
power have access to nearly abundant resources, whereas
the solar resource is the most homogeneously distributed
energy source in the world. It is a godsend that the two
least cost energy options for the 21st century are fully
complementary to each other.[41]
A first global analysis of the complementary
characteristics of PV and wind power plants gives plenty
of indications that these two major renewable power
technologies complement each other to a very high extent
(Figure 10) and show nearly no competition due to the
fundamental underlying solar and wind resources.[41]

4302

The degree of complementarity is measured by overlap
FLh, i.e. the amount of power provided by PV and wind
power plants adjacent to each other in the same time
interval. However, typically the overlap FLh indicate a
good complementarity due to part load conditions of the
respective power plants. For extracting the amount of
power being problematic, the critical overlap FLh are
defined, i.e. the amount of power being above the rated
capacity of PV or wind power per geographic unit and
time interval. In these cases the renewable power might
be lost due to limited power line, balancing power plant
or storage capacities. The first insights for the analysis of
the complementarity of PV and wind power are depicted
in Figure 10.

Figure 10: Ratio of annual total (top) and critical
(bottom) overlap full load hours of PV and wind power
to added up full load hours of both power
technologies.[41] Assumed are PV fixed optimally tilted
power plants and wind power plants at 150 m hub height.
Calculations are performed on a mesh of 1°x1° latitude
and longitude and a one hourly time interval for the year
2005. Power capacity of PV and wind power is set to an
equal value.
Global average total overlap is about 15%, whereas
maximum overlap is 25%. Critical overlap is significantly
lower, i.e. available power per coordinate higher than
rated power capacity of one power technology. Critical
overlap FLh are worldwide below 9% and at most places
even below 3% - 4%. Consequently, PV and wind power
plants are finally no competition to each other and the
findings for the global hybrid PV-Fossil power plant
demand curve (section 5) need not be lowered. However,
it seems to be likely that hybrid PV-Wind-Fossil power
plants can capture a significant market share in the 2010s
and further reduce the remaining FLh of the fossil fuel
power plant component of the hybrid power plant.
For reaching a sustainable equilibrium in global power
supply the remaining fossil fuel plants need to be
substituted, since harmful greenhouse gas emissions,
price escalating diminishing and degrading fossil

resources and supply disruptions induced by military and
economic conflicts around remaining fossil fuel resources
force the power plant operators to low risk investments.
A very promising option in the mid- to long-term arises
by renewable power methane (RPM).[42] RPM would
enable hybrid PV-Wind-RPM power plants establishing
fully dispatchable power supply based on fluctuating
wind and solar resources. In the concept of RPM the
excess power is converted in a first step by electrolysis
into hydrogen and in a second step by methanation into
methane. Besides electricity only water and carbon
dioxide are needed. Major advantage of the RPM is the
step by step switch from current fossil methane (natural
gas) to the future renewable power methane, since the
entire downstream inftrastructure can be used, i.e.
transmission pipelines, distribution networks and the
methane (gas) power plants. A first economic analysis on
the global impact potential of the RPM based on hybrid
PV-Wind-RPM power plants finds indications that this
approach becomes competitive in the early 2020s.[43]
The complementarity of PV and wind power enormously
reduces further investments in the energy system and will
enable the power sector to offer highly competitive
solutions for the heat and transportation sector and
maybe even for the chemical industry via renewable
power generated methane.[43]

9

Conclusions

In this paper an integrated approach has been presented
for estimating the sustainable economic PV market
potential in the 2010s up to the year 2020. The results for
a global grid-parity analysis, a global fuel-parity analysis
and PV off-grid economics have been taken into account.
These analyses are mainly based on PV cost projections
including experience curves and PV growth rates. Finally
the outcome of the such derived economic PV market
potential has been transformed to a pessimistic, realistic
and optimistic estimate of a cumulated installed PV
capacity by the end of 2020. These installed capacity
estimates have been compared to PV scenarios published
by leading organizations in the field of energy and PV
scenarios.

resulting in a pessimistic (600 GW installed capacity in
2020 and an annual growth rate of 20%), realistic (1,000
GW in 2020 and growth rate of 30%) and optimistic
market view (1,600 GW in 2020 and growth rate of
40%). Only EPIA and Greenpeace can imagine such a
fast progress in PV development. Other leading
organizations like the IEA, WWF and EWG expect about
one third or even less compared to the pessimistic market
expectation derived in this work.
Due to the complementarity of solar PV and wind power
the market expectation for PV need not to be lowered.
However, hybrid PV-Wind systems are very likely to
start to strongly influence the global power system in the
next decade by sophisticated hybrid concepts, like the
renewable power methane technology.
The fast progress of sustainable energy technologies
seems not to be included in energy scenarios of leading
international organisations. This work gives plenty of
indications that in the field of PV several organizations
would make no mistake in revising their scenarios in the
field of PV.
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RESEARCH AND INVESTIGATION OF ENERGY
CONSERVATION AND ENVIRONMENTAL AWARENESS OF
URBAN AND RURAL RESIDENTS IN DALIAN
Bin Chen, Shuxin Bai,Baogang Zhang, Ming Liu, Yiqiang Xie, Weizhi Tian, Ruina Zhang, Ran Duan
Dalian University of Technology, Dalian, Liaoning Province, China

0 Introduction
Due to the acute shortage of the earth's energy, the responsibilities and obligations of citizens force to protect
environment and save resources.In order to further understand the daily habits of urban and rural residents and
energy conservation environmental consciousness, and grasp general level of the environmental consciousness,
Dalian University of Technology and Kyushu university jointly carry out the international cooperation project_
research project on “the Development and the Mechanism of Low-Carbon Society in Asian Major Cities”, from
September 2009 to February 2010,focusing on questionnaire survey about the energy saving and environmental
consciousness of urban and rural residents, and field survey about energy consumption and approaches of saving
building energy in design in Dalian has been made in China, Japan, Korea, Vietnam, Thailand, Indonesia, and
other countriesparticipate in the international cooperation project, choosing Dalian and Chongqing as subjects of
China.
1 Outline of questionnaire and field survey
1.1 Method and Respondents of Questionnaire
In order to make the investigation object region cover center area of Dalian city, surrounding towns and the
country far away from the city, meanwhile reflect the different of social class, the education level and age,
Respondents from the two middle schools located in center area of Dalian city and one middle school located in
town, at which students come from town, has been chosen. In the investigation process, the survey has been
supported by the three middle school, Distributing numbers and Effective numbers of respondents questionnaire
are shown in table 1.
1.2 Content of questionnaire
Five kinds of questionnaire are designed for this survey, which is respectively for urban parents, urban students,
rural parents,rural students and rural grandparents. For residents of city, contents of questionnaire including 7
categories, 48 issues involving personal information, environmental consciousness and way of life, consumption
behavior (electrical home appliances and cars), living environment, waste treatment and residential construction,
and so on; For residents of town, except issues for residents of city, the survey also includes the agricultural
production, traditional heating means, etc.
Tab. 1:Questionnaire summary

Survey

Survey

Subjects for

area

period

distribution

Distributing numbers
For

For

For

parents

students

grandparents

Effective
numbers of
Total

respondents

City

Sep.27-

high school

1704

1704

0

3408

3182

Rural

Oct. 12,2009

high school

912

912

27

1851

1650
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Fig. 1: Age structure of respondents

Fig. 2: Culture structure of respondents

2

Results of questionnaire survey on energy use and environment consciousness

2.1 Constitute structure of Respondents
Constitute structure of Respondents is as shown in Fig.1~ Fig.3. Approximately the same number of people is
surveyed in the city and rural area. There exists a significant difference in the educational levels of the
respondents in the city and rural area. Proportions of urban parents that have attained higher education is close
to 50%, yet rural parents that attained higher education only accounts for 11.1%. In effective questionnaires,
55% of the respondents are between the age of 40 and 50.
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Fig.3；
；Distribution of respondents

Fig.4；
；Results of measures that can reduce the greenhouse effect people think

Fig.4 shows the survey results of which kind of the measures people think can reduce the greenhouse effect. It is
known from Fig.4 that the most important measure of protecting the environment is to lay down the laws and
regulations about environmental protection; Secondly important measure is to request the enterprise to disclose
their environmental information in order to well inform the public of the enterprise’s pollution to the
environment; Other measures such as collecting environmental tax for Energy-intensive products, giving the
government subsidies for green products, and Environmental education for people also gain acceptance, yet
encouraging the public to participate in the planning of urban environment is not a good way, which has low
expectations.
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Fig. 5；
；Results of ‘with air conditioning, warming of the earth affect the living very much’

The questionnaire survey has one issue that "even if the earth is constantly warming, as long as there is air
conditioning, that will not a big impact on human life, choose their own opinion,". Fig.5 shows the statistical
results can be seen only less than 10% of people think the earth warming do not have relations with their own
life.

Fig. 6；
；Attitude to face global warming

Fig.6 shows the statistical results of people's basic attitude to face global warming. More than 50% of urban and
rural residents are willing to sacrifice their own living conditions to inhibit earth warming. People
environmental consciousness enhancement also reflects from the attitudes for the waste, 65% of people think the
waste treatment way now is not reasonable, 88% of the people support garbage processing mode for
environment friendly. For some common high pollution living garbage, such as waste electrical appliance,
battery, people want to related departments to enforce unified recycling and reuse.
2.3 Save-energy consciousness and living behaviors
According to statistics, 60% of family in Dalian has air conditioning, 99% of the family have a TV, 40% of the
family has a car. In addition, through this investigation way of life including many energy saving habits are
found, for example, 90% of the investigators will turn off lights when leaving; 56% of households can sit
together to watch one television; When using air conditioning, 67% of families can close air conditioning before
ten minutes when they go out, and so on. But less than 10% of people come to realize some energy saving
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behaviors, for example, ahead of cooking rice, immerse rice 10 minutes to achieve saving electricity;
considering purchasing (LB) commodities having green environmental protection mark(LB); don't buy frozen
food or cooking at home, and so on.
Statistical results show that in life women has higher energy saving consciousness, 90% of the female
investigators can notice some tiny save-energy behavior, and for men, the number was only 65%. The female
investigators has high accept ability in the new energy saving consciousness, for a few now energy saving
consciousness in the survey, 54% of the female investigators expect to practise, so the gender in this effects
must be paid attention to in the propaganda on energy saving consciousness.
In the investigation, 89% of investigators which have highly educated can positively practise lifestyle of good
energy saving, and 84% of investigators which do not have highly educated also try to actively practice these
lifestyle. So the impact of the degree of education on accepting energy saving consciousness and is not big.
2.4 Heating means and living environment
When residents buy houses, they not only consider the size of the house, but also taken account other factors
include the residential environment and health, culture atmosphere, ecological environment, public facilities
level, and etc. Heating of Dalian is mostly through district heating, but there are many different heating means
for rural area. According to middle school student's survey of the town, other than district heating, a large
percentage of families use the Kang and common stove for heating, as shown in Fig.7 below. The main fuel for
heating is coal, accounted for 42%; and the proportion of biomass energy is only 32%, the results of the survey
shown as Fig.8.

Fig. 7；
；Results of means of heating in town

Fig. 8；
；Energy utilization structure for heating

Survey results of comfort of indoor environment are shown as Fig.9 and Fig.10. According to the investigation
results, summer indoor environment in rural residence is slightly better than that of the urban residence.
Although the summer outdoor temperature in Dalian is not very hot and the item period of using air
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conditioning is very short, 60% respondents believe they have poor ventilation. This problem may be as a
result of building’s architectural design. In winter, the urban family thinks the indoor environment is too dry, and
the proportion room temperature fail to reach satisfactory level is clearly higher than that of rural ones. In winter,
the urban family think indoor environment dry, and the proportion of that room temperature can’t reach
requirements clearly higher than that of rural ones. That’s because of different heating means and thermal
comfort. For indoor overheat, the proportion of often open a window or occasionally to cool in urban and rural
residents are both high.

Fig. 9:Results of indoor environment in summer

Fig. 10:Results of indoor environment in winter

2.5 Utilization of natural energy
In the investigation 40% of the family actively considers some solar energy application technologies when their
income increases. So the utilization of natural resources increases rapidly, yet led to electrical equipment use
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surge and caused the rapid increasing energy consumption.Although the power demand is growing, the solar
water heater as the only by using renewable energy common equipment, through the investigation 68% of the
urban family have been installed, and in rural areas, 32% of family do it. The utilization of renewable resource
relatively reduced the utilization of non-renewable resource, that plays an important significance in saving
energy to protect the environment.
3 The seminar
On February 24, 2010, The experts, scholars and government officials from China, Japan, Korea, Vietnam,
Thailand and Indonesia and other countries participated in the international seminar " Frame of low-carbon
society " in Fukuoka, Japan. Seminar participants based on the survey data of all countries widely exchange
their views. Chinese representatives are from Dalian University of technology, Dalian Environmental Protection
Bureau, Chongqing University and Chongqing's Rural Energy Office, and other units. Subjects is discussed
around low carbon society , related policies and regulations of each country, energy-saving and eco- awareness
for urban and rural residents, construction of demonstration project. Etc. This seminar enhances exchanging
ideas about frame of low-carbon society for the Asian countries regions.
4 Conclusions
During the investigation, residents' eco-awareness and energy saving consciousness in the city and town has
improved significantly. There is no big difference in respondents with different economic status, educational
level, or district, showing a high degree of overall awareness of the environment protection and energy saving.
The survey and study lead to the following conclusions:
(1)The government play an indispensable role in environmental protection and energy saving. 20% ~ 30% of the
people want to related department to formulate more practical policies and regulations. Although now energy
saving and emission reduction has proceeded , but energy conservation environmental protection policy for the
masses can't effectively and timely implemented. Part of the masses put high expectation to the government.And
in view of less than 5% of people to participate in urban planning expectations,which is not high, this needs
related department can protect the urban environment, based on environmental consciousness of masses. Only
grasping the actualenvironment problems and that is willing be solved in the present stage, can long-term
sustainable development policies be developed, which can play an important role.
(2) Improve the heating mode, use new energy actively and apply adaptive comfort to calculate its architectural
design. Now half of the heating energy is provided mainly by consumption of fossil in Dalian. Over-reliance on
natural resources is not suitable for sustainable development. Geographical differences and different standards
of living also make it different requirements for comfort. There is a lot of unnecessary energy consumption in
real life. Some people will not meet below this temperature, but this waste for energy is obvious.
(3) Strengthen grassroots energy saving promotion. Energy saving among the masses has already had a good
foundation. But advocacy work for the masses determine the implementation of energy saving in the process of
energy saving and environmental protection. Although people have a good sense for energy, 95% of living
habits under the investigation can’t do everything in energy requirements. Therefore, energy-saving habits
require extensive propaganda. For example, wash rice and soak it ten minutes before cooking in order to achieve
energy saving, purchase goods refer to green flag, do not buy frozen foods or eating out, etc.
(4) Survey shows that most residents have interest-driven environmentally friendly behavior. They have
initiative and enthusiasm only when the energy saving associates with the behavior of their own interests. Under
the circumstances, the families for environment protection and energy saving should be given appropriate
financial compensation by the relevant departments. Financial compensation can increase the purchase of
products related to energy saving by 20%. Economic factors in the energy saving accounts for a significant
proportion. There are more middle income families in China and they are the most important energy saving
people. However, they deviate from their own will to buy cheaper energy-consuming products due to the
economic, service and other factors. Some financial compensation can play a significant role to help about 40%
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of users that likely to purchase energy-saving products to buy energy-saving products.
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1. Introduction
The substitution of fossil fuels by renewable energy is one of the key measures in meeting the challenges of
climate change. The discussion in energy politics regarding the increased use of renewable energy, however,
focuses mainly on the electricity market. At the same time, nearly half of the final energy demand in the
European Union (EU) is consumed in the heating sector (BMU 2009, 57). The potential for renewable energy
sources in the heat market is accordingly large.
This paper examines the support measures for increasing the use of renewable energy in the heat markets of two
EU member states. Using the example of solar thermal (ST) heat generation, the external framework conditions
and the support measures of both Germany and Spain are compared. The aim is to clarify why the expansion of
solar thermal heat in Spain is well below its own expectations and the European average (despite the
advantageous climatic conditions), while the European average is clearly surpassed in Germany. Based on these
two national case studies, factors for the successful promotion of solar thermal energy are determined.
In 2007 the European Solar Thermal Industry Federation (ESTIF) proposed six complementing instruments
necessary for a coherent strategy to promote solar thermal energy (ESTIF 2007, 25). It was concluded that the
heating market requires a comprehensive set of measures to overcome multiple barriers to growth. Four of these
support measures are compared systematically for Spain and Germany. These are regulations (solar
obligations), financial incentives, training and awareness raising. Some assessment criteria are then compared
against the situation in Spain and Germany. Furthermore, the effectiveness of support measures depends largely
on the external framework conditions. While support measures can be altered by political actors, external
framework conditions are a rather static framework for environmental policies that is beyond the direct
influence of political actors and will thus change only very slowly. They include, among other things, heat
demand, characteristics of the building stock as well as public attitudes and knowledge of solar thermal energy.
These factors were categorized based on a slightly modified political science analysis model into economictechnical and cognitive-informational framework conditions (Jänicke 2003, 88; Bechberger et al. 2003, 28).
Besides national legislation, the EU directive on the Energy Performance of Buildings (2010/31/EU)1 and
especially the Renewable Energy Directive (2009/28/EG) are increasingly relevant for solar thermal energy.
Thus, the European legal framework is considered a common basis for the support policies of both countries,
especially given the fact that the Renewable Energy Directive requires policy improvements in all of the four
support instruments under consideration.
2. Solar Thermal Energy Markets in Spain and Germany
The share of renewable energy in the EU heating market is 10.8 %, with the vast majority provided by biomass.
In 2007, solar thermal energy contributed 1.7 % (10.9 TWh) to the renewable heat market, which makes solar
thermal currently a niche within a niche market (BMU 2009, 57). In 2010, there were approximately 24,114
MWth of solar thermal capacity in operation within the EU (34.4 million m2). This translates into 47.6 kWth of
installed capacity per 1,000 citizens (ESTIF 2011, 9). However, this average installed capacity per capita
(newly installed as well as cumulative collector surface) is not evenly distributed among the member states. As
the examples of Spain and Germany show, distribution does not necessarily follow climatic conditions.
In 2010, Spain had about 1,543 MWth of collector capacity in operation, which is the fifth largest cumulative
capacity in Europe (Figure 1). However, this corresponds to a mere 32.1 kWth per 1,000 capita (ESTIF 2011, 9).
The actual expansion in Spain is far behind the expectations of its Renewable Energy Plan PER 2005-2010
(Plan de Energías Renovables). In 2010 the newly installed collector surface amounted to 236 MWth, which is a
1

The alleged conflict between energy efficiency through modernizing the insulation of the building stock (resulting in a
decreasing heat demand) and renewable heat is discussed in Nast et al. 2009, 72 and Futterlieb 2011, 32.
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strong market contraction for the second year in a row (ESTIF 2011, 6).
Germany has 9,831 MWth of collector surface installed, which is the largest cumulative capacity in Europe
(Figure 1), translating into 118.3 kWth per 1,000 capita. In 2010 the market dropped by almost 29 % compared
to 2009, with only 805 MWth of newly installed capacity (ESTIF 2011, 9; cf. Rentzing 2011, 59).

Fig. 1: Cumulative installed capacity in Spain and Germany from 2000-2010 in MWth (EurObserv’ER 2011)2

Germany is currently the largest solar thermal market in Europe. About 31 % of the newly installed capacity in
2010 was installed there, while Spain held a share of 9 % of the European market. However, the relative share
of Spain has slowly been increasing compared to the previous years, while Germany’s market share fell slightly
(ESTIF 2011, 9).
3. External Framework Conditions
The external framework conditions have been introduced as being not immediately alterable by political actors.
One framework condition not mentioned before, yet certainly not changeable, are the climatic conditions.
Suffice it to say here that the conditions for solar thermal in Spain are very favorable. Spain has even the
highest potential in Europe with an average of 1,650 kWh/(m2*a) at 2,500 hours of sunshine annually (dena
2008, 35). The climatic potential in Germany is much lower. The solar radiation ranges from 900 to
1,200 kWh/(m2*a). The sunshine duration is between 1,300 and 1,900 hours a year (REC 2009).
a. Economic-Technical Framework
The economic-technical framework for solar thermal energy is distinguished by the composition of the heat
demand, the characteristics of the building stock and by the role of plant manufacturers.
Spain
Given the higher solar radiation in Spain, the total heat demand is lower than in Germany. While the demand
for domestic hot water (DHW) per inhabitant is identical with Northern Europe, the necessity for space heating
is significantly lower. The market for solar thermal plants providing only DHW is correspondingly large, while
Combi systems (DHW and space heating) play a minor role at the moment (Piria 2010, pers. comm.). In the
residential building sector, which is the most important market for solar thermal, the final energy consumption
accounted for 189 TWh (in 2005). Only 40 % was needed for space heating, 25 % for DHW and the remaining
35 % was used for electricity (AEE 2009, 27).
The building stock in Spain differs from that in Germany by the dominance of large residential buildings

2
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Other statistics differ slightly (cf. ESTIF 2011, 13).

(ESTIF 2007, 51). 60 % of the existing buildings are apartment blocks with at least three tenants (Pérez in estec
2009, 11). Recalculated in inhabitants, this means that a large majority of the Spanish population lives in multifamily buildings and apartment blocks (Martínez 2010, pers. comm.). In large residential buildings, however,
there are numerous technical, economic and legal barriers to the installation of solar thermal systems (ibid.),
such as the need for unanimous decisions on the required investments by all tenants. More often than not, the
construction company or the owner has no interest in increasing energy efficiency through solar thermal plants,
because the running costs will be borne by the tenants.
Furthermore, the number of new buildings has significantly decreased in recent years. This was largely due to
the strong downturn of the construction sector in the wake of the worldwide financial crisis (Rentzing 2009, 37;
Pérez in estec 2009, 10). Of course the impact of the solar obligation (see section 4.a), which initiates most of
the ST installations, is considerably lower when there are less new buildings constructed. The Spanish Solar
Thermal Industry Federation ASIT (Asociación Solar de la Industria Térmica) believes that the construction
sector will not recover in the years to come. While in 2008 615,000 apartments were still built, ASIT forecasts
that only between 151,000 (2010) and 280,000 (2017) apartments will be built each year (Polo 2010a, 4).
The large ST manufacturers are based mainly in Germany and Austria. Out of the total collector surface
installed in 2008, only 35 % was also produced in Spain, whereas 27 % originated from Germany and 18 %
from Austria (Polo 2009, 12). The solar thermal industry in Spain reached its current peak in 2008 with an
annual turnover of 375 million euro (EurObserv’ER 2011).
Germany
More than half of the German final energy consumption is used for heat production. The final energy demand
in the residential building sector amounts to 804 TWh. The largest share of 76 % is needed for space heating,
10 % for DHW and the remaining 14 % for electricity (AEE 2009, 27). This breakdown justifies the higher
emphasis on Solar Combi systems in Northern Europe, whose installation is also encouraged by the recent
changes in the German financial incentives programme. Since 2010, small DHW-only plants are no longer
eligible for funding (see section 4.b).
The differences between the building stock in Spain and Germany are remarkable. About 82 % of the German
building stock is detached (single-family) or semidetached homes (Langniß et al. 2004, 35). New buildings of
this type are mostly resident-owned. Under these conditions there will be fewer technical, economic and legal
barriers to the installation of solar thermal systems (Piria 2010, pers. comm.). The impact of the financial crisis
on the construction sector has been very moderate compared to Spain, yet the construction quota has been well
below 1 % since 2001 (Corradini & Musso 2011, 26).
The high concentration of ST manufacturers in Germany dates back to the 1970s, when motivated do-ityourself groups began to build handmade collectors. Today’s manufacturers originated partially out of this
German-Austrian do-it-yourself connection. They continued to specialize, and grew gradually into companies
with a turnover of several million euros. As a side effect of this concentration, European research in solar
thermal energy is located to a great extent in Germany and Austria. The annual turnover of the ST industry in
Germany was relatively constant at around 1.2 billion euro during the last few years (EurObserv’ER 2011).
b. Cognitive-Informational Framework
The cognitive-informational framework conditions for solar thermal comprise public attitudes and the
knowledge about solar thermal energy. For a positive cognitive-informational environment it is essential to
underline, first and foremost at the local level, the non-energetic advantages of the respective technology. These
include for example positive employment effects (Bechberger et al. 2003, 26). Assumptions in this area are
often difficult to backup empirically, yet there was a broad consensus among the interview partners about the
following assessment, which was developed further based on the work of Bechberger (2009, 720).
Spain
Compared to Germany, the big utilities in Spain started their activities in the renewable energy sector relatively
early (Bechberger 2009, 708). According to their traditional approach, they were focused on large-scale
projects in wind power and photovoltaics. There was little competition between the traditional energy utilities
on the one hand and renewable electricity producers, who would enter the energy market as pioneers and
grassroots movement, on the other hand (ibid., 720). While the vast majority of renewable energy capacity was
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developed in the portfolio of the traditional power supply industry, the Spanish population showed little interest
in this subject matter – an ecological sensitivity of the final consumers did not evolve. While the ownership of
renewable energy plants is relatively unimportant to increase the capacity in the electricity market, the
renewable heating sector due to its decentralized plants depends strongly on the participation of every potential
customer. Every houseowner must make individual investment decisions that have an impact on the increase of
the total solar thermal capacity. Yet the awareness and positive attitude towards renewable energy is very
limited, because the pioneering phase of renewables in the Spanish electricity sector did not entail the
sensitization of the general public. The motivations of environmental consciousness and energy self-sufficiency
are thus less intense. Yet solar thermal energy (and renewable heat in general) depends much more on this
positive environment than renewable energy in the electricity sector.
As the residential building stock is composed largely of multi-family dwellings, there is mostly no direct
relationship to the building or to its energy supply like there would be in a detached house that is inhabited by
the owner. The retrofitting of ST in the building stock is hampered by this cognitive-informational shortcoming
(Piria 2010, pers. comm.). Apparently the advantages of ST energy have not been communicated sufficiently.
Germany
The cognitive-informational framework conditions in Germany appear much more positive. Many of the solar
activists of the early years came from the anti-nuclear movement. They considered renewable energy as the
solution to realize the energy transition they were striving for. The growth of renewable energy sources is thus
largely attributed to the private and professional commitment of citizens and citizens’ initiatives, researchers
and many new entrepreneurs (Hirschl 2008, 179). These small and medium-sized companies managed to
professionalize their idealistic ideas and to create marketable structures (Bruns et al. 2009, 474). In contrast, the
large and well-established utilities in the conventional energy sector were not involved in the production and
active use of the new technologies yet (Hirschl 2008, 61). The result was two opposing and clearly defined
interest coalitions of the conventional utilities and the emerging renewable energy industry. This conflict
increased customers’ sensitivity for renewable energy sources. The acceptance of renewables in the population
serves as a stabilizing factor (Hirschl 2008, 184). Solar thermal, as a local energy source by definition, requires
this positive attitude. This is why more ST plants were installed in Germany by adequately motivated
homeowners. Besides this environmental awareness, the motivation to install solar thermal systems arises from
rising prices of fossil fuels and the strongly rooted idea of energy self-sufficiency (Piria 2010, pers. comm.).
The large share of single-family houses stands for a direct relationship to the property. The use of solar thermal
energy can expand relatively well in this kind of environment (ibid.). Altogether, the German solar thermal
market has strongly benefited from the ecological awareness of its customers.
4. Support Measures
While the external framework conditions were defined as relatively steady factors, the support measures can be
altered comparably easily. The support instruments that were analyzed include regulations (solar obligations),
financial incentives, vocational training for installers and awareness raising activities. As there are hardly any
criteria for their evaluation, ESTIF has defined some ideal characteristics for each support measure, which are
introduced briefly at the beginning of each subsection (cf. ESTIF 2007, 25 et sqq.).
a. Regulations (Solar Thermal Obligations)
For the past few years, there has been the intention to promote the expansion of solar thermal energy
increasingly with solar thermal obligations (STO). Article 13(4) of the renewable energy directive 2009/28/EG
requires that the member states – where appropriate – establish solar obligations by 2015. In some member
states, including Spain, Portugal, Italy and Germany, this has already been implemented (Nast et al. 2009, 10).
The advantage of a solar thermal obligation compared to financial incentives is its continuity, which is achieved
through the independence from budgetary constraints. Inspections and credible sanctions for non-compliance
are vital to make the developer comply with the obligation, especially in the introductory phase of this
regulative instrument (ESTIF 2007, 62).3
3
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Another effect of solar obligations is the guaranteed minimum market which kicks off growth towards a critical mass,
which again induces economies of scale along the supply chain (ESTIF 2007, 19).

Spain
With the new technical building code CTE (Código Técnico de la Edificación) that was introduced in 2006,
Spain was the first European country to enact an obligation to use solar thermal energy in newly constructed
buildings. The success of the preceding local obligations (Ordenanzas Municipales), the first of which was
enacted in Barcelona in 2000, served as a blueprint for the nationwide STO (cf. Futterlieb 2011, 54; Bechberger
2009, 496). Local obligations are still valid, provided they surpass the requirements of the CTE. This creates a
complex web of local (and partially regional) requirements and the nationwide CTE. The legal competence for
energy policy – apart from the framework legislation – lies at the level of the autonomous communities.
Therefore, local solar obligations will continue to exist alongside the CTE (Bechberger 2010, pers. comm.).
The STO applies to new buildings, and to those with a total floor space above 1,000 m2 that undergo major
renovation. Between 30 % and 70 % of the annual DHW demand at a reference temperature of 60°C needs to
be covered by solar thermal. The CTE refers to DHW only; space heating is not considered. The minimum solar
contribution depends on the climatic zone and on the amount of DHW consumed in the building (ESTIF 2006,
15). These solar contributions are minimum values, which may be increased by local solar obligations.
Exceptions from the obligation are possible only in very few cases: If other renewables provide the same
amount of DHW, if the installation were inappropriate in terms of monument protection, or if the site does not
provide space for collectors or insufficient sunlight exposure (Bechberger 2009, 499; ASIT 2007, 11).
The Spanish legislation, consisting of the CTE and local solar ordinances, is very sophisticated. The minimum
solar contributions, which are graduated according to the climatic zone of the building site and the DHW
consumption, are very ambitious (dena 2008, 36). Although by now the CTE is the key demand driver for solar
thermal installations in Spain, the expectations towards this support measure were only partially fulfilled. The
slow market development in recent years can partly be explained by different weaknesses of the CTE.
With the creation of a mandatory market, large construction companies are entering into the value chain, which
consisted previously of manufacturers, distributors and installers. These construction companies have a lot of
bargaining power that can trigger price reductions through scale effects. This however will go hand in hand
with lower quality of the plants. In a market characterized by solar thermal plants on large apartment blocks, the
final consumer is largely excluded from the choice of a ST system. The choice is thus left to those market
participants whose primary motivation is low initial investment costs (Pérez in estec 2009, 10).
In addition to this conflict of interest, the current implementation of the CTE lacks an adequate control system
of compliance and clear-cut sanctions in case of non-compliance (ESTIF 2007, 75; Bechberger 2010, pers.
comm.). The responsibility for controls and, where applicable, sanctions rests with the authorities of the
autonomous communities, who rarely have enough trained personnel for these tasks (Polo 2009, 20). The lack
of (credible and effective) ways of sanctioning is a barrier to the enforcement of the different solar obligations
in Spain (Nast et al. 2009, 24). An official monitoring system is urgently needed (Pérez 2009, 29). Another
reason for the transposition deficit is according to ASIT the lack of expertise of architects, installers, developers
and local authorities (Bechberger 2009, 503). Another factor, which however cannot be blamed on the CTE, is
the slowdown of the Spanish construction market (Pérez 2009, 29; see section 3.a).
Germany
Obligations for solar thermal or renewable heat in general are a relatively new instrument in Germany,
introduced at federal level in 2009 with the Renewable Energies Heat Act EEWärmeG (Erneuerbare-EnergienWärmegesetz). Due to the delay between coming into force and measurable effects on the number of solar
thermal installations, a quantitative assessment is still difficult. Local solar ordinances were not in place to a
noteworthy extent, yet the state of Baden-Württemberg introduced an STO in 2008 that surpasses the national
obligation in terms of its applicability in the existing building stock.
While solar thermal systems are the most popular option to meet the obligation, the law itself is not technologyspecific but lets the user choose the renewable heat technology. The EEWärmeG refers to new buildings only
(Art. 3(1)). At least 15 % of the heat demand (DHW and space heating) needs to be covered by solar thermal
energy. Alternative measures are possible. For example the solar obligation can also be satisfied if the building
insulation surpasses the requirements of the German energy savings ordinance (EnEV) by at least 15 %.
Additionally there is the possibility of complete exemptions without the need for compensatory measures, for
example when other requirements of the building code or monument protection apply (Art. 9). The first
evaluation report will be available by the end of 2011 (Art. 18).
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It was particularly the limitation to new buildings that made the obligation lag behind the expectations of the
advocates for renewable heat (cf. Nast et al. 2011, 37). The solar thermal industry neither expected nor
experienced a major breakthrough by the obligation (Rentzing 2009, 36; Rentzing 2011, 59). The scope is
relatively small and is narrowed down further by the exceptions and alternative measures. Even if a ST heating
system is installed, the obligatory minimum solar fraction is very low. A lack of controls has not been
considered problematic yet. It may be concluded that the German EEWärmeG in its present form is less
ambitious than its Spanish counterpart CTE. Yet the positive cognitive-informational environment for solar
thermal energy (see section 3.b) could help ensure that the obligation is complied with, even if there are few
actual controls of fulfillment (Piria 2010, pers. comm.). This may ultimately result in a stronger implementation
and offset the negative impact of the numerous exceptions. The restriction to new buildings may no longer be
possible after 2014, because Article 13(4) of directive 2009/28/EG requires – where appropriate – the inclusion
of existing buildings that are subject to major renovation into the national solar obligation schemes.
b. Financial Incentives
Financial incentives are ideal for those cases in which the solar obligation cannot be applied, thus primarily in
existing buildings. The renewable energy directive 2009/28/EG encourages the member states to develop
financial support schemes in the renewable heat market (Art. 3(1)(a)). Incentives are mainly set in the form of
direct grants, tax reductions, low-interest loans or bonus payments according to the quantity of heat generated
(AEA 2009, 1). Direct grants from the federal budget have been the most common financial incentive in Europe
(Nast et al. 2009, 9). Yet direct grants from the federal budget always involve the risk of irregular funding, for
example when the budget is exhausted before the end of the financial year.
Essential aspects of all incentive programs are continuity and financial stability as well as a minimal
administrative overhead (ESTIF 2007, 96). The amount of funding is not the only decisive criterion. The
incentives must be adequate to support market growth towards a critical mass, yet large windfall gains should
be avoided (ESTIF 2007, 106; Langniß et al. 2010, 97).
Spain
Financial incentives for ST systems in Spain were available in several support programs on the national,
regional and sometimes even local level. In the years 2000 to 2002, solar thermal energy was supported by
direct grants. A total of 24 million euros was distributed at national level during this timeframe. The grants per
square meter were between 210 euro/m2 and 300 euro/m2 (Bechberger 2009, 478). It is obvious that the total
amount did not suffice to support all solar thermal plants installed in this period of time.
Since 2003, solar thermal was included in a new support program which emerged from a cooperation between
the Spanish energy agency IDAE (Instituto para la Diversificacion y Ahorro de la Energía) and the state’s
financial agency ICO (Instituto de Credito Oficial) (Bechberger 2009, 478). The kind of incentive was thus
shifted from direct grants to low-interest loans. It provided loans of up to 812 euro/m2 for regular domestic
installations with a maximum surface of 20 m2 (ASIT 2005, 21). The program was not renewed after 2005.
From 2006 onwards, the administration of the financial incentives was shifted to the level of the autonomous
communities.4 The method of financing was shifted back to direct grants paid per square meter of collector
surface. IDAE transfers the money from the national level proportional to population to the autonomous
communities. The programs are usually administered by the regional energy agencies (dena 2008, 82). The
communities roughly double the financial means provided by IDAE. However, the contribution of the
communities’ own resources varies significantly. In 2007, the share of IDAE was 18.2 million euro; in total
38.8 million euro of direct grants were made available. The contribution of IDAE was reduced considerably in
2008 and 2009 (IDAE 2010a, 35; Futterlieb 2011, 62).
While the total amount of annual subsidies is quite low, the grants per square meter are comparably high: The
total funds available in 2007 divided by the newly installed and funded collector surface of that year yields an
average of 263 euro/m2 direct grants in Catalonia, 154 euro/m2 in Madrid and even 273 euro/m2 in Andalusia.5
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This development is not motivated by functional reasons, but part of the regionalization process in Spain, because the
legal competence for energy policy lies at the level of the autonomous communities (Bechberger 2010, pers. comm.).

5

This calculation can only serve as an indicator for comparably high grants per square meter, as each funding guideline
supports different types of ST systems and as the actual grant decreases when large collector surfaces are installed.

The direct grants can cover an average of 40 % of the investment costs for ST installations (dena 2008, 36).
Given the low total budget, this means that only a very limited number of ST plants received financial support.
Some of the funding guidelines of the regions (Órdenes de Ayudas) are open for applications only a few weeks.
But even the guidelines that are theoretically open all year long have insufficient funding, thus applications are
rejected after a short period of time. According to ASIT, most programs are closed after one or two months
(Polo 2010a, 5). In general, the direct grants are intended to support ST applications in the building stock. They
cannot be requested for new buildings that are subject to the CTE (Martínez 2010, pers. comm.).
ASIT assumes for 2009 that out of the newly installed collector surface of 402,000 m2, 83 % were installed
because of the solar obligation CTE and just under 14 % motivated by financial incentives (Polo 2010b, 6).
Local ordinances initiated in the previous year less than 5 % of the installations (Polo 2009, 13). It is supposed
that even less collector surface will receive funding through an incentive scheme in 2010 (Polo 2010b, 5).
Financial support measures in Spain to date have hardly met one of the basic principles for financial incentives.
Stability is given neither in terms of financial resources, nor regarding the funding instruments. The available
funds fluctuated significantly on an annual basis and have decreased constantly in recent years. Combined with
very high grants per square meter (although even here, there are large differences between the regions), the total
collector surface that could benefit from the direct grants was very low. The scarce funds were spent within a
few months of a year. The administrative expenses are relatively high due to the lack of a central funding
authority. Many regional authorities lack the manpower and the competence respectively to manage the direct
grants efficiently (Polo 2010b, 5).
As an alternative to the square meter based grants, the support programme SOLCASA investigates financial
incentives for large solar thermal systems. These are budget-independent schemes, where an energy services
company (ESCO) builds and maintains the solar thermal plant, which is refinanced by the revenue from the
heat sales. The program started in 2010 and has a budget of 5 million euro (IDAE 2010b).
Germany
Financial incentives for ST systems have existed in Germany for nearly 20 years. The most important financial
incentive scheme is the Market Incentive Programme MAP (Marktanreizprogramm), which has been running
since 1999. The ministry of the environment enacts the relevant funding guidelines (Förderrichtlinien). The
aim is to forecast the development of demand and to continually adapt the incentives in a way that as many
applicants as possible can benefit from the subsidies while guaranteeing that a maximum of collector surface is
installed. The MAP consists of low-interest loans managed by the KfW bank group (KfW Förderbank) and on
direct grants managed by the Federal Office of Economics and Export Control (BAFA). Direct grants account
for more than 80 % of the total budget of the MAP (Langniß et al. 2010, 28).
While the basic structure of the MAP has been very stable since it was started, the details have been changed
considerably over the course of the program to adjust to technical and economic developments (IfnE 2010, 8).
If there was a decline in demand the direct grants were increased and vice versa. This proactive program
steering allowed for almost every applicant to receive direct grants for his ST system (Langniß et al. 2004, 32,
83). During the last few years, about 82 % of the newly installed collector surface received grants from the
MAP, the remaining collectors were largely installed due to the solar obligation (Langniß et al. 2010, 91).
The grants per square meter for small plants (Solar Combi systems below 40 m2) ranged from only 70 euro/m2
in 2007 to a maximum of 135 euro/m2 in 2005. The current funding guideline of March 15, 2011 provides
grants of 120 euro/m2. The total annual subsidies for solar thermal within the MAP were between 40 million
euro (2000) and 195 million euro (in 2009). These funding budgets in proportion with the triggered investments
for the timeframe 2000 to 2009 show that the direct grants covered a mere 12.9 % of the investments made
(Futterlieb 2011, 94).6 Given the considerable leverage effect of low grants per square meter against very high
investment volumes initiated, the MAP is a highly efficient support programme (IfnE 2010, 14).
As the funding ratio was usually well below the VAT rate (19 % since 2007, previously 16 %), the treasury
incurred no additional costs, because the tax revenues generated by investments in solar thermal systems always
surpassed the funding budgets (ESTIF 2007, 103). The centralized programme management by the BAFA
ensures low administrative expenses, which accounted for only 2 % of the funding budgets (IfnE 2010, 7).
6

For an overview of the direct grants for flat plate collectors (up to 40 m2) as well as the “bonus grants” introduced in
2007 which were available in addition to the square meter grants see Futterlieb 2011, 94; Corradini & Musso 2011, 23.
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While there are some regional or local funding programs (cf. Futterlieb 2011, 97 et sqq.), the national MAP
remains the most important funding instrument.
Like in Spain, the direct grants are primarily intended to support solar thermal systems in the building stock,
while new buildings are in principle subject to the solar obligation of the EEWärmeG (IfnE 2010, 2; see section
4.a). Yet there were many exceptions like increasing the collector size above the obligatory percentage (or
installing Combi systems) that permitted a reduced funding even for ST systems in new buildings. However,
the funding guideline of July 12, 2010 completely excluded direct grants for ST plants in new buildings.
Compared to Spain, interruptions of the funding programme were relatively rare. The MAP had a major
impetus on the increased use of solar thermal energy, and contributed strongly to the doubling of renewable
heat since 1999 (Bruns et al. 2009, 92). Piria (2010, pers. comm.) sees the MAP as Europe’s most stable
incentive programme for solar thermal. Due to the positive cognitive-informational framework and the overall
stability, the support scheme is successful in spite of the relatively low investment grants. Still, the dependence
on the federal budget has repeatedly limited the steering capacity of the MAP. The low point to date was the
complete stop of the MAP in May and June 2010, which caused a drastic decline of the solar thermal market
within just a few weeks (cf. Corradini & Musso 2011, 25; Rentzing 2011).
c. Training
Training and advanced qualification of installers (and other professionals in the construction sector) is highly
important as they have a strong influence on the investment decision of homeowners.7 Well-trained installers
are more motivated to sell solar thermal systems, even more so because the installation requires more working
hours than a conventional heating system. The training standards especially in the skilled trades are very
different across the EU member states (ESTIF 2007, 55). The renewable energy directive 2009/28/EG (Art. 14)
requires the establishment of mutually recognized certification schemes or equivalent qualification schemes by
2013 to bridge different training standards for installers.
Spain
The vocational training of installers is completed within 1,300 to 2,000 hours (Oldach 2005, 118). While the
content of the vocational training for installers of heating and cooling systems remains unchanged, in 2009 the
new specialized training profile “specialist in energy efficiency and solar thermal technology” (Técnico
Superior en Eficiencia energética y energía solar térmica) was established within the occupational category
“energy and water supply”. The training takes 2,000 hours and includes the basics of solar thermal systems,
their dimensioning and installation, maintenance as well as the topics of energy performance certificates and
energy efficiency (GOB 2011). As the occupational profile is relatively new, there is no information yet
concerning the interest of trainees and training companies.
In the area of advanced training there is a broad range of distance learning courses and advanced training
courses for installers who wish to extend their services to renewable heat installations. Courses are provided for
example by the national center for vocational training in renewable energies CENIFER (Centro Nacional
Integrado de Formación en Energías Renovables) and the solar energy training center CENSOLAR (Centro de
Estudios de la Energía Solar).
A vocational training of 2,000 hours represents just over one year of full time education. So these trainings
cannot be as comprehensive as a vocational training in Northern Europe that takes between two and three and a
half years. According to Piria (2010, pers. comm.), the quality of training for craftsmen – not only in trades
specific to solar energy – is below the level in Northern Europe. Improvements in this regard are slower than
expected (ibid.). There is no report available that provides an overview of the basic and advanced training
options for the skilled trades relevant for solar thermal. In general, several bottlenecks in terms of training
continue to exist regarding the basic know-how and the installation of ST systems. The need for further training
of engineers, architects, professional planners and retailers is equally strong (dena 2008, 86).
Germany
The vocational training for installers, or rather “plant mechanics for sanitation, heating and air conditioning
7
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The equally important university education and integration of solar thermal knowledge into existing study programmes
for architects etc. is not considered here, cf. Futterlieb 2011, 65 and 103 for details.

systems” (Anlagenmechaniker SHK), takes three and a half years and encompasses theoretical and practical
components, also regarding renewable energy systems. It thus meets the requirements of directive 2009/28/EG
Annex IV concerning qualification. However in practice, the training contents regarding ST systems depend on
the vocational school and the field of business of the training company, because knowledge of renewable
energy systems is not yet a mandatory part of the training (WiLa 2007, 32). Only the training rules for the
higher-ranking master craftsmen SHK explicitly contain systems for renewable heating like solar thermal
installations (BMU 2010, 43).
In a 2007 survey, 80 % of the companies interviewed expected problems caused by the lack of skilled personnel
(Vajen in estec 2009, 45). According to these companies, knowledge of ST systems is usually not part of the
vocational training for installers; the same holds true for university graduates from related academic professions
(Wila 2007, 16). That is why craft businesses look for employees with practical experience or are forced to
develop these skills themselves through external and in-house training (Vajen in estec 2009, 46). Most installers
gain their knowledge of ST systems from short training courses of the manufacturers (Vajen et al. 2008, 16).
Contrary to the federally standardized vocational training, the market for advanced training is not regulated that
strictly. There is a wide and complex range of courses, with large fluctuations in quality (Oldach 2005, 50).
They are organized by the chambers of crafts, guilds and associations. But also the ST manufacturers, whose
concentration in Germany is quite high (see section 3.a), are active in the advanced training of installers,
because craftsmen are among their most important distribution channels. The manufacturers offer free and
compact training courses that are attended primarily by craftsmen (Vajen et al. 2008, 35).
The length of the basic vocational training for installers in Germany promises – relative to Spain – a high level
of education, which can be a good basis for advanced training courses. Due to the newly introduced solar
obligation (see section 4.a) it can be assumed that even more skilled workers will be needed. More efforts in
training are necessary to ensure that the lack of qualified staff does not become a bottleneck to the growing
demand for ST systems (Vajen in estec 2009, 47).
d. Awareness Raising
Public awareness campaigns are intended to reach the potential customer directly. The measures can range from
simple leaflets at the heating installer to internet portals and campaign weeks for solar thermal energy. The aim
is to make customers aware of solar thermal products so they will choose this technology when a window of
opportunity opens up, for example because a new heating system needs to be installed urgently (ESTIF 2007,
33). As these information measures are of fundamental importance they were also enshrined in Article 14(6) of
the renewable energy directive 2009/28/EG.
Spain
The disadvantageous cognitive-informational framework in Spain (see section 3.b) makes awareness raising
measures particularly important. Awareness raising is conducted mainly by IDAE and the regional energy
agencies. The 2006 annual report of IDAE claims that the Spanish population has a very low awareness and
knowledge of renewables and the possibilities of energy savings. Especially in the field of solar thermal energy,
customers need to be made aware that the use of ST is not associated with personal losses in comfort (IDAE
2007, 39). None of the recent campaigns of IDAE was focused explicitly on solar thermal energy.
The first Solar Days in Spain (Días Solar) were organized by ASIT in 2008. The 50 events were attended by
about 8,000 visitors. The multipliers involved were mainly ST companies and training centers as well as nine
regional energy agencies and several municipalities. While the number of visitors exceeded expectations, the
media coverage was still relatively modest. In 2009 the number of events was increased fivefold, which is
mainly attributable to the partnership with the regional energy agencies (ESD 2010, 11 et sqq.). The budget of
ASIT for the Solar Days in 2008 can be considered relatively low (Bechberger 2010, pers. comm.). ASIT
managed to involve the regional energy agencies and their own resources more strongly for the campaign in
2009. The members of ASIT were apparently not able to contribute adequate resources (cf. ESD 2010, 17).
Germany
The cognitive-informational framework in Germany is quite favorable (see section 3.b), so that awareness
campaigns for solar thermal energy can turn many interested parties into potential new customers. Still,
campaigns that are focused exclusively on solar thermal energy are comparably rare. This paper can only
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address some of the measures that run over a longer period of time.
The so-called Solar National League (Solarbundesliga) was initiated in 2001. It is a contest with the goal to
raise awareness for solar energy. The participating municipalities compete for the highest solar electricity yields
(photovoltaics) and the most collector surface installed within one year (solar thermal), both of which are
weighted against the number of inhabitants. The “German champion” is nominated every year by the
organizers. Solar thermal energy is promoted particularly on the websites of municipalities that are using
renewables (kommunal-erneuerbar.de) and on a website providing more general guidance on how to switch to
renewable heat (warrmewechsel.de), both of which are run by the German Renewable Energies Agency (AEE).
In addition to national campaigns, there are several initiatives that began as local grassroots movements and
later linked in cross-regional networks. Another approach to awareness raising is the exhaustive analysis of the
potential of rooftops for solar systems in a certain area, which was for example conducted in the municipalities
of Osnabrück, Gelsenkirchen and Freiburg. Every resident of a municipality whose potential has been
investigated can easily determine whether the characteristics of his rooftop are favorable for installing a solar
thermal system.
The Solar Week (Woche der Sonne) is the largest national campaign, which was started in 2002 in Austria,
Germany and Switzerland and later on extended to other European countries (including Spain) as the “Solar
Days” campaign. The many local events allow manufacturers and installers to address specifically the potential
users in detached houses in rural areas. The Solar Days thus combine the advantages of a centralized campaign
management and a uniform corporate design with many events arranged by initiators at the local level. The
Solar Days of 2009 included 5,000 events with half a million visitors, which corresponded to a doubling over
the previous year. Manufacturers and installers hosted more than 70 % of the events (ESD 2010, 17). In 2010
the Solar Days had to cope without the financial support of the ministry of the environment, as the campaign is
now fully funded by the solar industry.
Awareness raising is closely linked to the already existing positive cognitive-informational framework in
Germany, which creates a fertile ground for the success of campaigns. Given the fact that the awareness for
solar thermal energy differs in both countries, potential campaigns have very differing starting points. While the
Solar Days in Spain were newly introduced on a small scale, in Germany there is by now a broad network of
companies supporting the campaign.
5. Conclusion
A successful support policy requires continuous monitoring and readjustments to the different support measures
as well as the close consideration of the external framework conditions. The closing section will summarize the
findings, point out further explanatory approaches and provide some recommendations, several of which were
already incorporated in the renewable energy directive 2009/28/EG, and must now be transposed into national
law within a certain period of time.
a. Summary: External Framework Conditions and Support Measures
The framework conditions in Germany were favorable for the diffusion of solar thermal energy. The German
solar heat market has benefited from the ecological attitude of its customers, the presence of numerous large
plant manufacturers and a building stock characterized by many privately owned single-family (detached)
homes. Financial incentives remained relatively stable for more than ten years, with the highly efficient funding
quota allowing for a high number of ST plants to be installed. Taking into account the tax revenues generated
by investments in solar thermal systems, the treasury incurred little to no costs. The market incentive program
persists alongside the solar obligation and can continue to lift the high potentials for solar thermal systems in
the building stock (Nast et al. 2009, 111). The long-term success of the newly established German solar
obligation remains to be seen.
Despite climatic advantages, the remaining framework conditions for solar thermal energy in Spain are rather
unfavorable. The building stock consists to a great extent of large (residential) buildings, whilst the interest of
consumers in a renewable heat supply is low. The solar obligation is currently the strongest support instrument
in Spain. Its technical requirements go well beyond the German counterpart. However, it is not sufficiently
integrated into a coherent mix of support measures. In addition, lack of implementation of the existing
legislation and the downturn in the construction sector in the wake of the financial crisis prevented the
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fulfillment of the predicted expansion rates. Financial incentives are available on a rather irregular basis. Their
configuration differs regionally and the total budget is comparably low. Yet as the grants per square meter are
relatively high, the budget is mostly exhausted within a few months after the subsidy guidelines were opened
for applications – the resulting fluctuations in demand are problematic for the manufacturers of solar thermal
systems. Financial incentives supported the Spanish solar thermal market only marginally (cf. Bechberger 2009,
183). The higher solar radiation as Spain's obvious advantage could not compensate for the relative weakness of
the support measures and for the disadvantageous framework conditions.
Up until now, neither of the two countries has adequately incorporated renewable heating into the vocational
training and further qualification of installers and architects. The awareness raising campaigns that were carried
out in Germany had better preconditions, more financial contributors and thus reached higher visibility.
Figure 2 illustrates the findings regarding the initial research question. The external framework conditions,
support measures and some further explanatory approaches are listed under the question of whether they were
rather drivers (+) or barriers (-) to the expansion of solar thermal energy. The role of factors marked with an “o”
is unclear, either because more research would be needed to assess their influence, or because they have been
introduced too recently to be evaluated adequately.
Research Area
External framework
conditions

Element

Spain

Germany

Economic-technical framework

-

+

Cognitive-informational framework

-

+

Regulations / solar thermal obligations

+

o

Financial incentives

o

+

Training

o

-

Awareness raising

-

+

Market structure

-

-

Administration

o

o

Support instruments
on regional and local level

+ (obligation)
- (fin. incentive)

o

Mix of instruments

-

+

Support measures

Further explanatory
approaches

Fig. 2: Drivers and Barriers in the Spanish and German Solar Thermal Energy Market (author’s illustration)

This synopsis shows that the support for solar thermal energy requires a broad mix of support measures and
advantageous framework conditions. The strong focus on the solar thermal obligation in Spain is contrasted in
Germany by a policy mix of obligations and financial incentives, which is additionally supported by favorable
framework conditions.
b. Further Explanatory Approaches
Some additional factors of explanatory value appeared significant in the research process (cf. Futterlieb 2011,
118 for a more detailed overview). While they are provisionally included in Figure 2, more research is needed
to come to a well-established evaluation of their impact.
They include the complexity of the renewable heat market, where millions of actors – practically every
homeowner – have to make investment decisions, which often do not include energy efficiency or the choice of
a renewable energy source as guiding principles (Nitsch & Wenzel 2009, 51). The complexity of the market
and the multitude of actors involved turned out as a barrier to the rapid diffusion of ST in both countries.
Furthermore, the administrative requirements regarding building permits for ST plants may have a considerable
impact. The approval procedure for small ST systems is apparently more burdensome in Spain than in Germany
(AEA 2009, 2). In Germany there is generally no approval required for small solar systems on buildings.
Support instruments on the regional and local administrative level can be drivers or barriers to the growth of the
solar thermal market. The solar obligations on the local (e.g. Barcelona) and regional (e.g. Baden-Württemberg)
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level were important forerunners and thereby initiators for subsequent regulations on the national level. At the
same time, regional measures should not develop into a jungle of additional requirements (local solar
obligations) and incentives (regional support schemes) whose complexity may become a barrier.
Even more than in the electricity market, the optimized interaction of the support instruments is essential for a
successful support policy. It became apparent that all components of the instrument mix affect each other and
need to be meaningfully connected. This strong interdependence renders meaningless the question, which of the
four support measures is the most important one. None of them is dispensable and the right mix of measures
forms a success criterion in itself. While Spain tackled this task very well for renewables in the electricity
market (cf. Bechberger 2009, 719), the entry into force of the solar thermal obligation caused a strong focus on
this core instrument. Compared to Germany, support measures in the building stock were neglected.
c. Recommendations
Regarding the optimization of solar obligations, it is too soon for Germany to suggest improvements based on
past experience. An evaluation report is scheduled for the end of 2011. Yet it seems appropriate to point out
that Germany should have considered following the example of Spain regarding the (partial) inclusion of the
building stock and the reduction of exceptions to the obligation (cf. Nast et al. 2011). Spain should introduce
clear controls and effective sanctioning measures.
The budget for financial incentives should be increased and the schemes should be developed further in both
countries. In addition to more stable funding conditions, Spain needs to urgently optimize the management of
its incentive programme to prevent sporadic over-funding and the resulting dry spells after the funds have been
exhausted. The decentralized allocation of funds by the autonomous communities complicates the optimization.
Measures regarding training and further education are frequently in the field of non-binding conventions and
declarations of intent. Within the broad discussion about renewable energy, there is still too little focus on this
subject. More appeals to the self-interest of the construction sector as well as the skilled trades and installers are
necessary, who in turn need to advocate improved standards for vocational training and further education in
their chambers of trade and guilds.
Especially in Spain more emphasis on awareness raising is needed, as campaigns for solar thermal have been
running since only a few years and additionally need to compensate for unfavorable cognitive-informational
framework conditions. The fact that particularly in Spain, financial payback of ST systems can be achieved
within a few years of operation needs to be underlined. But despite the successful Solar Week in Germany,
awareness raising campaigns still need to be strengthened there as well.
On the issue of mutual learning between both countries, it may be encouraged that Spain adopts some
components of the German incentive scheme, while Germany could pick up parts of the advanced solar
obligation of Spain. Yet it became apparent that every support measure is embedded in a specific context of
national framework conditions. Hence any potential adoption of certain aspects of support measures needs to be
preceded by a thorough evaluation.
In relative terms, the German solar thermal market achieved better results compared to Spain. This however
should not obscure the fact that solar thermal energy, or renewable heat more generally, is still only a niche
market in Germany too. In light of the vast potentials of the renewable heat market, support instruments need
urgently to be improved and made more attractive, as the contribution from renewable heat utilization will be
indispensable to reach the ambitious objectives of the European and national climate and energy policy.
6. Annex
The paper is based on a master’s thesis prepared at the Environmental Policy Research Centre (FFU) of Freie
Universität Berlin. The full text in German is available at the University press of Technische Universität Berlin
(ISBN: 978-3-7983-2347-6) free of charge: http://opus.kobv.de/tuberlin/volltexte/2011/3112/
Matthias Futterlieb studied Public and Private Environmental Management at the Freie Universität Berlin’s
Otto Suhr Institute of Political Science (Environmental Policy Research Centre). He works in the field of
energy and climate policy at the Center for Technology and Society at Technische Universität Berlin.
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Abstract

The concern for sustainable development issues together with the new EU promotion policies are finally
leading to a widespread use of Photovoltaic and Solar Thermal systems in buildings. This upcoming reality is
opening a new debate on the urban/architectural acceptability of such systems.
In Switzerland the matter has been regulated from 2008 by the art.18-a/LAT, stating that all “carefully
integrated” solar systems not attempting to the cultural or natural heritage are accepted. But this text remains
ambiguous, and is differently interpreted by solar pros, building heritage administrators and city planners,
actually leading to unfair decisions [1].
The presented method aims to bring objectivity to the debate, and to help dealing with the law’s two
concerns: support the solar spread and preserve the urban context quality, i.e. ensure that the installed
systems have an acceptable integration quality for their given environment.
To assess valid and objective acceptability criteria, a few key questions must be answered :
Can architectural integration quality be objectively defined? Can it be somehow quantified, and on which
bases? And finally, what are the acceptability factors, and how do they interact with each other?
The method faces all these questions, starting from an objective and clear definition of architectural
integration quality coming from recent studies
On the basis of this given definition, a list of solar system characteristics having an impact on the
architectural quality is established [4][6]. The detailed evaluation of each of these characteristics in relation
to the whole building design leads to a comprehensive and objective quality evaluation, summarized in a
“grade” after carefully balancing the impact of each aspect.
Finally a table of acceptability conditions is established on the basis of three variable local factors:
- Urban context sensitivity (the quality of the architectural environment);
- System visibility (close and remote visibility of the proposed system);
- Socio-political context (political and energetic priorities specific to place and time).
One major advantage of the method is its clarity, coming mainly from the separation of the two phases
needed for the decision making process:
- On one hand there is the definition and analysis of the architectural quality, carried on the sole base of
architectural criteria.
- On the other hand there is the assessment of the acceptability levels, variable according to specified local
factors, and to be fixed by the local authorities according to the socio-political context and energetic needs.
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1. Introduction
The upcoming generalized spreading of active solar systems in buildings coming with the new EU promotion
policies is going to have a major impact on the urban aesthetic (Fig.1).

Fig. 1: Current Photovoltaic and solar thermal systems integrations on building roofs.

The debate on the acceptability of these new systems is hence open, rising hot discussions between the
different involved parties. On one side “solar pros”, concerned by the urgency of maximizing renewable
energies use, ask for a total installation freedom; on the other side, city planners and building heritage
institutions express their worries on the urban impact of such systems and ask to restrict their use to certain
urban contexts only.
De facto both wills of maximizing solar energy spread and protecting the architectural quality of the built
environment are justified, and both should possibly be satisfied at the same time.
In Switzerland the matter has been regulated since 2008 by art.18-a/LAT stating that all “carefully
integrated” solar systems not attempting to the cultural or natural heritage are accepted. No more details or
specifications are given, so that the text remains ambiguous and is differently interpreted by solar
professionals, building heritage administrators, city planners and local authorities, presently leading to
iniquitous applications [1]. The debate has reached the media, and the public opinion is also starting to be
divided between "pro solar" and "pro heritage".
Nevertheless the aim of the law is clearly double: supporting solar spread in Switzerland and protecting the
quality of the urban context, i.e. ensuring an acceptable quality to the integrations.
Starting from that, the question is no longer to be pro or contra, but becomes rather to state what is the
minimal level of architectural integration quality to be locally requested
Giving an objective answer to this question, based on commonly agreed criteria is urgent, not only in
Switzerland but in Europe in general, as testified by a recent French study highlighting unjustified
inequalities in regional PV integration acceptance rates in 2010 (rejection rates varying from 6% in SeineMaritime up to 85% in Hérault!) (fig.2) [2].

Fig. 2: Comparison of the different PV integration acceptance rates in different French departments in 2010.

2. The LESO QSV method
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The LESO-QSV method aims at giving clear and objective answers in this debate. First it clarifies the notion
of architectural integration quality and proposes a simple quality evaluation method. Then it proposes a table
of acceptability level-s resulting from the combination of different key local factors:
Urban context sensitivity / System visibility / Socio political context and energy situation.
2.1 Defining architectural integration quality
Recent studies have defined building integration quality of solar systems as the result of a good
functional/constructive integration in the building envelope (roof or façade) combined with a controlled
formal integration in the building design (aesthetic) [3][4][5][6].
The first aspect (constructive/functional integration) is more technical and appears more objective than the
second one (formal integration/aesthetics). For this reason the physical integration into the envelope layers is
often -and wrongly- taken as the sole criteria to make a distinction between building "integrated" and "non
integrated" solar systems. This is often the case for instance in the allocations of photovoltaic's incentives,
much higher for “envelope integrated” systems. The paradox is that this need to distinguish between
"integrated" and "non integrated" comes actually from the concern of ensuring a certain aesthetics to the
urban context, a goal de facto abandoned by this approach, by fear of lacking objectivity!
A survey intended to clarify (to objectivise) the question of integration quality was conducted in 2004,
proposing to a pool of 200 EU architects, engineers and façade manufacturers to evaluate the architectural
quality of ten existing solar systems integrations[7] . The results showed an impressive coherency in
architects' appreciations, even despite their different geographic origins and cultures, and highlighted their
high level of expectations regarding integration quality (Fig.3).

Fig.3: Results of a European survey conducted in 2004 on the appreciation of solar systems architectural integration quality by
different building professionals (appreciations scale: --; -; +/-; +; ++).

These results confirmed the existence of implicit criteria leading architectural integration quality.
To receive a positive appreciation, the system has to be coherent with the global building design logic, i.e.
has to be thought as an integral part of the architecture:
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- The position and dimension of the collector field have to consider the architectural composition of the
whole building (not just the related roof of façade).
- The collector visible materials, surface textures and colours have to be coherent with the other building skin
materials, colours and textures.
- Module shape and size should coherently interact with the modular rhythm of the roof/façade.
- Modules jointing should also be carefully considered, as specific jointing types underline in different ways
the modular grid of the system in relation to the building.

Fig. 4: Solar system characteristics affecting integration quality.

2.2 Quantifying architectural quality
On the basis of these observations it is possible to establish a list of solar system characteristics having an
impact on the building aesthetics:
Dimension and position of the collector field / Shape and size of the modules / Jointing types /
Visible materials / Surface textures / Colours.
By evaluating in details each of these characteristic in relation to the building, one can get a comprehensive
and objective evaluation of the formal integration quality.
The global architectural evaluation of a system quality is then given by the weighted evaluations of all
theseelements, including the quality of the constructive/ functional integration into the envelope (called
multifunctionality). In the proposed method, for practical applicability reasons, the quality is summarized in
a “grade” resulting from the careful weighting of the different aspects (Fig.5). This is a very delicate step,

Fig.5 Proposed quality evaluation tab (impact factors need to be further studied, numbers are given just as examples).

which is still under development. The ongoing work focuses on complementarities and interdependencies
between the different characteristics: even if each characteristic is important, some can be deeply entangled
with another (colour and texture, material and texture…) and the weighting of the elements must be carefully
balanced.
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2.3 Setting acceptability levels.
With the quality evaluated on objective bases, it is finally possible to work on acceptability levels.
These are not fixed and are influenced by crossed local factors:
- Urban context sensitivity;
- System visibility;
- Socio political context.
2.3.1 Urban context sensitivity
The first factor influencing quality requirements is the urban context: the higher the quality of the urban
context, the higher the required architectural quality for the building integration. The method proposes to
categorize the local area in zones of various architectural sensitivities. Three levels are suggested:
- high sensitivity ( historical city centres, protected countryside, …, fig 6 a-b)
- medium sensitivity ( residential suburbia, …, fig 7a-b)
- low sensitivity (industrial /commercial areas, …, fig 8 a-b)

Fig.6.a: Basel city centre; Fig 6.b: village in UNESCO protected site Lavaux (Switzerland)

Fig.7 a-b: Examples of residential suburbia in Switzerland

Fig. 8 a-b. Examples of typical low quality industrial and commercial environments

2.3.2 System visibility
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The second factor influencing quality expectations is the system visibility: the higher the visual impact of the
system, the higher the need for a satisfactory aesthetics. For instance a system integrated on a flat roof will
be in most cases less visible than a façade integrated system, hence the demanded quality could be lower.

Fig.9: Close visibility of different envelope surfaces in a urban context.

Both close visibility and remote visibility need to be considered (fig www) (fig qqq), as the roofs of a town
in the plain will be far less visible than those of a village on a hillside.

Fig.10: Close visibility of different envelope surfaces.

Fig. 11: Low remote visibility example (town in the plain).
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Fig. 12: High remote visibility example (village on a hillside).

Crossing the different levels of context sensitivity with those of system visibility defines a grid of nine
different integration situations for which the required quality levels have to be established.

Fig.13: Proposed acceptability grid resulting from the crossing of zone sensitivity and system visibility

2.3.3 Socio political context
Positioning the bar of minimum quality levels for the different local situations is the role of authorities, and
these levels will depend on socio-political context and energetic needs specific to place and time (Fig.14 and
Fig. 15).

Fig.14: Example of very restrictive integration quality acceptance values

Fig.14: Example of more permissive integration quality acceptance values

If needed and if the global conditions are changing, a simple adaptation of the grid values to these new
elements is always possible, without changing the method nor re-evaluating the zones and visibilities.
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3. Conclusion
A generalized and unregulated spread of solar systems on buildings could easily result in a damaging
rejection by the public opinion, like what happened for instance to the once flourishing parabolic antennas,
yet much smaller than solar systems at the building scale (Fig.15).

Fig. 15: Parabolic antennas on historical building facades in France.

The presented work aims to reconcile two “a priori” diverging interests: widely spreading active solar
systems on buildings and protecting the architectural environment.
It sets the bases for an objective architectural integration quality assessment, minimizing the effects of
subjective interpretations.
The separation of the decision making process into two phases, with different actors, brings clarity to the
debate:
On one hand the analysis of the integration quality is based only on architectural criteria, and is not affected
by the socio-political context nor local needs.
On the other hand the acceptability levels are conceived to be precisely adapted to the specific local
conditions, and are let to the final appreciation of the local authorities.
Having clearly defined levels of required quality for the specific local situations should finally help installers
propose adapted solutions (fig. 16-b).
It should also simplify the work of the local authorities, giving them a professional environment and asking
only for limited work concerning their own zoning and quality expectations.

Fig.16-a (left): example of “wild” roof integrations of vacuum tubes solar collectors; ; Fig.16-b (right): example of architectural
integration of vacuum tubes solar collectors as balcony fence in a residential building in Zurich (arch. Beat Kaempfen).
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With this procedure, there will no longer be “taboo” areas, but only adapted quality requirements, and even
the most sensitive areas will be eligible if the quality is satisfactory (Fig. 17).

Fig.17 a-b: Exemplary architectural integration of a wide photovoltaic system on an extremely sensitive urban context: Vatican,
the Pier Luigi Nervi’s Aula.
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Abstract
Every year the renewable energy topic becomes more important. Kyrgyzstan, a small country in Central
Asia, also attempts to develop green, environmental sources of energy. While the promotion of renewable
energy in developed countries is considered as an additional energy source and simultaneously a “tool” for
environmental protection, then in Kyrgyzstan as a developing country, it should be recognized firstly as a
solution to the social problems.
This paper presents the current situation of the renewable energy sector, including legislation, as well as
academic education on “renewable energy”. Kyrgyzstan has a large hydropower potential due to the
landscape features, but only 10% of this water amount potential is used today. Utilization of energy from
biomass as well as from solar energy is in an “embryo” stage, even though Kyrgyzstan is an agrarian country
and has good solar radiation potential. The geothermal resources have good treatment properties, therefore
they are successfully used mainly in health resorts and not for the extraction of thermal energy. Some
examples will be presented in this paper.
The influence on renewable energy market formation comes also from universities, where specialists are
educated and trained. The universities in turn depend on the market demands. There are four universities in
Kyrgyzstan that offer a specialization in renewable energies, particularly Kyrgyz State Technical University,
Kyrgyz-Russian Slavic University, Kyrgyz-Uzbek University and Kyrgyz State University of Construction,
Transport and Architecture. Some of these institutions cooperate with international scientists on projects and
research, and these collaborations will also partly be revealed in this work.
A crucial element in the development and promotion of renewable energy sources (RES) should be the
government, which creates favorable conditions using legislative acts. Kyrgyzstan is the first country in
Central Asia, which has ratified a “renewable energy law” in 2008. It presents only the general principles for
regulation of RES (the so-called “framework law”) and therefore differs from Feed-in Tariff or Quote Model.
It is necessary to continue the harmonization and agreement processes of this legislation with other juridical
acts. Particularly, the preferences of this law should also be reflected within the law codes, legislative and
by-laws. Two years ago the Kyrgyz government has signed a resolution on “The order of building,
acceptance and technological connection of small hydro-power stations to power grid”, thereby creating the
legislative platform for all the beneficiaries. A few examples of legislative acts content will be analyzed and
presented in this paper.
Besides some conclusions, the challenges for the development of renewable energy will be discussed at the
end of this paperwork. Among them are knowledge capacity, legislative base and specific obstacle as tariff
policy (1kWh electricity = 0,0157 $, 1kWh Gas = 0,0355 $)1.

1

Electricity and gas prices for population in Kyrgyzstan 2011.
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1. Introduction
Kyrgyzstan is a mountainous country, which is located far from oceans and seas in the middle of Central
Asia. It has an area of about 198.000 km² with a population of 5,36 million people (NatStat 2009). There are
seven administrative divisions (called “oblast”) and the capital city is Bishkek. Bishkek is located in the
northern central part of the country and is inhabited by almost one fifth of the country’s population. The
economy is predominantly agricultural with an estimated GDP of 4,8 billion US dollars (NatStat 2010).
The energy supply was established on a regional basis for Central Asia during the Soviet Union era. It means
that the surplus of resources of one country should be uniformly distributed to other dependent countries. For
instance Kazakhstan supplied coal, Uzbekistan provided natural gas and Turkmenistan oil in Central Asia.
After the breakup of the Soviet Union (1991) and the declaration of independence by former USSR
countries, Kyrgyzstan acquired also the dependency on fossil fuel supply from neighboring countries. The
electricity production is the only part of the energy sector, which has overproduction.
2. Energy sector of Kyrgyzstan
The primary energy consumption in Kyrgyzstan amounted to 118 PJ in 2009. The share of renewable energy
sources (which is in fact hydropower) represents almost one third of the total primary energy consumption in
the country, Fig.1, left. The utilization of biomass is not included in this balance due to lack of information
and the solar, wind and geothermal resources were neglected because their total amount according experts is
far below 1% (KUN 2011). The primary resources balance is drawn on Fig.1 (right) for the same year on the
basis of tab.1.

Fig.1: Primary energy consumption (left) and balance (right) in Kyrgyzstan 2009 (without biomass, solar, wind and geothermal).

Tabl.1 presents resources, own production as well as import and export of primary energy, but in original
units for each sources, natural gas in m³, electricity in Wh and etc. As it can be recognized the Kyrgyzstan
strongly depends on import of fossil fuels from neighboring countries despite availability of own resources,
that mining at present are not always economically feasible. For instance, natural gas resources are estimated
at 4,5 billion m³ (NEP 2010). The own production is poor and fluctuates at level of 16 mln.m³ of natural gas
per year. Gas extraction was dropped due to the natural exhaustion of the mines. The import gas prices
during the last five years have significantly increased from $ 55 for 1000 m³ in 2006 to $ 230 in 2010
(MinEnergo 2011). The total gas losses are approximately 20% of the whole imported volume.
The situation in the oil industry is similar. The oil-extracting industry is represented in the republic by Joint
Stock Company “Kyrgyzneftegas”. All oil deposits have been explored 70 years ago and existing mines
currently are in their last stage with 70 % exhausting. The oil production in the south of Kyrgyzstan has
dropped and fluctuates at the level of 75000 ton/year. There are no oil pipelines, therefore oil is transported
by trucks and trains.

4338

The total reserves of coal (about 70 deposits) reach 1,3 billion tons, nevertheless the coal industry is in the
doldrums. A similar scenario as the reduction of coal production after the breakup of the Soviet Union and
strongly exhaustion of existing mines can be observed here. There are about 23 coal companies united under
the administration of state owned JSC “Kyrgyzkomur”, which is responsible for the coal extraction,
delivering and supply.
Tab.1 : Resources, production and import/export of the primary energy sources and electricity in Kyrgyzstan in 2009
(MinEnergo 2011, NatStat1 and Central Intelligence Agency2).

Resources
Own Production

1

Import (+)/ Export (-)
Consumption
Consumption

PJ
Total, PJ

Hydropower
(electricity)
GWh

Coal and
lignite
thousand ton

Natural gas
mln.m³

Oil
(oil products)
thousand ton

142500

1300000

4500

11300

9925,4

606,9

15,4

77,3

-864

1136,8

315,5

749,13

9061,4

1743,7

330,9

826,932

32,6

39,2

11,2

34,7

117,7

Only electricity generation covers the whole own demand and is exported in small volumes to neighboring
countries. At present the estimated installed capacity of electrical power stations is 3786 MW, where 3070
MW falls on hydropower stations (Toktogulskai -1200 MW, Kurpsaiskai-800 MW, Tash-Kumirskai-450
MW, Shamaldisaiskai-240 MW, Uchkurganskai 180 MW, At-Bashinskai-40 MW, Kambarata 2-120 MW,
Small Hydro Power Stations – 40 MW) and 716 MW on combined heat and power plants (TEC Bishkek-666
MW, TEC Osh-50 MW) (Fig.2, left). Almost all the hydropower stations as well as heat and power plants
were built during the period of the Soviet Union and their equipment is extremely worn. In 2010 Kyrgyzstan
has produced approximately 11,8 TWh of electricity (Schadiev A. 2011), 11,0 TWh or 93% of which is
generated at hydropower stations and the rest at two combined heat and power plants (Fig.2, right). One of
the best moments of the energy sector of modern Kyrgyzstan is the construction of a new hydropower station
“Kambarata-2” (designed capacity is 360 MW). The first turbine has been launched on 27 November 2010,
and already has produced approximately 253,9 GWh (MinEnergo 2011).

Fig.2: a) Installed capacity (left) and electricity production (right) in 2010 of electrical power stations in Kyrgyzstan
(MinEnergo 2011).

A dominant share of the electricity is produced in the south of the country, while the main consumers are
located in the north. The energy supply is provided through the Central Asian Electricity Grid (CAEG),
which spreads throughout Central Asian countries. Any operational disturbance or interruption of the
1

National Statistical Committee of Kyrgyzstan 2010
http://212.42.101.124:1041/stat1.kg/images/stories/docs/Kyrgyzstan%20v%20zifrah/Prom/prom%208.pdf
2
CIA the World Factbook - www.cia.gov
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integrity of the CAEG threatens the energy security of Kyrgyzstan. For that reason Kyrgyz Government is
going to construct a new power transmission lines connecting the southern and northern parts of the country.
Besides ensuring the energy security of Kyrgyzstan this project will remove the country’s dependence on the
Uzbek power transmission lines and will save funds for the transit of electricity (MinEnergo2011).
After the breakup of the Soviet Union in 1991 the fuel energy sector of Kyrgyzstan as well as residential
energy consumption structure has changed (Fig.3). In the former Soviet Union the electricity consumption in
the republic constituted of one fourth of the total energy demand, at present it has increased up to 70%. Due
to the availability and low price of electricity this high quality energy form is used not only for lighting and
driving of electrical devices, but also for cooking and especially for heating. The modification of the energy
consumption has led to an overload of electrical substations, transmission lines and other power equipment
that accelerate degradation of the energy complex of the country. The total deterioration of the entire assets
of electrical power engineering sector is 46% (MinEnergo 2011).
Oil 0,40%
Masut 3,6%
Heat 5,4%

Gas 20%

Gas 5,5% Oil 2,2%

Electricity 26%
Coal 13%

Masut 11%

Electricity 70%
Coal 23%

Heat 20%

1990

2010

Fig.3 : The structure of residential energy consumption in Kyrgyzstan (MinEnergo 2011).

Another peculiarity of the Kyrgyz energy sector is the energy prices for consumers. The most expensive
energy form for consumers is natural gas, which is twice as expensive as electricity (Fig.4). The heat
production in heat and power plant (TEC Bishkek) as well as in boiler houses is subsidized by the
government, therefore the sale price is below prime cost. The prime cost for district heat (depending from
fuel) sometimes seven times higher than the sale price (1,4 $ cent/kWh) and reaches 10 $ cent/kWh. These
prices in all parts of the republic are nearly the same.

Fig.4 : Energy prices for consumers in Bishkek in 2011 (MinEnergo 2011).

The U.S. Company Tetra Tech made an energy system audit in Kyrgyzstan and gave recommendations
regarding the cost of electricity. They suggested three scenarios for the energy sector development. The price
of electricity should be not less than 2,25 $ cent/kWh, while the actual tariff is 1,57 $ cent/kWh.
Unfortunately, the Government attempted to set not the economical but the appropriate “social tariff” in
order to minimize the negative impact on low-income groups.
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3. Renewable Energy in Kyrgyzstan
Among renewable energy sources (RES) only hydro energy plays a significant role in the energy sector of
the country accounting for over 90% of electricity production. Besides water resources, Kyrgyzstan also has
a good potential of solar, wind and geothermal resources (Fig.5). An accurate assessment of RES potential
was only carried out for implementation of small hydropower stations, other sources were determined
theoretically using meteorological data, literature and other accessible sources (KUN 2009).

Fig.5 : The assessment of renewable energy sources in Kyrgyzstan (KUN 2009).

Kyrgyzstan has an evident continental climate and is located between 39°N and 43°N latitude. The sunshine
duration for the entire area of Kyrgyzstan is between 2100 to 2900 hours per year. The mean global solar
radiation fluctuates from 1500 to 1800 kWh/m²a. Due to the few clouds the direct solar radiation
predominates, that sets general favorable conditions for solar concentrators as well. There is no information
on todays installed capacity of solar thermal systems, but twenty years ago the total collector area was
around 35000 m² (Academy of Science, 1991). At present in Kyrgyzstan thermo siphon solar plants which
are primarily imported from China or produced locally are used for domestic hot water supply. Several solar
combisystems that use solar energy for space heating and domestic hot water are also available in
Kyrgyzstan. Additionally it is important to remark so called “industrial potential”, which is here should be
understand as the existing industrial plants or former factories that manufactured components for solar
industry. For instance, “Jas” factory (Kara-Balta town), Kyrgyz association of renewable energy sources
(Bishkek) and some other are working in the solar thermal field, in particular they produce solar flat-plate
collectors. Industrial plants “Chemic metallurgical factory” (Orlovka village) and “Kristall” (Tash-Kumir
town) manufactured the crucial element for PV-module – Silicium. At present only “Chemic metallurgical
factory” is in operation. Nevertheless, the solar thermal market is negligible.
Kyrgyzstan is an agricultural country which cultivates agricultural crops and breeds livestock (sheep, cattle,
horses). Livestock and farm wastes as well as agricultural extractions are perfect possibilities for biomass
utilization. The total amount of installed biogas plants in Kyrgyzstan is approximately reached sixty, their
methane tank size fluctuates from 5 to 30 m³ (KUN 2011). The social funds “Fluid”, “Energy saving
technologies”, “Center on problems of using renewable energy sources - KUN” (Bishkek) and other are
promoting biogas plants in Kyrgyzstan by means of construction, consulting and information dissemination.
Besides this a solid biomass (fire wood) is also used for space heating in rural places of the country.
The wind energy sector is not developed, even though it has good potential. The areas of Kyrgyzstan with
mean velocities of wind over 4-5 m/s at 30 m height are highlighted in grey in Fig. 6. As it is seen on the
map the wind resources are spread inhomogeneously. The duration of active winds reach 4000 – 7000
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hours/year. Fourty years ago the “Oremi” plant (Bishkek) in collaborating with “Archangelsk” plant (Russia)
produced the wind turbines with nominal capacity of 6 kW /16 kW. Nowadays the “Oremi” plant is in
operation, but doesn’t produce wind turbines anymore.
There are good geothermal resources available with 40-60°C hot water of different mineralization. Due to it
specific mineralization these resources are used not for heat extraction but for medical purposes. For instance
some geothermal resources are Ak-Suu, Issik-Ata, Djergalan and others.

Fig.6 : The wind potential of the Kyrgyz republic (Master Plan of Wind Power Development of the USSR 1989)

There are about 252 mountainous rivers and several larger irrigation channels providing good opportunities
for construction of small hydropower stations. At present hydro potential allows Kyrgyzstan to construct a
lot of small hydro power stations with total capacity of approximately 180 MW. Several years ago “Oremi”
plant (Bishkek) designed and constructed small hydro power stations up to 20 kW, nowadays the production
was suspend. The complete information about the situation in small hydro power stations field can be found
in “National program on development small hydro power stations 2009”.
4. Legislation and governmental programs in renewable energy field
The governmental policy is developed by the Ministry of Energy. The Ministry of Energy in Kyrgyz
Republic is a state executive authority which ensures the implementation of governmental policy in the
energy sector. There is a special “renewable energy” department which is responsible for the enhancement of
renewable energy in Kyrgyzstan. This department closely collaborates with center on problems of using
renewable energy sources (Bishkek) and other representatives. The Ministry works as well with donor
organizations such as World Bank, ADB, UNDP, EBRD for collaborating in different energy projects in this
field. By drafting and designing legislature the Ministry tries to create sustainable conditions for the
development of the energy sector in general and for renewable energy in particular.
The significant breakthrough in this area was the adoption of the Law on renewable energy in 2008.
Kyrgyzstan became the first country in Central Asia, who has approved this law. The law is different from
Feed-in Tariff or Quote Model and represents only general principles for regulation of RES the so-called
framework law. According to this law hydropower stations with an installed capacity of more than 30 MW
are referred to as conventional energy, therefore are not subject for regulation under this law. Some
advantages of this law are:
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•

No custom duties for either import or export of equipment for renewable energy technologies;

•

Energy extracted from RES is a subject for procurement by energy companies in an obligatory
manner;

•

RES energy tariffs should ensure the payback of the RES project in less than 8 years

The ideas of this law are aimed at stimulating the RES field. To enact this law it is necessary to continue the
harmonization and agreement processes of this legislature with other juridical acts. In particular the main
provisions of this law should be reflected in codes, legislative and other bylaws and legal acts. For instance
the custom code should also contain the preferences as duty-free for imported/exported RES technologies.
Up to this date the ministry works on it, but it not done yet, which leads to the assumption that custom
inspectors still collect taxes in accordance with the existing customs code. In addition it is necessary to adopt
by-laws which would provision governmental mechanism and agencies in charge. Two years ago (2009) the
Kyrgyz government has signed a resolution on “The order of building, acceptance and technological
connection of small hydro-power stations to power grid”, thereby has for the first time created a legislative
platform for all beneficiaries. This resolution regulates the order and procedures for legalization the
construction and technological connection of small hydro power stations to power grids. Also it determines
the order of launching into operation. Such resolutions are not drafted yet for other technologies.
In 2006 the prime-Minister Mr. Kulov signed a decree “on phased implementation of solar energy
technologies in resort zone of Issyk-Kul”. This decree directed to promote the solar energy use as well as to
save electricity, which is used for domestic hot water supply there. In the frame of this decree a national
program was developed, but the realization of this program due to unknown reasons was “tightened”. For
instance: there are 2.5 million tourists visiting the Issyk-Kul lake every year, therefore a huge potential for
solar thermal system application is available (MinEnergo 2006).
Small hydropower stations always offered a very good perspective for Kyrgyzstan, due to availability of a
huge amount of small rivers. In 2009 the national program on development of small hydropower stations in
Kyrgyz republic was developed. According to this program the first significant step towards development
should be rehabilitation of former existing small hydro power stations in republic. There are about 41 small
hydropower stations, with installed capacity of about 23 MW that can be reconstructed. About 62 new small
power stations, with a total capacity of 180,77 MW can be constructed. The preliminary estimation of
investments and possible electricity production are mentioned in this program for every small hydropower
station separately (MinEnergo 2009).
One of the last initiatives of the Kyrgyz government in the RES field is the development of a national
program “Biofuel”. As it was mentioned above the Kyrgyz Republic depends for 97% on the import of oil
products. Every day Kyrgyzstan uses 3000 tons of combustive-lubricating materials. This program aimed at
decreasing the dependency from importing fuel and stimulating of RES. In frame of this national program it
was decided to produce ethanol, which is widely used all over the world. Jerusalem artichoke was chosen as
raw material, which does not require special agro-technical care. For its cultivation 62,5 thousand hectare of
farmland are required. The program will probably start this year (MinEco 2011)
5. Renewable Energy Education
The influence on the creation of a renewable energy market also comes from universities, where specialists
are educated and trained. The universities in turn depend on the market demands. There are four universities
in Kyrgyzstan that provide a specialization “renewable energy” (specialization “Hydroelectric power
industry” is not included), particularly Kyrgyz-Russian Slavic University (KRSU), Kyrgyz State University
of Construction, Transport and Architecture (KSUCTA), Kyrgyz State Technical University (KGTU) and
Kyrgyz-Uzbek University (KUU). Besides the universities there are also research institutions as Center on
problem of using renewable energy sources, National Academy of Science, Kyrgyz National Technical
Center “Energy” and others, who are doing research in the renewable energy field. Fig. 7 presents the
number of students entering the specialization on “Renewable Energy Sources” in different universities. It
can be seen almost the constant admission in all above mentioned universities. The educational system
remained from the Soviet Union era. Every student should obtain education of a “broad spectrum”. Up to
today every technical specialization should be content the general humanitarian, social and economic
disciplines as well. Currently Kyrgyzstan also attempts to join the Bologna process.
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Fig 7: Dynamics of acceptance of students “Renewable Energy Sources” specialization

Below is presented some briefly introduction of above mentioned institutions, their international
collaboration on topical projects and researches. KRSU has founded the department of non-conventional and
renewable Energy Sources in 1995 (KRSU 2011). The department active working on RES projects, in
particular with solar drying systems for fruits, vegetables and medicinal herbs. Some solar drying plant was
already patented in Kyrgyzstan. The laboratory base consists of demonstration plants for solar thermal
system, small hydro power station etc. Besides this the laboratory setups for theoretical basis electrical
engineers are also available.
KSUCTA has a department “Heat and gas supply, conditioning and ventilation” (KSUCTA 2011). The
specialists on “Non conventional energy sources” are graduating at this department. This department carries
out research on passive use of solar systems as well as active use. Nowadays the department collaborates in a
joint project with the Royal Institute of Technology (Sweden) and has a good contact with Switzerland.
One of the young department of “renewable energy sources” existed since 2004 in Kyrgyz State Technical
University (KSTU 2011). The department works in the field solar thermal system, biomass and hydro power
stations. The department cooperates with many local and international universities, research institutes and
organizations like NREL (USA), JICA (Japan) and Kassel University (Germany) and other. Currently the
department collaborates with Kassel University (Germany) on a joint project in the solar field. A modern
laboratory setup, which consists of PV-professional training system, basic heat pump setup, wind training
system and solar thermal plant, has been received thanks to the German Academic Exchange Service
(DAAD).
The youngest department for renewable energy is located in Kyrgyz-Uzbek University. The employers of
this department are designing solar thermal system, solar drying system for agriculture purposes. In
particular the concentrating solar collectors are the subject of investigation. The laboratory base consists of
the basic solar thermal plant, small hydropower station and others that were made by themselves.
6. Conclusion
Kyrgyzstan has a considerable share of renewables in the primary energy consumption. However, it is in fact
conventional hydropower which accounts for 93% of electricity production. The share of other renewables is
negligible despite good conditions for use of solar, biomass, wind and geothermal energy. For instance, the
solar thermal system could be successfully used for domestic hot water supply as well as for space heating,
thus, covering huge heat demand in the country. PV, small wind turbines and small hydro power stations can
be widely implemented for energy supply of small autonomy consumers that are located in remote
mountainous regions and don’t have any access to an electricity grid. Biomass, particularly biogas plants, can
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be used for extraction of biogas in rural regions. The Kyrgyzstan has not only good potential for utilization
of RES, but suitable educational base (4 Universities), where the specialists can be educated. Furthermore,
the Ministry of Energy is developing an appropriate national policy and programs for enhancement and
promotion of renewable energy sources. But the implementation of renewable energy technologies is facing
following typical obstacles that decelerate its process:
•
•
•
•

Low awareness on appropriate RES technologies
The absence of market on RES
No proper governmental regulation towards practical use of RES
Political instability

However, the most important specific obstacle is obviously the state energy tariff policy. District heat is
subsidized by the government, so that consumers pay only a part of self-costs. The government doesn’t want
to increase energy prices to avoid additional financial impact on the rather poor population and thus to
reduce the social tensions. The low prices lead to high energy consumption. Especially electricity
consumption is dramatically growing as it is much cheaper than imported natural gas and easier to use than
coal, so that fossil fuels (e.g. for space heating) are more and more substituted by electricity. This tariff
approach doesn’t stimulate the development of RES technologies, because nowadays in Kyrgyzstan the
simplest and cheapest way to get any energy form is to use electricity.
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1

Introduction

Until the industrial revolution, renewable sources of energy such as biomass, sunlight, hydropower and wind,
were widely used and since then have been replaced by coal. In mid-twentieth century, oil has become
widely used, coming to be the main energy source used by mankind. These changes prompted the
development, however, because they are non-renewable energy sources, brought major environmental
damage.
Moreover, because they concentrated their shells and be considered cheap and inexhaustible, it is not your
concern finitude, motivated the development of current models of urban settlements, making cities and
megacities, which grew so disorderly and chaotic (Bristot, 1990).
Quality of life and development are traditionally associated with increasing consumption of energy. The
current vision of development requires that this occurs in a sustained ways in all its dimensions. Difficulties
are encountered, so it is necessary to establish objective technical criteria, to assist in decision making to
define the best ways to generate and use energy, that for different scales of communities. The relevance of
this work is precisely in its bid to create subsidies that support decision making, guiding the planning and
showing the potential of each source and setting indicators for the sustainable use of energy.
This work deals about the implementation and evaluation of a tool designed to "Energetic Sustainability
Assessment of the Municipalities" and had as a case study of the municipalities Cambará do Sul and Cristal.
The result of this study was the adjustement of a serie of indicators of energy sustainability, the which ones
can be applied with public´s data base. Some improvement actions were proposed too, they are applied by
hypothetical way and the result was a change in the current value of general indicator of sustainability.
2

Literature Review

Today the energy issue is a central theme in global discussions on climate change, due to the fact that the
world is extremely dependent on fossil fuels, or non-renewable resources (Reis, 2011). Practices aimed at
sustainability are increasingly urgent in order that there is a collapse in the future due to the depletion of
energy sources.
The concept of sustainability according to the World Commission on Environment and Development is
"development occurs supplying the needs of today without compromising the ability of future generations to
meet their own needs", may still be added to it the idea of Agenda 21, which conceptualizes term as
"development with long-term perspectives, integrating local and regional effects of global change in the
process and using the best available scientific and traditional knowledge" (Afgan, Carvalho, Hovanov, 2000).
As Sachs (1993a, 2004b) sustainability can be achieved by respecting the five dimensions.
The five dimensions of sustainability are specified as follows:
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1. Social Sustainability: building a civilization with more equitable distribution of income in order to
improve the rights and conditions of the broad masses of the population and reduce the gap in living
standards classes.
2. Economic Sustainability: location and more efficient management of resources and a regular flow of
public investment. Economic efficiency must be assessed by considering macro-social criteria more than just
through corporate profitability criteria.
3. Ecological Sustainability: is achieved by limiting the use of fossil fuels and other exhaustible
resources easily and environmentally harmful. For this you need to increase the use of renewable energy and
reduce the volume of waste through the increased use of natural resources and recycling, and to strengthen
the research and the definition of rules and guarantee instruments for environmental protection.
4. Spatial Sustainability: a proposed rural and urban settings more balanced and better territorial
distribution of human settlements and economic activities.
5. Cultural sustainability: it is the use of integrated rural production systems, cultural changes and
propose to introduce the concepts of economic development and to respect the specificities of each
ecosystem, from every culture and every society.
According to WRI (1998), good indicators should meet the following characteristics:
• Representation: to represent the relevant product or process identified;
• Comparability: to be comparable in both space and time;
• Data collection: there must be reliable sources to supply the data;
• Clarity and synthesis: to transmit information in a simple synthesis being identified;
• Forecast and Targets: anticipate problems and seeking solutions being instrumental in setting targets.
In defining the indicators and their importance as the agents decision-makers usually have conflicting views
and different value judgments, so it is necessary that these differences are integrated (Schmoldt, Peterson,
Smith, 1995). To define the importance of each indicator compared to the others, multicriteria methods for
decision support (MMAD) appear as an option for achieving this purpose (Vilas Boas, 2004).
The MMAD AHP (Analytic Hierarchy Process) is applied to systematize a wide range of decision problems
in contexts: economic, political, social and environmental. This method is based on the ability of information
and experience to estimate the relative magnitudes using pairwise comparisons. Its use is indicated for
situations involving prioritization by assessing a set of criteria (Vilas Boas, 2004). The application of AHP
can be divided into two phases: structuring and evaluation.
The structure, comes from the decomposition of the problem in a structure that presents the criteria that
express the goals and sub-goals, and alternatives that involve the decision. The evaluation is characterized by
defining the type of problem to be adopted, thereby determining whether the criteria are: a) analyzed relative
or absolute, b) ordered or chosen, c) accepted or rejected (Vilas Boas, 2004).
3

Methodology

The steps of the study were: to determine the energy potential of each locality, as well as local energy
demands and to evaluate the alternative energy sources by locality, checking the potential exchange of
conventional sources by renewable sources. Considering changes in consumption patterns guided by the
actions of rational energy use and perform the weighting of the results to be obtained through socioeconomic indicators, energy and environment. With this, get to the general indicator of sustainability of the
city studied. Simulate the implementation of actions aimed at improving this index, and, finally, the
evaluation tool developed, which consists of a series of indicators as well as actions to be developed in order
to improve energy sustainability of municipalities.
The purpose of defining the indicators was to relate the concept of sustainability to the characteristics that
should guide the selection of good indicators and dimensions of sustainability as Sachs (1993).
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The indicators used were defined and then the consultation MMDA AHP was conducted at 25 experts in
areas whose activities were related to the subject of energy in order to determine the importance of each
indicator, resulting in an individual weight. These experts evaluators working in universities, municipalities
or in companies of generation, transmission, distribution and regulation of energy. They are: seven (7)
electrical engineers, five (5) mechanical engineers, four (4) civil engineers, three (3) administrators, three (3)
biologists, two (2) agronomists and one (1) chemical.
The proposed indicators, include parameters related to shares of the society with respect to the rational use of
energy; to the type of energy source, about the yield and the environmental changes that generate the sources
used; about the use of energy and the economic feasibility of changing the energy matrix.
As a means of assessing the efficiency of the indicators, two cities located in the state of Rio Grande do Sul,
southern Brazil, were used as references, ie, case studies, which applied the indicators. The results were an
energetic diagnosis and presentation of possible measures or improvement actions to be implemented in both
cities. Always aiming at the sustainable use of energy.
The two communities were evaluated Cambará do Sul and Cristal, the first located in the northern state of
Rio Grande do Sul, a region of hills, the second located in east-central. Municipalities are small in terms of
economy, but with peculiar characteristics in terms of their structures, types of terrain and different economic
vocations as well as potential for some type of energy source available, such as: biomass, wind, hydro, etc..
This choice becouse was the two cities have a different level of dependence on external power, namely, in
Cambará do Sul there a energy production and no in Cristal. In both cities the production does not meet local
needs, thus, the energy balance is negative. The data used are public data and the characterization of
Cambará do Sul and Cristal takes towards energy assessment, analyzing the consumption of energy:
electricity, liquid fuels such as ethanol, gasoline and the diesel oil, besides, the use of LPG. Also evaluate the
potential energy in agriculture, with an overview of the main local crops (temporary or permanent) with the
possibility of power generation, also the potential of wind, solar and hidric. Simulations are also made of the
possibilities of generating energy locally, aimed at sustainable energy in the municipality.
4

Energy Sustainability Indicators and Actions for Improvement

In the definition of indicators for energy systems is important to take into account the society's shares related
to the use of energy, energy sources available locally with an interesting potential of technically evaluating,
their performance and the environmental changes that its use will cause. In addition to assessing whether
such exploitation is economically viable. The indicators can assess the current situation and for reach a
sustainable situation in future, improvement actions were determined.
Eleven indicators of energy sustainability have been created, divided into three areas. The first area is related
to the Shares of the Society and the Energy Use, deals about the society relationship with the energy, which
relates to programs to encourage the conscientious use of energy, the ratio of energy consumed locally, it is
renewable or not and whether planning in relation to zoning and environmental projects for the municipality.
The second area refers to the potential of local energy production, if there are municipalities in some source
of energy that can be explored, such assessments have a technical nature, taking into account the issues of
environmental and physical location. An economic evaluation of the local power generation is needed and
the third area is about it, evaluating whether there is a need in terms of development and if this investment in
power generation will not be difficult because of lack of technology and / or manpower.
The indicators were submitted to evaluation of experts connected to the energy field and this resulted in a
weight to each indicator. This weight is a multiplier that is applied to the result obtained in the assessments.
These results obtained for each indicator in the study of sustainable energy will always be: +1 (plus one), 0
(zero) or -1 (minus one). This is done to make the tool easy to use.
In the application of indicators, those indicators on the Society and the Use of Energy (IA) are the society
evaluators therefore they appear only once in the final scope. The indicators Sources of Energy and Economy
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(IB), evaluate local sources of energy on an individual basis, adding the results at the end, that is, if the
location has 5 (five) usable energy sources, will be applied indicators for each of the sources and the results
combined. The sum of the product by weight will result in the indicator value. Equations 1 and 2 show the
calculation of the indices.

I A = VINDICATOR ⋅ WINDICATOR
IB =

(∑ V

n
1 IND _ SOURCE

(eq. 1)

)⋅ W

(eq. 2)

INDICATOR

Where: IA and IB are the results of the indicators, VIND_SOURCE and VINDICATOR are the indicator values (+1, 0
or -1) and WINDICATOR the weight of the indicator.
Table 1 shows the organization of the following indicators will be discussed individually.
Table 1: Energy Sustainability Indicators

Area

Indicators
1. Program to encourage the conscientious use of energy
Local = +1
National / State = 0
No = -1

Weight (%)
11,69

2. Ratio of the renewable energy x non-renewable energy
Society and
Energy Use

Renewable = +1
Equal = 0
Non-renewable = -1

7,36

3. Zoning and environmental project
Zoning and environmental project = +1
Zoning = 0
No = -1

3,19

4. Potential of location
Renewable = +1
Non-renewable = 0
No = -1

10,22

5. Geophysical features

Energy Sources

Soil, land, material - enough spot = +1
Soil, land, material - enough in the region = 0
Soil, land, material - possible exhaustion = -1

16,91

6. Waste Generation
Positive balance = +1
Equal = 0
Negative balance = -1

5,62

7. Environmental Impact
Acceptable environmental and social benefits = +1
Aggressive, environmental and social benefits = 0
Aggressive, no environmental benefits = -1

5,62

8. Current demand
Local generation meets every local demand = +1
Local generation partially meets local demand = 0
No local generation = -1

7,78

9. Technology

Economics

Local or regional = +1
National = 0
Imported = -1

8,82

10. Marginal cost of expansion – CME
Low - technology and manpower available = +1
Moderate - manpower available = 0
High - technology and manpower unavailable = -1

11,63

11. Marginal cost of operation – CMO
Low - technology and manpower available = +1
Moderate - manpower available = 0
High - technology and manpower unavailable = -1

11,16

4.1 – Indicators related to the Society and Energy Use
1. Program to encourage the conscientious use of energy - indicates whether the community encourages
information and knowledge about the need for rational and efficient use of energy. If there are local
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programs the indicator value is 1 (plus one), if in the city there are only state or national programs, the value
is 0 (zero), or if no there is any kind of information or campaign the value is -1 (minus one).
2. Ratio of the renewable energy x non-renewable energy - the proximity of the desired patterns of energy
consumption, ie, the use of energy from renewable sources. If the energy consumed locally has a higher
percentage from renewable sources the indicator value is 1 (plus one), if the ratio is half or near 50%, the
value is 0 (zero), or if higher percentage of energy from sources non-renewable, the value is -1 (minus one).
3. Zoning and Environmental Project - this indicator seeks to assess municipal organization in relation to
urban, commercial, industrial and rural areas and this will reflect on the development of projects and actions
aimed at sustainable use of energy in the localities. Existing of the municipal zoning and the environmental
project the indicator value is 1 (plus one), if there is only the municipal zoning, the value is 0 (zero), or there
is no projects, the value is -1 (minus one).
4.2 – Indicators related to the Energy Sources
How is it possible that there are more than one technically interesting potential in the localities, indicators 4,
5, 6, 7.8, 9, 10 and 11 should be repeated for each type of energy source. For example, if there are potential
coal generation and soybean, the above indicators will be used twice. The following are the descriptions of
the indicators 4, 5, 6 and 7.
4. Potential of Location - assesses whether there is local energy potential exploitable, or being exploited.
This indicator takes into account not only the renewable sources, but any potential. If the local potential that
renewable is the indicator value is 1 (plus one), if the potential is non renewable, value is 0 (zero) if there is
or is not being exploited, the value is -1 (minus one). It is considered minus one, because the local energy
balance will remain negative, ie, there is no sustainability.
5. Geophysical Characteristics - The indicator assesses whether the municipality is able to have power
generation with the local potential, whether through soil suitable for planting, area available for the
generating plant - space and the environmental permit, and the material needed to generation if it not deplete
with use. If the characteristics are sufficiently available in the local, the indicator value is 1 (plus one), if
there is a need to seek support from the neighboring municipalities the indicator value is 0 (zero) and if there
is the possibility of exhaustion, the value is -1 (minus one).
6. Generation of waste (solid, NOx, SOx, CO2, toxic and radioactive waste, etc..) - Indicates the impact of
power generation in the greenhouse effect, acid rain, emissions of particulate matter in the atmosphere, etc..
If there is the generation of waste without proper treatment (filtration or recycling) the balance is negative,
the value is -1 (minus one), where there is no adequate treatment or potential with no power generation, the
value is 0 (zero) and if, exist generation and proper residue treatment, the value is +1 (plus one).
7. Environmental Impact - If the carbon balance is positive, the capture of carbon in the process of power
generation is greater than the emission in the use of this energy or if the installation does not invade areas
used for crops or communities already installed, the impact environment is acceptable. Thus the indicator
value is 1 (plus one). If there is a reasonable impact, damage to the community, but there is a higher return
for the environment, the indicator has value 0 (zero). If the impact of local generation will bring social
problems and did not a good return to the environmental, -1 (minus one) is the indicator value.
4.3 – Indicators related to Economics
8. Current demand - the indicator assesses whether the investment in local energy sources establishes a
positive balance in energy terms, ie, enables the energy sustainability of the municipality. If the local
generation to meet all current demand, the indicator value is +1 (plus one). If the local generation partially
meet the demand, the value is 0 (zero). If theres no local generation, the indicator value is -1 (minus one).
9. Technology - that indicator show the facility found to acquire the equipment necessary for deployment of
the new generation. If the equipment can be found in own location or in the State, the indicator value is +1
(plus one). Being a national manufacturing equipment, the value is 0 (zero). The indicator has value -1
(minus one) when the necessary equipment has to be imported.
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10. Marginal Cost Expansion - CME - indicates the economic viability of investment in electricity
generation. The CME is the cost per MWh of reference stipulated by ANEEL (2011) for investment in power
generation. If the cost of the project is less than the CME the indicator value is 1 (plus one), if the cost is
higher than the CME, the value is 0 (zero). If there is no possibility of local generation the indicator value is 1 (minus one).
11. Marginal Cost of Operation - CMO - indicates the economic viability of investment and the maintenance
and operation. The CMO is the cost per MWh of reference stipulated by ANEEL (2011) for maintenance and
operation of projects in power generation. If the cost of maintenance and operation of the enterprise is less
than the CMO the indicator value is 1 (plus one), if the cost is higher than the CMO, the value is 0 (zero). If
there is no possibility of local generation the indicator value is -1 (minus one).
4.4 - Improvement actions for the sustainable use of energy
1. Investing in local education campaigns aimed at the rational use of energy. For example, the use of public
transport, maintenance of electrical equipment, automotive, etc..
2. Awareness campaigns on the use of equipment with better energy efficiency. For example, appliances with
consumption pattern A (efficient) Procel, cars with better performance, high efficiency electric motors, etc..
3. Tax incentive for products with improved energy efficiency. Products with the certificate of energy
efficiency or waste reduction that should have differential taxes to encourage use by consumers and the
development by manufacturers.
4. Establishment of one or more local committees for the development and evaluation of projects and
programs aimed at sustainability. As a multidisciplinary structure that represents all segments of local
interest such as industry, commerce, government and society, that (s) committee (s) (s) must be free to
propose and veto municipal or regional projects.
5. Investing in the use of local generation based on renewable sources. The use of renewable sources should
take into consideration the environmental impact, followed by the social and economic order. That is, one
must observe the local and regional environmental impact first. If the impact is considerable use should be
discarded.
6. Programme to support the replacement of non-renewable energy inputs for renewables. For example,
replacement of oil boilers with biomass or biodiesel, heating water by solar panels, etc..
7. Develop programs to encourage the use of waste which has potential energy generating facility within the
same, be it residential, commercial or industrial. For example, use rice husks as a source of heat, using
organic waste as fertilizer, etc..
5

CHARACTERIZATION OF MUNICIPALITIES

Through the characterization of Cambará do Sul and Cristal, it became evident that the potential energy is
quite pronounced (eg through biomass and hydro) and this causes them to have the expectation that with the
use of local sources the energy balance will be positive.
The city of Cambará do Sul is located north of the state has an area of just over 1200 km ² and a population
of 6550 inhabitants. Its economy is based on farming and tourism. There is still a great pulp industry in the
city. The town of Cristal is located in the central-eastern region of the State, has an area of 681.2 km ² and a
population of 7280 inhabitants. Its economy is based on farming.
Table 2 presents the energy consumption of Cambará do Sul and Cristal in 2008.
It is important to note the portion of the energy consumed in the two locations from non-renewable resources
and renewable. In Cambará do Sul there is a distortion in the consumption of energy, because there is a
company that owns power generation based on renewable energy, which accounts for 53.5% of all energy
consumed in the municipality. Table 3 shows this relationship x Non-Renewable Renewable Energy.
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Table 2: Energy Consumption of Cambará do Sul and Cristal in toe in 2008.

Electricity Consumption *
Commercial / Services
Industrial**
Residential
Rural
Liquid Fuels
Ethanol
Diesel Oil***
Gasoline****
Gas
LPG
Biomass
Firewood
Total

Cambará do Sul

Cristal

185,07
7030,41
253,52
41,19

186,87
32,16
159,27
421,65

46,44
2306,45
862,01

61,02
3080,78
739,20

668,65

665,93

642,02
12035,79

29,76
5376,66

* The electricity used in Rio Grande do Sul is 86.4% from renewable sources (Capelette, 2010).
** In Cambará do Sul there a company that produces its own electricity from a PCH and a TPP biomass.
Generation in 2008 was 6439.68 toe;
*** In 2008 all diesel used in the country was 2% biodiesel B100 (Capelette, 2010);
**** In 2008, the gasoline used in the country had 25% ethanol (Capelette, 2010).
Table 3: R relationship Renewable x Non-Renewable Energy

Renewable
69,1%
19,1%

Cambará do Sul
Cristal

Non-Renewable
30,9%
80,9%

Excluding energy production of the pulp company that exists in Cambará do Sul the relationship would
Renewable 33.5% and Non Renewable 66.5%. In Cristal there a high consumption of diesel due to
agriculture and the road which crosses the city. That road connects the state capital until the port of Rio
Grande.
To despite the existing use in Cambará do Sul, the energy potential is evident in the two cities suggests that it
may have a considerable increase of energy from renewable sources. Table 4 shows that the potential energy
of the city of Cambará do Sul and Cristal are superior to local consumption presented in Table 3.
Table 4: Energy Potential of Cambará do Sul and Cristal in toe

Energy Potential
Electricity Consumption
Hídric*
Thermal – Biomass**
Wind***
Liquid Fuels
Biodiesel (soy)
Thermal Energy
Biomass**
Solar****

Cambará do Sul

Cristal

3477,42
24825,05
44,49

6671,49
2573,29
32,21
0,21

24825,05
0,18
28347,14

2573,29
0,01
9277,21

* The river Camisa is valued at Cambará do Sul and river Camaquã in Cristal;
** In Cambará do Sul the availability of wood and Cristal is wood and rice husk. Biomass is counted only once for electricity or
heat;
*** The average wind speed at 50m height is 6.0 ms-1 in Cambará do Sul and 5.4 ms-1 in Cristal. Wind turbines of 330kW;
**** Assuming the use of 1% of the municipal area. Global radiation 14 MJ / m². Day and Daily Insolation: 5.4 hours.

Sources: Ana (2007); Ceee (2009); Fee (2011); Tiba (2000); Camargo et al (2002); Ibge (2011).
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6

APPLICATION AND EVALUATION OF SUSTAINABILITY INDICATORS FOR
CAMBARÁ DO SUL AND CRISTAL

Although the socio-economic scale of the two cities are similar, and also in both cases the economy based on
agriculture and livestock, the fact Cambará do Sul has a local base generation from renewable sources means
that the municipality has index sustainable energy - Isc above the Cristal. Table 5 presents the results of the
indicators applied to municipalities.
Table 5: Sustainability index of the current energy Cambará do Sul and Cristal for the year 2008.

Area
Society
and
Energy
Use

Energy
Sources

Economics

Indicators

Weight (%)

Cambará do Sul

Cristal

-1

-1

+1

-1

1. Program to encourage the conscientious use of
energy

11,69

2. Ratio of the renewable energy x non-renewable
energy

7,36

3. Zoning and environmental project

3,19

0

0

4. Potential of location

10,22

+2

-2

5. Geophysical features

16,91

+4

+4

6. Waste Generation

5,62

+2

0

7. Environmental Impact

5,62

+3

+5

8. Current demand

7,78

+1

+1

9. Technology

8,82

+3

+5

10. Marginal cost of expansion - CME

11,63

+3

+2

11. Marginal cost of operation - CMO

11,16

+3

+1

General Sustainability Index (Isc)

100,00

5,64

3,75

The list of indicators related to shares of society demonstrates that the concern with the rational use of energy
is not yet reality in both locations, at least with regard to attitudes from their administrations. As for
indicators related to the type of source, the rate of Cambará do Sul is better due to the fact that a large portion
of its consumption be produced locally and using renewable sources (biomass and hydro). This is directly
reflected in Isc with a difference of more than 50% between the two cities.
Solid waste produced in these energy generations today available are not bringing great harm to the
environment, due to the fact that in all the systems involved there are filters for this type of pollutant. But
about the CO2 production, Cristal has a zero rate due to the fact that almost half the energy consumed in the
county of origin is not renewable (diesel oil) and, unlike Cambará do Sul, there is no use of renewable source
to energy production enough to make this positive indicator.
Operating some changes in the energy profiles of the two cities, as well as proposing actions aimed at
efficiency in energy consumption, one can obtain a significant increase in the rates of energy sustainability of
Cambará do Sul and Cristal.
Using the table 6 may be observed changes in these indicators due to the actions proposed, discussed next.
Regarding the attitudes of society, the hypothetical situation is that the community and Government to
engage in actions and incentives aimed at the energy and environmental sustainability. Encouraging the use
of renewable energy and organizing the location to provide for increases in energy demand and enabling
sustainable projects.
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Table 6 - Simulated indexes of energy sustainability to Cambará do Sul and Cristal for the year 2008, applying actions to
improve

Area
Society
and
Energy
Use

Energy
Sources

Economics

Indicators

Weight (%)

1. Program to encourage the conscientious use of
energy

11,69

2. Ratio of the renewable energy x non-renewable
energy

7,36

Cambará do Sul

Cristal

+1

+1

+1

+1

3. Zoning and environmental project

3,19

+1

+1

4. Potential of location

10,22

+4

+6

5. Geophysical features

16,91

+4

+5

6. Waste Generation

5,62

+4

+6

7. Environmental Impact

5,62

+3

+4

8. Current demand

7,78

+1

+1

9. Technology

8,82

+3

+5

10. Marginal cost of expansion - CME

11,63

+3

+2

11. Marginal cost of operation - CMO

11,16

+4

+3

General Sustainability Index (Isc)

100,00

7,47

8,76

Taking the indicators related to energy sources, using local generation in the case of electricity and thermal
needs, whether industrial, trade or residential, for the city of Cambará do Sul identified as potential
interesting use of hydro potential River Camisa, the wood produced in the region. These potentials of energy
already has a partial use, but in addition of this exist good potential to the utilization of solar energy for water
heating and use the wind to generate electricity. In Cristal was work based on hydro generation, solar
heating, the use of wind, biomass use for heating or generating electricity (wood and rice husk) and obtaining
biodiesel (soy).
Regarding the economy, it is normal that the cost of power generated has a higher value after the changes,
this is due to the small size generating plants, which increases the cost of installation, operation and
maintenance. However, the fact that the wood in the two cities analyzed have a significant impact when it is
treated as energy, the values of the indicators have not been great variation. In Cambará do Sul the potential
of wood corresponds to more than double the energy currently used in the locality, the impact of Cristal is
smaller, but significant, adding to the wood with the rice husk produced in the city comes to a potential
slightly less than 50% of the current energy consumption. All technology used for power generation with
biomass is found locally and the costs of CME and CMO are low.
The difference in rates of overall sustainability of the current situation for the simulate with improvement
actions is a function of change in attitudes to energy use and implementation of local generation, making
positive the energy balance of the two localities, ie produce more energy than consume. In the real data
Cambará do Sul has an index of 5.64 and with the implementation of improvement actions, hypothetically
would reach 7.47, an increase of 32%. Already in the city of Cristal, the change the overall index would be
much more significant, of 3.75 to 8.76, a percentage improvement of 233%. This is because of Cambará do
Sul already has a energy use local, and Cristal dont have, but they have a greater amount of potentially
usable energy.
6.1 Results
The results were the development of indicators of energy sustainability and the improvement actions to use
in the pursuit of sustainability and consolidation. This is because the changes made in the current version
against the previous one, since this tool was initially developed and first applied at five sites that had some
kind of potential is very marked. Table 7 shows the sustainability indicators developed and Table 8 provides
the proposed improvement actions.
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Table 7: Energy Sustainability Indicators

Area

Indicators

Society and Energy Use

Energy Sources

Economics

1. Program to encourage the conscientious use of energy
2. Ratio of the renewable energy x non-renewable energy
3. Zoning and environmental project
4. Potential of location
5. Geophysical features
6. Waste Generation
7. Environmental Impact
8. Current demand
9. Technology
10. Marginal cost of expansion - CME
11. Marginal cost of operation - CMO

Table 8: Improvement Actions for Sustainability Municipal Energy

Improvement Actions
1
2
3

4

5
6
7

Investing in local education campaigns aimed at the rational use of energy. For example, the use of electrical
equipment when necessary, the use of public transport, maintenance of electrical equipment (eg, change the
rubber on the refrigerator), automotive (eg engine tuning), etc..
Awareness campaigns on the use of equipment with better energy efficiency. For example: efficiency label with
appliances, cars and high performance electric motors, etc..
Tax incentive for products with improved energy efficiency. Products with the seal of Procel, with greater
energy efficiency or waste reduction that similar business models must have a different tax rate to encourage use
by consumers and the development by manufacturers.
Establishment of one or more local committees for the development and evaluation of projects and programs
aimed at sustainability. Be in the social, industrial, commercial or public. As a multidisciplinary structure that
represents all segments of local interest such as industry, commerce, government and society, that (s) committee
(s) (s) must be free to propose and veto municipal or regional projects.
Investing in the use of local generation based on renewable sources. The use must take into consideration,
especially, environmental impact, followed by the social and economic order. That is, being the replacement of
one type of non-renewable source or location away from the generation, one must observe the local and regional
environmental impact first. If the impact is significant its use should be discarded.
Programme to support the replacement of non-renewable energy inputs from renewable sources. For example,
the replacement of oil boilers with biomass or biodiesel, heating water by solar panels, etc..
Develop programs to encourage the use of waste which has potential energy generating facility within the same,
be it residential, commercial or industrial. For example, use rice husks as a source of heat in the process or
within the plant, using organic waste as fertilizer, etc..

With the implementation of improvements compared to local consumption of energy from renewable sources
over from non-renewable sources would be as shown in Table 9. Not considering the existing power
generation in Cambará do Sul, both municipalities had an increase in the share of energy from renewable
sources in their consumption of more than 14%.
Table 9: Relationship Renewable x Non-Renewable Energy, with actions for improvement

Renewable
75,8%
29,2%

Cambará do Sul
Cristal
7

Non-Renewable
24,2%
66,5%

CONCLUSION

The results were satisfactory with regard to the development and adjustment of the tool, ie, indicators of
energy sustainability. These indicators assess the current situation in relation to local sources and profitable
economic issue, checking for feasibility of investing in local sources for power generation. Also give a clear
and simple advantage of improvements made for sustainability, assisting in decision making on the subject.
In applying the tool in cities, there is a need to make an assessment on the socio-economic data, energy
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consumption data in the area and researching the sources and potential for energy generation within the city
itself. Much of this data are public, which facilitates the application of the tool, but it is important update the
data in their own locality.
The local power generation, with use of sources available there, makes the energy balance becomes positive
in most cases. Besides, if given preference for use of renewable sources, percentage of energy "used /
generated" in the locality is now environmentally friendly and sustainable. Of course, not all renewable
energy generated will be used in their own locality, but the energy balance of the relationship "generation /
consumption" could become positive, and the relationship between the consumption of renewable versus
nonrenewable energy will tend to the side of renewables.
8
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1. Introduction
As a consequence of the latest reports on climate change and the needed reduction in CO2 emissions, huge
efforts must be made in the future to conserve high quality, or primary energy, resources. A new dimension
will be added to this problem if countries with fast growing economies continue to increase their
consumption of fossil energy sources in the same manner as they do now. Even though there is still
considerable energy saving potential in the building stock, the results of the finished IEA ECBCS Annex 37,
Low Exergy Systems for Heating and Cooling of Buildings (Annex 37, 2011), show that there is an equal or
greater potential in exergy management (Ala-Juusela 2004). This implies working with the whole energy
chain, taking into consideration the different quality levels involved, from generation to final use, in order to
significantly reduce the fraction of primary or high-grade energy used and thereby minimise exergy
consumption (Schmidt 2004). New advanced forms of technology need to be implemented. At the same time,
as the use of high quality energy for heating and cooling is reduced, there is more reason to apply an integral
approach, which includes all other processes where energy/exergy is used in buildings. In recent years, we
have made substantial progress in the development of new and integrated techniques for improving energy
use, such as heat pumps, co-generation, thermally activated building components, and methods for
harvesting renewable energy directly from solar radiation, from the ground and various other waste heat
sources (Schmidt et al 2006).
The results obtained in research projects on optimised exergy use in buildings are promising and elucidate a
huge potential for introducing new components, techniques and system solutions to create low exergy built
environments (Schmidt and Torio 2011). The exergy conversion, e.g. heat or electricity production, plays a
crucial role in possible future activities in the overall system optimisation of the entire energy system within
a building. New solutions can be obtained by taking advantage of the design of entire quarters or community
structures into consideration. Then, by coupling a group of buildings or by the possible use of new energy
sources (e.g. the use of water in old coal mines to heat and cool entire cities (Op’t Veld, DemollinSchneiders 2007)) a more efficient use of energy is possible.
2. The Concept of Exergy Analyses in the Built Environment
The exergy of an energy flow represents the part of that energy flow which can be completely transformed
into any other energy form and mechanical work. On the contrary, the part which can-not be transformed is
designated as anergy. So, exergy is a concept which helps us distinguish between two parts of an energy
flow: exergy and anergy. Only the exergy part of any energy flow can be converted into some kind of highgrade energy such as mechanical work or electricity. Anergy, on the other hand, refers to the part of the
energy flow which cannot be converted into high-grade energy, e.g. low-grade waste heat from a power
plant. Exergy can be regarded as the valuable part of energy, while anergy designates the low-value portion
and we can derive an energy quality measure by using this concept. Unless a suitable use for exergy is found,
e.g. waste-heat utilisation in buildings, the low-value part (small exergy fraction in this flow) of the original
energy flow will eventually dissipate into the environment and be irreversibly lost. Such unalterable
dissipation is designated as irreversibility. The exergy content of a given flow of energy depends on the
attributes, e.g. the temperature, pressure, and chemical composition, of both the substance carry-ing the
energy (energy carrier), and the surrounding environment. The more different the attributes of the energy
carrier and the environment are, the higher the exergy content of the energy carrier is. For example, highpressure steam required for electrical power generation has a higher exergy content than warm water needed
by a dishwasher (Moran 1989).
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Fig. 1: Results of an analysis of energy and exergy flows through a building

The Low Exergy (LowEx) approach entails matching the quality levels of exergy supply and demand, in
order to streamline the utilisation of high-value energy resources and minimise the irreversible dissipation of
low-value energy into the environment (Shukuya, Hammache 2002), (Sciubba, Ulgiati 2005). This approach
is the key concept for the work of Annex 49 on energy use and supply structures in the built environment
(Schmidt and Torio 2011).
3. Scope and Objectives of ECBCS Annex 49
The scope of this international activity within the frame of the International Energy Agency is to improve, on
a community and building level, the design of energy use strategies which account for the different qualities
of energy sources, from generation and distribution, to consumption within in the built environment. In
particular, this method of exergy analysis has been found to provide the most correct and insightful
assessment of the thermodynamic features of any process and offers a clear, quantitative indication of both
the irreversibility and the degree of matching between the resources used and the end-use energy flows
(Sciubba, Ulgiati 2005). To satisfy the demands for the heating and cooling of buildings, the exergy content
required is very low, since a room temperature level of about 20°C is very close to the ambient conditions.
Nevertheless, high quality energy sources, like fossil fuels, are commonly used to satisfy these small
demands for exergy (Schmidt 2004). From an economical point of view, exergy should mainly be used in
industry to allow for the production of high quality products.
It is known that the total energy use caused by buildings accounts for more than one third of the world’s
primary energy demand (ECBCS 2011). There is however substantial saving potential in the building stock.
The implementation of exergy analyses paves the way for new possibilities of increasing the overall
efficiency of the energy chain. Exergy analysis can support the development and selection of new types of
technology and concepts with the potential of lowering exergy consumption for built environments and the
related supplies. It can also quantify this potential. Up to now, considerable effort has been made to reduce
the energy demand of the building stock and to increase the energy conversion factors in power stations. The
new approach is not necessarily focussed on a further reduction of the energy flow through a building’s
envelope. When the demands for heating and cooling have already been minimised, the low-exergy approach
aims at satisfying the remaining thermal energy demand using only low quality energy. This creates the
potential for reducing the total amount of exergy needed by the energy supply-demand chain, and for
providing a more customised distribution of exergy to consumers with different exergy requirements.
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Fig. 2: Desirable energy/exergy flow to the building stock and industry. In the building stock, there should be a larger share of
low valued energy, whereas high quality energy should be left for other purposes, e.g. industrial processes.

The main objective of the annex is to use exergy analysis as a basis for providing tools, guidelines,
recommendations, best-practice examples and background material to designers and decision makers in
building, energy production and political fields. Another important objective is to promote possible
energy/exergy and cost-efficient measures for retrofit and new buildings, such as dwellings and
commercial/public buildings, and their related performance analyses viewed from a community level,
including the energy supplies. The major benefit of following low exergy design principles is the resulting
decrease in the exergy demand in the built environment. By following the exergy concept, the total CO2
emissions for the building stock will be substantially reduced as a result of the use of more efficient energy
conversion processes. This new concept supports structures for setting up sustainable and secure energy
systems for future building stock. The strategies developed for a better and exergy optimised building design,
aimed at a future of clean, clever and competitive energy use, will help in pinpointing specific actions to
reach this goal. Additionally, the exergy demand of buildings will be reduced due to new, enhanced heating
and cooling systems.
4. Identified Research Issues
The exergy concept applied to buildings and the related supply structures leads to new research topics for
building stock. The finished ECBCS Annex 49 has been addressing the following research items (Annex 49,
2011), (Schmidt and Torio 2011):
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•

Combined exergy/energy analyses for community supply structures and buildings, especially those
with changing ambient and boundary conditions. This will lead to the implementation of
dynamic analyses for complex systems.

•

Optimisation strategies for low exergy distribution and building technology system configurations.

•

A mandatory holistic system approach to investigate the dependencies between energy conversion
and the use of energy in buildings. This implies the feedback and the response of the building
to the grid and energy conversion strategies.

•

The evaluation of known and new, innovative techniques by using developed analysis tools are
showing ways to integrate local renewable energy sources. The results will indicate directions
for new developments.

•

Better control strategies for building service systems to reduce the overall exergy demand.

•

Exergy as an indicator for more sustainable energy systems and for long term, cost efficient
solutions.

•

Indoor comfort provided by placing the minimum possible exergy demand on building service
systems.
5. Structure of ECBCS Annex 49

To accomplish these objectives, participants carried out research and work on developments within the
general framework of the following four subtasks: The first subtask, “Exergy Analysis Methodologies”, was
aimed at development, assessment and analysis methodologies, including a tool development for design and
performance analysis of the regarded systems. The second subtask, “Exergy efficient community supply
systems”, focused on the development of exergy distribution, and generation and storage system concepts at
a community level. A third subtask, “Exergy efficient building technologies”, was based on the reduction of
exergy demand for the heating, cooling and ventilating of buildings. The last subtask, “Knowledge transfer,
dissemination”, concentrated on the collection and spreading of information on ongoing and finished work.

Fig. 3: Subtask structure of the ECBCS Annex 49

The community and the building level are directly connected by the final energy conversion process.
Nonetheless, the distribution concept for exergy has to be fixed at the community level.

Fig. 4: The integration of energy sources from our environment, e.g. the use of water from abandoned mines for heating and
cooling buildings, requires exergy efficient supply systems at the community level and adapted building service systems.
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6. Results
The concept of exergy analyses has been transformed into a number of software tools on the basis of
developed models during the course of the Annex 49 projects (Schmidt and Torio 2011).
For the first time a building exergy calculation has been implemented in a Building Information Modelling
(BIM) tool. A new energy and exergy tool called the Design Performance Viewer (DPV) has been developed
in the Building Systems Group at the ETH in Zurich based on the Excel tool developed in the IEA ECBCS
Annex 37 and being expanded in the Annex 49. The tool integrates with the Autodesk Revit software
allowing planners, designers, and architects to obtain an easy-to-understand graphical display of the
energetic and exergetic performance of their building. The tool can be implemented in all phases of design
and most importantly, allows the user to observe potential impacts of changes during the earliest and most
influential phases of the design process. This facilitates an awareness of energy and exergy performance
throughout a project, instead of energy analysis just being an afterthought at the end of a project.

Fig. 5: Screenshot from DPV tool with spider graph for comparing the performance of different parts of building design

An other example is the excel-based pre-design tool, which aims at increasing the understanding of the
exergy flows within the built environment and at facilitating further improvements on the energy use in this
sector. It is a simple and transparent tool which brings the exergy approach in an easy to understand and
comprehensible manner for its users, such as architects and construction engineers.

Pre-design sheet for an exergy
optimised building design
IEA ECBCS Annex 49

Steady state calculations
for heating case
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Fig. 6: Fields for input data to define the building envelope in the pre-design excel tool (left) and dropdown menus for selecting building services (right) within the Annex 49 pre-design tool.
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The field of application is mainly focused on buildings with normal and low internal temperatures
respectively, as e.g. residential buildings, day-care facilities for children and office buildings. From the user,
a definition of the building details (e.g. building envelope, air tightness,…) is required. By means of several
drop-down menus, different building systems can be chosen to supply the required building demands. This
allows limiting the required number of input data. Energy calculations are based on the German energy
saving Standard (EnEV-2006) and follow a steady-state approach.
The primary presentation of the annex is a guidebook on how to implement advanced LowEx technology at a
community level in the built environment and how to find supply structures to ensure low exergy demand of
the system solution, while providing good comfort to the occupants and users of the buildings. This
guidebook has been published by the Annex 49 in spring 2011. Furthermore, the guidebook will focus on
analysis concepts and design guidelines with regard to exergy metrics for performance. A collection of bestpractice examples for new and retrofit buildings and techniques will show the potentials of the new
approach. With this basis, recommendations for policy measures will be suggested and the aim is to conduct
pre-normative work (Schmidt and Torio 2011). The focus of the dissemination of documents and other
information is to transfer the research results to be used by practitioners. Methods of information
dissemination are to include newsletters and articles, as well as the Internet is to be used intensively to spread
information. Workshops have been organised in different countries to show the latest project results and to
provide an exchange platform for the target audience (notably, energy managers, designers, and energy
service companies).
7. Other related activities
The International Society of Low Exergy Systems in Buildings (LowExNet) was founded to increase the
exchange between researchers working within the field of exergy. LowExNet members are working with
exergy issues, supporting the work in the framework of Annex 49 and have been presenting their results and
findings in a number of workshops and seminars, mainly in the framework of international conferences
within the field of building technology, building physics and building services. The LowExNet group offers
a platform for discussion and information dissemination on the proposed activities. To strengthen and expand
the scientific collaboration in the LowEx field, a number of national (e.g. German and Dutch) and European
projects have been started (LowExNet 2011). Furthermore, a close collaboration to the ASHRAE Technical
Committee TC 7.4 on “Exergy Analyses for Sustainable Buildings” has been established.
8. Conclusions
The major benefit of following low exergy design principles is the resulting decrease in the exergy demand
in the built environment and related energy supplies. By following the exergy concept, the total CO2
emissions for the building stock will also be substantially reduced as a result of the use of more efficient
energy conversion processes. This new concept supports structures for setting up sustainable and secure
energy systems for future building stock. The strategies developed for a better and exergy optimised building
design, aimed at a future of clean, clever and competitive energy use, will help to pinpoint specific actions
required to reach this goal. Additionally, the exergy demand of buildings will be reduced due to enhanced
new heating and cooling systems. One major implication is to avoid burning processes in the energy
conversion process, since these are always causing large exergy destructions. The target is to establish a
more holistic approach for an affordable, comfortable and healthy built environment, while obtaining a
minimum input of exergy, and implementing a substantial amount of renewable energy sources into the
energy supply of buildings (Schmidt and Torio 2011). Additional and more extensive information can be
found on the homepages (Annex 49, 2011) and (LowExNet 2011).
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1. Introduction
With respect to the composition of buildings and urban structures the importance of solar energy is evident,
since the shape of constructive structures and relevant surfaces are the basis for application of solar systems
and also for receiving passive solar gains. Therefore, solar energy is more connected to the form and function
of buildings than other renewable energy sources. To assure the ability of new structures fitting a solar
energy supply, certain requirements need to be included in development planning and building legislation.
Also existing buildings need to be qualified for the application of solar systems; the knowledge of adequate
building types and structures is therefore an essential requirement to improve strategic actions to mobilise the
solar potential of existing built areas. To keep the current situation in numerous cities in perspective, the
planning process is missing a detailed knowledge of solar requirements concerning density, levels and
orientation. As a result solar energy is added to structures matching the needs by chance.
2. Background
To ensure the viability of solar energy for new structures and existing buildings in the urban environment,
certain requirements need to be included in development planning, building legislation and solar potential
identification and mobilisation.
Therefore a specific approach was set up together with several European cities within the framework of a
European cooperation project (Intelligent Energy) named POLIS. The aim of the project is to present and
evaluate current developments and bring together key stakeholders of this process to improve planning and
legislation practice towards a solar development, with the conviction that urban approaches are essential to
enhance the integration of small-scale solar energy applications in the built environment. Therefore POLIS
brings together local authorities with different experiences and varying states of urban development from
France, Germany, Portugal, Spain and Sweden, to share their knowledge on solar town planning and
encourage further activities within the scope of an expert network for cities. Several instruments are available
to promote solar energy such as municipal agreements or private law commitments. Six European cities
(Munich, Germany, Lisbon, Portugal, Lyon and Paris, France, Vitoria-Gasteiz, Spain and Malmö, Sweden)
are cooperating in order to set up action plans and pilot actions at a local level and promote solar urban
planning. The approach of four POLIS cities (Munich, Lisbon, Lyon, Vitoria-Gasteiz) and the connected
pilot actions are presented within this document.
3. European cities engaged in solar urban planning
Within the framework of a cooperation project, the six cities have committed to long-term strategies to
integrate solar energy at an urban level. These strategies are consistent with existing CO2 mitigation targets
in Solar Action Plans embedded in local planning. Although the cities have different climates and hence
different solar strategies, a common objective is shared, namely, to steer the future development of solar
energy with respect to urban planning through the assessment of existing climate strategies and targets at city
levels, the evaluation of solar potential in city areas, the development of solar targets and the definition of
possible measures in diverse planning areas connected to general renewable energy targets. Only a strategic
approach by the municipality can enhance the increasing integration of small-scale, decentralised energy
applications into the built environment.
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The Solar Action Plans, developed by Local Working Groups composed of municipalities and technical
partners of the project, have been developed using information about the existing local background. Each city
has developed long-term solar targets, as well as identified main areas of interest (focus areas), relevant
stakeholders for the implementation of solar energy in connection with urban approaches (target groups) and
short-term measures to support the uptake of solar energy and reach the proposed targets. Through the
cooperation of those cities that are currently engaged in solar urban planning, the mobilisation of solar urban
potential can be promoted at a local level.
4. Munich - Development of a “Solar Guideline for Urban Planning”
The City of Munich has committed to meet climate protection targets as agreed in various national and
international initiatives. Through the POLIS solar Action Plan the Urban Planning Department of Munich
has set measurable targets for solar energy (Photovoltaic power generation measured as share of overall
electric power demand in Munich: 7% by 2030 and solar thermal heat production as share of heat demand of
all buildings in Munich: 3% by 2030. And from 2012 a coverage of heating demand by passive solar gains
with a share of 25% in all new development areas with more than 100 housing units). A successful
implementation of the POLIS solar Action Plan as well as other existing initiatives (e. g. Solar Initiative
Munich) requires that actors of urban development and planning get involved in solar energy issues. In this
sense, knowledge about possible instruments and methods to integrate relevant aspects of solar energy into
planning practice is needed.
The development of a solar guideline for urban planning aims to facilitate a criteria-based assessment of
planning documents and projects. A guideline with concrete standards, indicators, and measures makes it
possible for those involved in planning procedures to identify opportunities for the realisation of solar urban
development. It creates a common basis for communication with other departments, stakeholders and
decision-makers. Moreover, by using indicators the degree of solar energy use can be measured and targets
for solar optimised planning can be agreed. Specific topics to be covered in the guidelines are:
• Urban competitions for new development areas: definition of criteria and instruments to include solar
requirements in tendering, assisting jury members in their assessment of solar aspects of projects and
providing know-how for the drafting of council resolutions for the implementation of solar planning.
• Planning instruments: compilation, analysis and improvement of instruments to facilitate the aims of
the solar Action Plan.
• Criteria for the sale of municipal real estate to implement solar architecture: the existing Catalogue of
Ecological criteria will be extended to include aspects of solar energy use, so that the improved regulation
can become part of urban contracts and other binding agreements.
•

Urban regeneration and refurbishment: mobilisation of solar thermal energy use in existing buildings.

• The information needed for developing this Pilot Action is existing and planned instruments of urban
planning with regard to the use of renewable energy (guidelines, expertise, manuals), information about
planning procedures and links to already used instruments and fields of activities. Several software tools
will be also used, such as Solarin (Shading simulation) and PHPP (Passive house planning tool).
With the proposed guideline, requirements and necessary conditions to implement strategic objectives
regarding solar into urban planning and design will be effectively embedded in daily practice. The
effectiveness of existing and new solar optimisation tools will also be enhanced.
5. Vitoria-Gasteiz - Methodology and Assessment of the Detailed Solar Potential of
Lakua district
Vitoria-Gasteiz has signed several commitments related to energy and sustainability. In addition, due to the
signing of the “Covenant of Mayors” document in 2009, the city has to adapt its targets to the new
commitment of going beyond the 20% CO2 emission reduction and the promotion of renewable energies.
For this reason, Vitoria-Gasteiz is currently working on a new “Fight against Climate Change Plan”, a
“Climate Change Adaptation Strategy” and an “Energetic Ordinance” where new targets and actions will be
set to reduce CO2 emission and promote renewable energies. A detailed study to quantify the urban solar
potential is considered of highest priority within the solar Action Plan in order to identify the realistic
possibilities of solar energy use in Vitoria-Gasteiz.
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Besides local requirements related to solar passive and active technologies, national requirements (Technical
Building Code) must also be considered in the solar potential assessment. A methodology combining both
types of requirements does not exist yet. The district of Lakua (north of the city, area of 376 Has.) is one of
the priority areas defined in the solar Action Plan; the results of the Solar Master Plan will be used to identify
the best buildings where PV can be installed.
A methodology for the identification of the solar potential of urban areas of Vitoria-Gasteiz has been
developed, which is compatible with local and national requirements (“Energy Ordinance of Vitoria-Gasteiz”
draft and “Technical Building Code”). This methodology to identify the detailed solar potential is applied to
the district of Lakua together with the integration of results in the Geographical Information System of the
municipality. Specific tasks of this Pilot Action are:
• Methodology for the identification of the solar potential of urban areas in Vitoria-Gasteiz: analysis of
local climate and identification of micro-climatic differences; analysis of the morphological
characteristics of the city areas; determination of solar potential categories and assignment criteria.
•

Identification of the detailed solar potential of Lakua district.

• Development of recommendations for the strategic mobilisation of the solar potential identified in
Lakua district.
The information needed for developing this Pilot Action is the General Urban Distribution Plan (2007
edition) and meteorological data of Vitoria-Gasteiz. In addition, a tool previously developed by the technical
partner (Universidad Politécnica de Madrid) to perform the solar potential analysis of buildings and nonbuilding areas will be adapted to elaborate different solar maps. Complementary tools will be developed to
estimate the output of solar photovoltaic and thermal installations leading to comply with local and national
requirements.
The methodology for the identification of the solar potential will provide a reference framework for the city
strategies related to an extensive use of solar energy in Vitoria-Gasteiz.
The detailed solar potential of the Lakua district will enable the municipality of Vitoria-Gasteiz to focus
subsequent strategies for CO2 reduction, based on the use of solar technologies in the buildings with the best
potential and adequate constructive characteristics.
6. Lisbon - Evaluation of solar potential in Lisbon at parish level
Although an initial assessment has been done to extrapolate national targets for micro-production and solar
thermal systems to the city of Lisbon, the definition of more specific targets for the adoption of solar
technologies has to take into account the actual urban potential based on existing conditions, which is
unknown yet.
A realistic assessment of the solar potential of Lisbon built environment is based on estimates of the net
available roof area and solar technologies implementation ratios (e.g. solar thermal vs. PV). Geographical
disaggregation will go down to the parish level, to which pertain well defined boundaries within the city. A
top down approach will be followed (from technical to market potential) for both solar technologies,
considered independently. Scenarios of different mixes between solar thermal and solar photovoltaic
technologies will then be constructed based on the individual potentials and on policy considerations.
• For existing buildings the solar potential will be estimated in terms of technical potential (net
available area for hosting solar facilities), technological potential (estimate of installable capacity and
annual energy yield according to different technology implementation scenarios), economic potential
(obtained from applying scenarios of willingness to pay to the technological potential estimates) and
market potential (obtained from applying scenarios of affordability to the economic potential estimates).
• For new buildings, potential estimation departs from existing urban planning instruments for
estimating technical potential, while applying the same methodology and scenarios as described for
existing buildings when determining technological, economic and market potentials. Scenarios will be
further exploited by introducing potential modifications to existing urban planning instruments. Special
attention will be given to the instruments that are currently under revision. The information needed for
developing this Pilot Action is data on existing building stock, meteorological data and 3D city models.
Estimation of potentials under distinct scenarios will provide the basis for the establishment of goals for solar
technologies adoption in the city of Lisbon, while assisting the implied policy decision process.
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7. Lyon - Solar planning scenario for a new development area
The city centre of Lyon is concerned by a large urban regeneration project called Lyon Confluence (150
hectares) that will extend the city centre by means of high-quality development projects that meet stringent
quality criteria in terms of urban planning, architecture, environmental impact and landscaping. In 2004 an
EU-funded Concerto program called “Lyon Confluence” was set up on this area with the aim of introducing
energy considerations (consumption and renewable production) in the first phases of the urban planning.
This project has made urban developers think differently about energy aspects related to the urban design and
enhanced an urban rehabilitation of an area called Ste Blandine, nearby the confluence area. However, many
aspects need to be improved in the Confluence project: energy considerations haven’t been introduced early
enough and the urban planning could have been even more adapted to solar energy.
• This Pilot Action is a follow-up to the experience of the Lyon Confluence project by giving more
importance to energy aspects in the very beginning of the urban planning process. The main objective is
to experiment urban planning methodologies that take into account solar radiation as the main criteria for
planning, by proposing two different scenarios for an urban planning area in Lyon to be restructured (to
be identified by Lyon Urban Agency):
• The first scenario represents the usual one used by urban planners (not taking into account solar
energy);
• The second one places the optimisation of energy inputs as main criteria. The results obtained in both
scenarios will be presented to the city of Lyon by the Urban manager of the area to give an alternative
study of the area development. Necessary information for this Pilot Action is plans of the selected urban
area and specifications of the urban developer in terms of building use. Special urban design software will
be used.
This Pilot Action will allow methodologies to be developed and to be integrated into the urban planning of
Grand Lyon, in order to optimise the solar contribution on a district scale.
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1. Introduction
In many cities, the use of civic high density has generated an urban environment of discomfort, due to the
modification of the energy balance affecting the thermal environment in open spaces directly. Increase of
urban temperature has a direct effect on energy consumption, thermal comfort and environmental
contamination of the urban spaces (Akbari et al., 1992).
Several mitigation strategies of this increase in urban temperature have been recently studied by several
researchers (Rosenfeld et al., 1998) so as to determine its relative efficiency and the cost efficiency. Two
basic strategies include materials of reflectance surface and increase of the green coverage.
Related to this last strategy, it is known and documented that trees and green areas contribute significantly to
the cooling of our cities and to energy saving (Santamouris, 2001). Trees may provide a solar protection in
summer while on the other hand, the evapotranspiration may reduce the urban temperature. At the same time,
trees absorb sound and block erosion caused by rains, filter hazardous contaminants, reduce wind speed and
prevent erosion.
On the other hand, presence or absence of green areas and the particular and differential characteristics of
these areas are related to the quality of life of the city inhabitants. For this reason, it is important to assess
how green areas of a city may be planned in a spatial sense, and then how they may be better designed,
managed and kept in terms of urban, climatic and morphological characteristics so as to obtain the maximum
benefic for the local population.
Likewise, the thermal comfort of people in open spaces is one of the most influential factors in the space
habitability, since the amount and intensity of the activities the individual perform is affected by the
discomfort level which is experienced when he is exposed to climatic conditions of these open spaces
(Givoni et al., 2002).
Comfort indexes analyze climatic variables and enable the quantification of the comfort ranges for different
spaces or situations (Gomez et al., 2004). The first bioclimatic indexes which arose (Discomfort Index,
Windchill, Index of Temperature-Humidity) take into consideration only some meteorological parameters
(Thom, 1959; Clarke and Bach, 1971; Unger, 1999). The most recent models, based on the equation of the
human balance of energy add a great amount of variables, not only climatic but also those related to the
characteristics of the individual and the environment.
According to previous researches (Ruiz and Correa, 2009), COMFA model for the determination of the
thermal comfort in open spaces enables an assessment with great accuracy of the incidence of interrelations
between climatic, morphological and forest variables about the exchanges of the human body. In this way, it
is possible to detect the mechanisms of energetic transference about which the design characteristics of the
spaces have a higher impact and so optimizing its operation, so as to maximize the degree of habitability of
the spaces.
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The objective of this work is assessing the hydrothermal behavior of four green areas during the summer
season and quantify the design impact of the parks about the thermal comfort and the climatic characteristics
of the city of Mendoza. From this analysis and diagnose, it is possible to develop a strategic planning of
green spaces so as to mitigate the effects of the city existence about the region climate.
2. Study of impact in the local scale
The city of Mendoza is the most important metropolis of the Midwest area of Argentina, with a population of
1.086.066 inhabitants (INDEC, 2010). It is situated in the vicinity of Andes Mountain Range between
latitudes -32º and -37º and at an altitude of 790 msnm. As is typical of many arid areas, the climate of the
region has many temperature fluctuations both daily and seasonal, intense solar radiation in all seasons and a
system of low annual rainfall (250 mm). Winters are dry and cold, with a prevalence of stable time. Local
winds are anabatic-catabatic with an average speed of 2 m/s and a NE/SW direction.
This great city concentrates near 65% of the total population of the province, which only covers 3% of its
territory, has a high demographic growing, 10% during the last decade (INDEC, 2010). This important
growing rate has led to an expansion almost uncontrolled of the urban area, modifying the city profile in its
horizontal and vertical dimensions. All these conditions have contributed to the formation of a heat island
reaching values of 8 and 9 ºC, both in summer and in winter, at night and at the first hours in the morning,
depending on its position related to the direction of the predominant breezes, the density of buildings, height,
forests, etc. (Correa et al., 2005a).
The Metropolitan Area of Mendoza (AMM) shows an urban plot of consolidated structure, where urban
empty spaces are inserted. See Fig. 1. The main proportion of urban canyons is between 20 and 16 m wide,
the building materials are made mainly of concrete and bricks, due to the high seismic activity of the area.
The center area of the city is characterized by the higher building densities, with buildings of great height (up
to 19 floors). It also has the tallest and thickest tree structures and the most intense vehicular traffic of all the
metropolitan area.

4
2

1

3

Fig. 1: Location of the Parks assessed in the AMM : (1) O’Higgins; (2) San Martín; (3) San Vicente; (4) Central.

City configuration is the result of a development model where the artificial and natural surroundings form an
intermingled mosaic, generating a strong insertion of green areas in the city. In this context, the open areas parks, squares and urban forests- modify significantly the climatic pattern of the build surrounding, but their
benefits and disadvantages are not still analyzed in depth in the province (Endlicher and Mikkan, 1999).
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3. Methodology
So as to assess the impact of the parks in the temperature profile of the AMM, four parks were selected,
taking into account its position related to the city center and the landscape structures of the park. Our goal is
comparing the environmental performance and, at the comfort level, the different configurations of green
areas and the relative weight in their built surroundings.
3.1. Cases study
O'Higgins Park: (extension of 9 ha) Green area assigned for public use early in the XX century, by using the
excedent lands between the edge of the old city and the main circulation viaduct in the North-South link of
the urban network. Although in the past, this park defined the East limit of the urban network, and currently,
the city growing has surrounded it.
The park is at 741 msnm, in flat surface. In its area, it has some buildings for recreational and cultural
activities (theater, aquarium, etc.).
From the morphological point of view, it shows a longitudinal development with a central axis that is defined
by a vaulted green structure, along with lateral green groups of irregular and discontinuous distribution
throughout the park limits. The abundance of trees which reach its maximum vegetative expression, related
to green areas of the park defines a structure with areas where shade predominates.
The urban configuration which currently surrounds the park is mainly a low density building (1.96 m3 m-2),
with an average height of 3 meters of building.
San Martín Park (extension of 358 ha). It is located at 821 msnm in the foothills of the metropolitan area.
This park shows an organic-type structure, which matches English and French traditions from the landscape
design of the XIX century. It establishes the west limit of the city and reaches the first Andean foothills
(piedmont deposit).
In its structure, it has wide avenues, formed fully by adult trees, wide grass areas, areas densely wooded of
different extensions, an artificial lake and a significant number of small buildings which belong to public and
private organizations: clubs, sport, school and administrative infrastructures. It has an important forest stock,
made up by more than 300 species of trees from different origins. The forest masses are made up by 50000
individuals within a dynamic spatial order. It also shows mainly a great botanic variety, made up by exotic
species, which has enriched recently with the addition of native species. The landscape design shows a
balance of the forest and grassy areas in the open sky.
The location of the new groups of houses in the piedmont deposit define the North and South limits of the
park, modifying partially its nature in the margins. In the East, the urban configuration is made up by low
and medium civic density structures (3 m3 m-2).
San Vicente Park: (extension of 18 ha). The structure is the result of the revaluation of an old urban empty
space contained in the network. Therefore, it is a "new" green area, without consolidation and not planned
from the perspective of the landscape design. The park is located at 833 msnm in the foothills of the
metropolitan area.
Its limits are defined in the North end by a green tunnel of eucalyptus, the only species of first magnitude,
and in the South end by a curtain of poplars. The park is located at 833 msnm in the foothills of the
metropolitan area.
In its structure, an important extension of grass predominates, including some young trees and scattered
bushes forming groups. An open and bright system is shown, compared to O'Higgins Park. Morphologies of
this type offer plenty heat stroke possibilities.
The mediation context is made up by a civic low density, with the irruption in the grid of the new fashion of
commercial buildings (superstores), with important open spaces that are used for parking.
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Central Park: (extension of 14 ha). It is located in the old railway lots, in the center of the city, taking
advantage of an empty space in the urban network. Its building is from the beginnings of this century, and
that is why it is not consolidated. In its West and South limits, it shows aligned poplars.
From the morphological point of view, it shows a strong linear direction, which takes the railroad geometry
of the site where it is implanted. It is highlighted within the Argentine landscaping tradition by its rationalist
architectonic language. It is part of recreational and cultural activities that belong to the contemporaneous
urban life. It is characterized by a wide use of stone and concrete. It has 1200 trees —mostly, very young
species— and other bush species are added.
In the immediacies of the park, there are civic groups of towers with free perimeter and landscaped spaces,
forming a network of high civic density. See Fig. 1, where the spatial distribution of the parks selected in the
AMM may be appreciated.
3.2. Monitoring campaigns
So as to monitor the thermic behavior of the different parks of the city and the impact of the green areas in
the thermal comfort, two campaigns were carried out. First, in the months of February and March of 2011, 29
fixed stations of automatic measurement have been installed in each park –located in three types of
conformation of green areas: meadows, forests and anthropic areas- and their surroundings. Besides,
reference instruments have been placed so as to control the impact of the park on the outskirts of the
metropolitan area, in the four cardinal points. These fixed stations measure temperature and humidity every
15 minutes. The stations installed are of type: H08-003-02, with two channels which register internal
temperature and relative humidity. The range of temperature measuring is from -20 to 70 ºC, with a precision
of +/- 0,7 º to 21 ºC. The range of measurement of relative humidity is from 25 to 95% HR, and the precision
is +/- 5%. Sensors have been placed at 2,5 m high from the street (Oke, 2004), within white boxes of
perforated PVC, so as to avoid irradiation and ensure the appropriate air circulation.
In second place, for the follow-up and comparison of the impacts of the different green conformations,
another campaign has been performed on days 02/02/11, 02/07/11, 02/15/11 and 02/16/11, with mobile
meteorological stations in two types of conformation of green areas, present in the parks assessed: Meadows
and forests. Mobile stations measure air temperature, relative humidity, solar radiation, speed and wind
direction, also every 15 minutes. During this campaign, the values of surface temperature have also been
registered with an infrared thermometer OS-XL type OMEGASCOPE.
Data have been assessed statistically for the period covered between 11.00 AM and 7.00 PM, considered as
the one with most climatic rigor and use of open spaces.
3.3. Comfort index
The COMFA method (Brown and Gillespie, 1995) consists in following the basic formulation which
expresses the energy balance of an individual in an open environment (Scudo, 2002; Gaitani et al, 2007):

S = M + R abs − Conv − Evap − TR emitida

(eq. 1)

Where:
M:
Metabolic energy produced by the organism
Conv: Sensible heat that is lost and won by convection
TRissued: Earth radiation that is issued

Rabs: Solar and earth radiation that is absorbed
Evap: Evaporative heat loss

When S balance is near zero, it may be expected that an individual feels thermically comfortable. If the
balance shows a great positive value, the individual receives more energy that the one lost, and thus
overheating may exist and the environment would be uncomfortably hot. On the other hand, if the balance is
negative, the individual may be cold. Tab. 1 shows the sensation of human comfort related to the values of
energetic balance.
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Tab. 1: Sensation of human comfort related to the values of balance S.

Balance (W m-2)
S > -150
-150 > S < -50

Sensation
Would prefer to be much warmer
Would prefer to be warmer

-50 > S < 50

Would prefer no change

50 > S < 150

Would prefer to be cooler

150 < S

Would prefer to be much cooler

The parameters that have been taken into account to execute the calculation program in each case are
detailed in Tab. 2.
Tab. 2: Values considered for the comfort calculation in the cases assessed.

San Martín

Variables

Central

Forest Meadow Forest

Meadow

O’Higgins

San Vicente

Forest Meadow

Forest Meadow

Perviousness to solar radiation of
the vegetation in each area (%)

30

100

30

100

26

100

26

100

SVF (%)

10

79

13

95

23

63

15

93

0.15

0.2

0.15

0.2

0.15

0.2

0.15

0.2

Soil albedo
Perviousness of clothes

175

Isolation of clothes (s/m)

50

Metabolic rate (W m-2)

340

Perviousness values to solar radiation of the vegetation in each area were taken from previous researches
(Cantón et al., 1993).

Meadows

Forests

The sky vision factor (SVF) of urban canyons was calculated as from hemispheric digital images, taken with
a Nikon CoolPix digital camera, equipped with a fish-eye lens and processed by the PIXEL DE CIELO
software, developed by our unit (Correa et al., 2005), which enables to obtain the parameter value (SVF), in
conditions of clear sky, intense urban forestation and cities with high typical reflectivity in semiarid regions,
as in the case of this study (Fig. 2).

San Martín

Central

O’Higgins

San Vicente

Fig. 2: SVF of each case study.
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4. Results
4.1. Analysis of green areas and its surroundings
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CITY CENTER
SAN MARTÍN
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O'HIGGINS
00:00

Temperature (ºC)

So as to assess the impact of green areas in its surroundings, the information obtained from fixed stations,
located in the forest area of the parks and in the four cardinal points around each of them are analyzed.
During the cooling period, all the parks assessed are cooler than in the city center. This coincides with the
results of previous researches that are performed in the same study area (Correa, E., 2006). During the
heating period, in general, there is no big differences between the parks and the city center, the city being
cooler at the time of maximum temperature, an exception to this fact is San Martín park, which is cooler than
the city center during all the assessed period (Fig. 3). The forest of San Vicente park has not been surveyed
by reasons of force majeure.

Fig. 3: Daily distribution of temperature in three parks assessed and in the city center, in a typical summer day (cloudiness <
3/8 and wind speed < 1km/h).

This behavior during the heating period may be explained as a result of the urban dense forest present in the
metropolitan area, mainly formed by tree species of first magnitude, whose overlapping of tops form a dense
tunnel, blocking intense solar radiation, typical of arid climates and, as a consequence, during this period, the
city may be colder than its surroundings, which constitute a big sky vision factor. This cooling system
derives from the concept of oasis city, which has prevailed in the urban conception of the city.
On the other hand, the behavior of San Martín park during the heating may be explained by the Joint effect
of different factors, among them: The biggest extension and a considerable altitude. As in previous studies,
the analysis of specific humidity profiles does not show a differential behavior of the humidity registries in
this park, compared to the other two. (Tab. 3).
Tab. 3: Average, maximum and minimum specific humidity (%) of each park assessed.

San Martín

Central

O’Higgins

Mean

7.94

6.76

8.30

Maximum

27.98

34.05

34.59

Minimum

1.41

1.56

1.62

During the cooling period, San Martín Park is the one registering the differences in maximum temperature
related to the city center, reaching values of -4°C, while parks Central and O'Higgins show maximum
differences of around -3°C. During the heating period, the maximum temperature difference of San Martín
Park is -3ºC, while parks Central and O’Higgins show maximum differences of 1.7ºC and 2.1ºC,
respectively.
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In Fig. 4, reference temperatures in the cardinal points of each park at the times of maximum and minimum
temperature in the city center (16:30 hs and 7:30 hs, respectively). As from the profiles obtained, it is
possible to analyze the impact of spatial distribution of the parks under study, that is, the effect of its place in
the thermic behavior of the urban area where they are located.
First, it may be observed that the park impact at night derives in a 17% for San Martín Park, a 9% for Central
park and a 7% for O’Higgins park, compared to the city center. Regarding their surroundings, this toned
effect decreases, being minimum for Central park, while it is between 6 and 7% for the other two parks.
4:30 PM

7:30 AM

NORTH
40

NORTH
25

38

23

36

21

34

19

32
WEST

30

17
EAST

WEST

15

EAST

SOUTH

SOUTH

Fig. 4: Temperatures in the city center and its surroundings of the four parks assessed, in a typical summer day.

The temperature differences between the surroundings of each park and the city center is not evident in the
case of O’Higgins park, and this may be caused by the surrounding urban context. However, it is evident in a
7 and 8% for San Vicente y Central parks, respectively, and only 11% for San Martín park, having an
extension 20 times bigger than San Vicente park and 25 times higher than Central park.
4.2. Analysis of configuration of green areas
As from the analysis of the information obtained from the fixed stations in the three areas of each park,
whose objective was assessing the impact of the different configurations of green areas in the thermic
performance of urban spaces, an analogous behavior may be observed, and thus the meadow is the
configuration which gets cold the most at night. The forest is the structure which shows the smaller heating
during sun hours, as it’s stands to reason, due to its shade condition but, at night, depending on its extension
and the park design where they are located, this structure may cool at the same grass temperature or not.
In Fig. 5, there appears a distribution of the daily temperature of the three structures that are considered,
related to the behavior of the city center, in two of the parks analyzed of well-defined characteristics. The
first one corresponds to the graphic of San Martín Park, the one with the most extension where the west limit
of MMA materializes, the second one shows O'Higgins park, which has a longitudinal development and an
extension which is 40 times smaller and completely inserted within the urban network.
During the heating, it is observed that, in the case of San Martín park, the meadow and the anthropic area
show the same behavior, in accordance with the city center, while the forest is kept with lower temperatures.
In O’Higgins park, it may be observed that the forest configuration coincides with the city center, the
meadow shows a sudden increase of the temperature in the mornings and at midday, it is similar to the forest.
Instead, the anthropic area keeps the temperature is always higher than the one from the remaining areas.
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Fig. 5: Daily distribution of the temperature in the city center and in each area of the parks assessed, in a typical summer day.

During the cooling period, the behavior is very different. In San Martín park, all the structures converge until
the cooling minimum and are differentiated from the city center. In the case of O'Higgins park, the cooling
provided by the different structures is well differentiated and the temperature profiles decrease in the
following order: City center, anthropic area, forest and, lastly, meadow. This indicates that the selection of
the green area type obtains more importance as its extension of park decreases and its density of the network
of the urban surroundings increases. Besides, it is observed that the impact of the anthropogenic area within
the parks decrease as soon as the parks increases. These results correspond to the ones of previous researches
(Correa, E., 2006).
4.3. Analysis of the thermal comfort
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Fig. 6: Daily distribution of the temperature in the city center and the energy balance in each park assessed both in the forest
and in the meadow. The right axis shows the temperature (ºC) and the left one, energy balance S (W m-2).
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As from the analysis of the information obtained from Mobile stations, whose objective was the assessment
of the levels of thermal comfort experienced in the meadow and forest configurations in the fourth parks,
Fig. 6 and Fig. 7 are obtained. There, the temperature in the city center may be observed, and the energy
balance for both areas of each park throughout the day that is assessed. In general, the meadows show
positive balances in most of the periods that are considered, but the magnitude varies according to the park.
Instead, the forest areas show more disparate comfort levels.
In the case of the meadow of San Martín park, the energy balance is higher than 150 W m-2 from 11:45 to
17:15 hs, which means that individuals would prefer being cooler during more than 65% of the period
assessed and only 10% of the time, people feel comfortable. The situation in the forest area is much more
beneficial since people feel thermal comfort from 13:30 hs (60% of the period), even, in morning times, the
forest shows a moderate discomfort due to coolness.
Meadow configuration of Central park falls into discomfort due to heat a little earlier than the one from San
Martín park (11:15 hs), but only 5% of the period, people would prefer being cooler, and fall into discomfort
due to coolness at 16 hs. The reason for this is that the afternoon of February 7th, 2011 was very windy and
cloudy. The forest shows a profile of thermal comfort similar to the one from San Martín park, with 70% of
the period assessed, during which people would not prefer changing state, except for the last hours, when it
seems to have been affected by wind presence.
The meadow from O’Higgins park is the one showing comfort most of the time, with 25%. Discomfort due
to heat is perceived as severe from 13:45 to 15:30 hs, while the forest reaches a discomfort due to moderate
heat with a delay of an hour. As mentioned before, this park is the smallest, and shows a urban context with
great vehicle intensity.
San Vicente park shows the biggest dichotomies between its meadow and its forest. In the first case, people
would prefer being cooler or much cooler 80% of the time. In the second case, the energy balance is lower
than -50 W m-2, specifying that people would prefer being warmer or much warmer also 80% of the time.
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Fig. 7: Rate of the comfort conditions throughout the period assessed in each park assessed, both in the forest and in the meadow.
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5. Conclusions
Based on the proposed objective, the results show that the thermic behavior and the degree of thermal
comfort are clearly driven by the configuration of each park and the use given to each area.
The results prove the benefitial effect of the parks in the night cooling of the urban network. It is important to
highlight that, with the current thermic conditions in the studied area, this behavior is particular interesting,
since the phenomenon heat island reaches its maximum expression during the cooling period (Correa et al.,
2005c).
Likewise, the night cooling is more intense in those green areas of bigger extension, since the landscape
design of the green areas is more important for the smaller parks, where an adequate proportion and design
of each configuration may produce similar results than with a bigger park.
Lastly, regarding the thermal comfort in each of the parks assessed, it is important to highlight that the forest
configuration is the one granting the coolest comfort levels, since in smaller parks, they may be affected by
the nearby parks and, instead, in the case of bigger green areas, this is more difficult to achieve.
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Abstract
In response to today’s growing global warming issues and drastic hike of energy prices, house-builders and
housing manufacturers are becoming keener on the delivery of net zero-energy sustainable homes than ever.
Nevertheless, their business operation still tends to follow routines and the close system mode of operation
often hinders them from exploring or adopting unfamiliar innovative building materials and approaches. The
application of innovations including renewable energy technologies is, however, the key to the production of
such homes. Japanese housing manufacturers has been at the forefront of mass-producing net zero-energycost homes. Accordingly, in order to stimulate conventional homebuilders and housing manufacturers, as
well as government officers and housing researchers around the globe, knowledge transfer study visits to
Japanese housing manufacturers’ production and sales facilities were organised in 2006. This educational
event was later called ‘Zero-energy Mass Custom Home Mission to Japan’ resumed in 2007, 2008 and 2010.
Consequently, 4 industry participants were transformed successfully from conventional housing suppliers to
early adopters of net zero energy/carbon emission homebuilders in their local contexts. Moreover, to enhance
the industry-academia education and collaboration, the related research network was also established. This
study showcases the significance of the mission that was aimed at putting the theory of organisational buying
behaviour into practice in order for homebuilding professionals and researchers to pave the way for their
further exploration and delivery of zero-energy/emission mass custom homes (ZEMCHs) in global contexts.
1. Introduction
Housing is a system of energy and environment. Homes are responsible for a great deal of carbon dioxide
(CO2) emissions that encompass the enormous impact on global warming. For instance, housing accounts for
27% of the national carbon footprint in the United Kingdom (UK) to which each dwelling unit contributes on
average 3 tons CO2 per annum. How on earth can the CO2 emissions in housing can be reduced or eliminated
over the lifecycle? Undoubtedly, the mass production and marketing of net zero carbon emission housing is
the key to resolving the societal pressure. In essence, zero-energy housing falls into two categories: selfsustainable or net. The former type is a standalone house whose operational energy relies solely on its own
power generation and storage so that it is disconnected from the outside sources. The latter is the one whose
energy use becomes net zero over a fixed period of time. Moreover, a house whose energy bill becomes net
zero under the same conditions is termed net zero-energy-cost housing. In theory, homebuilders and housing
manufactures are sensitive to societal needs and demands. Yet, in reality, traditional builders generally tend
to follow routines in their way of doing business and cut down information search for determining whether
or not to adopt unfamiliar design challenges and innovative building materials and systems. Nonetheless, to
build zero-energy/emission mass custom homes (ZEMCHs) that aim to satisfy the wants and needs of
individual consumers as well as society may be necessitated to employ some innovations. Then, how can
such conventional house-builders and housing manufacturers be adapted to new business operations required
for the delivery of ZEMCHs, whose design, production and marketing approaches may not be akin to those
to which they are accustomed? In order for conventional homebuilders and housing manufacturers to grasp
new business opportunities, the ‘Zero-energy Mass Custom Home Mission to Japan’ knowledge transfer
event was organised in view of the factors relating to industrial buying behaviour.
The following sections firstly review the theoretical aspects of ‘organisational buying behaviour’ with the
aim to grasp the nature of the homebuilding industry. Secondly, the contents of the Zero-energy Mass
Custom Home Mission to Japan knowledge transfer event organised based on the factors relating to the
industrial purchase behavioural theory reviewed will be identified. Thirdly, the participants’ post-mission
response will be reviewed to examine the impact.
2. Industrial Buying Decision-making Factors
Housing development involves the purchase of products and services. Hence, homebuilders can be
considered as industrial (or organisational) buying decision-makers who determine whether or not to
subcontract out to familiar or unfamiliar sub-contractors (i.e. suppliers) who actually execute housing
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projects initiated by the builders. Webster and Wind (1972) defined ‘organisational buying behaviour’ as:
‘the decision-making process by which formal organizations establish the need for purchased products and
services, and identify, evaluate, and choose among alternative brands and suppliers.’ The term ‘decisionmaking’ used in this definition includes information acquisition and processing activities, as well as the
development of goals and other multiple criteria to be used in choosing amongst the alternatives. The
organisational buying process is complex and decisions are influenced essentially by task- and non taskrelated variables. ‘Task-oriented’ organisational buying decision models include those that emphasise taskrelated variables. Minimum price and lowest total cost models may well exemplify the task-oriented models
with regard to monetary considerations. ‘Non task-oriented’ models are those that attempt to explain
organisational buying behaviour based on a set of variables which have no direct bearing on the specific
problem to be solved by the buying task. Non task-oriented models generally concern the emotional factors
influencing organisational buying behaviour, thus disregarding the rational (or economic) factors as
aforesaid. The task-oriented models may be most useful for investment justification; however, these models
may suffer the disadvantages of incompleteness due to the absence of non task variables—e.g. ‘perceived
risk’ (Schiffman and Kanuk, 1999). In general, the major types of risk that buyers somehow perceive when
making a buying decision include performance risk, financial risk, psychosocial risk, and time risk.
Organisational buyers may adopt several strategies for reducing the amount of perceived risk. Firstly, the
buyers may simply avoid a decision. Secondly, they may remain loyal to ‘in’ suppliers to maintain their
‘routine’ purchase. Thirdly, they may extensively gather and evaluate additional information in the search of
new products or services. Fourthly, they may do business with well-known, reputable, established suppliers
and this also reflects ‘brand loyalty’—the term is used to describe consumers’ consistent preference and/or
purchase of the same brand in a specific product or service category. Webster and Wind (1972) introduced a
unique approach to avoiding uncertainty in the course of the organisational buying action (i.e. ‘split orders’)
and indicated that ‘Another strategy used by organisational buyers to reduce risk is to split orders between
two or more vendors, although single sourcing (especially from well-known suppliers) was found to be more
common practice…’ This approach may help buying organisations venture to apply more innovative
products that meet their demand, whilst they can reduce risk by splitting the orders between two or more
suppliers. In this case, buyers may be able to choose ‘in’ and ‘out’ suppliers not only for conventional
products, but also for innovative products. The weight given to each of the suppliers for their products or
services that will be purchased may vary according to the buying organisations’ needs and demands for
them.
A ‘design charrette’ approach being applied nowadays for the delivery of low to zero energy sustainable
homes, which requires interdisciplinary collaborations on the design and construction decision-making (and
problem-solving) activities involved, may somewhat reflect the means of alleviating organisational buying
uncertainty (Onyango and Noguchi, 2009). The amount of uncertainty surrounding the purchase of a new
product or service may be reduced through a series of problem-solving activities—the term ‘problem
solving’ used in the field of consumer behaviour implies a general approach to understanding consumer
decision making and it focuses on consumers’ cognitive representation of the decision as a problem.
Important aspects of the problem representation include consumers’ end goals, sub-goals and relevant
knowledge. Consumers construct a decision plan by integrating their knowledge within the constraints of
problem representation (Peter and Olson, 1996). However, the type of problem solving adopted depends on
the task at hand. In short, it is classified into two buying situations: programmed and non-programmed
(Fig.1). A ‘programmed’ decision reflects a habitual (or routine) purchase, and it may lead almost
immediately to a purchase, whilst a ‘non-programmed’ decision may require more time (which can be also
considered as a cost relating to the search) for the acquisition and processing of information on a product to
be purchased (Blythe, 1997). Information search usually comes from an internal search from memory and an
external search from outside sources. The extent of the external search for information depends on a range of
factors that are connected with the buyer’s situation, the value and availability of the information, the nature
of the decision being contemplated, and the nature of the individual.
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Fig. 1: Classification of problem solving (Noguchi 2008a)

3. Zero-energy Mass Custom Home Mission to Japan
There is a tendency for house-builders to rarely adopt or buy new products and services that to some extent
interrupt their business operation that is often based on routine. However, the routine has been streamlined to
a point at which homebuilders achieve great efficiency of their activities. Roberts (1970) emphasises that
‘working drawings’ are extremely simplified because craftsmen know how to carry out their task, based on
traditional construction techniques and housing ‘specifications’ are also brief, because the designers know
that craftsmen know how to fit materials together. In general, homebuilders tend to restrict their information
search to the programmed decision, since the search for information for non-programmed decisions take too
much time, money and effort (Noguchi, 2008a). Therefore, to open the gate for conventional homebuilders
and housing manufacturers to consider the future production of their own net zero energy/emission
sustainable houses, the ‘Zero-energy Mass Custom Home Mission to Japan’ was initiated by the first author
of this paper. In Japan, a total of 1,093,485 houses were newly built in 2008 and amongst them, 154,271
homes, or 14.1%, were estimated to be prefabricated (JPA, 2010). Moreover, the housing manufacturers have
been successful in commercialising their industrialised houses that are often equipped with renewable energy
technologies, e.g. photovoltaic (PV) power generation and air-source hear pump systems, as standard
features rather than options (Noguchi and Collins, 2008). This quality-oriented production approach reflects
their high ‘cost-performance’ marketing strategy (Noguchi, 2003). Between 1994 and 2003, the number of
domestic PV installations in Japan drastically increased from 539 to 52,863 houses. To alleviate the eccentric
appearance of their contemporary PV solar homes, Japanese manufacturers tend to well integrate the cells
into the roofing and façade materials (Fig.2).

Fig. 2: ‘Wa no Nagomi’ zero energy cost house in Japan (Source: SANYO Homes Corp.)

In 2005, CANMET Energy Technology Centre (called ‘CanmetENERGY’ today)—Varennes, Natural
Resources Canada, appointed Dr. Masa Noguchi as the coordinator of the ‘Japan Solar Photovoltaic
Manufactured Housing Technical Mission 2006.’ Later, Prof. Roger-Bruno Richard, the University of
Montreal, was also invited to operate the Canadian mission which required English and French translation.
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The knowledge transfer event was held from 20th to 23rd February, 2006, with the aim to provide Canadian
homebuilders, housing manufacturers, building component suppliers, architects, academics, and government
officers with opportunities to explore not only the state-of-the-art production facilities of the then four
leading net zero-energy-cost housing manufacturers in Japan, i.e., Sekisui Chemical Co. Ltd., Misawa
Homes Co. Ltd., PanaHome Corp., and SANYO Homes Corp., but also a sales centre that displays a variety
of Japanese manufacturers’ housing prototypes (Richard and Noguchi, 2006). Based on the past experience,
from 3rd to 5th September, 2007, the educational event was reorganised by MEARU, Mackintosh School of
Architecture, The Glasgow School of Art, in collaboration with the Centre for the Built Environment in the
UK. Then, it was renamed to ‘Zero-carbon Mass Custom Home Mission to Japan’ and added a visit to
Sekisui House Ltd. which had been committed to the development of a zero carbon emission house towards
the exhibition during the G8 Hokkaido Toyako Summit that was expected to be held in the following year—
N.B. the profiles of each company visited during the knowledge transfer event will be described in the
following sections. In 2008, the title was again changed to ‘Zero-energy Mass Custom Home Mission to
Japan’ and was held from 10th to 12th September. In the same year, the mission was organised as one of the
Renewable Energy 2010 international conference’s related educational events and was held successfully
from 23rd to 25th June, 2010. In addition to the company visits, a post-mission strategic ‘Zero-energy
Housing’ workshop was also executed within the conference programme, where 20 delegates from Australia,
Brazil, Canada, Italy, Korea, Portugal, Sweden, UK and USA were invited as panellists to report the mission
outcomes and discuss actual and potential issues arising in the delivery of ZEMCHs around the globe today.
The workshop helped establish the forum of interactive discussion on design, production and marketing
approaches to such homes and solidify diverse individual experiences into universal knowledge.
3.1. Company Profiles
During the Zero-energy Mass Custom Home Mission to Japan event, the participants were given
opportunities to scrutinise innovative design, production, and marketing techniques being applied to the
commercialisation of low to zero energy sustainable homes in Japan. In addition to the five ZEMCH
manufacturers, as described above, the 2010 mission also extended the scope and arranged another visit to
the showroom of a building material and sanitary system manufacturer. The company profiles will be
summarised in the following sections so as to highlight their distinguishing features.
INAX Corp.: Since 1924, INAX has pioneered a number of industry innovations including the first Japanese
shower toilet and the world's first self-powered, automatic water faucet. The company is based in Tokyo,
Japan, employing 15,861 workers (as of March 31, 2009). INAX manufactures and supplies building
materials, tiling and sanitary fixtures applied for residential, commercial and public buildings and facilities.
The company is considered as a practitioner of ‘mass customisation’ when designing their modularised
bathroom unit in compliance with customers’ choices of the standard decorative and functional components
given. Miniature bathroom models accompanied by a set of the options are utilised to mass-customise the
unit with the aim to accommodate the user demands, requirements and expectations (Fig.3). Most clients
visit their showroom a few times to understand the value of product quality and decide a particular bathroom
style available for their further design arrangements. However, once the style is determined, the bathroom
unit design can be completed within 2 hours using the relevant mass-customisable miniature model.

Fig. 3: Miniature bathroom unit model for ceramic wall tile and bathtub selections (Source: INAX Corp.)

Sekisui Chemical Co. Ltd.: Locally, the company is called ‘Sekisui Heim’ that derives from the name of
Japan’s first modular house that they built in 1971. Sekisui Chemical is aiming to develop business that
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focuses on the production of high performance and value-added housing products where their modular
construction system technologies are brought into effect. In general, modular housing systems ensure a high
level of in-factory completeness of housing components. The company claims that nearly 80% of housing
components used for building a house can be assembled at their factory. Today, Sekisui Heim possesses 8
factories nationwide which have the capacity for producing wood- and/or steel-frame modular homes
through their highly mechanised assembly lines (Fig.4). Moreover, given the cumulative sales of over 85,000
solar homes to date, the company is also recognised widely as the largest modular manufacturer of net zeroutility-cost housing in Japan.

Fig. 4: Sekisui Heim production line (Source: Sekisui Chemical CO. Ltd.)

Misawa Homes Co. Ltd.: Founded in 1967, the company is headquartered in Tokyo, Japan. Misawa Homes,
together with its subsidiaries, engages in the development, construction, and marketing of prefabricated mass
custom homes and housing materials. Their house is also constructed based on 3-dimetional modules
consisting of rigid steel frames. Yet, their homes are characterised by the use of large-sized non-structural
‘precast autoclaved lightweight concrete’ (PALC) panels that the company produces (Fig.5). Misawa Homes
started business operations upon acquisition of the housing industry’s first certification from the then
Ministry of Construction in 1962. The company spread a ‘Home Core’ design concept by building the
demonstration homes in Abu Dhabi, UAE in 1968. Afterwards, Misawa Homes put 1-million JPY Home
Core houses on the local market in 1969 and the concept was well exhibited at Expo ‘70 in Osaka. In 1980,
the company commenced with research on the development of its own zero-energy housing prototype and in
1998, it successfully commercialised Japan’s first zero energy homes.

Fig. 5: Precast autoclaved lightweight concrete panels (Source: Misawa Homes Co. Ltd.)

PanaHome Corp.: Since 1963, PanaHome, formerly called ‘National House industrial Co. Ltd.’, has been
operating as a housing company within Panasonic Group. Yet, the group’s housing business itself actually
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dates back to the introduction of its first house prototype called ‘Matsushita Type-One Housing Units’ in
1961. Then, the Koto Plant (present Head Plant) also opened in Shiga Prefecture. Today, PanaHome
produces steel-frame panels applied to their industrialised mass custom homes through highly automated
production lines. In line with their state-of-the-art automation system, the company has also been at the
forefront of solar community developments. In fact, the PanaHome City Seishin Minami housing estate in
Hyogo Prefecture was selected as one of 100 excellent regional projects that introduced new types of energy
hosted by the Ministry of Economy, Trade and Industry, and the New Energy and Industrial Technology
Development Organization (Fig.6). Afterwards, their proposal was also adopted in a scheme, which was led
by the Ministry of Land, Infrastructure, Transport and Tourism, and entitled ‘Initiative Model Project for
Developing Long-Life Houses.’

Fig. 6: PanaHome City Seishin Minami housing estate in Hyogo Prefecture (Source: PanaHome Corp.)

SANYO Homes Corp.: The forerunner of SANYO Homes Corp. is ‘Kubota House Co. Ltd.’ which was
established in 1969 and won the first place for ‘the 1st Pilothouse Technique Invention Competition’ held in
1972 by the then Ministry of Construction in Japan. In 2002, the company was renamed to ‘SANYO Homes’
as it became owned by SANYO Electric Co. Ltd. Today, SANYO Homes emphasises that housing should be
gentle to people and the earth, stemming from the company’s business concept of an ‘Eco & Safety’ life that
aims to enhance their housing performance as to local power generation, energy-efficiency, earthquake
resistance and emergency measures. In 2004, SANYO Homes received a ‘Good Design’ award with their
housing prototype called ‘Logia-Type E’ which had a simple cubical exterior appearance designed based on
a minimalism concept for space use efficiency. The company is thriving in their mass custom homes’
architectural integration with SANYO HIT solar cells that have the world’s highest energy conversion
efficiency of 23% (Fig.2). The company also introduces solar water heating panels to their homes equipped
with an air-source heat pump, which aims to control and secure the supply of domestic hot water according
to weather conditions.
Sekisui House Ltd.: In 1960, the company incorporated with the capital stock of 100 million JPY, stemming
from the housing division of Sekisui Chemical Co. Ltd. Today, Sekisui House is recognized as the largest
housing manufacturer in Japan given the cumulative sales of 2,001,722 homes estimated as of 31st January
2010. The company is committed to taking the initiative in developing zero CO2 emission housing based on
the company’s ‘Action Plan 20’ that aimed to introduce a variety of energy-efficient housing measures
(Ishida 2008). In conjunction with the G8 Hokkaido Toyako Summit held from 7th to 9th July, 2008, Sekisui
House announced their so-called ‘Zero Emission House.’ The house was a single-storey steel structure
prefabricated house with a total floor area of approximately 200m2, featured particularly by a 14.5kWp
capacity photovoltaic power generation system, energy efficient lighting, a household fuel cell, and energy
saving domestic appliances. Moreover, in order to assist clients in understanding the value of their products,
Sekisui House opens the home amenities experience studio, called ‘Nattoku Kobo,’ to the general public.
The studio provides a variety of information on housing functions and performances such as lifetime barrier
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free design, home security, earthquake and typhoon resistance, energy and space use efficiency, and local
power generation (Fig.7).

Fig. 7: ‘Nattoku Kobo’ home amenities experience studio (Source: Sekisui House, Ltd.)

The housing manufacturers’ communication approaches derived from their cultural context where ‘customer
satisfaction’ is of utmost concern. Prior to entering into a contract with their clients, the manufacturers offer
an extensive amount of information in order to motivate consumers to learn more about the company’s
products and services during the buying decision-making process. Today, in response to the market demands
for design customisability of housing and the societal needs for sustainable development, Japanese
manufacturers tend to produce high cost-performance homes (Noguchi and Collins, 2008). In order to
enhance clients’ motivation for purchase of high cost-performance housing, the manufacturers have been
practicing three principal communication approaches to dealing with homebuyers: (1) advertisement, (2)
Education, and (3) Value assurance (Noguchi and Friedman, 2002). Their communication approaches
applied to each stage of their marketing efforts are proven to be influential in the enhancement of customer
satisfaction. The JPA (2008) unveiled an annual survey of consumer preferences in the purchase of
industrialised housing in Japan. The survey indicates that the perceived high quality of industrialised housing
was the utmost significant factor that attracts potential buyers (Table 1). In fact, 22% of the purchasers that
replied to this survey said that their primary factor influencing their buying decision was the ‘reliability’ of
the large-scale housing company which somewhat reflects the ‘brand name’ effect on the sales. 18% of the
buyers preferred to live in an industrialised house due to the higher levels of housing performance. Ranking
next to them, 17% of the homeowners responded that they purchased an industrialised house because it was
designed to be earthquake-resistant. 15% of the buyers preferred the factory-built home since they were well
convinced of the sales staff’s explanation as to the product features and the company’s services offered to
their clients before and after occupancy. These results suggest that homebuyers in Japan tend to consider the
quality of housing to be the top priority, whilst the selling price is less of a consideration. Only 2% of the
buyers regarded the total price of industrialised housing as relatively low. In other words, Japanese
consumers venture to purchase an innovative industrialised house, whose price is higher than the site-built
one, if convinced of the superior housing quality.
Japanese housing manufacturers produce marketable and reproducible low to zero energy mass custom
homes that aim to meet the wants and needs of individuals as well as society. The ‘mass custom design’
approach may theoretically achieve a high level of standardisation of housing components that homebuyers
can directly select in planning their new home, whilst the user choices of the mass-producible standard
components paradoxically increases the level of design customisability (Noguchi and Hadjri, 2009). Thus, it
contributes to reducing design and production costs by achieving the economies of scope, whilst helping to
customise a house in consideration of the buyer’s economic constraint (Noguchi and Hernández, 2005). Yet,
Japanese housing manufacturers may use the money, which could be saved from lowering design and
production costs through mass customisation, for equipping homes with luxurious standard equipment; thus,
this, in turn, upgrades housing quality and distinguishes their products from conventionally built houses. In
fact, the manufacturers today tend to install a variety of amenities including PV and air-source heat pump
systems as standard features rather than options and emphasise that they have been producing better-quality
homes for about the same price as conventional ones (Noguchi and Collins, 2008).
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Tab. 1: Buyers’ motivation to purchase industrialised housing in Japan

MOTIVATION FACTORS SELECTED
Reliability of the large-scale company

YEAR
2008
22 %

Superior product quality and performance

18

Earthquake resistance

17

Convinced by the sales persons’ explanation

15

Good post-purchase services

2

Good design

4

Customisation according to needs and demands

5

Reliable safety measures

0

Short construction time

2

Wide variety of equipment selections

1

Confirmed by visiting housing exhibitions

1

Consideration of environmental issues

1

Recommendation from acquaintance

3

Relatively low price

2

4. Post-mission Industry Response
As per the post-mission feedback, most delegates who participated in the past ‘Zero-energy Mass Custom
Home Mission to Japan’ educational events expressed their positive impression on Japanese manufacturers’
systematic and innovative way of commercialising low to zero energy prefabricated homes (Richard and
Noguchi, 2006). A number of the participants admitted that Japanese housing manufacturers, which they
visited, were all large-scale enterprises and might be able to invest heavily in developing their own design,
production and marketing approaches to their industrialized homes equipped with luxurious renewable
energy technologies. The feedback led to an argument that small- or medium-sized homebuilders and
housing manufacturers, such as mission industry delegates, hardly spend extra time, money and effort for
R&D or apply Japanese manufacturers’ approaches to mass-producing ZEMCHs without scaling down the
extent. Notwithstanding remaining concerns over innovations including the applicability of costly renewable
technologies, four companies (i.e. Alouette Homes, Tenants First Housing Co-operative, ROBERTRYAN
Homes, and NRGStyle) who attended the knowledge transfer event held in 2006, 2007, 2008, and 2010
raised motivation and took the initiative to deliver ZEMCHs in their local contexts. The following sections
will describe the companies’ challenges, aspirations and achievements.
4.1. Alouette Homes: The ÉcoTerra House
Alouette Homes is a panelised and modular housing manufacturer based in Quebec, Canada. The company
attended the first mission held in 2006. Immediately after the factory visits in Japan, the company considered
the actual production of PV solar housing in Canadian contexts. In fact, receiving support from external zero
energy housing experts including Dr. Masa Noguchi as the housing design lead and Prof. Andreas Athienitis
as the engineering lead, the manufacturer developed its own near net zero energy house prototype, later
called ‘ÉcoTerra house’ (Fig. 8). The house is a single detached home built on a 1.1 hectare rural lot of a new
mass housing development in Eastman, Quebec (Noguchi, 2008b). The floor area of this house is 141m2 and
2 bedrooms are located on the first floor and semi-private spaces, such as a kitchen, dining room, and
sunspace family room/lounge, are on the ground floor. A semi-basement was introduced to this project,
serving as a multifunctional space and machine room. The total heated floor area of the house was estimated
at 234m3 and the heated volume at 671m3 including the basement. The house was constructed by making use
of Alouette Homes’ pre-engineered modular housing system that helped eliminate or reduce on-site
construction nuisances, such as bad weather, theft and vandalism. A closed garage is located on the north
side of the house being attached to the façade; thus, it somewhat functions as an air buffer space that reduces
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the fabric heat loss. The south wall is fitted with generous south-glazing. The window area of the south, west,
east and north walls were estimated at 20.90m2, 5.20m2, 6.67 m2 and 0.65 m2, respectively. The southglazing to floor ratio is 9.1%. The glazing areas allocated to the exterior walls of this house were designed to
ensure the comfortable level of natural day-lighting and reduce the total amount of electricity required for
artificial lighting. In the ÉcoTerra house, a 3kWp building integrated photovoltaic thermal (BIPV/T) system
was installed. The PV array of the BIPV/T system is comprised of 22 amorphous silicon 136W laminates
placed on the 55m2 (5.8m x 9.5m) south-facing metal rooftop. The potential annual electricity production
was estimated initially at approximately 3,420kWh when the roof faces is sloped at 30.3°. The air under the
PV panels is heated by solar radiation, drawn into the lower portion of the house from the roof ridge ducted.
The BIPV/T system introduced to the ÉcoTerra house contributes to the drastic reduction of energy
consumption for heating the space and water in addition to the alleviation or elimination of an electric
clothes tumble dryer use. With due consideration of the utilisation of the advanced renewable energy
technologies combined with passive solar techniques applied to the ÉcoTerra house, the annual space energy
consumption would become as low as 1,130kWh. The electricity used for domestic hot water reduced from
3,353kWh to 553kWh as a result of the contributions of the heat pump desuperheater, BIPV/Thermal system
and drain-water heat recovery unit. As for the energy consumption of indoor lighting, appliances and
exterior use electrical equipment, it was decreased from 3,975kWh to 3,275kWh with the reduced energy
load for an electric dryer. Subtracting the expected PV electricity generation of 3,420kWh from the sum of
these figures, the annual energy consumption of the ÉcoTerra house can be re-estimated at 2,155kWh.

Fig. 8: The ÉcoTerra house by Alouette Homes

In 2006, Alouette Homes entered the house in the ‘EQuilibrium’ sustainable housing competition that had
been run by the Canada and Mortgage and Housing Corporation (CMHC). On 13th February, 2007, the
Canadian government unveiled the finalists of the competition (CMHC, 2007). In total, 12 homebuilder
teams were originally selected out of 72 entries and the Alouette Homes’ ÉcoTerra house was also included
in the list of the winning projects. On 9th November, 2007, the grand opening of the ÉcoTerra house was
held at the construction site in Eastman, Quebec, where the Honorable Christian Paradis, who was the then

4388

Secretary of State, made the inaugural address and congratulated Alouette Homes on the successful
completion of Canada’s first near net zero energy home built and commercialised through the federal
government’s EQuilibrium sustainable housing initiative.
4.2. Tenants First Housing Co-operative: ZEMCH Donside Urban Village
In 2000, Tenants First Housing Co-operative was formed through the amalgamation of 6 separate Housing
Co-operatives, based in Aberdeen, Scotland. The original co-operatives were set up in response to the
Housing Act 1988. Today, it possesses over 1,300 properties being recognised as the largest Fully Mutual
Housing Co-op in the UK. Tenants First Housing Co-operative attended the Zero-energy Mass Custom
Home Mission to Japan in 2007 and 2008. Following the success of the 2006 mission delegate’s ÉcoTerra
house project, the company decided to construct low to zero emission affordable homes in consideration of
social, economic and environmental sustainability in Scottish housing. Accordingly, the three-year R&D
project was developed launched on 27th May, 2009. Since then, this £1.5million eco-housing project has been
carried out in partnership with MEARU, Mackintosh School of Architecture, The Glasgow School of Art,
and supported partially by the UK government through the Knowledge Transfer Partnership program. The
first design workshop for determination of the site plan was held on 23rd November, 2010, and the charrette
for development of the intermediate housing unit design was organised on 18th and 19th May, 2011. The
project documents are currently reviewed by local authorities to secure the construction in 2012.
4.3. ROBERTRYAN Homes: Z-en House
ROBERTRYAN Homes is the marketing name for Ayrshire based RDK Construction and RobertRyan
Timber Engineering. RDK Construction Ltd. was founded in 1992 and today, it is recognised as one of the
National House-Building Council registered builders in the UK. The company is owned by Scottish brothers,
Billy and Robert Kirkwood, and both attended the Zero-carbon Mass Custom Home Mission to Japan held in
2007. Afterwards, the former became one of the ardent industry advocates of zero carbon homes through the
Scottish Building Federation, where he was serving as the President in 2007. In 2010, ROBERTRYAN
Homes unveiled their attempt to construct their net zero energy housing prototype called ‘Z-en house’
(Fig.9). The research has been undertaken in partnership with MEARU, Mackintosh School of Architecture.
The house will be designed to optimise passive solar gains, yet heated mechanically using energy sources
characterised by low CO2 emissions. The performance of a solar photovoltaic thermal mechanical ventilation
heat recovery (PV/T MVHR) system has been studied in collaboration with Prof. Mitsuhiro Udagawa,
Kogakuin University, Japan. The PV/T MVHR system is relatively new to the UK housing industry and it
will be applied to the Z-en house in order to lower the energy load for heating the habitable space and to
generate electricity at the same time.

Fig. 9: The Z-en house, ROBERTRYAN Homes (Source: MEARU Mackintosh School of Architecture)

4.4. NRGStyle: ZEMCH Prestwick
NRGStyle is a newly established consulting company where one of the co-directors attended the Zero-carbon
Mass Custom Home Mission to Japan held in 2010. The company is currently aiming to build a zeroemission end-terraced housing extension in Prestwick, which will be featured by the installation of wind
turbines and a PV/T MVHR system (Fig.10). In partnership with MEARU, Mackintosh School of
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Architecture, the conceptual design was developed and the project documents are currently reviewed by local
authorities for acquisition of the planning permission. As an industry partner of ‘ZEMCH Network’ that will
be identified in the following section, this project will serve as one of the network’s demonstration houses,
where the post occupancy evaluation of the domestic energy consumption will be carried out in collaboration
with ZEMCH Network academic partners including Dr. Hasim Altan, BEAU, the University of Sheffield.

Fig. 10: ZEMCH Prestwick, NRGStyle (Source: NRGStyle)

5. Post-mission Academic Response
Albeit increasing market demands for achievement of social, economic and environmental sustainability in
housing, conventional homebuilders and housing manufacturers particularly in Europe and North America
still tend to follow routines in their business operation for the reason described above; thus, they tend to be
reluctant to spending extra time, money and effort for information gathering of innovations. In fact, some of
the industry delegates, who attended the Zero-energy Mass Custom Home Mission to Japan, also criticised
the tendency during the post-mission strategic meetings, as described above. Accordingly, in view of the
feedback, the ‘ZEMCH Network’ was established immediately after the execution of the 2010 mission. As
the founding partners, the network initially comprised the academic mission delegates, aimed at serving as a
source for promotion of the ZEMCH research, practice and demonstration, stimulation of the industryacademia information exchange, and collaboration on publications. Currently, the network is in the process
of organising the ZEMCH 2012 international conference that will be held at The Glasgow School of Art in
September 2012. Then, as the technical tour, the conference attendees will be invited to visit some of the
aforementioned ZEMCH building sites. In addition to the conference organisation, the network is also
developing the 2013 ZEMCH edition of the ‘Open House International’ journal in collaboration with
national experts of the International Energy Agency’s jointly implementing programmes: Solar Heating and
Cooling (SHC) Task 40/Energy Conservation in Buildings and Community Systems (ECBCS) Annex 52.
Moreover, the Mackintosh School of Architecture recently validated a new ZEMCH postgraduate course that
aims to engage with ZEMCH Network’s interdisciplinary research and educational activities.
6. Conclusions
Given the theoretical issues of industrial buying behaviour, conventional housing suppliers seem to be
unwilling to pay for information and to restrict their information search to the programmed decisions. That is
because the search for information needed for the non-programmed decisions of whether or not to purchase
unfamiliar innovative design and construction systems takes too much time, money and effort. Nonetheless,
the application of innovations including renewable energy technologies nowadays has the potential to help
them deliver zero energy/emission mass custom homes (ZEMCHs) that correspond with the global market
demands—i.e. social, economic, and environmental sustainability in housing. Therefore, to change their
perception to such innovations, housing suppliers should be given educational opportunities that help them
comprehend not only the excellence in technicalities but also the profitability. To open the gate for them to
grasp the new business opportunities, the ‘Zero-energy Mass Custom Home Mission to Japan’ knowledge
transfer event was organised in 2006, 2007, 2008 and 2010. Consequently, it helped transformed four
industry participants in North America and Europe from conventional housing suppliers to early adopters of
ZEMCHs in their local contexts. Moreover, the mission led to the establishment of ZEMCH Network that
aims to solidify today’s dispersed knowledge and diverse individual experiences into universal expertise that
can be taught and examined rigorously at academic institutes and turned into the practice.

4390

Acknowledgements
The authors would like to express their sincere gratitude to Sekisui Chemical Co. Ltd., Misawa Homes Co.
Ltd., PanaHome Corp., SANYO Homes Corp., Sekisui House Ltd., and INAX Corp. for their collaboration
on the operation of our past ZEMCH missions, as well as for their generous support for this publication. Our
appreciation extends to Mr Bradley Berneche, Alouette Homes, Mr Sandy Murray and Mr Euan Barr,
Tenants First Housing Co-operative, Mr Billy Kirkwood, ROBERTRYAN Homes, and Mr Norrie Smith and
Ms Alison Quinn, NRGStyle, for their bold entrepreneurial spirit and initiatives for the development of
ZEMCHs as per their participation in the knowledge transfer educational event. Also, the authors would like
to thank all of the ZEMCH Network partners for their cooperation.
References
Blythe, J., 1997. Essence of Consumer Behaviour. Prentice Hall, London.
Canada Mortgage and Housing Corporation (CMHC), 2007. EQuilibrium Healthy Housing for a Healthy
Environment Project Profile: ÉcoTerraTM House—Eastman, Quebec. CMHC, Ottawa.
Ishida, K., 2008. The Global Warming Prevention Strategy for Housing in Japan. Open House International.
33, 3, 38-47.
Japan Prefabricated Construction and Suppliers and Manufacturers Association (JPA), 2008. Prefab Club
<http://www.purekyo.or.jp/3-1.html > retrieved on 13 March 2008.
Japan Prefabricated Construction Suppliers and Manufacturers Association (JPA), 2010. Prefab Club
<http://www.purekyo.or.jp/3-1.html> retrieved on 7th April 2010.
Noguchi, M., 2003. The Effect of the Quality-Oriented Production Approach for the Delivery of
Prefabricated Housing in Japan. Journal of Housing and the Built Environment. 18, 4, 353-364.
Noguchi, M., 2008a. Structuring a Choice Model for Mass Customisation. International Journal of Mass
Customisation. 2, 3/4, 264–281.
Noguchi, M., 2008b. Net Zero-energy Home Design Strategies Learned from Canadian Experience. Open
House International. 33, 3, 88-95.
Noguchi, M., Collins, D., 2008. Commercialisation Strategies for Net Zero-energy-cost Housing in Japan.
Open House International. 33, 3, 96-104.
Noguchi M., Friedman, A., 2002. Manufacturers-User Communication in Industrialised Housing in Japan.
Open House International. 27, 2, 21-29.
Noguchi, M., Hadjri, K., 2009. Mass Custom Design for Sustainable Housing Development, in: Piller, F.,
Tseng, M. (eds.), Handbook of Research in Mass Customization and Personalization. 2, World Scientific
Publishing, London, pp. 892-910.
Noguchi, M., Hernández C., 2005. A ‘Mass Custom Design’ Approach to Upgrading Traditional Housing
Development in Mexico. Journal of Habitat International. 29, 2, 325-336.
Onyango, J., Noguchi, M., 2009. Changing attitudes of Community through the Design Charrette Process.
The International Journal of Neighbourhood Renewal. 1, 3, 19-30.
Peter, J.P., Olson, J.C., 1996. Consumer Behavior and Marketing Strategy, fourth ed. IRWIN, Chicago.
Richard, R.B., Noguchi, M., 2006. The Japan Solar Photovoltaic Manufactured Housing Technical Mission
2006. CanmetENERGY, Natural Resources Canada, Varennes.
Roberts, J., 1970. Home-building U.S.A.: A System Analysis. Industrialization Forum. 1, 3, 35-40.
Schiffman, L.G., Kanuk, L.L., 1999. Consumer Behavior, seventh ed. Prentice Hall, New Jersey.
Webster, F.T., Wind, Y., 1972. Organizational Buying Behavior. Prentice-Hall, Englewood Cliffs.

4391

6.4 Education and Training

24 YEARS RENEWABLE ENERGY MASTER PROGRAMME
1

Evelyn Brudler, Michael Golba, Andreas Günther, Hans Holtorf , Leonie Ibing,
Edu Knagge, Udo Kulschewski
Postgraduate Programme Renewable Energy, Institute of Physics, University of Oldenburg,
D-26111 Oldenburg,
1

corresponding author: Hans.Holtorf@uni-oldenburg.de

1. Abstract
Starting in 1987 with 6 students the Postgraduate Programme Renewable Energy (PPRE) has developed to
an accredited master program1 with almost 400 actively networking alumni from more than 80 countries.
From originally being a one-year course, it has now developed into a 90-credit, three-term MSc degree
course. Fields of study are wind energy, solar electric and solar thermal, energy meteorology, hydropower,
storage technology, biomass and economics of Renewable Energy. The Programme aims at engineers and
natural scientists. Apart from lecturing, emphasis is put on an eight-week internship in research institutes or
companies and intensive hands-on lab courses. Furthermore, we establish contacts to companies, research
institutes, consultants and organisations for international development for students within excursions and
master thesis. A case study on a real-life project visited by the students allows the comparison of students‟
research results with the experience of the system‟s operator.
Long-time and close cooperation with the DAAD provides scholarships for up to 10 students per intake. The
Programme is also eligible for other scholarship organisations, e.g. E 8.
Various challenges had to be overcome in the past and up to present such as the inclusion of a multidisciplinary course into an institute of physics; the continuous adaptation of the curriculum to a dramatically developing and differentiating technology; balancing lectures on fundamentals and applied learning contents;
adapting lectures to a team of students of multidisciplinary origin; keeping up to date with the requirements
of the Bologna process of international education; development of international partnerships with universities
and institutes for the sake of improvements on both sides with students‟ and lecturers‟ exchange and mobility; supervision of master thesis elaborated abroad and last but not least the day-to-day intercultural communication in the lecture rooms.
The Postgraduate Programme Renewable Energy at Carl von Ossietzky Universität Oldenburg has successfully educated and qualified international engineers and scientists who develop a career in Renewable Energy
research, consultancy, industry, politics, and international development co-operation. Elements of the curriculum have been transferred to partner universities in several countries. An active, continuously growing
internet-based alumni network backed by regular regional alumni meetings supports graduates and new students in their work and studies.
This paper will present 24 years of experience in operation and development of an international master‟s
program on Renewable Energy.
2. Introduction
PPRE started as one of the very early master programs focusing on Renewable Energy (RE) in an environment where hydropower contributed in the sub 4% range as the major renewable source to Germany‟s electricity supply and is now well above 16% with a major contribution of wind, biomass and solar energy

1

Program (US spelling), will be used while generally speaking of programs, Programme, our spelling within
the program„s name will be used when speaking of PPRE
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(BMU 2010). The figures for Germany reflect a worldwide trend.
Our hypothesis: The demand for qualified personnel in the Renewable Energy (RE) sector will significantly
increase worldwide within the next decades. Main driving forces for this development are: global climate
change and its economic, ecological and social consequences; increasing costs for extraction of the main
conventional energy sources oil and gas, and hence their expected rise in prices and related international conflicts; regionally and socially uneven distribution of energy (exclusion of still 1.4 bio people from access to
electricity) and its economic and social consequences.
Parallel to the development of the contribution of RE to worldwide energy supply, both teaching and
research in Renewable Energies have differentiated significantly. The number of courses with RE topics has
increased enormously. In Germany alone there are currently about 120 master degree programs that are
dedicated exclusively to this subject or that deepen RE knowledge in form of a specialization (Lutteroth
2011). In the European context many Master‟s courses with different specializations (e.g. EUREC) are
offered. The thematic specializations range from wind energy, photovoltaics, geothermal energy and the
thermal use of solar energy to marine (tidal and wave energy). At the same time, the numbers of applicants
and of students grow rapidly. Research, development and training have long since evolved from a niche
technology with few students and limited demand in selected areas of society to an influential and soughtafter field of research and skills for almost all sectors of society. Renewable Energy generates jobs (BMU
2010)!
3. History and Facts PPRE
The PPRE was founded as a reflex on requests from some companies and development organizations during
the second half of the Eighties as well as a consequence of internal discussions within the University of Oldenburg, based on multidisciplinary research in RE and student projects with focus on rural energy supply.
Since the beginning of the initial pilot project, external experts have been involved as an advisory panel, who
also helped with the outline of the initial one-year M.Sc. curriculum.
The PPRE staff presented their M.Sc. Program on international conferences (Blum, Luther et al. 1988) and
joined efforts with researchers and university teachers from more than a dozen countries to create an international community (International Association for Solar Energy Education, IASEE) for the extension of RE
education. A newsletter was circulated, and the ISREE (International Symposium on Renewable Energy
Education) series started, together with PiSEE (Progress in Solar Energy Education) conference proceedings.
This activity later based the working group on education of the ISES. Today, PPRE is active in the DGS1
Fachausschuss Hochschule2 (http://www.dgs.de/hochschule.0.html).
As a parallel development, thanks to the support of the DAAD, alumni networking started.
Soon it was recognized that the rapid development of RE technologies required an extension of the M.Sc.
Programme to three terms. Through intermediate steps this was finally achieved in 2004 and accredited in
2005 as well as reaccredited in 2010.
Fig. 1 shows the continuous and, in the last years, dramatic increase of applications from 12 applications for
the first batch to almost 380 applications for the batch starting in October 2011. Fig. 2 shows the number of
participants. We distinguish between participants obtaining a M.Sc., a diploma or dropping out. In total, 349
students have obtained a M.Sc., while 5 students received a diploma and five students dropped out (due to
personal reasons) during the Programme. The students‟ regional origin is depicted in Fig. 3. We have separated Asia into India, China and rest of Asia. Most of our students come from Asia, followed by sub-Saharan
Africa and Latin America. An increasing number of students have come from industrialized countries in recent years. Very few students join the Programme from Eastern Europe and GUS. We assume English being
1

DGS= Deutsche Gesellschaft für Sonnenenergie; German society for solar energy
Fachausschuss Hochschule = expert committee for university education
(both translated by the lead author)
2
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the Programme‟s language to be a major barrier. Fig. 4 shows a recent statistic of the employment after
PPRE studies. The largest amount of students is employed or self-employed in the private sector. 9 out of 84
PPRE alumni are occupied with a PhD. 94% of all our alumni are active in the field of RE.

Fig. 1: No. of applications

Fig. 2: No. of participants obtaining MSC, Diploma or
dropouts.

Fig. 3: Student’s origin 1987-2009/11

Fig. 4: Employment after graduation (2006-2010)

4. Course of Study
The PPRE has developed from a two-semester Programme to a three-semester Programme of 18 months duration and 90 Credit Points. The Programme starts every year in October; the end of the Programme is now
in March. The Programme starts with a four-week introduction containing the Intro Lab, an introduction to
the university and the town, help with settling the infrastructure such as obligatory insurances, internet
access, and a warming up and socializing excursion to sites in the vicinity of Oldenburg relevant to RE. Lectures in six modules of seven Credit Points (CP) each start at the same time as the regular semester at the
University of Oldenburg. Units of six modules (see Fig. 5Fig. 5) are shared with EUREC students and increasingly with other master students of the University of Oldenburg such as Sustainability, Economics and
Management (SEM), Engineering Physics (EP), and Physics (Phy). The interaction of students from developing countries (mostly PPRE), industrialized countries (mostly EUREC) and specifically Germany (mostly
SEM, EP, Phy) is of special appeal. Shortly before the scheduled end of the University of Oldenburg winter
semester, exams for the first semester are taken.
During the semester break, PPRE students enter a six to eight-week external practical training taking place in
international companies, research institutions and with various development organizations (from GIZ to nongovernmental organizations) while EUREC students move to their specialization universities.
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In April a two-week semester introduction takes place. In the following summer semester, mandatory lectures in seven modules are offered. The Case Study module (see 9. Case Study) is added to the 6 other modules, see Fig. 5. The lecturers of the modules Wind Energy, Solar Energy, Energy Meteorology & Storage
Technologies, Energy Systems and Society as well as Case Study offer a specialization lecture which is
shared with students from the physics department and the economics department. One specialization (2CP) is
compulsory for PPRE students. Some students choose multiple specializations. The specialization allows
PPRE students‟ access to research groups at the University of Oldenburg and it facilitates the inclusion of the
multidisciplinary PPRE course into the Institute of Physics.
Within the summer semester, a two-week final excursion takes place. Students visit companies, sites and
institutions dealing with Renewable Energy and environmental protection technology. The Intersolar expo in
Munich is an integral part of the excursion as well as a hike to an off-grid mountain hut supplied by
Renewable Energy (see 9. Case Study). The excursion serves the tactile and the demonstrative approach to
learning and offers various opportunities to contact companies for further career development. Each
appointment during the final excursion is well documented by student reports in order to recall details in the
following career. PPRE‟s students enjoy a high reputation and are given highest hospitality at the visited
companies, who are thanked at this point. Unfortunately, due to the timing of the Intersolar, the excursion is
conflicting ongoing lectures of the specialization courses.
The winter semester focuses on
fundamentals of RE while the
summer semester rather focuses
on applications and systems.
At the end of summer semester,
after the exams, students have a
short break before they start
their six-month Master Thesis
project in an acquainted company or institute. Our international
network
allows
projects all over the world. Few
students do their project at the
University of Oldenburg.

Fig. 5: Postgraduat Programme Renewable Energy’s course of study

About 80% of our students finalize and defend their Master
Thesis in time to receive their

M.Sc. certificate during the celebration ceremony at the end of March.
5. Alumni Networking
Thanks to the support of the DAAD, alumni networking started from the very beginning of the Programme.
Empirical studies focusing on the career paths of alumni and the very active alumni network, combined with
re-invitation visits as well as regional meetings and summer schools, have shown that the majority of our
alumni are working in the field of energy technology and RE education and that an increasing number (about
one fourth) are pursuing PhD studies, either directly after PPRE or after a few years of further professional
experience.
Elements of the alumni network are a yearly newsletter; an alumni space on our website; an e-mail-based
internet discussion list (Q&A); regional alumni meetings (DAAD-sponsored); re-invitations of alumni;
summer schools (in Oldenburg).
The intensity of the active alumni network helps present students or young graduates with the following ac-
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tivities: finding an internship (external training between 1 st and 2nd semester); finding a thesis project (sixmonth, in companies and institutions worldwide!); getting advice for very specific questions/topics e.g. during their master thesis; getting job offers.
Senior alumni have reached advanced positions in governments, NGOs, UN and financing organizations , in
consultancies and manufacturers of RE, as well as project developers.
Their advice and their input as guest lecturers are very valuable for PPRE.
At present, we are in contact with more than 80% of our alumni.
6. International Cooperation
Inspired by contacts found in conferences, supported by the DAAD and GTZ, the Programme has started
several co-operations with university departments abroad. In the beginning, agreements were signed with the
university in Harare / Zimbabwe (support by GTZ) and Arica / Chile (supported by DAAD). At present, cooperations with the Brazilian universities Federal University of Amazonas in Manaus and Federal Technological University of Paraná in Curitiba, with Murdoch University in Perth, Australia, with Nelson Mandela
Metropolitan University, Port Elizabeth in South Africa, with Institute for Technology in Surabaya, Indonesia and with Imperial College, London, United Kingdom are active.
By developing a coordinated networking structure, we believe to: enable student and staff mobility, leading
to an increase of expertise and experience; to develop an international quality assessment; to gain mutual recognition of modules, credits and exams; to develop curricula together; to harmonize courses of studies and to
end with full-fledged, independent and complementary master programs.
Up to now, we have established contacts to a wide variety of institutes on a level allowing exchange of students for internships and master thesis projects. There is also a vivid exchange about ideas for the curriculum. However, our efforts to harmonize courses of studies in order to allow students to join lectures at partner universities often fail due to different semester timing. This is obviously valid for exchange of lecturers
as well. In short, these co-operations are highly desired although they are characterized by a high workload
for the staff of both partner institutions. Still, to a certain degree, an exchange of ideas and materials, even
students, is possible without a formal foundation.
Over time, dozens of PPRE students and also a number of foreign students have substantially benefitted from
the co-operations described above – obviously, it is essential for a M.Sc. program with a focus on rural energy supply as well as international aspects of RE developments to invest deeply into co-operations with partners overseas.
7. Challenges of a Multidisciplinary Program
Students intending to study PPRE come from several dozen countries and multiple fields of engineering and
science. Thus, they have made their way through a wide variety of higher education systems and work environments. Their cultural and scientific/technical background may be rather different within the international
group and also with respect to German students. This requires special efforts in the beginning of the Master
Programme in order to ensure a good start for all students. They have to adapt to a new learning environment, to terms and expressions which are not familiar, to a different working culture and to a university and
town where their language competence may need rapid growth (this is helped by intensive German language
courses).
On the other hand, after initial problems are overcome, the chance to learn and work in the multi-disciplinary
area of Renewable Energy is enhanced by the availability of knowledge from different technical and scientific disciplines. This advantage pays off when the students reach the stage of case study work or other complex, tasks related to real life. For their future professional life, it may also be a benefit to have worked with
engineers and scientists with different backgrounds.
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Of course, the situation in the student group powers the interest in new topics, and thus the eagerness to learn
methods and acquire experience beyond the previously studied fields may lead to a very high workload and
even exhaustion. The function of staff and tutors to ease the course of studies for all students thus becomes
very important and is only successful with very intensive individual interaction and tutoring throughout the
whole study Programme.
8. Lab Courses
While venturing through the 24 years of Programme history, experiences and observations shall be shared;
our current reflection of the developments prompts the next modifications: as the new discipline of Renewable Energies develops, the Oldenburg course is constantly modified; while new programs come up, often
focusing very specifically on single aspects of RE technology, PPRE at present keeps the broad perspective
of energy supply, supported by renewable sources, featuring relevant subjects throughout the course. How
this focus on the dialog between technical understanding and practical application on the one hand, and the
perspective of energy supply and sustainable development on the other hand is achieved shall be narrated in
the following. Two few key features of the overall course, the lab courses and the case study, will be described in the next two chapters.
Presently the lab course at PPRE can be
depicted as seen in Fig. 6. Since there are
two semesters of course work and one for
the thesis project the lab courses stretch
over the first two semesters. Each semester
starts with an Introductory Lab seeking to
familiarize the participants with the measurement principles and devices used in the
upcoming semester. In each semester, there
are six experiments covering major RE topics. In part, the experiments are not labeled
in the table by their object of investigation
but rather by the fundamental principles
they shall supply for the study course.
While the summer Introductory is quite
young – about 6 years – the winter Introductory is running since 1996. It was a
reaction to the observation that our particiFig. 6: PPRE’s lab courses
pants, who mostly came from developing
countries at that time, had little to no previous exposure to laboratory work, experimenting, measurement
procedures and the like. With a larger share of students from Europe and North America in recent years, we
had to realize that experimental practical work in most educational systems is highly underrepresented, and
this rather 'playful', investigatory approach of the Introductory serves these participants well. We have ten
sets of equipment on which about twenty people can work at a time, typically in teams of two. The arrangement is fairly informal and as all are working at the same problems, spontaneous cross-group discussions
occur and reformation of teams is encouraged.
The winter Introductory Lab also aids to make people familiar with our laboratory facilities, our staff and
their approaches, a different educational environment, their fellow students, and to merge into this multidisciplinary and multi-cultural group. The summer Introductory still serves well as a warm-up after two
months of absence from the Oldenburg labs (internship in companies). And whilst the winter Introductory
deals mainly with the fundamentals of electric circuits and the measurement of radiation and temperature, the
students get exposed to the full spectrum of meteorological sensors (traditional as well as semiconductor)
and various data loggers for remote data acquisition (signal adaption to programming) in the summer.
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Determining the Solar Spectrum is the starting point to deal with light generation and absorption, material
properties and electron levels. What looks a bit misplaced in a program on Renewable Energies at first shall
provide a solid anchorage of mental models for radiative energy transfer in the natural sciences. Through
hands-on experimental work, students learn about calibration and measurement errors (which here determine
the spectral responsitivity). Similarly, the Centrifugal Pump shall provide re-enforced fundamental knowledge on fluid motion (Bernoulli equation, friction in pipes and valves). On the experimental side, students
learn how to establish a characteristic curve – for any device – and become aware of the guiding principles of
energy transfer from one domain into another (electric – rotation – fluid – friction – thermal). Besides, centrifugal pumps are a key element in drinking water supply and are central assets of industrial systems, also renewable ones.
Since last year, the students are given a choice either to study the Lead-Acid Battery set or look at an Electrolyzer/Fuel Cell combination for dealing with a storage device – and its troubles. We have not entirely been
aware of the fact that it is essential to understand how similar the behavior of such devices is and that one
deals with the same underlying principles (charge transfer efficiency, over potentials related to current, inverse current-voltage characteristics for charging compared to discharging resp. electrolysis to oxidation,
current density limitations – and a few different ones). We will explore such possibilities further, keeping in
mind that this also depends on the tutor available.
In the 'Technology' section of experiments we look at individual devices from the different sectors; typically,
the component's characteristics are determined, its dependency on various parameters, and the transfer mechanisms of energy to resp. from it. This features prominently the alternation between generator characteristics and load variation and vice versa, which in turn is a cross-cutting topic of renewables and thus has relevance for all technologies. The three following choices are just meant as examples for the major RE routes:
direct radiation usage, thermal and electrical, and indirect solar usage by tapping the resulting fluid motions.
At the moment they very much center on the research areas of the Department of Physics at the University of
Oldenburg – which are the most widespread applications, at the same time. Over the years each experiment
got packed with a number of experimental tweaks and tricks or universal renewable concepts, forming a
somewhat solid set.
The Summer Outdoor Lab structure corresponds to the Winter Lab concept, down to the experiments on
technologies. We are not dealing with individual components here (single PV cell) but with systems (Solar
Home System, consisting of PV panel, charge controller, battery, and various loads). Accordingly, we do not
find a storage device experiment in summer but experiments on biomass instead: an assembly of improved
wood stoves and two biogas reactors. Along the operation and study of the behavior of the system, analytics
of the burning value or material composition are done. We would very much like to strengthen the 'system'
aspect of the summer semester, not in terms of experimental setups but on lectures or seminars running in
parallel.
This shows the interdependence of the laboratory course with other parts of the Programme. Opposite trends
exist, too: The idea of strengthening the insight into biogas, and the large dissemination of biodigesters in
Asia, prompted us to establish a three-day workshop once a year (since 2005). We invite field workers who
present the technology, but also dissemination schemes, highlight social and political interrelationships, financing, appliances etc. An earlier participant working on a cook stove project in Africa got us the experiment on improved wood stoves set up (and still accompanies it with an afternoon lecture each year).
Additional experimental setups on (micro) hydro power (Pelton turbine, cross-flow), selective surfaces (radiative, convective, and conductive heat transfer), solar desalination by collectors, PV panel investigations,
dynamic collector model (with vacuum tube collectors), solar cookers, and other devices were available temporarily. Partly they have been taken out of the Programme because of resource problems, partly one cannot
become too specific in such a broadly oriented program, and partly they have been withdrawn to improve the
balance between the various technologies and make space for other experiments: a small outdoor wind system, a biogas reactor setup, testing of improved wood stoves – and we would like to add others: a system for
drinking water purification (water supply constitutes one of the major global challenges) or a CHP to demon-
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strate electric versus heat driven operation. Experiments have been shifted between the semesters – there are
better wind conditions for the small WEC in winter in Oldenburg, while it is a 'system' experiment and relies
on a data logger.
At times, there had been nine experiments during the winter semester and seven during the summer. A major
cut occurred when our group joined the EUREC master program in 2004; around the same time we admitted
more applicants to PPRE: the number of students soared and we had to accommodate all participants in the
laboratory room, provide setups – and time intervals in the weekly schedule. There was also the clear mindset to increase the profoundness of dealing with the setup as well as the evaluation and discussion of results –
a process which is still not resolved to a final point.
Compared to the early beginnings where only a final 1.5-hour oral exam might touch any subject of the entire course, and where maybe one lab experiment was also included, we have introduced pre-experimental
interviews ('Antestat' – they seem to be unheard of in most other countries) to secure a minimal proficiency
and therefore experimental performance level. At times all lab reports got marked, at others one of each
module – we have not reached a fully satisfying procedure yet.
We would like to offer more experimental experience and further subjects to our students, but the laboratory
work, demanding a lot of time for evaluation and reporting, already makes up 20% of the workload in the
two semesters. We are thinking about finding a mode to offer additionals for the ones specially inclined.
Still, we are seriously missing the experiment on radiation absorption by selective coatings, featuring the
various modes of heat transfer. This hampers the student's understanding of thermal devices and systems
considerably: the candidates lack the insight of point-wise multiplication of two spectral functions. It has also
been the only experiment where vacuum techniques are employed – now applied with device manufacturing
of any technology. This demonstrates again that in such a short program each building block typically has to
fulfill several purposes – and Fig. 6 is not final.
9. Case Study
The module Case Study is featured prominently in the summer semester. It consists of the units case study,
final excursion and the specialization “Rural Energy Supply”. In the case study unit, multicultural groups of
five students design the energy supply system for a stand-alone energy (service) consumer. An economic
evaluation of the planned system is a compulsory exercise. A sociocultural treatment of the system is a desired add-on. In the case study unit, the acquired knowledge is transferred to application. Furthermore, teambuilding and team capability as well as management skills are trained.
Student groups play the role of consultants while the lecturer plays the role of a customer. The consultant is
an energy expert and advises the customer, who has little ideas and data on his project. The different student
groups are competing for the job and do not interact. In case the “consultant” obviously gets lost in his attempts to solve the problem, the “customer” turns back into the lecturer to aid the students.
The educational objectives of case study are distinguished by hard facts and soft skills which are comprised
in Tab. 1.
The case study unit has developed in the past 24 years. The status quo is as follows:
The unit is coached by the lecturer but also by external professionals who give input within a face-to-face
lecture. External coaches are ready to answer questions developing subsequently.
Moreover, the case study unit is based on an existing system which is accessible from Oldenburg. Within the
final excursion of the Case Study module, the object is visited to enable discussions between the operator and
the students. Here students may compare their findings with the real-life situation. Problems not considered
by the students arise, potential improvements and drawbacks of their proposal get clear. Technical solutions
not considered previously are demonstrated. Stand-alone dwellings in the kW range rarely exist in Germany

4400

Tab. 1: Educational objectives within case study unit

Type of Skill

Educational Objective

Contents

Hard Skills

Feasibility Studies

Legislative conditions, sociocultural aspects, geographic
and climatic constraints, infrastructure (access to building site)

Energy service and demand studies

Domestic hot water, space heating, process heat, chill,
cooling, lighting, communication, mechanical power.
Load profiles and load management, peak shaving
(thermal and electric)

Analysis of renewable
sources and backup conventional demand

Bio energy, wind energy, solar energy, hydropower,
availability and constraints of conventional fuels

Sizing of renewable and
conventional energy supply system

System parameters (loss of load probability, renewable
fraction, performance ratio, degree of system utilization,
dumped energy), autonomy, sizing of components (generator, storage, controllers, inverters, backup system)

Software
Economic Analysis
Soft Skills

Application of design software for sizing of systems,
critical usage of design software
Net present value of systems, price per unit energy,

Team work

Intercultural teams, work sharing, reliability, cooperation, discussion, decision making

Project management

Flow chart, milestones, group & member motivation,
timekeeping

Presentation and reporting
of results

Structure and logic of presentations, presentation techniques, use of resources (audiovisual electronic appliances, blackboard, oral), response to questioning,
timekeeping, interaction with audience and presentation,
development of written reports

apart from the Alps in South Germany. Hence, the object of case study is a mountain hut, accessible for private persons only by hike. The visit of the case study object has turned out to be a socializing, adventurous
event for the entire group. Personal, lifelong friendships are developed.
The Case Study module also deals with gender aspects. The Global Gender Gap Indicator (Hausmann, Tyson
et al. 2010) indicates that gender inequity still exists in elevated positions. In the case study unit, female students are encouraged to play the role of the group‟s managers. The females have the opportunity to experience and practice leadership while the male students may learn to accept and cooperate with a female manager. Individual, diverse conflicts arise which finally are instructive for all participants involved.
Lessons learned are comprised from the final presentation of 2011 case study managers (Aroeira de Almeida,
Braden et al. 2011):
Assessment of the energy demand and load profile is not only the most challenging part but also the subtask
with the greatest impact. Thermal demand varied by a factor of 2 and electric demand by a factor of 3 among
the groups. Applicable technologies are depending on the site and solutions found were similar for all
groups.
Feedback on the different managing experiences from (Aroeira de Almeida, Braden et al. 2011) includes:
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Challenging every member of the team while balancing their strengths & weaknesses; working with other
managers; the challenge of time management and task management; unifying and respecting different working styles, not expecting too much of oneself and not always being democratic; overcoming unexpected
events, separating the private and the professional; importance of identifying your resources.
We have experienced a very high level of motivation among the students during the case study unit. We observe a lack of experience when dealing with energy consumption, system design and balancing of technically feasible solutions with economic constraints. We furthermore observe a dramatic development of these
skills within case study.
10. Programme Quality
Programme quality is assured by different means and on different levels. PPRE is accredited regularly, students give internet-based, anonymous feedback to the overall Programme and to individual lectures; lecturers
and staff give feedback to students by exams and by personal appointments. Every semester, lecturers and
staff members meet in a closed session to plan and improve the following semester.
Accreditation
PPRE was first accredited in July 2005 by ZEvA, (http://www.zeva.org/). In March 2010 PPRE was reaccredited by ASIIN e.V. (http://www.asiin-ev.de/pages/de/asiin-e.-v.php). The ASIIN accreditation agency is
acting on behalf of the the Conference of German cultural ministers and is implementing its guidelines. EU
decisions are translated into national objectives. In addition, the ASIIN is active in a European network of
national accreditation agencies in order to exchange experience, further developments, common European
approaches, and mutual recognition of national accreditation in joint programs.
ASIIN has proven PPRE to meet European Quality Standards as a Master of Science program, as there are:
meeting the quality standards for master programs (ASIIN requirements for accreditation: in-depth expertise,
scientific work, development of knowledge transfer); creating transparency to the Programme by developing
a students‟ study book including module handbook, examination rules, study materials; describing the structure, objectives, learning outcomes and the means to achieve the learning outcomes and what the Programme
qualifies for besides approval of financial and personnel potential to run this Programme.
Experiences and lessons learned on behalf of the accreditation process are: the communication of the Programme management to individual professors has improved; objectives of the Programme become transparent to students, staff members and all other involved parties; the contribution of professors to the development of the Programme is limited due to their time constraints; a continuous evaluation of the Programme
(questionnaire to students and professors) is a major contribution to keep the Programme updated. Accreditation is a time-consuming business which results in higher transparency to all involved parties, forces involved parties to work on concepts and to revise structure and content, highlights the duty of the university to
offer the Programme in content and structure in such a way that students are able to achieve the described
learning outcomes in the given time.
Students’ feedback
At the end of every semester,
students are encouraged to
give confidential feedback via
an internet-based feedback
procedure. The procedure incorporates evaluation on the
entire Programme, the overall
semester, the individual lecFig. 7: Student’s overall lecture
grading winter term. (1=excellent,
3=satisfactory)
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tures including external guest lecturers giving a single presentation, and allows personal written comments.
Feedback is given by almost all students (return rate >80%). Grading is in five steps from excellent to poor.
As an example, the lecture profiles are displayed in Fig. 7. The range in this graph is from excellent to satisfactory. The x-axis is made anonymous. The results are discussed in the above mentioned closed lecturers‟
and staff meetings.
Lecturers Feedback to Students - Exams
Well-designed examination strategies contribute to the quality of a program.
While PPRE started with a single final oral exam in the early years, students now have to pass an exam in
every unit. The current discussion is on how to find a suitable compromise between the two extremes.
In our belief, exams serve the Programme internally to motivate students to recapitulate contents of lectures,
to make students extract the important contents of lectures, to have students learn how to capture contents
(learning how to learn), to give feedback to students on their capabilities and to gauge them and to give feedback to lecturers on their didactical concepts and skills. Externally, exam results serve to supply an indicator
of strengths and weaknesses of a job candidate and to simplify the employee selection process.
We detect different dimensions of exam focuses: level of abstraction, content, and feedback time. Different
exam types cover different dimensions and their specificity.
In the dimension „feedback time‟ (see Fig. 8) the time between question, reflection, answer and feedback
from the lecturer is characteristic. Question – Feedback is asynchronous for lab reports while in an oral exam
the process is synchronous. Asynchronous exams are characterized by free time management of the student
while, in synchronous exam types, students need to immediately answer and have the right to get immediate
feedback helping them to adapt their output.
For the dimension „content‟, we gauge between detail and context. An exercise within a lecture will focus on
a very specific problem while a final oral exam will rather deal with the general concept of the Programme.
Tutorial, „antestat‟, assignment etc. are in-between the extremes. The arbitrary distribution along the axis in
Fig. 8 reflects the dependency of the exam content on the individual examiner and exam.
The abstraction level varies between full abstraction, typically found in oral exams and examination of application skills in a practical exam. When we consider lab work an exam, PPRE‟s strength is its focus on examining application skills of our students. Individual students have individual strengths in the different dimensions described. On the job,
different skills will be requested.
It is therefore necessary to train
students in different dimensions
of problem solving as well as giving them the chance to demonstrate their strengths and create
awareness of their weaknesses.
Consequently, it is desirable to
offer different types of exams.
Furthermore, in an international
master program with multicultural
students, it will be necessary to
give students the chance to gain
experience with the PPRE types
of exams and allow compensation
of individual failures. The latter is
in favor of a large number of exFig. 8: Dimensions of Examination
ams, while a large number of exams may lead to an unacceptable workload and therefore failure in exams and their objectives. In this aspect,
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we are still in the process of finding the right balance.
11. Conclusion
In the late 1980s, a few members of the University of Oldenburg have proactively developed the Master Programme on Renewable Energy. Since then, almost 350 students have achieved their M.Sc.in PPRE while less
than 3% exited the Programme with merely a diploma or dropped out. Due to increased public interest in
energy supply, the demand for skilled personnel in the field of Renewable Energy technology is increasing.
This is reflected by the increase of RE‟s share in the world‟s energy supply, the increase in programs teaching RE, the number of applications for PPRE and last but not least by the manifold job opportunities of our
graduates. In order to follow the dramatic development of RE technology, PPRE has enjoyed a continuous
evolution. External developments (Bologna Process) have further propelled PPRE‟s design. Quality assurance of the Programme finds its foundation in accreditation, student exams and feedback by both students
and staff. Whereas the findings of the local research groups provide important input for the PPRE lectures,
our students support the research groups through their master‟s projects in a fruitful cooperation. Furthermore, cooperation on an international level widens the scope of experience and opportunities for our Programme. Our alumni network is vivid and cannot be overestimated in its advantages. Last but not least, the
project PPRE is confronted with the continuous challenge of balancing development opportunities (external
alumni input, new technology, societal interest, …) and limited resources (workload of students, manpower,
lecture and lab room, financial, …).
12. Outlook
PPRE‟s development is not at its end. PPRE has to add more electives (options) for the students, primarily
those attached to the research units at the University of Oldenburg (wind energy, storage technology, photovoltaics, energy meteorology, sustainability and economics). Moreover, students need to have more options
to do their internships and master thesis and part of their studies within other programs on behalf of cooperation with partner universities. Staff mobility supplies experience from other programs and increases the quality of the Programme. Complementary to face-to-face lectures, a demand for a flexible blended learning program arises. At present, an impact study of the Programme is in process. We therefore will present results on
this issue at the 25-year anniversary celebration in October 2012. As a Programme motivated by global climate change among other things, it will have to deal with the energy consumption for travelling of its students and staff by elaborating its own carbon footprint.
13. Literature
Aroeira de Almeida, I., C. Braden, et al. (2011). Comparison of different approaches. Oldenburg, University
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Abstract
A committee of university teachers for renewable energies has been founded in German-speaking countries
in 2005. The main aim was to install a forum for the exchange of experiences and ideas about teaching on
higher education level. The paper discusses the experiences made in the last six years, organizational issues,
prerequisites for the transfer of the concept of the committee to other regions, as well as an extension of the
network on a European or even global scale.
1. Introduction
The dynamic development of renewable energies focused on research and market for a long time. The
educational sector lags behind, and especially the lack of academics is the bottleneck for the continued
dissemination of renewable energy technologies in many countries. In the nineties, university education was
limited to a few teaching modules related to renewable energy. Meanwhile, the situation has changed
significantly. Extensive courses and dozens of complete bachelor and master programs are offered in the
sector just in German-speaking countries [Menke et al. 2011]. Technical developments are a subject of
discussion at several congresses, and there is a need for a forum for the exchange of teaching experience in
the higher education sector as well.
To strengthen the networking between coordinators and professors of these new education programs, a new
committee has been founded in 2005 as an association of university teachers, active in the field of renewable
energies in German-speaking countries [Vajen et al. 2006]. The committee aims at to intensify the
cooperation in different sectors of common interest. It has been established under the roof of the German
section of ISES, the "Deutsche Gesellschaft für Sonnenenergie" (German Society for Solar Energy).
Meanwhile more than 100 professors from Germany, Austria, Switzerland, Italy and even other countries are
members of the forum, cf. fig. 1. The professors come together once a year for a two day meeting to discuss
and share new teaching ideas, views or political statements. Furthermore, common fields of interest are the
exchange of teaching modules, experiments in laboratories, teaching documents, examinations, experience
with accreditations of programs as well as the cooperation in international courses.
The council is active on the political level as well. It was e.g. stated that a proper information basis is missing
which could inform students about the numerous programs at different universities. Therefore, a concept of
an international internet based data base with degree programs has been developed within the council. Means
are applied for the realization, but not approved yet.
2. Experiences and organizational issues
Professors in the renewable energy area are usually highly engaged, not only for their research, but also for
teaching. Therefore, their capacities and motivation to take over additional jobs in supra-regional
organizations are normally limited. On the other hand, an exchange of experiences and ideas is necessary to
further develop interesting teaching modules and to save time, e.g. for the development of examinations,
lessons, practical training in laboratories etc. Thus, a supra-regional exchange, e.g. in a council, is necessary
and is seen to be helpful for the daily work, but the participation should not be too time-consuming for the
individual members. It will sooner or later lead to disappointment if the council aims at too ambitions goals
which would require e.g. continuous work throughout the year, because these goals will probably not be
reached. Good experience has been made during the last six years with the following constraints:
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•
•

•

•

•

•

An email-list should be established to be able to easily reach the members for invitations and to be
able to distribute news among the target group between the meetings.
The face to face meetings should take place on a yearly basis, if possible always in the same season.
With higher frequencies, e.g. biannual, only insufficient new content can be presented, with lower
frequency, e.g. biennial, the team spirit threatens to become too loose.
Positive experience has been made if the meetings are scheduled from noon to noon. Then, usually
two days have to be planed for meeting and travel, which is affordable for most of the participants.
Furthermore, a dinner with intense networking opportunities can be included.
The meetings should take place at different locations to avoid too much organizational work for
individual members and to keep the (changing) locations interesting for the participants.
Furthermore, the participants get an insight in the respective working conditions of their colleagues.
A proper regional distribution of the locations is important. Experience has shown that about half of
the participants accept also longer travels and come independent of the location, and another half
takes part if the meeting takes place relatively close to their home universities. The overall number
of participants of the meetings of the German council varied in the past between 15 and 30 with
increasing tendency, but depending also on the chosen location, cf. fig. 1.
Date and location should be agreed on well in advance, ideally at the previous meeting. Calls for
contributions might be sent around about four months prior to the meetings, whereas a detailed
invitation with agenda and local travel information should be sent about two months before the
meeting.

Fig. 1: Locations of the yearly meetings 2005-2012 (red dots), location of participants in at least one meeting (green) and
location of further members of the email list (blue).
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A typical agenda for a meeting can look like follows:
•
•
•
•
•
•
•
•
•

Welcome lunch (optional)
Short introduction of the participants, formalities like minutes of last meeting etc.
Short presentation of new(!) study programs and teaching modules (max. 10 to 15 min each)
Common dinner
Main discussion topic, chosen between several options agreed on one year ago, and depending on
the willingness of member(s) to prepare the topic
Current issues
Self organization like location of and themes for next meeting, election of managing committee etc.
Visit in laboratories of the host university
Farewell lunch (optional)

The members are asked for contributions, usually about four months before the meetings. Experience has
shown that meanwhile there are more offers for contributions than time slots available during the meetings.
The discussions at the meetings are usually lively, and it needs some talent to lead the group through the
agenda.
3. Prerequisites for transferring the concept and extension on a European scale
Prerequisites for transferring the described concept of a council of university teachers to other regions and/or
countries are in our experience especially:
•
•
•

A critical mass of members of the target group. The meetings should have at least about fifteen
participants, which requires about forty potential participants in the email-list.
The home universities of the (potential) participants should, if possible, not be too distant. The
willingness to travel decreases evidently, if the travel to the meetings is too long.
The constraints in the daily work of the participants regarding teaching traditions, examination rules
etc. may differ slightly, that makes an exchange even more interesting, but the cultures should also
not be too different to allow a reasonable transferability and to avoid to spend plenty of time with
the explanation of divergent rules and traditions. Experience has shown that there are already
significant differences between the various constraints of universities in German-speaking countries.

The authors can strongly recommend to start initiatives to found a council if the above mentioned
requirements are fulfilled. The participants give a very good feedback and report that the exchange has
significant positive impact on their work, especially if the meetings are prepared well.
But what about a council on European or even global level? The authors are not finally certain yet. The
organization of bilateral exchange of students is an additional topic of common interest here, but the
exchange of modules etc. might be more difficult because the particular constraints tend to drift apart. Thus,
the individual motivation of the participants will probably be too low to accept long travels including flights
just for a 24 h meeting. One idea may be to organize meetings around major conferences where a lot of
professors and other teachers at universities are present anyway. But these conferences last usually three to
five days, plenty of other meetings are meanwhile scheduled beside it and probably only a minority would
like to spend another day for an intense meeting about renewable energy teaching. For the time being the
authors recommend to organize short meetings of about two hours in evenings during major conferences as
planed during the Solar World Congress in Kassel (DE) 2011. This aims at to initiate and support at least
some networking.
New media like telephone or video conferences might help to overcome the problem of travel efforts, but
can, from our experience, work properly only as second or third steps after several face to face meetings. An
international internet platform might be helpful, but it has to be implemented and maintained adequately. It is
questionable whether this will work on a long term voluntary basis without sufficient funding. Perhaps it can
be realized in conjunction with the data base for degree programs mentioned above. As a first step, an emaillist (RE-edu@lists.uni-kassel.de) has been established, similar to the German list, where internationally
interested teachers could get in touch with colleagues and share important dates, ideas and information.
University teachers may register for the list under http://lists.hrz.uni-kassel.de/mailman/listinfo/re-edu.
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The authors are open to give all possible support to colleagues who want to found similar councils in their
home country or region.
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EDUCATION IN RENEWABLE ENERGY - PAST SUCCESSES AND
FUTURE AVENUES
Eva Schuepbach and Urs Muntwyler
Bern University of Applied Sciences, Engineering and Information Technology, Biel/Burgdorf (Switzerland)
Abstract
The Department of Engineering and Information Technology at Berne University of Applied Sciences (BUAS) has been
a center of competence in renewable energy solutions since the 1980s. In the past, BUAS has developed and
implemented renewable energy solutions in partnerships and networks with stakeholder groups and thus created
opportunities for both the next generation and the regional economy. Early successes are (i) the invention of the “feed-in
tariff” for PV-installations, which forms the nucleus of the market breakthrough of the PV-industry worldwide, or (ii)
pioneering research teams such as the “Solar Racing Car” team in the 1990s and solar- and PV-inverter companies like
“Sputnik Engineering AG”. More recent examples include the “Solar Impulse” research team on the development of a
solar plane with Bertrand Piccard (www.solarimpulse.com) employing former student engineers educated at BUAS.
Future educational and research avenues in renewable energy solutions will be concentrated in a new Institute for Energy
and Mobility Research (IEM) at the Department of Engineering and Information Technology at BUAS. Engineering
education will continue triggering an entrepreneurial and pioneering spirit and include sustainability engineering. This
contribution presents some recent efforts on research and education in sustainable engineering and renewable energy
solutions undertaken by the new IEM.

1. Introduction
The perception of European students regarding environmental changes and associated societal and economic
feed-backs is often more strongly determined by the politically influenced media discourse or propaganda
rather than by a comprehensive, unbiased science and engineering education (Schuepbach et al., 2009). As a
consequence, major misconceptions persist among the next generation. Yet, the future society and economy
needs engineers and scientists who are scientifically sound and able to address the frictions inherent to the
reduction of carbon dioxide emissions and implementation of renewable energy solutions (IPCC, 2007). In
order to address the sweeping challenges associated with shifting towards new renewable energy, educational
efforts need to strengthen the competences in the field and offer unbiased scientific background information.
This paper presents good practice in the gaps addressed above and illustrates past successes and future
avenues of educating the next generation on the way towards renewable energy at Bern University of
Applied Sciences in Switzerland.
2. Past Successes
2.1. Solar Energy and Electric Drive: Visionary Research and Market Application
Research training offered for student engineers registered at BUAS draws on a long history of experience
and inventions in Biel and Burgdorf. BUAS has been open to new developments in sustainable energy
production since the early 1980s. To illustrate the enormous potential of solar energy in combination with
electric drive, a Tour de Sol, the first solar car race in Switzerland was organised in 1984. The light-weight
construction and high efficiency of the vehicles allowed for a low energy consumption (2-5 kWh/100 km) so
that - even with lead acid-batteries - a geographical range of 100 km could easily be achieved. Due to their
expertise in electric motors, power electronics, solar photovoltaic power production and vehicle
development, the then Engineering School of Biel (directed by Professor René Jeanneret) won the 2 nd price
in 1985 with its “Spirit of Biel/Bienne” (Figure 1). Following the success at the Tour de Sol 85 in
Switzerland, the solar car models of BUAS win several world champion titles like the Australian World
Solar challenge in 1990 and beat car companies like Honda.
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Fig. 1: Route of Tour de Sol Switzerland in 1985 with winning team Alpha Real / Mercedes Benz.

This pioneering role of BUAS attracted many ambitious students who aimed at starting their career in the
business of power electronics and electric vehicles. The light-weight electric vehicles constructed by BUAS
also inspired Mr Hayek to launch the “SMART” car project, which eventually went into production at
Mercedes Benz. Since then, vehicles like hybrid racing cars from Porsche, solar boats and even the Antares
20E glider with a retractable electric motor have been developed at BUAS. The Antares glider is now
produced by Lange Flugzeugbau GmbH in Germany and is the starting point for a new glider family. Today,
former engineering students at BUAS work in the “Solar Impulse” team on the electronics of the solar plane
developed by Bertrand Piccard. A spin-off company, DRIVETEK AG, is both applying know-how from
BUAS and occupies several former students from BUAS.
2.2. Photovoltaics and the Invention of the First Worldwide Feed-in Tariff System (Burgdorf Model)
In the late 1980s, two students at BUAS Biel, Department of Information Technology and Engineering (then
directed by Professor Dr. Viktor Crastan) also started with the construction of grid-connected photovoltaic
(PV) inverters. Years later, they founded Sputnik Engineering AG that is now one of the leading PV-inverter
companies in the world and employs many former BUAS engineering students. Sputnik Engineering AG
currently builds a new company head quarter in Biel (western Switzerland) for 500 employees and serves as
a role model and motivator for BUAS students working in solar photovoltaics. After his retirement, Professor
Dr. Crastan wrote several books published in Springer Verlag. Together with Sputnik Engineering AG, these
books are knowhow hubs on photovoltaic inverters to feed the next generation of engineers.
Research on photovoltaics was also started at BUAS Burgdorf in the late 1980s when Professor Dr. Heinrich
Häberlin concentrated on solar photovoltaic (PV) system technology. In 1993, he equipped the new BUAS
building at “Tiergarten” in Burgdorf with a 60 kWp photovoltaic plant, at that time one of the then biggest
PV-plants in the world. Since then, the BUAS PV plant in Burgdorf has both developed into a leading centre
for inverter tests and PV-system technologies and serves as a learning environment for engineering students
to build PV-plants and PV-houses.
In the early 1990s, the city of Burgdorf invented the first worldwide “feed-in tariff system for PV”. It allows
owners of a PV-installation to feed in the electricity they produce from their PV-installations into the grid,
charge the grid owners for their electricity contribution and thus get a return of investment. This “Burgdorf
Model” was later copied by German politicians during the “red-green-coalition” phase in the early 1990s and
marked the beginning of the strong increase in the worldwide PV-market with growth rates of 50% (+) and
an annual installed power of 17 GWp in 2010. Due to the big market, the price for electricity is now
decreasing and “grid parity” in southern Europe is reached. Switzerland is expected to reach “grid parity”
before 2020.
At the new test plant of BUAS Burgdorf, Professor Dr. Häberlin started testing PV-inverters in the late 1980s
and extended the tests to the Lab for optimization purposes. Together with his students and assistants, he
built several PV-inverter test simulators with up to a 100 kWp each. A unique high voltage test chamber with
up to one megavolt has enabled BUAS Burgdorf to test components such as PV-modules, by-pass diodes,
intelligent connector boxes, etc. With this know-how platform, Professor Dr. Häberlin established himself as
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a world leader and recognized specialist in overvoltage protection design and, at the same time, offers future
engineers a unique insight into lightning protection and overvoltage control devices. An application of this
expert knowhow in engineering is, e.g., the advantageous PV-installation at the new Monte Rosa hut in the
Swiss Alps, at about 3’000 m asl near Zermatt (Figure 2).
Professor Dr. Häberlin also published several books about photovoltaics, e.g., “Photovoltaik: Strom aus
Sonnenlicht für Verbundnetz und Inselanlagen” in 2010, VDE Verlag. This book compiles all the different
aspects on the use of photovoltaics, is currently translated into English by John Wiley & Sons Inc. and will
be published in 2012.

Fig. 2: Monte Rosa hut near Zermatt, Switzerland.

3. Future Avenues
To promote a leadership role of Bern University of Applied Sciences (BUAS) in the shift towards new
renewable energy, BUAS founded a new Institute for Energy and Mobility (IEM) Research in 2011 in its
Department of Engineering and Information Technology. IEM combines unique competences in almost all
areas of energy and mobility to contribute to the above paradigm shift and concentrates on three pillars being
(i) new renewable energy technologies and (ii) energy-efficient mobility. As an institution that adopts
practices of corporate social responsibility, the new Institute also aims to deploy sustainable energy
technology to developing and emerging countries (= pillar iii). Research activities at IEM, carried out in
partnerships with public and private institutions are expected to feed-back into education to encourage the
next generation, enhance employability and increase competences in inter- and transdisciplinary problemsolving, both among learners and teachers. Communication will be extended to new forms of visualising
research results to raise the profile of the IEM and will engage with the civil society. Outreach efforts will
also address the many misconceptions about sustainable energy concepts for a low carbon society among the
public, politicians and the next generation as described in Section (1).
Activities in the IEM are based on the concept for sustainable development in education, research, service
and operations adopted by the BUAS top-level management on 10 August 2010. By strengthening
sustainability in engineering education, the Institute will comply with the “United Nations Decade of
Education for Sustainable Development” (2005-2014), for which UNESCO is the lead agency. It seeks to
“integrate the principles, values and practices of sustainable development into all aspects of education and
learning.” in order to address the social, economic, cultural and environmental problems we face in the 21 st
century (www.unesco.org/en/esd/). Here, we present research and education examples of (i) and (iii) at IEM.
3.1. Education in Solar Energy Production and Energy Security
It is important that future engineers view energy security and climate protection as an opportunity and hence,
most students enrolled in a degree at BUAS are involved in industry projects and have contacts with
distributors. Current student projects include PV-parking places for electric vehicles (EVs) in the BUAS
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building in Burgdorf, or the development of PV-plants for a house with high solar energy contribution as part
of an energy management with heat-pump and electric vehicle in the house (jointly with ETH Zürich). More
theoretical studies utilise the large data base from the PV Lab of BUAS Burgdorf. This Lab has equipped
more than 40 PV-plants with measurement systems to track the long-term production of PV-plants (e.g., at
Jungfraujoch at 3’580 m asl, Switzerland). The data is, e.g., feeding computer software that is applied as part
of daily business in an engineer’s life. The students compare and evaluate the accuracy of this software and
gain essential competences and skills to advice end-users of PV-installations.
Another typical project involving students is carried out with Solarcenter Muntwyler AG (Zollikofen) and
Müller & Kälin AG (Zürich), jointly with Baugenossenschaft Zurlinden BGZ, a traditional cooperation
active in sustainable building projects. The project is a retrofit-activity aiming at two tall (60 m) buildings in
Zürich on which thin film PV-modules instead of conventional façade elements are to be mounted. Façades
produce about 70% of the energy of a tilted surface, and thin film solar cells with their lower efficiency have
a lower price per square meter than crystalline solar cells, which are expensive due to their efficiency. It
hence seems interesting to construct façades with thin film PV-modules. The thin film solar modules are to
be installed on all four sides of the buildings (Figure 3), with an estimated power output per building of about
130 kWp.

Fig. 3: The two buildings in Zürich with a model of the PV-thin film façade (left) and original building (right).

Electrical installations in a 60 m tall building with many fragmented PV-modules are very difficult to realise.
Lightning protection, fire safety, optimization of cable length, partially shadowing of PV-modules and the
choice of the inverters and their voltages have to be taken into consideration. Field tests were carried out in a
student project on a 1:1 model either in Zürich or Burgdorf. Through the different earnings per square meter,
different approaches were needed to sell the solar electricity to the local utility company (EWZ) and the
“feed-in tariff” regime in Switzerland. Other selling possibilities were also studied, and the students
calculated the energy production of the first building on all four sides. The producer of the PV-element
supports this project and will use the two retrofit buildings in Zürich as a showcase for the application of thin
film modules in the façade application. Construction of the first building started in summer 2011.
Most recently, and after the incident of the nuclear power plant in Fukushima, Japan, the students’ concern
regarding atomic energy increased and topics selected for research often concentrated on the role of new
renewable energy for replacing energy produced in nuclear power plants in Switzerland. In a bachelor thesis,
a student applied different PV-calculation programmes to compile Figure 4. It shows the 30 km circle
(similar to the Fukushima evacuation zone) around a nuclear power plant in Switzerland (red) and the surface
to produce all electricity consumed in Switzerland by photovoltaic (about 60 TWh) with an 11-12 km radius
(yellow). In practice, 10-20 TWh would be enough to replace the production of all five nuclear power plants
in Switzerland.
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Fig. 4: Yellow: area needed to produce the total amount of consumed electricity using photovoltaic in Switzerland (60 TWh).
Red area: 30 km circle similar to the Fukushima evacuation zone.

3.2. Education in Sustainable Energy Technology in Developing and Emerging Countries
Energy and mobility are viewed as important drivers for economic and social development (World Business
Council for Sustainable Development, www.wbcsd.org). Today, over 20% of the global population lack
access to electricity, most of them in rural areas. Scenarios indicate that this situation will not improve until
2030 and will be prevailing in sub-Saharan Africa, India and other developing Asian countries, excluding
China (IEA, 2010). Sustainable energy technologies hence display a particularly great potential in providing
energy services to developing countries.
For rural areas in developing countries, affordable water availability and control for crop production is a
critical issue. Small-scale farmers mostly depend on rainwater and the wet season. During the rainy season,
dumping prices on the market often don’t cover the production costs while, in the dry season, these crops can
sell at a price that is up to three times higher, if irrigation is available. In villages without electric power
supply, manually-operated pumps and diesel pumps are vital for small-scale farmers to provide the badly
needed irrigation water and hence additional income during the dry season.
However, manually-operated pumps are extremely labor-intensive and people in villages rapidly purchase
diesel pumps, which are very costly in fuel. Many small-scale farmers hence cannot afford irrigation, and
large-scale irrigation systems mostly cover certain areas only and do not reach the fields of small producers.
When the villages are connected to the grid system, electric water pumps are preferred but then, grid
electricity may go off after some hours while additional nine hours of irrigation would be needed for crop
production.
In summary, harnessing solar energy for irrigation to replace part of the exhausting manual labor, avoid
tremendous cost in diesel or unreliable grids can drive agriculture in rural areas. Sustainable energy concepts
may also open the door to additional sources of income for the rural population (e.g., agritourism, see
Raghunandan et al., 2010).
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“To make it work, make it a business”. This idea is underlying a pilot project on introducing sustainable
energy technology to pump irrigation water and generate micro-business for small-scale farmers in India.
Photovoltaic water pumps, operating at 40-120 W and implemented for irrigation, are currently tested by
BUAS students in Bangladesh (see Figure 5). Jointly with CARITAS Switzerland and IDE-Gates, they seek
to evaluate whether our sustainable energy concept holds for future implementation in India.

Fig. 5: Swiss Solar Water Pump developed at BUAS Biel and implemented in Bogra, Bangladesh (left). Manually-operated
water pump (right) in Bogra, Bangladesh (both photographs taken by I. Kunz and D. Tschanz on 10 and 6 April 2011).
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EVALUATION OF AN AUSTRALIAN SOLAR COMMUNITY:
IMPLICATIONS FOR EDUCATION AND TRAINING
Wendy Miller
Queensland University of Technology, Brisbane (Australia)

1. Introduction
1.1 Housing sustainability – from fragmentation to integrated system
Sustainability in housing has tended to be addressed in a segmented manner with product criteria being
examined in isolation [1], such as energy efficiency, passive solar design, renewable energy technologies,
zero carbon approaches, behavior change and materials [2-8]. The housing construction sector has also
attempted to identify and address sustainability in their processes [9-13]. This literature shows the
challenges of producing a product that is long lived and needs to meet diverse requirements such as
functionality, cultural sensitivity and local climatic conditions [10], in a context where industry diversity,
fragmentation and complexity can make it difficult to assign sustainability responsibilities [14]. The key
barriers identified by this literature could be categorized:








stakeholder engagement and communication issues (level and stage of active involvement;
knowledge of sustainable options)
technical issues (availability and reliability of technologies and the expertise to utilise them)
economic issues (affordability and perceptions of costs and trade-offs)
regulatory issues (what is allowed, encouraged or disallowed by regulations)
residential construction industry culture and practice (conservatism, poor communication skills,
procurement practices, design/building process, contractual relationships, perceptions of risk)
lack of feedback mechanisms (post-occupancy and post-construction performance)
End-user / occupant factors (behavior; knowledge of options; market influences)

It has been argued that a focus on the construction sector processes alone is bound to have limited affects
[15] unless the focus expands to the broader housing sector to simultaneously address issues such as
urban planning and design [16, 17], householders [18, 19], infrastructure [20, 21], costs, value and
benefits [22-24] and housing markets and regulation [25-27]. As an integrated system, then, the housing
sector could be classified into six broad segments (legislative, market, planning, design, construction and
occupancy/ownership). These broad segments collectively determine the nature of national housing stock
and the impacts that housing has on occupants, the environment and society as a whole [28, 29]. At an
individual level a house is also an integrated system of building form, materials, services, technologies
and appliances. A sustainable house could be classified as an environmentally sound technology (EST)
that sustainably manages natural resources, reduces its pollution outputs and minimizes and manages its
waste [30]. The successful transfer of and EST through the market to the end-user (the occupant) requires
the end user to recognize the benefits of the technology and understand the technology in the sense of
their operation, responsible use and systems context [31]. Informed decision making, Halls argues, is a
key component of the successful transfer of an EST, comprising four key requirements: a clear
understanding and documentation of the end-user needs; the characterization of the environmental, social
and economic impacts of the alternatives; decision support tools to enable rational choice of an optimal
solution; and the capability to operate the technology so that it fills its potential and meets the identified
needs of occupants. This is a role for education and training.
1.2

ISES, education and solar communities

A cursory exploration of the International Solar Energy Society website (www.ises.org) reveals numerous

4415

references to education and training, referring collectively to concepts of the transfer and exchange of
information and good practices, awareness raising and skills development. The purposes of such
education and training relate to changing policy, stimulating industry, improving quality control and
promoting the wider use of renewable energy sources. The primary objective appears to be to accelerate a
transition to a better world for everyone (ISEE), as the greater use of renewable energy is seen as key to
climate recovery; world poverty alleviation; advances in energy security, access and equality; improved
human and environmental health; and a stabilized society.
The Solar Cities project – Habitats of Tomorrow – aims at promoting the greater use of renewable energy
within the context of long term planning for sustainable urban development. The focus is on cities or
communities as complete systems; each one a unique laboratory allowing for the study of urban
sustainability within the context of a low carbon lifestyle [32]. It was within this context that a research
program was commenced in 2009 with an objective of investigating the complex nature of sustainable
housing in an Australian solar community. Two research questions were posed: (i) what are the goals,
expectations and experiences of early adopter families in the design, construction and occupation of their
sustainable solar homes?; (ii) what processes, supply chain agents and strategies enhanced or inhibited the
attainment of the sustainability performance objectives of these homes? The purpose of this paper is to
present the key findings from this study and to pose the implications these findings may have for our
understandings and practices in renewable energy education and training.
2. Methodology
2.1 Research approach and methodology
The complexity of both the drivers and the potential solutions for sustainable housing requires a wholeof-science, trans-disciplinary approach [33-35]. This study adopted the trans-disciplinary approach to
sustainable affordable housing [1] that encompasses the different phases in the lifecycle of a house, the
trans-disciplinary and collaborative relationships required, and the need for both regulatory and market
drivers. Sev’s conceptual framework for evaluating sustainability in the construction industry [9] was
modified to develop a new Framework for defining and evaluating a sustainable house (Fig.1).

Sustainable house principles, attributes and processes
Integrated system
Principles

Resource Use

Life‐cycle Design

Product Attributes

Design for Human

+

Processes

Energy efficiency

Preserve nature

Pre‐build processes

Water efficiency

Conserve culture

Design &
i

Materials efficiency

Health & comfort

Operation/occupancy

Land efficiency

Evaluation

Fig. 1: Framework for defining and evaluating a sustainable house
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This framework shows a sustainable house as an integrated system that embraces three core principles
through the attributes of the product itself, and the processes through which a sustainable house is
envisaged, constructed and occupied. These attributes and processes informed the selection of case study
houses, data collection methodologies, and the analysis and evaluation of performance outcomes.
Innovation diffusion theory was applied to the concept of a sustainable house as an environmentally
sound technology (an integrated system) that needs to diffuse into the general market [31]. Early adopters
of sustainable houses were utilized as a means of exploring this diffusion process, drawing on the Model
of Innovation Adoption [36] and the Information Awareness Model [37].
A case study research strategy was adopted which enables the in-depth and longitudinal examination of a
bounded phenomenon (e.g. a sustainable house) within a real-world context, and the utilisation of both
qualitative and quantitative approaches involving multiple sources of data [38]. The qualitative
methodology, encompassing document analysis, in-depth face-to-face interviews and direct observation,
captured the richness and complexity of families’ experience of sustainable housing and placed emphasis
on the processes and meanings [39]. A thematic approach was used to code and condense the data [40]
and a transformative perspective was adopted in the evaluation and discussion of the results [41].
Quantitative data was collected from building approval documents for each house, building simulation
software (BERS Pro 4.1) as approved by Australian regulations for thermal simulations for resident
properties (www.nathers.gov.au), visual inspections and each home’s Intelligent Metering and Control
System (IMCS). The purposes of the IMCS are to measure and display usage of resources involved in
each utility service; enable the aggregation of end use data at a community level; allow the community to
optimize its utility infrastructure with a view to future self sufficiency; and to use the data to inform
policy and regulation [42]. The IMCS measures and displays electricity consumption and generation
(general power, lighting, water pumping and solar generation), water consumption (potable rainwater,
recycled water, hot water), gas consumption and internal thermal environment (temperature and
humidity). Raw data from participating households was extracted from the IMCS main data base, and
analysed using Matlab and Excel. The building approval documents for these homes were analysed to
determine key design strategies such as size, orientation, insulation, thermal mass, glazing etc. These
building approval documents included site plan; floor plans; elevations and cross-sections; schedule of
materials; landscape plan; services plans for plumbing, power, gas and communications; thermal
modeling report; construction management plan and solar penetration diagrams.
2.2 Physical context and case study participants
The physical context is a residential Ecovillage (a solar community) in sub-tropical Queensland, Australia
(latitude 28o south). The area zoned for housing (20% of estate land) is divided into hamlets of equatorial
facing lots of various sizes to encourage a mixed demographic and social interaction. Hamlets are linked
with cycling and walking paths, as well as vehicular laneways. The vision of the developers of this estate
was to inspire sustainable living and inform further ecologically sustainable developments [42].
An
extensive Architectural and Landscape Code (A&LC) ‘premised on the interconnectedness of all things’
and embracing ‘both local and global concerns’ governs the design and construction of housing in the
estate: this building code is in addition to state building regulations. All houses are constructed off-ground
and incorporate a hybrid approach to the building envelope (mixed use of thermal mass and light-weight
materials). Passive solar architecture, solar water heaters with instantaneous gas boosting, and
photovoltaic systems (minimum 1kWp) are all mandatory, whilst high energy use appliances such as air
conditioners and clothes driers are not permitted.
All lot owners registered on the Ecovillage’s community intranet were invited to participate in the
research, and this research is based on the experiences and quantitative data of eight families (15% of the
completed residences at the time the study commenced). Each of the eight participating families ad been
through the design, construction and occupation phases of sustianable solar homes in the period 2007 –
2010.
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House sub‐systems and processes

Despite the small sample size and the voluntary nature of
the case study recruitment process, the age, education
level and family type of these participants provided a
representation of the demographic diversity one finds in
the home ownership market in Australia. Influences on
the sustainability outcomes of the case study homes were
studied at a macro and micro level (Fig. 2),
encompassing product attributes (building envelope,
sustainable energy systems and resource monitoring) and
processes (end-user goals, design and construct process,
a zero-energy approach and urban planning). The
evaluation of the subsystems and processes, and the
interactions between them, enabled a deeper
understanding of the integrated system.

A sustainable house integrated system
Fig.2: Sustainable house subsystems

3. Results
3.1 End-users define a sustainable house
End-user expectations for their sustainable solar homes had three areas of focus: (i) an environment focus
(reducing the impact of the home on the environment); (ii) a practical focus (functionality, comfort,
adaptability, appropriate size and cost effective operation); and (iii) a lifestyle focus (a house with
character and a particular ‘look’ and ‘feel’, social interaction, and better quality of life). For these
participants, a sustainable house embraces the collective and integrated aspects of environment
protection (energy, water, materials, land), resource management (natural, built and economic resources)
and social wellbeing (personal values, health, comfort, community). This product is an expression of
personal and social identity and enables and supports its inhabitants in living sustainably. These
motivations and drivers are somewhat consistent with research on adoption of pro-environmental
behaviour and the uptake of energy efficiency and renewable energy technologies [4, 43-45]. Participants
incorporated into their homes a range of features that would assist them in reducing their direct impact on
the environment as well as enable pro-environmental and social interaction behaviours. These features
were not necessarily part of their original goals, but were included because of the urban context (e.g. they
were either mandated or strongly recommended in the estate’s building code). Once implemented and
experienced, these features were subsequently valued.
3.2 Housing context and regulation affect sustainability aspirations and outcomes
The urban context was of key importance in shaping both the vision of a sustainable lifestyle and the
resultant actions and outcomes. The urban context played a leadership role in supporting and enabling
end-users to live sustainably by (i) helping to shape, refine and extend end-users‘ sustainability vision and
aspirations beyond their own experience, market standard and government refulation, and (ii) assisting in
the conversion of the vision into reality through its requirement for an integrated design and approval
process and the IMCS. The prescriptive building codes of this urban context also revealed an interesting
phenomena about end-user and supply chain responses to regulation. Regulation was often used as a
benchmark against which to make sustainability decisions, with end-users and their agents interpreting
regulation either as defining the end goal (i.e. the best performance) or as establishing minimum
performance standards (which were considered by some to be advisory rather than mandatory). This had
the effect of inadvertently creating false expectations of performance outcomes or limiting aspiration for
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higher levels of sustainability performance. Solar water heaters and building envelope thermal
performance were two examples , with end-users expecting that meeting the state government regulations
in these areas would mean they would have free hot water and a thermally comfortable house (with
negligible operational costs). There was little evidence from designers, contractors or end-users of
optimisation of these technologies to enhance performance outcomes.
3.3 Supply chain agents affect sustainability performance outcomes
The extent of the sustainability measures incorporated into these houses and participants’ lifestyles was
supported or limited by many supply chain agents that contributed to, or impacted on, the physical form,
function and operation of their house at different stages and levels. These supply chain agents included
the land developer, sales people and estate level architectural review committee; architects, building
designers and specialist engineers; building contractors and trade subcontractors; building certifiers,
surveyors and inspectors; product designers, manufacturers and suppliers; and end-users and their social
networks. Failures in communication, systems thinking and informed decision making impacted on the
end-users’ goals and sustainability outcomes economically, environmentally and socially. One technical
example of this was the estate-wide poor performance of solar water heaters, conceivably attributable
largely to plumbers‘ lack of understanding of the purpose of the system (i.e. the optimisation of solar
input for heating water) and the operation of the system as a whole (how each of the components
contributed to the purpose). The interaction between solar water heating performance and building design,
energy consumption, greenhouse gas emissions and the economic sustainability goals of end users,
appeared to be poorly understood by most supply chain agents. Other examples related to ethical
differences among families and design and construction professionals in areas such as attitudes towards
building regulations, professional silos vs trans-disciplinary collaboration, conflicting views on cost and
value, and professional practices that alienated end-users. Decisions and actions by supply chain agents
impacted on overall sustainability goals by affecting environmental performance (e.g. higher use of gas
for water heating; lower output of photovoltaic systems), economic performance (e.g. higher operational
costs) and social sustainability (e.g. houses that are not as thermally comfortable as expected). Overall
there was scant evidence of performance optimisation of the key sub-systems (e.g. building, energy and
water services, materials, land) and the system as a whole.
3.4 A sustainable house is an integrated system
End-user experiences and performance outcomes reinforced the need to consider a sustainable house as
an integrated system (Fig. 3) that is centered on end-user goals and aspirations, and incorporates the
interconnections between these goals and
aspirations, specific building elements and subsystems (e.g. the building envelope, its
technologies and its metering and management),
design and construction processes and practices,
and the urban context. These interactions take
place within the context of multiple supply chain
agents. Collectively the end-users, urban context,
building elements, supply chain agents and
processes and practices contribute to the product –
a sustainable house. The success of the integrated
system is highly reliant on good communication –
of the goals, processes, and performance outcomes
– and robust decision support tools and processes
to identify and evaluate options.
Fig.3: The integrated system of a sustainable house
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3.5 Early adopters identify ten categories of barriers to a sustainable house
These early adopter experiences lead to the classification of ten key categories of barriers to a sustainable
house (Tab. 1), based on the work of Reddy and Painuly [44] in identifying barriers to renewable energy
technologies.
Tab.1: Taxonomy of barriers to a sustainable home

Broad barrier
Awareness &
information
barriers
Behaviour
barriers
Communication
Economic and
finance
barriers

Education &
training
barriers

Institutional
practice &
culture
barriers

Market
failures &
barriers
Regulatory
barriers
Technical risk

Values, beliefs,
world views

Barriers to implementation of a sustainable house
Bounded rationality in decision making
Restricted knowledge / perspectives of what is possible
Trust / lack of trust in information source
Mixed / conflicting messages
Value related to previous experience, so may not value something unfamiliar
Need to be trained in how to use / operate / behave
Informed consent
Language and terminology
Timeframes associated with cost calculations (focus on upfront costs)
Lack of clarity of parameters included in cost decisions, making accurate
comparisons difficult
Lack of analysis of bundled costs / savings
Value generally limited to market value (cost)
Lack of application of other value considerations ( value in use; social, cultural,
emotional, image values and environmental value (Lorenz, 2010)
No decision support tools to enable value / cost / benefit analysis
Poor communication skills
Lack of integrated systems thinking (understanding of desired outcome, and
how the components integrate and impact on the whole system)
Lack of decision making tools / application of decision making tools
Innovation diffusion
Supply chain lack of responsibility for performance outcomes
Professional silos (not trans-disciplinary)
Professional ego
Lack of decision making tools / application of decision making tools
Supply chain relationships; relationship management
Professional and trade practices
Demand- lead approach
Common metrics (m2 and $/m2)
Lack of ‘bundling strategy’ that captures synergies of individual sustainable
houses and sustainable urban development
Level of regulation
Level of enforcement
Lack of performance verification
Product failure: identification and rectification processes
Matching product design with end-user need
Product reliability and support
Purpose of product: consumption, end-user needs or optimisation of
environmental performance
Environmental ethics
Perspective of social responsibility and sustainability

4.

Discussion

This study reinforces the concept of a solar community as an integrated system that encompasses an
urban context, housing forms and their subsystems that shape, support and enable sustainable low-carbon
lifestyles of the community’s inhabitants. End-users‘ definition of a sustainable house (i.e. embracing the
collective and integrated aspects of environment protection, resource management and social well-being)
is consistent with literature that suggests that a sustainable house should make efficient use of energy,

4420

water, materials and land, and preserve, conserve and protect human and natural conditions through the
design, construction and operation processes [9, 18, 46, 47]. This is reflected in the framework for
defining and evaluation a sustainable house (Fig.1). The findings show that both regulation and the
market influenced the aspirational goals and the performance outcomes of these homes, lending support
to Salama’s approach to sustainable housing [1]. The study also highlighted that a sustainable house is
not the only enabler of a sustainable lifestyle: urban and social contexts play an important role in shaping
both the house and the lifestyles of inhabitants. This is consistent with communication of innovation
theory [37]. The taxonomy of barriers to a sustainable house, as developed through this study, raises
questions relating to the solar industry’s education and training efforts and practices. Transferring and
exchanging information and good practices, awareness raising and skills development in the areas of
energy efficiency and renewable energy technologies are undoubtedly important, but these efforts do not
appear to be sufficient to ensure optimised sustainability outcomes for our solar homes and communities.
Two key areas are suggested as needing consideration.
First, as a large number of supply chain agents affect the performance outcomes of sustainable homes and
communities, there appears to be a need for formal and informal training and education that targets the
legislative, market, planning, design, construction and occupancy/ownership segments of the housing
sector. Trans-disciplinary courses that break down the traditional silos of university education are
especially lacking, with little coverage of solar homes, solar communities and the low carbon lifestyles
that they support, included in non science and engineering courses. Second, the taxonomy indicates that
this education and training needs to incorporate foundational skills in systems thinking within and beyond
each specific segment, leading to an understanding of inter-relationships and interdependencies. These
systems include economic, natural and social systems; technical systems (such as a building and its
service technologies) and different system scales (e.g. a household scale, a community scale, and regional
and national scales). A deeper knowledge and understanding of how each sector‘s practices and supply
chain relationships impact on aspirations and outcomes may lead to a more equitable sharing of
responsibility for the performance outcomes. The optimisation of systems and subsystems requires
advanced decision making skills and the development and utilization of decision support tools. This skills
set encompasses the concepts of information gathering, knowledge management and transfer,
performance evaluation and end-user engagement. Lastly, this study indicates a need for education on the
role personal ethics, values and world views have in influencing actions and decisions taken in
professional practice.
5. Conclusion
Through an analysis of the experiences of early adopters of sustainable solar houses within a solar
community, this study revealed that housing markets, regulation and multiple supply chain agents can
impact on the aspirational goals and performance outcomes of sustainable solar homes. Whilst the study
confirmed that a sustainable house is an integrated system that is influenced by its urban context, it also
found that a lack of systems thinking, poor decision making skills and practices, and conflicts in ethical
positions impacted on the sustainability goals and lifestyles of the end-users. The experiences of these
families raise the question of whether the solar industry’s education and training efforts need to be
broadened in target market and scope to enhance trans-disciplinary knowledge and collaboration in order
to enhanced environmental performance.
6.
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1. Introduction
Nowadays solar energy is a key factor on global energetic politics. However, in society there is still a lack of
understanding of its underlying working principles (Goswami, 2001), even more widespread applications as
PV (photovoltaic) and solar thermal flat collector, and although it is easy to find working examples in homes,
buildings and neighborhoods. Specific educational tools are being developed and their use should contribute
to a more conscious knowledge of performance and capabilities of the solar applications. Concentrated solar
power CSP has been the latest technology to join this process and, although in principle its main goal is the
production of huge quantities of electricity in big plants, it also has a high potential benefit to society in
medium-high temperature (>150ºC) demands and high energy load applications, such as hospitals
sterilization systems or industrial heating processes. Specific features of CSP devices as concentration optics,
direct normal irradiance utilization and sun tracking requirements make more complex a descriptive
approach to systems performance being very suitable in educational activities the support of computer tools,
provided that they have a consistent foundation and a realistic interface. Scale models and remote or virtual
laboratories, as well as interactive simulators, have become an important resource in the engineering field to
provide technical knowledge to plant operators and students, as shown in Guzmán et al. (2007).For example,
Johansson (2000) presented a quadruple-tank process laboratory used to perform exercises with interest in
the field of the automatic control and chemical engineering, while an interactive tool of the same process is
proposed by Dormido and Esquembre (2003) as an inexpensive alternative to the use of scale models. In the
case of Ko et al. (2001), a web-based laboratory is used to perform experiments on a coupled tanks system,
and Costa-Castelló (2005) proposes an educational laboratory plant to teach automatic control concepts on
repetitive control. In the field of mobile robotics, Guzmán et al. (2008) presents an interactive tool designed
that allow students to perform experiment with different motion planning algorithms.
In the present work, an interactive didactical simulation tool, developed to help in the transmission of the
solar parabolic-trough basic working principles is presented. This tool has been designed to present a high
degree of interactivity, following a what-you-see-is-what-you-get (WYSIWYG) philosophy. The next
objectives were defined during the tool development stage: (i) to provide the users a graphical representation
that could catch both, children and adults eye, (ii) to define a friendly way to manipulate the different
parameters involved in the simulation, (iii) to provide not only the simulation, but basic theoretical contents
on both, the phenomena influencing the process and the model equations applied in this simulator, (iv) to
provide an audio guide on theoretical contents to make it easier to access them, and finally, (v) to become
useful to help in the transmission of knowledge to people with and without previous knowledge on the matter
and different educational levels.
The work is distributed as follows. In section 2, the theoretical contents included within the tool are defined.
In section 3, the tool human-user graphical interface is presented, explaining the reasons after each element
interaction method and the relation between the different parameters and their graphical feedback. Section 4
introduces the model equations implemented in the simulator and finally, in section 5, conclusions of the
experience on using this tool in different kind of events and future work have been defined.
2. Theoretical contents
It is important to highlight that a didactical tool has no sense if there is not theoretical contents to teach
through it. That is, the theoretical contents to teach are the most important element, and they must be defined
prior to design a didactical tool to help transmitting them. Then, the graphical capabilities of a tool must be
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analyzed to choose the best way to apply them to the educational task.
In the case of the solar parabolic trough collectors, there are several phenomena whose influence is worth to
explain to all kind of audiences. They are the day-night cycle (including the irradiance and the presence of
clouds), the collector angle, and its inlet temperature, the ambient temperature, and the fluid flow velocity.
Taking into considerations these parameters, a desirable educational experiment was defined.
The solar irradiance is the most critical element in solar systems. It is the source of energy of solar systems,
but cannot be manipulated and is not available during the 24 hours. As first approach prior to explain the
influence of the irradiance it was desired to show its availability by means of the simulation of a day-night
full cycle with clear sky. For this task, a sun icon able to cross the sky and a chart to represent the irradiance
evolution have been included in the tool. People can observe the influence of the sun evolution (or solar
time) in the irradiance value, and at the same time, they can observe the typical irradiance curve in the chart
as result of the simulation.
Next, the influence of the clouds, an obstacle for the solar irradiance to reach the collector surface, is
presented. This is made by setting the cloud in the middle of the sun predefined trajectory, then when the sun
is partially covered by the cloud, irradiance starts to decrease, reaching to zero when the sun is totally
covered. By means of this experiment, people can observe that, when an obstacle is placed between the sun
and the collector, the irradiance reaching its surface decreases. In the chart, they can observe that, the perfect
curve introduced previously has a noticeable fall of irradiance during a period equal to the one where the sun
was covered by the clouds.
The collector angle is also a critical factor in the solar parabolic-trough systems. If the orientation is not
correct, the beams does not reach the collector cylindrical surface with the correct angle, and the fluid
temperature cannot be increased. To transmit this concept to the users of the system, after introducing the
different elements in the system and the way in which they are operated, the next experiment steps could be
performed: (i) set a fixed angle for the parabolic-trough collector and simulate a 24 hours period with it, (ii)
set the sun in a fixed position in the sky, whenever an acceptable irradiance level is expected, trying to focus
the parabolic-trough collector to increase the outlet temperature, (iii) set the sun to automatically follow its
predefined trajectory among the sky, and set the collector to automatically track the sun perfectly.
Performing (i), people can observe that the outlet temperature presents a temperature increment during the
short period that the sun was placed in the position where the collector was focused into. Performing (ii)
allows them to realize that the parabolic-trough collector focus on the sun must be close to perfect or not
effect will be obtained, and (iii) presents them a comparison among the irradiance and the parabolic-trough
collector outlet temperature evolution during a perfect tracking.
As next step, they would be able to modify the parabolic-trough collector inlet temperature. They can fix all
the other parameters and modify only the inlet temperature to study the way in which it affects its outlet
temperature.
After experimenting with the inlet temperature, they could experiment modifying the ambient temperature, to
realize that even if low values result in higher thermal losses to the ambient in the collector, the effect of its
variations in the allowed range (20 to 30 ºC) is minimal. That is, ambient temperature variations with a big
magnitude are necessary to cause a noticeable influence in the parabolic-trough system.
Finally, the effects of flow variations of the fluid can be analyzed. The effect of variations of this parameter
can be difficult to understand if the process is not explained in a simpler way, so, it is advisable to present an
example of the influence of velocity in the temperature increment when moving through a hotspot. For
example, a comparison among the water flowing to pass through the collector, and the hands moving through
a fire, and how when they move fast, the temperature increment is low while a slow movement results in
higher temperature increments could be helpful for the audience to understand the fluid flow influence. Then
the simulator can be used to validate the fluid effects, showing in the charts how when the volumetric flow
decreases, the plant outlet temperature increases, and when the flow increases, the outlet temperature
decreases. Users can modify this parameter freely to observe the magnitude of this influence.
It is important to highlight that, during all the experiments, not only the commented parameters but the
parabolic-trough collector performance is shown in the charts.
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3
3. Interactiive Tool
This ddidactical tool has been created using L
LabVIEWTM, a graphical prrogramming eenvironment developed
d
TM
by Naational Instrum
ments that allows
a
to proggram with a drag-and-drop
d
philosophy uusing graphicaal function
blocks in an attractive graphicall environmentt instead of writing
w
lines of
o text. Furtheermore, it inteegrates its
mathematical environment, used during tthe developmeent of this tooll to define thee models equations.
own m

Fig. 1:L
LabVIEWTM graaphical program
mming developme
ent interface

In thee next subsectiions, the developed tool chaaracteristics have
h
been detaailed.
3.1. F
Features
The educational toool presented in
n this work prresents these features:
f


A friendlyy tactile human-machine intterface (HMI)), were each element
e
can bee manipulated
d by mean
of a tactilee screen, besid
des the mousee and keyboard
d.



An operatiion simulator based on statiic models of the
t parabolic-ttrough collecttor, irradiance, etc.



An exposiition mode, wh
here the tool pperform contin
nuous simulattions without aany user interraction.



A WYSIW
WYG approach
h to the humaan-machine in
nteraction. Ellements able to be manipu
ulated are
easily recognized and its manipulattion has been
n defined to be
b friendly. A
Also, the tooll provides
n adequate
informatioon to the user by means of multiple ways, using intuittive elements to provide an
feedback of
o the current plant state to the users.



Charts to observe
o
the diifferent param
meters evolutio
on through thee time are avaiilable to the users.
u



A theoretiical screen to provide
p
some physics fundamentals conccepts to the ussers, and anoth
her one to
provide a mathematical
m
odels used in the
t tool to thee users.
description oof the static mo



An audio guide is defin
ned for each thheoretical con
ncept. This waay, the contennts provided in
n the texts
d even most im
mportant, this feature allows people unabble to read to hear
h to the
are deeperr detailed, and
most basiic explanation
ns. Furthermoore, it was trried that each
h icon used iin the applicaation was
representaative enough to
o understand iits task.

main screen an
nd three popu
up subscreenss. The toolbaar (Fig. 1)
The iinterface is diivided into a toolbar, a m
nd a set of 3 buttons
b
to acccess to each subscreen.
s
includdes the tool tiitle, information about the developers an
The m
mathematical equations
e
sub
bscreen is acceessed by presssing the black
kboard with m
mathematical operations
o
buttonn, the physicss fundamentalls one by preessing the nottebook button
n, and the devveloper inform
mation by
pressiing the contacct book button.
The m
main screen (F
Fig. 2) contain
ns the simulaator graphical representation
n, that is, a cooncentration parabolicp
troughh solar collecttor, a set of ellements to maanipulate the different paraameters defineed (irradiance,, collector
angle,, flow, ambiennt temperaturee, inlet temperrature and thee clouds that acts
a as a disturrbance to the irradiance
incideence on the coollector surface) and the chaarts.
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Fig. 2:In
nteractive Simullation Tool Main
n Screen Graphiical Interface

The m
mathematical equations
e
subscreen (Fig. 33) presents thee models appliied to represennt the system behavior,
explaiined in detail in section 4. As
A can be obsserved, a butto
on with a musical note iconn is placed close to each
equatiion and inform
mational table. Pressing theese buttons plaays the recordeed speech for each of them.
The pphysics fundam
mentals subscreen (Fig. 4) includes a description of th
he way that thhe collector is operated,
the trracking proceess, the need
d of a circulaatory pump and
a
the flow
w effect in thhe system, th
he system
perforrmance, and finally,
fi
the clouds influencee. Also, close to
t each item a speech buttonn was placed.

Fig. 3: Appllication screen w
where the equatio
ons are described and explainedd.

The system graphiccal representaation has 2 miilestones that, combined, prrovide the useer with feedbaack on the
ment state:
simulation/experim
ms state graphhical evolution
n
1) Item
The uuser receives feedback
f
on the
t current staate of the sim
mulation by means of the va
variation of the position
and coolors of differrent elements.
3) Chharts to plot thee parameters value
v
evolutioon
presented visuually in a charrt, allowing users
u
to observve not only th
heir value
Each parameter evvolution is rep
evoluttion during thhe experiment,, but the relatiion among thee different paraameters.
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Fig. 4: Application
A
screeen where the fun
ndaments of the solar
s
parabolic-ttrough collectors
rs are defined.

3.2. P
Principles. In
nteraction and
d feedback
Each onscreen elem
ment that can
n be manipulaated has a co
ommon elemeent, the drag- able button It has two
ments that caan be manipulated and to
o be draggedd to perform the own
functiions, to highlight the elem
manippulation.
Next, the different strategies deffined to providde a visual intteractive inforrmation feedbback for each parameter
are deescribed.
3.2.1 Irradiance
s along the sky is a poweerful visual rep
presentation rrelated to the maximum
m
In thiss case, the position of the sun
irradiaance level avvailable at eacch time for thhe collector, so
s it was used
d. An interacttive sun was set in the
backgground, and a predefined traajectory alongg the sky was defined for itt to follow. Thhe sun indicattor can be
manually dragged along
a
the trajeectory to modiify the irradiaance value. Th
he initial positiion correspon
nds to 5:00
(solarr time), while the final posittion corresponnd to 19:00.
Furtheermore, an innteractive sky
y background that varies depending
d
on the sun posiition was add
ded to the
interfa
face. Three maain regions weere defined, niight (dark bluee), sunrise/daw
wn (red), and midday (lighttblue).
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Fig. 5:Sun m
manipulation and
d feedback desig
gn

Addittionally, the user
u
can activ
vate/deactivatee the sun auttomatic evolu
ution trough tthe sky by means
m
of a
switchh button (secttion 3.2.7) lab
beled as “Autoomatic Evoluttion”. The incclusion of thiss option allow
ws the tool
to sim
mulate the typiical day-night cycle or to seet fixed condittions
3.2.2 Clouds
It is ppossible to plaace a cloud in the sun trajecctory along thee sky to show its effects onn the collector behavior.
This eelement is maanipulated in the same wayy than the su
un (irradiance representation
on), and its influence is
defineed by how cloose to the sun it is (see Fig. 6). When thee position of both elements fits perfectly, the cloud
causes the collectorr irradiance to
o become zeroo. When the clloud center is moved from tthe sun centerr position,
oud surface iss not on top of
o the sun
irradiaance starts rissing again, reaching the cleear sky valuee when the clo
surfacce.

Fig. 6:Clouds manipulation an
nd feedback desiign

2.2.3 Flow velocitty
flow velocity can
c be manipu
ulated by meanns of a slider. Its highest an
nd lowest valuues are represeented by a
The fl
schem
matic pipe, witth and withoutt flow respecttively (Fig.7).
This sslider affects to
t both, the grraphical repressentation of th
he pump and the fluid insidee the pipe:


In the casee of the radial pump, the fasster the velociity is set, the faster
f
the pum
mp rotation is.
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d, the number of bubbles and
a their veloccity is affecteed by the flow
w velocity
In the casse of the fluid
slider. Theese bubbles in
n the pipes w
will move fastter whereas th
he fluid veloccity is increassed, and a
higher num
mber of them will be visiblee.

Fig.
F 7: Pump floow manipulation
n and feedback design

3.2.4 Collector inllet temperatu
ure
The soolar collector inlet temperaature is also deefined by meaans of a slider. In this case, tthe highest an
nd slowest
valuess are represennted by a red and
a blue fluid drop respectiv
vely (Fig.8). The
T variation oof the inlet tem
mperature
is reprresented graphhically in the fluid, by meanns of varying its color tone.

Fig.. 8:Inlet temperaature manipulattion and feedback design

In thee case of the fluid
f
graphicaal representatiion, it was deecided to use a red gradiennt to representt the fluid
tempeerature. This way,
w
users hav
ve always in mind that theey can set a ho
otter or colderr inlet temperrature, but
the m
minimal fluid inlet
i
temperatture is alwayss high during
g operation. A pale red was
as used to represent the
minim
mal value, turnning into a brilliant red as itt gets closer to
o the maximum
m value in thee range.

5 Collector an
ngle
2.2.5
he irradiance or the clouds,, has been deffined to be
The collector anglee is one of the parameters thhat, just like th
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manippulated usingg the own co
ollector graphhical represen
ntation. A drrag-able buttoon with a prre-defined
trajecttory, equivaleent to the on
ne defined forr the sun, waas set in the screen. Whenn the drag-ab
ble button
position is modifieed, the collecttor angle is m
modified to ob
btain a perfect focus on thhe sun at the solar
s
time
defineed by the buttton. Just as in the case off the irradiancce, the initial position corrresponds to 5:00 (solar
time),, while the finnal position co
orrespond to 199:00.

Fig. 9:Collector an
ngle manipulatio
on and feedback
k design

Addittionally, the user can sim
mulate a perffect sun track
king by presssing the swiitch button labeled as
“Autoomatic Trackinng”. When acctivated, the ccollector anglee is constantly
y updated auto
tomatically atttending to
the suun current posiition.
3.2.6 Ambient tem
mperature
a
temperature, severral modificatio
ons of the bacckground attennding to its value
v
were
In thee case of the ambient
considdered, but in place
p
of transsmitting this aadditional info
ormation, mix
xed with the oother variable graphical
repressentation it reesulted confusing. Due to this reason, the ambient temperature vvalue variatio
onsare not
repressented or mannipulated visu
ually in any otther way besides the sliderr that can be oobserved in Fig.
F 1, and
the chhart. Its slideer maximum and minimum
m values aree represented by a full annd empty theermometer
respecctively.
3.2.7
7 Others. Swiitching button
ns and outlett temperaturre
wo switch bu
uttons (Fig. 10) whose funnctions, as co
ommented
Amonng the interacctive elementss, there are tw
beforee, are to activaate/deactivate the sun autom
matic evolutio
on and the colllector automattic sun trackin
ng.

Fig
g. 10:Switch butt
ttons manipulation and feedback
k design

It is nnecessary to highlight
h
that,, when both sswitch button
ns are activateed, the system
m perform con
ntinuously
day-nnight cycle sim
mulations with
h perfect tracki
king (Fig. 11).
Finallly, the collecttor outlet tem
mperatureevoluution can be observed in the chart, but
ut at the samee time, its
instanntaneous valuee is shown in a boxlabeled aas “Outlet Tem
mperature”, th
hat simulates a sensor meassure.
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Fig. 11:Automatic sun eevolution and au
utomatic trackin
ng activation.

ulation Tool Main Screen Graphical Interface
Fig. 12:IInteractive Simu

4
4. Model eq
quations

Overview
4.1 O
A sim
mplified modeel of parabolicc collector waas developed,, based on thee second-ordeer Hottel-Whiillier-Bliss
equatiions, coupledd with an optiical incidencee angle modiffier in the colllector trackinng plane. Thee radiation
modell is based on the
t Collares-P
Pereira-Rabl eqquations (Dufffie and Beckm
man, 2006).
4.2 E
Efficiency
The uuseful energy in a concenttrating collecctor is given by
b the absorb
bed energy m
minus the lossses to the
enviroonment, and iss given by thee equation,
.1

QU

QL
QI

Fig.
F 13: Heat tran
nsfer in the para
abolic trough colllector
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Where Qa represents the absorbed energy and QL the losses. The absorbed energy is given by:
.2
Where Gb represents the direct irradiance in a horizontal plane, Ac represents the collector aperture area, and
η0 represents the optical efficiency. The losses to the environment QL are given by:
.3
Where TR is the receiver’s temperature, AR is the receiver area and UL the overall loss coefficient. By
combining equations (2) and (3) with equation (1) it results in,
.4
By introducing the removal factor FR the equation becomes,
.5
Considering an overall loss coefficient linear with temperature we obtain,
.6
which results in,
.7
To obtain the efficiency, the useful energy should be divided by the incident energy GbAc, which results in
the equation,
.8
where C represents the concentration ratio and is given by,
.9
By doing the following substitutions,

the second order semi-empirical equation for efficiency is obtained, which is based on the collector aperture
area,
∆

∆

. 10

where a0,a1 and a2 are coefficients that are experimentally determined, ΔT is the temperature differential
between the fluid and the ambient, and Gb is the direct irradiance.
An incidence angle modifier kατ is added to the equation to account for the influence of the incidence angle
in the collector tracking plane resulting in,
∆

∆

. 11

The transient effects due to the capacitance of the collector are not taken in account to simplify equations, so
a stationary model is used.
4.3 Characterization
The coefficients a0 a1 and a2 used were the ones that characterize the parabolic trough collector from
Industrial Solar Technologies (IST), and have the following values:
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Tab.
T
1: Coefficieents used to charracterize the colllector

C
Coefficient

a0
0.762
0

a1
0.2125

a2
00.001672

The vvalue of
w obtained by
was
b interpolatiing an experim
mental curve from a real coollector, and is used to
illustrrate the importance of correect tracking off the sun.
θ

Fig
g. 14: Angle of in
ncidence in the collectors
c
trackin
ng plane

4.2 O
Outlet Tempe
erature
The w
water outlet temperature is given
g
by an ennergy balancee to the fluid, considering aan incompresssible fluid,
resulting in the folllowing equatio
on,
mC T

Q

T

q. 12
eq

The thhermal efficieency based on the collector aaperture area is given by,
η

Q
A G

eq
q. 13

By coombining equaation (12) and equation (13)) it results in,
T

ηA G
mC

T

eeq. 14

ure Ti is the innlet temperaturre, Ac is the co
ollector area, m is the masss flow rate
Where To is the outtlet temperatu
and Cp is the water specific heat at constant prressure.
4.3 R
Radiation
The hhourly direct radiation
r
is giv
ven by the tottal radiation minus
m
the diffu
use radiation, and is presen
nted in the
follow
wing equation,
I

I

I

eq. 15

The ddiffuse and tootal hourly raadiation can be estimated
d from the av
verage daily rradiation by using the
follow
wing equations,
I
I

H r

eq. 16

H
Hr

eq. 17

4.3.1 Total Radiation
c
total daily
d
radiationn to total hourlly radiation is given by,
The coefficient to convert
r

π
a
2
24

b cos w

cos w

cos w

sin w

cos w

eq. 18

Where W is the houur angle and Ws is the sunseet hour angle in
i degrees. Th
he coefficientss a and b are given
g
by,
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a

0
0.409

b

0
0.6609

0.501
16 sin W
0.47
767 sin W

60
6
60

eq. 19
eq. 20

4.3.2 Diffuse Radiation
The coefficient to convert the diffuse daily radiation to hourly radiation is given by,
r

π cos w
24 sin w

cos w
cos w

eq. 21

The values of daily irradiance Hd and Ht are introduced in the database for the location in consideration.
5. Results and conclusions
This educational tool has been exposed in Parque de las Ciencias de Granada (Spain) from May to
September 2010. During this event, users were able to interact freely with the tool by themselves, or to attend
to scheduled lessons where concepts related to solar energy and parabolic-trough collectors were introduced
by a teaching agent with the help of the tool, to support the theoretical contents exposition. All kind of users
interacted with the tool, and an interesting fact to take into account was the number of parents using the tool
together with their children. To create an educational resource able to catch children eye, but where the way
that the concepts and the interaction is defined is also interesting for adults, is a good strategy to catch both
groups attention and to have a high probability of both groups using the tool. Furthermore, it has also been
used as a teaching support for visitors of the CIESOL Solar Research Center, Almería, Spain. The duration
of these sessions use to be close to one hour, and during them, thirty minutes were used to introduce the
concepts defined in this work and to perform the experiment defined in section 2. The feedback received was
very good, encouraging the future work in the educational tools field. As future work, a similar tool more
oriented to be used by the users at home, where they can spend more time readying more detailed theoretical
explanations on physics fundamentals and have more time to perform experiments with the system, will be
developed. This new tool will present also a more detailed process, where dynamical models will be used to
characterize the system dynamics, and the definition of new parameters will be included..
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ITALIAN CONTRIBUTION TO CSP WITH
FLAT OR ALMOST FLAT REFLECTORS
Cesare Silvi
Italian Group for the History of Solar Energy (GSES), Rome (Italy)

1. Introduction
This poster presentation is about the Italian contribution made over the last 200 years for the development of
Concentrating Solar Thermal Power (CSP) with flat or almost flat reflectors.
The topic has been researched in the framework of the Italian Solar Energy History Project promoted by the Italian
Group for the History of Solar Energy (GSES) and the Italian Committee “The History of Solar Energy.” The
ongoing research has been presented at ISES SWC (Silvi, 2003; Silvi, 2005), EuroSun Congress (Silvi, 2008), and
Solar Paces Conference (Silvi, 2009).
Studies and experiments on burning mirrors and concentration of sunlight in Italy, in particular during the
Renaissance period, are often cited in literature (Mirami, 1582; Bonaventura Cavalieri, 1632; Butti and Perlin,
1980). Lesser known, either nationally or internationally, are the Italian mathematicians, physicists, engineers, and
scientists as well as their inventions and experiments aimed at producing steam and electricity from solar heat,
carried out in the 19th and 20th centuries. This paper recalls two such inventors, who pioneered the CSP with flat or
almost flat reflectors: Alessandro Battaglia (1842 – n.a.), whose work has been rediscovered by GSES in 2008, and
Giovanni Francia (1911-1980), known as the father of solar thermoelectric plants, whose 100th anniversary falls this
year.
Fig. 1 shows the four common types of CSP, with curved reflectors - trough (a), and dish (c) - and with flat or
almost flat reflectors - linear Fresnel (b), and tower (d).

Fig. 1: Concentration of sunlight: a) Linear parabolic collector or trough; b) Linear Fresnel collector or Fresnel; c) Point focus parabolic
spherical collector or dish d) Point focus Fresnel collector or tower. Source: http://www.solarpaces.org.

At present, the most established type of CSP plants in operation, under construction, and planned, is trough. Since
early 2000, Linear Fresnel and Towers started to grow rapidly, promising to supply solar thermal electricity on a
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large scale and at lower cost than trough. This is another reason to take a closer look at the Italian history on CSP
with flat or almost flat reflectors.
2. Alessandro Battaglia (1842 – n.a.) and the “Collettore Multiplo Solare”
2.1 Mouchot, Pifre and Battaglia
In 1860, Augustine Mouchot, a professor of mathematics at the Lyceé de Tours in France, began to explore the
possibility of transforming the sun's heat into mechanical energy. In his book "La Chaleur Solaire et ses
Applications Industrielles", he observed:
“One must not believe, despite the silence of modern writings, that the idea of using heat for mechanical operations
is recent. On the contrary, one must recognize that this idea is very ancient and in its slow development across the
centuries it has given birth to various curious devices.” (Mouchot, 1869).
In 1878 at the Universal Exposition in Paris Mouchot exhibited what is commonly known to be the first and largest
machine in the world to produce solar steam. Mouchot’s sun machine was subsequently improved by his assistant
Abel Pifre, by adopting a spherical parabolic solar collector to power a printing press (Butti and Perlin, 1980).

Fig. 2: Augustine Mouchot’s sun machine, the largest of its time, on display at the Universal
Exposition in Paris in 1878 (Butti and Perlin, 1980).

These developments in France were noted in Italy by Alessandro Battaglia (1842 – n.a.), an engineer born in Acqui
Terme, where one of his ancestors had moved from Germignaga in the province of Varese during the 1700s.
Battaglia thought that the Mouchot-Pifre designs, despite their merits, also had several inherent limitations that he
illustrated in 1884 at the Istituto di Incoraggiamento di Napoli (Encouragement Institute of Naples) with his paper
“Sul modo e sulla convenienza di utilizzare il calore solare per le macchine a vapore” (On the methods and
convenience of using solar heat for steam engines) (Semmola, 1884):
- It is not possible to build boilers of sufficient capacity to power industrial engines due to the fact that the
boiler is mounted on the tracking collector, which limits its size;
- The boiler loses its heat easily because it is exposed to open air and cannot be insulated and protected;
- The tracking collector, as a single surface, is also limited in its total area.
2.1 The “Collettore Solare Multiplo”
To overcome these limitations, Battaglia proposed separating the boiler from the collecting reflector area. He
proposed a horizontal cylindrical boiler, 30 meters in length and 1 meter in diameter, enclosed inside an insulating
brick oven with a window of the same length as the boiler and 1 meter in height. The boiler faced a separate
collecting reflector area made up of 1,250 small flat reflectors, one square meter each, distributed in 42 rows of 30
reflectors each. The system, which he described in economic and technical details, was estimated to have an output
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of 50 HP (37.3 kW), with an approximate cost of 100,000 lire in 1884 or the equivalent of 429,917 in 2010 Euros.
In 1884, Battaglia applied for a patent for his invention of a “Collettore multiplo solare” (Multiple Solar Collector),
though with a boiler of just 10 meters and only 250 of the 1,250 flat reflectors indicated in his paper.
Battaglia’s patent is illustrated in the following drawings, courtesy of the Central State Archive, Rome, Italy (Fig.
3).
The purpose of Battaglia’s invention, as explained in his patent, is “to collect the solar rays that strike a specific
portion of the earth’s surface at any latitude, and to reflect them, concentrated in a specially shaped beam, onto a
specific surface of limited size, in order to obtain a high temperature and a quantity of calories capable of causing a
specific effect, at a cost relatively small for the size of the reflecting surface. The surfaces that receive and reflect the
solar rays are metallic, silver-coated and burnished. The reflection must be continuous; that is, it must be aimed at
the same point every day of the year, from sunrise to sunset.” (Ministero Agricoltura e Industria, 1886).

Fig. 3: Drawings from Battaglia’s “Collettore multiplo solare” patent. Left, Cross section of the collecting reflector area and the
longitudinal grounded boiler, one meter in height, installed inside a brick oven, insulating and protecting the boiler and with
an opened window facing the reflector area. Right, Plan of the collecting reflector area and
of the longitudinal or linear boiler, roughly ten meters in length. (Drawings, Central State Archive, Rome, Italy).

The Multiple Solar Collector was Battaglia’s answer to the challenges of building large collectors, on which many
scholars and scientists speculated during the 16th and the 17th centuries (Fig. 4).

Fig. 4. A large burning mirror of the late 1700’s built in sections (Butti and Perlin, 1980)

Battaglia’s approach, which won him special recognition from the Istituto di Incoraggiamento di Napoli, overcame,
in theory, some of the limitations in the Mouchot-Pifre designs, though there still remained obstacles, which had
already been encountered in the past, as shown in the image above. As evident from the drawings in Battaglia’s
patent, the grounded boiler would require the reflectors to face downward and therefore be limited in the amount of
sunrays they can capture and reflect toward the receiver.
In any event, Battaglia introduced new concepts, such as a longitudinal or linear receiver and a multiple reflector
area made of many small and flat reflectors, each one tracking the sun independently. Both the reflector area and the
boiler could therefore grow in size to collect large quantities of solar energy in order to meet modern industrial
activities.
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Historical research on Battaglia’s theories, as well as other work based on his patent registered on October 4, 1886,
continue today. For example, research is being carried out to determine if Battaglia ever succeeded in building and
testing a demonstration plant, as he was recommended to do by Semmola at the Istituto di Incoraggiamento di
Napoli during his presentation in 1884.
3. Giovanni Francia (1911 – 1980) and his solar inventions
3.1 Biographic note on Francia
Born in Turin in 1911, Francia, the eldest of four children, grew up in the town of San Germano Chisone, near
Turin. At 18, he lost his father and at the same time fell sick with tuberculosis. The disease forced him to drop out of
engineering school and study on his own at the Agnelli sanatorium. In 1935 he was awarded his degree in
mathematics. In 1938 he moved to Genoa, where he taught at the university and worked as a consultant. Starting in
the 1950s, he produced many important inventions in various fields, such as motor vehicles, aircraft, space, textiles,
and electro mechanics. From the 1960’s and continuing until his death in 1980, he developed a special interest in
solar energy and devoted most of his time to solar technologies (Silvi, 2005).
3.2 Honeycomb structure and Francia’s first solar boiler
Francia thought that solar heat, abundant but at low density and low temperature, should be collected in such a way
as to obtain the temperatures necessary to run the machinery used in technologically and industrially advanced
societies, starting with electricity generators.
His first step toward raising the solar energy collection temperature was to invent the honeycomb structure, an array
consisting of a large number of long, thin, parallel tubes made of glass, quartz or plastic. Being transparent to solar
radiation but opaque to the heat rays emitted by the hot surface, the array served to reduce the collector's losses from
re-irradiation and convection.

Fig. 5: Left: first honeycomb absorber that Francia built in 1960; Right: Photos of the first boiler coupled with
a concentrator and protected by a honeycomb structure tested in Cesana Torinese in 1960/1961. To track the
sun the boiler was moved by a small truck (photos 1960, Francia Archive, MUsil Brescia).

Fig. 5 shows the design for the first honeycomb system that Francia built in early 1960 for the sole purpose of
testing the theory he was elaborating. In this case, the honeycomb was made up of hexagonal tubes 8 mm in
diameter and 160 mm long. The device produced temperatures of 230-240°C, far lower than the 500°C expected
theoretically. Between 1960 and 1961, Francia continued experimenting with the design and built the first
experimental solar station at Cesana Torinese. By coupling a concentrator with a boiler protected by a honeycomb
structure made up of 2,000 thin glass tubes, Francia succeeded in reaching the temperature of 600°C.
He then translated his honeycomb structure, theory and experimental results into his first solar patent (Italian patent
no. 653295, May 5, 1961; extended to France and the United States), which he presented at the United Nations
Conference on New Energy Sources (solar, wind, geothermal), held in Rome at the headquarters of FAO, the U.N.
Food and Agriculture Organization, where he gained international recognition (Francia, 1961). At this Congress he
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met Marcel Perrot (1908-2006) of the Solar Research Group of the University of Marseille (France), with whom he
started a fruitful cooperation in solar energy.
3.3 Concentration of Sunlight with flat or almost flat reflectors
Before Francia came on the stage, the Fresnel reflector concept (in a Fresnel reflector a smooth optical surface is
broken into many segmented optical surfaces) was studied in Italy, as shown above, by Alessandro Battaglia.
Abroad the most significant work was done in the Soviet Union by Valentin A. Baum (Fig. 6).

Fig. 6: Solar Tower designed by V.A. Baum. Reflectors track the sun by moving on concentric rails
around the tower where the boiler is mounted (Baum, 1956).

Francia, who was apparently unaware of Alessandro Battaglia’s work, followed nonetheless the same conceptual
path: separating the reflector from the boiler. Between 1962 and 1965, he designed, built, and tested the first real
linear and point focus Fresnel reflector concentrators, LFCs and PFCs (Fig. 1), demonstrating that it is possible to
produce steam at high pressures and temperatures with solar heat. He presented the results of his work in the 1968
issue of the Solar Energy Journal (Francia, 1968).
From the very start Francia envisioned a new architecture for future concentrating type solar plants different from
those experimented with most up till then.
In a letter dated January 17, 1962, to a French colleague, who had suggested using linear parabolic reflectors in his
pioneering plant at Marseilles (France), that had already been tested in the United States by Boeing, Francia replied,
“large solar plants can only be built with flat reflectors” (Letter by Touchais, Dec. 1961; Letter by Francia,
Jan.1962).
3.3.1 Linear Fresnel Reflector Concentrator
Francia filed his first LFC patent in 1962 (Italian patent, no. 6788664, Nov. 23, 1962; extended to France and the
United States). The next year, he designed and built the first LFC prototype, in Genoa, and in 1964 he reassembled
and tested it at the Lacédémone-Marseilles solar station, in cooperation with Marcel Perrot, and with support from
France’s National Research Council (CNRS), NATO and COMPLES (Coopération Méditerranée pour l’Energie
Solaire) (Fig. 7).
As described in a note “Solar Power Plant Francia’s Type,” February 14, 1963, in Francia’s archives, this first LFC
was built with the cooperation of GRESUMG (Gruppo Ricerca Energia Solare Università Marsiglia Genova - Solar
Energy Research Group, Marseilles and Genoa Universities) and stood on an area of approximately 8.2 x 7.9 m2. It
had 7 aluminum reflectors, 8 meters long and 1 meter wide, parallel to each other on an east-west line. Each mirror
rotated around its lengthwise axis, concentrating solar radiation on a linear boiler positioned parallel to the reflectors
at a height of about 6 meters. The rotary motion was the same for all the reflectors, and was obtained by means of an
electronic command guided by the sun itself. The boiler was slightly less than 8 meters long and 25 centimeters
wide. It was protected on the front (the side facing the reflectors) by the honeycomb structure and on the back by
appropriate insulation and a lost heat - recovery device.
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Fig. 7: World’s first linear Fresnel concentration-type solar plant, built and tested at Marseilles (France) in 1963/1964.
Left: drawing of the patented LFC; Right: Photos of Francia’s first LFC prototype (Francia Archive,
Museum of Industry and Work, MUsil, Brescia, Italy).

Two flat vertical reflectors limited energy loss on the west side in the morning and on the east side in the afternoon;
otherwise, reflected energy would reach the boiler only during the midday hours, due to the short length of the
reflectors. In the design for the large solar plant described in Francia’s patent no. 18634, of which the Marseilles
plant was the first unit, the aluminum-mirror strips were much longer than the boiler is high, which eliminated the
need of protective reflectors on the sides. Likewise, the Marseilles unit was designed to be scalable; the length of the
strips of reflectors could be tripled or quadrupled and their number increased. The plant was built with off-the-shelf
materials in order to simplify the construction and reduce costs, with the idea to perfect them based on the
experimental results obtained with the prototype. The plant generated 38 kg/h of steam at 100 atm and 450°C.
The plant was expected to supply around 1,200 thermal kWh annually per square meter of reflectors in Marseille,
making a total of 67,200 kWh per year. If the plant had been built in Sicily, Francia calculated that production would
have reached 1,600 kWh per year per square meter, for a total of 89,600 kWh annually. According to Francia’s
evaluation at the time, with a large-scale plant, the power output could be much cheaper per kWh than that generated
from petroleum.
The drawings in Fig. 8 and Fig. 9 show Francia’s vision of a large LFC integrated in urban and rural contexts.

Fig. 8: Francia’s drawings of the envisioned large solar LFC power plant integrated in an urban context of
circa 1965 (Francia Archive, Museum of Industry and Work, MUsil Brescia, Italy).
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Fig. 9 – Artist’s rendering of an LFC solar power plant designed by Giovanni Francia and
collaborators in the late 1970s (Ansaldo Meccanico Nucleare, 1980).

3.3.2 Point focus Fresnel Reflector Concentrator or solar tower
Francia believed that solar energy would become competitive for power generation only when solar boilers were
improved to the point when they could produce steam at pressures above 150 atmospheres and temperatures above
500°C, a goal that seemed more likely achievable with solar towers than with linear concentration systems at the
time.
Therefore, he put LFC technology on the back burner and began focusing mainly on point-focus, central or towermounted receivers or solar towers. In 1965 built the first PFC at the Sant’Ilario solar station near Genova, which
supplied 21 kg/h of steam at 150 atm and 500°C (Fig.10).

Fig. 10: Left: World’s first point-focus Fresnel reflector concentrator or solar tower, built and tested at Sant’Ilario,
in the township of Nervi, near Genoa (Italy), in 1965 (Francia Archive, MUsil Brescia).
Right: Francia’s solar tower patent filed in USA in 1966 (Digitized by Google).

In the following years he built and perfected three additional solar tower prototypes (1967, 1972, 1978).
In 1973 his work was noted by major industrial concerns that requested his advice for the construction of industrialscale demonstration plants. Francia was involved in the 400 kWth Solar Thermal Facility at the Georgia Technology
Institute in the US that started operation in 1977 and the 1 MWe Eurelios power plant at Adrano, Sicily, in Italy, that
became operational in April 1981.
Eurelios was the world’s first large-scale demonstration power tower to be connected to a national power grid (Fig.
11). It was built, under the supervision of the Commission of the European Communities, by an industrial
consortium consisting of ENEL and ANSALDO - Italy, CHETEL – France, and MBB – F.R. Germany.
The Eurelios tests were completed in 1985, and ENEL published the results in 1991. The authors of the report
concluded that the per-kWh cost of electricity generated by Eurelios would be far from acceptable even if the upfront costs of the plant were reduced. The report ended with this statement: “This conclusion, which is shared by the
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great majority of world experts, leads us to think that tower and mirror-field solar plants will not give rise, even in
the medium and long term, to industrial applications of any importance” (ENEL, 1991).

Fig. 11: The Eurelios plant, view of the heliostat field and the boiler tower, photo 1982, Parodi archive.

Several factors, including Giovanni Francia’s death, in 1980, ENEL’s conclusions regarding Eurelios, falling fossil
fuel prices, and, in the United States, the advent in 1981 of Ronald Reagan’s presidency, which substantially
changed the nation’s energy policy from that of the Carter administration, with inevitable effects on the energy
policies of other countries as well, led to a general reluctance to pursue solar energy in general. In Italy, in
particular, skepticism blocked progress with regards to point-focus or tower concentrating plants, which Francia
pioneered, while further development continued worldwide.
At the beginning of 2011 Eurelios was dismantled. On initiative of the Italian Group for the History of Solar energy,
the remains of the boiler were donated by ENEL to the Museum of Industry and Work (MUsil) in Brescia, Italy, in
March 2011 (Fig. 12).

Fig. 12: Eurelios’ solar boiler before its installation on the top of the tower, photo 1980, MUsil, Brescia, Italy.

4. Developments of CSP with flat or almost flat reflectors in the world today
Solar radiation (direct and diffused) is the largest energy resource on Earth (~ 3,000,000 EJ). Today, it contributes to
the production of electricity with solar photovoltaic systems in about 30,000 MW and 1,000 MW in CSP plants.
Table 1 reports type and power capacity of world CSP plants in operation, under construction, and planned in 2010
(Gestuizen, 2010).
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Tab. 1: World CSP plants in 2010.

REFLECTOR
TYPE
PLANT TYPE
PLANTS
IN
OPERATION
PLANTS
UNDER
CONSTRUCTION
PLANTS
PLANNED

WORLD CSP IN 2010 - PLANT CAPACITY (MW) AND PERCENT (%)
CURVED REFLECTOR
FLAT REFLECTOR
TOTAL MW

TROUGH

DISH

LINEAR FRESNEL

TOWER

767.16
94%

1.65
~

9.40
1%

42.40
5%

820.00

1,759.22
97%

1.O1
~

30.00
2%

17.00
1%

1,800.00

7,850.00
66%

2,247.00
19%

134.00
1%

1,600.00
14%

14,500.00

In theory, Linear Fresnel and Tower with flat reflector technology, adopted in large plants, promise to produce
electricity at higher efficiencies than troughs. For example, the conversion solar/electric is estimated 20% for tower
compared to 14% for trough and mirror field cost is 160 $/m2 for tower as opposed to 250 $/m2 for trough
(Biancalana, 2011). The true test will come only after large plants, currently under construction by companies such
as BrightSource Energy and Areva Solar, are operational (Fig.13).

Fig. 13: Left: Compact Linear Fresnel Reflector (CLFR) developed by Ausra now Areva Solar, photo 2009, courtesy of Ausra.
Right: An aerial view of the first unit (120 MW) out of three (392 MW), of the BrightSource Energy Solar Electric Generating System,
under construction in California at Ivanpah, photo 2011, courtesy of BrightSource Energy.

However, the principal competition is not among CSP technologies but that created by improvements in efficiencies
and reduced costs of photovoltaic technology (PV). These improvements have resulted in rapid growth in recent
years leading lenders and investors to focus on major photovoltaic projects rather than CSP. In just the first few
months of 2011, CSP projects on the order of 1,850 MW already planned in California have been transformed in
photovoltaic plants (Groom, 2011). For some experts, this trend might even bring about the end of CSP, a topic that
merits a separate paper and is not in the scope of this presentation.
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5. Conclusions
Is CSP with flat or almost flat reflectors among the technologies that will supply electricity on a large scale in the
modern solar age?
To answer this question, one should consider the thoughts of a visionary, Hanns Günther, who published in 1931 a
book entitled "In a hundred years: the world's future energy supply” (Günther, 1931). In his book, Günther provides
an overview of all possible energy sources and technologies suitable to confront the depletion of coal reserves: from
large wind towers, to wave power stations, thermoelectric and photoelectric systems, fuel cells and atomic batteries.
He imagines that in one hundred years, i.e. in 2031, technological advances in the production of electricity would
end the "vicious circle through the boiler, steam turbine and generator of electricity.”
The discovery of the photovoltaic cell in 1954 has effectively already opened the way for the possibility of
Günther’s idea to become a reality one day.
He does not give much importance to concentrating solar thermal power technologies, which he judged as
"lamentable attempts, using expensive optical means, of those who want to heat a small boiler by concentrating
sunlight on it."
For Günter one day mankind might laugh at "the huge thermal and hydraulic plants which provide electricity to man
today.” He predicted that “instead of satisfying the voracity of giant boilers with precious fuels such as coal and oil,
or rather than building numerous dams, new small machines able to release atomic energy will be built, with the
result that their power will exceed by thousands of times that of their predecessors. At that point everything related
to the transport of fuel from one part of the Earth to the other will disappear, given that the annual needs of a power
plant may be contained in a bottle, and therefore electricity will be used everywhere for all types of work."
Currently the atomic bottle envisioned by Günter is not yet on the horizon (nuclear reactors at low energy?). On the
contrary CSP solar thermal storage and photovoltaic battery technology are rapidly developing in combination with
swift progress in efficiency as well as falling costs of solar electricity. For now the only bottle in sight is therefore a
“solar bottle,” photovoltaic or CSP.
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LIVING LAB LOW3 – AN INNOVATIVE TEACHING CONCEPT FOR
SUSTAINABLE ARCHITECTURE AT UPC-BARCELONA TECH
Torsten Masseck
UPC – Barcelona Tech, Sant Cugat del Vallès, Barcelona (Spain)

Abstract
The LOW3 (low energy – low impact – low cost) prototype developed by UPC-Barcelona Tech for the Solar
Decathlon Europe 2010 competition is a energy self sufficient solar house or Net Zero Energy Building based
on three main principles: a low energy demand, a low impact on environment and a low cost architecture
with a strong focus on the economy of means.
LOW3 explores the thermal capacity of intermediate spaces in contributing to a low energy architecture as
well as it explores spatial qualities, creating in-between spaces for innovative ways of living.
LOW3 has been realized in a 2 years process with the participation of over 100 students and 50 companies,
winning a first prize in the category “Architecture” of the Solar Decathlon Europe 2010 competition.
At this moment the prototype solar house gets converted into a Living Lab LOW3 platform at the UPC
campus at Sant Cugat, Barcelona.
Living Lab LOW3 will become an innovative education tool for sustainable architecture, energy efficiency
and renewable energies within an international framework.
The main objective is to foster experience based learning, co-creation and collaborative learning processes in
the field of energy efficiency, bioclimatic architecture, solar systems and sustainable construction based on
the experimental analysis, development and evaluation of prototypes.
Living Lab LOW3 started at January 2011 with a first learning module, involving 20 students in the
construction and evaluation of the prototype together with experts from companies and university staff.
The course integrates Master and PhD students with the aim to link teaching and research activities.
First results of this innovative teaching concept show the importance of experienced based learning and the
potential of building prototypes as combined research and learning facilities towards a holistic education in
sustainable architecture.
Living Lab LOW3 is the latest step in a row of teaching activities in solar architecture based on
transdisciplinarity and participation, initiated by the Solar Research Centre (CISOL) of the Vallès School of
Architecture (ETSAV) of UPC-Barcelona Tech since 2003.
A comparison of 5 different applied teaching formats shows the great potential of Living Labs in
Architecture regarding the implementation of competence-based teaching according to the objectives of the
EHEA (European Higher Education Area) and the acquisition of specific knowledge and skills in the field of
sustainability in architecture.
Keywords
Solar Architecture, Net Zero Energy Buildings, Living Labs, Collaborative Learning, Experience Based
Learning, Integrated Energy Design
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1. Introduction
The architecture sector, as well as almost all other research and production areas in our industrialized society,
is nowadays focused on the urgent necessity to create knowledge and innovation regarding to their radical
change towards sustainability.
In the fields of innovation and progress in architecture, urban planning and construction technologies,
architecture schools have always played a major role as think tanks, places of education and research.
Considering the complexity of today’s environmental challenges like resource shortage, greenhouse gas
emissions and destruction of biodiversity, the related socio-economic conflicts, and the subsequent need for
basic changes, new tools are actually necessary to make innovation processes more efficient, linking them to
teaching and research activities and allowing interdisciplinary approaches.
From a socio-economic and political level, especially within the European context, specific targets are set,
for example through the Energy Performance of Buildings Directive (EPBD) 2010/31/EU which demands
that new buildings will have to be nearly zero energy buildings by 31st December 2019 with public buildings
having to fulfill this standard two years earlier.
Similar approaches can be stated on city level towards smart-city and smart-grid concepts as well as
sustainable life-style concepts and low carbon economies, attending the urgent need to change of our society.
Living Labs in Architecture do have the potential to foster learning and innovation processes as well as create
open-innovation platforms for inter- and transdisciplinary research within schools of architecture. They may
contribute efficiently to knowledge generation and innovation in the mentioned areas as well as they could be
efficient tools to generate new competencies necessary for this purpose amongst the participating stake
holders.
User-centered innovation, co-creation and collaborative learning are the main aspects of a large number of
methodologies and tools that constitute current Living Lab concepts.
In the field of architecture, generated results can help to innovate in building concepts, materials and
systems, improve energy efficiency more quickly, as well as allow the development towards more holistic
sustainability concepts on city level.
Another important aspect is the development and exemplification of a more sustainable life-style which can
be developed, analyzed and communicated much more efficiently within the real-life environment of Living
Labs. These living laboratories allow an experienced-based learning process for its users and an immediate
user feedback on innovations at product, system or concept level for researchers, developers and companies.
Living Labs within schools of architecture therefore have a great potential to be holistic tools for innovation,
education, research and change of society in general. Due to their complexity and the novelty of the concept,
view examples and experiences exist so far and further research on concepts and methodologies is needed.

2. Teaching sustainability
The pressure on environment produced by our industrial society on a global scale causes significant socioenvironmental conflicts due to the limitation of resources, the environmental risks related to technology and
the overall unsustainablity of the current socio-economic model based on continues growth.
Lobera (2010) describes the necessity of active participation or active sustainability of citizenry to solve
socio-environmental conflicts, due to the”rising uncertainty and complexity of the interactions between
techno-science, society and environment”.
As a result new skills are necessary like the capacity of contextual thinking of technology on a local and
global scale, the self motivation for learning, seen as a process with a high level of autonomy, and
communication skills which allow knowledge sharing, discussion and debate. Embedded in a
transdisciplinary context all these skills are essential for an understanding of sustainability and a positive
transformation of socio-environmental conflicts based on teaching-learning processes. (Lobera 2010)
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2.1 New skills and opportunities for architects
Parallel to these fast changing socio-environmental socio-economic scenarios we observed in the last
decades a constant decline of the architect’s role in our society due to specialization and concentration
processes within the building sector, the change towards development processes dominated by real estate
developers and engineering companies and a general loss of importance and clear definition of competences
within the professional and social context.
The necessity for a holistic view on today’s complex socio-economic and environmental conflicts and their
possible solutions are a great opportunity for re-inventing and re-enforcing the role of architects as key
persons within these complex social, political and economical processes. With a broad knowledge in
different disciplines, advanced communication skills as well as detailed technical expertise, architects could
evolve as promoters, mediators and experts within the transformation processes towards more sustainable
architecture and urbanism within a more sustainable society.
2.2 New competences within the European Higher Education Area (EHEA)
Many of the core competences necessary for this new professional qualities and qualification for architects
are already defined in a more general manner on a European level. The implementation of the common
European Higher Education Area (EHEA) in 2010 not only introduces the possibility of more mobility
within Europe for students through the European Credit Transfer System (ECTS) and facilitates the
validation of degrees at universities within the EHEA, but especially defines a whole range of competences
to be achieved through higher education, redefining the assessment processes, and looking for higher
standards for teaching and research activities.
Inter and transdiciplinarity is one of the core competences for a holistic understanding and communication
between different areas of knowledge, fostering a systemic view of complex socio-economic and
environmental problems. Other important competences are critical thinking, decision-making, problem
solving, leadership, autonomous learning, time management, information management and communication
skills amongst others.
All these competences shall be fostered through a continuous and independent learning process guided by
lecturers with a more active and participative role of students through seminars, reduced group lectures,
debates and oral presentations as well as active participation in group works, projects and problem-based
learning.
In the field of academic evaluation not only final exam results are important, but the overall learning process
outcome in form of acquired knowledge and abilities taking into account projects, personal study, seminars,
group works among others, focused on the holistic generation of competences and not only fragments of
specific knowledge.
All these desired competences need new tools and methods to be introduced into higher education processes,
especially to encourage students to participate actively and identify and define their own learning objectives
at an early stage of their academic life.
2.3 Education in architecture
Education at schools of architecture must integrate and foster the mentioned competences among students
through new learning methodologies, tools and concepts.
On the other hand a newly strengthened social responsibility of university towards society in the
development of innovative solutions for our environmental, social and economic conflicts must lead towards
new processes in teaching, research and technology transfer based on a strong interaction with local
community and society in general.
Learning processes for architects are traditionally linked to real projects analysis as well as real life
experience through visits and the direct perception of materiality, space, light and function of architecture,
urban and landscape projects.
These same attitudes need to be introduced into the everyday learning activities with a especial focus on new
urgent fields of knowledge like low energy buildings, renewable energies, environmentally responsible
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materials, systems and concepts, and sustainable architecture, urbanism and life style in general.
On the other side knowledge, skills and abilities, generated and transmitted within the context of academia
must be defined in a continuous process of critical reflection of real world problems and scientific and
technological advances.
Within this context laboratories are already established as places of teaching and research on materials,
construction technologies, as well as specific aspects like light, HVAC, building simulation or modeling and
representation, with a link between theoretical knowledge and experiment.
As one step further real life environments like Living Labs integrate user-centered research and teaching
concepts as basis for a realistic and holistic learning and innovation approach with a direct relation to society
and its socio-economic and socio-environmental conflicts, and therefore might play a mayor role in the field
of education in architecture in the future.

3. Living Labs
The term Living Lab is used recently to describe a research environment where “users are involved in the
innovation process by designing, developing and validating new technologies, products and services with
users in real life environments” (Almirall, Wareham 2008).
A Living Lab process is based on the activity of a multidisciplinary team in the following main activities
(Pallot M. et al., 2010):
▪ Co-creation: bring together technology push and application pull (i.e. crowd sourcing, crowd casting)
into a diversity of views, constraints and knowledge sharing that sustains the ideation of new
scenarios, concepts and related artifacts.
▪ Exploration: engage all stakeholders, especially user communities, at the earlier stage of the co-creation
process for discovering emerging scenarios, usages and behaviors through live scenarios in real or
virtual environments (e.g. virtual reality, augmented reality, mixed reality).
▪ Experimentation: implement the proper level of technological artifacts to experience live scenarios with a
large number of users while collecting data which will be analyzed in their context during the
evaluation activity.
▪ Evaluation: assess new ideas and innovative concepts as well as related technological artifacts in real
life situations through various dimensions such as socio-ergonomic, socio-cognitive and socioeconomic aspects; make observations on the potentiality of a viral adoption of new concepts and
related technological artifacts through a confrontation with users' value models. (Pallot M. et al.,
2010)
Currently several Living Lab Networks are established with a total number of approximately 100 Living Labs
worldwide. A large number of Living Labs have been developed in the field of information and
communication technology.
Only a limited number is so fare focused on architecture like e.g. the PlaceLab (MIT) the ExperienceLab
(Philips Research) or the Living Lab Project.
The European Network of Living Labs (ENoLL) is at present one of the main Living Lab networks, giving
support to the development of Living Lab initiatives, attending the necessity to explore suitable processes
and methods for user co-creation as well as organizing Living Lab workshops and other networking activities
to further explore Living Lab practices and concepts with a clear perspective for a growing platform of
methods within the next years. (Feuerstein et al., 2008)
In the context of the international SOLAR DECATHLON competitions, held since 2002 in the United States
and also in Europe since 2010 on a biannual basis, many energy-self-sufficient solar houses have been
carried out by universities all over the world with the potential to be used as laboratories at the campus for
research and innovation or even get one step ahead, becoming Living Labs in architecture. The Living Lab
Low3 project is one of them.
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Nevertheless, there is no clear definition of a Living Lab in architecture, its methodologies, instruments, and
management so far due to their complexity and the large number of stakeholders, as well as their logistic and
economic challenges.
4. Teaching and research activities CISOL (2003 – 2010)
The Living Lab LOW3 project must be understood as the last step in a 10 years development towards a more
interactive teaching model in solar architecture at our school, based on the teaching and research activities of
the Solar Research Centre (CISOL) at the ETSAV, towards action research and participative learning
programs.
From 2003 on, a whole range of teaching formats have been introduced and established. Every new format
intended to increase participation of students through self-organization and enrollment in pluridisciplinarity
towards a holistic and dynamic learning process, linked more and more to applied research and innovation in
the field of sustainability. Living Lab LOW3 is currently the most advanced step within this process.

4.1 Traditional teaching format: Design Workshops - TAP (2003-2007)
In regular design workshops, aspects of solar architecture, energy efficiency and renewable energies have
been introduced to second year students through theoretical classes and design review. Materials and
technologies have been presented through presentations and samples. Interactivity and participation are
limited to traditional presentations and discussions about student projects within the classroom enriched
through traditional case studies. Debate and participation as well as group dynamics are difficult to establish,
large groups and limited time for discussion and knowledge generation are additional limitations.
4.2 Intensive workshop format: CISOL Solar Workshops (2005-2010)
CISOL Solar Workshops are 10-day full time workshops on solar architecture with a special focus on
building integration of solar technologies and the bioclimatic optimization of buildings within an integrated
energy design.
Special international guest lecturers have been invited to situate the workshop and its contents within a
European context.

Fig.1: CISOL Solar Workshop 2009 – 10 day- full time workshop with international guest lecturer Bill Dunster, Londres

The participation in international competitions and the collaboration with companies from the solar energy
sector improved the learning process for students significantly.
Some of the most interesting realized workshops programs have been the following:
•
•
•

ISES solar housing competition for china (2007), special guest lecturer: Werner Lang, Munich
Low energy student residence at the campus Sant Cugat (2008) special guest lecturer: Georg W.
Reinberg, Viena
Solar Decathlon Europe 2010 competition (2009), special guest lecturer: Bill Dunster, Londres

A number of 30-40 students with participation of Master students and a considerable number of international
guest students allowed an intensive group dynamic and a collaborative learning process as well as an
enriching interaction between students of different levels, backgrounds and disciplines.
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All workshop projects where linked to real projects or competitions, fostered group working,
transdisciplinary approaches and a holistic energy design for buildings.
4.3. Active learning modules: CISOL Research Afternoons (2007-2008)
Under the concept of “research afternoons” at CISOL 4 modules (solar technologies, bioclimatic
architecture, materials and life cycle and sustainable urbanism) have been realized in 2007 and 2008, to
introduce students in small-scale research about sustainability issues in architecture and urban planning.
Small groups of 6-10 students worked on the subjects within the facilities of CISOL, including debates with
other researchers, with the aim to relate results directly to current design studio projects of the students,
applying newly generated knowledge immediately.

Fig.2 and 3: Research Afternoons at CISOL – debating and researching on sustainability in small groups

The modularity of the teaching format and the small number of students per module allowed lively
discussions and personal involvement of students in researching and presentation of found results as well as
the creation of learning outcome documents for all group members.
Competences like critical thinking, communication skills, systemic and holistic thinking as well as self
organized learning were strengthened with a focus on sustainability issues at all scales.
4.4. Project based teaching: The Solar Cube project (2008)
The Solar Cube is an experimental module on PV integration in buildings. The project shows different PV
technologies as façade and roof materials integrated in the building skin of the laboratory.
The module is energy self sufficient through a battery storage system. Energy efficient lighting, an
exposition of PV cells and materials, and low energy appliances form part of this educating unit for students.

Fig.4, 5 and 6: SOLAR CUBE – Laboratory on Building Integrated Photovoltaic (BIPV) build by students

Mounted on wheels, its orientation can be changed for experimentation. In collaboration with industry,
innovative PV panels have been developed and tested on their thermal and electric performance as integrated
building elements.
10 Students collaborated in the design, construction and monitoring activities of the SOLAR CUBE during
one year. Engineering students and companies collaborated with architects in its design and execution.

4452

Teaching activities were linked directly to research purposes demanding a high level of responsibility,
organizational skills, decision-making and transdisciplinarity.
The applied technologies and prototype materials formed part of real projects realized by CISOL in
collaboration with public or private partners. Students collaborated in the corresponding design and
evaluation activities, gaining valuable work experience in the field of solar technologies and building
integration.
Generic competences like decision-making, leadership, planning and coordination, as well as
interdisciplinary teamwork get fostered through this kind of project related teaching, with an intensive
knowledge creation in a specific field, e.g. solar technologies and their integration in buildings.
4.5 The Solar Decathlon Europe 2010 competition (2008-2010)
LOW3 (2008-‐2010), the Solar Decathlon Europe 2010 Solar House of the UPC has demonstrated the
importance and the impact of a new way of education in architecture, based on the development and
construction of a prototype house with a high degree of team self-organization and a strong link between
teaching and research.
More than 100 students participated in the project during 2 years, 50 team members constructed, operated
and presented the prototype at the competition at June 2010 in Madrid with a strong implication of Master
students and a multidisciplinary collaboration between architects and engineers.

Fig.7 and 8: Team UPC - Solar Decathlon Europe 2010 - prototype construction in Madrid, June 2010

More than 50 companies collaborated in its development allowing the exploration of innovative concepts for
energy efficiency and installations as well as housing typology and construction techniques.
Students had to assume high responsibility and implication during the different phases of the 2 years project,
developing transversal skills like working in a complex pluridisciplinary team, conflict solving and decisionmaking as well as communication skills towards collaborating entities and society in general.

Fig.9: General view LOW3

Fig. 10: LOW3 team at Madrid competition 2010

A total of 3 different “generations” of students participated between 2008 and 2010, from the design stage
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until construction, competition and exposition in Madrid in June 2010, learning continuously about
sustainable architecture within an international multicultural context.
Low3 currently gets evaluated through a program of monitoring of its energy performance with a special
focus on its bioclimatic behavior under summer conditions, giving feedback to the parallel thermal dynamic
simulation.
All achieved results get introduced into the new Solar Decathon Europe 2012 project, currently under design.
The project named (E)Co reflects a whole range of concepts of LOW3, developing them further and
optimizing aspects like bioclimatic performance, energy consumption and a low cost concept.

5. Living Lab Learning Platform: Living Lab LOW3 (2010-2012)
In a second step (2010-‐2012) LOW3 will be implemented as Living Lab LOW3 – Laboratory for sustainable
architecture, energy efficiency and renewable energies at the Campus Sant Cugat (Barcelona) with the aim
to create a platform for innovation with a strong link to companies and a holistic concept for teaching,
research and innovation activities.

Fig. 11: LOW3 as Living Lab at UPC-Barcelona Tech

Fig. 12: Concept of Living Lab LOW3 at UPC

5.1 Academic format
Living Lab LOW3 adds value to the academic offer of UPC-Barcelona Tech and creates links between the
traditionally separated activities of teaching and research through an innovative educational programme and
the creation of a platform which links university with industry and research entities.
The ultimate aim is the design of innovative transdisciplinary educational programmes with active
participation of industry and other innovation agents towards a holistic approach or Integrated Energy
Design in Architecture.
A strong concept for user-centered activities is under development, involving academia, companies and
research entities but also local administration, understanding students and academic staff as well as citizens
as “users” of this newly generated platform.

5.2 Link to international education and research programs
International networks are essential for interchange and collaboration in higher education.
The Living Lab LOW3 project is already linked to the European Intelligent Energy programme through its
participation in the 10Action programme, coordinated by IDAE and UPM, focused on the use of the Solar
Decathlon 2010 prototype solar houses as educational tools for the general public.
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Fig.13: Prototype construction Campus Sant Cugat March 2011

Fig.14: Prototype evaluation meeting June 2011

The second linked research activity is the participation in the KIC INNOENERGY programme which fosters
research and teaching activities in the field of renewable energies and energy efficiency in buildings on a
European level through a network of participating universities and companies. Through the Co-location
Centre Iberia at UPC, Living Lab LOW3 participates with a first co-financed Learning Module focused on
the development and implementation of LOW3 as Living Lab at the Campus Sant Cugat. The international
perspective especially within the European context is essential for state of the art activities and innovation.
5.3 Link to local community and private enterprises
On a local level first contacts have been established for the involvement of local administration (Sant Cugat)
for collaboration in education in sustainability, opening up the access to the citizenship of this municipality
as another group of “users” of Living Lab LOW3 beyond academia and industry. From guided, formative
visits to workshops on sustainability up to product co-design and user feedback evaluation on sustainable
design solutions a whole range of tools and strategies wait to be explored within the Living Lab concept.
First Living Lab activities and evaluation has already started (Figure 15 and 16)

Fig. 15: Living Lab LOW3 teaching activity

Fig.16: Living Lab LOW3 platform activity

Private companies have specific necessities in the field of product and system development, as well as
education and marketing in the field of sustainable architecture and energy efficiency.
Common interest have to be identified and projects have to be designed according to the particular interest of
all public and private stakeholders.
5.4. Virtual platforms and web 2.0
At UPC level Living Lab LOW3 received funding through the Improvement of Teaching program and forms
part of the Atenea Lab innovation programme, which opens up the possibility of a virtual learning platform
creation, e-collaborations or virtual community activities, linked to LOW3.
Living Labs and their corresponding real and virtual networks have a great potential to activate students,
researchers or citizens as users to form part of a co-creation community bringing together needs, ideas and
solutions for new products, services and systems.
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6. Comparison between teaching formats
Table 1 shows a comparison between the different presented teaching formats (see chapter 4) introduced at
UPC-Barcelona Tech and their estimated impact on generic and specific competences, the generation of
knowledge and abilities as well as the tools and methods applied and additional qualities identified in relation
to a holistic learning process in sustainability in the field of architecture.
All evaluations are based on a subjective analysis and judgment by the author of the realized teaching
formats and is therefore experience based and limited within a personal teaching experience.
Nevertheless the table allows analyzing to a certain limit the impact of each teaching format in the generation
of competences, knowledge and skills in the field of solar architecture.
Tab. 1: Relation between teaching formats and corresponding competences, knowledge, abilities, tools and methods applied,
based on the experience of teaching solar architecture at ETSAV – Barcelona Tech
Traditional Teaching Format
Design Workshop

Intensive Workshop Format
CISOL Solar Workshops

Teaching Format
Active Learning Modules
CISOL Research Afternoons

Project based Teaching
Solar Cube Project

Living Lab Learning Platform
Living Lab Low3

Generic Competences
Critical thinking
Decision making
Problem solving
Leadership
Oral communication
Autonomous learning
Use of new technology
Time management
Information management
Capacity of work
Planning and coordination

++
++
++
+
++
++
+
+
+
+
+

++
++
++
++
++
++
+
++
++
++
+

+++
++
+++
++
+++
+++
+++
++
+++
++
++

++
+++
+++
+++
++
++
+++
+++
+++
+++
+++

++
+++
+++
+++
++
+++
+++
++
+++
+++
+++

Specific Competences
History and theory knowledge
Social science and cultural awareness
Design skills
Technical knowledge
Ethical and social commitment
Systemic and holistic thinking
Environmental responsibility
Interdisciplinary teamwork
Project management
Research and knowledge creation
Communication and mediation skills

+
++
++
++
+
+
+
0
0
0
+

+
+
++
++
+
++
+
++
0
+
++

+
++
+
++
+
+++
+++
+
0
++
++

+
+
++
++
+
++
+++
+++
++
++
++

+
++
++
+++
+
+++
+++
+++
+++
+++
++

Knowledge and Abilities
Holistic sustainable design
Bioclimatic/ low energy architecture
Energy Efficiency
Environmental impact evaluation
Life cycle analysis
Energy and confort calculations
Thermal dynamic simulation
Renewable energy systems
Sustainable Urbanism
Sustainable Life Style
Sustainable Mobility and Transport

+
+
+
+
0
+
0
+
+
0
0

++
+
+
+
+
+
++
++
+
0
0

++
++
++
++
++
+
0
++
++
+
+

+
+
++
+
0
++
0
+++
0
0
0

+++
+++
+++
+++
+++
+++
+++
+++
+
++
+

Tools and Methods
Individual study planning
Group works-colaborative learning
Case studies
Real projects
Problem-based learning
Web-based learning

0
+
+
0
+
+

+
++
+
0
+
+

++
++
++
0
+
++

+++
+++
++
++
++
++

+++
+++
+++
+++
+++
++

Additional Qualities
Relation to local community
Life long learning concept
Public-private partnership
Combined teaching and research
Innovation oriented activity
Co-creation platform

0
0
0
+
0
0

0
0
0
+
+
+

0
0
0
+
+
+

+
+
++
++
++
++

++
++
+++
+++
+++
+++

0 not significant

+ partially significant

++ significant

+++ very significant

It shows that a Living Lab Learning Platform offers the most integrative form of education for architecture
students, covering almost all identified aspects necessary for a holistic learning process.
Nevertheless, a Living Lab approach needs special efforts and means in terms of teaching staff, economic
resources, complexity of multiple collaborations on public and private level as well as a specific motivation
of students for a self-organized learning schedule, responsibility and self motivation as well as problem
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solving and working in a complex group environment. Especially these skills and abilities and competences
are identified as essential within the EHEA towards a more transdisciplinary and innovation oriented
learning process at universities.
Regarding specific knowledge, abilities and skills in the field of sustainable architecture Living Lab LOW3 is
a learning format, which allows a high level of learning through real experience of design, construction,
installation and monitoring of a prototype solar house. This offers a unique experience to students in all
important subjects like bioclimatic architecture, solar technologies, environmental friendly materials and
systems, as well as low energy HCVAC systems.
Additional qualities generated through Living Labs are related to its function as co-creation platform, linking
teaching, research and innovation activities with multiple stakeholders implicated through public-private
partnerships with a special focus on local communities as well as innovation oriented companies.
The complexity of this format exceeds that of standard teaching like lectures or workshops and therefore
requires additional efforts, means and motivation. Nevertheless it provides a unique and holistic learning
experience.
7. Methodology and evaluation of Living Lab LOW3
The implementation of Living Lab LOW3 at the Campus Sant Cugat is a dynamic process, based on the
same co-creation process which is one of the basic principles of all Living Labs. Throughout the 2011 and
2012 teaching activities, public-private partnerships and user co-creation activities will be developed step by
step.
Main research areas will be net zero energy buildings, renewable energy systems in buildings and sustainable
architecture and lifestyle in general.
Goal will be a focus on experience research within the academic framework of a school of architecture, with
an emphasis on measuring real-life use of products, systems and concept related to sustainability in housing,
taking in consideration that a Living Lab is not only a infrastructure but a network of real people with rich
experiences with a great importance of the human factor between all participants and users. (Mulder et al.,
2008)
A continuous process of documentation of the development process of LOW3 on its way to become a Living
Lab will be one important way for the analysis of its concepts and mechanisms.
From its start as an international competition of schools of architecture (2008-2010) until its full operation as
Living Lab LOW3 in 2012 at the ETSAV school of architecture a multi-level documentation will allow to
describe the process on a individual / team level, on a project / school of architecture level, on a university /
institutional level, and on a society / context level.
One important issue within this ongoing research is the evaluation of impact of the developed Living Lab
concept. The development of the right indicators as well as the evaluation of the acquired skills and
competences by the Living Lab users, the evolution of the Living Lab process as well as the critical analysis
of the achieved results will be an important outcome.
Regular evaluation of impact will be done by interviews with students and other participants of the project as
well as questionnaires about the evolution of the project, threats and opportunities, strengths and weakness of
each stage and activity.
At the same time a systematic analysis of other Living Lab projects will allow learning from existing
projects, developing a special concept for LOW3 as Living Lab in architecture. Contacts will be established
with other Living Lab developers on national and international level.
Especially the strong link to other existing Solar Decathlon projects and an active participation in the ENoLL
Living Lab network will allow a comparison of different Living Lab concepts and their evolution over the
last years as well as establishing collaborations with similar projects.
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8. Conclusions
Living Labs are complex infrastructures for research and innovation and have the potential to be emerging
tools for teaching, linking all three activities within a creative real life environment based on user co-creation
and open innovation.
Today Living Labs are not based on common tools and proceedings as every approach depends on individual
objectives, resources, stakeholders and interests as well as the type and availability of specific user groups.
Methodologies need to be developed for managing complexity and especially user participation and
evaluation of results. Clear objectives as well as workflows, necessary stakeholders and resources have to be
identified clearly and finally activities have to be integrated into academic curricula and the academic
schedule with its specific division in semesters and academic years at university.
Especially the combination of real life Living Labs with virtual user platforms creates an enormous potential
for co-creation processes and collaborative activities.
Living Lab LOW3 is a first attempt to integrate a Living Lab concept into the research and teaching
environment of the Vallès School of Architecture at UPC-Barcelona Tech. Its implementation and gradual
growth will generate valuable experience for further search of innovative teaching methods, with a strong
link to research and innovation in the important field of sustainable architecture and sustainable development
of our society in general.
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A PROBLEM-BASED APPROACH TO CULTIVATING STUDENT
COMPETENCE IN ENGINEERING ETHICS, SOCIETAL IMPACT AND
ENERGY SUSTAINABILITY
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1.

Introduction

In the past, engineering generally considered a relatively narrow set of consequences for their actions,
often those limited to the safety dimension of environmental sustainability. Even within those limits,
however, ethical considerations should require engineers to consider the particular local contexts for
which their designs are intended in a broader context and longer time frame.

In May 2008, the worst earthquake in more than three decades struck southwest China, killing more
than 80,000 people. This study shows how the 2008 China earthquake can serve as a case study to
highlight intertwined issues of ethics in engineering. Both the nature of the China earthquake disaster
and the numerous sources and perspectives of energy sustainability information provide rich teaching
and learning opportunities.Therefore, today’s engineering education requires training in the following
two aspects of societal considerations and sustainability.

1.1. Nature, Society and Humanities
One of the key focuses in modern humanities and social science research is in the area of the social
impact of natural disasters (Kim et al., 2006). In recent years, earthquakes, tsunamis, landslides and
other natural disasters have often brought great damage to life and property in the region. Among these,
a few main questions include: What is the government response to natural disasters? What are the
changes in the role of the government in warning and protecting the people against pending natural
disasters? In disaster response, what responsibility should the public take on (Kerr et al., 2009)? How
can communication mechanism be implemented to connect different units in a natural disaster response?
How do natural disasters influence the transformation of engineering ethics of the respective nations?
We wish that the interdisciplinary case study will bring deep insights and explanations to the various
social effects and responses for natural disasters in the East Asian region as well as worldwide.

1.2. Technology, Public and Governance
The emerging of new technology has impelled scholars to investigate its influence on the society.
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While some scholars firmly believe that the power of cutting-edge technology can help strengthen the
development of the people in this region, other scholars have their reservations of this view. On this
topic, there are a few main key discussion points: What is the relationship between how the technology
operates and the community's self-identity and risk awareness (Jin, 1988)? The interdisciplinary
exchanges from different fields of political science, sociology, history, culture, philosophy, and
engineering will provide deeper insights and understanding of the interaction between the technology,
public and governments of the disaster analysis (Wang, 2007; Needham, 1985).
Hence, by examining the recent earthquake disaster through problem-based learning, students can
explore major ethical issues, including specific ethical dilemmas they may face in their future
professional duties. Students can also develop competence in critical thinking and become more
familiar with the influence of cultural factors. Recommendations for the implementation of this model
are also presented.
2. Teaching Model of the Course

Interpersonal
Heteronomous

Teaching
Goal:

Case
description

Critical
Thinking
and Eng.
Ethic
Cognition

Ethics dilemmas
identified

Assessment

Interpersonal
Autonomous
Transpersonal
Heteronomous

Conclusions

Transpersonal
Autonomous
Dilemmas given for each of four themes

Continuous Improvement

Figure1: Model for teaching engineering ethics based on Eckensberger’s (2003) four orientations towards moral judgement.

3. Methodology

3.1. Data Collection
The research subjects are 22 engineering students at a university in northern Taiwan. Data is mainly
gathered from three sources: (1) group discussions of students during class sessions, (2) three
assignments submitted by students, and (3) personal reflection logs of the researcher (Angelo and Cross,
1993).
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3.2. Assessment protocol
This assessment technique most closely integrates Eckensberger’s (2003) four levels of moral
orientation. Students are presented with an abbreviated case study that poses an ethical problem related
to the earthquake. The exercise prompts students to identify, clarify, and connect their values by
responding to ethical problems that arose from the disaster.

For the instructor, the process is as follows: First, inform students of the most common responses and
the various justifications for those responses. If the teacher understand students’ values in relation to
important ethical questions, they can better help students explore and rethink those issues and develop
ethical reasoning skills. Second, classify responses according to a framework or schema that is relevant
to the course or to a theory of ethical development. For example, students’ responses could be
categorized according to Eckensberger’s (2003) four levels of moral judgment. Students would
anonymously respond to the case, and the teacher would then analyze the responses to understand the
students’ values.

To evaluate teaching and learning outcomes, the instructor encourages students to write summary
reports about the China earthquake to see whether students’ attitudes have changed. Assigning
judgments of right or wrong is not the purpose of this assessment. Instead, the purpose is to stimulate
discussion by implementing Eckensberger’s framework to prompt students to reflect on the case
(Sankar et al., 2008). Ideally, discussion of the China earthquake will encourage students to delve
further into the literature on engineering ethics by addressing questions such as the following:
•

What responsibility do engineers have to ensure that safe exits exist if a disaster strikes an
engineered work?

•

Was the local population sufficiently aware of the potential risks associated with the
inadequate design of the construction system?

•

To what extent do engineers have a responsibility to ensure the safety of the local population?
Should the engineers have refused to build the levees within the design constraints if they
believed those constraints to be inadequate?

•

What is the acceptable risk level in different kinds of situations? Was earthquake preparation
adequate in the densely populated and earthquake-prone study area?

•

Do engineers have specific professional ethical responsibilities that go beyond ordinary ethical
duties? To what extent can engineers be expected to be aware of the interactive nature of
decisions?

•

To what extent should engineers factor in the long-term consequences of their decisions, even
though many of these consequences cannot be known?

•

What are the limits of engineers’ duty to be aware of and to utilize prior knowledge in their
construction designs?
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4. Results
The evaluation of the students’ work and their achievement in this course with regard to case analysis
and critical thinking was carried out using Analytical Memos, the second set of evaluation tools. It
consists of two parts: (1) Specific abilities in assuming responsibilities, and introspection; and (2)
Effective use of critical thinking skills. The results are shown below:

4.1 Specific abilities in assuming responsibilities, and introspection

Table. 1: Students’ specific abilities in assuming responsibilities, and introspection

From table 1, it can be observed that the students highlighted (i) to decide what action contributes to
the well beings of others the most. The researcher believes that it is such mainly because the students
are usually able to identify and analyze the social issues involved and thereby discuss whether or not to
construct the reservoir. In other words, most of the students have acquired this basic skill.

Furthermore, the students mentioned in (iv) work collaboratively to evaluate alternatives as much as 12
times, which shows that the students are able to evaluate alternatives through small group discussions
and deliberations. However, for (v) an informed and globally responsible consciousness through
discussion with peers, only a small number of students displayed that ability, which is lower than what
the researcher expected to achieve. It is found that ethical issues are mentioned more than once in the
memos of those students who have acquired globally responsible consciousness, whereas they are not
mentioned at all in the memos of those who did not.

4.2 Effective Use of Critical Thinking Skills
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Table. 2: Students’ Effective Use of Critical Thinking Skills

During the process of discussing 2008 China earthquake, the students’ written assignment reveal that
most of the students exhibited the five aspects of critical thinking, such as “Elementary Clarification”,
“Building a Complete Basis for Inference”, “Inference” and “Advanced Clarification”. At the same
time, these participants have pointed out that the integration of PBL not only had enhanced their critical
thinking, but to discover their weakness of lacking multiple role-taking abilities.
5

Summary

The goal of the interdisciplinary approach in this course was to integrate critical thinking theories with
problem-based curriculum for the benefits of engineering students. In order to instill critical thinking
into students’ engineering background, we used the 2008 China earthquake as a tool to apply the
critical thinking to generate various possible solutions. Students’ written assignments were collected
and analyzed to reveal how they learn from the interdisciplinary problem-based approach. The results
show that students’ performance in self-regulation and analytic skills are the most frequent critical
thinking skills they have revealed.

The East Asian region has experienced rapid economic growth in recent years, resulting in
unprecedented high levels of urbanization (Yates, 2007). This has created concern for the
environmental ecology of the region. The case study of this study has focused on the various effects of
urbanization and economic growth on the entire East Asian region, including some of the problems
created from urban congestion. The integrated engineering ethics and societal issues ranging from
construction and urban planning, public policy, public health to earth sciences. As the students research
on China earthquake issues such as the regulations on construction of China and the East Asian region,
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the case study and group discussion has helped them highlighting the continual development of the
East Asian society while balancing environmental sustenance and construction security. In response to
the ever-changing new issues on engineering ethics, we hope to establish an inter-disciplinary model to
enhance the global ethics and highlight the importance of societal considerations.
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Abstract
In April 2005, Kassel University launched the new MSc-program “Renewable Energies and Energy
Efficiency” (www.energie.uni-kassel.de). There was a consensus that problems related to energy supply and
consumption can only be solved by interdisciplinary cooperation. Therefore, five faculties (mechanical,
electrical, civil and agricultural engineering as well as architecture) are directly involved in the program.
Also the target group of students should hold quite different BSc degrees. This caused special challenges for
the curriculum. Furthermore, students should be able to start the program in summer as well as in winter
term. The paper discusses issues which have be considered and decided when planning a course program in
renewable energies.
1. Introduction
Kassel University is a midsize German university with about 20.000 students and 320 professors. The
structure consists of currently 12 faculties. A large number of professors with special fields in renewable
energies and energy efficiency were and are active in different faculties at Kassel University. In total more
than a dozen chairs teach and research in the fields of
•
•
•
•
•
•
•
•
•
•

wind energy
small hydro power
PV and electrical energy supply
grid integration of renewable electricity
solar heating and cooling
building physics
technical services
industrial energy efficiency
renewable process heat
waste engineering

• biomass utilization
• renewable energies for agricultural
applications
and furthermore
• thermodynamics and refrigeration
technology
• turbo machinery
• high voltage engineering
• building industry
• sanitary environmental engineering

Thus, an interdisciplinary course program in renewable energies and energy efficiency was started, which
opened up for the first students in April 2005 (Vajen et al. 2004). Intense discussions lead to decisions about
the structure and alignment of the program. Some of the issues are discussed in the following, taking more
than six years of practical experience in consideration. The development of the program is based on the
regulations and traditions of continental European university programs. This means i.e. an MSc program
with three or four terms and a separation of courses and thesis, which has to be prepared at the end of the
program. Not all issues discussed in the following might therefore be transferable to other regions.
2. Renewable Energies: Undergraduate and/or Graduate Programs?
This first decision to be made is whether one aims at an undergraduate or a graduate course program or even
both. This can be looked at from the student’s and from the university’s point of view.
It is difficult to foresee what the labor market necessitates in the next 30 years. It is obvious or at least very
likely, that the demand will grow rapidly for staff highly qualified in renewable energies. But what means
“highly qualified”? Unfortunately, a comprehensive investigation of likely developments in this specific
labor market is missing, but probably the optimal qualification for most of the jobs is to be specialist in a
specific technology and have furthermore a broad knowledge of energy technology in general and renewable
energies in particular. The following arguments have to be considered thoroughly before coming to a
decision about BSc and/or MSc programs.
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A BSc in renewable energies is especially useful for those students who do not aim at a master degree when
they start their studies, but want to get a job in the field of renewable energies. As long as traditional
engineering curricula of mechanical or electrical engineering do not contain significant shares of new energy
technologies, a BSc in renewable energies is the fastest way to enter the specific fields. The curriculum
should contain, if possible, a general education about renewables and a specialization through some elective
courses and the BSc-thesis.
An MSc in renewable energies is ideal for those students who hold already a general BSc degree in technical
or natural science and intend to specialize further towards renewable energies. These students have already
another broad qualification and can therefore enter a wide field of general jobs, fitting even to their primal
education if the renewable labor market does not develop as (fast as) expected. Another target group are
people who work e.g. in industry already for several years, but find themselves now in a professional “blind
alley” and need an additional timely qualification.
A BSc plus an MSc in renewable energies is easier to implement compared to an MSc with broad access
alone, as one can assume that all students have more or less the same basic knowledge. In this case, the MSc
program should be more specific and focus on one or maximal two renewable technologies. But two
academic degrees in renewable energies might also be an overkill, miss the demand and be a bit more risky
for the students due to their narrow specialization.
From the university’s point of view, the target group of students for an MSc which is based on a BSc in
renewable energies are just the own graduates, whereas the target group for an MSc based on a general
technical degree is much broader. Taking this all into account, three alternatives remain:
1) A “stand-alone” BSc-program, which was not seen to be appropriate for a university
2) A broad BSc-program in renewables, combined with several particular MSc-programs in specific
renewable technologies
3) An MSc-program with broad access of student’s qualification and a specialization through elective
courses and the thesis.
Kassel University decided to implement the third alternative. This fitted furthermore best to the extant
structure with several chairs in different fields of renewable energies and energy efficiency. Furthermore, the
program is then especially attractive for students from other universities, which reduces potential trouble
with colleagues who fear a competition for students.

Fig. 1: Regional distribution of the first degree of students
2005-2011 in the master program “Renewable Energies and
Energy Efficiency” at Kassel University.

3. Arrangement of the MSc-curriculum
BSc programs can start only once a year, as high school education ends usually once a year in the same
season within a country. The season where students graduate is however more or less uniformly distributed.
This is caused by delays in the study program of individual students, but (at least in Germany) also due to
parallel existence of BSc degrees which last 6 or 7 terms. Thus, the program for MSc-degrees should also
start twice a year to avoid long waiting periods for the students. In this case, students start courses in
different terms in different order. This demands a particular arrangement of the curriculum, as the staff is
limited and the same courses can usually not be offered twice a year. Basic and/or mandatory courses might
therefore be split e.g. in a “thermal” and an “electrical” term. As another constraint, basic lectures to a topic
should be scheduled in the same semester as continuative lectures as specified in table 1.
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Tab. 1: Possible distribution of the curriculum with the aim to study two basic terms in both orders. Biomass might be sorted in
both semesters, depending on the main area (e.g. biochemistry or electricity production and grid integration). A general
problem is the allocation of thermodynamics and heat transfer, as this field is helpful as a basis of fluid mechanics and biomass
as well.

“thermal” term
• Thermodynamics and heat transfer
• Solar thermal technology
• Building physics and technical services
• Geothermal technology

“electrical” term
• Electrical and control engineering
• Photovoltaics
• Fluid mechanics, wind and hydro
• Biomass

Fig. 2: Curriculum of the MSc-program “Renewable Energies and Energy Efficiency” at Kassel University. Courses marked
grey are compulsory. Students can enroll for the program either in the winter or in the summer term. One (European) credit
represents an average work load for the students of 30 hrs.

It is for sure easier to arrange the curriculum for only one start of the master program per year. It has to be
discussed properly whether the necessary rearrangement for a second start is possible with reasonable effort.
The students give a positive feed-back on joint classes of 1st and 2nd term students, as this supports
networking between them.
4. Multidisciplinarity and individual course schemes
The master program described is basically open for all students with a technical or natural scientific BSc, cf.
fig. 3. More than half of the students hold a previous degree in mechanical and electrical engineering.
Agricultural engineers had a reasonable share in the early stage of the program, but they enroll only in single
cases meanwhile. Most of the natural scientists are physicists. “Others” encompasses mainly industrial
engineers, who are accounted for 50% as “others” and for 50% as their technical specialization, mostly
mechanical and electrical engineering. The multidisciplinarity reflects the fact, that skills from several
disciplines are necessary for the implementation of renewable energy systems. For the installation of a PV
system one needs e.g. experience regarding the constraints of electrical installations, but also about building
integration and the statics of the building. Utilization of biomass demands skills in agriculture and
biochemistry, but also in mechanical and electrical engineering. The students realize that they have quite
different backgrounds with regards to contents, but also that the experience of their fellow students from
neighboring disciplines can help them to solve their problems. They learn fast to help each other and an
orientation towards teamwork is strongly supported. The multidisciplinarity is a positive characteristic of the
master program, and although most of the students chose at the end a subject for their MSc thesis which is
thematically quite close to their first education, they give an enthusiastic feedback about multidisciplinary
program, this means both, the multidisciplinarity of the teaching staff as well as of the students themselves.
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Fig. 3: Academic origin (left) and sex (right) of students in the master program “Renewable Energies and Energy Efficiency” at
Kassel University since 2005. The average share of female students in technical MSc programs in Germany is around 5 %. In
total 40 students can enroll each term, the number of applicants is much higher.

As the students’ orgins are quite different disciplines, their previous knowledge is quite different as well.
Those who hold a BSc in Mechanical Engineering have usually successfully completed a course in
thermodynamics, whereas electrical and civil engineers usually did not. Mandatory courses like
thermodynamic, heat transfer, fluid dynamics and electrical and control engineering lead to a comparable
basic knowledge of all students who can then follow the same special technical courses. To avoid
unnecessary repetitions, a scheme of individual course guidance measures has been developed. Students have
to undergo a mandatory advisory service with a professor of their choice. Students are advised which
compulsory courses of the program are not necessary to be passed by the students once again due to their
BSc study program, elective courses can be signed up for instead. Furthermore, a study plan is developed in
advance for the entire program and agreed on with a professor. The plan can later be changed, but the
compulsion of the compilation forces the students to structure their course program properly in advance. It
makes furthermore sure that the chosen course program is coherent with the examination regulations.
5. Arrangement of the curriculum
All courses are grouped as basic (thermodynamic etc.), technical (solar technology etc.), non technical
(environmental issues etc.) or laboratories. The students have to collect credits from all groups within given
constraints. So, a multitude of courses offered at the university can be used also for the MSc renewable
energy and energy efficiency.
About 50% of the program consists of mandatory courses, the rest is elective. A list of about 100 unrestricted
approved courses is published and updated each term. Most of these courses are also used in other
(engineering) degree programs. Upon request, the students may choose additional courses offered in other
disciplines of the university. E.g., a course in marine biology might be helpful for a student who aims at a
specialization in offshore windmills, for a PV-specialist it will usually not be useful. In average, the students
collect about 20% more credits than needed, because the abundance of interesting courses motivates them to
register for more than required. At the end, each student finishes the program with a very individual course
scheme, based on his previous degree as well as on his aptitudes. Nevertheless, the level of difficulty is
comparable.
6. Drawbacks and limitations of multidisciplinarity in MSc education
Teachers have to be sure of the same basic or technical knowledge of the students when planning the content
of a course. This causes usually no problems within a given consecutive program, but it cannot be assumed if
students with plenty of different degrees enroll for an MSc program. Additional basic courses are necessary
to ensure a common level e.g. in thermodynamics or control theory. Here, courses can often not be taken
from an existing BSc program, as the didactic of BSc and MSc teaching is different, especially, if the BSc
courses are scheduled in early semesters of their original programs. The demanded additional courses on
MSc-level may therefore require additional teaching capacity. Furthermore, the necessary individual course
schemes for each student cause a lot of additional effort for consultation of the students. Last but not least,
there is a high administrative effort to combine teaching modules from different faculties with different
traditions and administrative rules, at least within the given structure of German universities. Additional staff
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is needed to coordinate the program and to ensure that things run smoothly. Nevertheless, experience has
shown that all these problems can be solved, but the additional effort has to be considered.
But which graduates can be bound together in an engineering-orientated MSc program? In the experience of
the authors, no problems arise if graduates of mechanical or electrical engineering and physics are mixed.
Also the integration of civil, environmental or industrial engineers is usually no problem. Architects and
agricultural engineers show normally a lack of mathematical background, their integration in an engineeringorientated program is often difficult and limited to particularly motivated students. The integration of
graduates from non-technical faculties like economy or law has not been considered at Kassel University yet
and would probably fail.
A fair selection of the students is another problem related with multidisciplinary MSc programs. The
program is very attractive, and the number of applicants exceeds by far the places at university. But as the
students come from quite different universities and disciplines with different cultures of grading, the final
grade cannot be used as only criterion for the admission. Therefore, the effort is high for a fair selection,
which furthermore has to be in accordance with administrative laws.
7. Prerequisites and transferability
Whereas general engineering courses like control engineering etc. can sometimes be used from other
programs, teaching staff for courses with at least 100 additional (European) credits is necessary for a “copy”
of the described program. This includes basis mandatory technical courses as well as sufficient broad range
of courses which offer specializations in the different technologies. Translated to conditions at German
universities (8 contact hours/week), at least four specialized professors are necessary who should be able to
work more or less exclusively for the MSc program. It might be difficult to generate these resources in many
cases due to limited budgets, if the respective specialized teaching staff is not already existent at a university.
8. International student exchange
Globalization and labor market expect more and more education or working experience of graduates in
foreign countries. Also the students are interested in new challenges abroad. But the possibilities for an
international exchange of students are limited especially for MSc programs in renewable energies. The
curricula of such programs are not that standardized compared to e.g. mechanical engineering or physics, and
they last only two or maximal three reading periods. If the students should not miss compulsory courses, one
needs a partner university with a very similar arrangement of the curriculum. And a suitable foreign partner
university is very difficult to identify. An international data base with programs in renewable energies would
help to overcome these problems and would make an education in renewable energies even more attractive
for students.
9. SolarCampus – a multidisciplinary project course
The interdisciplinary project-based student course solarcampus was brought up at Kassel University in 2005.
Main objective of this course is to put students into realistic situations and processes, that are similar to those
appearing in the graduates’ future work and which can’t be taught in the context of lectures and seminars.
In the first phase, photovoltaic systems with a total power of 67 kWp were installed on roofs of different
buildings of the university with the help of more than 100 external investors and without any costs for the
university itself. In the second phase, which was started in 2007, students work out concepts for improving
the energy performance of the university’s building stock. Simplified, solarcampus operates like a firm of
consultant engineers. Client of this “company” is the university. Main objective is to give students enrolled
in the course programme “renewable energies and energy efficiency” the opportunity to practice their
specific knowledge learned in lectures. So they can develop both, technical experience and soft skills for
interdisciplinary teamwork, as both are mandatory in their future working life.
The course is extraordinary successful. The students realize the demands for interdisciplinary knowledge
(different technical disciplines, financial, administrative, …) of a project, and identified already plenty of
very economic energy saving measures. More details can be found in (Vajen et al.2010).
10. Summary and outlook
The conversion of the energy supply systems demand new ways of tertiary education with progressive
profiles of the graduates in almost all countries. A multidisciplinary MSc program on renewable energies and
energy efficiency has been developed at Kassel University. The multidisciplinarity demands the
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implementation of additional courses and student advisory services. At least four relevant professors should
be employed to start such an MSc program. Furthermore, the administrative effort to operate the program is
comparably high, thus additional staff for the coordination is required. Since the program is very attractive
for students, the high number of applicants require restricted admission for the places at university. The feedback of the professors and students on the program is almost entirely positive, but the organization of student
exchanges especially for MSc students is one of the major problems to be solved internationally.
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1. Abstract
The tremendous increase in the renewable energy (RE) sector requires many more people to be educated at
all the various levels in RE and at the level of tertiary education: vocational training and various levels of
university education.
This paper describes the adaptation of the German universities (Universities and Universities of Applied
Sciences) to this change in the society in the recent years.
Until now, there are many more than 100 different graduate and post-graduate disciplines and courses
offered at German universities on all RE and energy efficiency (EE) subjects. Mostly, the courses are in the
German language, but increasingly in English. The increasing level of intensity in RE and EE stems from a
few general subjects up to special Ph.D. programs on solar thermal system designs and optimization, and
wind energy technology.
The disciplines and courses can be categorized into various groups, with a common educational approach.
This paper describes the different approaches and their specialties. Special focus is given to the relevance of
RE and EE to German industry and business.
Examples of typical curricula for the various categories are presented. Finally some lessons learned from the
various approaches are presented and discussed.
Thus, the purpose of this paper is to show an overview of the very diverse situation in Germany. This may
serve as an example for other countries to build up their RE and EE educational systems, to cope with any
forthcoming changes.
2. Introduction
The increased development of renewable energy (RE) is an important focus for German politics and the
economy. RE is now contributing around 10% to German primary energy consumption, with renewable
electricity contributing around 18% to total electricity consumption. In 2009, the total turnover in RE in
Germany was Euro. 16.4 Billion, while the total worldwide investment in RE was around Euro 100 Billion.
Up to 340 000 jobs have been created in Germany in the various sectors of RE by the end of 2009, which
was 160 000 more than at the end of 20041.
In addition to investments in research and development and the promotion of demand through incentive
programs, it is essential to ensure adequate tertiary education for an anticipated skills shortage, due to an
expected increased number of workers in this sector.
The results of a survey conducted by the German Federal Environmental Agency shows that enterprises in
the field of renewable energies have a higher than- average- demand for employees with university degrees.

1

http://www.erneuerbare-energien.de/inhalt/46910/42454/
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“On average, 82 % of people employed in the renewables sector have completed vocational training; nearly
40 % of these have a university degree. The average for all industrial sectors is just below 70 % of people
with vocational qualifications and just below 10 % with a university degree. Among the various technologies
that contribute to the renewable energies are those divisions that are still relatively new and thus serve
development-intensive technologies, which are the most influenced by university graduates. Deep
geothermal plants, using liquid biomass in stationary mode, or the concentration of solar thermal technology
are examples.2”
Tab.: 1: Types of employment in the renewable energy sector (BMU, 2010)

Concerning higher education in RE and EE, German-speaking countries like Germany and Austria are
already far advanced. In these, more than 100 degree courses and further education courses deal with the
subject of renewable energies - ranging from single introductory courses up to programs entirely specialized
in renewable energy. This makes these areas world leaders in RE education..
Until now there is no consistent list of degree courses (cf. Vajen, 2010), though there exist several initiatives
attempting to formulate surveys. The following evaluation is based on two studies conducted by the
“Wissenschaftsladen Bonn (Wila)” in April 2009 and October 2010 (cf. Wila 2009, Wila 2010) and on the
website www.studium-erneuerbare-energien.de.
These compile almost 350 bachelors, masters and diploma programs in the three sources named above. This
seems to be a big number, though, on closer inspection, there appear many programs with only have a very
small rate of RE and EE course - or even none all. Nevertheless, although not all-encompassing, as these are
the only nearly-complete lists available, they have been used for the following analyses.
2.1 Overview of degree program
2.1.1.

Regional distribution of degree programs

The first chart shows the regional distribution of German programs, divided by federal states. In the four
2
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http://www.gws-os.com/discussionpapers/gws-paper09-6.pdf, page 10

largest states - Lower Saxony, North Rhine-Westphalia, Baden-Wuerttemberg and Bavaria - students are
offered around 40 programs, most of them bachelors and masters programs. Diploma courses still exist,
even if they are eventually phased-out or converted gradually. Noteworthy is the great number of masters
degree courses in the field of RE and EE.
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Fig. 1: Survey of all German RE and EE degree programs listed by Wila Bonn and at www.studium-erneuerbare-energien.de

Relative to the population, the two city states of Bremen and Hamburg are in the vanguard, with the greatest
selection of choices, as the following graph shows.
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Fig. 2: Number of RE/EE programs per 1 million inhabitants

Among the territorial states, Thuringia and Saxony offer the most courses per inhabitant. This may possibly
be related to the fact that universities in the eastern part of the Federal Republic of Germany have undergone
a big change during the German reunification – at a time, when the increased demand for education in the
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fields of RE and EE became apparent. They could be possibly be more easily integrated than at West
German universities, with their long-standing and well-established educational structures.
Below, the German bachelors and masters degree programs are analyzed in detail.
2.1.2.

Approaches of Bachelors and Masters degree programs

In effect, most of the listed bachelors and masters degree programs are assigned to the “traditional” degree
programs. These total 160 study courses. For example, Electrical Engineering, Mechanical Engineering,
Building/Supply Engineering and Process Engineering/Chemistry in many instances, now concentrate on RE
and/or EE.

Electrical
Engineering

Mechanical
Engineering
Building/
Supply
Engineering
Process
Engineering/
Chemistry
Architectrure/
Construction
Engineering
Industrial
Engineering

Agriculture/
Bioengineering

Bachelor

Law

0

5

10

15

20

Master

25

30

Fig. 3: Linkage of RE/EE degree program to traditional study courses

It is worth noting that Electrical Engineering, in absolute terms, has the highest number of programs, with
nearly 30 bachelors degrees, while the field of Architecture/Construction Engineering has only six bachelors
and two masters degree programs is still very weak.
This assignment of courses to the traditional disciplines and their relative distributions, also reflects the
different assignations of importance in the field of RE. The discussions of renewable energy still focus
heavily on the area of renewable electricity generation, while the areas of renewable heat or energy
efficiency, especially in the building sector, are only very weakly represented. There would appear to be a an
imbalance here, as these areas have the greatest importance for implementing higher degrees of RE and EE
in the future. Especially the integration of building design and the respective energy systems and its
optimization is still lacking in the degree programs.
Simultaneously a great number of entirely new degree programs were created, emphasizing their
commitment to RE/EE by appropriate designations. In total, there are 90 new courses, although there are a
few studies, under these categories that have already been available for many years. Most frequently,
courses under these categories are listed under the following headings:
 Energy Management
 Energy Systems
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Fig. 4: Newly created RE/EE degree courses and their titles

Energy Management, Energy Systems and Renewable Energies are almost equally distributed, each with
about 15 degree courses as bachelors and masters degrees. This equal distribution also reflects their
importance in rebuilding the energy sector. A focus of degree courses only on the renewable energies would
ignore the reality in the energy market.
Of note, is the low number of degree programs in Energy Economics. This will probably expand in the
future, when issues such as “smart grids” and electric mobility will come to fruition.
Generally, a total of about 250 courses could be assigned to the above-mentioned categories, including 160
“traditional” and 90 “new” studies.
The Wila Bonn, which has listed only 240 degree courses in total, also distinguishes between programs that
offer only an increasing emphasis on RE/EE, and those that are focused entirely on renewable energy.
Among the bachelors, diploma and masters degree courses there are
 180 with increasing emphasis on RE/EE
 60 entirely focused on renewables
This division between an ever-increasing and/or complete realignment show clearly the approach of many
universities in the integration of RE and EE subjects. They prefer to integrate the content of RE and EE into
existing programs and offer new modules within the traditional studies. A straight focus on RE and EE is
only rarely chosen, so it is possible to preserve the applicability of graduates to the traditional areas of
industry.
Moreover, about 60 to 80 per cent of the lectures are concerned with traditional issues such as
Thermodynamics – at least within the technical studies – and there is hardly any difference between
traditional disciplines and re-assignments.
Among the re-assignments, the difference between the eastern and western part of Germany seems apparent:


New Federal States (former East Germany): more than 30% of all courses with RE reference are
completely dedicated to RE



Old Federal States: less than 20 per cent of courses are completely dedicated to RE

It is to be assumed that the times of change during German reunification, were used to create completely new
studies that meet the specific requirements of the RE industry. In the old federal states, these new contents
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were rather integrated into the established traditional courses.
3. Typical Course Structure in RE and EE Education
The following programs for each category are analyzed in detail as examples.
3.1. Bachelors Degree Courses
3.1.1.

Degrees in Electrical Engineering

First, three bachelors programs of the FH Münster (University of Applied Sciences Münster), Technische
Universität Darmstadt (Darmstadt University of Technology) and FH Koblenz (University of Applied
Sciences Koblenz) are presented as examples in Electrical Engineering.
All three programs impart, in the first semesters, the basic principles of electrical engineering and
information technology. Only in the later semesters, students can specialize with the help of elective modules
and/or choosing a major.
At the FH Münster, specialization in "Renewable Energies" is offered as a required subject.. At the FH
Koblenz and the TU Darmstadt, RE / EE are only offered in the elective modules.
In all three programs, modules generally on "Renewable Energy Systems" (2.5 - 5 Credit Points, (CP) 3) are
offered. Two programs deal with “Photovoltaic” (5 CP) and “Wind Energy” (2.5 to 5 CP), one program
beyond that with “Energy Storage Technology"(5 CP). Here, a very large variation of what is considered a
reasonable amount of RE focus is evident. It varies from 25 CP in the compulsory field (Münster) down to
only an offering of elective subjects (TU Darmstadt).
3.1.2.

Degrees in Mechanical Engineering

Also among the Mechanical Engineering, three bachelors degree programs were examined: Beuth
Hochschule Berlin, TU Freiberg and FH Köln.
As well at the traditional Mechanical Engineering, the classic basics are taught in the first semesters.
Specialization is later in the program. At two universities, students have to take compulsory modules, while
at the third RE and EE issues are only offered as elective modules.
All analyzed programs offer “Wind Energy” (2 to 3 CP), two universities offer “Bioenergy” (5 to 6 CP),
“Hydropower” (2 to 3 CP) and “Solar Energy” (2.5 to 3 CP). Only at one place, there are modules dealing
with “Renewable Power Plants” (6 CP) and “Combined Heat and Power” (4 CP).
Similar to the Electrical Engineering, the Mechanical Engineering shows the bandwidth, both in content and
in scope, considered to be called as “deepening of RE”: from around 15% (30 of 210 CP) in Berlin down to
an elective share of only 7% (15 of 212 CP) in Freiberg. Noticeable, is the larger variety of topics compared
to Electrical Engineering.
3.1.3.

Degrees in for Building Service Engineering/Supply Engineering

Three bachelors degree programs for Building Service Engineering/Supply Engineering of FH Trier, FH
Erfurt und FH Rosenheim were analyzed in detail.
Here also, the classic basics are taught in the first semesters with the chance to specialize in later semesters.
At two universities, students have to take compulsory modules, while at the third RE and EE issues are only
offered at elective modules.
All three programs deal with “Renewable Energies“ as a general module (2 to 5 CP), but only one
university offers a special module for “Solar Thermal Energy” (2 CP).
3.1.4.
3
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“New” Degree Programs in RE and EE

CP means Credit Point: one CP is a work load of 25 to 30 hours work for a student. Typical courses have 2 to 5 CP.

The "new" programs are designed strongly aimed at
curriculum. As an example, three studies are presented.

RE/EE and do not adhere much to the classical

3.1.4.1. FH Stralsund: Renewable Energies – Electro Energy Systems
Compulsory modules (RE): 21 CP out of 180 CP


Introduction into Renewable Energy Technics

(2 CP)



Renewable Energy Storage

(2 CP)



Hydrogen Technology

(4 CP)



Renewable Energy Converters I

(4 CP)



Renewable Energy Converters II

(5 CP)



Basics of Renewable Energy Systems

(2 CP)



Renewable Energy Systems – Laboratory

(2 CP)

3.1.4.2. FH Heilbronn – Energy Management
Compulsory modules (RE/EE): 12 CP out of 210 CP


Electrical Energy Technics/Combined Heat and Power

(2 CP)



Bioenergy, Geothermal Energy, Solar Thermal Energy

(2 CP)



Photovoltaic, Wind Energy

(2 CP)



Local Energy Systems

(2 CP)



Optimization of Energy Supply

(2 CP)



Environmental Economics and Environmental Management (2 CP)

3.1.4.3. FH Trier – Energy Engineering – Renewable and Efficient Energy Systems
Compulsory modules (RE/EE): 25 CP out of 210 CP


Renewable Energy Systems I: Solar Thermal Energy

(5 CP)



Renewable Energy Systems II: Biomass

(5 CP)



Renewable Energy Systems III: Photovoltaic, Wind Energy (5 CP)



Efficient Energy Systems I: Heat Pumps

(5 CP)



Efficient Energy Systems II: Combined Heat and Power

(5 CP)

For these new courses, subjects from different disciplines are combined and even non-technical subjects are
integrated to a larger extent. The share of pure RE/EE subjects in these new programs is much higher. But it
has to be noted that, even in these focused new degree programs, around 80% of the subjects are “classical”
study courses. This is valid for nearly all degree programs in Germany. The reason for this is that although
RE and EE do contain new subjects, the basics of engineering are the same and should not be neglected in
the degree program, to ensure a sound tertiary education.
3.2. Masters Degree Courses
The masters degree courses are much more specialized in renewable energy or energy management than the
bachelor programs. As an example two universities and their masters degree courses are presented here.
3.2.1. Renewable Building System Technology at the University of Applied Sciences MagdeburgStendal
This innovative master degree program focuses on the integration of renewable energies technologies (solar,
heat pumps, passive solar, etc.) and energy efficient technologies into the building design. The special focus
is on system analysis, optimization and integration. To achieve this integration 30% of all courses are taught
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in conjunction with the master degree program “Energy Efficient Construction of Buildings” from the civil
engineering department. This close cooperation among departments is innovative and necessary to overcome
the classical “communication problem” between the different disciplines.

3.2.2.

Renewable Energies Masters Degree Courses at the University of Kassel

Four different post-graduate education programs on renewable energies are offered at Kassel University. The
table shows an overview of the education programs.
Tab. 2: Overview of the post-graduate programs at Kassel University

Renewable energy
and energy efficiency

Renewable energy
and energy efficiency
for the MENA
Region

European Master in
Renewable Energy

Energy and
Environment

Degree

Master of Science

Master of Science

Master of Science

Certificate(s)

Duration

18 months

21 months

16 months

6 to 12 months

Start date

April and October

July

September
October

Languages

German

English

English,
Spanish

Tuition Fee

Free

≈ 10.000 €/program

≈
7.300..11.500
€/program

900..2.300
€/Module

Website

www.energie.unikassel.de

www.unikassel.de/remena

www.master.eurec.be

www.unikassel.de/e+u

or

October

French,

German

The interdisciplinary master’s program “Renewable Energies and Energy Efficiency” has been offered at
Kassel University (Germany) since 2005. The masters program is directed to students with a bachelor or
comparable degree in technical or natural sciences or in, for example, environmental engineering. The
arrangement of the curriculum allows the students to choose from more than 100 courses in renewable
energies at the master’s level. 80 students can enroll per year, but many more apply for the program. Detailed
information about the master’s program is given in (Vajen et. al. 2011) and on the website www.energie.unikassel.de.
The bicultural master’s program “Renewable Energy and Energy Efficiency for the MENA Region” has been
offered at Cairo University (Egypt) and Kassel University, since 2009. The master’s program is addressed to
young professionals with working experience. The program starts each year in July in Cairo and consists of
three parts: Seven months at Cairo University, six months at Kassel University and approximately an eightmonth internship in the MENA region4 for the master’s thesis. At present, nine students have successfully
completed their studies.
The international master’s program “European Master in Renewable Energies” is organized by the European
Renewable Energy Centers (EUREC) and is hosted by nine Universities. The program has a total duration of
16 months and consists of three parts: a core phase (Sep. / Oct. to Jan.), a specialization phase (Feb. to June)
and a project phase (Jul. to Dec.). During the program, the students are guaranteed to spend time in at least
two different European countries. Kassel University has been part of the master’s program since the
beginning (2002) and offers the specialization module “hybrid systems”.
The further education program “Energy and Environment” has been offered at Kassel University since 1982.
The target groups are employed engineers, natural scientists and technicians. Therefore, all lessons are given
4
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Countries in the Middle East North Africa (MENA)

at weekends. The program has a modular structure and at the end of the modules the participants are award a
certificate. At present, five modules are offered: rational use of energy (15 weekends), energy consultant for
buildings (nine weekends), energy consultant for non-residential buildings (two weekends), construction
planner renewable energies (five weekends) and construction planner wind energy (six weekends).
4. Teaching Language
The following list gives an overview of the degree courses having English titles. Most of them probably
include some English-taught modules, but only very few are entirely taught in English language, like in
Kassel. Unfortunately there is no overview about degree programs with English as the teaching language
available. To develop and implement English RE and EE degree programs in Germany is seen as one of the
future development aims of the universities, as they do have already well-established German language
degree programs. But one challenge is that not every lecturer in Germany is happy to teach in English and
the existing workload of them is already quite high due to the limit number of lectures in these subjects.
Tab. 3: Degree courses with English titles

BTU Cottbus
BTU Cottbus
BTU Cottbus
Business and Information Technology School, Iserlohn
FH Aachen
FH Amberg-Weiden
FH Bremerhaven
FH Darmstadt
FH Erfurt
FH Kiel / FH Flensburg
FH Nordhausen
FH Offenburg
FH Offenburg
FH Offenburg
FH Oldenburg / Ostfriesland / Wilhelmshaven
FH Oldenburg / Ostfriesland / Wilhelmshaven
FH Oldenburg / Ostfriesland / Wilhelmshaven
FH Ostwestfalen-Lippe
FH Stuttgart / FH Ulm / FH Rottenburg
FH Trier (Birkenfeld)
HAW Hamburg
HAW Hamburg
Leuphana Universität Lüneburg
TU Berlin
TU Berlin
TU München
Universität Bayreuth
Universität Bayreuth
Universität Bayreuth
Universität Bayreuth
Universität Flensburg
Universität Freiburg
Universität Freiburg

Electrical Power Engineering (Sustainable Energy Supply)
Environmental and Resource Management
Power Engineering
Green Business Management
Energy Systems, Sustainable Energy Systems & Energy
Economics
Environmental Engineering
Process Engineering & Energy Technology (PEET)
Electrical Engineering
Renewable Energy Design
Wind Engineering
Systems Engineering
Energy Economics
European Energy Economics (EEE)
Master Studium Energy Conversion and Management
(ECM)
Engineering Physics
Environmental Technology and Management
Technical Management
Environnemental Sciences
Sustainable Energy Competence (SENCE)
International Material Flow Management
Environmental Engineering
Renewable Energy Systems
Sustainability Sciences
Global Production Engineering (GPE) for Solar
Technology
Renewable Energy Systems
ClimaDesign
Biotechnology and Process Engineering
Engineering Science
Engineering Science and Technology
Internationales Elite Master Studium Global Change
Ecology
Internationales Master Studium Energy and Environmental
Management
Photovoltaics
Renewable Energy Management
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Universität Hannover
Universität Kassel
Universität Kiel
Universität Oldenburg
Universität Oldenburg
Universität Oldenburg / Universität Kassel
Universität Oldenburg / Universität Kassel
Universität Stuttgart
Universität Ulm
Universität Weimar

Water Resources and Environmental Management
Renewable Energies and Energy Efficiency
Materials Science and Engineering
Postgraduate Programme Renewable Energy
Sustainability
Economics
and
Management,
Spezialisierung Erneuerbare Energien
EUREC - European Master in Renewable Energy
EUREC - European Master in Renewable Energy
Water Resources Engineering and Management
Energy Science and Technology
Environmental Engineering and Management

5. Internship and collaboration with industry in degree programs
Intensive collaboration with local industry is an integral part of German engineering tertiary education since
a long time. Especially the so called “dual” degree programs, where students receive a bachelor’s degree and
a vocational training degree, based on close cooperation. Here the students are spending around one third of
their time in industry and the rest at the university. This kind of dual program is usually one year longer than
a regular bachelor’s degree program at Universities of Applied Sciences. It is highly demanding on the
students, but ensures high quality bachelor’s degrees. Therefore, only the best students are recommended to
join this dual degree program.
In the usual bachelor’s program 20 weeks, and/ or six months internship in industry are mostly required at
Universities before the first two years are finished, in the Universities of Applied Sciences, often as an
integral part in the third year at University. Through this linkage, a clear additional focus to the education is
given and it ensures that the student is orienting his further education towards the needs of industry as well.
Close cooperation among universities and local industry is fostered through guest lectures by industry and
through research activities. Additionally, bachelor’s and master’s degree theses, at least at the level of
Universities of Applied Sciences, are written either directly in - or in very close cooperation with - industry
Master’s theses at Universities are much more often written at the university itself or at research institutes,
also, often in close cooperation with industry.
This approach of technical tertiary education in German speaking countries has contributed to its strength
and to a very close exchange with industry. As the companies in RE and EE are often SMEs, (Small and
Medium size Enterprises), their willingness for cooperation with local universities is very high and keenly
sought.
If regional clusters of industry exist, cooperation with any such groups is even more effective and
universities are playing an important role here. As one such example is the “Solar Valley Mitteldeutschland
e.V.” for solar industry or the “CEwind e.G.” in Northern Germany, on wind industry.
To strengthen the cooperation further, formation and construction of a data-base about RE and EE industry
and their needs, as well about capabilities and specialist knowledge at Universities, would help to improve
this collaboration further (K. Vajen).
6. Conclusions
More than 100 universities in Germany already offer degree courses’ with increasing emphasis on renewable
energy or energy efficiency. The Universities of Applied Sciences, compared to most Technical Universities,
have already oriented their aims much more towards this new study subject. The new federal states of
Germany (former East Germany) have adopted the subjects much more than the older federal states (former
West Germany). Here the subjects are mainly integrated in already-existing engineering programs, and, even
now, more than 60 degree programs are having a clear focus on RE or EE subjects. The RE and EE
bachelor’s or master’s degree courses are mainly in engineering subjects (mechanical/electrical), while
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architecture and civil engineering subjects have not yet entered the renewable energy degree programs,
neither on the level of bachelor’s nor master’s degrees. Thus, non-technical RE degree courses hardly exist
as yet.
Although almost all of the degree courses are offered in the German language, a small number offer partial
or complete degree programs in English.. With its experience in the RE field, it might be a good opportunity
for German- speaking Universities to broaden their degree program to encompass English as well.
The strength of the German degree program is their close cooperation and linkage with local industry - even
sometimes with industry groups. Internships are often mandatory for at least 20 weeks, featuring guest
lectures from industry and some practical exercises. The fact that bachelor’s and master’s theses presented
at Universities of Applied Sciences, are very often written, either directly in industrial companies or in close
cooperation therein, ensures the relevance of their theses to the needs of industrial research objectives. In
addition, once the students have graduated, they can find an interesting job offer, concomitant with their
acquired knowledge and skills. As many companies in RE and EE are small or medium- sized industries,
even development and applied research flourishes much more in close cooperation with Universities than in
other fields of industrial cooperation. It seems, that the University of Applied Sciences tends to cooperate
more with smaller industries, while Technical Universities have major research programs and have closer
collaboration with national personalities and international companies.
While the tertiary educational system in Germany has adapted to the new energy situation, some major issues
are still pending:


Non-technical degree programs have not yet focused on RE or EE issues



Architecture and civil engineering have not focused on RE and EE aspects and have not yet
anticipated the needs of the market, especially the integration of building design and energy system
and its optimization is still lacking in the educational approaches.



Coordinated collaboration between universities and industry is still hampered by the non-existence
of a data base.



The existing databases on RE and EE study degree programs in Germany do not allow for a better
overview or for a more detailed evaluation of the specialization and the degree of penetration in the
various subjects. Finally, it is recommended to establish a more detailed database of existing degree
programs and their specialty, to allow a better overview for students and for the industry, outlining
the knowledge offered and the extent of what specialization in the individual subjects is to be
proffered.
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1. Abstract
The International Renewable Energy Alliance (REN-A), in collaboration with the United Nations
International Labour Organization (UN-ILO) recently completed a report on skill needs for renewable energy
to help direct further support for training programs and policies worldwide. ISES developed the solar energy
component which included a description of the multi-tiered nature of the solar workforce; the solar industry
growth and the implications for workforce development in different parts of the world; how people are
developing the needed skills to fill these jobs and how training varies across countries; and recommendations
for improving the workforce. Findings for the solar sector are based primarily on reviews of existing
assessments, supplemented with results from interviews and/or surveys from training providers, businesses,
and associations. This paper draws from the REN-A/UN-ILO effort, highlighting the key recommendations
for accelerating the development of a growing qualified solar workforce.
The solar sector workforce includes jobs mainly in manufacturing and installation for all aspects of active
solar, with some variation in the skills required for dealing with small and large scale PV, solar thermal, and
large scale solar thermal or concentrating solar thermal (CSP). Architecture is the primary passive solar job
category, yet architecture and building fields also include active solar technologies. For all solar businesses,
there are related jobs in site selection analyses, engineering and design, sales, marketing, business
development, management, and other general administrative activities. As the solar energy sector continues
to grow, so too will the need for comprehensive multi-tiered workforce development and quality training for
that workforce.
The solar industry has recorded unprecedented growth over the last few years and this has resulted in
considerable growth in jobs. Given rapidly rising interest in solar energy alternatives and expected
production growth, future years may well see worldwide employment soar—to possibly as high as 6.3
million jobs in solar PV alone by 2030. Government policies, investments, and consumer demand are key to
driving and supporting job creation in solar energy. Favourable policies and investments are leading to more
product development and use, and a commensurate increase in demand for skilled jobs. Access to clean
renewable energy in remote, developing areas is becoming a direct driving force for products, and for skilled
workforce development to install and maintain them.
The needs for skilled workers are being addressed mainly by organizations dedicated to training aimed at one
or more core occupations and by academic institutions providing various levels of educational opportunities
for solar professionals be they highly skilled installers, researchers, engineers, or other technical workers. In
addition, some corporations are providing in-house training, primarily for people responsible for various
aspects of installation. Skills development varies from country to country: some countries have a variety of
institutions offering courses and certifications; while other countries are only starting to see the emergence of
training and educational institutions beginning to offer specialized training.
The lack of high quality standards in installation and manufacturing that are applicable across countries is a
major concern recognized for all parts of the sector. There is a crucial need for qualification schemes across
countries to guarantee product manufacturing and installation processes are of highest quality regardless of
where the products are made and the installations take place.

2. Multi-Tiered Solar Workforce
2.1 Scope
Solar energy, derived from the sun’s visible light, has been harnessed by humans since ancient times using a
range of ever-evolving technologies. Only a very tiny fraction of available solar energy is used. In addition
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to solar electricity, a partial list of other solar applications includes space heating and cooling through active
technologies and passive solar architecture, potable water via distillation and disinfection, day lighting, solar
hot water, solar cooking, and high temperature process heat for industrial applications. Solar technologies are
broadly characterized as either passive solar or active solar depending on the way they capture, convert and
distribute solar energy. Active solar refers to the use of photovoltaic panels and solar thermal collectors to
harness the sun’s energy. Passive solar include techniques mainly focus on orienting a building to the sun,
selecting materials with favourable thermal mass or light dispersing properties, and designing spaces that
circulate air naturally.
The active solar energy business sector is composed mainly of photovoltaic and solar thermal with
applications ranging from individual small-scale installations to large-scale utility applications. Passive solar
design also is considered as part of the solar energy business sector. The solar sector workforce includes
jobs mainly in manufacturing and installation for active and architecture for passive, plus related jobs in site
selection analyses, engineering and design, sales, marketing, business development, management, and other
general administrative activities. As the solar energy sector continues to grow, so too will the need for
comprehensive multi-tiered workforce development and quality training for that workforce.
2.2 Value chains
For the active solar side, which deals mainly with production and installation of PV and solar thermal, there
are distinct segments of the value chain, starting from the manufacturing of equipment and module
production all the way to the installation and operation. Among them are also activities that span the whole
lifecycle such as consulting, testing and financing as well as publishing and training. The main aspects of the
manufacturing process are acquisition of raw materials, and manufacturing of cells, modules, mounting and
tracking systems, and various related electrical components. Services include project development,
wholesale distribution, design, engineering, construction and maintenance.
Passive solar technologies can often also incorporate active PV and solar thermal products. Also, as with the
active solar value chain, the passive solar includes the general components of financing, consulting and
testing.
As in any business endeavour, all of the solar sector businesses rely on strong support in sales, marketing,
business development, management, human resource development, and other administrative activities. All
of these major aspects of the value chains for the solar sector are summarized in the following figure.
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Fig. 1.

Solar value chains and jobs

The spectrum of skills required in the solar sector is extensive, ranging from PhD level professionals in R&D
to “green” collar technicians requiring specialized training and certification, to a wide variety of types of job
responsible for supporting all aspects of the solar industry. These jobs span a wide array of skills, educational
backgrounds, and occupational profiles. Even for new industries like solar, there is still need for the more
general jobs associated with any business. For many of the technical jobs, special training is needed. For all
of the directly related solar energy industry jobs, some level of understanding of the value and complexity of
the solar energy technologies and business climate are useful.
The following provides a sense of the scope of jobs currently in the solar sector. The following code
regarding skill level is used:
H = High skilled – Professional / managerial; M = Medium skilled – Technician / Skilled Manual /
Supervisory; L = Low – Semi-skilled and Unskilled
Jobs in the cross-cutting enabling activities are not specific to solar. Jobs in the other categories are more
directly related to the solar industry. Workers in these areas can be directly trained in solar or can be people
who have been retrained or further trained to work in the solar sector.
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Tab. 1
Equipment
Design)

Manufacture

(Including

Occupations in the solar energy sector

Construction and Installation

Operation and Maintenance

R&D/DESIGN

PLANNING/DESIGN

O&M

Manufacturing Specialists (H,M)

Architects (H)

Engineers (H)

R&D Chemists, Physicists, Engineers (H)

Project Designers & Managers (H)

Recycling Specialists (H)

Building Systems Specialists (H)

Resource Assessment Specialists (H)

QA Specialists (H,M)

Modellers (H)

CONSTRUCTION/INSTALLATION/QA/QC

Maintenance Workers (L)

QA/QC

Site, Project and Installation Evaluators (H,M)

Maintenance Specialists (M)

Manufacturing Quality Assurance Experts
(H,M)

Project Managers (H)

Electricians Specializing in Solar
(M)

MARKETING/SALES/DELIVERY
Equipment Transporters (L)

Construction Professionals (H,M,L)
Installers (M)

Plumbers Specializing in Solar (M)

Electricians specializing in Solar (M)

Marketing Specialists (M,H)

Plumbers Specializing in Solar (M)

Sales Personnel (M<H)

Roofers Specializing in Solar (M)

PRODUCTION

Welders (M)

Assembly line workers (L,M)

Pipe Fitters (M)

Managers (M,H)

Sales Reps Trained in Solar (H,M)

Cross-Cutting/Enabling
Educators &Trainers (H)
Atmospheric Scientists & Meteorologists (H)
General Marketing, Business Developers (H,M)
Human Resource Developers, Administrators, Office Managers (H,M,L)
Publishers and Science Writers (H,M)
Software Engineers (H,M)
Lawyers, Government Program Developers/Facilitators (H,M)
Society and Trade Association Leads and Staff (H, M,L)

In terms of further breakdown into jobs that are related to small and large scale PV (SPV,LPV), solar thermal
(ST), concentrating solar (CSP), and passive solar (PS) jobs, the following generalizations can be made:
•

Equipment Manufacture – All jobs apply to SPV, LPV, ST, CSP

•

Operation and Maintenance– All jobs apply to SPV, LPV, ST, CSP

•

Cross-cutting Enabling – All jobs apply to SPV, LPV, ST, CSP, PS

•

Construction and Installation –


Architects (H) – PS, SPV, LPV, ST



Project Designers & Managers (H) – SPV, LPV, ST, CSP



Resource Assessment Specialists (H) - SPV, LPV, ST, CSP



Site, Project and Installation Evaluators (H,M) - SPV, LPV, ST, CSP, PS
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Construction Professionals (H,M,L) - SPV, LPV, ST, CSP, PS



Installers (M) – SPV, ST



Electricians specializing in Solar (M) – SPV, LPV



Plumbers Specializing in Solar (M) -- ST



Roofers Specializing in Solar (M) – SPV, ST



Welders (M) -- CSP



Pipe Fitters (M) -- CSP



Sales Reps Trained in Solar (H,M) – SPV, LPV, ST

3. Workforce Needs Across Countries
3.1 Job Creation and Solar Sector Growth
Recent trends reflect strong growth and investment across the solar sector. Grid-connected solar PV has
grown by an average of 60 percent every year for the past decade, increasing 100-fold since 2000. During
the past five years from 2005 to 2009, solar hot water grew by 19 percent annually. (Renewable Energy
Policy Network for the 21st Century). All indications show this growth will continue, as saturation has yet to
be reached in any area. As the solar energy sector continues to grow, so too will the need for comprehensive
multi-tiered workforce development and quality training for that workforce.
Recent trends in supply and demand worldwide, illustrated in the figure below, show an imbalance between
countries producing products and countries demanding them. This is particularly the case for PV systems
where the increase in demand for PV is occurring in one set of countries and the increase in supply of PV is
occurring in a different set of countries. While this imbalance has implications for manufacturing jobs,
installation of equipment in a particular country typically draws from the workforce in that country.

Rest of
the World

(Source: Navigant Consulting, 2009) Navigant Consulting, Inc. PV Services Program
http://www.navigant.com/industries/energy/renewable_energy/solar_services_program/
Fig. 2

Supply and demand, 2009

Solar sector changes are happening at a rapid pace and this has implications for the workforce. The solar
industry today is different than what it was just a year ago. Some countries are experiencing pockets of
exponential growth while other areas within the same country are showing much slower growth. For
example, in the US, state-wide efforts to increase the use of solar power vary considerably. As a result, some
areas of high demand do not have adequate numbers of qualified installers.
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On the production side, there will continue to be a push for more R&D and qualified staff in production
development. This in turn will underscore the need for commensurate professional education.
3.2 Building the Workforce
Employment in the solar energy sector will be affected in several key ways as the world moves toward a
more renewable energy based economy. Some jobs will be substituted as the shift from fossil fuels to solar
energy takes place and many existing jobs (e.g., especially vocations such as plumbers, electricians, metal
workers, and construction workers) will be transformed and redefined as day-to-day skill sets, work methods,
and profiles shift with the new solar specific tasks and general workplace operations in the solar sector.
Rapid growth in jobs directly related to the solar industry illustrates that the transition is well underway, with
over 2 million jobs in the industry in 2006 and many more today.
Tab. 2

Job Estimates for the world and for several selected countries

**

The worldwide numbers were derived under the assumption that Japan’s PV industry employs roughly as many people as
Germany’s PV industry. Source: UNEP 2008 Green Jobs.

These figures underestimate the current situation as the quality of employment figures varies from country to
country. Plus, many jobs indirectly related to the industry are not included in these statistics
(UNEP/ILO/IOE/ITUC. 2008).
A striking increase in estimates is noted in the newly released "National Solar Jobs Census 2010: A Review
of the U.S. Solar Workforce" which identified more than 16,700 solar employment sites and 93,000 solar
jobs in all 50 states. Additionally, the report found that solar employers expect to increase the number of
solar workers by 26 percent, representing nearly 24,000 net new jobs by August 2011
(http://www.seia.org/cs/news_detail?pressrelease.id=1074).
Growth of the solar industry is creating high-skilled to low-skilled jobs in areas specialized on solar energy
as well as in general job categories. For example, high-wage, skilled jobs are growing throughout a number
of countries for individuals with many different types of training. R&D groups at national laboratories,
universities, and private companies develop and continually improve solar products to lower their costs and
improve their reliability. Individuals employed in solar R&D generally have professional degrees in
electrical, mechanical, and chemical engineering; materials science, and/or physics. Many of the people
involved with technologies that are still under development focus on R&D.
As each technology progresses from the R&D phase toward full-scale commercialization, an increasing
number of both professional and skilled workers are needed to sell, manufacture, design, install, and
maintain equipment. The PV and solar hot water industries currently employ the majority of these workers,
including electricians, engineers, technicians, and technical managers. Utility-scale concentrating solar
power technologies also require an increasing number of these workers, as well as engineers and construction
workers to design and build power plants. The passive solar industry involves many of the general
professions as well, and also employs architects and builders.
A US Solar Jobs Census 2010 (http://www.thesolarfoundation.org/research/national-solar-jobs-census) has
been recently released. The following five occupations are expected to grow the fastest over the next year:
•

Photovoltaic installers (51-66% growth)
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•

Electricians with specific experience in solar installations (42-55% growth)

•

Sales occupations at wholesale trade firms (40-49% growth)

•

Sales representatives or estimators at installation firms (39-47% growth)

•

Roofers with specific experience in solar installations (36-49% growth)

The range of skill sets that have been identified include electrical and construction skills and experience,
customer service skills, and a baseline understanding of solar power.
Given rapidly rising interest in solar energy alternatives, future years may well see worldwide employment
soar—possibly as high as 6.3 million in PV by 2030. Projections for individual countries all indicate strong
potential for large job creation in coming years and decades. Installations and maintenance of solar PV and
solar thermal systems in particular offer tremendous job growth (UNEP/ILO/IOE/ITUC, 2008).
China’s employment numbers, for example, are particularly high because the country continues to rely on
large numbers of relatively low paid workers. This is in contrast with the fewer higher paid workers found in
Western industrialized countries.
Kenya, another example, has one of the largest and most dynamic solar markets in the developing world. In
Nairobi, the Kibera Community Youth Program initiated a simple solar PV assembly project, providing
young people with employment and engendering considerable interest in emulating the success story in
neighbouring countries. In Bangladesh, Grameen Shakti microloans have helped to install more than 100,000
solar home systems in rural communities in a few years, with a goal of 1 million by 2015. Grameen is
training local youth and women as certified solar technicians and as repair and maintenance specialists,
hoping to create some 100,000 jobs (UNEP/ILO/IOE/ITUC, 2008).
3.3 Drivers of change
Many factors are influencing change in the sector and these are resulting in challenges and opportunities for
workforce development. Among the most important ones, are the following drivers: favourable policies,
investment environment, technology maturity and scale-up, consumer demand, access to low-cost capital,
resource availability, R&D breakthroughs, public acceptance, utility acceptance, supportive infrastructure,
globalization, gender empowerment, local and community action, urban planning, building design,
transportation planning, land use planning, consumptions patterns, materials use, and energy efficiency.
There are many interconnections among all of these factors. Policies, investments, and consumer demand
are among the key factors generally considered to be major drivers. The increase in demand for products and
their installations is resulting in a growing sector. However, this sector growth is resulting in a growing need
for qualified workforce to accommodate the demands for more solar products and services.

4 Addressing skill shortages
4.1 Shortages
As the industry grows, the need for a skilled workforce grows and the need for specialized training grows.
The occupations that are harder to fill are those that require the more specialized training. Shortages are
occurring mainly where demand is increasing rapidly and cannot be supplied quickly because substantial
training is required. In addition, more emphasis is being placed on creating a system of certifications that
more explicitly guarantee the trainees are appropriately qualified, and remain so.
In the solar thermal and PV areas qualified people are needed to do installations. In general there is a
growing gap between the demand for installations and the skilled labour to do the work. In the
manufacturing sector there is not such a shortage of workers. This is due in part to the fact that most of these
manufacturing assembly line jobs are undertaken by general operatives, rather than by specialized workers.
Much solar workforce development activity, both PV and thermal, is focusing now on installation training
and commensurate inspections. Part of this has been motivated by problems (i.e., malfunctioning systems)
with installed PV and solar thermal systems. In addition to training, various systems of inspection also have
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been introduced to assure the design and quality of installations, and in some cases there are requirements for
permits that have the same objective. To make sure that these checks and balances are properly in place,
building inspectors must also be trained in solar installations in order to be able to properly spot errors in the
plans associated with obtaining the permits and/or the faulty installations.
Other areas where problems have been encountered include sales, site assessment and estimation of project
costs. These three functions are closely related and involve the early interaction between the installation
contractor and the customer. Improperly performed site assessment and/or project cost estimating can have
serious financial consequences for the contractor, customer or both. These potential problems can often be
avoided through training programs that specifically target marketing and sales personnel, site assessors,
licensed contractors, architectural and engineering firms, managers and facilities personnel.
Related to this is the need for people working in all of the installation related areas to understand the safety
risks, good design, and aesthetics associated with systems. Not only is it important for people to acquire
specialized skills and understanding of these aspects. It also is important that people in related fields such as
HVAC, engineering and architecture have adequate quality knowledge of solar technologies.
4.2 Training Opportunities
The resources available for training and education opportunities vary greatly by region and country. Those
regions and countries with the greatest market penetration of solar energy technologies have the highest
numbers of skilled workers in the solar professions along with well-established educational structures to
meet the growing market demands. Examples include Germany and Austria, where a wide range of highly
skilled workers from installers and operators to researchers and scientists create a wealth of human resources
to strengthen and grow the sector. Also these countries offer well-established training and educational
programmes, especially apprenticeship programmes for installers and other highly skilled hands-on
professions. For example, Austria has a comprehensive training and education system in place at all levels;
solar energy is prominent in classes from secondary school education to university, as well as through other
professional courses particularly for the solar thermal sector.
Those countries with emerging solar markets are creating the educational and training structures to train and
re-train a growing workforce to meet the demands of the markets. This includes retraining workers in certain
“blue collar” professions like plumbers and electricians in the particulars of solar energy technologies.
The least developed countries are unique in that training programmes are being offered more and more to
educate local people in the use and installation of solar technologies, especially at the rural level where solar
energy is bringing energy to “off-grid” communities. Training and education in solar technologies
installation and maintenance are key to any solar rural electrification programme. However, there are still
large knowledge gaps to overcome, as well as shortage of highly skilled workers to plan and implement a full
spectrum of projects and develop a strong industry.
One example of a country in the early stages of providing specialized training is Uganda. In this country, the
demand for in-country specialized training is emerging. Uganda Martyrs University does offer Bachelor of
Environmental Design, a Graduate Diploma in Environmental Design, a Master of Environment Design and,
most recently, a few short courses in renewable energy. The university is planning to expand its offerings to
address the needs. The Faculty of technology at the Makerere University also offers a master degree program
in Renewable energy. This program was developed with input from both local and international stakeholders
and trains students on the use of renewable energy including appropriate technology such as solar lamps that
replace traditional kerosene lamps.
In general, according to training providers, the most notable shifts in curriculum include more specific
offerings on safety and related regulations. This is based on the universal demand for high quality products
and installations for all of the solar sector activities.
Many training providers rely on partnering with other organizations that are active in policy and/or other
areas not traditionally covered in training programs. Providers also rely on their networks of advisers and
participation in various conferences and tradeshows to keep up to date with changing workforce needs. Some
also license their curriculum to academic institutions and partner with businesses and other non-profits
seeking to employ or help in training qualified professionals.
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Due to the variations in the sector and differences among regions, even within countries, such as the US
where the labour and training resources vary from state to state, it is difficult to make a global assessment of
resources and deployment. It is clear though that those countries and regions with ambitious renewable
energy targets must include workforce development training and education where stakeholders, including
industry, research, education and training institutions and labour organisations participate, in supportive
policy frameworks to meet growing market demands.

4.3 Ensuring Effective Programs
Care should be exercised in promoting programs for which there is no market demand. The best approach is
to design programs that provide add-on skills to existing trades and professions until market demand reaches
the point of justifying specialized programs. Training should be concentrated in areas where there is at least
a reasonable prospect that the skills will be used. REN Alliance argue that new credentials should be
introduced to keep pace with an expanding and changing market and workforce, but these credentialing
schemes, which drive training demand, should be designed according to international guidelines.
One unfortunate outcome of the increasing need for qualified installers is the rise in training organizations
that are not adequately qualified themselves. In the US, the US Dept of Energy is trying to address this
growing problem through the Solar Instructor Training Network.1 This program promotes high-quality
training in the installation of solar technologies. Nine regional resource and training providers support the
professional development of trainers and instructors of solar photovoltaic (PV) and solar heating and cooling
(SHC) technologies across the country. The goals of Solar Instructor Training are to accelerate market
adoption of solar technologies by ensuring that high-quality installations are standard and to create
sustainable jobs within the solar installation industry. The Solar Instructor Training Network was launched
in October 2009 to address a critical need for high-quality, local, and accessible training in solar system
design, installation, sales, and inspection. Solar Instructor Training is a 5-year effort intended to create a
geographic blanket of training opportunities in solar installation across the United States.
In terms of addressing the need for standards across countries, the Institute for Sustainable Power (ISP) has
been promoting this important initiative.2 ISP is a non-profit organization, incorporated in 1996, to
coordinate, develop, and maintain international standards for the education and qualification of renewable
energy, energy efficiency, and distributed generation providers. Organizations accredited by the ISP
Regional Licensees, and individuals certified, attest that they have the skills and resources to deliver highquality training covering the skills and competency requirements of specific renewable energy, energy
efficiency and distributed generation trades. This type of effort clearly needs to be well-recognized and
accepted worldwide in order for a true global standard to be developed effectively and used extensively.

5. Recommendations
The demand for a workforce to accommodate the rapid growth in the solar sector is strong. However, more
and more attention is being paid to producing highest quality products and services. Of particular concern is
the training of installers, and the proper training of those training them. Similarly the professionals tasked
with evaluating the work of the installers and other related activities also need to be properly educated for
their tasks.
Development of comprehensive universal standards for accrediting/certifying core occupations, in particular
for PV and solar thermal installers is needed. These standards need to cover all safety and design factors. In
addition, standards need to be in place for certifying the trainers themselves and for properly certifying the
people who evaluate the installations.
The need for worldwide certification and for standardization of these certifications also is recognized as an
important goal throughout the world. While this is a major consideration for the installers, it is also a
1
2
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http://www1.eere.energy.gov/solar/instructor_training_network.html
http://www.ispglobal.org/

consideration in the development of solar products. Such certification programs are being considered in
different countries and have been initiated on a global scale at some levels. However, comprehensive
international standards are yet to be fully developed and put into use.
The need for high quality standards in installation and manufacturing that are applicable across countries is
being addressed at some level through various organizations, such as the International Electrotechnical
Commission1 International Organization for Standardization2 ,and the European Committee for
Standardization3.
At the same time, specific training needs vary considerably from country to country. Training and education
programmes should adapt to meet the needs of each country (e.g., Spain has different conditions than
Scandinavia). So, while programs need to meet certain standards, differences in climate, culture and other
design factors need to be taken into account in the programs.
Educators and the industry should approach training with the same attentiveness. It is up to the industry’s
leaders to ensure that instruction is based on industry-defined workplace knowledge, skills and attitudes that
fully address issues of safety, codes and jurisdictional requirements. It is up to educators to combine inclass and hands-on training and to assure that instructors bring both content and practical experience to the
class. Both industry and educators should make sure that training is leading to job availability.
Instituting building directives for use of renewable energy to meet heating/cooling demands will help
accelerate the demand for high quality products and services. When directives state that buildings must be
outfitted with solar technologies and installations must be done by qualified installers, a change in the labour
market will be created and quality will improve. People look to how they can properly qualify themselves
and meet the requirements, which in turn drives educators/trainers to offer more programmes in solar areas.
In summary, qualification schemes across countries will help guarantee installations will be of highest
quality regardless of where products are manufactured and the installations take place.

6. References
Renewable Energy Policy Network for the 21st Century (REN21). 2010. Renewables 2010 Global Status
Report. Available at http://www.ren21.net/
UNEP/ILO/IOE/ITUC. 2008. Green Jobs: Towards Decent Work in a Sustainable, Low-Carbon World.
September 2008. Available at http://www.unep.org/labour_environment/features/greenjobs-report.asp

1

http://www.iec.ch/)
(http://www.iso.org/iso/home.html)
3
http://www.cen.eu/cen/pages/default.aspx
2

4491

SOLAR ENERGY AN – AWAKENING: A DOCUMENTARY FOR
SOLAR ENERGY EDUCATION IN INDIA
Dr. Govind Narayan Kulkarni,
Associate Professor in Mechanical Engineering, College of Engineering Pune- 411 005, (India)
1. Introduction
In recent years, India’s energy consumption has been increasing at a relatively fast rate due to
population growth and economic development. In the last six decades, India’s energy use has increased 16
times and the installed electricity capacity by 84 times. In 2008, India’s energy use was the fifth highest in
the world. However, there is a considerable gap between demand and supply. The demand is likely to grow
significantly further with a projected growth of economy at 8-9% per annum. This is a result of rapid
urbanization and improving standards of living. As per the estimates made in the Integrated Energy Policy
Report 2005, if the country were to progress on the path of sustained GDP growth during the next 25 years,
it would imply quadrupling of its energy needs over 2003-04 levels. India therefore, needs a secure,
affordable, and environmentally sustainable option/s of energy resources. Along with energy conservation
and energy-efficiency, renewable energy is fast emerging as a key option. Renewable Energy in general and
Solar Energy in particular will play an important role in augmentation of grid power, providing energy
access, reducing consumption of fossil fuels and helping India pursue its low carbon developmental pathway
(MNRE, 2011).
India is bestowed with a good sunshine. About 5,000 trillion kWh of Solar Energy is annually
incident with most parts receiving 4-7 kWh/m2 per day. Solar thermal and solar photovoltaic technologies
can therefore, effectively be harnessed on a massive scale. Recognizing this fact, Government of India has
launched -Jawaharlal Nehru National Solar Mission- a major national initiative for extensive implementation
of solar technologies (MNRE, 2008).
Residential hot water demand forms one of the major components of increased energy needs of
India, which can be met easily using Solar Heat. Table 1 shows estimated potential for Solar Water Heating
(SWH) in India.
Table 1 Estimated Potential of Solar Water Heating in India (million m2)
(MNRE, 2010)
Year
Residential

2010

2013

2017

2022

2.58

4.25

7.68

15.74

Commercial/ Institutional
•

Hotels

0.19

0.35

0.61

0.97

•

Hospitals

0.10

0.17

0.27

0.43

•

Others

0.18

0.27

0.39

0.52

0.19

0.33

0.57

1.05

3.24

5.37

9.52

18.70

Total

Reasonable penetration of SWH in residential sector has been observed in some states of India like
Karnataka and Maharashtra. In spite of the potential of 18.7 million m2, general awareness about Solar
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Water Heating was found to be low in rest of the country. Though people are familiar with the concept, the
awareness on technologies and products was found to be very low. The knowledge of owners of small
private hospitals is less-favorable for-SWH climatic zones and limited to existence of SWH products
[MNRE, 2010].
The rapid and large-scale diffusion of solar technologies in India necessitate a huge technical as
well as non-technical manpower, which must be aware about Solar Technologies. By the end of 2022, solar
industry in India will employ at least 100,000 personnel across the skill spectrum. On the backdrop of above
scenario in India, an urgent need was felt to educate and inspire a large number of school and college
students about Solar Energy in their formative years of learning; so also professionals, technocrats and
technicians [MNRE, 2008].
Educating masses and growing awareness about potential of solar energy and technologies available
in India was perceived to be the urgent need of the hour. To achieve this objective, on a huge scale, an
Audio-Visual route of education might be more effective and rapid than the print media. A documentary on
Solar Energy, therefore, has been contemplated and produced. The title of the documentary is ‘Solar Energy
– An Awakening’. This is the first short educational film on Solar Energy in India. The 25-minute
documentary is available in DVD format.
2. Execution of the project
The project of Solar Documentary production was accomplished through following stages.
i. Writing a script or screen play
ii. Preparation of shooting script
iii. Undertaking shooting sessions
iv. Editing, Insertion of Graphics, Voiceover and Background music
v. Screening, Feed back, Certification
i.

Writing a script or screen play

The most convenient way of documentary presentation has been one of - showing a continuous
sequence of scenes with narration and music on the background. The same way is adopted for the solar
documentary project. Script or screenplay is the activity plan of the events in the documentary. While
preparing a screenplay, one must have a clear idea of the target audience of the documentary. The target
audiences in the solar documentary were technicians, school or college students or common men who might
be unacquainted with Science and Technology. The elucidation needed to be logical, clear, simple and slow.
Script preparation therefore, involved creation of narration. Sequence of the topics in the narration of the
documentary was maintained as follows.
a.

Introduction of the sun and its potential

b.

Description of the Basic concepts

c.

Discussion of the prevailing technologies and applications

d.

Prospect

The screenplay began with a preamble by Padmashri S. P. Sukhatme, former Director of Indian
Institute of Technology, Bombay. He is an eminent personality in the field of Solar Energy. The script then,
described the sun, its potential, fundamental concepts of solar thermal and solar photovoltaic utilization.
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Basic concepts were followed by description of solar photovoltaic and thermal appliances. The emphasis
was on solar thermal applications. Discussion on solar thermal section included technologies of power
generation. The narration appealed wholehearted acceptance of solar technology to the viewers and
concluded suggesting a possible solution to energy and environmental problems of India.
ii.

Preparation of shooting script

The screen play was discussed with the director, assistant director cameraman, editor etc. With some
omissions and additions, the same is approved for production. Preparation of shooting script was the next
step. Shooting script is the version of a screenplay used during the production of a motion picture or a
documentary [Wikipedia, 2011]. Shooting script was prepared by breaking the screen play into scenes. The
scenes are assigned numbers which are included in the script alongside the scene headers. The numbers
provide a convenient way for the various production departments to reference individual scenes. Shooting
script was circulated to the production team with page numbers locked. Figure 1 shows a snap shot of a
page of the shooting script of the Solar Documentary.
Scene

Narration

Shooting Event/Visuals

There are sixty students in Rahul’s class and about a

Rahul entering his college classroom with

thousand students in his college. Can you imagine the energy

a friend.

consumed by all of them?

Montage of students in Rahul’s class

Most homes use every month 100 to 150 kWh!!

Graphic with montage of electrical

No.
5

6

appliances with text superimposed.’ Most
homes use every month 100 to 150 kWh!!’
7

On the back ground of rising population, rising fuel prices

Montage of a flock of Pigeons, a crowd of

and increasing environmental pollution, the struggle for

people on the street, an bustling road with

leading a quality life has become harder. It will be much

vehicles, more crowded street, local trains

harder in the coming future.

passing by, shot of a crowded slum,
vehicles on a pot holed road in the rainy
season

8

9

A perennial source of energy that assures us to reduce these

Silhouette of bullock carts passing, bullock

hardships is the sun.

carts passing, landscape with sun shots.

Solar heat and light has a tremendous potential to save coal,

Shots of an industrial chimney, vehicles on

oil and gas in India.

road, cooking on gas.

10

The sun is the closest star. It is a great ball of hot gases.

Animated shots of the sun

11

The outer surface of the sun is called Corona. The

Animated shots of the sun

temperature of Corona is 6000 K

Superimposed text 6000 K i.e. 5727
degrees Celsius.
Page No.3/18

Figure 1 A page in the Shooting script of the Solar Documentary
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Remark

iii.

Undertaking shooting sessions:

With the help of finalized shooting script shooting sequence was determined. The shooting matter was
categorized into indoor events, outdoor events, grahphic contents and matter to be taken from available
collection of prefilmed raw stock. Indoor and outdoor shooting locations were decided. Formal permissions
and consents for filming formed essential part of the of film production, the the same were sought prior to
shooting. Outdoor sessions were crtical and required a careful planning and cordinationn of manpower and
equipment. Outdoor events were, therefore, scheduled and shot first. Indoor sessions followed. The
documentary was shot on Digital Video Camera (DVCam) with professional light equipment. The
experience during shooting sesssions was that two hours of filming became necessary for a two minute final
caption in the documentray. Graphics of Sun and earth were adopted from copyright free, broadcast quality
clippings from the website of Hubble [hubblesite, 2011].
iv. Editing, Insertion of Graphics, Voiceover and Background Music
The indoor and outdoor stock shots were arranged in a sequence that matched the narration speed.
Basic concepts as well as working principles of solar flat plate collector, evacuated tube collector, solar still
etc. were explained using graphical media. Figure 2 illustrates sketches of Flat Plate Solar Collectors
showing their construction and collector tilt angle for mounting. Undistracted attention of the viewers was
ensured. This was accomplished through insertion of interesting shots adopted from the available colletion.
Narration was recorded next in a professional studio, employing a professional voice-over. Flow of the
narrtaion was synchronized with the visuals. Background music was added. Fine tuning in editing was then
done to ascertain flow and continuity. Acknowledgements were apppended in the final stage. Editing and
grapics were done on a commercially available software “Final cut Pro” of Apple on a Macintosh Machine.

Figure 2 Sketches used for illustration in the documentary
v. Screening, Feed back, Certification
The documentary -complete in all respects- was screened before sample viewers, which represented the
target audience. The feedback was recorded. Refinements were done. For any documentary to be published,
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a certification from Indian Censor Board is mandatory. The same was duly obtained and the documentary
was launched. Figure 3 illustrates some still images of visuals in the opening part of documentary.

Figure 3 Still images of visuals in the documentary
3. Results
Till date, nearly 5000 viewers have watched the documentary. In addition to this, at least 80 School and
College libraries in India have adopted the DVD of the documentary for their regular viewing to students.
Viewers gave a feed back that reflected increased awareness about solar energy and its potential in India.
After watching the documentary, considerable number of viewers resolved to procure and use solar
appliances and spread the word. The documentary received recognition at National level by way of bagging
a “Best Educational Film of The Year 2008” award and “Best Animation and Graphics Category Award “ of
the Consortium of Educational Communication of University Grants Commission of India.
4. Conclusion
The project of Documentary production for Education and Training of masses in Solar Energy
Technology has demonstrated encouraging results. The aim of mass education of an imminent technology
through electronic media is being achieved largely. The objective of spreading awareness will receive a
great impetus with an Institutional or Governmental support. Efforts are in progress to seek the same. Taking
inspiration from the success of Solar Documentary Project, similar exercises may be premeditated in the
other areas of Renewable Energy like Biomass, Biogas etc. as well as in the areas of Energy Efficiency and
Conservation.
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1. Introduction
The core activity of the “Hessen SolarCup” project
is the annual contest on solar mobility and
education at Königsplatz in the city centre of
Kassel. This event motivates hundreds of young
people to actively engage themselves in the
development of technical solutions and their
documentation. At the same time the thus acquired
knowledge is integrated in their living environment
and social context.

Fig. 1: Participant evaluating the solar
condition

From the beginning the Hessen SolarCup has been
a project of the University of Kassel. It can be seen
as a link between science and technology on one
hand and school and education on the other hand.
Its focus lies on the renewable energies, in
particular photovoltaic use of solar energy and the
conservative utilisation of the material. The target
of the project is to intelligently combine energy,
material, and human creative power. Another
important role of the Hessen SolarCup lies in its
interdisciplinary combination of technical, social
and artistic disciplines. Certainly those aspects
have an important impact on the evaluation. The
teams of experts mainly consist of engineers,
teachers, designers, civil servants and apprentices
who intensively discuss with the participants their
documentation, ideas and solutions. After all, the
Hessen SolarCup serves as a link between the
different age groups and proficiency levels.

However, the Hessen SolarCup is not limited to the contest. In order to accelerate the transfer
process of scientific knowledge into the schools advanced training courses for teachers, pupils,
students and interested people are offered as well. The big advantage of the Hessen SolarCup is
its close relationship to experts of the University of Kassel (from the Faculties of Electrical
Engineering / Information Technology, Mechanical Engineering and the School of Art and Design
of Kassel), the Fraunhofer Institute for Wind Energy and Energy System Technology IWES and the
Center for Environmental Systems Research (CESR). One goal of the workshops is to closely
combine theory and practice by using innovative methods and to activate independent research
and development. Therefore, special educational tools are designed to help people to understand
complex concepts.
The Hessen SolarCup is finally very closely linked to the professional education system and the
respective local energy companies functioning as a direct point of contact for the development of
high-tech products and the motivation for the technical and scientific education.
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2. Goals
At the Hessen SolarCup contest the fastest may not be necessarily the winner. The race serves
rather to awaken enthusiasm among the youth. One goal is to practice important skills and talents
such as craftsmanship, project management, goal-oriented working, co-operative teamwork,
systematic reasoning and acting, technical relationship between different electrical and mechanical
subsystems, development of intelligent control systems, reflection, and documentation of the
construction, developments and ideas in a clearly defined small technical project. The overall aim
is to sensitize the youth especially on the use of energy and materials, to encourage them to
joined-up thinking and to apply the results in their daily life. The Hessen SolarCup intends to
stimulate the children, teenagers and teachers to transmit the acquired knowledge into their social
environment and thus take part actively in the development of solution models for the future use of
energy and material.
With
its
workshops
and
seminars for pupils, teachers,
apprentices and students, the
Hessen SolarCup also aims to
foster the knowledge transfer
on renewable energies and
mobility particularly into the
school. Pedagogically this shall
be achieved in the form of
experience-oriented learning:
experience of the energy!
The overall values the Hessen
SolarCup is committed to, are
teamwork,
appreciation
of
fellow mankind, the natural
environment, including the
economical
and considerate use
Fig. 2: Fine tuninig of the remote controled solar vehicles
of the resources. It targets to
have our complete energy supply exclusively based on renewable energy systems which includes
the central promotion of energy saving and energy efficiency.

3. The history of the Hessen SolarCups
The history of the Hessen SolarCup began in 1985. Engineer and
senior teacher Heino Kirchhof had the idea of participating
together with his vocational students in a solar rally called “Tour
de Sol” in the mountains of Switzerland. At this event competitors
from automotive companies, research institutes, and creative
business ventures met and brought more than 100 futuristic solar
vehicles they had constructed. Their common goal was to
combine mobility with environmental protection. The Kassel team
totally unexpectedly won this contest.
The first Hessen SolarCup contest which took place on 24th May,
2002 in Kassel was expectedly a result of this victory. Therefore,
the Hessen SolarCup is one of the oldest school challenge SolarCups in Germany and has since then inspired a series of other
th
similar initiatives in the country. On the 10 June, 2011 Hessen
SolarCup took place again at Königsplatz.

Fig. 3: ... friendly vehicle

In its early stages, trainees presented their remote-controlled
solar vehicles, but soon solar boats, designed and built by primary
school pupils, came along. In 2005 an additional discipline, the
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Ultra-Light Solar Mobile, was introduced and in 2008 came yet another discipline, the SolaRobots.
The invitations to participate in the once in a year event now goes to all age groups in the special
schools, primary schools, secondary schools and vocational schools.
In Autumn 2009 talks between various national solar and educational initiatives were organized at
the Frederal Ministry of Education and Research (Bundesministerium für Bildung und Forschung –
BMBF) to clarify whether a nationwide and thus supra-regional SolarCup event could be realized.
Fundamental parts of the regulations and the concept of the Hessen Solar-Cup and the Ultra-Light
Solar Mobile discipline were adopted. In 2010 the first German SolarMobil ((SMD (2010)) national
contest took place at Potsdamer Platz in Berlin where the winners of the local initiatives were
invited. The second “SolarMobil” Germany event will be hosted on 30th September, 2011 as part of
the Fair on Future Technologies “Clean Tech World” (CTW (2011)) at the Berlin-Tempelhof airport.

4. Pedagogic concept
Several publications did emphasis the interdisciplinary appoach and the integration of the HSC in
school education and vocational training [Kirchhof ( 2010); Wenzel (2006]. The Hessen SolarCup
motivates the pupils, students and apprentices by setting a task which can be solved partly
playfully, by researching and experimenting and
inspires them to participate in a very exciting major
contest. Theory and practice is combined and the
direct transformation into activities is promoted. The
trail of brainstorming, realization and documentation
are quite naturally already practiced at an early
stage. This often leads to problems which are
anyway part of the curriculum.
The autonomous teamwork plays a crucial role in
the pedagogic concept of the Hessen SolarCup.
The tutors have the difficult task of providing
sufficient knowledge to the pupils, students and apprentices and at the same time leave them
enough room for their own ideas and conceptualisation. Ideally, a dynamic interaction emerges in
which both parties benefit.

Fig. 4: Enthusiasitic and concentrated
Teamwork

On the day of the contest all age groups and
disciplines gather at Königsplatz. This offers the
participants the opportunity to interact with each
other. The younger pupils can learn about the
possible opportunities for development of their
projects and the older participants can be inspired by
the creativity of the younger ones. Therefore, even
on the day of the contest a learning process can be
initiated and the strong experiences and impressions
can have an enduring effect.

5. Financing
The financing of the project has been from the beginning a major challenge. There is a general
consensus over the fact that a new thinking and action regarding the economical and intelligent
energy use and the decentralized adoption of renewable energies will only develop if this complex
subject has already been introduced in educational training. Nevertheless, this is not automatically
connected with a basic funding for projects, which exactly deal with this range of topics.
In order to attract funding for the Hessen SolarCup at the University of Kassel, local sponsors were
needed, but who first had to be impressed by this idea. Here should be mentioned the SMA Solar
Technology AG, the municipal energy supplier “Städtischen Werke AG” Kassel, the savings bank
“Kasseler Sparkasse”, the municipal environment and gardening office “Umwelt- und Gartenamt
der Stadt Kassel” and numerous other local sponsors. The University of Kassel provides the
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facilities, the Hessen SolarCup’s offices, and the equipment free of charge. However, essential for
the success of the project is above all the voluntary work of many enthusiastic people in the expert
teams organizing the contest, the seminars and the workshops and designing and developing the
advanced training material.

6. Disciplines
The Hessen SolarCup offers for each educational age group a challenging task. The spectrum
ranges from the elementary school pupils with their solar boats over to the students of the middle
school and senior classes with their ultra-light solar vehicles up to the trainees and students with
their remote-controlled solar vehicles and solar robots.
All classes have a common requirement that all vehicles which constructed are run by photovoltaic
energy. Therefore the point is to combine components namely; solar modules, storage batteries,
driving and swimming constructions and intelligent control and regulation in one system.
The construction is documented in each case in the form of a poster. In addition, another poster
based on a wider theme is provided which illustrates the connection to the social context (e. g.
“How do we imagine the mobility in the year 2020?” or “Energy turnaround now!”). The evaluation
of the posters is based on categories such as functional and artistic design and independent
working.
The evaluation categories should promote the co-operative, independent work of the group, the
development of intelligent solution methods, the economical and considerate use of energy and
matter, craftsmanship, and aesthetics as well as the comprehensive familiarity with
multidisciplinary technical and social problem areas.
A key element of the concept is that evaluation teams consisting of scientists, technicians,
teachers, and artists evaluate the posters according to the given categories. Each team has an
interview in which the development and ideas are analysed, discussed and encouraged. In the
following the specific characteristics of each class are presented.
Finally, numerous prizes are awarded. Naturally there are material and cash prizes, but also
special prizes as for instance for the most creative and innovative vehicle. In the run-up to the
Hessen SolarCup specific workshops and seminars for preparation of teachers are offered.
6.1 Solar boats
The contest of the solar boats addresses to the youngest
participants from elementary school and special school classes.
The solar module and an engine with fan are the basic
requirements. The task of the teams is to construct a solar boat
out of them. Above all the design of the hulk poses hereby a
major challenge. The boat is constructed according to their own
ideas.
Thereby, the main focus is to build the most
environmentally friendly boat possible. Preferably only waste,
recycling products or natural building material should be used.
The development and construction process has to be
documented and displayed on a poster. A second poster is
dedicated to an annually changing theme within the context of the
Hessen SolarCup (e. g. "Sun is life!")

Fig. 5: Focussed primary-school
child before the start of the
solar boats

At the contest at Königsplatz the teams compete against each
other with their boats in a big water basin, which is set up by the
fire-brigade of Kassel. At the same time the posters are
displayed. The evaluation of the races, the construction of the
boats and the posters are done. There are awards for the teams
with the most points and special prizes for outstanding
performances, for instance, the creativity award. The event has
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been accomplished in the past in co-operation with the "Wassererlebnishaus Fuldatal".
6.2 The ultra-light solar vehicles
Pupils of the junior high school up to
the sixth grade have the task to
construct a light-weight solar vehicle,
which is powered by a solar module.
The only restriction is that the surface
of the solar module is limited. A
capacitor of up to 1 Farrad as energy
storing unit is allowed. The rest is up
to the pupils and their technical skills
and ideas.

Fig. 6: Last check of the vehicle before starting the UltaLight vehicle race

The designed vehicle has to tackle
the following task: it has to drive as
often as possible in a given time on a
9 m long straight-line course, which is
fitted with guide rails. At the end of
the course there is a stop tape, on
which the vehicle should, with the aid
of a switch, change direction
automatically. In the middle of the
course there is an about 100 cm long
tunnel where the boats must pass.
The running mode is a double KO
system, so that each team competes
at least twice. In the final rounds the
vehicles drive in the mode of a world
championship, with eighth, quarter,
semi-finals and final.

There
are
different
technical
challenges in this discipline to the
teams. For instance the switch-over
at the end of the course is such a
complex task. Depending on the
irradiation and thus changing speed
Fig. 7: Selfmade vehicle with a lot of recycling material, e.g.
the vehicles reach the final stop. The
wheels from CD’s
kinetic energy should be converted to
a large extend to the opposite direction. At the contact with the stop tape the electrical motor
should be switched to the opposite direction as well. Thereby, the chassis should remain stable on
the course and if possible not stray. The solution to this task could be on a more or less conscious
level, for example to study the topic areas: springs, drive dynamics and stability and
electromechanical change over switch. A further big challenge is the fact that only a small
capacitor may be used as energy storage. The vehicles should be able to cope with all weather
conditions, even cloudy sky.
7.3 The remote-controlled solar vehicles
The set of solar module and electric motor is provided.
The rest is left to the technical designers to decide. The
vehicles have to drive the most rounds possible and.
preferably, without touching the opponents or taking the
right of way. The vehicles are to be designed by the
students or the trainees according to their own designs
and attempts. These scooters require a quite diversified
comprehension of engineering, energy efficiency and
construction background. The remote-controlled solar
vehicles reach a maximum speed of more than 30 km/h.
Fig. 8: Remote-controlled solar vehicle
under heavy rainy conditions
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These scooters require a quite diversified comprehension of engineering, energy efficiency and
construction background. The remote-controlled solar vehicles reach a maximum speed of more
than 30 km/h.
To be able to achieve these
speeds and at the same time
being able to negotiate corners,
the vehicle needs a solid chassis
and a good steering unit. The
realization of the remote control
means a special challenge to the
participating teams as well. At
Königsplatz there are many
interfering frequencies. In this
contest the skillfulness of the
driver is particularly demanded.
Collisions are not uncommon.
Lots of programming, soldering,
screwing,
gluing
and
experimenting has to be done.
Some pieces are separately
machined (CAD). Therefore, this
task is a perfect candidate for
Fig. 9: Remote-controlled solar vehicles right before the start
teamwork and is best done in
close collaboration with different technical specializations. This complexity ensures that the most
diverse group of technical experts work together in a project, for example technical draftsmen and
mechatronics engineers. This project enables the schools and companies to link in a
multidisciplinary, theoretical as well as practical project, different recognized trades. Some big local
companies have therefore integrated the Hessen SolarCup contest as one of the key events in
their training schedules.
6.4 The SolaRobots
The SolaRobot should be able to retrace
autonomously a black line in form of a lying eight.
At the same time the SolaRobots have to obey
priority rules at the intersection point. The design
of the construction and the selection of the
components are arbitrary and only the solar cell
surface and the driving motor are prescribed. If a
complete new construction is too demanding to the
team, SolaRobots can also be built up on the basis
of prefabricated kits, which then have to be
enhanced with the photovoltaic modules. The
vehicles do not have any backup batteries.
On a large board, the racecourse is stuck as a
black line tape on white background.
The
racecourse takes the form of a triple 8, in which
the three lanes cross. Three solar robots compete
at a time in one race and all races last 10 min. In
each run the number of rounds made and fouls by
each robot is determined for each robot. The race
is run according to the KO-system.

Fig. 80: SolaRobots following the line conducted
by a micro-controller

It is important for the race that the SolaRobots can
autonomously recognize the track as well as
possible even with changing lighting conditions
and that they could drive along that track as
energy-efficiently as possible. A gap of 3 cm on
the track in a straight stretch should be bridged
and at the central crossing another solar robot
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should possibly be recognized and thus a
collision avoided (right-of-way rule: right before
left).
In case a robot looses orientation, it is
repositioned on the track by a referee and fined.
If it knocks another solar robot a fine is paid
which is credited to the victim robot.

Fig. 91: SolaRobots following the line

In case of bad weather, the race management
decides on the day of the contest itself about
the use of the bad weather batteries which have
to be brought along loaded by the teams.
These are labeled and sealed in the robot by the
race management for the entire duration of the
race.

For the evaluation the results of the races, the construction of the solar robots and the poster are
scored and the violations counted. Referees at the side of the racecourse evaluate and score for
the construction and the poster by interviewing the team members as well.

7. Summary
In the ten years of its existence, the Hessen SolarCup has developed to a very broadly diversified
project which offers not only a solar educational contest for all school classes and for trainees, but
as well as advanced educational courses and the development of teaching and learning material.
Thanks to the numerous contributors the Hessen SolarCup is closely integrated in the public life of
Kassel. The supporters range from pupils and students, apprentices, teachers and the evaluation
teams to the supporting establishments, the city of Kassel and the organizers up to the many
volunteers. The Hessen SolarCup is not only fostering the intense occupation with the topic of the
solar and electrical mobility, but also the occupation with relevant societal issues such as the future
energy supply.
The Hessen SolarCup plays a crucial role as a link between science and school, between the
different technical disciplines and between the diverse age groups and experts. By its playful and
experimental approach, it inspires year in year out many young people to be interested in
renewable energies and the solar technology and sensitizes them for a sustainable coexistence
with the environment.

8. Outlook and vision
For the future more workshops and seminars in the framework of the Hessen SolarCup should be
offered to the target groups. Therefore besides technical and constructional topics, comprehensive
fields of interest should be brought into focus. The interdisciplinary approach should be further
intensified and lecturers from various other fields at the University of Kassel and the research
institutes should be incorporated.
For learning support, teaching and learning material should be developed. Thus complex
connections could be made plausible and intuitively tangible. This is a key future task for the
Hessen SolarCup.
The disciplines of the Hessen SolarCup could again be adjusted and revised and the adventurous
character of the event and the race could be enhanced. It would be an advantage, if driving skills
and the momentary concentration would play a role in all disciplines. In particular, progressing
back to the roots would certainly be an exciting project: Racing for solar-driven hybrid vehicles for
passenger transportation.
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It is a great desire that through the Hessen SolarCup Project a completely new consciousness in
the youthful new generation grows, and that a new thinking in regard to the use of energy and of its
intelligent application and, regarding decentralized, renewable electrical energy be created.
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TEACHING A NEW ENVIRONMENTAL CULTURE
Anna Papadopoulou, Petros Lapithis
University of Nicosia, Department of Architecture, Sustainable Architecture Unit, Nicosia (Cyprus)

1. Context of Studio Unit within the Department of Architecture
1.1 Explanation of Fourth –Year Units
In the year 2009, the Department of Architecture of the University of Nicosia initiated a unique direction for
its fourth-year students. Instead of a conventional thesis preparatory year of academic studies followed by
the fifth year where the thesis project is to be generated, the faculty created two Units from which the
students entering their fourth year would choose from. Each Unit has a distinct area of concentration which
is expressed within the framework of its related studio.
In addition to the studio studies, each Unit is comprised of two supplementary courses where the students are
exposed to theoretical and technical issues associated with Unit. The faculty members undertaking
responsibilities within each Unit are strictly selected for their expertise, knowledge and experience in the
Unit’s area of study. In cases where no faculty member in the particular area of expertise was available,
adjunct faculty was hired in a concerted attempt to maintain the highest standard of education within the
Units.
Regardless of which Studio Unit the students are registered to, they are expected to follow all supplementary
courses offered by both Units. This achieves a much-needed balance and uniformity among fourth-year
studies.
The Studio Unit is a two-year commitment on behalf of both students and faculty. By their fifth-year,
students are expected to have developed, expanded or isolated their fourth-year studio studies which will
promote them to a successful thesis.
1.2 Sustainable Architecture Unit
The Studio offered within the Sustainable Architecture Unit is titled “Exploring Dimensions of Slow Life
Filtered through Sustainable Design” and it shall be the main focus of this essay. As mentioned above, the
Unit is comprised of the studio course and two associated supplementary courses. These courses are History
and Theory of Sustainable Architecture and Sustainable Design Practices. The History and Theory course
offers a comprehensive understanding of the principles of sustainable architecture within a historical and
socio-political context, whereas the Sustainable Design Practices course provides the necessary technical
background and mechanics to succeed in creating sustainable architecture.
1.3 Studio Members
In the Fall semester of 2009, seven students with an interest in sustainable design enrolled in the Sustainable
Architecture Unit Studio and three transfer students were placed in the Studio based on their individual
academic interests. The Studio and two supplementary courses were taught by a collaborative unit of an
architect and a landscape architect, each approaching the issue of sustainability from different perspectives
which include bioclimatic architecture and innovative design, ecological systems, sustainable urbanism, and
socio-economic issues pertaining to sustainable living.
2. Philosophy and Perception
2.1 Slow Life and Sustainable Architecture
Waking up late... rushing to get dressed... no time for breakfast... darting to the car or to the bus station...
getting to work and then, rushing towards this and towards that... and then rushing some more…
What makes our life rush by so fast, what compels us to always be on the run? What inner need provides us
with this momentum? Is it the need to compete, to achieve, to succeed?
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Is the applied frequency emitted by our built environment subliminally feeding our impulse to rush?
We eat fast food, think fast thoughts, talk quickly to our friends and colleagues and inevitably, we create
environments to match the fast rhythms of our lives.
We live fast lives and it is indeed quite likely that we design the appropriate architectural elements to
accommodate our fast paces.
Take a moment and stand still:
Does food taste different when you chew while standing still? Does the ground under your feet feel softer?
Does your breath feel cooler, stronger when taken in slowly and released slower still?
How does it feel to live slowly and enjoy all flavours of life? Savouring rather than devouring? Walking
rather than running? Observing rather than judging?
Is slow life a virtue that can be identified within western lifestyle? Does it need to be juxtaposed to fast life
for it to have a discernable meaning? How does sustainable living compare to slow and to fast living?
Does architecture have a measurable speed? How do we feel about the speed of our surrounding
architecture? Can we identify slow and fast paces in our built environment?
These thoughts, expressed in a stream of consciousness, act as springboards for the foundation of the
Studio’s philosophy. In turn, these questions become the impetus for an entire set of other issues requiring
students to investigate interpretations of slow life and fast life within the context of sustainable architecture.
However, in order to progress successfully to this level of investigation, each student is first encouraged to
develop his or her own idea of what sustainability means.
Slow life is primarily concerned with the analysis and reading of architectural dimensions as a conceptual
framework for the presentation of significantly new, original and meaningful architectural ideas. The Studio
explores the theoretical, the philosophical, the physical and the aesthetic qualities of slowness from life to
architecture, their potential for making space and the emotional capacity of the spaces they make.
2.2 Philosophical Positions
Twenty years ago, sustainable architecture, rarely included in conventional academic curricula, was
considered by most non-academics as a fad. Academics themselves looked upon it partly as a novelty,
although most certainly a worthy cause. Nowadays, where sustainability appears firmly in a large number of
academic institutions, believers consider it a must and cynics consider it fashionable. The future generations,
however, regardless of their philosophical persuasion, will most definitely consider it a necessity. Slowness,
whether of living or of design, is an intriguing concept whose elusive nature encourages creative thought and
sets numerous sceptical filters benefitting good design. Identifying, observing and evaluating slow life raises
issues of perception on time and accountability to nature in ways that are intrinsic to sustainable design.
Let us try to playfully visualize all-things-architectural to be the product of a specific muscle group in the
designer’s subconscious. The muscle group is comprised of other smaller muscles which we can identify as
“creativity,” “practicality,” “technical accuracy,” etc. We can visualize the muscle at its earliest appearance
in the subconscious mind, while it is still somewhat atrophied. Upon attending architecture school, the
muscle is exercised and gradually starts functioning as a unit, all members flexing and contracting in unison
producing a well-shaped, efficient muscle. Sustainable design and environmental responsibility should, in
theory, appear in the designer’s subconscious as members of this “architectural” muscle group and together
they have the potential to make the muscle stronger, more efficient and more resilient.
Since in the case of the Department of Architecture of the University of Nicosia, studies focusing on
sustainable design officially enter the curriculum for the first time in the fourth year, regarding the principles
of sustainability as part of the muscle group mentioned above may not be a realistic vision. In the course of a
five year educational programme, it is probably safe to assume that the synergistic members of this muscle
group have already been exercised into a shape by working together with method and system and any
attempt for alterations may be met with resistance or with less than adequate results.
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Consequently, the purpose of this Studio and the philosophical quest supporting the Sustainable Architecture
Unit as a whole, given the circumstances of the Unit’s conception, is not to enforce sustainable design and
environmental responsibility as surrogate members of the muscle group. The purpose here is for these two
principles to be the primary forces that help shape the muscle to fitness. They are not to be regarded as
muscles, part of a larger unit of body, but as the weights, the dumbbells if you will, the design muscle is
trained with in order to become more capable and resourceful. A timelier introduction of sustainable issues
into the department’s curriculum may be a more beneficial investment in the future of environmental culture
in architecture schools, but such adaptations take time, patience and perseverance on behalf of academics and
administrators alike.
2.3 Practical Extensions
On a more tangible level, the mission of the Sustainable Architecture Studio is to elevate architecture and
design to a coexistence of a harmonious and productive synergy of man, nature and the spirit of place. At the
end of the studio journey, the students should be in a position to face their architectural identity in such a
way where sustainable design will not represent an attachment or a supplement to their design principles, but
both entities operate as an integrated process.
At the start of the studio journey, a foundation needs to be set where all attempts to define sustainability are
put on the table and theories are taken into consideration. The global, multifaceted nature of sustainability is
presented in such a way that students become aware of its ever-elusive definition and the range of disciplines
it involves. This realization is inevitably faced by the students with some trepidation, so time is set aside for
individual consultations helping students identify their own niche within the network of possibilities of
sustainable design.
Sustainability is expressed not only as a sound building technique but as a deep socio-political issue that
transcends generations, race and social class. The Studio projects themselves, aim to explore the
interdependency of issues of environmental, social and economic sustainability where students are prompted
to develop individual, critical positions with regards to the broad concept of sustainability and to extend and
explore those positions through their architectural design process.
2.4 Graduates of the Sustainable Architecture Unit
Graduating students of the Sustainable Architecture Unit will have attained the following skills:
• an ability to create architectural designs synergistic with nature that satisfy aesthetic and technical
requirements
• a thorough knowledge of bioclimatic design, passive and active solar principles
• a basic knowledge of ecosystems and an ability to detect and evaluate them
• the ability to analyse a site in a social, structural, ecological and architectural context
• an adequate knowledge of the history and theories of architecture and the related arts, sustainable
design, technologies and human sciences
• an adequate knowledge of urban design, planning and the skills involved in the process of
environmental planning
• an understanding of the relationship between people, structures and ecology and an understanding
of the need to relate buildings and spaces between them to human needs, scale and environmental
sanctity
• an understanding of the profession of architecture and the role of the architect in society, his or her
responsibility to nature and in particular, preparing briefs that take account of social and
environmental factors
• an understanding of the methods of investigation and preparation of the brief for a design project
• an understanding of the structural design, constructional and engineering problems associated with
building design
• the necessary design skills to meet building users’ requirements within the constraints imposed by
cost factors and building regulations
• an adequate knowledge of the industries, organizations, regulations and procedures involved in
translating design concepts into buildings and integrating plans into overall planning
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3. Assessment Methods and Criteria
3.1 Assessment Methods
At the beginning of each semester students are given a course outline containing the class syllabus,
attendance and grading policy. Projects and exercises are assigned to students each semester and their
duration may range from one, two or three weeks, depending on the nature of the project. Although the
number of projects assigned in the first semester may vary, the second semester is always the focus of a
single project study.
Each students’ grade is then determined by the maturity of problem analysis, research work, thinking
process, creative generation of ideas, methods and methodology, application of mixed media skills, quality of
final product, progress and attendance (see assessment criteria). Attendance is also taken into account as
well as lecture and tutorial participation.

3.2 Assessment Criteria
• Problem analysis
Initially, the students are expected to develop a range of ideas, rather than a single concept, that demonstrate
a creative response to the brief of the Studio Unit. Within the framework of the assigned brief, the students
are to identify the nature and the requirements of the task at hand, irrespective of whether the tasks are
determined by the brief or whether they are self-generated. Tasks must be prioritized and any limitations
imposed by the assignment must be taken into account. The students are expected to provide full
consideration of any intended audience of their work. In extension, they are expected to be in a position to
identify and communicate problems and solutions in an appropriate matter. The proposed solutions must
demonstrate a clear and purposeful initiative to the identified problems.
•

Research

Students are expected to apply an enquiring approach to identify a range of visual and textual sources,
evaluate the information gathered and proceed with appropriate selection. Within this process, students must
demonstrate the ability to synthesize different types of visual and contextual information and to reveal how
research has informed the project’s progress.
•

Conceptual development (generation of ideas)

Research will initiate and explore creative proposals as well as act as a vehicle to explore and develop a
range of ideas that demonstrate a creative response to the research question as it is derived from the brief.
The students are expected to foster links between their research, ideas and the intended audience.
•

Working methods (methodology)

As with every academic assignment, students are advised to plan their time efficiently and to complete tasks
with time to spare for review by fellow students and members of the faculty. The Studio Unit also
encourages working in groups thus promoting skills in leadership and cooperation. Working in groups also
helps students identify their personal strengths and weaknesses.
•

Application of media skills

Students, who deal with their academic work maturely, will be able to develop the appropriate technical and
manipulative skills to support the production of their project. They should also be able to demonstrate
creativity in use of materials and methods as well as recognize and build on their individual strengths.
•

Quality of final product (visual, written and oral presentation)

The quality of the presentations is important and it should aspire to be as high of standard as possible. The
visual and aesthetic impact must demonstrate the connection between the finished work, the original idea and
the intended audience.
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Any written work to be submitted during the two-year course of the Studio Unit must be presented as
articulately as possible, with coherent arguments and it must speak of the views and values earned during the
research. Students are encouraged to constantly review their written work, as this is the only way to strive
towards improvement.
Although oral presentations can be a nerve-wrecking experience, clarity and succinctness are of the essence.
The students are encouraged during studio time to constantly practice their oral argument so as to achieve the
best possible result.
4. Studio Description and Pedagogical Methods
4.1 Site Analysis
After the initial influx of new information regarding the philosophy, mechanics and application of
sustainable architecture, the students need a means to feel grounded. For this reason, the first order of
business is to establish familiarity with the proposed site and with the climatic and geographical
circumstances that are specific to it.
The site chosen is a multifaceted one since it is a National Park located in a suburb of Nicosia, flanked by a
university campus, the Nicosia General Hospital, a commercial complex and some scattered residential
districts. The paradoxical boundaries of this park make it a fascinating area of study with numerous
possibilities and challenges whether the architectural intervention is a single building or a series of smaller,
interrelated ones.
The students of the Studio are expected to develop their own brief – a good preparation for their self-directed
thesis investigation which will follow in their fifth year of studies. Students in groups and individually, are
called to examine the park in its entirety and to uncover its layers of complexity and potential. Shortcomings
of the park are scrutinized and discussed in a productive and educational environment, while case studies are
used to offer depth and perspective. During a guided class visit to the park, the students are called to
investigate the site’s literal characteristics but also to observe and document their own emotional responses.
Site analysis of the park and its surroundings is conducted in groups which produce a series of overlays
pertaining to basic analytical issues such as land use, fauna and flora, circulation, geology and topography.
Some groups may choose to examine issues of particular interest to them and produce relevant overlay maps.
The finished product of base map and overlays is then scanned and made available to all students. Since this
is the first contact some students experience with site analysis of this scale, they are encouraged to review the
work of Ian McHarg and James LaGro. Once students are comfortable with the park’s particulars, they are
called to develop a masterplan for a theme park of their choice. This masterplan will serve them for the
entirety of the year, since all their subsequent building interventions will be based on it.
4.2 Lectures, Guests and Reviews
Developing an understanding of design, maintenance and operation of the built environment while
minimizing energy needs is a strong component of the Studio’s objectives. These issues are presented to
students through a series of in-studio lectures by faculty members, expert guests and students. Presentations
are based on theory, case studies, technological advances and social issues. The basic framework of
sustainable architecture, such as theory, ecology and technology is also offered to the students through the
two supplementary courses they take as part of their fourth-year curriculum.
The Sustainable Architecture Studio fosters a culture of diversity of opinion and constructive criticism.
Throughout the duration of the studio year, a series of guest lecturers and critics offer their time and advice
to individual students, evaluating each project’s merits, providing intriguing stimuli, feedback and helping
each student elevate his or her work to the next level. All desk reviews with guest lecturers are done in the
presence of at least one of the regular studio instructors to better communicating class objectives and to
facilitate communication.
Guest critics have included artists specializing on ecosystems, practicing architects focusing on bioclimatics
and digital design, and professors of relevant subjects from other local universities. Through their diverse
educational background, the guest critics, some of whom studied and worked in countries such as Germany,
Spain, Holland, England, USA and Greece, were also in a position to offer unique pedagogical perspectives.
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Most studio days begin with a pinup of each student’s work and his or her work is being discussed earnestly
and constructively by fellow students and the instructors. As with all studios at University of Nicosia, there
is a mid-semester review for all students where the entire faculty is invited as well as guest critics from other
universities and professionals. These reviews prove to be an excellent means of coordinating progress in all
same-year studios and they provide an opportunity for students to benefit from the experience of a large scale
presentation.
5. Assignment Structure, Exercises and Projects for Fourth-Year Students (2009-2010)
As mentioned in greater detail above, students are assessed on the level of concentration they exhibit, their
rigour and tenacity. Their subsequent grade is determined by the maturity with which they tackle problem
analysis, the depth and commitment of their research work, the clarity of their thinking process, their
creativity in generating ideas, application of mixed media skills, the quality of final product, progress and
attendance.
5.1 First Semester
All projects assigned in the first semester have a distinct period of duration ranging from two to three weeks
depending on the overall student workload. As a result, students are encouraged to approach these projects
as charrettes and work under rigid deadlines.
• Site Analysis Assignment
The site during the academic year 2009-2010 was the national park of Athalassa, located on the outskirts of
Nicosia. Analyzing the site is a process that takes up the better part of the first studio month. The first
assignment is the production of the site’s base map and site analysis overlays and it is entirely focused on
group work. This proves to be a great opportunity for student socializing, particularly since some students
may have recently transferred from other schools. Students also develop a sense for handling group
dynamics and conflict resolution.
• Theme Park and Masterplan
Each student is expected to develop his or her own theme park based on his or her individual evaluation of
the site’s shortcomings, community needs and environmental betterment. The students choose a theme that
is a challenge to them; one which they hope will lead them somewhere they have not been before. Students’
individual tasks include Exploration of thematic dimensions of the concepts of slow and fast (keeping notes,
drawings, samples, cut-outs and anything else appropriate) and Research and peer presentation on their
chosen theme
During this time, students explore their theme in any creative way thinkable. This may include travelling,
reading, drawing, talking, writing, film-making, performing, painting, writing stories and anything else
which may or may not appear productive to their cause. The students are encouraged to take every
opportunity to concentrate their efforts on comparisons and conclusions relating their theme and conceptual
dimension of slow life. The projects will be generated from the creative observation and interpretation of the
term slow either as a place, an object or an activity. The students’ understanding and developed sensitivities
will spawn much of their subsequent architecture. Their architecture must respond to environmental and
sustainable demand, functionally as well as poetically.
The theme park is then translated to a masterplan in an appropriate scale. The plan is expected to exhibit
mature decision-making with respect to citing functions and buildings as well as proper circulation
provisions. No level of detail is expected, although free-hand mood shots or collages are encouraged to
provoke students to imagine the attitude and the feel of the park.
• Resting Points
The first habitable space students are called to design is a series of resting points whose location has already
been established in the masterplan. The resting points, intended as a spot where the park’s visitors can take a
break, represent the students’ first attempt at a structure that follows basic principles of sustainable design.
The design of the resting point structure must be such that it can be erected or installed at any point in the
park, but can be adaptable and responsive to the particular location it is intended for. The concept driving its
design must be related to the park’s proposed theme and must be consistent with the findings of the
investigation of slow. The structure's area must not exceed 10m2 and all passive and active solar design
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principles must be applied. The prototype must be responsive to climate, wind, sun and other particulars of
the site and it must offer protection from the rain. Material investigation and selection is crucial.
• Structure 50-100m2
The second assignment presents the challenge of maintaining all bioclimatic lessons learnt in the previous
exercise and applying them to a larger habitable area. The use of this structure, intended to be unique within
the masterplan, promotes a use relevant to the park’s chosen theme. Choice of materials must be dealt with
more perseverance, bringing forth topics such as material longevity, potential toxicity, recycling and reusing.
Energy-saving technology is investigated as well as other established technologies demonstrating the
principles of sustainable architecture and construction.
• Structure 500m2
The final assignment before the end of the first half of the Studio is a structure larger in dimension to the two
previous ones. The challenge of designing sustainably is now elevated to include architectural concerns such
as access, entrance, space-use hierarchy, accommodation of auxiliary spaces, circulation and aesthetic
acceptance within the natural landscape. Issues of cross-ventilation, orientation and exposure to natural
sunlight are now examined more rigorously.
• Review
While working on the three building assignments, the students approach the park in a greater level of detail
and inevitably identify issues that need to be addressed on the level of the masterplan. At the end of the third
building assignment and prior to the final review of the first semester, the students are compelled to revisit
their masterplan and make all necessary corrections and adaptations based on lessons learnt during three
assignments.
The first semester final review panels present all major projects tackled during the semester, i.e. the
masterplan and the three buildings as well as anything else the students deem necessary to their investigation.
The panels are presented in A1 sheets and the students are instructed to make the panels as well-narrated as
possible so as to require little or no explanation of the project’s intentions.
5.2 Second Semester
The final assignment of the Studio is a semester-long project, intended to exhibit all skills acquired and
practiced in the three projects of the first semester. A more complex building structure is expected to be
generated responding to issues of site specify and sustainable design. Since energy performance is
conventionally less efficient for larger-scale buildings, students also have the option to produce a complex of
smaller buildings and to tackle the challenge of a mini urban environment surrounded by protected nature.
Before addressing their intervention, whether that is a building or a complex of buildings, the students are
assigned an exercise to affectionately known as “site reconnaissance.” This exercise is intended to bring
students physically and intellectually close to the site of their proposed intervention. They are required to
section their proposed site to a grid where each square has the approximate dimensions of 2mX2m. Then the
students are called to investigate and document each grid as a microcosm, isolating particular characteristics
present in most of the grids and proposing a possible hierarchy. Through this exercise the students are
encouraged to develop their own language of reading the landscape of their site. Their findings are then
presented in class in the form of a conceptual model, stationary or interactive, or in two-dimensional images.
Upon considering the final building or structure, the following issues become relevant:
− Dealing with complex environmental problems emphasizing the planning of large-scale buildings.
− Students are compelled to use their knowledge and experience of different constructional and structural
models, evaluate their aesthetic properties and choose aptly and with sensibility from a range of
possible outcomes.
− Students are also encouraged to consider how the luminous and acoustic aspects of design can be
manipulated to facilitate the activities to be sheltered and explores how they can control objective mood
and convey symbolic values.
− Human and social impact of the built environment of the inhabitants of the project’s particular
environment.
− Contemporary perspectives on the relationship between human behaviour, designed environments and
energy efficiency. In effect, the final project explores the implications of those relationships for the
purpose and future direction of design education, design research and design practice.
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−
−

−

Students become aware of design factors affecting indoor comfort and explore concepts, structures and
techniques that lie behind the realization of energy conscious design.
The link between quality of life and energy consumption, the variation in fossil fuel resources and enduse energy in Cyprus.
The role of renewable energies in reducing environmental impact.
6. Lessons Learnt and Alterations to the Studio Unit

The work presented by most students at the end of the academic was of a particularly high and earned high
praise from university faculty and colleagues from abroad. The ultimate success of the studio depends on
engaging all students, irrespective of their academic background and individual accomplishments and
shortcomings. With this in mind, the instructors of the Studio Unit identified certain issues with regards the
studio curriculum that required revisiting.
The idea of completing four projects, those being the masterplan, resting points and two structures of varying
dimensions ranged from challenging to practically unattainable, especially for transfer students whose
background studies did not conform entirely to those of other students from the University of Nicosia. In
fact, by the end of the academic year 2009-2010, all transfer students chose to withdraw from the Studio
course shortly before the end-of-year review.
Students were advised to complete each of the individual projects in the finite time assigned, present it, then
move on to the next project. Based on the comments collected during the review, the students were expected
to improve on their own time the project that just been reviewed, in time for the final review. This proved a
difficult task to coordinate, particularity for the transfer students, who seemed to be joggling more balls than
the other students.
Another observation was brought forth in the course of one of the supplementary classes, namely the History
and Theory of Sustainable Architecture. It transpired that fourth-year students in general had a particularly
difficult time approaching literary research, compiling their findings and composing the final product. Their
difficulties were accented by their inability to effectively use their individual research to instigate, promote
and further any design concept. This was feared by members of the faculty to be a bad omen with respect to
the students’ thesis project to follow in the next year. It was thus decided to modify fourth-year studio
studies to include a research requirement, whereby the student is called to conduct literary and visual
research in his or her area of interest, compose it in proper format and show competency in implementing the
findings in their design project. This addition to the curriculum is intended to act as a prelude to the fifth
year of studies.
The curriculum for the forthcoming fourth-year students was thus altered to include one project in the course
of the first semester instead of four. This structure must be habitable and must follow a rigorous process of
well-documented research and adhere to principles of sustainable design, it must be site-specific and climateresponsive. Students are encouraged to produce a structure of approximately 300m2. The second semester
curriculum did not undergo significant changes.
Another significant alteration in the academic year 2010-2011 was the absence of site. The Athalassa Park
which had served as studio site for the previous academic year was forced to be abandoned because students
who were keen in carrying out strictly urban investigations were unable to pursue their interest. This
adjustment inevitably brought forth discontinuity in group site analyses. However, the instructors attempted
to compensate by offering individual guidance to each student with respect to how to best analyse their
chosen site.
7. Academic Year 2010-2011: Fourth-Year Studies and Fifth-Year Thesis Work
Taking to heart all lesson learnt in the previous academic year and looking forward to implementing the new
curriculum, the academic year of 2010-2011 commenced. Another novelty has been to merge fourth-year
studio to fifth-year thesis studio, within the Sustainable Architecture Unit. In fact, students attending studio
in their fourth and fifth year share the same premises, studio times, instructors, lectures and workshops. The
students from both years benefit greatly from each other’s presence and momentum. The fifth year students
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are, of course, not obligated to attend the structured curriculum of the fourth-years, but those who did, found
themselves in an overall advantageous position with regards to exposure on relevant topics and peer review.
The fifth year is devoted entirely to the development of a major design project, self-initiated and based on a
strong sense of professionalism and design maturity. Students of the fifth year are encouraged to take further
their architectural, cultural and theoretical preoccupations and test their architectural imagination. Students
are expected to use their so far obligatory experience of different design, constructional and structural models
and their aesthetic properties to choose aptly and with sensibility from the full range of possibilities.
Individual guidance and recommendation of specific readings are given according to the students’ chosen
topic. Main concerns are research methods, study and analysis of design works and projects, appropriate
presentation techniques, concept presentation, structural detailing and model making.
8. Conclusions and Future Improvements
If the degree of success of the Sustainable Architecture Studio is measured by students’ enthusiasm, then the
Studio has surely been a triumph. During the course of two years taught, the students gradually became
committed to the Studio’s culture, as evidenced by the quality of their finished product, the degree of
collaboration inspired among the group and the close bond fostered between the students and the instructors.
Although the Unit extracts particularly hard work and dedication, a number of students who were not
originally assigned to it, have consistently been requesting to transfer to it.
A diversity of thematic projects were taken on such as skate board and cycling facilities, urban safety,
sustainable historic restoration, a dog park, a performance park, an educational centre, etc. A variety of
subjects were tackled, including modularity, appropriate water purification technology, flexible occupancy
and space reuse and issues of embodied energy. The Studio’s standards were kept at a constantly
challenging level and as a result, small number of students who were not able to keep up had to withdraw.
Although all help was made available to them, the students decided on their own accord that they had more
to gain by repeating the studio year.
The students were not only able to produce mature projects touching on all basic issues proclaimed by the
Studio agenda, but most of them were able to greatly improve on their overall ability to solve complex
architectural spaces and successfully present them in professional drawings and impressive computer
renderings. This was partly the result of the instructors’ perseverance and insistence that students should be
handled as adults who are but a heartbeat away from professional employment.
An improvement the Studio will be striving towards in future years is to keep the slow life parameter closer
and more apparent in the Studio process. Some students’ research on slow life, regardless of how thoroughly
it was initially executed, stayed in embryonic stages and was overshadowed by more tangible concerns such
as those derived from sustainable architecture. Conversely, one student opted to view slow life as a product
of comparison and took on a project focussing on fast life. This was a welcome extension of the slow
investigation and showed healthy initiative and creativity.
The Sustainable Architecture Studio was not only a prolific course for students and a valuable experience for
the instructors; it proved to be a useful platform for discussion regarding pedagogical targets and techniques
for fourth-year studios at the University of Nicosia. Since the completion of the 2011 academic year, the
university’s faculty has been using the knowledge and lessons learnt from the Studio as guidance in the
objectives and planning of future studios. More importantly, the students’ high level of product has become
a datum on which students’ projects are now being evaluated.
9. Student work
As a means of further exhibiting the Studio’s achievements, the two-year progress of a Unit student is
presented (Figures 9.1-9.5). Name of student: Alexandros Postekkis
Title of 1st year Unit Work: Awakening the Senses
Title of 2nd year Unit Work and Thesis Project: Incremental Revitalization of Abandoned Industrial
Buildings
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Figure 9.1 Resting Point considered through vision and hearing: Two entrances are created according to existing paths, as a
welcoming gesture. The axis leads to the heart of the enclosure where sensations are expected to be heightened.

Figure 9.2 The Experience Route: This structure is situated in on an area of high vegetation in order to synthesize to proper
environment that will enhance the sense of touch, taste and smell. These senses are triggered through a series of events
experienced through the path’s route.
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Figure 9.3 Multifunctional Center: The project’s intension is to incorporate two kinds of paths. A path intended to heighten two
senses is combined with a path of the three senses. The communion of both synthesize a building.

Figure 9.4 Exhibition Structure: Shifting between the visitor’s perception of fast and slow
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Figure 9.5 Thesis Project: Incremental Revitalization of Abandoned Industrial Buildings
The project explores the incremental transformation of abandoned industrial buildings attempting to activate and reintegrate
these structures in the socioeconomic system according to emerging needs of the industry. Through examples like the Duisburg
Park as well as important conceptual theories of strategic reuse, the proposed building will undergo a gradual transition of total
transformation whilst maintaining the memory of former use and significance. The aim of this project is to promote a smooth
transition from the building’s previous use to its new function by always maintaining a piece of “memory” of function. Through
this reuse of space, a sustainable strategy arises, where cost efficiency and recycling of an existing structure through awakening
building’s and people’s memory, becomes a focus of design development.

Cordinator: Petros Lapithis, Phd
Lecturers: Anna Papadopoulou, Adonis Kleanthous, Zenon Sierepeklis
Visiting Lecturers: Aldo Kroese, Kika Ioannou, Tonia Sophokleous, Eleonore ZippeliusMaria Eftychi,
Demetris Economides, Giannos Orfanos, Giorgos Theocharous, Marga Jann, Katerina Neofitidi
Students: Christos Hadjivasiliou, Chara Andreadi, Christina Demetriou, Christos Tremetousiotis, Demetra
Kouri, Katerina Michaelidou, Ladan Lajevardi, Loukia Agathokleous, Maria-Ermina Stephanidou, Nicholas
Georgiades, Yuliya Dzyuban, Alexandros Postekkis, Markos Hadjimarkou, Mikaela Kotzia, Sophia
Neocleous, Vrahimis Moutiris, Nasim Amini, Christophoros Christophorou.
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